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ABSTRACT

In this study, 169 meteorological stations are used as the "ground truth" to assess the Tropical Rainfall Measuring
Mission (TRMM) and Global Satellite Mapping of Precipitation (GSMaP) products in estimating tropical cyclone
(T.C.)-induced rainfall over Vietnam's mainland during the 2000-2019 period. Various statistical indices compare
two satellite rain datasets with rain gauge observations. In this study, the performance of satellite-based precipitation
datasets was investigated for T.C.s affecting the entire Vietnam's mainland, mainly focusing on the position of
surface weather stations relative to the landfall and movement directions of the T.C.s. The results indicate that both
satellite rain datasets accurately provide the radial distribution of TC-induced rainfall, concentrated within 500 km
from the T.C. center, and decreases as the distance from the T.C. center increases. Significantly, the verifications
show the close similarity between the TRMM and GSMaP products in estimating TC-induced rainfall. In particular,
the assessments considering T.C. intensities and T.C. landing sub-regions suggest that the performance of two
satellite rain datasets in evaluating TC-induced rainfall over Vietnam's mainland strongly depends on the intensity of
TC-induced rainfall. Light rainfall is estimated more accurately than heavy rainfall. As a result, the performance of
the TRMM and GSMaP show higher errors in the coastal areas, where most TC-induced rainfall concentrates,
particularly within a 200 km radius of the T.C. center. Besides, M.A.E. exhibits higher values on the left side of the
T.C. track compared to those on the right side for all T.C. intensities while showing differences in T.C. landing sub-
regions for both datasets.
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1. Introduction numerous weather and climate research and

Precipitation datasets with high temporal practical applications. At the same time, rain

and spatial resolutions are essential for gauge data are usually used to evaluate
against other data sources and considered the

*Corresponding author, Email: pttnga.monre@gmail.com "ground truth". Their accessibility 1s limited in
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various areas such as oceans, mountain
regions, and deserts. Besides that, many gauge
stations provide infrequent
measurements, typically recording rainfall
amounts at 6-hourly or daily intervals.
Compared to rain gauges, weather radar
networks offer enhanced spatial and temporal
coverage; nevertheless, the accuracy and
effectiveness  depend  significantly  on
topographic factors, such as
blockage. Hence, precipitation data derived
from satellites have become a primary
solution. These data have been widely used to
analyze precipitation features (Nesbitt et al.,
2003; Liu et al., 2021; Roy and Rao, 2022),
improve the initialization of numerical models
(Hou et al., 2001; Bahrami et al., 2023), and
verify model predictions/simulations (Ebert et
al., 2007; Yue et al., 2022).

Given the high demands of society, several
global satellite-based precipitation products
have widely wused, including TRMM
(Huffman et al., 2007), GSMaP (Okamoto et
al., 2005; Kubota et al., 2007; Aonashi et al.,
2009; Ushio et al., 2009), Climate Prediction
Center MORPHing Technique (CMORPH)
(Joyce et al., 2004), Precipitation Estimation
from Remotely Sensed Information Using
Artificial Neural Networks (PERSIANN)
(Sorooshian et al., 2000; Ashouri et al., 2015)
and Integrated Multi-satellitE Retrievals for
Global Precipitation Measurement (G.P.M.)
(IMERG) (Huffman et al., 2015). Notably,
these datasets rely on indirect methods to
estimate precipitation, in contrast to direct
measurements obtained by rain gauges. These
indirect methods typically use one or more
remotely sensed features of clouds, such as
scattering effects of raindrops or ice particles
(microwave), cloud-top temperature
(infrared), and cloud reflectivity (visible) to
estimate precipitation extracted from satellites
(Kidd and Levizzani, 2011; Deo et al.,
2016). Consequently, significant variability is

only

mountain
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inevitable in satellite-based precipitation data
(Derin et al., 2014; Sun et al., 2018). Hence,
satellite-based precipitation datasets must be
validated with surface-based "ground truth"
data, such as rain gauge or radar data.
Numerous studies have been done to provide
the accuracy and limitations of satellite-based
precipitation datasets worldwide.

Some studies have demonstrated that
satellite-based precipitation datasets can
capture reasonably well T.C. precipitation
systems (Nesbitt et al., 2003; Lonfat et al.,
2004; Chen et al., 2006; Pham and Vu, 2020;
Sutton et al., 2022), and then they were used
to analyze T.C. clouds and TC-induced
precipitation characteristics (Yu et al., 2009;
Huang et al., 2019; Zhao et al., 2022). In
particular, Lonfat et al. (2004) used TRMM to
determine the spatial precipitation distribution
of 260 TCs over the global oceans in the
1998-2000 period. It can be found that the
azimuthal mean rain rates are very different
from T.C. intensities and oceanic basins. The
maximum azimuthal mean rain rate is about
12 mm h' for CAT35 (T.C.s with winds
> 49 m s') but declines to 7 mm h™ for
CATI2 (T.C.s with winds from 34-48 m s™)
and to 3 mm h™ for tropical storms with wind
<33 mms™. Yu et al. (2017) investigated the
linkage between T.C. intensity and rainfall
distribution using TRMM satellite 3B42
rainfall estimated from landfalling T.C.s over
China in 2001-2015. It can be seen that
stronger T.C.s typically have higher average
total rain, larger average rain areas, and higher
average maximum axisymmetric rain rates.
The results also showed that the highest total
rainfall, largest rain area, and highest rain rate
depend on T.C. intensity. Additionally, some
studies have evaluated the TRMM Multi-
Satellite Precipitation Analysis (TMPA) 3B42
in estimating precipitation during the passage
of T.C.s. Yu et al. (2009) used 6 and 24 h
precipitation derived from three datasets,

namely TRMM 3B42, CMORPH, and
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Geostationary ~ Meteorological  Satellite-5
infrared brightness temperature (GMS5-TBB),
comparing with rain gauge observations
during the T.C. periods affecting mainland
China in four years from 2003 to 2006. The
results showed that all satellite rainfall
products have lower skills with higher
latitudes and rainfall amounts. The analyses
also pointed out that satellite rainfall
underestimates moderate and heavy rainfall
and vice versa with light rainfall. Chen et al.
(2013b) used the Comprehensive Pacific
Rainfall Database (PACRAIN) of 24 h rain
gauge observations to compare with T.C.
rainfall estimation of TRMM 3B42 version 7.
They concluded that TRMM 3B42 detects
intense T.C. precipitation very well with high
correlation and pattern matching with
observations. Generally, the heavy rainfall
frequency of TRMM 3B42 is overestimated
over the ocean but underestimated over land.
The results also found that TRMM 3B42
cannot capture high elevation during T.C.
landfall, leading to a  significant
underestimation of T.C.'s heavy rainfall. The
study of Deo and Walsh (2016) showed that
TMPA has a moderate skill in determining
precipitation during the T.C. tracks over Fiji
Island. They also found that the higher rainfall
intensity values, distance from the T.C. center,
and terrain elevation, the lower values of this
skill. Such results were also found in some
other studies, such as Habib et al. (2009),
Chen et al. (2013a,b), Deo et al. (2017);
Bagtasa (2022) assessed the accumulated T.C.
rainfall estimated from GSMaP and G.P.M.
products in the Philippines from 2000 to 2021.
The results showed that both the uncalibrated
near-real-time =~ GSMaP_NRT and the
reanalysis GSMaP _RNL have the worse
scores compared to GPM_ER with station
correlation coefficient values of 0.63, 0.67,
and 0.73, respectively. In the study of Yang
et al. (2024), the IMERG V06 and GSMaP
products were evaluated for T.C. applications

against satellite microwave-derived Goddard
Profiling Algorithm (GPROF) rainfall data
from 2000 to 2012.

In the western North Pacific (W.N.P.),
Vietnam frequently experiences the impact of
T.C.s. TC-induced rainfall could account for
25% of the total annual rainfall in Vietnam's
coastal regions (Pham-Thanh et al., 2020). In
the context of global warming, both the
number of solid T.C.s and the lifetime of them

affecting Vietnam have been recently
increasing (Tran-Quang et al., 2021),
consequences as both increases in T.C.

rainfall and T.C. heavy rainfall days also
documented in some parts of Vietnam
(Nguyen-Thi et al, 2012). Undoubtedly,
satellite precipitation estimates, offering
timely and comprehensive information about
TC-induced rainfall patterns, become valuable
datasets thanks to their significance across
various aspects, such as disaster readiness,
agricultural productivity, and water resource
management. Trinh-Tuan et al. (2019)
validated three satellite precipitation products,
including CMORPH, GSMaP, and TRMM
3B42, against the rain gauge-based Vietnam
Gridded Precipitation dataset (VnGP) over
Central Vietnam during the rainy seasons
from 2001 to 2010. The results showed that
TRMM showed higher correlations, lower
biases, and lower Root Mean Square Error
(RMSE) ratios compared to GSMaP and
CMORPH for the Vietnam Central Highlands
at regional and monthly scales. Besides,
GSMaP performed poorly on Vietnam's
Central Coast. They also concluded that
TRMM performed better than two satellite
datasets, especially at rainfall thresholds from
25 to 80 mm day™'. The three datasets could
reproduce widespread heavy rainfall days in
T.C. and the Inter-tropical Convergence Zone
(ITCZ) cases. However, hitherto, no study has
investigated the performance of satellite-based
precipitation datasets to T.C.s affecting the
entire Vietnam region, especially following
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the position of surface stations relative to the
landfall and movement directions of the T.C.s.
A quantitative evaluation of these datasets is
essential for understanding their performance
and boosting confidence in their use for our
further studies on TC-induced rainfall
forecasted by statistical models for Vietnam.

Thus, this study aims to provide an initial
assessment of the satellite-based rainfall
datasets, including TRMM and GSMaP,
specifically for TC-induced rainfall landing
mainland Vietnam during the 2000-2019
period. Both datasets are compared to rain
gauges to evaluate their accuracy concerning
(1) T.C. intensities and (2) T.C. landing sub-
regions across Vietnam, especially following
the position of surface stations relative to the
landfall and movement directions of the T.C.s.
The rest of this study is organized as follows:
Section 2 provides details of datasets and
verification methods. Section 3 compares
TC-induced rainfall derived from satellite
datasets against surface observations and
respective discussions. Concluding remarks
are summarized in Section 4.

2. Data and Methods
2.1. Data
2.1.1. Tropical cyclone data

The information on 131 TCs landing
on Vietnam's mainland during 2000-2019
is collected from the National Centre for
Hydro-Meteorological Forecasting of the
Viet Nam Meteorological and Hydrological
Administration. The data include an
identification number, international name,
best track, minimum sea level pressure, and
maximum wind speed at 6-hour intervals.

2.1.2. Rainfall data from satellites and
meteorological surface stations

In this study, two satellite-based rainfall
datasets were used. The first dataset is the

452

Global Satellite Mapping and Precipitation
moving  vector with  Kalman  filter
(GSMaP_MVK, hereafter referred to as
GSMaP) algorithm version 6 (product version
3), with a spatial resolution of 0.1 x 0.1
degrees. The GSMaP data is generated by
collaborating multiple satellites, including
G.P.M. satellites, passive microwave, and
infrared radiometers on  geostationary
satellites (Okamoto et al., 2005; Kubota et al.,
2007; Aonashi et al., 2009; Ushio et al.,
2009). Furthermore, data sourced from the
TRMM 3B42 Version 7, referred to as
TRMM, were also used in this study. The
TRMM dataset, available at three-hour
intervals, is created from multiple satellites,
combining  passive microwave and
geostationary infrared data for real-time
monitoring and subsequent research. The
TRMM algorithm involves calibrating and
combining microwave rainfall estimates,
generating infrared rainfall estimates based on
the calibrated microwave data, and then
merging the infrared and microwave data
(Huffman et al., 2007). In this study, hourly
satellite-based datasets are converted to a
daily time scale and subsequently interpolated
to match the corresponding station locations
using the bilinear method.

The rainfall data from 169 surface
meteorological stations validate two satellite-
derived rainfall datasets during T.C.s' landfall
in Vietnam. To address potential biases due to
missing data, a methodology similar to that
used in a prior study focused on the Vietnam
region (Pham-Thanh et al., 2019) was
adopted. The distribution of meteorological
sites and five landing sub-regions (ARI1 to
ARS) are demonstrated in Fig. 1. Determining
five landing sub-regions follows the
regulation of the Ministry of Natural
Resources and Environment of Vietnam and is
used in operational works.
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Figure 1. Locations of 169 meteorological surface stations (green points) and
5 landing sub-regions (black lines)

2.2. Verification methods

The performance of TRMM and GSMaP
are evaluated depending on different T.C.
intensities and 5 landing sub-regions in terms
of distance from the T.C. center and position
relative to the T.C. track. Specifically, two
groups for detailed evaluation are divided as
follows: (1) Group 1 is based on T.C.
intensities (according to World
Meteorological Organization classification),
including Tropical Storms (T.S.) for cases
with maximum wind speeds ranging from 63-
88 km/h, Severe Tropical Storm (S.T.S.) for
cases with maximum wind speeds ranging
from 89-117 km/h, and Typhoon (T.Y.) for
cases with maximum wind speeds of
>= 118 km/h; (2) Group 2 is based on 5
landing sub-regions labeled as ARI1-5, as

shown in Fig. 1. The sample number of T.C.s
in each group is shown in Table 1.

This study also evaluates the performance
of TRMM and GSMaP on both the left and
right sides of the T.C. tracks. Figure 2
illustrates the best track of Kaemi TC, where a
"red star" indicates the T.C. landing point in
the AR3 sub-region. Furthermore, the figure
also displays the stations on the right side
(green points) and the left side (blue points) of
the T.C. track, when a purple circle denotes
the T.C. The
determination relies station positions

center location. side
on
relative to the current T.C. center (purple
circle) and the previous T.C. center (red star).
Gray points (N.A.) indicate stations beyond
the 500 km radius from the current T.C. center

(purple circle).
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Figure 2. The illustration of the best track of Kaemi TC started from 19/08/2000 to 23/08/2000 and the
determination of stations on the left and right sides of the T.C. track

Table 1. The T.C. samples of each category were
in two groups

Category T.C. samples
T.S. 47
Group 1 S.T.S. 25
TY. 59
ARI1 77
AR2 19
Group 2 AR3 7
AR4 20
AR5 8

Several statistical indices are used to
evaluate the consistency and accuracy of the
TRMM and GSMaP datasets. In particular,
Mean Error (M.E.) and Mean Absolute Error
(M.A.E.) are nutilized to assess bias.
Categorical statistical indices, including
Probability of Detection (P.O.D.), False
Alarm Ratio (FAR), Frequency Bias Index
(F.B.L.), and Critical Success Index (C.S.L),
which are computed based on a contingency
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table at different rain thresholds. These
categorical statistical indices rely on different
rainfall thresholds to determine the distinction
between rain and no-rain events, as shown in
Table 2. The detailed formulas of these
indices are referenced from Wilks, 2006, and
are shown in the appendix.

Table 2. Rainfall categories and rainfall thresholds.
Column 1 is used for analyzing the bias (e.g.,
M.A.E.); Column 2 is used for the categorical
statistics (e.g., P.O.D., FAR, F.B.I., C.S.1.)

Rainfall categories Rainfall thresholds
(mm/day) (mm/day)
0-5 5
5-15 15
15-30 30
30-45 45
45-60 60
60-75 75
75-100 100
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3. Results and discussions

3.1. Ability of satellites to capture the mean
radial distribution of T.C. rainfall

Figure 3 shows the radial distribution of
mean daily TC-induced rainfall of TRMM,
GSMaP, and gauge observation estimated as a
function of distance from the T.C. center
during the 2000-2019 period. It can be seen
that the TRMM and GSMaP rain products
capture the radial distribution of observed
TC-induced rainfall well. The highest average
daily rainfall is within a radius of 100 km
from the T.C. center. As the distance from the
T.C. center increases, the rainfall gradually
decreases. However, once the distance from
the T.C. center exceeds 500 km, there is no

significant further change in the mean daily
rainfall. These results align with previous
studies, such as those conducted by Rao and
MacArthur (1994), Rodgers et al. (2000),
Nguyen-Thi et al. (2012), and Pham-Thanh et
al. (2020). Thus, in this study, TC-induced
rainfall is defined as the daily rainfall that
occurs when the T.C. center is within a
500 km radius of the meteorological station.
Additionally, Fig. 3 demonstrates a consistent
pattern: the TRMM and GSMaP products tend
to underestimate rainfall when the distances
from the T.C. center are close (within
100 km), and vice versa. The underestimation
of TRMM in estimating T.C. heavy rainfall is
also found in the study of Yu et al. (2009) and
Chen et al. (2013D).

Mean radial distribution of TC rainfall

Rainfall (mm/day)
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N
o o o
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Figure 3. The radial distribution of mean daily TC-induced rainfall of TRMM (circles), GSMaP
(triangles), and gauge observation (thombuses) was estimated as a function of distance from the T.C.
center during the 2000-2019 period

3.2. Skills concerning T.C. intensities

Figure 4 displays the spatial distributions
of M.LE. and M.A.E. of TRMM and GSMaP in
evaluating TC-induced rainfall across
different T.C. intensity categories, namely
T.S., S.T.S., and T.Y., as mentioned in section
2.2. Overall, across all T.C. intensity
categories, the spatial patterns of bias errors
exhibited by TRMM and GSMaP demonstrate
a high level of agreement. In particular, the
positive M.E. values are predominant,
accounting for at least 66.7% of the stations in

the investigated cases. Moreover, the number
of stations having positive M.E. values tends
to rise as the T.C. intensity increases.
However, it is worth mentioning that TRMM
shows a higher number of stations with
positive M.E. values when compared to
GSMaP across all T.C. intensities. The
overestimation of TRMM could also be found
in the study of Chokngamwong and Chiu
(2008), which compared TRMM products
with daily rainfall gauges during heavy
rainfall events in Thailand. The M.A_E. values
tend to be higher along the coast and lower
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when far away from the ocean. Additionally,
the M.A.E. values are generally higher in the

TRMM-ME-TS

TRMM-ME-STS TRMM-ME-TY

case of weak T.C.s for TRMM and GSMaP
compared to those in other T.C. categories.
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Figure 4. Spatial distributions of M.E. (row 1) and M.A.E. (row 2) for TRMM (columns 1-3 representing
T.S., S.T.S., and T.Y. intensity categories, respectively) and GSMaP (column 4-6 representing T.S.,
S.T.S., and T.Y. intensity categories, respectively). Stars indicate the N.A. values

In Fig. 5, M.E. and M.A E. mean values are
shown separately for the left and right sides of
T.C. tracks at different T.C. intensity
categories. Overall, the errors of TC-induced
rainfall of GSMaP, as represented by both
M.E. and M.A.E., are higher than those of
TRMM. However, despite the difference in
error magnitudes, TRMM and GSMaP display
high similarity in their performance. Both
satellite datasets tend to overestimate
TC-induced rainfall, and the differences
between their estimates and observations are
more pronounced on the left side of the T.C.
tracks than on the right side across all T.C.

intensity categories. It is noted that the M.A.E.
values increase as the T.C. intensities decrease
for both the TRMM and GSMaP datasets,
ranging from 17.5 mm/day to 27.5 mm/day.
Besides that, Fig. 6 provides further insight
into the satellite skills, indicating that these
skills strongly depend on the radial distance
from the T.C. center. The locations near T.C.s
within 200 km, particularly at a distance less
than 100 km on the left side of the T.C. track,
show higher errors in the performance of both
TRMM and GSMaP. These results remain
consistent across all investigated T.C. intensity
categories for both satellite datasets.
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Figure 5. a) M.E. and b) M.A.E. of TRMM (white) and GSMaP (grey) for different T.C. categories to the
left side (diagonal pattern) and right side (blank pattern) of the T.C. track
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Figure 6. The radial distribution (to the left side (L) and right side (R) of the T.C. center) of: a) M.E. of
TRMM; b) M.A.E. of TRMM; c) Mean observed TC-induced rainfall; d) M.E. of GSMaP, e) M.A.E. of
GSMaP for T.C. categories including T.S. (triangle), S.T.S. (thombus), and T.Y. (circle)

3.3. Skills for landing sub-regions

In Fig. 7 and Fig. 8, there is a high
similarity in the spatial distributions of M.E.
and M.A.E. in cases of T.C. landing sub-
regions AR1-5 between TRMM and GSMaP.
Overall, for both datasets, the positive M.E.
values are dominant for Vietnam's mainland
stations, accounting for more than 68% of
stations, except for the cases of T.C.s landing
in AR3. In particular, the number of stations
with negative M.E. values contributes to about
64% and 40% of the stations affected by T.C.s
landing in AR3 for TRMM and GSMaP,
respectively. Besides that, M.A.E. generally
decreases with increasing distance from the
coast, irrespective of the TC-landing
sub-regions. Notably, the high M.A.E. values
exceeding 50 mm/day are located dominantly
on the coast of Central Vietnam (AR3-4),
consistent with results obtained when
analyzing satellite performance for different
T.C. intensity categories (Fig. 4). The high

M.A.E. values in the coastal Central region
suggest the challenges in accurately
estimating TC-induced rainfall in this area for
both TRMM and GSMaP datasets.

Figure 9 shows the mean values of M.E.
and M.A.E. for both sides of the T.C. track at
cases of different T.C. landing locations.
Overall, for both sides of the T.C. tracks, the
TC-induced rainfall data of GSMaP tend to be
higher than those of TRMM and observations.
For both datasets, M.E.s are consistently
higher on the left side than on the right side of
the T.C. track for almost all cases of T.C.s
landing over Vietnam sub-regions, except for
AR3 and AR4. TRMM tends to underestimate
TC-induced rainfall of T.C.s landing in AR3,
which is clearly noticeable on the right side of
the T.C. track (Fig. 9a). Additionally, Fig. 10
reveals the highest bias concentrated in
regions closest to the T.C. center (within
200 km), with values decreasing at greater
distances. The M.A.E.s of both TRMM and
GSMaP exhibit similar performance in 5 T.C.
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landing sub-regions (e.g., AR1-5), with the than those on the right side for all T.C.
values being relatively close. In general, landing locations, except for landing in AR3
M.A.E.s tend to be greater on the left side and AR4.

TRMM-ME-AR1 TRMM-ME-AR2 TRMM-ME-AR3 TRMM-ME-AR4 TRMM-ME-AR5
24°N - 24°N 24°N 4 24°N 24°N
22°N - 22°N 22°N 22°N 22°N
20°N +| 20°N 20°N 20°N 4 20°N 4
18°N Hoang Sa 18°N Hoang Sa 18°N Hoang Sa 18°N Hoang Sa 18°N Hoang Sa
A PR P A P
16°N - Bl 16°N 4 Bad 16°N 4 B 16°N o Bl 16°N 4 Bl
< < b <
P 5 & &
o d X 2}
140N - 14°N o4 b 140N d o 140N 140N i
5 5 5
2 2 2
& b} &
12°N - 12°N 12°N 4 12°N 4 12°N
10°N - S 10°N 10°N o 10°N 4 10°N
5 o .
8N - 0 i 8N Ry N 2 N 8N 2o
102°E 106°E 110°E 114°E 102°E 106°E 110°E 114°E 102°E 106°E 110°E 114°E 102°E 106°E 110°E 114°E 102°E 106°E 110°E
GSMaP-ME-AR1 GSMaP-ME-AR2 GSMaP-ME-AR3 GSMaP-ME-AR4 GSMaP-ME-AR5
24°N 24°N 24°N 24°N 24°N
22°N 22°N 22°N 22°N 22°N
20°N | 20°N 20°N 20°N 4 20°N 4
18°N - 18°N 4 18°N 4 Hoang Sa 18°N o Hoang Sa 18°N 4 Hoang Sa
22, a ﬁ-’»‘
16°N - 16°N 16°N Bad 16°N - B 16°N B
< o < 5 <
3 i &
3 3 4 8
14°N 14°N 14°N 4 = 14°N o & = 14°N &+
5 ] 5
2 §2 2
b i &
12°N 12°N 12°N 4 12°N 4 g 12°N
10°N 10°N 10°N o 10°N < o7 10°N
A . d
8N - &N 8N 20 - 8N 20 i 8N A e
102°E 106°E 110°E 114°E 102°E 106°E 102°E 106°E 110°E 114°E 102°E 106°E 110°E 114°E 102°E 106°E 110°E 114°E

— ol

-50 -45-40-35-30-25-20-15-10 -5 0 5 10 15 20 25 30 35 40
Figure 7. Spatial distributions of M.E. for TRMM data (row 1) and GSMaP data (row 2) in cases of

T.C. landing sub-regions: AR1 (column 1), AR2 (column 2), AR3 (column 3), AR4 (column 4),
and ARS (column 5). Stars indicate the N.A. values

TRMM-MAE-AR1 TRMM-MAE-AR2 TRMM-MAE-AR3 TRMM-MAE-AR4 TRMM-MAE-AR5
24°N 24°N 24°N 24°N
22°N 22°N 22°N 22°N
20°N 20°N 20°N 20°N 4
18N Hang Sa 18N Hoang Sa 18N 18N Hoang Sa
% b P
16°N - b 16°N < b 16°N < 16°N o R
< <
i 3
b ]
14oN - i 14N 4 145N 4 140N 4
3 5
2 2
i 3
12°N -+ 12°N 12°N 12°N 4 §
10°N - s 10°N 4 10°N 4 10°N 4
s
< N
8N P &N 8°N 4 8N4 2t
102°E 106°E 110°E M4E 102°E 106°E 110°E M4°E 102°E 106°E 110°E 114°E 102°E 106°E 110°E 114°E 102°E 106°E 110°E 14°E
GSMaP-MAE-AR1 GSMaP-MAE-AR2 GSMaP-MAE-AR3 GSMaP-MAE-AR4 GSMaP-MAE-AR5
24°N 24°N 24°N 24°N 4
22°N 22°N 22°N 22°N 4
20°N - 20°N 4 20°N 4 20°N
18N Hoang sa 18N Hoang Sa 18N Hoang Sa 18N Hoang Sa
16°N - ks 16°N w7 16°N &Y 16°N ¢
< <
3 b
8 4
14°N - e 14°N 4 e 14°N 4 14°N 4
3 5
2 2
b ]
12N 12N 4 12°N 4 12°N 4
10°N < 10°N 4 10°N 4 10°N 4
&\\Q-
. s .
8N 2t s &N 200 s 8°N 4 8°N o 8N+
102E 106°E 110°E  114°E 102°E 106°E  110°E  114°E 102°E 106°E  110°E  114°E 102°E 106°E  110°E  114°E 102°E 106°E  110°E  114°E

ey EEERE = THEN

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Figure 8. Same as Fig. 7 but for M.A.E.

458



Vietnam Journal of Earth Sciences, 46(4), 449-467

a)ME b) MAE
40 40 side
35 e
30 35 7 oz
25 30 v R
= 20 =25 L
T 15 L2
g 10 £
E 5 E15 data
0 10 ]
-5 GSMaP
-10 5 [
15 0 | | TRMM
AR1 AR2  AR3  AR4 AR5 AR1 AR2 AR3 AR4 AR5

Landing Sub-regions

Landing Sub-regions

Figure 9. Same as Fig. 5 but for five landing sub-regions

Consistent with the results from Fig. 6,
the regions near T.C.s within 200 km,
especially at distances below 100 km on the
left side, show higher M.A.E.s in both
TRMM and GSMaP for all cases of T.C.
landing locations (Fig. 10). These results
illustrate a strong relationship between the
magnitude of M.A.E.s and the observed

TC-induced rainfall across all investigated

cases, including variations with T.C.
intensities and  landing  sub-regions.
Sub-regions with higher M.A.E.s
consistently correspond to higher

TC-induced rainfall levels, highlighting the
influences of TC-induced rainfall intensities
on the accuracy of satellite estimates.
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Figure 10. Same as Fig. 6 but for five landing sub-regions

The performance of satellite datasets in
estimating the TC-induced rainfall at different
rain rates in AR1-5 are presented in Fig. 11
and Fig. 12. For all landing sub-regions, both

TRMM and GSMaP consistently show the
patterns of M.A.E. at different rain rates for
both sides of the T.C. track (Fig. 11). Overall,
higher M.A.E. values are found at higher rain
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rates, indicating challenges for both satellite
datasets in accurately capturing heavy rainfall
within T.C. systems. These findings align
with the results reported by Yu et al. (2009).
Additionally, across AR1, AR2, and ARS,
M.A.E. values tend to be greater on the left

MAE

AR1 AR2 AR3
100 100 100

75 75 75

50

o

ol = abia ]l

side of the T.C. track at all rain rates.
Conversely, in AR3 and AR4, the areas with
lower M.A.E. values vary depending on the
rainfall rates, with the left T.C. side for light
rainfall (< 45 mm/day) and the right T.C. side
for heavy rainfall (> 45 mm/day).
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Figure 11. M.A.E. at different rain rates of TRMM (white color) and GSMaP (grey color) for two cases:
the left side (diagonal pattern) and the right side (blank pattern) of the T.C. track

Figure 12 (a-d) illustrates the categorical
statistical indices of both GSMaP and TRMM
for the left and right sides of the T.C. track in
different cases of landing sub-regions.
Overall, both satellite datasets exhibit a better
capability in detecting light rainfall on both
sides of T.C.s landing on Vietnam's mainland,
except for ARS. Both satellite datasets show
similarities for P.O.D. and FAR. The results
for P.O.D. are reversed to FAR. In particular,
the FAR values decrease as the rain threshold
increases (Fig. 12b). The values of P.O.D. are
also similar to those in the study of Trinh-
Tuan et al. (2019). The P.O.D. values at
extreme heavy rainfall thresholds (from about
75 mm/day to 100 mm/day) of GSMaP are
higher than those of TRMM in the AR3 and
AR4 in our study but exhibited vice versa in
the results of Trinh-Tuan et al. (2019). The
differences may have come from choosing the
research approach and sample data sets. It can
be seen that the P.O.D. values are consistently
higher on the left side of T.C.s landing in
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ARI1-3 and higher on the right side of T.C.s
landing in AR4-5 for almost all rain
thresholds.

Additionally, Fig. 12c shows that the
satellite data overestimate TC-induced rainfall
at almost all rain thresholds, especially for the
left side of the T.C. track. However, the
magnitudes of F.B.I. are significantly different
between cases of landing sub-regions. For the
left side of the T.C. track, the F.B.I. values in
AR1-3 are smaller than those in AR4-5. On
the right side, the F.B.I. values at almost all
rain thresholds in cases of T.C. landing in
AR1-4 are around 1.0. However, their values
are slightly higher in ARS. These findings are
consistent with the M.E. results, which
indicate a consistently higher positive bias on
the left side across all sub-regions, with the
most significant biases observed in AR4-5.
Besides that, the F.B.I. distribution also
relates to the rainfall distribution analysis,
demonstrating that heavy rainfall in ARI1-3
tends to concentrate on the left side.
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In contrast, in AR4-5, it tends to
concentrate on the right side (Tran-Minh et.
al, 2023). Regarding C.S.I., TRMM, and
GSMaP exhibit a decreasing pattern with
increasing rainfall thresholds as P.O.D. on
both sides of T.C.s landing in AR1-3. This is
also pointed out in the study of Bagtasa
(2022). However, for T.C.s landing in AR4-5,
the C.S.I. values of both datasets on the left
side tend to decrease with higher rain
intensities, while they remain relatively stable
on the right side.

4. Conclusions

This paper has focused on assessing the
performance of the TRMM and GSMaP
rainfall estimates for T.C.s landing on
Vietnam's mainland during the 2000-2019
period. In particular, two groups for detailed
evaluations were conducted depending on
T.C. intensities and landing sub-regions as
follows: (1) Group 1 is based on T.C.
intensities, including Tropical Storm (T.S.) for
cases with maximum wind speeds ranging
from 63-88 km/h, Severe Tropical Storm
(S.T.S.) for cases with maximum wind speeds
ranging from 89-117 km/h, and Typhoon
(T.Y.) for cases with maximum wind speeds
of >=118 km/h; (2) Group 2 is based on T.C.
landing sub-regions, consisting of five
sub-regions labeled as AR1-5.

(1) The results show that TRMM and
GSMaP rain products successfully capture the
radial distribution of observed T.C. rainfall.
The rainfall gradually decreases as the
distance from the T.C. center increases, with
the highest TC-induced rainfall band typically
found within a radius of 100 km from the T.C.
center. However, both satellite rainfall
products tend to underestimate rainfall when
the distance from the T.C. center is relatively
close (within 100 km) and overestimate it for
greater  distances when compared to
observations. It leads to positive M.E.
dominating Vietnam's mainland stations,
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irrespective of T.C. intensities and landing
sub-regions. Additionally, there is a high
homogeneity of the M.A.E. spatial
distributions between GSMaP and TRMM,
with values generally decreasing as the
distance from the coast increases. Notably,
irrespective of T.C. intensities and landing
sub-regions, the coastal regions of Central
Vietnam (AR3-4) consistently exhibit high
M.A.E. values, exceeding 50 mm/day,
indicating challenges in accurately estimating
TC-induced rainfall in these areas for both
TRMM and GSMaP datasets.

(2) Significantly, for all T.C. intensities,
M.A.E. exhibits a similar pattern between
TRMM and GSMaP, with higher values on
the left side of the T.C. track when compared
to those on the right side. In the cases of
different T.C. landing sub-regions, the side of
the T.C. track with higher M.A.E. is diverse.
In particular, M.A.E. tends to be greater on
the left side than on the right side of the T.C.
track for almost all T.C. landing sub-regions,
except for AR3 and AR4. However, in all
cases involving T.C. intensities and T.C.
landing sub-regions,  higher = M.A.E.
consistently is found in regions near the T.C.
center within 200 km, especially at distances
below 100 km for both TRMM and GSMaP.
The magnitude of M.A.E. closely aligns with
the observed TC-induced rainfall. It indicates
that the accuracy of the satellite estimates is
influenced by the intensity of TC-induced
rainfall, with higher M.A.E. occurring in areas
experiencing more  significant  rainfall
amounts.

(3) It is reflected by the P.O.D. values of
both TRMM and GSMaP, which generally
tend to decrease as rain thresholds increase on
both sides of the T.C. track in different cases
of landing sub-regions. This means both
satellite datasets exhibit a better capability in
detecting light TC-induced rainfall. The
P.O.D. values are consistently higher on the
left side of T.C.s landing in AR1-3 and higher
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on the right side of T.C.s landing in AR4-5 for
almost all rain thresholds. Besides that, the
satellite rain estimates tend to overestimate
TC-induced rainfall at almost all rain
thresholds, especially on the left side of the
T.C. track. However, the magnitudes of F.B.I.
are significantly different between cases of
landing sub-regions. On the left side of the
T.C. track, the F.B.I. values in AR1-3 are
smaller than those in AR4-5. While on the
right side of the T.C. track, the F.B.I. values
of almost all rain thresholds in cases of T.C.
landing in AR1-4 are around 1.0. However,
their values are slightly higher in ARS, which
is consistent with the results of M.E.
Regarding the C.S.I. values of both satellite
datasets, they show a pattern of decreasing
values as the rain thresholds increase for cases
of T.C.s landing in AR1-3. However, for T.C.
cases landing in AR4-5, the values of C.S.I.
on the left side of the T.C. track tend to
decrease with increasing rain intensities, while
these values remain relatively stable on the
right side of the T.C. track.

These results suggest that the performance
of satellites in evaluating TC-induced rainfall
over Vietnam's mainland depends on
TC-induced rainfall intensity. Light rainfall is
estimated more accurately than heavy rainfall.
As a result, the higher M.A E. values occur in
the coastal areas, where most TC-induced
rainfall concentrates, particularly within a
200 km radius from the T.C. center. This
presented evaluation remarks on the
characteristics of TRMM and GSMaP in
estimating TC-induced rainfall, which is
helpful for their further uses in building
TC-rainfall forecast statistical models for the
Vietnam region. However, this study only
focused on T.C.s with at least tropical storm
(T.S.) intensity, while tropical depressions
have also been observed to cause significant
rainfall in Vietnam (Nguyen et al., 2016;
Olaguera et al., 2023; Yokoi and Matsumoto,
2008). Therefore, it is necessary to evaluate

the performance of satellites in capturing
typhoon-induced rainfall in the context of
tropical depressions in future studies.
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(P.0.D.), False Alarm Ratio (FAR),
Frequency Bias Index (F.B.L.), and Critical
Success Index (C.S.1.).

Observed rainfall > threshold

Observed rainfall < threshold

Satellite-based rainfall > threshold

Hits

False alarms

Satellite-based rainfall < threshold

Misses

Correct negatives

The Probability Of Detection (P.O.D.) is
sensitive to hits and suitable for rare events.
The optimal value of P.O.D. is 1.
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hits
POD=———— Al
hits + misses (Aab

The False Alarm Ratio (FAR) is sensitive to
false alarms. The optimal value of FAR is 0.
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false alarms
FAR

- hits + false alarms (A2)

The Frequency Bias Index (F.B.I.) shows
the ratio of the frequency of estimated satellite
rain events to the frequency of observed rain
events. The estimates show a tendency to
overestimate (F.B.I>1) or underestimate
(F.B.L.<1) the observations. The ideal value of
F.B.L is equal to 1.

hits + false alarms

. . (A3)
hits + misses
The Critical Success Index (C.S.I.) is

considered as the measurement of the
agreement between estimates and
observations. The ideal value of C.S.I. is
equal to 1.

CSJ = hits (A4)

hits+false alarms+misses

The Mean Error (M.E.) measures the

average error between satellite rainfall
estimations and observations. It indicates a
tendency to overestimate (ME > 0) or
underestimate (ME < 0) the observations. The
ideal value of M.E. is equal to 0. The range of
M.E. is (-00,+00).

n

1
ME = — i — 0,
2. 5i=0)
i=1

The Mean Absolute Error (M.A.E.) shows
the average error magnitude between
estimations and observations. The ideal value
of M.A.E. is equal to 0. The range of M.A.E.
is (0,+0).

n
1
MAE = —ZlSi - O]l
n.
i=1

where S, are value of satellite rainfall
estimations, (O, are value of rainfall
observations, and 72 is sample number.

(A5)

(A6)
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