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(2010-2019). Using ground-based observations as a reference, GPP performance
was evaluated across multiple timescales with a suite of statistical metrics. The
evaluation framework leverages diagnostic visualizations, such as Taylor and
performance diagrams, to provide deeper insights into error structures than can be
achieved through traditional map-based assessments. The analysis revealed a
clear performance ranking: the satellite-based TRMM and GSMaP consistently
performed best, showing higher accuracy (median RMSE = 2.91-3.05 mm/day),
stronger correlation (median CC = 0.63-0.65), and a more balanced detection skill
(median CSI = 0.43-0.45). In contrast, the ERA5 reanalysis product, despite
achieving the highest probability of detection (POD = 0.78), suffered from notable
systematic biases and the largest random errors. Performance for all products
degraded during the arid summer, and estimation errors systematically increased
in wetter regions. We conclude that the gauge-adjusted satellite products, GSMaP
and TRMM, provide the most dependable precipitation estimates for the study area.
These findings offer a critical, evidence-based guide for selecting appropriate GPPs
in this vulnerable environment and provide insights for future algorithm
development.

1. Introduction

While ground-based rain gauges provide the most direct
measurements of precipitation, their primary limitation stems not from

Precipitation serves as a crucial element in the Earth's water and
energy cycles and is an essential input variable for various applications,
including hydrological modeling, agricultural planning, and the
management of water-related natural hazards such as floods and
droughts (Shirmohammadi—Aliakbarkhani et al., 2025; Wei et al., 2025).
High-quality precipitation data with precise spatiotemporal resolution
are essential for scientific research and operational decision-making,
especially in arid and semi-arid regions facing considerable water
resource challenges (Tosan et al., 2025a). In these water-limited
environments, inaccurate precipitation estimates can lead to inefficient
reservoir operations, failed agricultural outputs, and inadequate
preparedness for flash floods, thereby directly threatening both food
security and public safety (En-nagre et al. , 2025).
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the measurement itself, but from the network's spatial coverage. Most
gauge networks are sparse and unevenly distributed (Tosan et al.,
2025b). This challenge is exacerbated in areas characterized by
complex topography or remote access, where station density is often
insufficient to resolve critical spatial variations in rainfall (Li et al., 2025;
Singh, Thakur and Mohanty, 2025). Consequently, these data gaps
create a significant bottleneck, impeding progress in regional climate
studies and hydrological modeling, and they complicate the design of
effective water policies (Ganiyu et al., 2025).

To overcome these limitations, gridded precipitation products
(GPPs) are widely utilized. These datasets are derived from either
satellite remote sensing or atmospheric reanalysis models. Satellite-
based products offer quasi-global coverage with increasingly fine
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spatiotemporal resolutions. Two well-known examples are the tropical
rainfall measuring mission (TRMM) and the Global Satellite Mapping of
Precipitation (GSMaP) (Huang et al., 2025). Reanalysis products are
another important source. They provide datasets that are
spatiotemporally consistent. A primary example is the fifth-generation
ECMWEF reanalysis (ERA5) (Majidi et al., 2025). However, they are
subject to inherent uncertainties and systematic biases. These issues
arise from retrieval algorithms, sensor limitations, and model
parameterizations (Ganiyu et al., 2025). Consequently, a crucial
prerequisite for their reliable application is a rigorous regional-scale
validation against ground-based observations. The application of GPPs
in any hydro-climatic study is therefore contingent upon this foundational
validation step Abbas et al., 2024; Beki¢ and Leskovar, 2025). While
numerous GPP evaluations have been conducted worldwide, including
in other parts of Iran (e.g., the neighboring Khorasan Razavi province),
their findings cannot be reliably extrapolated to the unique environment
of South Khorasan. This province is characterized by a particularly
challenging combination of extreme aridity, complex mountainous
terrain, and distinct local climatic influences, all of which are known to
amplify GPP uncertainties. Therefore, the existing literature suffers from
a critical research gap: the absence of a dedicated and comprehensive
GPP assessment tailored specifically to the hydro-climatic conditions of
South Khorasan. Such a localized evaluation is not merely an
incremental addition but an essential prerequisite for any reliable
application of GPPs in this vulnerable, water-scarce region.

Therefore, this study aims to fill this critical research gap by
conducting a rigorous and multi-faceted evaluation of four prominent
GPPs: TRMM, CHIRPS, GSMaP, and ERA5. The performance of these
products is evaluated against data from available ground-based synoptic
stations in South Khorasan province, Iran, for the period spanning 2010
to 2019. The novelty of this work is threefold: (1) it provides the first
dedicated GPP intercomparison for the data-scarce and climatically
challenging South Khorasan province; (2) it assesses a unique
combination of legacy (TRMM) and modern (GSMaP, ERA5) products
across multiple temporal scales; and (3) it establishes a complete
analytical workflow using statistical and diagnostic visualizations to
evaluate temporal and error structures, offering a valuable alternative to
traditional map-based assessments. The findings are intended to
provide an essential, evidence-based guide for the selection. and
application of GPPs for critical water resource management in_this
vulnerable region and to contribute to the broader understanding of GPP
performance in arid, topographically complex environments.

2. Materials and methods
2.1. Study area

This study was conducted in South Khorasan province, a data-
scarce region of approximately 151,000 km?2 located in eastern Iran.
The province spans from approximately 30° 31' to 34° 53' N latitude and
57° 3'to 61° 0' E longitude. Fig. 1 displays the province's location, its
digital elevation model (DEM), and the spatial layout of the synoptic
stations utilized in this study.

Table 1 lists the specific details of these stations. The region is
characterized by a complex topography, with extensive mountain
ranges that generally exhibit a north-south orientation (Tosan et al.,
2015). Elevations range from approximately 650 m in the vast plains
and the Dasht-e Lut desert basin to a maximum of 3615 m in the
mountainous areas. This varied terrain directly results in significant
spatial variability in precipitation (Rezvani Moghaddam et al., 2016).
The regional climate is predominantly arid to semi-arid, with typically
arid, desert-like conditions in the lowlands and semi-arid conditions in
mountainous areas. The province's proximity' to.-major deserts
intensifies these dry conditions (Feizi and Tosan, 2017). Synoptic-scale
winds are also a significant influencing factor, particularly the well-
known 120-day Sistan wind. Consequently, the region is characterized
by a challenging climate and a limited number of long-term synoptic
stations. This combination of factors renders the accurate estimation of
precipitation a critical task, as such estimates are essential for both
water resource management and agricultural planning.in the province.
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Fig. 1. The study area, South Khorasan province, and the location of
the ground-based synoptic stations.

Table 1. Geographical characteristics of the synoptic stations used in the study.

Station Station Longitude Latitude Elevation, Mean annual precipitation SD of annual
ID name (°E) (°N) m (MAP), mm/year precipitation, mm/year
40809 Birjand 59.25 32.9 1491 124.61 51.2
99407 Boshruyeh 57.42 33.85 879 72.7 37.8
40792 Ferdows 58.18 34.03 1293 118.49 49.5
40827 Nehbandan 60.03 31.53 1188 89.41 42.1
40793 Qaen 59.18 33.74 1432 150.37 58.6
40791 Tabas 56.95 33.6 711 65.79 36.3

2.2. Datasets
2.2.1. Ground-based observations

Daily precipitation records; spanning the 2010-2019 period, were
obtained from the Iran meteorological organization (IRIMO). These data
were sourced from a network of synoptic stations distributed throughout
the study area. Quality control procedures were applied to these in-situ
measurements to ensure data integrity. This quality-controlled dataset
subsequently served as the reference ground truth for evaluating the
GPPs.

2.2.2. GPPs

For this evaluation, four widely used GPPs were selected, comprising
three satellite-based products and one reanalysis product. All datasets
were acquired for the same 2010-2019 period to ensure a consistent
comparative framework. The analysis utilized the TRMM multi-satellite
precipitation analysis (TMPA) product, version 3B42 v7. The retrieval
algorithm for this product merges microwave with infrared data from
multiple satellites, and the merged data is subsequently adjusted using
rain gauge measurements. This process yields precipitation estimates
at a 0.25° spatial resolution with a 3-hourly temporal resolution. For
almost two decades, TRMM was a key benchmark in hydro-climatic
studies and has been successfully applied previously in this specific

region (Zhang et al., 2022). The CHIRPS v2.0 dataset was also used
for this study. This dataset provides quasi-global precipitation
information and is characterized by a very high spatial resolution of
0.05°. The algorithm begins with thermal infrared observations of cold
cloud duration and then blends this satellite information with data from
a large network of ground stations. The goal of this final blending step
is to reduce bias and improve accuracy (Du et al., 2024).

This study also selected the gauge-adjusted, standard near-real-
time product of GSMaP, version 8. This product originates from the
GPM-era of satellites. Its core data is derived from passive microwave
radiometers; this information is then enhanced using infrared data
(Nourani et al., 2025). A final adjustment is applied using daily data from
a global network of gauges, resulting in a high-quality estimate with a
0.1° spatial and an hourly temporal resolution (Tafia et al., 2025).
ERAS is the fifth-generation global climate reanalysis dataset from the
european centre for medium-range weather forecasts (ECMWF). It
provides hourly precipitation estimates at a 0.25° spatial resolution. The
dataset's creation involves assimilating a vast number of historical
observations into an advanced data assimilation and modeling system.
Its application in climate and hydrological research is growing. A key
characteristic of this product, however, is that its performance can vary
significantly by region (Keune et al., 2025).
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2.3. Evaluation methodology
2.3.1. Comparison approach and preprocessing

The performance of each GPP was evaluated against ground-based
station data using a point-to-pixel comparison methodology. For each
station, the precipitation time series was extracted from the
corresponding grid cell of each GPP dataset. Two preprocessing steps
preceded the main analysis. First, GPPs with sub-daily native
resolutions (TRMM, GSMaP, and ERA5) were aggregated to a
consistent daily timescale. Second, to harmonize the GPP estimates
with the detection capabilities of physical rain gauges and mitigate the
"drizzle" effect common in reanalysis and satellite products, a daily
precipitation threshold of 1.0 mm/day was applied. This value is a
widely adopted standard in GPP validation studies to account for the
detection limitations of standard gauges and effectively filter out artificial
light precipitation in gridded products. Any GPP-estimated daily rainfall
value below this threshold was set to zero. While this temporal
aggregation is essential for a consistent comparison, we acknowledge
that it may mask the differential performance of products in capturing
sub-daily precipitation dynamics, particularly for the short-duration,
high-intensity convective events common in the region's arid climate.
An investigation at the native resolutions of these products would be a
valuable direction for future studies.

2.3.2. Evaluation metrics

The performance of the GPPs was quantified using a comprehensive
set of seven statistical metrics, which are summarized in Table 2. These
metrics are divided into two categories to assess both the accuracy of
the precipitation amount (continuous metrics) and the skill of event
detection (categorical metrics).

Four Continuous metrics were used to evaluate the agreement
and magnitude of error between GPP estimates and gauge
observations (Table 2): The pearson correlation coefficient (CC)
measures the linear correlation between the estimated and observed
values, ranging from -1 to 1. The Root Mean Square Error (RMSE)
represents the standard deviation of the prediction errors, penalizing
larger errors more heavily. The mean absolute error (MAE) measures
the average magnitude of the errors, providing a linear score of the error
quantity.

The Mean Bias Error (MBE) indicates the average tendency of the

GPP to overestimate (positive values) or underestimate (negative
values) precipitation. Three categorical metrics were used. to evaluate
the precipitation detection skill based on a contingency table
constructed from a 1.0 mm/day threshold. An event was classified as a
hit (H) if both the gauge and GPP recorded precipitation.> 1.0 mm, a
miss (M) if the gauge recorded rain but the GPP did not, and a false
Alarm (F) if the GPP recorded rain but the gauge did not.
The probability of detection (POD) measures the fraction of observed
rain events that were correctly detected by the GPP. . The false alarm
ratio (FAR) measures the fraction of GPP-detected rain events that did
not actually occur. The critical success index (CSl),also known as the
threat score, is a balanced metric that penalizes both misses and false
alarms, providing an overall measure of detection skill.

2.3.3. Analysis framework

The evaluation was conducted across several temporal and analytical
scales. The initial'analysis focused on daily performance, for which the
seven statistical metrics were calculated at each station and visualized
using © boxplots. "The subsequent analysis investigated seasonal
performance by aggregating the daily data into monthly sums. This
seasonal assessment relied on two key diagnostic tools: Taylor
diagrams and-performance diagrams.

3. Results and discussion
3.1 Overall performance assessment of GPPs

This section presents a comprehensive performance assessment of
four GPPs (TRMM, CHIRPS, GSMaP, and ERAS) against daily ground-
based observations from synoptic stations in South Khorasan province,
Iran, for the 2010-2019 period. Fig. 2 visualizes the statistical
distributions of seven metrics, including both continuous and
categorical types, allowing for a robust intercomparison of each
product's accuracy, bias, and event detection skill. This evaluation
approach aligns with standard practices in GPP validation studies
(Akbas and Ozdemir, 2024; Wang, Chen and Li, 2025).

In terms of correlation with ground observations (Fig. 2a), TRMM
exhibited the strongest agreement, achieving the highest median CC of
approximately 0.65. Its performance was also highly consistent across
the study area, as reflected by a compact interquartile range (IQR) of
only 0.14 (0.58-0.72). GSMaP also performed favorably, with a median

CC of 0.63 and a similar degree of consistency. These strong results
for satellite products are in line with previous findings in other parts of
Iran (Shirmohammadi—Aliakbarkhani et al. 2025).

Table 2. List of statistical metrics used for evaluating the performance

of SPPs.
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In contrast, both CHIRPS and ERAS5 showed weaker correlations
(median CCs 0of.0.60 and 0.58; respectively). The moderate result for
ERAGS is consistent with established patterns, as previous research has
shown that reanalysis products often struggle in areas with complex
topography (Ahmed et al., 2024; Yan et al., 2024). An analysis of error
magnitudes. (RMSE, Fig. 2b; MAE, Fig. 2c) identified TRMM and
GSMaP/ as the top-performing products. They achieved the lowest
median RMSEs (=2.91 and 3.05 mm/day) and the lowest MAEs (=1.1
mm/day). For GSMaP, this high level of accuracy is consistent with
results from various regional evaluations (Masood et al., 2023; Kumar
et al., 2025). Conversely, ERA5S produced the largest errors, with a
median RMSE of 3.85 mm/day and the widest error distribution, which
indicates a risk of large, occasional miscalculations. This finding in our
mountainous study area echoes other reports where ERAS5 has
struggled against satellite products in similar terrains (Chen, Collet and
Di Luca, 2024; Li et al., 2025). The CHIRPS product exhibited
intermediate performance, with a median RMSE of approximately 3.40
mm/day. The MBE (Fig. 2d) analysis provides critical insight into
systematic over- or underestimation tendencies. The results indicate a
distinct behavioral pattern: TRMM and CHIRPS exhibited a tendency
toward underestimation, with median MBE values of approximately -
0.11 mm/day and -0.09 mm/day, respectively. Conversely, GSMaP and
ERAGS displayed a tendency toward overestimation, with median MBEs
of +0.15 mm/day and +0.21 mm/day. The tendency of ERA5 to
overestimate precipitation is a well-documented characteristic reported
in other evaluations (Chang, Qi and Wang, 2024; Fatolahzadeh
Gheysari et al., 2024). Regarding bias, while the median value for all
products is near zero, ERA5 exhibits much greater variability, with the
largest IQR for MBE (ranging from -0.05 to +0.50 mm/day). This high
station-to-station variability renders it less reliable than TRMM and
GSMaP. In comparison, both TRMM and GSMaP demonstrated a more
consistent and predictable bias. The products' ability to identify
precipitation events was evaluated using the POD, FAR, and CSlI, as
shown in Fig. 2e, 2f, and 2g. The CSI, which provides a combined
measure of skill, identified GSMaP as the most effective product overall,
with the highest median score of 0.45. TRMM was a close second with
a strong CSI of 0.43. This top ranking reflects a successful balance
between two competing metrics. For example, ERA5 was the most
sensitive in detecting rainfall events, achieving the highest POD
(median = 0.78), a known characteristic of some reanalysis products
(Devadarshini et al. 2024). However, ERA5 also had the highest FAR
(median = 0.48), indicating that the product generated a high number of
false alarms. In contrast, TRMM and CHIRPS had the lowest FAR
(median = 0.35), although their lower FAR was associated with lower
POD scores due to missing more rainfall events. A trade-off between
detection and false alarms is often reported in SPP evaluations (Singh,
Thakur and Mohanty, 2025). The performance of GSMaP and TRMM
was more balanced, resulting in higher reliability for identifying both rain
and no-rain days. For hydro-meteorological applications, such
balanced reliability is more important than a high detection rate alone
(Gu et al. 2024).
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Fig. 2. Boxplot distributions of seven statistical metrics for the four GPPs against daily ground observations across all stations for the 2010—
2019 period. The metrics include (a) CC, (b) RMSE, (c) MAE; (d) MBE, (e) POD, (f) FAR, and (g) CSI. The box represents the interquartile
range (IQR), the horizontal line is the median, and the whiskers extend to 1.5 times the IQR.

3.2 Monthly and seasonal performance assessment using Taylor
diagrams

To assess the performance of the GPPs.at a coarser temporal scale,
daily precipitation estimates were.aggregated into' monthly sums, a
scale at which performance is often enhanced compared to daily
evaluations (Sultan et al. , 2024; Ganiyu et al. , 2025). The statistical
performance for each month was then evaluated using Taylor diagrams
(Singh, Thakur and Mohanty, 2025). These diagrams offer a concise
summary of three key statistics: the .CC, the Centered Root Mean
Square Difference (CRMSD), and the standard deviation (SDEV). As
presented in Fig: 3, this approach effectively illustrates the seasonal
variability in the performance of the four GPPs.

During the primary precipitation season from December to April,
all GPPs demonstrated. their most robust performance. In the peak wet
month of February, for instance, the satellite-based products exhibited
exceptional agreement with the reference observations. TRMM and
GSMaP achieved the highest correlations, with CC values of 0.88 and
0.86, respectively. Furthermore, their standard deviations (SDEV of
18.1 mm/month for TRMM and 19.5 mm/month for GSMaP) closely
matched the observed variability (reference SDEV = 19.9 mm/month),
placing them nearest to the reference point on the diagram. CHIRPS
also exhibited a high correlation (CC = 0.81) but slightly underestimated
the precipitation variability (SDEV = 16.5 mm/month). While ERA5 also
registered a high correlation (CC = 0.79), it markedly overestimated the
monthly variability during this period, with an SDEV of 22.4 mm/month.
These findings are consistent with other studies in different regions of
Iran that support the general suitability of these products for seasonal
analysis (Nozarpour, Mahjoobi and Golian, 2024).

The performance of all GPPs degraded substantially during the
arid summer period from May to September. This is a known issue for
GPPs in arid and semi-arid climates (Helmi and Abdelhamed, 2023;
Salih et al., 2024). This decline is largely attributable to the nature of
summer precipitation in the region, which is often dominated by short-

duration, high-intensity, and spatially scattered convective storms that
are notoriously difficult for the relatively coarse resolution of GPPs to
capture accurately. In August, the driest month, the correlation for all
products weakened considerably, with CC values ranging from -0.10
(ERAS5) to +0.15 (CHIRPS). The standard deviation for all products was
also much lower than the observed variability. For the summer months,
the points on the Taylor diagram cluster near the origin, indicating the
products' inability to reliably capture either the pattern or the magnitude
of infrequent summer rainfall events. Feng et al. (2025) have also
identified this limitation. The autumn months represented a transitional
period during which distinct differences emerged in the GPPs' ability to
capture the onset of the precipitation season. As rainfall patterns began
to re-establish in November, the performance of all products improved
relative to the summer lows. TRMM and GSMaP once again
demonstrated superior performance, with high correlations of 0.81 and
0.79, respectively, and the lowest CRMSD values among the products.
In contrast, ERA5's performance appeared to respond more slowly to
the seasonal change, exhibiting a much lower correlation of 0.65 for the
same month. This may suggest a lag in the model's ability to simulate
the synoptic patterns that initiate the wet season.

The overall monthly results reveal clear differences in
performance among the products. TRMM and GSMaP generally
yielded the most accurate and reliable monthly precipitation estimates,
with particularly strong performance during the hydro-climatologically
important wet season. A common characteristic was observed among
all satellite products (TRMM, CHIRPS, GSMaP), as they all exhibited a
tendency to underestimate the magnitude of monthly precipitation
variability. Conversely, the ERA5 reanalysis product frequently
overestimated this variability, particularly during wetter months. This
underscores the critical importance of seasonal context in GPP
evaluation, as product skill fluctuates dramatically between wet and dry
periods (Hisam et al. , 2023; Zhu et al. , 2025).
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Fig. 3. Monthly Taylor diagrams comparing the four GPPs against ground observations for the 2010-2019 period. Each diagram
corresponds:to a specific month from (a) January to (I) December. The plots summarize the CC (indicated by the azimuthal angle), the
Centered‘Root Mean Square Difference (gray semicircles centered on the reference point), and the standard deviation (radial distance

from the origin). The black circle on the x-axis represents the reference observation.

3.3 Monthly Precipitation Detection Skill Assessment

To complement the previous analysis, monthly precipitation detection
skill was evaluated using performance diagrams (Fig. 4). These
diagrams simultaneously visualize three key metrics—POD, Success
Ratio (SR = 1 - FAR), and CSl—providing a comprehensive view of
each product's detection capabilities and its inherent trade-offs.

During the main wet season, distinct performance differences emerged
among the products. In February, for example, ERA5 exhibited the
highest detection sensitivity with a POD of 0.84. However, this high
sensitivity came at the cost of a high number of false alarms, resulting
in a Success Ratio of only 0.63 (FAR = 0.37). In contrast, GSMaP and
TRMM offered a more balanced performance profile. GSMaP achieved
a POD of 0.78 and a higher success ratio of 0.71, yielding the month's
highest CSI score of 0.59. TRMM also registered a high CSI of 0.55.
The results for CHIRPS revealed a different pattern, as it had the

highest Success Ratio (0.75) at the expense of the lowest POD (0.65).
This result is typical for infrared-based algorithms, which often prioritize
precision over detection rates (Prakash and Bhan, 2023).

The detection skill for all products deteriorated during the arid
summer months. In July, the CSI for all GPPs fell below 0.25,
highlighting the difficulty of accurately identifying sparse precipitation
(Salih et al., 2024). During this period, ERA5 was particularly prone to
generating false alarms; its success ratio dropped to 0.45 (FAR = 0.55),
meaning that more than half of its rain predictions were incorrect. The
performance of other products like GSMaP and TRMM also declined.
However, their slightly higher CSI scores indicated a somewhat more
reliable detection capability during these challenging months, even
though their overall performance was also weak. A trade-off between
detection sensitivity and precision was evident across the entire annual
cycle. ERA5 consistently functioned as a high-sensitivity product,
maximizing the POD but at the cost of a consistently high FAR. In
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contrast, CHIRPS operated as a high-precision, low-sensitivity model
(Singh, Thakur and Mohanty, 2025). The CSI metric is designed to
balance these competing characteristics. The CSI analysis revealed
that satellite-native products exhibited superior overall performance.
According to this metric, GSMaP emerged as the top-performing
product, achieving the highest CSl in 8 out of the 12 months. This result

is consistent with other studies that also rank it highly among GPM-era
products (Gao et al. 2024; Kumar et al., 2025). TRMM's performance
was a close second. Therefore, GSMaP and TRMM represent the most
suitable choices for applications in the study region that require a
balanced approach to precipitation detection.
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Fig. 4. Monthly performance diagrams evaluating the precipitation detection skill of the four GPPs. Each diagram corresponds to a specific
month from (a) January to (I) December. The plots visualize the POD (y-axis) against the Success Ratio (SR = 1-FAR; x-axis). The dashed
diagonal lines represent the Bias, and the curved dotted lines indicate the CSI.

3.4. Inter-Annual Performance Stability

To investigate the temporal stability and potential long-term trends in
GPP performance, key statistical metrics were aggregated on an
annual basis for the 2010-2019 period. The resulting time series,
presented in Fig. 5, reveal the year-to-year fluctuations in accuracy,
bias, and detection skill. The inter-annual analysis of the CC (Fig. 5a)
and RMSE (Fig. 5b) reveals a consistent performance hierarchy. Over
the decade, TRMM and GSMaP consistently exhibited the strongest
correlations, with annual CC values typically between 0.62 and 0.70.
Their annual RMSE values were also the lowest, generally between 2.8
and 3.2 mm/day. Our analysis found no statistically significant
performance trend for any product, a result that differs from some other
studies that reported improvements in newer product versions (Zhu et

al., 2024). In this analysis, ERA5 consistently exhibited the weakest
performance metrics, a finding that is consistent with results from other
multi-year evaluations (Abbas et al. 2024).

Fig. 5¢c presents the analysis of the annual MBE. The systematic
biases for each product remained persistent over time. TRMM and
CHIRPS consistently exhibited a slight underestimation. In contrast,
ERA5 and GSMaP showed a persistent overestimation bias. The
stability of this bias over time may suggest that the underlying
algorithms and calibration procedures did not undergo major revisions
that would have impacted their systematic error characteristics in the
study region during this period (Zhu et al., 2025). The overall skill in
detecting precipitation events, as measured by the CSI (Fig. 5d), also
remained stable over the decade. GSMaP and TRMM consistently
achieved the highest scores, with their annual CSI values generally in
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the 0.42 to 0.46 range. The performance difference between these top
products and the others was maintained throughout the study period. In
summary, the inter-annual evaluation revealed that the performance
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characteristics and relative ranking of the four GPPs were largely static,
which provides a consistent baseline for their application in regional
studies.
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Fig. 5. Inter-annual time series of performance metrics for the four GPPs from 2010 to 2019. The plots show the yearly trend for (a) CC, (b)
RMSE, (c) MBE, and«(d) CSlI.

3.5 Relationship between estimation errors and local climate
conditions

To investigate the spatial patterns of estimation errors, the relationship
between GPP performance metrics and local climate conditions was
examined. This analysis serves as a proxy for understanding the spatial
distribution of errors by correlating key error metrics (RMSE and MBE)
with the mean annual precipitation (MAP) at each station. The results
are presented in Fig. 6 and 7.

A distinct positive relationship was identified-between the RMSE
and MAP for all four GPPs (Fig. 6). This indicates that the magnitude of
estimation error for all products systematically increases in wetter
station locations, a common characteristic of GPPs evaluated in areas
with diverse topography and climate (Abbas et al., 2024; Ahmed et al.
2024). The dependency of RMSE on local climate was most
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pronounced for ERA5 and CHIRPS. For instance, the RMSE for ERA5
varied significantly with the local climate, increasing from an average of
approximately 3.2 mm/day in drier stations (MAP < 250 mm/year) to
over 45 mm/day in the wettest locations (MAP > 400 mmlyear). In
contrast, the regression slopes for TRMM and GSMaP were
comparatively flatter, indicating that their accuracy is less sensitive to
variations in local climate and signifying a more robust performance
across the region's diverse precipitation regimes. The analysis of MBE
as a function of MAP (Fig. 7) revealed complex and divergent behaviors
among the products. For TRMM, its underestimation bias was more
pronounced in wetter stations, which may suggest the algorithm
struggles to capture the full magnitude of large precipitation events—a
known limitation for satellite products when dealing with heavy rainfall
(Najafi Tireh Shabankareh, Ziaee and Abedini, 2024).
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Fig. 6. Relationship between Root Mean Square Error (RMSE) and MAP for each GPP across all stations. Each panel represents a
different product: (a) TRMM, (b) CHIRPS, (c) GSMaP, and (d) ERA5. The red line indicates the linear regression fit.

In contrast, ERAS exhibited a strong positive trend, with its
tendency to overestimate becoming much greater in wetter locations.
GSMaP demonstrated the most stable performance; its regression line
was nearly horizontal, indicating that its slight overestimation tendency
was largely independent of the local precipitation climatology. This
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characteristic makes GSMaP the most consistent product in terms of
systematic bias across the diverse climatic gradients of the study area.
In summary, this analysis confirms that GPP errors are not spatially
random but are systematically linked to.the underlying precipitation
climatolog
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Fig. 7. Relationship between MBE and MAP for each GPP across all stations. Each panel represents a different product: (a) TRMM,
(b) CHIRPS, (c) GSMaP, and (d) ERAS5. The red line indicates the linear regression fit.

3.6 Overall agreement analysis using density scatter plots

To visually assess the agreement between daily GPP estimates and
ground observations, two-dimensional density scatter plots were
generated for each product (Fig. 8). These plots illustrate the
concentration of data points around the 1:1 identity line, providing a
holistic overview of each product's performance.

The results reveal distinct patterns that support the findings from
the statistical metrics. For TRMM and GSMaP, the data points are
highly concentrated around the 1:1 line, particularly for light to moderate
rainfall events (< 20 mm/day). Both products exhibit some data

dispersion for more intense events; however, their overall pattern
suggests a well-calibrated estimation process, which is consistent with
other evaluations of GPM-era products (Gao et al. , 2024). For CHIRPS,
while data points gathered with reasonable density near the identity
line, the spread was visibly wider, allowing a higher degree of random
error to be inferred. The product also exhibited a tendency toward
underestimating moderate precipitation—a behavior that echoes
findings from other semi-arid regions (Al-Shamayleh et al., 2024). The
data points for the ERA5 reanalysis product were the most dispersed.
A distinct pattern was observed: overestimation occurred for light
precipitation (1-10 mm/day), while underestimation was apparent for
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high-intensity events (> 30 mm/day). Such behavior is indicative of a
known limitation in global reanalysis models, which have difficulty
resolving the sub-grid scale processes that control convective rainfall
(Gomis-Cebolla et al. , 2023; Chen, Collet and Di Luca, 2024; Yan et
al., 2024). In summary, the density scatter plots visually confirm these
performance differences. The gauge-adjusted satellite products
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(TRMM and GSMaP) more accurately reproduced the magnitude of
daily precipitation events, which underscores the reliability of their
estimates. Conversely, the reanalysis data from ERA5 should be
interpreted with caution, particularly for applications that are sensitive
to the precise magnitude of daily rainfall.
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Fig. 8. Two-dimensional density scatter plots comparing daily GPP estimates against ground observations for the 2010-2019 period. Each
panel corresponds to a GPP: (a) TRMM, (b) CHIRPS, (c) GSMaP, and (d) ERAS5. The color bar indicates the frequency of data points
(number of days) on a logarithmic scale. The dashed red line represents the 1:1 identity line.

4. Conclusions

This study. evaluated four major GPPs (TRMM, CHIRPS, GSMaP, and
ERADB) against ground-based station data in the complex, data-scarce
terrain of South Khorasan province, Iran (2010-2019). By employing a
variety of metrics across multiple timescales, the analysis aimed to
comprehensively identify the strengths and weaknesses of each
dataset for “hydro-climatic applications. It is also important to
acknowledge that the gauge-adjusted nature of the satellite products
(TRMM, GSMaP, and CHIRPS) likely gives them an inherent
advantage over the unadjusted ERA5 reanalysis product within this
specific point-to-pixel validation framework. Our analysis revealed a
clear and consistent performance ranking. The satellite-based
products, especially the gauge-adjusted TRMM and GSMaP, emerged
as the top performers. They exhibited the highest correlation and lowest
errors (RMSE and MAE). Their skill in detecting rain events, measured
by CSI, was also the most balanced. The performance profile of the
ERA5 reanalysis product was markedly different; although it
demonstrated the highest sensitivity in detecting the presence of rain,
it was characterized by large systematic biases, the greatest random
errors, and a high rate of false alarms, rendering it less suitable when
precise rainfall amounts are important. The primary conclusion of this
study is that the optimal GPP for this semi-arid region depends on the
specific application. For tasks requiring accurate daily and monthly rain

data, such as hydrological modeling, GSMaP and TRMM are the
strongest options. GSMaP, in particular, delivered the best overall
results, combining high accuracy with a systematic bias that remained
stable across different local climates. The analysis also confirmed that
performance is seasonally dependent, with all products functioning less
effectively during the dry summer months. These results are practical
for researchers and water managers in the region. However, it is crucial
to recognize that the sparse gauge network itself imposes a significant
limitation on the spatial generalizability of our findings. While the point-
to-pixel evaluation is sound for the available stations, the performance
of GPPs across the vast, ungauged portions of the basin may differ,
particularly in areas of complex topography. Therefore, this local
validation is essential before these products are used operationally. For
future work, we suggest creating multi-product ensembles, possibly
with machine learning, that are specifically designed to leverage the
complementary strengths identified in this study. For instance, such a
framework could combine the high detection sensitivity (POD) of ERA5
with the superior quantitative accuracy and stable bias of GSMaP. The
goal is to create a better, high-resolution precipitation dataset for
northeastern Iran to improve local climate studies and hydrological
forecasting.
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