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Abstract

ERA5 is a new-generation reanalysis product released by the Furopean Cen-
tre for Medium-Range Weather Forecasts (ECMWF'), which can provide a new
source of precipitation data for areas with sparse ground observation stations.
Based on daily precipitation data from 45 ground stations in Inner Mongolia
from 2008 to 2017, multiple evaluation metrics were used to assess the accu-
racy of ERAS reanalysis precipitation data across multiple temporal and spatial
scales. Combined with 13 extreme precipitation indices and a comprehensive
weighted model, the Sen’ s slope method and Mann-Kendall trend test were
employed to analyze the spatiotemporal variation patterns of extreme precipita-
tion and its hazard in the region from 1981 to 2021. The results show that: (1)
ERAS5 can well reproduce precipitation processes, exhibiting extremely strong
correlation with observation data at monthly and seasonal scales (correlation
coefficient CC>0.85), and strong correlation at daily scale (CC=0.68); at the
spatial scale, ERA5 data demonstrates better detection accuracy at eastern sta-
tions than western stations. (2) Except for simple daily intensity index (SDII),
total precipitation from very wet days (R95pTOT), and consecutive dry days
(CDD), all other extreme precipitation indices in Inner Mongolia show a de-
creasing trend, with total precipitation on wet days (PRCPTOT) decreasing
the fastest at -15.74 mm - (10a)~!. (3) Extreme precipitation indices show obvi-
ous regional differentiation patterns in space: extreme precipitation in western
Inner Mongolia shows increased intensity, in central Inner Mongolia shows de-
creased frequency, intensity, and duration, and in eastern Inner Mongolia shows
increased intensity but decreased frequency and duration. (4) The extreme pre-
cipitation hazard index has high-value centers in Ordos City, Hulunbuir City,
Bayannur City, and Hinggan League—cities (leagues) with relatively dense pop-
ulations and rapid economic development—showing a significant upward trend
that warrants focused attention.
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Abstract

ERAS5 is a new-generation reanalysis product launched by the European Centre
for Medium-Range Weather Forecasts (ECMWF') that provides a novel precip-
itation data source for regions with sparse ground observation stations. Based
on daily precipitation data from 45 ground stations in Inner Mongolia from
2008 to 2017, this study evaluated the accuracy of ERA5 reanalysis precipita-
tion data across multiple temporal and spatial scales using multiple evaluation
metrics. We constructed an extreme precipitation danger index by integrating
13 extreme precipitation indices through a comprehensive weighting model and
analyzed the spatiotemporal variations of extreme precipitation and its associ-
ated hazards in the region from 1981 to 2021. The results demonstrate that: (1)
ERAS5 can effectively reproduce precipitation processes, showing stronger corre-
lation with observations at monthly and seasonal scales (correlation coefficient >
0.85) than at daily scales (correlation coefficient = 0.68). The detection accuracy
of ERAS data is superior for eastern stations compared to western stations. (2)
Except for daily wet precipitation intensity, total heavy precipitation, and con-
tinuous dry days, all extreme precipitation indices exhibited decreasing trends in
Inner Mongolia, with annual total wet-day precipitation (PRCPTOT) declining
most rapidly at a rate of -15.74 mm « (10a)~!. (3) Extreme precipitation indices
display distinct regional spatial differentiation: western Inner Mongolia shows
increased intensity, central regions exhibit decreases in frequency, intensity, and
duration, while eastern areas show increased intensity but decreased frequency
and duration. (4) The extreme precipitation danger index shows high-value
centers with significant upward trends in Ordos City, Hulunbuir City, Bayan-
nur City, and Hinggan League—regions with relatively dense populations and
rapid economic development that warrant particular attention. These findings
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facilitate the identification of optimal datasets for analyzing climatic factors in
Inner Mongolia and provide a theoretical basis for formulating climate change
adaptation strategies and future climate projections.

Keywords: ERADB; precipitation; accuracy evaluation; extreme precipitation
index; Inner Mongolia

1 Introduction

Reliable precipitation estimation is crucial for climate change impact assessment,
hydrological modeling, and disaster risk management. As global warming inten-
sifies, improving the monitoring accuracy of precipitation—particularly extreme
precipitation events—has become essential for enhancing climate research capa-
bilities and disaster response effectiveness. Inner Mongolia Autonomous Region
(hereafter “Inner Mongolia” ) is located in an arid and semi-arid monsoon cli-
mate zone characterized by vast territory but sparse and unevenly distributed
meteorological stations, which significantly constrains research on precipitation
spatiotemporal patterns. Consequently, identifying high-resolution gridded pre-
cipitation datasets suitable for Inner Mongolia is critical for advancing climate
change research and disaster risk management in the region.

Previous studies have employed various data sources to investigate extreme
precipitation, including ground station observations and satellite-based precipi-
tation products. Station data, while accurate, suffer from limited temporal cov-
erage and cannot capture continuous spatial distributions. Satellite products
such as the Tropical Rainfall Measuring Mission (TRMM), Climate Prediction
Center Morphing Technique (CMORPH), Precipitation Estimation from Remo-
tively Sensed Information using Artificial Neural Networks (PERSIANN), and
corrected products from the Climate Prediction Center offer direct spatial rep-
resentation but require validation against ground observations due to inherent
retrieval algorithm limitations. Reanalysis datasets like ERAS integrate ad-
vantages from both ground stations and remote sensing, representing a widely
adopted data type in recent years. This study systematically evaluates ERA5
precipitation data performance across multiple spatiotemporal scales in Inner
Mongolia and analyzes extreme precipitation characteristics to provide a robust
foundation for regional climate research and disaster prevention.

2 Data and Methods
2.1 Data Description

ERAS reanalysis precipitation data were obtained from the Copernicus Cli-
mate Data Store (https://cds.climate.copernicus.eu/) covering the period from
January 1, 2008 to December 31, 2017, with hourly temporal resolution and
0.25° spatial resolution. Monthly and seasonal scale data were aggregated from
hourly values, with daily precipitation data pre-corrected for temporal align-
ment. Ground observation data from 45 meteorological stations in Inner Mon-
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golia were used as reference data for evaluation.

2.2 ERA5 Reanalysis Precipitation Data Evaluation Methods

2.2.1 Evaluation Approaches Two primary evaluation methods exist for
precipitation data: “grid-to-point” assessment, which interpolates gridded data
to station locations for comparison with ground observations, and “grid-to-grid”
assessment, which spatializes station data through methods like kriging or bi-
linear interpolation before comparison. This study employed the grid-to-point
approach using bilinear interpolation to extract ERA5 data at station locations
for direct comparison with observed precipitation data across annual, seasonal,
monthly, and daily scales. Seasonal divisions followed conventional meteoro-
logical classifications: spring (March-May), summer (June-August), autumn
(September-November), and winter (December-February).

2.2.2 Evaluation Metrics We selected six statistical metrics encompassing
error evaluation and categorical statistics (Table 1 ). The correlation coeffi-
cient (CC) measures linear association between observed and ERA5 data, with
optimal value of 1. Relative bias (RB) quantifies systematic deviation, with
optimal value of 0. Root mean square error (RMSE) measures dispersion, with
optimal value of 0. For categorical metrics, probability of detection (POD) re-
flects the ability to accurately capture precipitation events (optimal value =
1), false alarm ratio (FAR) indicates false positive rates (optimal value = 0),
and critical success index (CSI) comprehensively evaluates detection capability
(optimal value = 1).

2.2.3 Extreme Precipitation Indices To characterize extreme precip-
itation from frequency, intensity, and duration dimensions, we adopted 13
extreme precipitation indices recommended by the Expert Team on Climate
Change Detection and Indices (ETCCDI) (Table 2 ). These indices include:
PRCPTOT (annual total wet-day precipitation), R95pTOT (very wet days),
Rxlday (maximum 1-day precipitation), Rx5day (maximum 5-day precipita-
tion), Rx7day (maximum 7-day precipitation), and others measuring heavy
precipitation events, consecutive wet/dry days, and precipitation intensity.

2.2.4 Extreme Precipitation Danger Index We constructed a compre-
hensive extreme precipitation danger index (R) by integrating the 13 extreme
precipitation indices using principal component analysis to determine weights:

where w, represents the weight of the ith extreme precipitation index and X;
denotes the ith index value. This index enables quantitative assessment of
rainstorm and flood disaster hazards across Inner Mongolia.
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2.2.5 Temporal Trend Analysis Temporal trends were analyzed using Sen’
s slope method, a robust non-parametric statistical approach insensitive to
measurement errors and outliers, suitable for long-term time series analysis.
Positive slopes indicate increasing trends, while negative slopes indicate de-
creasing trends. The Mann-Kendall (M-K) trend test was employed to assess
trend significance, with significance level @ = 0.05. When the test statistic
|Z| > Z,, = 1.96, the trend is considered statistically significant. The M-
K test also identifies temporal mutation points where trend behavior changes
abruptly.

3 Results
3.1 Accuracy Assessment of ERAS5 Precipitation Data

3.1.1 Multi-Scale Temporal Accuracy Comparison of spatial distributions
reveals that ERAS5 effectively captures the spatial pattern of multi-year average
annual precipitation in Inner Mongolia (Figure 2 [Figure 2: see original paper]).
Both ERAS5 and station observations show precipitation increasing from south-
west to northeast, with Hulunbuir City in the east receiving the most abundant
precipitation (exceeding 550 mm annually) and western Alxa League receiving
the least (below 100 mm). The precipitation grade boundaries derived from
ERA5 data essentially coincide with those from station data, demonstrating
consistent spatial distribution characteristics.

Scatter density plots between ERA5 and station precipitation data at different
temporal scales (Figure 3 [Figure 3: see original paper|) show that ERA5 ex-
hibits strong correlation with observations at daily scales (CC = 0.68), though
this is lower than at monthly scales (CC = 0.88). ERA5 data show overesti-
mation across all temporal scales, with RB values of 8.59 mm at daily scale
and 59.36 mm at monthly scale. Seasonal-scale analysis indicates highest cor-
relation in summer and lowest in winter, likely related to greater precipitation
amounts in summer and smaller amounts in winter. Monthly average precipi-
tation comparisons (Figure 4 [Figure 4: see original paper]) demonstrate that
ERA5 captures monthly variation trends well but underestimates maximum
monthly precipitation, particularly in summer, possibly due to algorithmic er-
rors in the reanalysis system.

3.1.2 Site-Scale Accuracy Assessment Site-scale evaluation using a 0.1
mm - d~! precipitation threshold reveals that ERA5 performs better in eastern
stations than western stations (Figure 5 [Figure 6: see original paper]). Error
metrics show that stations with larger precipitation amounts tend to exhibit
higher RB values, with most stations showing overestimation > 0.1 mm - d~!.
CC values range from 0.70 to 0.80, displaying a southwest-to-northeast increas-
ing trend. RMSE values range from 1-2 mm in western regions to 3-5 mm in
eastern regions. Categorical statistics show POD values of 0.80-0.90 in the east
versus 0.40-0.50 in the west, while FAR shows the opposite pattern, consistent
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with uneven precipitation distribution across the region. CSI values range from
0.40 to 0.60, indicating moderate detection capability.

3.1.3 Detection Accuracy Across Precipitation Intensities Evaluation
of detection performance across different precipitation intensity thresholds (Fig-
ure 6 [Figure 6: see original paper|) shows that all three categorical statistics
(POD, FAR, CSI) decrease as precipitation thresholds increase from 0.1 to 15
mm -d~'. POD decreases most significantly, from capturing over 75.6% of
precipitation events at 0.1 mm - d ™! to less than 48.9% at 15 mm -d~'. FAR
decreases slightly with increasing threshold, while CSI shows a small upward
trend. The 0.1 mm - d~! threshold is commonly used to distinguish precipita-
tion occurrence, and these results demonstrate that ERA5 detection capability
declines with increasing precipitation intensity.

3.2 Spatiotemporal Characteristics of Extreme Precipitation Indices

3.2.1 Spatial Patterns The 13 extreme precipitation indices exhibit distinct
southwest-to-northeast spatial gradients (Figure 7 [Figure 7: see original pa-
per]). Frequency indices (PRCPTOT, R95pTOT) decrease from west to east,
with the largest precipitation differences across Hulunbuir City spanning 25-200
d. Intensity indices (Rx1day, Rx5day, Rx7day) show high values across most re-
gions except Alxa League, with values ranging 7-8 mm - d~'. Duration indices
(CWD, CDD) vary from 25-200 d across the region, with 100 d differences over
east-west spans.

Spatial trend analysis (Figure 8 [Figure 9: see original paper]) reveals that fre-
quency indices show significant decreasing trends in Hohhot City, Chifeng City,
Tongliao City, Xilingol League, and Hulunbuir City, with maximum slopes of
-1.667 mm - (10a)~!, particularly pronounced in densely populated areas. In-
tensity indices show decreasing trends only in Hohhot City, while Rx5day and
Rx7day show increasing trends in western Alxa League, Ordos City, and eastern
Hulunbuir City, but decreasing trends in central Hohhot, Xilingol, Chifeng, and
Tongliao regions. Duration indices show opposite patterns to frequency indices.

3.2.2 Interannual Variations Interannual trend analysis (Figure 9 [Figure
9: see original paper]) indicates that PRCPTOT decreased significantly across
most of Inner Mongolia at a rate of -17.36 mm + (10a)~!, with mutation points
occurring around 1998. Frequency indices (R95pTOT) show non-significant de-
creasing trends. Intensity indices (Rx1day, Rx5day, Rx7day) exhibit increasing
trends in western Alxa League, Ordos City, central Xilingol League, and east-
ern Chifeng, Tongliao, Hinggan League, and Hulunbuir City, but decreasing
trends in Hohhot and Chifeng. Duration indices (CWD, CDD) show increasing
trends with slopes of 4.924 d - (10a)~! and -0.150 d - (10a)~!, respectively, with
mutation points around 1998, indicating this year as a critical turning point for
climate regime shifts in Inner Mongolia.
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3.3 Spatiotemporal Evolution of Extreme Precipitation Danger

The extreme precipitation danger index shows an overall decreasing trend across
Inner Mongolia from 1981 to 2021 at a rate of -0.041 - (10a)~!, with a signifi-
cant mutation occurring around 1998 when the trend shifted from decreasing to
increasing (Figure 10 [Figure 10: see original paper]). Spatially, 19.3% of the
region exhibits increasing danger index trends, with 1.93% showing statistically
significant increases. High-value centers with significant upward trends are lo-
cated in Ordos City, Hulunbuir City, Bayannur City, and Hinggan League—
areas with relatively dense populations and rapid economic development. Low-
value centers appear in Xilingol League and Ulangab City. These patterns high-
light the need for enhanced monitoring and early warning systems in high-risk
regions.

4 Discussion

Reliable precipitation estimation is fundamental for climate change impact stud-
ies and disaster monitoring. Our multi-metric evaluation demonstrates that
ERAS5 reanalysis precipitation data exhibit high reliability in Inner Mongolia
and can serve as a valuable new data source for regional precipitation research.
The lower correlation at daily scales compared to monthly scales may result from
error cancellation effects during temporal aggregation, consistent with findings
from studies in East Asia, the Tibetan Plateau, and the Yangtze River Delta.
The observed overestimation in ERA5 data may be attributed to evaporation
of precipitation before detection by ground stations and inaccurate estimation
of solid precipitation, as well as deficiencies in grid-scale convective parameter-
ization schemes within the reanalysis system. However, overall errors remain
within acceptable ranges.

Extreme precipitation changes can trigger urban drought and flood disasters,
threatening urban safety and socioeconomic development. Our introduction of
the extreme precipitation danger index establishes a direct link between extreme
precipitation and hazard potential, revealing spatiotemporal patterns consistent
with previous studies by Bai Meilan and You Li. Although extreme precipita-
tion frequency shows an overall decreasing trend in Inner Mongolia, local ar-
eas exhibit significantly increasing intensity. The increasing danger index in
densely populated and economically developed regions such as Ordos, Hulun-
buir, Bayannur, and Hinggan League necessitates enhanced forecasting, early
warning, and emergency response capabilities for flood disasters. Conversely,
significant decreases in danger indices in grassland areas like Xilingol League
align with drought risk assessments by Jin Ling et al., suggesting that decreasing
precipitation may impact grassland biodiversity and ecological barrier functions,
thereby affecting regional ecological security. These areas require improved cli-
mate projection monitoring and ecological risk early warning systems.
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5 Conclusions

This study evaluated ERA5 reanalysis precipitation data performance and an-
alyzed extreme precipitation spatiotemporal characteristics in Inner Mongolia,
yielding four main conclusions:

(1) ERAD effectively reproduces precipitation processes in Inner Mongolia but
shows overall overestimation compared to station observations. Monthly-
scale data (CC = 0.88) outperform daily-scale data (CC = 0.68) due to
error cancellation effects. Seasonal correlation is highest in summer and
lowest in winter, likely related to precipitation amount differences. Spa-
tially, ERA5 performs better in eastern stations than western stations,
and detection capability decreases with increasing precipitation intensity.

(2) Interannual analysis reveals that annual total wet-day precipitation
(PRCPTOT) decreased most rapidly at -17.36 mm - (10a)™! from 1981
to 2021. Most extreme precipitation indices show decreasing trends
except for intensity indices (Rxlday, Rx5day, Rx7day) and total heavy
precipitation (R95pTOT). Mutation points around 1998 indicate a critical
climate regime shift in Inner Mongolia.

(3) Spatially, extreme precipitation exhibits a distinct southwest-northeast
gradient, increasing from southwest to northeast. Western Inner Mongolia
shows increasing intensity indices but no clear trends in other indices.
Central regions exhibit significant decreases in most indices (PRCPTOT,
R95pTOT, Rxlday, Rx5day, Rx7day). Eastern areas show increases in
intensity indices (Rxlday, Rx5day, Rx7day) but decreases in frequency
and duration indices.

(4) Although extreme precipitation frequency is decreasing overall, local areas
show significantly increasing intensity. The integrated extreme precipita-
tion danger index identifies high-value centers with significant upward
trends in Ordos, Hulunbuir, Bayannur, and Hinggan League—regions with
dense populations and rapid economic development (trend slope up to
0.177 - (10a)~!). These areas require focused attention on extreme precip-
itation monitoring, early warning, and emergency response. Meanwhile,
decreasing precipitation in grassland regions may threaten ecological secu-
rity, necessitating enhanced climate monitoring and ecological risk assess-
ment.
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