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Abstract: Correcting the bias of satellite precipitation products (SPPs) based on ground rainfall
observations is one effective approach to improve their performance. To date, there have been limited
efforts in correcting the bias of hourly SPPs with mixed results. In this study, ratio bias correction
(RBC) and probability density matching (PDF) are used to correct the bias of four hourly SPPs
(GSMaP_NRT, IMERG_E, IMERG_L, and IMERG) based on ground rainfall observations in a hilly
watershed, China. Furthermore, SWAT (Soil and Water Assessment Tool) models are developed
using ground rainfall observations, original SPPs, and bias-corrected SPPs to simulate the daily
streamflow at the Yuetan Hydrological Station so as to comprehensively compare the performance of
the two bias correction methods and evaluate the potentials of the four hourly SPPs in hydrological
modeling applications. Our study results show that both RBC and PDF could improve the accuracy
of hourly SPPs to various degrees, with PDF outperforming RBC considerably. After being corrected
by PDF, the CC values of the four SPPs all reached 0.65. In addition, the SWAT models utilizing
the PDF-corrected SPPs simulated the daily streamflow at the Yuetan Station better than those
utilizing the RBC-corrected SPPs. Specifically, PDF-corrected IMERG_F performed the best among
the four hourly SPPs, with a R? of 0.89, NSE of 0.89, and RB of —8.14%. After bias correction, hourly
satellite precipitation products can be well applied to hydrological modeling in the region.

Keywords: hourly satellite precipitation product; bias correction; SWAT; hydrological simulation
assessment

1. Introduction

As an essential part of the Earth’s hydrological cycle, precipitation serves as important
data for meteorological and hydrological research [1]. Meanwhile, as a critical input variable
for hydrological models, the accuracy of precipitation data directly affects the quality of
simulation results [2]. Traditional precipitation data primarily come from ground-based
measurements, which may have high accuracy but are susceptible to terrain influences
and uneven spatial and temporal distributions. With the advantages of wide coverage,
uniform spatial distribution, continuous temporal availability, and high temporal resolution,
satellite precipitation products (SPPs) have gradually become an important data source for
meteorological monitoring and hydrological simulations [3]. Tan et al. (2018) evaluated
the accuracy of three GPM precipitation products (IMERG_E, IMERG_L, and IMERG_F)
and then used them as precipitation inputs to SWAT (Soil and Water Assessment Tool,
which is developed under the collaboration of the U.S. Department of Agriculture and the
Texas A&M University, College Station, TX, USA) models to compare their streamflow
simulation performance in the Kelantan River Basin of Malaysia. They concluded that

Water 2024, 16, 49. https:/ /doi.org/10.3390/w16010049

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w16010049
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://doi.org/10.3390/w16010049
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w16010049?type=check_update&version=1

Water 2024, 16, 49

20f 18

all three SPPs could effectively capture precipitation variability in the region and yield a
satisfactory performance in daily streamflow simulation. Furthermore, the SWAT model
based on IMERG_F performed the best in simulating daily peak flows in the region [4].

However, as an indirect precipitation monitoring method, satellite precipitation esti-
mation is subject to both systematic and random errors. Many studies have been conducted
to evaluate the SPPs around the world, which have found significant differences in the
accuracy of SPPs at different temporal scales across the regions [5-10]. The accuracy of
SPPs could be affected by a variety of factors, such as the precipitation type, season, geo-
graphical location, land cover, and topography [11-14]. Furthermore, SPPs are generally
capable of providing better daily or monthly precipitation estimates, whereas their hourly
precipitation estimates are much less satisfactory [15-19]. For example, Xu et al. (2019)
found an extremely weak correlation between the IMERG 05B and rain gauge measure-
ment in mainland China with a coefficient of determination (R?) of less than 0.12 [17].
Yuan et al. (2019) compared the performance of five hourly SPPs in the Chindwin water-
shed of Myanmar and found that even the best hourly IMERG_F could merely yield a CC of
0.33 [19]. Hourly rainfall data are valuable for a variety of hydrological applications, such
as flash flooding forecast and prevention in fast-responding catchments [20,21]. Previous
studies have also demonstrated that the hydrological modeling performance could be
improved by using sub-daily rainfall inputs [22,23]. Evidently, developing effective bias
correction methods to improve their accuracy is indispensable to employing the hourly
SPPs in hydrological applications.

Extensive research has been conducted on the bias correction of SPPs, and a variety
of bias correction methods have been proposed, such as ratio bias correction [24], dual-
core smoothing correction [25], cokriging method [26], probability matching method [27],
Bayesian correction method [28], optimal interpolation—probability matching method [29],
and integrated fusion through inverse error variance weighting [30]. To date, previous
studies have been mostly limited to correcting the bias of SPPs at the daily scale, whereas
few have been conducted at the hourly scale despite the generally poorer performance of
hourly SPPs. The existing studies on the bias correction of hourly SPPs have also high-
lighted the difficulty involved in and the urgent need for more research in the field [31]. For
example, Mastrantonas et al. (2019) [32] corrected the bias of CMOPRH_RT, GSMaP_NRT,
IMERG_E, IMERG_L, and PERSIANN_CCS in the Ghost Rage Basin region of Japan at
the temporal scales ranging from hourly to daily and monthly. They found that their bias
correction methods improved the accuracy of all SPPs at the monthly and daily scales, but
they were barely effective at the hourly scale.

In addition to using various statistical metrics, hydrological modeling has been in-
creasingly utilized to compare the accuracy of SPPs and assess the performance of various
bias correction methods [33-35]. In the Kashgar catchment in Xinjiang, China, Wang et al.
(2020) [36] utilized daily SPPs, such as GSMaP, CHIRPS (Climate Hazards Group InfraRed
Preconception with Station Data), 3B42, and SM2RAIN (Rainfall Estimation from Soil
Moisture Observations), as rainfall inputs to establish hydrological SWAT (Soil and Water
Assessment Tool) models. Their results showed that the SWAT model based on GSMaP
performed the best in simulating the daily runoff. In another study, Mo et al. (2020) [37]
used the GDA method to correct the bias of daily IMERG, and they found that the SWAT
model based on the biased-corrected IMERG could simulate long-term runoff satisfactorily
in the karst Xiajiahe catchment of China. To date, the hydrological assessment of SPPs has
been largely confined to daily products, with few studies having been carried out on the
hourly SPPs.

Located in Huangshan City, Eastern China, the Shuaishui watershed is the source of the
Qiantang River. Recognized as one of the key ecological functional areas for biodiversity
conservation and water conservation in China, the Shuaishui watershed serves as an
important ecological barrier and strategic water source reserve for the downstream Yangtze
River Delta region. Due to its complex mountainous terrain and large elevation drop, the
distribution of rainfall stations is highly uneven in the region. With the advantages of
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continuous spatiotemporal coverage and easy accessibility, SPPs are of great application
value in the Shuaishui watershed. This study aims to correct the bias of various hourly
SPPs with two candidate methods, namely, ratio bias correction (RBC) and Probability
Density Function Matching (PDF), based on ground rainfall observations in the hilly
Shuaishui watershed. The bias correction performance of the two methods was assessed
by comparing the hydrological simulation performance of the SWAT models, which were
respectively established utilizing ground observations and bias-corrected SPPs as the hourly
rainfall inputs.

2. Materials and Methods
2.1. Study Area

The Shuaishui watershed is located in the southern part of Anhui Province, Eastern
China. With a total length of 159 km, the Shuaishui River originates from the Hutou
Mountains and flows through three townships of Xiuning County in Huangshan City,
namely, Liukou, Shangxikou, and Hongli, as well as two townships (Jianzhong and Liyang)
in the Tunxi District. It eventually merges with the Hengjiang River at the Tunxi Bridge
before flowing into the Xin’an River. Spanning coordinates from 117°39’ E to 119°26’ E and
29°24' N to 31°10’ N, the Shuaishui watershed covers a total area of 1522 km? (Figure 1).
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Figure 1. The Shuaishui watershed and the locations of ground rainfall stations.

The watershed receives abundant precipitation but with significant seasonal variations.
In the rainy summer, the Shuaishui River is prone to rapid rises and falls during rainstorms,
frequently leading to serious flood disasters [38]. For example, a severe flood occurred in
June 2016 in the Shuaishui watershed, causing an economic loss of RMB 168 million [39].

2.2. Data Sources
2.2.1. Satellite Precipitation Products

Four satellite precipitation products (SPPs) from 1 January 2010 to 31 December 2017
were used in this study, including three versions of IMERG (Integrated Multi-Satellite
Retrievals for Global Precipitation Measurement) (IMERG_E, IMERG_L, and IMERG_F)
and the near-real-time product data (GSMaP_NRT) from the Global Satellite Mapping of
Precipitation (GSMaP). All four SPPs have a spatial resolution of 0.1° x 0.1°. GSMaP_NRT
has a temporal resolution of 1 h, while IMERG has a higher temporal resolution of 30 min,
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which was aggregated to 1 hour for subsequent hourly comparisons [40]. All SPPs were
preprocessed to align them with the ground measurements. For example, the Coordinated
Universal Times (UTCs) of the SPPs were converted to Beijing Time (UTC + 8 h) [41].

2.2.2. Meteorological and Hydrological Data

The daily meteorological data from 2010 to 2017 were obtained from the Tunxi Mete-
orological Station in Huangshan City, including solar radiation, wind speed, maximum
and minimum temperature, and relative humidity. In addition, hourly rainfall at ten
rain stations and daily streamflow at one hydrological station (Yuetan Station) during the
same period were obtained from the Hydrological Yearbook of the People’s Republic of
China (Table 1).

Table 1. List of rainfall stations in the Shuaishui watershed.

NO. Name of Station Latitude Longitude Height (m)
1 Chakou 29.625° 118.292° 164
2 Dafu 29.575° 118.292° 339
3 Yuetan 29.658° 118.158° 205
4 Yangtai 29.575° 118.092° 788
5 Panlu 29.625° 118.025° 234
6 Chigiao 29.792° 117.908° 287
7 Shanhou 29.675° 117.875° 351
8 Dalian 29.592° 117.858° 499
9 Chengcun 29.725° 117.808° 258
10 Didian 29.658° 117.742° 545

2.2.3. Watershed Characteristics Data

The watershed characteristics data of the Shuaishui watershed mainly included digital
elevation model (DEM), land use and land cover, soil type, and soil properties. Table 2
presents the details of the data and their sources.

Table 2. Watershed characteristics data of the Shuaishui watershed.

Data

Specification Source

Digital elevation model (DEM) 30 m Geospatial data cloud

Land use and land cover

Soil type and soil properties

Landsat satellite image interpretation, the second national land
survey, statistical yearbook of Xiuning County
Harmonized World Soil Database
(HWSD), Soil Survey of Anhui Province

1:100,000

1:1,000,000

2.3. Assessment of Hourly Satellite Precipitation Products

Four metrics were calculated to assess the performance of the hourly SPPs in the
Shuaishui watershed, namely, the correlation coefficient (CC), relative bias (RB), root mean
square error (RMSE), and mean absolute difference (MAD). Among them, CC was used
to measure the temporal correlation between satellite precipitation estimates and ground
rainfall observations. Its value ranged from —1 to 1, with an absolute value closer to
1 indicating a higher correlation. RB was used to measure the overall deviation of the
satellite precipitation estimates from ground observations. An RB value near 0 indicated
the 2 series were close; a positive RB indicates that SPPs overestimate ground precipitation,
whereas a negative RB indicated an underestimation. The RMSE measured the average
error between the satellite-derived precipitation estimates and ground-based observations,
while MAD measured the difference between mean satellite precipitation estimates and
mean ground observations. The closer the values of the RMSE and MAD were to 0, the
higher the accuracy of the SPPs.

In addition, the Probability of Detection (POD), False Alarm Rate (FAR), and Critical
Success Index (CSI) were computed to assess the hourly SPPs’ capacity to detect rainfall
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at 5 levels of rainfall intensities, namely, 0.1, 1, 5, 10, and 15 mm /h. The POD, which was
calculated as the ratio of the number of correctly identified events by the SPPs to the total
number of events, represented the percentage of rainfall events that the SPPs could correctly
detect. A POD value closer to 1 indicated a higher hit rate for the SPPs. By dividing the
number of improperly identified events with the total number of events, FAR showed
the percentage of rainfall events that the SPPs incorrectly detected. An FAR value closer
to 0 indicated fewer cases of incorrect detections by the SPPs. The CSI comprehensively
reflected the degree of failed as well as false detections of rainfall events by the SPPs. The
closer the CSI value was to 1, the stronger the overall rainfall detection capability of the
SPPs [18].

2.4. Bias Correction of Hourly Satellite Participation Products
2.4.1. Ratio Bias Correction Method

The ratio bias correction (RBC) method has been widely used for correcting the bias
of SPPs due to its simple calculation process. This method assumes that there is a similar
bias between satellite precipitation estimates and ground rainfall observations across a
space, and thereby corrects the satellite precipitation estimates by spatially extrapolating
the bias calculated at individual ground locations. Based on its way of moving the temporal
window, RBC can be classified into four types: BW (Backward Window), CW (Central
Window), FW (Forward Window), and SW (Sequential Window) [42]. The first three types
belong to the category of the sliding window, while the fourth type belongs to the category
of the sequential window.

The multiplication bias ratio correction method [43] was used to correct the four hourly
SPPs in the Shuaishui watershed, whose bias correction factors (BFs) were calculated with
the following equations:

T Pg(it)

BF = ZiEhom o 1 7 1)
l Zi;Ztrmn Py (i, t)
t=h+i .
g s (VL) )
LY p ()
=1 .
BE! — Yioh i Pg(it) 3)
i —h ,
Zizzti Ps(lr t)
i—1
p— 4
m > (4)

where Pg(i, t) and Ps(i, t), respectively, represent the hourly precipitation level at time ¢
at the i-th rainfall station and the corresponding satellite precipitation estimate; ! is the
length of the temporal window; and m represents the number of hours considered before or
after time f in the temporal window. Equation (1) is applicable to both CW and SW, while
Equations (2) and (3) are, respectively, applicable to FW and BW.

The main steps of the RBC are as follows: (1) set the temporal window and calculate
the ratio (BF) between the accumulated amount of ground rainfall and satellite precipitation
estimates within the temporal window at each rainfall station; (2) spatially interpolate the
BF values with the Inverse Distance Weighted (IDW) method; (3) multiply the original
satellite precipitation estimates with the corresponding BF to obtain the corrected value;
and (4) move the temporal window and repeat steps (1)-(3) until the end of the study
period (2010-2017). An RBC with temporal windows differing in types (BW, CW, FW, and
SW) and sizes (ranging from 3 to 25 h with a 2 h increment) was performed to correct the
bias of the hourly SPPs in the Shuaishui watershed, whose bias correction performances
were then compared to determine the optimal window.
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2.4.2. Probability Density Function Matching Method

The Probability Density Function Matching (PDF) method has frequently been used
for the bias correction of SPPs. It mainly eliminates the systematic bias in a satellite
precipitation estimate by matching its cumulative distribution function (CDF) with that of
ground rainfall observations within the defined temporal window.

The main steps of the PDF bias correction are as follows: (1) set the temporal window
to be 30 days, or 720 h, preceding the current time to ensure that there is a sufficient amount
of precipitation data to derive a stable CDEF; (2) derive the CDFs of both ground rainfall
and corresponding satellite precipitation estimates at each rainfall station, which are used
to adjust the satellite precipitation estimates; (3) calculate the difference between original
and adjusted satellite precipitation estimates at each station (AP = Psi — Psci); (4) spatially
interpolate AP using the IDW method, and add the interpolated AP to the original satellite
precipitation estimates to generate the PDF-corrected amount; and (5) repeat steps (2)—(4)
for each temporal window till the end of the study period.

2.5. Bias Correction Performance Evaluation
2.5.1. Cross-Validation

Cross-validation (CV) was performed to assess the effectiveness of the two bias cor-
rection methods (RBC and PDF) in correcting the systematic errors of SPPs. During the
cross-validation, bias at each rainfall station was assumed to be unknown and estimated
based on the bias values of the nine closest stations. The error between the estimated
bias and the actual bias at the location was then used to calculate both continuous and
categorical evaluation metrics.

2.5.2. Hydrological Simulation Evaluation

Hydrological assessments of the SPPs were carried out in two ways. One method was
to utilize different SPPs as inputs to the same hydrological model, which was established
using ground rainfall records, for making comparisons. The other method was to establish
separate hydrological models based on the ground rainfall records and various SPPs, and
then compare the simulation performance of these models. Due to the uneven spatial
distribution of the ground rainfall stations, the hydrological model based on the ground
rainfall records could not completely capture the benefits of SPPs’ continuous spatial
coverage. Therefore, the second approach was adopted in this study to generate the
most reliable hydrological model and minimize the effects of rainfall datasets on model
calibration [33].

The SWAT model was used to simulate the hydrological cycle of a watershed, including
precipitation, evapotranspiration, infiltration, surface runoff, interflow and groundwater
flow. Based on inputs, such as precipitation, temperature, solar radiation, wind speed, soil
and land use within each sub-basin of the catchment, the model calculated the hydrological
processes, such as runoff, overland flow, and channel flow, based on the water balance [44].
Due to its fast computation speed and good simulation performance, the SWAT model
has been widely used in hydrological studies around the world [45]. In this study, the
Shuaishui watershed was divided into 40 sub-basins and 205 hydrologic response units
(HRUs) with homogeneous land use types, soil types, and slope ranges. Ground rainfall
observations, original SPPs, and bias-corrected SPPs were used as rainfall inputs to the
SWAT models, which were separately calibrated and validated. The period from 2010 to
2013 was set as the calibration period, while the period from 2014 to 2017 was set as the
validation period.

Three evaluation metrics, namely, the coefficient of determination (RZ), Nash efficiency
coefficient (NSE), and relative bias (RB), were used to assess the hydrological simulation
performances of the SWAT models utilizing various precipitation inputs [46]. Among
these, R? reflected the degree of collinearity between simulated and observed values; NSE
reflected the degree of agreement between simulated and observed values; and RB reflected
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the degree of systematic deviation in the simulated values [47]. The formulas for calculating
these three metrics are as follows [48]:

[Z?:l (Qobs,t - %) (Qsim,t - Qsim ] ’

R2 - T . T (5)
Zt:l (Qohs,t - Qobs)zztzl (Qobs,t - Qsim,t)z
T _ . 2
NSE =1 — Zt?1 (Qobs,t %t) (6)
thl (Qobs,t - Qobs)z
T .
RB = Zt:l(Qobs,t - Qszm,t) % 100% (7)

T
Zt:l Qobs,t

where Qs represents the observed streamflow on the t-th day, Qg ; represents the simu-
lated streamflow on the t-th day, Qs represents the mean observed streamflow, Qy;,, repre-
sents the mean simulated streamflow, and T represents the length of the streamflow series.

The range of R? is from 0 to 1, with a value closer to 1 indicating a better model
simulation performance. Generally, an R? value of >0.5 indicates an acceptable simulation
performance. The range of NSE is from —oo to 1, with a value closer to 1 indicating a better
simulation performance. Typically, the simulation performance is considered very good
when NSE > 0.75, while it is unsatisfactory when NSE < 0.50. A smaller absolute RB value
indicates a higher degree of agreement between the simulated and observed values, and
therefore better simulation results.

3. Results and Discussion
3.1. Window Selection in the Ratio Bias Correction

Four temporal windows (BW, CW, FW, and SW), ranging from 3 to 25 h, were used
to correct the biases of the four hourly SPPs in the Shuaishui watershed. Figures 2 and 3,
respectively, compare the changes in the continuous and categorical evaluation metrics of
the hourly SPPs after being corrected with the RBC using different temporal windows. As
seen in Figure 2, the correlation coefficient (CC) values of all bias-corrected hourly SPPs
tend to decrease with an increasing temporal window size before they gradually stabilize.
Throughout the entire range of window sizes, the CC values of the SPPs corrected using
CW consistently remain the highest, while those corrected using BW remain the lowest.
Furthermore, the performances of the CW, FW, and SW are mostly similar.

Unlike the CC, the root mean square error (RMSE) and mean absolute difference
(MAD) of all bias-corrected SPPs tend to increase with the increasing window size before
they eventually stabilize. Throughout the entire range of window sizes, the RMSE and MAD
values of the bias-corrected SPPs using CW consistently remain the lowest. Meanwhile, FW
performs the worst in terms of the RMSEs of GSMaP_NRT and IMERG_F, and the MADs of
GSMaP_NRT, IMERG_L, and IMERG_F; BW performs the worst in terms of the RMSEs of
IMERG_E and IMERG_L, and the MAD of IMERG_E. With regard to RB, FW performs the
best in correcting GSMaP_NRT, while BW performs the worst. In addition, SW performs
the best in correcting three IMERG products, while FW performs the worst (Figure 2).

As shown in Figure 3, the POD values of the four bias-corrected hourly SPPs all tend
to increase with the window size when it falls between 3 and 7 h. However, the POD shows
a slight fluctuation with further increase in the window size. Overall, CW performs the best
while BW performs the worst in terms of the POD. Across the entire range of window sizes,
the FAR values of all bias-corrected SPPs tend to increase with the window size. Four types
of windows did not show much of a difference in terms of the FAR, with CW performing
slightly better and FW slightly worse. Unlike the FAR, the CSIs of all bias-corrected SPPs
tend to decrease with the window size, with CW performing better and BW performing
worse (Figure 3).
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After comparing the performances of the four types of windows in correcting all
four hourly SPPs, the CW with a window size of 3 h was determined to be the optimal
window for the RBC. The RBC correction results based on this window were used for a
comparison with those of the PDF method.

3.2. Comparison of Performance in Correcting the Bias of Hourly Satellite Precipitation Products
3.2.1. Continuous Evaluation Metrics

Table 3 compares the continuous evaluation metrics of the hourly SPPs in the Shuaishui
watershed before and after bias corrections. To date, there have been limited studies
employing RBC and PDF for correcting the bias of hourly SPPs. Mastrantonas et al. (2019)
found that their NRMSE values increased instead after they used the two methods to
correct the bias of five hourly SPPs, including CMORPH, GSMaP, IMERG_E, IMERG_L,
and PERSIANN [32]. Zhou et al. (2021) found that the RBC could barely improve the
performance of hourly GSMaP-NRT and IMERG_E, while sometimes even causing an
increase in the RMSE and MAE [49]. Unlike both studies, both RBC and PDF were able
to improve the four SPPs to various degrees, as shown by a noticeable increase in the
CC as well as reductions in both the RMSE and MAD. Furthermore, the PDF consistently
performed better than the RBC in correcting the bias of all four hourly SPPs.

Table 3. Comparison of the continuous evaluation metrics of the hourly satellite precipitation
products before and after bias corrections in the Shuaishui watershed.

Evaluation Metric Method GSMaP_NRT IMERG_E IMERG_L IMERG_F
Before bias 0.25 0.47 0.51 0.51
cC correction
RBC 0.50 0.59 0.60 0.61
PDF 0.66 0.65 0.66 0.68
Eifrﬁitll’c‘;s 1.74 1.57 1.51 1.56
RMSE (mm) RBC 1.49 1.52 1.47 1.46
PDF 1.27 1.24 1.24 1.23
Before bias 3298 ~22.18 ~25.06 ~10.31
RB (%) correction
RBC 48.57 14.98 14.49 12.14
PDF 36.89 13.77 17.91 2.29
]if)fr(r’zectll’(‘f 0.38 033 0.31 033
MAD (mm) RBC 0.30 0.28 0.27 0.27
PDF 0.26 0.25 0.24 0.25

3.2.2. Categorical Evaluation Metrics

Figure 4 compares the changes in the three categorical evaluation metrics of the hourly
SPPs before and after the bias corrections at ten rainfall stations in the Shuaishui watershed.
The PDF could significantly improve the PODs of SPPs at all stations, while the RBC could
barely improve the POD. Unlike the POD, both methods could improve the FARs of the
four SPPs to varying degrees at all stations, with the RBC performing better than the PDF.
Furthermore, both methods could improve the CSIs of the three IMERG products, with
PDF performing better than RBC. For GSMaP_NRT, however, only PDF could improve
its CSI.

Figure 5 compares the efficacy of the four SPPs in detecting different hourly precipita-
tion intensities before and after bias corrections. The POD of the SPPs decreases gradually
with the increase in the hourly precipitation intensity, both before and after bias corrections.
When the precipitation intensity is below 1 mm/h, the RBC does not improve the POD of
the SPPs. However, when the intensity of precipitation exceeds 5 mm/h, the PODs of the
four RBC-corrected products are higher than those of the PDF-corrected ones.
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As for the FAR, both bias correction methods initially resulted in a slight decrease
in the FAR. With the further increase in hourly precipitation intensity, however, the FAR
gradually increased. In general, the FARs of the three IMERG products were similar after
RBC and PDF corrections. When the precipitation intensity was above 5 mm/h, the FARs
of the four PDF-corrected products was better than those of the RBC-corrected products.

The CSIs of all bias-corrected SPPs increased slightly with increasing hourly precip-
itation intensities when they were less than 1 mm/h. Then, however, the CSIs of the
bias-corrected SPPs gradually decreased with the increase in the precipitation intensity. For
the three IMERG products, the PDF performed better than the RBC when the precipitation
intensity was less than 1 mm/h, but showed the opposite when the precipitation intensity
was above 5 mm/h. For GSMaP_NRT, PDF performed slightly better when the precipita-
tion intensity was less than 5 mm/h, while RBC performed better when the precipitation
intensity was above 10 mm/h.

PDF

R
RBC 0.58 0.43
0.51 0.39
4 o
GENIEE, NRT. 032 027
0.25 0.23
G
($
PDF
RBC 0.49
0.47
0>
IMERG_E 035
037
PDF
RBC 0.50
0.48
0.46
o
IMERG L 039
PDF
RBC 0.49
0.47
i
IMERG F 040
038

O RO

SN
QIR S S-S
Qv‘bak‘bﬁ

Figure 4. Comparison of the categorical metrics of the hourly satellite precipitation products before
and after bias corrections in the Shuaishui watershed.
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Figure 5. Changes in the categorical metrics of the hourly satellite precipitation products with
precipitation intensity before and after bias corrections.
3.3. Hydrological Simulation Evaluation of the Hourly Satellite Precipitation Products
3.3.1. Hydrological Parameter Calibration of the SWAT Models
SWAT-CUP 2019 is a software specifically designed for calibrating the parameters
of SWAT models. Integrating model calibration, uncertainty analysis, and parameter
sensitivity analysis, SWAT-CUP has advantages, such as a high computational efficiency
and visualization of calibration results [50].
Ground rainfall observations, four original SPPs (GSMaP_NRT, IMERG_E, IMERG_L,
and IMERG_F), and eight bias-corrected SPPs were separately used as the rainfall inputs to
SWAT. The hydrological parameters of these SWAT models were calibrated and validated
separately, whose calibration and validation periods all spanned from 2010 to 2013 and from
2014 to 2017, respectively. In each SWAT model, fifteen SWAT hydrological parameters were
calibrated using the SUFI-2 algorithm of SWAT-CUP [51]. Table 4 shows the hydrological
parameter calibration results of the SWAT models.
Table 4. Results of SWAT hydrological parameter calibration.
ALPHA. GW_  GW_ SOL_ SOL_ CH. CH_ CH. CH_
Parameters SURLAG " po REVAP DELAY GWQMN REVAPMN CANMX EPCO “p~ e ESCO om (" Wi Ni
Raimfall =7 97 055 016 1992 19440 19540 3725 060 147 023 056 1692 018 600 2319
GSMaP_NRT  19.15 0.80 0.08 175 200.00 246.60 3755 061 235 011 057 1228 020 7608 2067
IMERG_E  23.89 0.53 0.12 3.53 56.80 257.80 2055 088 153 018 090 3204 015 6104 1426
IMERG_L  19.15 0.80 0.08 175 200.00 246.60 3755 061 166 011 057 1228 020 7608 20.67
IMERG_F 2025 0.87 0.19 5.92 133.60 125.40 3825 088 168 013 076 2204 017 2680 20.19
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Table 4. Cont.
Parameters SURLAG ~ApHA- GWL - CW. © Gwomn RevaPMN canmx Erco M- SO%- msco G- UF G- S
GS(II\{/I};’E)—NRT 1156 0.82 003 5419 42720 237.80 1155 052 179 019 089 1404 017 6184 2691
IN([IEE%E 15.84 0.63 0.08 413 374.40 112.60 2315 072 172 011 062 2628 014 1144 2505
IN([IEES)—L 2025 0.87 0.19 59 133.60 125.40 3825 088 237 013 076 2204 017 2680 2019
IN([IEES)*F 2025 0.87 0.19 5.92 133.60 125.40 3825 088 168 013 076 2204 017 2680 2019
GSEII\,ASE)—NRT 23.89 0.53 0.12 3.53 56.80 257.80 2055 088 216 018 090 3204 015 6104 1426
IN;E]I;%—E 20.25 0.87 0.19 5.92 133.60 125.40 3825 088 237 013 076 2204 017 2680 2019
IN([EE%L 23.89 053 012 353 56.80 257.80 2055 088 153 018 090 3204 015 6104 1426
IN([I];:]I;%—F 2025 0.87 0.19 59 133.60 125.40 3825 088 168 013 076 2204 017 2680 2019

3.3.2. Comparison of the Hydrological Simulation Results Based on the
Hourly Precipitation

Table 5 compares the hydrological simulation performances of different SWAT models
at the Yuetan Hydrological Station during both calibration and validation stages. The
SWAT model driven by the hourly precipitation data from ground rain stations shows a
very good performance in simulating the daily streamflow during both calibration and
validation stages, with NSEs of 0.91 and 0.91, R? values of 0.92 and 0.91, and RBs of —9.36%
and —7.79%, respectively. Among the four SWAT models driven by the original hourly
SPPs, the model based on IMERG_F performed the best, with NSEs of 0.77 and 0.75, R?
values of 0.78 and 0.78, and RBs of —23.88% and —21.94% during calibration and validation,
respectively. Meanwhile, the model based on GSMaP_NRT performed the worst, with
NSEs of 0.30 and 0.26, R2 values of 0.34 and 0.34, and RBs of —18.20% and —17.53% during
calibration and validation, respectively.

Table 5. Comparison of the simulation performance among the SWAT models with different rainfall
inputs in the Shuaishui watershed.

Precipitation Data Calibration Period (2010-2013) Validation Period (2014-2017)
R? NSE RB (%) R? NSE RB (%)
Rainfall station 0.92 0.91 —9.36 091 0.91 —7.79
Original 0.34 0.30 —18.20 0.34 0.26 —17.53
GSMaP_NRT RBC 0.56 0.55 —16.06 0.40 0.52 —14.75
PDF 0.77 0.70 —13.00 0.55 0.69 —12.76
Original 0.74 0.73 —23.66 0.66 0.71 —21.73
IMERG_E RBC 0.84 0.82 —17.37 0.86 0.80 —15.96
PDF 0.86 0.84 —18.83 0.85 0.83 —16.49
Original 0.75 0.74 —18.44 0.70 0.73 —16.94
IMERG_L RBC 0.81 0.79 —16.37 0.70 0.78 —15.04
PDF 0.84 0.83 —12.81 0.83 0.82 —10.96
Original 0.78 0.77 —23.88 0.78 0.75 —21.94
IMERG_F RBC 0.81 0.80 —22.93 0.73 0.79 —21.07
PDF 0.84 0.82 —18.56 0.86 0.81 —17.05

In comparison to those based on the original hourly SPPs, the hydrological simulation
performance of the SWAT models based on the bias-corrected SPPs improved considerably
with a large increase in both R? and NSE and a decrease in absolute RB values. For example,
the NSE and R? of the SWAT model based on the PDF-corrected GSMaP_NRT increased
considerably to 0.70 and 0.77 during calibration, and 0.69 and 0.55 during validation,
respectively. Except for IMERG_E, the SWAT models utilizing the PDF-corrected SPPs
were superior to the corresponding models utilizing the RBC-corrected SPPs. Among the
four SPPs corrected with PDF, the SWAT model based on the PDF-corrected IMERG_F
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performed the best with an NSE and R? of 0.82 and 0.84 during calibration, and 0.81 and
0.86 during validation, respectively.

Figures 6 and 7, respectively, compare the simulated daily streamflow at the Yuetan
station among the SWAT models during the calibration and validation periods, which
are respectively driven by ground rainfall observations, original SPPs, and PDF-corrected
SPPs. As seen from the figures, SWAT models based on different hourly precipitation
inputs are all able to capture the general trend of the observed daily streamflow. Regardless
of being corrected by the PDF or not, the simulated streamflow by the SWAT models
driven by the hourly SPPs could closely match the observed streamflow during the dry
season (November to the following March). During the wet season (April to October),
however, there is much discrepancy in the simulated levels of streamflow by different
SWAT models. Specifically, on the days with a high daily streamflow, the SWAT models
driven by PDF-corrected SPPs tend to simulate the streamflow better than those driven by
original SPPs. During the calibration period, for example, the observed daily streamflow
on 14 July 2011 was 259.00 m?/s; the simulated streamflow by the SWAT model utilizing
ground rainfall was 254.40 m®/s, compared to the excessive amount of 1129.00 m3/s given
by the SWAT model utilizing GSMaP_NRT and 211.90 m3/s by the model utilizing the
PDF-corrected GSMaP_NRT (Figure 6a). On 11 August 2013, the observed streamflow was
968.00 m3/s, while the simulated streamflow values by the SWAT model using ground
rainfall, IMERG_E, and PDF-corrected IMERG_E were 1199.00 m?/s, 373.40 m®/s, and
890.70 m3/s, respectively (Figure 6b). On 11 July 2011, the observed streamflow was
379.00 m3 /s, while the simulated streamflow values by the SWAT model using ground rain-
fall observations, IMERG_L, and PDF-corrected IMERG_L were 376.10 m® /s, 635.40 m3/s,
and 402.90 m> /s, respectively (Figure 6¢c). On 25 April 2013, the observed streamflow was
979.00 m3 /s, while the simulated streamflow values by the SWAT model using ground rain-
fall observation, IMERG_F, and PDF-corrected IMERG_F were 1004.00 m3/s, 561.20 m3/s,
and 765.80 m> /s, respectively (Figure 6d).

Similarly, during the validation period, the observed daily streamflow on 4 July 2017
was 419.00 m3/s; the simulated streamflow by the SWAT model utilizing ground rainfall
was 380.80 m3/s, compared to 925.40 m?/s by the SWAT model utilizing GSMaP_NRT
and 367.20 m>/s by the model utilizing the PDF-corrected GSMaP_NRT (Figure 7a). On
7 June 2016, the observed streamflow was 649.00 m3 /s, while the simulated streamflow
values by the SWAT model using ground rainfall, IMERG_E, and PDF-corrected IMERG_E
were 591.10 m3/s, 1073.00 m3/s, and 818.20 m3/s, respectively (Figure 7b). On 20 June
2017, the observed streamflow is 1460.00 m3 /s, while the simulated streamflow values
by the SWAT model using ground rainfall observations, IMERG_L, and PDF-corrected
IMERG_L were 1182.00 m3/s, 2038.00 m3/s, and 1453.00 m3/s, respectively (Figure 7c). On
21 April 2017, the observed streamflow was 733.00 m3/s, while the simulated streamflow
values by the SWAT model using ground rainfall observation, IMERG_F, and PDF-corrected
IMERG_F were 458.40 m3/s, 313.50 m3/s, and 654.70 m3/s, respectively (Figure 7d). It is
evident that the hydrological simulation performance of SWAT is significantly improved
after the original hourly SPPs are replaced with the PDF-corrected counterparts. The
simulated streamflow by the SWAT models utilizing the bias-corrected hourly SPPs could
closely match the observed streamflow, and in some cases, was even better than that
simulated by the SWAT model based on ground rainfall observations. Therefore, the
product could be applied for streamflow simulations and predictions in areas with sparse
ground rainfall stations.
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Figure 6. Comparison between observed and simulated daily streamflows at the Yuetan Hydrological
Station during the calibration period by the SWAT models using ground rainfall observations, original
satellite precipitation products, and PDF-corrected satellite precipitation products: (a) GSMaP_NRT;
(b) IMERG_E; (c) IMERG_L; (d) IMERG_FE.
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Figure 7. Comparison between observed and simulated daily streamflows at the Yuetan Hydrological
Station during the validation period by the SWAT models using ground rainfall observations, original
satellite precipitation products, and PDF-corrected satellite precipitation products: (a) GSMaP_NRT;
(b) IMERG_E; (c) IMERG_L; (d) IMERG_FE.

4. Conclusions

In this study, four hourly satellite precipitation products (GSMaP_NRT, IMERG_E,
IMERG_L, and IMERG) were bias-corrected with two methods, namely, RBC and PDF, in
the Shuaishui watershed, which were then used as rainfall inputs for the SWAT models to
assess their applicability in hydrological simulation studies.

(1) Both RBC and PDF could improve the accuracy of the four hourly satellite pre-
cipitation products to various degrees. In general, PDF performed better than RBC in the
bias correction. After being corrected with the PDF, all four SPPs had CC values above
0.65 and absolute RB values less than 37%. The rainfall detection capability of the four
PDF-corrected SPPs in terms of the CSI also improved considerably.

(2) The SWAT models utilizing the PDF-corrected hourly SPPs could simulate the
daily streamflow at Yuetan station in the Shuaishui watershed better than those utilizing
the RBC-corrected SPPs, whose NSE values surpassed 0.75 during both the calibration and
validation periods. Among the bias-corrected SPPs, PDF-corrected IMERG_F performed
the best with an R? of 0.84, NSE of 0.82, and RB of —18.56% during calibration, and an R2
of 0.86, NSE of 0.81, and RB of —17.05% during validation. After being bias-corrected, the
hourly satellite precipitation product could be applied well to simulate the daily streamflow
in the region.

(3) As a research hotspot in the field of artificial intelligence, machine learning has
been increasingly widely applied to solve complex problems in various engineering and
scientific fields. In the future, the usage of different machine learning methods, such as
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random forest and neural networks, can be explored to correct the bias of hourly satellite
precipitation products.
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