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Abstract: Against the background of global climate change and anthropogenic stresses, extreme
climate events (ECEs) are projected to increase in both frequency and intensity. Precipitation is one
of the main climate parameters for ECE analysis. However, accurate precipitation information for
extreme climate events research from dense rain gauges is still difficult to obtain in mountainous
or economically disadvantaged regions. Satellite precipitation products (SPPs) with high spatial
and temporal resolution offer opportunities to monitor ECE intensities and trends on large spatial
scales. In this study, the accuracies of seven SPPs on multiple spatiotemporal scales in the Yangtze
River Basin (YRB) during the period of 2003-2017 are evaluated, along with their ability to capture
ECE characteristics. The seven products are the Tropical Rainfall Measuring Mission, Climate Hazards
Group InfraRed Precipitation with Station Data (CHIRPS) (25), CHIRPS (05), Climate Prediction
Center Morphing (CMORPH), Precipitation Estimation from Remotely Sensed Information using
Artificial Neural Networks (PERSIANN)-Climate Data Record, PERSIANN-Cloud Classification
System, and Global Precipitation Measurement (GPM) IMERG. Rain gauge precipitation data
provided by the China Meteorological Administration are adopted as reference data. Various statistical
evaluation metrics and different ECE indexes are used to evaluate and compare the performances of
the selected products. The results show that CMORPH has the best agreement with the reference
data on the daily and annual scales, but GPM IMERG performs relatively well on the monthly scale.
With regard to ECE monitoring in the YRB, in general, GPM IMERG and CMORPH provide higher
precision. As regards the spatial heterogeneity of the SPP performance in the YRB, most of the examined
SPPs have poor accuracy in the mountainous areas of the upper reach. Only CMORPH and GPM IMERG
exhibit superior performance; this is because they feature an improved inversion precipitation algorithm
for mountainous areas. Furthermore, most SPPs have poor ability to capture extreme precipitation in
the estuaries of the lower reach and to monitor drought in the mountainous areas of the upper reach.
This study can provide a reference for SPP selection for ECE analysis.

Keywords: satellite precipitation products; extreme climate events; statistical evaluation;
Yangtze River Basin
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1. Introduction

Extreme climate events (ECEs), including extreme precipitation, drought, extreme heat, and so
on, refer to the occurrence of events in which climate variables exceed or fall below the threshold in
tail of the probability distribution of observations [1]. Historical global warming has increased the
number of ECEs in most parts of the world, especially in East and Southeast Asia, with more property
losses and casualties in those areas as a result [2,3]. Against the background of global climate change
and anthropogenic stresses, ECEs are expected to increase in both frequency and intensity [2,4—6].
Precipitation is one of the main climate parameters associated with ECEs, and heavy or reduced
precipitation yield extreme precipitation or drought, respectively. Extreme precipitation and drought
indexes are monitoring indexes commonly used to quantify the intensities and trends of these ECEs [7,8].
Precipitation information is the main input parameter required to obtain these monitoring indexes;
therefore, precipitation data with high spatial and temporal resolutions are prerequisites for ECE
analysis. Thus, monitoring and projection of precipitation changes are of great importance to both
disaster prevention and ECE mitigation.

Rain gauges, radar, and satellites are common tools of precipitation measurement [9]. In situ gauge
observations provide direct measurements of surface precipitation, but their areal coverage is small
and usually insufficient for accurate characterization of the spatial variability of precipitation, which
has high spatial heterogeneity [10]. Although radar-estimated precipitation data are, in many cases,
quite reliable, radar coverage is still very limited relative to satellite observations. Moreover, there are
regions where radar networks may not be deployed, such as high-elevation areas or areas with complex
terrain [11,12]. Satellite remote sensing, which provides nearly global coverage, is a satisfactory means
of compensating for the above limitations. Many satellite-based rainfall products have been generated
to meet various hydrometeorological needs. Current satellite precipitation products (SPPs) include
Climate Prediction Center Morphing (CMORPH) [13], the Tropical Rainfall Measuring Mission
(TRMM) [14], Integrated Multi-Satellite Retrievals for Global Precipitation Measurement (GPM
IMERG) [15], the Precipitation Estimation from Remotely Sensed Information using Artificial Neural
Networks (PERSIANN) series [16,17], and Climate Hazards Group InfraRed Precipitation with Station
Data (CHIRPS) [18]. These SPPs are widely used because of their relatively high levels of accuracy.

Extreme precipitation [19] refers to a period when the total rainfall exceeds a certain threshold,
and drought [20] usually occurs over months to years in a region, mainly caused by lack of
precipitation. They are devastating types of natural hazards and ultimately lead to a series of
social, environmental, and ecological problems [19-21]. Most previous studies with SPPs have focused
on satellite data accuracy evaluation as well as their individual capabilities to represent extreme
precipitation and drought. For example, Fang et al. [22] evaluated the performance of the TRMM
3B42 and GPM IMERG products in capturing extreme precipitation events over China. They found
that GPM IMERG and TRMM can effectively reproduce the spatial patterns of extreme precipitation.
However, both products were found to underestimate the extreme precipitation, with GPM IMERG
performing better than TRMM for central China and some parts of northern China. Stampoulis et al. [23]
compared the reliability of CMORPH and PERSIANN in depicting heavy precipitation events over
the Mediterranean, and they found that CMORPH yields smaller errors than PERSIANN in that case.
Mayor et al. [24] found that IMERG highly underestimates extreme precipitation events over Mexico,
with the errors tending to decrease over greater terrain elevations. Zhu et al. [25] evaluated IMERG
V05, CMORPH with corrected bias (CMORPH-CRT), and TRMM 3B42V7 for drought monitoring over
the Xiang River Basin using the standardized precipitation index (SPI), and they found that IMERG V05
exhibits the highest accuracy against grid-based precipitation in the examined case. However, extreme
precipitation and drought events often coexist, and no comprehensive analysis of SPP capability to
capture extreme precipitation and drought has been performed, which limits the practical application
of these SPPs.

Yangtze River Basin (YRB) contains various terrain types and is located in South China. It is,
dominated by both the southeast and southwest monsoons from the Pacific and Indian Oceans,
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respectively. The region is affected by both floods and droughts [26,27]. Therefore, there is an urgent
need to examine SPP capacity to detect extreme precipitation and drought over the YRB.

This study evaluates the performance of various SPPs as regards comprehensive monitoring of
extreme precipitation and drought, and it discusses the spatial heterogeneity of their performance over
the YRB. The following questions are posed: (1) Which among the selected SPPs exhibits superior
performance for extreme precipitation and drought event monitoring in the YRB? (2) Is there a
spatial difference of the SPP accuracy in the YRB? First, the abilities of seven SPPs to capture extreme
precipitation and drought events were comprehensively evaluated using precipitation data from
198 meteorological stations provided by the China Meteorological Administration (CMA). Then,
the spatial differences on basin and station scale performance of the SPPs for extreme precipitation
and drought monitoring are assessed. The remainder of this paper is organized as follows. The study
area and data are presented in Section 2, and the evaluation methodology is introduced in Section 3.
The results and discussion are presented in Section 4, and brief conclusions are given in Section 5.
This study serves as a valuable reference for SPP application for ECE monitoring in the YRB, and it
will contribute to future improvement of SPP algorithms.

2. Study Area and Data

2.1. Study Area

The Yangtze River, located within 90°33’—122°25’ E and 24°30”-35°45" N in South China, is 6300 km
long, and it has a total drainage area of 1,800,000 km? above the estuary (Figure 1). It is the longest
river in China and the third longest river in the world, accounting for 18.8% of the national area, and it
sustains a population of approximately 400 million, which equals 30% of the national population.
The Yangtze River Basin (YRB) covers three steps of terrain in China, and the geomorphic types are
complex as there is the Tibetan Plateau, known as the “roof of the world”, which includes mountains,
basins, various types of hills, and low-lying plains. The YRB is located in subtropical and temperate
climate zones. The average annual precipitation is about 1100 mm, and precipitation mainly occurs
during summer. The annual mean air temperature is approximately 14 °C.
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Figure 1. The geographical location of the Yangtze River Basin and meteorological stations.
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The YRB consists of three sub-reaches: the upper (river head to Yichang), middle (Yichang
to Hukou), and lower reaches (Hukou to Estuary), which respectively cover 1,000,000, 680,000,
and 120,000 km? with mainstream lengths of 4504, 955, and 938 km, respectively. The three sections of the
Yangtze River are divided according to the geographical environment and hydrological characteristics
of the main stream. The mean annual precipitation in the YRB ranges from 270 to 1900 mm from the
western to eastern regions. The YRB elevations range from 7213 m in the upstream mountainous
areas to 0 m above sea level, changing drastically from west to east. The average elevations of the
upper, middle, and lower reaches, respectively, are 2619, 436, and 82 m. The average elevation of
the upstream source area ranges from 3000 to 5000 m. In this paper, three traditional sub-basins are
selected to study SPP accuracy and the ability to capture extreme climate events on the basin scale.

2.2. Data

2.2.1. Reference Data

In this study, the daily precipitation data during 2003-2017 were used as a benchmark for the
evaluation of SPPs. There are 198 meteorological stations in the YRB with 73, 102, and 22 sites in the
upper, middle, and lower reaches, respectively (Figure 1). These data were provided by the China
Meteorological Administration (http://data.cma.cn) with high quality.

2.2.2. SSPs

In this study, seven SPPs were considered: CHIRPS v2.0 (0.25) and CHIRPS v2.0 (0.05) (hereafter
CHIRPS (25) and CHIRPS (05)), CMORPH, GPM IMERG, TRMM, PERSIANN-Climate Data Record
(CDR), and PERSIANN-Cloud Classification System (CCS). The detailed descriptions of SPPs are listed
in Table 1.

Table 1. Basic information of seven satellite precipitation products.

Dataset Spatial Resolution Temporal Resolution Coverage Time Span
CHIRPS v2.0 (0.25) 0.25° x 0.25° daily 50° N-50° S 1981 to present
CHIRPS v2.0 (0.05) 0.05° x 0.05° daily 50° N-50° S 1981 to present

CMORPH 0.25° x 0.25° daily 60° N-60° S 1998 to present
GPM IMERG V06 0.1° x0.1° daily 60° N-60° S 2001 to present
TRMM-3B42V7 0.25° x 0.25° daily 50° N-50° S 2001 to 2018
PERSIANN-CDR 0.25° x 0.25° daily 60° N-60° S 1983 to present
PERSIANN-CCS 0.04° x 0.04° daily 60° N-60° S 2003 to present

Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS) was created by the
USGS Earth Resources Observation and Science (EROS) Center. The CHIRPS datasets provide two
sets of resolution precipitation data (0.25 degrees and 0.05 degrees), where the 0.05 degree resolution
data is resampled from 0.25 degree resolution data. The CHIRPS datasets are now available at
ftp://ftp.chg.ucsb.edu/pub/org/chg/products/CHIRPS-2.0/. In this study, CHIRPS datasets were used
at a 0.25 degree daily and 0.05 degree daily spatiotemporal resolution (hereafter CHIRPS (25) and
CHIRPS (05)).

The CMORPH datasets are provided by the National Oceanic and Atmospheric Administration
(NOAA), including CMORPH RAW, CMORPH CRT, and CMORPH BLD. The CMORPH BLD was
generated using optimal interpolation to merge CMORPH CRT and gauge observations. The CMORPH
datasets are now available at https://ftp.cpc.ncep.noaa.gov/precip/CMORPH_V1.0/. In this study,
CMORPH BLD (CMORPH) dataset was used at a 0.25 degree daily spatiotemporal resolution.

GPM is a TRMM follow-on satellite precipitation program initiated by the National Aeronautics
and Space Administration (NASA) and the Japan Aerospace Exploration Agency (JAXA). GPM provides
worldwide microwave-based 3 h and microwave-based infrared (IR)-based half-hour rain and snow
data products. The GPM core observation unit was successfully launched in February 2014, and it is
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equipped with more advanced equipment than the TRMM satellite, which also provides wider coverage.
GPM data are generated from the IMERG V06B algorithm, which is intended to intercalibrate, merge,
and interpolate “all” satellite microwave precipitation estimates, together with microwave-calibrated IR
satellite estimates, precipitation gauge analyses, and potentially other precipitation estimators on fine
time and space scales for the TRMM and GPM eras over the entire globe. In this study, the “final run”
IMERG dataset was used, which was calibrated using monthly gauge data and included TRMM-era
data dating back to June 2000. The GPM IMERG datasets are available at https://pmm.nasa.gov/data-
access/downloads/gpm. In this study, the GPM IMERG V06 (hereafter GPM IMERG) dataset was used
at 0.1 degrees with daily spatiotemporal resolution.

Both PERSIANN-CDR and PERSIANN-CCS were developed by the Center for Hydrometeorology
and Remote Sensing at the University of California Irvine. The PERSIANN-CDR output is generated
from the PERSIANN algorithm using GridSat-B1l infrared data and adjusted using the Global
Precipitation Climatology Project monthly product [17]. The adjustment is performed by maintaining
consistency between the two datasets at 2.5 degrees and on the monthly scale throughout the entire
record [17]. The PERSIANN-CCS output is generated from the variable threshold cloud segmentation
algorithm using categorization of cloud-patch features based on cloud height, areal extent, and texture
variability, as estimated from satellite imagery [16]. The PERSIANN-CDR and PERSIANN-CCS datasets
are available at http://chrsdata.eng.uci.edu/. In this study, the PERSIANN-CDR and PERSIANN-CCS
datasets were used at 0.25 and 0.04 degrees, respectively, with daily spatiotemporal resolution.

2.2.3. Data Pre-Processing

An overlap period (2003-2017) was used to compare the performances of different SPPs. We first
found out the grid of the SPPs that contained the gauge station, and then we extracted the grid
precipitation and compared them with corresponding observations. To compare performance for the
upper, middle, and lower reaches, the regional average precipitation was computed by averaging the
rain gauge precipitation.

3. Methodology

3.1. Evaluation Metrics

Seven statistical indicators were used to quantify the consistency between the SPPs and observation
data on different temporal scales: the Pearson linear correlation coefficient (R), root-mean-square error
(RMSE), relative bias (Bias), false alarm ratio (FAR), probability of detection (POD), frequency bias index
(FBI), and equitable threat score (ETS) [28]. In detail, R, RMSE, and Bias were employed to estimate the
SPP accuracy on the annual and monthly scales. To further examine the SPP accuracy on the daily
scale, a set of categorical skill metrics was also adopted, i.e., FAR, POD, FBI, and ETS; these metrics are
widely used to evaluate consistency between observation and SPPs for rainy event occurrences [29,30].
We used seven thresholds (0.5, 1, 2, 4, 6, 8, and 10 mm) to identify the SPP capability to reproduce
light rainfall events (the amount of rain exceeding a certain threshold). Note that POD and FAR
indicate the fraction of correctly and incorrectly (false alarm) detected rainfall events, respectively; FBI
denotes the SPP tendency to underestimate (FBI <1) or overestimate (FBI >1) rain events; and ETS
reveals the overall SPP skill based on integration of POD, FAR, and FBI. Overall, perfect agreement
between observation and a given SPP is indicated when POD, ETS, and FBI approach 1, and when FAR
approaches 0. Definitions of these metrics and detailed descriptions are given in Table 2.
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Table 2. Summary of statistical and skill metrics.

Index Unit Formula Best Value
L (8i=Gi)
Bias % Bias = =L 0
e
¥ (Gi—G)(si-5)
R NA R= ——— - 1
\/ Gi—G) x,[ X (8-5)
i=1 i=1
n
RMSE mm RMSE = %‘21(& -G)? 0
1=
FBI NA FBI = # 1
POD NA POD = Hf_M 1
FAR NA FAR = gt
ETS NA ETS = HTSA%{% - 1
+ +
whereHe = T Total

Notes: G indicates the observed value; S indicates the satellite precipitation product (SPP); H represents the observed
and correctly detected rain events; M indicates the observed rain events undetected by the SPP; F indicates detected
rain events that were not observed; Total represents the total number of rain and “not rain” events. The rain event is

the rain above the threshold.

3.2. Indexes for Describing ECEs

3.2.1. Extreme Precipitation Indexes

The World Meteorological Organization has recommended 11 extreme precipitation indexes [31,32],
which can be divided into two categories according to their units: (1) extreme precipitation intensity,
with units of millimeters (e.g., rx1day, rx5day, R95p, R99p, and the annual total wet-day precipitation
(PRCPTOT)); (2) extreme precipitation frequency with units of days (e.g., r10, 120, consecutive wet
days (CWD), and consecutive dry days (CDD)). The above indexes are widely used to describe the
features of extreme precipitation [33,34]. In this study, to evaluate the SPP performance in capturing the
characteristics of extreme precipitation events over the YRB, only eight extreme precipitation indexes
were selected for comparison with the same indexes for the rain gauge dataset; this approach was
adopted to avoid excessive indicators (Table 3).

Table 3. Extreme precipitation index descriptions.

Index Introduction Unit
rxlday Monthly maximum 1-day precipitation mm
rxbday Monthly maximum consecutive 5-day precipitation mm

R95P Annual total PRCP when RR > 95th percentile mm

R99P Annual total PRCP when RR > 99th percentile mm

RCPRTOT Annual total PRCP in wet days (RR > 1 mm) mm
r10 Annual count of days when PRCP > 10 mm days
r20 Annual count of days when PRCP > 20 mm days

CWD Maximum number of consecutive days with RR > 1 mm days

Notes: PRCP and RR indicate precipitation and daily precipitation, respectively.

3.2.2. Meteorological Drought Indices

The SPI proposed by McKee [35,36] in 1993 has been widely used for drought monitoring on
different time scales. In this study, the SPI was used to compare the SPP consistency with rain gauge
data for meteorological drought monitoring. Compared to other meteorological drought indexes
(e.g., the Palmer drought severity index (PDSI) and standardized precipitation-evapotranspiration
index (SPEI)), the SPI is more easily calculated as it is based on precipitation alone. According
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to previous studies, a 30-year or more long-term monthly precipitation database is need for SPI
calculation [37]. However, most satellite-based precipitation databases span fewer than 30 years
because of their development histories. In many previous studies, SPPs spanning fewer than 30 years,
such as TRMM and GPM IMERG, were employed for SPI calculation [38,39]. The dryness and wetness
severity classifications according to the SPI values are listed in Table 4.

Table 4. Dryness and wetness severity classifications according to SPI values.

SPI Value Drought Level
2.0 < SPI Extreme wet
1.5<SPI<2.0 Very wet
1<SPI<15 Moderate wet
-1.0<SPI<1.0 Normal
-1.5<SPI<-1.0 Moderate drought
-20<SPI<-15 Severe drought
SPI < -2.0 Extreme drought

4. Results and Discussion
4.1. SPP Evaluation on Different Temporal Scales

4.1.1. Annual Scale

Figure 2 shows the annual precipitation in the upper, middle, and lower reaches of the YRB,
which was determined to assess the SPP annual precipitation variation and reference data. The relative
bias between the SPPs and reference data was used to quantify the differences between these sources
(Table 5).

As shown in Figure 2, although they can determine the annual precipitation variation trend, some
of the SPPs considered in this work exhibited large errors compared with the rain gauge measurements.
There are slight differences between CHIRPS (25) similar to CHIRPS (05), although the two products
did show similar accuracy at basin scale. The accuracy of CHIRPS (05) was slightly better than that
of CHIRPS (25). For the upper reaches, GPM IMERG and CMORPH showed good agreement with
the rain gauge measurements, CHIRPS (05) and CHIRPS (25) slightly overestimated the precipitation,
TRMM and PERSIANN-CDR significantly overestimated the precipitation, and PERSIANN-CCS
underestimated the precipitation. For the middle reaches, CMORPH, PERSIANN-CDR, and GPM
IMERG showed good agreement with the rain gauge measurements; CHIRPS (25), CHIRPS (05),
and TRMM overestimated the precipitation; and PERSIANN-CCS significantly underestimated
the precipitation. For the lower reaches, CMORPH and CHIRPS (05) agreed well with the rain
gauge measurements; GPM IMERG, CHIRPS (25), and TRMM overestimated the precipitation,
and PERSIANN-CDR and PERSIANN-CCS significantly underestimated the precipitation. Obviously,
each SPP exhibited different performance levels in the three sub-catchments of the YRB. Synthesizing
the annual precipitation variation and relative errors of both the SPPs and observations, the SPPs
exhibited the best accuracy in the middle reach, followed by the lower and upper reaches.
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Figure 2. Annual average precipitation derived from stations and SPPs for 2003-2017.

Table 5. Bias of SPP annual average precipitation relative to station (unit: %).

Upper Reaches Middle Reaches  Lower Reaches YRB

CHIRPS (25) 9.33 7.09 6.82 7.56
CHIRPS (05) 9.12 6.66 483 7.57
CMORPH 3.38 1.07 5.62 3.80
GPM IMERG 1.94 429 8.99 6.17
TRMM 25.93 9.23 6.43 14.30
PERSIANN-CDR 10.78 -2.58 13.23 7.58
PERSIANN-CCS ~4.66 ~50.03 -32.04 -36.33

4.1.2. Monthly Scale

On the monthly scale, Figure 3 shows R, the centered RMSE, and standard deviation between the
SPPs and rain gauge measurements using a Taylor diagram. The monthly precipitation was obtained
by summing the daily precipitation of the month. Then, R, RMSE, and the standard deviation were
calculated from all monthly precipitation observations and that of SPPs. The centered RMSE has the
same statistical meaning as the RMSE, and its value ranges from 0 to 1; thus, it is more convenient
to display this measure in a Taylor diagram. In this diagram, the closer the centered RMSE value to
the observation point (the black point), the better the SPP performance. Thus, the order of accuracy
for SPPs exhibited very similar performances for the upper, middle, and lower reaches. Among
them, GPM IMERG and CMORPH had good performance, CHIRPS (05) and CHIRPS (25) exhibited
intermediate performance, but TRMM, PERSIANN-CDR, and PERSIANN-CCS performed poorly.
In terms of the overall SPP accuracy for the three sub-watersheds on the monthly scale, the best
performance was achieved for the upper reach, followed by the middle and lower reaches.
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Figure 3. Taylor diagrams for monthly precipitation given by stations and SPPs.

4.1.3. Daily Scale

Figure 4 shows the FBI, POD, ETS, and FAR values on the daily scale over the upper, middle,
and lower reaches, with storm thresholds from 0.5 to 10 mm. Typically, a threshold of 0.5 or 1 mm
determines the performance, but we also took into account the slope of the decline curve. According
to the four indexes at the different thresholds, all SPPs did not perform well in capturing different
amounts of precipitation; thus, there was a larger error between the SPPs and observations on the
daily scale than on the annual and monthly scales. When the threshold was 0.5 mm, according to the
four indexes, all SPPs performed relatively well over the upper, middle, and lower reaches. When the
thresholds increased, however, the SPP performance degraded, which means that the SPPs struggled to
accurately capture heavy precipitation on the daily scale. In general, CMORPH and GPM IMERG had
superior performance to the other SPPs for all YRB reaches. As shown in Figure 4, the overall accuracy
order of the SPPs in the three sub-watersheds from best to worst was middle to lower to upper reach.
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Figure 4. Skill scores (FBI, POD, ETS, FAR) of seven SPPs for storm thresholds ranging from 0.5 to
10 mm.

In general, CMORPH performed relatively well among the seven SPPs on the daily and annual
scales, while GPM IMERG performed relatively well on the monthly scale. GPM IMERG is
climatologically calibrated to the Global Precipitation Climatology Project (GPCP) monthly precipitation,
which has been calibrated with ground observation data. Meanwhile, CMORPH is calibrated with
daily gauge observations. This partly explains that the accuracies of GPM IMERG and CMORPH were
relatively good compared to other SSPs at different timescales in station scale (Figures A1l and A2).
The SPPs had higher accuracy on the annual and monthly scales than on the daily scale. This finding is
similar to the conclusions of other scholars regarding SPP accuracy on different time scales [40,41].
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In terms of the spatial heterogeneity of SPP accuracy over the YRB, most SPPs exhibited large errors
in the mountainous areas of the upper reach and in the coastal areas of the lower reach. In contrast,
the SPPs exhibited good accuracy in the plains area of the middle reach. Several studies have drawn
similar conclusions and provided explanations [42—44]. That is, the low SPP accuracy in mountainous
areas mainly is due to the high altitude, while that in the estuaries and coastal areas is mainly caused
by the air-sea interactions and coastal geometry [45]. Overall, topography has a complex influence on
SPP accuracy, and this mechanism requires further exploration [46]. As for the spatial heterogeneity of
SPP accuracy over the YRB on different time scales, the comparisons showed a greater consistency
between ground values and satellite values obtained at greater time scales precisely because greater
temporal aggregation scales usually correspond to less spatial variability. For the case considered in
this study, only CMORPH and GPM IMERG exhibited superior performance to the other SPPs for
the mountainous areas of the upper reach on the different time scales. This finding is also consistent
with previous conclusions that GPM IMERG and CMORPH have an improved inversion precipitation
algorithm for mountainous areas [47-49]. Notably, no SSP exhibited superior performance on different
time scales throughout the YRB; thus, it is necessary to comprehensively consider geographical location
and time scale when applying SPPs.

4.2. Accuracy of Extreme Precipitation Description

Figure 5 shows the R values between the extreme precipitation indexes obtained from the SPPs
and rain gauge measurements. Higher R values were obtained for the CMORPH and GPM IMERG data
with the rain gauge measurements, indicating relatively good performance of these SPPs in the three
sub-watershed regions of the YRB. As regards the extreme precipitation frequency, all SPPs exhibited
superior performance for r10 and 120 than for CWD across the YRB. Note that satellites are less capable
of capturing continuous precipitation days compared to extreme precipitation days. As regards
the extreme precipitation intensity across the YRB, the SPPs only exhibited good performance for
PRCPTOT. This indicates that the SPPs have good ability to capture the extreme precipitation index of
the total annual precipitation, but did not perform well as regards the daily-scale extreme precipitation
indexes. This is consistent with the SPP accuracy assessments on the annual, monthly, and daily scales
reported above. As regards the correlation coefficients for the extreme precipitation indexes on the
watershed scale, the SPPs had superior performance in the upper reaches compared to the middle
and lower reaches.

To further illustrate the differences in the extreme precipitation indexes over the three
sub-watersheds, multi-year averages of the extreme precipitation indexes for each site were calculated.
Box plots were used to analyze the distributions of the site-based extreme precipitation indexes over
the three sub-basins. As shown in Figure 6, the mean values of each extreme precipitation index for
the upper and middle reaches, calculated according to the measured site, were essentially the same.
However, the average value of each extreme precipitation index in the lower reach was significantly
greater than those in the upper and middle reaches, indicating that the extreme precipitation frequency
and intensity in the lower reach were significantly higher than those in the upper and middle reaches.

Next, we focused on the differences in the extreme precipitation indexes between the observations
and SPPs for each sub-watershed. We found that the extreme precipitation indexes for GPM IMERG
had similar distributions to those of the reference data in the upper and middle reaches. However,
the differences in the extreme precipitation index distributions between the SPPs and the reference
data clearly varied among the seven SPPs in low reaches. Compared to their monitoring performance
for extreme precipitation in the upper and middle reaches, the SPPs had low accuracy in the lower
reaches. This is similar to the results of Fang et al. [22], who also found a larger error in the Yangtze
River estuary area.
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Figure 5. R values between eight extreme precipitation indexes obtained from SPPs and
gauge observations.
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4.3. Drought Event Monitoring Accuracy

Drought is a regional ECE; therefore, we focused on droughts on the watershed scale when
analyzing the corresponding SPP performance. The area rainfall was the average of the observations
of all rain gauges in the sub-basin. To analyze the SPP ability to capture the temporal variability of
drought, we compared the R values between the SPI scores obtained from the observations and SPPs
on the watershed scale at different time scales.

As detailed in Table 6, when the time scale increased, the SPI R increased correspondingly; this is
similar to previous research results [50]. In addition, the R values in the middle reach were higher than
those in the upper and lower reaches. This means that the SPPs can better detect the drought process
in the middle reaches. Note that TRMM and PERSIANN-CCS exhibited very poor performances on
different time scales as regards this SPI this is consistent with their performance on the monthly scale
and, also, for extreme precipitation.

SPI-3 was selected as the only SPI index for evaluation of the drought process on multiple time
scales. This index was selected because it reflects the drought on a seasonal scale [51], which is more in
line with the characteristics of the monsoon climate in the YRB. In this case, GPM IMERG and CMORPH
exhibited relatively good performances, with R values exceeding 0.9 for the upper, middle, and lower
reaches. The R values for CHIRPS (25) and CHIRPS (05) for the middle and lower reaches exceeded
0.9, but were less than 0.9 in the upper reach. For the middle reach, the R value of PERSIANN-CDR
exceeded 0.9; however, this value was less than 0.9 for the upper and low reaches. Therefore, GPM
IMERG and CMORPH performed best as regards reproduction of the observation SPI-3 on the
watershed scale. This means that the SPP accuracy on the monthly scale largely determines the
ability to capture drought characteristics. This result is consistent with the findings concerning SPP
performance for extreme precipitation monitoring.

Table 6. R values between SPI-1, SPI-3, SPI-6, and SPI-12 results obtained from SPPs and observations
for upper, middle, and lower reaches.

CHIRPS CHIRPS GPM PERSIANN- PERSIANN-
(25) (05) CMORPH IMERG TRMM CDR CCS
SPI-1 0.87 0.87 0.92 0.92 0.66 0.86 0.40
Upper SPI-3 0.85 0.86 0.93 0.94 0.65 0.86 0.25
reaches SPI-6 0.87 0.88 0.93 0.96 0.67 0.88 0.14
SPI-12 0.86 0.86 0.95 0.96 0.64 0.88 0.04
SPI-1 0.91 0.91 0.95 0.97 0.79 0.93 0.49
Middle SPI-3 0.91 0.91 0.95 0.97 0.71 0.93 0.47
reaches SPI-6 0.93 0.93 0.97 0.98 0.79 0.95 0.57
SPI-12 0.93 0.93 0.98 0.99 0.88 0.94 0.46
SPI-1 0.92 0.92 0.94 0.96 0.70 0.89 0.48
Low SPI-3 0.88 0.88 0.94 0.98 0.70 0.87 0.39
reaches SPI-6 0.90 0.90 0.95 0.97 0.76 0.84 0.33
SPI-12 0.94 0.94 0.95 0.98 0.84 0.85 0.43

Furthermore, to evaluate the SPP ability to capture drought events, the number of severe seasonal
droughts indicated by both observation and SPP were counted, as reflected by the SPI-3 values for
the upper, middle, and lower reaches. As shown in Figure 7, in the upper reach, all SPPs failed to
accurately capture the number of severe droughts. CMORPH and GPM IMERG underestimated this
number, while the other SPPs overestimated it. In the middle reach, none of the SPPs accurately
captured the number of severe droughts. PERSIANN-CCS overestimated this value, whereas the
remaining SPPs underestimated this number. In the lower reach, all SPPs overestimated the number of
severe droughts. Therefore, in terms of the overall SPP performance in capturing drought events on
the watershed scale, the SPPs performed best in the middle reach, which is consistent with the R-based
results. As regards the SPI time scale variability, the drought events decreased in accordance with
increasing SPI time scale; this is also similar to previous research results [50].
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Figure 7. Drought event frequencies given by SPPs and observations.

To evaluate the spatial differences in the SPP ability to capture drought, the R values between
the SPI time series given by the meteorological stations and SPPs were used as evaluation indexes.
The spatial distributions of the R on SPI-3 are presented in Figure 8. Here, CHIRPS (25) and CHIRPS (05)
exhibited similar performances, with the former being slightly superior. The R values for the middle
and lower reaches exceeded 0.6, but the values for most stations in the upper reach were in the range
of 0.0-0.7. For CMORPH, the R values for the middle and lower reaches exceeded 0.7, but for the
upper reach this value varied widely from 0.5 to 0.9. For GPM IMERG, the R values for the middle
and lower reaches exceeded 0.7, and the R values for most stations in the upper reach were between
0.6 and 0.8. For TRMM, correlation coefficients outside the range of 0.6-0.8 were only obtained for
the southern stations in the middle reach, with most stations in other regions having R values of less
than 0.6. For PERSIANN-CDR, for the middle and lower reaches, the R values between the SPPs
and stations were between 0.6 and 0.8. In the upper reach, however, the R values obtained for most
stations were between 0.5 and 0.6. For PERSIANN-CCS, the R values obtained for most stations were
less than 0.5 across the entire river basin. Therefore, as regards the spatial distribution of the R values
between the SPPs and stations, the overall R values over the middle and lower reaches were superior
to those of the upper reach. The best-performing SPPs as regards drought monitoring were CMORPH
and GPM IMERG,; this finding is similar to the finding regarding their extreme precipitation accuracy.
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Figure 8. The spatial distributions of R values between the SPI-3 time series given by the meteorological

stations and seven SPPs, respectively.

5. Conclusions

1)

This study evaluated seven SPPs over the YRB in China through comparison with data from 198
rain gauges, focusing on their capability of capturing extreme events and the spatial heterogeneity of
their performance. ECE indexes were also used to assess the ability of SPPs to capture the characteristics
of ECEs. The major conclusions are summarized as follows.

The SPPs have higher accuracy on the annual and monthly scales than on the daily scale. Among
the seven SPPs, CMORPH performs relatively well on the daily and annual scales, whereas GPM
IMERG performs relatively well on the monthly scale. In general, the SPPS have lower accuracy
for monitoring of the mountainous areas in the upper reach and the estuary and coastal areas in
the lower reach compared to the plains areas in the middle reach.



Water 2020, 12, 1179 17 of 22

(2) In response to extreme precipitation, GPM IMERG and CMORPH perform better in the
upper, middle, and lower reaches, which is consistent with their accuracy on the daily scale.
Higher errors were noted for extreme precipitation monitoring in the lower reach, for both
intensity and frequency and compared to the results for the upper and middle reaches. Therefore,
the SPPs can less effectively capture the characteristics of extreme precipitation in the lower reach
compared to the upper and middle reaches.

(3) Asregards drought monitoring, the best-performing SPP varies for the upper, middle, and lower
reaches. That is, GPM IMERG performs best in the upper reach, whereas CMORPH performs
best for the middle and lower reaches; this finding is consistent with the accuracies of these
SPPs on the monthly scale. As regards the overall performance of the SPPs in capturing drought
characteristics at the three sub-watersheds, the SPPs exhibit inferior performance for the upper
reach compared to the middle and lower reaches.

(4) The SPP accuracy largely determines the extreme precipitation and drought monitoring
performance. Meanwhile, the ability of a given SPP to capture extreme precipitation characteristics
is consistent with its ability to capture drought characteristics. Therefore, more studies are
necessary to verify the impact of mountainous and coastal areas on ECE monitoring.

According to the conclusions of this article, complex terrain and coastal areas have an impact on
the ability of satellite precipitation to capture ECEs. Therefore, more studies are still needed to reveal
the impact mechanism of them in capturing ECEs and to propose relative improvement measures.
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Figure A1. The spatial distribution of the R, RMSE, and Bias of SPPs on the monthly scale.
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