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Abstract: To improve the utilization of satellite-based data and promote their development, this
analysis comprehensively evaluates the performance of GSMaP Near-real-time Gauge-adjusted
Rainfall Product version 6 (GSMaP_GNRT6) data in depicting precipitation over China from 2001
to 2020 by comparing four precipitation indices—accumulated precipitation, number of rainy days
and rainstorm days, and precipitation maxima—with daily precipitation data from 2419 stations
across China on monthly and annual time scales. The results show that the GSMaP-GNRT6 data
effectively capture the overall spatial pattern of the four precipitation indices, but biases in the spatial
distribution of the number of rainy days from July to September and the precipitation maxima during
the wintertime are evident. A general underestimation of GSMaP-GNRT6 data is observed in the
average for China. The annual precipitation amount, the number of rainy days and rainstorm days,
and the precipitation maxima based on the GSMaP-GNRT6 data are 17.6%, 35.5%, 31.6% and 11.8%
below the station observations, respectively. The GSMaP-GNRT6 data better depict the precipitation
in eastern China, with the errors almost halved. And obvious overestimation of the number of
rainstorm days and precipitation maxima occurs in western China, reaching up to 60%. Regarding
the accumulated precipitation, the number of rainstorm days and the precipitation maxima, the
GSMaP-GNRT6 data show an almost consistent interannual variation and increasing trends that
are consistent with the station observations. However, the magnitude of the increasing trend based
on the GSMaP-GNRT6 data is larger, especially at the beginning of the 21st century. Conversely, a
considerable discrepancy in the annual variation and an almost opposite trend can be observed in the
number of rainy days between the GSMaP-GNRT6 data and the station observations.

Keywords: GSMaP-GNRT6; station observations; validation; precipitation; rainy days; rainstorm
days; precipitation maxima

1. Introduction

Precipitation is one of the most important meteorological elements. As an integral
part of the global water and energy cycle, it is not only an indicator of the prevailing
local weather and climate conditions, but also has the potential to trigger meteorological
disasters. Excessive precipitation leads to flooding, mudslides, urban inundation and wa-
terlogging [1-7], while insufficient precipitation invariably results in drought [8-12]. Floods
and droughts have significant negative impacts on agriculture, the economy and even
human safety [13-18]. Especially against the background of global warming, the intensity
and frequency of precipitation extremes have greatly increased, causing severe damage to
society worldwide [15,19-23]. As precipitation monitoring is crucial for weather forecasting
and climate prediction, as well as for disaster prevention and mitigation, precipitation
estimation is a major challenge [24-32].
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Station observations are one of the most important methods for precipitation moni-
toring due to their high accuracy and real-time capability. However, the spatial resolution
and homogeneity of meteorological monitoring is limited by the scattered distribution
of observations [31,33,34]. With the progress of satellite remote sensing technology, the
corresponding data are widely utilized. On the one hand, satellite remote sensing data
are used to create reanalysis datasets [35,36]. In particular, two NCEP/NCAR reanaly-
sis datasets (NCEP1 and NCEP2) [37,38], the reanalysis data of the European Centre for
Medium-Range Weather Forecasts (ECMWF) (ERA-40, ERA-Interim and ERA5) [39-42], the
NCEP Climate Forest System Reanalysis System (CFSR) [43,44] and the Japanese 55-year
Reanalysis (JRA-55) [45,46] are widely used. On the other hand, satellite observations
can also provide meteorological monitoring with high spatial resolution and wide spatial
coverage. Currently, various satellite precipitation datasets are available, such as the NOAA
Climate Data Record (CDR) of the CPC Morphing Technique (CMORPH) [47], the Tropical
Rainfall Measuring Mission (TRMM) Multi-Satellite Precipitation Analysis (TMPA) [48],
Precipitation Estimation from Remotely Sensed Information using Artificial Neural Net-
works (PERSIANN) [49-51], Global Satellite Mapping of Precipitation (GSMaP) [52,53] and
others. In order to improve the application of satellite precipitation, a number of validation
and evaluation studies have been carried out. Global and regional precipitation, especially
precipitation extremes, have been compared in numerous studies [32,33,46,54-56]. These
studies report on the general spatial and temporal consistency and discuss the advantages
and limitations of gauge-based precipitation, satellite estimates and reanalysis data.

The GSMaP was developed by the Japan Aerospace Exploration Agency (JAXA) [46,53],
under the framework of the Global Precipitation Measurement (GPM), an international collabo-
ration aimed at achieving highly accurate and frequent global precipitation observations [57,58].
GSMaP provides global precipitation estimates with a temporal resolution as high as 1h and a
horizontal resolution of 0.1°. Its reliability has been extensively evaluated in various regions,
such as Japan [53,59], the United States [53,60], Mainland China [61-64], Australia [65] and
Indonesia [66]. These studies demonstrate the primary accuracy of GSMaP and highlight biases
in spatial distribution and magnitude in the climatology of daily or seasonal precipitation.
To improve the monitoring of extreme precipitation, the World Meteorological Organization
(WMO) initiated the Space-Based Weather and Climate Extremes Monitoring (SWCEM) and a
two-year (2018-2019) demonstration project, known as the WMO Space-Based Weather and
Climate Extremes Monitoring Demonstration Project (SEMDP), conducted in the East Asia and
Western Pacific region [67]. In this project, the generally good skill of GSMaP in monitoring
extreme wet and dry events is validated through various case studies.

Despite the relatively abundant research on the validation of the GSMaP data, addi-
tional efforts are still required to address the shortcomings in the current investigation. On
the one hand, existing outcomes are predominantly derived from case studies or short-term
records, necessitating verification through more extended-term datasets. On the other
hand, previous research has predominantly focused on climatology and daily or seasonal
rainfall amounts, overlooking aspects such as climate variations and various precipitation
indices. This analysis aims to fill these gaps by delving into a comprehensive evaluation of
the GSMaP Near-real-time Gauge-adjusted Rainfall Product version 6 (GSMaP-GNRT®6)
precipitation estimate over 20 years. Notably, China’s complex terrain and diverse climate
types, including the presence of the “Third Pole”, the Tibetan Plateau, in western China,
create challenges due to the combined impacts of the mid-latitude westerly wind and the
East Asian monsoon [68-75]. Consequently, estimating precipitation based on satellite
data remains a significant challenge due to the intricate spatial distribution and temporal
evolution of precipitation in the region. This study aims to provide valuable references for
both the application and enhancement of GSMaP-GNRT6 estimates.

The remainder of this analysis is structured as follows. Section 2 introduces the data
and methods used in this study. The results are given in Section 3, including the verification
of the GSMaP-GNRT6 data depicting the climatology, annual cycle, interannual variation
and changing trends of accumulated precipitation, number of rainy days and rainstorm
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days, and precipitation maxima in China from 2001 to 2020. A discussion about the main
results of this analysis is presented in Section 4. The conclusions are presented in Section 5.

2. Data and Methods

In this analysis, the GSMaP-GNRT6 data were used [46]. These data are the gauge-
adjusted precipitation levels, provided within four hours after observation and updated at
one-hour intervals. Hourly precipitation is available in this dataset, while we adopted the
daily product from 1 January 2001 to 31 December 2020. This dataset covers a domain of
50.05°-239.95°E, 44.95°S5-39.95°N, with a horizontal resolution of 0.1° x 0.1°.

Using daily precipitation from 2419 national observation stations in China from 1 January
2001 to 31 December 2020, the GSMaP-GNRT6 data were verified by comparing China’s
precipitation climatology and climate variability. This dataset is compiled by the National
Meteorological Information Center of the China Meteorological Administration, and primary
quality control, such as spatiotemporal consistency checking and adjustment, is carried out.
To meet the requirements of climate analysis, two additional steps were performed on the
dataset. First, years in which the total number of missing records at a single station was greater
than 20% were omitted. The second was to remove stations with continuous records of less
than 15 years. Finally, 2378 stations were chosen for this analysis (Figure 1). The northern
boundary of the GSMaP-GNRT6 data is at 39.95°N. To ensure a consistent spatial domain
for comparison, the station data were interpolated into a 0.1° x 0.1° grid in the domain of
72.05°-123.95°E /18.05°-39.95°N. And the Radial Basis Function (RBF) interpolation with a
linear kernel was applied [76,77].

Distribution of observatory stations
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Figure 1. Distribution of observatory stations in China used in this analysis (black dots), shadings
denoting the elevation of the terrain.

In this analysis, four precipitation indices were defined to validate the GSMaP-GNRT6
data, and their definitions are as follows:

Accumulated precipitation: the sum of precipitation in a period.

Rainy day: a day with daily precipitation equal to or greater than 0.1 mm [78].

Rainstorm day: a day with daily precipitation equal to or greater than 50 mm [79].

Precipitation maximum: the maximum precipitation in a period.

Based on the definitions, monthly and annual precipitation indices were analyzed in
this study. The first two indices can represent the mean state of precipitation, while the
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Correlation coefficient =

latter two indices are related to intense precipitation, reflecting the extreme characteristics
of precipitation to a certain extent. By combining the mean state and extreme features, we
conducted a comprehensive assessment of precipitation.

Meanwhile, the following four statistics were utilized to assess the performance of
GSMaP-GNRT6 quantitatively:

1
Absolute mean error (AME) = ;Z?:JGSMQPI' — Observation,|

1
Relative error (RE) = EEL

GSMaP; — Observation;
Observation;

* 100%

Root square mean error (RSME) = \/2:.1:1 (GSMaP; — Observation;)* /n

", (GSMaP; — GSMaP) * (Observationi - Obserwtion)

E— N
\/ ", (GSMaP; — GSMgp)Z/n * \/Z?_l (Observationi — Obervation) /n

where 1 is the sample size and GSMaP and Observation represent the average of the
GSMaP-GNRT6 data and station observations, respectively.

Climatology was averaged from 2001 to 2020. Statistical significance in correlation anal-
ysis was tested using the Student’s t-test. Also, the linear trend coefficient was calculated
by the least-squares method.

3. Results

First, we compare the spatial distribution and the annual cycle of mean precipitation,
the number of rainy days, the number of rainstorm days and the precipitation maxima using
GSMaP-GNRT6 data and station observations, respectively. This validation aims to evaluate
the ability of GSMaP-GNRT6 to accurately represent the climatology of precipitation in
China. Furthermore, given the abundance of precipitation in eastern China influenced
by the East Asian subtropical rain belts, which makes the region susceptible to floods
and droughts, we have dedicated a separate discussion to precipitation in eastern China.
Additionally, the dense distribution of observation stations in eastern China, as shown in
Figure 1, provides more reliable data for comparison with satellite-derived precipitation.

The annual precipitation pattern in China exhibits a decrease from the southeast to the
northwest, with a peak of up to 1800 mm in the southeast and no more than 200 mm in
the northwest (Figure 2a). The GSMaP-GNRT6 data capture this spatial distribution very
well, and the precipitation amounts agree well with the station observations (Figure 2b).
However, the GSMaP-GNRT6 data underestimate the annual precipitation amounts in the
Yangtze River Valley, southern China and central-western China, while an overestimation
is observed in the northern part of eastern China, the eastern and southern Tibetan Plateau
(TP), and western Northwest China (Figure 2c). The AME ranges from 0 to 240 mm, and the
high values above 240 mm are mainly located in the southern part of South China, eastern
and central TP, and western Northwest China, indicating the large biases from station
observations there (Figure 2d). Both the distribution and the magnitude of the RMSE are
similar to those of the AME (Figure 2f). The RE of GSMaP-GNRT6 is below 20% in most
areas of central and eastern China, while it ranges from 30% to 80% and even up to 90% in
western Northwest China (Figure 2e). The distribution of RE shows a better performance
of GSMaP-GNRT6 data in central and eastern China but a poorer representation in western
China. However, it should be noted that the relatively low annual precipitation in western
China may contribute to the large RE.

The ability of GSMaP-GNRT6 to depict the spatial pattern of monthly precipitation
in China was assessed by spatial correlation analysis. As shown in Figure 3a, the spatial
correlation coefficients for each month are consistently above 0.5, indicating that the GSMaP-
GNRT6 data can well represent the spatial pattern of precipitation in China. And it can
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be seen that the correlations in January, February and November are relatively lower,
being around or below 0.6. In contrast, they are higher in the other months, peaking at
0.96 in May. In addition, GSMaP-GNRT6 shows a superior ability to represent the spatial
distribution of precipitation in eastern China compared to the whole country, with all
spatial correlations at 0.8 or above. In particular, the similarity between GSMaP-GNRT6
data and station observations is most pronounced from February to June, with spatial
correlations exceeding 0.92 and reaching 0.96 in May and June. A comparison between
China and eastern China indicates that the GSMaP-GNRT6-based precipitation in western
China agrees less well with the station observations.

(a) Annual precip. -Station Obs. (b) Annual precip. -GSMaP
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Figure 2. Distribution of annual precipitation in China based on station observations ((a), unit: mm)
and GSMaP-GNRT6 data ((b), unit: mm), as well as biases ((c), unit: mm), absolute mean errors
((d), unit: mm), relative errors ((e), unit: %) and root mean square errors ((f), unit: mm) of GSMaP-
GNRT6 data compared to station observations.

GSMaP-GNRT6 effectively depicts the seasonal cycle of precipitation in China, with
the least precipitation in winter and the most precipitation in summer (Figure 4). Figure 4a
shows that precipitation increases from January, peaks in July and gradually decreases until
December. This development is consistent for both GSMaP-GNRT6 data and the station
observations. However, the monthly precipitation of the GSMaP-GNRT6 data deviates
from the station observations by 0.05 mm (March) to 32.5 mm (August), and the average
deviation in China is 13.1 mm. Accordingly, the differences between GSMaP-GNRT6
data and station observations range from 0.12% (March) to 29.2% (November), with an
average RE of 17.0%. In eastern China, the annual cycle of precipitation exhibits significant
agreement between GSMaP-GNRT6 data and station observations (Figure 4b). The main
difference is that the GSMaP-GNRT6 data indicate higher precipitation in the first half of
the year compared to the station observations. Furthermore, the GSMaP-GNRT6 data show
that the precipitation peak occurs in June, in contrast to the station observations in July. The
AME of monthly precipitation in eastern China ranges from 0.45 mm (January) to 19.15 mm
(June), and the mean AME is 7.11 mm. And the monthly GSMaP-GNRT6 precipitation
deviates by 0.24% (October) to 33.40% (March) from the station observations, with an
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average RE of 9.0%. Obviously, GSMaP-GNRT6 reflects the precipitation characteristics in
eastern China more accurately than in western China.

. (a) Monthly climatic precipitation . (b) Number of rainy days
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Figure 3. Spatial correlation coefficients of monthly climatic precipitation (a), number of rainy
days (b), number of rainstorm days (c) and precipitation maxima (d) in China (blue lines,
72.05°-122.55°E /17.55°-39.95°N) and eastern China (orange lines, 105.05°-122.55°E /17.55°-39.95°N)
between station observations and GSMaP-GNRT6 data.
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Figure 4. Climatological monthly precipitation averaged over China ((a), unit: mm) and eastern
China ((b), unit: mm) based on station observations and GSMaP-GNRT6 data.

Similar to the spatial distribution of precipitation, the number of rainy days decreases
from southeast to northwest (Figure 5a). GSMaP-GNRT6 captures this spatial pattern,
but the belt with highest values is located in the north, along the Yangtze River Valley
(Figure 5b). Due to this inconsistency in the high-value belt, the number of rainy days
based on GSMaP-GNRT6 data is lower than that based on station observations in southern
China and most of the TP, but higher in the eastern TP and north of the Yangtze River
(Figure 5c). Additionally, the negative deviations are generally larger than the positive
deviations. For both AME and RMSE, high values are found mainly in western South
China and central TP, indicating a large error in these areas (Figure 5d,f). As shown in
Figure 5e, the RE of GSMaP-GNRT6 data is generally less than 20% in most areas of central
and eastern China but is larger in western South China, western TP and western Northwest
China. Additionally, a large error is observed at the northwestern edge of the TP.

The monthly spatial correlation of the number of rainy days in China between GSMaP-
GNRT6 data and station observations is stable at or above 0.7, peaking at 0.84 in April
and October (Figure 3b). These high correlation coefficients confirm that GSMaP-GNRT6
reflects the spatial distribution of the number of rainy days in China well. At the same time,
it should be noted that the ability of GSMaP-GNRT6 to depict the spatial pattern of the
number of rainy days in eastern China varies depending on the month. The correlation
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coefficients are generally higher in the first half of the year, exceeding 0.9 in May and June,
but dropping to less than 0.5 in September.
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Figure 5. Distribution of the annual number of rainy days in China based on station observations
((a), unit: days) and GSMaP-GNRT6 data ((b), unit: days), as well as biases ((c), unit: days), absolute
mean errors ((d), unit: days), relative errors ((e), unit: %) and root mean square errors ((f), unit: days)
of GSMaP-GNRT6 data compared to station observations.

GSMaP-GNRT6 records the annual cycle of an increase in the first half of the year
and a decrease in the second half of the year in terms of the number of rainy days in
China, with the peak in July (Figure 6). Nevertheless, the number of rainy days derived
from GSMaP-GNRT6 data is lower by 1.36 days (July) to 3.96 days (January) and by 8.5%
(July) to 50.2% (December) compared to station observations in each month. The mean
AME and RE are 2.37 days and 24.9%, respectively. This consistent underestimation
of the number of rainy days indicates a general underestimation of precipitation. In
eastern China, the underestimation by GSMaP-GNRT6 is much smaller and occurs
mainly in the winter months. The AME ranges from 0.05 days (May) to 3.85 days
(January), with an average of 1.3 days. And the RE is 0.34% (May) to 41.3% (March),
with an average of 13.0% (Figure 6b).

(a) Monthly Num. rainy days in CN

(b) Monthly Num. rainy days in ECN
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Figure 6. Climatological monthly number of rainy days averaged over China ((a), unit: days) and
eastern China ((b), unit: days) based on station observations and GSMaP-GNRT6 data.
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As heavy rainfall mainly occurs in summer, the number of rainstorm days is analyzed
from April to September. Rainstorms are concentrated in southeastern China, especially
in the southern coastal areas, where the maximum annual number of rainstorm days
reaches about 10 days (Figure 7a). In contrast, they rarely occur in northern and western
China. The GSMaP-GNRT6 data reflect the spatial pattern well (Figure 7b). However, the
number of rainstorm days is underestimated in most of eastern China, while it is slightly
overestimated in western China by the GSMaP-GNRT6 data, resulting in a pattern of
“less in eastern China but more in western China” compared to the station observations
(Figure 7c). High values for AME and RMSE are mainly observed in the southeastern
part of China, where rainstorms occur frequently (Figure 7d,f). In this region, the RE of
GSMaP-GNRT6 is between 20% and 50% in most parts but is much higher in the northern
and western fringes (Figure 7e).

(a) Annual rainstorm days -Station Obs. (b) Annual rainstorm days -GSMaP
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Figure 7. Distribution of the annual number of rainstorm days in China based on station observations
((a), unit: days) and GSMaP-GNRT6 data ((b), unit: days), as well as biases ((c), unit: days), absolute
mean errors ((d), unit: days), relative errors ((e), empty areas indicating no occurrence of rainstorm
by station observations, unit: %) and root mean square errors ((f), unit: days) of GSMaP-GNRT6 data
relative to station observations.

The monthly spatial correlations in the number of rainstorm days between the GSMaP-
GNRT6 data and the station observations are consistently higher than 0.8, reaching 0.9 in
May for both China and eastern China (Figure 3c). This high degree of agreement indicates
that GSMaP-GNRT6 represents the spatial patterns of heavy precipitation well.

Rainstorms are rare in the winter months, gradually increasing from spring to sum-
mer and then decreasing again (Figure 8). Both the GSMaP-GNRT6 data and the station
observations capture this annual cycle. In addition, the GSMaP-GNRT6 data underesti-
mate the number of rainstorm days from April to September by 0.05 days (September) to
0.26 days (July), with an average of 0.15 days in China. Accordingly, the number of rain-
storm days derived from the GSMaP-GNRT6 data is between 26.1% (May) and 52.4% (July),
and thus on average 39.5% below the station observations. The situation is similar in eastern
China, where the number of rainstorm days is underestimated by GSMaP-GNRT6 data by
0.02 days (May) to 0.27 days (July) and 3.0% (May) to 39.8% (July), with average values
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of 0.11 day and 21.7%, respectively. Better performance in representing the occurrence of
rainstorm days by GSMaP-GNRT6 data is also observed in eastern China. In addition, the
peak of the number of rainstorm days in GSMaP-GNRT6 occurs earlier, in May, compared
to June in the station observations.

(a) Monthly Num, rainstorm days in CN (b) Monthly Num. rainstorm days in ECN
— Station Obs, —— Station Obs.
EX 081 Gomap 2 081 Gomtap
o -
g £
Eos £ oof
g 8
E o4t £ oaf
S °
2 Z
E 021 £ 02
z Z
00— . ; 00— : -

Manth

Figure 8. Climatological monthly number of rainstorm days averaged over China ((a), unit: days)
and eastern China ((b), unit: days) based on station observations and GSMaP-GNRT6 data.

The comparison of daily precipitation maxima is made to assess the ability of GSMaP-
GNRT6 to depict extreme precipitation. Climatologically, the daily precipitation maxima in
eastern and southern China exceed almost 80 mm (Figure 9a). The scattered distribution
of high values illustrates the localized nature of precipitation, which is influenced by
factors such as terrain elevation and small- to medium-scale weather systems. The GSMaP-
GNRT6 data demonstrate a similar spatial pattern of daily maximum precipitation in
China (Figure 9b). The differences in precipitation maxima between GSMaP-GNRT6 and
the station observations show a pattern of negative biases in parts of eastern China and
positive biases in western China (Figure 9c). This pattern indicates an underestimation in
the east and an overestimation in the west by GSMaP-GNRT6, similar to the number of
rainstorm days. The AME and RMSE are consistently greater than 20 mm/day in most parts
of China, with the higher values in southeastern China and the western part of western
China (Figure 9d,f). Seen from Figure 9¢, GSMaP-GNRT®6 overestimates the number of
rainstorm days by 20% to 30% in eastern China, while it underestimates it by more than
60% in western China.

As far as the monthly precipitation maxima in China are concerned, the spatial distri-
bution in January is very different, with a spatial correlation of less than 0.2 (Figure 3d). In
the other months, however, the precipitation maxima from GSMaP-GNRT6 show a very
similar spatial pattern to those from the station observations, with spatial correlations
consistently around or above 0.7, peaking at over 0.9 in May. The situation in eastern China
is similar.

For both China and eastern China, there are obvious differences in the annual cy-
cle of precipitation maxima presented by GSMaP-GNRT6 data and station observations
(Figure 10). The station observations show an increase from January to July, followed by a
decrease. In contrast, the GSMaP-GNRT6 data exhibit a much more even variation. The
precipitation maxima in GSMaP-GNRT6 are larger at the beginning and end of the year
than in the station observations, but the opposite is true in the middle of the year. The AME
between the two datasets ranges from 1.36 mm (April) to 44.0 mm (February) in China,
with an average of 23.9 mm. And the RE varies from 2.5% (April) to 163.0% (February),
and the average is 49.1%. In eastern China, the AME of GSMaP-GNRT6 ranges from
2.1 mm (November) to 39.7 mm (July) and from 3.5% (November) to 102.8% (January). The
average AME and RE are 21.3 mm and 36.6%, respectively.
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Figure 9. Distribution of the annual precipitation maxima in China based on station observations
((@), unit: mm) and GSMaP-GNRT6 data ((b), unit: mm), as well as biases ((c), unit: mm), absolute
mean errors ((d), unit: mm), relative errors ((e), unit: %) and root mean square errors ((f), unit: mm)
of GSMaP-GNRT6 data compared to station observations.
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Figure 10. Climatological monthly precipitation maxima averaged over China ((a), unit: mm) and
eastern China ((b), unit: mm) based on station observations and GSMaP-GNRT6 data.

Considering the potential of the GSMaP-GNRT6 data with 20-year records for ex-
ploring and understanding climate variability, we performed a validation focusing on
the interannual variation and changing trends using the four precipitation indices. The
correlation coefficients of annual precipitation between the GSMaP-GNRT6 data and the
station observations from 2001 to 2020 were calculated for each grid and the distributions
are shown in Figure 11. It is obvious that the annual precipitation has the highest correla-
tion, especially in central and eastern China, which reaches up to 0.537 and exceeds the
confidence level of 0.99 (Figure 11a). In western China, on the other hand, the correlation
between the two datasets is weak. GSMaP-GNRT6 only captures the interannual varia-
tion in the number of rainy days to a limited extent (Figure 11b). Correlation coefficients
greater than 0.423 and exceeding the 95% confidence level are only observed in some
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parts of southeastern China and the TP. GSMaP-GNRT6 depicts the interannual variation
in the number of rainstorm days in most eastern regions of China and northern—central
China well but shows an opposite variation to the station observations in western China
(Figure 11c). The correlation of the precipitation maxima shows a clear discrete spatial
distribution (Figure 11d). However, high positive correlation coefficients dominate in
eastern China, indicating a coherence of the interannual variation between GSMaP-GNRT6
data and station observations.
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Figure 11. Distribution of correlation coefficients of annual precipitation (a), number of rainy days (b),
number of rainstorm days (c) and precipitation maxima (d) across China from 2001 to 2020 between
station observations and GSMaP-GNRT6 data.

The correlation coefficients between the GSMaP-GNRT6 data and the station observa-
tions were also calculated for the precipitation indices averaged over China and eastern
China. As shown in Figure 12a,e, the annual precipitation and the number of rainstorm
days in China show a coherent interannual variation, with the correlation coefficients both
being up to 0.76, exceeding the 99.9% confidence level. The correlation of the precipita-
tion maxima in China between the two datasets is 0.46, exceeding the confidence level
of 95%. However, the inconsistencies become clearer after the early 2010s (Figure 12g).
The temporal variation in the number of rainy days in China is less consistent between
the two datasets, with a correlation of only —0.16 (Figure 12c). It is noteworthy that all
four precipitation indices show an obvious underestimation of GSMaP-GNRT6 in China,
with the average AME and RE being 155.8 mm and 17.6 for annual precipitation, 35.5 days
and 24.1% for the number of rainy days, 0.8 days and 31.6% for the number of rainstorm
days, and 8.5 mm and 11.8% for precipitation maxima, respectively. This observation aligns
with the findings in the climatological comparisons. In eastern China, GSMaP-GNRT6
data and station observations demonstrate highly coherent interannual variation in annual
precipitation, the number of rainstorm days and precipitation maxima, with correlations
of 0.83, 0.80 and 0.66, respectively, exceeding the confidence level of 99%. However, the
opposite variation in the number of rainy days between the two datasets is significant
(Figure 12d). And it is evident that the differences in the magnitude of precipitation indices
between the two datasets is reduced significantly. The average AME and RE is 58.4 mm
and 5.5% for annual precipitation, 21.9 days and 24.1% for the number of rainy days,
0.5 day and 15.4% for the number of rainstorm days, and 5.0 mm and 6.0% for precipitation
maxima, respectively. In particular, the annual precipitation based on the two datasets
is almost identical before the early 2010s. By comparison, in interannual variation, the
underestimation of GSMaP-GNRT6 and better depiction in eastern China are proved again.
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Figure 12. Time series of annual precipitation ((a,b), unit: mm), number of rainy days ((c,d), unit:
days), number of rainstorm days ((e,f), unit: days) and precipitation maxima ((g,h), unit: mm) across
China (a,c,e,g) and eastern China (b,d,f,h) from 2001 to 2020 based on station observations and
GSMaP-GNRT6 data.

Figure 13 presents the monthly correlations of temporal evolution for each precip-
itation index between GSMaP-GNRT6 data and station observations. It is evident that
the consistency of annual precipitation between the two datasets is the highest, with cor-
relations all above 0.6 and reaching 0.92 (Figure 13a). Moreover, the temporal variation
in annual precipitation is more coherent in eastern China than in the whole of China.
GSMaP-GNRT6 data also well depict the interannual variation in number of rainstorm days
and precipitation maxima, with higher consistency in eastern China, where the correlation
coefficients are generally higher (Figure 13¢,d). The minimum correlation is above 0.4,
while the maximum correlation reaches 0.91. It can also be observed that the coherence
of interannual variation between the two datasets is higher in the latter half of the year.
GSMaP-GNRT6 does not depict the interannual variation in the monthly number of rainy
days well (Figure 13b). Its correlations with station observations in June and July are
notably lower and even opposite for China, with the maximum correlation being only 0.52
in October. The situation improves in eastern China, especially in the latter half of the year,
when the correlations are consistently above 0.6.
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Figure 13. Correlation coefficients of monthly precipitation ((a), unit: mm), number of rainy days
((b), unit: days), number of rainstorm days ((c), unit: days) and precipitation maxima ((d), unit: mm)
averaged over China and eastern China between station observations and GSMaP-GNRT6 data.

In addition to interannual variation, changing trends in four precipitation indices based
on GSMaP-GNRT6 were also assessed. Comparing Figure 14a with Figure 14b, increasing
trends of annual precipitation in most of China are coherent between GSMaP-GNRT6
data and station observations, with high and positive values located in southern China.
However, both the extent and magnitude of increase rates are greater in the GSMaP-GNRT6
data compared to the station observations. The regions with an annual precipitation
increase rate greater than 150 mm/decade cover most of southern China according to
GSMaP-GNRT6 data, while they are only located in the lower reaches of the Yangtze
River Valley and some parts of eastern Southwest China according to station observations.
Changes in the number of rainy days derived by GSMaP-GNRT6 present an “increase in
the east but a decrease in the west” pattern (Figure 14c). And the upward trend along
the middle and lower reaches of the Yangtze River Valley and the downward trend in
the central Tibetan Plateau exceed the confidence level of 95%, with the changing rate
over +10 days/decade. However, the situation is different from the significant decreasing
trend in the whole of China derived from station observations, with a rate lower than
—16 days/decade (Figure 14d). Increasing trends dominate the changes in the number
of rainstorm days and annual precipitation maxima (Figure 14e-h). Both GSMaP-GNRT6
data and station observations capture this feature, while some discrepancy is observed in
the extent and magnitude of increasing trends. Obviously, GSMaP-GNRT6 data tend to
show a larger increasing trend in all four precipitation indices than station observations.
We also compared the changing trends in four precipitation indices averaged over China
and eastern China between the two datasets, and similar results were obtained. Moreover,
it was found that GSMaP-GNRT6 shows an accelerated growth trend after the early 2010s,
and the difference from station observations expands.
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Figure 14. Linear trend coefficients of annual precipitation ((a,b), unit: mm/decade), number of
rainy days ((c,d), unit: days/decade), number of rainstorm days ((e,f), unit: days/decade) and
precipitation maxima ((g,h), unit: mm/decade) in China based on GSMaP-GNRT6 data (a,c,e,g) and
station observations (b,d,f,h), with the black dots indicating exceeding the confidence level of 95%.

4. Discussions

The reliability of GSMaP data in presenting the spatial distribution and temporal
variation in precipitation in China has previously been validated by numerous stud-
ies [61-64]. In this analysis, this consistency is further affirmed through long-term
records and extensive station observations for comparison. Moreover, unlike previous
studies that only focused on rainfall amounts, this analysis also looked at the number
of rainy days and rainstorm days and precipitation maxima. By these indices, both
climate states and extremes in precipitation were investigated. In addition, different
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time scales, such as annual cycles, interannual variations and changing trends, were
further discussed in this analysis. Therefore, more information is provided for refer-
ence GSMaP-GNRT6 data applications and improvements. However, it is important to
acknowledge the uncertainties. Firstly, the spatial distribution of observatory stations is
uneven, with a high density in eastern China but with stations scattered in the western
region (Figure 1). This disparity can impact on the comparison results to some extent.
Additionally, station observations provide local precipitation data in situ, whereas the
GSMaP-GNRT6 data represent precipitation in a 0.1° x 0.1° grid. This difference in
spatial representation introduces uncertainties in validation results [53,80-83]. Further-
more, undetected errors in station records, interpolation methods and other factors
can also contribute to uncertainties. It is crucial to recognize these uncertainties and
associated limitations. In addition, as the GSMaP-GNRT®6 data used in this analysis
were limited to the region south of 39.95°N, a comparison of precipitation in Northeast
China and Northwest China was absent from this study. As a result, the obtained
conclusions have some limitations related to spatial coverage. It is essential to perform
a supplementary analysis encompassing the entirety of China once the GSMaP-GNRT6
data for the northern region above 39.95°N become available.

In this analysis, a notable overestimate was observed over the Tibetan Plateau for all
four precipitation indices. Due to the unique terrain and the absence of reference data
from station observations, estimating precipitation on the Tibetan Plateau is a challenge
and involves certain uncertainties [84-86]. The same challenges are encountered in other
mountainous and plateau areas.

A greater increasing trend was observed in the number of rainy days based on GSMaP-
GNRT6 data compared to the station observations. However, many previous studies
have highlighted a decrease in rainy days but an increase in precipitation intensity in
China [87-89]. The biases in light rainfall estimates by the GSMaP data may contribute
to this discrepancy [61,90,91]. Therefore, there is room for improvement in the GSMaP’s
ability to identify whether precipitation occurs and estimate precipitation of different
intensities. Retrieval algorithms, the number of passive microwave samples, sensor ca-
pabilities, spatiotemporal resolution and coverage area constitute the primary sources of
error in satellite-derived precipitation data [92]. Consequently, advancements in retrieval
algorithms, enhancements in observation instruments and technologies, an increase in
passive microwave samples, and improvements in resolution are key factors in enhancing
the reliability of satellite precipitation estimates [93]. Simultaneously, various correction
methods have been developed to improve their reliability. Notably, the adjustment of daily
gauge data plays a crucial role in refining GSMaP estimates [83,93]. Polynomial fitting has
been proven to be effective [94], and geographically weighted regression contributes to
error reduction and facilitates the attainment of higher-spatial-resolution data [95].

GSMaP-GNRT6 data can be applied to climate change research, but caution is advised
regarding the overestimation of increasing trends in precipitation indices, especially con-
cerning the number of rainy days. And efforts should be taken to investigate the potential
causes of the excessive increase observed after the early 21st century.

5. Conclusions

The GSMaP data provide global precipitation estimates with high spatial and tem-
poral resolution. In order to better apply this dataset and facilitate its development, this
study conducted a comprehensive validation of the GSMaP-GNRT6 data using four pre-
cipitation indices, including accumulated precipitation, number of rainy days, number of
rainstorm days and precipitation maxima, by comparing them with observation data from
2419 stations in China, based on 20-year records from 2001 to 2020.

The GSMaP-GNRT6 data generally well capture the spatial distribution of the four pre-
cipitation indices in China. The spatial correlations between the GSMaP-GNRT6 data and
station observations are above 0.7 in most months, particularly for the number of rainstorm
days, where the spatial correlations exceed 0.8 in each month over both China and eastern
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China. GSMaP-GNRT6 depicts the spatial distribution of annual precipitation averaged
over eastern China better than that over China. Conversely, for the other three indices,
the GSMaP-GNRT6 data perform better in accurately depicting the spatial distribution
over the entire country. However, GSMaP-GNRT6 shows some limitations in accurately
depicting the spatial distribution of the number of rainy days from July to September and
precipitation maxima during wintertime over eastern China.

A general underestimation of the GSMaP-GNRT6 data was observed. The monthly
precipitation is underestimated by 17.0% by the GSMaP-GNRT6 in China on average, and
the monthly number of rainy days and rainstorm days, as well as the monthly precipitation
maxima, are underestimated by 24.9%, 39.5% and 49.1%, respectively. Compared with
station observations, the annual precipitation, number of rainy days and rainstorm days,
and precipitation maxima based on the GSMaP-GNRT6 data are 17.6%, 35.5%, 31.6% and
11.8% less, respectively. GSMaP-GNRT6 depicts precipitation in eastern China better,
with the errors almost halved. However, the number of rainstorm days and maximum
precipitation are significantly overestimated, even by more than 60%.

The GSMaP-GNRT6 data effectively capture the annual cycle of all four precipitation
indices, but the annual cycle in precipitation maxima based on the GSMaP-GNRT6 data
is much smoother compared to station observations. The GSMaP-GNRT6 demonstrates
a strong ability to represent the interannual variation in accumulated precipitation, the
number of rainstorm days and precipitation maxima, particularly for the former two
indices, where the correlation coefficients with station observations exceed 0.75. However,
a noticeable discrepancy in the interannual variation in the number of rainy days is evident.
Similarly, accumulated precipitation, the number of rainstorm days and precipitation
maxima based on the GSMaP-GNRT6 data exhibit a consistent increasing trend comparable
to that observed by station observations. Nevertheless, the GSMaP-GNRT6 data tend to
overestimate this upward trend, especially entering the early 21st century. Regarding the
number of rainy days in China, an opposite changing trend was observed between the
GSMaP-GNRT6 data and station observations, with an upward trend in the former and a
downward trend in the latter.
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