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Abstract:

Accurate precipitation estimation is essential for hydrological applications and hazard monitoring in coastal regions characterized by
complex terrain and strong land—sea interactions. This study analyzes long-term rainfall variability and evaluates the performance of
six widely used gridded precipitation products, namely PERSIANN, IMERG, CHIRPS, ERA5-Land, GSMaP, and MSWEP, over the
Guangdong-Hong Kong-Macao region during 2001-2023, using rain gauge observations as a reference. The results reveal
pronounced spatial heterogeneity in precipitation trends, with coastal subregions showing a clear drying tendency, whereas the inland
mountainous region remains relatively stable. Despite these differences, all regions exhibit highly synchronized interannual
variability, indicating the dominant influence of large-scale climatic drivers. All products reproduce the unimodal seasonal cycle
associated with the South China monsoon, with peak rainfall occurring in June. However, discrepancies increase during the peak
rainy season, when intense convective precipitation enhances estimation uncertainty. Among the evaluated datasets, GSMaP and
IMERG consistently outperform the others, with higher correlation coefficients and lower RMSE across most months, demonstrating
strong capability in capturing complex precipitation dynamics. In contrast, PERSIANN shows substantial limitations, particularly
during low-intensity rainfall periods, while ERA5-Land systematically underestimates peak rainfall intensity despite relatively stable
performance. Product uncertainties also exhibit clear seasonal dependence, with the largest errors occurring during the pre-monsoon
and monsoon periods. Overall, this study highlights the importance of long-term, region-specific evaluations of precipitation
products in complex coastal environments and provides practical guidance for dataset selection in hydrological modeling and disaster
risk management.

1. Introduction Guangdong-Hong Kong—Macao region to clarify the strengths
and limitations of these products for both scientific research and
Accurate precipitation estimation is critical for hydrological operational applications.
monitoring, flood and landslide early warning, and climate

diagnostics in densely populated coastal megacity regions  Numerous studies have evaluated the performance of satellite-

(Awange et al., 2016; Awange et al., 2019; Wang et al., 2026).
Guangdong Province, together with Hong Kong and Macao,
features strong land—sea contrasts, complex terrain, and frequent
typhoon influences, resulting in highly heterogeneous rainfall
patterns (Yan et al., 2020). While rain gauges provide reliable
point-scale ~ measurements, effective  decision-making
increasingly relies on spatially continuous gridded precipitation
products.

The gridded precipitation products include satellite-based data
such as the Integrated Multi-satellite Retrievals for GPM
(IMERG) (Huffman et al., 2020), Climate Hazards Group
InfraRed Precipitation with Station data (CHIRPS) (Arregocé&s
et al., 2023), the Global Satellite Mapping of Precipitation
(GSMaP) (Kubota et al., 2020), and the Precipitation Estimation
from Remotely Sensed Information using Artificial Neural
Networks—Climate Data Record (PERSIANN-CDR) (Ashouri et
al., 2015), the multi-source blended Multi-Source Weighted-
Ensemble Precipitation (MSWEP) product (Beck et al., 2019),

as well as the reanalysis product ERA5-Land (Jiang et al., 2021).

However, their performance can vary markedly across temporal
scales, terrain complexity, and regional rainfall regimes
(Khandu et al., 2016; Wang et al., 2025). This highlights the
need for gauge-based, long-term evaluations tailored to the

based and reanalysis precipitation products across different
climatic regions worldwide, including tropical, arid, and
mountainous environments. These studies have demonstrated
that product accuracy is strongly influenced by regional climate
conditions, terrain complexity, and precipitation regimes,
leading to considerable spatial variability in performance (e.g.,
Beck et al., 2019; Khandu et al., 2016; Maggioni and Massari,
2018).

However, despite these efforts, evaluations specifically focused
on coastal regions of Southeast China remain relatively limited.
In particular, the Guangdong—Hong Kong—Macao region,
characterized by complex land-sea interactions, monsoon
dynamics, and frequent typhoon activity, poses unique
challenges for precipitation estimation that have not been
systematically addressed in existing studies. This highlights the
need for a dedicated, long-term assessment to better understand
product performance under such complex coastal conditions.

Therefore, a comprehensive, gauge-based long-term evaluation
is essential for the Guangdong—-Hong Kong—Macao region to
systematically assess product performance and to better
understand their applicability under complex coastal conditions.
This study aims to quantify the accuracy and uncertainties of
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multiple precipitation products and to provide practical
guidance for their use in hydrological and climate-related
applications.

2. Study area and data

This study focuses on the Guangdong-Hong Kong—Macao
region along the southern coast of China, characterized by sharp
land—sea contrasts, complex terrain, and strong monsoonal
influence. The area spans coastal plains, the highly urbanized
Pearl River Delta, inland hills, and the Nanling mountains.
Seasonal rainfall is dominated by the East Asian monsoon, with
a wet season from late spring to early autumn, while frequent
tropical cyclones bring short-duration intense precipitation and
elevated flood risks (Liu et al., 2012; Lai et al., 2021).
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Figure 1. Geographic and topographic characteristics of the
coastal regions of Southeast China and the spatial distribution of
major meteorological stations.

To ensure the credibility of station-based validation, a
comprehensive quality screening was applied to all available
rain gauge records using precipitation observations from the
National Oceanic and Atmospheric Administration (NOAA).
Data completeness was assessed by counting the number of
valid daily records for each station—year pair, thereby evaluating
both temporal coverage and data continuity.

Following this screening, stations were retained according to
three conditions: (i) at least 200 valid observation days per year
for most years, (ii) observation records spanning two decades or
longer with limited gaps, and (iii) representative spatial
coverage across key geomorphic units, including coastal plains,
inland hills, and mountainous regions. Based on these criteria,
15 stations were selected, and their spatial distribution is
presented in Figure 1.

Table 1. Summary of satellite and reanalysis precipitation
products used in this study.

Product Resolution Reference
IMERG V07 0.170.5h Huffman et al., (2020)
CHIRPS 0.0591d Funk et al., (2015)
GSMaP 0.191h  Japan Aerospace Exploration
Agency (JAXA), (1998)
PERSIANN-CDR  0.2591d Ashouri et al., (2015)
ERA5-Land 0.191h Hersbach et al., (2020)
MSWEP v2.8 0.191d Beck et al., (2019)

Meanwhile, six widely used gridded precipitation products were
included in this study, covering satellite-based products,
reanalysis products, and multi-source blended products, as

summarized in Table 1. To ensure inter-product comparability,
all products were harmonized to a common framework by
aggregating them to monthly time steps and resampling them
onto a unified 0.25° spatial grid. The analysis period (2001-
2023) was determined by the maximum overlap among all
products.

3. Methods

Product performance was assessed using standard statistical
metrics, including the correlation coefficient (CC) to evaluate
temporal consistency, the root mean square error (RMSE) to
measure magnitude accuracy. These metrics collectively
characterize different aspects of model performance, including
temporal agreement and error magnitude (Cheng et al., 2025).

n
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where Pi and Gi denote the estimated and observed precipitation
at time step i, P and G are their mean values, and n is the total
number of samples. Higher CC and lower RMSE values
indicate better performance.

The study further investigates long-term rainfall variability
using gauge observations in Southeast China. Trends in annual
precipitation were estimated using Sen’s slope, a non-
parametric approach that quantifies the magnitude of change
(mm year-3 while being robust to outliers. The Sen’s slope (5)
is defined as the median of all pairwise slopes (Abu Arra et al.,
2025):

(X=X o
S = median ? Vi>i (3)

where Xi and Xj represent precipitation values at time steps i and
j, respectively.

4. Results and discussion

To establish a performance baseline, this section evaluates the
multi-year precipitation trend in Southeast China. Figure 2
illustrates the interannual variability of regional mean annual
precipitation across the four study subregions, together with the
corresponding Sen’s slope trends. Between 2001 and 2023, the
four sub-regions of Guangdong Province exhibited distinct
spatial heterogeneity and strong interannual fluctuations in
precipitation trends. The East_GD region experienced the most
pronounced decline with a Sen’s slope of —9.8 mmfyr ,

followed by the GBA at —7.5 mm/yr, indicating a significant
drying trend in the eastern and central coastal sectors over the
past two decades. While West_GD also showed a moderate
decrease of —4.2 mmlyr , the inland mountainous North_GD
remained relatively stable with a near-stationary trend of
+0.5 mm/yr , suggesting that topographical factors may play a
role in buffering the broader regional decline (Zhang et al.,
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2023a). Despite these varying slopes, all four regions
demonstrate highly synchronized temporal oscillations, with
prominent rainfall peaks in 2008 and 2016 and synchronized
troughs in 2004, 2011, and 2021. This high degree of
correlation across the sub-regions suggests that large-scale
climatic drivers are the primary determinants of precipitation
uncertainties in the area (Zhang et al., 2023b). The contrast
between the stable hydrological regime in the north and the
accelerating moisture deficit in the coastal southeast highlight a
potential shift in the regional moisture transport or monsoon
influence that warrants further investigation.
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Figure 2. Precipitation trend of Guangdong Province-Hong
Kong-Macao.

Figure 3 illustrates the monthly validation of six prominent
precipitation products (PERSIANN, IMERG, CHIRPS, ERA5-
Land, MSWEP, and GSMaP) against gauge observations. The
products demonstrate high performance in capturing monthly
rainfall variations, with GSMaP, IMERG, and MSWEP
consistently achieving superior correlation coefficients (R >
0.90) across most months, particularly during the transitional
seasons of March—-May and September—November. While all
products align closely with the 1:1 line during low-rainfall
periods in January and February, PERSIANN exhibits notably
lower reliability in early winter, with an R value as low as 0.21
in January, which indicates significant uncertainties in detecting
light or cold-season precipitation.

As rainfall intensity increases during the peak monsoon season
(June—August), the dispersion of scatter points expands across
all datasets, signaling a decline in estimation accuracy for heavy
precipitation events. In June, although most products maintain R
values above 0.85, the increased spread suggests that satellite-
based and reanalysis products still struggle to precisely capture
extreme or convective rainfall totals. Among the compared
products, ERA5-Land provides a robust and steady performance
throughout the year, yet it generally lags behind top-tier merged
satellite products like IMERG and GSMaP in terms of peak
correlation, highlighting the inherent trade-offs between
reanalysis modeling and direct remote sensing observations.

Figure 4 illustrates the monthly mean precipitation captured by
gauge observations and these products. All products
successfully — reproduce the unimodal seasonal cycle
characteristic of the South China Monsoon, with rainfall
peaking in June (exceeding 300 mm). While the products show
high consistency during the pre-monsoon and post-monsoon
periods, noticeable uncertainties emerge during the peak rainy
season (May-August), where CHIRPS and IMERG tend to
slightly overestimate the monthly totals compared to the gauge
data, whereas ERA5-Land consistently underestimates the peak
intensity in June. These discrepancies highlight the varying

performance of different algorithms in capturing convective and
frontal rainfall dynamics over complex coastal terrains.
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Figure 3. Scatter plots of monthly rainfall between in-situ
observations and gridded precipitation products.

The reliability of the six gridded precipitation products in
capturing these dynamics is further evaluated through monthly
RMSE analysis, as shown in Figure 5. The uncertainties
associated with all products exhibit a clear seasonal pattern,
with RMSE values peaking during the pre-monsoon and peak
monsoon months (May—June) before declining in the dry season.
GSMaP and IMERG consistently demonstrate superior
performance with the lowest RMSE across most months,
indicating their robustness in tracking Guangdong’s complex
rainfall patterns. Conversely, PERSIANN and ERA5-Land
show substantially higher uncertainties during the peak rainy
season, with RMSEs exceeding 150 mm in June, highlighting
the persistent challenges satellite and reanalysis products face in
accurately quantifying high-intensity convective rainfall over
complex coastal and mountainous terrains.
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Figure 4. Monthly mean precipitation captured by gauge
observations and six gridded precipitation products.

Monthly RMSE of gridded products vs gauge

160 4 —a— PERSIANN
IMERG
—— CHIRPS
—e— ERAS_Land
140 4 —— MSWEP

—e— GSMaP

120 A

100 4

80 4

RMSE (mm)

60 4

T T T T T T T T T - T -
Jan Feb Mar  Apr  May Jun Jul Aug Sep oct Nov  Dec
Month

Figure 5. Monthly RMSE of Gridded Precipitation Products.

The comparative validation reveals a clear hierarchy in the
performance of gridded precipitation products over
Guangdong’s complex terrain. GSMaP and IMERG consistently
outperform other products, demonstrating superior precision
with the highest correlation coefficients (R > 0.90) and the
lowest RMSE across most months. This enhanced accuracy can
be attributed to their advanced multi-sensor merging algorithms
and the integration of high-frequency microwave (MW)
samples, which are more physically direct in capturing the
liquid water content of monsoon-driven convective systems
(Ning et al., 2016; Tang et al., 2016; Bouizrou et al., 2023). In
contrast, PERSIANN shows significant  uncertainties,
particularly during the dry season (e.g., R = 0.21 in January),
likely due to its heavy reliance on infrared (IR) cloud-top
temperature data. IR-based retrievals often struggle to
distinguish between non-precipitating cold clouds and light-rain
systems, leading to the observed “near-blindness” during low-
intensity winter rainfall (Ashouri et al., 2015).

Furthermore, the notable performance gap during the peak
monsoon (May-June) highlights the inherent trade-offs between
satellite remote sensing and reanalysis modeling. While
satellite-based products like CHIRPS tend to overestimate peak
rainfall, which is likely due to challenges in filtering warm
orographic clouds, ERA5-Land consistently exhibits a negative
bias and higher RMSE exceeding 150 mm in June (Arregocés et
al., 2023). This systematic underestimation by ERA5-Land
suggests that despite its high-resolution land surface modeling,

the underlying reanalysis system may still smooth out extreme,
localized convective bursts that are characteristic of the South
China rainy season (Jiang et al., 2021). These results indicate
that while GSMaP and IMERG are most suitable for tracking
high-intensity events, ERA5-Land remains a steady but
conservative estimator that requires bias correction when
applied to regional flood or extreme weather studies in coastal-
to-mountainous transitions (Tarek et al., 2020).

5. Conclusion

This study conducted a comprehensive evaluation of long-term
rainfall variability and the performance of six widely used
gridded precipitation products over the Guangdong-Hong
Kong-Macao region from 2001 to 2023. The results reveal
pronounced spatial heterogeneity and strong interannual
variability in regional precipitation, with coastal subregions
exhibiting a clear drying tendency, while the inland
mountainous region remains relatively stable. Despite these
differences, all subregions display highly synchronized
temporal fluctuations, suggesting that large-scale climatic
drivers dominate precipitation variability across the study area .

The validation of gridded precipitation products demonstrates
that most products are capable of capturing the seasonal cycle
and monthly variability of rainfall, particularly during low-
intensity periods. However, substantial uncertainties emerge
during the peak monsoon season, when intense convective
rainfall becomes dominant. Among the evaluated products,
GSMaP and IMERG consistently outperform others, achieving
higher correlation and lower RMSE, indicating their strong
capability in representing complex coastal precipitation
dynamics. In contrast, PERSIANN shows significant limitations,
especially during dry seasons, due to its reliance on infrared-
based retrievals. ERA5-Land exhibits stable but conservative
performance, with systematic underestimation of peak rainfall
intensity.

The results further highlight a clear seasonal dependence of
product uncertainties, with errors peaking during the pre-
monsoon and monsoon periods. This reflects the inherent
challenges faced by both satellite-based and reanalysis products
in accurately capturing high-intensity and short-duration rainfall
events over regions characterized by strong land-sea
interactions and complex terrain.

Overall, this study underscores the importance of region-
specific, long-term evaluations for precipitation products in
coastal environments. The findings provide practical guidance
for selecting appropriate products in hydrological modeling and
hazard monitoring applications, particularly in monsoon-
influenced coastal regions. Future work should focus on
integrating multi-source observations and improving retrieval
algorithms to better represent extreme precipitation processes in
complex terrains.
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