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PREFACE 

 

As is well known Asian monsoon system is one of the most complicated 

weather and climate systems in the world interacting among earth’s land, ocean, 

atmosphere, hydrosphere, and biosphere including human activities. Since long time 

ago great efforts have been devoted to advance the monsoon science. Driven by the 

needs to better understand and predict monsoon climate on all time scales from 

daily weather to climate change, monsoon research has recently been booming in 

Asian monsoon regions of course including Vietnam.  

MAHASRI (Monsoon Asian Hydro-Atmosphere Scientific Research and 

Prediction Initiative) was planned as a successor of the GAME (GEWEX Asian 

Monsoon Experiment) since 2005, focusing on establishing scientific basis for 

predicting hydro-climate monsoon system with intraseasonal to seasonal time-scale, 

including developing warning systems for droughts and flood conditions of regional 

or river-basin scales. It involves many countries, for example, Japan, Vietnam, 

Thailand, Malaysia, Indonesia, Philippine, China, Korea, Mongolia, Nepal, 

Bangladesh, India, and USA. In addition to MAHASRI, many major monsoon 

research activity and field projects have been taken place or being planned in the 

time frame of 2008-2010 in China, Japan, India, Korea, Taiwan and many other 

countries. The Asian Monsoon Years 2007-2012 (AMY) is then organized on these 

grass-root national and international efforts. The proposal has gained strong 

supports from CLIVAR and GEWEX of World Climate Research Programme 

(WCRP) and the Joint Science Committee (JSC) has endorsed the concept of the 

AMY and the International Monsoon Study as a major initiative to promote broad-

based climate research for the monsoon systems of the world in the 28th Session of 

the WCRP-JSC in March2007. 

Vietnam is one of the countries where various research activities have been 

intensively conducted related with MAHSRI. The previous Vietnam-Japan Joint 

Workshop on Asian Monsoon was held in August 18-20, 2006 at Halong, Vietnam 

as a part of MAHASRI related activities in Vietnam locally hosted by the National 

Hydro-Meteorological Service of Vietnam (VNHMS). At that time, both 

Vietnamese and Japanese sides agreed that we would be held this kind of workshop 

every two years. Based on this agreement, this workshop was planned again to be 

held at Danang Vietnam. This time, we are very happy that the Hydrospheric 

Atmospheric Research Center (HyARC), Nagoya University, Japan will jointly 

organize the workshop on “Diurnal cycle of rainfall and convective activities in 

Asian monsoon region and its impact on regional weather and climate”, and two 
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special foreign speakers will be invited. It will provide good opportunity to broaden 

our collaborative research activities. With many prominent participants, I really 

anticipate fruitful results and outcomes of this workshop.  

Finally, we acknowledge VNHMS, in particular, Dr. Bui Van Duc, Director 

General of VNHMS and Mr. Tran Van Sap, Deputy Director General of VNHMS, 

for their continuous collaboration on MAHASRI and permitting for hosting this 

workshop, and Dr. Nguyen Dai Khanh, Head of the Science, Technology and 

International Cooperation Office of VNHMS, Dr. Nguyen Thi Tan Thanh, Acting 

Director of the Aero-Meteorological Observatory of VNHMS, Dr. Ngo Duc Thanh, 

Researcher of the Aero-Meteorological Observatory of VNHMS for locally 

organizing and hosting this wonderful workshop. Also we acknowledge sponsors in 

Japan, Institute of Observational Research for global Change (IORGC) / Japan 

Agency for Marine – Earth Science and Technology (JAMSTEC), Hydrospheric 

Atmospheric Research Center (HyARC) of Nagoya University, The University of 

Tokyo, and Tokyo Metropolitan University for their kindest support on this 

workshop. 
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Jun Matsumoto 

Professor, Department of Geography, Tokyo Metropolitan University 

Group Leader, JAMSTEC/IORGC  

Chair of the International MAHASRI Science Steering Committee 

Chair of the Japan National Committee for MAHASRI under the Science Council 

of Japan 
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Current status of MAHASRI and AMY 
 

Jun Matsumoto1,2, Peiming Wu1, Shuichi Mori1, Junichi Hamada1, Shinya Ogino1, 
Nobuhiko Endo1, Manabu D. Yamanaka1, Kooiti Masuda3, Bin Wang4, Guoxiong Wu5, 

Jianping Li5, Satoru Yokoi6, Hironari Kanamori2 
 

1Hydrological Cycle Observational Research Program, JAMSTEC-IORGC, Yokosuka 
237-0061, Japan; e-mail: jun@center.tmu.ac.jp 

2Department of Geography, Tokyo Metropolitan University Hachioji, 192-0397, Japan 
3Hydrological Cycle Research Program, JAMSTEC-FRCGC, Yokohama 236-0001, Japan 

4Department of Meteorology and International Pacific Research Center, University of 
Hawaii, Honolulu HI 96825, USA 

5LASG/Institute of Atmospheric Physics, Chinese Academy of Science, Beijing 100080, 
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Abstract 
MAHASRI has been conducted under CEOP/GEWEX/WCRP aiming 

at establishing hydro-meteorological prediction system, particularly up to 
seasonal time-scale, through better scientific understanding of Asian 
monsoon variability since 2007. MAHASRI has been closely collaborating 
with AMY 2007-2012 which is a coordinated observation and modeling 
effort under WCRP. It aims at improving Asian monsoon prediction through 
coordinated efforts to advance our understanding of complex interactions 
between the earth’s land surface, ocean, atmosphere, hydrosphere, 
cryosphere and biosphere including human activities.  

In the years 2008-2009, the first Intensive Observing Period (IOP) of 
AMY and MAHASRI is coordinated in close collaborations with VNHMS. 
Here, MAHASRI/ AMY coordinated observations in the years 2008-2009 
are introduced and some preliminary findings on the multi-scale interactions 
in heavy rainfall events in Southeast Asian winter monsoon season are 
presented. 

 
Keywords: monsoon, multi-scale interaction, diurnal cycle, local circulation, heavy rainfall, cold 
surge, tropical disturbance, MJO 

 
1. Introduction 

MAHASRI (Monsoon Asian Hydro-Atmosphere Scientific Research and 
Prediction Initiative) has been conducted as one of the Regional Hydroclimate 
Projects (RHPs) under CEOP (Coordinated Energy and Water Cycle Observations 
Project)/GEWEX (Global Energy and Water and Energy Cycle Experiment)/WCRP 
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(World Climate Research Programme) since 2006. The objective of MAHASRI is 
“To establish hydro-meteorological prediction system, particularly up to seasonal 
time-scale, through better scientific understanding of Asian monsoon variability". It 
facilitates and/or improves hydro-meteorological observations in Asian monsoon 
countries in conjunction with GEOSS (Global Earth Observation System of 
Systems), cooperating with by observations, data and hydrometeorelogical studies 
in Asian monsoon. 

After MAHASRI was approved as one of the GEWEX projects, a coordinated 
effort to integrate MAHASRI, CLIVAR/AMMP, CLIVAR/IOP and other 
international and national projects into a new project, Asian Monsoon Years (AMY 
2007-2012) has been devoted under the leadership of WCRP-JSC (Joint Scientific 
Committee). It aims at improving Asian monsoon prediction through coordinated 
efforts to advance our understanding of complex interactions between the earth’s 
land surface, ocean, atmosphere, hydrosphere, cryosphere and biosphere including 
human activities.  

In the years 2008-2009, the first Intensive Observing Period (IOP) of AMY 
and MAHASRI is coordinated in close collaborations with VNHMS. Here, 
MAHASRI/ AMY coordinated observations in the years 2008-2009 will be 
introduced and some preliminary findings on the multi-scale interactions in heavy 
rainfall events in Southeast Asian winter monsoon season will be presented.  
 
2. AMY coordinated intensive observations 

One of the main targets of the AMY should be study of the dynamics and 
predictability of intraseasonal variability (ISV) of both 30-60 days and biweekly 
period through observations and modeling. Land-atmosphere and ocean-atmosphere 
interactions should be re-examined through intensive observations focusing on their 
roles in the ISVs. The time-space structures of the ISVs seem to have been changing 
during the past several decades, which may, at least partly, be related to the 
anthropogenic forcings including the impact of aerosols etc.  

AMY coordinated field experiments are classified into three categories: ocean 
observations, land observations and special process observations. Special process 
observations include meso-scale experiments for observing heavy rainfall and 
tropical cyclones, and aerosol-cloud-radiation experiment.  

AMY will seek to coordinate field campaigns in various individual research 
projects. Indeed the coordination of these observations is essential for the success of 
AMY. The major targeting period of these observations can be classified into (1) 
pre-monsoon period in March-May; (2) monsoon onset phase in May-June; (3) 
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monsoon mature phase in July-August; (4) winter monsoon from December to 
February. Some projects will target specific weather events. In such cases, the 
coordination of simultaneous observations in different regions by different projects 
will be a key role for the observation center, SCSIO. The planned ocean, land, 
meso-scale weather, and aerosol intensive observations are listed, respectively, in 
the following Tables 1 to 4. 

Up-to present, AMY Workshop has been organized in China (twice), Japan, 
Indonesia, and Korea since April 2006 in order to plan and implement its activities. 
The first year intensive observations in 2008 were reported to be generally 
successful. Although not yet decided, it will be highly recommended to conduct 
AMY Re-analysis to attain high quality atmospheric data set including all these 
observation data into re-analysis.  

 
Table 1 List of planned AMY intensive ocean observations 

Project Name Intensive observation 
period 

Observation region 

JEPP/IO 2008-2009 Eastern equatorial Indian Ocean 
AIPO/IO 2008-2009 

  
Karimata Strait and Java coast 

CTCZ/IO 2009-2010 Bay of Bengal  
AIPO/SCS-PS Nov. 2007- Nov. 2008 

(Kalimata strait & Java 
coast) 

East Luzon Island, Karimata strait, Off 
Java coast, Xi-Sha Island, Northern SCS, 
Off Luzon 

JAMSTEC/ 
PALAU 

June-Aug. 2008 Western Tropical Pacific 

SoWMEX/ 
TiMREX 

May 15-June 25, 2008 Northern South China Sea and southern 
Taiwan 

NPOIMS 2008-2009  Luzon Strait, West of the Luzon Island 
(18N), East China Sea, and North-East 
SCS, Western Pacific and East China Sea 
Cruises 

EAMEX May 15- June 30, 2008 
(Summer), Oct. 2008 to 
Feb. 2009 (Winter) 

Northern SCS (Summer), 
East China Sea east of Taiwan (Winter) 
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Table 2 List of planned AMY intensive land observations 
Project Name Intensive observation 

period 
Observation region 

TORP 2008-2009 Tibetan Plateau 
JICA-TIBET Feb.-Jul., 2008 Tibetan Plateau 
JEPP-TIBET Jan.-Mar. 2008 Tibetan Plateau 
MAIRS Mar-Sep, 2008 Semi arid Northern China. 
SACOL 2008-2009 Lanzhou, central China 
PRAISE 2008-2009  Mongolia 
SCHeREX May-July, 2008 (maybe 

in 2009) 
South China 

SoWMEX/ 
TiMREX 

May 15-June 25, 2008 Southern Taiwan, Northern South China 
Sea 

EAMEX May 15-June 30 2008 
(Summer), Dec 2008 to 
Feburary 2009 (Winter) 

Northern SCS (Summer) 
East China Sea east of Taiwan (Winter) 

JEPP-SEA Jan.-Mar. 2008  Indochina, Bangladesh, NE India 
JEPP-Thailand 
(GaME-T) 

Jan.-Mar. 2008 Central and northern Thailand 

CREST-SEA Jan.-Sept. 2008 Indochina and Borneo, Malaysia 
JEPP- 
HARIMAU 

2008-2009 Indonesia 

JAMSTEC/IO
RGC 

Dec. 2008- Jan. 2009 Kalimantan, Indonesia, Indochina along 
SCS 

CTCZ 2009 (Pilot) 
2010  

North India 

STORM April-May 2009-2010 East and NE India 
 

Table 3 List of planned AMY intensive meso-scale observations 
Project Name Intensive observation 

period 
Observation region 

IITM/rain 2009-2010 (?) Pune, west/east-coast of India 
CAIPEX May-Oct., 2008-2009  
MAIRS Mar.-Sep., 2008 Semi arid  Northern China. 
STORM Apr.-May 2009-2010 Easteran and NE India 
SCHeREX May-Jul., 2008 (maybe 

in 2009) 
South China 

SoWMEX/ 
TiMREX 

May.15-Jun. 25, 2008 Northern South China Sea and southern 
Taiwan 

PHONE08-09 Jun. –Jul., 2008 East China Sea 
TCS08 Aug.-Sept., 2008 Tropical western North Pacific 
T-PARC TC season in 2008 

(Aug.-Sept.) 
East Asia, East China Sea 

DOTSTAR TC season in 2008 
(Aug.-Sept.) 

Western North Pacific  between about 15-
30N and 118-133E 
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Table 4 List of planned AMY intensive aerosol and other material observations 
Project Name Intensive observation 

period 
Observation region 

JAMEX EOP-1: Apr.-Dec. 2008 China, India and Indo-China, Himalaya 
EAST-AIRE Mar.-Dec., 2008 Tahu, Xianghe (China) 
AAF/SMART
-COMMIT 

Feb.-Nov. 2008 Vicinity of Lanzhou and Beijing area 
(China) 

SACOL 2008-2009  Lanzhou, central China 
ARCS-Asia 2008-2009  Beijing, PRD (near Hong Kong), Bangkok, 

Mt. Happo (1850m asl, central Japan) 
TIGERZ 2008-2009 Indo-Gangetic Plain 
Rajo-Megha 2009 Central India 
CTCZ 2008 (Pilot) 

2009 
Northern India 

IITM/rain 2009-2010 (?) Pune, west/east-coast of India  
CAIPEX May-Oct., 2008-2009 ? 
MAIRS Mar.-Sep., 2008 Semi arid North China. 
STORM Apr.-May 2009-2010 East and NE India 

 
3. Some preliminary results on heavy rainfall related to winter monsoon  

Although, the main rainy season is from May to September, very intense 
rainfall sometimes occurs in northern early to mid-winter in Southeast Asia. Here, 
we show some examples of such heavy rainfall event.  

One example is the case in Jakarta, Indonesia (Wu et al., 2007). Torrential 
rains repeatedly occurred in the Indonesian capital city of Jakarta, Java Island in 
early February 2007 and caused widespread floods. Multi-scale interactions are 
found to be the main cause of heavy rainfall events. As a large-scale condition, 
strong and persistent trans-equatorial monsoon flow from the Northern Hemisphere 
converging into the Southern Hemisphere ITCZ is favorable for the occurrence of 
heavy rainfall over Java Island (Fig. 1).  

 

 
Fig. 1 Sea surface wind vectors measured by NASA’s Quick Scatterometer for 31 January 

2007 (Wu et al., 2007). 
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While, as a local-scale condition, convection develops frequently over the 
southern mountainous areas in the afternoon, then it is activated during the night 
and morning hours over the northern plains of the island accompanied with 
convergence between the mountain-land breeze circulation and the strong trans-
equatorial monsoon flow (Fig. 2). These conditions allow severe convections to 
occur repeatedly for an extended period of time. Since Jakarta is located in the 
northern coastal region of Java Island, these interactions favor such heavy rainfall 
occurrences during the boreal winter season. It should also be noted that the event is 
corresponding to the inactive phase of MJO. 

To monitor heavy rainfall in the region, a C-band Doppler radar was installed 
in the suburb of Jakarta under the JEPP (Japan EOS Promotion Program) project of 
JAMSTEC, and the obtained data will be opened under the NEONET (Nusantara 
Earth Observation Network) project of BPPT, Indonesia. 

Another example is the case in central Vietnam(Yokoi and Matsumoto, 2008). 
Here, torrential rains occurred in early November 1999 and caused very severe 
damages in Hue and other cities in central Vietnam.  

According to the analysis on the large-scale conditions, cold northerly surge 
converges with southerly wind over the central SCS associated with a tropical 
depression type disturbance (TDD) located in the south of Vietnam (Fig. 3). Co-
existence of cold surge and TDD are favorable for the occurrence of the heavy 
orographic rainfall in central Vietnam. The TDD can be regarded as a result of a 
Rossby wave response to a large-scale convective anomaly over the Maritime 
Continent associated with MJO type equatorial intraseasonal variability in this case. 

 
Fig. 2 The X band radar Plan Position Indicator (PPI) reflectivity display at the 0.5-degree 
elevation angle obtained at Pondok Betung Meteorological Observatory, Jakarta for a) 
1600, b) 1900, c) 2000 LT on 1 February and d) 0300 LT on 2 February 2007 (Wu et al., 
2007). 
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Using a 24-yr (1979–2002) reanalysis and surface precipitation datasets, the 
authors confirm that the coexistence of the cold surge northerly and TDD is 
important for the occurrence of heavy precipitation in central Vietnam. In addition, 
it is observed that cold surges without a TDD do not lead to much precipitation.  

As such, multi-scale interactions between local circulation and large-scale 
monsoonal flow will be essential for the occurrences of torrential rains in different 
places in Asian monsoon region. 

 
Fig. 3 Horizontal wind (vector) and its speed (shading) at the 925-hPa level at 1200 UTC 2 
Nov 1999. Thick solid line indicates the location of the front analyzed in the surface 
weather chart issued by JMA. Reference vector corresponds to value of 20 m s-1 (Yokoi 
and Matsumoto, 2008) 
 
4. Remarks 

MAHASRI and AMY will provide a high-accuracy data set for wide Asian 
monsoon region including India, the Tibetan Plateau, East China, Indo-China, and 
the Maritime continent and adjacent ocean regions, which may be used to force 
GCMs or RCMs for study of Asian Monsoon variability, seasonal prediction and 
forecasting of disastrous weather. 

The coordination of the various national projects will facilitate mutual data 
exchange and new scientific findings, which would lead to a deeper understanding 
of the Asian monsoon, in particular the linkage among regional components, i.e. 
between the monsoon variability over India, the Tibetan High, the East Asian 
Monsoon, and the West North Pacific Monsoon, as well connections with mid-
latitudes.  

These research activities will lead to improved understanding of atmosphere- 
ocean-land-biosphere interaction, multi-time scale interaction, and aerosol-cloud- 
monsoon interaction, which are expected to reveal new sources of monsoon 
predictability, improve capability to model and predict the short-term climate 
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variation of Asian monsoon, and enhance the overall performance of disaster 
prevention and mitigation activities. 

Timely workshops and conferences will be organized to summarize the major 
areas of progress made during MAHASRI and AMY. It is decided that MAHASRI 
in conjunction with AMY will organize science session every year in the AOGS 
(Asia Oceania Geosciences Society) meeting. The time table for the important 
meetings and workshop in 2009 is listed in Table 5. The active participation to these 
meetings are highly recommended in order to enhance the scientific outcome of 
MAHSRI and AMY. 

 
Table 5 Coming AMY related meetings and workshop 

Time period Meeting name and location 
July 19-29, 2009 IAMAS at Montreal, Canada  
August 11-15, 2009 
 

The 6th Asian Oceania Geosciences Society Annual Meeting at 
Singapore. The 6th AMY Workshop (planned) 

August 24-28, 2009 
 
 

The 6th International Scientific Conference on the Global 
Energy and Water Cycle Experiment and 2nd iLEAPS Science 
Conference, Melbourne, Australia  
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Coordinated Energy and Water Cycle Observations Project (CEOP) 
 

Toshio Koike 
Department of Civil Engineering, The University of Tokyo 

 
Abstract 

The Coordinated Energy and water cycle Observations Project (CEOP) is a 
merger of the previous World Climate Research Project (WCRP) Global Energy and 
Water-cycle Experiment (GEWEX) Hydrometeorology Panel (GHP) and the 
‘Coordinated Enhanced Observing Period’(‘CEOP’), which was an element of 
WCRP initiated by GEWEX. This natural merger between GHP and ‘CEOP’ now 
better coordinates similar activities being undertaken by both groups, which were 
largely comprised of similar scientists doing similar projects. 

Many of the former GEWEX Continental Experiments (CSEs) have evolved 
to more complete Regional Hydroclimate Projects and even beyond in that more 
than GEWEX efforts are now needed to solve regional problems involving a 
climate prediction focus (CLImate VARiations; CLIVAR) and a biological focus 
(International Geosphere Biosphere Program, IGBP). Many now have an 
anthropogenic climate focus. 

In addition to the Regional Hydroclimate Projects (RHPs), the new CEOP 
includes groups focused on regional studies in cold regions, high elevations, 
monsoon, and semi-arid regions. These groups are an outgrowth of the previous 
‘CEOP’ Monsoon project, which attempted to bring together scientists within both 
the CSEs and CLIVAR. The new CEOP Monsoons Regional Study will also reach 
out to CLIVAR and the WCRP Monsoon crosscuts to make sure its activities are 
synergistically connected with these other groups. At the same time the new CEOP 
Regional Studies Cold Regions Study (CRS) will begin to reach out to the RHP and 
WCRP scientists involved in similar activities in the WCRP CLImate and 
Cryosphere (CLiC) Project and will be a part of the International Polar Year (IPY).  

The science of CEOP continues to provide a traditional focus on Water and 
Energy budgets, which will extend the efforts to understand average conditions to 
conditions during the ‘CEOP’time period of 2003-2004 to present and a GHP effort 
to understand average conditions during an earlier period. This extension will have 
a special focus on extremes during the ‘CEOP’ period, which will be another 
connection to WCRP crosscut activities. New crosscutting CEOP science efforts 
include a study of the influence of aerosols and the studies of water isotopes, which 
is also connected to IGBP efforts. 
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CEOP now adds explicit global, regional, land surface, and Hydrologic 
Applications Project (HAP) as part of its group activities. All of these modeling 
groups are looking at an ensemble of international models in many different regions 
focused on the new CEOP reference sites described in the Data Management 
section. Some of these modeling projects expect to show not only their capability to 
simulate the present climate but also to predict at seasonal (HAP) and also be useful 
for global change assessments in some of the RHPs.  

CEOP Data Management, which was perhaps a focal point of the ‘CEOP’, has 
now successfully implemented a data policy allowing the sharing of in situ 
reference site data, model output data, and satellite data and set up archival centers 
of this data at the National Center for Atmospheric Research (NCAR) and the Max 
Planck Institute (MPI). During CEOP, satellite data will come on line at the 
University of Tokyo (UT) and then along with the other data be moved to a central 
data archive where it can be accessed and distributed to interested users. By the end 
of CEOP in 2012, we expect to have developed a functioning CEOP data center that 
will have been used by all of the CEOP science groups. It should be noted that this 
CEOP data is already open to outside groups. CEOP data management is also in the 
process of developing links to a number of associated groups, such as the Global 
Runoff Data Centre and Global Precipitation Climatology Centre. 

In short, CEOP is now the international focal point for WCRP/GEWEX 
Global Hydrometeorological Research and we welcome all interested researchers to 
participate and contribute to the development of current and future 
hydrometeorological observations, simulations, and predictions. 
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MAHASRI Project 
The initial results and petitions 

 
Le Viet XE 

Chief of stations network management 
Mid-Central Vietnam Regional Hydro-Meteorological Centre 

Email: vietxekt@dng.vnn.vn 
 
1. Introduction 

Within the Mahasri project on studying cooperation Asian Monsoon in The 
central of Vietnam, the Japanese and Vietnamese Experts had installed the 
automatically observation system, including 31 rain gauge stations,  one water level 
station and one automatic weather station( AWS). Up to now, the executing and 
operating of observation system had been achieved some results that serving for the 
study of the experts both countries. However, due to some objective reasons, the 
executing and exploiting the data had some determined difficulties. Hereafter, we, 
the staff directly installing, monitoring the observation system, had some comments 
and petitions so that the system can operate effectively.  

 
2. The equipment installing and collecting data: 
2.1. On equipment : 

The automatically rain gauge system had been installed at 31 stations, in there, 
10 stations that were connected to internet can transmit directly data to the host 
computer. However, the transmitting line of these stations was not stable. The 
remaining stations, we got data directly at the stations.  

The equipment that was used for observation system had been changed a lots 
in order to be suitable for the usage; the equipments had been used such as:  Kadec, 
RF3, HOBO and Blue box. Up to now, the Japanese has replaced gradually by 
HOBO and Blue Box. In face, using all equipments above can get the data exactly 
but exploiting is different, some equipments are very durable and use few power but 
they can not connect to internet and transmit data like HOBO, RF3... 
2.2.  Exploiting and transmitting data: 

At present, technician or expert had to get the data at station. It took a lots time 
and cost for getting data. 

To the automatically observation system, the best thing is transmission data 
directly to the host. Like this, the updated data will serve for many aims such as 
forecast, study specially the monitoring operation of system is most effective and it 
can help us to discover the broken down equipments so that the data can not be lost 
or interrupted. 
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Due to the objective and subjective reasons as mentioned above, there are only 
ten stations transmitted directly to the host but in face, they operated unstably.  
2.3. Some results: 

          The list of automatically stations in The Central of Vietnam 
No Name of station Province Type of 

equipment
Connecting 
to internet 

condition 

1 Ba To Quang Ngai HOBO   
2 Duc Pho Quang Ngai HOBO   
3 Minh Long Quang Ngai HOBO   
4 An Chi Quang Ngai HOBO   
5 Son Giang Quang Ngai HOBO   
6 Son Ha Quang Ngai HOBO   
7 Quang Ngai Quang Ngai Blue box X  
8 Ly Son Island Quang Ngai HOBO   
9 Phu Ninh Quang Nam HOBO   
10 Tra My Quang Nam Blue box X  
11 Tien Phuoc Quang Nam HOBO   
12 Tam Ky Quang Nam Blue box X  
13 Kham Duc Quang Nam HOBO   
14 Hiep Duc Quang Nam Blue box X  
15 Nong Son Quang Nam HOBO   
16 Giao Thuy Quang Nam HOBO   
17 Cau Lau Quang Nam Blue box X  
18 Hien Quang Nam Blue box X  
19 Thanh My Quang Nam Blue box X  
20 Hoi Khach Quang Nam HOBO   
21 Ai Nghia Quang Nam Blue box X  
22 Cu Lao Cham Island Quang Nam HOBO   
23 Hoa Bac Da Nang HOBO   
24 Cam Le Da Nang HOBO   
25 A Luoi  Da Nang Blue box X  
26 Ba Na Da Nang HOBO   
27 Da Nang Da Nang AWS   
28 Binh Dien TTHue HOBO   
29 Thuong Nhat TTHue Blue box X  
30  Phu Oc TTHue HOBO   
31 Ta Luong TTHue HOBO   
32 Bach Ma TTHue HOBO   

 
In the data aspect, we had carried out comparing, evaluating real survey data 

at stations by the normal self – recording equipment. The result as follows: the data 
is equivalent. It naturally has the differences due to the odd of self-recording 
equipment is bigger and the resolution of two equipments are also different (0.1 for 
self-recording equipment and 0.5 for automatically equipment).  
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Fig. 1 The comparison of rainfall observation between automatically rain gauge RF3 and 
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Fig. 2 Comparison of rainfall observation 
between automatically rain-gauge RF3 and 
rainfall Pluviometer at Minh Long station 

Fig. 3 the Japanese Experts (Mr. Kamimera) 
had installed the automatically observation 
on the top of Bach Ma mountain (TTHue) 
 

 
Fig. 4  Station network of Mahasri project in Central of Vietnam 
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3. Some petitions 
To achieve the most effective from the exploiting and the data can be used for 

many aims, we have some petitions as follows:  
1. After a long time for installing and changing many rain gauge equipments, 

the project should choose the equipment that can transmit the data stably and 
is convenient for exploiting and using. HoBo is the equipment that is used 
most now but they can not transmit the data (we must come to the station to 
get data). The Blue Box should also be monitored and repaired the weak 
points: the transmission data is unstable.  

2. Connecting to internet for all automatically stations and transmitting the data 
to the host in Danang in order to exploit, serve for forecasting and 
monitoring the operation of system. (Now, they transmitted to Aero-
Meteorological Observatory) 

3. In the past time, Japanese experts had guided for our technician about 
technical installation, the usage of equipment but the time is too short. 
Therefore, the training should be a lot of time and have enough documents. 
On the other hand, in Vietnam, we should have assign tasks in specific 
between Aero-Meteorological Observatory and Mid Central Vietnam 
Regional Hydro-meteorological Center so that we can monitor and maintain 
the system better and help the system operating better and continuously.    

4. At present, water level equipment has only carried out at one station among 
six stations intended installing according to the initial plan, we offered 
project to carry out installing at the remain stations in the dry season of the 
year 2009. 
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Enhanced Radiosounding Observations in 2008 
Preliminary results in relationship between convective activity 

and heavy rain in Viet Nam 
 

Nguyen Thi Tan Thanh, Dao Thi Loan and Truong Thi Thom 
Aero- Meteorological Observatory 

National Hydro-Meteorological Service of Viet Nam 
Email: ktcaokhong@hn.vnn.vn 

 
Abstract 

Enhanced observations data observed at 5 radiosounding stations in 
Viet Nam in 2008 and 1h-precipitation measured at the surface 
meteorological stations respectively at the same time had been collected to 
investigate the relationship between convective activity and heavy rain. The 
atmospheric instable indexes had been computed and analyzed for this. As a 
result, a few signs of Convective Available Potential Energy (CAPE) 
indicated that the heavy rain phenomenon seems also to relate to convective 
activities in these regions. In the frame of this report, analysis was carried 
out only in the enhanced observation periods. Further studies are necessary 
to add information to discover signs of this relationship. 

 
Keywords: heavy rain, convective available potential energy. 

 
 

1. Introduction 
Heavy rain is a serious weather phenomenon which caused heavy damage in 

Viet Nam. Reducing losses to the minimum is challenge problem to solve. Finding 
signs to know beforehand appearance of the serious weather phenomenon is also to 
aim to that purpose.   This report is an effort in finding available signs. 

Enhanced radiosounding observations in 2008 were carried out over Viet Nam 
in the different periods. At the North stations, they were conducted  during 18-21 
May, 30 May-7 June and 13-17 June at 6-hour intervals in case of Ha Noi station, at 
12-hour intervals at Dien Bien and Vinh (some days at 6-hour intervals also).  

At the Middle and South stations (including Da Nang and Tan Son Hoa),  they 
were during 28-31 October, 9-11 November, 17-20 November and 24 November-2 
December at 6-hour intervals.  

1h-precipitation data at surface meteorological stations during enhanced 
radiosounding observation periods were utilized to estimate 6h and 24h 
accumulative precipitation and separate heavy rain days. Here it assigns that 24h 
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accumulative precipitation of 51-100 mm and more than 100 mm are heavy rain and 
very heavy rain respectively. 

The collected radiosounding data were used to compute atmospheric 
instability and estimate the convective activity and its relation to heavy rain 
phenomenon in the area. In order to supplement information with analysis, diurnal 
variations of some meteorological factors also were considered.  

 
2. Synoptic systems and heavy rains during the periods of enhanced 
observations 

Enhanced observations at Dien Bien, Ha Noi, Vinh were conducted in May, 
June as the beginning periods of rainy season in the North.  

During 18-21 May, the North Viet Nam was forced by the trough of low 
pressure caused very heavy rainfall in Ha Noi (6h-precipitation reached to 103 mm 
at night 18 May), but in Dien Bien and Vinh very low with 6h-precipitation of from 
5 to 30 mm.  

During 30 May - 7 June, the low pressure trough which was pressed by the 
ridge of high pressure effected on this region. The heavy rain occurred only in Dien 
Bien with 24h-precipitation of 58 mm (at 2 June). 

During 13-17 June, this region again was impacted by other low pressure 
trough. It caused also the heavy rain in Dien Bien (approximately 51 mm/24h at 14 
June). 

Different enhanced observations carried out Da Nang and Tan Son Hoa station 
during the ending of October to the beginning of December. This is the time 
duration which has maximum rainfall of year in Da Nang, but is the period of the 
end of rain season in Ho Chi Minh.   

During 28-31 October, the South Viet Nam was impacted by the trough of low 
pressure caused the heavy rain in Da Nang, 24- precipitation reached to 54 mm at 
28 Oct. and 102 mm at 29 Oct.   

 
3. Diurnal variations of temperature in upper-air levels  

Figures 2, 3 show diurnal variations of temperature observed at Ha Noi, Da 
Nang stations. Analysis was done by using available data of the enhanced 
observation periods in 2008, even recurrent observations of 1 or 2 two days in the 
front of these periods.  Therefore, here data exploited is not full compare to the 
requirement of 6h-intervals, and the variation lines in the figures also are 
interrupted.  
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Figures 2a, 2b indicate that variation from one observed time to the other of 
temperature at 1000mb level in Ha Noi is strong, and at the other levels look 
insignificant. Comparison two above figures indicates that there is not any 
changeable symbol of temperature before the heavy rain time.  

Comparison two figures 3a and 3b in variation of temperature at the upper-air 
levels in Da Nang also give the similar situation. 

 
4. Diurnal variation  of atmospheric instability and its relation to the heavy 
rain phenomenon 

Figure 4 shows the variation of Convective Available Potential Energy value 
surrounding Dien Bien station. The heavy rains occurred on 2 June with 24h-
precipitation of 58 mm and on 14 June with 24h-precipitation of 51 mm.  

Considering fig. 4a, CAPE value obtains zero at 07h:00 and 24h:00 June 1, but 
it increases suddenly at 12h:00 June 2 (as the heavy rain day). Similar situation 
happens also in fig. 4b, CAPE value equals to 0 at 12h:00 and 24h:00 June 13  and 
increases suddenly (>3000J/kg) at 12h:00 June 14 right in front of heavy rain time 
(June 14). 

Figure 5 shows the variation of CAPE value surrounding Ha Noi station. This 
value equals to 0 also only in 16-17 May and increases relative strong (>1000 J/kg) 
right in the front of very heavy rain day (6h-precipitation reached to 103 mm at night 
18 May). 

Figure 6a shows the variation of CAPE value in Da Nang in 28-29 October. 
Before occurring strong rain at 18h:00 Oct. 28, it is zero then up to 374 J/kg and 
drops to zero then increases suddenly right in the front of the very heavy time. 

Figure 6b indicates that the trend of variation of 6h-accumulated precipitation 
and of CAPE is in the same situation relatively. 

 
5. Conclusions 

The diurnal variations of the atmospheric instability were examined in the 
enhanced observation periods in 2008 at all stations of the radiosounding network in 
Viet Nam. In these periods, there are a few unusual changes of Convective 
Available Potential Energy values before the heavy rains happen.  These values 
often are zero in 1 or 2 days before and increasing suddenly at the front of the time 
of happening heavy rains.   

The diurnal variation of some upper-air meteorological factors also were 
examined, however, there is not any symbol of unusual change before the heavy 
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rains happen. Showing the diurnal variation of temperature here is only to give 
doubt that the thermal factor is not important role in these cases. 

In the future, need to study more in dynamical factors (such as variations of 
direction and speed wind at upper-air levels, etc…) and utility more intensive 
observation data to define again the confidence of discovered signs of Convective 
Available Potential Energy. 
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Fig. 1 Radiosounding stations in Viet Nam carried out the enhanced observations in 2008 

Fig. 2a Diumal variation of temperature in Hanoi (case: with heavy rain day) 

Fig. 2b Diumal variation of temperature in Hanoi (case: no heavy rain day) 
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Fig. 3a Diumal variation of temperature in DaNang (case: with heavy rain day) 

 
Fig. 3b Diumal variation of temperature in DaNang (case: no heavy rain day) 

Fig. 4 Convective Available Potential Energy around the heavy rain days in Dien Bien  
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Fig. 5 Convective Available Potential Energy around the heavy rain day in Hanoi  

 
Fig. 6a Convective Available Potential 
Energy around the heavy rain days in 
DaNang 

Fig. 6b Diurnal variations of precipitation 
and CAPE in DaNang 
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Abstract 
 The Atmospheric Infrared Sounder (AIRS) onboard Aqua satellite 

provides temperature, water vapor, and other data over the globe. Validation 
study of AIRS retrievals in the Tropics was limited. Several Global 
Positioning System (GPS) receivers have been deployed in the Southeast 
Asian countries by JAMSTEC/IORGC. In this study, we will report 
preliminary result of inter-comparison between AIRS precipitable water 
(PWV) retrievals and GPS PWV in the Maritime Continent. 

Seasonal variation of PWV was very similar between both data. 
However, AIRS PWV was clearly lower than GPS PWV. We compared 
AIRS PWV and GPS PWV for ascending and descending data, separately. 
Statistical analysis showed that root mean square error was less than 1 mm 
for day and night. Correlation between both datasets was larger than 0.5 in 
nighttime at all stations. However, correlation was less than 0.4 for daytime 
at KotoTabang, Pontianak. Bias exceeds 10 mm for daytime at Balikpapan 
and Pontianak.  

 
Keywords: precipitable water, AIRS, GPS, the Maritime Continent. 
 

1. Introduction 
Water vapor plays very important roles in weather phenomena and climate 

system. However, its spatial distribution and temporal variation have sparsely 
observed by radiosonde in the Tropics. The Atmospheric Infrared Sounder (AIRS) 
onboard the Earth Observation Satellite Aqua which was launched in August 2008 
provides atmospheric temperature, water vapor, and other geophysical parameters in 
very high spatial resolution (Aumann et al., 2003). AIRS data is very useful for data 
sparse region. 

Several validation studies of AIRS retrievals were conducted by AIRS science 
team. AIRS atmospheric temperature and water vapor profiles compared with 
special radiosonde (RAOB) observation at three Atmospheric Radiation 
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Measurement program (ARM) sites, those sites are the Tropical Western Pacific 
(TWP) site on the small equatorial island of Nauru, the Southern Great Plains (SGP) 
central facility site in north central Oklahoma, and the North Slope of Alaska (NSA) 
site near Barrow, Alaska (Tobin et al., 2006). They showed that AIRS atmospheric 
temperature and water vapor profiles for the tropical ocean TWP site have high 
statistical performance. At the continental mid-latitude SGP site, AIRS products of 
atmospheric temperature and water vapor profile shows relatively poor than that for 
TWP site. For the precipitable water (PWV), large error was apparent at SGP site 
when lower PWV condition observed.  

Divakarla et al. (2006) was made inter-comparison between AIRS retrievals 
and operational RAOB data. AIRS temperature and water vapor retrieval accuracies 
for clear-only cases over sea are high. Over land, the retrieval accuracy for the 
cloud-cleared cases has slightly lower than that of over sea. Since RAOB 
observation frequency is limited in the Southeast Asian countries, no RAOB in the 
countries was used in Divakarla et al. (2006). Therefore, validation study of AIRS 
retrievals in the Maritime Continent is preferred.  

The Global Positioning System (GPS) receiver is another source of PWV with 
very high accuracy (Businger et al. 1996). Recently, Rama Varma Raja et al. (2007) 
validated AIRS PWV using with GPS PWV over the Contiguous United States, and 
showed that AIRS PWV and GPS PWV have good agreement. Several GPS 
receivers were deployed in the Southeast Asian countries by JAMSTEC/IORGC. 
Thus we can use the GPS derived PWV for validation purpose. In this study, we 
will report preliminary results of inter-comparison between AIRS PWV data and 
GPS PWV data in the Maritime Continent. 

 
2. Data 

AIRS on Aqua is in a sun-synchronous polar orbit with equatorial crossings at 
~1330 and ~0130 local time. The AIRS instrument suite is a nadir-scanning sounder 
with combined infrared and microwave retrievals. AIRS Level-3 standard products 
version 5 were used. Daily products (AIRX3STD.005) and monthly products 
(AIRX3STM.005) have 1-degree spatial resolution with availability of water vapor 
in 12-levels. Those data were available from September 2002 onward. Ascending 
(north-moving) daytime orbits and descending nighttime orbits were separately 
stored.  

To obtain long-term average mean annual cycle of AIRS PWV, we averaged 
the ascending and descending Level-3 monthly PWV over the Maritime Continent 
(-10S-10N, 90E-120E) from September 2002 to January 2009. We extracted the 
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daily grid data nearby GPS receiver for each the ascending and descending orbits 
from the daily Level-3 data when the GPS data were available. The extracted daily 
grid data further averaged for each pentad.  

The GPS PWV was obtained every 5 min at 3 GPS stations in Indonesia were 
used for the inter-comparison (Table 1). The GPS PWV was averaged for each 
pentad. The GPS PWV around satellite overpass (~1330 and ~0130 local time) was 
extracted to compare with AIRS PWV. We also used the monthly OLR data 
provided by NOAA/ESRL. 

 
Table 1. The GPS receiver site of JAMSTEC/IORGC in Indonesia. 
CODE Station Lat Lon Height 
BUKT GAW KotoTabang 100.318 -0.202 848.683 
PTNK BMG Siantan 109.191 0.075 3.157 
BLPP BMG Balikpapan 116.897 -1.260 29.411 

 
3. Results 

Long-term average annual cycle of OLR shows one minima in November, and 
we can recognize rainy season as from September to February (Fig.1). Higher OLR 
constantly observed from March to August. Long-term average annual cycle of 
AIRS PWV was also presented in figure 1. AIRS PWV has two maxima in April 
and December, and PWV is more than 50 mm. Two minima of PWV appeared in 
February and August. AIRS PWV is about 45 mm in August. During austral 
summer the convective activity is vigorous, and large amount of PWV was 
observed. PWV is also rich from March to May, although convective activity was 
weak as shown in OLR.  

Diurnal variation of GPS PWV at Koto Tabang (BUKT) shows that diurnal 
amplitude of PWV is largest in June (figure not shown) with the mean PWV of ~39 
mm. In February, GPS PWV is about ~45 mm, and diurnal amplitude of PWV is 
slightly smaller than that of June. 

Figure 2 showed time series of the pentad mean PWV of AIRS and that of 
GPS. We found that seasonal variation of PWV was very similar between AIRS and 
GPS. Very dry episodes from May to August of 2004 were observed in both data. 
However, there exists very clear negative bias in AIRS data.  

AIRS Level-3 data was separately provide for daytime observation (ascending 
orbit) and nighttime observation (descending orbit). We extracted AIRS PWV over 
the GPS site, and compared between AIRS PWV and GPS PWV for ascending and 
descending data, separately. Figure 3 shows a scatter diagram of PWV between 
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GPS and AIRS at BUKT. Roughly speaking, PWV are plotted along 1:1 line. 
However, the daytime PWV shows that there exists large underestimation of AIRS 
PWV when GPS PWV was larger than 40 mm.  AIRS PWV underestimation with 
high GPS PWV also was observed at other sites. 

Mean PWV of GPS was larger than that of AIRS, though the standard 
deviation was similar range (Table 2). This means that day-to-day variation was 
well captured by AIRS with bias. Root Mean Square Error (RMSE) was less than 1 
mm for day and night at all stations. This RMSE well meets AIRS retrieval 
requirements. Correlation coefficient between GPS and AIRS was larger than 0.5 in 
nighttime data. Meanwhile, correlation was less than 0.4 at BUKT and PTNK for 
daytime observation. It is clearly showed existence of negative bias at all stations. 
Especially, bias exceeds 10 mm for daytime observation at BLPP and PTNK. 
Earlier validation studies showed that AIRS PWV tends to underestimate over land 
when lower PWV observed (Tobin et. al., 2006). Although PWV is climatologically 
high in the Maritime Continent, AIRS PWV has negative bias at the GPS sites. This 
is new findings of the present study. 

 
Table 2. Summary of precipitable water statistics. 

Station Time Num GPS 
Mean(std) 

(mm) 

AIRS 
Mean(std) 

(mm) 

COR BIAS 
(mm)

RMSE 
(mm) 

BUKT Day 351 42.2(5.4) 37.4(5.8) 0.301 -4.7 0.4 
 Night 321 41.4(5.6) 39.8(6.6) 0.524 -1.3 0.3 

BLPP Day 515 56.0(5.5) 44.9(6.7) 0.470 -11.1 0.6 
 Night 510 56.1(5.7) 49.5(7.4) 0.633 -6.6 0.4 

PTNK Day 587 54.8(5.9) 44.1(6.6) 0.215 -10.7 0.5 
 Night 438 55.1(6.4) 48.8(7.6) 0.549 -6.3 0.4 

 
4. Summary 

Inter-comparison between the AIRS Level-3 PWV and GPS PWV was made 
for three GPS sites in Indonesia. The results showed that seasonal variation of PWV 
is well coincident with each other. In addition, day-to-day variability of PWV 
showed good agreement. There exists underestimation of PWV for daytime orbit of 
AIRS when GPS PWV is larger than 40 mm. To investigate error characteristics of 
AIRS PWV further, inter-comparison between AIRS Level-2 data and the GPS data 
are conducting. Further detailed analysis is needed for finding cause of AIRS PWV 
negative bias. 
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Fig. 1 Long-term average annual cycle of OLR (left), and annual variation of AIRS 

precipitable water (right) over the area of (10S-10N, 90E-120E). 
 

 
Fig. 2 Time series of pentad mean GPS PWV (blue) and AIRS PWV (red) from 2002 to 

2006 at Koto Tabang. 
 

 
Fig. 3 Comparison of PWV between GPS and AIRS at BUKT. Red (blue) circle is 

daytime (nighttime) Observations 
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Synoptic patterns causing heavy rain in the first period of summer 
monsoon in the North Viet Nam 
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Abstract 
As other Southeastern Asian Countries, the summer monsoon in 

Vietnam is generally of South Asia summer monsoon and East Asia 
monsoon. It is controlled by Indian-Myanmar low pressure, Pacific 
subtropical high-pressure, Intertropical Convergence Zone with South West 
Wind flows from the West, South Wind Flows from the South of Pacific 
high-pressure or from Southern hemisphere. 

The summer monsoon in Vietnam is established in May, June with 
characteristic of pressure decrease, wind direction change from North to 
South, temperature increase, more rain, and early typhoons occurring. 

Using rainfall data of 45 meteorological stations in the North part and 
NCAR/NCEP reconstruction data (1993-2007), we determine the causes of 
heavy rain spells during the period from 1993 to 2007. The report will 
concentrate on the development and the role of Asia low pressure, Pacific 
subtropical high-pressure, Intertropical Convergence Zone, flows from 
Southern Hemisphere and turbulences in heavy rain spells in May and June. 

 
1.  The large heavy rain spells in the North 
1.1 The large heavy rain convention: 

As the rule published in 1967, a large heavy rain spell is a period of having 
rain at least one day with more than one – third meteorological stations in the area 
with faire, heavy and very heavy rainfall follow the criterion: 

Faire rain: 25≤ R≤ 50mm/24h; 
Heavy rain: 50 ≤ R ≤ 100mm/24h; 
Very heavy rain: R>100mm/24h 

 
1.2 Domain and Time scope: 
1.2.1 Domain: The north (From Thanh Hoa province northwards): including the 
regions with relative homogeneous about rainfall conditions. 

The Northwest: including Lai Chau, Son La provinces, a west part Hoang 
Lien Son mountain chain which belong to Lao Cai and Yen Bai provinces. 

The Middle: Including Ha Giang, Tuyen Quang, Cao Bang, Lang Son, Bac 
Can provinces, and the maiming part of Lao Cai, Yen Bai which is in the east of 
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Hoang Lien Son mountain chain. 
The North East: Including Quang Ninh, Hai Phong, Bac Giang, Bac Ninh 

provinces. 
The North Delta: Including Ha Noi, Hung Yen, Hai Duong, Thai Binh, Nam 

Định, Ninh Binh, Thanh Hoa, Ha Nam, Hoa Binh, Vinh Phuc và Phu Tho 
provinces. 
 
1.2.2 Time scope: Beginning of the summer monsoon (May and June). 
 
1.3 Station network 

- The Northwest: Dien Bien, Lai Chau, Moc Chau, Son La, Lao Cai, Muong 
Te, Mu Cang Chai, Quynh Nhai, Song Ma, 

- The North Highland: Sa Pa, Bac Quang, Cao Bang, Ha Giang, Trung 
Khanh, Chiem Hoa, Huu Lung, Lac Son, Bac Can, Lang Son, Co Noi, Van Chan, 
Tuyen Quang 

- The North East: Bai Chay, Hon Gai, Hon Dau, Co To, Phu Lien, Bac 
Giang, Bac Ninh, Mong Cai 

- The North Delta: Vinh Yen, Viet Tri, Thai Nguyen, Hai Duong, Hung Yen, 
Ha Noi, Hoa Binh, Phu Ly, Nam Dinh, Thai Binh, Ninh Binh, Thanh Hoa, Ha 
Dong, Kim Boi, Mai Chau, Ba Vi. 
 
1.4 Observation period: 

All stations have daily rainfall data from 1993 to 2007 

 
Fig. 1  Rainfall Station network 
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2. Synoptic patterns causing heavy rain in the first period of summer monsoon 
in the North Viet Nam 
2.1. A cold front and its  combination with other patterns. 
2.1.1. A cold front 
A cold front generally is not an unique synop system causing heavy rainfall in the 
summer season in the North of Vietnam. Through 15 years from 1993 to 2007, there 
was only one time that the cold front caused great rainfall in the North Delta.  This 
was on the 21st May 1998 with less than 100 mm of the heaviest rainfall. 
 
2.1.2. A cold front combines with monsoon trough (Fig. 2) 
This is one of the most common patterns usually cause heavy rainfall in over the 
area study or different regions in the North of Vietnam. In the period from 1993 to 
2007, cold front combined with monsoon trough causing 10 heavy rainfall spells in 
May and June with the heaviest rainfall reaches up to 170.5 mm. 

 
Fig. 2  Streamline on 850 hPa 18 May, 2000 – Combination of Cold air with MT 

 
Fig. 3  Streamline on 850 hPa 9 Jun, 1996. A cold front combines with monsoon trough 

and subtropical high-pressure 
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2.1.3. A cold front combines with a tone of  subtropical high-pressure 
This pattern causes heavy rain only in May and in the North-East of Vietnam, 

including North Highland, Northeastern and North delta.  However, the frequency 
of this pattern is not often with only 3 times in 15 studying years . 
 
2.1.4. A cold front combines with a tropical cyclone 

Through 15 years, the pattern of combination between a cold front and a 
tropical cyclone caused only one time of heavy rainfall on the 5th June 1994 in the 
North region with the heaviest amount of only 72.5 mm in many places. 
 
2.1.5. A cold front combines with monsoon trough and subtropical high-pressure 
(fig. 3) 

In the period from 1993 to 2007, there were 2 times the cold front combined 
with monsoon trough and subtropical high-pressure to cause heavy rainfall in the 
North or in the North-East of Vietnam. That was the 8th May 1995 with the heaviest 
amount of rainfall was less than 70 mm and the 31st May 2003 with the heaviest 
amount of rainfall was less than 100 mm. 
 
2.2. A tropical Cyclone and its combination  with other patterns. 
2.2.1. A tropical cyclone 

Differing with the cold front, the tropical cyclone itself can caused heavy 
rainfall in many places in the North of Vietnam.  In the period from 1993 to 2007, 
there were 6 typhoons or tropical cyclones causing heavy rainfall at almost places in 
the North of Vietnam.  This pattern causes fair heavy rainfall, with more than 200 
mm in many places in the tropical cyclone on the 5th June 1997 for instance. 
 
2.2.2. A tropical cyclone combines with monsoon trough (Fig. 5) 

In the period from 1993 to 2007, there were 3 times the tropical cyclones 
combined with monsoon trough causing heavy rainfall in different places in the 
North of Vietnam. Rainfall caused by this pattern is not much as these different 
patterns combined with tropical cyclones. 
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Fig. 4   Streamline on 850 hPa 23 Jun, 1997 - Combination of MT, TC and High pressure 

surge 

 
Fig. 5  Streamline on 850 hPa 17 Jun, 1998 - Combination of MT with High pressure surge 
 
2.2.3. A tropical cyclone combines with subtropical high-pressure 

In recent years, there were 3 times tropical cyclones combined with 
subtropical high-pressure causing heavy rainfall in many places in the North of 
Vietnam. Remarkably, this pattern can cause heavy rainfall in many places such as 
the effect of cyclone in the open sea from the 8th to the 14th June 1997. 
 
2.2.4. Tropical cyclone combines with subtropical high-pressure and Intertropical 
Convergence Zone (ITCZ) 

The last 15 years saw this parttern during 12th to 13th June 1999 only when 
tropical cyclone moved from the sea region of the Middle region along the sea 
coach to the North of Vietnam and then wewkened. 
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2.3. A monsoon trough and its combination with different patterns. 
2.3.1. Monsoon trough 

A single monsoon trough which reaches to the South often causes heavy 
rainfall, especially in May – the onset of summer monsoon. 
In some cases, the monsoon trough cause heavy rainfall over the North but often 
either in mountain regions or in the delta regions 

Monsoon trough is a non combined pattern which causes much very heavy 
rainfall in the North on the onset of summer monsoon. 
 
2.3.2. A monsoon trough combines with subtropical high-pressure 

Sometimes, monsoon trough combines with subtropical high-pressure causing 
heavy rainfall on the onset of monsoon in the North of Vietnam. There were some 
events occurred on 8th May 2005; 28th May 2000; 11th June 2001 and 16th June 2001 
causing significant rainfall, especially more than  200 mm in some places in the 
Northeastern. 
 
2.3.3. Monsoon trough combines with Intertropical Convergence Zone –ITCZ 

There were 2 times, both occurred in June, monsoon trough combined with 
ITCZ causing rainfall at mountain regions (TB, VB, ĐB) or at the East of North 
delta with the amount of rainfall approximates 100 mm at many places. 
 
2.4. Subtropical high-pressure and its combination with different patterns 
2.4.1. Subtropical high-pressure 

In June of the last 15 years from 1993 to 2007, there had been 4 times that 
subtropical high-pressure pattern cause heavy rainfall in the Northeastern, including 
Viet Bac, Dong Bac and North plain regions, of which 2 times with the heaviest 
rainfall amount of about 200 mm (25th June 1995 and 30th June 2005). 
 
2.4.2. Subtropical high-pressure combined with ITCZ 
 In the period from 1993 to 2007, there was one time that subtropical high 
surge combined with ITCZ causing heavy rainfall in over the North (21st June 2000) 
with the heaviest rainfall amount of about 177.8 mm and one time causing heavy 
rainfall in the Northeastern with the heaviest rainfall amount of  73.8 mm. 
 
2.5. Intertropical Convergence Zone and Intertropical Convergence Zone 
combined with different patterns. 
2.5.1. Intertropical Convergence Zone 
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In the period from 1997 to 2003, there were 5 times ITCZ caused singly heavy 
rainfall in the mountain and midland of the North or in the Northeastern caused 
heavy rainfall, one case reached to 298 mm (27th -29th May 2006). 
 
2.5.2. Intertropical Convergence Zone combined with different patterns 

As mentioned above, heavy rainfall may appear in 3 cases: 
ITCZ combines with tropical cyclone, ITCZ combines with monsoon trough, and 
ITCZ combines with subtropical high-pressure. 
 
3. Contribution of synoptic patterns for heavy rainfall processes in the 
beginning of summer monsoon in the North Vietnam. 

1. In the beginning of the summer monsoon, heavy rainfall spells in the North 
of Vietnam resulting from the contribution of synop patterns including monsoon 
trough, tropical cyclone, subtropical high-pressure ITCZ and cold front (a specific 
pattern of winter monsoon). 

2. A single pattern above can cause heavy rainfall in the North of Vietnam or 
some places in the North of Vietnam, especially summer patterns. Their frequency 
is as in order: monsoon trough (11), tropical cyclone (6), ITCZ (5), subtropical 
high-pressure (4) and cold front (1). 

3. The common pattern of 2 system combination caused the heaviest rainfall 
was combination of cold front and monsoon trough (10 times in the period from 
1993 to 2005). Almost cases with combined 2 patterns did not cause heavy rainfall 
all over the North of Vietnam and did only in the mountain regions of the North or 
in the Northeastern of Vietnam. 

4. Pattern combined 3 systems occurred only 3 cases: cold front combines 
with monsoon trough and subtropical high-pressure (2 times) and tropical cyclone 
combines with subtropical high-pressure  and ITCZ (one time). 

5.  Because of the earlier summer, the role of ITCZ is still weak compared 
with different patterns in terms of causing heavy rainfall frequencies. Similarly, 
tropical cyclone is the only pattern to cause heavy rainfall in many regions of the 
North of Vietnam (not cover all the North of Vietnam). It can be seen that heavy 
rainfall area caused by tropical cyclone in the North of Vietnam is less than caused 
by other patterns. 

6. It can be concluded that in the early summer monsoon, the monsoon trough 
is the pattern of highest probability causing heavy rainfall in many regions or in 
over the North of Vietnam. Also in this period, the ability to cause heavy rainfall of 
ITCZ and subtropical high-pressure is less than other patterns. The role of cold 
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front, considering to the probably causing heavy rainfall in the North of Vietnam, is 
considerable when it combines with activities of monsoon trough. 
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Abstract 

Stable isotopes in precipitation were observed at DaNang in Vietnam 
from February to December 2006. Totally 92 samples were collected and 
their δD and δ18O were determined by an isotope ratio mass spectrometry. 
The preliminaly results of monthly and daily variability of precipitation, 
stable isotopes, and d-excess were shown in this study. Depend on the 
seasonal variability of stable isotope ratios, it can be divided into low isotope 
period (April to September) and high isotope period (October to March). The 
regressions between δD and δ18O were δD=8.0*δ18O+9.6 for whole period, 
δD=4.9*δ18O+5.0 for October to March, and δD=8.0*δ18O+8.5 for April to 
September. The regression for October to March suggested the evaporation 
effect. The relationships between daily precipitation amount and δ18O 
showed decreasing trend for each two periods. Also river and lake water 
samples were plotted near and on the meteoric water line, and stable isotope 
ratios were near to the annual mean values of precipitation. Simulated daily 
δ18O in precipitation can be reproduced the seasonal trend well. The water 
origin contributions to the total column water from the South China Sea and 
Pacific Ocean were corresponded to the high isotope period, while the Indian 
Ocean contribution was corresponded to the low isotopic period. It was 
suggested the isotopic depletion from May to September was caused by the 
rain-out effect through the passage of water vapor from the Indian Ocean to 
the DaNang. 

 

1. Introduction 
Stable water isotopes (δD, δ18O) are hydrologically conserved and can be used 

to reconstruct the atmospheric circulation for a better understanding of the large-
scale hydrological cycle because they are strongly influenced by the water vapor 
source and trajectory history. Daily precipitation sampling for stable water isotopes 
were conducted at totally 14 stations over Monsoon Asia since 2000, and stable 
isotopes in precipitation were determined by an isotope ratio mass spectrometry 
(Ichiyanagi et al., 2008). The preliminaly results of stable isotopes in precipitation 
observed at DaNang station from February to December 2006 was introduced in 
this study. 
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2. Methods 
Daily precipitation samplings for stable isotopes have been conducted at 

DaNang Regional Meteorological Center from February to December 2006. Totally 
92 samples were collected, and their δD and δ18O were measured by a continuous-
flow isotope ratio mass spectrometry (IRMS) and by a MAT-252 mass spectrometer 
in IORGC/JAMSTEC. Also river and lake water samples around DaNang were 
collected on 7-10 March 2007. Analytical precision for the entire procedure were 
2.0‰ and 0.1‰ for δD and δ18O, respectively. The isotopic ratio of precipitation 
was simulated using a Rayleigh-type isotope circulation model (ICM) (Yoshimura 
et al., 2003), and water origins were tracked using a colored moisture analysis 
(CMA) through an ICM with a tagged-water transport scheme (Yoshimura et al., 
2004).  
 
3. Results and Discussions 

Monthly mean precipitation, stable isotope ratios (δD and δ18O) weighted by 
the precipitation amount, and d-excess values (d-excess=δD-8*δ18O) for 2006 were 
shown in Figure 1. Monthly precipitation amounts from February to June were less 
than 100mm, while those from August to December were more than 200mm. Stable 
isotope ratios were relatively high from February to April and from October to 
December, while those from May to July were lower. D-excess values from 
February to August were less than 8, while those from September to December 
were more than 10. Comparing among precipitation amount, stable isotope ratios, 
and d-excess, seasonal variability of them were not correspond among them. 

Daily variability in precipitation, stable isotope ratios, and d-excess values 
were shown in Figure 2. The δ18O in precipitation was high (more than -2‰) in 
February and March, and it was gradually decreasing to -12‰ during June to 
August. Suddenly, high values (around -4‰) were found in the end of July. Then it 
was increasing to 0‰ in November and December. The d-excess values were 
ranged -10‰ to 20‰ and relatively high during September to December. Extremely 
low values (around -10‰) were found when δ18O were more than 0‰ in December. 
But, the seasonal variability was not clear in d-excess values. As shown in Figure 2, 
δD in precipitation suddenly decreased from -20‰ to -40‰ in early April and 
increased from -40‰ to -20‰ in October. Depend on the seasonal variability of 
stable isotopes, it can be divided into low isotope period (April to September) and 
high isotope period (October to March). 

The relationships between daily δD and δ18O in precipitation were shown in 
Figure 3. The regression between them was δD=8.0*δ18O+9.6 for whole period, it 
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was almost same values as global meteoric water line. Also the regression for two 
periods were calculated, δD=4.9*δ18O+5.0 and δD=8.0*δ18O+8.5 for October to 
March and April to September, respectively. The regression for October to March 
suggested the evaporation effect, through the correlation coefficient was relatively 
lower (r2=0.66) than others (0.95 and 0.94). Also the relationships between daily 
precipitation amount and δ18O for whole period and two periods were shown in 
Figure 4. There was no correlation between them for whole period, however, there 
were two peaks around -2‰ and -8‰. The correlation coefficients were not enough 
to the statistically significant, but there were precipitation amount effect in each two 
periods. 

Also the relationships between δD and δ18O in river and lake water sampled on 
7-10 March 2007 were shown in Table 1 and Figure 3. They ranged from -26‰ to -
31‰ for δD, from -3‰ to -7‰ for δ18O, and from 4‰to 18‰ for d-excess. All 
samples were plotted near and on the meteoric water line, and stable isotope ratios 
were near to the annual mean values weighted by the precipitation amount (-28.0‰ 
for δD, -4.78‰ for δ18O). 

Distribution of the water vapor origins were shown in Figure 5, the monsoon 
Asia is divided into four regions: Indian Ocean (IDO), South China Sea (SCS), 
Pacific Ocean (PFO), and Land (LND). Different colors represent different origins. 
Daily variability of water origin contributions to the total column water simulated 
by CMA (upper panel) and of δ18O in precipitation simulated by ICM (lower panel) 
at DaNang for 2006 were shown in Figure 6. The simulated δ18O values showed the 
same trend as observations: high values for January to April and October to 
December, and low values for May to September. The water contributions from the 
SCS and PFO were relatively high corresponding to the high isotope period from 
October to April By contract, the IDO contribution was dominant for the low 
isotope period from May to September. Also the LND contribution was relatively 
high during September to early October. The isotopic values in water vapor from 
the IDO can be estimated relatively low values, because DaNang is located on the 
eastern side of the Indochina, a faraway from the IDO. The heavy isotopes in water 
vapor form IDO may precipitate during the passage in Indochina, and relatively 
light isotopes can reach to the eastern side (i.e. rain-out effect). These results 
suggest the isotopic depletion from May to September was caused by the water 
contribution from the IDO.  
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4. Concluding Remarks 
Stable isotopes in precipitation were observed at DaNang in Vietnam from 

February to December 2006. Depend on the seasonal variability of stable isotope 
ratios, it can be divided into low isotope period (April to September) and high 
isotope period (October to March). Daily variability of water origin contributions to 
the total column water and of δ18O in precipitation at DaNang for 2006 were 
simulated by CMA and ICM, respectively. Simulated δ18O in precipitation by the 
ICM can be reproduced the seasonal variability well. The water contributions from 
the SCS and PFO were corresponded to the high isotope period, while the IDO 
contribution was corresponded to the low isotopic period. It was suggested the 
isotopic depletion from May to September was caused by the rain-out effect from 
the IDO to the DaNang. 
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Table 1. Summary of the river and Lake water samples. 
Date Sampling Site δD (‰) δ18O (‰) d-excess (‰)

7 Mar. 2007 Phuninh (hot spring) -26.97 -3.96 4.72 
7 Mar. 2007 Phuninh (lake water) -43.24 -6.74 10.67 
7 Mar. 2007 CauLau (river water) -29.71 -5.31 12.74 
9 Mar. 2007 HiepDuc (river water) -27.67 -5.27 14.51 
10 Mar. 2007 BaNa (head water) -30.92 -6.00 17.11 
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Fig. 1 Monthly mean precipitation and δ18O weighted by the daily precipitation amount 
(upper panel) at DaNang from February to December 2006. Same as δ18O, but δD and d-
excess values (lower panel). 
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Fig.2 Daily variability in precipitation, δ18O (upper panel), δD, and d-excess values (lower 

panel) at DaNang from February to December 2006. 
 



International MAHASRI/HyARC Workshop on Asian Monsoon  
 
 

5 - 7 March 2009, Da Nang, Viet Nam  43

 

y = 8.0x + 9.6
R² = 0.95

-100

-80

-60

-40

-20

0

20

40

-15 -10 -5 0 5

De
ut
er
iu
m
 (p
er
m
il)

Oxygen 18 (permil)

DaNang, Vietnam (2006)

Precipitat ion

River

y = 4.9x + 5.0
R² = 0.66

y = 8.0x + 8.5
R² = 0.94

-100

-80

-60

-40

-20

0

20

40

-15 -10 -5 0 5

De
ut
er
iu
m
 (p
er
m
il)

Oxygen 18 (permil)

DaNang, Vietnam (2006)

Oct-Mar

Apr-Sep

 
Fig. 3 Relationships between daily δD and δ18O in precipitation during whole period (left 
panel) and two periods (right panel). The results of river and lake water samples were also 
shown in the left panel. 
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Fig. 4 Relationships between daily precipitation amount and δ18O values during whole 
period (left panel) and two periods (right panel). 
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Fig. 5   Distribution of the water vapor origins. The monsoon Asia is divided into four 
regions: Indian Ocean (IDO), South China Sea (SCS), Pacific Ocean (PFO), and Land 
(LND). Different colors represent different origins. 
 

 
Fig. 6   Daily variability of water origin contributions to the total column water simulated 
by CMA (upper panel) and of δ18O in precipitation simulated by ICM (lower panel) at 
DaNang for 2006. The IDO (red), SCS (yellow), PFO (blue), and LND (green) are the 
same color as Figure 5. 
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Abstract 

In Vietnam, especially in Central Vietnam, annually the natural 
disasters with heavy rainfall origin such as flooding, flash flood, landslide 
etc. cause losses of human life and serious property damages. Besides, they 
bring problems of society, security and other national interests. Main factors 
causing heavy rainfall over central Vietnam are tropical depression, tropical 
cyclone, ITCZ, cold front, and southwest monsoon. Multiform association 
between these factors and local augmentation by high orography usually 
causes heavy rainfall on various spatial and temporal scales. Thus, forecast 
of heavy rainfall and improving the quality of heavy rainfall forecast are 
very important for Central Vietnam.  

At present, numerical weather forecast models are being applied for 
weather forecast research and operation in Vietnam as HRM, ETA, RAMS. 
Together with using MM5 for weather forecast operation, Vietnam Institute 
of Meteorology, Hydrology and Environment are researching on the 
application of WRF model on for weather forecast, especially forecasting of 
heavy rainfall and typhoons.  

In this paper we present some number experiments of heavy rainfall 
over Central Vietnam using both MM5 and WRF models, and evaluation of 
their possibility for forecast. 

 
Keywords: Rainfall, forecast, model, MM5, WRF, central Vietnam 
 
1. Introduction 

In Vietnam, especially in Central Vietnam, annually the natural disasters with 
heavy rainfall origin such as flooding, flash flood, landslide etc. cause losses of 
human life and serious property damages. Besides, they bring problems of society, 
security and other national interests.  

Heavy rainfall over Central Vietnam is caused by many different weather 
patterns such as tropical depression, tropical cyclone, Intertropical Convergence 
Zone (ITCZ), cold front, and southwest monsoon, etc. In most cases, multiform 
association between these patterns causes heavy rainfall more complicatedly. The 
western part of Central Vietnam is covered by Truong Son mountain range 
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(approximately 3000m). Interaction between circulation and high orography usually 
brings augmenting locally on spatial and temporal scales of heavy rainfall. Thus, 
forecast of heavy rainfall and improving the quality of heavy rainfall forecast are 
very important for Central Vietnam. 

At present, numerical weather forecast models as HRM, ETA, RAMS are 
being applied for weather forecast research and operation, especially extreme events 
forecast as heavy rainfall, typhoon, tropical depression, etc. Together with using 
MM5 for weather forecast operation, Vietnam Institute of Meteorology, Hydrology 
and Environment are researching on the application of WRF model on for weather 
forecast, especially forecasting of heavy rainfall and typhoons.  

In this paper, we carry out some number experiments of heavy rainfall over 
Central Vietnam using both MM5 and WRF models, and evaluation of their 
possibility for forecast. 

 
2. Model Configurations 

Both MM5 and WRF models are carried out with the same conditions. Two 
nested domains with horizontal grid resolution of 45km and 15km are utilized, 
centered at 19°N latitude and 113.5°E longitude. The 45km domain covers whole 
Vietnam territory and 15km covers Central Vietnam region. All the simulations in 
this study use the Kain – Fritsch (Kain, 2002) scheme (includes shallow convection) 
for cumulus parameterization, the Mellor-Yamada - Janjic (Janjic,1996, 2002) 
scheme for the planetary boundary layer, Noah Land-Surface Model (Chen and 
Dudhia, 2001) for surface scheme, RRTM longwave scheme (Mlawer, 1997)  for 
radiation scheme. Two explicit moisture schemes are used as the Reisner Mixed 
phase (Reisner, 1998) scheme (for MM5) and the WSM5 (Hong et al., 2004) 
scheme (for WRF).   

NCEP (National Centers for Environmental Prediction) Global Forecast 
System (GFS) analyses and forecasts data available at a horizontal grid spacing of 
10 x 10 and a time resolution of 6 h were used for initial and lateral boundary 
conditions for both MM5 and WRF models. Starting times are set the same for 
MM5 and WRF experiments. The simulations run for a 72-h forecast period, with a 
time step of 120s. Models simulated rainfall is compared with the rain gauge 
measurements. 
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3. Results 
3.1 August 2006 case 

ITCZ (The Intertropical Convergence Zone) occurring in the sea of Central 
Vietnam from 13th to 22nd of August 2006 provided copious rainfall over whole 
Central Vietnam region. Many of the rain gauge stations on this region reported 24 
h rainfall of 50mm and above on 15th August 2006 as Do Luong (112.4mm), Ha 
Tinh (239.4mm), Quynh Luu (181.6mm), Hue (52.3mm) and Vinh (154.5mm), etc.  

The models simulation was performed from 14 August 2006 00 UTC to 17 
August 2006 00 UTC. Figure 1 shows the 24h accumulated rainfall forecast by 
MM5 (Fig. 1a) and WRF (Fig. 1b), starting at 00UTC 14 August 2006. Figure 2 
presents the 72h accumulated rainfall forecast by MM5 (Fig. 2a) and WRF (Fig. 
2b), starting at 00UTC 14 August 2006. For 24h forecast, rainfall areas predicted by 
WRF and MM5 are nearly similar. However, large differences are observed in 
intensity of rainfall between WRF case and MM5 case. In the northern of Central 
Vietnam, WRF case shows high values (from 80 to 160mm) than MM5 (40 to 
80mm). Fig. 1b shows two maximum rainfall regions, located in the north of Tay 
Nguyen (between Play Ku and Kom Tom) and in the southwest of Tay Nguyen, but 
in fig. 1a, both maximum rainfall regions are located the north of Tay Nguyen and 
slightly extend to eastward. For 72h forecast, WRF predicted rainfall area is slightly 
larger on the southern of the South China Sea as compared to prediction of MM5. 
Intensity of rainfall forecasted by WRF is lower than by MM5. WRF model shows 
320mm of maximum rainfall, while MM5 shows 640 mm of maximum rainfall in 
72h forecast. Heavy rainfall region forecasted by WRF is larger in the Northern and 
narrower in the Centre and Southern of Central Vietnam as comparison to MM5 
forecast.  

For 72h forecast, starting 00UTC August 14th 2006, predicted heavy rainfall 
from both MM5 and WRF shows underestimation in almost locations of surface 
rainfall stations in Central Vietnam as compared to the rain gauge measurements, 
till have some locations are overestimated rainfall (table 1). However, predicted 
heavy rainfall from WRF closes with the rain gauge observations.  

 
3.2 September 2006 case 

A tropical depression formed in the east of Philippines Islands on 06 UTC 25th 
September 2006 with position at 11.50N, 128.40E and moved westward and 
northwestward. On 18 UTC 26th September 2006, the tropical depression developed 
as typhoon (named Xangsane) with 976 mb of pressure at the center and 65 knot of 
maximum wind and reached over Da Nang city on 01st October 2006. This typhoon 
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system brought copious rainfall over Central Vietnam and the northern of Tay 
Nguyen region with 150 - 200 mm of rainfall. 

MM5 and WRF simulations were started from 00 UTC 30th September 2006 
and forecasted up to 72h (00 UTC 2nd October 2006).  Figure 3 indicates the 72h 
accumulated rainfall forecasted by MM5 and WRF (Fig. 3a; Fig. 3b), from 00 UTC 
30th September 2006.  Heavy rainfall area predicted by WRF model is smaller than 
MM5 model. In case of WRF simulation, heavy rainfall area is observed at the 
Northern of Central Vietnam and at the southeast of Hai Nam Island. However, 
heavy rainfall area from MM5 extends to northeast of Hai Nam Island. Both MM5 
and WRF models show 640mm of maximum 72h accumulated rainfall.  

Table 2 presents three days accumulated rainfall from surface rainfall stations 
in Central Vietnam and the difference for 72h accumulated rainfall predicted by 
MM5 and WRF models with observations, from 00 UTC 30th September 2006 to 00 
UTC 2nd October 2006. Both MM5 and WRF models show overestimated rainfall in 
almost of rain station locations, but some of locations predicted rainfall is lower 
than observed rainfall. Rainfall predicted by WRF is closer to observation than 
MM5 prediction.   

 
3.3 August 2007 case 

On 12 UTC 01st August 2007, a tropical depression formed in the South China 
Sea position at 12.30N, 113.00E and moved northwestward and reached over Nghe 
An on. Due to the tropical depression and association with extended southwest 
monsoon brought heavy rainfall over Central Vietnam and Tay Nguyen region. 

MM5 and WRF simulations were performed from 00UTC 05th to 07th August 
2007. The shape of predicted rainfall from MM5 is similar with WRF both in 
magnitude and intensity (Fig. 4). Table 3 shows the difference for 72h accumulated 
rainfall predicted by MM5 and WRF models with observations, from 00UTC 05th to 
07th August 2007. Large difference is observed in 72h accumulated rainfall from 
both MM5 and WRF models with rain gauge observations, particularly in the 
locations where rain gauge observations reach more than 600mm. At Tuyen Hoa 
station, 72h accumulated rainfall predicted by both MM5 and WRF models show only 
approximately 150mm, while rain gauge observations measured 1024mm.  

 
3.4 October 2006 case 

Cold front occurred in Vietnam from 25th to 27th October 2006 bring heavy 
rainfall in Central Vietnam with 50 – 150mm, particularly 3 days accumulated 
rainfall reached 342.5mm in Tra Mi rainfall station.  
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The models simulation were setup from 25th October 2006 00 UTC to 27th 
October 2006 00 UTC. Figure 5 indicates the 72h accumulated rainfall forecasted 
by MM5 (Fig. 5a) and WRF (Fig. 5b), starting at 00UTC 25th October 2006. In both 
of MM5 and WRF simulations, maximum rainfall reaches up to 320mm. For WRF 
simulation, maximum rainfall region is observed along the eastern of Truong Son 
mountain side, from Quang Ngai to Nha Trang. In case of MM5 simulation, maximum 
rainfall region is located from Quang Ngai to Binh Dinh but extend to the sea. Predicted 
72h heavy rainfall from both MM5 and WRF models almost shows overpredicted 
rainfall as compared to rain gauge (not show).  

 
Discussion 

Prediction of heavy rainfall, especially intensity of rainfall is a difficult 
problem of meso-scale modeling. This report presents some experiments of heavy 
rainfall events over Central Vietnam using MM5 and WRF models. The results 
show that both MM5 and WRF models can simulate heavy rainfall over Central 
Vietnam, but till having large errors in rainfall area and intensity, especially as multi 
weather systems association occurs. The results also show intensity of rainfall predicted 
by WRF closer to observation as compared to MM5 prediction.  
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Table 1. Three days accumulated rainfall from surface rainfall stations in Central Vietnam 
and the difference for 72h accumulated rainfall predicted by MM5 and WRF models with 

observations, starting 00UTC August 14th 2006. 

  
  

Do 
Luong 

Huong 
Khe 

Ha 
Tinh 

Nhu 
Xuan 

Quy 
Hop 

Quynh 
Luu 

Tay 
Hieu 

Thanh 
Hoa 

Tinh 
Gia 

Tuong 
Duong 

Obs 195.8 191.6 334.5 153 82.5 413 221 149.8 389.3 26.6 
Obs - MM5 17.6 -69.5 118.7 54.9 -22.0 336.0 200.0 113.3 323.5 -81.9 
Obs - WRF 66.8 -19.3 33.5 24.7 19.9 298.7 152.5 113.7 258.6 13.9 

  
  

Vinh 
  

Aluoi 
  

Ba 
Don  

Da 
Nang  

Hue 
  

Dong 
Ha 

Khe 
Sanh 

Tuyen 
Hoa 

Nam 
Dong 

Da 
Lat 

Obs 375.3 231 112.5 126.5 258.6 267.5 183.5 197.2 189.2 127.9 
Obs - MM5 163.2 169.3 -14.7 119.2 183.2 182.8 -25.1 4.7 148.1 25.6 
Obs - WRF 76.9 141.4 -99.0 50.7 148.0 175.8 62.9 -29.8 97.2 25.4 

 

Table 2. Three days accumulated rainfall from surface rainfall stations in Central Vietnam 
and the difference for 72h accumulated rainfall predicted by MM5 and WRF models with 

observations, starting 00UTC 30th September 2006. 

  
  

Do 
Luong 

Huong 
Khe 

Ha 
Tinh 

Quynh 
Luu 

Tinh 
Gia 

Vinh 
  

Aluoi 
  

Badon 
  

Bato 
  

Danang
  

Obs 85 240 53 127 85 69 525.2 147 53 212 
Obs-MM5 -93.6 -91.0 -307.0 -94.2 4.5 -219.9 331.3 -52.7 36.1 144.7 
Obs-WRF 85.3 -59.8 -231.0 40.5 35.5 -112.7 264.1 -149.9 -32.5 52.0 

 
 

Hue 
 

Dong 
Hoi 

Dong 
Ha 

Khe 
Sanh 

Tam 
Ky 

Quang
Ngai 

Tra 
Mi 

Tuyen 
Hoa 

Nam 
Dong 

Play 
Cu 

Obs 338 121 209 393 280.4 99 73 241 599 71 
Obs-MM5 235.1 -76.1 161.4 223.0 235.5 71.2 19.5 25.4 465.4 -27.6 
Obs-WRF 106.4 -226.0 98.1 142.9 135.9 -30.0 -64.0 -85.6 381.7 -115.2 

 

Table 3. Three days accumulated rainfall from surface rainfall stations in Central Vietnam 
and the difference for 72h accumulated rainfall predicted by MM5 and WRF models with 

observations, starting 00UTC 05th August 2007. 
  

  
Do 

Luong 
Huong 

Khe 
Ha 

Tinh 
Ky 

Anh 
Tay 
Hieu 

Thanh
Hoa 

Vinh 
  

Aluoi 
  

Ba  
Don  

Hue 
  

Obs 82.5 744.7 609.8 649.8 69.1 88.3 350.6 70.6 321.2 115.0 
Obs-MM5 -81.8 653.5 531.8 599.4 -3.2 23.9 212.5 22.4 290.2 64.9 
Obs-WRF -59.5 587.7 444.9 537.2 60.2 28.2 202.0 -33.4 251.4 35.7 

  
  

Dong 
Hoi 

Dong 
Ha  

Khe 
Sanh  

Tra 
Mi 

Tuyen
Hoa 

Nam 
Dong 

Quy 
Nhon 

Play 
Cu 

BuonMe 
Thuot 

Da 
Lat 

Obs 213.6 118.2 162.1 71.5 1024.0 127.3 90.0 144.0 114.5 103.9 
Obs-MM5 129.0 85.8 10.0 43.0 952.4 88.1 87.0 65.8 23.6 21.6 
Obs-WRF 83.9 97.5 64.3 22.7 880.3 40.5 88.0 83.1 35.6 61.7 
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 a)  b)  
Fig. 1 24h accumulated rainfall forecast (mm), starting at 00UTC  

14 August 2006, by: a) MM5; b) WRF model. 

a)  b)  
Fig. 2 72h accumulated rainfall forecast (mm), starting at 00UTC 

 14 August 2006 by: a) MM5; b) WRF model. 

a)  b)  
Fig. 3 72h accumulated rainfall forecast (mm), starting at 00 UTC  

30 September 2006 by: a) MM5; b) WRF model 
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a)  b)  

Fig. 4 72h accumulated rainfall forecast (mm), starting at 00UTC  
05 August 2007 by: a) MM5; b) WRF model 

a)  b)  

Fig. 5 72h accumulated rainfall forecast (mm), starting at 00UTC  
25 October 2006 by: a) MM5; b) WRF model 
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Abstract 

In the past few years, water related disasters have been developing 
unpredictably and brutally in Vietnam. With the population of about 60% of 
the whole country and many local people are living in poverty, Central 
Vietnam is particularly vulnerable to disasters. In November 2007, seven 
consecutive severe floods affected 18 provinces in Central Vietnam, caused 
117 deaths, 9 missing and 88 injured. The total damage was estimated to be 
around 214 million USD. 

 To investigate this extreme event, we introduce the hydro-
meteorological system that has been under-developing for Central Vietnam. 
The system consists of the Weather Research and Forecasting (WRF) model 
that is coupled to the Noah Land Surface Model for runoff generation; the 
Total Runoff Integrating Pathways (TRIP) model developed at the 
University of Tokyo is then used for flow routing to obtain hydrographs at 
selected basin points. Boundary data for the system during November 2007 
are the 6-hourly FNL (Final) Global Analyses on 1.0×1.0 degree resolution. 
The river maps for TRIP are derived from the HYDROSHEDs 30-sec data. 

Through the simulation outputs and in-situ data, synoptic and regional 
scale features are analyzed. Spatial variations of rainfall observed by the 
TamKy radar as well as 3 hourly-fluctuations measured by the rain-gauges 
are well represented by WRF. However, the model generally underestimates 
extreme rainfall values, leading to underestimation of river discharges. 
Qualitative comparisons between TRIP-discharge and observations at the 
Thuong Nhat hydrological station are shown in this study.  

 
Keywords: flood, extreme weather event, hydro-meteorological system, WRF, TRIP, Central 
Vietnam 
 

1. Introduction 
In the past few years, water related disasters have been developing 

unpredictably and brutally in Vietnam. With the population of about 60% of the 
whole country and many local people are living in poverty, Central Vietnam is 
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particularly vulnerable to disasters. The disasters have taken many lives every year 
with devastated destruction on the infrastructure such as roads, power and 
communication lines and government buildings such as schools, health clinics, and 
private houses. The disasters also damaged hundreds of thousands of hectares of 
crops and killed thousands of livestock. In monetary terms, the damage could be in 
the range of hundreds of millions of dollars each year. In November 2007, seven 
consecutive severe floods affected 18 provinces in Central Vietnam, caused 117 
deaths, 9 missing and 88 injured. The total damage was 3,400 billion VND, 
estimated to be around 214 million USD.  

This study is in order to investigate the extreme event from November 9th to 
November 15th 2007. Data obtained from the TamKy radar (located in mid-Central 
of Vietnam) and from hydro-meteorological stations will be used in combination 
with the outputs of the model to better understand the interested event.   

 
2. Numerical experiments 
2.1. The Weather Research and Forecasting model 
 The Weather Research and Forecasting (WRF) model [Skamarock et al., 
2005] is used in this study. WRF is a next-generation mesocale numerical weather 
prediction system designed to serve both operational forecasting and atmospheric 
research needs. It features multiple dynamical cores, a 3-dimensional variational 
(3DVAR) data assimilation system, and a software architecture allowing for 
computational parallelism and system extensibility.  
 Fig.1 shows the two domains of integration in this study. The outer (domain1) 
and inner (domain 2) domains have grid spacing of 18 km and 6 km, which are 
composed of  (59 x 93), and (75 x 126) horizontal grid points, respectively. The 
nested grids have 27 vertical levels and are two-way interactive during the 
simulation. The physics parameterizations of the integration are shown in Table 1. 
The initial background state and boundary conditions at later times are supplied by 
the 6-hourly FNL (Final) Global Analyses on 1.0×1.0 degree resolution that cover 
the modeled regions for the entire time the model is integrated (from 00h November 
9th to 00h November 15th 2007). 
 The land surface scheme used is the Noah (National Centers for 
Environmental Prediction-Oregon State University- Air Force-Hydrologic Research 
Lab) LSM. The Noah LSM simulates the energy and water exchanges between 
atmosphere and land surface. This is a 4-layer soil temperature and moisture model 
with canopy moisture and snow cover prediction. It includes root zone, 
evapotranspiration, soil drainage, and runoff, taking into account vegetation 
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categories, monthly vegetation fraction, and soil texture. The scheme provides 
sensible and latent heat fluxes to the boundary-layer scheme. The Noah LSM 
additionally predicts soil ice, and fractional snow cover effects, has an improved 
urban treatment, and considers surface emissivity properties. 

 
Table 1. Physics parameterizations of the WRF integration for Central Vietnam 

Option Physics 

Outer domain Inner domain 

Microphysics WRF Single-Moment 3-class  
Hong et al. [2004] 

Goddard 
Chou and Suarez 
[1994] 

Long-Wave Radiation RRTM  
Mlawer et al. [1997] 

RRTM  

Short-Wave Radiation Dudhia  

Dudhia [1989] 

Dudhia s 

Surface layer Similarity theory (MM5) Similarity theory 

Land-Surface layer Noah LSM  
Chen and Dudhia [2001] 

Noah LSM 

Planetary Boundary layer Yonsei Univeristy  Yonsei University 

Cumulus 
Parameterization 

Kain-Fritsch  
Kain and Fritsch [1990, 
1993] 

Kain-Fritsch  

 
2.2 The Total Runoff Integrating Pathways Model 
 To help providing early flood warnings, outputs from Noah LSM, such as soil 
moisture, surface runoff, underground runoff, are needed. Surface and underground 
runoff are used as inputs for the Total Runoff Integrating Pathways (TRIP), the 
routing model developed in the University of Tokyo [Oki and Sud, 1998; Ngo-Duc 
et al., 2008]. One of the outputs of TRIP is river discharge, a fundamental element 
in a flood forecasting system.  
 TRIP is a global river routing model which can help to isolate the river basins, 
inter-basin translation of water through river channels, as well as collect and route 
runoff to the river mouths for all the major rivers. TRIP can be run with the 
approach of constant river flow velocity (TRIP1) [Oki and Sud, 1998] or variable 
velocity (TRIP2) [Ngo-Duc et al., 2008]. The model has been successfully tested in 
a variety of large scale (large catchments, continental and global) applications 
[Chapelon et al., 2002; Decharme, 2007; Decharme and Douville, 2006; Decharme 
and Douville, 2007; Decharme et al., 2008; Guo and Dirmeyer, 2006; Guo et al., 
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2006; Hanasaki et al., 2003; Hanasaki et al., 2006; Oki et al., 2003a; Oki et al., 
2001; Oki et al., 2003b; Oki et al., 1999]. 
 Recently, TRIP2 had been successfully coupled with HTESSEL (Tiled 
ECMWF Scheme for Surface Exchange over Land) [Balsamo et al., 2008; 
Pappenberger et al., submitted to International Journal of River Basin 
Management]. HTESSEL is used operationally in ECMWF’s Integrated Forecast 
System. Although HTESSEL has been evaluated for its prediction of water balance 
and monthly flows [Balsamo et al., 2008], a move towards daily flow prediction 
requires an additional river routing component. TRIP2 which incorporates a 
variable stream velocity which is advantageous for representing short-term 
fluctuations was thus chosen to couple with HTESSEL. 

TRIP requires a flow direction map and an elevation map (for the variable 
velocity approach) to route runoff. The maps we used in this study are derived from 
the HydroSHEDS (Hydrological data and maps based on SHuttle Elevation 
Derivatives at multiple Scales) data [Lehner et al., 2008]. HydroSHEDS is a 
mapping product that provides hydrographic information for regional and global-
scale applications in a consistent format. It offers a suite of geo-referenced data sets 
(vector and raster) at various scales, including river networks, watershed 
boundaries, drainage directions, and flow accumulations. HydroSHEDS is based on 
high-resolution elevation data obtained during a Space Shuttle flight for NASA's 
Shuttle Radar Topography Mission (SRTM). Fig.2 shows the maps derived from 
the 30-arc second resolution of HydroSHEDS flow direction map for Mid-Central 
of Vietnam 

 
3. Preliminary results 

Fig.3 represents the precipitation recorded at different stations in Central 
Vietnam from November 10th 2007 to November 15th 2007. At the NamDong 
station, a value of more than 200 mm/3h was recorded on November 11th, showing 
an extremely heavy rainfall event.   

The left figure on Fig.4 shows the reflectivity of the TamKy radar at 3am, 
November 11th 2007. Even though the reflectivity has not been converted to 
equivalent- precipitation yet, we still can see that general patterns of precipitation 
have been captured by the WRF simulation (right figure). 

More qualitatively, precipitation values simulated by WRF are compared to 
the data recorded at the Thuong Nhat hydrological station in November 2007. Fig.5 
shows that WRF significantly underestimates the extreme rainfall values even 
though the pick-timing could be somehow represented. From November 10th to 14th 
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2007, the mean rainfall rate recorded was about 48.7 mm/3h while the simulated 
value was only one fifth of the observations (about 9.27 mm/3h).  

 The underestimations of WRF rainfall lead to systematic 
underestimation of river discharge simulated by the WRF-TRIP coupling 
system. Fig.6 represents the river discharges simulated and observed at Thuong 
Nhat. The observed discharge values (Q) are derived from the measured water 
level (H) using an H-Q relationship. One can note that the simulated discharge 
reaches its maximum value in the same time with the observed one (around 
November 12th). Fig.5 and Fig.6 suggest that once a good estimation of rainfall 
is obtained, river discharge can be well forecasted using TRIP.  

 
4. Conclusions 
 The WRF-TRIP coupling system has been built for Central Vietnam. This 
system was used to simulate the severe flood events in the region from November 
9th to November 15th 2007. We showed that spatial pattern of precipitation observed 
through the reflectivity of the TamKy radar could be somehow captured by the 
model. A case study comparison at the Thuong Nhat hydrological station showed 
that the WRF integration significantly underestimates the pick-rainfall values, 
leading to an underestimation of river discharge simulated by TRIP.     
 The preliminary results obtained in this study are very encouraging. They 
suggest that improving the forecasted rainfall would significantly improve the 
forecasted river discharge. For Central Vietnam, to build a good early-flood-
warning, it’s thus necessary to improve the forecasted rainfall quality.  
 National Hydro-Meteorological Service of Vietnam is actively participating to 
MAHASRI (Monsoon Asian Hydro-Atmosphere Scientific Research and 
Prediction Initiative). Under the framework of MAHASRI, 31 rainfall stations have 
been installed in the effective radius of the TamKy radar. Real time data 
transmission system at 10 stations within this network has been developed. In the 
near future, the combination of radar precipitation and MAHASRI rain-gauge data, 
as well as an assimilation strategy of the observed/calibrated rainfall data to the 
model should be taken into account to obtain a good early-flood-warning system. 
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Fig. 1 Terrain height for the two domains of integration: The mother domain (left figure) 
is for the whole Vietnam, the nested domain (right figure) is for Central Vietnam. Units are 
in m. 

 
Fig. 2 Maps derived from the HydroSHEDS data; left figure: basins in Mid Central 
Vietnam; middle figure: flow direction map; right figure: river sequence computed from 
the flow direction map. 



International MAHASRI/HyARC Workshop on Asian Monsoon  
 
 

5 - 7 March 2009, Da Nang, Viet Nam  61

 
Fig. 3 Rainfall amount recorded at different hydrological stations in Central Vietnam from 

Nov 10th 2007 to Nov 15th 2007. Units are in mm/3h.   

 

 
Fig. 4 Reflectivity of the TamKy radar at 3am, November 11th 2007 and the 3-hour 

precipitation from 0 to 3a1m November 11th 2007 simulated by WRF 

 
Fig. 5  3h rainfall accumulation simulated 
by WRF and recorded at the Thuong Nhat 
station, November 2007. 

Fig. 6 River discharge simulated by WRF-
TRIP and observed at the Thuong Nhat 
station, November 2007. 
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Abstract 

Precipitation system is normal weather phenomenon in Viet Nam and 
other countries worldwide. However, the heavy rain at Ha Noi region 
occurred from 30 Oct to 7 Nov 2008 with 24h accumulated precipitation of 
more than 300mm is actually rare phenomenon. Finding the key atmospheric 
factors that cause the heavy rainfall is very important. The paper presents a 
detail analysis of heavy rainfall based on all available reference resources 
such as surface map, satellite and radar data. Finally, a survey of detecting 
capability of TRS-2730 radar will be presented. 

 
1. Introduction 

The heavy rainfall at Ha Noi region occurred from 30 Oct to 7 Nov 2008 is a 
rare precipitation phenomenon because it occurred at early winter of North delta 
region with rain rate is maximum during previous 100 years. As a result, the heavy 
rainfall becomes focal case study for many meteorological scientists in Viet Nam 
and worldwide. In order to investigating the heavy rainfall, we collected and used 
these following data resource in our study including synoptic analysis charts from 
surface to 500hPa of National Center for Hydro-Meteorological Forecasting 
(NCHMF), the 00UTC and 12UTC sounding data of Lang station (48820), 24h 
accumulated rain observation at Lang and some surrounding stations, unstable 
atmospheric indices from University of Wyoming, every hour MTSAT satellite 
images, PPI and RHI products of three TRS-2730 radar stations that namely is Viet 
Tri, Phu Lien and Vinh. All used datasets is collected from 28 Oct to 8 Nov 2008. 

 
2. The weather characteristics before happening heavy rainfall 
2.1. The weather patterns 

On the 27 and 28 Oct 2008, the 500hPa analysis chart shows an active 
subtropical anticyclone over North and Middle region of Viet Nam in which cause a 
clear weather (see Fig. 1). However, surface analysis map indicated the southward 
spread of Sebia high pressure (located at northward of Viet Nam) and there is lower 
pressure zone that have more active and northward moving tendency at the same 
time. Moreover, an upper trough with axis of 900E located over the NorthWest 
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region is more active and move eastward. In short, the North region of Viet Nam is 
influenced of four different pressure systems (i.e a cold-dry air mass is moving 
southward at lower atmospheric levels, a warm-wet air mass is moving northward 
from the south, and the complex interactions at 500hPa level between the westward 
warm cyclone and the eastward subtropical anticyclone). The SkewT diagram of 
Lang station showed a stably deep east wind flow from surface to 10km and 
maintained to 29 Oct 2008 (see Fig 2e, 2f). This is a good signal for the future 
development of heavy rain [2] 

On 29 Oct 2008, the cold-dry air mass in the North and warm-wet air mass in 
the South is continuously strengthened. According to surface analysis map at 
O6UTC (see Fig. 2a), the deep sink of cold-dry air mass cause a direct influence to 
some provinces of the North and the northward moving of warm-wet air mass 
impacted on the weather of provinces of the South and North Middle region. At 
upper layer (i.e 500hPa level), the westward warm low pressure system sinks 
southward and moving eastward up to 950 and cause back-moving of subtropical 
anticyclone. Hence, the North region has a complex interaction of low and upper air 
masses including zonal and meridional convergence. In this day’s afternoon, the 
North has light rain at some places (see Fig. 2c and 2d). 

The Fig. 2f indicated that the air temperature and environmental temperature 
is the same at 12UTC 29 Oct 2008. While, south and southest wind is continuously 
active from surface to 100hPa but the wind speed is weaker in comparison with 
previous days. These synoptic features are near similar to those of historical heavy 
rain at Ha Noi region in 1984 (see Fig 3). 

From 30 Oct 2008 to 2 Nov 2008, the westward warm low pressure system at 
500hPa completely covers the north region and the subtropical anticyclone moved 
to 1100E (see Fig. 4b). At the surface, the low pressure system is continuously 
moving northward and started to impact on the north region of Viet Nam (see Fig. 
4a). According to the SkewT diagram of Lang station, the south and southeast wind 
speed is not strong such as previous days (see Fig. 4e and 4f). Consequently, the 
heavy rain started to occur in Ha Noi region from the night of 30 Oct 2008 (see Fig. 
4c and 4d). 

 
2.2. Upper wind characteristics 

From 26 Oct to 31 Oct 2008, southeast wind stably flows in deep layer from 
surface to 10km (see Fig. 5). This is a strange feature because the statistical results 
in [3] and [4] showed the frequency of southeast wind in October and November at 
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Lang station is about 10-15% for 4km height above mean sea level and is near zero 
for 9-10km. This feature can be considered as a signal for heavy rainfall. 

 
2.3. Cloud top temperature characteristics 

Cloud-top temperature (CTT) is one of factors related to cloud height and the 
more CTT is low, the more cloud top height is high [5]. The variation of CTT over 
Ha Noi region from the 29 Oct 2008 to 1st Nov 2008 is given in Fig 6. On 29 Oct 
2008, the CTT varied from 00C to -200C corresponding to cloud top height in range 
of 5 to 7km. For next days, the CTT sequently decrease less than -900C at 12UTC 
31 Oct 2008. This implies a more active convection development. 

 
2.4. TRS-2730 reflectivity characteristics 

As known, weather radar can continuously observe the actual status of cloud 
and related atmospheric phenomena. Hence, using radar reflectivity information is 
very useful to research the onset or offset of given weather phenomenon. The height 
of reflectivity peak is one of criteria to determine the thunderstorm [6, 7, 8, 9]. Fig 7 
shows the variation of height of reflectivity peak in the same time range in Fig 6. 
It’s easy to recognize that variation features of reflectivity are the same with the 
CTT. That is, the more cloud height is high, the more maximum reflectivity value 
and thunderstorm range is large.  

 
3. Analysis of unstable indices  

There are many researches related to using the unstable indices such as CAPE, 
CIN, and so on to study and predict heavy rain and thunderstorm for the North 
region of Viet Nam [10, 11]. Table 1 lists all available unstable indices based on 
sounding data of Lang station from 27 Oct 2008 to 7 Nov 2007. In this paper, we 
only pay attention to these indices: SWET (or SWEAT), TOTL, CAPE, CAPV, 
CINS, CINV, EQLV, EQTV and PWAT. In Viet Nam, if the CAPE index is larger 
or equal to 1900J/kg, heavy rain probability is high for the south region. However, 
there isn’t any research indicate the threshold of CAPE or other unstable indices for 
the north region up to now.  The CAPE value at 12UTC 08 Nov 1984 (one day 
before the heavy rain occurred on 09-10 Nov 1984) was 679.9 J/kg. While, this 
value was 988 J/kg at 12UTC 30 Oct 2008 (see Table 1). 

Fig 8 shows the temporal variation of three unstable indices (i.e CAPE, 
SWET, PWAT) and 12h accumulated rainfall at Lang station from 27 Oct to 7 Nov 
2008. It is recognized when the CAPE reach to 622J/kg then heavy rain start to 
occur. In addition, the variation of SWET and PWAT index is quite similar to 
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variation of 12h accumulated rainfall. In general, the CAPE and PWAT index has 
well described heavy rain process, while the SWET only provide information 
related to rain and thunderstorm.  

 
Table 1. Some unstable indices is calculated for Lang station (48820) 

from 27 Oct 2008 to 7 Nov 2007 

 
 

4. Detecting capability of TRS-2730 radars 
Ha Noi Capital is located in active area of Viet Tri and Vinh TRS-2730 radars. 

Hence, the heavy rain case from 30 Oct to 7 Nov 2008 well detected by two above 
radars. Table 2 summarizes the temporal change of weather at Ha Noi and the north 
region of Viet Nam 

 
5. Conclusions and remarks 

The paper presents a detail analysis the cause of heavy rain case at Ha Noi 
region from 30 Oct to 02 Nov 2008. The key cause was found is due to the deep 
development of southeast wind in combination with zonal convergence at low 
atmospheric layer and meridional convergence at upper atmospheric layer. 
However, these analysis are subjective and purely synoptic. Hence, it is necessary to 
expand research range by using statistical and numerical simulation in the future 
(use high-resolution NWP model with radar data assimilation, establish locally 
statistical threshold of unstable indices for forecasting heavy rain, thunderstorm, 
and so on). 
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Table 2. The temporal change of weather at Ha Noi and the North region of Viet Nam 
inside active area of Viet Tri and Vinh TRS-2730 radars 

 Area ( S km2) 
Day time rainy Rainfall Thunderstorm (strong) Thunderstorm (Very strong) 

7     
10     
13 450 215   
16 569 1057   
19 1 3   

 
 
 
29/10 

22 18 7   
1     
4     
7 191 770 3  
10 55 199   
13 370 127   
16 1624 1194 40 13 
19 3377 1932 162(HN) 120 

 
 
 
 
30/10 
 
 
 

22 7464 1751 73 10 
1 5597 1380 145(HN) 134(HN) 
4     
7 2433 2288   
10 3671 4900 194(HN) 27 
13 7760 4311 154(HN) 23 
16 5679 3158 175(HN) 37 

19 6790 2052 161(HN) 49 

 
 
 
 
31/10 

22 6326 1281 97 16 
1     
4     
7 6155 4930 10 1 
10 6841 1466 10 1 
13 4046 975   
16 2636 3447 39 2 
19 269 1557 42  

 
 
 
 
01/11 
 

22 982 4479 163 6 
1 2405(HN) 497 173 32 
4 4908(HN) 2252 336 114 
7 3526 3414 245 30 
10 2127 1606 181 67 
13 4456(HN) 1663 282 42 
16 5127(HN) 1812 37 14 
19 736 2283 88 13 

 
 
 
 
02/11 

22 3161 3942 205 14 
1 5802 3230 29 2 
4 2827 2107 76 36 
7 1020(HN) 1653 20  
10 2034 3397   
13 1795 6125 100 6 
16 553 2258 1  
19 148 584   

 
 
 
 
03/11 
 

22 486 1587 3  
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Fig. 1 PPI product of Phu Lien TRS-2730 radar (left side) and IR1 satellite image (right side) 
valid at 19UTC 29 Oct 2008 

Fig. 2 The surface (a) and 500hPa (b) analysis map, PPI product of Phu Lien TRS-2730 radar 
(c) and IR1 satellite image (d) valid at 06UTC 29 Oct 2008. The SkewT diagram valid at Lang 

station at 00UTC (e) and 12UTC (f) 29 Oct 2008. 
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Fig. 3 The surface analysis map (upper panel) and SkewT diagram (low panel) at Lang station 
valid at 12UTC 07 Nov 1984 (left side) and 12UTC 08 Nov 1984 (right side) 
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Fig. 4 The surface (a) and 500hPa (b) analysis map, PPI product of Phu Lien TRS-2730 radar 
(c) and IR1 satellite image (d) valid at 18UTC 01 Nov 2008. The SkewT diagram valid at 

Lang station at 00UTC (e) and 12UTC (f) 02 Nov 2008. 

(a) (b) 

(c) (d) 

(e) (f) 
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Fig. 5 The SkewT diagrams valid from 12UTC 27 Oct 2008 to 00UTC 01 Nov 2008  

at Lang station 

 
Fig. 6 The variation of CTT over Ha Noi region from the 29 Oct 2008 to 01 Nov 2008 



International MAHASRI/HyARC Workshop on Asian Monsoon  
 
 

5 - 7 March 2009, Da Nang, Viet Nam  73

Fig. 7 The variation of height of reflectivity peak (H), maximum reflectivity (Z) and 
thunderstorm area (S) over Ha Noi region from the 29 Oct 2008 to 01 Nov 2008 

 
 

  
Fig. 8 The temporal variation of CAPE (a), 12h accumulated rainfall (b), SWET (c) and 

PWAT (d) at Lang station from 27 Oct to 7 Nov 2008. 

(a) (b) 

(c) (d) 
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Abstract 
The numerous lakes found throughout the Tibetan Plateau have a 

large effect on evaporation from the plateau. We analyzed variation in the 
water cycle in Yamdrok Yumtso Lake basin under the temperature increase 
of 1.13C during the 45 years from 1961-2005. Both vapor pressure and 
relative humidity increased by approximately 17%, resulting in a 13.7% 
increase in longwave radiation flux and a smaller daily range of surface air 
temperature. A 5.7% decrease in sunshine duration caused solar radiation 
flux to decrease by 3%. Heat and water balances were simulated over land 
and the lake. The lake covers 10% of the total basin area. Evaporation from 
the lake was larger than that from land, with lake evaporation making up 
26% of the basin total. Evaporation from the lake decreased 7% (May-
September) over the study period, and observed small pan evaporation also 
decreased. This trend was not found in the evaporation from land and from 
precipitation. With water vapor in the air increasing and evaporation from 
the ground surface (lake and land) decreasing, the water vapor may have 
come from areas outside the basin and possibly even beyond the plateau.  

 
1. Introduction  

Lakes play a key role in continental hydrological cycles. The Tibetan Plateau 
contains numerous lakes covering a total area of 44,993.3km2, including more than 
1091 with individual areas greater than 1.0km2. Most of these lakes are located in 
sparsely populated areas at elevations over 4000m. However, the plateau is 
extremely sensitive to global warming. Satellite images have revealed that the areas 
of lakes across the plateau have changed in recent years (Lu et al., 2006). The 
mechanism of the change is still unknown, due to the lack of observational data in 
this high-altitude region.   
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Many weather observatories were established on the Tibetan Plateau in the 
1950s, and intensive meteorological observations have been conducted in the area 
since the 1970s. The First Global Atmospheric Research Program (GARP) Global 
Experiment (FGGE) II-b began upper-air observations in summer 1979. Yanai et al. 
(1992) analyzed FGGE upper-air data and found that sensible heating dominated in 
early summer, but latent heating dominated during the mid-summer monsoon. The 
Global Energy and Water Cycle Experiment (GEWEX) Asian Monsoon Experiment 
(GAME-Tibet) conducted an intensive observation period over Tibet in 1998. Using 
GAME data, Xu and Haginoya (2001) and Xu et al. (2005a) estimated the heat and 
water balances of daily and seasonal variations over the Tibetan Plateau.  

Yamdrok Yumtso Lake (90°41'E, 28°56'N, Fig. 1) is one of the three largest 
lakes of the Tibetan Plateau. Situated 120km south of Lhasa at 4441m above sea 
level, the lake has a catchment area of approximately 6110km2 and surface area of 
638km2. Its depth is unknown. Many snowcapped mountains surround the lake, and 
numerous small streams feed it. It is almost a closed system; only a small amount of 
natural runoff flows through a small tributary of the Yarlung-Tsangpo River, with 
the inflow balanced mainly by evaporation. Kongmucuo Lake and Bajiucuo Lake 
are independent of Yamdrok Yumtso Lake.  

 
Fig. 1. Map of the Yamdrok Yumtso Lake basin (top), Tibetan Plateau (bottom). The 

photograph in the upper right shows the lake. The large and small pans are shown on the 
left and right sides, respectively. 

 
Baidi hydrological station (Fig. 1) is located on the lake shore at 90°26'20"E, 

29°07'25"N. Evaporation was observed at this station using a large pan. The lake 
temperature was observed during 1977-1995. Nagarze weather station (ID 55681, 
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90° 24'E, 28°58'N, 4432.4m) is located 18 km south of Baidi. The air temperature, 
humidity, and wind speed observed in Nagarze were very similar to those observed 
at Baidi, and the observation period was longer there.  

To reveal the long-term change over the plateau, we used the meteorological 
data from Nagarze weather station to simulate the evaporation and water 
temperature of the lake and land. We then compared these estimates with the lake 
temperature and large pan evaporation that were observed at Baidi station.  
 
2. Data Sets and Calculation Methods  
2.1. Data sets 

Routine meteorological data including daily temperature, humidity, sunshine 
duration, and wind speed covered 45 years (1961-2005) at the Nagarze 
Meteorological Station (Table 1).  

The monthly water temperature and large pan data were acquired from Baidi 
hydrological station. A large pan (lower left of the upper image in Fig.1) was set up 
at Baidi. This type of pan is known as a “20m2 basin”; it has a surface area of 20m2, 
with a diameter of 5m and depth of 2m. The evaporation from this type of large pan 
is nearly the same as the real evaporation of a lake (Brutsaert, 1982), but these pans 
are costly to install. The large pan was observed from 1984 to 1995 in the warm 
season (May-September), when 95% of precipitation occurred because of the 
monsoon climate. Water temperature was measured on one side of the lake from 
1977 to 1995.  
 
2.2. Calculation methods  

The evaporation from three kinds of surfaces was calculated using the same 
routine meteorological data as input. The surface types were water (lake), soil (land, 
including snow and frozen processes in winter), and imaginary humid surfaces. 
Evaporation from land surfaces (represented by Es in this paper) has been described 
in detail by Kondo and Xu (1997) and applied to the Tibetan Plateau by Xu and 
Haginoya (2001) and Xu et al. (2005a). Xu et al. (2005b) described potential 
evaporation Ep from an imaginary humid surface. The ratio WI=Pr/Ep was defined 
as a wetness index (WI) to highlight climatic wetness or dryness, where Pr 
represents the precipitation.  
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Table 1. Statistical amounts during 1961-2005. Observations and calculations are included 
(column “O/C”). The values in the “Annual” column are the annual amounts, while those 
in “May-September” are the warm season amounts. The significance level of every trend 
was tested at α=5%, with “T” indicating True and “F” indicating False. Changes during the 
45 years are also shown. TAM, TAMAX, and TAMIN represent the surface air mean, maximum, 
and minimum temperature, respectively. N is the sunshine duration, RH is the relative 
humidity, and Vpr is the vapor pressure. Other notations are given in the text. Here, 
“water” means from the lake, and “soil” means from the land surface. 

 
 
2.2.1. Estimation of evaporation from a shallow lake  

We assumed that the lake was shallow (less than 10 m). A one-layer water 
model has been produced to estimate the evaporation from lakes (Kondo and 
Kuwagata, 1992).  

The downward radiation flux input to the lake can be written as  
↓↓↓ ε+−= LS)ref1(R      (1) 

where R↓ is the input radiation flux, ref=0.06 is the albedo of the water surface, 
ε=0.98 is the surface emissivity, S↓ is the solar radiation, and L↓ is the longwave 
radiation flux from the atmosphere.  

The heat balance equation is written as 

EHTGR 4 ι++ωεσ=−↓      (2) 
Where 

t
TZcG
∂
ω∂

ρ= ωω       (3) 
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      )TT(UCcH AMHp −ωρ=      (4) 

              )q)T(hq(UCE AMSATH −ωιρβ=ι ∗    (5) 

Here, G is the heat flux of conduction to the water, σ is the Stefan-Boltzmann 
constant, and Tw is the calculated water temperature, which satisfies the heat 
balance equations (Eq.2-Eq.5). Sensible and latent heat fluxes H and ιE were 
computed simultaneously. In addition, cw is the specific heat of water, ρw is the 

density of the water, Z is the depth of the lake, 
t

T
∂
ω∂  is the variation rate of water 

temperature with time, and cp and ρ are the specific heat and density of air, 
respectively. The air temperature is given by TAM, and ιis the latent heat of 
vaporization, with evaporation efficiency β*=1. Finally, qSAT(Tw) is the specific 
humidity at saturation, qAM is the specific humidity of air, and U is the wind speed. 
The evaporation rate E under these conditions only takes into account evaporation 
from the lake.   

We used a simple one-layer water model in the present study for several 
reasons. First, the heat flux conducting into the lake G depended on the temperature 
change of the lake. The daily range of water temperature was less than the monthly 
range because of the large thermal physical coefficient of water. Second, the 
temperature changed at various water depths in different seasons. We assumed 
depths of 2, 4, 6, 8, and 10m and performed calculations using these values. Among 
these five cases, the largest difference in the total evaporation during the warm 
season (May-September) was 10%, and the largest difference between months was 
17%.  

The air temperature was lower than 00 from November to March, and the lake 
surface froze in winter. However, no observational data were available for winter 
from the Baidi hydrological station. Therefore, changes in the thermal physical 
coefficients with freezing and melting processes could not be tested for the freezing 
season. Hence, we did not consider freezing effects in our model. This omission 
will not affect the results, because we did not consider evaporation during the cold 
season in this study.  

In Eq.4 and Eq.5, CHU is the exchange speed. The exchange speed in the bulk 
formula depends on the evaporation area of a surface. The lake can be treated as a 
finite water surface area, with averaged width of approximately 3km (Fig. 1). 
According to Kondo (1994, p.172), when the wind speed is constant in height over a 
finite surface, the bulk transfer coefficient for latent heat flux CE is  

9658.2
10

3
2

E 10~10x5.6:Re,Re)(log)D/(2275.0C −−
ν=   (6) 
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ν
=

XURe        (7) 

where Re is the Reynolds number, νis the kinematic viscosity coefficient of air, and 
D is the molecular diffusion coefficient of vapor. We assumed CEU≅CHU and 
considered the case of natural convection, where CHU is expressed as  

))TT(c,U7.0bamax(UC 3/1
AMH −ω××+=    (8) 

311 Kms003.0c,0025.0b,ms0023.0a −−− ===     (9) 

Here, a, b, and c were derived from Eq.6 and Eq.7. 
 
2.2.2. Determining the depth of the lake  

The depth of the lake was unknown. We assumed depths of 2, 4, 6, 8, and 10m 
and calculated heat and water balances with those depths. The minimum 

2.)]cal(T.)obs(T[∑ ω−ω  was found for a depth of 4m. Therefore, we assumed a 

lake depth of 4m. 
Figure 2 shows the calculated results (solid lines). The circles are the 

observed water temperature (upper panel) and large pan evaporation from 1984-
1995. The dotted line is the observed small pan evaporation at Nagarze weather 
station. The simulated values agreed closely with the monthly mean temperature 
and total evaporation observations in the warm season. The change pattern of the 
small pan evaporation was similar to that of the large pan and the lake evaporation, 
but the annual amplitude of the small pan evaporation was the largest.  

 

 
Fig. 2. Seasonal changes of the observed water temperature (top) and pan evaporation 

(bottom). The solid lines and black circles show the calculated results and the observations, 
respectively. The dotted line shows the observed small pan data. 
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Figure 2 verifies our one-layer water model of evaporation on the Tibetan 
Plateau. Evaporation, sensible heat flux, and other quantities relevant to heat and 
water balances over the lake surface were calculated for 45 years.  
 
3. Results  
3.1. Seasonal changes  

Figure 3 shows the seasonal variations of the heat and water balances over the 
lake and land surfaces in the basin. The net radiation Rn into the lake (149Wm-2, 
Tab.1) was much larger than that into the land (91Wm-2) in the warm season (May-
September). This can be explained by the differences in albedo and surface 
temperature for these two types of surfaces. The annual mean surface temperatures 
of the land and lake were 9.10 and 7.20, respectively, meaning that the upward 
longwave radiation of the land surface was larger than that of the lake surface. The 
peak of Rn occurred in May for the lake (Fig.3a) and in August for the land 
(Fig.3b).  

 
Fig. 3. Monthly variations of the heat balance and water balance of the basin. Heat fluxes 
over (a) the lake’s surface and (b) land surface. (c) Land surface temperature TS (dotted 
line), water temperature Tw (the dashed line and black circles show the calculated values 
and the observations, respectively), and observed air temperature (solid line). (d) Observed 
SPan evaporation (dashed line with open circles), LPan evaporation (black circles), and 
calculated evaporation from the lake Ew and land surface Es. (e) Precipitation Pr and 
wetness index WI. (f) Volumetric soil water content for four layers 
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The latent heat fluxιE (warm season mean 116 Wm-2) dominated the heat 
balance over the year on the lake surface. On land, however, sensible heat flux 
dominated the heat budget in early summer, with ιE dominating during the mid-
summer monsoon, as in other southeastern parts of the plateau (see Fig. 7 of Xu et 
al. 2005a). The land surface temperature Ts (Fig.3c) was highest in early summer, 
becoming similar to the lake temperature Tw in the monsoon season due to rainfall 
Pr (Fig.3e). As noted above, lake area accounts for 10% of the whole basin, and the 
evaporation from the lake makes up 26% of the basin total; evaporation from the 
lake (Ew) was 621mm (Tab.1) during the warm season, which far exceeded the 
precipitation of 341mm, while evaporation from the land surface was 208mm 
(Fig.3d). The seasonal change of small pan evaporation (SPan) was similar to that 
of the lake and to large pan (LPan) evaporation. However, the difference between 
SPan and LPan was larger in early summer. August was the most humid month, 
with WI over 1.0 (Fig.3e). The soil water content generally followed the 
precipitation changes (Fig.3f), in agreement with previous findings for the 
southeastern area (see Fig.7f of Xu et al., 2005a).  
 
3.2. Long-term variation  

Over the study period, the basin had an average pressure of 591hPa and vapor 
pressure of 3.85hPa, just one third that of Tokyo. Figure 4 shows long-term changes 
in heat and water balances from 1961 to 2005. The increase in temperature of 1.130 
(Fig.4a, Tab.1), combined with the vapor pressure Vpr (Fig.4c) increase of 0.68hPa 
(17.5%) and the 7.16% (16.8% in 45 years) increase in relative humidity RH 
(Tab.1), resulted in downward longwave radiation flux L↓increasing by 33.21Wm-2 
(13.7%, Fig.4f) during the 45-year period. The decreased sunshine duration (Fig.4b) 
reduced the downward solar radiation flux S↓ (Fig.4e).  

The same trends were found on an annual basis and for the warm period (May-
September). In the warm season (May-September), evaporation from the lake Ew 
(Fig.4h) decreased 43.88mm (7%), a result that corresponded to the decrease in 
SPan (Fig.4g). This decrease can be explained by the increase of qAM (Eq.5), which 
is directly proportional to Vpr. The decrease in the daily air temperature range 
( AMAXAMIN TT ∆>>∆ , Tab.1) would have resulted from the decrease in radiative 

cooling (L↓). Precipitation Pr (Fig.4j) increased slightly, and evaporation from the 
land surface Es (Fig.4i) barely changed; however, the reliabilities of these trends 
were not significant (Tab.1). The basin is located in a semi-arid climate region with 
WI=0.26; the land surface is not always sufficiently wet, therefore, Es mainly 
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depended on Pr, and most of the precipitation (approximately 60%) evaporated 
annually. Although WI (Fig.4k) increased, the increase was not significant.  

 

 
Fig. 4. Interannual variations (solid lines) for the basin from 1961 to 2005. Dotted lines 
represent the trends obtained by linear regression. (a) Air temperature, (b) sunshine 
duration, (c) vapor pressure, (d) wind speed, (e) solar radiation flux, (f) longwave radiation 
flux, (g) small pan evaporation, (h) evaporation from the lake and large pan (black circle 
with dashed line), (i) evaporation from the land surface, (j) precipitation, (k) WI. 
 
4. Summary and Concluding Remarks  

We successfully used a one-layer water model, multi-layer soil model, and 
potential evaporation method to simulate long-term changes in heat and water 
balances for the land and lake areas of the Yamdrok Yumtso Lake basin. Warming 
has been confirmed in this region. For the water cycle under this warming 
condition, we found that both vapor pressure and relative humidity increased in the 
basin. These increases resulted in an increase in the longwave radiation flux and 
reduction in the daily temperature range. Evaporation from the lake made up 
approximately 26% of the total amount of evaporation in the basin; over the study 
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period, lake evaporation decreased 7% (May-September), a trend that was not found 
in evaporation from land and from precipitation, which showed no significant 
change. Given the increase in water vapor in the air (Vpr and RH) and the decrease 
of evaporation from the ground surface (sum of lake Ew and land Es), it is possible 
that the water vapor originated outside the basin and maybe even outside the 
plateau. Future research will analyze long-term change in large-scale weather 
conditions around the plateau.  
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Abstract 

 The baiu front appearing in the western North Pacific (WNP) in early 
summer shows significant interannual variations. This work reveals the 
polarity change in precipitation anomalies from May to June through 
diagnostic approaches. The seasonal northward excursion of the Baiu front 
over the fixed surface divergence anomalies, which are maintained by the 
ENSO, forces the polarity change in the WNP. The deep upper ocean mixed 
layer having large thermal inertia contributes to maintain the SSTAs and 
Pacific-East Asian teleconnection in the tropical WNP, while the seasonal 
shoaling to the north of 20˚N makes the heat content small, and the Baiu 
frontal activity in turn modifies SSTAs easily. Thus, the ocean mixed layer 
depth is a modulator to control the direction and the time scale of air-sea 
interaction 

 
Keywords: Baiu, ENSO, air-sea interaction, upper ocean mixed layer 

 
1. Introduction 

The water resources in East Asia (EA) are largely dependent on the 
precipitation of Baiu (in Japanese, Mei-yu in Chinese, and Changma in Korean) and 
of tropical cyclones, both of which can deeply impact on the economy of East Asian 
countries as a result of crop damage with natural disasters. It is, therefore, desirable 
to increase the accuracy of seasonal predictions of the Baiu/Mei-yu/Changma 
frontal activity. This work examines the seasonal predictability of this frontal 
activity. In the early summer of June and July, a stationary front appears from the 
eastern foot of the Tibetan Plateau to the central North Pacific through the 
northwestern rim of the subtropical Pacific high in the EA-western North Pacific 
(WNP) sector every year. This work focuses on the interannual variability of the 
eastern part of this large-scale front, i.e., the Baiu front.  

The Baiu front moves northward from May to July with a shift of the 
subtropical Pacific high, which is synchronized with the annual variation in the 
solar zenith angle in the first order (Kawamura and Murakami, 1998). As a part of 
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the Asian summer monsoon, Murakami and Matsumoto (1994) and Wang and 
LinHo (2002) diagnosed the climatological development of the Baiu front, 
including the northward movement, in perspective. Because of this slow seasonal 
northward shift, this front could be referred to as a quasi-stationary front. 

The Baiu frontal activity indicates significant signals of interannual variability. 
Nitta (1986) first reported that the so-called Pacific-Japan pattern modifies the Baiu 
frontal activity through the anomalous meridional circulation in the WNP in boreal 
summer, which is associated with the ENSO. In addition, Tanaka (1997) confirmed 
a significant correlation of the Baiu frontal activity with the ENSO cycle, that is, the 
Baiu precipitation tends to be larger than normal after the withdrawal of the warm 
ENSO events with the weaker tropical WNP monsoon. In order to realize the 
physical mechanisms connecting the ENSO in the tropical central-eastern Pacific to 
the Baiu frontal activity, Wang et al. (2000) proposed the Pacific-East Asian (PEA) 
teleconnection with a specific air-sea interaction extending in the entire tropical 
Pacific. 

Many researchers have approached the interannual variability of the Asian 
summer monsoon (e.g. Ding, 2007). As a direction of research, more specific works 
are needed for the subsystems, such as the Baiu frontal activity in the WNP, to 
increase the local seasonal predictability in Asia. The interannual variability in the 
slow northward excursion of the Baiu front could provide valuable information for 
the seasonal prediction that contributes to the management of the summertime water 
resources in EA. Focusing on this slow northward movement, this work first 
identifies the spatiotemporal features of the interannual modulation and then 
examines the physical mechanisms. In particular, this work diagnoses how the 
seasonal northward migration of the Baiu front is adjusted by the ENSO or the PEA 
teleconnection on interannual time scales. 

 
2. Data and methodology 

The datasets used in this work are following three: (1) global precipitation 
edited by GPCP (Adler et al., 2003); (2) atmospheric surface parameters assimilated 
in NCEP-DOE AMIP-II reanalysis (Kanamitsu et al., 2002); (3) the SODA dataset 
for parameters in the upper ocean (Carton et al., 2000). These three datasets are all 
gridded globally with a time resolution of one month for more than 20 years from 
1979. To diagnose the dominant interannual modulation in the development of the 
Baiu front from May to July, we applied the extended empirical orthogonal function 
(EEOF) analysis to the precipitation data obtained for the three continuous months, 
May, June, and July. We then conducted composite and correlation analyses based 
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on the score time series so as to project the spatial patterns associated with the 
EEOF modes onto any parameter fields. In this work, the anomaly is defined by 
subtracting the mean of the negative years from that of the positive ones in the 
composite analysis. Then, the statistical significance of the anomalies and 
correlations is evaluated through the two-tailed Student t-test. 
 
3. Interannual variability in the northward excursion of the Baiu front 

In the field of precipitation, the interannual standard deviations (STDs) can be 
large only in regions where the long-term means are large in general. This spatial 
coherence suggests that the large interannual anomalies move northward with the 
large seasonal means in the WNP. If anomalous surface conditions, such as surface 
divergence anomalies, were fixed from May to July in the WNP, the Baiu front 
could pass over the specific anomalies during its seasonal northward excursion and 
be modified by the anomalies. In this section, we will examine the above 
assumption in detail. 

Figure 1 exhibits the eigenvectors of the first EEOF mode, which explains 
15.2% of the total variance in the domain, and the STDs in precipitation. The spatial 
distribution of eigenvectors corresponds to that of large STDs in precipitation, and 
the values have a potential to explain ~50% in and around the centers of action, in 
which the STDs are locally large. The eigenvectors change their polarity from 
positive to negative in the Baiu front from May to June (Figs. 1a and 1b), that is, the 
larger (smaller) Baiu precipitation in May tends to be followed by the smaller 
(larger) one in June, while the later polarity is maintained in the Baiu front until 
July (Fig. 1c). This change in polarity may help increase the accuracy of seasonal 
predictions of the Baiu frontal activity. 

Figure 2 exhibits the normalized time coefficients of the first EEOF mode, 
which indicate a peculiar interannual variability associated with the ENSO cycle in 
the seasonal northward migration of the Baiu front. In fact, the interannual variation 
has a significant negative correlation (-0.49) with the SSTA in NINO3 at the 95% 
level. In order to approach the physical mechanisms controlling the polarity change 
in Baiu precipitation anomalies from May to June, we performed a composite 
analysis based on the time coefficients of the first EEOF mode (Fig. 2). Figure 3 
demonstrates how the related SSTAs extend in the WNP from April to July. As 
discussed earlier, a specific spatial pattern with cold ENSO events certainly appears 
for the four months. In addition, negative SSTAs are also confirmed to the 
northwest of the positive SSTAs making a horseshoe pattern. 
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Fig. 1. Standard deviation of precipitation 
(color) and eigenvectors (contour) of the 
first EEOF mode (15.2%). (a) May, (b) 
June, and (c) July. The color scale is 
exhibited at the right of each panel with a 
unit of mm day-1, while the contour interval 
is 0.5 mm day-1. 

Fig. 2.  Normalized score time series of the 
first EEOF mode (15.2%). The standard 
deviation for this normalization is imposed 
on the eigenvectors shown in Figure 1. 
 

 
Fig. 3. SSTAs in (a) April, (b) May, (c) June, and (d) July associated with the first EEOF 
mode (Figs. 1 and 2). Solid (dotted) contours indicate positive (negative) anomalies with 
the interval of 0.2˚C, and regions where the anomalies are positively (negatively) 
significant at the 95% level are dark (light)-shaded. 
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The fixed SSTAs in the WNP and the seasonal northward excursion of the 
Baiu front would collaboratively force the polarity change in the Baiu precipitation 
anomalies. In order to confirm the above assumption, we examined the atmospheric 
surface anomalies associated with the first EEOF mode. Figure 4 exhibits the 
anomalous surface condition consisting of the surface wind and its divergence. The 
thick white contours indicate the regions with an STD larger than 2 mm day-1 in 
precipitation.  

It is noteworthy that the locations of anomalous divergence/convergence are 
unchanged for the four months in the tropical WNP south of 20˚N. That is, the 
anomalous divergence is zonally enhanced to the east of 170˚E on the equator, 
while opposite anomalous convergence is conspicuous along the ITCZ to the north. 
It is also confirmed that an anomalous divergence appears zonally to the north of 
ITCZ, although the axis tilts somewhat. 
 

 
Fig. 4. Anomalous surface winds (vector) and horizontal divergence (color) estimated from 
the composite analysis based on the time coefficients of the first EEOF mode (Fig. 2) in (a) 
April, (b) May, (c) June, and (d) July. The scale of the vector is indicated at the bottom on 
the right with a unit of m s-1, and the color shades are shown at the bottom with a unit of 
×10-6 s-1. White contours demonstrate the seasonal movement of regions with STDs larger 
than 2 mm day-1 in precipitation (Fig. 2). 
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Wang et al. (2000) discussed that the PEA teleconnection is maintained 
through the specific air-sea interaction in the tropical Pacific and that this 
teleconnection has a potential to control the following East Asian summer monsoon. 
The surface conditions reported above (Fig. 4) certainly reflect the anomaly fields 
associated with the PEA teleconnection. It is also identified that the specific 
convergence anomalies extend east-northeastward from around (120˚E, 20˚N) in the 
WNP systematically, and that a well-organized region with an anomalous 
divergence appears near Japan to the north.  

The mean Baiu front moves northward from May to July in the WNP with 
large interannual STDs, while the anomalous surface conditions tend to be fixed in 
the WNP in early summer with the persistence of ENSO events. During the 
seasonal northward excursion of the Baiu front, the regions with a large STD of 
precipitation pass over the anomalous surface convergence in May and, in turn, over 
the opposite surface divergence anomalies in June (Fig. 4). Because of this seasonal 
movement, the Baiu precipitation anomalies change their polarity from positive in 
May to negative in June in the WNP (Fig. 1).    

The surface anomalies are fixed with the persistence of ENSO events, while 
the climatological northward shift of the Baiu front is in conjunction with the 
seasonal change of the solar zenith angle and of the large-scale circulations around 
the front. The next section will further discuss the physical mechanisms of the 
persistence of surface anomalies. 
 
4. Persistence of surface anomalies during spring and early summer in the 
western North Pacific 

In order to evaluate the persistence of SSTAs in the WNP, we first examined 
the seasonal change of the MLD and surface winds from April to July (Fig. 5). In 
the north Pacific, the regions with an MLD exceeding 100 m shoal by June, where 
surface westerlies were strong from winter to spring. The regions with a specifically 
small MLD concurrently extend east-northeastward from (120˚E, 20˚N) along the 
ridge of the subtropical Pacific high in early summer (Figs. 5b and 5c). Then the 
regions with this small MLD cover almost the entire north Pacific by July (Fig. 5d) 
except for the tropics south of 20˚N, where a large MLD remains for the four 
months. The large heat content with this large MLD is favorable to maintain the 
SSTAs in the tropics, while the development of a seasonal thermocline could 
shorten the time scale of the change of SSTA in the mid-latitude oceans. 

We then examine the surface forcing anomalies estimated from the sum of the 
net radiation and wind-induced sensible and latent heat fluxes, which are major 
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factors to change the SSTAs in the mid-latitude oceans (Fig. 6). In April, relatively 
large negative anomalies appear in the tropical WNP with a specific pattern, which 
are favorable to maintain the negative SSTAs in the tropics (Fig. 3a). This spatial 
pattern continues until May with the enhancement in the tropics and in the zonal 
regions along 20˚N and to the north, which indeed increases the absolute values of 
SSTA from April to May in the WNP lower than 35˚N (Figs. 3a and 3b). In June 
and July, this pattern of surface forcing anomalies disappears, and large negative 
ones develop along 25˚N, decreasing the positive SSTAs extending east-
northeastward from (140˚E, 15˚N) (Figs. 3c and 3d). On the other hand, in the mid-
latitude oceans, the positive forcing anomalies increase the positive SSTAs to the 
east of Japan in June and July (Figs. 3c and 3d) with shoaling of the upper ocean 
mixed layer (Figs. 5c and 5d), although the anomalous surface forcing is relatively 
small, ~10 W m-2.  We should note here that the surface forcing anomalies are 
inconsistent to explain the systematic changes of the SSTAs in the tropical central 
Pacific by July (Fig. 3), including the systematic decrease of the negative SSTAs 
and the gradual increase of the meridional distribution there. These specific changes 
are probably forced by the anomalous temperature advection caused by the ocean 
dynamics, although the effects seem to be small and to appear with large 
spatiotemporal scales in the tropics. 

 
Fig. 5. Long-term (1979-2002) means of monthly MLD (contour) and ocean surface winds 
(vector) in (a) April, (b) May, (c) June, and (d) July, where the regions with a MLD 
smaller than 30 m are shaded. The contour interval is 30 m, and a typical scale for a vector 
is shown at the bottom on the right with a unit of m s-1. 
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Fig. 6. Anomalous surface forcing for SSTA consisting of the net radiation and the sum of 
the sensible and latent heat fluxes in (a) April, (b) May, (c) June, and (d) July. Solid 
(dotted) contours indicate positive (negative) anomalies with an interval of 10 W m-2, and 
regions where the anomalies are positively (negatively) significant at the 95% level are 
dark (light)-shaded. 

 
As a parameter of thermal inertia in the upper ocean, the MLD plays an 

important role in the persistence of local SSTAs and the spatial pattern, in 
particular, in the mid-latitude oceans. Indeed, the rapid increase of positive SSTAs 
appearing to the east of Japan in July (Fig. 3d) seems to be a response of the shoaled 
upper ocean mixed layer (Fig. 5d). The positive surface forcing anomalies (Figs. 6c 
and 6d), which are given by the smaller Baiu precipitation (Fig. 1c), are with the 
weaker surface turbulence and the larger downward shortwave radiation to increase 
the positive SSTAs there. 

We then estimate the time scales for the modification of SSTA, 0.5 K, with a 
specific MLD and anomalous surface forcing, when the water density and specific 
heat of water are fixed to 1,000 kg m-3 and 4,000 J kg-1 K-1, respectively. For this 
estimate, we set the MLD to be 50 m and 20 m, which are representative in the 
tropics and in the mid-latitudes after seasonal shoaling, respectively (Fig. 5). For 
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anomalous surface forcing, we employed 5 W m-2 and 10 W m-2 with reference to 
the values in Fig. 6. Using these values, the time scales of the SSTA change are 
estimated, i.e., about half a year for the MLD in the tropics and a few months for the 
MLD after seasonal shoaling in the mid-latitude oceans. The former implies that the 
upper ocean mixed layer in the tropics have a potential to maintain the SSTAs for 
about half a year for the anomalous surface forcing, while the latter demonstrates 
that the SSTAs are easily changed within a few months in the shallow upper ocean 
mixed layer. 
 
5. Summary 

The Baiu front, which is the quasi-stationary front over the western North 
Pacific (WNP) appearing in early summer, shows significant interannual variations. 
This work examines the interannual variability in the slow seasonal northward 
excursion of the Baiu front using the extended empirical orthogonal function 
analysis, which was applied to the monthly precipitation from May to July in the 
WNP. The associated spatiotemporal variations are then diagnosed for any 
parameters through composite and correlation techniques based on the score time 
series. To approach the physical mechanisms, this work evaluates the persistence of 
sea surface temperature anomalies (SSTAs) and the contribution of seasonal change 
in the upper ocean mixed layer depth (MLD).  

In the precipitation field, a large standard deviation (STD) tends to appear 
where the mean is large, and the regions with a large STD move northward with the 
seasonal migration of the mean. It is found that the Baiu precipitation anomalies 
change their polarities on the way to the north from May to June with a 2-3-year 
periodicity associated with the El Niño/Southern Oscillation (ENSO). This polarity 
change occurs by moving northward over the fixed surface divergence anomalies, 
which are maintained by the persisting SSTAs of the ENSO in the tropical Pacific 
and through the atmospheric bridge (Alexander et al., 2002) or the Pacific-East 
Asian (PEA) teleconnection (Wang et al., 2000).  

The Baiu precipitation anomalies move northward with the seasonal excursion 
of the mean, while the surface divergence anomalies are fixed with the SSTAs of 
the ENSO in the tropical WNP in spring and early summer. This work further 
evaluated the persistence of the SSTAs using a simple heat budget equation under 
an assumption that only the surface forcing modifies the SSTAs. A rough estimate 
indicates that, in the mid-latitude oceans, the time scale of the SSTA persistence is a 
few months after seasonal shoaling of the upper ocean mixed layer, while, in the 
tropics, where the MLD is large, the time scale is long by about half a year. These 
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time scales are adjusted by the interaction between the MLD and the SSTA, and in 
the tropics, by the temperature advection caused by the ocean dynamics. 
Additionally, Xie et al. (2009) have proposed that the Indian Ocean can also operate 
to elongate the impact of the ENSO on the WNP and EA until summer.  

The MLD is strongly related with the air-sea interaction in the WNP. The 
large MLD in the tropics, which contributes to make the ocean active for the 
atmosphere, is preferable to maintain the spatial pattern of the SSTAs and the PEA 
teleconnection until early summer, while, in the mid-latitude oceans, the seasonal 
shoaling of the upper ocean mixed layer changes the ocean to be passive for the 
atmosphere, leading that the atmospheric variations modify the local SSTAs and the 
spatial distribution within a season. The feedback from the atmosphere to the ocean 
is strengthened with the seasonal shoaling of the upper ocean mixed layer in the 
mid-latitude oceans to the north of 20˚N. 

However, to evaluate the spatiotemporal variability in the air-sea interaction 
more rigorously, further studies with sophisticated datasets are needed, in particular, 
to reveal the differences between the tropics and the mid-latitudes straddling the 
20˚N. The contribution of the temperature advection to the SSTAs should also be 
examined in the tropics more accurately. The data from the international Argo 
program, which consist of quasi real-time observations by autonomous floats over 
3,000 in the global upper ocean measuring the pressure, temperature, and salinity 
(Argo Science Team, 2000), would encourage such a study.  
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Abstract 

The 1991-2000 climate over Vietnam and adjacent areas is simulated 
by the Regional Climate Model version 3.0 (RegCM3). The interested 
domain covers from 80E to 130E and 5S to 40N. The model is driven by the 
ERA40 reanalysis data as initial and lateral boundary conditions, and forced 
by the Optimum Interpolation Sea Surface Temperature (OISST) data over 
the oceans. The validations were carried out by comparing the simulated 
circulation fields, 2m-air temperature and precipitation to the observations 
from globally available data and from the 50 meteorological stations over 
seven sub-regions of Vietnam. In general, the simulated patterns of the 
interested fields are in good agreement with observations. Although being 
somewhat wetter and cooler, RegCM3 reproduces relatively well the 
observed annual cycle and the interannual variability of surface air 
temperature and precipitation. Except for the Southern-Central of Vietnam, 
the model shows systematically cold biases in simulating temperature. The 
annual mean biases in each sub-region are constant in time. In rainy and dry 
seasons, RegCM3 generally underestimates and overestimates precipitation, 
respectively. 

 
Keywords: climate over Vietnam, RegCM, seasonal variability, interannual variability 

 
1. Introduction 

To study the actual and future climate, the use of atmospheric or coupled 
atmospheric-ocean global models has become popular. In general, the results 
obtained from these models are presently lack of regional details due to models’ 
coarse resolutions. To describe the details of climatic patterns, regional climate 
models (RCM) have been being explored. A regional climate model is a limited-
area model with a suitably high-resolution resolving complex topography, land use, 
land–sea contrast, and detailed description of physical processes which can generate 
realistic high-resolution information coherent with the driving large-scale 
circulation supplied by either reanalysis data or a global general circulation model. 
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Dickinson et al. [1989] and Giorgi et al. [1989] provide first assessments of the 
regional model simulation skill over the complex western United States terrain and 
study the model sensitivity to the use of selected physics parameterizations and 
lower boundary characteristics. Regional climate models have been increasingly 
used in climate research and have been proven to be able to improve simulation of 
regional scales [e.g., Jones et al., 1995; Giorgi and Mearns, 1999; Rauscher et al., 
2000; Diffenbaugh et al., 2005; Gao et al., 2006, Solmon et al., 2006; Seth et al., 
2007].  

Located in the Eastern part of the Indochina peninsula, Vietnam is a region 
with complex topography, land surface conditions, coastlines, and with large 
contribution from mesoscale phenomena. Northern Vietnam has a tropical monsoon 
climate with four distinguishable seasons and is influenced by the northwest 
monsoon originated from the Siberia Plateau which causes cold, dry climate 
conditions in early winter. In late winter, the monsoon causes cold, highly-humid 
conditions. Southern Vietnam has a rather moderate tropical climate given the 
strong influence of the southwest monsoon and is characterized by dry and rainy 
seasons. Under the influence of monsoon and complex topography, Vietnam is 
often prone to natural disasters such as storms, floods and droughts. In addition, 
according to the fourth assessment report of the Intergovernmental Panel on Climate 
Change (IPCC), Vietnam is one of the countries which are severely affected by 
climate change [IPCC, 2007]. To investigate the processes that control the features 
of the climate circulation over Vietnam and adjacent areas, regional model appears 
to be a good tool. The regional model that we have adopted in this study is the 
Regional Climate Model version 3.0 (RegCM3) developed at the Abdus Salam 
International Centre for Theoretical Physics (ICTP) [Pal et al., 2007]. RegCM3 is 
the third generation of a modeling framework originally described in Giorgi and 
Bates [1989]; and Dickinson et al. [1989; RegCM1], and later upgraded as 
described by Giorgi et al. [1993a,b; RegCM2] and Giorgi and Mearns [1999; 
RegCM2.5]. 
 
2. Model and data 

RegCM3 is a primitive equation, hydrostatic, compressible, limited-area 
model with sigma (σ) vertical coordinate. Exchanges of energy, moisture, and 
momentum between the land surface and the atmosphere are computed using the 
Biosphere-Atmosphere Transfer Scheme (BATS) [Dickinson et al., 1993]. The 
radiative transfer scheme of NCAR Community Climate Model (CCM3) [Kiehl et 
al., 1996] is used in RegCM3 [Giorgi and Mearns, 1999] that includes the effect of 
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different greenhouse gases, cloud water, cloud ice and atmosphere.  Resolvable (or 
large scale) precipitation is represented using the subgrid explicit moisture 
(SUBEX) scheme [Pal et al., 2000]. Convective (subgrid scale) precipitation 
processes are represented with the cumulus parameterization scheme, which 
describes the effects of subgrid scale convective clouds that produce grid-scale 
heating and precipitation in terms of the grid scale prognostic variables. In this 
study, we employed the Grell convective parameterization scheme with Arakawa 
and Schubert closure assumption [Grell, 1993; Arakawa and Schubert, 1974]. 

The model runs with 18 vertical σ-levels, in which 6 levels are under 850mb 
in the planetary boundary layer. The top layer is at 70mb. The domain size covers 
from 80E to 130E and from 5S to 40N with horizontal resolution of 54 km for both 
East-West and North-South directions. The normal Mercator conformal projection 
is used in this study. 

The data used as initial and time-dependent boundary conditions for the model 
are the ERA40 reanalysis data with horizontal resolution of 2.5×2.5 degree and 6-
hourly time interval [Uppala et al., 2005]. Over the oceans, RegCM is forced by the 
Optimum Interpolation Sea Surface Temperature (OISST) data, which is available 
on a 1.0 × 1.0 degree grid mesh and provided by the NOAA/OAR/ESRL PSD, 
Boulder, Colorado, USA, from their Web site at http://www.cdc.noaa.gov [Reynolds 
et al., 2002]. The model is integrated continuously from 00Z December 01, 1991 to 
00Z January 01, 2000. The first month (December 1991) is considered as spin-up 
time.  

To evaluate the quality of the simulations, various datasets are used. The 
simulated circulations in the interior of the interested domain are compared with the 
ERA40 data (which was used to provide the boundary conditions for RegCM3). 
Precipitation and surface air temperature are validated against the Climatic 
Research Unit (CRU) data [New et al., 1999; New et al., 2000]. The CRU data set is 
a high-resolution (0.5º) monthly product over continents which includes for the 
1901-2000 period a gauge-only estimate of precipitation and temperature as well as 
other near surface climatic variables. Over the oceans, precipitation (and also 
temperature) is not available in the CRU data, the monthly Climate Prediction 
Center Merged Analysis of Precipitation (CMAP) [Xie and Arkin, 1996] thus are 
used for validating the RegCM3 simulation. Moreover, monthly mean surface air 
temperature and monthly accumulated precipitation from 50 meteorological stations 
over Vietnam are used to compare with the RegCM3’s results. 
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3. Results and discussions 
3.1. Regional circulation patterns 

10-year average (1991-2000) of mean sea level pressure (MSLP) for the 4 
typical months January, April, July and October are examined. Figure 1 shows the 
consistency of RegCM3 with ERA40. In general, the RCM outputs should agree 
with the large-scale driving fields (in this case is ERA40); but complex topography 
can cause some deviations, which are the added values derived from the higher 
resolution of the simulation. In the transitional period from autumn to winter 
(October) and in the middle of winter (January), when cold air masses penetrate to 
the south, there is a high pressure region located over China originated from the 
Siberian plateau. In summer (July), there is a low pressure region located over the 
Tibetan Plateau and India. In April, the subtropical high pressure expands westward 
and dominates throughout the large domain of East Asia. RegCM3 reproduces well 
the patterns given by ERA40, in both spatial distribution and magnitude. Some 
differences in MSLP between RegCM3 and ERA40 can be realized; for example 
RegCM3 produces more details of MSLP over the Tibetan Plateau where the 
topography is complex. 

The analysis of the average 700mb and 500mb geo-potential height (not 
shown) also indicates the ability of RegCM3 in reproducing reasonably the basic 
patterns given by ERA40 for Vietnam and the adjacent areas. 

 

Fig. 1. The 1991−2000 average of mean sea level pressure from ERA40 (upper figures) 
and RegCM3 (lower figures) in January, April, July, and October 
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3.2. Surface air temperature and precipitation 
As mentioned above, the RCM outputs should agree with the large-scale 

driving fields. With the downscaling technique of RCM and the complex 
topography of a higher resolution, RCM precipitation and surface temperature fields 
are often expected to deviate from those of the driving fields. Figure 2 represents 
the monthly means of observed and simulated surface air temperature averaged over 
the 1991-2000 period for January, April, July, and October.  Because the CRU data 
(upper figures) give information only over land regions, the 2-m temperature of 
RegCM3 (middle figures) and ERA40 (lower figures) over ocean is masked for a 
more visible comparison. The main features of spatial distribution of surface air 
temperature simulated by RegCM3 agree well with the CRU data and ERA40. 
RegCM3 can capture some details shown in CRU but not seen in ERA40 (for 
example the temperature pattern over China). However, the RegCM3 simulation 
shows a tendency to underestimate temperature by 1°–2°C with ERA40 and CRU 
data. The underestimations of temperature in RegCM3 were also reported in 
previous study for other regions [e.g., Gallée et al., 2004; Rauscher et al., 2006; 
Seth et al., 2006] and other RCMs [e.g., Nicolini et al., 2002; Qian et al., 2003; Seth 
and Rojas, 2003]. 

 

 
Fig. 2. The 1991−2000 averages of surface air temperature from CRU (upper figures), 
RegCM3 (middle figures) and ERA40 (lower figures) in January, April, July and October 
(left to right). Unit in ºC. 
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One should note that due to the complex nature of the monsoon processes over 
South Asia, climate models have traditionally considerable difficulty simulating the 
characteristics of precipitation over this region [Webster et al., 1998; Park and 
Hong, 2004; Ramel et al., 2006]. Comparison between the simulated and observed 
precipitation fields shows that RegCM3 can capture general rainfall patterns 
although considerable differences exist (Figure 3). In some regions, the RegCM3 
simulation compares more favorably with observations (e.g., over East China in 
April), while in other regions less favorably (e.g., over North India in January). 
Together with the underestimation of temperature, there is a tendency for the model 
to simulate excessive precipitation, especially at the maximum cores located over 
Myanmar, the Bay of Bengal, and the Philippine Archipelago areas. 

 

 
Fig. 3. The 1991−2000 averages of precipitation from the CMAP data (upper figures), 
RegCM3 simulation (middle figures), and ERA40 (lower figures) in January, April, July 
and October. Unit in mm/month. 
 
3.3. Validation of the model for Vietnam 

To estimate the model performance in reproducing temperature and 
precipitation over Vietnam, monthly mean surface air temperature and accumulated 
precipitation from 50 meteorological stations over seven geographical and 
climatological sub-regions (Figure 4) are collected from January 1991 to December 
2000. 
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Fig. 4. The seven climatological sub-regions of Vietnam: R1 R7 

 
In general, the model systematically underestimates surface air temperature 

over almost sub-regions (except for the region R6) in all months; with largest 
difference is −5.1oC over the region R1 in December (Figure 5). The best simulated 
results are in the R6 and R7 areas, with biases range from -0.1 to 1.7oC and from 
−1.3 to 0.2oC, respectively. Over the Northern and Central sub-regions, large biases 
occurred in the warm period and in early months of the winter time. Average biases 
over the whole country shows negative values and range from -0.2 oC in March 
down to -2.5oC in December. 

Bias frequency distributions of monthly surface air temperature are 
significantly different among sub-regions (Figure 6). Standard deviations which are 
used to measure the distribution spread are 2.0, 2.7, 2.2, 2.0, 1.2, 2.9 and 0.8oC for 
R1, R2, R3, R4, R5, R6 and R7, respectively. Except for the R6 area, where the 
frequency of warm biases is greater than that of cold biases (56% compared to 
44%), RegCM3 produces overall about 70% negative bias cases. 

Annual cycles of averaged monthly precipitation for the seven sub-regions are 
also displayed in Figure 5. Although RegCM3 can capture the annual cycles of 
precipitation, the simulated signals over the sub-regions have a tendency of being 
underestimated in rainy season and overestimated in dry season. The model biases 
of precipitation are large and significantly different among sub-regions. RegCM3 
produces the most realistic results over the R4 and R6 areas in rainy season, while it 
produces too large dry biases over the R1, R2 areas in the summer months (JJA) 
and over the R7 area in the whole rainy season (from May to October). A particular 
case is the R5 sub-region where precipitation is strongly overestimated by the 
model.   
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Fig. 5. Monthly 1991–2000 mean surface air temperature (oC) and  precipitation 
(mm/month) averaged over the seven sub-regions (R1 R7) and the entire Vietnam 
territory (VN). O for observations, M for RegCM3, R for rainfall, T for temperature. For 
example R7_O_R means observed rainfall for region 7. 
 

 
Fig. 6. Bias frequency distributions of monthly surface air temperature over the seven sub-
regions and the entire Vietnam territory 
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Fig. 7. Interannual variations of surface air temperature (oC) and precipitation (mm/month) 
averaged over the seven sub-regions (R1 R7) and the entire Vietnam territory (VN). O 
for observations, M for RegCM3, R for rainfall, T for temperature. For example R7_O_R 
means observed rainfall for region 7. 

 
Interannual variations of surface air temperature over all sub-regions are well 

represented (Figure 7). The mean model errors within a given sub-region are stable 
from year to year. Except for the sub-region R6 where temperature is overestimated, 
annual values of simulated temperature for other sub–regions are systematically 
underestimated, from about 0.5oC for R6 to about 3.1oC for R1 and R4. The model 
and observations both show that 1998 is a particularly hot year for all the 7 sub-
regions and for Vietnam. One should note that this is the year where Vietnam and 
many other regions in the world were highly influenced by the strong 1997/1998 El 
Niño event.  

Interannual variations of simulated precipitation are generally in agreement 
with observations (Figure 7). However, mean biases are different from year to year 
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and from sub-region to sub-region. Annual mean precipitation values simulated by 
RegCM3 have tendency to be overestimated for the R4, R5, R6 sub-regions and to 
be underestimated for the R1, R2 and R7 sub-regions. Particularly large wet biases 
(overestimated) are identified for the R7 area. Over the R3 area and over the whole 
Vietnam, annual precipitation values are reasonably well represented. 
 
4. Conclusions 

In this paper, the RegCM3 integration for the 1991−2000 period was 
examined to determine the model capability in simulating the observed annual 
cycle, seasonal and interannual variability of precipitation and surface air 
temperature over Vietnam and the adjacent areas. The obtained results showed that 
RegCM3 is able to reproduce the regional circulation patterns, the spatial and time 
distributions of surface air temperature as well as precipitation over the model 
domain. However, RegCM3 produced systematically cold biases in temperature. 
Analysis of all the monthly values of the 1991-2000 period showed that except for 
the R6 area, where the frequency of warm biases is greater than that of cold biases, 
RegCM3 produces overall about 70% negative bias cases.  

At regional scale (Vietnam and adjacent areas), there is a tendency for the 
model to simulate excessive precipitation, especially at the maximum cores located 
over Myanmar, the Bay of Bengal, and the Philippine Archipelago area. At smaller 
scale, over the seven sub-regions of Vietnam, RegCM3 generally underestimates 
and overestimates precipitation in rainy and dry seasons, respectively.  

Although significant differences between the RegCM3 simulation and the 
observations remain, this study is the first attempt to show that RegCM3 can be 
used to reproduce the climate of the South-East Asia in general and of Vietnam in 
particular. The results suggest that RegCM3 can be adequately used for other 
studies in this region, such as seasonal forecasting, climate change, etc. Necessary 
parameterizations and calibrations could be also other future topics to deal in order 
to solve the cold biases in temperature and over/under-estimations of precipitation 
in dry/rainy seasons.  
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Abstract 

Tropical cyclone (TC) activity has an great impact to summer 
monsoon rainfall over the Western North Pacific (WNP). The activity of TC 
has interannual and interdecadal variabilities. To discover the variability, 
long term TC database is necessary. At present, TC database is available 
from 1945 by Joint Typhoon Warning Center over the WNP. In this study, 
historical observation record of TC track is collected by Monthly Bulletins 
of Philippine Weather Bureau over the WNP of 1901 to 1940 and Tropical 
cyclone tracks over Taiwan and its vicinity 1897-1996 (Shieh et al. 1998). 
First, we focus on the TC landfall numbers at Philippines (TLP), create the 
dataset from 1902 to 2005 and investigate the interdecadal variability of TLP 
related to ENSO and PDO phases. The strength of the connection of TLP to 
ENSO phases varied associated with the PDO phases. Then, we will expand 
the analysis to the WNP. 

 
1. Introduction 

Tropical cyclone (TC) provides precious rain to the land but once it 
approaches it produces disaster due to the strong wind and heavy rain. The activities 
of TC of the frequency of occurrence and intensity have interannual variability. The 
numerical simulation of future global warming climate suggested that the TC 
frequency of occurrence decreases except Atlantic basin, but the number of intense 
TC increases (Oouchi et al. 2006). To discover the variability of the TC activity 
associated with climate change, long term TC database is necessary. At present, TC 
database is available from 1945 by Joint Warning Typhoon Center (JTWC) and 
from 1951 by The Regional Specialized Meteorological Center (RSMC) Tokyo- 
Typhoon Center in the Japan Meteorological Agency over the western north Pacific 
(WNP) basin. In this study, historical observation record of TC track is collected by 
Monthly Bulletins of Philippine Weather Bureau (MBP) of 1901 to 1940. We focus 
on the TC landfall numbers at Philippines (TLP) and create the dataset of TLP from 
1902 to 1939, combine with JTWC and RSMC TLP after 1945 until 2005, and 
investigate the interdecadal variability of the TLP related to ENSO and PDO phases 
using the both datasets. 
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2. Data 
MBP reported surface weather station data at Philippines and TC tracks over 

the WNP region and is utilized from 1902 to 1939 when the TC record and station 
surface data are available throughout the year. Best track data for TC center 
locations are used from the JTWC from 1945 to 2005 and RSMC from 1951 to 
2005. After 1945, Philippine weather stations were rebuilt by Philippine Weather 
Bureau. Surface station data is also used by the report “Tropical Cyclones of 1964, 
1967-1976” of Republic of the Philippines Weather Bureau. 

The targeted landfall area at Philippines is described in Figure 1. TLP is 
counted when TC track passed over the area shown in Fig. 1 from 1902 to 2005. 
After 1945, TLP is defined when tropical storm (TS) (more than 35 kt of the 
maximum TC center surface wind speed) of JTWC best track data passed 
Philippines area of Fig. 1 and (less than 1000 hPa or more than than 35 kt of the 
maximum TC center wind) of RSMC best track data. From 1902 to 1939, when TC 
passed Philippines area, and nearest minimum station pressure was observed less 
than 750 mmHg (about 1000 hPa) then, we defined that TS was landed and counted 
for TLP. 
 
3. Results 

The data of two definitions of TLP proposed in this study are available at the 
same period in 1964 and from 1967 to 1976. During these periods, the available TSs 
was 57 and 60, which were landed Philippines by the definition of JTWC and 
RSMC best track data respectively. On the contrary, 56 TSs were satisfied the 
threshold (less than 1000hPa) of Philippines station pressure. The differences of the 
TLP definition compared to Philippines station pressure were 1.8 % and 6.7% 
respectively within a comparable value. 

Annual TLP from 1902 to 2005 using both definitions is shown in Figure 2. 
Two best track data of JTWC and RSMC shows similar landfall values and 
variations. The difference of two best track data is small. Hereafter after 1945 
JTWC best track data is used for analysis. Before 1940, TLP shows periodicity 
about 30 years. After 1945, 10-22 years periodicity can be seen. After 1990, TLP is 
decreasing. However, even considering the gap of two TLP definitions, no trend can 
be seen of annual TLP from 1902 to 2005. TLP has an interannaul variability 
associated with ENSO (Saunders et al. 2000). ENSO feature varies with Pacific 
decadal oscillation (PDO) phases (Mantua et al. 1997). Annual TLP numbers from 
June to the following May is shown in Table 1 dividing by low PDO period (1945-
1976) from high PDO period (1902-1939), (1977-2005). During low PDO period, 



International MAHASRI/HyARC Workshop on Asian Monsoon  
 
 

5 - 7 March 2009, Da Nang, Viet Nam  113

annual TLP has a significant difference between El Niño and La Niña years of 95 % 
confidence level. However, during high PDO period, those differences disappeared 
and annual TLP numbers are slightly higher in El Niño years. Monthly TLP is 
represented in Figure 3 dividing by low or high PDO periods and ENSO phases. 
The difference of TLP between El Niño and La Niña years is seen from September 
to November on both PDO periods. However, the differences of monthly TLP 
between ENSO phases become weaker in autumn and opposite in sign during 
summer and winter on high PDO period. These results offset the difference of 
annual TLP between ENSO phases. In the next step we will expand the analysis to 
the WNP in a near future. 
 

  
Fig. 1. The landfall area at Philippines Fig. 2. Annual TLP plotted by TLP definition 

using MBP (red), JTWC (blue) and RSMC 
(yellow) from 1902 to 2005. Ten years running 
mean is superimposed by thick lines. 
 

Fig. 3. Monthly TLP during high PDO 
periods of (1902-1939: a), (1977-2005: c) 
and low PDO period of (1945-1976: b). In 
each PDO period, monthly TLP are 
represented from June to the following May 
and averaged in El Niño (solid lines), La 
Niña (dashed lines), and normal years   (thin 
dotted-dashed lines). 
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Table 1: Annual TLP (from June to the following May) divided by PDO and ENSO 
phases. Bold numbers represent statistically significant at 95% confidence level of the 

difference between El Niño and La Niña years. 

 1902-1939 1945-1976 1977-2005 
El Niño years 4.1 3.6 4.5 
La Niña years 3.9 6.0 4.3 
Normal years 4.7 4.3 5.1 
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Abstract 

 In almost every year heavy rain occurs over Jakarta, the capital of Indonesia, 
during the rainy season of the region starting in December and ends in March of the 
next year, sometimes causing bad floods. The 1996, 2002 and 2007 Jakarta floods 
were three major floods in recorded history. In these years, torrential rains occur 
repeated for several days, causing widespread floods over Jakarta and surrounding 
areas. Among them, the 2007 Jakarta flood affected 80 separate regions in and 
around Jakarta, and over 70,000 homes were flooded, resulting in the displacement 
of some 300,000 people. Unlike in mid-latitudes, not a typhoon, a hurricane, nor a 
severe depression, occurs in this near-equatorial area. Therefore, it is unclear why 
repeated torrential rains occur over Jakarta in Java Island. In this study, we 
investigate the atmospheric conditions when repeated torrential rains occur over 
Jakarta and surroundings using QuikSCAT sea surface winds, GMS infrared 
images, meteorological radar observation and balloon sounding data. 

The results from QuikSCAT sea surface winds show a similarly strong and 
persistent trans-equatorial monsoon flow from the Northern Hemisphere in late 
January and early February in 2002 and 2007, when torrential rains occurred over 
Jakarta. The trans-equatorial monsoon flow plays a major role in the formation of 
the repeated torrential rains (Wu et al., 2007). Results from balloon soundings show 
that the prevailing upper winds in the region are weak during the period of the 
repeated torrential rains, with the results that a pronounced diurnal cycle of 
convection occurs over the island (Fig. 1, the upper panels). The trans-equatorial 
monsoon flow interacts with thermally and convectively induced diurnal changes in 
the boundary-layer wind over the island, enhancing the convections over the 
mountains in the afternoon, and over the plains in the night and morning. As a 
result, torrential rains occurred repeatedly over the island for several days, which 
resulted in the widespread floods over Jakarta and surrounding areas in late January 
and early February in the years. The results also suggest that the diurnal cycle of 
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convection over the island can be suppressed by strong prevailing upper winds (Fig. 
1, the lower panels). In these cases, trans-equatorial monsoon flow does not cause 
heavy rain over the island. In conclusion, the strong and persistent trans-equatorial 
monsoon flow, and weak prevailing upper winds with a pronounced diurnal cycle of 
convection over the island are the favorable atmospheric conditions for occurrence 
of repeated torrential rains over Jakarta in Java Island. 

 

Fig. 1. A comparison between the atmospheric conditions with torrential rain for 2007 
(upper row of panels) and without torrential rain for 2006 (lower row of panels); left 
panels: Sea surface winds measured by QuikSCAT satellite, middle panels: The Skew-T 
Log-P diagrams observed at Jakarta, and right panels: GMS satellite infrared (IR) images. 
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Abstract 
A relationship between intraseasonal variability of rainfall during the 

summer monsoon season (June – August) and interannual variability of total 
summer monsoon rainfall over Bangladesh is examined using daily 
precipitation data based on 25 rain-gauge stations for 20 years (1981 – 
2000). The rain-gauge data of 25 stations are averaged in each day (defined 
as All Bangladesh Daily Rainfall and abbreviated to ABDR) and the data is 
used as an index to examine a temporal variation in rainfall over Bangladesh. 
Spatial structure of the atmospheric circulation fields associated with 
intraseasonal and interannual variability in the ABDR is also investigated 
using Japanese 25-year reanalysis (JRA25) data with 1.25° latitude-longitude 
grid.  

7 – 25-day (so-called submonthly) intraseasonal variation is dominant in 
the ABDR time series in most of 20 years. It is worth noting that interannual 
variation in the 7 – 25-day ABDR variance is significantly correlated with 
that in total summer monsoon rainfall. It suggests that the characteristics of 
submonthly-scale intraseasonal variation (i.e. amplitude, frequency of active 
rainfall period) could control the interannual variation in total summer 
monsoon rainfall in Bangladesh. During the active phase of the intraseasonal 
variation, the composite analysis shows that the monsoon trough is oriented 
from northeastern India to northern Bangladesh at low-level troposphere, 
providing westerly/southwesterly moisture flow over Bangladesh. In 
contrast, in the break period, the monsoon trough lies from central Pakistan 
to the western Bay of Bengal. Wind direction is changed from 
westerly/southwesterly to southerly/southeasterly over Bangladesh due to the 
shift of the monsoon trough. The difference between the active and break 
periods shows a cyclonic circulation centered on the north of Bangladesh 
and an anti-cyclonic circulation over the Bay of Bengal. 

  Atmospheric circulation and convective activity related to 
interannual variation of summer monsoon rainfall over Bangladesh was 
investigated by calculating regression patterns. Regression map shows a 
cyclonic anomaly appears over the northern Bangladesh and an anticyclonic 
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circulation is located centrerd on the Bay of Bengal. The atmospheric 
structure induces the enhancement of westerly/southwesterly anomlies over 
Bangladesh in the wet years. In short, the spatial distribution in difference of 
atmospheric circulation between active and break periods is quite similar to 
that between the wet and dry years, suggesting that submonthly-scale 
intraseasonal variation also influences interannual variation in the 
atmospheric circulation fields around Bangladesh. 

 
Keywords: Asian summer monsoon, Bangladesh, intraseasonal variation, interannual variation 

 
1. Introduction 

 Bangladesh is well known to be one of the heaviest rainfall areas in the world. 
Heavy rainfall often cause flood disaster coupled with a flat and low-elevation land 
(less than 10m above sea level) in most area of this country (e.g. Murata et al. 
2008). Summer monsoon starts from southeastern part of Bangladesh around early 
June and move northwestward by mid-June (Ahmed and Karmakar 1993). Mean 
precipitation during June – September ranges from 1000 to 3000 mm with large 
regional differences. More than 2000 mm of the mean precipitation is observed in 
northeastern and southeastern areas of Bangladesh. These high rainfalls are affected 
by topographic features around these regions such as Meghalaya Plateau and 
Chittagong Hill Tracts�Kripalani et al. 1996; Ohsawa et al. 2000�.  

Intraseasonal Oscillations (ISOs) of rainfall/convective activity and the 
associated atmospheric circulations are prominent phenomena associated with the 
Asian summer monsoon. Many studies have investigated 30–60-day oscillations, 
the so-called Madden-Julian Oscillation (MJO) (Madden and Julian 1972), and the 
relationships between the MJO and the active/break periods of the Asian summer 
monsoon (e.g., Yasunari 1979; Annamalai and Slingo 2001). ISOs at submonthly 
(6–25 days) timescales (e.g., Vincent et al. 1998) also occur over the region affected 
by the Asian summer monsoon (e.g., Krishnamurti and Bhalme 1976; Murakami 
1976; Yasunari 1979; Krishnamurti and Ardanuy 1980; Annamalai and Slingo 
2001). In Bangladesh, Ohsawa et al. (2000) showed that summer monsoon rainfall 
in 1995 varies at submonthly time scales. Murata et al (2008) also showed 
submonthly time-scale variability is dominated in monsoon season of 2004. These 
studies also show MJO-scale ISO is not dominated in the two years. Hartmann and 
Michelsen (1989) investigated dominant periodicity of intraseasonal rainfall 
variation over India by using daily precipitation data based on 3700 rain gauge 
stations for 70 years. They pointed out that MJO-scale period is predominant over 
most portion of India south of 23°N, and a spectral peaks around submonthly time 
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scales are limited in the northern part of India where MJO-scale signal does not 
dominate. These studies suggest that submonthly time-scale variation could be more 
common than MJO-scale variation over Bangladesh.  

In interannual variation (IAV), many studies focused on the IAV of summer 
monsoon rainfall solely over India, but few addressed the relationship with 
monsoon variability over Bangladesh (e.g., Goswami et al.1999; Krishnamurthy and 
Shukla 2000). Chowdhury (2003) investigated that IAV of rainfall over the 
Bangladesh and ENSO. He showed that while the monsoon climate along the 
greater Ganges-Brahmaputra-Meghna basins has a particularly strong relation with 
SOI extremes (positive/negative), the basin-wide quantitative correspondence 
between the strength of ENSO and the rainfall anomaly is extremely weak. One 
reason for few studies on the IAV over Bangladesh is a lack of reliable rainfall 
datasets available for climatological research. Cash et al. (2008) pointed out the 
results of the IAV of monsoon rainfall often depend on the choice of dataset 
products (e.g. GPCP, CMAP and gauge-based gridded precipitation data). 
Therefore, precipitation data of dense gauge stations are needed to represent the 
IAV of summer monsoon rainfall.   

A relationship between ISOs and IAV of summer monsoon is an interesting 
topic. Krishnamurthy and Shukla (2000) noted that seasonal mean monsoon rainfall 
over India consists of a large-scale persistent rainfall anomaly and a fluctuating 
intraseasonal component. The nature of the intraseasonal variability is not different 
during wet and dry years. In contrast, Goswami and Mohan (2001) pointed out that 
higher frequency of occurrence of active (break) conditions would result in stronger 
(weaker) than normal seasonal mean.  

In this study, first we will examine ISO of summer monsoon (JJA) rainfall 
over Bangladesh for 20 years by using daily precipitation data from 25 rain-gauge 
stations. Then, we show spatial structure of IAV in large-scale convective activity 
and circulation fields based on IAV of summer monsoon rainfall over Bangladesh. 
This analysis shows spatiotemporal structure in ISO, interannual variability of ISO 
and effects of ISO activity on the IAV of summer monsoon rainfall over 
Bangladesh. 
 
2. Data and Method of analysis     

Rainfall data observed at 25 rain-gauge stations over Bangladesh are primary 
datasets for rainfall variation (Fig. 1). The datasets are provided by Bangladesh 
Meteorological Department (BMD). Daily averaged values are available for 20 
years (1981 – 2000). The missing data are less than 2 % of total observation times 
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in all stations. The rain-gauge data of 25 stations are simply averaged in each day 
(defined as the All Bangladesh Daily Rainfall and abbreviated to the ABDR) and 
the data is used as an index to represent a temporal variation in rainfall over 
Bangladesh. Spatial structure of the atmospheric circulation fields associated with 
intraseasonal and interannual variability in the ABDR is also investigated using 
Japanese 25-year reanalysis (JRA25) data with 1.25° latitude-longitude grid (Onogi 
et al. 2007). This relatively fine resolution reanalysis data is useful for Bangladesh, 
because of the small country and complex terrains in surrounding areas of 
Bangladesh. Daily interpolated outgoing longwave radiation (OLR) data with 2.5 
latitude-longitude grid are also used as a proxy for large-scale convective activity 
(Liebmann and Smith 1996).  

Daily anomalies of rainfall, OLR and the reanalysis data were computed by 
subtracting the first three harmonics of the annual cycle (about 120 days) for each 
year. Submonthly (7–25-day) perturbations were then computed by applying a 
Lanczos filter (Duchon 1979) to the detrended anomalies (Fig. 2).  
Daily lag composite are used to investigate the temporal phase relationship in ISO 
between the ABDR, circulation fields (i.e. moisture flux and streamfunction) and 
OLR. Time composite and regression analysis are also used to examine spatial 
pattern of the IAV in circulation and OLR fields.  
 
 

 

 
 

 
 

Fig.1  Spatial distribution of rain-gauge 
stations used in this study. 

Fig. 2 The ADBR time series (black bar, left 
axis), 7 – 25 day filtered ABDR anomalies 
(solid line; right axis)in 1993 and 20-
summer climatological 1.0 standard 
deviation (dashed line) 
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3. Results  
3.1. Time series analysis 

Figure 3 shows 20-summer ensemble spectrum of the ABDR using FFT. 
There is a pronounced peak at a period of about 14 days and the peak exceeds the 
95% confidence level (Fig. 3a). There is another peak at 30–40 day period. Periods 
at 7 – 25-day range are common in most of years, while peaks at around 30 – 40 
shows interannual variation (Fig. 3b). Thus, submonthly-scale variation is more 
dominated than MJO-scale variation in summer monsoon over Bangladesh.  

 
 
 
 
 

 

 
Fig. 3 (a) The 20-summer ensemble spectrum of the ADBR. Thin solid curve is the 95% 
confidence level. Dashed curve is the red noise spectrum. (b) Interannual variation of 
ADBR spectrum. Thick solid line shows the 95% confidence level.  

 
IAV of summer monsoon rainfall is well correllated with intraseasonal 

variance of the ABDR (Fig. 4), suggesting that the activitiy of ISO controls the IAV 
of summer monsoon rainfall over Bangladesh. Correlation coefficient bewteen the 
IAV of summer monsoon rainfall and 7 – 120 days (all ranges of intraseasonal 
varation) ABDR variance is 0.73. Correlations larger than 0.56 are statistically 
significant at the 99% confidence level. 7 – 25 days variance account for 60 – 90 % 
of total intraseasonal variance and correlation between the IAV of summer monsoon 
rainfall and 7 – 25-day variance is 0.65. In contrast, 30 – 60-day ABDR variance is 
very small compared with 7 – 25-day variance except 1982. This result indicates 
that activity of 7 – 25-day intraseasonal oscillation is essential to understand the 
IAV of summer monsoon rainfall over Bangladesh.  
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Fig. 4 Interannual variation of JJA total 
ADBR (solid line with closed circle; left 
axis. The unit is mm/3month), 7 – 120 days 
ADBR variance (dashed line with closed 
triangles; right axis. The unit is mm2 day-2.), 
7 – 25 days ADBR variance (dashed line 
with closed squares) and 30 – 60 day ADBR 
variance (dashed line with open squares).   
 

 
3.2. Spatiotemporal structure of submonthly variability over Bangladesh 

Based on 7 – 25-day ABDR anomaly (e.g. Fig. 2), positive and negative 
extrema that exceed climatology by 1.0 standard deviations were selected as active 
and break peaks. A total of 78 active and 84 break events were identified during 20-
summer monsoon season. Active rainfall peaks are referred to as day 0 phases and 
daily lag composites for various elements for day -5 through day +5 are also 
constructed. 

In the active period (Fig. 5a), the monsoon trough is located from 
northwestern India to northern Bangladesh at low-level troposphere, providing 
westerly/southwesterly moisture flow over Bangladesh. Active convection center is 
observed over the Bangladesh, corresponding to moisture flux convergence there 
(not shown). In contrast, in the break period (Fig. 5b), the monsoon trough lies from 
central Pakistan to western Bay of Bengal. Wind direction is changed from 
westerly/southwesterly to southerly/southeasterly over Bangladesh due to the shift 
of the monsoon trough. This circulation change induces the significant decrease of 
moisture flux convergence over Bangladesh. A maximum area of cloudiness move 
to the Bay of Bengal. Figure 6 shows that a cyclonic anomaly deepens over the 
northern India to northern Bangladesh in active phase, whereas anti-cyclonic 
anomaly develops centered on the Bay of Bengal. Convection anomalies shows 
opposite sign between Bangladesh and the Bay of Bengal. The anticyclonic 
anomaly move into the eastern part of the Bay of Bengal from Indochina Peninsula 
at day -2. Simultaneously, a cyclonic anomaly start to develop to the north of 
Bangladesh. Active convection anomaly appears over Bangladesh from day -2 due 
to southerly moisture inflow. The anticyclonic anomaly move westward and its 
center reach the western part of Indian subcontinent by day +2. The center of the 
cyclonic circulation, however, remains to the north of Bangladesh from day -2 to 
+2. As in the monsoon trough, the convection anomaly over Bangladesh shows 
almost stationary (Figures are not shown).   
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Fig. 5 (a) Composite of total OLR (shadings), 925-hPa streamfunction and integrated 
moisture flux vector (from surface to 100 hPa) in the active period. (b) As in (a) but for the 
break period.  
 

 

 
 
 
Fig. 6 7 – 25-day anomalies in OLR 
(shadings), streamfunction and integrated 
moisture flux vector at day 0. Thick dashed 
lines denote 1000m and 3000m topographic 
contours. Only 99% statistically significant 
moisture flux vectors are plotted.  
 

 
3.3. Structure of circulation and large-scale convection fields associated with 
interannual variation of summer monsoon rainfall over Bangladesh  

Linear regression coefficients to estimate streamfunction, moisture flux and 
OLR values at each grid point from the interannual ABDR series were evaluated. A 
value equal to 1.0 standard deviation of the interannual ABDR series was input to 
the regression equation to produce the gridpoint values. The overall pattern of 
anomalies in Fig. 7 is characterized by a cyclonic anomaly from northern India to 
Bangladesh and an anticyclonic anomaly centered on the Bay of Bengal. A striking 
feature is statistically significant westerly/southwesterly moisture flux anomalies 
over Bangladesh associated with the structure of streamfunction anomalies. There 
are not statistically significant OLR anomalies over India south of 20°N. Thus, the 
IAV signals, associated with summer monsoon rainfall over Bangladesh, are 
observed only from the northwestern India to Bangladesh (i.e. Hindustan Plain) and 
over southern China.  



International MAHASRI/HyARC Workshop on Asian Monsoon  
 
 

5 - 7 March 2009, Da Nang, Viet Nam  124

It is interesting to note the spatial distribution in difference of atmospheric 
circulation between active and break periods is quite similar to that between the wet 
and dry years, suggesting that submonthly-scale intraseasonal ocsillation strongly 
influences interannual variation in the atmospheric circulation fields over 
Bangladesh and northern India. From middle to southern India, it could be expected 
that submonthly-scale variability can not always affect summer monsoon rainfall 
solely because MJO-scale intraseasonal variance are more common (e.g. Hartmann 
and Michelsen 1989). Therefore, the IAV of summer monsoon rainfall over India 
may be poorly correlated with that over Bangladesh.   

 

 

Fig.7 Regressions of OLR and 925-hPa 
streamfunction and vertically integrated 
moisture flux vector in JJA for 1980–2000 
to standardized interannual time series of 
ADBR. OLR values less (more) than -2 (2) 
W m2 are darkly (rightly) shaded. Only 95% 
statistically significant moisture flux vectors 
are plotted. 
 

 
Fig. 8. Frequency of active phases in 7– 25-day variation in four different criteria. Black 

bar: Wet years, Grey bar: Dry years. 
 

3.4.  Characteristics of intraseasonal Oscillations in wet and dry years 
Figure 8 shows the number of occurrence in active peaks in 7 highest years 

(wet years) and 7 lowest rainfall years (dry years). The number is counted 
separately, based on the four criteria (i.e. +0.5σ, +1.0σ, +1.5σ and +2.0σ of 
climatological 7 – 25-day ABDR variance, see Fig. 2). The value of 
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+1.0σcorresponds to approximately 10 mm day-1. The frequency of small amplitude 
(+0.5σ) are not significantly different between wet and dry years. However, the 
difference become lager as the amplitude is lager. The differences in +1.0σ, +1.5σ 
and +2.0σ are statistically significant at 95 % level. Thus, high amplitude ISO 
occurs frequently in wet years, although the number of active peaks, including low 
amplitude cases, are not so different. 
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Abstract 
A precipitation system, pesistent for three days period of 30 October 

to 01 November caused a torrential rainfall over northern part of Vietnam 
and brought a historical inundation in Ha Noi and surrounding provinces. A 
huge amount of rainfall recorded at Ha Noi was about 400 mm and at Ha 
Dong station was about 800 mm during these 3 days. Only for the first 24h 
hour nearly 500 mm of rainfall was recorded at Hadong.  

  Compared with observations, the rainfall amount predicted by several 
global models like GSM, GEM, and GFS was only about one forth. The 
regional model HRM with different initial inputs from GME, GEM, and 
GSM produced bigger rainfall, but still half less than the reality. The center 
of precipitation system predicted by all models located to the southeast of the 
observed rainfall. It is still difficult to find out the reason for the failure of 
NWP forecasts in location and amount of this precipitation system. However, 
this study focuses on analyses of the structure and thermo-dynamic 
characteristics of this system. 

  The orientation of the precipitation system was along the rim of 
western periphery of the Subtropical high, where southeasterly low level 
wind flows from the South China Sea into the north region of Vietnam. It is 
revealed by the JMA re-analysis data that there was not so strong dynamical 
forcing to induce the torrential rain over the area.  The whole troposphere 
over the precipitating area is moist, being near saturated. To the southeast of 
the system, the middle layer is drier than to its northwest, and the 
stratification is convectively unstable below the 4 km height. The horizontal 
winds over the system veer from the southeast to more the south with height. 
This vertical wind shear is considered to be a favorable condition for the 
development of the rain system.  

 
1. Introduction 

Climatological, heavy rain over the North region of Vietnam (called Bacbo 
region) often occurs during the summer season from May to October. The formation 
of these heavy rains usually relates with activities of severe weather systems like 
monsoon trough, Intertropical Convergence Zone (ITCZ), tropical cyclones or 
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depressions, and combination of two or more systems. According to our previous 
summarized study of heavy rain over the Bacbo region for 10 years period of 1993-
2002, the number of heavy rains caused by activities of the ITCZ and tropical 
cyclones frequently occurred from July to September, in May, June most cases of 
heavy rain were due to the enhancement of the monsoon trough and in combination 
with impacts of the cold surge, the smallest frequency of heavy rain events was 
found in October, when the monthly averaged rain amount for this region is about 
150-200 mm.  

In the end of last year October, torrential heavy rain over the Bacbo was 
lasting for 3 days of October 30 – November 01. Recorded rainfall, which was 
remarkably comparable to the historical record of rainfall happened in 8-9 of 
November 1984, resulted in a disastrous inundation in Ha Noi and surrounding 
provinces causing 17 lives and many damages of transportation and agricultures. 
Over 400 mm of rainfall amount was recorded at Ha Noi station and about 800 mm 
at Ha Dong station. Only for the first 24h hours, from 06 UTC of 30 Oct to 06 UTC 
of 31October, nearly 500 mm of rainfall was continuously falling over Hadong area. 
The observed rainfall accumulated from 12UCT,30 October to 12UCT, 02 
November in Fig. 1 shows an area of rainfall over 200 mm located in the southeast 
of the Bacbo with a center of maximum rainfall at Hanoi. The main axis of this 
rainfall is from southwest to northeast. This orientation is corresponding to the 
western rim of the North Pacific Subtropical high, which is the main synoptic 
system predominating over the north Vietnam during this period, shown in Fig. 2.  

Examination of the surface weather map at 00UCT on 31 Oct. 2008 reveals 
the ITCZ located over the southern Vietnam extending to the south of the Philippin. 
Over the North Vietnam, there were not frontal activities.  

Over all the region, the rain started from 06 UCT of 30 October and quickly 
became heavier in the next 6 hours, reaching its remarkably maximum in the period 
from 18 UTC of 30 Oct. to 00 UTC of 31 Oct. as typically shown in Fig. 3, which 
presents 6-hourly rainfall observations at Ha Dong station from 00 UTC of 30 Oct 
to 12 UTC of 04 November. Accordingly, observations by the TRMM showed the 
maximum rain rate reaching 11 mm/h in the localized area surrounding Ha Noi 
during the period of 18 - 21 UTC on 30 October, which is about three times larger 
than the averaged rain rate for whole three days period from 12 UTC of 30 October 
to 12 UTC of 02 November (Fig. 4). 
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Fig. 1. The observed rainfall 
accumulated from 12 UTC 30 Oct. to 12 
UCT 02 Nov. 2008. 

Fig. 3. Six hourly rainfall recorded at Hadong 
station from 30 Oct. to 04 Nov. 2008 

 
Fig. 2. Surface and 500 mb weather charts at 00 UTC on 31 Oct. 2008 

 

 
Fig. 4. Average rain rate observed by the TRMM for the period: from 00 UTC of 30 Oct. to 

00 UCT 02 Nov. (left) and from 18 UTC to 21 UTC of 30 Oct. 2008 (right) 
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2. Comparison of forecasts between models 
Actually, this rain event is extremely rare and unexpected at the time of the 

end of summer season. The 72 hours accumulated rainfall starting from 00 UTC of 
30 October predicted by several global models (GFS, GSM, and GEM) is presented 
in Fig. 5. Compared with observations, the rainfall amount predicted by these 
models was in range of 120 – 150 mm and much smaller than actual values. Among 
them, the GEM model produced the largest amount of 150 mm for 72 hours 
accumulation of rainfall. Figure 5 displays the location of the predicted rainfall 
system over the Bac Bo shifted to the southeast of the observed pattern. The 
maximum rainfall center given by those models locates near the coasts of Thanh 
Hoa region, but not over Ha Noi region. This suggests that the moisture 
convergence was probably predicted to concentrate along the low level wind of the 
southeast direction and be restricted to the south of Ha Noi region. Possible reasons 
for those unsuccessful predictions may come from the coarse resolution and 
initialization of the global models.  

The prediction, however, was not improved by the regional limited model. The 
regional model HRM, which was adapted from the Deutcher Wetter Dienst (DWD) 
to become the operational model running at the National Center for Hydro-
Meteorological Forecasting (NCHMF) of Vietnam with different initial inputs from 
GFS, GSM, and GEM models, produced bigger rainfalls (200 - 250 mm) in 
comparison to the global models, but still half less than actual amounts (not shown). 
The finer resolution of the HRM model (14 × 14 km) resulted in the improvement 
of predicted rainfall amounts, but not in the pattern of rainfall systems. The 
precipitation system was forecasted to move quite fast from the Thanh Hoa region 
passing the Bac Bo further to the north border of Vietnam. This discrepancy is 
possible to come from the model’s precipitation and initialization schemes. The 
moist convective adjustment was probably not included in this hydrostatic HRM 
model.  It is very difficult to find out the reasons for the failure of NWP forecasts in 
location and amount of this precipitation system. Deeper studies by simulations of 
the precipitation system using other non-hydrostatic models such as WRF, JMA-
NHM and apply the three dimensional variational data assimilation system (3D-
VAR) for the regional model HRM are desirable to point out special characteristics 
of this unusually torrential rain event and to examine in detail the organization and 
maintenance mechanism of the stationary rainfall.   
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3. Organization and structure of the precipitation system  
This section focuses on analyses of the structure and thermo-dynamic 

characteristics of environments in the precipitation system by using the JMA re-
analyses (JRA25), http://jra.kishou.go.jp. Animation of satellite images for 2 days 
of 30-31 October illustrates a slow movement of the main cloud system along the 
rim of western periphery of the Subtropical High by middle level winds, generating 
the rain band with the main direction from southwest to northeast as shown in Fig. 
1. The maximum center of rainfall over the area surrounding Ha Noi was likely 
attributed to high rain rate and/or continuous persistence of convective cells over 
this area.  

Before the occurrence of heavy rains over Bac Bo, rains started over Thanh 
Hoa region. There was a confluent flow at lower levels to the northeast of the Low 
over Indochina, which lies in the ITCZ. At 00UTC of 30 Oct., by the analysis field 
the vertical velocity at 700 mb level is in order of 15-30 hPa/h (not shown). 
Obviously, synoptic dynamic forcing is not so strong to induce the torrential rain. 
The potential temperature field at the 850 mb level reveals that a tongue of high 
potential temperatures covers almost the northeast quadrant of the Low, extending 
from the SCS to Thanh Hoa and parts of Bac Bo regions.  

Figure 6 presents the vertical cross of relative humidity, potential temperature, 
and wind along a line (NW-SE line in Fig. 1) perpendicular to the main 
precipitation line (AB in Fig. 1) and passing Ha Noi station at 00, 06, 12, and 18 
UTC of 30 Oct. 2008. It is shown that highly humid air (high value of qv, not 
shown) advected from the southeast is localized in the layer below 3 km. From 00 
UTC to 06 UTC the humidity to the southeast of Ha Noi (triangle symbol in Fig 6) 
gradually increases. At 12 UTC, humid air was raised up to the top of the 
Tropopause overhead Ha Noi, the region of humidity over 90% reached near the 
500 mb level. Accordingly, a ridge of high θ with its increased gradient (>344 K) 
formed over this region. The width of this ridge is about 400 km surrounding Ha 
Noi area. The atmosphere in this ridge region below 300 mb level is moist, being 
near saturated. At 18 UTC, the high humidity and θ ridge moves more to the 
northwest. From 200 km of Ha Noi to the southeast, the middle layer having smaller 
θ values is drier, and the stratification under the 4 km height is convectively 
unstable. To the southeast of Ha Noi, southeast winds extend up to upper levels, 
while to its northwest south- southwesterly winds predominate at middle to upper 
levels. This vertical wind shear is considered a favorable condition for the 
development and maintenance of the precipitation system. 
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Fig. 5. 72 hour accumulated rainfall predicted by GFS, GSM, GEM models at initial time 00 
UTC of 30 October 2008 
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Fig. 6. Vertical cross-section along NW-SE direction at 00, 06, 12, 18 UTC of 30 October 

 
4. Summary 

Heavy rainfall is one of the severe weather phenomena, which frequently 
occurs in Vietnam, particularly over the North and Central regions, resulting in 
numerously disastrous floods, inundations for those regions. An exact forecast of 
time, intensity, and duration of heavy rain events is a challengeable task for our 
NCHMF. Few previous studies of heavy rains were mostly limited to summarizing 
types, but deeper understanding of mechanism of development and maintenance of 
the precipitation is very important to improve the correctness of rainfall forecasting. 

This study firstly focuses on the description of the torrential rain event, 
unusually occurring in the end of the summer season in the condition of 
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unremarkable strong dynamic forcing over the Bac Bo. Examination of 
thermodynamic fields surrounding the rainfall system by re-analysis data reveals 
that moisture convergence at lower layers in convectively unstable condition is an 
important factor for the development of the precipitation in this case. It is likely that 
a deep layer of strong SE winds helped to continuously supply moistures into the 
region playing a similar role of the Low Level Jet (LLJ) in the Baiu system over 
Japan regions (Kato, 1998). However, the mechanism for maintenance and 
enhancement of this precipitation system at localized region surrounding Ha Noi, 
and the relation between the southwesterly wind and precipitation enhancement 
should be further investigated by using high resolution non-hydrostatic models. 
Connecting to this, the failure of the HRM prediction could be identified in details. 
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Abstract 

The impact of the assimilation of the additional radiosondes over the 
Indian Ocean during the period of 22 Oct. – 5 Dec. (called the MISMO 
observation project) in an objective analysis was investigated. The objective 
analysis is called “ALERA” using the assimilation technique with the 
ensemble Kalman filter. ALERA provides analysis values (ensemble mean) 
and their error values (ensemble spread) at each grid point. Using the error 
information of the ensemble spread, a test of significance is possible to be 
performed for the impact signal of the assimilation and we can discuss the 
assimilation impact and its propagation. The strong impact of the 
assimilation of the data appeared over the Indian Ocean at the MJO onset. In 
addition, the impact signal propagated eastward by Kelvin waves and 
typhoons over the tropical western Pacific (Chebi, Cimaron, and Durian) was 
found to be affected by the data. The typhoons moved westward and 
attacked the area around Vietnam. It was also objectively shown that the 
MISMO data improve the analysis field in the vicinity of the Maritime 
continent including the Vietnam area. Accordingly, the data over the Indian 
Ocean were found to have a great impact on the analysis field around 
Vietnam. Using the method of the estimation of the additional observation 
impact with ALERA, we can provide guidelines for the consideration of the 
future operational observation strategy for improving effectively the forecast 
accuracy. 

 
Keywords: ensemble Kalman filter assimilation, tropical cyclone, tropical wave 

 
1. Introduction  

Relatively large analysis/forecast errors in the operational observation-sparse 
region affect the uncertainty of the analysis/forecast over the downstream region. In 
other words, it is expected that an effectively adding observations at some location 
will contribute for the improvement of the analysis/forecast accuracy in regions 



International MAHASRI/HyARC Workshop on Asian Monsoon  
 
 

5 - 7 March 2009, Da Nang, Viet Nam  136

distant from the location. In mid-latitudes, the impact of dropsondes over oceans on 
analysis-forecast errors in downstream regions has been investigated by several 
researchers (Langland et al. 1999; Szunyogh et al. 2002). For instance, Szunyogh et 
al. (2002) defined the impact signal of dropsonde observations over the North 
Pacific in a forecast field, and investigated its propagation. They showed that the 
impact signal of the additional observations propagated eastward at a group speed 
of 30°–40° per day and the additional observations could affect the forecast 
accuracy on the eastern coast region of North America. High-impact weather events 
on the western coast of North America are sometimes caused in association with the 
generation of tropical cyclones over the tropical western Pacific. The hypothesis 
that such a phenomenon is connected with Rossby wave trains generated over the 
Pacific is the underlying focus of the observing system research and predictability 
experiment (THORPEX, Toth and Majumdar 2007) Pacific-Asian regional 
campaign (T-PARC, http://www.ucar.edu/na-thorpex/) planned in 2008. As stated 
above, the evaluation of the effects of observations in various regions are actively 
pursued from the perspective of the research on the predictability of high-impact 
events in recent years.  

However, it is difficult to evaluate the impact signal of the additional 
observations in the tropical and subtropical regions comparing to that in mid-
latitudes. Hodyss and Majumdar (2007) gave warning that the meaningful impact 
signal of the data may become contaminated by unmeaning differences which was 
arising from truncation errors in the data assimilation scheme and/or the model’s 
truncated spectral basis. The unmeaning differences could spread out in 
dynamically unrelated locations over the entire globe. Although the unmeaning 
differences are assumed to be sufficiently smaller than the meaningful signal, they 
tend to rapidly grow larger in tropical and subtropical regions. Therefore, only using 
some threshold value, we cannot extract the meaningful signal of the additional 
observations in the tropical and subtropical regions. 

Then, using a new objective analysis dataset of ALERA (AFES-LETKF 
Experimental ReAnalysis, Miyoshi et al. 2007), this study challenges extracting the 
meaningful signal without a threshold value and evaluating the additional 
observations in the tropical Indian Ocean for the evaluation. ALERA is produced by 
AFES (AGCM for the Earth Simulator, Ohfuchi et al. 2004)-LETKF (four 
dimensional Local Ensemble Transform Kalman Filter, Miyoshi and Yamane 2007) 
system, so that the analysis ensemble spread are provided in addition to the analysis 
ensemble mean. With the ensemble spread indicating analysis errors, a statistical 
significance test can be performed to extract a meaningful impact signal. 
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As a target of such ‘data impact’ experiment, we used the data from 
radiosondes during the MISMO (Mirai Indian Ocean cruise for the Study of the 
Madden–Julian oscillation -convection Onset) observation project that was 
conducted over the Indian Ocean in the 2006 boreal winter. MISMO was a field 
experiment which JAMSTEC (the Japan Agency for Marine-Earth Science and 
Technology) was leading over the Indian Ocean in October-December 2006 
(Yoneyama et al. 2008). The objective of this study is to evaluate the impact of the 
assimilation of the additional radiosonde observations during MISMO in ALERA, 
and to describe the propagation of the impact signal. Here, we especially focus on 
the impact of the data on three typhoons (Chebi, Cimaron, and Durian) that were 
generated over the tropical western Pacific and attacked the region around Vietnam. 
The outline of the MISMO observations and ALERA products are described in 
section 2. Sections 3 and 4 present the propagation of the effect of the additional 
observations and the analysis improvement. The summary is provided in section 5. 
 
2. Description of MISMO and ALERA 
2.1. The additional radiosonde obsevations during MISMO  

During the MISMO campaign, additional radiosonde soundings were 
conducted at the research vessel (R/V) Mirai that was at and around (0°, 80.5°E) for 
the period from 22 October through 5 December in 2006, and the Maldive islands 
(Gan: 0.7°S, 73.2°E and Hulhule: 4.2°N, 73.5°E). Radiosonde observations were 
conducted 4-8/day at R/V Mirai and 2-4/day at Gan and Hulhule. This intensive 
observation period is divided into the following 4 periods based on the convective 
activity over the central part of the Indian Ocean. The periods of 22 Oct. - 31 Oct., 1 
Nov. - 5 Nov., 6 Nov. - 15 Nov., and 16 Nov. - 5 Dec. are called hereafter P1, P2, 
P3, and P4, respectively. Fig. 1 depicts the time–longitude cross section of the 
outgoing longwave radiation (OLR) along the equator averaged between 7.5°S and 
7.5°N (shading). During P1-P4, moderate convection, considerably suppressed 
convection, moderate convection, and active convection were observed, 
respectively. Fig. 2 depicts the time–longitude cross section of wavenumber-
frequency-filtered OLR indicating the signals of equatorial Rossby waves (ER), 
mixed Rossby-gravity waves (MRG), Kelvin waves, and MJOs by following the 
work of Wheeler and Weickmann (2001). During P1, the moderate convection over 
the MISMO area was found to be associated with an ER and Kelvin waves (Fig. 2a 
and c). During P2 that was convectively suppressed over the MISMO area, although 
only a weak negative anomaly with MRG was seen, other components basically 
show positive anomalies (Fig. 2b). During P3, the moderate convection was found 
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to be associated with an ER and Kelvin waves (Fig. 2a and c). The active 
convection during P4 was found to be associated with an MJO (Fig. 2d). It is 
expected that the impact signals are propagated by the advection and these tropical 
waves. 

 
Fig. 1. Time–longitude cross section of OLR along the equator averaged over 7.5°S–7.5°N 
(shading and contoured at every 10 W/m2). 

 
Fig. 2. Time–longitude cross section of the wavenumber-frequency-filtered OLR 
anomalies (shading and contoured at every 2 W/m2) indicating the signals identified as (a) 
equatorial Rossby wave, (b) mixed Rossby-gravity wave, (c) Kelvin wave, and (d) MJO 
based on Wheeler and Weickmann  (2001).  
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2.2. ALERA datasets 
The ALERA dataset was generated by an analysis cycle using a 40-member 

ensemble forecast with AFES2.2 (Enomoto et al. 2006) at a T159/L48 resolution for 
the period from May 2005 to January 2007. The assimilated observations are 
adapted from the operational numerical weather prediction system of the Japan 
Meteorological Agency (JMA). It should be noted that satellite observations with 
the exception of satellite-based wind data are not assimilated because of technical 
problems. Miyoshi et al. (2007) confirmed that the accuracy of ALERA is 
comparable to those of the JMA operational analysis and National Centers for 
Environmental Prediction/ National Center for Atmospheric Research 
(NCEP/NCAR) reanalysis except for the upper atmosphere above 30 hPa and 
Southern Hemisphere high latitudes. 

In this study, the datasets of ALERA with and without the assimilation of the 
MISMO radiosonde data were used. As described before, we found that there were 
different 4 phases of the convective activity. Then, we conducted 5 sensitivity 
experiments for the period of 22 Oct.-2 Dec. 2006.  

i. The experiment 1 (called EX1) is the dataset without the assimilation of 
the all MISMO radiosonde data.  

ii. The experiment 2 (called EX2) is the dataset with the assimilation of the 
all MISMO radiosonde data.  

iii. The experiment 3 (called EX3) is the dataset with the assimilation of the 
MISMO radiosonde data during P2 (1 Nov.- 5 Nov.) that was a 
convectively suppressed period. 

iv. The experiment 4 (called EX4) is the dataset with the assimilation of the 
MISMO radiosonde data during P3 (5 Nov.- 15 Nov.) that was a 
moderately convectively active period before the MJO onset. 

v. The experiment 5 (called EX5) is the dataset with the assimilation of the 
MISMO radiosonde data during P4 (16 Nov.- 2 Dec.) that was a period 
after the MJO onset. 

These products include the 40-member ensemble analysis values, analysis 
ensemble mean, analysis ensemble spread of wind, temperature, humidity, and 
geopotential height at 17 pressure levels between 10–1000 hPa. The fields of 
analysis ensemble mean correspond to deterministic analyzed fields of an ordinary 
objective analysis product (e.g. NCEP/NCAR reanalysis, ERA40, JRA25). The 
analysis ensemble spread is the data spread of the 40-member ensemble analysis 
values and means the magnitude of the error for the analysis field. The greatest 
merit of ALERA lies in the fact that the error information for all variables and all 
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grid points, which is never given by deterministic objective analysis products, are 
provided.   
 
3. Propagation of the impact signals by tropical waves 

We should consider only sufficiently larger difference than the uncertainty of 
the model to be the impact because the small difference diffuses quickly on the 
entire globe due to the spectral scheme in the model. The small difference is 
possible to grow larger in the region which has the large uncertainty. Then, we 
define the more reliable impact signal that is exceeding 95 % confidence level with 
a statistical test as follows. 

EXa EXb

EXa EXb
2 2

EXa EXb

impact signal(x, y, p, t)= var -var ,

var -var >1.99
((sprd ) +(sprd ) )/(40-1)

    (1) 

Here, EXavar  and EXasprd  represent the analysis ensemble mean and spread of the 

experiment “EXa”, respectively. The analysis ensemble spread can be recognized as 
a variance of the 40-member analysis and the degree of freedom is given by the 
number of the ensemble member; 40 - 1. The impact signal is extracted as 
sufficiently larger amount of change by the assimilation respect to the analysis 
error; it takes the uncertainty of the analysis at each grid into consideration. 

A difference total energy (DTE) norm is defined as 

 p2 2 2

r

c1DTE(x, y, p, t)= (δU +δV + δT )
2 T

    (2) 

Here, δU, δV, δT are the differences of zonal and meridional component winds and 

temperature between two datasets. pc ＝1004 J kg-1 K-1, rT =300 are the specific heat 

capacity at constant pressure and a reference temperature, respectively.  
Fig.  3 shows the horizontal distributions of 1 day-averaged DTE for the 

simple difference and extracted impact signal defined by the equation (1) between 
EX1 and EX2 on 23 October (1 day after the beginning of the MISMO observation) 
at 700 hPa. The reason for selecting the representative level of 700 hPa is the fact 
that the difference between the two datasets is the most remarkable in the layer 850-
500 hPa at the beginning of the datasets. Although the simple difference is found to 
stretch away from the MISMO region, the meaningful impact signal is found to be 
extracted in the vicinity of the MISMO region. Hereafter, DTE for the extracted 
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impact signal, which will be used throughout this study, will be simply called as 
“impact signal.” 

 

 
Fig.  3. The horizontal distributions of 1 day-averaged DTE for (a) the simple difference 
and (b) extracted impact signal between EX1 and EX2 on 23 October at 700 hPa. Vectors 
indicate 1 day-averaged horizontal winds with EX2. The open circles indicate the locations 
of the additionally-assimilated radiosondes at Hulhule, Gan, and R/V Mirai 
 

To see the propagation of the impact signal in the east-west direction 
associating with the tropical waves that are shown in the wavenumber-frequency-
filtered OLR field, the time-longitude cross sections of the impact signal are shown 
in Fig. 4. It is easily found that the impact signal spreads out at the speeds 
corresponding to the phase speeds of the tropical waves (Fig. 4a). The speed of the 
fastest westward propagating signal from 22 Oct. to 26 Oct. between 30-80°E is 
well consistent with the phase speed of the mixed Rossby-gravity wave mode 
convective activity. The speed of the strongest westward propagating signal from 16 
Nov. to 26 Nov. between 30-80°E is well consistent with the phase speed of the 
equatorial Rossby wave mode convective activity. Although the eastward 
propagating feature of the signal corresponding to the MJO is not so clear, the 
strongest signal appears over the Indian Ocean at the MJO onset around 16 Nov. 
The speed of the fastest eastward propagating signal from 22 Oct. to 1 Nov. 
between 80-180°E is well consistent with the phase speed of the Kelvin wave mode 
convective activity. These consistencies of the speeds of the impact signal and 
tropical waves indicate the fact that the unmeaning artificial differences due to 
model schemes are successfully eliminated by the statistical significance test.  
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Fig. 4. The time-longitude cross 
sections of the impact signal  (EX1-
EX2) at 700 hPa averaged between (a) 
5°S and 5°N and (b) 5°N and 25°N. 
The thick and thin solid lines represent 
the propagations of the MJO and 
Kelvin mode convective activities, 
respectively. The thick and thin dashed 
lines represent the propagations of the 
Mixed Rossby-gravity and equatorial 
Rossby mode convective activities, 
respectively. In (b), the cross marks 
and the open circles (blue, red, black) 
represent the positions of tropical 
disturbances, tropical depressions, 
typhoons derived from the Joint 
Typhoon Warning Center best track 
data, respectively. 
 

 
Fig. 5. The time-longitude cross sections of the impact signal at 700 hPa averaged between 
5°N and 25°N for (a) EX1-EX2, (b) EX1-EX3, (c) EX1-EX4, and (d) EX1-EX5. The 
impact signal features noted in (a) associating with the typhoons are marked as “i1,” “i2,” 
and “i3.” The labels of K1-6 indicate the six Kelvin waves passing over the MISMO area 
during the MISMO period. 
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Focusing on 5-25°N (Fig. 4b), the three typhoons of Chebi, Cimaron, and 
Durian were generated and moved westward during the MISMO period. It is easily 
found that the stronger impact signals appear in association with the three typhoons 
over the tropical western Pacific. Especially, the strong signals more than 1.6 m2/s2 

tend to appear when the Kelvin waves pass to the south of the typhoons. This 
feature implies that the information added by the additional radiosondes affects 
typhoons through the Kelvin waves.  

Fig. 5 shows the time-longitude cross sections of the impact signal for EX1-
EX2, EX1-EX3, EX1-EX4, and EX1-EX5. Focusing on the three impact signal 
features for EX1-EX2 marked as “i1,” “i2,” and “i3,” which correspond to Chebi, 
Cimaron, and Durian, respectively, they have significant differences between the 
sensitivity experiments. It is clearly found that the impact of “i1” disappears in the 
signal pattern of EX3. This fact suggests that the data before 1 Nov. affect the 
analysis field around the typhoon Chebi through the Kelvin wave labeled as K2. 
Also, the impact of “i2” disappears in the signal pattern of EX4 and it is suggested 
that the data before 5 Nov. affect the analysis field around the typhoon Cimaron 
through the Kelvin wave labeled as K3. In contrast, the impact of “i3” appears even 
in the signal pattern of EX5. This could be due to the fact that the Kelvin wave 
labeled as K5, which could induce the impact of “i3,” passed over the MISMO area 
after 16 Nov. From these results, it is found that the information by the additional 
radiosonde data strongly affect the analysis of the three typhoons through the 
Kelvin waves.  
 
4. Propagation of the analysis improvement 

Since ALERA provides the analysis ensemble spread indicating the analysis 
errors, we can directly evaluate the improvement of the analysis accuracy from the 
spread differences between two datasets. We should, of course, extract the 
significant differences of the analysis ensemble spread that is exceeding 95 % 
confidence level with a statistical test. Accordingly, a test statistic must satisfy the 
following condition. 
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Here, EXasprd  and EXa_ivar  represent the analysis ensemble spread and the analysis 

with the member “i” of the experiment “EXa”, respectively. Additionally, a norm of 
the analysis error reduction (positive/negative values mean 
“improvement/degradation”) is defined as  

p
U V T

r

c1norm(x, y, p, t)= (δsprd +δsprd +δsprd )
2 T

    ( 4 ) 

Here, U V Tδsprd , δsprd , δsprd  are the differential spread of zonal and meridional 

component winds and temperature between two datasets. pc ＝1004 J kg-1 K-1, 

rT =300 are the specific heat capacity at constant pressure and a reference 

temperature, respectively. Note that the norm of the error reduction is evaluated for 
the range of  

U V Tδsprd >2.0, δsprd >2.0, δsprd >0.8      ( 5 ) 

because it is expected that the analysis improvement is obtained in the region where 
the analysis error is larger than the observation error (U,V,T)=(2.0, 2.0, 0.8)  as 

described in section 2). 
Fig. 5 shows the horizontal distributions of the analysis error reduction when 

the three typhoons approach the Vietnam region. It is found that the analysis error 
reduction tends to be obtained to the western side of each typhoon over the South 
China Sea. Fig. 5 shows the time-longitude cross section of the analysis error 
reduction. It is found that the additional MISMO soundings make the continuous 
error reduction over the region between 30-110°E, and totally improve the analysis 
to the east of 110°E by 0.5 m/s. Although the interpretation of the degradation is 
difficult, we may also have to consider including the “type II error (extracting the 
unmeaning difference)” in the statistical significance test. Anyway, it is objectively 
shown that the MISMO data improve the analysis field in the vicinity of the 
Maritime continent including the Vietnam area. These results from this study show 
that the method of the evaluation of the additional observation impact with ALERA 
will be useful to provide guidelines for the consideration of the future operational 
observation strategy for improving effectively the forecast accuracy. 
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Fig. 6. The horizontal distributions of the analysis error reduction at 12 Z on (a) 31 Oct., 
(b) 10 Nov., and (c) 2 Dec. at 700 hPa between EX1 and EX2. The cross marks in (a), (b), 
and (c) indicate the position of the typhoons of Chebi, Cimaron, and Durian, respectively. 

 
 
Fig. 7. The time-longitude cross sections of the analysis error reduction at 700 hPa 
averaged between 5°N and 25°N for EX1-EX2. 
   

 
5. Summary 

The impact of the assimilation of the additional MISMO radiosondes over the 
Indian Ocean during the period of 22 Oct. – 5 Dec. 2006 in a new type of the 
objective analysis “ALERA” was investigated. Using the error information of the 
ensemble spread with ALERA, a test of significance is possible to be performed for 
the impact signal of the assimilated radiosondes. The strong impact of the 
assimilation of the data appeared over the Indian Ocean at the MJO onset. In 
addition, the impact signal propagated eastward by Kelvin waves and typhoons over 
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the tropical western Pacific (Chebi, Cimaron, and Durian) was found to be affected 
by the data. The typhoons moved westward and attacked the area around Vietnam. 
It was also objectively shown that the MISMO data improve the analysis field in the 
vicinity of the Maritime continent including the Vietnam area. Accordingly, the data 
over the Indian Ocean were found to have a great impact on the analysis field 
around Vietnam. Using the method of the evaluation of the additional observation 
impact with ALERA, we can provide guidelines for the consideration of the future 
operational observation strategy for improving effectively the forecast accuracy. 
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Abstract 
Seasonal variation of errors in an objective analysis over Vietnam area 

was investigated. The objective analysis is called “ALERA” using the 
assimilation technique with the ensemble Kalman filter. ALERA provides 
analysis values (ensemble mean) and their error values (ensemble spread) at 
each grid point. We can examine the more effective variables and periods of 
the operational observation for improving the analysis (forecast) accuracy. 
Through the year, the accuracy of the objective analysis at the grids over the 
northern Vietnam is significantly higher than that over the southern Vietnam. 
While, at the grids over the southern Vietnam, errors in the lower layers in 
boreal summer are significantly large. Accordingly, it is suggested that 
adding observations in the lower layers in boreal summer over the southern 
Vietnam are more effective in the consideration of the future operational 
observation strategy. 

 
Keywords: ensemble Kalman filter assimilation, seasonal variation, monsoon, Vietnam 

 
1. Introduction 

“ALERA” is an experimental atmospheric reanalysis dataset generated by 
analysis cycles using a system composed of 40-member ensemble forecast with 
AGCM for the Earth Simulator (AFES, Ofuchi et al., 2004) which applies the 
assimilation technique with the local transform ensemble Kalman filter (LETKF, 
Miyoshi and Yamane, 2007). ALERA provides analysis values (ensemble mean) 
and their error values (ensemble spread) at each grid point. The difference between 
ALERA and other reanalysis datasets is that ALERA analyzes 40 analytical values 
at a certain time equally. We cannot avoid including the error in the analysis value 
and it is impossible to know the analysis error accurately. Therefore, it is important 
to understand the distribution of the analysis error in order to consider the 
predictability of the atmosphere. In addition, understanding of the feature of the 
analysis error is very important to reflect the observational data in an analysis value 
effectively.  



International MAHASRI/HyARC Workshop on Asian Monsoon  
 
 

5 - 7 March 2009, Da Nang, Viet Nam  150

In the previous works, the experiments to evaluate the influence of the 
observational data (sonde and buoy) are carried out by using the technique of 
ALERA. Moteki et al., (2007) carried out the impact experiments of the dropsonde 
observations in PALAU2005 (Pacific area long-term atmospheric observation for 
understanding of climate change) by using ALERA, and showed that the 
assimilation impact appeared strongly around Japan. Inoue et al., (2009) performed 
experiment on the assimilation impact of the arctic drifting buoys using ALERA, 
and evaluated the influence of the buoy data on the analysis of surface fields. 
Moreover, they try to use such results to design the observation strategy and to 
make the effective observation plan in the future. Even if the assimilation impact 
test of adding or removing the observational data is not carried out, we can examine 
the more effective variables and periods of the operational observation for 
improving the analysis (forecast) accuracy using analysis values (ensemble mean) 
and their error values (ensemble spread) of ALERA.  

The objective of this study is to show the seasonal variation of the errors in an 
objective analysis over Vietnam area using ALERA dataset. Especially, we pay 
attention to the variation of analysis error related to the summer and winter 
monsoon flows over Vietnam. 

 
2. Data 

ALERA (AFES-LETKF experimental ensemble reanalysis dataset) is an 
experimental atmospheric reanalysis dataset produced on the Earth Simulator. It 
was generated by analysis cycles using a system composed of 40-member ensemble 
forecast wit AFES 2.2 (Enomoto et al., 2008) at T159/L48 resolution (about 80-km 
in the horizontal and 48 layers in the vertical). Observational data excluding satellite 
radiances are assimilated using the local ensemble transform Kalman filter (LETKF, 
Miyoshi and Yamane, 2007). They are adopted from the operational numerical 
weather prediction system of the Japan Meteorological Agency (JMA). Miyoshi et 
al., (2007) confirmed that the accuracy of ALERA is comparable to those of JMA 
operational analysis and National Centers for Environmental Prediction/National 
Center for Atmospheric Research (NCEP/NCAR) reanalysis except for the upper 
atmosphere above 30 hPa and Southern Hemisphere high latitudes.  

The product includes ensemble mean and spread of winds, temperature, dew 
point depression and geopotential height which are interpolated vertically from the 
model levels to 17 pressure levels between 10-1000 hPa and sea-level pressure with 
1.25° × 1.25° horizontal resolution for the period from May 2005 to Jan. 2007. The 
strong point of ALERA is that the dataset provides not only the ensemble mean but 
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also spread of the ensemble members. The ensemble spread is similar to variance 
except that the squared sum of anomalies is divided by the number of ensemble 
members (40 instead of 40-1). We can use the spread as a measure of the analysis 
error. 

This study also uses pentad precipitation analysis of the Global Precipitation 
Climatology Project (GPCP). It is created on a 2.5 degree latitude/longitude grid 
and covers a period from 1979 to 2008. In addition, daily station rain gauge data in 
Vietnam provided by Institute of Meteorology and Hydrology and the Vietnam 
National Hydro-Meteorological Service is utilized. Typhoon best track data of JMA 
is used as supplements. 

 
3. Seasonal variation of the analysis error 

In order to investigate the regional and the seasonal characteristics of the 
analysis error over Vietnam, time series of the errors of zonal wind speed at lower 
levels averaged between 105°E and 110°E in 2006 are shown in Fug.1. The analysis 
errors are averaged in the northern (20-25°N), central (15-20°N) and southern (10-
15°N) areas, respectively. As in shown in Fig.1, the error around Vietnam in boreal 
summer is larger than that in boreal winter. Between the three areas, the error in the 
southern Vietnam is the largest and that in the northern Vietnam is the smallest, 
through the year.  

To examine the spatial distribution of the analysis error more in detail, 
monthly mean of the analysis error of zonal wind speed at 850 hPa in 2006 is shown 
in Fig. 2. Figure 2 indicates that the analysis error over the southern Vietnam and 
the South China Sea is larger than other northern areas. Especially in the east 
coastal area of the central Vietnam and the South China Sea, the error is extremely 
large from May to September. In January-February and November-December, on 
the other hand, the analysis error decreases in the eastern coastal area in the 
northern and central Vietnam. 

In order to compare the seasonal change of the spatial distribution of the 
analysis error and the actual synoptic condition, Fig. 3 shows monthly mean of the 
geopotential height, temperature and wind velocity at 850 hPa in 2006 by the 
ensemble mean of ALERA. In January and February, and from October to 
December, the high geopotential height and low temperature area is found in the 
northern continental area and it extends to the south. Especially in the east coastal 
area of the northern and central Vietnam, the area reaches to the south further. Over 
Vietnam, the easterly or northeasterly wind is dominant. From April to August, on 
the other hand, the geopotential height over the northern continental area becomes 
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lower and the latitudinal temperature gradient is decreased. During from April to 
June, the southwesterly wind is found in the northern Vietnam and the southeastern 
China, while the wind speed is weak. In July and August, the strong westerly 
dominates widely in the south of 20°N. In September, both the latitudinal gradients 
of geopotential height and temperature are small and the wind speed is also weak. In 
addition, it is found that the wind direction reverses after September.  

 
Fig. 1 Seasonal change of spreads of zonal wind speed at low level averaged for 105°E to 
110°E in 2006. 30-day running mean of the total of the spread at 1000, 925, 850 and 700 
hPa is shown. Dashed, broken and solid lines indicate the northern (20-25°N), central (15-
20°N) and southern (10-15°N) areas, respectively. Unit is m s-1. 

 
In 2006, that is, the summer westerly monsoon is dominant from June to 

August over Vietnam, and May and September correspond to the pre-monsoon 
period of the summer westerly and the transition period to the winter northeasterly 
monsoon, respectively. From Figs.2 and 3, it is understood that the analysis error of 
the summer westerly monsoon from June to August is larger compared with the 
winter northeasterly monsoon from January to February and October to December. 
Oppositely, an analysis error is especially small in the east coast of the northern 
Vietnam in January-February and November-December when the winter 
northeasterly monsoon is dominant. Moreover, it is understood that the two peaks 
shown in June and September in the southern area (south of 15°N) in Fig. 1 
indicated that the analysis error enlarge especially in the pre-monsoon period of the 
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summer westerly and the transition period to the winter northeasterly monsoon, 
respectively. 

 
Fig. 2 Monthly mean of the analysis error of zonal wind speed at 850 hPa in 2006. 

 
Fig. 3 Monthly mean of the geopotential height (color scale), temperature (contour) and 

wind velocity at 850 hPa in 2006. 
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4. The analysis error of monsoon flow and precipitation in Vietnam 
The analysis error for the monsoon flow over Vietnam was shown in Sec. 3. In 

this section, the precipitation over Vietnam corresponding to the analysis error of 
the zonal wind speed is examined. Figures 5 and 6 indicate the precipitation over 
Vietnam in 2006 and in climatology averaged from 1979 to 2008, respectively. The 
precipitation is averaged over three areas of the southern (10-15°N), central (15-
20°N) and northern (20-25°N) Vietnam between 105°E and 110°E. 

 
Fig. 4 As in Fig.3, but for 30-day running mean of GPCP pentad precipitation. 

 
Fig. 5 As in Fig.4, but for the 30 years mean from 1979 to 2008. 
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Fig. 6 Daily precipitation at (a) Lang: northern area, (b) Da Nang: central area, 

 and (c) Phu My: southern area of Vietnam in 2006. 
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5. Summary 
Present study investigated seasonal variation of errors in an objective analysis 

over Vietnam area utilizing ALERA dataset. Through the year, the accuracy of the 
objective analysis at the grids over the northern Vietnam is significantly higher than 
that over the southern Vietnam. While, at the grids over the southern Vietnam, 
errors in the lower layers in boreal summer are significantly large. Moreover, it is 
understood that the analysis error in the southern Vietnam (south of 15°N) enlarge 
especially in the pre-monsoon period of the summer westerly (in June in 2006) and 
the transition period to the winter northeasterly monsoon (September in 2006), 
respectively.  

It is expected that the analysis (forecast) of the summer westerly monsoon in 
the subtropics is more difficult than the winter northeasterly monsoon originating 
from the mid-latitudes. Especially, the analysis error grows up in the pre-monsoon 
period when the westerly monsoon is not established completely, and in the 
transition period from the summer westerly to the winter northeasterly monsoon. In 
addition, it is thought that the difference of the analysis error between the 
northeasterly monsoon and the westerly monsoon is also influenced by the number 
of observational stations in the windward. In the windward of the northeasterly 
monsoon, there is a Chinese continent with a lot of observation points. Therefore, a 
lot of observational data is assimilated into the model and the accuracy of the 
analysis becomes high. On the other hand, the windward of the westerly monsoon 
corresponds to Indian Ocean and Bay of Bengal where little observational point 
exist. Therefore, the accuracy of the analysis is considered to become low. It seems 
that the influence on the analysis (forecast) of the precipitation might be not small 
either.  

It is expected that the additional observation in the central and the southern 
Vietnam and in the windward ocean in the summer monsoon season contributes to 
improve the accuracy of the analysis value over Vietnam, and to maintain the 
accuracy of the analysis through the year. Accordingly, it is suggested that adding 
observations in the lower layers in boreal summer over the southern Vietnam are 
more effective in the consideration of the future operational observation strategy. 
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Abstract 
The Thu Bon – Vu Gia river system located in Central Vietnam is 

often affected by large floods and inundations causing considerable damages 
to people and infrastructure. The flood protection and mitigation in the 
region has led to heighten interest in real-time flood forecasting systems in 
which the crucial component is the flood forecasting modelling. Due to the 
complexity of the hydrological processes and the basin characteristics, the 
integration of some models is becoming more capable for flood prediction, 
and decision making in watershed management. In this research, a 
distributed hydrological modeling (WETSPA) integrated with hydraulic 
modeling (HECRAS) is developed to simulate and predict flood in this 
basin.  

WetSpa model is used to simulate and predict floods in Thanh My, 
Nong Son and sub-catchments in the upstream part of the river system, as 
input to the hydraulic model. The WetSpa model uses GIS-maps (DEM, soil, 
land use) and time series of precipitation and other meteorological data to 
simulate runoff. Simulation results from the model are compared to observed 
stream flow data in the three catchments. For the calibration periods (flood 
seasons 2002-2005), a good agreement between calculated and simulated 
hydrographs is obtained with Nash-Sutcliffe coefficients between 0,58 to 
0,92. For the verification periods (flood seasons 2006-2007), the model also 
predicts the hydrographs with high accuracy with Nash-Sutcliffe coefficients 
more than 0,8. These results for calibration and verification show close 
correlation between simulated and observed hydrographs. Peak discharges, 
occurred time, and flow volumes are quite well predicted and the model can 
represent both low-flow and high-flow runoff in the catchments.  

The hydraulic model HECRAS is applied to simulate the flow and 
water profiles in the downstream Thu Bon – Vu Gia river system, which is 
also affected by the tide. The river system is represented by 320 cross 
sections, 8 storages which connected together by reaches. The simulation 
discharges from the upstream catchments calculated by the WetSpa model 
are used as upstream boundary conditions, while measured tidal data is used 
as downstream boundary condition for the hydraulic simulations. Data for 
calibration and verification of the HECRAS model are observed stage 
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hydrographs at Cau Lau and Ai Nghia stations. The simulation results show 
that the calculated hydrographs are generally in good agreement with the 
observations. The peak flood levels at Cau Lau and Ai Nghia stations are 
well simulated with a maximum error of 0.75 m. These results for calibration 
and verification indicate that the model is suitable for both peak flow 
prediction and hydrograph simulation in this area and the high flows are 
reproduced more accurately making the model suitable for assessing flood 
risks. 

This coupled Wetspa–HECRAS model was used for real-time 
simulation of flooding in the area. The flood forecasting software based on 
two models was developed. This software supplies automatic tools such as 
updating, displaying rainfall and water level data, running model, data 
assimilation, supply bulletins etc. This software was experimented on flood 
forecasting for Thu Bon – Vu Gia river system in flood season in 2008 and 
gave quite good results. 

 
1. Introduction 

The Thu Bon – Vu Gia river system located in Central Vietnam is often 
affected by large floods and inundations causing considerable damages to people 
and infrastructure. The flood protection and mitigation in the region has led to 
heighten interest in real-time flood forecasting systems in which the crucial 
component is the flood forecasting modelling.  

Physically based distributed models have become popular in flood prediction 
and rainfall–runoff computation and in describing the spatio-temporal variability of 
anthropogenic effects on hydrological processes. These models have the advantage 
of reflecting the effects of spatially distributed model parameters on stream flow 
such as land use or topography. Availability of digital spatial data such as digital 
elevation models (DEM), and the recent advances in computer hardware and 
geographic information system (GIS) technology, make the use of distributed 
models much easier and practical. Some of these physically based distributed 
models have obtained worldwide recognition, as for instance Topmodel (Beven, 
1991), SHE (Abbott et al., 1986), SWAT. The WetSpa model is a grid-based 
distributed hydrological model for water and energy transfer between soil, plants 
and atmosphere, which was originally developed by Wang et al. (1997) and adapted 
for flood prediction by De Smedt et al. (2000) and Liu et al. (2003). The WetSpa 
model has been applied in several studies, e.g. the Barebeek catchment in Belgium 
(De Smedt et al., 2000), the Alzette river basin in Luxembourg (Liu et al., 2003), 
the Hornad watershed in Slovakia (Bahremand et al., 2005) and the Tisza river 
basin with different success. The model has also been used for assessing land use 
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and climate change impacts and river restoration effects on flooding in several 
studies (e.g. Gebremeskel, 2003; Liu et al., 2004, Bahremand et al., 2005b). These 
studies showed that the model is capable to simulate stream flow, to predict floods, 
and to assess the effects of land use and climate changes on hydrologic processes 
and floods. Also, the model has been adopted and applied for simulation of runoff 
and phosphorus transport for the Margecany catchment in Slovakia (Liu et al., 
2006).  

The Wetspa model has strongly capable to simulate stream flow, to predict 
floods, and to assess the effects of landuse and climate changes on hydrologic 
processes and floods on the upstream area of Thu Bon – Vu Gia river basin. 
However, the Wetspa model cannot fully reflect the hydraulic impacts to the flow 
routing due to tide, levees, bridges in the downstream area. Due to the complexity 
of Thu Bon – Vu Gia river system and effects of tide to flow in the downstream 
area, there is a need for using hydraulic modeling to fairly assess flood in this area. 
The one-dimensional unsteady state flow model HECRAS (USACE, 2001) is one 
option for coupling with the Wetspa model to simulations of peak discharge, flow 
and water level hydrographs in this area. The model HEC-RAS delineates a fully 
functional modeling environment which allows coping with virtually all types of 
problems concerning river networks, and for this reason it has been taken as a basic 
part of the general hydrologic modeling system at Thu Bon – Vu Gia river basin. 
The integration of two models is becoming more capable for flood prediction, and 
decision making in the river basin. 

The objective of this research is to integrate the physically based distributed 
hydrologic model WetSpa and the one dimension hydraulic model HECRAS to 
simulate and predict flooding in Thu Bon – Vu Gia river basin. The WetSpa model 
is used to compute flood hydrographs at each outlet of upstream subcatchments 
using 6-hourly rainfall data as input. The flood hydrographs computed by the model 
serve to determine the upstream inflows of the hydraulic model which is used to 
predict discharge and flooding in the downstream river system. The objective is 
archived in two steps: The first step involves the calibration of the WetSpa model 
for the upper catchments based on observation of recent flood event; The second 
step involves the calibration of the HECRAS model for simulating the flooding in 
the downstream part of the basin. 
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2. Methodology 
2.1. Description of Wetspa model 

The WetSpa model was originally developed by Wang et al. (1997) and 
adapted for flood prediction by De Smedt et al. (20000 and Liu et al. (2003). The 
model utilizes hydro-meteorological data and three basic digital maps: topography, 
land-use and soil type, to derive the model spatial parameters with the help of 
ArcView scripts. The hydrological processes include precipitation, interception, 
depression storage, surface runoff, infiltration, evapotranspiration, percolation, 
interflow, and ground water flow. In order to account for the non-uniformity of the 
land use per cell the total water balance for each raster cell is composed of a 
separate water balance for the vegetated, bare-soil, open water and impervious part 
of each cell. A mixture of physical and empirical relationships is used to describe 
the hydrological processes in the model. The model results in peak discharges and 
hydrographs in any location of the channel network and the spatial distribution of 
hydrological characteristics. Hydrological processes in each grid cell are set in a 
cascading way, starting from a precipitation event. Incident rainfall first intercepts 
all or part of the rainfall until the interception storage capacity is reached. Excess 
water reaches the soil surface and can infiltrate into the soil zone, enter depression 
storage, or is diverted as surface runoff. The depression storage is subjected to 
evaporation and further infiltration. The sum of the interception and depression 
storage forms the initial losses at the beginning of a storm, and does not contribute 
to the storm flow. A fraction of the infiltrated water percolates to the groundwater 
storage and some is diverted as interflow. Soil water is also subjected to 
evapotranspiration depending on the potential evapotranspiration rate and the 
available soil moisture. Groundwater discharges to the nearest channel proportional 
to the groundwater storage and a recession coefficient. Evapotranspiration from 
groundwater storage is also accounted for. Total runoff from a grid cell is the 
summation of surface runoff, interflow and groundwater discharge.  For each grid 
cell, the root zone water balance is modelled by equating inputs and outputs: 

FREVIP
dt
dD −−−−−=
θ     (1) 

where D [L] is root depth, θ [L3L−3] is soil moisture, t [T] is time, I [LT−1] the initial 
abstraction including interception and depression losses, V [LT−1] is surface runoff 
or rainfall excess, E [LT−1] is evapotranspiration, R [LT−1] is percolation out of the 
root zone, and F [LT−1] is interflow. Rainfall excess is calculated using a moisture-
related modified rational method with a potential runoff coefficient depending on 
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the land cover, soil type, slope, the magnitude of rainfall, and the antecedent soil 
moisture: 

α

θ
θ ))((

s

IPCV −=       (2) 

where θ [L3L−3] is soil porosity or saturated water content, C [-] is potential runoff 
coefficient. Values of C are taken from a lookup table, linking values to slope, soil 
type and landuse classes (Liu and De Smedt, 2004). α [−] is a variable reflecting the 
effect of rainfall intensity on the rainfall excess coefficient.  
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Where Krun [-] is surface runoff exponent and Pmax [LT-1] is maximum rainfall 
intensity. The value of α is higher for low rainfall intensities resulting less surface 
runoff, and approaches to one for high rainfall intensities result in a linear 
relationship between rainfall excess and soil moisture. Evapotranspiration from the 
soil and vegetation is calculated based on the relationship developed by 
Thornthwaite and Mather 1955, as a function of potential evapotranspiration, 
vegetation type, stage of growth and soil moisture content.  

⎪
⎪

⎩

⎪
⎪

⎨

⎧

>−−

≤≤⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−
−

−−

<

=

fdipv

fww
wf

w
dipv

w

forEEEc

forEEEc

for

E

θθ

θθθ
θθ
θθ

θθ

)(

0

           (4) 

Percolation and interflow are assumed to be gravity driven. Percolation out of the 
root zone is equated as  
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Where K(θ) [LT-1] is the unsaturated hydraulic conductivity depending on the 
moisture content as a function of the soil pore size distribution index (Eagleson, 
1978). Darcy’s law and a kinematic wave approximation are used to determine the 
amount of interflow generated from each cell. 

WKDScF f /)(0 θ=                            (6) 

Where S0 [LL-1] is surface slope, W [L] is cell width, and Cf [-] is a scaling 
parameter depending on land use, used to consider river density and  the effect  of 
organic matter on the horizontal hydraulic conductivity in the top soil layer. Routing 
of overland flow and channel flow is implemented by the method of the diffusive 
wave approximation of the St. Venant equation: 
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where Q [L3T−1] is the discharge, x [L] is the distance along the flow direction, c 
[LT−1] is the location dependent kinematic wave celerity by which a disturbance 
travels along the flow path, and d [L2T−1] is the location dependent dispersion 
coefficient, which expresses the tendency of the disturbance to disperse 
longitudinally as it travels downstream. Assuming that the water level gradient 
equals the bottom slope and the hydraulic radius approaches the average flow depth 
for overland flow, c and d can be estimated by c = (5/3)v, and d = (vH)/(2So) 
(Henderson, 1966), where v [LT−1] is the flow velocity calculated by the Manning 
equation, and H [L] is the hydraulic radius or average flow depth. An approximate 
solution to the diffusive wave equation in the form of a first passage time 
distribution is applied (Liu et al., 2003), relating the discharge at the end of a flow 
path to the available runoff at the beginning. 
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Where U(t) [T−1] is the flow path unit response function, serving as an instantaneous 
unit hydrograph (IUH) of the flow path, which makes it possible to route water 
surplus from any grid cell to the basin outlet or any downstream convergent point, t0 
[T] is the average flow time, and σ [T] is the standard deviation of the flow time. 
Parameters t0 and σ are spatially distributed, and can be obtained by integration 
along the topographic determined flow paths as a function of flow celerity and 
dispersion coefficient. 

=0t dxc∫ −1        (9) 

and  

∫= dxcd )/2( 3σ       (10) 

Groundwater storage and drainage are modeled by lumped linear reservoir on 
small GIS derived subcatchment scale. Flow and interflow are routed firstly from 
each grid cell to the main channel, and joined with groundwater flow at the 
subcatchment outlet. Then the total hydrograph is routed to the basin outlet by the 
channel response function derived from Eq. 8. Inputs to the model include digital 
elevation data, soil type, land use data, and measured climatological data. Stream 
discharge data is optional for model calibration. All hydrological processes are 
simulated within a GIS framework. 

In order to evaluate how well WetSpa reproduces an observed hydrograph, a 
series of statistics are used. In addition to the evaluation based on a visual 
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comparison and an evaluation of peak flow rate and time to the peak, the bias, 
model confidence, and the model efficiency are also taken into account. These 
statistical measures provide quantitative estimates for the goodness of fit between 
observed and predicted values, and are used as indicators of the extent at which 
model predictions match observation. (Liu. and De Smedt 2004 
 
2.2. Description of Hecras model 

HECRAS is a hydraulic model package of the US Army Corps of Engineers - 
Hydrologic Engineering Center (HEC). The package contains three one-
dimensional hydraulic analysis components for: (1) steady flow water surface 
profile computations; (2) unsteady flow simulation; and (3) movable boundary 
sediment transport computations. All three components use a common geometric 
data representation and common geometric and hydraulic computation routines. In 
addition to the three hydraulic analysis components, the system contains several 
hydraulic design features that can be invoked once the basic water surface profiles 
are computed. The simulation of the unsteady flow in the model uses the UNET 
algorithm. The UNET model is a one-dimensional unsteady state flow model 
(USACE, 1997), which solves the full dynamic wave Saint–Venant equations to 
simulate one-dimensional flow through single, dendritic, or looped systems of open 
channels. It also simulates levee failures, flow through navigation dams, gated 
spillways, weir overflow structures, bridges and culverts, and pumped diversions. 
The Unsteady flow is simulated based on two equations (USACE, 2001):  

a) The Continuity Equation: The continuity equation describes conservation 
of mass for the one-dimension system. With the addition of a storage term, S, the 

continuity equation ca be written as: 0=−
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ω , where: ω is Cross-

sectional area; t - time; Q - flow; S - storage from non conveying portions of cross 
section; X -distance along the channel; ql - Lateral inflow per unit distance. The 
above equation can be written for the channel and floodplain: 
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Where the subscripts c and f refer to the channel and floodplain, respectively, 
ql is the lateral inflow per unit length of floodplain, and qc and qf are the 
exchanges of water between the channel and the floodplain. 

b) The Momentum equation: The momentum equation states that the rate of 
change in momentum is equal to the external forces acting on the system. For the 
single chanel: 
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where  Q is Discharge; t - time; V - velocity; x - distance along the channel,                  
g - acceleration of gravity; ω  - Cross-sectional area; Sf - friction slope 

The above equation can be writen for the channel 
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And for the floodplain 
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where Mf and Mc are the momentum fluxes per unit distance exchange 
between the floodplain and the channel.   

Upstream boundary conditions are required at upstream end of all reaches 
that are not connected to other reaches or storage areas. An upstream boundary 
condition is applied as flow hydrograph of discharge versus time. Downstream 
boundary conditions are required at downstream end of all reaches which are not 
connected to other reaches or storage areas. The HECRAS program uses the 
Hydraulic Engineering Center’s Data Storage System (HEC-DSS) (USACE, 1995) 
for input and output hydrographs to facilitate model adaptation for large river 
systems and various scenarios. 

 
2.3. Coupling WetSpa and HECRAS  models 

The WetSpa and HECRAS models were coupled externally in this study. The 
WetSpa model calculates discharges from rainfall and potential evaporation inputs. 
The simulated flows from the Wetspa model were used as the input for the 
HECRAS model for flow routing at an upstream discharge point. The HECRAS 
model simulates hydrographs at downstream area. Figure 1 shows structure of the 
WetSpa and HECRAS models and their coupling. The Hydraulic Engineering 
Center Data Storage System HEC-DSS (USACE, 1995) was used to store output 
data from the Wetspa model and input and output data for the HECRAS model. 
 
3. Application and results 
3.1.  Study area 

The WetSpa and HECRAS models were applied for upper of Thu Bon – Vu 
Gia river basin in the Central part of Vietnam. This area includes two upstream 
catchments namely Thanh My and Nong Son and some upstream catchments along 
the river and a downstream area with complex river system and being affected by 
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the tide. Figure 2 shows Thu Bon – Vu Gia river system and location of hydro-
meteorological stations. The study area lies in the tropical monsoon zone, has a 
annual average temperature ranges from 21OC to 26 OC and annual average relative 
humidity of 85%.  The basin is situated in heavy rain affected area of the Central 
Viet Nam with the mean annual precipitation from 1960 to 4000 mm. Rainy season 
prolongs from September to December accounting from 60-80 % of yearly rainfall. 
In this area, flood and inundation usually follows heavy rains, typhoon, and tropical 
depression. Large floods usually occur under the affect of synoptic combination of 
typhoon, tropical depression with cold air surge. 
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Fig. 1. The structure of the WetSpa and HECRAS models and their coupling 

 
Fig. 2. Thu Bon-Vu Gia river system and location of hydro-meteorological stations 
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3.2.  Wetspa model simulation and results  
For each sub-catchment, three digital maps, DEM, soil type and land use, in 

raster format were used to derive spatial model parameters required in the WetSpa 
model. The elevation data for the river basin was digitized from an elevation map 
and interpolated to construct a 50 m grid size DEM, from which the drainage 
system was delineated. The original land cover information was reclassified into 14 
categories and converted to a 50 m cell size grid for use in the WetSpa model, and 
re-grouped into 5 classes for deriving model parameters of potential runoff 
coefficient and depression storage capacity.  The original soil map was reclassified 
into 12 USDA soil texture classes based on their textural properties and converted 
to a 50m cell size grid. Figure 3 shows DEM, land use and soil type maps of Thanh 
My and Nong Son catchment. 

Spatial model parameters were undertaken based on 3 basic maps of DEM, 
land use and soil type. Terrain features at each grid cell including elevation, flow 
direction, flow accumulation, stream network, stream link, stream order, slope, and 
hydraulic radius were first extracted from the DEM. The threshold for delineating 
the stream network was set to 100, i.e., a cell is considered being drained by a 
stream when the upstream drained area is greater than 0.25 km2. The threshold 
value for determining subcatchments was set to 1,000. When creating the grid of 
surface slope, a threshold value of minimum slope of 0.01% was considered in 
order to deal with the problem of zero slopes in specific areas. The grid of hydraulic 
radius was generated with an exceeding frequency of 0.5 (2-year return period). The 
grids of soil hydraulic conductivity, porosity, field capacity, residual moisture, pore 
size distribution index, and plant wilting point were reclassified based on the soil 
texture grid by means of an attribute lookup table. Similarly, the grids of root depth, 
interception storage capacity, and Manning’s roughness coefficient were 
reclassified from the land use grid, in which the Manning’s coefficient for channels 
is linearly interpolated based on the stream order grid with 0.05 m−1/3 s for the 
lowest order and 0.03 m−1/3 s for the highest order. The grids of potential runoff 
coefficient and depression storage capacity were obtained by means of attribute 
tables combining the grids of elevation, soil and land use. The grids for precipitation 
were created based on the geographical coordinates of each measuring station and 
the catchment boundary using the Thiessen polygon extension of the ArcView 
Spatial Analyst. Finally, the grids of flow velocity, travel time to the basin outlet, as 
well as the standard deviation were generated, which enable to calculate the IUH 
from each grid cell to the basin outlet. Figure 4 shows some parameter maps of 
Thanh My and Nong Son catchment. 
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a) DEM of  Thanh My b) Land use of  Thanh My c) Soil type of Thanh My 

    
d) DEM of  Nong Son e) Land use of  Nong Son f) Soil type of Nong Son 

 
Fig. 3. DEM, land use and soil type maps of Thanh My and Nong Son catchment 

 

  
 

a) Conductivity of  Thanh My b) Maning coef. of  Thanh My c) Travel time of Thanh My 

   
d) Conductivity of  Nong Son e) Maning coef. of  Nong Son f) Runoff coef. of Nong Son 

 
Fig. 4. Some parameter maps of Thanh My and Nong Son catchment. 
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Model calibration and validation: 6-hourly precipitation and discharge on six 
flood seasons (2002-2007) at Nong Son station on Thu Bon river and Thanh My 
stations on Vu Gia river were used for model calibration and validation. The first 4 
years (2002-2005) was chosen for model calibration and the second 2 years (2006-
2007) for model validation. 

Calibration of the WetSpa model was performed using manual procedure. The 
manual calibration was implemented using a cyclical process of making parameter 
changes, running the model, producing the comparisons of simulated and observed 
values, and interpreting the results.  In this study, calibration process was performed 
mainly for the global parameters including interflow scaling factor, base flow 
recession coefficient, evapotranspiration coefficient, initial soil moisture and 
groundwater storage, as well as the surface runoff exponent as listed in the input 
file. The interflow scaling factor was calibrated by matching the computed 
discharge with the observed discharge for the recession part of the flood 
hydrograph. Groundwater flow recession coefficient was obtained by the analysis of 
recession curves at discharge gauging stations. Refinement of this base flow 
recession coefficient was necessary to get a better fit for the low flows. The initial 
soil moisture and initial groundwater storage were adjusted based on the 
comparison between the calculated and observed hydrographs for the initial period. 
And the runoff exponent and the rainfall intensity threshold were adjusted based on 
the agreement between calculated and observed flows for the small storms with 
lower rainfall intensity. Table 1 shows the calibration parameters of the model for 
upstream catchments.  

 
Table 1. The calibration parameters of the model for Nong Son and Thanh My catchments 

 ki Kg K_ss K_ep g0 g_max k_run P_max 
Thanh My 1.24 0.01 0.8 1.0 200 500 7.53 44.83 
Nong Son 0.8 0.07 0.65 0.9 400 600 4.5 30 
 

The simulation results were compared to the observed hydrographs both 
graphically and statistically. For the calibration periods (flood seasons 2002-2005) 
the Nash-Sutcliffe coefficients were between 0,64 to 0,82; model bias within the 
range of -0.09 to 0.15; model determination coefficient within the range of 0.82 to 
1.05; the flow efficiency coefficient within the range of 0.54 to 0.9, while the 
efficiency coefficient ranges from 0.60 to 0.9 for low-flow, and 0.56 to 0.92 for 
high-flow. For the verification periods (flood seasons 2006-2007), the model also 
predicted the hydrographs with high accuracy with Nash-Sutcliffe coefficients more 
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than 0.78. These evaluation results indicate that the model has a reliable 
performance and can give a representation of both low-flow and high-flow 
hydrographs for the study catchments.  

Based on the hydrograph comparisons at two stations, it can be seen that the 
model results have a good agreement with observed hydrographs as being showed 
typically in figures 5, 6 which show graphical comparison between observed and 
simulated river discharge at Thanh My, Nong Son for the year 2007. The correlation 
coefficient between observation and simulation is 0.83, 0.86 which prove that the 
discharge hydrograph were quite well reproduced. Base on the analysis of the 
overall model perform for two upstream catchments one can notice a reasonable 
agreement between the model results and the observed data. Peaks in the 
hydrograph are rather well simulated, as well for size as for time of occurrence.  

 
Fig. 5. Observed and calculated 6-hourly discharge in flood season 2007  

at Thanh My station on Vu Gia river. 

 
Fig. 6. Observed and calculated 6-hourly discharge in flood season 2007 

 at Nong Son station on Thu Bon river. 
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3.3.  Application of couple Wetspa and HECRAS models and results 
The downstream of Thu Bon – Vu Gia river system have a densely river 

network which are connected together. This area is affected by tides. To simulate 
floods in this area, the WetSpa and HECRAS models were coupled externally. The 
Hydraulic Engineering Center Data Storage System HEC-DSS (USACE, 1995) was 
used to store output data from the Wetspa model and input and output data for the 
HECRAS model. Fig. 7 shows a schematic of the HECRAS model for downstream 
Thu Bon – Vu Gia river system from upstream catchments to the confluence with 
sea. The unsteady flow option in HECRAS model was used to flood simulation for 
this project in which three steps were performed including: (1) Processing the 
geometry data in HECRAS; (2) Integration of hydrologic data as initial conditions 
and boundary conditions in the HECRAS unsteady flow data file; (3) Calibration 
and simulation flood using HECRAS model. To develop the model, the necessary 
geometric data was entered manually. The river system is represented by 320 cross 
sections, 8 storages which connected together by reaches. The flows of the upstream 
catchments which were results of Wetspa model were linked with the river network 
in the downstream area. Hydrographs of the flood season from 2002 to 2007, 
obtained from the Wetspa model for upstream catchments were used as upstream 
boundary conditions. Tidal hydrographs recorded at Da Nang were used as a 
downstream boundary condition for the river network. The initial flow conditions 
were inputted into the unsteady flow data using the base flow conditions.  

To evaluate the performance of this coupled HECRAS model simulated flows 
were compared with observed flows at the three gauging stations namely Ai Nghia 
and Cau Lau. Same graphical as well as statistical criteria, as explained in the 
previous section, were used for evaluating the coupled models. 

Model calibration and verification: Data for calibration in HECRAS model is 
6-hourly water level hydrographs on flood seasons 2002 to 2005. For model 
validation, the calibrated parameters were used to simulate the 6-hourly stream flow 
for flood seasons from 2006 and 2007. The calibration adjustments to HECRAS 
parameters were made in Manning's n. The simulation results were graphically 
displayed a number of ways in the HECRAS user interface. Simulations were 
displayed as longitudinal profiles, X-Y-Z perspective plots, and as cross-section 
profiles. The model performance was satisfactory for both calibration and validation 
periods. The model bias for water balance criterion evaluates the ability of the 
model to reproduce the water balance. The accuracy of the model to simulate the 
discharge was evaluated through the Nash-Sutcliffe criterion, and adapted Nash-
Sutcliffe efficiencies to assess the model's performance for high flows. For both 
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calibration and verification periods, high flows are reproduced with Nash-Sutcliffe 
efficiencies of more than 80%. Model bias is within the range of -0.016 to 0.42. 
Model determination coefficient is within the range of 0.91 to 1.4. The flow 
efficiency coefficient is within the range of 0.79 to 0.94. 
 

Thµnh Mü
S«ng Bung

S«ng K«n

1

2

3 4

5

S«ng Tóy Loan

N«ng S¬n

6

7

8
Ly Ly

 
 
 

Fig. 7. Scheme of the 
HECRAS model for 

downstream Thu Bon 
- Vu Gia river system 

 

 
Fig. 8. Observed and 
calculated 6-hourly 
discharge in flood 
season 2007 at Ai 
Nghia station on Vu 
Gia river. 

 

 
 
Fig. 9. Observed and 
calculated 6-hourly 
discharge in flood 
season 2007 at Cau 
Lau station on Thu 
Bon river. 
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Figures 8 and 9 show graphical comparisons between observed and calculated 
6-hourly flow of flood season 2007 at two key stations Ai Nghia and Cau Lau. The 
results showed that the calculated hydrographs are generally in good agreement 
with the observations. Peak discharges, occurred time, and flow volumes were quite 
well predicted. The peak flood levels at Ai Nghia, Cau Lau were well simulated 
with a maximum error of 0.75 m. These results for calibration and verification 
indicate that the model is suitable for both peak flow prediction and hydrograph 
simulation in this area. Model has a reliable performance and high flows are 
reproduced more accurately making the model suitable for assessing flood risks. 

In order to apply in forecasting operation, one flood forecasting software 
based on two models was developed. This software supplies automatic tools such as 
updating, displaying rainfall and water level data, running model, data assimilation, 
supply bulletins etc. This software was experimented on flood forecasting for Thu 
Bon – Vu Gia river system in flood season 2008 and gave quite good results. 
 
4. Conclusions  

The Wetspa and HECRAS models are used widely for hydrological and 
hydraulic modeling. The WetSpa model is a GIS based distributed hydrological 
model which has been used for simulating the hydrologic behavior and especially 
runoff in river basins. The model was calibrated and validated on upstream 
watersheds in Thu Bon - Vu Gia river basin for which topography, land-use and soil 
data are available in GIS form. Simulation results from the model are compared to 
observed stream flow data in the three catchments for the calibration periods (flood 
seasons 2002-2005). After calibration a good agreement between calculated and 
simulated hydrographs is obtained with Nash-Sutcliffe coefficients between 0,58 to 
0,92. For the verification periods (flood seasons 2006-2007), the model also 
predicts the hydrographs with high accuracy with Nash-Sutcliffe coefficients 0,8. 
The resulting calculated hydrographs compared favourably with measurements 
which show close correlation between simulated and observed hydrograph. Peak 
discharges, concentration time, and flow volumes are quite well predicted and the 
model can represent both low-flow and high-flow runoff in the catchments. 

For a complicated river system as in downstream area of Thu Bon – Vu Gia 
river basin, the Wetspa model cannot fully reflect the hydraulic impacts to the flow 
routing due to tidal, levees, and bridges. This limitation can be compensated for 
through the use of couple Wetspa and one-dimensional hydraulic model HECRAS. 
HECRAS model was developed for the hydraulic simulations in this area using the 
upstream boundary data calculated by the Wetspa model and downstream boundary 



International MAHASRI/HyARC Workshop on Asian Monsoon  
 
 

5 - 7 March 2009, Da Nang, Viet Nam  175

data calculated from measured tidal data. The simulation results show that the 
calculated hydrographs are generally in good agreement with the observations. The 
peak flood levels at Phu Oc and Kim Long are well simulated with a maximum 
error of 0.75 m. These results for calibration and verification indicate that the model 
is suitable for both peak flow prediction and hydrograph simulation. Peak 
discharges, concentration time, and flow volumes were quite well predicted. The 
model has a reliable performance and high flows are reproduced more accurately 
making the model suitable for assessing flood risks. 

Due to better prediction of flood-peak occurrence time and magnitude the 
results from the coupled Wetspa–HECRAS model are important for better 
management of flood control measures in the Thu Bon – Vu Gia river basin. This 
coupled Wetspa–HECRAS model was used for real-time simulation of flooding in 
the area.   
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Abstract 

We address the long-term decrease in September rainfall over the 
Indochina Peninsula. Distinct long-term decreases in rainfall along the 
monsoon trough across the Indochina Peninsula have been observed. We 
performed long-term simulations and discuss the effects of long-term 
changes in both the local surface conditions and large-scale circulation. 
Using a 30-year simulation for September for the period from 1966 to 1995 
with landuse conditions fixed at present-day values and neglecting the 
recorded deforestation, we successfully simulated the observed long-term 
decrease in rainfall. We therefore conclude that the weakening tropical-
cyclone activity over the Indochina Peninsula region is probably responsible 
for the decrease in rainfall. 

 
Keywords: regional climate change; rainfall; tropical cyclone; deforestation; regional climate 
model 

 
1. Introduction 

Climate change is an extremely important issue regionally, as well as globally. 
However, because the horizontal resolution of global climate models is coarser than 
100 km, these models cannot be used to determine detailed regional climate 
changes. Specific approaches to the analysis of these processes are therefore 
needed. 

In Thailand, on the Indochina Peninsula, Kanae et al. (2001) (hereafter KA01) 
found a decreasing trend in rainfall using rain-gauge observations for the period 
from 1951 to 1994. Two explanations have been proposed for this trend. First, 
KA01 performed a regional climate-modelling experiment and suggested that the 
decrease might have been caused by changes in the land surface conditions, arguing 
that deforestation could decrease evapotranspiration and rainfall in September. 
Second, Takahashi and Yasunari (2006) and Fudeyasu et al. (2006) investigated 
seasonal conditions in the Indochina Peninsula region. They reported that August 
and September were the most active months for westward-moving tropical-cyclone 
(TC) activity. Moreover, Takahashi and Yasunari (2008) (hereafter TA08) 
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highlighted the large contribution of TCs to the total rainfall in September and 
suggested that the weakening of TC activity over the Indochina Peninsula region 
could be responsible for the observed long-term decrease in rainfall. Because KA01 
conducted experiments for only three Septembers (1992, 1993 and 1994), they did 
not investigate the effect of long-term changes in the largescale circulation. The 
primary motivation for our study was the following question: Which mechanisms 
can coherently explain the observed long-term decrease in September rainfall over 
Indochina, TC activity or deforestation? To address this question, we performed a 
long-term (30 years from 1966 to 1995) simulation for September, excluding the 
effects of deforestation. 
 
2. Experimental design 

We used a high-resolution model to simulate a realistic distribution of rainfall 
and the local circulations related to complex terrain and land use. The Advanced 
Research Weather Research and Forecasting (WRF) modelling system (Skamarock 
et al., 2005), which was developed at the National Center for Atmospheric Research 
(NCAR), was chosen for this purpose. The 40-year reanalysis (ERA-40, Uppala et 
al., 2005) data set of the European Centre for Medium-Range Weather Forecasts 
(ECMWF) and the Extended Reconstructed SST V2 (Smith and Reynolds, 2004) 
data sets of the National Oceanic and Atmospheric Administration (NOAA) were 
used as initial and boundary conditions. Soil moisture and temperature data from 
ERA-40 were also used. The model domains are shown in Figure 1(a). The 
horizontal grid increment of the coarse domain was 25 km, and that of the two-way 
nested domain was 5 km. Both domains had 31 terrain-following vertical levels. 
Because preliminary experiments with cumulus convective parameterisation 
showed a very unrealistic distribution and total amount of rainfall, we did not apply 
cumulus convective parameterisation in either domain. The WRF single-moment 
six-class microphysics scheme (Hong and Lim, 2006) and the Noah land-surface 
model (Chen and Dudhia, 2001) were also used. To investigate the long-term 
changes in rainfall, we defined two periods: Term 1 (T1), from 1966 to 1980; and 
Term 2 (T2), from 1981 to 1995. They were chosen because TA08 showed a 
decrease in rainfall from T1 to T2. These periods were thus appropriate for 
investigating the long-term changes in rainfall. The simulation with current land-use 
and vegetation was performed 30 times from 30 August to 30 September from 1966 
to 1995. For the duration of the simulation, the land use was fixed. The current land 
use was taken from 1992 data that were obtained from the United States Geological 
Survey (USGS). In the past, Thailand was highly forested, whereas the 1992 data 
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categorised the majority of Thailand as under cultivation. Thus, if the effect of 
deforestation was the most significant factor, a long-term decrease in rainfall would 
not be apparent in the model. We used a 30-year period of gauge-observed rainfall 
data that were collected from 1966 to 1995 as part of the Global Energy and Water 
Cycle Experiment (GEWEX), Asian Monsoon Experiment (GAME) and Monsoon 
Asian Hydro-Atmosphere Scientific Research and Prediction Initiative 
(MAHASRI). The previous studies of changes in rainfall used rainfall data only 
from Thailand. In contrast, we used rainfall data from Vietnam, Laos, Thailand and 
Myanmar. The rain-gauge observations demonstrated the extent of the long-term 
change in rainfall over the Indochina Peninsula. 
 
3. Long-term change in rainfall 

Before analysing the long-term change, we compared the simulated rainfall 
with the observed climatology. Abundant rainfall was observed along the coast of 
the Bay of Bengal, the Gulf of Thailand and the eastern coast of northern Vietnam 
(Figure 1(b)). The peaks of the simulated rainfall were closely correlated with the 
peaks indicated by rain-gauge observations. In addition, the total simulated amount 
of rainfall was generally very close to that observed using rain gauges. Because the 
rainfall along the eastern coast of northern Vietnam was very likely associated with 
the westward-moving TCs, the peak in the simulated rainfall there suggests that the 
model can simulate both TCs and the rainfall pattern caused by TCs. Thus, the 
simulation captured the climatology of both the amount and distribution of rainfall 
in the Indochina Peninsula. The high resolution of the simulation also allowed the 
very fine structure of the rainfall distribution to be captured. 

To evaluate the interannual variation and long-term change in September 
rainfall, we plotted a ten-point average of rain-gauge rainfall and area-averaged 
simulated rainfall over the Khorat Plateau (Figure 2). The reference area chosen was 
an area (101◦ –105 ◦E, 15◦–18◦N) in which rainfall decreased significantly (KA01). 
Both time series showed clear interannual variation, with close agreement. The 
year-to-year correlation was 0.70, which was significant at the 99% confidence 
limit. The total amount of simulated rainfall in T1 and T2 over the reference area 
was 343.8 and 293.0 mm month−1, respectively. The observed rainfall in T1 and T2 
was 273.7 and 214.8 mm month−1, respectively. These differences were 
statistically significant at a 90% confidence limit, as determined using Student’s t -
test. The 15% decrease in simulated rainfall was close to the 21% decrease in the 
observed rainfall. Thus, the model well simulated the long-term change in rainfall. 
The simulated rainfall amount was larger than observational one, and the simulated 
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long-term changes are somewhat less than the observation. The simulated rainfall 
was the area average, whereas observations are point measurements located at plain 
field or valley, which could explain the difference. We examined the spatial 
distribution of the long-term change in rainfall between T1 and T2 (Figure 3). Over 
the Khorat Plateau, rainfall was decreased in T2 (Figure 3(a)), which was consistent 
with KA01. Decreases were observed along the latitudinal band between 15◦ and 
22◦N of the Indochina Peninsula, showing that a long-term decrease was observed 
not only over inland Thailand, but also across the Indochina Peninsula. This 
decrease was observed along the major route of the westward-moving TCs. The 
simulated rainfall was in close agreement with the observations in both spatial 
distribution and quantity (Figure 3). The regional long-term climate change was 
simulated without inclusion of the recorded deforestation. In addition, a significant 
decrease in rainfall was simulated along the eastern coast of northern Vietnam and 
offshore. The long-term decrease in rainfall exceeded 150 mm month−1. 

Finally, we examined the long-term changes in atmospheric circulation 
associated with the decrease in rainfall. Climatologically, the monsoon trough 
appears along the 15◦–20◦N zonal band because of TC activity (e.g. Takahashi and 
Yasunari, 2006). The trough in T2 was much weaker than that in T1 (Figure 4(a) 
and (b)). The difference clearly shows the anti-cyclonic circulation over northern 
Vietnam, which indicates a weakening of the monsoon trough (Figure 4(c)). The 
vertically integrated water vapour fluxes showed a similar pattern to the winds at 
850 hPa (not shown). Weakening of the water vapour convergence over the 
northern Vietnam region presumably reduced the rainfall there. To examine the 
weaker monsoon trough formation in T2, the frequency of TC appearance was 
calculated. Because the anti-cyclonic circulation appeared over northern Vietnam 
(Figure 4), the frequency was examined there. The frequency was defined from the 
925-hPa wind speed offshore of northern Vietnam (106–109 ◦E, 17–20◦N). If any 
grid point in the region at 925 hPa had a wind speed greater than 12 m s−1, a TC 
was defined as occurring on that day (Table I). We tested the effects of using other 
thresholds such as 10 or 15 m s−1 and found no significant change in the results. 
The frequencies of appearance at T1 and T2 were 13.7 and 11.8 days month−1, 
respectively, which was consistent with the observed tendency of TC activity 
(TA08). Therefore, the weakening of the monsoon trough was probably associated 
with the decrease in TC frequency there. 
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4. Discussion 
In this section, we discuss the effect of deforestation. We emphasise that the 

regional long-term climate changes were simulated without consideration of the 
effect of the recorded deforestation. On the other hand, KA01 proposed that 
deforestation has caused long-term decreases in rainfall. However, signals were 
simulated only over the deforested region (KA01). Even if deforestation can reduce 
local rainfall, the effects on the Indochina Peninsula in September were likely to be 
spatially limited. Consequently, the effects of deforestation cannot explain the 
observed long-term change of September rainfall in the Indochina region. Because 
of the prominent seasonal evolution of the Indochina monsoon (e.g. Takahashi and 
Yasunari, 2006), the effects of deforestation may show seasonality over the 
Indochina Peninsula. Sen et al. (2004) investigated local and remote effects of 
reforestation of the Indochina Peninsula in June, July and August on the East Asian 
climate. They showed increase in rainfall downstream of monsoon westerlies. Their 
results were not consistent with KA01. The difference between KA01 and Sen et al. 
(2004) would be possibly explained by the seasonal march of large-scale 
circulations, such as strength of the monsoon westerlies. Because a few numerical 
experiments on the effects of long-term changes in surface condition were 
conducted over Southeast Asia, a large number of high-resolution experiments are 
needed. The effect of deforestation over the Indochina Peninsula in the other 
season, using high-resolution models, should be the subject of further study. 
 
5. Conclusion 

We addressed the long-term decrease in September rainfall in the Indochina 
Peninsula. Two explanations for the phenomenon were proposed: long-term change 
in local surface conditions and long-term change in TC activity. The long-term 
high-resolution simulation accurately captured the climatological rainfall 
distribution and quantity. A 30-year run simulated the interannual variation and 
long-term change in rainfall, both of which were in close agreement with 
observations. The spatial distribution of the long-term change in rainfall was also 
found to be in close agreement with observations. A long-term decrease in rainfall 
was observed along the major route of the westward-moving TCs, including the 
eastern coast of northern Vietnam, rather than just over Thailand. Finally, the 
simulated monsoon trough weakened from T1 to T2, which again was consistent 
with observations. All of these long-term changes in rainfall were realistically 
simulated without including the effects of deforestation in the model. The effects of 
deforestation over the Indochina Peninsula in September were likely spatially 
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limited and hence are not likely to explain the observed decrease in rainfall. The 
weakening of TC activity over and around the Indochina Peninsula could explain 
the spatial distribution of the observed decrease in rainfall. Therefore, we conclude 
that the observed long-term decrease in September rainfall has been caused by the 
change in TC activity, rather than by the changes in the local surface conditions. 
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Abstract 

In this study, the Regional Climate Model version 3 (RegCM3) is used 
to investigate the possible effect of BC on regional climate in Southeast Asia 
and Vietnam. RegCM3 is integrated continuously from 01 January 2000 to 
01 January 2001 over a large domain extending from 15S to 42N and from 
75E to 135E with the resolution of 54km in two cases of with and without 
BC attending. The influence of BC aerosol on the atmospheric radiation 
transfer, air temperature, and rainfall are analyzed. The simulation results 
show that the direct radiative forcing (DRF) of BC induces a positive 
radiation forcing at the top of the atmosphere and a negative radiation 
forcing at the surface in this region. While RegCM3 accounts for the 
feedback radiative forcing (FRF), the positive radiation forcing at the top of 
the atmosphere increases and the negative radiation forcing at the surface 
decreases. Consequently, the near surface temperature (T2m) is reduced 
somewhat in DRF but increased in case of FRF. The effect of BC on 
precipitation is revealed in the minus correlation coefficient over Indochina 
peninsular and the plus correlation coefficient over the eastern of India and 
China which are areas of great BC loading. That anthropogenic BC plays the 
role to warm the surface can be seen when the simulated fields of RegCM3 
with both biomass burning and anthropogenic BC impacts are compared 
with those of RegCM3 using only biomass BC. 

 
Keywords: BC, black carbon, biomass burning, anthropogenic, radiative forcing, RegCM3, 
Southeast Asia, Vietnam 

 
1. Introduction 

Aerosols emitted in both natural and anthropogenic processes all contribute to 
the climatic forcing. Natural processes are desert dust lifting, sea spray, volcanic 
explosions or biogenic organic emissions. Anthropogenic activities are fossil fuel 
combustion, biomass burning and industrial production. Black carbon (BC) is one 
of aerosols of anthropogenic origin and also one of the most important contributors 
to climate change due to its ability to absorbing solar radiation. BC can mix with 
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other aerosols to form what are called atmospheric brown clouds which absorb 
incoming solar radiation and prevent it from reaching the surface, warming the 
atmosphere in the process. Clouds contain BC also prevent longwave from leaving 
the surface, warming the ground. These are called the direct and indirect effects 
(Haywood and Boucher, 2000; Penner et al., 2001).  

Due to their character of relatively short atmospheric lifetimes, BC and some 
other aerosols generally show highly spatial variability determined by local sources, 
rapid chemical transformations, transport and removal processes. Hence, the effects 
of anthropogenic aerosols are expected to be particularly relevant at the regional 
scale. Giorgi et al. (2002, 2003) and Qian et al. (2003) assessed the regional 
climatic impacts deriving from the direct and indirect effects of anthropogenic 
aerosols over East Asia and found that these effects can contribute to explain a 
cooling trend observed over various regions of China during the last decades of the 
20th century. Menon et al. (2002) found substantial regional climatic effects 
induced by large BC aerosol forcing over South Asia. The recent development of 
high-resolution regional climate models (RCMs) offers useful tools to assess the 
regional impacts of BC. Compared to global climate models (GCMs), the relatively 
high-resolution and detailed physical parameterizations offered by RCMs are 
particularly suitable to describe the complexity of aerosol processes. 

In order to study the climatic effects of aerosols, simplified chemistry modules 
of intermediate complexity are developed for coupling to climate models. The 
joining has been done extensively for global models (e.g. Chin et al., 2002; Chung 
and Seinfeld, 2002), while fewer studies have implemented for RCMs (Qian et al., 
2001; Giorgi et al., 2002, 2003; Tan et al., 2002). Giorgi and Mearns (1999) 
developed a simplified aerosol model and implemented it within the framework of 
the regional climate model RegCM.  

South East Asia was chosen in this study because it has large atmospheric 
loading of both biomass burning and anthropogenic BC. In the tropics, including 
Southeast Asia and Vietnam, biomass burning is of particular interest because of the 
large extent of forest clearing and agricultural burning. More than 70% of the global 
burned biomass is in the tropics (Seiler and Crutzen, 1980). Anthropogenic aerosol 
is from the rapid industrialization, urbanization and domestic heating of developing 
countries around. Several experimental and modeling studies (e.g. ACE-Asia, 
Huebert et al., 2003; ChinaMAP, Chameides et al., 1995) have focused on 
understanding the aerosol characteristics and their climatic effects over this region. 
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2. Models, data and experiment design 
The regional climate model used in this study is the Abdus Salam International 

Centre for Theoretical Physics (ICTP) RegCM version 3 (Giorgi et al., 1993a, b; 
Giorgi and Mearns, 1999; Pal et al., 2000). This is a hydrostatic, sigma vertical 
coordinate model whose dynamics is essentially the same as the hydrostatic version 
of the meso-scale model MM5 (Grell et al., 1994). Radiation transfer processes are 
from the NCAR global model CCM3 and are described by Kiehl et al. (1996). Land 
surface processes are described by the Biosphere–Atmosphere Transfer Scheme 
(BATS; Dickinson et al., 1993), while boundary layer processes follow the non-
local parameterization of Holtslag et al. (1990). The scheme of Grell (1993) is used 
to describe moist convection and the scheme of Pal et al. (2000) to represent non-
convective precipitation. The RegCM3 has been used for a wide range of 
applications for a quite long time (Giorgi and Mearns, 1999). 

The aerosol module of RegCM3 is based on the scheme of Qian et al. (2001), 
which describes the SO2/SO2−4 system, completed by a parameterization of OC and 
BC compounds and assuming an external mixture of particles. Due to the physico-
chemical nature of carbonaceous aerosols is highly complex and variable both at the 
emission and in the atmosphere, a few researches have considered the impacts of 
OC and BC on climate yet. Because of its importance for removal processes and 
optical properties, the hygroscopy of carbonaceous particles needs to be accounted 
for. Thus, two hydrophobic (HB) and hydrophilic (HL) states for BC particles are 
considered in the model. 

 

 
Fig. 2.1 Latitude – time cross section of 
monthly black carbon concentration (mg m-2 
month-1) (Source: Liousse et al., 1996) 

Fig. 2.2 Anthropogenic black carbon 
concentration (mg m-2 month-1) 
[Source: EDGAR, 1995] 
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Both OC and BC fossil fuel emissions are treated separately and provided 
globally at 1◦ resolution from Emission Database for Global Atmospheric Research 
(EDGAR, 1995). The biomass burning emission of OC and BC is described by 
Liousse et al. (1996). Their concentration is typical of the decade (1980–1990) and 
is provided on a 5 × 3.75◦ global grid with a monthly resolution. In this study, 
however, only BC is considered. The latitude – time cross section of monthly black 
carbon concentrations (mg m-2 month-1) is shown in Fig. 2.1 (Liousse et al., 1996). 
Biomass burning BC loading is high in months of January to May and October to 
December. In summer time (JJA), BC is less maybe due to the heavy rainfall over 
this typical monsoon region. Areas of the great BC value are northern of India, 
northeast of China and South China Sea peninsula. They are also the areas of great 
anthropogenic BC loading [Fig 2.2]. 

The simulation domain encompasses most of Southeast Asia from 15S to 42N 
and from 75E to 135E (Fig 2.1) with a 54-km spatial resolution and 18 vertical 
levels and are carried out for the period of 12 months from 01 January 2000 to 01 
January 2001. The initial and lateral boundary conditions necessary to run the 
RegCM3 are obtained from re-analyses of observations from the European Centre 
for Medium-Range Weather Forecasts 40-yr Re-Analysis (ERA40). A dataset of 50 
stations of observed monthly precipitation and the surface air temperature from the 
Vietnam National Center for Hydro Meteorological Forecasting is used to evaluate 
model performance. 

 
Fig 2.3 Integrated domain and topography in meters. 

 
Section 3 represents the impacts of biomass BC and anthropogenic BC on 

climate of South East Asia using RegCM3 run in four experiments that are 
conducted in Table 2.1. As mentioned above, impact of BC can be divided in semi-
direct and 1st and 2nd indirect ways. In RegCM3, however, these processes have not 



International MAHASRI/HyARC Workshop on Asian Monsoon  
 
 

5 - 7 March 2009, Da Nang, Viet Nam  189

been explicit treated yet. Climatic effect of BC as well as other aerosols is examined 
in direct and feedback radiative forcing aspects. Without feedback radiative forcing, 
extinction optical depth, single scattering albedo and forward scattered fraction in 
RegCM3 are zero leading to no contribution to solar beam transmission and 
reflectivity to direct radiation. 

 
Table 2.1. RegCM3 simulations 

Simulation Black carbon contribution 
CONT. RegCM3 without BC 
AER01D0_D RegCM3 with the direct radiative forcing of biomass burning BC 
AER01D0_F RegCM3 with the feedback radiative forcing  of biomass burning BC 
AER11D0_F RegCM3 with the feedback radiative forcing of both biomass  

burning and anthropogenic BC 
 
3. Results 
3.1. The direct and feedback radiative forcing of BC 

The impact of biomass burning BC on climate is found in comparing the 
radiation, cloud fraction, temperature and rainfall of AER01D0_D, AER01D0_F 
with CONT. In experiments of AER01D0_D, AER01D0_F, only biomass burning 
BC_HB and BC_HL are included. BC from biomass burning can affect regional and 
global radiation through scattering and absorbing solar radiation, a mechanism 
known as DRF. The DRF is revealed through the radiative forcing at the top of the 
atmosphere (TOA) induced by aerosols. DRF of AER01D0_D and AER01D0_F are 
shown in Fig. 3.1a-b shows that BC induces a positive radiation forcing (about 15 
W m-2) at TOA. In comparison with AER01D0_D, the magnitude of AER01D0_F 
is remarkably increased over the BC region. Thus, more solar radiation is allowed to 
reach the surface in AER01D0_F. Two experiments produce a negative radiation 
forcing (about -50 W m-2) at the surface (SRF) in this region (Fig. 3.1c-d). While 
RegCM3 accounts for the feedback radiative forcing (AER01D0_F) the negative 
radiation forcing at the surface is decreased. That means less longwave emission 
leaves surface. 

Total optical depth (TOD) of AER01D0_F is lower than that of AER01D0_D 
(Fig. 3.2). This can result in more solar radiation reaching the surface through a 
more transparent atmosphere. Radiative forcing of atmospheric aerosols can further 
modify clouds. In this study, total cloud (TCLD) of AER01D0_D is increased 
compared with CONT. while is decreased in result of AER01D0_F (Fig 3.3).  
Consequently, T2m is reduced somewhat in AER01D0_D but increased in case of 
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AER01D0_F (Fig 3.4) because surface can get more incoming solar radiation 
transmitted via a less-cloud atmosphere. It can be seen easily that the strong effect 
of biomass BC happens at places and times of great BC loading (see Fig. 2.1). This 
is clearer in the correlation coefficient (Corr.) between T2m/rainfall of RegCM3 
and BC concentration represented in Fig 3.5. In case of AER01D0_D, Corr. 
between T2m and rainfall with monthly BC concentration is high negative over 
Indochina peninsular but is low positive over the eastern of India and China which 
are areas of great BC loading (see Fig. 3.6). That means higher BC lower 
temperature and rainfall. Due to AER01D0_F accounts for feedback radiative 
forcing, extinction optical depth, single scattering albedo and forward scattered 
fraction in RegCM3 are contributed to solar beam transmission. Moreover, BC can 
absorb incoming solar radiation following the semi-direct effect (Huang et. al., 
2007) leading to the loss of cloud cover and decrease of cloud albedo. Hence, 
temperature increases in whole of atmosphere (Fig. 3.4b) and rainfall decreases over 
Indochina peninsular but increases over the eastern of India and China (Fig 3.7). 

 
(a) TOA radiation forcing, AER01D0_D 

 

(b) TOA radiation forcing, AER01D0_F 

 
(c) SRF radiation forcing, AER01D0_D 

 

(d) SRF radiation forcing, AER01D0_F 

 
Fig. 3.1. Latitude - time cross section of monthly radiative forcing (W m-2) at TOA 
(top) and SRF (bottom) in 2000 of AER01D0_D (left) and AER01D0_F (right) 
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(a) TOD, AER01D0_D 

 

(b) TOD, AER01D0_F 

Fig. 3.2. Latitude – time cross section of monthly TOD in 2000 of AER01D0_D (left) 
and AER01D0_F (right) 

 
(a) TCLD, AER01D0_D – CONT. 

 

(b) TCLD, AER01D0_F – CONT. 

 
Fig. 3.3 Latitude – time cross section of difference of monthly TCLD in 2000 of 

AER01D0_D (left) and AER01D0_F (right) from CONT. 
 

(a) T2m, AER01D0_D – CONT. 

 

(b) T2m, AER01D0_F – CONT. 

 
Fig. 3.4. Latitude – time cross section of difference (o C) of monthly T2m-temperature 

in 2000 of AER01D0_D (left) and AER01D0_F (right) from CONT. 
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(a) Corr., T2m, AER01D0_D 

 

(b) Corr., Rain, AER01D0_D 

 
Fig. 3.5. Correlation coefficient between simulated T2m-temperature (left) and rainfall 

(right) of AER01DO_D and monthly BC in 2000 (left). 

  
Fig. 3.6 Concentration of annually black 
carbon (mg m-2 month-1) from biomass 
burning [Source: Liousse et al., 1996]. 

Fig. 3.7. Difference of monthly rainfall 
(mm month-1) in 2000 of AER01D0_F 
compared with CONT. 
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Fig. 3.8. Difference of monthly T2m-temperature in 2000 of AER01D0_D (left) and 

AER01D0_F (right) compared with CONT. over Vietnam 
 

 
Fig 3.8 represents the difference of monthly T2m in 2000 of AER01D0_D 

(left) and AER01D0_F (right) in comparing with CONT. over Vietnam. In this case, 
T2m of AER01D0_D is lower than CONT. in almost year except months of 4-5, 8-9 
and 12. However, the decrease is not significant. In contrary, AER01D0_F increases 
T2m by 0.5-1o C, especially in months of great BC loading. Monthly rainfall of 
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AER01D0_D is in trend of increase over Vietnam, except months of February and 
May while AER01D0_F reduces rainfall except in summer time. 
 
3.2. Anthropogenic BC impact on climate 

During the last decades Asia has been one of the most rapidly developing 
regions of the world. As a result, anthropogenic aerosol emissions and 
concentrations over the region have considerably increased, thereby (possibly) 
affecting the climate of the region. Obviously, Southeast Asia is impacted by that 
anthropogenic source. In comparing the temperature and rainfall in period of 1981-
1998 with that in period of 1951-1980 from CRU-reanalysis data of England, the 
role of anthropogenic aerosol and BC is revealed (Fig 3.9). Year 1980 is marked by 
the high speed increase of yearly coal and energy consumption of China and other 
countries in region (Giorgi et al. 2002). With the additional anthropogenic aerosol, 
surface temperature is increased and rainfall is decreased in general. However, at 
some places of high concentration of anthropogenic BC such as the Eastern China 
(see Fig. 2.2) both T2m and rainfall increased. 

In Fig. 3.10 the biases of T2m and rainfall between AER11D0_F and 
AER01D0_F are represented. These biases told us the role of anthropogenic BC on 
climate simulated by RegCM3. It can be seen that the results are quite similar to 
situation of Fig. 3.9. In detail, the surface temperature is increased and rainfall is 
decreased over areas of great BC concentration. Even the increment of T2m and 
rainfall over the Eastern China induced by anthropogenic BC is reproduced by 
RegCM3. It also can be said that with the anthropogenic BC accounted, the 
variation of temperature and rainfall is close to the reality. 

 
(a) T2m, CRU (1981-1998) – (1951-1980) 

 

(b) Rain, CRU (1981-1998) – (1951-1980) 

 
Fig. 3.9 Difference of monthly T2m-temperature (o C, a) and rainfall (mm month-1, b) 

of CRU between period of 1981-1998 and period of 1951-1980. 
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(a) T2m (AER11D0_F – AER01D0_F) 

 

(b) Rain (AER11D0_F – AER01D0_F) 

 
Fig. 3.10 Difference of monthly T2m-temperature (o C, a) and rainfall (mm month-1, b) 

in 2000 between AER11D0_F and AER01D0_F. 
 
4. Summary 

In this study, regional climate model RegCM3 coupled with chemistry-aerosol 
module is used to assess the BC effect on regional climate over Southeast Asia and 
Vietnam, with a focus on radiative forcing, surface temperature and precipitation. 
The primary conclusions can be summarized as follows: 1) The direct BC effect 
generates a negative solar forcing at the surface and positive solar forcing at the top 
of atmosphere. The feedback radiative forcing of BC increases the positive 
atmospheric forcing and reduces the negative forcing at surface. 2) The feedback 
radiative forcing produces an increase in the surface air temperature. It also results a 
very large precipitation reduction. 3) By allowing for climate aerosol feedbacks, 
precipitation reduction by the BC effect simulated in the fully-coupled model is the 
better agreement with reality.  
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Abstract 
 The diurnal cycle of precipitation is a dominant feature of all tropical 

convection and global monsoon systems, ranging from the world’s most 
energetic monsoon – the Asian Monsoon – to the monsoon systems of the 
Americas and Africa. On the largest scales, continental mountain ranges 
generate significant diurnally varying circulations, vertical motion, and 
diabatic heating features (e.g., the Tibetan Plateau). On the mesoscale, 
localized land and sea breezes, mountain/valley circulations, and surface 
heterogeneities influence the diurnal cycle of precipitation patterns. In 
general, precipitation tends to be a maximum over land during the daytime 
and over the oceans at night, although there are important exceptions to this 
behavior. This paper reviews progress in understanding the diurnal cycle of 
convection in the tropics and monsoon regions, with an emphasis on the 
most prominent monsoon system, the Asian monsoon. 

 
Key words:  monsoon, diurnal cycle, convection, precipitation 

 
1. Introduction 

Owing to its pronounced impact on global and regional scales and on society 
at large, there have been innumerable studies of the diurnal cycle of precipitation.  It 
is not possible in the short space available here to treat all of these studies, so the 
reader is referred to Wallace (1975) and Gray and Jacobson (1977) for reviews of 
papers prior to the mid-1970s, and to Dai (2001) for papers prior to the turn of the 
century.   

Dai (2001) summarized several of the principal conclusions regarding 
convective precipitation based on surface station observations: 1) summer 
convective precipitation over inland regions is more frequent during the afternoon, 
while over open ocean and coastal areas the maximum rainfall is typically at night 
or during early morning hours; 2) there are important exceptions to this tendency 
over continental areas, such as the central United States where summer precipitation 
is most frequent from middle night to early morning hours; 3) precipitation intensity 
generally has a much smaller diurnal variation than precipitation frequency; and 4) 
in addition to the main diurnal peak, there is a secondary semidiurnal peak in 
precipitation at many tropical stations. 
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As suggested by Wallace (1975), mechanisms for the diurnal cycle of 
convection can be broken into two categories: (i) thermodynamic processes that 
affect static stability, and (ii) processes that affect boundary-layer convergence.  
The first category includes daytime heating and destabilization of the boundary 
layer producing the commonly observed afternoon and early evening maximum of 
precipitation over land. This mechanism can also operate over the ocean, but to a 
lesser degree (Hendon and Woodberry 1993; Chen and Houze 1997; Johnson et al. 
2001). It also includes cloud-radiative effects, e.g., absorption of solar radiation 
near cloud top stabilizing the atmosphere during the daytime and longwave cooling 
destabilizing the atmosphere near cloud top (Kraus 1963; Randall et al. 1991). It has 
also been proposed that a day-night variation in precipitable water over the tropical 
oceans can affect static stability in the boundary layer (Sui et al. 1997). Chen and 
Houze (1997) hypothesize that daytime heating of the ocean surface initiates 
convection in the afternoon, the showers grow into mesoscale convective systems at 
night, the associated downdrafts stabilize the boundary layer the following day, and 
this entire process contributes to a two-day cycle of convection over the tropical 
western Pacific.   

In the second category of mechanisms for the diurnal cycle, Wallace (1975) 
includes the following processes: (a) land and sea (or lake) breeze circulations in 
coastal areas, (b) mountain-valley flows in areas of sloping terrain, and (c) wind 
variations at the top of the boundary layer caused by diurnal variations in static 
stability and associated changes in frictional drag. Some of these processes may 
operate in combination, such (b) and (c) in the case of the United States Great 
Plains nocturnal precipitation maximum (e.g., Wallace 1975; Jiang et al. 2007). 

The second category involving boundary-layer convergence mechanisms can 
also include other processes, such as the semidiurnal pressure wave (Brier and 
Simpson 1969) and coupling between cloudy sky and cloud-free regions, as 
proposed by Gray and Jacobson (1977). Gray and Jacobson hypothesized that a 
horizontal gradient longwave cooling from clear-sky regions to cloudy regions leads 
to a mass circulation characterized by low-level convergence into the cloudy area at 
night, resulting in a peak in rainfall in the late-night, early-morning hours. Dai and 
Deser’s (1999) analysis of fields of global surface wind divergence broadly supports 
the Gray-Jacobson hypothesis, except over the South Pacific.  

There have been numerous studies of the diurnal cycle of convection over 
Asia (e.g., Murakami 1983; Nitta and Sekine 1994; Chen and Takahashi 1995; 
Ohsawa et al. 2001; Fujinami and Yasunari 2001; Kurosaki and Kimura 2002).  
Over land, many areas exhibit an afternoon maximum of convection, as expected 
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from daytime heating; however, certain regions such as the base of the Himalayas 
and mountain basins (e.g., the Sichuan Basin) have a late-night, early-morning 
maximum (Akiyama 1989; Johnson et al. 1993; Ohsawa et al. 2001). While an 
early-morning maximum has been found over some ocean areas around Asia, the 
diurnal cycle there is rather complex. Ohsawa et al. (2001) find late-night, early-
morning maxima near the coastlines of south Asia, Thailand, Sumatra, Malaysia, 
and Borneo, which they attribute to an interaction of mountain or land breezes with 
the prevailing wind.  Over the partially enclosed seas, such as the South China Sea 
and the Bay of Bengal, Ohsawa et al. (2001), Yang and Slingo (2001), and 
Takayabu and Kimoto (2008) diagnose an afternoon maximum in precipitation. 

During the 1978 Winter Monsoon Experiment (WMONEX), the diurnal cycle 
of convection off the north coast of Borneo was studied in detail using radar and 
sounding data. Houze et al. (1981) documented the development of nocturnal 
mesoscale convective systems (MCSs) off Borneo, arguing they were a result of 
low-level convergence of the nighttime land breeze with the northeast monsoon 
flow. The MCSs typically began as a group of convective cells near the coastline 
and later expanded to a several hundred km scale dimension with both convective 
and stratiform components, later dissipating after sunrise as the sea breeze 
developed.   

While convection along coastlines is commonplace throughout the tropics and 
monsoon regions, and land/sea breezes are often implicated in the forcing of storm 
development, the mechanisms are often complex. In a study of convection over 
Taiwan, Johnson and Bresch (1991) suggested that the land breeze flow at night 
was augmented by evaporation of the previous evening’s precipitation over the 
interior elevated terrain, which is supported in a recent study over Borneo by Wu et 
al. (2008). Mapes et al. (2003) proposed that the land breeze by itself was 
inadequate to account for nocturnal convection that regularly occurs offshore 
Columbia in the Panama Bight. They argued that thermally forced gravity waves 
(produced by elevated terrain and propagating at about 15 m s-1) are an essential 
part of the process, and that they produce a warm anomaly offshore during the 
daytime, thereby capping convection, while a cooling is produced at night, thus 
allowing convection to develop. Propagation of convection away from coastlines, 
typically commencing in the early morning and continuing into the afternoon, has 
been observed in many regions of the Asian monsoon: the Bay of Bengal (Yang and 
Slingo 2001; Webster et al. 2002; Zuidema 2003), the northern South China Sea 
(Aves and Johnson 2009), off the coast of New Guinea (Liberti et al. 2001; Zhou 
and Wang 2006), off Borneo (Houze et al. 1981; Johnson and Priegnitz 1981; 
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Ichikawa and Yasunari 2006), and off Sumatra (Mori et al. 2004; Sakurai et al. 
2005). While gravity waves may play a role in the propagation of convection in 
these regions, details of the mechanisms are still not well understood. 
 
2. Diurnal cycle over the global tropics 

The global distribution of annual rainfall in the tropics, derived from ten years 
of the Tropical Rainfall Measuring Mission (TRMM) 3B42 merged satellite product 
at 0.25° resolution (Huffman et al. 2007), is shown in Fig. 1. The regions of greatest 
rainfall – the intertropical convergence zone (ITCZ), the maritime continent, and the 
monsoon regions – are known to exhibit strong diurnal cycles (e.g., Dai 2001). 

To investigate the diurnal cycle of precipitation using the TRMM 3B42 data 
set, a simple procedure is adopted, namely, to produce analyses of afternoon 
/evening (1200 to 2300 LT average) minus morning (0000 to 1100 LT average) 
rainfall (Fig. 2). Difference amounts (afternoon/evening minus morning rainfall) are 
shown in the top panel of Fig. 2, whereas normalized differences (differences 
divided by the mean annual rain at each location) are shown in the bottom panel of 
Fig. 2. It is clear from Fig. 2 (top panel) that the amplitude of the diurnal variability 
is largest over the regions of the maritime continent, the Asian monsoon, the North 
and South American monsoons, and portions of the African monsoon. The signal is 
very large near coastlines, where there is typically a maximum in precipitation over 
the land during the afternoon and evening, and a maximum just offshore during the 
morning (e.g., over South America; Garreaud and Wallace 1997). The majority of 
the open ocean regions exhibit a morning maximum in precipitation, consistent with 
the findings of Gray and Jacobson (1977), Janiowiak et al. (1994), Dai (2001) and 
many other studies. 

 

 
Fig. 1.  Ten-year (1998-2007) TRMM 3B42 annual precipitation climatology 

 
The normalized diurnal rainfall map (Fig. 2, bottom panel) more clearly shows 

the general preference for afternoon/evening rainfall over the all of the land areas 
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and morning rainfall over the ocean. However, there are important exceptions to 
this rule, namely, certain land areas have a morning maximum of rainfall (e.g., areas 
downstream of the Rocky Mountains, Andes, and Tibetan Plateau; the coastal 
interior of Brazil; areas south and north of the Tibetan Plateau; and the interior of 
Borneo), while certain ocean areas have an afternoon/evening maximum (e.g., the 
SPCZ, the South Atlantic Convergence Zone [SACZ], areas of the west coasts of 
the equatorial Americas and Africa, and enclosed ocean basins of the Americas and 
the Asian monsoon). Some of these exceptions are associated with propagating 
signals of convection. For example, eastward propagation of convection from the 
Rocky Mountains, Andes, and Tibetan Plateau has been reported by Carbone et al. 
(2002), Velasco and Fritsch (1987), Laing and Fritsch (1997), and Wang et al. 
(2004), whereas southward propagation of convection over the Bay of Bengal and 
South China Sea has been documented by Yang and Slingo (2001), Webster et al. 
(2002), Zuidema (2003), and Aves and Johnson (2009). 

To better view the global patterns of propagation, a plot of the time of 
maximum rainfall has been prepared from the TRMM 3B42 data set (Fig. 3). Once 
again, it can be seen that in general, rainfall maxima occur over land during the 
afternoon/evening and over the ocean during the morning hours. Over land, 
prominent signals of eastward propagation of convection can be seen downstream 
of the Rocky Mountains, the Andes, and the Tibetan Plateau from the afternoon and 
evening to the early morning hours. These propagation corridors have been studied 
by Laing and Fritsch (1997). Also, inland propagation of precipitation can be seen 
along the northeast coast of Brazil (Kousky 1980; Molion 1987). Also evident from 
this global map are signals of propagation westward from the coast of central 
America, equatorial Africa, and Sumatra; and northward from Papua New Guinea, 
with convection initiating near the coastline in the morning and moving seaward in 
the afternoon. Squall lines over West Africa propagate westward over great 
distances in association with African easterly waves (see review by Houze and Betts 
1981); however, a persistent phasing with the diurnal cycle cannot be seen until the 
convective systems emerge from the west coast of Africa.  
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Fig. 2.  Evening (1200-2300 LT) minus morning (0000-1000 LT) rainfall from ten years 
(1998-2007) of TRMM 3B42 data:  (top panel) annual average differences; (bottom panel) 
annual average differences normalized by annual mean rainfall. 
 

 
Fig. 3.  Time of maximum rainfall for ten years (1998-2007) using TRMM 3B42 data 

 
3. Diurnal cycle in the asian monsoon region 

We now take a closer look at the diurnal cycle in the region of the Asian 
summer monsoon. Let us first examine the annual cycle of rainfall over East Asia 
(Fig. 4). 

Over much of the continent of East Asia, maximum rainfall occurs during the 
summer monsoon. On the other hand, along the eastern coastlines of India, 
Malaysia, Viet Nam, and the Philippines, the maximum precipitation occurs during 
the winter monsoon. The amplitude of the diurnal cycle during the winter monsoon 
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is relatively weak (not shown), although there is a slight preference for an early-
morning maximum. 

In contrast, the amplitude of the diurnal cycle during the Asian summer 
monsoon is large. In the following, we will focus on the May-June summer 
monsoon onset period.  The patterns throughout the remainder of the summer (July, 
August) are expected to be similar; however, the precipitation shifts northward and 
tropical cyclones play a greater role in total precipitation at that time. 

The ten-year mean May-June precipitation is shown in Fig. 5. A striking 
feature is the occurrence of heaviest rainfall in regions just offshore of landmasses: 
to the west of the Western Ghats in India (studied by Krishnamurti et al. 1983 and 
Grossman and Durran 1984), over the eastern Bay of Bengal off the coast of 
Myanmar (studied by Zuidema 2003), and along the western coast of the 
Philippines. Understanding the diurnal cycle of convection in coastal environments 
such as these is important because so much precipitation occurs there and global 
models do not properly represent the diurnal cycle of convection (Yang and Slingo 
2001).  There are possible global consequences of this deficiency, as demonstrated 
by the fact that the maritime continent heat source as represented by models is too 
weak in the mean (Neale and Slingo 2003). 

These coastal rainfall maxima occur in the presence of strong southwesterly 
monsoon flow, as shown in Fig. 6, a plot of the 2000-2007 June-mean precipitation 
and surface winds from QuikSCAT. With southwesterly flow impinging on the 
western slopes of the coastal mountain ranges, it might be expected that the heaviest 
rainfall would occur over land, but it does not; it appears to occur offshore. Xie et 
al. (2006) have shown this to be the case for the area in the Bay of Bengal just off 
the west coast of Myanmar. 

With respect to the rainfall near the Western Ghats, Ogura and Yoshizaki 
(1988) concluded that the positioning of the heaviest rainfall just offshore is 
dependent on the strong vertical wind shear (low-level westerlies and upper-level 
easterlies) and strong surface fluxes over the ocean. Upper-level easterlies advect 
the cirrus aloft westward over the open oceans (Krishnamurti et al. 1983), so there 
is the impression from infrared satellite imagery that the heavy rainfall is spread far 
offshore; however, most of it is typically confined near the coast.  While there have 
been efforts to explain near-coastal rainfall maxima through numerical modeling of 
flow interacting with coastal topography, a full explanation requires consideration 
of the diurnal cycle. 
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Fig. 4. Month of maximum rainfall for ten years (1998-2007) using TRMM 3B42 data. 

 
Fig. 5. Average May-June rainfall for ten years (1998-2007) using TRMM 3B42 data 

 
Fig. 6. June TRMM 3B43 precipitation rate and QuikSCAT surface winds for eight years 
(2000-2007). 
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The amplitude of the diurnal cycle of precipitation (normalized evening minus 
morning rainfall) for May-June over the Asian monsoon region is shown in Fig. 7.  
Morning rainfall maxima can be seen in many coastal regions: along the coastlines 
of India, in most coastal areas surrounding Indo-China, and throughout most of the 
maritime continent. Hence, with reference to Fig. 6, the diurnal cycle appears to 
play some role in the heavy rainfall off the west coasts of India and Myanmar. As 
noted earlier with reference to the global, annual-mean diurnal cycle, there are 
several prominent areas with morning rainfall maxima over land: the southern 
slopes of the Himalayas, the area to the lee of Tibetan Plateau, and central Borneo.  
Barros and Lang (2003) examined the nocturnal maximum in precipitation at the 
foot of the Himalayas and found that it could be explained by convergence between 
the southeasterly monsoon flow and nocturnal drainage flow off the Himalayas. 

Most of the afternoon/evening maxima in Fig. 7 are over land, but there are 
several notable exceptions. Most prominent among these are the afternoon maxima 
in precipitation over the Bay of Bengal, and the northern and southern portions of 
the South China Sea. These features are associated with propagating signals of 
precipitation across these partially enclosed ocean basins, as shown in Fig. 8, which 
displays the phase of the maximum precipitation. Rainfall is seen to peak in the 
early morning hours in the northern Bay of Bengal along the coast of India and over 
the northern South China Sea along the southern China coastline. The rainfall peak 
occurs progressively later toward the south such that the maximum occurs in the 
afternoon roughly 500 km offshore. Webster et al. (2002) show evidence of the 
propagation over the Bay of Bengal in a time-latitude diagram of brightness 
temperatures (their Fig. 4). Precipitation systems (inferred from the cold cloud tops) 
were found on some occasions to propagate all the way from the India coast near 
20°N to the equator over a two-day period.  Radar data from the R/V Ron Brown in 
the Bay of Bengal indicate that the convection associated with the diurnal signal has 
characteristics of squall lines with trailing stratiform precipitation. 

      A southward propagation of convective systems over the South China Sea 
was also observed during the 1998 South China Sea Monsoon Experiment 
(SCSMEX), similar to that over the Bay of Bengal (Aves and Johnson 2009). The 
mechanisms responsible for the diurnally propagating signals over the Bay and 
Bengal and South China Sea are not well understood. Advective effects can be ruled 
out because these systems propagate approximately at right angles to the low-level 
southwesterly monsoon flow. Also, gravity current dynamics appear to be an 
unlikely explanation since the speeds of propagation (~15 m s-1) in both regions 
(Webster et al. 2002; Aves and Johnson 2009) are too fast to be accounted for by 
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the relatively weak cold pools observed in these regions. Gravity waves, however, 
may play some role. One possibility is the gravity wave mechanism proposed by 
Mapes et al. (2003) for the Panama Bight, which involves the generation of 
thermally forced gravity waves in the deep heated boundary layer over the nearby 
Andes. It is possible that gravity waves to the north of the Bay of Bengal are 
similarly generated by heating over the Tibetan Plateau and subsequently propagate 
to the south over the ocean.  This possibility is worthy of investigation. 

 
Fig. 7. Average May-June evening (1200-2300 LT) minus morning (0000-1100 LT) 
rainfall normalized by May-June mean rainfall for ten years (1998-2007) using TRMM 
3B42 data 

 
Fig. 8. Average May-June time of maximum rainfall (LT) for ten years using TRMM 3B42 
data. 
 

However, there is another possible mechanism involving gravity waves that 
may be occurring leading to discrete propagation of convection. Shige and 
Satomura (2001) investigated the mechanism of discrete propagation during TOGA 
COARE and found that strong upper-level easterlies provided a critical level.  
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Fovell et al. (2006) found that discrete propagation can occur when gravity waves 
generated by a squall line are ducted forward by the storm’s own upper-
tropospheric leading anvil outflow. For the case of the South China Sea, soundings 
during SCSMEX taken from R/V Shiyan 3 near Dongsha Island shown in Johnson 
et al. (2005; their Figs. 9 and 10) indicate that in some instances there was a 
component of the upper-level offshore flow exceeding 20 m s-1, so the existence of 
a critical level and wave ducting (Shige and Satomura 2001) for that region cannot 
be ruled out. 
 
4. Summary 

This review has examined the diurnal variability of monsoon precipitation and 
associated circulation features – land/sea breezes, mountain/valley breezes, and 
low-level jets – in the monsoon regions of the world, with a particular focus on the 
Asian monsoon. The dominant pattern of diurnal variability is a maximum in 
rainfall over land during the afternoon/evening in response to solar heating of the 
surface and a morning maximum over the oceans; however, there are important 
exceptions to this behavior. In particular, some areas over the continent have a 
nocturnal rainfall maximum and over partially enclosed seas (e.g., Bay of Bengal 
and South China Sea) have a daytime maximum in precipitation. Several theories 
for the diurnal cycle over the ocean have been proposed, involving surface and free-
tropospheric radiative heating or their horizontal gradients; however, the precise 
mechanisms remain unclear and are not well represented in global models. 
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Abstract 

This study analyzes the diurnal cycle of precipitation simulated in a 
global cloud-resolving model (GCRM) named NICAM (Nonhydrostatic 
ICosahedral Atmospheric Model). Thirty-day integration of NICAM 
successfully simulates the precipitation diurnal cycle associated with the 
land/sea breeze and the thermally-induced topographic circulations as well 
as the horizontal propagation of diurnal cycle signals. The first harmonic of 
the diurnal cycle of precipitation in the 7-km run agrees well with that from 
satellite observations in its geographical distributions although its amplitude 
is slightly overestimated. The NICAM simulation revealed that the 
precipitation diurnal cycle over the maritime continent is strongly coupled 
with the land-sea breeze which control the convergence/divergence pattern 
in the lower troposphere around the islands. The analysis also suggests that 
the cold pool often forms over the open ocean where the precipitation 
intensity is high and the propagation of the cold pool events is related to the 
precipitation diurnal cycle as well as the land-sea breeze. Sensitivity 
experiments suggest a prominent horizontal resolution dependence of the 
simulated precipitation diurnal cycle. Over continental areas the 14-km run 
induces the diurnal peak about three hours later than the 7-km run. The 3.5-
km run produces the peak time and amplitude very similar to those in 
TRMM PR observations. Meanwhile, the resolution dependence in phase 
and amplitude is negligibly small over the open oceans. This contrast 
sensitivity to the horizontal resolution is attributed to the differences in 
structure and life cycle of convective systems over land and ocean. 

 
Keywords: Global cloud-resolving model, diurnal cycle, cold pool, maritime continent 
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1. Introduction 
Convective heating is extremely important for the maintenance of global-scale 

atmospheric circulation. The space-borne observation established by TRMM 
satellite has contributed significantly to our understanding of the structure and 
behavior of convective activity by direct sounding using precipitation radar on 
board. The TRMM and associated products are often adopted as a reference for 
evaluation of general circulation models (GCMs) (Lin et al. 2000, 2002; Collier and 
Bowman 2004; Arakawa and Kitoh 2005; Takayabu and Kimoto 2008). Dai (2006) 
evaluated the diurnal cycle in GCMs using multiple observation datasets, and 
suggested that the modeled diurnal cycle is too early in the precipitation peak and 
too strong in the amplitude than the observed even in the latest generation GCMs. A 
poor description of the diurnal cycle in the tropics in GCMs may be a matter of 
concern for predicting tropical climate variability (Wang et al. 2007). Neale and 
Slingo (2003) suggested the importance of the diurnal cycle over the maritime 
continent for simulating the atmospheric circulation in northern hemisphere. 
Therefore, considerable improvements are necessary for realistically simulating the 
diurnal cycle of precipitation by GCMs.  

There are three possible approaches to improve the simulation of the 
precipitation diurnal cycle in global models. The first method is to increase the 
horizontal resolution of conventional GCMs (e.g. Arakawa and Kitoh, 2005). The 
second method is to adopt a Multi-scale Modeling Framework (MMF or super 
parameterization), in which cumulus parameterization in a coarse resolution GCM 
box is replaced by a two-dimensional cloud-resolving model (Khairoutdinov and 
Randall 2001; Grabowski 2001). It is inferred, however, that the former does not 
capture mesoscale circulation associated with the coastal convection and the latter 
has limitation to simulate the convective systems that propagates long distances 
apart from the initial forcing. The third method, which we adopt in this study, is to 
use the global cloud-resolving (or cloud-system-resolving) model (GCRM or 
GCSRM). The GCRM with a grid size of several kilometers directly simulates 
cumulus convection with a global coverage using a cloud microphysics scheme 
without the use of any cumulus parameterization. The high resolution over coastal 
and inland areas enables us to resolve local circulations in association with the land-
sea contrast and topographic complexity. 

The purpose of this paper is to show the characteristics of the precipitation 
diurnal cycle and convective behaviors in the tropics simulated in a GCRM. The 
simulated diurnal cycle is evaluated using satellite observations. Additionally, we 
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conducted some preliminary results on the cold pool formation which is associated 
with the diurnal cycle of convection over the tropical regions. 
 
2. Model and Data 

This study uses the global cloud-resolving model–NICAM (Nonhydrostatic 
ICosahedral Atmospheric Model), which is developed at the Frontier Research 
Center for Global Change (FRCGC) and Center for Climate System Research 
(CCSR), the University of Tokyo (Tomita and Satoh 2004; Satoh et al. 2008). Sato 
et al. (2007) firstly showed the realistic simulation of the diurnal cycle of 
convective activity over the Tibetan Plateau by NICAM. Miura et al. (2007) 
discussed a realistic simulation of an eastward propagating Madden-Julian 
oscillation event occurred in December 2006. This study analyzes the Miura's 
experiment with special emphasis on the diurnal cycle of convective systems in the 
tropics. The numerical experiments were performed for one month starting at 15th 
December 2006. In order to evaluate the resolution dependency of the diurnal cycle, 
we performed three experiments by changing the horizontal resolution in NICAM 
(3.5, 7, and 14 km mesh grid); but, in this study, we mainly focus on the NICAM-
7km run.  

TRMM observations were used to evaluate the simulated diurnal cycle. We 
adopted the TRMM 3G68 in December-January-February from 1998 through 2007. 
Additionally, we use the TRMM 3B42 (hereafter 3B42) product to compare 
NICAM results for the identical period, namely from 15 December 2006 through 14 
January 2007. 
 
3. Global distribution of the simulated diurnal cycle 

Figure 1 shows the local time of the precipitation peak in NICAM-7km and 
3B42 computed from the first harmonic of the composite diurnal cycle. NICAM 
well captures the geographical distribution of the local time in the precipitation 
peak. In the major continental regions, such as South Africa, Australia, and South 
America, both NICAM and satellite observations indicate the afternoon peak of 
precipitation. 

The horizontal distribution of the local time in the diurnal precipitation peak 
presents more complex feature over oceans. Near ITCZ and the SPCZ, where total 
precipitation amount is large, the diurnal phase is quite different from region to 
region, which is a common feature in both NICAM simulation and observation. On 
the other hand, the NICAM-7km run shows clear early morning peak around 3 to 6 
LT over the eastern ocean basins where the middle troposphere in the subtropics is 
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subject to large-scale subsidence, i.e., over the Southeast Pacific, Southeast 
Atlantic, and Southeast Indian Ocean. Since the drizzle from marine stratocumulus 
clouds is a major contributor to the total rainfall in these areas (Wang et al. 2004), 
the precipitation is hardly detected by the TRMM PR.  

The amplitude in NICAM is generally larger over both land and ocean than in 
the two observational products. Geographical distributions are, however, well 
captured in the NICAM-7km run. For instance, the local maxima of the diurnal 
amplitude over islands in the maritime continent and Madagascar Island are evident 
in the NICAM simulation. 

 

Fig. 1. Local time of the precipitation maximum and amplitude (mm day-1) of the diurnal 
cycle in NICAM and 3B42 during 15 December 2006 and 14 January 2007. Precipitation 
intensity less than 0.1 (mm hr-1) is whitened. 
 

 
Fig. 2. Diurnal change of monthly mean precipitation intensity over the maritime continent 
simulated by the NICAM-7km run. 
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4. Diurnal cycle over the maritime continent 
The diurnal change of precipitation intensity over the maritime continent is 

shown in Fig. 2. The most predominant characteristics, i.e., the early morning peak 
over ocean and the afternoon peak over land, are simulated well in the NICAM-7km 
run. During 06-09 LT, the precipitation intensity over land becomes low, whereas, 
over ocean, the precipitation intensity increases along the coastlines. This pattern 
remains similar until 12 LT; however, it changes dramatically at 15 LT. 
Precipitation intensity over land increases during 12-15 LT, in particular, in the 
coastal land areas over islands. Meanwhile, precipitation intensity is decaying over 
oceans. During 15-18 LT, the rapid increase in precipitation intensity becomes 
evident over large islands, such as the New Guinea, the Sumatra, and the Borneo. 
The exception is near the central regions of the Borneo Island where the intensity is 
still weak. Precipitation intensity over ocean is quite weak; giving rise to a 
remarkable land-ocean contrast. In the midnight around 21-24 LT, convective 
systems are only present in the central regions of large islands, such as the New 
Guinea and the Borneo and remain intense until 03 LT. Overall these characteristics 
are very similar to the TRMM observations. Hence, the NICAM-7km run well 
captures the diurnal cycle of precipitation over the maritime continent. Another 
marked diurnal change appears over the Cape York Peninsula in Northeast 
Australia. The precipitation peaks around 15 LT over the peninsula, which 
propagates westward in the environmental easterly wind. The precipitation peaks at 
03 LT in the central regions of the Gulf Carpentaria. 

Remarkable contrast of the diurnal cycle between land and ocean in the 
maritime continent is associated with the land/sea breeze (Houze et al. 1981; Saito 
et al. 2001) as well as the mountain slope flow (Zhou and Wang 2006). Figure 3 
depicts 2-m height wind patterns, shown in the departure from the monthly mean 
wind, at two selected local times. At 17.5 LT, the well-developed sea breeze is 
found around coastlines over islands. Inland coastal areas are characterized by 
prominent low-level convergence. The Java Island is entirely covered by the low-
level convergence due to northerly and southerly flows at both northern and 
southern coastlines, respectively. On the other hand, the offshore areas, particularly 
where surrounded by the islands, experience weak low-level divergence. In the 
morning (5.5 LT), the land breeze is recognized over the offshore areas, resulting in 
a weak convergence zone over the coastal ocean. The convergence is locally 
intensified over the Java Sea and between the Borneo and Java islands due to the 
merging of two different land breeze systems, one from the Java Island and the 
other from the Borneo Island. This should contribute greatly to the intensification of 
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precipitation in early morning over the ocean. From these results, the land/sea 
breeze system dominantly controls the diurnal phase and amplification of 
precipitation near the coastlines. The physical process that controls the precipitation 
diurnal cycle over the offshore areas is different from those of the morning peak 
over the open ocean (e.g., Sui et al. 1997; Dai 2001; Nesbit and Zipser 2003) or in 
the aqua-planet experiment (Tomita et al. 2005). The diurnal change of 
convergence/divergence pattern that is associated with the land-sea breeze system 
seems to be confined within offshore areas, several hundred kilometers in maximum 
from the coastlines. Areas over the ocean far away from the coastline are little 
influenced by the land heating and thus can be regarded as open ocean. Although 
this criterion may vary depending on the environmental conditions, it is roughly 
consistent with observations (Houze et al. 1981; Yang and Slingo 2001; Moteki et 
al. 2008).  

We present preliminary results on the convection-associated mesoscale 
dynamics over ocean. Cold pool formation over the ocean is an essential process 
that triggers the generation of new convective cells and the organization of 
convective systems, such as cloud clusters (Tao 2007; Nasuno et al. 2008). Recent 
surface meteorological observations in open ocean become available owing to the 
rapid increasing number of buoy stations, such as the TRITON and the TAO. 
However, the nature and geographical distribution of the cold pool events over the 
open ocean are still unknown. Even with the aid of satellite remote sensing, it is still 
difficult to observe mesoscale meteorological elements over the open ocean. Figure 
4 shows 30-day statistics of the cold pool formation. Here, we estimate the number 
of the cold pool formation events by a very simple method. We regard the rapid 
temperature drop greater than 1.5 K/1.5 h as a cold pool formation event. The 
threshold value is subjectively determined as the largest value that does not exceed 
the temperature change over ocean expected from the solar insolation alone. In spite 
of the very simple detection method, the horizontal distribution of the cold pool 
formation events seems to be reasonable. The higher counts of cold pools are found 
over the ocean where mean precipitation is great, such as in the ITCZ and the 
SPCZ. That means the cold pools are often generated over ocean areas where the 
convective activity is high. The formation of cold pools is a key process that 
maintains the larger-scale convective organization. 
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Fig. 3. Monthly mean diurnal anomaly of 2-m height wind at (a) 17.5 LT and (b) 5.5 LT in 
the NICAM-7km run. Red and blue shadings indicate the divergence and convergence of 
the 2-m wind. 

 
Fig. 4. Counts of the cold pool formation events over ocean during the 30-day integration 
of the NICAM-7km run. 

 
Fig. 5. Diurnal change of the cold pool formation events over ocean during the 30-day 
integration of the NICAM-7km run. 
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The diurnal change of the occurrence number of the cold pool events over the 
maritime continent is depicted in Fig. 5. In the evening (18-24 LT), high frequency 
occurs in the offshore areas along the coastlines, indicating that the cold pools are 
formed in association with the late afternoon convection over the islands. The high 
frequency migrates toward the open ocean in early morning (00-06 LT). 
Consequently, frequency is high over the ocean surrounding the islands in the 
morning (06-12 LT). In addition, the westward propagation of the high frequent 
cold pool events is evident over the Gulf of Carpentaria and North Australia. 
 
5. Conclusion 

This study presents the diurnal cycle of precipitation in the tropics simulated 
in a global cloud resolving model. Here, we statistically analyzed the diurnal cycle 
of tropical deep convection using a one-month simulation from NICAM. The 
simulation captures the precipitation diurnal cycle fairly well compared with the 
TRMM products although the amplitude is overestimated. High performance in 
simulating regional characteristics of the diurnal cycle proves that the GCRM is 
capable of resolving the key mechanisms controlling the precipitation diurnal cycle, 
such as land/sea breeze and gravity wave/current propagations. We only have 
limited observations on the spatial distribution of the mesoscale atmospheric 
circulation that is associated with the diurnally varying local wind patterns. The 
NICAM experiments provide the diurnal cycle of local wind patterns due to land-
sea breeze and mountain circulation which would be important for the diurnal cycle 
of convection over land and offshore regions. Additionally, we show the statistics of 
the cold pool event over tropical oceans. Over ITCZ and SPCZ cold pool is very 
often formed likely modulated in accordance with the solar insolation. Over 
offshore oceans in the maritime continent, the horizontal pattern of the cold pool 
frequency is very much consistent to the field observations and precipitation diurnal 
cycle, therefore, the mesoscale processes are desired to be simulated in the global 
models.  
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Abstract 

The first intensive in situ observation in early spring was implemented on the 
plateau in April 2004 under the framework of the Coordinated Enhanced Observing 
Period (CEOP) (Koike, 2004). Taniguchi and Koike (2007) revealed the importance 
of cumulus activity in atmospheric temperature increases in the upper troposphere 
even in April by in situ and satellite observations and numerical simulations.  

In addition to the large daytime increase of potential temperature in the lower 
layer from surface to 7500m ASL, a significant increase (greater than 3K) is 
observed above 10000 m ASL. From 0200 UTC to 0600 UTC, the high potential 
temperature zone spreads upward gradually. This corresponds to the development of 
a mixing layer, which finally reached to approximately 7500m ASL. From 0600 
UTC to 0800 UTC, a significant increase in potential temperature is observed to be 
reaching 10500m ASL. Thermal usually immediately sinks back down into the 
mixing layer because of negative buoyancy. Accordingly, such a rapid and 
significant temperature increase cannot be considered as a result of thermally 
induced dry convection. 

A histogram of the cloud top height derived from the GOES-9 data around the 
target area and the radiosonde observations shows the cloud area with the top 
elevation higher than 10km ASL increases from morning to early afternoon. The 
diurnal variation in cloud top height, which occurs concurrently with the abrupt 
deep atmospheric heating, suggests that a cloud condensation process plays a key 
role in the atmospheric heating in April. 

To investigate the importance of cloud activity on atmospheric heating, two 
qusi-2D meso-scale simulations, one with the observed atmospheric conditions 
(hereafter, WET) and the other with no atmospheric moisture and no cloud micro-
physics (hereafter, DRY), were implemented by simplifying topography. Strong 
convection and cloud activity occur above both north and south mountains at 0730 
UTC associated with the large increase in potential temperature reaching 8000 to 
10500 m ASL in the WET case (a), while much weaker convective activity at the 
same timing in the DRY case (b). Simulated differences in potential temperature 
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between 1200 and 0000 UTC in both cases show that positive daytime increase in 
potential temperature is recognized in both the lower and upper layers in the case of 
WET (a), while a large increase occurs only near the surface, decreases with height 
and can not be identified above 7200m ASL (b).  

In conclusion, the results of field observations, satellite data analyses, and 
numerical simulations indicate that sensible heat transfer by dry convection is 
insufficient to warm the upper layer over the plateau and that the development of 
cloud convection is indispensable for atmospheric heating in the upper troposphere 
over the plateau during early spring. 
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Abstract 

In the present study, horizontal winds with high temporal and vertical 
resolution from the 400-MHz wind profiler radar (WPR) at Okinawa and the 
JMA WPR network at three stations surrounding Okinawa are used to 
investigate the low level jet (LLJ) during the Baiu season, May-June of 
2004-2006 over the southwest islands of Japan. With a purpose to better 
understand the relationship of the LLJ to the Baiu rainfall system, the diurnal 
variation of precipitation associated with the Baiu front over this region is 
examined by using GSMaP (Global Satellite Mapping Precipitation) and 
Radar-AMeDAS (Automated Meteorological Data Acquisition System) 
rainfall data. 

The diurnal variation of LLJ occurrence is analyzed with the focus on 
rain cases. The Baiu precipitation system over the studied region exhibits not 
only a diurnal variation with an intensity peak in the morning, but also 
propagation from the northwest to the southeast while it is weakening 
through the day. In a close examination of the LLJ with precipitation in its 
propagating direction toward individual stations, it is revealed that different 
diurnal variations of LLJ occurrence are obtained in accordance with 
different variations of precipitation approaching these stations. The strongest  
enhancement of the LLJ in the morning is obtained at Okinawa, when the 
precipitation peak is north of the site, while nighttime preferences of the LLJ 
and precipitation are found at Yonaguni. Naze and Yakushima show less 
clear diurnal variations in both the LLJ and precipitation. 

 
1. Introduction 

A close relationship between heavy precipitation and the low level jet (LLJ) in 
the Baiu/Mei-Yu season has been found in many studies, not only over Japan (e.g., 
Matsumoto et al.1971; Kato 1998), but also over China and Taiwan (e.g., Chen and 
Yu 1988; Chen et al. 2005). Chen and Yu (1988) found that 84% of 35 heavy rain 
events in the May-June period of the years 1965-1984 over Taiwan were preceded 
by an LLJ of maximum speed of at least 15 ms-1 at 700 hPa 12 hours prior to the 
onset of the event. Numerous studies showed that the LLJ is an important feature of 
the Baiu system in association with heavy precipitation, and it requires deeper 
understanding of the LLJ for improved forecasting of heavy rains. 
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However, there are few studies which were done on the diurnal variation of 
the LLJ and its relationship with that of the Baiu precipitation system. The recent 
work of Chen et al. (2005) on statistics of the LLJ and its relationship to heavy rain 
events was the most comprehensive for the Taiwan area by using conventional 12-
hourly upper-air sounding observed operationally and weather maps. Their results 
were in agreement with earlier studies on the occurrence of heavy rain events of 
greater than 100 mm in 24 hours over northern Taiwan with a 94% of chance that a 
LLJ was present at 850 hPa, and 88% at 700 hPa. However, the time preference of 
the LLJ occurrence and the precipitation could not be obtained with such 12-hourly 
observations.  

Taking advantage of the high temporal and vertical resolution of the wind 
profiler radar (WPR) with long-term wind observations, in this paper we investigate 
the diurnal variation of the LLJ in association with the precipitation system during 
May and June over Okinawa surrounding region, which is one of the regions 
affected by the Asian southwest monsoon and is considered important for the 
formative stage of the Baiu season over Japan. In this study, we also examine 
characteristics of precipitation over this region by using the GSMaP (Global 
Satellite Mapping of Precipitation) and Radar-AMeDAS (Automated 
Meteorological Data Acquisition System) rain data. These data meet requirements 
of large spatial coverage and temporal resolution comparable to that of WPR data.  
 
2. Data 
2.1 The WPR data 

The 400-MHz WPR installed at the Ogimi site (26_400N, 128_090E, 225 m 
above mean sea level (MSL), Fig. 1), belonging to the Okinawa Subtropical 
Environment Remote-Sensing Center of the National Institute of Information and 
Communications Technology (NICT) of Japan, has been in continuous operation for 
several years. Details of design parameters and specifications of this WPR were 
described in Adachi et al. (2001).  

To enhance the study in geographical conditions similar to Okinawa Island, 
we expand our analysis to other islands surrounding Okinawa Island by using data 
from the JMA WPR network. Three surrounding available WPR stations are Naze 
at 28.380N, 129.50E with an altitude of 3-m above MSL, Yonaguni at 24.470N, 
123.010E with a 30-m altitude, and Yakushima at 30.380N, 130.660E with a 36-m 
altitude. Horizontal wind data from the JMA-WPR network are available at 10-min 
intervals and their vertical resolution is 300 m. The period of the data used in this 
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study covers 6 months (May and June) during the Baiu season of three years (2004-
2006). 

 
Fig. 1. Japan area map with Okinawa and locations of the JMA's WPR stations 
surrounding Okinawa. 
 
2.2 GSMaP Precipitation data 

The first source of precipitation data used in this study is the GSMaP obtained 
from the web site (http://www.radar.aero.osakafu-u.ac.jp). These are high precision 
and high resolution global precipitation maps only from satellite data. The main 
products consist of GSMaP-MWR which is produced from six satellite borne 
microwave radiometers and GSMaP-MVK which is retrieved by the MWR-GEO IR 
(Microwave Radiometers - Geostationary Infrared) combined algorithm. The 
comprehensive description of the GSMaP products and physical models of 
precipitation retrieval algorithms is given in several references (e.g., Okamoto et al. 
2005). In the present study, we use the GSMaP-MVK data, whose period is the 
same as the WPR data period of May and June of 3 years from 2004 to 2006. 

 
 2.3 Radar-AMeDAS 

One reliable precipitation source is the Radar-AMeDAS composite, which can 
be used for validation of satellite retrieved precipitation. The JMA Radar-AMeDAS 
covers all of Japan and its coastal area with a spatial resolution of about 2.5 x 2.5 
km at hourly intervals. The data are produced from a composite of JMA operational 
radars calibrated with the AMeDAS rain gauge observations. Details of the radar 
network and AMeDAS system operated by the JMA are described in Takase et al. 
(1988).  
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3. Diurnal Variation of the LLJ 
The dominant southwesterly LLJ (180-270 degrees) during the Baiu season 

has been understood as the primary condition for the formation of the Baiu front. 
The advection of warm-moist air by the southwesterly LLJ causes frontogenesis, 
enhancement of convective instability, and strong moisture convergence (Ninomiya 
and Akiyama 1992). The present analysis concentrates on this southwesterly LLJ. 
The 30-min averaged wind profiles are analyzed to detect the LLJ by finding wind 
maximum speed equal to or greater than 12 ms-1 and the reduction of wind speed by 
at least 3 ms-1 from the height of wind maximum to that of wind minimum below 3 
km or to 3 km if no minimum is found. The half-hourly frequency of LLJ 
occurrence is defined as the percentage of detected LLJs at a given hour to the total 
profiles at that hour. Figure 2 shows the diurnal variation of LLJ occurrence 
frequency for the rainy and non-rain days during May-June of three years at 
Okinawa. In the rain case (Fig. 2a), two peaks are found; in the nighttime around 
22-23 JST and in the morning around 09-11 JST. In the afternoon and early 
morning the frequency of LLJ occurrence is weaker. It is different from the non-rain 
case (Fig. 2b), where an enhancement of LLJ occurrences occurs in the nighttime 
and early morning with only one peak during this nocturnal phase. It was shown in 
our previous study (Pham et. al, 2007) that the clear nocturnal enhancement of LLJ 
occurrence in the non-rain cases over Okinawa Island was attributed to the 
turbulence effect of the ABL.  

Next, we examine the LLJ variation in other islands surrounding Okinawa 
Island by using data from the JMA WPR network. Figure 3 shows the diurnal 
variation of LLJ occurrence frequency in the rain and non-rain cases at Naze, 
Yonaguni, and Yakushima, based on corresponding JMA AMeDAS rainfall data. At 
Naze the non-rain cases exhibit the strongest diurnal variation with a preference 
peak in the early morning (00-06 JST), while in the rain cases the frequency of LLJ 
occurrence slightly increases before midnight (Fig. 3a). At Yonaguni, the clearer 
enhancement of LLJ occurrence in the nighttime is found in the rain cases (Figs. 
3c), but not in the non-rain case (Figs. 3d). At Yakushima (Figs. 3e and 3f), both 
cases show no clear variation in LLJ occurrence, the lowest frequency is noticed 
between 11-15 JST in the rain case. 

While in non-rain cases the diurnal variation of LLJ occurrence shows its 
preference in the nighttime and early morning over large islands, in the rain cases 
the variation is very different from case to case. Previous studies suggested a close 
relationship between precipitation systems in the Baiu frontal zone and the LLJ 
(e.g., Matsumoto et al. 1971; Kato 1998). In the dynamical model of the LLJ 
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circulation proposed by Matsumoto et al. (1971), the heavy rainfall area confined to 
the north side of the LLJ axis is explained by the vertical circulation around the 
LLJ. When this circulation is induced, a convergence is generated in the lower layer 
on the north side of the LLJ, and consequently, convective activities are maintained 
there. In a recent numerical simulation by Kato (1998), it was concluded that the 
pressure gradient force produced by the convection-induced low pressure 
accelerates the mean horizontal velocity in the LLJ core. These accelerated 
horizontal winds are then transported upward by convection. Moreover, the pressure 
gradient force is induced through diabatic heating. Although the interrelation 
between precipitation and the LLJ associated with the Baiu system is complicated, it 
is interesting to examine whether this relationship also appears in their variations. 
For this purpose, we investigate the diurnal variation of precipitation over this 
region in detail in the next section by using GSMaP and Radar-AMeDAS rain data.  

 
Fig. 2 Diurnal variations of LLJ occurrence at Ogimi in the (a) rain cases and (b) non-rain 
cases during May-June of three years (2004-2006) 
 

 
Fig. 3 Diurnal variations of LLJ occurrence at Naze in the (a) rain and (b) non-rain cases, 
at Yonaguni in the (c) rain and (d) non-rain cases, and at Yakushima in the (e)   rain and (f) 
non-rain cases during May-June of three years (2004-2006). 
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4. Characteristics of the precipitation system 
For the purpose of clarifying the precipitation system over the studied region 

defined by the rectangle in Fig. 1, we select only rainy days for the composite 
analysis by examining daily precipitation maps from GSMaP data. The spatial 
distribution of 3-hourly rainfall during the Baiu rainy season is shown in Fig. 4. 
Remarkably, the main precipitation lies in the direction parallel with the Amami and 
Okinawa Islands. The maximum rain rate is found in the morning around 09-12 JST 
over the East China Sea to northwest of the Amami and Okinawa Islands. From the 
morning to night the intensity of precipitation decreases and individual convective 
systems confined along the Baiu front show their propagation to the east, while the 
rain band moves toward a southeast direction. In the afternoon, the rain band 
approaches the Amami and Okinawa Islands, but with weaker intensity. From 21 
JST to 24 JST, the rain band is overhead those islands. Between 24 JST to 03 JST, 
this band is located on the eastern side of islands and farther toward the North 
Pacific Ocean south of the main islands of Japan. It is also noted that the rainfall 
becomes aggregated while it is weakening and moving southeastward through the 
day. 

Next, to highlight characteristics of this diurnal variation we use Radar-
AMeDAS rainfall data to examine precipitation passing each island in detail. From 
the daily averaged precipitation map for rainy days we define the mean position of 
the maximum rain band by linear fitting to maximum points over the region as 
shown in Fig. 5. Diurnal variations along lines perpendicular to the maximum line 
and connected to every WPR site at Ogimi, Naze, Yonaguni, and Yakushima are 
also displayed, respectively. Precipitation in the direction toward Okinawa (Fig. 5a) 
has the strongest variation in intensity compared with other stations. Along this 
direction, the precipitation peak occurs around 280E at 09-11 JST, and it is 
gradually weakening when shifting to the southwest. After 21 JST, the peak 
becomes unclear and located to the south of Ogimi.  

Precipitation in the direction toward Naze (Fig 5b), which is about 200 km 
north of Okinawa, shows its weaker intensity to the north of the station from 11 JST 
to 15 JST, and the stronger intensity in the late afternoon and midnight, between 17-
23 JST to the south. Along directions toward Yonaguni and Yakushima (Fig. 5c and 
5d), precipitation does not have a clear shift of the peak, although its intensity varies 
during the day. The strongest intensity is found north of Yonaguni at 05 JST and 19 
JST, while it occurs in the afternoon (13-15 JST) just around Yakushima. This 
suggests that the southward propagation of precipitation is mostly limited to the 
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region of the Amami and Okinawa Islands. In contrast, the eastward shift appears at 
all locations (not shown). 
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Fig. 4. Temporal and spatial variations of precipitation by GSMaP-MVK composite of the 
Baiu rainy season during May-June of three years (2004-2006) 
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Fig. 5. Diurnal variation of precipitation system passing (a) Okinawa, (b) Naze, (c) 
Yonaguni, and (d) Yakushima by two  years Radar-AMeDAS data. 
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5. Discussion and summary 
Precipitation systems and the LLJ are important features associated with the 

Baiu front. Although their formation and intensification are closely related, it is still 
controversial to conclude their cause and effect relationship. From our results, the 
diurnal variation of LLJ occurrence on rainy days is likely attributed to the variation 
of the precipitation system resulting in diversified patterns of the LLJ variation at 
different islands. In a close examination, we separate the position of the rain band 
north, over, and south of stations by the ranges of (0.2 to 2.0), (-0.2 to 0.2), and (-
2.0 to -0.2) from station's latitude, respectively. Each LLJ occurrence is then 
defined to be confined to one of those precipitation positions. Two years of Radar-
AMeDAS data (2004-2005) are selected in this separation because of their 
corresponding temporal resolution to that of WPR data. Diurnal variations of LLJs 
corresponding to the rain band north and south of Ogimi, Naze, Yoganumi, and 
Yakushima are presented in Fig. 6. 

 
Fig. 6. Diurnal variations of LLJ occurrence at Naze in the (a) rain and (b) non-rain cases, 
at Yonaguni in the (c) rain and (d) non-rain cases, and at Yakushima in the (e) rain and (f) 
non-rain cases. 

 
It reveals that at Ogimi the LLJ mostly occurs during 09-12 JST peaking 25% 

around 11 JST, corresponding to the maximum intensity of precipitation north of 
the site (Fig. 6a). When the rain band is south, the variation of LLJ occurrence is 
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smaller with only a slight enhancement found in the nighttime (Fig. 6b). The 
nighttime and early morning enhancement of LLJ occurrence, which is coincident 
with south-located precipitation, is also displayed at Naze and Yonaguni. The larger 
frequency of LLJ occurrence is found in the nighttime (22-24 JST) at Naze (Fig. 
6d), but in the early morning (03-06 JST) at Yonaguni (Fig. 6f). Moreover, the LLJ 
occurrence south of precipitation slightly increases between 06-15 JST at Naze (Fig. 
6c) and 21-24 JST at Yonaguni (Fig. 6e). Obviously, at Yoganuni regardless of its 
position to the north or south of the site the precipitation has the higher intensity in 
the early morning and night, resulting in the larger diurnal variation of the total LLJ 
frequency during these times. In contrast, at Ogimi a clear enhancement of LLJ 
frequency in the morning (09-12 JST) is closely related with the intensity peak of 
the precipitation system surrounding the Okinawa Islands (Fig. 4). Precipitation in 
the vicinity of Naze has a diurnal variation of intensity smaller than in the case of 
Ogimi, and the peak of intensity in the nighttime (21-23 JST) corresponds to the 
enhancement of the LLJ occurrence found in Fig. 3a.  

This study used high temporally and vertically resolved horizontal winds of 
the Ogimi WPR and JMA WPR network and hourly rainfall maps of the GSMaP 
and JMA Radar-AMeDAS to simultaneously investigate the diurnal variations of 
the LLJ and precipitation during the Baiu season over Okinawa and its surrounding 
area. The LLJ in the rain cases showed that different diurnal variations occurred at 
four stations. This differs from the non-rain cases, in which only the diurnal 
variation with nocturnal preferences was found at two stations of large islands of 
Okinawa and Amami where the ABL processes were thought to play an important 
role in regulation this diurnal variation. At Okinawa the LLJ tends to occur in the 
morning when the precipitation system with it peak is to the north, while the 
nocturnal LLJ is related with the system over the station. However, the clear 
enhancement of LLJ occurrence is found with the peak of precipitation intensity. 
The weaker diurnal variation of LLJ occurrence is shown at Naze, where the rainfall 
system also exhibits less variation in its intensity. The clear diurnal variation with 
enhancements in the nighttime and early morning is obtained at Yonaguni, 
correspondingly with the increase of precipitation in the vicinity of the station 
during these times. 
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Abstract 

It is well known that mesoscale precipitation systems frequently go 
south over the southern foot of Himalaya, Bengali region and the Bay of 
Bengal (BoB) in the northern summer monsoon season. It is also observed 
that these precipitation systems show strong diurnal variation. However, 
detailed characteristics of the precipitation systems are not known yet. The 
area of northern BoB is also a scientifically interesting area because there is 
a precipitation maximum about 100 km offshore from the western coast of 
Indochina. Recently, we started study of the diurnally varying precipitation 
systems over northern BoB using non-hydrostatic regional atmospheric 
model. The purposes of the study are to know: 1) relation between 
southward moving precipitation system in Bengali region and those over the 
BoB, 2) the reason why the systems over the BoB have long life (sometimes 
more than one day), 3) relation between the offshore precipitation maximum 
and southward moving precipitation systems. In this study, preliminary 
results of numerical simulation of diurnally varying precipitation systems 
will be presented. The targeted period is May 2002 since the morphology of 
precipitation systems over BoB in this period was documented by Liu et al. 
(2008) using TRMM data. The model we used is MM5 version 3.4.7 and the 
horizontal resolutions are 54 km, 18 km, 6 km, and 2 km. First, we checked 
time-integration periods and combination of cloud-related parameterizations. 
After several simulation tests using the same sets of domain, horizontal and 
vertical resolutions, it is found that the northward migration of wide 
precipitation band is captured by the coarsest resolution simulation using 
analysis data nudging method even for one month integration. The 
precipitation also diurnally varied though meridional movement is not 
reproduced. Overestimation of precipitation amount over the land and 
underestimation over the ocean are common defects of the simulation results 
of different configuration tested. The southward movement of diurnally 
varying precipitation system appeared in the finest resolution simulation 
clearly. Structure of precipitation systems will be discussed. 

 
Keywords: Bay of Bengal, Mesoscale precipitation system, propagation, diurnal variation, 
numerical simulation 
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1. Introduction 
Meso-scale precipitation systems that move roughly southward against the 

southwesterly summer monsoon environment are often observed over the southern 
foot of Himalaya, Bengali region and Bay of Bengal (e. g., Webster et al. 2002; 
Zuidema 2003; Miyakawa and Satomura 2006; Liu et al. 2008). These studies 
indicagte that these southward moving precipitation systems show strong diurnal 
cycles and some long-lived systems move more than 1000 km over the Bay of 
Bengal. The systems move over regions of rather sparse meteorological areal 
observation networks in the south Asia and ocean. Thus, the characteristics of the 
systems are not well known except the fact that they included convective elements 
similar to squall lines in the radar observation area of a research vessel on the Bay 
of Bengal. Northern part of the Bay of Bengal is also a scientifically interesting area 
where climatologic precipitation maximum is observed over the Bay about 100 km 
offshore (upstream side of southwesterly monsoon) of Indochina. 

We have started series of numerical experiments to study the following 
problems: 

a) the relationship between southward moving squall lines over Bengali 
region, which govern diurnal precipitation cycle in the region (Kataoka and 
Satomura 2005), and southward moving precipitation systems over the Bay of 
Bengal, 

b) mechanisms maintain long-life precipitation systems over the Bay, 
c) the relationship between the offshore climatologic precipitation maximum 

and southward moving precipitation systems. 
In this study, preliminary results of numerical experiments on the topic (a) will 

be presented. 
 
2. Model 

The model used in this study is the fifth-generation Pennsylvania State 
University–National Center for Atmospheric Research (Penn State–NCAR) 
nonhydrostatic Mesoscale Model (MM5). For details about this modeling system 
refer to Dudhia (1993) and Warner et al. (1992), for example. The quadruply nested 
computational grids are depicted in Fig. 1. Grids 4 (the inner grid), 3, 2, and 1 (the 
outer grid) have grid increments of 2, 6, 18, and 54 km, respectively. The nested 
grids each have 44 vertical computational layers, and the outer two grids interact 
during the simulation. The model top is located at 30 hPa in MM5’s reference 
atmosphere. 

The planetary boundary layer parameterization, based on Hong and Pan 
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(1996), is the ‘‘nonlocal’’ technique that is employed in the Medium-Range Forecast 
(MRF) model of the National Centers for Environmental Prediction (NCEP). A 
simple explicit treatment of cloud microphysics is employed and is based on Dudhia 
(1989). Both ice and liquid phases are permitted for cloud and precipitation, but 
mixed phases are not permitted. The model uses a radiation scheme in which 
longwave and shortwave radiation interact with the clear atmosphere, cloud, 
precipitation, and the ground (Dudhia 1989). For the convective parameterization, 
the Kain–Fritsch scheme (Kain and Fritsch 1993) was used on the all grids. Other 
combinations were tested and will be reported. Terrain elevation is specified based 
on a 30 arc-second dataset. Figure 1 also shows the terrain elevation for grid 4. 

The Land surface model is based on Chen and Dudhia (2001). The weekly 
varying sea surface temperatures were obtained from the NCEP–DOE Reanalysis.. 

 

 
Fig. 1. Model computational grids, labeled D1–D4. 

 
Fig. 2. Monthly mean precipitation rate (mm/h) on May 2002. (Left) model; (right) 

TRMM 
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The model initial conditions are the NCEP-DOE Reanalysis II. Lateral 
boundary conditions for the outer grid (grid 1) are defined using linear temporal 
interpolation between 12-hourly NCEP-DOE Reanalysis. Grids 1 and 2 were 
integrated for 1 month, grid 3 was integrated for 11 days and grid 4 was for only 5.5 
days. Model wind and thermal variables are nudged to the analysis data in grid 1. 
 
3. Results 

We focused on May 2002 in this study because the morphological 
characteristics are well documented by Liu et al. (2008). First, the model 
performance was checked by comparison of one-month precipitation of model grid 
1 and TRMM 3B42 data (Fig. 2). The model overestimates over several land 
regions: around Megaraya Plateau, western coast of Indochina and Indian 
Subcontinent, and the Bay of Thailand. Those regions are upslope regions of 
mountains for southwesterly monsoon. However, both model and TRMM indicate 
that precipitation mainly occurs in the south of about 15 °N to the west of Indian 
Subcontinent and precipitation observes more in the eastern part of the Bay of 
Bengal that that in the eastern part. Figure 3 shows meridional-time cross section of 
precipitation on May 2002. Model represents slow northward migration of broad 
precipitation zone on the earlier half of the month well. The migration speed is, 
however, slower in the model than that of TRMM observation. Diurnal variation 
over the land is simulated well but overestimated in the model. Slow southward 
migration of diurnal precipitation cycle areas over the land is also represented in the 
model. Thus, model can simulate rough precipitation pattern on May 2002 in 
coarser grids. 

Figure 4 shows 10 days average of precipitation in grid 3 and TRMM. Though 
TRMM data show clear precipitation maximum near the Bengali coast, precipitation 
in the model occurs almost only in the land. Figure 5 shows meridional-time cross 
section of precipitation in grid 3. Diurnal precipitation cycles over the land are 
overestimated and the long-lived system started about on day 7 (May 10th) is not 
reproduced in the model.  

 
4. Summary 

The model showed one month climatologic precipitation patterns in coarse 
resolution grid domain similar to TRMM observation. The finer grid model, 
however, overestimated diurnal variation though long-lived system was not 
simulated. To simulate diurnally varied precipitation systems realistically, grid 
resolution finer than 6 km is inevitable in the south Asia. 
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Fig. 3. Meridional-time cross section of precipitation rate (mm/h) of TRMM (left) and 
model grid 1 (right) averaged over from 87.5 to 92.5 °E on May 2002. Color shading levels 
are shown to the right of each panel. 

 
Fig. 4. Mean precipitation rate (mm/h) for 10 day from May 5th 2002 by (left) TRMM and 

(right) model grid 3. 

 
Fig. 5. Meridional-time cross section of precipitation rate (mm/h) of TRMM (left) and 
model grid 3 (right) averaged over from 87.5 to 92.5 °E for 10 days from May 5th 2002. 
Color shading levels are shown to the right of each panel. 
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Abstract 

A diurnal cycle of systematic migration of cloud systems exists over 
Sumatera Island (about 1,500 km in length) in Indonesia. The cloud systems 
develop in a mountainous area in the afternoon and migrate westward and/or 
eastward for several hundred kilometers from night to morning. Three-
dimensional distribution of precipitation in the western part of Sumatera 
Island was obtained by Hydrometeorological ARray for ISV-Monsoon 
AUtomonitoring (HARIMAU) 2006 campaign. The internal structure and its 
migratory process of the cloud systems with diurnal cycle observed on 10 
November 2006 were investigated by dual-Doppler radar analysis in order to 
understand the mechanisms of the diurnal cycle.  

Convection got active in the mountainous area around 11 LST, 
organizing precipitation systems with a horizontal scale of several tens of 
kilometers. The precipitation systems migrated westward. The precipitation 
systems developed again over the sea off the western coast of Sumatera 
Island and became bigger than those over the land. The horizontal scale of 
the precipitation systems was 100 km in long axis which was on a parallel 
with the west coast line of Sumatera Island. Internal structure of the 
precipitation systems consisted of convective area which developed up to 16 
km in height in the leading edge of the precipitation systems and stratiform 
area with a horizontal scale of about 20 km in the rear of the leading edge. 
The precipitation system migrated further offshore at a speed of about 5 m/s, 
which roughly corresponded to the background wind direction and speed in 
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the lower troposphere. Successive generation of convective cells and an 
advection by background wind in the lower troposphere are considered as 
migratory mechanism of precipitation systems over the sea. The convective 
cells were successively generated by the convergence between a wind over 
the sea and gust derived from downdraft in dissipating stage of convective 
cells. 

 
Keywords: diurnal variation, cloud system, local circulation 

 
1. Introduction 

Indonesian maritime continent is one of the most rainfall and latent heat 
release area in the world. There are much rainfall areas over the land and 
surrounding sea. Diurnal cycle of convective activity is one of the dominant 
phenomena in the tropics. There is distinct contrast of rainfall peak time between 
land and sea over Indonesian maritime continent: rainfall amount has a peak in the 
evening over the land, whereas rainfall peak has in the morning over the sea (Mori 
et al. 2004). The rainfall peak time contrast over Sumatera Island is caused by cloud 
system migration (Mori et al. 2004; Sakurai et al. 2005): convective activity gets 
intense in the western part of Sumatera Island in the daytime, and cloud systems 
migrate westward and eastward from the western part of Sumatera Island for several 
hundred kilometers during the night. Convection is active over the sea around 
Sumatera Island in the morning. 

This diurnal cycle of cloud system migration over Sumatera Island has been 
investigated using mainly satellite data such as TRMM PR data and IR1 data (Yang 
and Slingo 2001; Mori et al. 2004; Sakurai et al. 2005). These previous studies 
using long-term data clarified the climatological characteristics of the diurnal cycle 
over Sumatera Island. Sakurai et al. (2005) showed a relationship between 
migratory direction of cloud systems and wind direction: eastward migration of 
cloud systems occurred in westerly wind in the lower troposphere, on the other 
hand, those of westward migration were observed in westerly and easterly winds in 
the lower troposphere. Coupling Process of Equatorial Atmosphere project (CPEA) 
installed an X-band Doppler Radar (XDR) in the mountainous area in west 
Sumatera, and internal structures of precipitation systems in west Sumatera with 
high temporal and spatial resolution was investigated (Fukao 2006; Kawashima et 
al. 2006; Sakurai et al. 2009). Sakurai et al. (2009) showed that migratory 
precipitation systems with a diurnal cycle had convective region in the leading edge 
of the precipitation systems and stratiform one in the rear of the precipitation 
systems and horizontal scale of migratory precipiation systems was several tens of 
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kilometers. They suggested that the convective region in the leading edge of the 
precipitation systems was migrated by self-replication of convective cells and the 
advection of background wind in the lower troposphere. However, the XDR 
covered the land area only in west Sumatera and could not obtain internal structures 
of migratory precipitation systems over the sea. It is needed to clear whether the 
internal structures of the precipitation systems which migrated from the land are 
maintained or changed over the sea to understand a series of migratory process of 
cloud system from the land to the sea. 

Hydrometeorological ARray for ISV-Monsoon AUtomonitoring (HARIMAU) 
project has been running since 2005 (Yamanaka et al. 2008). The HARIMAU 
project carried out an intensive observation with two XDRs which covers the sea 
area off the west coast of Sumatera Island, rawinsondes and operational Equatorial 
Atmosphere Radar (EAR) in west Sumatera during October 26 and November 27, 
2006 (so called HARIMAU2006) (Fig. 1). The purpose of this study is to describe 
internal structures of westward migratory cloud systems with a diurnal cycle over 
the sea off the west coast of Sumatera Island using HARIMAU2006 observation 
data. In this study, westward migratory cloud systems observed on November 10, 
2006 were analyzed with the HARIMAU2006 data. The analysis period 
climatologically corresponds to one of two rainy seasons, from March to May and 
September to November in the central part of Sumatera (Hamada et al. 2003), which 
appear to be due to the annual variation (north-south shift around the equator) of 
ITCZ (Murakami and Matsumoto 1994; Okamoto et al. 2003). However, the period 
of HARIMAU2006 was in a positive phase of the IOD and weak-to-moderate 
strength El Nino, and convection in the warm pool regions of the eastern Indian 
Ocean and western Pacific was suppressed (MckPaden et al. 2008; and Yoneyama 
et al. 2009). 
 
2. Observation and data description 

An XDR was installed at MIA (100.300E, 0.790S, 5 m above mean sea level 
(MSL)) in October, 2006, and another XDR which has been used during CPEA 
project in 2004-2005 was moved from Sungai Puar (100.410E, 0.360S, 1,121 m 
MSL) to Tiku (99.920E, 0.400S, 3 m MSL) in October, 2006. Each XDR obtained 
volume scan data regarding the reflectivity and Doppler velocity every 6 minutes 
over an 83 km radius. The sampling resolution of the XDRs' data was 200 m in the 
radial direction and 1.00 in the azimuthal direction. One volume scan consisted of 
18 (19) elevation angles from 0.50 to 500 at MIA (Tiku). The Doppler velocity and 
reflectivity are interpolated into the Cartesian grid system with 0.5 km horizontal 
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and vertical spacing using a Cressman weighting function (Cressman1959). We 
conducted dual-Doppler analysis with the variational method introduced by Gao et 
al. (1999). The boundary condition of w = 0 m/s at z = 0.5 km and the storm top 
was employed because the reflectivity at the storm top was weak enough (less than 
15 dBZ) to assume 0 m/s vertical velocity. Three-dimensional wind field was used 
for a trajectory analysis of air parcels in precipitation systems. We supposed that 
wind field was maintained for 6 minutes, and the air parcels were trajected 
renewing wind data every one minute with wind data.  
Intense rawinsonde observations were carried out at Padang (Tabing BMG 

station)(100.350E, 0.880S, 2 m MSL) for 33 days (from October 26 to November 
27, 2006) and at Siberut (Siberut national park office) (99.200E, 1.580S, 7 m MSL) 
for 11 days (from November 4 to 14, 2006) in HARIMAU2006 (Fig. 1). Padang is 
located near the western coast of Sumatera Island, and Siberut is located near the 
eastern coast of Siberut Island which is about 150 km apart from the western coast 
of Sumatera Island. 

In this study we analyzed the rawinsonde data observed at Padang in 
HARIMAU2006. The receiver and transmitters of a GPS-rawinsonde system 
(Vaisala RS92SGP) with meteorological balloons (TOTEX-600 type) were 
employed. The rawinsonde system can obtain the vertical profiles of temperature, 
relative humidity, pressure, and zonal and meridional winds with a vertical 
resolution of 100 m. Rawinsondes were basically launched 4 times daily at 
approximately 0030, 0630, 1230, and 1830 LST (UTC = LST - 7) during 
HARIMAU2006 basically, whereas rawinsonde observation was conducted 8 times 
daily at 0030, 0330, 0630, 0930, 1230, 1530, 1830, and 2130 LST from November 
04-14, 25, and 26, 2006. 
Surface data was obtained at MIA, Tiku, Padang, and Siberut by Automatic 

weather station (AWS) (MAS201) during HARIMAU2006. AWS can obtain 
temperature, relative humidity, pressure, wind speed, and wind direction on the 
surface ground every minute. 
 
3. Results 

Diurnal cycle of convective activity was intense and cloud systems migrated 
westward in a diurnal cycle on November 10, 2006 over Sumatera Island. Figure 2 
shows horizontal distribution of TBB on November 10, 2006. Convection got active 
around 13 LST and cloud systems grew up to several hundred kilometers in 
horizontal in the west coast of Sumatera Island. The cloud systems migrated 
westward, and the core of the cloud systems reached over the sea off around 20 
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LST. Around 00 LST on November 11, the core of the cloud systems were over the 
Mentawaii Islands at a distance of about 150 km from the west coast of Sumatera 
Island. 

Figure 3 is a height-time cross section of horizontal wind at Padang during 
0630 LST on November 10 and 0330 LST on November 11. From 2 km up to 14 
km, easterly wind component was dominant and wind speed was stronger at higher 
altitude below 3 km in heghit. Below 2 km in height, local circulation was 
observed: westerly (easterly) wind in the daytime (nighttime) below 1 km. Figure 4 
shows surface wind speed and direction at Tiku site on November 10, 2006. 
Southwesterly wind blew during 08 and 17 LST and changed to southeasterly after 
17 LST. The surface wind speed increased from 08 LST and had a peak around 16 
LST. Maximum wind speed was 7.7 m/s. After 16 LST the surface wind speed 
decreased. Similar characteristics of surface wind were observed at MIA and 
Padang, too. 

From 12 LST convective cells developed around Lake Maninjau (LM). The 
convective cells organized into precipitation systems with a horizontal scale of 
about 30 km, and the precipitation systems migrated northwestward. The migratory 
direction of the precipitation systems corresponded with the wind direction at a 
height of around 2 km. New convective cells in the precipitation systems generated 
northeastward, which corresponded to the wind direction below a height of 1 km. 
From 16 LST wind direction below a height of about 4 km changed around LM. In 
the west of LM, the wind direction changed clockwise, on the other hand, wind 
direction in the south of LM changed counterclockwise. These winds converged in 
the southwest of LM. The precipitation systems which migrated northwestward 
changed the migratory direction and migrated clockwise. After the precipitation 
systems reached the southwest of LM, they migrated to the sea. 

Convective activities got active over the sea from 19 LST. Precipitation 
systems generated over the sea and developed northwestward with southerly or 
southeasterly wind in the lower troposphere. Precipitation systems from the land 
were accompanied with strong easterly or northeasterly wind in the lower 
troposphere. The precipitation systems from the land and those developed over the 
sea organized into larger precipitation system than those over the land. The 
horizontal scale of the precipitation system was more than 100 km in long axis 
which was on a parallel with the west coast of Sumatera Island (Fig. 5a). Echo top 
height of the precipitation system was about 13 km. Convective precipitation was 
observed in the leading edge of the precipitation system and stratiform region with 
updraft from 2.5 km up to 12 km with a horizontal scale of 20 km was observed in 
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the rear of the convective region. An anvil above 6 km in height goes faster than the 
core of convective cell due to strong easterly wind in the upper troposphere. 

The precipitation system migrated west-southwestward from 1930 LST at a 
speed of about 5 m/s. Migratory speed of the precipitation system roughly 
corresponded to wind speed in the lower troposphere. Downdraft was observed 
below 1 km in the leading edge of the precipitation system. An inflow turned to an 
updraft above a gust front derived from the downdraft (Fig. 5b). 30 minutes later 
(2024 LST), a downdraft was predominant below 4 km in  height in old convective 
cells and an updraft was observed in new convective cells (Fig. 6a,b). The new 
convective cells developed in front of the old convective cells. We put air parcels in 
the dissipating and developing stages of convective cells and traced the air parcels 
backward and forward each for an hour (Fig. 7). In the dissipating stage of the 
convective cell, air parcels below 4 km were transported downward and an air 
parcel at a height of 7 km was transported to upper troposphere (left panel of Fig. 
7). It is considered that downward transportation of horizontal momentum below 4 
km in the dissipating stage of convective cells strengthened the convergence in the 
leading edge of the convective regions. Horizontal momentum below 4 km could be 
contributing to a gust since easterly wind was dominant below 14 km on November 
10, 2006. In the developing stage of the convective cells, air parcels below 2 km 
were transported downward, on the other hand, those above 3.5 km were 
transported to upper troposphere almost vertically (right panel of Fig. 7). Rawinsode 
data analysis showed that atmospheric conditions were conditionary unstable and 
convective instability (Figure not shown), lifted condensation level (LCL) was 
about 500 m, and level of free convection (LFC) was less than 1 km, which 
indicates that convection can easily develop if surface wind converges and 
generates an updraft. 

The convergence in the leading edge of the precipitation system was generated 
by background wind over the sea (southerly or southeasterly) and gust derived from 
a downdraft in convective cells in precipitation systems. 
 
4. Conclusion 

In this study, internal structures and their process of migratory precipitation 
systems with a diurnal cycle observed over Sumatera Island on November 10, 2006, 
were examined with dual Doppler radar analysis, rawinsonde, and surface data 
obtained by HARIMAU2006 and MTSAT data. During 12 LST and 16 LST, new 
convective cells in precipitation systems over the land were successively generated 
in sea-breeze front and the precipitation systems were advected by background wind 
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at a height of around 2 km. During 16 LST and 19 LST, the precipitation systems 
changed the migratory direction and migrated to the sea. They organized with other 
precipitation systems which generated over the sea and became larger precipitation 
system than those over the land. The scale of the precipitation system was more 
than 100 km in long axis which was on a parallel with the west coast of Sumatera 
Island. The precipitation system migrated further offshore at a speed of about 5 m/s, 
which roughly corresponded to the background wind direction and speed in the 
lower troposphere. Successive generation of convective cells and an advection by 
background wind in the lower troposphere are considered as migratory mechanism 
of precipitation systems over the sea. The convective cells were successively 
generated by the convergence between a wind over the sea and gust derived from 
downdraft in dissipating stage of convective cells. 
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Fig. 1 Topography and observation stations in west Sumatera. Two circles indicate observational 

area of XDRs at MIA and Tiku. 

 

 

 

Fig. 2 Horizontal distribution of TBB over 
Sumatera Island on November 10, 2006. 
Squares in each panel indicate map area of 
Fig.1. 

Fig. 3 Height-time cross section of horizontal 
velocity from 06:30 LST on November 10 to 
03:30 LST on November 11, 2006 observed at 
Tabing. Shades indicate zonal wind component. 

 
Fig. 4 Time vatiation of surface wind direction (red square) and speed (blue diamond) at Tiku 

during 00 LST on November 10 and 00 LST on November 11, 2006. 
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Fig. 5 Horizontal distribution of reflectivity 
and horizontal wind at a height of 2.0 km 
(upper panel) and vertical cross section of 
reflectivity and wind along AA’ line (lower 
panel) at 19:54 LST on November 10, 2006. 
Contour indicates the altitude every 500 m. 

Fig. 6 Horizontal distribution of reflectivity 
and horizontal wind at a height of 2.0 km 
(upper panel) and vertical cross section of 
reflectivity and wind along BB’ line (lower 
panel) at 20:24 LST on November 10, 2006. 
Contour indicates the altitude every 500 m. 

  
Fig. 7 Height-zonal cross-section of backward and forward trajectory results of air parcels in 
a dissipating stage of convective cell (left panel) and developing stage of convective cell 
(right panel). Air parcels were put at a height of 1, 2, 3.5, 4, 5, and 7 km in each convective 
cell . 
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Abstract 
The authors review the progress in the studies of the diurnal cycle of 

precipitation over eastern China. The spatial structures of monsoon 
precipitation diurnal cycles derived from both rain gauge observations and 
satellite products are presented. Some new findings are summarized below: 
(1) The summer precipitation over eastern China has significant diurnal 
variations. A midnight maximum over the eastern part of the Tibetan Plateau 
and the upper-middle Yangtze River valley is evident. The southern inland 
China and northeastern China have late afternoon maxima of rainfall. The 
diurnal cycle of summer precipitation over the middle-eastern China 
between the Yangtze River and the Yellow River valley is characterized by 
two comparable peaks, one in early morning, and another in late afternoon. 
(2) The diurnal phases of summer precipitation over eastern China are highly 
determined by the duration of rainfall events. The rainfall events that last for 
1-3 hours always exhibit the maxima around later afternoon, while the 
rainfall events that last for more than 6 hours usually occur during mid-night 
to noon with the maxima around early morning. (3) While the seasonal 
variation of the diurnal phases is weak in southwestern China, the rainfall 
peak in southeastern China shifts sharply from late afternoon in warm 
seasons to early morning in cold seasons, signifying a robust seasonal 
variation. The different cloud radiative forcing over two regions might 
contribute to the difference. (4) A comparison of PERSIANN (Precipitation 
Estimation from Remotely Sensed Information using Artificial Neural 
Networks) and TRMM (Tropical Rainfall Measuring Mission) 3B42 satellite 
products against rain gauge records reveals a broad agreement, although the 
satellite products generally overestimate rainfall frequency but underestimate 
its intensity. Both frequency and intensity contribute to the diurnal variation 
of rainfall amount over most eastern China. The contribution of frequency to 
the diurnal cycle of rainfall amount is overestimated in both satellite 
products. Both satellite products well capture the nocturnal peak over the 
eastern periphery of the Tibetan Plateau, the late afternoon peak in southern 
China and northeastern China. Rain gauge data over the region between the 
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Yangtze and Yellow Rivers show two peaks, but the satellite products only 
capture the major late afternoon peak. 

 
Key words: Diurnal cycle, eastern China, rain gauge observation, satellite products, precipitation 
amount, frequency and intensity, duration time 

 
Characterizing diurnal precipitation features will help us to understand not 

only the mechanism of rain formation but also the mechanism of the local climate. 
It also provides an excellent test bed for validating cumulus and other 
parameterizations in numerical weather and climate models. Previous studies found 
that the dominant feature of oceanic diurnal cycle is a rainfall maximum in early 
morning (0400-0600 LST), whereas warm-season precipitation peaks in late 
afternoon (0300-0700 LST) over most (but not all) land areas. Besides the global 
analyses, there are also many regional studies of the diurnal cycle over the United 
States, the coastal and island regions in South Asia, the southern Tibetan Plateau, 
and tropical America (references omitted). Partly because of a lack of high 
resolution data, precipitation diurnal cycles over China have not been well 
documented in previous studies. Beneficial from the availability of hourly rain 
gauge observations and satellite remote-sensing data in recent years, we have 
revealed the spatial structures of monsoon precipitation characteristics over eastern 
China, including not only the precipitation amount, but also its frequency and 
intensity and their diurnal cycles. The reliability of satellite data in deriving the 
eastern China precipitation diurnal cycle is also evaluated. Possible mechanisms 
responsible for the precipitation diurnal cycle are discussed. The main motivation of 
this paper is to summarize our recent progress.  
 
1. Diurnal variations of summer precipitation 

The diurnal cycle of summer precipitation amount over contiguous China is 
investigated using hourly rain-gauge data from 588 stations during 1991-2004 (Yu 
et al. 2007a). Fig. 1 shows the spatial distributions of the phase and amplitude 
(normalized by the daily mean) of the diurnal cycle of JJA precipitation by the 
arrows at each station and colors, respectively. The well-organized spatial 
distribution of the amplitude reveals significant diurnal variations. In almost all of 
the stations (546 over 588), the normalized amplitude is larger than 25%.  

To reveal the detailed regional features, Fig. 2 displays the diurnal cycle of 
JJA precipitation averaged over five different regions as outlined in Fig. 1 by the 
dashed rectangles. The results show a midnight maximum over the eastern part of 
the Tibetan Plateau and the upper-middle Yangtze River valley. The southern 
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inland China and northeastern China have late afternoon maxima of rainfall. The 
diurnal cycle of summer precipitation over the middle-eastern China between the 
Yangtze River and the Yellow River valley is characterized by two comparable 
peaks.  

 

Fig. 1. Spatial distributions of the phase and amplitude (normalized by the daily mean) of 
the 1991-2004 mean diurnal cycle of summer (June–August) hourly precipitation. Colors 
represent the normalized amplitude (i.e. in unit of daily mean) while unit vectors denote 
the local solar time (LST) of the maximum precipitation (phase clock). The solid grey line 
shows the 3000 m elevation contour line. The locations of the Yangtze River and Yellow 
River are drawn as orange lines. Five distinct regions are also labeled (After Yu et al. 
2007a). 

 
Fig. 2. Diurnal variations of the 1991-2004 mean summer precipitation averaged over the 
five regions marked in Fig. 1. The horizontal axis corresponds to the local solar time and 
the units of vertical axis are mm/hour (After Yu et al. 2007a). 
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Further analysis revealed that along the Yangtze River valley around 30°N, 
the diurnal phase shows a coherent eastward transition from the midnight 
maximum in the eastern periphery of the Tibetan Plateau, to the near-dawn or 
early morning precipitation maximum in the middle valley and the late afternoon 
maximum in the lower Yangtze River valley (Yu et al. 2007a).  
 
2. Relation between rainfall duration and diurnal variation 

Using hourly station rain-gauge data, we studied the relationship between 
rainfall duration and diurnal variation during the warm season (May to September) 
over the central eastern China (105-120°E, 26-36°N) (Yu et al. 2007b). We 
classify rainfall events according to their durations without any intermittence or at 
most one-hour intermittence during a single rainfall event. After a rainfall event 
begins, if its intermittence lasts for two hours we deem that the rainfall after the 
intermittence belongs to a new rainfall event. The duration of a rainfall event is 
defined by the hours between the beginning and the end of one event. Figure 3a 
shows that over 50% of rainfall events have a duration time of 1-3 hours, mostly 
in the northeastern China and south inland of China. A small percentage of short-
duration rainfall is seen in the central eastern China. Figure 3b reveals that long-
duration rainfall events (longer than 6 hours) occur most frequently (over 20%) 
and contribute more than 60% to the total rainfall in the central eastern China. 

To exhibit the relation between the diurnal variation and the rainfall 
duration, the averaged diurnal variations of precipitation over the central eastern 
China are presented in Fig. 4 according to their rainfall durations. The diurnal 
phases are highly determined by the duration of rainfall events. The rainfall events 
that last for 1-3 hours always exhibit the maxima around later afternoon, while the 
rainfall events that last for more than 6 hours usually occur during mid-night to 
noon with the maxima around early morning.  

Chen et al. (2008) extended this analysis to the diurnal cycle of precipitation 
over the US continent. By diagnosing the hourly station rain gauge data set for the 
1981–1999 periods, it is found that the rainfall diurnal cycle is closely related to 
its duration during summer (June–August) over the Great Plains [(GP), 100–90 
°W, 35–45 °N]. Short-duration rainfall events (an event of 1 h in duration) occur 
more frequently in summer, and they tend to have two diurnal maxima over the 
GP, with one in the early morning [0400–0600 local solar time, (LST)] and the 
other in the afternoon (1500–1700 LST). Long-duration rainfall events (an event 
that lasts longer than 3 h) contribute more to the precipitation amount, and they 
tend to peak from the midnight to early morning (000–0600 LST). This contrast in 
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the diurnal cycle of different classifications of precipitation events over the GP 
reflects the differences in the convective processes at night and during late 
afternoon (Chen et al. 2008). 
 

  
Fig. 3. The percentages to the total rainfall during the warm season (May to September) in 
terms of frequency (black isograms) and amount (colored) for different  rainfall events: (a) 
1-3 hours duration and (b) more than 6 hours duration. The solid white line shows the 
3000 m elevation contour line. The locations of the Yangtze River and Yellow River are 
drawn as grey lines. The rectangle box marked by dashed white lines indicates the central 
eastern China (After Yu et al. 2007b). 

 
Fig. 4. The normalized diurnal variations of precipitation, averaged over the central eastern 
China for durations of 1-3 hours (dot-dashed line with triangle), 4-6 hours (dashed line 
with filled square), 7-12 hours (dashed line with open circle), and more than 12 hours 
(solid line with filled circle) (After Yu et al. 2007b). 
 
3. Seasonal variation of the diurnal cycle of rainfall 

We used hourly station rain gauge data to investigate the seasonal variation of 
the diurnal cycle of rainfall in southern China (Li et al. 2008). The diurnal peaks of 
rainfall over southern China are shown in Fig. 5a. Two clusters of diurnal cycle are 
identified: The precipitation over southeastern China has a late afternoon peak, 
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while that over southwestern China peaks in midnight and early morning. These two 
regions are marked by A and B in Fig. 5a. Seasonal changes of the diurnal cycle in 
the two key regions are shown in Fig. 5b-c. A weak seasonal variation of the diurnal 
phases of precipitation is evident in region A, however, the rainfall peak in region B 
shifts sharply from late afternoon in warm seasons to early morning in cold seasons, 
signifying a robust seasonal variation. 

We further classify rainfall events in southern China into short - (1–3 h) and 
long-duration (more than 6 h) events (figures not shown). Short-duration 
precipitation in both regions reaches the maximum in late afternoon in warm 
seasons and peaks in either midnight or early morning in cold seasons, but the late-
afternoon peak in region B exists during February–October, while that in region A 
only exists during May–September. More distinct differences between regions A 
and B are found in the long-duration rainfall events. The long-duration events in 
region A show dominant midnight or early morning peaks in all seasons. But in 
region B, the late-afternoon peak exists during July–September. The different cloud 
radiative forcing over regions A and B might contribute to this difference (Li et al. 
2008). 

 
Fig. 5. (a) Spatial distributions of the diurnal phase of hourly precipitation all year 
(January–December). The unit vectors denote the phase clock of the maximum 
precipitation in local solar time (LST). Two distinct regions are labeled: southwestern and 
southeastern China. (b) The diurnal cycle of precipitation, standardized in each month for 
regions (a) A and (b) B. The x axis signifies the change of LST and the y axis signifies the 
annual cycle (After Li et al. 2008).  
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4. Diurnal cycle of summer precipitation amount, frequency, intensity derived 
from rain gauge observation and satellite data 

The reliability of satellite data in deriving the diurnal cycle of precipitation 
over eastern China is assessed. Hourly or 3-hourly precipitation data from 
PERSIANN (Precipitation Estimation from Remotely Sensed Information using 
Artificial Neural Networks) and TRMM (Tropical Rainfall Measuring Mission) 
3B42 satellite products and raingauge records are used to characterize East Asian 
Summer Monsoon rainfall, including spatial patterns in JJA (June-July-August) 
mean precipitation amount, frequency and intensity, and the diurnal and semi-
diurnal cycles (Zhou et al. 2008). The results show that the satellite products are 
comparable to raingauge data in revealing the spatial patterns of JJA precipitation 
amount, frequency, and intensity, with pattern correlation coefficients for 5 sub-
regions ranging from 0.66 to 0.94. The pattern correlation of rainfall amount is 
higher than that of frequency and intensity. Relative to PERSIANN, the TRMM 
product has a better resemblance with raingauge observations in terms of both the 
pattern correlation and root-mean-square-error. The satellite products overestimate 
rainfall frequency but underestimate its intensity (figures not shown).  

The diurnal (24 hr) harmonic dominates sub-daily variations of precipitation 
over most eastern China. Fig. 6 compares the spatial distributions of amplitudes and 
phases of the diurnal (24h, S1) harmonics of multi-year mean JJA precipitation 
amount, frequency, and intensity from raingauges, PERSIANN and TRMM 
products. The direction to which an arrow points denotes the local time at which the 
maximum amplitude occurs as indicated by the phase lock in the top left panel 
(South = 0000 LST, West = 0600 LST, North = 1200 LST, and East = 1800 LST). 
The S1 patterns of satellite precipitation amount are in broad agreement with rain 
gauge measurements. A late afternoon maximum over southeastern and 
northeastern China and a near-midnight maximum over eastern periphery of the 
Tibetan Plateau are seen in the raingauge data. The diurnal phases of precipitation 
frequency and intensity are similar to that of rainfall amount in most regions except 
for the middle Yangtze River valley. Both frequency and intensity contribute to the 
diurnal variation of rainfall amount over most eastern China. The contribution of 
frequency to the diurnal cycle of rainfall amount is generally overestimated in both 
satellite products. Both satellite products well capture the nocturnal peak over the 
eastern periphery of the Tibetan Plateau, the late afternoon peak in southern China 
and northeastern China. No coherent arrow pattern is observed over the middle 
Yangtze River valley and the regions between the Yangtze and Yellow Rivers. 
Further analysis indicate that raingauge data over the region between the Yangtze 
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and Yellow Rivers show two peaks, with one in early morning and the other in later 
afternoon (figures not shown). The satellite products only capture the major late 
afternoon peak (Zhou et al. 2008). 

Fig. 6. Spatial distributions of the amplitude (colors) and phase (arrows, LST, see phase 
clock) of the diurnal (24h, S1) harmonics of 2000-2004 mean JJA precipitation amount (1st 
row), frequency (2nd row), and intensity (3rd row) from raingauges (left column), 
PRESIANN (middle column) and TRMM product (right column). The diurnal harmonics 
were estimated by using least squares fitting. The amplitude was normalized by the daily 
mean (After Zhou et al. 2008). 

 
5. Concluding remarks 

The paper summarizes the main progresses in the studies of diurnal cycle of 
precipitation over eastern China. Understanding the physics behind the diurnal cycle 
remains to be a challenging task. Issues call for further investigations include: What 
are the physical processes governing the diurnal cycle of monsoon rainfall over East 
Asia? How to accurately reproduce the diurnal cycle of monsoon rainfall by 
weather and climate models? How to coordinate field measurement campaign with 
the improvement of model parameterization schemes?  
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Abstract 

Diurnal cycle (DC) in convection and precipitation is a prominent 
meteorological feature particularly in the tropics/subtropics and monsoon 
regions. Energy, water and momentum exchanges through DC between the 
surface, atmospheric boundary layer, and free atmosphere play crucial role in 
climate systems over there. However, global climate models (GCMs) still 
cannot reproduce a realistic DC in convection/precipitation, including 
systematic errors in the models. 

 Over the Indonesian maritime continent, in addition to DC in 
convection and precipitation, the intraseasonal variation called the Madden 
Julian Oscillation (MJO) is another major mode of convection/precipitation 
system, which propagate through this area. Fine structure of large-scale 
intraseasonal disturbance associated with MJO was analyzed using the 3-
hourly (3B42) TRMM rainfall data. Over this area, DC becomes pronounced 
during the passage of MJO, and the eastward propagating diurnal 
disturbances (PDDs) dominate as an internal structure of large-scale 
convection system of MJO. Importantly, fast PDDs that penetrate through 
the islands are observed within the slowly propagating MJO system. This 
eastward penetration of PDDs through the islands result in a sudden shift of 
the convection center from the western part of the islands to the east, causing 
an overall propagation of the MJO from the Indian Ocean to the Pacific. Our 
results demonstrate that the DC of convection over and around the major 
islands thus plays an active role in the propagation of the MJO over the 
Maritime Continent (Ichikawa and Yasunari, GRL, 2007).  Additionally, the 
role of DC in the intraseasonal variability (ISV) of  Asian summer monsoon 
will alsp be discussed.  

 
1. Introduction 

The deep cumulus convection and heavy precipitation over the Maritime 
Continent (Ramage 1986) including the Indonesian Archipelago play an essential 
role in the Earth’s climate system through a huge latent heat release. This world 
convection center is subject to the intraseasonal time-scale atmospheric disturbance 
called Madden-Julian Oscillation (MJO; Madden and Julian 1971, 1972) with a 
periodicity of about 30-60 days. The MJO originates in the equatorial Indian Ocean 
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and moves eastward across the Maritime Continent into the western Pacific at about 
5ms-1, accompanying deep convective activity in the eastern hemisphere. Previous 
studies indicates that the eastward propagation of the MJO shows a peculiar 
tendency over the Maritime Continent; the large-scale convection systems 
associated with the MJO become stationary over the islands, and exhibit a sudden 
shifting from the western part of the Maritime Continent to the eastern part (Hsu 
and Jin 1990, Weickmanm and Khalsa 1990). However, the detail processes of MJO 
propagation through the complex distributed islands has not been fully understood 
yet.  

In addition to the significant intraseasonal-timescale variability, the diurnal 
cycle in convection and precipitation is pronounced over the Maritime Continent 
that is characterized by distinct land-sea contrast. Furthermore, offshore and 
onshore propagation of the diurnal signal is one of the prominent features over that 
region (Liberti et al. 2001, Mori et al. 2004, Sakurai et al. 2005, Ichikawa and 
Yasunari 2006, Ichikawa and Yasunari 2008). The diurnal phase propagation is 
particularly significant over the major islands that vary in association with the large-
scale circulation field changes, specifically associated with the low-level prevailing 
wind (Ichikawa and Yasunari 2006, Ichikawa and Yasunari 2008). The pronounced 
diurnal cycle would be modulated by the large-scale convection associated with the 
MJO (e.g. Sui and Lau 1992). Recently, Tian et al. (2006) indicated that the 
significant enhancement in diurnal cycle in rainfall over the Maritime Continent 
during the convectively active phase of MJO. However, how the MJO propagate 
through the islands where the strong diurnal cycle exists has not been revealed. In 
this study, we investigated the fine structures associated with the diurnal variation 
embedded within the intraseasonal disturbances that propagated during January 
through February in 2001. During this particular boreal winter season, the large-
scale convection was enhanced all over the Maritime Continent. Through the 
detailed analysis, we address the linkage between diurnal cycle and large-scale 
intraseasonal disturbance, and clarify the multi-scale organization in convection by 
the interaction process between these two (Ichikawa and Yasunari, 2007).  

 
2. Data 

 The present study used Tropical Rainfall Measuring Mission (TRMM) 3B42 
(version 6) rainfall product, containing estimated rain rate (mmh-1) based on a 
combination of infrared radiation (IR), passive microwave, and radar data from 
TRMM and IR data from the geostationary satellites. The data are consecutive both 
temporally and spatially in the domain within the 50°S-50°N for every 3 hour, with 
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horizontal resolution of 0.25°×0.25°. Furthermore, in order to describe large-scale 
convection and circulation field, the data sets of outgoing longwave radiation 
(OLR) from NOAA satellite and NCEP-DOE AMIP-II reanalysis (R-2) were used, 
with horizontal resolution of 2.5°×2.5° in a daily average.  
 
3. Results 

An eastward propagation of large-scale anomalous convection was observed 
early in 2001 over the Maritime Continent. Fig. 1 shows the sequence of time-
averaged OLR plots during late January to February, with daily winds at 850-hPa. 
As is seen in the OLR field, the center of convection was located over the Indian 
Ocean and extended to the western part of the Maritime Continent in late January. 
The large-scale convection reached the Maritime Continent on 1-10 in February, 
and spread over there. After February 10-20, the deeper convection propagated 
further eastward, and was located around New Guinea toward the Pacific Ocean on 
21-28 February. In association with the enhanced convection, the anomalous 
westerly spread in the latitudes near the equator enclosed by the cyclonic circulation 
in both hemispheres (Equatorial Rossby wave pattern). In contrast to the double 
cyclonic circulation around the convection, the prevailing easterlies dominate at all 
latitude zones to the east of the convection (Kelvin wave pattern). The wind field 
described above is known as the ‘Matsuno-Gill pattern’ (Matsuno 1966, Gill 1980), 
that appears in response to the latent-heat release associated with the deep 
convection imposed on the Equator, and is often observed in relation to the MJO 
disturbance (e.g. Madden 1986).  

In order to clarify prominent frequencies of precipitation under the large-scale 
convection of the MJO, the power spectrum of the TRMM merged rainfall at 6 
regions near Equator were investigated during the period from January 20 to 
February 28 in 2001 (i.e. 320 data points were used for calculation with maximum 
lag number of 44 data, having a band width of 1/320 cycle per 3hours) . The time 
series of actual rainfall, diurnal amplitude and OLR were also examined. Over the 
Indian Ocean, relatively longer time-scale (more than 5 day) variability was 
dominant. In contrast, it is evident that the pronounced variations in rainfall 
occurred with periods of about 1 day over and around the islands. Particularly over 
the islands, where strong diurnal cycle exists, the MJO low-frequency variance was 
greatly weakened in the spectra, and rainfall occurred continuously in the 
timeseries. Interestingly, the temporal evolution of rainfall over the islands through 
this active MJO period was different from island to island. Over Borneo, the diurnal 
signal became rather amplified as the large-scale convection center reached to the 
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island in Feb 5-15. In the case of New Guinea, the diurnal cycle was prominent 
throughout this period while the diurnal amplitude tend to be enhanced before the 
MJO convection matured around the island (late of January) due to the heavier 
diurnal rainfall over the southwestern part of the island under the lower easterly 
(Ichikawa and Yasunari 2007). The diurnal cycle over the northern part of that 
island became strong as the MJO passed through. Over the offshore region, on the 
other hand, the significant signal of the MJO low-frequency variability could be 
observed also as well as the prominent diurnal signal. This is because the 
occurrence of offshore rainfall was strongly related to the passage of deep 
convection portion of MJO, and was favored by strong diurnal cycle.  

In order to elucidate more detail space-time structure of MJO system, the 
time-longitude diagrams of 3-hourly TRMM rainfall (color contour) averaged 
between 4°S-1°S during the end of January through February in 2001, 
superimposed on the OLR (shaded) and zonal wind at 600 hPa (white contour) are 
shown in Fig. 2. Because the diurnal cycle was the most dominant mode in rainfall 
variability, a high-pass filter was applied to the data in order to extract the diurnal 
cycle component for TRMM rainfall data. The eastward propagation of deep 
convection (OLR) followed by the 600-hPa level westerlies were apparent at a 
phase speed of about 3-4 ms-1. Under the large-scale convection, the high-frequency 
variability in rainfall exhibited a significant eastward or westward propagation that 
is likely related to the background low-mid level wind. At the evolving stage of the 
MJO (end of January), aside from the standing oscillating rainfall over the western 
Indian Ocean (60°E), the westward propagating disturbances dominated to the west 
of the Maritime Continent (80°-120°E), intruding on the eastern Indian Ocean. 
These westward propagating disturbances at about 1-2 day would be associated with 
the previous finding (Nakazawa 1988), and is presumably related to the 
convectively coupled inertio-gravity wave (Takayabu 1994). Part of the westward 
propagating signal was triggered by each island, and is associated with the diurnal 
rainfall over the islands.  

In February, on the other hand, the eastward propagating diurnal disturbance 
(PDD) became pronounced over the whole Maritime Continent from the Indian 
Ocean to the Pacific as the center of the large-scale convection reached the major 
islands and the westerlies prevailed. It should be noticed that the significant PDDs, 
which cut through the Maritime Continent from 100°E to 160°E, appeared during 6 
to 11 February (black solid line). The inferred phase speed of the propagating 
disturbances was about 15-20 ms-1, which were close to the 600-hPa wind speed. 
These eastward PDDs are likely to play an important role in the propagation of the 



International MAHASRI/HyARC Workshop on Asian Monsoon  
 
 

5 - 7 March 2009, Da Nang, Viet Nam  267

large-scale MJO convection. In association with the penetration of PDDs through 
the islands, the center of rainfall activity was shifted from the western part of the 
Maritime Continent to the east. Associated with this, the PDDs starting from around 
130°E-140°E and propagating toward the Pacific became pronounced after 16 
February. On the other hand, the rainfall over the islands became rather scarce 
following the pervasiveness of PDDs after 10 February between the significant 
rainfall over the Indian Ocean and the Pacific. The other noticeable feature is that 
the westerly area expanded eastward incrementally over the western Pacific in 
association with the eastward movements of the PDDs.  

The composite structure of the PDDs were also examined by the diurnal 
rainfall averaged between 5-20 in February when the eastward PDDs are prominent. 
The PDDs appeared sequentially with the diurnal cycles in which is the strong 
diurnal signal developed in the afternoon to night (09-16UTC; 17-00LT at 125°E) 
over the major islands, and then is propagated eastward from midnight through the 
next day morning (16-03UTC; 00-11LT) offshore toward the neighboring islands to 
the east. The rainfall signals over and around the islands greatly faded out at 03-
06UTC (11-14LT) as a local calm hours when the diurnal phase of rainfall shifts 
from sea to island areas (Tian et al. 2006). The characteristics of the developing 
PDDs (or diurnal rainfall) over each major island area correspond well to the 
previous findings (Liberti et ai. 2001, Mori et al. 2004, Sakurai et al. 005, Ichikawa 
and Yasunari 2006, Ichikawa and Yasunari 2007). Over Sumatra, the northwest-
southeast oriented rainfall disturbance developed along the island and propagated 
eastward by 12-15UTC. This PDD further progressed eastward over Jawa Sea 
reaching the west coast of Borneo between 18-00UTC, then gradually diminished at 
03 through 06 UTC (the local calm hours). It, however, revived at 09UTC over 
Borneo island, which developed at local afternoon to midnight hours (09UTC to 
15UTC), shifting its maximum eastward to the offshore region between Borneo and 
Sulawesi island. An interesting feature may be a near-synchronous evolution of 
rainfall over Borneo and Sulawasi but with some time lagging. The PDD over 
Borneo starts to develop at 09-18 UTC, whereas that over Sulawesi starts to develop 
at 12 to 21UTC. The PDD originating over Borneo tends to be weakened at 21 to 00 
UTC, and be transferred to that over Sulawesi at 03UTC. The PDD originating over 
Sulawesi, once weakened at the local calm hours (03-06UTC), re-appeared over the 
northwestern tip of New Guinea at 09UTC, which merged with the diurnal rainfall 
over the central mountain range in 12-15UTC. The PDD over New Guinea 
gradually propagated offshore northeastward around 18UTC. The pronounced 
diurnal disturbance then propagated from the northern coast of New Guinea toward 
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the western Pacific by 21UTC to 18UTC of the next day.  Thus, the diurnal rainfall 
signals appear as a long successive series of eastward propagating disturbances 
throughout the islands and seas in the Maritime Continent as shown in Fig. 2.  
 
4. Discussion 

A previous study suggested a dynamical blocking of the propagations of deep 
convection associated with the MJO due to the elevated orograghy over the islands, 
particularly over Sumatra (Nitta et al. 1992). Based on our study, the MJO 
disturbance, in turn, propagates through the complex orography of the Maritime 
Continent under the strong, highly-active diurnal cycle of convection/rainfall 
associated with the unique land-sea distribution. This has been supported by the 
recent observation of TRMM indicating the overall amplification of the diurnal 
cycle of rainfall over and around the Maritime Continent associated with the MJO 
propagation (Tian et al. 2006). The PDDs could also be identified in other cases of 
the MJO event during the boreal winter season (1998-2005). 

As shown in Fig. 2, the evolution of the MJO over the Maritime Continent is 
characterized not by smooth propagation but by the sudden eastward shift as was 
also observed previously (Hsu and Jin 1990, Weickmann and Khalsa 1990). Here, 
we note that the PDDs are likely to play a crucial role in this sudden shift of the 
main MJO convection system. The dynamics of these PDDs across the Maritime 
Continent are not clear yet, but a clue may be the advective process by the westerly 
wind associated with the large-scale MJO disturbances. The phase speed of the 
PDDs is about 15-20 ms-1, which is similar to the low-mid level (600 hPa) zonal 
wind speed. The long-lasting propagation of the diurnal signals for over more than a 
few days suggests that the atmospheric environment (e.g. moistened air) suitable for 
the occurrence of diurnal convection was advected by the ambient wind across the 
Maritime Continent. Interestingly, the significant eastward PDDs can also be 
observed over Indian Ocean. The pronounced appearance of PDDs over that ocean 
would be consistent with the results of Tian et al. (2006) who indicated the strong 
enhancement in diurnal amplitude over the Indian Ocean associated with the 
passage of MJO. And thus, some of the diurnal signal preferred for convection 
might be triggered over Indian Ocean, propagating to the islands. 

In addition to the advection by the background westerlies, the dynamical 
interaction between the diurnal cycle and the large-scale atmospheric wave trapped 
near equator might occur. Interestingly, as is noted Masunaga et al. (2006), the 
timing of the PDDs (6-11 February, 2001) was consistent with a passage of the 
planetary-scale Kelvin wave over the Maritime Continent, suggesting that the 
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penetration of the PDDs was triggered by the large-scale equatorial wave. 
Importantly, previously observed equatorial wave coupled with convection often 
exhibit a equivalent depth in the range of about 20-50 m (Takayabu 1994, Wheeler 
and Kiladis 1999), corresponding to the gravity wave with phase speed of about 14-

22 ms-1 ( gh ; g: gravity acceleration, h: equivalent depth), which is similar to the 

phase speed of PDDs (15-20 ms-1). In addition, the zonal space scale of the PDDs 
(of one day period) is about 20 ° in longitude, which would correspond to the high-
frequency mode of some equatorial waves (i.e. Kelvin wave and inertio-gravity 
wave) in the wavenumber-frequency domain (Takayabu 1994, Wheeler and Kiladis 
1999). Interestingly, this zonal scale of about 20° in longitude corresponds to the 
mean distance between the major islands (i.e., Sumatra, Borneo-Sulawesi, and New 
Guinea), which is likely to constrain the zonal scale of the PDDs. Thus, the large-
scale atmospheric wave disturbance associated with the MJO might be re-organized 
to series of wave-packets of the PDDs through multi-scale interaction between the 
large-scale waves and the diurnal convection over the complex island/sea system in 
the Maritime Continent. Further investigation on the dynamics of this interaction is 
reserved for future study.  
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Fig. 1 Time sequences of the horizontal 
distribution of OLR and wind at 850 hPa 
from late of January through February, 2001 
(Ichikawa and Yasunari, 2007). 

 

Fig. 2 Time-longitude cross section of 
diurnal cycle filtered 3 hourly rainfall 
anomaly (color contour; 0.2, 0.4 mmh-1) 
averaged between 4˚S and 1˚S from late of 
January through February, 2001. OLR 
(shaded) and zonal wind at 600 hPa 
(contour; solid-2 ms-1, dashed-10 ms-1) 
averaged between 5˚S and equator are 
described also. The island terrain averaged 
between 4˚S and 1˚S is denoted at the 
bottom. Black solid line corresponds to the 
penetrating diurnal disturbances (see text 
for detail) (Ichikawa and Yasunari, 2007). 
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Abstract 

Ohsawa et al. (2001) analyzed diurnal variations of convective activity 
using hourly equivalent black body temperature (Tbb) data from the 
Japanese Geostationary Meteorological Satellite (GMS-5). According to his 
study, the time of the maximum convective activity near Vientiane is 
between 0 LT to 3 LT for June to August (JJA), while major part of inland 
area of Indochina Peninsula has the maximum activity in the afternoon. The 
reason why the convective activity has its maximum in the very early 
morning is not known yet. Moreover, their result is not confirmed by surface 
observation data. We analyzed diurnal cycles of radar echo area in Northern 
Thailand and Northern Lao using data of meteorological radar located at 
Vientiane, which has been operating since 2007. The analyzed period was 7 
months from April 2008 to October 2008 and 3 km height CAPPI was made 
for every 7.5 minutes covering the range of about 270 km radius. 

The analysis revealed that the averaged JJA radar echo area has the 
time of maximum around 2 LT, which fits the result that shown by Ohsawa 
et al. (2001). In April, known as pre-monsoon season, monthly averaged 
radar echo area has its peak around 17 LT. On the other hand, the maximum 
is around 1 LT in July. Radar area is divided into 6 small regions to 
investigate the phase shift of diurnal cycle, and each of the regions is 
northwest to southeast long. The phase of diurnal variations of radar echo 
area in each region is compared. In April, a clear diurnal cycle phase is not 
observed. In July, systematic phase change is displayed; in the most 
southwest region time of the maximum radar echo area is around 21 LT, in 
the middle region it is around 1 LT and in the most northeast region it is 
around 4 LT. This result suggests that there is a possibility that convective 
systems move from southwest to northeast. It is also shown that large 
convective systems (≥800km2) bring this phase shift of diurnal cycles. It is 
indicated that existence of large convective systems, the phase shift of 
diurnal cycles and the constant wind direction play an important role to the 
night time maximum of convective activity near Vientiane in July. 

 



International MAHASRI/HyARC Workshop on Asian Monsoon  
 
 

5 - 7 March 2009, Da Nang, Viet Nam  274

Keywords: Mesoscale convective system, radar observation, diurnal cycles of precipitation, phase 
shift of diurnal cycles. 

 
1. Introduction 

Indochina Peninsula is known as tropics defined by Köppen, and it has rainy 
season and dry season. Over inland area of Indochina Peninsula, onset of rainy 
season is late April and withdrawal is mid-October (Matsumoto, 1997).  

Nitta and Sekine (1994) showed that convective activity enhanced in July over 
Indochina Peninsula. It is also indicated that over the continental regions and in the 
vicinity of large islands, diurnal cycle of convective activity is outstanding. This 
result suggests that understanding the diurnal variation is important to study rainfall 
characteristics in the tropics.  

Ohsawa et al. (2001) investigated the diurnal variation of convective activity 
in tropical Asia using hourly equivalent black body temperature (Tbb) data from the 
Japanese Geostationary Meteorological Satellite (GMS-5). Over Indochina 
Peninsula, time of the maximum convective activity is during the late night-early 
morning in the windward side of mountains, while large part of the peninsula has 
afternoon maximum. According to their study, near Vientiane has its maximum 
around 3 LT, and what kind of mechanism brings this night time maximum is not 
known yet. 

It is known that lee-side of the mountains a clear shift of the diurnal cycle 
exists. Riley et al. (1987) used rain gauge data and showed that over the east side of 
the Central Rockies, the time of the maximum of diurnal cycle delays as the 
distance from the mountains gets larger. Tripoli et al. (1989) simulated the 
movement of mesoscale convective system (MCS) generated over mountains in 
Colorado, and showed MCS moves eastward as time goes by. In East Asia, Asai et 
al. (1998) and Wang et al. (2004) used satellite data and found that convection 
generated over Tibetan Plateau propagates eastward. In Thailand, Okumura et al. 
(2003) used radar data and showed the diurnal cycles of radar echo area delays 
depending on the distance from the mountains and it occurs during monsoon 
seasons. 

Convective activity near Vientiane has been analyzed using satellite data, but 
it is not confirmed by surface data so far. In this paper, we investigated the radar 
data observed near Vientiane from April to October, 2008. Diurnal cycles of radar 
echo in each month and regional variations of their phases are studied to understand 
the mechanism of night time maximum of convective activity. 
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2. Radar Data 
Three-dimensional echo intensity, which was obtained from a meteorological 

radar located at Vientiane (17°58’15.9” N, 102°34’14.2” E), the capital of Lao, is 
used for the analysis. The data were taken by repeatedly running the antenna 
through a following sequence of conical scans, 400 km observation range twice and 
120 km range 12 times (see Fig. 1). This sequence took almost 7.5 min to complete. 
Range bin size is 500 m and azimuth recording interval is 1°. The study period is 
April-October 2008. Three dimensional echo structure was made by interpolating 
the echo intensity into Cartesian coordinate system, using a weighted interpolation 
method of Cressman (1959). 3 km height CAPPI (constant altitude PPI) was 
determined with a horizontal interval of 1 km and 2 km within 800 km x 800 km 
area. Some regions were blocked to the radar by mountains, and there exists shadow 
area on CAPPI (see Fig. 2). 

  
Fig. 1. Observation range. Cirles on the 
figure denotes 120km, 240km and 400km 
radius, respectively. 

Fig. 2. Shadow area of 3 km height CAPPI 

 
3. Results 
3. 1. Variations of Radar Echo Area 

Fig. 3. (a) displays time variations of radar echo area of intensity more than 10 
dBZ in July. It is shown that radar echo area has its maximum at night through the 
month, and as be seen during July 6-10 and July 16-20, there exists long-time 
precipitation. Fig. 3. (b) is same as (a) except more than 30 dBZ. Again, night time 
maximum is outstanding, but long-time precipitation cannot be seen in this figure. 
 
3.2. Averaged Diurnal Cycles of Radar Echo 

Fig. 4. shows diurnal variations of total radar echo area and area of one 
convective system averaged over (a) April, (b) July and (c) October.  
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Fig. 3 Time variation of radar echo area in July, 2008. Horizontal axis denotes day, grey 
shade presents missing observation and vertical black solid lines are drawn at every 0 LT 
through the month. (a) Echo intensity of more than 10 dBZ. (b) Echo intensity of more 
than 30 dBZ. 

 
Fig. 4 Diurnal variations of the radar echo area, averaged over (a) April, (b) July and (c) 
October, 2008. Bar graph indicates the total echo area of the intensity of more than 10dBZ, 
and black solid line shows averaged area of one convective system at each local time. 
Horizontal axis presents local time. 

 

Fig. 5 64 small regions. Each of 
the region is 40 km x 40 km 

Fig. 6 (Left) tone shows the ratio of radar echo coming 
direction out of 64 displacement vectors. Symbols 
indicates the wind direction which was obtained from 
NCEP/DOE Reanalysis (Reanalysis-2); circle: zonal 
wind at 1000hPa, cross: at 850hPa, square: at 600hPa. 
Three of them are the data at 17.5N, 102.5E. Horizontal 
axis presents day and vertical black solid lines are 
drawn at every 0 LT through the month. (Right) solid 
line denotes the averaged radar echo coming direction 
of the month. Vertical axis indicates bearings. 
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In April, the month which is known as onset of rainy season, diurnal cycle of 
total echo area has the maximum at 17 LT. In July, in contrast, the peak is at 1 LT. 
In October, when the rainy season withdraws, the maximum is at 15 LT. July has 
another time peak at 15 LT, and this secondary maximum is known by Ohsawa et 
al. (2001) in other regions over Indochina Peninsura. Time of the minimum of 
diurnal cycles is in the morning.  

Diurnal variations of averaged one convective system area take its minimum 
around 11 LT and it gradually increases its size until it reaches night time 
maximum. This indicates that numbers of small convective systems contribute to 
the afternoon maximum. During night the size of convective systems are large both 
in April and July. In July, total radar echo area at night is much bigger than that in 
April, suggesting large convective systems bring night time maximum of diurnal 
cycle. 
 
3.3. Radar Echo Coming Direction 

As a prelude to investigate the relationship between radar echo movement and 
wind fields near Vientiane, 320 km x 320 km domain was chosen and divided into 
64 small regions (see Fig. 5.). Using correlation coefficient method (Asai, 1977), 
displacement vectors of radar echo in each region were determined which give us 
the information where radar echo comes from. 

Fig. 6. shows the relation- ship between the coming direction of radar echo 
and the wind direction in July, 2008. The wind is almost south- westerly through the 
month at 1000 hPa, and westerly at 850 hPa and 600 hPa. The radar echo coming 
direction is similar to the wind direction at 850 hPa and 600 hPa, suggesting echo 
movement is strongly affected by the wind direction. In July, both the radar echo 
coming direction and the wind direction are stable.  

In April, the wind directions at three pressure levels mentioned above are not 
stable, especially in the middle part of this month, and radar echo mostly comes 
from southwest (not shown). 

From mid-September, the wind direction changes and easterly governs the 
observation range until the end of the analysis period. As the wind direction 
changes, radar echo coming direction also becomes east (not shown). 
 
3.4. Regional Phase Differences of Diurnal Variation 

Radar observation range near Vientiane is surrounded by mountains. Fig. 7. 
shows 6 regions, each region is northwest to southeast long. Diurnal cycles of echo 
area were investigated in those 6 regions. In July, there exists northeastward phase 



International MAHASRI/HyARC Workshop on Asian Monsoon  
 
 

5 - 7 March 2009, Da Nang, Viet Nam  278

shift of diurnal cycles (not shown). To understand the mechanism of the phase delay 
of diurnal cycles, convective systems were grouped depending on their size; large 
(≥800km2) and small (<800km2). 

 

 
Fig. 7 6 regions Fig 8 Diurnal cycle of radar echo area in each region. The 

color matches with the region color in Fig. 7. (a) 
Convective systems of less than 800 km squared. (b) 
Convective systems of more than 800 km squared 

 
 

Fig. 9 Domain of 600 km x 
20 km 

Fig. 10 Above: time-distance Hovmoller diagram of 
presence ratio of radar echo averaged over July. Horizontal 
axis presents distance; left side matches A on the Fig. 9. and 
right side matches B. Vertical axis indicates local time and 
diurnal cycle is repeated twice. Doted line in the figure 
denotes the propagation speed of 12.4ms-1 and 15.1ms-1. 
Bottom: average elevation of the domain shown in figure. 

 
For small convective systems (see Fig. 8. (a)), diurnal cycles display no phase 

shift and have their peaks in the afternoon. It suggests that small convective systems 
contribute to the region where they appear in the afternoon, and disappear before 
night comes. For large convective systems (see Fig. 8. (b)), on the other hand, 
diurnal cycles display a clear northeastward phase shift, and its phase speed is about 
13-16ms-1. It suggests the possibility that large convective systems propagate from 
southwest to northeast. Southwest to northeast long domain (600 km x 20 km) was 
chosen as shown in Fig. 9.  and presence ratio of radar echo in the domain was 
investigated. Echo exist around 19 LT over the mountains on the southwest side of 
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observation range, and it propagates northeastward (or at least eastward) and 
reaches to the mountains on the northeast side of Vientiane around midnight (see 
Fig. 10.). The estimated speed of propagation is about 12-15ms-1. 

It is known that squall line moves fast at a speed of 15ms-1 (Fovell and Ogura, 
1988) and it would bring the night time maximum of convective activity near 
Vientiane 
 
4. Conclusion 

Radar data obtained from meteorological radar located at Vientiane was 
analyzed during April to October in 2008. It is shown that diurnal cycle of radar 
echo area has seasonal change; time of the maximum of diurnal cycle in July is 1 
LT, while it is in the afternoon in the month of onset and withdrawal of rainy 
season. In July, there exists secondary maximum at 15 LT. Diurnal variations of 
averaged area of one convective systems have its peak at night, and the size of one 
convective system is small in the afternoon. Therefore, it suggests that afternoon 
maximum of diurnal cycles is brought by numbers of small convective systems. 

The diurnal cycles of echo area in 6 small regions within the observation range 
display a clear phase delay in July, the month that the wind direction is stable and 
night time maximum of convective activity is outstanding. This phase delay is 
brought by large convective systems, and its estimated phase speed is 13-16ms-1. 
This speed is similar to the propagation of clouds over East Asia shown in Wang et 
al. (2004) and over North Africa shown in Laing et al. (2008), and there is a 
possibility that squall line known by its fast traveling speed contributes to this phase 
shift. 

Small convective systems, however, have no phase shift of diurnal cycles and 
their maximum is in the afternoon, supporting the theory that small convective 
systems contribute to afternoon peak of diurnal cycle of radar echo area. 

The existence of large convective systems, its phase shift of diurnal variations 
and stable wind direction play a crucial role to the night time maximum of 
convective activity near Vientiane in July.  
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Abstract 
Sahel region is recognized as one of regions, where the surface 

processes deeply coupled with the atmospheric phenomena particularly on 
convective activity. One of key issues in diurnal cycle of precipitation / 
convective activity is addressed that dynamical changes in vegetation (so-
called phenology, land cover changes) are how to influencing on diurnal 
cycle of convection. Thus we analyzed several satellites dataset to diagnose 
the response in convection with vegetation status changes over Sahel region. 

We used MODIS level2 products (vegetation indices, surface 
temperature and emissivity in thermal wavelength), TRMM combined 3-
hourly precipitation product (3B42) and Meteosat hourly data. A two years 
window (2004-2005) is set as the analysis period. In addition, IGBP.EcoMap 
and Gtopo30 were used for identify the land cover and topography in the 
study region, respectively. To divide into land cover effect on convective 
activity, we selected three land cover categories: forest, savanna and 
grassland. Then both the surface-related variables (Normalized Difference 
Vegetation Index; NDVI, surface temperature) and the atmosphere-related 
information (precipitation rate; delta Tbb, which defined as difference 
between Tbb in thermal-Infrared [IR] and Tbb in water vapor channel 
derived from Meteosat) were compositely collected with daily basis. In 
addition, the peak time analysis for delta Tbb was performed as similar as 
Ohsawa et al. (2001) but for daily basis. Moreover, time – longitude section 
of peak time in delta Tbb with migration and withdrawal in NDVI ware 
made for the inter-comparison between vegetation status changes and 
amplitude and phase changes in convective activity. 

Results could be summarized as follows: 1. Relationship between 
seasonal march in vegetation and rainfall amount, frequency of rain areas are 
well in savanna and grassland. 2. Diurnal amplitude and phase in convection 
is relatively constant with seasonal march in all land cover. 3. However, to 
pay attention the direction of sea – inland (longitude), it seems that the 
amplitude of diurnal cycle enhanced / decreased with seasonal migration / 
withdrawal African monsoon. In particular orographic convections are 
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relatively seems to enhance in the mature season. Such fact implies that 
orographic and atmospheric environment changes are relatively dominant 
factors for the seasonal march in diurnal cycles in convection, rather than 
vegetation activity changing. 

 
Keywords: Land-atmosphere interactions, Sahel region, land cover, diurnal cycle 

 
1. Introduction 

Land-atmosphere interactive processes are one of interesting issues for better 
understanding of the climate system on multi-scales in space and time. In the 
longer-time scale, land use/cover under the natural condition is strongly controlled 
by climate. For example, Suzuki et al. (2006) demonstrated the control factors 
(precipitation and temperature) of vegetation activity revealed by Normalized 
Difference Vegetation Index (NDVI) derived from NOAA-series satellite. In 
contrast, dynamical processes between the land and atmosphere were reported in the 
shorter time scale (shorten than annual time scale; e.g., Segal et al., 1988; 1995; 
Hashimoto et al., 2001; Shinoda and Hyeda, 2002; Mohr et al., 2003; Zhang et al., 
2005; Higuchi et al., 2007; Sato et al., 2007). In particular, Koster et al. (2004) 
pointed out that Sahel in Africa is one of the regions where the land surface 
processes are deeply coupled with atmospheric phenomena with water. 

Coupled with diurnal cycle due to rotation of the Earth and difference of heat 
capacity between components of the land and those of the ocean, the amplitude of 
diurnal cycle in convective activity and rainfall are generally larger over the land 
(e.g., Yamamoto et al., 2008). Such features are focused recently, mainly due to the 
success of Tropical Rainfall Measuring Mission (TRMM). To pay attention the 
diurnal feature over land, it should be account for the effect of topography 
(orographic rain and/or cloud). For example, Ohsawa et al. (2001) showed the peak 
time of convective cloud by hourly Geostationary Meteorological Satellite-5 (GMS-
5) dataset over southeastern Asia, and pointed out the peak-time shift from night-
time to early morning due to complex orographic effect. In addition, Barros and 
Lang (2003) and Bhatt and Nakamura (2005) showed the complex diurnal 
variability in convection and rainfall around the highest mountains (Himalayas) all 
over the world. Therefore, to separate the effect of topography on the diurnal cycle 
in convection, it should be deeply account for the selection of target region to 
diagnose the effect and/or amplitude of coupling the land and convection. 

Sahel is characterized as semi-arid region and influenced by African monsoon 
and Inter-Tropical Convective Zone (ITCZ) (Rowell and Milford, 1993; Shinoda 
and Kawamura, 1994; Adeyewa and Nakamura, 2003; Geers and Dejene, 2005). In 
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addition, several investigations already pointed out the close relation between 
vegetation and convection/precipitation (e.g., Shinoda, 1995; Shinoda et al., 1999; 
Mohr et al., 2003; Zhang et al., 2005). Thus we set the target region for the 
diagnostic analysis between land and convection/precipitation with the 
consideration of diurnal variability as Sahel. 

 
2. Study Area, Data and Methodology 

Figure 1 represents the topography and land cover over the Sahel. To compare 
the topography with monsoonal Asia, Sahel region is relatively flat. To focus on the 
land cover (Fig. 1 [right]), Sahel is easily recognized as zonal distributions of 
grassland, savanna and forest. Such simple feature allows us to simplify the effect 
of land cover on the convective activity and interactive process between the land 
and the atmosphere. 
 

  
Fig. 1. Topography of study area (left), and land cover (right). Topographical dataset 
derived from Gtopo30 and land cover dataset is rearranged from IGBP.EcoMap 

 
To diagnose the diurnal and seasonal changes in precipitation/convections and 

the surface condition, satellite observation is suitable for capturing with wide 
spatiotemporal changing. We used Terra and Aqua MODIS (Moderated Imaging 
Spectroradiometer) dataset (MOD13A2, MYD13A2; 16 days composite Vegetation 
Indices product, MOD11A1, MYD11A1; daily surface temperature and emissivity 
product) for monitoring vegetation activity and surface thermal conditions. Spatial 
resolution is one kilometer. For the precipitation and convective activity monitoring, 
we used TRMM combined product of 3B42 and Meteosat5 EU-operated 
geostationary meteorological satellite images used, respectively. TRMM 3B42 
precipitation product is merged product with geostationary meteorological satellites 
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and microwave radiometers (Huffman et al., 2007). Such data fusion allows to 
achieving three hourly and 0.25 degree’s grid resolution precipitation inferring. 
Even though the most of situations in real world were not directly observed by 
microwave radiometers due to low orbit frequency, we assumed that rainfall events 
inferred by 3B42 were true. In addition, we analyzed hourly Metesat5 dataset to 
detect the peak time of convective activity. Meteosat5 has no two thermal-infrared 
(IR) channels, thus to separate the anvil, we used delta Tbb (delta Tbb = TbbIR – 
TbbWV) proposed by Ohsawa et al. (2001). We also assumed that pixels with less 
than 3 K in delta Tbb are as convective clouds. Moreover, we used Gtopo30 and 
IGBP.EcoMap (Fig. 1) dataset for topography and land cover. 

We used NDVI to monitor vegetation condition traditionally. To focus the 
effect of land cover on the convection, we rearranged IGBP.EcoMap data simply 
into three land cover categories; grassland, savanna and forest (Fig. 1). Then NDVI 
sampled with three land covers. In addition, to monitor the behavior of NDVI and 
convective activity with dynamical surface moisture changes, we count the date 
after rainfall derived from 3B42 product. We assumed that if no-rainy days 
exceeded 5 days, target pixel is in dry condition (Hunt et al., 2002). We processed 
and re-sampled all pixels of NDVI with rainfall data (three land covers, wet and dry 
conditions). 

 
3. Results and Discussion 
3.1. Seasonal variation in NDVI and precipitation at each dominant land cover 

Figure 2 shows multi-years seasonal variation in NDVI revealed by MODIS 
product with the consideration of observation date with date flag (dot and line) and 
daily precipitation derived from TRMM under dry (upper) and wet (lower) 
conditions at forest, savanna and grassland. 

Annual mean values in NDVI are 0.74, 0.62 and 0.35 at forest, savanna and 
grassland under wet conditions. In the case of dry conditions, NDVI are 0.61, 0.51 
and 0.22, respectively. To pay attention the seasonality at each land cover, NDVI in 
forest under the wet condition is stable compared with dry condition. With or 
without conditions of dry or wet, NDVI is higher in rainy season than dry season in 
forest. Over savanna, seasonal rhythms in NDVI under wet and dry conditions are 
different. It seems a kind of delay from mature to withdrawal in rainy season in the 
composite time series of NDVI of wet condition. Quite different reactions appear in 
grassland between wet and dry condition in NDVI. More detail, peaky or spike 
noise like responses are observed under dry conditions of grassland. On the other 
hand, definite seasonal cycles can confirm in NDVI in wet condition over grassland. 
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Such reaction differences simply associated with the dynamics of water-vegetation 
interactions. 

Fig. 2. Seasonal variation in NDVI and precipitation under dry (upper panels) and wet 
(lower panels) conditions on the forest (left), savanna (middle) and grassland (right). 
 

  
Fig. 3. Geographical distribution of the peak local time in frequency of delta Tbb derived 
from Meteosat-5 in 2004’s summer (JJA; left) and autumn (SON; right). Direction and 
length of arrows represent the peak time and amplitude of frequency in delta Tbb. 

 
3.2. Relation of Convective Cloud Coverage Frequency and Land Cover 

Fig. 3 shows the peak local time distribution as similar as Ohsawa et al. (2001) 
in summer (JJA) and autumn (SON) revealed by hourly Meteosat5 images. As 
previous studies related on the diurnal variability of convection and precipitation 
already pointed out, spatial pattern of peak time in convective cloud is strongly 
affected (similar) on the topography (see left panel of Fig. 1) rather than land cover 
(right panel of Fig. 1). However, composite diurnal cycles in the frequency of 
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convective cloud coverage at each land cover show the definite difference between 
forest, savanna and grassland (Fig.4). In spring (not shown due to similar with 
autumn) and autumn, the amplitude of cloud coverage is highest in forest and 
lowest in grassland. The peak local time in cloud frequency is about 18-20 over 
forest and savanna, such peak time is consistent with spatial distribution of cloud 
frequency (right panel of Fig. 3). In contrast, the cloud frequencies are changed in 
the order of savanna, grassland and forest in summer. 

 

  
Fig. 4. Diurnal variation in convective cloud frequencies over forest, savanna and 
grassland in summer (left) and autumn (right) of 2005. 

 
3.3. Time-Longitude Cross Section of NDVI and Convective Cloud Peak Time 

To check the dynamic of vegetation-convective cloud activity directly, we 
made the time-longitude cross section in NDVI and peak local time of convective 
cloud. To avoid the effect of topography (Fig. 3), sampling members limited within 
250m to 500m in elevation derived from Gtopo30. Figure 5 shows the time-
longitude cross section over savanna (left) and grassland (right) from summer to 
autumn in 2004 as example. Initially, it is easily recognized again that both NDVI 
and frequency of cloud coverage have complex functions. However, to see Fig. 5 
carefully, intraseasonal variation also observed from Fig. 5. High-cloud frequency’s 
areas were changed with 2-3 days cycle, and westward propagations start from 15 
LT to 24 (0) LT. Focus on the land cover differences, grassland seems to have no 
lag between NDVI and cloud coverage. 

 
3.4. Vegetation Response to the Atmosphere via Root Zone 

The sources of water for the convection are mainly consist of local circulation 
(evapotranspiration from the vegetated surface), advection from more moisten field. 
To account for the locality of moisture, a sensitivity analysis of NDVI (vegetation 
status) versus no-rainy days (as a proxy information of soil moisture) is useful to 
diagnose the vegetation response for sub-surface available water via root zones. 
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Figure 6 shows the frequency distribution of NDVI with no-rainy days at three 
target land covers. In the grassland, most of spices in grassland reduce rapidly their 
activities only few days water supply stopping (right panel of Fig. 6). Such feature 
can easily imagine from the root distributions of grass. Component of root of grass 
concentrates a few centimeters in depth in soil layer. To say other words, available 
water for the growth and alive for grass is soil moisture only a few centimeter in 
depth. On the other hand, forest can keep its activity around 50 days without no-
water supply from the atmosphere (left panel in Fig. 6). The response in savanna 
has wide variability in NDVI. Such response differences imply a kind of “degree” 
of coupling of land and the atmosphere as a necessity condition. 

 

Fig. 5. Time longitude section of mean value NDVI at same longitude (color) and 
convective cloud frequency (arrows) over savanna (left) and grassland (right) in 2004. 
Gray color represents no pixel to match both date and longitude in NDVI. To avoid the 
effect of topography, samples to display figures are selected from 250m to 500m in 
elevation. 

 
Fig. 6. Counter of frequency area distribution (CFAD) of NDVI as a function of the days 
after rainfall, over forest (left), savanna (middle) and grassland (right). Number of samples 
also shows in each upper panel. 
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3.5. The Relative Role of Land Cover on Local Peak Time on the Convection 
To compare the Fig. 3 and Fig. 6, confusion and/or conflictions are rising up. 

One conflictive question is “why cloud frequency in mature period is higher in 
grassland and savanna rather than forest?” To answer this question, we currently 
think as that; under the moisten condition like a mature phase of African monsoon, 
it is potentially enough for the generation of convection over all land cover 
condition. Rather than, heterogeneity of the land is the relatively key trigger for 
“real” generation of convection. The importance of the role of heterogeneity was 
also pointed out in and Segal et al., (1988) and Avissar and Liu (1996). Back to Fig. 
3, we think that forest has a function of “water source” for the adjacent field during 
mature period. In contrast, during onset and withdrawal phase of African monsoon 
(particularly in the withdrawal period), locality between the land and convection 
enhances due to more contrast of vegetation (vegetated in forest, semi-
complicatedly non-vegetated surface in savanna and grassland, respectively). 

 

 
Fig. 7. Spatial distribution of the convective cloud frequency difference between 18 LT and 
20 LT. Black filled regions represent the area of where more than 10 percent increase from 
18 LT to 20 LT, gray areas represent more than 10 percent decrease from 18 LT to 20 LT. 
Analyzed period is summer (JJA) of 2005. 

 
To focus on the diurnal variability of convective clouds again, most of peak 

time concentrates in 18 LT (evening) with any land covers in mature and withdrawal 
period (see Fig. 4). We think that delaying in peak time maybe associates with 
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moving mesoscale cloud systems. Even though additional analysis would be 
required such as tracking the systems, such interpretation seems to be reasonable. In 
fact, Figure 7 shows the spatial distribution of the convective cloud frequency 
differences between 18 LT and 20 LT during summer of 2005. Significant increased 
regions (20 LT peak time is dominant) concentrate over grassland (see Fig. 1). On 
the other hand, most of opposite regions (decreased) are located on the forest, but 
rarely distributed such difference both increasing and decreasing over savanna. 
Such analytical evidences implicitly support that the local peak time in 18 LT means 
a kind of universal value at least over tropical land, but more detailed analysis 
would be needed to identify the peak local time over land. 

 
4. Concluding Remarks 

We analyzed several satellite dataset to clarify the land-atmosphere interactive 
processes though the behavior of diurnal variability of cloud and vegetation activity 
over Sahel region. Multi-years MODIS, TRMM and Meteosat5 satellite products 
and images were used for this objective. To specify the reaction due to land cover 
difference, data both related on the land (MODIS) and the atmosphere (TRMM and 
Meteosat5) sampled and processed by three major land cover over Sahel region 
(grassland, savanna and forest). In addition, we also focus on the surface moisture 
status as a function of no-rainy days estimated from TRMM combined product. To 
identify more detail between the diurnal cycle in precipitation system and surface 
processes, we need more analysis both about vertical profiling of the variables (such 
as raindrop, water vapor, liquid water) and behavior of convective atmospheric 
boundary layer (CBL). 
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Abstract 
Long-term data of the first spaceborne Precipitation Radar (PR) 

aboard the Tropical Rainfall Measuring Mission (TRMM) satellite is useful 
for clarifying regional and diurnal variation of rainfall. This study deals with 
diurnal signatures of surface rainfall for various types of precipitation 
systems on the basis of their size using a 10-year dataset from TRMM PR. 
PR-captured precipitation systems (PR-PSs) were determined in contiguous 
regions of rain-certain pixels on the basis of parameters such as surface 
rainfall rate. The diurnal features of precipitation systems were stratified by 
size as small (<102 km2) and large (>104 km2) rain area and 
stratiform/convective types, respectively.  Ten years of TRMM PR operation 
enabled us to examine tens of large PR-PSs in each 1 degree region over the 
most global tropics. We focus on the time at which maximum rainfall is 
observed that is considered as the representative factor of the diurnal features 
of precipitation systems. As compared to our preceding study based on a 6-
year storm dataset, the spatial inhomogeneity of regional characteristics such 
as the land/ocean contrast in the diurnal signature of small PR-PSs has been 
reduced by increasing the number of data samples. Several diurnal marches 
of large PR-PS statistics are prominent. 

 
Keywords: TRMM PR, precipitation-system climatology, diurnal variation of rainfall 

 
1. Introduction 

More than a decade has passed since the first spaceborne Precipitation Radar 
(PR) aboard the Tropical Rainfall Measuring Mission (TRMM) satellite began 
providing an unprecedented overview of precipitation systems over the global 
tropics. Long-term data is useful for clarifying climatological features with high 
precision (Hirose et al. 2008). A number of studies have been carried out on storm 
spectra by sorting precipitation systems on the basis of parameters such as storm top 
height in accordance with the data accumulation (e.g., Nesbitt et al. 2000). The data 
collected in these studies will aid the interpretation of the regional characteristics of 
average rainfall. “Precipitation system climatology” is based on the statistical 
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characterization of a precipitation-system category. The study area has placed new 
light on the cross-cutting subjects between global-scale climatology and meso-scale 
meteorology. Furthermore, the study area has been increased to include data 
comparisons between observations from low-orbit satellites, ground-based 
observations, and model outputs (e.g., Takayabu and Kimoto 2008). In addition to 
the multiscale climatology, interpreting the pattern diversity of three-dimensional 
rainfall data for different types of storms is expected to improve the estimation of 
rainfall by using microwave radiometers. This marks the advent of a new age in the 
Global Precipitation Measurement (GPM) mission (e.g., Kubota et al. 2007). 

The Utah precipitation feature (PF) database (e.g., Nesbitt et al. 2006). is a 
comprehensive database on precipitation systems. This event-based database is 
compiled from the meteorological data on PFs obtained by the multiple instruments 
onboard the TRMM satellite. This database has given a new insight into the 
statistical characteristics of precipitation system categories such as mesoscale-
convective systems and relevant applications of storm spectra (e.g., Boccippio et al. 
2005). Liu and Zipser (2008) have modified the PF database thereby partially 
solving the problems related to rainfall budgets depending on noise filtering and 
fusion complexities inherent to multiple sensor data and increasing the application 
of the database. Hirose and Nakamura (2004, 2005) have developed another 
database of individual precipitation systems based on rain-certain signals and 
surface-rainfall-rate data obtained from the PR 2A25 product. The database is 
simply designed to correspond to the surface rain statistics of the standard TRMM 
PR product. The number of swath-truncated large systems is regarded as to be 
considerably small, as shown by Nesbitt et al. (2006). We have refined the database 
of precipitation-system parameters by using 10 years of TRMM PR data. One of the 
goals of developing the precipitation-system database is to help researchers in 
addressing the issues on precipitation regimes and their types. A study has to be 
carried out for elucidating the types of precipitation regimes that have consistent 
morphological characteristics.  

This paper outlines the precipitation system database, briefly explains the 
climatology of precipitation systems that are sorted on the basis of their size, and 
discusses a study on the climatological features of scale-based precipitation 
systems─the diurnal signatures of surface rainfall for various types of precipitation 
systems over Asia. Hirose et al. (2009) deals with the similar analysis for the global 
tropics. 
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2. Precipitation-system database 
Contiguous rain areas where rain-certain signals are detected within a distance 

of 10 km were identified as PR-captured precipitation systems (PR-PSs). Figure 1 
shows an example of the distribution of rainfall rate and types of precipitation 
systems using the data from the precipitation-system database. In this figure, the 
area of a region experiencing rainfall for each PR-PS is indicated by the size of the 
circles. The database is based on the parameters of PR-PSs, such as date, time, 
location, elevation, freezing level, land/ocean flag, and truncation flag due to the 
swath edge and the edge of a granule. Furthermore, rain area, volumetric rainfall, 
maximum storm height, and the vertical profiles (0.5-km resolution) of radar 
reflectivity, precipitation water content, and rainfall rate are also recorded for 
several types of rain. The different types of rain are shallow/deep convection, 
stratiform rain with/without a bright band, and “others” defined in the 2A23 
algorithm.  

In order to understand the variety of precipitation-system categories, the 
horizontal rainfall area is regarded as a simple and main parameter of precipitation 
systems. When the rainfall area of a PR-PS is less than 102 km2, we call the 
precipitation system “small PR-PS.” Note that several tens of percentages of 
shallow rainfall were found to be missed by the mainlobe clutter at the swath edge 
and the significant amount of noise echoes was likely included as rain-certain 
echoes ~15 dBZ, which could be recognized simply by looking at the spatial pattern 
(not shown).  Hence, the statistics of small PR-PSs can be biased when the number 
of rain samples is small as compared to that of total data samples. The PR-PS 
database can be used for identifying artificial signals, which are completely 
different from conventional climatology. Wide-developed precipitation systems 
with rainfall area larger than 104 km2 are called “large PR-PSs.”  A large fraction of 
the large PR-PSs are probably truncated by the narrow swath of TRMM PR (~220 
km) and the entire rainfall pattern of a large precipitation systems cannot be 
obtained only from the TRMM PR data. However, the database will provide 
information on the statistical features of precipitation systems underlying the total 
rainfall budget of version 6 of the standard TRMM PR algorithm (Nesbitt et al. 
2006). Areal rainfall is also used as a significant parameter of PR-PSs in the later 
section. 

Data on the horizontal structure of PR-PSs were represented by rainfall area 
for several rain types and centroid location. From the database for different types of 
storms, grid composites were generated, by classifying each horizontal scale, and 
converted into a 10 grid. The PR-PS data was converted into grids with weight by a 
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centroid-centered rainfall area to keep a rainfall budget, particularly of large PR-
PSs. In other words, the volumetric rainfall at the centroid was redistributed among 
adjacent grids according to each gridded rainfall area of a PR-PS. The reconfigured 
rainfall area well represented the rainfall pattern calculated from 2A25 in bulk, 
however; significant differences in percentage were observed over regions with a 
high spatial gradient such as the Himalayas and the southern part of the Sahara, 
where low- and high-rainfall regions lie in the neighborhood of each other. This 
issue would partially remain even for coarse grid analyses. The present study deals 
with annual statistics, that is the average of 120 months of the PR-PS data with 10 
resolution over Asia.  
 
3. Regional characteristics of precipitation systems 
3.1. Climatology of scale-based precipitation systems 

The left hand side of Fig. 2 shows the distribution of the number of scale-
based PR-PSs observed during 1998-2007 at each 10 grid box. It should be noted 
that the number is a function of not only the occurrence frequency of precipitation 
systems but also the number of total data samples. The sampling numbers at 360 and 
300 N/S latitudes are approximately 5 and 2 times more than those at the tropics, 
respectively. By considering the sampling biases, it is found that small PR-PSs are 
dominant over the Himalayan foothills and the oceans that experience moderate 
rainfall. The spatial distributions of large PR-PSs are quite consistent with the total 
rainfall climatology. The number of large PR-PSs during the 10 years for each 10 
grid box is quite small as compared to that of small PR-PSs; there are more than 
100 large PR-PSs over the island of New Guinea and none around low-rainfall 
regions. This is an example of the significant benefit of data accumulation in the 
field of precipitation system climatology where high-impact rainfall data is more 
obtainable as the PR dataset has increased to cover a span over 10 years. 

In order to elucidate the regional contributions of the scale-based PR-PS 
categories, the number of rain samples and the rainfall amount from each PR-PS for 
each 10 grid box were calculated with areal weight by the centroid and the 
equivalent horizontal scale as stated previously. The right hand side of the Fig. 2 
shows the covering frequency of scale-based PR-PSs; covering frequency is the 
ratio of the times covered by specified PR-PSs to the total observation times. 
Comparing with the panel at the left hand side, it was found that the contribution of 
small and large PR-PSs to the total statistics is reversed as anticipated. The covering 
frequency of small PR-PSs was less than 1% over most regions. On the other hand, 
the covering frequency of large PR-PSs was more than 5% over rainy regions. From 
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the high covering frequency and high rainfall rates, the percentage to all rainfall 
exceeded 50% there, which accounts for the major rain climatology, as previously 
shown by Nesbitt et al. (2006) (see their Fig. 11). 

 

 
Fig. 7. An example of the map of rainfall rate and a group of precipitation systems 
classified by each rain area (circle). This is a case of a typhoon over Japan on August 1, 
2004. 
 

Fig. 2. Number (left) of all (top), small (<102 km2, middle), and large (>104 km2, bottom) 
PR-PSs and the fraction of rain samples of each PR-PSs to total samples (right) during 
1998-2007. 
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Fig. 3. Diurnal variation of rainfall of scale-based precipitation systems over the eastern 
part (top) and the northern part of Vietnam (bottom) 

 
3.2. Diurnal features of scale-based precipitation systems 

The diurnal features of precipitation systems are investigated using the PR-PS 
database in order to elucidate the regional variations in prevailing precipitation 
systems reflecting local mechanisms. This section represents a follow-up and update 
to Hirose and Nakamura (2005) and Hirose et al. (2008), which exhibited finescale 
diurnal features observed by the TRMM PR. In addition to types of rain such as 
shallow/deep convection, the statistical characteristics of scale-based PR-PSs can 
also indicate the initial and development stages of precipitation systems. An 
example of the diurnal variation of rainfall is shown in Fig. 3 over the eastern part 
(108.50E, 13.50N) and the northern part  (105.50E, 21.50N) of Vietnam. These are 
the prevailing diurnal patterns over land, they are the evening peak and the morning 
peak, as stated later. It shows that medium-scale PR-PSs (102-104 km2) and large 
PR-PSs (>104 km2) have a great influence on the total number of rain pixels and the 
total amount of rainfall. 

We focus on the time at which maximum rainfall is observed (hereafter, the 
time of maximum rainfall) that is considered as the representative factor of the 
diurnal features of precipitation systems. The time of maximum rainfall with 
consecutive positive anomalies for at least 3 h is defined as a significant diurnal 
feature, which is used for the detection of smooth temporal variations with a 
continuous peak spread over at least 3 h (Hirose et al. 2008). Figure 4 shows the 
time of maximum rainfall of all, small PR-PSs (<102 km2) and large PR-PSs (>104 
km2). The significant diurnal peaks of all PR-PSs are observed in the plots almost 
all over the global tropics. The contrast between afternoon rainfall over the land and 
morning rainfall over the oceans and regional modulations are shown in the top 
panel; these observations are consistent with the observation made by Hirose et al. 
(2008).  The diurnal features of small PR-PSs show a land/ocean contrast that is 
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more striking than the preceding results obtained from comparatively short-term 
data for 6 years (Hirose and Nakamura 2005). Over a large part of the landmasses, 
the time of maximum rainfall is found to be early afternoon (1200-1600 local time, 
LT). In particular, the maximum rainfall over the Tibetan Plateau and the northern 
part of the Indochina Peninsula is observed to be just after noon (1200-1400 LT). In 
general, nocturnal (2200-400 LT) rainfall prevails over open oceans. A detailed 
study of nocturnal rainfall reveals a systematic time shift. The time of maximum 
rainfall over adjacent to oceans such as the regions around the Maritime Continent 
is late morning (800-1200 LT). The afternoon rainfall peaks were enhanced over 
regions such as the Bay of Bengal. 

 
Fig. 4. Time of maximum rainfall of all (top), small (middle), and large (bottom) PR-PSs. 
The peak of hourly rainfall with 3-hourly consecutive positive anomalies is considered to 
be a significant feature, and represented as dark color. 

 
The diurnal signatures of large PR-PSs were generally consistent with those of 

all PR-PSs with significant orographic features. As compared to the 6-year data 
obtained by Hirose and Nakamura (2005), the 10-year PR-PS data clearly shows 
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evening rainfall over the Tibetan Plateau, the southern part of the Deccan Plateau in 
India, and the southern part of the Indochina Peninsula; morning rainfall around the 
Tibetan Plateau; and the time shift in maximum rainfall over China and the 
Maritime Continent. Rainfall near high mountains such as the Himalayas and those 
over the Maritime Continent is maximum in the morning.   

The time of maximum rainfall shifts from afternoon to evening for small to 
large PR-PSs over regions such as Tibet, where evening rainfall of large PR-PSs is 
predominant. A notable exception is the time shift from early morning to late 
morning over the Sichuan basin. The rainfall characteristics around the equator 
show significant local features strongly associated with the terrain of the Maritime 
Continent. 

Figures 5 and 6 are similar to Figs. 3 and 4, except for shallow/deep 
convection and stratiform rain with the brightband, respectively. The patterns of 
stratiform rain without the brightband and “others” were excluded since their 
features were similar to those of shallow convection. All PR-PS patterns showed a 
time shift in maximum rainfall from early afternoon to evening over the land and 
from early morning to late morning over the oceans, through shallow convection to 
deep convection and to stratiform rain, reflecting the stages of storm development 
(e.g., Yamamoto et al. 2008). Here, although most of the rain samples observed 
over the Tibetan Plateau were not identified as shallow convection since the 2A23 
algorithm uses climatological temperature data as an indicator of shallowness 
(Hirose and Nakamura 2005), they were regarded as shallow convection. The 
diurnal pattern of deep convection was similar to that of all rain types shown in Fig. 
4, since the impact of deep convection on total rainfall is generally large. On the 
other hand, the time of maximum rainfall of stratiform rain was considerably 
delayed as compared to that of all types of rain. For small PR-PSs, the time of 
maximum rainfall of shallow and deep convection over the land shifted from around 
noon (1000-1400 LT) to mid-afternoon (1400-1600 LT). The spatial pattern of deep 
convection of large PR-PSs was similar to that of all types of rain. We found that 
the maximum rainfall occuring in the morning over the southern foothills of the 
Himalayas could be attributed to not only stratiform rain but also deep convection 
of large PR-PSs. Such modulations of deep convection were difficult to detect from 
the average statistics of all PR-PSs shown in the left-hand side panels. 
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Fig. 5. As for Fig. 3, for each rain type, that is, shallow/deep convection and stratiform rain 
with the brightband. The left panels show the diurnal variation over the eastern part of 
Vietnam, and the right for the northern part near Hanoi. Top, the middle, and the bottom 
panels indicates that for all, small, medium, and large PR-PSs. 

 
Fig. 6. As for Fig. 4, but for each rain type, that is, shallow/deep convection and stratiform 
rain with the brightband. 
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4. Summary and concluding remarks 
The present study described a storm database compiled from 10 years of 

TRMM PR data. We investigated the diurnal features of scale-based precipitation 
systems and extreme event characteristics as applications in representing 
precipitation-system variability. PR-captured precipitation systems (PR-PSs) were 
determined in contiguous regions of rain-certain pixels on the basis of parameters 
such as surface rainfall rate. The datasets for different types of storms were 
classified on the horizontal scales, that is, for small PR-PSs (<102 km2) and large 
PR-PSs (>104 km2), and were converted to 10 grid data by areal weighting for each 
adjacent grid. 

The study on the occurrence frequency of rainfall due to different storms 
confirmed that relatively few large PR-PSs were responsible for most of the 
regional rainfall characteristics, as shown by a large number of studies (e.g., Nesbitt 
et al. 2006, Mohr et al. 1999) . Ten years of TRMM PR operation enabled us to 
examine tens of large PR-PSs in each 10 region over the most global tropics. It was 
presumed that it is difficult to obtain the climatology of high-impact systems at finer 
scales in space and time. In contrast, the number of small PR-PSs was sufficient for 
the detection of fine-scale features. 

The prominent complexity of temporally and spatially variable characteristics 
of precipitation-system categories in terms of parameters such as type of rain and 
the horizontal and vertical structures of scale-based PR-PSs have been investigated 
with the time of maximum rainfall using the 10-year dataset. As compared to our 
preceding study based on a 6-year storm dataset (Hirose and Nakamura 2005), the 
spatial inhomogeneity of regional characteristics such as the land/ocean contrast in 
the diurnal signature of small PR-PSs has been reduced by increasing the number of 
data samples. Several diurnal marches of large PR-PS statistics are prominent, that 
is, the time shift from early morning to late morning. Morning rainfall near high 
mountains such as the Himalayas consists of both stratiform rain with the 
brightband and deep convection. This observation shows that precipitation climate 
can be considered as an accumulation of convective complexes. 

Storm spectra can be used for the assessment of the observation limits and 
retrieval errors inherent to sensors for each group of precipitation systems, 
estimation of various vertical structures of precipitation systems identified 
with/without the spaceborne radar data, comparison of the group statistics with 
model outputs, etc. 
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1. Introduction 

The earth's atmosphere covers land and sea surfaces and interacts with them.  
We human beings are considered to have spread over the world mainly walking 
along coastlines for recent hundred thousand years, and even now populations and 
GDPs are concentrated near the coastlines.  We have noticed existence of monsoons 
and sea-land breezes near the coastlines since Ancient Greek Period, and these two 
familiar types of atmosphere-ocean-land interactions are described even in the 
elementary school textbook, as phenomena induced by a basically similar 
mechanism.  They are particularly important in the tropical and subtropical Asian 
regions.  In this paper we shall consider how similar or different these two 
phenomena are, and discuss how we improve observations and modeling of them.  
 
2. Basic equations 

Atmosphere (including hydrosphere or ocean, and interior fluids as its 
varieties of liquid phase) is the fluid maintained stably in a planet under gravity and 
radiation of the planet itself and a central star.  The stellar gravity variation is not 
apparent over the planet, except for gravitational tides, whereas the stellar radiation 
is quite inhomogeneous (differential heating) due to the spherical shape and 
inhomogeneity of the planetary surface.  The planetary revolution determined by the 
stellar gravity may enforce seasonal oscillations of the planetary atmosphere 
through an eccentricity of the planetary orbit or an inclination of the planetary 
rotation axis, which are respectively in-phase or anti-phase between the both 
hemispheres of the planet.  

In this paper we do not consider gravity variations and hemispheric in-phase 
seasonal variations, because these variations may break the basic stratification of 
atmosphere.  We consider quasi-two- dimensional (zonally uniform) horizontal 
convection in a meridional plane with non-zero zonal flow of a stably stratified 
Boussinesq fluid.  The governing equation is a zonal vorticity equation indicating 
that the meridional circulation is induced by an imbalance between the meridional 
temperature gradient and the vertical shear of zonal flow.  If these two terms are 
balanced with each other and there are no dissipation and forcing, there is so-called 
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thermal wind equilibrium without meridional circulation.  If the spatial and/or 
temporal scales are small, the Coriolis effect can be neglected and a purely two-
dimensional horizontal circulation without any motion in the direction 
perpendicular to the circulation may be induced only by the horizontal temperature 
gradient, which is familiar in usual local circulations (heat island, etc.).  
 
3. Diurnal and annual oscillations 

If there are no lands, i.e. in so-called “aqua planet”, the solar heating 
determined only astronomically may induce global diurnal (tidal) and seasonal 
(hemispheric) oscillations, but the dominant atmospheric motions are intraseasonal 
variations (ISVs) in tropics and baroclinic waves in mid-latitudes.   

If there are no oceans, such as in Mars, intraseasonal variations are 
suppressed, and hemispheric seasonal variations and tides become again dominant.  
If the rotation approaches revolution, such as in Venus, the diurnal and seasonal 
variations are not apparently separated.  In general, the planetary rotation (with a 
sidereal day period) and the atmospheric diurnal (stellar day period) and seasonal 
(revolution period) oscillations satisfy a resonant condition.   

Because the heat capacity of land is smaller than of sea water, the solar 
heating is horizontally inhomogeneous also between land and sea surfaces, which 
induces local diurnal atmospheric oscillations (sea-land breeze circulations) and 
continental-scale annual oscillations (monsoons).  The sea-land breeze circulations 
are somewhat different between tropics and extratropics, because the Coriolis 
period is longer and shorter than 1 day in the latitudes lower and higher than 30 
degrees, respectively.  
 
4. Equatorial rainfall controlled by coastlines  

The annual global energy and water balances of the earth’s atmosphere are 
achieved by a zonal-mean rainfall peak of 2,000 mm/year around the equator, but it 
cannot be explained only by intertropical convergence zone (ITCZ) clouds over the 
oceans which are quite inhomogeneous due to ISVs.  Indeed, on one hand, if clouds 
are once generated, convection is developed spontaneously by so-called conditional 
instability, and larger evaporation from warmer sea surface may make more active 
convective cloud and larger rainfall.  However, the largest rainfall does not occur 
over the open ocean.  On the other hand, clouds must appear as a result of 
convection, which may be generated much easier on hotter land surface, but the 
largest rainfall does not occur on the true continent (Africa and South America).   
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The local diurnal cycle near a coastline is the almost unique mechanism to 
generate convective clouds systematically near the equator almost free from any 
cyclone activities.  On the land heated by strong insolation in the morning generates 
convective clouds in the afternoon, which are activated by humid sea wind toward 
the clouds.  The active convective clouds make strong rainfalls in the evening, 
which cool the land (like a sprinkler) and disappear, and everything is reset before 
sunrise of the next day.  

An empirical formula between mean regional annual rainfall and coastline 
length divided by land area is obtained, which seems satisfied by several equatorial 
regions over the world.  In consequence the equatorial rainfall 2,000 mm/year 
maintaining the earth’s climate is concentrated around coastlines, and the largest 
regional rainfall and the convection center pumping atmosphere from the surface to 
the stratosphere appear over the Indonesian maritime continent (IMC) with the 
longest coastlines on the earth.   

Similarly the atmospheric exchange between the hemispheres is concentrated 
in the Asia-Australia monsoon sector. The winter hemispheric cell of Hadley 
circulation becomes stronger than the summer hemispheric cell, because the 
monsoon circulates in the same direction as the winter Hadley cell.  The self-
enhancing diurnal-cycle rainfall is much enhanced by monsoons (cold surges).  The 
sensitive response of IMC to the solar radiation explains also why the southern part 
of IMC has a clear seasonal variation of southern-hemispheric type with a rainy 
season in southern summer.  In this meaning IMC enlarges the southern hemisphere 
toward the equator.  This is partly why ITCZ is shifted to the northern hemisphere 
even in the annual mean.  
 
5. Strategy of observations and modeling 

The conclusion mentioned above implies that an observational network as well 
as a climate model needs to resolve the equatorial coastlines with a scale 
sufficiently smaller than 100 km.  Such a high-resolution observation network may 
be possible by using meteorological radars and wind profilers. The 
Hydrometeorological Array for Isv-Monsoon Automonitoring (HARIMAU), a 5-
year bilateral project between Japan (represented by JAMSTEC under the Japan 
EOS Promotion Program (JEPP)) and Indonesia (hosted by BPPT) in order for 
contributing to the Global Earth Observation System of Systems (GEOSS), has 
begun in 2005 to set up a radar-profiler network for observing the world’s most 
active convective activities over the IMC.  This project is promoted bilaterally 
between the governments of Japan (represented by JAMSTEC) and Indonesia 



International MAHASRI/HyARC Workshop on Asian Monsoon  
 
 

5 - 7 March 2009, Da Nang, Viet Nam  308

(BPPT).  Until September 2008 we have installed five stations (one station in each 
of the five major islands: Sumatera, Jawa, Kalimantan, Sulawesi and Papua).  
Rainfall and wind distributions are displayed in nearly real time on the internet.  
Significance and representability of wind observations over IMC have been 
examined in comparison with rawinsonde data and objective analysis.   

Under the HARIMAU project both scientific understanding and practical 
concepts on the diurnal cycle and its interaction with ISVs and seasonal and 
interannual variations are being established.  Scientific results include the rainy 
season (boreal winter monsoon) onset triggered by ISV, the diurnal (evening) 
rainfall enhancement by a cold surge, and so on.  Capacity building to maintain the 
network and to apply it to meteorological prediction and atmospheric science is 
being planned by establishing an international center in Jakarta.  By these activities 
the HARIMAU project has been nominated as one of the GEOSS early 
achievements.  
 
6. Conclusions 

In this paper we have reviewed basic mechanisms of monsoons and sea-land 
breeze circulations. A strategy described in Section 5 is only one example, and 
similar efforts in other countries are strongly expected.  
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Abstract 

Inter-annual variation in canopy duration period (CDP) from leaf 
appearance to complete leaf fall have been reported based on both ground-
based data and remotely sensed data. The variation in CDP in deciduous 
trees in dry tropical regions, i.e., up to a few months, is greater than that in 
temperate regions, i.e., up to a few weeks. The changes in leaf area index 
(LAI) during the CDP may affect the hydrological processes more 
significantly in dry tropical regions than in temperate regions, because the 
partitioning of energy fluxes is thought to differ between leafed and leafless 
conditions due to the stronger evaporative demand. In this study, a soil–
plant–air (SPAC) continuum multilayer model was used to numerically 
simulate evapotranspiration (ET) for 6 years in a deciduous teak plantation in 
a dry tropical climate of northern Thailand, to examine the influence of 
seasonal changes in LAI as well as the inter-annual variations in CDP on ET. 
Two numerical experiments with different seasonal patterns of LAI were 
carried out using above-canopy hydro-meteorological data as input data. The 
first experiment involved seasonally varying LAI estimated based on time-
series of radiative transmittance through the canopy, and the second 
experiment applied an annually constant LAI. In the first simulation, the 
simulated transpiration (Et) agreed with seasonal changes in heat pulse 
velocity, corresponding to the water use of individual trees. In the second 
numerical simulations, the constant LAI increased transpiration at small 
LAI, particularly immediately after leaf flush and toward the dry season. 
But, the seasonal changes in simulated transpiration were apparently similar 
to those in observed heat pulse velocity and they ceased during dry seasons. 
This implies that soil water, which is balanced in SPAC systems by 
precipitation, canopy interception, soil evaporation, soil water uptake by 
transpiration, and discharge, can mainly control the seasonal changes in 
transpiration and that it is also generally likely to influence CDP or forest 
growing season length (GSL), during which trees assimilate carbon. The 
constant LAI reduced downward radiation and wind velocity on the forest 
floor year-round and decreased soil evaporation (Es) during dry seasons. 
Further, soil evaporation did not quickly respond to rainfall events, but 
continued longer relative to that simulated at small plant area index (PAI). 

 
Keywords: leaf area index, evapotranspiration, dry tropical region, numerical simulation 
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1. Introduction 
Temporal changes in leaf area (i.e., the leaf appearance, the subsequent 

growth, and the leaf fall) are an important key factor, which can affect the carbon 
cycle and hydrological processes in deciduous forests through the assimilation, 
transpiration (Et), and rainfall interception (Ei) by leaves. They should be more 
significant in dry tropical regions than in temperate regions because the partitioning 
of energy fluxes is thought to differ during changes in the amount as well as 
between leafed and leafless conditions, due to the stronger evaporative demand such 
as the higher temperature and the stronger downward radiations. 

Inter-annual variation in canopy duration period (CDP) from leaf appearance 
to complete leaf fall have been reported based on both ground-based data (Maass et 
al., 1995; Wilson & Baldocchi, 2000; Do et al., 2005; Yoshifuji et al., 2006) and 
remotely sensed data (Piao et al., 2006). The variation in CDP in deciduous trees in 
dry tropical regions, i.e., up to a few months (Do et al., 2005; Yoshifuji et al., 
2006), is greater than that in temperate regions, i.e., up to a few weeks (Wilson & 
Baldocchi, 2000; Barr et al., 2004). The impact of the variation in CDP on 
evapotranspiration (ET) can also be greater in dry tropical regions than in temperate 
regions. 

Yoshifuji et al. (2006) showed that the inter-annual variation in canopy 
duration and transpiration periods in a dry tropical teak plantation (Tectona grandis 
L.F.) spanned about 40 and 60 days, respectively, based on 3 years of time-series 
radiative transmittance and heat-pulse-velocity data corresponding to tree water use 
or transpiration. Tanaka et al. (2008) showed that the leaf flush occurred from 
middle of April to the begging of May in the 3 years, and the subsequent value of 
the negative logarithmic values of the ratio of daily downward solar radiation on the 
forest floor to that above the canopy (i.e., –ln(Sb↓/S↓) appeared to reach the peak 
between the one and a half and three months.  

The study aim is to investigate the influence of seasonal changes in LAI as 
well as the inter-annual variations in CDP on ET, which consists of Et, Ei, and soil 
evaporation (Es), in the teak plantation in a dry tropical region. Two numerical 
experiments with different seasonal patterns of LAI were carried out using above-
canopy hydro-meteorological data as input data. The first experiment involved 
seasonally varying LAI estimated based on time-series of radiative transmittance 
through the canopy (Scenario VL), and the second experiment applied an annually 
constant LAI (Scenario CL). 
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2. Materials and Methods 
2.1. A one-dimensional SPAC model for evapotranspiration 

We used a one-dimensional SPAC model (Tanaka & Hashimoto, 2006) 
consisting of a soil multilayer model (Kondo & Xu, 1997) and a canopy multilayer 
model (Tanaka et al., 2003). The soil multilayer model considers changes in albedo 
and evaporation efficiency with changes in soil moisture at the top of the soil 
column (Kondo & Xu, 1997). The canopy multilayer model (Tanaka et al., 2003) 
for sensible and latent heat and CO2 gas exchange consists of a second-order closure 
model for atmospheric diffusion coupled with a radiation transfer model (Tanaka, 
2002), a rainfall interception model (Tanaka, 2002), a Farquhar-type photosynthesis 
model (Farquhar et al., 1980), and a stomatal conductance model (Ball, 1988). 
Combined, the two multilayer models by Kondo and Xu (1997) and Tanaka et al. 
(2003) consider the loss of soil moisture by water uptake (or transpiration) and the 
effect of soil water content on stomatal closure (Tanaka et al., 2004). In the model, 
stomatal conductance (gs) is assumed to decrease with a decline in the ratio (Re) of 
the integrated extractable water content (We) to the integrated extractable water 
content at saturation (Wes) from the surface to the maximum rooting depth, as 
detailed by Tanaka et al. (2004) 

For application to the teak plantation with temporal changes in PAI and the 
leafless season, the model treated other non-leaf organs, such as stems and 
branches, as leaves without VcMAX, i.e., they did not transpire, assimilate CO2, or 
respire, but did absorb or release sensible and latent heat (condensation and 
evaporation). In the model, stomatal closure affected by soil water availability limits 
assimilation, and leaf temperature affects assimilation and dark respiration. The 
difference between assimilation and dark respiration (net assimilation) controls 
stomatal closure, along with the relative humidity of the leaf surfaces. Therefore, 
calculations of net assimilation, stomatal closure, and leaf temperature were 
repeated until those values corresponded to previously calculated values. 
 
2.2. Site description and Measurements  

The observations were carried out at a teak (Tectona grandis L.f.) plantation in 
northern Thailand (18°25′ N, 99°43′ E; 380 m above mean sea level; Yoshifuji et 
al., 2006) with a mean canopy height of 17.2 m and an average stem diameter of 
0.195 m at breast height from March 2001 to February 2007. The even-aged teak 
stand was planted in 1968 and had a density of 360 trees ha-1. The plant area index 
PAI was measured using a plant canopy analyzer (LI-2000, LICOR) at the 
measurement point of radiative transmittance in July 2006, and the average PAI was 
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~2.9. The area had three seasons: a rainy season, an early dry season, and a late dry 
season, from seasonal changes in rainfall and air temperature (Yoshifuji et al., 
2006), and the teak trees were leafless under severe dry conditions in the dry 
season. Hydrometeorological variables such as downward solar radiation, air 
temperature, water vapor, wind velocity, and precipitation, measured above the 
canopy, were used as model input data. Yoshifuji et al. (2006) measured heat pulse 
velocity (HPV) of five Tectona grandis L.f. to monitor water use. In the long-term 
continuous measurements, the HPV values tended to decrease gradually due to a 
decline in water transport ability around the implanted sensors. To remove the 
influence of that phenomenon, Yoshifuji et al. (2006) calculated relative HPV 
(RHPV) for each sampled tree. The measured seasonal changes in RHPV were used 
to validate the simulated Et. 
 
2.3. Model parameters and temporal changes in leaf area 

Yoshifuji et al. (2006) measured daily radiative transmittance, which 
decreases exponentially with accumulative leaf area index (LAI), i.e., plant area 
index (PAI), from the top of the canopy, to examine interannual variation in the 
canopy duration period. This interannual variation was determined using the 
difference between 1 and the ratio of daily downward solar radiation on the forest 
floor to that above the canopy (i.e., 1 – Sb↓/S↓). In the study, the negative 
logarithmic values of the ratio [–ln(Sb↓/S↓)] were shown, as they likely capture the 
timing of leaf flush and the subsequent relative growth of trees, in particular, leaves, 
since they are approximately proportional to LAI/PAI (Monsi & Saeki, 1953). The 
daily values of both Sb↓ and S↓ were used in the estimation. Moreover, the value of 
–ln(Sb↓/S↓) on a day, shown here, was averaged among the three values from the 
day before to the next day, so that the small frequent fluctuations can be reduced. 
Although there were not values due to the lack of Sb↓ in December – February 
2006, the values of –ln(Sb↓/S↓) were obtained from a straight line between the two 
measured points. In the numerical simulations, PAI and LAI were assumed to 
change after fluctuations in –log(Sb↓/S↓), and leaves were assumed to occur at –
log(Sb↓/S↓) > 0.25 (Fig. 1). The LAI at –log(Sb↓/S↓) = 1.70 was defined as LAIMAX 
(Fig. 1); LAIMAX was set at 4, corresponding PAI at ~4.7. 

The maximum carboxylation rate (VcMAX) was assumed to decrease 
exponentially with the cumulative PAI from the top of the canopy (Tanaka & 
Hashimoto, 2006). Because the carboxylation rate was not investigated in this 
forest, the average maximum carboxylation rate of individual leaves at 25°C 

( 25cMAXV ) was set at 50 µmol m-2 s-1. At the end of the CDP, trees had only brown 
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leaves with little photosynthetic capacity, but the related decrease in 25cMAXV  was not 
considered. Rooting depth was set at 1 m. In 2003 to 2005, the soil water head 
potential (ψ) was manually measured with a tensiometer (DIK3021, Daiki Rika 
Kogyo Co., Ltd.) at a depth of 0.1 m near the measurement point for volumetric soil 
moisture (θ) to investigate the θ–ψ relationship. The modeled θ–ψ relationship for 
volcanic ash proposed by Kondo and Xu (1997) was relatively similar to the 
observed values at a depth of 0.1 m at ψ > –5 m, although not shown here. 
Seasonally varying LAI estimated from time-series of radiative transmittance 
through the canopy (VL) and annually constant LAI (CL) were applied to the first 
and second simulations, respectively, to investigate the impacts on ET.  
 
3. Results 

Figures 2, 3, and 4 shows the simulation results of Et, Ei, and Es with Both VL 
and CL for 6 years, respectively, and assuming a volcanic ash soil texture, which 
was relatively similar to the measured θ–ψ relationship. The simulated Et with VL 
captured seasonal changes in RHPV that corresponded to the water use of 
individual trees. The simulated Et with VL and RHPV decreased with stomatal 
closing induced by soil drought and decreased LAI toward the dry season, but it 
appears to be overestimated toward the dry season in 2002, 2004, and 2005, 
compared with observed RHPV. The seasonal changes in simulated Et with CL 
were notably similar to those in observed RHPV in particular from the middle of 
rainy seasons toward the end, although the constant LAI increased Et at small LAI, 
particularly immediately after leaf flush and toward the dry season. The simulated 
Et with CL increased immediately after large abrupt rainfalls in early March in 2001 
(Fig. 2), whereas Et simulated with a seasonally changing LAI stopped with a value 
of 0. Hereby the annual values of simulated Et were larger in CL than in VL by 64 – 
125 mm for the 6 years. 

Figure 3 shows that the constant LAI reduced downward radiation and wind 
velocity on the forest floor year round and decreased Es, compared with Es 
simulated with the temporal LAI. By contrast, it increased Ei (Fig. 4). Further, Es 
did not respond quickly to rainfall events during the dry season in contrast to Es 
simulated at small PAI (Fig. 3). Over 90% of rainwater reaches the soil surface even 
under a constant LAI in the dry season, and in the case of small amounts of rainfall, 
little of the soil moisture at 0 m-depth moved to the deeper soil layer due to the low 
hydraulic conductivity caused by very low soil moisture between 0 and 0.1 m 
depths. The surface soil moisture was gradually used as Es with reduced downward 
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radiation and wind velocity on the forest floor. Therefore, Es persisted longer 
relative to Es simulated at small PAI, as shown in Fig. 1.  

 

Fig. 1. Seasonal variation in the negative logarithm of the ratio of daily downward solar 
radiation on the forest floor to that above the canopy, –log(Sb↓/S↓). Leaves were assumed to 
occur at –log(Sb↓/S↓) > 0.25 (Fig. 1). The LAI at –log(Sb↓/S↓) = 1.70 was set at 4. Seasonally 
varying LAI (VL) and an annually constant LAI (CL) were used in the simulations. 
 
4. Discussion 

The SPAC numerical model was able to simulate soil water availability and 
simultaneous changes in stomatal closure well, as simulated Et captured changes in 
the observed RHPV, which corresponds to the water use of individual trees (e.g., 
Fig. 2). The general similarity between Et simulated with and without seasonal 
changes in LAI (Fig. 2) suggests that are more affected by soil water availability 
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than by LAI or CDP in dry tropical areas, while temporal changes in LAI (or PAI) 
greatly affect Es and Ei in the dry season (Figs. 3 and 4). 

 

 
Fig. 2. Simulation results considering changes in LAI and PAI (VL) and with constant LAI 
(CL). Simulation of seasonal variation in transpiration Et (left panels) and annual Et (right 
panels). Variation in the relative heat pulse velocities (RHPV) of five trees is shown for 
comparison with variation in simulated transpiration Et. 
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Fig. 3. Simulation of seasonal variation in soil evaporation Es (left panels) and annual Es (right 
panels). 

 
Brown leaves, likely with little photosynthetic activity (or VcMAX) and/or 

changes in optical properties such as the transmissivity and reflectivity of individual 
leaves, appeared at the end of the CDP. Although the model only considered the 
decline in stomatal conductance caused by the decrease in soil moisture, the gs–Re 
function used here generally could simulate the decline in Et toward the dry season 
well without considering temporal changes in 2001 and 2003. This suggests that 
stomatal conductance, controlled by soil water availability, may be more important 
when simulating Et than temporal changes in VcMAX (e.g., Tanaka et al., 2002) and 
optical properties, or that the function may underestimate gs with declines in soil 
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moisture, compared to the realistic relationship between gs and soil moisture. On the 
other hand, the overestimation of Et toward the dry season in 2002, 2004 and 2005 
was likely to be caused by the incline in VcMAX and/or changes in optical properties 
of leaves. Considering such effects, the annual Et is slightly smaller than those 
shown in Fig. 2. To verify these effects, leaf characteristics such as VcMAX and the 
relationship between gs and soil moisture need to be examined, in addition to 
measurements of seasonal and annual ET at the canopy level. 

 
Fig. 4. Simulation of seasonal variation in canopy interception (or evaporation from the wet 
canopy) Ei (left panels) and annual Ei (right panels). 
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Abstract 
The seasonal and intraseasonal variations of ozone mixing ratio are 

investigated using the 4-year ozonesonde data at Hanoi, Vietnam.  In the 
upper troposphere and the lower stratosphere (UTLS) region, the ozone 
mixing ratio shows a clear seasonal variation with larger values in summer 
and smaller in winter. The ozone mixing ratio has 2 maxima during summer 
time in June and August.  The ozone mixing ratio in the lower troposphere 
has a peak in spring at about 3 km.  In addition to the seasonal cycle, the 
intraseasonal variations in ozone mixing ratio also dominate through the 
near-surface to the UTLS region.  In the UTLS region, the ozone variation 
has a time-scale of several days that agrees well with the meridional wind 
variation. This variation of ozone mixing ratio was found to be caused by the 
difference in air mass sources, which resulted from the mid-latitude and sub-
tropical disturbances.  The structures of the disturbances were different 
between in winter and in summer.  In winter, the eastward propagating 
Rossby wave trapped near the westerly jet (around 30N) was dominated, 
while the wesward propagation in sub-tropics (aound 20N) was found in 
summer time. 
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1.  Introduction 
Hanoi (20N, 105E) is located at the boundary region between the mid-latitude 

and the low-latitude. This boundary is at the same time the one between the 
stratosphere and the troposphere at the UTLS (Upper Troposphere/Lower 
Stratosphere) region.  Therefore, it can be said that the location of Hanoi is suitable 
for the observation of the trace gas and mass exchange between the mid-latitude and 
low-latitude and also between the stratosphere and the troposphere. 

It is important to observe the 3-dimensional ozone distribution on the global 
basis and continuously in order to understand the basic structure of the atmosphere 
and the climate change. However, there have not been continuous ozonesonde 
observations in this region. We started ozonesonde observations in September 2004 
at Aero-Meteorological Observatory, Hanoi in order to add one station at this 
region.  We have conducted monthly ozonesonde observations for about 4 years 
since September 2004 (twice-monthly since February 2006). We also conducted the 
5 times campaign observations with ozone and water vapor sondes (Dec 2004-Jan 
2005, Jan 2006, Jan 2007, Jan 2009 and Jan2010). During each campaign period (2 
to 4 weeks each), we launched balloons at a few days interval. Such long-term and 
intensive ozonesonde observations are unique in the subtropical region. The Hanoi 
station will contribute the SHADOZ (Southern Hemisphere ADditional 
OZonesondes) project as a new station in the near future. Here, we report new 
findings revealed by the accumulation of such a unique ozonesonde observation. 

 
2. Mean seasonal variation in ozone mixing ratio 

The mean seasonal variation of ozone mixing ratio for the 4 years is shown in 
Fig. 1. Its characteristics is as follows: In the UTLS reagion, the ozone mixing ratio 
shows the annual cycle with a maximum in summer and with a minimum in winter. 
This feature of seasonal variation is opposite to that over the Asian monsoon region 
around Tibetan Plateau shown by recent satellite observations (Randel and Park, 
2006; Park et al., 2007). During summer time in the middle and upper troposphere, 
the ozone mixing ratio shows double peaks in May and August. This feature is 
similar to the variation of rainfall amount over the Indochina Peninsula during the 
summer monsoon, which implies interaction between the dynamical and the 
chemical processes. In the lower troposphere, the ozone mixing ratio shows the 
spring maximum (in March) at around 3 km height. This height is just between the 
double layers of temperature inversion, which appear remarkably over Hanoi during 
winter to pre-monsoon season (Nodzu et al., 2006). In this paper, the results from 
the analysis for the seasonal variation in the upper troposphere are introduced. 
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3. Discussion on seasonal variation 
In the UTLS resgion, the ozone mixing ratio shows the annual cycle with a 

maximum in summer and with a minimum in winter. Here, the cause of this 
variation is discussed. Recently, Randel and Park (2006, JGR) showed that the 
ozone variation with minimum in summer and with maximum in winter in the 
Asian monsoon anticyclone over the Tibetan plateau in the UTLS region by using 
the satellite data. They explained that the ozone minimum was caused by the 
upward transport of the air mass with small ozone mixing ratio in the lower 
troposphere due to the active convections associated with the summer monsoon.  
Although Hanoi is also located at the region governed by the Asian monsoon, the 
seasonal variation of ozone is opposite to the one shown by Randel and Park (2006).  
Therefore, we need to consider the different mechanism in order to explain the 
seasonal variation observed at Hanoi in the UTLS region. 

 
4. Intraseasonal variation 

In addition to the seasonal variation mentioned above, the ozone mixing ratio 
shows short term variations with a time scale of several days.  The ozone variation 
has a close relationship with the meridional wind: a small ozone mixing ratio 
corresponds to southerly anomaly of meridional wind and vise versa (Fig 2.).  It was 
shown by the backward trajectory analysis that the air masses with different sources 
were observed depending on the meridional wind condition over Hanoi. The 
southerly wind anomaly provides the air mass with small ozone mixing ratio from 
equatorial Indonesia (upper panels of Fig. 3), while the northerly wind anomaly 
provides the air mass with high ozone concentration from the mid-latitudes and the 
subtropics (lower panels of Fig. 3).  

The 3-dimensional composite fields were analyzed to clearly show the 
structure of the disturbance that provides meridional wind variation over Hanoi.  It 
is found that in winter time the meridional wind condition over Hanoi strongly 
depends on the passage of the tropopausal Rossby waves trapped near the jet 
stream, propagating eastward (upper left panel of Fig. 4) and with a zonal 
wavelength of 2,000-3,000 km (upper right panel of Fig. 4).  On the other hand, in 
summer time the disturbance which governs the meridional wind variation is not the 
one seen in winter, but the westward propagating vortex (lower left panel of Fig. 4) 
along 20N, with a horizontal wavelength of about 2,000 km (lower right panel of 
Fig. 4). 
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Fig. 8. Mean seasonal variation of the ozone 
mixing ratio observed at Hanoi during Sep 
2004 and Aug 2008. 

Fig. 9. Scatter plot of the ozone mixing ratio 
and the southerly wind at 15 km height. 

 
 
Fig. 10. The five-days backward 
trajectories from Hanoi at height 
range of 13-15 km for the times when 
the small ozone mixing ratio were 
observed (solid lines) and for the 
times when the large ozone mixing 
ratio were observed (dashed lines). 

 
Fig. 11. Left panels: Longitude-time section of geopotential height.  Right panels: 
Longitude-latitude section of geopotential height.  Upper panels show the composite 
disturbances in winter and lower panels show the disturbances in summer. 
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5. Summary 
We have accumulated the ozonesonde data since September 2004 at Hanoi, 

Vietnam that is thought to be important location for observing the tracer 
transportation between the stratosphere and the troposphere and at the same time 
between the mid-latitude and the low-latitude.  The characteristics of the time-
height variation of the ozone mixing ratio from the near-surface up to the UTLS 
region are as follows: i) In the UTLS region, the ozone mixing ratio shows a clear 
seasonal variation with larger values in summer and smaller in winter. ii) The ozone 
mixing ratio has 2 maxima during summer time in June and August. These 2 
maxima correspond to the 2 maxima of summer monsoon rainfall seen over the 
Indochina peninsula, suggesting the close relationship between the tracer 
transportation and the monsoon circulation. iii) The ozone mixing ratio in the lower 
troposphere has a peak in spring at about 3 km.  This result suggests an importance 
to consider the 3-dimensional transport for understanding the spring maximum of 
the surface ozone that is a common feature over the east and the southeast Asian 
regions. iv) In addition to the seasonal cycle, the intraseasonal variations in ozone 
mixing ratio also dominate through the near-surface to the UTLS region.  In the 
UTLS region, the ozone variation has a time-scale of several days that agrees well 
with the meridional wind variation. 

The detailed analysis concerning the result (iv) in the UTLS region was 
performed.  It was found that the several days variation of ozone mixing ratio was 
caused by the difference in air mass sources, which resulted from the mid-latitude 
and sub-tropical disturbances.  The structures of the disturbances were different 
between in winter and in summer.  In winter, the eastward propagating Rossby 
wave trapped near the westerly jet (around 30N) was dominated, while the wesward 
propagation in sub-tropics (aound 20N) was found in summer time. 
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Abstract 

It is well known that the tropical and subtropical climates are 
profoundly affected by atmospheric intraseasonal oscillation (ISO), and that 
the ISO activity changes greatly every year. Shinoda and Han (2005) 
analyzed the interannual variation if ISO activity in the tropical Indian 
Ocean during boreal fall and its relation with the Indian Ocean Dipole Mode 
(IOD), and showed that the ISO activity on 6-30-day time scale has high 
negative correlation with the Dipole Mode Index (DMI). They also showed 
that convectively coupled submonthly-scale cyclonic circulations are often 
generated in Indian Ocean in negative IOD years, but they didn’t discuss the 
structure of these circulations. Additionally, it is still unclear whether these 
cyclonic circulations are the only factor that produces the interannual 
variation of ISO activity.  

We study what makes the interannual variation of ISO on 6-30-day 
time scale over the Indian Ocean under the influence of IOD using ECMWF 
reanalysis data from 1958 to 2001 boreal fall. The ISO activity is defined by 
the standard deviation of 6-30-day filtered meridional wind at 850 hPa 
during boreal fall. The high negative correlation between the DMI and ISO 
activity over the southeastern Indian Ocean is confirmed. The disturbances 
which cause this negative correlation are revealed based on lag-correlation 
analysis. They propagate westward with keeping symmetric structure with 
regard to the equator and have the first baroclinic structure in vertical. The 
phase speed is around -4 m s-1 and the typical period is about 12 days. In the 
lower troposphere, the phase of divergence slightly lags that of height, but is 
shifted westward compared to free wave. These characteristic are well 
coincident with that of convectively coupled equatorial Rossby (ER) waves. 
It is also shown that the interannual variation of ISO activity has high 
correlation coefficient with maximum negative relative vorticity anomalies 
at 850 hPa produced by cyclonic disturbances over the southeastern Indian 
Ocean (0.850), while has low coefficient with the number of cyclonic 
disturbances (0.119). It is concluded that whether ER waves produce strong 
cyclonic disturbances is a key factor determining the interannual variation of 
ISO activity over the southeastern Indian Ocean. The reason strong cyclonic 
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disturbances are produced and their relation with the IOD are discussed in 
this paper. 

 
Keywords: Indian Ocean Dipole Mode, Intraseasonal Oscillation, Interannual Variation, Boreal 
Fall, Equatorial Rossby Waves, Air-Sea Interaction 

 
1. Introduction 

The tropical and subtropical climates are profoundly affected by atmospheric 
intraseasonal oscillation (ISO), such as the Madden-Julian oscillation (MJO; 
Madden and Julian 1972) and the variability on the submonthly time scale 
(<30days) (e.g., Chen and Chen 1993). The ISO activity changes greatly every year 
(e.g., Hendon et al. 1999). Since the locality of generation and seasonal variation of 
ISO are closely related with air-sea interaction (e.g., Kemball-Cook and Wang 
2001), many studies link the interannual variation of ISO with that of sea surface 
temperature (SST). For example, Hendon et al. (1999) analyzed the relation 
between the interannual variation of the activity of the MJO during boreal winter 
and the variation of SST anomaly caused by El Niño-Southern Oscillation (ENSO). 
They showed that, during El Niño, the large activity region of the MJO shifts east of 
the date line from the equatorial Indian or western Pacific Oceans. Additionally, 
Bergman et al. (2001) showed that the interannual variation of MJO activity during 
boreal winter is highly correlated with SST anomalies during boreal fall in the 
western Pacific, and that the impacts of SST variation on ISO activity are not 
always contemporary. 

In the tropical Indian Ocean, the interannual variation of SST strongly depends 
on the season. The anomaly pattern of SST sometimes exhibits a zonal dipolelike 
structure, which is called the Indian Ocean Dipole Mode (IOD; Saji et al. 1999). 
The IOD is pronounced during boreal fall and affects the climate in the Indian 
Ocean region by changing low-level circulation and distribution of humidity (e.g., 
Webster et al. 1999; Saji et al. 1999). As a measure of the IOD, Saji et al. (1999) 
defined the Dipole Mode Index (DMI) as the difference of the averaged SST 
anomalies between the western (10°S-10°N, 50°Ε-70°E) and the eastern (10°S-0°S, 
90°Ε-110°E) Indian Ocean. 

The submonthly-scale ISO activity and its interannual variation are 
particularly large in the tropical Indian Ocean (e.g., Kemball-Cook and Wang 
2001). Shinoda and Han (2005) analyzed the interannual variation of the ISO 
activity in the tropical Indian ocean during boreal fall and its relation with the IOD. 
They showed that 6-30-day ISO activity has a high negative correlation with the 
IOD, while 30-90-day ISO activity, such as the MJO, has a lower correlation. They 
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also showed that the convectively coupled submonthly-scale cyclonic circulations 
are often generated and propagate southwestward in the Indian Ocean in negative 
IOD years. However, the structure and source of these cyclonic circulations were 
not discussed. Also, it is still unclear whether these cyclonic circulations are the 
only factor that produces the interannual variation in ISO activity over the region. 

In this paper, we examine the structure of convectively coupled cyclonic 
circulations reported by Shinoda and Han (2005), and clarify the relation between 
the interannual variation of ISO on 6-30-day time scales over the southeastern 
Indian Ocean and the IOD, using ECMWF reanalysis data set.  
 
2. Data and Method 

The period analyzed is 1958 to 2001 boreal fall [September-October-
November (SON)]. The data are from the ECMWF 40-yr reanalysis data set (ERA-
40; Uppala 2002). Daily data are constructed by averaging instantaneous values at 
00 and 12 UTC for each day. The horizontal resolution is 2.5° in longitude and 
latitude. We use 13 vertical pressure levels from 1000 to 100 hPa. The atmospheric 
components we used are geopotential height (φ), zonal wind (u), meridional wind 
(v), vertical p-velocity (ω), relative vorticity (ζ), divergence (DIV), and 
temperature (T). SST data are the monthly mean Extended Reconstructed Sea 
Surface Temperature v2 (ERSST; Smith and Reynolds 2004). As a proxy for 
convective cloud activity, daily mean outgoing longwave radiation (OLR) data 
produced by NOAA (Liebmann and Smith 1996) are used from 1979 to 2001. The 
horizontal resolution of the OLR is 2.5°, and that of SST is 2° in longitude and 
latitude. After removing the annual cycle from daily data, the reanalysis data and 
OLR are filtered into 6-30-day segments using a Lanczos filter (Duchon 1979). 
Hereafter, characters with a prime (e.g., φ’) denote 6-30-day filtered time series. 
Additionally, in order to identify cyclonic disturbances, the Cyclone Best Track 
from the Joint Typhoon Warning Center (JTWC) is used from 1980 to 2001.  

As a measure of IOD, DMI averaged over SON for each year is used. Here, 
we define the SST anomaly in DMI as the difference from the 44-years average for 
each month. Figure 1 shows the DMI from 1958 to 2001. We define the years when 
the DMI is larger than +0.5 K (smaller than -0.5 K) as positive (negative) IOD years 
in this paper. The index of ISO activity is defined by the standard deviation of v’ at 
850 hPa (v’850) during SON, although Shinoda and Han (2005) used that of u’1000 as 
the index. This is because v’850 has a much higher negative correlation with DMI 
over the southeastern Indian Ocean. 
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Fig. 1. The DMI averaged over SON from 1958 to 2001. The dotted lines shows ±0.5K. 

 
3. Results 

Figure 2 shows the correlation coefficient of 6-30-day ISO activity during 
SON with DMI for 1958-2001. The negative correlation is particularly high over the 
southeastern Indian Ocean, which consistent with Shinoda and Han (2005). To 
investigate the structure of disturbances that produce this high correlation in this 
region, lag-correlation analysis is conducted. First, we set a region extending 10° in 
longitude and latitude [ISES; 12.5°S-2.5°S, 82.5°Ε-92.5°E, shown in Fig. 1], and 
then φ’, OLR’, u’, v’, ω’, DIV’, and T’ at each grid are regressed onto v’850 
averaged over ISES. Day 0 indicates the contemporaneous relation when the north 
wind is maximum in ISES.  

Figure 3 shows the regressed fields at 850 hPa from day -6 to +6 every four 
days. From day -6 to -2, there is a pair of cyclonic circulations that is symmetric 
with respect to the equator, and it propagates westward (and poleward) slowly. 
Then, from day +2 to +6, a pair of anticyclonic circulations with symmetric 
structure also propagates westward slowly. This symmetric structure is similar to 
the first meridional (n=1) equatorial Rossby wave (ER wave). OLR’ also propagates 
westward and is nearly in phase with the φ’850 anomaly, which indicates that this 
disturbance is convectively coupled (Wheeler et al. 2000). In the northern 
hemisphere, the amplitude of OLR’ is relatively small compared to that in the 
southern hemisphere. The zonal phase speed and the typical period are estimated to 
be around –4 m s-1 and 12 days, respectively. Using the shallow water equatorial 
wave equation with no basic flow (Matsuno 1966), the equivalent depth is 
calculated as approximately 40 m. The Rossby radius of deformation is about 8.5°, 
and this calculated scale is slightly smaller than the scale expected from Fig. 3. The 
phase of DIV’ lags that of φ’, and is shifted somewhat westward compared to the 
inviscid theoretical shallow water structure (see Matsuno 1966). Xie and Wang 
(1996) numerically showed that the diabatic heating and basic flow vertical shear 
can amplify ER waves, and that the phase of divergence of unstable ER waves tends 
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to shift westward compared to that of free waves. Since the vertical shear is strong 
during SON over the equatorial Indian Ocean, and the condensation heating are 
produced through convection, the horizontal characteristics of the present wave 
coincide with those of unstable ER waves. 

 
Fig. 2. Correlation coefficient of v’850 standard deviation during SON with DMI for 1958-
2001. The contour interval is 0.2 with negative contours dashed, and the zero contour has 
been omitted. The regions which exceed -0.6 are shaded. The solid-line box shows ISES 
and the dashed-line box shows ISE. 

 
Fig. 3. Contours, shadings, and arrows indicate φ’850, OLR’, and (u’850, v’850), respectively, 
from day -6 (upperleft) to +6 (lowerright) every four days. Values are regressed onto v’850 
averaged over ISES, and day 0 is when the north wind is maximum in ISES. The contour 
interval is 8 m2 s-2 with negative contours dashed. Dark and light shadings denote OLR’ 
less than -8 W m-2 and larger than 8 W m-2, respectively. Arrows and shadings are locally 
statistically significant at the 99% level. The solid-line box shows ISES. 

 
Focusing on the vertical structure, the first baroclinic structure with a node at 

300-400 hPa is evident (not shown). The maximum upward (downward) motion 
slightly lags behind the low (high) pressure in the lower level, and corresponds to 
the phase of lower convergence (divergence). The anomalies of T’ become 
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maximum in the middle and lower troposphere, and the former satisfy the 
hydrostatic equilibrium with φ’. These vertical structures and horizontal 
characteristics described above are well consistent with Wheeler et al. (2000). 
Hence, the disturbances that constitute ISO over the southeastern Indian Ocean and 
produce high negative correlation of ISO with DMI are identified as the 
convectively coupled (n=1) ER waves.   

To investigate the relation between the number or the strength of cyclonic 
disturbances and ISO activity over the southeastern Indian Ocean, we set a region 
extended from ISES [ISE;15°S-2.5°S, 80°Ε-100°E, shown in Fig. 1], and track all 
cyclonic disturbances generated over ISE using ζ’ 850. To exclude fluctuations with 
small spatial scale, ζ’850 is spatially smoothed with a spatial lowpass filter designed 
by Sardeshmukh and Hoskins (1984) having parameters M=48, n0=24, and r=1, 
where M is the cutoff wavenumber and corresponds to 7.5° in longitude and 
latitude. We count only the number of cyclonic disturbances that are traceable for 
five days or more, and define the maximum absolute negative anomaly (MNA) by 
the minimum value of ζ’850 for each disturbance in ISE. 

Figure 4 shows the total number of cyclonic disturbances and the number with 
an MNA greater than 10-5 s-1 in each year. On average, 5.6 disturbances are found in 
every year. For disturbances with an MNA greater than 10-5 s-1, the average is found 
to be 1.9, and no disturbances are found in positive IOD years, except one in 1977 
(see Fig. 1). There seems to be no relation between the total number and the number 
of strong disturbances. The time series of ISO activity averaged over ISE, the 
number of disturbances, and the MNA averaged for each year are compared from 
1958 to 2001. While the correlation coefficient of ISO activity with the number of 
disturbances is low (0.119), that with mean MNA is high (0.850). Therefore, we 
conclude that ISO activity in ISE is hardly affected by the number of cyclonic 
disturbances, but is profoundly affected by their intensity. Figure 5 shows the 
relation between the MNA averaged for each year and the DMI. They have high 
negative correlation coefficient (-0.80). This indicates that the intensity of cyclonic 
disturbances is profoundly affected by the IOD, and that cyclonic disturbances tend 
to develop during negative IOD years. 

Over 22 years (1980-2001), 26 out of 42 disturbances with an MNA greater 
than 10-5 s-1 are recorded as tropical cyclone (TC), according to the JTWC Cyclone 
Best Track. In particular, all disturbances with an MNA greater than 2×10-5 s-1 
(seven cases) are recorded as TC. This result is consistent with Bessafi and Wheeler 
(2006), who statistically showed that the vorticity anomaly in lower troposphere 
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caused by convectively coupled ER wave is an important factor in TC genesis in the 
south Indian Ocean.  
 

 
Fig. 4. The number of cyclonic disturbances 
generated in ISE (light) and the number with 
an MNA greater than 10-5 s-1 (dark) from 
1958 to 2001. 

Fig. 5. Plot of the MNA [s-1] averaged for 
each year versus the DMI [K] from 1958 to 
2001. 

 
4. Summary and Discussion 

We study the relationship between the interannual variation of 6-30-day 
intraseasonal oscillation (ISO) activity over the southeastern Indian Ocean during 
boreal fall and the Indian Ocean Dipole Mode (IOD). The ISO activity is defined by 
the standard deviation of v’850 during SON for each year. The large negative 
correlation between the Dipole Mode Index (DMI) and the ISO activity over the 
southeastern Indian Ocean shown in Shinoda and Han (2005) is confirmed. To 
investigate what kind of disturbances produce the negative correlation, φ’, OLR’, 
u’, v’, ω’, DIV’, and T’ at each grid are regressed onto v’850 averaged over ISES 
[12.5°S-2.5°S, 82,5°Ε-92.5°Ε]. The regressed disturbance has a symmetric structure 
with respect to the equator at 850 hPa. It propagates westward (and poleward) at a 
phase speed of about -4 m s-1, and the typical period is estimated to be about 12 
days. The anomalies of φ’ 850 and OLR’ are nearly in phase, and the first baroclinic 
vertical structure is evident. The phase of divergence slightly lags that of φ’ at 850 
hPa but is shifted westward compared to that of the free waves. From these 
characteristics, this disturbance is identified as a convectively coupled equatorial 
Rossby (ER) wave. To clarify the relation between the disturbances and the ISO 
activity over the southeastern Indian Ocean, the number and the MNA of cyclonic 
disturbances are examined in ISE [15°S-2.5°S, 80°Ε-100°Ε] for each year, using 
spatially smoothed ζ’850. The correlation coefficient of ISO activity averaged over 
ISE with MNA averaged for each year is high (0.850); in contrast, the coefficient 
with the number is low (0.119). Therefore, we conclude that ISO activity in ISE is 
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profoundly affected by the intensity of cyclonic disturbances, and whether ER 
waves produce strong cyclonic disturbances is a key factor determining interannual 
variation of ISO activity over the southeastern Indian Ocean.  

As described above, the MNA averaged for each year has high negative 
correlation coefficient with DMI (-0.80). It is well known that the value of OLR, 
which is often used as the index of convective activity, changes drastically around 
SST is 28 °C (Hirst 1986). SON mean SST over the southeastern Indian Ocean is 
nearly 28°C based on ERSST data, and the SST is changed no more than 1-2 °C by 
the IOD (e.g., Yamagata et al. 2003). Therefore, convective activity over the 
southeastern Indian Ocean is believed to change considerably between positive and 
negative IOD years, and this would govern whether ER waves can couple with 
convection. Additionally, the easterly vertical shear of basic zonal wind and the 
humidity in the lower troposphere are enhanced (suppressed) during negative 
(positive) IOD years (not shown), and both can help to amplify (constrict) the ER 
waves (Xie and Wang 1996). Hence, in negative IOD years, ER waves would 
develop into strong cyclonic disturbances, and produce large variation of wind. A 
developed ER wave would contribute to TC genesis by producing enhanced OLR 
and vorticity anomaly in the lower troposphere. On the other hand, in positive IOD 
years, though ER waves are generated as many as in other years, most of them can’t 
develop. Therefore, the submonthly-scale ISO activity over the southeastern Indian 
Ocean would have negative correlation with the IOD, and changes greatly every 
year. 
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Abstract 
We develop techniques to produce gridded data of rainfall rate by 

combining radar and raingauge observations in Southeast Asia. We have 
made a prototype product of West Sumatra by empirically calibrating radar 
reflectivity by rainfall rate observed by automatic raingauges. We are going 
to do a similar work in Central Vietnam, and also to simulate river discharge 
using a distributed hydrological model. 

 
Keywords: radar reflectivity, rainfall rate, Z-R relation, mountain shadow 

 
1. Data integration in West Sumatra 

As a pilot, we make a gridded data set of rainfall rate of West Sumatra, 
Indonesia. We use data of radar reflectivity Z (mm6 m−3) at 2 km height above mean 
sea level which was observed with an X-band Doppler weather radar near the 
Minangkabau International Airport (MIA, black star in Fig. 1) in West Sumatra. 
This radar was installed and has been maintained by Hydrometeorological Array for 
ISV-Monsoon Automonitoring (HARIMAU) project (PI: Manabu D. Yamanaka, 
further detailed in literature [1], and data available from web site 
http://www.jamstec.go.jp/iorgc/harimau/) which is one of Japan Earth Observing 
System (EOS) Promotion Programs (JEPP). We also use data of rainfall rate R (mm 
h−1) which was observed with tipping-bucket type raingauges at 5 points in the area 
visible from the radar. 

Both Z and R data are aggregated into 30 min time interval. A Z-R relationship 
(as Z = aRb [2] with a = 6.21, b = 2.22) is derived by fitting to R = (Z/a)1/b by 
nonlinear (weighted) least squares method [3]. Using this relationship, Z is 
converted to R. Effect of mountain shadow is taken into account using gridded 
elevation data from Shuttle Radar Topography Mission (SRTM) [4]. 

Our gridded data of rainfall rate is called WeSRI version 1.1. Rainfall rate 
values are mapped on to a latitude-longitude grid with 0.025 degrees (about 2.8 km) 
space interval for the period of about one month during from October 28 to 
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November 27 in 2006 with 30 min time interval. WeSRI 1.1 data is available from 
web site http://www.jamstec.go.jp/e/medid/dias/. 
 
2. An example of utilizing integrated data 

We describe diurnal variations of rainfall in West Sumatra area using the 
integrated data WeSRI 1.1. At each grid point of WeSRI 1.1 data, monthly averaged 
rainfall rate at each hour of day is calculated. Diurnal variation of rainfall is 
analysed by Fourier series using 24 hourly values at each grid point. 

Fig. 2 shows examples of diurnal variation of rainfall. This shows the sum of 
zeroth to sixth harmonic components of rainfall rate at each point A to E shown in 
Fig. 1. The peak in diurnal variation is in the afternoon over land. On the other 
hand, it is in the morning offshore. 

Fig. 3a shows relation between distance from the shore line (negative offshore, 
positive inland) and phase (peak time) of the diurnal cycle component at each grid 
point. Peak time is in the evening for inland at 10 km and in early morning offshore 
at 20–70 km. It seems that peak time changes continuously from inland at 10 km to 
offshore at 20 km. This westward migration of rainfall peak to offshore is consistent 
with both results of TRMM [5] and GMS [6] data analyses. 

Fig. 3b shows percentage of variance of the diurnal cycle component to total 
variance. The variance is more than 50 % near the shore line. The dominance of 
diurnal cycle is weaker at some grid points in the other area. 
 
3. Our plan in Central Vietnam 

We are going to do a similar work in Central Vietnam where heavy rainfall 
and flood often occur. This work is carried out in collaboration with the group of 
Dr. Tan Thanh Nguyen-Thi of National Hydro-Meteorological Service (NHMS) of 
Vietnam. And also we are going to simulate river discharge there using a distributed 
hydrological model, based on Total Runoff Integrating Pathways (TRIP) 2.0 [7], in 
collaboration with Dr. Thanh Ngo-Duc of NHMS. 

NHMS has an operational network of weather radars. Tam Ky radar in Quang 
Nam Province is one of them. JEPP-Southeast Asia project (PI: Jun Matsumoto) has 
deployed an experimental network of automatic raingauges and water level sensors 
in/around the Thu Bon-Vu Gia River basin. We are going to produce a radar-
raingauge integrated data set by combining those observation data. 
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Fig. 1. A map of West Sumatra. Black star shows the MIA radar. The region enclosed by 
solid line is the area visible from the radar at 2 km height. Black circle and triangle show 
positions of each raingauge.  
 

 
Fig. 2. Diurnal variations of rainfall at points A to E in Fig. 1. The sum of zeroth to sixth 
harmonic components. 
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Fig. 3. Relation between distance from the shore line (negative offshore, positive inland) 
and phase (peak time) of the diurnal cycle component of rainfall (a), percentage of 
variance of the diurnal cycle component to total variance (b). 
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Abstract 

Diurnal variation is one of the fundamental modes of convective 
activity in the Tropics as well as intraseasonal variation (ISV). The ISV is 
widely known to be modulated over the maritime continent region where the 
diurnal variation predominates. Thermodynamic processes, e.g., a charge-
discharge mechanism of instability in the lower troposphere, caused by 
diurnally developed convections seem to have an important role for the ISV 
modulation. We have investigated the diurnal variations by using TRMM 
satellite over the western Sumatera Island, Indonesia, and found a diurnal 
land-sea migration of convective activity which propagated into inland 
(offshore) region in the daytime (nighttime) about 500 km across the 
coastline (Mori et al. 2004). We also found the diurnal migrations were 
modulated largely by the phase of ISV, and expect significant (thermo) 
dynamic interactions between these variations. 

Japan EOS Promotion Program (JEPP) Hydrometeorological ARray 
for ISV-Monsoon Automonitoring (HARIMAU) has developed Doppler 
radars and wind profilers along the equator in Indonesia since 2006 to 
investigate convective activities in diurnal, intraseasonal, and monsoonal 
variations, and has provided real-time rainfall and wind distributions through 
our web site. We carried out the 1st dual X-band Doppler radar observation 
over the western Sumatera in 2006. Three dimensional structures of diurnal 
migrating convections were observed for the first time and were analyzed in 
detail. Because most of the campaign period corresponded to an inactive 
phase of the ISV with weak easterly wind in the lower troposphere, we 
obtained only the westward propagating convections in the nighttime. 
Isolated convections were generated in the afternoon everyday at foothills of 
a mountain range of Sumatera Island, and then move into offshore region 
with a speed of 4 m/s which roughly corresponded to the northeasterly wind 
speed above 2 km. They weakened once when crossing the coastline in the 
evening, however, developed again and organized over the coastal sea region 
in the middle night. As a result, rainfall maximum lied along the coastline 
with a distance of 60-80 km. Several case studies showed that new 
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convections were generated ahead of the propagating old convections, and 
developed when large anvil clouds covers the new convections. These 
double layer structures suggest that micro-cloud physics including the 
seeder-feeder process play an important role for the rainfall enhancement 
over the coastal sea region as well as gravity wave and gust front processes 
generated by the matured convections.  

 
Keywords: tropical convection, diurnal variation, radar meteorology, Asian monsoon 
 
1. Introduction  

Diurnal variation is one of the fundamental modes of convective activity in the 
Tropics as well as intraseasonal variation (ISV). The ISV is widely known to be 
modulated over the maritime continent region where the diurnal variation 
predominates. Thermodynamic processes, e.g., a charge-discharge mechanism of 
instability in the lower troposphere, caused by diurnally developed convections 
seem to have an important role for the ISV modulation. We have investigated the 
diurnal variations by using TRMM satellite over the western Sumatera Island, 
Indonesia, and found a diurnal land-sea migration of convective activity which 
propagated into inland (offshore) region in the daytime (nighttime) about 500 km 
across the coastline (Mori et al. 2004). We also found the diurnal migrations were 
modulated largely by the phase of ISV and seasonal phases (Sakurai et al., 2006), 
and expect significant (thermo) dynamic interactions between these variations. Such 
diurnal cycle of convective activity makes a significant land-sea contrast in rainfall 
amount especially in the southwestern coastline of Sumatera Island (see Fig. 1), and 
much rainfall over the coastal sea region. This rainfall imbalance is interesting not 
only for science but also important issue for local community in agriculture, water 
resource management, and disaster prevention, however it cannot reproduced by 
global circulation model (GCM) even though that model has high horizontal 
resolution of 20 km (Arakawa and Kitoh 2005, Wu 2006). 

Japan Earth Observing System (EOS) Promotion Program (JEPP) 
Hydrometeorological ARray for ISV-Monsoon Automonitoring (HARIMAU) has 
developed Doppler radars and wind profilers along the equator in Indonesia since 
2006 to investigate convective activities in diurnal, intraseasonal, and monsoonal 
variations (Yamanaka et al., 2008), and has provided real-time rainfall and wind 
distributions through our web site: 

http://www.jamstec.go.jp/iorgc/harimau/HARIMAU.html 
We carried out the 1st dual X-band Doppler radar observation over the 

western Sumatera Island, Indonesia, in 2006 (HARIMAU2006) as well as intensive 
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rawinsonde launchings. Three dimensional structures of diurnal migrating 
convections were observed for the first time and were analyzed in detail. 
 
2. Overview of HARIMAU2006 

Figure 1 shows allocation of the radars and sounding stations in the western 
Sumatera Island during HARIMAU 2006 with averaged annual rainfall pattern 
obtained from TRMM PR (a) and topographical elevation (b). The two X-band 
Doppler radars (XDR) were installed at Minankabau International Airport (MIA; 
0.79S, 100.30E) and Tiku (0.41S, 99.9E) sites and operated from 26 October to 27 
November 2006. These specifications and operating conditions are summarized in 
Table 1. Rawinsondes (Vaisala RS-92SGP) were launched every 3-6 hours at 
Tabing (0.88S, 100.35E) during the same period and at Siberut (1.75S, 99.25E) 
during 03-15 November 2008. In addition, automatic weather stations (AWSs) were 
also operated at those 4 stations and recorded surface meteorological parameters 
every 1 minute. 

Outgoing longwave radiation (OLR) and NCEP wind vectors at 850 hPa in 
late 2006 (including HARIMAU2006 period) are depicted in Fig. 2 to show 
synoptic convective activity and circulations over the western Indian Ocean and 
Sumatera Island (5S-5N). A synoptic disturbance (cloud cluster: CC) with low OLR 
(less than 180 W m-1) was approaching from the western Indian Ocean to the radar 
sites (around 100E) in Sumatera Island after November 10, and then its main body 
passed through the sites during December 01 and 15. Though the main part of CC 
has not been arrived over the 100E line, a considerable cloud region with low OLR 
(230-190 W m-1) was observed there after 12 November. Therefore, the 
HARIMAU2006 period is identified as so called “ISV break phase”, however, it 
can be partitioned into two sub-phases; 1) convective inactive phase (CI: 26 
October - 11 November), and 2) convective active phase (CA: 12-27 November). 
Though easterly wind of approximately less than 10 m s-1 was dominant in the lower 
troposphere throughout the period, wind speed in the CA phase looked stronger than 
that in the CI phase. 
 
3. Results 
3.1 Diurnal variation 

 Figure 3 shows sequential variation of radar reflectivity in the rectangular 
depicted in Fig.1 observed by the MIA-XDR throughout the HARIMAU2006. The 
rectangular is 160 km long and 20 km width, and set perpendicular to the coastline.  
The reflectivity at 2 km above mean sea level (MSL) was averaged over the short 
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axis of the rectangular. Vertical solid lines at 0 km in Fig. 2, which is the location of 
MIA-XDR, roughly corresponds to the coastline of Sumatera Island. Convections 
were generated approximately 20-40 km inland from the coastline almost everyday, 
and some of them migrated toward the offshore side (e.g., 29 October, 07 and 27 
November). Frequency of such a migration looks less in the CI phase and more in 
the CA phase. It is notable that those convections suppressed once when they 
crossed the coastline, and then developed again over the coastal sea approximately 
40-80 km apart from the coastline.  

Averaged diurnal variations of radar reflectivity at 2 km above MSL, rainfall 
intensity, convective fraction, and topography along the rectangular are shown in 
Fig. 4. The rainfall intensity was calculated by using a simple Z[dBZ]-R[mm h-1] 
relation formula 

                                                Z = 200 * R1.6          (1) 
and the convective fraction was estimated by using a technique developed by 
Steiner et al. (1995). Convections were generated in the southwestern foothill of 
mountain range in the early afternoon (12-15 LT) and developed until 18 LT at the 
similar position (Fig. 4a). A part of convections remained over the coastal land 
region and extended its weak reflectivity field until the next morning. Whereas, the 
other part of convections migrated toward the coastal sea region with a speed of 
approximately 4 m s-1 (thick broken lines), and then redeveloped much stronger 
from around 21 LT at 60-80 km far from the coastline. The redeveloped convection 
maintained its position and strength through the night and disappeared by the next 
noon (Fig. 4b). Consequently, rainfall intensity was strong only in the afternoon to 
evening over the coastal land region, on the other hand that over the coastal sea 
region was strong through the night until next morning. Maximum rainfall amount a 
day over the costal sea (land) region was 18 mm (15 mm) at 70 km (10 km) far 
from the coastline (figure not shown). Though more than 50 % of rainfall came 
from convective clouds only 6 hours (12-18 LT) over the coastal land region, that 
over the costal sea region maintained more than 12 hours (21-09 LT) as shown in 
Fig. 4c. Specific mechanisms are needed to redevelop such convections over the 
coastal sea region in the night time and maintain for longtime in the diurnal 
variation.  

Figure 5 shows averaged vertical profiles of wind speed along the rectangular 
(i.e., perpendicular to the coastline; positive value for southwesterly wind) at every 
3 hours observed by soundings at Tabing and a hodograph at 100m above MSL. 
These wind profiles can be partitioned into three height regions; 1) northeasterly 
trade wind above 1.5 km, 2) southwesterly monsoonal wind 0.5-1.5 km, and 3) 



International MAHASRI/HyARC Workshop on Asian Monsoon  
 
 

5 - 7 March 2009, Da Nang, Viet Nam  345

land-sea circulation below 0.5 km. The land-sea circulation was quite predominant 
around 100 m above MSL as shown in the hodograph. The sea breeze in the day 
time helped to generate new convection over the coastal land region by local 
convergence at the foothill of mountain range. Whereas, the land breeze in the night 
time made favorable condition for new convections over the coastal sea region by 
converging with the synoptic southwesterly monsoonal wind. Though these 
convergences were not much strong, atmospheric instability during the period was 
enough for convective genesis (figure not shown). Furthermore, quite large vertical 
wind shear of roughly 5 m s-1 km-1 at 1-2 km high was one of the fundamental 
factors to maintain the long-lasting nocturnal convections over the coastal sea. 
Because the wind speed of convective migration in the evening corresponded to that 
of northeasterly trade wind above 2 km, convections seemed to be advected by the 
synoptic ambient wind as an averaged view.  

 
3.2 Case studies 

We selected three cases of nocturnal redevelopment of coastal convection to 
examine their characteristics in detail. 

 
(a) Case-1: 29 October 2006 

Figure 6 shows sequential variations of (a) horizontal view of radar 
reflectivity at 2 km above MSL, (b) vertical views of radar reflectivity, and (c) 
Doppler velocity, in the rectangular (Fig. 1b) on 29 October 2006. Developed 
convection was observed over the coastal land region at 0400LT, and then extended 
toward the coastal sea region though its main part remained over the land (Fig. 6a). 
The extended area of convection weaken once when it crossed the coastline, and 
then a new small convection was generated at the leading edge of it over the coastal 
sea (0530 LT). The new convection developed expanded toward the offshore region 
independent from the old convection over the land until 0730 LT, whereas the main 
part of old convection depressed gradually at the same time. Consequently, it 
looked that the convection as a whole migrated from coastal land to sea regions and 
redeveloped there. 

 Vertical views of reflectivity field (Fig. 6b) show well developed convection 
over the coastal land and its anvil cloud extended across the coastline at 0400 LT. A 
new convection was generated below the anvil cloud around 0430 LT, and then 
developed at the leading edge of the main convection during 0500-0530 LT. The 
new convection developed more after 0600 LT independently from the main part 
which had almost disappeared by 0730 LT. It is notable the new convection was 
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generated under the anvil cloud of main old convection and developed 
independently from it. This characteristic looks similar to that rainfall intensified 
under middle layer clouds by seeder-feeder mechanism which is widely known 
mechanism for generating local torrential rainfall. 

At the same time, vertical views of Doppler velocity show trimodal structure 
in the early morning (0400-0600 LT); northeasterly winds dominated in the lower 
and upper layers and southwesterly existed between them. Though the vertical wind 
shear over the coastal land was not so strong, that over the coastal sea was increased 
much (~ 2 m s-1 km-1) especially in the lower layer (roughly 2-3 km) during the new 
convection developed (0600-0730 LT). Such vertical wind shear helps to generate 
and maintain organized convections there. 

 
(b) Case-2: 07 November 2006 

Figure 7 is same as Fig. 6 except for that on 07 November 2006. Developed 
convection (b1) was observed over the coastal land and extended across the 
coastline during 0400-0500 LT (Fig. 7a). A new line shaped convection (b2) 
appeared from 0600 LT at the leading edge of original convection over the coastal 
sea, and then moved toward the offshore region with developing. Another line 
convection (b3) was generated at 0700 LT ahead of the old matured one (b2), and 
then same lifecycle was repeated until 0900 LT. 

In the vertical view of reflectivity (Fig. 7b), the convection (b2) was appeared 
at 0600 LT under the bright band echo originated extended from the convection 
(b1). This was similar characteristics with the case on 29 October. When that 
convection (b2) moved southwestward with developing at 0700 LT, the new 
convection (b3) was appeared ahead of the convection (b2). The similar 
replacements from old to new convections were observed until 0900 LT.  

Doppler velocity profiles (Fig. 7c) shows northeasterly wind was mostly 
predominant all the height. However, vertical wind shear over the coastal sea was 
stronger especially after 0700 LT than that over the coastal land region. Quite 
shallow southwesterly wind was observed close to the convections (b2) at 0700 LT 
and (b3) at 0900 LT. It was not clear in this case, however, convergences between 
those outflows near the surface from old convection and ambient winds might help 
to generate new convections. 

 
(c) Case-3: 29 October 2006 

The third case shown in Fig. 8 looks little different characteristics compared 
with those in former two cases. Small convections were generated over the coastal 
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land region around 1400 LT, and then developed into a large one with moving 
toward the coastal sea region until 2100 LT (Fig. 8a). No significant generation of 
new convection was observed around the original one during the period. 

Small convections over the coastal land region were observed in the vertical 
views of reflectivity (Fig. 8b) until 1700 LT. They were organized into a large 
convection by 1800 LT, and then migrated into coastal sea region until 2100 LT. 
Double-layer structure, which was seen in the case-1 and 2, in this case, was not 
observed in this case. 

Whereas, vertical structures of Doppler velocity (Fig. 8c) shows significant 
vertical wind shear between southwesterly wind below 4 km and northeasterly wind 
above it. Because the vertical wind shear was much large over the coastal sea region 
than that over the costal land, which was common feature in case-1 and 2, it seems 
to have fundamental role to redevelop and maintain coastal convections in the 
nighttime to early morning. 
 
4. Discussion and concluding remarks 

We carried out the 1st dual X-band Doppler radar observation over the 
western Sumatera Island, Indonesia, in 2006 (HARIMAU2006) as well as intensive 
rawinsonde launchings. Three dimensional structures of diurnal migrating 
convections were observed for the first time and were analyzed in detail. 

Because most of the campaign period corresponded to an inactive phase of the 
ISV with weak easterly wind in the lower troposphere, we obtained only the 
westward propagating convections in the nighttime. Isolated convections were 
generated in the afternoon almost everyday at foothills of a mountain range of 
Sumatera Island, and then move into offshore region with a speed of 4 m s-1 which 
roughly corresponded to the northeasterly wind speed above 2 km. They weakened 
once when crossing the coastline in the evening, however, developed again and 
organized over the coastal sea region in the middle night.  

As a result, rainfall maximum lied along the coastline with a distance of 60-80 
km. Several case studies showed that new convections were generated ahead of the 
propagating old convections, and developed when large anvil clouds covers the new 
convections. These double layer structures suggest that micro-cloud physics 
including the seeder-feeder process played an important role for the rainfall 
enhancement over the coastal sea region as well as gravity wave and gust front 
processes generated by the matured parent convections.  

Based on sounding data, clear diurnal land-sea breeze circulation was 
observed below 0.5 km which supposed to be a trigger of convective generation in 
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the daytime over the coastal land region. Large vertical wind shear observed over 
the coastal sea region may have an important role to generate a new convection, 
develop and maintain it over the offshore region in the nighttime. 

Though we only presented the diurnal variation of averaged radar reflectivity 
during the whole period and several case studies, further analyses are required to 
identify mechanism of the nocturnal re-development of coastal convection. In 
particular, variations of radar echo population, radar echo top height, atmospheric 
instability, vertical wind shear, and their relation to the ISV activity are quite 
important for further study. 
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Table 1 Specifications of two X-band Doppler radars and their operating conditions  
during HARIMAU2006. 

Parameter Value 
Manufacture Japan Radio Company Ltd. (JRC) 
Frequency 9770 MHz (MIA) and 

9445 MHz (Tiku) 
Peak power 70 kW (MIA) and 40 kW (Tiku) 
Pulse width 0.5 micro sec 
PRF 1800 Hz 

(Dual PRF [600/900Hz] for PPI 
surveillance only at MIA) 

Beam width 1.1 deg 
Signal processor RVP8 (Sigmet product line) 
Application software IRIS/Open (Sigmet product line) 
Range 80 km  (160 km for PPI 

surveillance mode only at MIA) 
Sampling space 200 m 
Antenna rotation speed 30 deg sec-1 
Elevation angles 0.6 to 50.0 degrees 

(18 elevations) 
Nyquist velocity 16 m s-1 
Time interval Every 6 min 
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Fig. 1 (a) Averaged annual rainfall over Sumatera Island, Indonesia, observed with TRMM 
PR during 1998-2006. Small rectangular corresponds to an area of panel (b).
(b) Location of two X-band Doppler radars (MIA and Tiku) and a rawinsonde stations 
(Tabing and Siberut) in west Sumatera Island with topography. Two circles show ranges of 
observation from two radars and a rectangular depicted by red line over MIA is an area of 
analysis in section 3. Elevation counters are depicted every 500 m. 

 

 

 
 
Fig. 2 Hovmüller diagram of OLR 
and NCEP wind vectors at 850 hPa 
averaged over latitude of 5S-5N from 
02 October to 31 December 2006. A 
vertical solid line near 100E shows 
the location of radar sites. Time 
between two horizontal broken lines 
(26 Oct. - 27 Nov.) indicates 
HARIMAU2006 observation period. 
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Fig. 3 Sequential variation of radar 
reflectivity in the rectangular 
depicted in Fig.1 observed by the 
MIA-XDR throughout the 
HARIMAU2006. The reflectivity at 
2 km above MSL was averaged over 
the short axis of the rectangular. 
Vertical solid lines at 0 km, which is 
the location of MIA-XDR, roughly 
corresponds to the coastline of 
Sumatera Island. 
 

 

 

 

 

Fig. 4 Averaged diurnal variations of radar 
reflectivity at 2 km above MSL (a), rainfall 
intensity (b), convective fraction (c), and 
topography along the rectangular in Fig1b during 
HARIMAU2006. Thick broken lines in (a), (b), 
and (c) indicate migration speeds of approximately 
4 m s-1. See text about calculation techniques for 
rainfall intensity and convective fraction. 

Fig. 5 Averaged vertical profiles of 
wind speed along the rectangular in 
Fig. 1b (i.e., perpendicular to the 
coastline; positive value 
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Fig. 6 Sequential variations of (a) horizontal view of radar reflectivity at 2 km above MSL, 
(b) vertical views of radar reflectivity, and (c) Doppler velocity, in the rectangular (Fig. 1b) 
on 29 October 2006. 

 
Fig. 7 As in Fig. 6 except for 07 November 2006. 

 
Fig. 8 As in Fig. 6 except for 27 November 2006 

 



 International

    MAHASRI/HyARC
        workshop on Asian monsoon

National Hydro-Meteorological Service of  Vietnam

Japan National Committee for MAHASRI under the Science Council of Japan

Hydrospheric Atmospheric Research Center, Nagoya University

Tokyo 
Metropolitan 
University

Institute of Observational Research for Global Change/ 
             Japan Agency for Marine-Earth Science and Technology  

I
Institute of Observational Research for Global Change

Workshop sponsors :

University of Tokyo

Tokyo Metropolitan University


	Page1_proceedings.pdf
	agenda_index_preface.pdf
	Tuyen tap.pdf

