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Abstract

The Ethiopian Blue Nile Basin exhibits pronounced rainfall variability, and projected climate change is expected to further
amplify this uncertainty, with significant implications for water resource availability, particularly under conditions of growing
demand. This study was undertaken to examine the spatiotemporal variability of rainfall over the Ethiopian Blue Nile Basin
through statistical and spatial analysis of historical rainfall records, with the objective of assessing rainfall distribution patterns
and evaluating data reliability. The aim of this study was, therefore, to compare and validate the performance of Kiremt and
Annual rainfall Gauge-Blended Product (ENACT) with Satellite products (CHIRPS, ARC2, PERSIANN-CDR, TAMSAT, and
GPCC) that were collected from satellite during the period of 1991-2020 over the Ethiopian Blue Nile Basin. At the seasonal
scale, CHIRPS achieved the highest correlation coefficient (R = 0.96), indicating strong agreement with gauge observations,
together with the lowest RMSE (32.59 mm) and a near-optimal bias value (BIAS = 1.08). The product also exhibited excellent
rainfall event detection capability, with POD, CSI, and VHI values of 0.97, 0.93, and 0.99, respectively, while maintaining
relatively low FAR (0.04) and VFAR (0.04). Similarly, GPCC and TAMSATV3.1 showed relatively strong performance, whereas
ARC?2 exhibited comparatively lower skill, particularly in terms of RMSE and volumetric indices. At the annual scale, CHIRPS
again outperformed the other rainfall products, recording the highest correlation coefficient (R = 0.85), the lowest RMSE (47.61
mm), and near-unity categorical and volumetric statistics, including POD = 1.00, CSI = 1.00, VHI = 1.00, and VCSI = 0.99.
Although GPCC and TAMSATV3.1 also demonstrated strong annual performance, ARC2 showed relatively weaker agreement
with observed rainfall, characterized by lower correlation (R = 0.60) and higher RMSE (87.64 mm). The results of this study
provide crucial information for water resources management, which directly have impacts on human socio-economic life, and
environment. It can be used by different stakeholders, researchers, and policy makers to inform decision-making process.
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1. Introduction

Rainfall variability, characterized by fluctuations in the in-
tensity, amount, frequency, and spatial distribution of precip-
itation, plays a fundamental role in regulating the Earth’s hy-
drological cycle, ecosystem dynamics, and climate system [1,
2]. Accurate estimation of rainfall is therefore essential for un-
derstanding hydrological, agricultural, and climatological pro-
cesses, as well as for improving water resource management,
drought monitoring, flood forecasting, and climate-related
risk assessments. However, obtaining reliable precipitation
measurements remains challenging, particularly in regions
with sparse rain gauge networks and complex topography.

In recent decades, satellite-based precipitation products
(SPPs) have become increasingly important alternatives to
conventional rain gauge observations due to their extensive
spatial coverage and high temporal resolution. Satellite rain-
fall estimates provide valuable information for hydrological
and climate applications, especially in data-scarce regions
such as Africa. Nevertheless, uncertainties associated with
satellite rainfall retrieval algorithms, sensor limitations, and
terrain-induced effects can significantly affect the accuracy of
precipitation estimates. Consequently, continuous validation
and intercomparison of satellite precipitation products under
different climatic and topographic conditions are essential to
improve their applicability and reliability [3-5].

Several studies have evaluated the performance of satellite
precipitation products across continental, regional, and basin
scales in Africa, including Ethiopia and the Upper Blue Nile
Basin [3, 6-16]. These studies demonstrated that the perfor-
mance of satellite rainfall estimates varies considerably de-
pending on climatic conditions, elevation, seasonal rainfall re-
gimes, and terrain complexity. In particular, comparisons
among gauge-blended products and satellite-derived precipi-
tation datasets, including CHIRPS, ARC2, PERSIANN-CDR,
TAMSAT, and GPCC, revealed substantial spatial and tem-
poral inconsistencies in rainfall estimation accuracy across
East Africa and the Ethiopian highlands.

Ethiopia experiences highly variable rainfall patterns that are
largely controlled by large-scale atmospheric circulation sys-
tems and complex topography. The main rainy season, locally

known as Kiremt, occurs during the boreal summer (June—Sep-
tember) and contributes approximately 50-90% of the annual
rainfall over the northern Ethiopian highlands [17]. During this
period, moist air masses originating from the Indian Ocean, At-
lantic Ocean, and the Red Sea converge over the Ethiopian
highlands and ascend due to orographic forcing [18]. The ele-
vated terrain enhances convective instability through surface
heating of the plateau [19]. At a broader scale, the summer rain-
fall regime is strongly associated with the northward migration
of the Inter tropical Convergence Zone (ITCZ) and the dynam-
ics of the Indian summer monsoon system, both of which are
modified by the complex topography of the Ethiopian highlands.

Among the major river basins in Ethiopia, the Upper Blue
Nile Basin is one of the most hydrologically and socioeco-
nomically important regions. The basin is characterized by
highly heterogeneous terrain, significant elevation gradients,
and pronounced seasonal rainfall variability, all of which
complicate satellite rainfall retrieval processes. Previous vali-
dation studies conducted in the basin have indicated that the
performance of satellite precipitation products differs substan-
tially across climatic zones and seasons, with gauge-blended
products generally exhibiting relatively improved perfor-
mance under certain conditions. These findings underscore the
necessity for continuous assessment and refinement of satel-
lite rainfall products in regions with complex physiographic
and climatic characteristics [6, 10, 14, 15].

Therefore, this study presents a comprehensive evaluation of
selected satellite precipitation products over the Upper Blue Nile
Basin of Ethiopia. Five widely used precipitation products—
CHIRPS, ARC2, PERSIANN-CDR, TAMSAT, and GPCC—
are systematically evaluated against gauge-blended ENACT
rainfall data across different climatic zones within the basin. The
analysis focuses on assessing the spatial and temporal perfor-
mance of these products at regional and seasonal scales. In addi-
tion, several previous studies conducted at continental, national,
and basin scales are summarized in Table 1 to provide a broader
context for the evaluation of satellite precipitation products in Af-
rica, Ethiopia, and the Upper Blue Nile Basin.

Table 1. Evaluating the performance of satellite precipitation products at different scales.

Location Satellites
PERSIANN, ARCv2, TRMM, CMORPH, TAMSAT,
and GSMaP, GPCC
TRMM, TMPA, PERSIANN, and CMORPH

Africa TAMSAT v2 and TAMSAT v3

TAMSAT v3 and CHIRPS (daily satellite-based
products), as well as MSWEP v2.2

CHIRPS, TAMSAT, and GSMaP_wGauge, GSMaP
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Best Performance Study

PERSIANN: over most Africa, CMORPH: over GHA  [6]

PERSIANN and TMPA [20]
None [13]
AI_I are good, and better in detecting rainy days and [21]
daily amounts

GSMaP [22]
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Location Satellites
RFE v2.0, ARC v2.0, MSWEP v2.8, TAMSATV3.1,
PERSIANN-CDR ERA 5, and CHIRPS
CHIRPS, TAMSAT 3, and ARC2
CHIRPS, TAMSAT v2 and v3, and TRMM 3B43v7
Ethiopia
TRMM, CRU, and GPCC
CMORPH, TRMM 3B42v7, TMPA, ERA-Interim,
GPCC, MSWEP
CHIRPS, ARC2, and TMSAT2 and TMSAT3
Upper Blue
Nile basin CHIRPSv2 and MSWEPV2

The evaluation is designed to provide a thorough compari-
son of the satellite rainfall products with the gauge-blended
products, which serve as a reference benchmark. The study
period spans from 1991 to 2020; a time frame selected primar-
ily due to the availability of reliable station data. This 30-year
period allows for a robust evaluation of the satellite products’
performance, capturing various climatic patterns and trends.

The evaluation is performed at the regional level, utilizing the
Upper Blue Nile basin as a case study. The satellite rainfall prod-
ucts are compared with the gauge-blended products, which are
derived from a network of rain gauge stations. The study's focus
on the Upper Blue Nile region provides valuable insights into the
performance of the satellite products in a region characterized by
diverse climatic conditions and complex topography.

2. Description of Study Area

Best Performance Study
Complex results, CHIRPS was good in East Africa [23]
CHIRPS followed by TAMSAT [24]
CHIRPS followed by TAMSAT, and TRMM for [25, 26]
mountanious area '
GPCC [27]
MSWEP [28]
CHIRPS relatively better than TAMSAT and ARC 2 [24]

CHIRPSV2

The evaluation period, extending from 1991 to 2020, offers a
unigue opportunity to assess the consistency and accuracy of the
satellite rainfall products over an extended time frame. This 30-
year period encompasses a range of climate variability, including
wet and dry periods, allowing for a comprehensive evaluation of
the products' performance under different climatic conditions.

The aim of this study was, therefore, to compare and vali-
date the performance of Kiremt and Annual rainfall Gauge-
Blended Product (ENACT) with Satellite products (CHIRPS,
ARC2, PERSIANN-CDR, TAMSAT, and GPCC) that were
collected from satellite during the period of 1991-2020 over
the Ethiopian Blue Nile Basin. ENACT performance was also
compared against CHIRPS, ARC2, PERSIANN-CDR, TAM-
SAT, and GPCC satellite rainfall products.
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Figure 1. Study area with elevation.
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The Blue Nile Basin is located between 7°40'N—16°02'N lat-
itude and 32°30'E-39°49'E longitude in the northwestern Ethi-
opian Highlands, covering approximately 311,437 km? with el-
evations ranging from 489 to 4,239 m above sea level. The Blue
Nile River originates from Gish Abbay in West Gojam, flows
through Lake Tana, and traverses deeply incised gorges before
entering Sudan and joining the White Nile. As the major tribu-
tary of the Nile River system, the basin is critically important
for hydrology, agriculture, hydropower production, ecosystem
sustainability, and socioeconomic development in Ethiopia.

3. Data and Methology

3.1. Satellite Data Sets

3.1.1. Climate Hazards Group InfraRed
Precipitation with Station Data (CHIRPS)

The Climate Hazards Group InfraRed Precipitation with
Station (CHIRPS) dataset is a high-resolution rainfall dataset
that combines satellite observations blended with ground sta-
tion data, covering a wide area (505 - 50N), with a long rec-
ord starting from 1981 until now. By integrating multiple data
sources, CHIRPS enhances the accuracy and reliability of its
rainfall data, to provide reliable precipitation estimates, so as
it is widely used in climate research, hydrology, agriculture,
and disaster management. CHIRPS provide high-resolution
rainfall estimates at a spatial resolution of approximately 0.05
degrees (about 5 km) globally. This fine spatial resolution al-
lows for detailed analysis of precipitation patterns at local and
regional scales. Moreover, it offers daily precipitation esti-
mates, and this is valuable for studying short-term weather
events, seasonal patterns, and long-term climate trends. The
CHIRPS dataset undergoes rigorous validation processes to
ensure the accuracy of its precipitation estimates. Numbers of
validation studies were conducted to compare CHIRPS data
with ground-based observations and other satellite-derived da-
tasets to assess its performance in capturing actual rainfall pat-
terns (https://www.chc.ucsb.edu/data/chirps).

3.1.2. African Rainfall Climatology Version2
(ARC2)

The African Rainfall Climatology Version2 is a high-reso-
lution gridded rainfall dataset developed specifically for Af-
rica. It provides daily estimates of precipitation at a spatial
resolution of 0.1 degrees (approximately 10 km) across the
continent. ARC2 combines satellite data, ground station ob-
servations, and numerical weather prediction models to gen-
erate rainfall information for various applications, including
agriculture, water resource management, and disaster risk re-
duction in Africa. This dataset also provides a long record
(1983 — present) of daily rainfall data. (https://iridl.ldeo.co-
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lumbia.edu/SOURCES/.NOAA/.NCEP/.CPC/.FEWS/.Af-
rica/.DAILY/.ARC2/).

3.1.3. Precipitation Estimation from Remotely
Sensed Information Using Artificial Neural
Networks—Climate Data Record (PERSIANN-
CDR-CCYS)

Precipitation Estimation from Remotely Sensed Infor-
mation using Artificial Neural Networks—Climate Data Rec-
ord (PERSIANN-CDR) Satellite and gauge data is one of the
significant products that have been commonly used globally.
It allows users to access and download spatiotemporal statis-
tics precipitation data from 1983 up to Present, uses balanced
network function classification/approximation procedures to
compute an estimate of rainfall rate at about 0.25°x 0.25°(27
km) pixel resolution. It is a long-term global rainfall dataset
that leverages satellite data and machine learning techniques
to estimate precipitation on a smallest temporal resolution of
daily basis, which covers 605 to 60N degree, with high res-
olution and consistency in long-term records. PERSIANN-
CDR is widely used for climate studies, hydrological model-
ing, and monitoring of precipitation trends over extended time
periods. (https://www.ncei.noaa.gov/products/climate-data-
records/precipitation-persiann)

3.1.4. Tropical Applications of Meteorology Using
Satellite Data (TAMSAT)

TAMSAT is a research project that produces high-qual-
ity rainfall estimates for tropical regions, with a focus on
Africa. The TAMSAT dataset combines satellite data, cli-
mate reanalysis products, and ground station observations
to generate daily and pentad (5-day) precipitation estimates
at a spatial resolution of approximately 4 km over Africa,
and a record extending from 1983 until now. TAMSAT
data is utilized in various applications; such as famine early
warning, drought insurance, agricultural decision support,
and climate impact assessments. (https://research.read-
ing.ac.uk/tamsat/).

3.1.5. Global Precipitation Climatology Centre
(GPCCQC)

GPCC is an international initiative that produces global pre-
cipitation datasets based on a gridding the rain gauge observa-
tions, covering the area 905 - 90N, with a long record start-
ing from 1891 until present. The GPCC dataset offers monthly
and daily precipitation estimates at various spatial resolutions
of 0.1 degrees to 0.25 degrees respectively. GPCC data is
widely used in climate research, water resource management,
and climate impact assessments on a global scale.
(https://www.drought.gov/data-maps-tools/global-precipita-
tion-climatology-centre-gpcc-precipitation-data).
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3.1.6. Enhancing National Climate Services
(ENACTYS)

The Enhancing National Climate Services (ENACTS) ini-
tiative, implemented by the International Research Institute
for Climate and Society of Columbia University, represents an
integrated framework aimed at strengthening the incorpora-
tion of climate information into national decision-making pro-
cesses. The initiative enhances the availability of climate data
through the integration of quality-controlled in situ observa-
tions from national meteorological networks with satellite-de-
rived rainfall estimates, digital elevation data, and reanalysis-
based temperature products. Accessibility is improved via the
dissemination of processed climate information through web-
based platforms and interactive tools. Furthermore, the effec-
tive utilization of climate information is promoted through

continuous stakeholder engagement and collaboration, ensur-
ing that the developed products are tailored to user needs and
decision-support applications.

The Enhancing National Climate Services (ENACTS) pro-
gram has been operationalized across several African coun-
tries, including Ethiopia, The Gambia, Ghana, Madagascar,
Mali, Rwanda, Tanzania, and Zambia. Expansion efforts have
been initiated in Kenya, with implementation planned in
Uganda in subsequent phases. At the regional scale, ENACTS
has been implemented in West Africa through collaboration
with the AGRHYMET Regional Center, located in Niamey,
Niger. In East Africa, implementation has also commenced at
the IGAD Climate Prediction and Applications Centre
(ICPAC). These developments reflect the progressive scaling
of ENACTS from national to regional levels to enhance cli-
mate service delivery and application [29]. (https://iri.colum-
bia.edu/resources/enacts/)

Table 2. Summary of selected satellites characteristics.

. . - Temporal Length of For these
Dataset Spatial Resolution Regrinding Resolution Record paper Type of Data
ENACT 0.04<(4.4 km) 1981-2022 Satellite and ground data
CHIRPS 0.05<(5.5 km) 1981-present Satellite and ground data
- Satellite, ground data, and
ARC2 0.17(11 km) 1983-present weather prediction models
PERSIANN- . satellite data and machine
.25° .05°(5.5k Dail - 1991-202 . .
CDR 0.25°(27 km) 0.05<(5.5 km) aily 1983-present 991-2020 learning techniques
satellite data, climate rea-
TAMAST 0.0375°(4 km) 1983-present nalysis products, and
ground data
GPCC 0.25 (27km) 1891-present Gridding of ground data
3.2. Method Interpretation: A positive bias indicates model overestima-

The satellite rainfall estimates were evaluated against EN-
ACT rainfall satellite-station blended dataset which has 4 km
spatial resolution at monthly timescale. The POD, VHI, CSl,
VCSI, r, FAR, VFAR, and RMSE were evaluation metrics
used in this paper. High values of POD, VHI, CSI, VCSI, and
r; small values of FAR VFAR, and RMSE; and bias values of
1 (or near to 1) indicate good performance of the satellite rain-
fall products.

Validation Statistics: -

XPi

BIAS = I

1)
Where:

1) Pi = Simulated or forecasted climate variable

2) Qi = Observed climate variable

3) n = Total number of observations
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tion, a negative bias indicates underestimation, and values
near zero represent good model performance.

RMSE= /(1/n Z(Pi — Qi)2) )
Where:
1) Pi = Simulated value
2) Qi = Observed value
3) n = Number of observations
Interpretation: Lower RMSE values indicate better agree-
ment between climate simulations and observations.

z [(Si = S)(0i — 0)]

JEGI - 9%2) (/E0i - 0)2) )

Where:
1) Si = Simulated value
2) Oi = Observed value
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3) S = Mean simulated value

4) O = Mean observed value

Interpretation:

Higher positive correlation values indicate better model
performance.

_ M
POD = ——— (4)
Where:
1) M = Hits
2) H = Misses

Interpretation:
Values closer to 1 indicate better event detection capability.

_H
FAR= —— )
Where:
1) H = False alarms
2) F = Hits

Interpretation:
Lower FAR values indicate fewer false event predictions.

M

CSl= s ©
Where:
1) M = Hits
2) H = Misses

3) F = False alarms
Interpretation:
Higher CSI values indicate superior forecast skill.

VHI = M

(")

M + H

Where:
1) M = Hits
2) H = Misses

W W
th © A
[— I — T —1

Rainfall (mm)

e I )
= o
S e & o

=]

F

VFAR = —— (8)
Where:
1) F = False alarms
2) H = Hits
_ H

VCSI = ——— ©)
Where:
1) H = Hits
2) M = Misses
3) F = False alarms

4. Result and Discussion

The four satellite rainfall estimates (ARCv2.0,

CHIRPSv2.0, PERSIAN-CDR, TAMSATV3.1) and global
precipitation (GPCC) performances were evaluated in refer-
ence to ENACT rainfall. The dedicated statistical evaluation
metrics were POD, FAR, and CSI for categorical indices, VHI,
VFAR, and VCSI for volumetric indices, r, bias, and RMSE
for continues statistics at monthly, (JJAS) season and annual
timescales.

4.1. Annual Rainfall Characteristic

The annual rainfall climatology reveals that the Ethiopian
portion of the Blue Nile Basin exhibits a pronounced mono-
modal rainfall regime (Figure 2). The Kiremt season (June—
September, JJAS) constitutes the dominant rainfall period and
is the primary driver of agricultural production and productiv-
ity in the region. Across all satellite-based and GPCC rainfall
products, Kiremt-season rainfall consistently exceeded 150
mm per month, although the magnitude varied among datasets.
TAMSAT systematically overestimated monthly totals,
whereas ARC2 tended to underestimate them.

—8—ENACT
—8— ARC2
CHIRPS
—8— GPCC
PERSIAN
— e TAMSATvV3.1

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Months

Figure 2. Annual Rainfall Cycle for ENACT, ARC2, CHIRPS, GPCC, PERSIANN-CDR and TAMSAT.
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4.2. Spatial Rainfall Pattern of Kiremt (JJAS)
Season and Annual

The spatial distribution of rainfall was evaluated for the
annual totals and the JJAS (June-July-August-September)
main rainy season using five satellite-based rainfall products,
together with GPCC as an additional reference dataset
(Figures 3 and 4). The objective was to assess the degree to
which each product captures the spatial rainfall patterns and

13N

to distinguish those that perform within an acceptable
accuracy range from those that display notable deviations. The
results indicate that ARC2 consistently exhibits the lowest
spatial rainfall totals across both temporal scales, suggesting a
systematic underestimation of rainfall over the study region.
In contrast, TAMSAT3 displays the highest rainfall
accumulation, particularly over western Ethiopia, during both
the annual and JJAS periods, indicating a tendency toward
overestimation in high-rainfall zones.

12N
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ISE  MWE
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e
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Figure 3. Spatial pattern of annual rainfall for ARC2, ENACT, CHIRPS, GPCC, PERSIANN-CDR, and TAMSAT during 1990-2020.
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Figure 4. Spatial pattern of JJAS rainfall for ARC2, ENACT, CHIRPS, GPCC, PERSIANN-CDR, and TAMSAT during 1990-2020.
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Among the satellite products, CHIRPS v2.0 demonstrates
the closest spatial agreement with ENACT, which is
considered a highly reliable and recent gridded rainfall
product generated by EMI. This alignment highlights the
relatively strong capability of CHIRPS v2.0 in reproducing
the spatial rainfall gradients observed in the reference dataset.

Heat map of summarizes the statistical performance of the

evaluated rainfall datasets using correlation (R), bias, root
mean square error (RMSE), probability of detection (POD),
false alarm ratio (FAR), critical success index (CSI), volumet-
ric hit index (VHI), volumetric false alarm ratio (VFAR), and
volumetric critical success index (VCSI). The results reveal
substantial differences in the ability of the datasets to repro-
duce the reference rainfall observations (Figure 5).

Performance Performance
(@) weakest Strongest ®)  weakest Strongest
CORR 6 | 0912 G CORR [_0.592 | 07 |
BR2 | 0827 [ BR2 0272
BIAS —1.084 ' BIAS | 0.813 ‘
PBIAS ' PBIAS | -18.738
ME ME -41.913
MAE CEN 28511 | MAE 7024
RMSE 365 RMSE @ 87.214
NSE , NSE | 0.027
MNSE | 0696 | MNSE  0.02
RNSE RNSE |_-0.242
I0A IOA|
MIOA MIOA
RIOA | RIOA
POD POD | 0.997
POFD pODf | [ ] | |
FAR FAR
FBS FBS  0.997
csl csi| 0.997
HSS HSS
MQB MQB | 0.802
MQE MQE [ -41.789
VHI VHI| 0.954
QPOD QPOD | 0.929
VFAR VFAR
QFAR QFAR
VMI VMI|  0.046
QmISS amiss | 0.071
VCSI VCSI|_0.948
acsi Qcsl | 0922
Q
& Q

Figure 5. Heatmap of summarizes the statistical performance of the evaluated rainfall for (a) Annual and (b) Kiremt (JJAS).

At the seasonal timescale, CHIRPS demonstrated the
strongest overall performance among the evaluated precipita-
tion products, showing excellent agreement with gauge obser-
vations with the highest correlation coefficient (R = 0.96). The
dataset also recorded the lowest RMSE (32.59 mm) and a
near-ideal bias value (BIAS = 1.08), indicating high accuracy
with only slight overestimation of seasonal rainfall. These re-
sults highlight the capability of CHIRPS to effectively repro-
duce the temporal variability and spatial distribution of rain-
fall across the study area. Furthermore, CHIRPS exhibited
outstanding rainfall event detection performance, with high
POD (0.97), CSI (0.93), and VVHI (0.99) values, demonstrating

its strong ability to detect and quantify rainfall events and vol-
umes accurately.

In addition, CHIRPS maintained low FAR (0.04) and
VFAR (0.04) values, indicating minimal false rainfall detec-
tions. GPCC and TAMSATV3.1 also showed relatively strong
performance across most evaluation metrics, with good con-
sistency with observed rainfall data and satisfactory event de-
tection capability, making them suitable for seasonal rainfall
monitoring and hydro climatic studies. In contrast, ARC2 ex-
hibited comparatively weaker performance, particularly in
terms of RMSE and volumetric indices, suggesting larger dis-
crepancies between estimated and observed rainfall amounts.
Its lower volumetric skill indicates limitations in accurately
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representing the magnitude and distribution of seasonal pre-
cipitation.

At the annual scale, CHIRPS once again demonstrated su-
perior performance compared to the other evaluated rainfall
products, exhibiting the strongest agreement with gauge ob-
servations. This was reflected by the highest correlation coef-
ficient (R = 0.85), indicating its strong capability to reproduce
interannual rainfall variability across the study area. In addi-
tion, CHIRPS achieved the lowest RMSE (47.61 mm), high-
lighting its high quantitative accuracy and reduced deviation
from observed annual rainfall totals. The product also showed
exceptional skill in rainfall event detection and volumetric es-
timation, with near-perfect categorical and volumetric indices,
including POD = 1.00, CSI = 1.00, VHI = 1.00, and VCSI =

0.99. These results emphasize the reliability of CHIRPS for
annual-scale hydrological and climate-related applications.

Similarly, GPCC and TAMSATV3.1 exhibited relatively
strong annual performance, demonstrating good consistency
with observed rainfall patterns and acceptable statistical accu-
racy. However, ARC2 showed comparatively weaker perfor-
mance, with a lower correlation coefficient (R = 0.60) and a
substantially higher RMSE (87.64 mm), indicating larger dis-
crepancies between estimated and observed annual rainfall
amounts. These findings suggest that ARC2 has limited capa-
bility in accurately capturing annual rainfall variability and
magnitude when compared to the other precipitation datasets
evaluated.

Table 3. Annual rainfall summarizes the statistical performance of the evaluated rainfall datasets.

Datasets R BIAS RMSE POD FAR Csl VHI VFAR VCSI
ARC2 0.86 0.90 56.86 0.88 0.01 0.88 0.95 0.07 0.88
CHIRPS 0.96 1.08 32.59 0.97 0.04 0.93 0.99 0.04 0.95
GPCC 0.94 111 41.25 0.95 0.03 0.93 0.99 0.06 0.93
PERSIAN 0.91 1.08 46.95 0.99 0.05 0.94 0.97 0.06 0.92
TAMSATvV3.1 0.94 1.08 41.61 0.86 0.01 0.86 0.99 0.06 0.93
Table 4. JJAS rainfall summarizes the statistical performance of the evaluated rainfall datasets.
Datasets R BIAS RMSE POD FAR Csl VHI VFAR VCSI
ARC2 0.60 0.83 87.64 0.99 0 1.0 0.96 0.006 0.95
CHIRPS 0.85 1.04 47.61 1.0 0 1.0 1.00 0.009 0.99
GPCC 0.78 1.06 59.47 1.0 0 1.0 0.99 0.010 0.98
PERSIAN 0.70 1.01 68.70 1.0 0 1.0 0.97 0.008 0.96
TAMSATvV3.1 0.79 1.07 61.92 1.0 0 1.0 1.00 0.011 0.99

The stronger satellite rainfall performances is demonstrated
between CHIRPS2 and ENACT as the rainfall values of
CHIRPS?2 tightly clustered around the 1:1 line with only a mi-
nor positive bias. In contrast, the relative performances of the
TAMSATS3, GPCC, PERSIAN and ARC2 were ranked in de-
scending order after CHIRPS2 exhibiting higher relative dis-
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persion and negative bias from 1:1 line which is a clear indi-
cation of systematic under prediction bias and reduced values
of precision. The overall performance evaluation indicated in
this 1:1 line graph depicted that the CHIRPS2 rainfall estimate
has better performance than all other satellite products. The
second product with greater performance is GPCC.
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The individual satellite-based rainfall products were evalu-
ated using cumulative distribution function (CDF) against the
ENACT gridded rainfall dataset using both annual totals and
JJIAS (June-September) seasonal totals. The results indicate
notable differences in how the products reproduce the ob-
served rainfall distribution.

For ARC2, the CDF analysis shows that this product con-
sistently reports a higher frequency of rainfall totals below
350 mm compared to ENACT, suggesting a tendency toward
underestimation in the lower-to-mid rainfall range. However,
for rainfall totals exceeding 350 mm, ARC2 aligns more
closely with ENACT, indicating comparable performance in
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capturing higher-magnitude rainfall events. In contrast, the
other satellite products of CHIRPS2, GPCC, PERSIANN-
CDR, and TAMSAT3 display a different behavior. While
their estimation of higher rainfall totals (<=300 mm) is gener-
ally consistent with ENACT, they exhibit a higher relative fre-
quency of lower rainfall estimates compared to the reference
dataset. This implies a tendency toward overrepresentation of
low rainfall values, particularly in the lower tail of the distri-
bution. These patterns were consistently observed for both the
annual and JJAS seasonal cumulative rainfall totals, as illus-
trated in Figure 8.
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Consistent with the findings obtained from the other statisti-
cal performance metrics applied in this study, the Taylor dia-
gram provided additional insight into the comparative perfor-
mance of the satellite rainfall products relative to ENACT, the
reference dataset (Figure 9). The diagram enabled simultaneous
evaluation of three key attributes correlation, standard deviation,
and root-mean-square difference allowing a more integrated as-
sessment of how closely each satellite product reproduces the
statistical characteristics of observed rainfall. For the annual
rainfall totals, the highest correlation with ENACT was ob-
served for CHIRPS2, followed by GPCC, TAMSAT3, PER-
SIANN-CDR, and ARC2, in that order. All products demon-
strated relatively strong agreement with ENACT at the annual
scale, with correlation coefficients exceeding 0.90. However,
the ranking pattern remained largely the same for the JJAS sea-
sonal rainfall, but with a noticeable decline in correlation values.
In particular, ARC2 exhibited a substantial drop, with its corre-
lation falling to approximately 0.60, whereas only CHIRPS2
and GPCC maintained correlations above 0.90, even during the
JJAS season. In terms of variability, the standard deviation of
annual rainfall totals exceeded 100 mm for all satellite products
except ARC2, which underestimated the variability relative to
ENACT. When ranked from lowest to highest standard devia-
tion, the order for annual totals was: ARC2, CHIRPS2, PER-
SIANN-CDR, GPCC, and TAMSATS3. A similar ranking trend
was observed for the JJAS season, though the magnitude of
standard deviation was generally lower, staying below 80 mm
for all products, indicating reduced rainfall variability during
the main rainy season compared to the full annual cycle. These
results collectively highlight that CHIRPS2 and GPCC are the
most consistent performers across both temporal scales,
whereas ARC2 shows comparatively weaker skill, particularly
during the JJAS season.

4.3. Discussion

Large number of studies which validated and evaluated the
performance of the rainfall satellite datasets were conducted
in different Ethiopian regions. Here we focus on the Upper
Blue Nile. In Upper Blue Nile region, [24, 25] conducted
studies in which the performance of CHIRPS, TAMSAT 3,
and ARC2 for the period 2000 — 2012, and the CHIRPS,
TAMSAT v2 and v3, and TRMM 3B43v7 were assessed
respectively. In both studies, CHIRPS exhibited the best
performance in rainfall detection regardless of elevation,
followed by TAMSAT. ARC2 showed poor performance,
while TRMM 3B43v7 performed well over mountainous
areas. Moreover, [27] compared TRMM, CRU, and GPCC
datasets to gound stations records, at which the GPCC exibited
to have the closest agreement and best performance with
gound readings, followed by TRMM, while CRU showed
poor agreement with gauge observations. Lastly, [30]
evaluated 5 products (CMORPH, TRMM 3B42v7, TMPA,
ERA-Interim, GPCC, MSWEP) between 2000 and 2012, in
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which the MSWEP showed the best performance for
summarize the findings of the above-mentioned studies.

Different satellite precipitation products have been
launched and widely used in numerous studies and applica-
tions in assessing climate variability and climate change [31,
32]. Most of these products have been evaluated to assess their
limitations and uncertainties. The performance of many
satellite datasets has been validated at different spatiotemporal
scales. The estimated precipitation was not completely con-
sistent, and this can be attributed to their different sources,
quality control schemes, and estimation methods. With the re-
search and development, satellite rainfall data products’ accu-
racy and resolution are increasing, and reached a good level
of maturity [33, 34] and [4, 5].

5. Conclusion

This study analyzed historical rainfall variability over the
Ethiopian Blue Nile Basin during the period 1991-2020 to ex-
amine long-term rainfall trends and spatiotemporal distribu-
tion patterns that are crucial for water resources management
and sustainable development planning. Due to the limitations
associated with the availability, spatial coverage, and reliabil-
ity of ground-based observations, five widely used satellite
and gauge-enhanced rainfall products CHIRPS, ARC2, PER-
SIANN-CDR, TAMSAT, and GPCC were evaluated and
compared.

Among the evaluated products, CHIRPS was selected as the
reference dataset because of its consistently superior agreement
with ground observations across East Africa, as demonstrated
in previous studies and operational applications. The improved
performance of CHIRPS is primarily associated with its inte-
gration of satellite-derived rainfall estimates with station-based
observations, including ENACT data, which enhances the ac-
curacy and spatial representation of precipitation estimates.

The evaluation was conducted using both continuous and
categorical/volumetric statistical indicators, including correla-
tion coefficient (R), bias, root mean square error (RMSE),
probability of detection (POD), false alarm ratio (FAR), criti-
cal success index (CSI), volumetric hit index (VHI), volumet-
ric false alarm ratio (VFAR), and volumetric critical success
index (VCSI). The results revealed that CHIRPS consistently
outperformed the other rainfall products at both seasonal and
annual temporal scales. At the seasonal scale, CHIRPS
achieved the highest correlation (R = 0.96), the lowest RMSE
(32.59 mm), and a near-optimal bias value (1.08), indicating
strong consistency with observed rainfall. In addition, the
product demonstrated excellent rainfall event detection capa-
bility with high POD, CSlI, and VHI values, while maintaining
relatively low FAR and VFAR values.

Similarly, at the annual scale, CHIRPS again exhibited the
best overall performance, characterized by the highest corre-
lation coefficient (R = 0.85), the lowest RMSE (47.61 mm),
and near-unity categorical and volumetric indices. Although
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GPCC and TAMSATV3.1 also showed relatively good perfor-
mance, ARC2 consistently demonstrated weaker agreement
with observed rainfall, reflected by lower correlation and
higher RMSE values. The findings further indicate that ARC2
tends to systematically underestimate rainfall across the basin,
whereas TAMSATV3.1 shows a tendency to overestimate
rainfall totals, particularly over the high-rainfall regions of
western Ethiopia during the annual and JJAS seasons.

Spatial comparison results also showed that CHIRPS v2.0
exhibited the closest agreement with ENACT rainfall data,
which is considered one of the most reliable gridded precipi-

tation datasets produced by Ethiopian Meteorological Institute.

This strong spatial consistency highlights the capability of
CHIRPS in accurately reproducing rainfall distribution pat-
terns and spatial gradients across the Ethiopian Blue Nile Ba-

and can serve as an important reference for researchers, stake-
holders, and policy makers in supporting evidence-based plan-
ning, climate-related assessments, and informed decision-
making processes.

6. Recommendation

Conduct comprehensive attribution analyses of observed
historical rainfall trend changes to quantify the respective in-
fluences of natural climate variability and anthropogenic cli-
mate change, employing advanced statistical approaches and
state-of-the-art climate model simulations, and undertake fur-
ther studies to evaluate the impacts of changing rainfall pat-
terns on agriculture, water resources, environmental systems,

sin (BNB).

The findings of this study provide valuable scientific in-
sights for water resources management and related sectors,

Abbreviations

and socio-economic conditions, thereby providing scientific
evidence to support the development of effective climate ad-
aptation and resource management strategies.

ENACT Enhanced National Climate Services Dataset
CHIRPS Climate Hazards Group InfraRed Precipitation with Stations
ARC?2 African Rainfall Climatology Version 2
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