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The Mekong River Basin

Continuous and reliable precipitation records are essential for hydrological and meteorological studies. In the
Mekong River Basin (MRB), there are many satellite-based and gauge-based precipitation products. It is neces-
sary to evaluate the reliabilities of these precipitation products. In this study, we evaluated six widely used
precipitation products in the MRB on a monthly scale, namely Asian Precipitation Highly Resolved Observational
Data Integration Towards Evaluation of water resources v1101 (APHRODITE), Global Precipitation Climatology
Center v2018 (GPCC), Climatic Research Unit Time-Series v4.03 (CRU), Climate Hazards group InfraRed Pre-
cipitation with Stations v2.0 (CHIRPS), Multi-Source Weighted-Ensemble Precipitation v1.0 (MSWEP), and
Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks-Climate Data Re-
cord (PERSIANN-CDR). Two evaluation methods, namely the reference gauge method and the hydrological
simulation method, were used. For the reference gauge method, APHRODITE had the best consistency with
precipitation observations at 25 reference gauges among the six precipitation products. For the hydrological
simulation method, hydrological model using APHRODITE as the input obtained the most accurate runoff
simulations among the six precipitation products. Thus, APHRODITE could be a reliable precipitation product in
the MRB. The evaluation results provide a useful reference for the hydrological and meteorological study in the

MRB.

1. Introduction

Precipitation is a crucial component of the hydrological cycle, ac-
curate and reliable precipitation records are essential for hydrological
simulations, water resources management, and forecasting of extreme
hydrological events (Tapiador et al., 2012; Bai et al., 2020). To date,
there are three typical methods for precipitation measurements, namely
the rain gauge, the weather radar, and the satellite remote sensing. The
rain gauge can directly observe precipitation on the ground, and the
observations are accurate and reliable at the site scale (Xie and Arkin,
1996; Zhang et al., 2019a). The weather radar can provide real-time
precipitation observations with a high temporal and spatial resolution
at the regional scale (Ciach et al., 2007; Mei et al., 2014). The satellite
remote sensing can measure precipitation using the visible/infrared
(VIS/IR)-based methods, the active and passive microwave (MW) tech-
niques, and merged VIS/IR and MW approaches at the quasi-global and
global scale (Michaelides et al., 2009; Prigent, 2010; Shao et al., 2019).
Based on the three methods, precipitation products with different spatial
and temporal resolutions have been developed. Among these
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precipitation products, gauge-based and satellite-based precipitation
products are widely used. Long-term gauge-based precipitation products
mainly include the Climate Research Unit (CRU, Harris et al., 2014; New
etal., 2000), the Global Precipitation Climatology Centre (GPCC, Rudolf
et al., 2010; Schamm et al., 2014), and others. These products are based
on a large number of gauge observation networks (Houghton et al.,
2012; Kidd et al., 2017), such as the national meteorological agencies
(NMAs), the Global Telecommunication System (GTS), and the Global
Climate Observing System, the Food and Agriculture Organization
(FAO). Long-term satellite-based precipitation products mainly include
the Climate Hazards group Infrared Precipitation with Stations (CHIRPS,
Funk et al., 2015), the Multi-Source Weighted-Ensemble Precipitation
(MSWEDP, Beck et al., 2017, 2019), and the Precipitation Estimation from
Remotely Sensed Information using Artificial Neural Networks-Climate
Data Record (PERSIANN-CDR, Hsu et al., 1997). Satellite-based pre-
cipitation products typically use observations at rain gauges to improve
accuracy (Li et al., 2015). Though many precipitation products have
been developed, precipitation estimations from different products are
often inconsistent owing to different data sources, quality control
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Fig. 1. The location of the Mekong River Basin. The blue dots denote reference
rain gauges, and the red triangle denotes the Mukdahan hydrological station.

schemes, and estimation procedures. Consequently, it is necessary to
evaluate the reliabilities of different precipitation products.

The reliabilities of precipitation products are generally evaluated by
two methods, namely the reference gauge method and the hydrological
simulation method. For the reference gauge method, precipitation
products are directly compared with observations at the reference
gauges (e.g., Hirpa et al., 2010; Buarque et al., 2011; Bumke et al., 2016;
Zhang and He, 2016; Akinsanola et al., 2017; Bai and Liu, 2018). These
reference gauges should be independent, and not be used during the
development of these precipitation products. For the hydrological
simulation method, it takes precipitation products as inputs of hydro-
logical models and evaluates the reliabilities of precipitation products
through the accuracies of runoff simulations (Salathé Jr, 2003; Behrangi
et al., 2011; Bitew and Gebremichael, 2011; Falck et al., 2015; Zhang
et al., 2019b). The method is based on the assumption that errors in
precipitation products could be propagated into runoff simulations
through hydrological models.

The Mekong River is an essential transboundary river in South Asia,
and it flows through six countries, namely China, Myanmar, Laos,
Thailand, Cambodia, and Vietnam. More than 60 million people in the
six countries live in the Mekong River Basin (MRB), and relevant sources
of livelihood for these people are agriculture and fisheries (Pech and
Sunada, 2008; Piesse, 2016). Agriculture and fisheries are highly

Table 1
The information about the six precipitation products.
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dependent on rainfall, and precipitation is vital for the livelihood of
people inhabiting in the MRB. Due to the differences in data sharing
strategies across the six countries, long-term precipitation records at the
rain gauges are not easily obtained in the MRB. Thus, different precip-
itation products were widely used in the MRB (Kingston et al., 2011;
Chen et al., 2018). Precipitation estimations from different products are
inconsistent, and it is necessary to evaluate the reliabilities of different
precipitation products in the MRB.

In this study, six satellite-based and gauge-based precipitation
products were evaluated by two evaluation methods, namely the refer-
ence gauge method and the hydrological simulation method. The rest of
the paper is organized as follows. Section 2 introduces the study area
and data used, and Section 3 introduces the evaluation methods. Section
4 shows the evaluation results of the six precipitation products by the
two evaluation methods. Sections 5 and 6 are the discussion and the
conclusions, respectively.

2. Study area and data
2.1. Study area

The Mekong River is one of the most prominent rivers in the world,
with a length of 4909 km and an area of 795,000 km? (MRC, 2010). The
Mekong River originates from the Tibetan Plateau in China, then flows
into Myanmar, Laos, Thailand, Cambodia, Vietnam, and finally ends in
the South China Sea Fig. 1. Generally, the Mekong River Basin is divided
into two parts, namely the Upper Mekong Basin (UMB) located in China,
and the Lower Mekong Basin (LMB) from the Chinese border to the
South China Sea. The UMB and LMB account for 24% and 76% of the
total area of MRB, respectively (MRC, 2010).

The mean annual runoff of the MRB is approximately 600 mm, and
the mean annual precipitation is around 1370 mm (MRC, 2010). The
climate is primarily dominated by the tropical monsoon, resulting in a
wet season and a dry season within a hydrologic year. The wet season is
from May to October and mainly affected by the Indian Summer
Monsoon (ISM). The precipitation of the wet season accounts for about
70% of the annual precipitation. The dry season is from November to
April of the following year and mainly affected by the East Asian
Monsoon (EAM). The precipitation of the dry season accounts for about
30% of the annual precipitation. Besides the ISM and EAM, the MRB is
also affected by the Tropical Cyclones (MRC, 2010).

2.2. Precipitation products

In this study, six precipitation products were employed, including
three gauge-based precipitation products and three satellite-based pre-
cipitation products. The three gauge-based precipitation products are
the version of Asian Precipitation Highly Resolved Observational Data
Integration Towards Evaluation of water resources v1101 (APHRODITE,
Yatagai et al., 2012), the version of Global Precipitation Climatology
Center v2018 (GPCC, Schneider et al., 2018), and the version of Climatic
Research Unit Time-Series v4.03 (CRU, Harris et al., 2014). The three
satellite-based precipitation products are the version of Climate Hazards
group InfraRed Precipitation with Stations v2.0 (CHIRPS, Funk et al.,

Name Time range  Time Spatial Data sources
resolution resolution
Gauge-based APHRODITE 1951-2015  Daily 0.25° x 0.25° http://www.chikyu.ac.jp/precip/english/index.html
products GPCC 1891-2016  Monthly 0.25° x 0.25° https://www.dwd.de/EN/ourservices/gpcc/gpee.html
CRU 1901-2018  Monthly 0.5° x 0.5° http://www.cru.uea.ac.uk/data
Satellite-based CHIRPS 1981-2017  Daily 0.25° x 0.25° https://www.chc.ucsb.edu/data/chirps
products PERSIANN- 1983-2017  Daily 0.25° x 0.25° https://catalog.data.gov/dataset/noaa-climate-data-record-cdr-of-precipitation-estimat
CDR ion-from-remotely-sensed-information-using
MSWEP 1979-2014 Daily 0.25° x 0.25° https://platform.princetonclimate.com/PCA_Platform/mswepRetroRequest.html
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Fig. 2. The trends of terrestrial water storage change in the MRB based on the original (a) and downscaled (b) GRACE data from 2002 to 2016.

2015), the version of Multi-Source Weighted-Ensemble Precipitation
v1.0 (MSWEP, Beck et al., 2017), and the Precipitation Estimation from
Remotely Sensed Information using Artificial Neural Networks-Climate
Data Record (PERSIANN-CDR, Ashouri et al., 2015). Table 1 summa-
rizes the information of the six precipitation products. Note that the
spatial and temporal resolutions of the six products are different
(Table 1). For spatial resolutions, CRU is 0.5° x 0.5°, while the other five
products are 0.25° x 0.25°. To make them comparable, CRU was
resampled at the spatial resolution of 0.25° x 0.25°. For temporal res-
olutions, GPCC and CRU are monthly scales, and the other four products
are daily scales. To make them comparable, the four daily precipitation
products, namely APHRODITE, CHIRPS, PERSIANN-CDR and MSWEP,
were accumulated to the monthly scale.

APHRODITE, produced by the Research Institute for Humanity and
Nature and the Meteorological Research Institute of Japan Meteoro-
logical Agency, is a long-term and continental-scale daily precipitation
product covering Asia (Yatagai et al., 2012). The product is developed
based on daily precipitation records from numerous meteorological
stations across Asia. These precipitation records are mainly obtained
from the GTS, individual collections, and existing meteorological station
record datasets, such as the Global Historical Climatology Network
(GHCN), and the National Climatic Data Center (NCDC), etc. The version
of APHRODITE v1101 was used in this study.

GPCC dataset, produced by the Global Precipitation Climatology
Center, is a long-term and global-scale monthly precipitation dataset
(Schneider et al., 2018). The dataset is developed based on monthly
precipitation records from numerous meteorological stations across the
world. These records are primarily obtained from the NMAs, the GTS,
the Climatic Research Unit, the FAO, the GHCN, and others. The version
of the GPCC v2018 was used in this study.

CRU dataset, produced by the University of East Anglia, is a long-
term and global-scale monthly climate variables product (Harris et al.,
2014). The product is developed based on monthly meteorological re-
cords from numerous meteorological stations across the world. These
records are mainly obtained from the NMAs, the World Meteorological
Organization, the Climatic Research Unit, the Centro Internacional de

Agricultura Tropical, the FAO, and others. The version of the CRU TS
v4.03 was used in this study.

CHIRPS, produced by the U.S. Geological Survey and the Climate
Hazards Group at the University of California, Santa Barbara, is a long-
term and quasi-global (50°S-50°N) daily precipitation product (Funk
et al., 2015). This product combines the pentad precipitation clima-
tology, quasi-global geostationary thermal infrared satellite observa-
tions from the Climate Prediction Center (CPC) and the NCDC,
atmospheric model rainfall fields from the NOAA Climate Forecast
System version 2, and precipitation observations from the GTS and the
GHCN. The version of the CHIRPS v2.0 was used in this study.

PERSIANN-CDR, produced by the University of California in Irvine,
is a long-term and quasi-global (60°S-60°N) daily precipitation product
(Ashouri et al., 2015). This product estimates precipitation by calcu-
lating GridSat-B1 IR satellite data using an artificial neural network
model, the PERSIANN algorithm. The artificial neural network is trained
with stage IV hourly precipitation data from the NCEP. Besides, the
PERSIANN-CDR also uses precipitation data from the Global Precipita-
tion Climatology Project to improve the accuracy of precipitation
estimation.

MSWEDP, produced by the group of Beck (Beck et al., 2017), is a long-
term and global-scale daily precipitation product. This product takes
advantage of the strengths of gauge, satellite, and reanalysis-based data.
The data sources mainly include seven datasets, namely CPC, GPCC,
CMORPH, GSMaP-MVK, 3B42RT, ERA-Interim, and JRA-55. In addition,
the correction for gauge under-catch and orographic effects is intro-
duced by inferring catchment-average precipitation from runoff obser-
vations at 13,762 stations across the world. The version of the MSWEP
v1.0 was used in this study.

2.3. Other data

The reliabilities of precipitation products are evaluated by the
reference gauge method and the hydrological simulation method. For
the reference gauge method, the monthly precipitation observations at
25 reference gauges in China from 1984 to 2014 are obtained from the
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Fig. 3. Structures and key equations of the abcd model.

China Meteorological Administration (http://data.cma.cn/, Fig. 1).
These precipitation observations have been subject to strict quality
control. We note that the precipitation observations at the 25 stations
were not used during the development of the six precipitation products.
For the hydrological simulation method, the monthly runoff observa-
tions of Mukdahan hydrological station from 1984 to 2008 were ob-
tained from the Mekong River Commission (https://portal.mrcmekong.
org/home). We note that constructions of the reservoirs have signifi-
cantly affected runoff observations in the MRB since 2009. Thus, 2008
was selected as the last year of the hydrological simulation in this study.
Monthly potential evapotranspiration data during 1984 to 2008 were
from the Global Land Data Assimilation System v3.3a (https://www.
gleam.eu/#datasets). The Release 6.0 monthly Gravity Recovery and
Climate Experiment (GRACE) product provided by the University of
Texas Center for Space Research were used (http://grace.jpl.nasa.gov).
The time range of the product is from April 2002 to January 2017, and
the spatial resolution is 1° x 1°. Because the GRACE data have a coarse
spatial resolution, a statistical downscaling approach based on a land
surface model (LSM) was used to downscale the GRACE data (Wan et al.,
2015; Zhang et al., 2019). The approach combines the advantages of
GRACE and LSM in the estimations of total water storage change
(TWSC). LSM can provide better spatial patterns of TWSC than GRACE
data, while values of LSM-simulated TWSC have uncertainties. Here, the
0.25° x 0.25° dataset of TWSC simulated by the Noah model in the MRB
(https://disc.gsfc.nasa.gov/datasets?keywords=GLDAS) was employed
as weighting factors in each 1.0° x 1.0° grid element to downscale TWSC
data from GRACE. This downscaling approach ensures that the sum of
the downscaled TWSC in each 1.0° x 1.0° grid is equal to the corre-
sponding 1.0° x 1.0° grid GRACE-estimated TWSC. The original and
downscaled trends of the GRACE-estimated TWSC from 2002 to 2016
are shown in Fig. 2. The downscaled TWSC shows a similar spatial
pattern with the original GRACE-estimated TWSC, but with a finer res-
olution. Wan et al. (2015) described the approach of downscaling
GRACE data in detail.

3. Methodology
3.1. Evaluation methods and indices

The reliabilities of six precipitation products were evaluated by two
methods, namely the reference gauge method and the hydrological
simulation method (Bai et al., 2018). For the reference gauge method,
the precipitation observations of the reference gauges were compared
with the precipitation estimations of corresponding grids for the pre-
cipitation products, and the values of evaluation indices were calculated
in each gauge (Frei et al., 2003). For the hydrological simulation
method, the hydrological model used the precipitation products as in-
puts to simulate runoff, and the reliabilities of precipitation products
were evaluated by the accuracies of runoff simulations (Behrangi et al.,
2011). Here, the hydrological model used is the abcd model. The model
was calibrated by two calibration cases, and details are in Section 3.3.

Four evaluation indices were used, namely the Pearson correlation
coefficient (CC), percent bias (PBIAS), root-mean-square error (RMSE),
and Kling-Gupta efficiency (KGE) (Gupta et al., 2009). The four evalu-
ation indices are calculated as follows:

E,{V:l (Pobs,i - Fnbx) (Psim,i - Fsim)

CC= = €8]
_ _ 2
\/271 (Pobs.i - Pabs) Zivzl (Psim.i - Psim)
Z{lzl (Pobs.i - Pxim.i)

PBAIS = =120 T5mi) o 100% 2
ZizlPob:.i 0 ( )
N 2
i Pu s Psimi

RMSE — 1| 2zt Posi = Pni)” 3)

N
KGE=1-\/(1=r) + (1-a} + (1—p) wherea = 2 g =% (@)
6,

where Pps i and Pgim, ; are observations and simulations on i-th month,
respectively. N is the total number of months in the evaluation period. up
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Fig. 4. Spatial patterns of the mean annual precipitation for the six products from 1984 to 2014 in the MRB.

and o) are the mean and standard deviation of the simulations, respec-
tively. po and o, are the mean and standard deviation of the observa-
tions, respectively. r is the correlation coefficient between observations
and simulations. The optimal values of the four evaluation indices,
namely CC, PBIAS, RMSE, and KGE, are 1, 0%, 0, and 1, respectively.
The negative value of PBIAS indicates the observations being over-
estimated by the simulations, and vice versa (Moriasi et al., 2007).

3.2. Hydrological model

A monthly conceptual hydrological model, the abed model, was used
to simulate runoff. The abcd model has been used in many basins
worldwide with various climatic conditions (Alley, 1984; Gupta et al.,
2009; Zhao et al., 2016; Bai et al., 2018; Tian et al., 2018). The struc-
tures and equations of the abcd model are listed in Fig. 3. The abcd
model has four parameters (a, b, ¢, d) and divides the storage layer into
two layers, namely soil moisture storage and groundwater storage. The
model defines two key state variables, namely Y, as evapotranspiration
opportunity and W; as available water (Thomas, 1981). W, is the sum of
precipitation during month t and soil water storage at the beginning of
month ¢, and Y; is the sum of actual evapotranspiration (AET) during
month t and soil water storage at the end of month t. Y;is postulated as a
nonlinear function of W; (E2 in Fig. 3). AET is calculated using a
nonlinear formula related to Y; (E5 in Fig. 3). R; and R, are calculated
using linear formulas related to water available for runoff and ground-
water storage, respectively (E6 and E8 in Fig. 3, respectively). Detailed
descriptions of the abed model can be found in Fernandez et al. (2000)
and Martinez and Gupta (2010).

3.3. Model calibration and validation

The classic split sample test scheme (Klemes, 1986) was used for
calibration and validation of the hydrological model. The available data
in the basin was spilled into two sub-periods, namely sub-period I and
sub-period II, which were used to calibrate and validate the hydrological
model, respectively. Here, two calibration cases were used to calibrate
the hydrological model. The first calibration case only used runoff ob-
servations to calibrate the hydrological model. The second calibration
case used both runoff and TWSC observations to calibrate the hydro-
logical model.

For the first calibration case, the hydrological model was calibrated
in sub-period I (1984-1995) and validated in sub-period II (1996-2008).
The maximize Nash-Sutcliffe efficiency (NSE, Nash and Sutcliffe, 1970)
between simulated and observed runoff was taken as the objective
function to calibrate the hydrological model. The NSE is calculated as
follows:

St (@i~ Qo)
2
Zl"’:l (Qabs.i - Qobs)

NSE =1-— 5)

where Qups and Qsim are the observed and simulated monthly runoff,
respectively; Q,,is the mean of the observed monthly runoff, n is the
total number of time steps. The global optimization algorithm, namely
the genetic algorithm (Boyle et al., 2000), was used to find the param-
eter sets of the abcd model. This algorithm is a robust and efficient
search algorithm that has been widely used to calibrate hydrological
models (Tolson and Shoemaker, 2007).

For the second calibration case, the hydrological model was
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Fig. 5. Spatial patterns of the annual precipitation trend from 1984 to 2014 for the six products in the MRB.

2000 |- slope = 5.96 slope =5.16
E
)
'5 1600
g
2
8
E1200}
slope = 3.86 slope = 2.85
1985 1990 1995 2000 2005 2010 2015
Year
(©)
300 20
) <
2 200 g
S =
£ g 10
E i APHRODITE
100 —— CRU
5 GPCC
—— CHIRPS
—— PERSIANN-CDR
. —<«— MSWEP
0 0
2 4 6 8 10 12
Month Month

Fig. 6. The temporal variability of the six precipitation products in the MRB: (a) time series of annual precipitation for each product from 1984 to 2014; (b) mean
monthly precipitation for each product; (c) contribution rate of mean monthly precipitation to mean annual precipitation for each product.

6



W. Tian et al. Atmospheric Research 255 (2021) 105539
12F 50
10} T
5l - . -
ol el B
0.6 | ~o0k
. 8 -
O 04F ) . i’é |
- z .
0.2 I B APHRODITE o
0.0 [ I CRU
’ GPCC o ] 1 L
-0.2 | I CHIRPS
[ PERSIANN-CDR
-0.4 | [ MSWEP
1.00 5
4k
0.95 r
| T == ’é‘ sl T
l | m o e
0.90 | L =
x T 2 == T
= 2l [ |
~ ||
0.85 |
1 L x IR
0.50 f i i ’ ) i 0 ) ; ; . ) ,
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whiskers do not exceed 1.5 times the box lengths. (a) KGE, Kling-Gupta efficiency; (b) PBIAS, Percent bias; (c) CC, Pearson correlation coefficient; (d) RMSE, Root-

mean-square error.

calibrated by runoff and TWSC observations. TWSC observations esti-
mated by GRACE began in 2002. Thus, the hydrological model was
calibrated in sub-period I (2002-2005) and validated in sub-period II
(2006-2008). The maximize NSE between simulated and observed
runoff and maximize NSE between simulated and observed TWSC were
taken as objective functions to calibrate the hydrological model simul-
taneously. The calibration case is a multi-objective optimization,
involving two conflicting objective functions to be optimized simulta-
neously (Gupta et al., 1999). The non-dominated sorting genetic algo-
rithm II was used to find the parameter sets of the abcd model (Srinivas
and Deb, 1994). This algorithm is commonly used in multi-objective
optimization (Deb et al., 2002; Werth et al., 2009).

4. Results
4.1. Inter-comparisons of the six precipitation products

Fig. 4 shows spatial patterns of mean annual precipitation of the six
products, namely APHRODITE, CRU, GPCC, CHIRPS, PERSIANN-CDR,
and MSWEP, in the MRB from 1984 to 2014. Generally, different
products have similar spatial distribution of precipitation, showing an
increasing trend from northwest to southeast. However, there are sig-
nificant differences in the values of mean annual precipitation among
the six precipitation products. Mean annual precipitations of the six
products are 1278 mm, 1492 mm, 1537 mm, 1608 mm, 1696 mm, and
1615 mm, respectively. Fig. 5 shows spatial patterns of annual precipi-
tation trends of the six products in the MRB from 1984 to 2014. The six
products have similar spatial distribution in the northwestern and cen-
tral regions, and different spatial distribution in the southeastern region.
The six products all show that annual precipitation has a downward

trend in the northwestern region and an upward trend in the central
region. APHRODITE, CRU, GPCC, and MSWEP show that annual pre-
cipitation has a downward trend in the southeastern region, while
CHIRPS and PERSIANN-CDR show that annual precipitation has an
upward trend in the southeastern region.

Fig. 6 shows the temporal variability of the six precipitation products
in the MRB from 1984 to 2014. For the time series of annual precipi-
tation, increasing trends of annual precipitation are found in five pre-
cipitation products, except MSWEP. The increasing trends of the five
precipitation products range from 2.85 mm/a to 5.96 mm/a, and the
decreasing trend of the MSWEP is —0.30 mmy/a. For all the six precipi-
tation products, the largest mean monthly precipitation occurs in
August, and the smallest mean monthly precipitation occurs in January.
For the contribution rate of mean monthly precipitation to mean annual
precipitation, the six precipitation products are generally consistent
with each other.

4.2. Results of the reference gauge method

The six precipitation products were evaluated using the reference
gauge method on a monthly scale. Precipitation observations of the 25
reference gauges were compared with precipitation estimations of cor-
responding grids for the precipitation products, and the values of eval-
uation indices were calculated in each gauge. First, the precipitation
products were evaluated in whole seasons (Fig. 7). The median values of
KGE between the observed and estimated precipitation for the six pre-
cipitation products, namely APHRODITE, CRU, GPCC, CHIRPS,
PERSIANN-CDR, and MSWEP, are 0.76, 0.72, 0.68, 0.75, 0.64 and 0.74,
respectively. The median values of PBIAS are 4.7%, —5.5%, —5.6%,
—13.1%, —18.6% and —13.6%, respectively. The median values of CC
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Fig. 8. Evaluation results of the reference gauge method for the six precipitation products at 25 reference stations from 1984 to 2014 during the wet season (from

May to October).

are 0.92, 0.91, 0.91, 0.91, 0.88 and 0.92, respectively. The median
values of RMSE are 1.89 mm, 2.22 mm, 2.32 mm, 2.20 mm, 2.73 mm,
and 1.99 mm, respectively. Generally, APHRODITE has the lowest PBAIS
median value, the lowest RMSE median value, and the largest KGE
median value among the six precipitation products. Second, the pre-
cipitation products were separately evaluated in wet and dry seasons
(Figs. 8 and 9, respectively). During the wet season, APHRODITE has the
largest KGE median value, the largest CC median value and the lowest
RMSE median value among the six precipitation products (Fig. 8). The
values of the three evaluation indices were 0.71, 0.82, and 3.62 mm,
respectively. GPCC has the lowest PBAIS median value, with a value of
—1.2%. During the dry season, APHRODITE has the largest KGE median
value, the largest CC median value and the lowest RMSE median value
among the six precipitation products (Fig. 9). The values of the three
evaluation indices were 0.74, 0.91, and 0.90 mm, respectively.
PERSIANN-CDR has the lowest PBAIS median value, with a value of
3.6%. Therefore, APHRODITE has the best consistency with station
observations at the 25 reference gauges among the six precipitation
products.

4.3. Results of the hydrological simulation method

The first calibration case only used runoff observations to calibrate
the abed hydrological model. Figs. 10 and 11 show the observed and
simulated runoff in the Mukdahan station during the calibration period
(1984-1995) and the validation period (1996-2008), respectively. First,
the runoff simulation was evaluated for the whole seasons (Figs. 10 and
11). The abcd model can well simulate runoff using any of the six pre-
cipitation products as inputs during the calibration and validation
period. The KGE values between the observed and simulated runoff for
the six precipitation products during the calibration period range from
0.82 to 0.89. The corresponding KGE values during the validation period

range from 0.77 to 0.80. The PBAIS values between the observed and
simulated runoff for the six precipitation products during the calibration
period range from —4.8% to —9.4%. The corresponding PBIAS values
during the validation period range from 1.2% to 5.3%. The CC values
between the observed and simulated runoff for the six precipitation
products during the calibration period range from 0.96 to 0.97. The
corresponding CC values during the validation period range from 0.95 to
0.96. The RMSE values between the observed and simulated runoff for
the six precipitation products during the calibration period range from
0.94 mm to 1.15 mm. The corresponding RMSE values during the vali-
dation period range from 1.34 mm to 1.47 mm. Second, the runoff
simulations were separately evaluated in wet and dry seasons (Table 2).
During the validation period, the KGE values between the observed and
simulated runoff for the six precipitation products during the wet season
range from 0.66 to 0.70. The corresponding KGE values during the dry
season range from 0.72 to 0.85. The PBIAS values between the observed
and simulated runoff for the six precipitation products during the wet
season range from 5.4% to 8.5%. The corresponding PBIAS values dur-
ing the dry season range from —6.7% to —10.6%. The CC values between
the observed and simulated runoff for the six precipitation products
during the wet season range from 0.91 to 0.94. The corresponding CC
values during the dry season range from 0.90 to 0.93. The RMSE values
between the observed and simulated runoff for the six precipitation
products during the wet season range from 2.61 mm to 2.98 mm. The
corresponding RMSE values during the dry season range from 0.50 mm
to 0.61 mm.

In conclusion, the values of the four evaluation indices show that
there are no significant differences among the accuracies of runoff
simulations using the six precipitation products as inputs. A possible
explanation is that accurate runoff simulations are obtained at the cost
of reducing the simulation accuracies of other hydrological variables,
such as AET and TWSC. The simulated AET, Q, and TWSC obtained by
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using the six precipitation products as the input. In each panel, precipitation values (right Y axis) are shown from top to bottom.

the abcd model using the six precipitation products as inputs are shown
in Fig. 12. With different precipitation products as inputs, the simulated
Q are similar to each other, while the simulated AET and TWSC are
significantly different. Thus, the reliabilities of precipitation products
cannot be evaluated using only runoff observations to calibrate the

hydrological model.

The second calibration case used both runoff and TWSC observations
to calibrate the hydrological model. The abcd model was calibrated by
both maximizing the NSE between the observed and simulated runoff
and the NSE between the observed and simulated TWSC. Table 3 shows



W. Tian et al.

Atmospheric Research 255 (2021) 105539

Runoff (mm)

Precipitation (mm)

- (c) GPCC

Precipitation (mm)

- (e) PEREllANN—CDR KGE =0.8

2006 2008
Simulated runoff

2004

2000 2002
I Observed runoff

1998

Precipitation (mm)

1996
Precipitation

1998 2000 2002

Fig. 11. The monthly observed (Q,s) and simulated (Qsin) runoff hydrographs at the Mukdahan hydrological station during the validation period (1996-2008) using
the six precipitation products as the input. In each panel, precipitation values (right Y axis) are shown from top to bottom.

Table 2

The values of the four evaluation indices for the runoff simulations by the abcd model using the six precipitation products as inputs during the wet and dry seasons.

Season Calibration period (1984-1995) Validation period (1996-2008)
KGE PBIAS (%) r RMSE (mm) KGE PBIAS (%) r RMSE (mm)

Wet APHRODITE 0.84 -1.9 0.95 1.78 0.70 5.4 0.94 2.61
Season CRU 0.80 -2.2 0.92 2.13 0.67 6.0 0.92 2.88
GPCC 0.80 -1.5 0.94 1.92 0.68 6.3 0.93 2.74
CHIRPS 0.81 -2.5 0.93 1.98 0.66 8.5 0.92 2.94
PERSIANN-CDR 0.82 -1.8 0.95 1.82 0.70 6.3 0.92 2.76
MSWEP 0.73 -2.8 0.92 2.23 0.66 7.3 0.91 2.98
Dry APHRODITE 0.83 -22.9 0.96 0.58 0.82 -10.3 0.91 0.54
Season CRU 0.82 -16.9 0.95 0.49 0.85 -9.0 0.92 0.53
GPCC 0.81 —18.6 0.97 0.48 0.82 -8.4 0.93 0.50
CHIRPS 0.84 -15.2 0.96 0.44 0.84 -6.7 0.92 0.50
PERSIANN-CDR 0.76 —23.6 0.97 0.58 0.81 -10.6 0.91 0.56
MSWEP 0.65 —31.8 0.95 0.77 0.72 -10.6 0.90 0.61

the values of the four evaluation indices between observed and simu-
lated runoff in the Mukdahan station during the calibration period
(2002-2005) and the validation period (2006-2008). There are signif-
icant differences among the accuracies of runoff simulations using the
six precipitation products as inputs. First, the runoff simulation was
evaluated for the whole seasons. For the calibration period, the largest
value of KGE, the smallest value of PBIAS, and the smallest value of
RMSE among the six precipitation products are found in APHRODITE,
GPCC, and APHRODITE, respectively. There are limited differences
(<0.01) among the values of CC among the six precipitation products.
For the validation period, the largest value of KGE, the smallest value of
PBIAS, and the smallest value of RMSE among the six precipitation
products are all found in APHRODITE. There are limited differences
(<0.02) among the values of CC among the six precipitation products.
Second, the runoff simulations were separately evaluated in wet and dry
seasons. For the wet season, the largest value of KGE, the smallest value
of PBIAS, and the smallest value of RMSE among the six precipitation
products during the validation period were found in APHRODITE,
APHRODITE, and CHIPRS, respectively. There are limited differences
(<0.03) among the values of CC among the six precipitation products.
For the dry season, the largest value of KGE, the smallest value of PBIAS,
and the smallest value of RMSE among the six precipitation products

10

during the validation period were all found in APHRODITE. There are
limited differences (<0.03) among the values of CC among the six pre-
cipitation products. In short, the hydrological model using APHRODITE
as input can obtain the most accurate runoff simulations among the six
precipitation products.

5. Discussion
5.1. Comparisons with other studies

In this study, the two evaluation methods both show that APHRO-
DITE has a better performance compared with the other five precipita-
tion products in the MRB. The result is consistent with previous studies.
Lutz et al. (2014) and Chen et al. (2017) both found that APHRODITE
had relatively high accuracy in the MRB. However, these studies only
used the reference gauge method to evaluate different precipitation
products. In this study, the six precipitation products were systemati-
cally evaluated using the reference gauge method and the hydrological
simulation method.

GPCC is typically used to correct satellite-based precipitation prod-
ucts globally. Compared with GPCC, APHRODITE is a precipitation
product only covering Asia and was developed using more rain stations
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Table 3
The values of the four evaluation indices for the runoff simulations by the abcd model using the six precipitation products as inputs.
Season Calibration period (2002-2005) Validation period (2006-2008)
KGE PBIAS(%) r RMSE(mm) KGE PBIAS(%) r RMSE(mm)
Whole APHRODITE 0.85 -5.5 0.94 2.96 0.81 3.5 0.94 2.97
CRU 0.61 8.8 0.95 3.94 0.58 12.7 0.93 4.13
GPCC 0.75 -1.4 0.95 3.10 0.69 3.5 0.95 3.30
CHIRPS 0.77 —-2.8 0.95 2.97 0.72 3.7 0.94 3.30
PERSIANN-CDR 0.78 -8.1 0.95 3.08 0.72 3.9 0.95 3.15
MSWEP 0.72 2.3 0.95 3.31 0.67 3.6 0.94 3.52
Wet APHRODITE 0.61 -1.5 0.93 5.83 0.65 -3.1 0.94 5.74
Season CRU 0.41 19.0 0.92 8.17 0.40 15.3 0.97 7.73
GPCC 0.51 9.0 0.95 6.46 0.54 3.4 0.95 5.98
CHIRPS 0.53 5.6 0.93 6.43 0.57 3.5 0.94 5.73
PERSIANN-CDR 0.55 8.0 0.94 6.22 0.57 -7.0 0.94 5.79
MSWEP 0.48 8.8 0.94 6.92 0.51 6.8 0.94 6.44
Dry APHRODITE 0.69 —-12.7 0.95 1.12 0.81 —15.0 0.91 1.48
Season CRU 0.57 -17.1 0.96 1.15 0.79 —19.0 0.93 1.48
GPCC 0.53 —22.2 0.95 1.33 0.76 -21.6 0.93 1.60
CHIRPS 0.51 —22.5 0.93 1.44 0.76 -21.1 0.93 1.54
PERSIANN-CDR 0.65 —15.2 0.94 1.05 0.67 —28.9 0.90 2.12
MSWEP 0.62 -21.9 0.92 1.33 0.78 -16.7 0.90 1.54
400 |- "] APHRODITE
5 Il Ggrcc
2 300
H ;
E 200 |
k-
A |
||I||I||I| | 1] il
1960 1970 1980 1990 2000 2010

Fig. 13. Maximum numbers of meteorological station used to develop the precipitation product for GPCC and APHRODITE in the MRB from 1951 to 2015.

in Asia from 1951 to 2015. Fig. 13 shows that the maximum numbers of 5.2. Uncertainty

meteorological stations used to develop the precipitation product in the

MRB are 388 and 107 for APHRODITE and GPCC, respectively. Thus, There are several uncertainties in the evaluation methods used in this

APHRODITE could be a more reliable precipitation product in the MRB. study. First, the reference gauge method has its uncertainties due to the
scale mismatch between the precipitation products and meteorological
station observations. It is difficult for a single station to represent a grid
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(0.25° x 0.25°) of precipitation, particularly in mountain regions. Sec-
ond, the 25 independent reference gauges used in this study are all
located in the upper Mekong River Basin (UMRB), because the obser-
vations of independent stations in the lower Mekong River Basin (LMRB)
cannot be obtained. This may lead to uncertainty in the results of the
reference gauge method. To evaluate the performance of precipitation
products throughout the MRB, this study also used the hydrological
simulation method in addition to the reference gauge method. For the
hydrological simulation method, the hydrological station, namely the
Mukdahan station, is located in the LMRB. The evaluation results of the
two methods are consistent. Thus, using independent gauges located in
the UMRB could not affect the conclusion of this study. Third, the hy-
drological simulation method also has its uncertainties, such as the
structure of the hydrological model. The abcd model does not simulate
the impact of human activities on hydrological processes (Cai et al.,
2015; Clark et al., 2016; Yang et al., 2017). In the MRB, the main im-
pacts of human activities on hydrological processes are reservoir con-
structions, such as Nuozadu and Xiaowan reservoir. These huge
reservoirs were built after 2009, while the runoff simulations were
conducted before 2009 in this study. Thus, the impacts of reservoir
constructions on hydrological simulations are limited.

6. Conclusions

The objective of the study is to evaluate the six long-term precipi-
tation products in the MRB. To fulfill this objective, the six precipitation
products were evaluated by the two methods, namely the reference
gauge method and the hydrological simulation method. The main con-
clusions are summarized as follows.

1. The six precipitation products have similar spatial patterns, while the
mean annual precipitation and annual precipitation trends demon-
strate significant differences. The mean annual precipitation of the
six products range from 1278 mm to 1696 mm, and the annual
precipitation trends of the six products range from —0.30 mm/a to
5.96 mm/a.

2. For the reference gauge method, APHRODITE has the best consis-
tency with the observations at the 25 reference gauges, with the
lowest median value of RMSE, and the largest median value of KGE
among the six precipitation products.

3. For the hydrological simulation method, the six precipitation prod-
ucts were used as inputs of the abed hydrological model. Runoff and
TWSC observations were used together to calibrate the hydrological
model. The hydrological simulation using APHRODITE as input ob-
tained the most accurate runoff simulation among the six precipita-
tion products.

4. APHRODITE shows the best performance among the six precipitation
products. Thus, this product is a reliable choice for the hydrological
and meteorological study in the MRB.
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