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Abstract: The central regions of Vietnam often receive heavy rainfall by tropical cyclones in the Western Pacific. 
A tropical cyclone with strong winds inflicts direct damage to infrastructure, causing losses to both the economy 
and human life. Heavy rains from a tropical cyclone also cause substantial destruction. Furthermore, because of 
global warming, the intensity of rainfall is expected to increase in the future. In this study, a record of heavy 
rainfall event in the central region of Vietnam from Tropical Cyclone Lekima, which hit Vietnam in 2007, was 
simulated by a Weather Research and Forecast model (WRF), using an ensemble simulation method. Rainfall 
variability in future climate scenarios was investigated using numerical simulations based on pseudo global 
warming (PGW) conditions, constructed using third-phase results of Coupled Model Intercomparison Project 
multi-model global warming experiments. Under certain future climate scenarios, the intensity of rainfall from 
Tropical Cyclone Lekima would have been heavier than in the present climate. The simulation results show that 
maximum six-hourly and total precipitation would increase significantly in the future. The spatial distribution 
of heavy rain from Tropical Cyclone Lekima would tend to shift from North to Southwest Vietnam. Simulation 
results suggest that global warming may correlate with a significant increase in rainfall.
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Introduction

Tropical cyclones (TCs) with strong winds cause 
economic damage and loss of human life (Blake et al. 
2007; Elsberry 2002; Rappaport 2000; Sheets 1990). 
Heavy rain during tropical cyclones is also a destructive 
factor, which occurs as the TC makes landfall (Larson 
et al., 2005). Studies of past tropical cyclones based 
on observations show that variations in the frequency 
of TCs is ambiguous, but a clear increase has been 
recognized in the number of strong hurricanes in the 
late 20th century. Future variability in storms will be 
greater and a significant increase in economic losses 
is expected (Pielke et al., 2005; Webster et al., 2005). 
In future climate conditions, studies of global TC 
frequency show decreasing trends (Emanuel et al., 

2008; Kim et al., 2014; Murakami et al., 2011; Oouchi 
et al., 2006). Variations in specific regions have also 
been investigated: there is an increasing trend of TC 
genesis in the central North Pacific, while a decreasing 
trend is observed in western parts (Yokoi and Takayabu, 
2009). For rainfall amount, Hasegawa et al. (2005) 
showed 8.4% increase in rainfall associated with 
tropical cyclones in the late 21st century around the 
Western North Pacific. Chiang et al. (2011) showed an 
increase in annual maximum tropical cyclone rainfall 
in Taiwan island from 322 mm (1960–2008) to 371 
mm (2010–2099).

There have been a large number of studies assessing 
the effects of global warming. Simulation outputs 
from coupled atmosphere-ocean global climate 
models (AOGCMs) are often used in studies of future 
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climate. However, the spatial resolution of AOGCMs 
is generally several hundreds of kilometres. Thus, 
AOGCM resolution is too coarse to investigate detailed 
changes in extreme heavy rainfall events. Higher-
resolution climatic conditions can be simulated by a 
dynamic downscaling (DDS) technique using a physical 
model. Sato et al. (2007) used a DDS method to model 
future changes of water resources in Mongolia. They 
calculated a 10-year mean difference between 20th 
century and future climate runs using an AOGCM, and 
the difference was added to reanalyse data to create a 
forcing dataset for the DDS. This new forcing dataset 
is called a pseudo global warming (PGW) condition. A 
future DDS result using PGW forcing can be compared 
directly with a present DDS result from reanalysis data. 
Sato et al. (2007) showed that reproducibility of the 
current climate in a DDS result with reanalysis data 
was superior to that of the original AOGCM output. 
Therefore, DDS results of PGW forcing are expected 
to effectively reflect the effects of global warming on 
the current climate.

Located along the east coast of the Indochina 
Peninsula with a substantial latitudinal extent on the 
northwest Pacific Ocean, Vietnam is one of the countries 
most strongly affected by TCs. According to Garcia 
(2002), Vietnam is struck by an average of four to six 
tropical cylones per year. Nguyen-Thi et al. (2012) 
investigated the seasonal and regional characteristics 
of the climatological rainfall associated with TCs in 
the coastal region of Vietnam. The results showed that 
TC rainfall varies from 0 to ~25% of total rainfall, in 
which the mid-central region of Vietnam receives the 
maximum value and also has the highest TC frequency. 

In the current study, the pseudo global warming 
(PGW) downscaling approach (Sato et al., 2007) was 
applied to investigate the future variations in heavy 
rainfall caused by tropical cyclones in the coastal regions 
of Vietnam. For this purpose, we selected Tropical 
Cyclone Lekima from 2007 and made hindcast and 
PGW simulations to investigate the changes in rainfall. 
In next Section, an overview of the dataset and design 
of the dynamic downscaling (DDS) with PGW forcing 
data are provided. In subsequent Section, hindcast 
simulations of heavy rainfall caused by the Lekima are 
discussed. In penultimate Section, simulations of rainfall 
changes in future climate scenarios from the DDS are 
investigated with PGW conditions. Finally, a summary 
is given in the last Section.

Data and Methodology

Data

JRA-55
The Japanese 55-year reanalysis product (JRA-55) by 
the Japan Meteorological Agency (JMA) was used for 
simulations of the Lekima. JRA-55 is produced by a 
system based on the low-resolution (TL319) version 
of JMA’s operational data assimilation system, which 
has been extensively improved since the previous 
reanalysis (JRA-25). The atmospheric component of 
JRA-55 is based on the incremental four-dimensional 
variational method. Newly available and improved past 
observations are used for JRA-55. Major problems in 
JRA-25 (cold bias in the lower stratosphere and dry 
bias in the Amazon) have been resolved in JRA-55; 
therefore, the temporal consistency of temperature is 
improved. Further details are available in Kobayashi 
et al. (2015).

CMIP3 Multi-model Dataset
For assessment of future global warming, coordinated 
numerical experiments have been conducted by many 
modeling groups using state-of-the-art global coupled 
climate models under the framework of the Coupled 
Model Intercomparison Project (CMIP). In this study, 
we used future climate projections of the third phase 
of the CMIP (CMIP3; Meehl et al., 2007). Newer 
climate projections of the fifth phase of CMIP (CMIP5) 
have been published. Comparison of performances of 
AOGCMs in CMIP3 and CMIP5 showed that ranges of 
uncertainty in CMIP3 and CMIP5 were comparable, and 
their model performances were generally similar (IPCC, 
2013). Knutti and Sedláček (2013) showed similarity in 
projected global temperature and precipitation between 
CMIP3 and CMIP5 models. Therefore, there are similar 
uncertainties in both output; thus, the CMIP3 dataset is 
still useful in climate change studies.

In CMIP3, the scenario used for simulations of 
the present day climate is known as the 20th Century 
Climate in Coupled Models (20C3M) (Nakicenovic 
and Swart, 2000). Future projections were made using 
several possible emission scenarios. The future climate 
projections used in this study were AOGCM outputs 
under the Special Report on Emissions Scenario A1B 
(Nakicenovic and Swart, 2000). A list of the CMIP3 
data and abbreviations of ensemble simulations with 
PGW forcing are given in Table 1.
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Table 1: List of the CMIP3 models used for analysis
CMIP3_ID Ensemble name Institute Country

1 CCCMA_T47 PGW_1 Canadian Centre for Climate Modelling and Analysis Canada
2 CCCMA_T63 PGW_2 Canadian Centre for Climate Modelling and Analysis Canada
3 CNRM_CM3 PGW_3 Meteo-France, Centre Nationale de 

RecherchesMeteorologique France

4 GISS_H PGW_4 NASA/Goddard Institute for Space Studies United States
5 INMCM PGW_5 Institute of Numerical Mathematics Russia
6 MIROC_H PGW_6 Center for Climate System Research (the University 

of Tokyo), National Institute for Environmental 
Studies, and Frontier Research Center for Global 
Change

Japan

7 MRI_CGCM PGW_7 Meteorological Research Institute Japan
8 UKMO_HadGEM1 PGW_8 Hadley Centre for Climate Prediction and Research, 

Met Office United Kingdom

Sea Surface Temperature (SST)
For SST in the simulations, we used the NOAA 
Optimum Interpolation 1/4 Degree Daily Sea Surface 
Temperature Analysis (NOAA OI SST) (Reynolds 
et al., 2007). The NOAA OI SST dataset has a grid 
resolution of 0.25° and temporal resolution of one day. 
The product uses Advanced Very High-Resolution 
Radiometer infrared satellite SST data. Advanced 
Microwave Scanning Radiometer SST data were used 
after June 2002. In situ data from ships and buoys were 
also used for large-scale adjustment of satellite biases.

Land-surface Conditions
For the land-surface condition in the numerical 
simulations (volumetric soil moisture, soil temperature, 
soil type and vegetation type), we used National Centers 
for Environmental Prediction (NCEP) Final Operational 
Global Analysis (NCEP FNL) data. NCEP FNL data are 
produced on a 6-hourly basis by the NCEP global data 
analysis system from July 1999 to the near present. Data 
spatial resolution is 1.0° × 1.0° (NCEP, 2000).

Rainfall Data for Verification
As rainfall data for verification of the Lekima results, 
we used in-situ observation data from seven rain gauge 
observations in seven provinces in the coastal area of 
Vietnam. The locations and names of weather stations 
are shown in Figure 1(a). In Vietnam, weather radar 
stations over the whole territory are fairly sparse. Hence, 
to examine the detailed distribution of precipitation 
in the central region of Vietnam, simulated results 
were compared with the APHRODITE precipitation 
dataset (Asian Precipitation - Highly-Resolved 
Observational Data Integration Towards Evaluation). 
The APHRODITE dataset Ver.1101R2, with a spatial 

resolution of 0.25° for the Monsoon Asia region, was 
used in this study (Yatagai et al., 2012).

Overview of Tropical Cyclone Lekima
A tropical depression formed in the South China Sea 
at 06:00 UTC 30 September 2007 at approximately 
115oE/14.7oN. Initially, it moved in a north-west 
direction towards Hainan Island, whilst simultaneously 
intensifying before becoming a tropical storm named 
Lekima at 12:00 UTC, where it continued in a northwest 
direction. Then, it slowly changed direction to west-
north-west and continued getting stronger. At 00:00 UTC 
02 October, it developed into a typhoon category and 
continued its trajectory toward the Vietnam coast and hit 
the land at 12:00 UTC 03 October at 106.5oE/17.9oN. 
The most dangerous aspects of storm Lekima were the 
very strong winds, coupled with heavy rainfall and 
flooding following its path. Total rainfall exceeded 400 
mm at many observation sites, and the maximum value 
was 660 mm in Thua Thin Hue Province.

Pseudo Global Warming Conditions
Control simulations of the Lekima (CTL) were 
performed with initial and boundary conditions prepared 
from JRA-55, NCEP FNL and NOAA 0.25 interpolated 
OI SST. In addition to CTL, we performed simulations 
with PGW forcing prepared using different CMIP3 
data. PGW conditions of the Lekima were calculated 
from future and present climate conditions. The future 
weather conditions were obtained from the 10-year 
monthly mean from 2091 to 2100. Present climatic 
conditions were obtained from the 10-year monthly 
mean from 1991 to 2000 in 20C3M. Then, anomalies 
of global warming were calculated as the difference 
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between future and present climatic conditions and 
added to JRA-55. Thus, a set of PGW conditions was 
constructed for the wind, atmospheric temperature, 
geopotential height, surface pressure and specific 
humidity. For relative humidity, the original values 
in JRA-55 were retained in the PGW conditions, and 
specific humidity in these conditions was defined from 
the relative humidity and the modified atmospheric 
temperature of the future climate. To prepare SST for 
the PGW condition, the SST anomaly obtained from 
future and present climate conditions in the CIMP3 
output was added to the NOAA SST.

Design of Numerical Simulations
In this study, weather research and forecasting model 
(WRF) version 3.6.1 was adopted for the CTL and PGW 
simulations. A two-way nesting grid system was used, as 
shown in Figure 1 (b). The coarsest domain (D01) had 
a 30-km horizontal resolution and the higher resolution 
domain D02 had a 10-km horizontal resolution.

Ensemble simulations with different initial conditions 
were performed for the CTL and each PGW condition. 
At first, the lagged average forecast (LAF) method 
(Hoffman and Kalnay, 1983) was used to obtain three 
different conditions X1, X2, and X3 (Figure 2). In LAF, 
multiple simulations with different initial times were 
performed. The three simulations were set up with 
6-hour lags, so that the simulations began at 00:00 UTC, 
06:00 UTC and 12:00 UTC on 30 September. From 
three ensemble members, two perturbation states (∆X2 
and ∆X3) were produced, as follows:

	 ΔX2=	X2 – X1

	 ΔX3 =	X3 – X1

Then, a new state was made from the following 
equation:

	 Xn =	X1 + α × ΔX2 + β × ΔX3

Here, α and β are scale factors of ∆X2 and ∆X3. 
Sixteen new ensemble members were prepared at 00:00 
UTC on 01 October. In total, 19 simulations were made 
(Figure 2) until 18 UTC 04 October. Pairs of the scale 
factors are listed in Table 2. Ensemble simulations 
enable stochastic analysis of differences between CTL 

Figure 1: (a) Location of seven rain gauge observations and (b) target domains of downscaling in the 
weather research and forecasting (WRF) model. Areas indicated by dark and light shading are D01 and 

D02, respectively. The spatial resolutions are 30 km and 10 km for D01 and D02, respectively.

Figure 2: Schematic view of ensemble member preparation. 
Large open circles are the base states (X1, X2, and X3) 
made by the LAF method. Small open circles are newly 

prepared ensemble states.
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and PGW runs. Therefore, it could be determined 
whether differences were attributable to the effects of 
global warming or chaotic behaviours in the numerical 
weather model.

Kain-Fritsch cumulus parameterization (Kain, 2004), 
and the microphysics parameterization schemes of Lin 
et al. (1983) were used in this study. Physical processes 
of the surface layer, land surface scheme, and planetary 
boundary layer scheme have been computed by MM5 
similarity based on Monin-Obukhov with Carslon-

Table 2: Pairs of the scale factors (α and β) in Xn = X1 + α × ΔX2 + β × ΔX3  

 (α, β) (α, β) (α, β) (α, β)

(-1/3, 1/3) (0, 2/3) (1/3, 2/3) (2/3, 1/3)

(-1/3, 2/3) (1/3, -1/3) (1/3, 1) (2/3, 2/3)

(-1/3, 1) (1/3, 0) (2/3, -1/3) (1, -1/3)

(0, 1/3) (1/3, 1/3) (2/3, 0) (1, 1/3)

*The original three states (X1, X2, and X3) are not included.

Table 3: WRF settings
Version of model V 3.6.1

Number of domain Two

Horizontal grid distance 30 km (coarse domain); 10 km (fine domain)

Cloud microphysics Lin et al. method

Cumulus parameterization Kain-Fritsch scheme cumulus parameterization 

Long wave radiation RRTM scheme Rapid  Radiative Transfer Model

Short wave radiation
Surface layer

Goddard shortwave
MM5 similarity

Land surface scheme Noah Land Surface model

Planetary boundary layer scheme Yonsei University scheme

Setting of spectral nudging A spectral nudging method was used for atmospheric temperature, zonal wind, 
meridional wind, and geopotential height every six hours, at altitudes above 
6-7 km.

Boland viscous sub-layer, Noah Land Surface model 
(Chen et al., 2001), and Yonsei University scheme 
(Hong et al., 2006). For long wave radiation, we used 
the RRTM scheme (Mlawer et al., 1997), and for 
shortwave radiation we used the Goddard shortwave 
scheme (Chou and Suarez, 1994). For D01, a spectral 
nudging method was used for atmospheric temperature, 
zonal wind, meridional wind, and geopotential height 
every six hours at altitudes above 6–7 km. Model 
settings are given in Table 3.

Results of Control Runs (CTL)

In CTL, Lekima hit land on the coast of Vietnam at 
12:00 UTC 3 October at 106.5oE/17.9oN. Figure 3 
shows the simulation results of precipitation. Figure 3 
(a) indicates that total rainfall in the coastal areas of 
Vietnam from 06:00 UTC 01 October to 06:00 UTC 
04 October 2007 tend to be underestimated in CTL. 
Especially in Quang Tri, Da Nang and Quang Nam, 
the results of average ensemble members are smaller 
than observation data.

Figures 3 (b) and (c) show the spatial distribution 
of total precipitation of the APHRODITE dataset, and 
ensemble-mean results of CTL. Similar to the result of 
APHRODITE, heavy rainfall spreads from the north 
to the south, and concentrates mainly along the central 
region of Vietnam. The total rainfall ranges from 200 
mm to 300 mm along the coastal area in central parts 
of Vietnam. However, APHRODITE rainfall ranges 
from 100 mm to 150 mm along the coastal area, so 
the quantity of precipitation is larger in CTL than in 
APHRODITE.
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Results of Pseudo Global Warming 
Experiments

Maximum Six-hourly Rainfall
The maximum six-hourly rainfall in ensemble 
simulations is compared between CTL and PGW 
experiments (Figure 4 (a)). Ensemble mean values in 
all PGW runs are larger than from the CTL. The results 
of maximum six-hourly rainfall increase from 27% to 
78% in all PGW experiments. The highest increase in 
maximum six-hourly precipitation (the average from 
nineteen ensemble members) is 413.75 mm at PGW_6, 
followed by PGW_3, PGW_2, and PGW_4 with 
370.01 mm, 343.69 mm and 329.18 mm, respectively. 

The lowest increase in maximum six-hourly rainfall 
is 61.69 mm in run PGW_1. Figure 4 (b) presents 
probability density curves of maximum six-hourly 
rainfall simulated by PGW experiments and the CTL 
runs. It is clear that there is a significant increase in 
the amount of rainfall in all PGW runs, and the results 
indicate that some extreme heavy rainfall events will 
occur only in future climate scenarios.

Figure 5 displays the spatial distribution of maximum 
six-hourly rainfall from 06:00 UTC 01 October to 18:00 
UTC 04 October between PGW experiments and the 
CTL runs. The heavy rain areas extend from the north 
to the south of the central region of Vietnam. Especially 
in PGW_6, PGW_7, PGW_2 and PGW_3, the spatial 

Figure 3: (a) Rainfall at seven rain gauge stations. Large black solid circles and small open circles are average rainfall 
simulation results and rainfall simulation results of each ensemble member, respectively. Large open circles are the 
observation values from seven rain gauge stations in the central part of Vietnam. Vertical axis is rainfall (mm). (b) 
and (c) Spatial distribution of rainfall from APHRODITE data and average total rainfall from nineteen ensemble 
members from 06 UTC 01 October to 06 UTC 04 October 2007 in D02, respectively. Colour bar shows rainfall (mm).

Figure 4: (a) Maximum six-hourly rainfall for each simulation and ensemble mean result. (b) Frequency distributions 
and probability density curves of maximum six-hour rainfall by PGW experiments and CTL runs. 
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distribution of heavy rain occurs over a vast area and 
shifts from north to south and southwest, and expands 
from Vietnam to Laos and Thailand.

Variations in Total Rainfall
Figure 6 shows the maximum total rainfall values and 
their probability density curves from 06:00 UTC 01 
October to 06:00 UTC 04 October in PGW and CTL 
runs. All PGW runs show an increase in the intensity 
of total rainfall (Figure 6 (a)). The ensemble mean 
maximum total rainfall of CTL is ~656.38 mm. For 
PGW_6, PGW_8, PGW_2 and PGW_4, the average 
total rainfall is higher than 1000 mm, whereas the 

simulated results from PGW_1, PGW_5 and PGW_4 
experiments are 921.45 mm, 903.63 mm and 746.02 
mm, respectively. Therefore, for all PGW experiments, 
total rainfall from tropical cyclones will increase in the 
future. Figure 6 (b) shows clear shifts in the probability 
density curves. These results indicate that in the far 
future, a tropical cyclone similar to Lekima would 
frequently cause heavier rainfall than in the present 
climatic conditions.

Figure 7 illustrates the difference in the spatial 
distribution of total rainfall between PGW experiments 
and CTL runs. For PGW_6, PGW_8 and PGW_2, 
precipitation increases significantly and spreads over 

Figure 5: Ensemble-mean maximum six-hourly rainfall of CTL and the difference in ensemble-mean maximum 
six-hourly rainfall between PGW and CTL runs. Left- and right-hand colour bars are for the maximum six-hourly 

rainfall and the differences between PGW and CTL (mm), respectively.
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Figure 6: (a) Maximum total rainfall (from 06UTC 01 October to 06UTC 04 October) for each simulation and 
ensemble mean result. (b) Frequency distributions and probability density curves of maximum total rainfall by 

PGW experiments and CTL runs.

Figure 7: Difference of ensemble-mean total rainfall between PGW experiments and CTL runs. 
Colour bar shows the difference in rainfall (mm).
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a wide area of central regions in Vietnam. Torrential 
rain continues inland over Laos and into Thailand 
after passing through Vietnam. However, in PGW_7 
and PGW_8, the rainfall decreases in the north and 
increases in the south of central areas, whereas the 
spatial distribution results from experiment PGW_4 
show a downward trend in heavy rainfall inland.

Overall, rainfall due to tropical cyclones in the 
central regions of Vietnam increases in intensity in 
the future when using PGW experiments. The future 
spatial distribution of rainfall tends to shift from north 
to south, expanding into southwest regions and passing 
over Laos and into Thailand. The simulation results of 
heavy rainfall from experiment PGW_6 show the largest 
increase in rainfall intensity in the future.

Summary

This study aims to perform a hindcast of heavy rainfall 
caused by Tropical Cyclone Lekima on the Vietnam 
Central Coast from 30 September to 04 October 2007, 
and investigate the variations in torrential rain under 
global warming climate conditions using the PGW 
method. In the hindcast and the simulations using the 
PGW method, 19 ensemble members were prepared 
based on the LAF method. In the hindcast (CTL), the 
torrential rains were underestimated in some regions 
when compared to observation data, the rainfall 
distribution for the Lekima shifted from north to south, 
and the location and intensity differed among ensemble 
members. In the future simulations, the heavy rainfall 
regions moved to the southwest to affect central areas 
of Vietnam, Laos and Thailand. The fluctuation of six-
hourly and total rainfall was wide among ensemble 
members of CTL runs and PGW experiments. Torrential 
rains may occur over short periods and larger areas in 
future climate conditions. The spatial distribution of 
precipitation in PGW runs was larger than in the CTL 
runs. Probability density curves of the maximum total 
and six-hourly precipitation showed clear differences 
between current and future climate conditions. The 
results indicate that tropical cyclones similar to the 
Lekima can produce extremely heavy rainfall that 
would not be expected in the current climate. This is 
because, under the global warming, saturated water 
vapour will increase and the warmer SST will provide 
more water vapour. For detailed mechanism, further 
analysis is needed.

Only one tropical cyclone was examined in this study 
and the conclusions drawn about variations in heavy 
rainfall due to future global warming may include some 
uncertainty. It is thought that the results of this study are 
the first step in evaluating heavy rainfall from tropical 
cyclones in the future, and investigation of other tropical 
cyclones, as well as the use of additional AOGCMs 
and climate change scenarios, will be indispensable 
for assessing changes in heavy rainfall due to climate 
change.
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