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ERA5 is the fifth-generation atmospheric reanalysis of the European Center for Medium-
Range Weather Forecasts, with high spatiotemporal resolution and global coverage.
However, the reliability of ERA5 for simulating extreme precipitation events is still
unclear over China. In this study, 12 extreme precipitation indices and a
comprehensive quantitative distance between indices of simulation and observation
were used to evaluate ERA5 precipitation from three fundamental aspects: intensity,
frequency, and duration. The geomorphological regionalization method was used to divide
the subregions of China. The results showed that the ability of ERA5 to simulate annual
total precipitation was better than that of daily precipitation. For the intensity indices, ERA5
performs well for simulating the PRCPTOT (annual total wet days precipitation) over China.
ERA5 performs better on RX5day (max 5-days precipitation amount) and R95p (very wet
days), especially in eastern China, than on RX1day (max 1-day precipitation amount) and
R99p (extremely wet days). For the frequency indices, the ability of the ERA5 simulation
increased as the amount of precipitation increased, except for northwestern China.
However, the ability of ERA5 to simulate R50mm (number of extreme heavy
precipitation days) decreased. For the duration indices, ERA5 was better at simulating
drought events than wet events in eastern China. Our results highlight the need for ERA5 to
enhance the simulation of trend changes in extreme precipitation events.
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1 INTRODUCTION

Precipitation is a key factor in the development of the Earth’s
system (Zhang et al., 2013). Accuracy assessment of precipitation
plays an essential role in helping to understand extreme weather
and climate events and in disaster risk reduction, especially in
regions with complex topography (Amjad et al., 2020). In a
changing environment, the intensity, and frequency of extreme
precipitation events have increased since the 1950s (Alexander
2016; Kim et al., 2020; IPCC 2021). As a direct source of
precipitation observations, the uneven spatial distribution and
the insufficient number of stations, as well as the discontinuity in
recording sequences, usually lead to poor performance of the
spatiotemporal features of precipitation (Rana et al., 2015; Duan
et al., 2016; Yu et al., 2020). The increasing demands of the
scientific community contradict the absence of observation
stations (You et al., 2013), especially with regard to assessing
extreme precipitation events (Donat et al., 2014; IPCC 2021).
Therefore, precipitation data with long time series and high
spatial resolution are necessary for climate change analysis.

In addition to the observation station data, the current
precipitation datasets can be roughly divided into three types
based on differences in the models and data sources: interpolated
surface observation precipitation datasets, satellite-based
datasets, and reanalysis datasets (Jiang et al., 2021).
Interpolated datasets have depended on the density of the
stations and the interpolation method, for example, HadEX3
and APHRODITE (Yatagai et al., 2012; Dunn et al., 2020).
Satellite-based datasets have been obtained by the inversion of
precipitation radar and microwave images (Amjad et al., 2020; Yu
et al., 2020), such as the Tropical Rainfall Measuring Mission,
Global Precipitation Measurement Integrated Multi-Satellite
Retrievals. Reanalysis datasets such as the fifth-generation
atmospheric reanalysis of the European Center for Medium-
Range Weather Forecasts (ERA5) (Hersbach et al., 2020) were
constructed using a large amount of measurement and remote
sensing information, and the information was gathered via a
retrospective analysis of past historical data (Tarek et al., 2020).
Compared with the other two data categories, reanalysis datasets

have beenmore widely used in various climatological applications
because of their high spatiotemporal resolution, various data
types, and global coverage (Gao et al., 2014; Gao et al., 2016;
Zhu et al., 2017; Kim et al., 2020). However, the accuracy of the
reanalysis data requires further evaluation because of systematic
errors in the model and the complex topography of the regional
scale (You et al., 2013; Yu et al., 2020). What also needs to be
verified is whether the reanalysis data can capture the increased
extreme precipitation events in a changing environment.

The applicability of ERA5 precipitation data has been
evaluated (Xu et al., 2019; Dullaart et al., 2021). Jiang et al.
(2021) found that ERA5 reanalysis data tended to underestimate
moderate and higher daily precipitation events (above 10 mm/
day) over mainland China. Amjad et al. (2020) found that ERA5
overestimates the observed precipitation for all wetness and
performs better in lighter precipitation events than satellite-
based products over Turkey. Hu and Yuan (2021) found that
ERA5 overestimates the rainfall frequency and underestimates
the intensity of precipitation from the Tibetan Plateau to the
Sichuan Basin. Therefore, although bias in ERA5 precipitation
data was less than that of the prior dataset ERA-Interim (Tarek
et al., 2020), the applicability of ERA5 in China needs to be
evaluated (Dong et al., 2020). Previous studies tried to investigate
the performance of ERA5 precipitation data over China at daily
scale and hourly scale precipitation events (Gao et al., 2018),
monthly scale precipitation events (Jiang et al., 2021), and
seasonal scale precipitation events (Tang et al., 2020).
Moreover, most of these studies selected evaluation elements
that did not include intensity, frequency, duration of extreme
precipitation events [e.g., Extremely wet days (R99p), Number of
extreme heavy precipitation days (R50 mm), Consecutive wet
days (CWD)]. Additionally, studies have mostly used multiple
evaluation indicators and have not proposed comprehensive
quantitative indicators (Hu et al., 2019). Therefore, because of
the increased extreme precipitation events in the context of global
warming (Chen and Sun 2017; IPCC 2021), complex topography,
and diverse climatic types, further research is necessary on the
reliability of ERA5 precipitation data for assessing extreme
precipitation events.

FIGURE 1 | Study area information. (A) Meteorological stations and topography. (B) Mean annual precipitation.
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China has experienced a high incidence of extreme
precipitation events since 1960s (Gao et al., 2017). Studies
have shown that climate change and human activities have
caused an increase in extreme precipitation events in China
(Lu and Yong 2020; Zhou et al., 2021b ; Li and Chen 2021).
In this study, we used a newly updated reanalysis precipitation
dataset called ERA5 and observation station datasets (Obs) to
assess the applicability of ERA5 for analyzing extreme
precipitation events in different geomorphic subdivisions,
based on extreme precipitation indices provided by the Expert
Team on Climate Change Detection Monitoring and Indices
(ETCCDMI). A comprehensive indicator named distance
between indices of simulation and observation (DISO) was
selected to evaluate ERA5 precipitation data. We attempted to
the following three questions: 1) How do ERA5 precipitation data
work in complex environments (Section 3.1)? 2) Can ERA5
capture extreme precipitation events (Sections 3.2, 3.3)? 3) Can
ERA5 capture the trend of extreme precipitation events (Section
3.4)? Section 2 describes the data and methods used in this study.
The conclusions are presented in Section 4.

2 DATA AND METHODS

2.1 Study Area
The geography of China includes mountains, hills, and alluvial
plains, with high elevations in the western region and low
elevations in the eastern region (Figure 1). The spatial
distribution of mean annual precipitation in China decreases

from the southeast coast to the northwest inland, which is due to
the uneven distribution of monsoons in the country. Studying the
applicability of ERA5 in China is necessary because the wide
expanse of land with a complex topography and diverse climate.

China can be divided into six regions based on
geomorphological features (Cheng et al., 2019). The
information for the six regions is listed in Table 1. The
differences in elevation, area, and station number among the
six regions are remarkable. The complex topography and extreme
climate limit the number of stations in the region (Gao et al.,
2018). Therefore, Regions-Ⅳ and Ⅵ have a large area but a low
number of stations.

2.2 Data Observations and European Center
for Medium-Range Weather Forecasts
The data from a total of 666 stations, collecting long-term
consecutive daily precipitation data, were selected to calculate
extreme precipitation indices (Figure 1A); the data from 1979 to
2020 were provided by the China Meteorological Data Sharing
Service System of the National Meteorological Information
Center (http://data.cma.cn/). The provider rigorously tested
the quality of the Obs. In addition, to ensure the authenticity
and accuracy of the data, error analysis, and quality control of all
data were performed before conducing the analysis. The selected
stations had data gaps of less than 5%.

The fifth-generation atmospheric reanalysis data product,
ERA5, has been released and compared with the first four
generation products (FGGE, ERA-15, ERA-40, and ERA-

TABLE 1 | Geomorphological regionalization information.

Region Name Latitude (°) Longitude (°) Average
elevation

(m)

Area (1.0
×

104 km2)

Stations
number

Ⅰ Eastern hilly plains 112.55°–135.08°E 29.60°–52.90°N 221.18 155.99 181
Ⅱ Southeastern low-middle mountains 105.72°–124.57°E 6.31°–33.58°N 281.55 102.66 159
Ⅲ North China and Inner Mongolia eastern—central mountains and

plateaus
102.50°–126.14°E 33.99°–53.55°N 1110.27 149.65 104

Ⅳ Northwestern middle and high mountains, basins, and plateaus 73.83°–107.72°E 36.25°–49.17°N 1374.98 188.26 47
Ⅴ Southwestern middle and low mountains, plateaus, and basins 97.52°–113.68°E 21.14°–35.05°N 1167.47 108.76 118
Ⅵ Tibetan Plateau 73.44°–104.84°E 25.96°–39.97°N 4343.16 256.49 57

TABLE 2 | Definition of extreme precipitation indices.

Index Name Definition Units

PRCPTOT Annual total wet days precipitation Annual total daily precipitation in wet days (daily precipitation ≥1 mm) mm
SDII Simple daily intensity index Annual total precipitation divided by the number of wet days in the year mm·d−1
RX5day Max 5-days precipitation amount Monthly maximum consecutive 5-days precipitation mm
RX1day Max 1-day precipitation amount Monthly maximum 1-day precipitation mm
R99p Extremely wet days Annual total precipitation when daily precipitation >99th percentile mm
R95p Very wet days Annual total precipitation when daily precipitation >95th percentile mm
R50 mm Number of extreme heavy precipitation days Annual count of days when precipitation ≥50 mm d
R20 mm Number of very heavy precipitation days Annual count of days when precipitation ≥20 mm d
R10 mm Number of heavy precipitation days Annual count of days when precipitation ≥10 mm d
R1 mm Number of wet days Annual count of days when precipitation ≥1 mm d
CWD Consecutive wet days Maximum number of consecutive days with daily precipitation ≥1 mm d
CDD Consecutive dry days Maximum number of consecutive days with daily precipitation <1 mm d
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Interim) (Hersbach et al., 2020; Jiang et al., 2021). ERA5 has a
higher spatiotemporal resolution than the other versions, with a
grid resolution of 31 km and temporal resolution of 1 h.
Moreover, advanced assimilation systems and parameterization
schemes have also improved reanalysis products. Another
advantage of ERA5 over the prior four generation products is
the number of parameters; more than 240 parameters fulfill the
needs of different types of research.

In this study, we calculated the nearest ERA5 grids to the Obs
stations by using Euclidean distance and then used this result to
obtain ERA5 precipitation data corresponding to Obs stations. In
addition, we converted the hourly scale ERA5 precipitation data
to daily scale data by cumulation.

2.3 Methods
2.3.1 Extreme Precipitation Indices
Extreme precipitation indices are widely used in assessments of
extreme precipitation events (Zhu et al., 2017; Dong et al., 2020;
Kim et al., 2020; Lei et al., 2021a), which are based on daily
precipitation data. The extreme precipitation indices used in this
study were provided by the ETCCDMI (Zhang et al., 2011). To
improve the characterization of regional extreme precipitation,
Rnn was modified to R1 mm and R50 mm in this study (Table 2).
R1 mm and R50 mmwere used to illustrate the ability of ERA5 to
capture wet days and the number of extremely heavy
precipitation days, respectively.

Extreme precipitation indices are classified by different
classification criteria. For example, according to the
definition, thresholds are divided into absolute indices and
relative threshold indices, while based on the length of the time
series, these are divided into monthly and annual extreme
precipitation indices. In this study, we divided the 12 extreme

precipitation indices into three categories based on their
characteristics (Alexander et al., 2019; Yao et al., 2020): 1)
intensity indices, namely PRCPTOT, SDII, RX5day, RX1day,
R99p, and R95p; 2) frequency indices, including R50 mm,
R20 mm, R10 mm, and R1 mm; and 3) duration indices,
including CWD and CDD. However, due to regional
climate differences, the 12 extreme precipitation indices
were not applicable to the whole country. For example, the
mean annual precipitation at many stations in northwestern
China (Regions-Ⅳ andⅥ) was less than 200 mm, and RX1day
did not exceed 20 mm. Therefore, R20 mm and R50 mm were
not applicable to these two regions. The number of extreme
precipitation indices for the six regions in China are listed in
Table 3.

2.3.2 Trend Analysis
In the application process, the autocorrelation of hydrological
and meteorological elements often causes the elements with
nonsignificant trends to become significant. Therefore, many
studies have used the prewhitening procedure before trend
detection (Das and Scaringi 2021; O’Brien et al., 2021; Shin
et al., 2021; Wu et al., 2021). The prewhitening Mann–Kendall
(PWMK) test has been used to test the ability of ERA5 to assess
the trend of extreme precipitation indices (Mann 1945; Kendall
1975; Yue and Wang 2002).

2.3.3 Evaluation Criteria
Conducting a quantitative and comprehensive assessment of the
applicability of reanalysis data is important for improving the
predictive capability of reanalysis data. A single statistical metric
can only provide a one-sided description of the limitations of the
dataset and cannot quantitatively describe the accuracies of the

TABLE 3 | Extreme precipitation indices for six regions over China.

Region Intensity Frequency Duration

Ⅰ PRCPTOT, SDII, RX5day, RX1day, R99p, and R95p R50 mm, R20 mm, R10 mm, and R1 mm CWD、CDD
Ⅱ PRCPTOT, SDII, RX5day, RX1day, R99p, and R95p R50 mm, R20 mm, R10 mm, and R1 mm CWD、CDD
Ⅲ PRCPTOT, SDII, RX5day, RX1day, R99p, and R95p R20 mm, R10 mm, and R1 mm CWD、CDD
Ⅳ PRCPTOT, SDII, RX5day, RX1day, R99p, and R95p R10 mm and R1 mm CWD、CDD
Ⅴ PRCPTOT, SDII, RX5day, RX1day, R99p, and R95p R50 mm, R20 mm, R10 mm, and R1 mm CWD、CDD
Ⅵ PRCPTOT, SDII, RX5day, RX1day, R99p, and R95p R10 mm and R1 mm CDD

TABLE 4 | Evaluation criteria used in this study.

Metric Name Formula Optimal value Unit

NRMSE Normalized Root Mean Square Error 1
�O

�������������
1
n∑n

i�1(Ei − Oi)2
√

0 —

NMAE Normalized Mean Absolute Error 1
n �O∑n

i�1|Ei − Oi | 0 —

RB Relative Bias ∑n

i�1(Ei−Oi )∑n

i�1 Oi
× 100

0 %

CC Pearson Correlation Coefficient ∑n

i�1(Ei− �E)(Oi− �O)��������∑n

i�1 (Ei− �E)2
√ ���������∑n

i�1 (Oi− �O)2
√ 1 —

DISO Distance between Indices of Simulation and Observation
����������������������������������
NRMSE2

i + NMAE2
i + RB2

i + (CCi − 1)2
√

0 —

Notes: n is the number of samples. �E ( �O) is the mean value of the extreme precipitation indices calculated from the ERA5 (Obs). Ei (Oi ) is the value of the extreme precipitation indices
calculated from the ERA5 (Obs).
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models from different perspectives (Hu et al., 2019). Moreover,
existing evaluation metrics, such as Taylor diagrams (Taylor
2001), do not allow for a quantitative assessment (Zhou et al.,
2021a).

Therefore, we used a new indicator, DISO, to quantitatively
and comprehensively evaluate ERA5 precipitation data (Hu
et al., 2019; Kalmár et al., 2021). We selected four
continually statistical metrics (Lu and Yong 2020)
normalized root mean square error (NRMSE), normalized
mean absolute error (NMAE), relative bias (RB), and Pearson
correlation coefficient (CC) as input variables for DISO
(Table 4). NRMSE indicates the mean error of ERA5. NMAE
eliminates the effect of positive and negative offsetting of ERA
errors. RB accurately describes whether ERA5 underestimates
or overestimates extreme precipitation. The CC is a crucial
indicator of the correlation between ERA5 and Obs. The
statistical metrics used in this study and their formulas are
listed in Table 4. DISO is greater than 2.0 when the values of
input variables (NRMSE, NMAE, RB, and CC-1) are greater
than 1.0. However, if DISO is greater than 2.0, the reliability of
ERA5 for simulating extreme precipitation will be extremely
low. In addition, when the values of the input variables are less
than 0.5, DISO is less than 1.0, which means that ERA5 can
capture extreme precipitation. Therefore, we used 1.0 as the
dividing line for the simulation effect (Hu et al., 2019). DISO

greater than 1.0 indicates a poor simulation (worst if greater
than 2.0), and less than 1.0 indicates a good simulation (best if
close to 0.0).

3 RESULTS AND DISCUSSION

3.1 Validation of ERA5 precipitation
Figure 2 illustrates the spatial distribution of DISO for ERA5 over
China on two timescales (daily and monthly). ERA5 performs
poorly on the daily scale and well on the monthly scale. In other
words, ERA5 captures the variation in monthly precipitation but
performs poorly on wet days. The number of days and magnitude
of precipitation had a significant impact on the accuracy of the
simulation.

For the daily scale (daily precipitation≥1mm),DISO for all stations
was greater than 1.0, and approximately 90% of stations showed DISO
between 1.2 and 1.6 (Figure 2A). Regions-Ⅱ andⅤ showed larger errors
than did the other regions. Both regions (mean annual precipitation
≥1000mm) had the highest wet days and precipitation in China,
based on regional precipitation characteristics (Figure 1B). Similarly,
the southern part of Regions-Ⅰ and Ⅲ showed high DISO. In wetter
regions, some wet days led to a larger DISO.

ERA5 performed better in terms of monthly precipitation than
daily precipitation (Figure 2B). Half the stations (approximately

FIGURE 2 | Performance of DISO over China from 1979 to 2020. (A) daily precipitation ≥1 mm. (B) monthly total precipitation.

TABLE 5 | DISO for extreme precipitation indices over China.

Region PRCPTOT SDII RX5day RX1day R99p R95p R10 mm R1 mm CDD

Ⅰ 0.54 0.62 0.81 0.96 2.17 1.08 0.60 0.89 0.74
Ⅱ 0.54 0.71 0.82 1.03 1.74 0.95 0.63 1.03 0.71
Ⅲ 0.74 0.65 1.00 1.14 3.04 1.53 0.73 0.98 0.90
Ⅳ 1.78 1.03 2.04 2.02 8.42 4.27 2.41 1.52 0.98
Ⅴ 0.92 0.78 0.91 1.10 1.13 1.99 1.01 1.57 1.16
Ⅵ 2.22 0.99 1.86 2.06 10.75 4.19 2.00 2.42 1.30
the whole China 1.22 0.83 1.33 1.47 5.39 2.44 1.23 1.45 1.00
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57%) showed DISO between 0.6 and 1.0. The overall trend
showed a gradually increasing trend from the southeast to
northwest. This finding suggests that ERA5 better captures the
variability of monthly precipitation in the wetter regions (Region-
Ⅱ) than in the arid regions (Regions-Ⅳ and Ⅵ).

3.2 Validation of ERA5 Extreme
Precipitation
3.2.1 Overall China
To further evaluate the applicability of ERA5 to extreme
precipitation events, nine extreme precipitation indices were
selected, based on the geomorphological features of different
regions. DISO for extreme precipitation indices in different
regions was calculated using the Thiessen polygon method
(Şen 1998; Lei et al., 2021b). According to the data in Table 5,
ERA5 performs well in eastern China (Regions-Ⅰ and Ⅱ) and
poorly in western China (Regions-Ⅳ and Ⅵ). ERA5 is better at
simulating CDD and SDII than other extreme precipitation

indices. Moreover, ERA5 showed poor simulation capability
for RX1day, R99p, and R95p.

For the different regions, DISO for the extreme precipitation
indices for Regions-Ⅰ, Ⅱ, andⅢ are lower than 1.0, accounting for
80.96%. DISO in Region-Ⅰ illustrates that ERA5 simulates extreme
precipitation very well in Region-Ⅰ. However, ERA5 exhibits a
lower ability to capture extreme precipitation events (especially
the intensity and frequency of extreme precipitation) in Regions-
Ⅳ and Ⅵ. DISO of Region-Ⅴ is concentrated in the range of
0.8–1.2. In general, with the increase in mean annual
precipitation, the capability of ERA5 to simulate extreme
precipitation events increases.

Figure 3 shows the spatial distribution of DISO for nine
extreme precipitation indices of ERA5 over China from 1979
to 2020. For the intensity of extreme precipitation indices,
PRCPTOT, SDII, and RX5day show that DISO in eastern
China, especially in Regions-Ⅰ and Ⅱ, is mainly below 1.0.
However, ERA5 shows poor simulation ability for RX1day and
only tends to detect annual maximum precipitation events in the

FIGURE 3 | Spatial distribution of DISO for extreme precipitation indices of ERA5 over China.
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north of Region-Ⅰ. In addition, compared with RX5day (28.98%),
RX1day in 64.11% of stations has values greater than 1.0.
Similarly, the reliability of ERA5 for R95p is better than that
of R99p; the DISO is marginally higher over Regions-Ⅲ, Ⅳ, and
Ⅵ. These results imply that the ability of ERA5 to capture
extreme precipitation increases as the amount of precipitation
increases.

For the frequency indices, the result of R1 mm displays the
poor simulation ability of ERA5 for wet days, except in the
south of Region-Ⅰ and north of Region-Ⅱ. ERA5 provide high
quality precipitation for R10 mm, especially in eastern and
northern China (Regions-Ⅰ, Ⅱ, and Ⅲ). Moreover, ERA5 has
improved simulation capability for R10 mm in eastern
Region-Ⅵ.

For the duration indices, DISO for 66.22% of stations in China
is below 1.0, and most stations are concentrated in Regions-Ⅰ, Ⅱ,
and Ⅲ. Additionally, ERA5 performs better for CDD in the west
of Region-Ⅳ. In general, DISO of CDD is in the range of 0.6–1.0.

Geographically, these results illustrate that ERA5 simulates
well in regions with sufficient precipitation but performs poorly
in mountainous and high-altitude regions. Simulating
precipitation in mountainous and high-altitude regions,
especially in the Tibetan Plateau, is difficult (Zhang et al.,
2020; Hu and Yuan 2021). Moreover, ERA5 performs poorly
on wet days and extremely wet days. Studies have shown that
extremely heavy precipitation has complex mechanisms and
variable processes (Dai and Nie 2020). In addition, the
reanalysis datasets show significantly uncertainties for
extremely heavy precipitation (Huang et al., 2016).

Notably, DISO is unable to indicate whether ERA5
overestimates or underestimates extreme precipitation.
Therefore, using RB to assess the applicability of ERA5 to
extreme precipitation events is necessary (Figure 4).

Regarding intensity indices, the ERA5 precipitation data are
obviously overestimates PRCPTOT and underestimates SDII.
The RB of RX5day concentrates in the range of −0.2–0.2

FIGURE 4 | Spatial distribution of RB (%) for extreme precipitation indices of ERA5 over China.
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(84.83%), suggesting that ERA5 can better simulate persistent
extreme precipitation events than temporary extreme
precipitation events. Similar to PRCPTOT, ERA5
underestimates R99p and R95p in most regions. For the
frequency indices, ERA5 shows overestimation at more than
95% of stations, especially for R1 mm (100%). Additionally,
ERA5 precipitation has a wet bias, although the error of
R10 mm is small. However, the duration indices showed that

ERA5 underestimates the CDD at all the stations. Similar to
R1 mm, ERA5 has poor applicability in western China.

Generally, ERA5 overestimates the intensity of extreme
precipitation in western China but underestimates annual
maximum precipitation. ERA5 overestimates and
underestimates the frequency and duration of extreme
precipitation indices. Based on the results in Figures 4, 5, the
highest value of DISO is caused by overestimation (e.g., R99p).

FIGURE 5 | Spatial distribution of DISO for the regional extreme precipitation indices of ERA5 in six regions.
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Singh et al. (2021) found that ERA5 underestimated all extreme
precipitation categories over India and failed to capture the
variation in hilly topography. However, Bandhauer et al.
(2021) found that ERA5 was overestimated the mean
precipitation in Europe. Therefore, assessing ERA5 before its
application is essential.

3.2.2 Subregion Validation
Each region has different geomorphological and climatic
characteristics, which leads to different regional extreme
precipitation indices. In addition to the extreme precipitation
indices over China, we used the regional indices (Figure 5). We
found that the differences between national and regional indices

FIGURE 6 | Spatial distribution of DISO for RX1day of ERA5 over China from spring to winter. spring (March, April, and May), summer (June, July, and August),
autumn (September, October, and November), and winter (December, January, and February).
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are the aggregated characteristics of the regional indices. In other
words, the regional indices show a similar applicability to ERA5
precipitation because of their similar geomorphological and
climatic characteristics. The six regions can be divided into
two categories based on the mean annual precipitation and the
number of regional indices: 1) those with mean annual
precipitation greater than 400 mm (Regions-Ⅰ, Ⅱ, and Ⅴ) and

three regional indices (R50 mm, R20 mm, and CWD) and 2)
those with mean annual precipitation of less than 400 mm and
regional indices below three (Regions-Ⅲ, Ⅳ, and Ⅵ).

The regions in the first category experience temperate
monsoon climate and subtropical monsoon climate. The mean
annual precipitation at most stations is concentrated in the range
of 600–1600 mm. Different from Region-Ⅰ, which mostly belongs

FIGURE 7 | Spatial distribution of DISO for RX5day of ERA5 over China from spring to winter. spring (March, April, and May), summer (June, July, and August),
autumn (September, October, November), winter (December, January, and February).
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to hilly plains, Region-Ⅱ is primarily low-middle mountains.
Region-Ⅴ shows higher elevation than Regions-Ⅰ and Ⅱ.
However, the performance differences among Regions-Ⅰ, Ⅱ,
and Ⅴ are small. Regarding the frequency of extreme
precipitation, R20 mm performs the best, and R50 mm
performs the worst. Compared with Figure 3, the applicability
of ERA5 increases as the precipitation amount increases, except
for R50 mm. These results show that the ERA5 is good at
simulating light and moderate rainfall, but poor at simulating
extremely heavy precipitation. For the duration of extreme
precipitation, most stations’ CWD exceeds 1.0.

The regions in the second category are characterized by high
altitudes with low mean annual precipitation. The number of
observation stations in the second category is relatively low, and
the regions experience a temperate grassy climate and an alpine
climate. For the frequency of extreme precipitation, ERA5
performs poorly for R20 mm in Region-Ⅲ. Regarding the
duration of extreme precipitation, ERA5 performs poorly
for CWD.

In general, these results demonstrate that with regard to the
simulation ability of R20 mm, ERA5 performs well, and DISO is
lower than 1.0, especially in eastern China. However, ERA5 shows
poor performance for R50 mm and CWD.

3.3 Validation of ERA5 monthly and
seasonal extreme precipitation
To investigate the ability of ERA5 to simulate monthly extreme
precipitation and seasonal differences in the seasons, we used
RX1day and RX5day to calculate the DISO. The overall
performance of ERA5 monthly precipitation data for RX1day
and RX5day are shown in Figures 6, 7, respectively. In addition,
many regions receive a large amount of precipitation in summer
(June, July, and August) and autumn (September, October, and
November), and less precipitation in spring (March, April, and
May), and winter (December, January, and February). Studies
have shown that ERA5 precipitation data performs very well on a
monthly timescale (Xu et al., 2019; Nogueira 2020); however,
there is a lack of assessment considering the rainy and non-rainy
seasons. Therefore, we also focus on the differences between rainy
seasons and non-rainy seasons. Notably, the duration of the rainy

season varies among regions because of their different climatic
characteristics. In this study, the rainy season is from May to
October and the non-rainy season is from November to April.

Figure 6 illustrates that ERA5 performs well in summer
and autumn for RX1day, except for the month of November.
For the spring, ERA5 has the best performance in Region-Ⅱ
with DISO in the range of 0.8–1.2. For the summer, most
stations range from 0.8 to 1.2, except for Region-Ⅳ. In
autumn, precipitation begins to decrease over the country.
ERA5 performs the best and the worst in October (69.67%
stations with DISO in the range of 0.0–1.0) and November
(78.53% stations with DISO lager than 1.0), respectively.
These 2 months usually represent the end of the rainy
season and the beginning of non-rainy season. Therefore,
the ability of ERA5 to estimate extreme precipitation is
closely related to the total precipitation. For winter, the
differences in performance among the six regions are
remarkable when DISO is greater than 1.0, except for
Region-Ⅱ and the south of Region-Ⅰ.

Monthly DISO clearly demonstrates low value with respect to
monthly maximum 1-day precipitation in the rainy season.
However, ERA5 performs poorly in non-rainy season. From
May to October, DISO decreases from southern to
northeastern China because of the movement of the rain belt
(Jiang et al., 2021). In other words, ERA5 performs increasingly
better as the number of days of the rainy season increases.
Notably, the rainy season starts in May, and the non-rainy
season ends in November, for both of which, ERA5 shows
large errors. Geographically, DISO is greater than 1.0 in
northwestern China during the whole year but ranges from
0.0 to 1.0 in southeastern China.

Figure 7 demonstrates that the ability of ERA5 to estimate
RX5day is better than its ability to estimate RX1day, and also
shows clear seasonal characteristics. For the spring, ERA5 has the
best DISO for Region-Ⅱ, with value from 0.6 to 1.0. For summer,
DISO at most stations is in the range of 0.6–1.2, except for
Region-Ⅳ. Notably, ERA5 has good estimation capability for
extreme precipitation in the eastern Tibetan Plateau during the
summer. For autumn, similar to RX1day, the ability of ERA5 to
estimate extreme precipitation is significantly different between
October and November. DISO values of Regions-Ⅰ, Ⅲ, and Ⅴ

FIGURE 8 | Box plots of the PWMK test value of DISO for the Obs (A) and ERA5 (B) for extreme precipitation indices over China from 1979 to 2020.
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change from less than 1.0 to greater than 1.0. In winter, DISO of
more than 60% of the sites is DISO greater than 1, except for
Region-Ⅱ and southern Region-Ⅰ.

ERA5 performs better for RX5day, especially in Region-Ⅱ,
than for RX1day. For temporal distribution, the applicability of
ERA5 in the rainy season is better than that in the non-rainy
season, with the best performance in October. For spatial
distribution, ERA5 performs very well in southeastern China,
especially in the non-rainy season. ERA5 has poor simulation
capability for extreme precipitation in northwestern China.

3.4 Climatology and Trends of ERA5
Extreme Precipitation
Figure 8 illustrates that ERA5 cannot simulate the trend of
extreme precipitation indices and differs significantly from the
Obs. Most Obs show an increasing trend in the intensity of
extreme precipitation, while ERA5 shows a decreasing trend.
Regarding the frequency of extreme precipitation, ERA5
performs poorly with respect to R10 mm and R1 mm. ERA5
simulates extreme precipitation at many stations with
nonsignificant decreasing trends as significant, especially for
R1 mm. Regarding the duration of extreme precipitation,
ERA5 simulates extreme precipitation approximately half of
the stations incorrectly as increasing trends.

4 CONCLUSION

In this study, 12 extreme precipitation indices were used to
evaluate the applicability of ERA5 under complex
environmental conditions. We used DISO to perform a
comprehensive assessment of the capability of ERA5
simulating extreme precipitation at different spatial and
temporal scales. The climatology and trends of ERA5 assessing
extreme precipitation were also investigated.

This study shows that ERA5 is better for total simulations than
daily precipitation. For the intensity indices, ERA5 has the best
simulation for PRCPTOT, with DISO of 81.3% stations below 1.0.
ERA5 performs better for RX5day and R95p than RX1day and
R99p, especially in eastern China. For the frequency indices, the
ability of the ERA5 simulation increases as the amount of
precipitation increases, except for northwestern China. For
example, the number of stations with DISO below 1.0
increases from R1 mm to R20 mm. However, the ability of
ERA5 to simulate extremely heavy rainfall (e.g., R50 mm)
decreases. For the duration indices, ERA5 is better at
simulating drought events than precipitation events in the
eastern China. Moreover, ERA5 overestimates the extreme
precipitation intensity and frequency, whereas it
underestimates the duration of extreme precipitation.

For the different time scales, ERA5 performs the best and the
worst in October and November, respectively. ERA5 has the best

ability simulating extreme precipitation in summer, and DISO
values of 58.8% of stations below 1.0. In addition, ERA5 shows the
worst ability to capture the variation of extreme precipitation in
winter, with more than 55% of stations having DISO values lager
than 1.0. Moreover, we found that ERA5 performs better in the
rainy season than the non-rainy season. The amount of
precipitation can explain the differences in the ERA5
performance.

For the different spatial scales, ERA5 performs best in Region-
Ⅱ and performs second best in Regions-Ⅰ andⅢ. However, ERA5
performs poorly in the remaining regions, especially in
northwestern China. Precipitation in high-altitude areas (e.g.,
the Tibetan Plateau) was difficult to simulate. Moreover, ERA5
cannot simulate changes in extreme precipitation trends.
Therefore, the ability of ERA5 to simulate long-term trend
changes needs to be improved.

In summary, this study evaluates the ability of ERA5 capture
the extreme precipitation events in China. The capturing of the
frequency and duration of extreme precipitation in southeastern
China is better than the intensity. The ability of ERA5 to simulate
precipitation increases as precipitation amounts increases, except
for R50 mm. Similar to the reports in many previous studies that
the performance of ERA5 was greatly influenced by altitude. This
study assessed the performance of ERA5 considering only
precipitation, and further research is required to investigate
the causes of errors in the future.
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