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ABSTRACT

Climate variability is significantly altering river flows globally, increasing the risk of floods and droughts. Projections indicate
both rising and declining flows across various regions, influenced by the impacts of climate variability and land use changes.
Research has shown that climate change, land use, and pollution exacerbate water scarcity for half the global population,
impacting ecosystems, especially in vulnerable regions. This study focuses on the Upper Yala River in Kenya, exploring climate
variability's influence on discharge in various Land Use contexts using the SWAT model. Existing research highlights the
significance of land use, hydrological indicators, and climate data, establishing a framework to analyze stream flow trends. The
study analyzed climate and stream flow data from 1990-2020 using the SWAT model for hydrological assessment and predictions
for the years 2024 to 2040 was done. The research was guided by Water Balance Theory and employed a descriptive and
analytical design. Data collection included meteorological data from weather stations, hydrological data from gauging stations,
and land use and land cover (LULC) data from remote sensing and satellite imagery. The Soil and Water Assessment Tool
(SWAT) was used to simulate river discharge and assess the impacts of climate variability, integrating climate, land use, soil type,
and topographic data. Data analysis involved descriptive statistics to summarize discharge data, correlation analysis to link
rainfall variability and discharge patterns, and performance metrics like the Nash-Sutcliffe Efficiency (NSE) and Coefficient of
Determination (R?) to validate the model. Statistical techniques identified long-term trends in climate and streamflow, focusing on
inter-seasonal and inter-annual variations. The Upper Yala River Basin experiences significant inter-seasonal and inter-annual
streamflow variations, primarily influenced by rainfall fluctuations. A strong correlation between simulated and observed
discharge data for the Upper Yala River Basin was demonstrated. The mean observed discharge was 48.69 m3/s, with maximum
and minimum values of 163.09 m3/s and 0.328 m?/s, and a standard deviation of 34.28 m3/s. In contrast, the simulated discharge
had a mean of 53.56 m3s, with maximum and minimum values of 174.41 m3/s and 0.360 m3/s, and a standard deviation of 37.87
m3/s. The minimal differences between the observed and simulated values underscore the model's effectiveness in accurately
reflecting the impacts of rainfall variability on river flow dynamics. The study concluded that in the Upper River Yala watershed,
rainfall variability accounted for 94.2% of the variations in river discharge quantity. The study recommends enhancing climate
monitoring by adding weather stations and stream gauges in the basin and utilizing remote sensing for tracking land use and
vegetation changes. Improved data availability from these measures will enable better discharge predictions and inform water
management decisions to mitigate climate impacts on the river basin and surrounding communities.
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I. INTRODUCTION

Global warming is increasing the risk of significant ecological changes in river flows worldwide. For every
1.0°C rise, about 21.4% of model simulations show medium-high risk of change in high flows, and 22.4% in low
flows (Intergovernmental Panel on Climate Change [IPCC] (2014). These risks rise substantially with 3.0°C warming,
particularly affecting low flows in regions like South America, southern Africa, Australia, southern Europe, and parts
of the USA (Thompson et.al,. 2021). Climate change introduces new water management challenges globally,
impacting water availability, allocation, and adaptation needs. Global climate models (GCMs) predict changes in
stream flow and hydrology that align with observed global warming trends. Climate change is anticipated to impact
future river flows globally, raising concerns not only due to potential increases in flood and drought events but also
because of the effects on water quality, erosion, river morphology, and ecosystems (IPCC, 2014). In the Vakhsh River
basin of Central Asia, projections for 2099 indicate a rise in median and high flows, though low flows may decrease.
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Hydrological model simulations suggest average annual stream flow could increase by 17.5% to 52.3% under different
climate scenarios (Tessema et.al., 2021).

Climate change is expected to significantly alter river flows in multiple regions. In Thailand, changes in Mun
River flows could impact agricultural water needs, increasing uncertainty and complicating local water management
(Li & Fang, 2021). In the Upper Indus Basin, an overall rise in future stream flows is projected, while Lebanon’s El
Kalb River may see a 28-29% reduction in annual discharge by 2040 (Khan et.al., 2020). In Britain, river flow
simulations predict sharp summer decreases (up to 45% by 2080) but potential winter increases, particularly in the
north and west. High-flow projections vary due to regional factors, with some catchments in Britain experiencing
increased heavy precipitation without necessarily leading to higher flood flows (Kay, 2021). New Zealand’s river
hydrology shows rising mean annual floods in the south and variable low flows, which have significant implications
for societal and environmental well-being (Collins, 2020). In the USA-Mexico Santa Cruz River Basin, projections
indicate a drier future with reduced precipitation and sharp streamflow declines (87.6% in winter and 63% in
summer). Near-term projections in the U.S. suggest an increase in major flood events (2.9%-8.1% in Connecticut,
9.9%-13.7% in the Merrimack River), guiding floodplain management strategies (Shamir et.al., 2021). Canada has
seen increased average precipitation since the 1950s, with regional variations in flow stability and distribution
changes, indicating a need for substantial water management investment to sustain agriculture (Bhatti et.al., 2021).

The Upper Yala River Basin in Western Kenya is vital for agriculture, water supply, and biodiversity.
However, rainfall variability, influenced by both natural and human factors, significantly affects the basin's hydrology.
Changes in climate, urbanization, and land use have led to unpredictable rainfall patterns, impacting river discharge
and water availability for domestic, agricultural, and industrial use. The increasing occurrence of extreme weather
events, such as droughts and heavy rainfall, raises concerns about water security. This study aims to simulate the
impact of rainfall variability on river discharge patterns in the basin using hydrological models, with a focus on
identifying trends and potential future scenarios to inform water management strategies and support local
communities.

1.1 Statement of the Problem

River Yala is one of the key tributaries of Lake Victoria, exhibiting high fluctuation rates during wet and dry
periods. It experiences relatively fast runoff due to intense and prolonged rainfall. The increasing frequency of
extreme weather events has significantly influenced stream flow variations, affirming the strong correlations between
Lake Victoria tributary inflows and precipitation (Paul & Oppelstrup, 2020). Discharge projections for River Yala
over the coming decades show no apparent systematic trends. Instead, the projected discharge trajectories suggest
marked inter-annual variations, regardless of the Representative Concentration Pathway (RCP) scenarios. These
variations are primarily observed in the timing and magnitude of discharge peaks and lows (Olaka et al., 2019). A
simulation of rainfall-runoff interactions in the mid-block of the River Yala catchment revealed a strong correlation
with rainfall trends. However, the effect of these interactions on the river's hydrological characteristics remains
insufficiently explored (Odiero, 2019). The upper River Yala catchment is characterized by medium-gradient hills,
wetlands, and floodplains. The soil texture predominantly consists of silty clay to clay, which influences its
hydrological response (Olale et al., 2019). The Kenyan government has proposed constructing the Keben Dam at the
confluence of the Kimondi and Mokong’ tributaries within the upper River Yala catchment. This project aims to
supply treated water to nearby towns and establish a small-scale hydropower system. However, there is a need to
simulate the catchment’s hydrological aspects under varying climate conditions to assess potential impacts effectively
(Jared, 2018). Despite the importance of River Yala, limited information exists on the impact of climate variability on
the discharge of the upper River Yala Basin, Kenya. Addressing this knowledge gap is crucial for effective water
resource management and adaptation to climate change.

1.2 Research Objective
The objective of this study was to model the influence of rainfall variability on discharge in the Upper River
Yala Basin, Kenya.

1.3 Research Question
How does simulated rainfall variability influence river discharge in the Upper River Yala Basin, Kenya?
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Il. LITERATURE REVIEW

2.1 Theoretical Review
2.1.1 Water Balance Theory

The Soil and Water Assessment Tool (SWAT) model is primarily based on the water balance theory which
was first formally advanced by C.W. Thornthwaite in 1948 as part of his work on climate classification and hydrology
and applies hydrological, soil, and agricultural theories to simulate water, nutrient, and sediment dynamics in
watersheds. It integrates several scientific principles to model the complex interactions within a watershed, focusing
on predicting the impact of land management practices on water, sediment, and agricultural chemical yields. This
theory enables SWAT to model hydrological processes by tracking the movement of water through different phases in
the watershed (Arnold et al., 1998).

2.2 Empirical Review

In a study by Portner et al. (2022), they highlighted that around half the world’s population faces severe water
scarcity for at least one month annually, largely due to climate change, land use changes, and water pollution. These
factors drive ecosystem degradation, particularly affecting culturally significant species and ecosystems in the Arctic,
mountainous areas, and biodiversity hotspots. Building on these general observations, the current study narrows its
focus to assess climate variability impacts on tropical river catchments, specifically the Upper Yala River in Kenya.
Abbas et al. (2022) found that climate variability adversely impacts water resources more than any other factor,
especially by altering surface runoff in watershed hydrology, which is projected to worsen in future scenarios. This
study aims to address a regional knowledge gap by exploring and modeling the influence of climate variability on the
Upper Yala catchment’s discharge, providing local insights into watershed impacts.

The World Water Program (2019) noted that water is a medium for many climate-related societal impacts,
affecting sectors like energy, agriculture, health, and transportation. Climate change poses risks to freshwater
ecosystems by disrupting stream flow and water quality, complicating drinking water treatment. However, knowledge
gaps in understanding the temporal and spatial effects of climate change on hydrological cycles persist, particularly at
decision-making levels—a gap this study seeks to fill for the Upper Yala catchment. Pokhrel et al. (2021) projected a
global decline in Terrestrial Water Storage (TWS) by the mid- and late-twenty-first century, especially in the Southern
Hemisphere, the U.S., Europe, and the Mediterranean, while Eastern Africa may experience TWS increases driven
primarily by climate factors. While broader in scope, this study narrows in on climate variability’s effect on river
discharge in an East African tropical river basin, contributing focused data for the Upper Yala.

According to Peters-Lidard et al. (2021) seventeen indicators of the water cycle and management to assess
climate change impacts on stream flow were identified. These indicators, including annual flow volume, high and low
flows, and flow timing, capture different climate-sensitive aspects of the water cycle. Key metrics like maximum 3-
day high flows can signal flood risks, while 7-day low flows reflect dry spells that affect water supply and
environmental health. This study builds on these indicators to assess climate variability impacts on discharge in
Kenya's Upper Yala River catchment. Bai et al. (2019) studied land use and climate change impacts on water-related
ecosystem services in Kentucky, USA. The finding showed that climate change had more influence on water retention,
while land use changes impacted soil retention and nutrient export. Recognizing the importance of land use, the
current study will incorporate land use, soil maps, and digital elevation models in the SWAT model to evaluate their
effects on river Yala’s discharge.

In a study conducted by Pujiono et al. (2021) who investigated climate variability in Indonesia’s Noelmina
watershed, revealing increased temperatures and reduced precipitation, using these indicators to measure climate
variability—a method similarly applied in this study with climate data from the Upper Yala catchment. Bismark et al.
(2021) combined meteorological and remote sensing data with surveys to capture farmer perceptions of climate
variability in Ghana's Lower Offin River Basin, which aligned with observed trends of rising temperatures, prolonged
droughts, and changes in rainfall timing. This study adopts similar approaches by analyzing gauging station data to
understand climate variability’s impact on Upper Yala discharge.

In a global analysis conducted by Gudmundsson et al. (2019) on stream flow trends using data from over
30,000 sites, examining low, average, and high flows. They found that stream flow trends had complex spatial
patterns, making generalizations difficult, and that regional trends often obscured sub-regional variations. Recognizing
these insights, the current study investigates stream flow changes in Kenya's Upper Yala catchment within the context
of climate variability. Dominguez-Tuda & Gutiérrez-Jurado (2021) assessed hydrologic sensitivity to climate
variability, emphasizing that topography—particularly high elevations and steep slopes—amplifies hydrologic
responses. Building on this, the current study incorporates elevation to forecast climate variability impacts on the Yala
River discharge.

A study by Zhang et al. (2020) on climate change and anthropogenic impacts on stream flow in a tropical
basin in China, finding precipitation to be the most influential climate factor, with anthropogenic activities
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significantly affecting stream flow variation. Their study highlighted the greater variability of annual maximum
(Amax) and minimum (Amin) stream flows over average flow. Addressing these findings and gaps, this study uses the
SWAT model to evaluate land use impacts alongside climate variability on the Yala catchment’s discharge. Chakilu et
al. (2020) examined future climate impacts on the Upper Blue Nile Basin's stream flow under Representative
Concentration Pathway (RCP) scenarios using the SWAT model, observing temperature and stream flow increases
under RCP 2.6, RCP 4.5, and RCP 8.5 scenarios. Similarly, this study applies SWAT modeling to estimate the effects
of climate variability on the Upper Yala catchment discharge, contributing a localized understanding of climate
impacts on tropical river systems in Kenya.

In another study by Quansah et al. (2021) using the SWAT model to project mid- and late-21st-century
climate impacts on stream flow in the Alabama River basin. Results showed fluctuations in mean monthly discharge
and increased frequency and variability of peak flows, with spring and autumn seeing flow increases of 50%-250%,
while summer flows decreased. Building on this, the current study models climate variability effects on the Yala River
in Kenya. Mendez et al. (2022) examined climate change impacts on five tropical catchments in Costa Rica, using the
Generalized Rational Model (GR2M) to highlight seasonal shifts in precipitation and temperature, which led to
significant variation in future stream flow. Despite similarities with the tropical Yala catchment, this study uses the
SWAT model to analyze current and future climate variability effects.

Similarly, Shrestha et al, (2021) studied 19 basins across South and Southeast Asia, showing projected
increases in temperature (1.5-7.8 °C) and precipitation (—3.4 to 46.2%) by century’s end, leading to an increase in
river flow (—18.5 to 109%). This study processed geospatial and meteorological data in SWAT, a methodology
applied here to simulate the discharge in the Yala catchment. Rickards et al. (2020) projected intensified monsoon
flows in India’s Upper Narmada Basin due to climate change, using the Groundwater and Surface Water Assessment
(GWAVA) model, and noted increased dry season water stress due to rising demand. In comparison, the current study
will use climate models and SWAT to assess climate impacts on Yala’s discharge. Sok et al. (2022) evaluated future
climate impacts on Cambodia’s Sen River using SWAT with RCP2.6 and RCP8.5 scenarios, showing lower maximum
and minimum flows than baseline levels, and reduced low-flow event frequency. The current study will adopt a
similar SWAT-based approach but will focus on different time frames and geographical settings specific to the Yala
River in Kenya.

I11. METHODOLOGY

The Yala River basin spans 3,351 km? with elevations from 1,200 m in the lowlands to 2,200 m in the
highlands. Originating from the Nandi Escarpment, the 219 km river flows through Kakamega and Siaya counties
before emptying into Lake Victoria at Winam Gulf, contributing about 4.8% of its surface inflow with an average
annual discharge of 37.6 m3/s (1950-2000 data). Predominant land uses in the upper basin include settlements, tea and
coffee plantations, crop farming, and grazing. The area features well-drained, deep humic Nitisols in the uplands and
midlands, with annual rainfall varying from 850 mm near Lake Victoria to 2,000 mm in the highlands. This study
adopts a quantitative, modeling-based research design. The research employs a combination of hydrological modeling
techniques and statistical analysis to simulate and assess the influence of rainfall variability on river discharge in the
Upper Yala River Basin. The study analyzed climate and stream flow data from January 1990 to December 2020 for
the upper Yala River catchment, focusing on temperature and precipitation due to data availability and reliability.
Climate data was sourced from the Kenya Meteorological Department, and stream flow data from a gauging station at
the basin's outlet was used to calibrate and validate the SWAT model. Spatial data, including a 30m resolution DEM,
soil maps, and land use/land cover images, were obtained from United States Geological Survey (USGS) and Food
and Agriculture Organization (FAO) resources. Trend analysis of climate variables from 2000 to 2019 was conducted
using the Mann-Kendall test, chosen for its robustness with missing values and outliers, applying a 5% significance
level. The study examined stream flow patterns under varying climate scenarios, utilizing SWAT for its efficiency and
minimal input requirements in semi-distributed hydrologic modeling.
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Figure 1
Map of the Study Area

IV. FINDINGS & DISCUSSION

4.1 SWAT Model Results

The study identified eighteen parameters for sensitivity analysis in modeling discharge in the Upper Yala
River watershed, guided by findings from previous SWAT studies. Table 1 presents these parameters along with t-
statistics, p-values, and rankings based on their sensitivity. The five most sensitive parameters, which greatly influence
discharge, were further analyzed using the SUFI-2 procedure in SWATCUP, providing fitted, minimum, and
maximum values for each. These parameters were ranked according to their sensitivity to refine the SWAT model

calibration.
Table 1
Parameter Sensitivity Analysis
Parameter Description Range | t-stat p-value | Rank | Fitted
value
CN2.mgt runoff curve number for moisture condition |1 35-98 15.829 | 0.0001 |1 61
SHALLST.gw Initial depth of water in the shallow aquifer [mm] 0-5000 | 5.001 | 0.0001 |2 102
GW _SPYLD.gw | Specific yield of the shallow aquifer [m3/m3] 0-0.5 4.475 | 0.0001 |3 0.135
RCHRG _DP.gw | Deep aquifer percolation fraction [fraction] 0-1 4.345 | 0.0005 |4 0.008
GWQMN.gw Threshold depth in the shallow aquifer required for | 0-5000 | 4.167 | 0.00012 | 5 47.45
return flow (mm)
CH_N2.rte Manning’s n value for main channel 0.01-0.3 | 4125 | 0.0017 |6 0.099
SOL_AWC.sol Soil available water storage capacity [mm H20/mm | 0-1 4,121 | 0.0019 |7 0.192
soil
GW_DELAY.gw | Groundwater delay time [days] 0-500 3.95 0.0021 |8 31
SURLAG.bsn Surface runoff lag time [days] 0-25 3.857 |0.0032 |9 1.67
ESCO.bsn Soil evaporation compensation factor 0-1 3.501 | 0.0045 |10 0.35
CH_K2.rte Effective hydraulic conductivity in the main channel | 0.01- 3.369 | 0.0125 |11 0.082
[mm/h] 500
EPCO.hru Plant uptake compensation factor 0-1 3.091 | 0.0183 |12 0.921
ALPHA BF.gw | Base flow alpha factor [days] 0-1 3.065 | 0.0395 |13 0.46
SOL_K.sol Saturated hydraulic conductivity [mm/h] 0-2000 | 2.941 | 0.0592 | 14 25.79
GW_REVAP.gw | Groundwater revap. coefficient 0.01-0.2 | 1.902 | 0.1269 | 15 0.08
DEEPST.gw Initial depth of water in the deep aquifer [mm] 0-10000 | -1.762 | 0.1324 | 16 2273
REVAPMN.gw | Threshold depth of water in the shallow aquifer for | 0-1000 | 1.532 | 0.2941 | 17 1.79
‘revap’ to occur (mm)
CANMX.hru Maximum canopy storage [mm] 0-100 0.941 | 0.691 18 29
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To improve alignment between actual and predicted discharge levels, the SWAT model calibration process
involved adjusting sensitive parameters within permissible limits. In the sensitivity analysis using SWAT CUP’s
SUFI-2 method, the SCS runoff curve number (CN2) was the most sensitive parameter, while maximum canopy
storage (CANMX.hru) was the least sensitive. Uncertainty analysis showed satisfactory p-factor (0.61) and r-factor
(0.69) values. Calibration and validation yielded a Coefficient of Determination (R%) of 0.86 and 0.79, and Nash-
Sutcliffe Efficiency values of 0.83 and 0.76, respectively, indicating close spatiotemporal agreement between
observed and simulated streamflow patterns.

4.2 Modelling of Stream Flow (Calibration Period)

The SWAT Model provided results in a statistical format, which were further analyzed using Excel to create
graphs illustrating the simulations of river discharge and climate variability. A warm-up period of two years was
implemented during the calibration and validation phases. Calibration utilized rainfall data from 1990 to 2006, while
validation used data from 2007 to 2019. Following validation, the model was run to generate output for river discharge
and climate variability in the upper Yala River catchment from 2024 to 2043, with the overall modeling period
spanning from January 1, 1990, to December 31, 2043. The calibration process focused on stream flow data from
1990 to 2006, comparing observed versus simulated data for each parameter under examination as shown in Figure 2.
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Figure 2
Comparison between Observed and Simulated River Discharge in the Period of 1990-2006 during the Calibration
Process in the Upper Yala Catchment

During the calibration period from 1990 to 2006, there was a strong correlation between observed and
simulated river discharge measurements in the upper Yala River catchment, with only minor variations between the
datasets. The model demonstrated effective simulation of river discharge, achieving a Pearson’s correlation coefficient
(r) of 0.92, indicating it is a reliable predictor of river discharge in the area. Additionally, a coefficient of
determination (R2) of 0.87 further confirmed the strong relationship between the simulated and observed discharge
data during this period.

4.3 Modelling of Stream Flow (Validation Period)

The model validation process utilized stream flow data to compare observed and simulated river discharge
values for the period from 2007 to 2019. This comparison aimed to validate the accuracy of the results obtained for
river discharge and climate variability, ensuring the model's reliability in predicting stream flow during this timeframe
as shown in Figure 3. The validation process for the SWAT model in the Upper Yala catchment demonstrated strong
performance, with a Pearson’s correlation coefficient (r) of 0.99 and a coefficient of determination (R?) of 0.98,
indicating a very high relationship between observed and simulated river discharge values. While there were slight
discrepancies in some years, the overall agreement was notable, with an R2 of 0.94 reflecting minimal variation
between datasets. Both the calibration and validation periods yielded strong correlation values above 0.7, confirming
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the accuracy of the model. Although groundwater percolation contributed to some flow loss, the findings indicate that
the SWAT model is an effective tool for estimating streamflow in the Yala River.

Simulated Vs Observed Discharge during Validation (2007-2019)

1.20E+02
[ ]
1.00E+02 L |
—~ [ ]
(%]
& 8.00E+01 \ 9
e ? |
- [ ] \‘
@ . “
o 6.00E+01 “ | | ®
] | | | 9 |
e | ‘\ | u" [ 1 ‘\
2 4.00E+01 & | I IR 1k ¢ g l
(o (] “\ /‘” 4 ‘/\ “ ' /\ ‘\ [ ] \H ) \h\
| 1 ) | [ | | ) & : | F1 1] | |
2 1% 1 | N ‘ .\ 2 \ IR
. + \\r : 1 L& 1 /\ r ) [ | ‘ 1
e | INUNTR AN T WAL T W A KR TR
W™ 3 \.f s ‘ R FUIPLINE ‘\‘c. s
0.00E+00 & ¢ -~ L o ) 4
N I 00 0 O O OO0 O 1 d AN AN N OSSO LWL O O NNIMNMDMNMNMODOOOWMO OO
O O O O O O OO0 dA A ™A ™d A ™ A A A A A A A A A A A A A A A A A A
O O O O O O O O O O OO OO O O OO OO0 OO OLOLOOLO OO O
A4 ANAANNAANAANAAANAANAANNA NN A
dSddddddddddddddddddddddddd dd dddd
1 O A < O AN N~N AN OMOOWMHd O A< ONIN~MN NI OMODW-HA O A< oo N~
— — — — — — — —
Years
==o==bserved Simulated
Figure 3

Comparison between Observed and Simulated River Discharge during Validation Process in the Period of 2007-2019
in the Upper Yala Catchment

4.4 Simulating the influence of rainfall variability on discharge in the Upper River Yala Basin
4.4.1 Trends of Rainfall Variability and River Discharge

A time series plot of rainfall and discharge for the period between 1990 and 2020 is as shown in Figure 4.
Rainfall variability is a critical factor influencing river discharge in the Upper Yala Basin, characterized by complex
interactions with various hydrological and environmental elements. The basin is highly dependent on seasonal rainfall,
making it sensitive to changes in rainfall patterns. The mean observed rainfall during the study period was 118.184
mm, with significant variability (maximum of 474 mm, minimum of 0.8 mm, and a standard deviation of 86.94 mm).
Correspondingly, the mean river discharge was 48.45 m3/s, with a maximum of 194.34 md/s, a minimum of 0.328
m3/s, and a standard deviation of 35.64 md/s. Higher rainfall and discharge levels typically occur between March and
May during the long rainy season, while lower values are recorded from October to December during the short rains.
The lowest discharge and rainfall were noted during the dry months of January, February, and June in certain years.
Rainfall distribution varies across the basin due to topographic influences, with higher elevations receiving more
precipitation, affecting total runoff. Observations indicate shifts in the timing, intensity, and duration of rainy seasons,
likely attributable to climate change, which directly impacts river discharge. These findings align with the research by
Mastrorillo et al. (2016), highlighting increased frequency and intensity of extreme rainfall events in the African Great
Lakes region, and with Kibret et al. (2020), who noted that variability in rainfall and temperature significantly
influences river flow patterns in western Kenya, including the Upper Yala River Basin.
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Figure 4
A Time Series Plot of Rainfall and River Discharge

4.4.2 Variability of Discharge in different gauging stations

The Upper Yala River Basin exhibits significant inter-seasonal and inter-annual variations in streamflow,
primarily driven by fluctuations in climatic conditions, particularly rainfall. Analysis of streamflow data from January
2000 to December 2019 reveals notable differences in river discharge, particularly in the years 2007, 2008, and 2016.
The year 2016 recorded the highest streamflow across the basin, with discharge peaking at 337 m3/s for the main Yala
River, especially between April and June, aligning with the long rainy season. Conversely, lower streamflow was
observed from January to March 2016, corresponding with the period of least rainfall, which typically occurs from
December to February and often extends into March. This seasonal variability in streamflow mirrors the patterns of
seasonal rainfall in the region.

Variation of River Discharge between 2000-2019
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Figure 5
Variation of River Discharge in Different Gauging Stations
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Analysis of streamflow data in the Upper Yala River Basin indicates notable changes in seasonal patterns,
particularly concerning the short and long rainy seasons. Streamflow is generally higher during the short rainy
seasons, with a significant extension observed, as discharge levels begin to rise earlier than usual, starting in August
and peaking in October. Following this peak, streamflow declines rapidly until the February-March period.
Conversely, streamflow during the traditional long rainy season (March-April-May) has been unusually low. These
observed shifts in streamflow patterns are believed to be influenced by climate change. The short rainy season appears
to be starting earlier (in July-August) and extending into February and March, while the dominance of the long rainy
season is diminishing. Additionally, there are significant variations in discharge levels among the different rivers in
the Upper Yala River Basin, indicating that no two rivers exhibit the same streamflow characteristics.

4.4.3 Double Mass Curve Analysis

The study employed a double mass curve analysis to assess the consistency of river discharge data from
various monitoring stations. This involved plotting the cumulative river discharge data from the Tindinyo River
Gauging Station (RGS) against the cumulative monthly averages from other stations within the study area. This
method helps to identify any discrepancies or inconsistencies in the data collected from different sources, ensuring the
reliability of the discharge measurements used in the analysis. The analysis resulted in a coefficient of determination
(R?) of 0.99 and a correlation coefficient (r) of 0.99, indicating a high level of consistency in river discharge data
across all monitoring stations during the study period. This strong correlation confirms the reliability of the discharge
measurements obtained from the various stations.

Double Mass Curve
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Double Mass Curve (DMC) Analysis for the Cumulated Discharge from Tindinyo and other RGS for Data
Consistency Check in Upper Yala River Catchment

4.4.4 Modelling Rainfall Variability and Discharge of the Upper River Yala Basin

The study aimed to model rainfall variability and river discharge in the Upper River Yala Basin using SWAT
simulations. Figure 6 presents the comparison between simulated and observed discharge values, illustrating the
effectiveness of the model in capturing the relationship between rainfall patterns and river flow dynamics in the basin.
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Simulated and Observed Discharge
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Figure 6
Simulated and Observed Discharge

Figure 6 illustrates a strong fit between the simulated and observed discharge data for the Upper River Yala
Basin. The mean observed discharge was 48.69 m3/s, with maximum and minimum values of 163.09 m?/s and 0.328
m3/s, respectively, and a standard deviation of 34.28 m3/s. In comparison, the simulated discharge had a mean of 53.56
m3/s, with maximum and minimum values of 174.41 m3/s and 0.360 m?/s, and a standard deviation of 37.87 m?/s. The
minimal differences between the observed and simulated discharge values indicate the model's effectiveness in
capturing the impacts of rainfall variability on river flow.

4.4.5 Influence of Rainfall Variability on Discharge in the Upper River Yala Basin.

Regression analysis was conducted to assess the relationship between rainfall variability and river discharge,
as presented in Table 2 This analysis aimed to quantify how changes in rainfall patterns impact the amount of
discharge in the Upper River Yala Basin. The findings from this regression analysis provide insights into the extent to
which fluctuations in rainfall contribute to variations in river flow, highlighting the importance of understanding these
dynamics for effective water resource management and planning in the region.

Table 2

Regression Model Summary
Model R R Square Adjusted R Square Std. Error of the Estimate
1 .9632 .942 .939 27.234047815553860

a. Predictors: (Constant), Rainfall

Table 2 presents regression analysis results indicating a strong correlation (R = 0.963) between rainfall
variability and river discharge in the Upper River Yala Basin. The coefficient of determination (R2 = 0.942) suggests
that 94.2% of the variance in river discharge can be explained by variations in rainfall, demonstrating a strong positive
linear relationship between the two variables. The ANOVA statistics further support the significance of the regression
model, with an F-value of 133.285 and a p-value less than 0.001, indicating a 0.0% probability of the model providing
false information. This reinforces the model's robustness and significance in explaining the relationship between
rainfall variability and river discharge.

Table 3
Analysis of Variance (ANOVA)
Model Sum of Squares df Mean Square F Sig.
1 Regression 405475.907 1 405475.907 511.865 .000°
Residual 293096.980 370 792.154
Total 698572.887 371

a. Dependent Variable: Discharge
b. Predictors: (Constant), Rainfall
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The regression model established from Table 4 is expressed as:
Discharge = 49.348 + 0.614 * Rainfall
Table 4
Regression Coefficients
Model Unstandardized Coefficients Standardized Coefficients t Sig.
B Std. Error Beta
1 (Constant) 49.348 6.880 8.048 .000
Rainfall 614 .936 .582 14.029 .000

a. Dependent Variable: Discharge

The regression analysis indicated that when rainfall is zero, the river discharge would be 49.348 md/s. With
the introduction of rainfall as an independent variable, river discharge increased by 0.614 m3/s for each unit of rainfall,
a change that was statistically significant (p < 0.000). This underscores that rainfall variability has a positive and
significant impact on river discharge at the 95% confidence level. In the Upper River Yala watershed, rainfall
variability accounts for 94.2% of the variations in river discharge quantity, with a strong correlation coefficient of
0.963. This strong positive linear relationship suggests that fluctuations in rainfall are closely linked to changes in
river discharge. The findings highlight that heavy rainfall events generate significant runoff during wet seasons,
further emphasizing the critical role of rainfall variability in influencing river flow dynamics in the watershed.

Multiple studies have highlighted the significant relationship between rainfall variability and river discharge
across various river basins. Zhang et al. (2020) found that increasing temperatures and precipitation were key factors
in streamflow variations in the Heihe River Basin, China. Similarly, Sok et al. (2022) attributed rising runoff in the
Minjiang River Basin to increased precipitation and reduced potential evaporation, while Njogu and Kitheka (2017)
established a strong correlation (r = 0.9) between river discharge and rainfall in the upper Tana Catchment. Kitheka et
al. (2019) noted a growing frequency of above-normal rainfall and discharges, emphasizing the complex interplay
between these factors. Odiero (2019) also identified a direct link between rainfall variability and increased flood risks
in the mid-block of River Yala Basin, advocating for improved flood management strategies.

4.4.6 Prediction of Future Trends in Rainfall and Stream Flow

The SWAT simulation for the Upper Yala River Basin was conducted to project rainfall and river discharge
from 2024 to 2043, as depicted in Figure 7. The simulation results aim to provide insights into future hydrological
patterns in response to anticipated climate conditions. The data generated through this simulation will help in
understanding how changes in rainfall patterns may affect river discharge, which is crucial for water resource
management and planning in the basin. The findings will serve as a basis for assessing potential impacts on flood
risks, water availability, and overall hydrological dynamics in the Upper Yala River Basin.

Predicted Rainfall and Discharge for 2024-2043
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Figure 7 indicates that climate models forecast increased rainfall variability in the Upper Yala River Basin due
to climate change, characterized by both more intense rainfall events and prolonged dry periods. This variability is
expected to result in significant spikes in river discharge, raising the risk of flash floods, while also enhancing soil
erosion and sediment transport, negatively affecting water quality and aquatic habitats. The erratic seasonal rainfall
patterns may disrupt the natural hydrological cycle, altering the timing and magnitude of river flows. Prolonged dry
spells could lead to reduced river discharge during critical agricultural periods, complicating farmers' ability to predict
optimal planting times and irrigation needs, thereby risking crop failures or reduced yields.

The region may face increased occurrences of both droughts and floods as a result of unpredictable rainfall
patterns. Droughts could significantly diminish base flow, impacting water availability for drinking, agriculture, and
ecosystems. Changes in land use, urbanization, and deforestation may further influence river discharge dynamics,
necessitating adjustments to hydrological models to reflect these changing conditions. Future discharge trends may
show a complex interplay between increased drought and flood conditions. If droughts become more frequent, low
flow conditions may prevail, affecting water supply and ecosystem health. Conversely, a rise in intense rainfall events
may elevate average discharge levels, influencing floodplain management practices. These projections align with
findings from Shrestha et al. (2021), which highlighted that increased rainfall variability is expected to have profound
implications for river discharge patterns, with models indicating an increase in peak discharge events during the rainy
season and more pronounced low flow conditions in dry periods. To address these challenges, proactive measures
such as improved infrastructure, adaptive water management, and community engagement will be essential for
sustainable water resource management in light of climate change.

V. CONCLUSIONS & RECOMMENDATIONS

5.1 Conclusions

In the Upper Yala River Basin, discharge patterns are highly sensitive to seasonal rainfall variability, with
shifts in rainfall intensity and timing impacting river flow. Observed data show a mean discharge of 48.69 m3/s, while
the simulated model shows a slightly higher mean of 53.56 m3/s. A strong correlation (94.2%) was identified between
rainfall variability and discharge, indicating that nearly all discharge changes can be attributed to rainfall patterns.
This high sensitivity to climate suggests that anticipated increases in extreme rainfall due to climate change could lead
to more flash floods, soil erosion, and sediment transport, disrupting the hydrological cycle and affecting water
quality, aquatic habitats, and agriculture.

5.2 Recommendations

The study recommends enhancing climate monitoring by adding weather stations and stream gauges in the
basin and utilizing remote sensing for tracking land use and vegetation changes. Improved data availability from these
measures will enable better discharge predictions and inform water management decisions to mitigate climate impacts
on the river basin and surrounding communities. Furthermore, climate adaptation models that integrate hydrological
responses to different climate scenarios (e.g., increased temperature, altered rainfall patterns) should be developed and
applied. These models should also account for land use changes and their interactions with climate variability.
Utilizing climate adaptation models will help stakeholders understand potential future impacts on river discharge and
develop strategies to enhance resilience
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