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Abstract: The impact of climate change on river systems is a multifaceted threat to the environment,
affecting various aspects of ecosystems. The Upper Benue River Basin (UBRB) in Nigeria is an area
of concern, as river flow and water levels are crucial for irrigation and transportation. In this study,
we investigate the impact of climate change on the hydrology of the UBRB using data on rainfall,
temperature, relative humidity, wind speed, river discharge, and water level. Trend, correlation, and
stepwise regression analyses were conducted using Excel and SPSS 20 to analyze the data. The results
indicate that the UBRB is experiencing climate change, as evidenced by annual decreases in rainfall
and relative humidity and increases in maximum and minimum temperatures. Specifically, mean
annual rainfall and relative humidity exhibit a negative trend, while the maximum and minimum
temperature exhibit a positive trend. Furthermore, we found that rainfall and relative humidity
have a significant positive relationship with river discharge and level (p < 0.01), whereas maximum
temperature and wind speed have a significant negative relationship with water discharge and
level. We also identified wind speed and rainfall as the critical climatic indices influencing river
discharge, accounting for 21.7% of the variation in river discharge within the basin (R2 = 21.7). Based
on these findings, we conclude that increases in rainfall and relative humidity will lead to significant
increases in river discharge and level, while increases in wind speed and maximum temperature
will decrease river discharge and level. Moreover, wind speed and rainfall are the critical climatic
indices influencing river discharge, whereas relative humidity, wind speed, and rainfall are the
critical climatic indices influencing water level. Thus, we recommend constructing more reservoirs
(dams) to mitigate the negative trend in rainfall and encourage climate change control, such as
afforestation among the population of the region. These findings have important implications for
understanding the impact of climate change on river systems and developing effective strategies to
mitigate its effects.

Keywords: climate change; hydrology; water discharge; water level; reservoirs; Upper Benue River
Basin; Nigeria

1. Introduction

Climate change has emerged as a significant global issue, drawing the attention of
scholars worldwide due to its impact on the environment at both regional and global scales,
as well as its relevance in fields such as agricultural planning and government policy [1–3].
Hydrology, an essential environmental aspect, is closely linked to climate change, and
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significant changes have occurred in the hydrological conditions and surface hydrology
of landscapes. Stream flow regimes are mainly controlled by seasonal temperature and
precipitation patterns and watershed characteristics, which are closely related to mean
climate and stream flow characteristics.

Numerous studies have explored the relationship between climate change and hy-
drology in various river basins across Africa and other parts of the world. For instance,
Mekonnen and Songcai [4] evaluated the impacts of climate change on river flows in the
upper Awash sub-basin in Ethiopia and found that changes in rainfall and temperature
significantly affect stream flow and surface runoff, ultimately reducing water availability
in the sub-basin. Similarly, Paul et al. [5] noted that future decreases in precipitation and
increases in temperature may strengthen the monsoon seasonal cycle and prolong the dry
month for evapotranspiration. Roudier, Ducharne & Feyen [6] reviewed the effects of cli-
mate change on runoff in West Africa and concluded that runoff changes are closely linked
to changes in rainfall and potential evapotranspiration, while Ümit et al. [7] discovered
that water discharge significantly decreased in a Mediterranean mesoscale catchment due
to increased evapotranspiration and reduced snow depth. Abeyou et al. [8] assessed the im-
pact of climate change on water availability and variability in two sub-basins in the upper
Blue Nile basin and found that local hydrology is significantly affected by climate change,
resulting in stream flow increases of up to 64% in dry seasons and decreases of up to 19% in
wet seasons. Melkamu & Zerihun [9] highlighted that changes in global temperature have
resulted in alterations in rainfall amount and distribution. At the watershed level, these
changes affect atmospheric evaporation, precipitation, vegetation composition and inter-
ception, stream flow characteristics, and groundwater storage and recharge. These studies
provide compelling evidence that climate change poses a severe threat to water bodies.

Global warming is a significant contributing factor to changes in stream flow pat-
terns [10]. Li et al. [11] observed that an increase in temperature leads to an increase in
evaporation losses, resulting in decreased stream flow. Furthermore, an increase in atmo-
spheric CO2 concentration and temperature affects the water balance through changes in
transpiration, vegetation structure, and distribution.

It is evident from the above studies that climate change has a considerable impact
on hydrology, and its effects are likely to continue if urgent mitigation and adaptation
measures are not implemented. Therefore, it is crucial to continue to conduct research in
this area to develop a better understanding of the complex relationship between climate
change and hydrology and to inform the development of effective strategies to mitigate its
adverse effects.

In Nigeria, various studies from different parts of the northern region have confirmed
the presence of climate change at both micro and large scales [12–14]. Moreover, studies
have indicated a decrease in Nigeria’s dense vegetation area from 358,534.2 km2 in 1981 to
207,812 km2 in 2010, concurrent with an increase in non-vegetal areas from 312,640.8 km2

to 474,436.4 km2 over the same period. Predictions further suggest a surge to 501,504.9 km2

by 2030, magnified by the country’s booming population and prevailing drought and
desertification conditions [15,16].

However, little or no attention has been paid to the effects of climate change on water
level and discharge, particularly in the Upper Benue River Basin. This highlights the need
to investigate the impact of climate change on the hydrology of the Upper Benue River
Basin. In this paper, we aim to achieve the following objectives:

• Examine the trends in climatic and hydrological indices of the Upper Benue River
Basin (UBRB);

• Investigate the relationship between climatic and hydrological indices;
• Identify the critical climatic indices that affect water discharge and level in the area.

2. Study Area

The study area (Figure 1) is situated between latitude 06◦02′18′′ and 11◦36′36′ ′ and
longitude 08◦54′32′ ′ and 13◦29′41′ ′, covering a land area of 257,606 km2. Its operational area
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includes all the major tributaries of the Benue River upstream, encompassing the Adamawa
Central and Southern Senatorial Districts, Bauchi Southern Senatorial District, and all three
Senatorial Districts of Taraba and Gombe States [17]. The area is predominantly a highland
region, ranging from 1000 to 1500 m above sea level, with notable peaks such as Gotel
and Mambila Mountains in the southeast, Adamawa Highland and Alantika Mountains
in the east, Vogel Peak and Shebshi Mountain in the central-eastern part of the basin, and
Muri Hill Mountain in the northwestern part of the map. Other highlands within the area,
whose altitude ranges between 300 and 750 m, include Fali and Bali Hills in the southeast,
Sheno Hill in the north, and Wade Hill in the northwestern part of the area [18]. The
lowland part of the area is characterized by a network of streams and rivers flowing in
broad sandy valleys, with altitudes below 300 m in the Benue valley [18]. The basin is
drained by one major river, the Benue River, which originates from the eastern highland
of Mandara Mountain and its tributaries. The major tributaries in the basin are the Faro,
Lamurde, Taraba, Suntai, and Donga Rivers in the eastern part of the basin, while other
tributaries include the Gongola and Gaji Rivers in the western part of the map.

The climate of the area is influenced by a tropical marine air mass that is relatively
warm and moist, originating from the Atlantic Ocean, and a relatively cool, dry, and stable
tropical continental air mass, originating from the movement of the cool and dusty North-
East Trades (Harmattan). The long dry, or Harmattan, season, which lasts from November
to mid-March, is typically cool and misty in the morning, but the mist disappears after
sunrise. During this period, grasses die off, and the leaves of some trees turn brown and
fall later [18,19]. Rainfall and temperature vary across the area, influenced by latitude and
altitude [12]. Significant contrasts exist between the high plateau and lowlands in terms of
rainfall and temperature, with rainfall in the highland averaging approximately 1800 mm
on the plateau [18]. The major soil types in the area, according to Balogun [20], are alluvial
soil, vertisols, lithosols, luvisols, and ferrasols. The alluvial soil type is found on the flooded
plains of rivers that run along the valleys of the Benue River and its tributaries.



Climate 2023, 11, 198 4 of 15Climate 2023, 11, x FOR PEER REVIEW 4 of 16

Figure 1. Hydrological stations overlaid on the mean spatial climatic maps. Source: UBRBDA (2022). 
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mum temperatures, and hydrological data, including water discharge and water level for 
the period 1981 to 2019, were obtained from Nigerian meteorological stations (NiMets) at 
Yola Airport and the Upper Benue River Basin Development Authority (UBRBDA), Yola. 
The map of the study area and its physical features were extracted from Zemba et al. [21]. 
The data used in this study and its sources are shown in Table 1.

Figure 1. Hydrological stations overlaid on the mean spatial climatic maps. Source: UBRBDA (2022).

3. Materials and Methods

This study utilized various data types and sources to achieve its objectives. Climatic
data, including monthly records of rainfall, relative humidity, and minimum and maximum
temperatures, and hydrological data, including water discharge and water level for the
period 1981 to 2019, were obtained from Nigerian meteorological stations (NiMets) at Yola
Airport and the Upper Benue River Basin Development Authority (UBRBDA), Yola. The
map of the study area and its physical features were extracted from Zemba et al. [21]. The
data used in this study and its sources are shown in Table 1.
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Table 1. Data types and sources.

Data Type Data Source Units

Rainfall NiMet, UBRBDA mm
Relative humidity NiMet, UBRBDA %

Maximum temperature NiMet, UBRBDA ◦C
Minimum temperature NiMet, UBRBDA ◦C

Water discharge UBRBDA m3/s
Water level UBRBDA m

To ensure the accuracy and reliability of the data, requests were made to the rele-
vant governmental agencies for the collection of climatic, discharge, and water level data
from stations. The data were collected daily and summarized in monthly records. River
discharge and water level were recorded in m3/s and meters, respectively, at the meteoro-
logical stations located within the study area by the staff of the Upper Benue River Basin
Development Authority.

This study incorporated a regional method for climate change analysis [22], premised
on the use of the entire Basin as a region, thereby recommending the regional method
as the most accurate [22]. Pearson’s product moment correlation (PPMC) and stepwise
regression analysis were conducted using SPSS version 20 to identify the major climatic
factors affecting water discharge and level in the study area. The station-year method,
suggested by Adebayo [22], Lobell & Burke [23], and Shi et al. [24], was adopted as the best
and most accurate method for spatiotemporal analysis.

The technical roadmap of this study is presented in Figure 2, which outlines the
various steps taken to achieve the study’s objectives. The correlation and regression models
used in the analysis are presented below:

r =
∑ xy ∑ x ∑ y

n√[
∑ x2 − (∑ x)2

n

][
∑ y2 (∑ y)2

n

] (1)

where r represents correlation coefficient; x and y are the hydrological indices and climatic
variables, respectively.

Y= a + b1×1+ b2X2+ b3X3 (2)

where Y represents water discharge and water level; X represents the climatic variable.
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4. Results and Discussion
4.1. Nature and Extent of Climatic and Hydrological Trends in the Area

Figures 3–7 present a comprehensive view of the climatic trend’s degree and scope
within the study area. The analysis of the climatic data reveals a noticeable trend, under-
pinned by decreasing mean annual rainfall and relative humidity trends of −9.682 and
−0.1709, respectively. The diminution of rainfall and relative humidity is alarming because
these variables are primary catalysts for hydrological processes and ecosystem functionality.
A downward shift in these variables suggests reduced rainfall and atmospheric moisture,
potentially impacting regional water availability and agricultural productivity.

Amplifying concerns is the escalating trend in both maximum and minimum temper-
atures, signaling an increase in the area’s heat level. This escalation consequently spurs
evaporative rates, potentially diminishing soil moisture availability and reducing stream
flow. This predicament could precipitate acute water scarcity, particularly during droughts.
The downward wind speed trend further complicates the scenario, possibly leading to air
stagnation and elevated air pollution levels [25].

The climatic trends observed in this study mirror the findings of Melkamu & Zeri-
hun [6] and Enete & Ebenebe [26], who also reported similar downward rainfall trends
coupled with temperature rise. Conversely, this study contrasts with Ezra et al.’s [13]
findings, which observed an upward rainfall trend in Taraba State. This discrepancy can be
attributed to differing study periods, methodologies, and spatial scopes.

The implications of these findings are profound, as they affect water resource man-
agement and agricultural productivity in the study area. The observed climatic changes
indicating a drying trend in the region could bring about more frequent and severe droughts,
reduced crop yield, and water scarcity.

Mitigating climate change’s impact on regional water resources, agriculture, and liveli-
hoods necessitates proactive measures. These measures might include creating drought-
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resistant crop variants, fostering water conservation, and enhancing agricultural water
use efficiency.

In the pursuit of sustainable water use in the study area, strengthening water resource
management practices and policy frameworks is paramount. This could involve measures
to minimize water wastage, develop water storage infrastructure, and urge effective water
harvesting practices.

Finally, it is essential to consider further research exploring the intricate relationships
between climate change, hydrology, and agriculture within the study area. Such con-
sideration can be indispensable in guiding the development of targeted adaptation and
mitigation strategies.
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The hydrological trend analysis illustrated in Figures 8–11 demonstrates a declining
trend in both water discharge and level within the study area. Analysis of the monthly
trend in the hydrological indices revealed positive slope values of 0.1837 and 0.0002 for
water discharge and level, respectively. These findings align with prior studies by Nur
Khaliesah et al. [27], Marco et al. [28], and Santosh [29] that reported increasing trends in
water levels.
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Figure 8. Mean monthly water level (m). Source: computed from water level records across the
hydrological stations in the area, 2022.
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Figure 9. Mean monthly water discharge (mm). Source: computed from water level records across
the hydrological stations in the area, 2022.

This detected trend warrants concern as it suggests a potential rise in water flow,
leading to potential flood risks in areas along major rivers. Furthermore, it could affect
agriculture, specifically irrigation and fish farming, and may necessitate the relocation of
residents. The peak annual water discharge and level were recorded in September, with
mean values of 1309.39 m/s and 4.36 m, whereas the lowest values were observed in April
and March, respectively. This pattern corresponds to the rainy season peak—usually in
August and September—and the dry season—around March and April. During the dry
season, elevated temperatures could accelerate evapotranspiration rates and reduce water
levels, as observed by Ezra et al. [13].
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Figure 10. Trend of mean monthly water discharge. Source: computed from water discharge records
in the area, 2022.
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Figure 11. Trend of mean monthly water level. Source: computed from water level records across the
hydrological stations in the area, 2022.

Our findings underscore the significant implications of observed trends on areas
such as water resource management, agriculture, and biodiversity conservation in the
region. Narratives of decreasing water discharge point towards imminent water scarcity,
which could dramatically impact regional agricultural productivity and residents’ lifestyles.
Conversely, an escalating trend in water levels may precipitate flooding, posing critical
threats to infrastructure and property. These developments call for sustainable water
management protocols and effective interventions to mitigate the effects of climate change
on hydrological processes.

The results highlight the necessity of persistent monitoring and evaluation of hydro-
logical systems to establish informed decision-making and policy formulation. Potential
measures encompass the development of water storage infrastructure, promotion of effi-
cient water conservation practices, and adoption of drought-resistant crop varieties. These
could substantively offset the water scarcity outcomes arising from decreasing water dis-
charge. Furthermore, regulations and policies advocating sustainable water use and the
protection of water resources are required.

The noted downward trend in water discharge—complemented by an elevated water
level trend—is consistent with preceding studies. These phenomena have momentous
implications for various sectors including water resource management, agriculture, and
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biodiversity conservation. The profound need for proactive measures addressing climate
change’s impact on hydrological processes and for sustainable water management practices
stands out. Further research is warranted to disentangle the intricate interrelationships
amongst climate change, hydrology, and agriculture in the region. This could be instru-
mental in paving the way for strategizing targeted adaptation and mitigation approaches.

4.2. Relationship between Climatic and Hydrological Indices

Table 2 presents the results of a correlation analysis conducted between climatic and
hydrological indices within the studied region. The analysis suggests substantial positive
correlations between precipitation and relative humidity with water discharge and levels,
identified by correlation coefficients of 0.326 and 0.342, respectively, at a significant p < 0.01
level. Correlations between climatic indices and water level also project significant positive
relationships of 0.342 and 0.412, respectively, at the p < 0.01 level. These relationships
demonstrate that rainfall and relative humidity directly affect water discharge and levels;
increases in their distribution will result in increased river flow and vice versa. This is
aligned with conclusions made by Mekonnen and Songcai [4], who have also reported
positive correlations between rainfall, relative humidity, and river flow.

Table 2. Relationship between climatic and hydrological indices.

Discharge Water Level

Rainfall 0.326 ** 0.367 **
Relative humidity 0.342 ** 0.412 **

Minimum temperature 0.111 ** 0.105 **
Maximum temperature −0.312 ** −0.391 **

Wind speed −0.364 ** −0.324 **
** Correlation is significant at the 0.01 level. Source: calculated from water discharge and climatic variables, 2022.

In contrast, the analysis results reveal significant negative relationships between
maximum temperature and wind speed with water discharge and level. The correlation
coefficients were −0.312 and −0.364 at p < 0.01 for water discharge, and −0.391 and −0.324
at p < 0.01 for water level, respectively. The negative relationships imply that an increase
in both maximum temperature and wind speed leads to a decrease in water level. These
findings are consistent with the work of Ümit et al. [7], who reported similar negative
relationships between maximum temperature, wind speed, and water level.

The observed negative relationships between maximum temperature, wind speed, and
water discharge and level are attributed to the fact that an increase in temperature leads to
an increase in the rate of potential evapotranspiration, which reduces the amount of river
flow. Similarly, high wind speeds lead to increased turbulence and mixing, promoting the
transfer of heat and mass across the water–air interface, which could lead to an increase in
the rate of evaporation and a corresponding decrease in water level.

The present findings provide valuable insights into the relationships between climatic
and hydrological variables, which are essential for sound water resource management. The
observed positive relationships between rainfall, relative humidity, and water discharge
and level suggest that efforts to increase water availability in the region should focus on
enhancing rainfall and relative humidity. Additionally, the observed negative relationships
between maximum temperature, wind speed, and water discharge and level highlight the
need for measures to mitigate the impact of climate change on hydrological processes.

The findings underscore the importance of continuous monitoring and assessment
of hydro-climatic processes to inform effective water management strategies and policies.
The use of remote sensing and other advanced technologies could also help in the accurate
quantification of hydro-climatic variables and their relationships. Further research is neces-
sary to understand the complex interactions between climatic and hydrological processes in
the study area to inform the development of targeted adaptation and mitigation strategies.
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4.3. Critical Climatic Indices Affecting Water Discharge and Level

Table 3 presents the critical climatic indices affecting river discharge and level in
the study area. The analysis results revealed that wind speed and rainfall were the most
significant climatic indices affecting the variation in river discharge. The model was
statistically significant, with an F value of 174.142 at p < 0.01, and accounted for 21.7% of
the variation in river discharge in the basin (R2 = 21.7). The observed negative impact of
wind speed on water discharge suggests that an increase in wind speed would reduce the
amount of water discharge by 384.814, holding all other variables constant. In contrast,
a unit increase in rainfall would lead to an increase of 2.432 mm in river discharge in
the basin.

Table 3. Stepwise regression results between water discharge and climatic variables.

Predictors Coef SE Coef T R2 (%) F Value

Constant 1386.038 87.685 15.807 **
Wind speed −384.814 28.837 −13.345 ** 13.2 192.129 **

Rainfall 2.432 0.209 11.645 ** 21.7 174.142 **
** Significant at the 0.01 level. Water discharge = 1386.038− 384.814 wind speed + 2.432 rainfall. Source: Calculated
from water discharge and climatic variables, 2022.

The present findings provide new insights into the critical climatic indices that in-
fluence river discharge and level in the region. The observed negative impact of wind
speed on water discharge highlights the need for measures to mitigate the effects of wind
speed on water availability. The positive impact of rainfall on water discharge underscores
the importance of enhancing rainfall in water resource management and planning. The
findings contribute to the body of knowledge on hydro-climatic processes and provide a
basis for developing effective water management strategies and policies in the region.

Table 4 illustrates the stepwise regression results between climatic indices and the
basin’s water level. The predictive model comprised three significant predictors (F = 225.551,
p < 0.01), explaining 21.1% of the variation in the basin’s water level. The model yielded
significant positive T values for relative humidity (T = 6.086, p < 0.01) and rainfall (T = 5.363,
p < 0.01), while wind speed presented a significant negative T value (T = −11.154, p < 0.01).
This climatic contribution indicates that a unit increase in relative humidity and rainfall
would escalate the water level by 0.013 m and 0.002 m, respectively. Conversely, a unit
increment in wind speed would decrease the water level by 0.011 m. The low R2 value
showcases a minimal contribution of climatic indices to water discharge and level. This
inference accounts for the operational practices of the dams within the catchment area that
regulate water release based on need, predominantly towards the rainy season’s tail end,
yielding a weak correlation with water discharge and level. These discoveries accord with
the studies by Piet & Robert [30] and Hossein et al. [31].

Table 4. Stepwise regression results between water level and climatic variables.

Predictors Coef SE Coef T R2 (%) F Value

Constant 2.959 0.179 16.496 **
Relative

humidity 0.013 0.002 6.086 ** 17.0 514.315 **

Wind speed −0.461 0.041 −11.154 ** 20.3 320.410 **
Rainfall 0.002 0.000 5.363 ** 21.2 225.551 **

** Significant at the 0.01 level. Water level = 2.959 + 0.013 relative humidity—0.461 wind speed + 0.002 rainfall.
Source: Calculated from water discharge and climatic variables, 2022.

The present findings highlight the critical role of rainfall and relative humidity in
influencing changes in water level [32–35]. The observed positive relationship between
rainfall, relative humidity, and water level underscores the need for sustainable water
management practices that prioritize the enhancement of rainfall and relative humidity.
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The observed negative relationship between wind speed and water level highlights the
need for measures to mitigate the impact of wind speed on water availability.

Based on the findings, the Nigerian government should increase the number of reser-
voirs (dams) along major and minor rivers that can be used for irrigation and other activities
during the dry season, as river discharge and level reduce during this time. Additionally,
the authorities involved, such as the River Basin Development Authority, should encourage
climate change awareness and control among the people in the area [36–39]. It would also
be beneficial to encourage the diversification of occupations from fishing or irrigation to
trading and rainy season farming among people along major rivers who depend on them
for their day-to-day activities.

The present study provides valuable insights into the critical climatic indices that
influence river discharge and level in the study area. The findings underscore the im-
portance of continuous monitoring and assessment of hydro-climatic processes to inform
effective water management strategies and policies [40,41]. The observed relationships
between climatic indices and water discharge and level highlight the need for measures
to mitigate the impact of climate change on hydrological processes and sustainable water
management practices.

5. Conclusions and Recommendations
5.1. Evidence and Implications of Climate Change

The presented research solidifies that climate change is occurring within the evaluated
basin. Consecutive annual decreases in rainfall and relative humidity alongside an upward
trend in both maximum and minimum temperatures paint a clear picture of these changes.
This pattern aligns with parallel trajectories of global climate change observed worldwide.
Moreover, the study unveils crucial information about the area’s seasonal climate patterns,
revealing a monsoon peak in September as indicated by maximum recorded water discharge
and level values. The lowest values were observed in April and March. These insights offer
critical information for water managers and policymakers, enabling strategic planning and
efficient management of water resources.

Furthermore, the research delineated a correlation, where increases in rainfall and
relative humidity result in elevations in river discharge and levels, and conversely, en-
hancements in wind speed and apex temperatures lead to a reduction in river discharge
and levels. The crux climatic indicators influencing river discharge were wind speed and
precipitation, while relative humidity, wind speed, and rainfall were the primary climatic
variables affecting the water level. These outcomes align with preceding research carried
out in different regions and are crucial for crafting viable water management tactics that
are responsive to climate change.

5.2. Comparative Analysis and the Need for Sustainable Strategies

Subsequent research is advocated to augment climate change consciousness and adap-
tation among agriculturists, gauge the repercussions of climate change on crop productivity,
and appraise the impacts of climate change on the socioeconomic pursuits of the regional
inhabitants. Such studies could proffer invaluable perspectives on the multifaceted impacts
of climate change, and inform the structuring of potent adaptation and mitigation strategies
to curtail the detrimental effects of climate change on the environment and human activities.
Additionally, more scrutiny is warranted to explore the underlying mechanisms of the
discerned relationships between climatic indices and river discharge and level, and to
develop models effectively capturing the intricate interactions between climate, hydrology,
and human endeavors in the region.

To conclude, this research provides valuable insights into the impacts of climate change
on hydrological processes in the study vicinity and underscores the necessity for effective
water management strategies that are sensitive to climate change. However, due to data
constraints and the requirement for further research to dissect the complex interactions
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between climate, hydrology, and human activities in the region, these findings should be
construed with circumspection.

5.3. Study Limitations and Future Research Recommendations

While this study provides valuable insights, it comes with the caveat of potential data
inconsistencies, primarily due to irregular data recordings and malfunctioning instruments.
As such, some stations with inconsistent record-keeping practices had to be excluded.
The limited number of hydrological stations due to technical and natural obstacles also
posed challenges. Future studies are recommended to enhance data collection methods,
expand hydrological station networks, and further investigate the intricate relationships
between climate change, hydrology, and agriculture in the region. This could lead to the
development of more targeted and effective adaptation and mitigation strategies.
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