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Abstract

Sustainable agriculture in semi-arid regions like the Awash Basin is critically dependent
on water availability, which is increasingly threatened by rapid land use and land cover
(LULC) change. This study assesses the impact of multi-decadal LULC changes on water
resources essential for agriculture. Using satellite-derived LULC scenarios (2001, 2010, 2020)
to drive the WRF-Hydro/Noah-MP modeling framework, we provide a holistic assessment
of water dynamics in Ethiopia’s Awash Basin. The model was calibrated and validated with
observed streamflow (R2 = 0.80–0.89). Markov analysis revealed rapid cropland expansion
and urbanization (2001–2010), followed by notable woodland recovery (2010–2020) linked
to national initiatives. Simulations show that early-period changes increased surface runoff,
potentially enhancing reservoir storage for large-scale irrigation. In contrast, later changes
promoted subsurface flow, indicating a shift towards enhanced groundwater recharge,
which is critical for small-scale and well-based irrigation. Evapotranspiration (ET) trends,
validated against GLEAM (monthly R2 = 0.88–0.96), reflected these shifts, with urbanization
suppressing water fluxes and woodland recovery fostering their resurgence. This research
demonstrates that land use trajectories directly alter the partitioning of agricultural water
sources. The findings provide critical evidence for designing sustainable land and water
management strategies that balance crop production with forest conservation to secure
irrigation water and support initiatives like Ethiopia’s Green Legacy Initiative.

Keywords: agricultural water management; irrigation; land use change; evapotranspiration;
surface runoff; subsurface flow; soil moisture; Awash Basin; Ethiopia

1. Introduction
Water is a fundamental input for agricultural production, critically governing food secu-

rity and economic development in arid and semi-arid regions [1]. In these vulnerable areas,
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land use and land cover (LULC) change, particularly the conversion of natural ecosystems to
cultivated land, is a significant human-induced force that profoundly alters the hydrological
cycle, impacting the availability of water for irrigation [2]. Satellite-based analyses reveal that
agricultural expansion is a dominant driver of environmental change in Ethiopia, directly
affecting the water balance upon which rain-fed and irrigated agriculture depend [3]. Un-
derstanding these dynamics is essential for sustainable agricultural water management, a
challenge acutely felt in Ethiopia’s Awash Basin, a vital semi-arid region and a cornerstone of
the nation’s agriculture, facing escalating threats from water scarcity and climate change [4,5].

The Awash Basin, a cornerstone of Ethiopia’s agriculture and hydroelectric power,
exhibits significant hydrological complexity due to its diverse terrain, seasonal rainfall pat-
terns, and intense human pressure [6]. The basin supports extensive irrigated agriculture for
cash crops like sugarcane and cotton, as well as staple crops, making the sustainability of its
water resources a national priority [7]. Research in the basin, however, remains fragmented,
with most studies focusing on the upper or middle reaches, leaving the lower, more arid
areas under-researched [8,9]. This gap limits our understanding of crucial basin-wide pro-
cesses such as runoff dynamics, soil moisture variability, and groundwater–surface water
interactions. Furthermore, the conversion of natural vegetation to cultivated land and ur-
ban areas is a dominant driver of environmental change in Ethiopia, significantly impacting
the hydrological balance and accelerating soil erosion [3]. These LULC changes, coupled
with climate variability, lead to shifts in precipitation patterns and increased frequency of
droughts and floods, complicating water resource planning and management [4,10].

The WRF-Hydro/Noah-MP model is a sophisticated tool for simulating hydrological
responses to land use and land cover change (LUCC) due to its detailed representation of
land-atmosphere interactions and hydrological processes [11,12]. The model’s responsive-
ness to LUCC is attributed to its ability to dynamically integrate changes in land surface
characteristics, including vegetation processes, soil moisture-vegetation interactions, and
energy partitioning. These elements are directly influenced by land surface parameters
such as leaf area index, albedo, and roughness length, which are altered by LUCC, for
example, during the conversion of natural vegetation to urban or agricultural land [13].
Such conversions lead to significant shifts in surface energy balance, water infiltration,
and runoff patterns [14]. Notably, agricultural expansion and urbanization have increased
streamflow in some areas, such as the Kesem Watershed, where agrarian land expansion
led to a 23.2% increase in mean annual streamflow between 1993 and 2005 [10]. However,
these changes also pose challenges, including increased sedimentation in reservoirs like
Koka Dam, which affects water storage and power generation capacity [8].

Evapotranspiration (ET) is a key parameter in this system, representing the main form
of energy and water exchange in the soil-vegetation-atmosphere continuum [15]. Accurate
estimation of regional ET is crucial for rational water allocation [16], as it accounts for a
significant portion of precipitation loss globally [17]. Changes in land use directly affect
meteorological parameters that influence ET, such as wind speed and solar radiation [18].
Therefore, quantifying ET dynamics in response to LULC change is critical for managing
water resources, irrigation, and developing best management practices.

Integrating remote sensing with advanced ecohydrological models offers a powerful
approach to overcome data scarcity and provide comprehensive, spatially explicit assess-
ments of water and energy fluxes [19]. Satellite-based observations and products, such
as those from the Global Land Data Assimilation System (GLDAS), enable continuous
monitoring of hydrological parameters at large spatial scales, which is essential for cap-
turing the impacts of climate and land cover dynamics [20]. In this context, the coupled
WRF-Hydro/Noah-MP model emerges as a robust tool. WRF-Hydro, a distributed hy-
drological model extension of the Weather Research and Forecasting model, integrates
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atmospheric dynamics with surface and subsurface hydrology [21]. Coupled with the
Noah-MP land surface model, which includes multiple parameterization options for vege-
tation and soil processes, this framework can significantly enhance the simulation of water
balance components and energy fluxes across complex terrains [22,23].

The basin’s hydrological dynamics are further complicated by extreme weather events,
such as the severe flooding in 2020, which was exacerbated by heavy rainfall in both the
upper and lower basins [24]. Understanding these climate differences and their impacts
on water resources is crucial for effectively managing the basin’s water supply, especially
given the growing demands from agriculture, industry, and urbanization [25].

The Awash Basin faces several hydrological challenges, including water scarcity,
variable precipitation, and high evaporation rates. Water scarcity is a significant issue due
to over-extraction for agricultural and industrial use, leading to declining water levels
in rivers and reservoirs [26]. The variability in precipitation, with erratic and uneven
rainfall distribution, exacerbates the problem of water availability [27]. High evaporation
rates, particularly in lowland areas, further reduce the available water, impacting both
surface and groundwater resources [28]. Additionally, the basin suffers from salinization
and declining water quality, resulting from intensive irrigation practices and inadequate
drainage systems [29]. These challenges require implementing integrated water resource
management strategies to ensure sustainable water use and mitigate the impacts of climate
and land use change on the basin’s hydrology.

While previous studies have examined the impacts of land use change on hydrology
across various regions [3,27,28], a critical gap remains in understanding how decadal land
use trajectories specifically affect water sources for agriculture. Few, if any, have dynamically
integrated multi-decadal LUC scenarios directly into a fully coupled, process-based model
like WRF-Hydro/Noah-MP to attribute changes in water partitioning between surface runoff
(for reservoirs) and subsurface flow (for groundwater) to specific land transitions. This is
particularly relevant for the Awash Basin, where studies have shown significant LULC-driven
changes in streamflow [10] and sediment yield [8], but without a dynamic, process-based
attribution of these changes to water availability for cropping systems.

This study introduces a novel framework that bridges this gap by embedding multi-
decadal LULC scenarios (2001, 2010, and 2020) directly into the WRF-Hydro/Noah-MP
modeling system to assess their impact on water resources critical to agriculture in Ethiopia’s
Awash Basin from 2001 to 2024. The innovation of this research lies in the dynamic integration
of observed decadal land use transitions to isolate the hydrological effects of LULC from
interannual climate variability. This approach allows for a temporally explicit analysis of how
land use trajectories—such as agricultural expansion, urbanization, and afforestation—interact
to shape key variables in agricultural water management, including evapotranspiration (a
measure of crop and ecosystem water use), surface runoff, and subsurface flow. The specific
objectives of this study are to (1) assess the impact of decadal LULC changes (2001–2020) on
hydrologic processes governing irrigation water supply using the coupled WRF-Hydro/Noah-
MP model; (2) evaluate the associated trade-offs in water fluxes between different land use
trajectories; and (3) derive implications for sustainable agricultural water management and
land use policy in the Awash Basin, providing actionable insights for initiatives like Ethiopia’s
Green Legacy Initiative [30,31].

2. Study Area Description and Methodology
2.1. Description of the Study Area

The Awash Basin, located in the central part of Ethiopia (approximately 8–12◦ N,
38–43◦ E), is one of the most significant and critically stressed river basins in the Horn of
Africa [4]. At a continental scale, it represents a quintessential example of a semi-arid to
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arid river system in East Africa, where water resources are under intense pressure from
rapid population growth, agricultural development, and climate variability [32]. As a
closed basin with no outlet to the sea, its hydrological dynamics are particularly sensitive
to internal changes, making it a critical case for studying land-water interactions. The
Awash Basin spans diverse climatic zones, ranging from humid highlands to arid lowlands,
covering approximately 110,000 km2. The basin is critical for agriculture, water supply,
and hydroelectric power generation [7]. Characterized by seasonal rainfall variability and
prolonged dry periods, the basin faces over-extraction, salinization, and declining water
quality challenges. The basin’s topography is complex, with elevations ranging from over
4000 m in the highlands to below sea level in the lowlands. This variation in elevation con-
tributes to a wide range of climatic conditions, from temperate conditions in the highlands
to hot, dry conditions in the lowlands [6]. The complex topography and diverse land use,
including forests, grasslands, and urban areas, further complicate hydrological processes,
making it an ideal case study for evaluating advanced coupled models. The basin experi-
ences significant seasonal rainfall variability, with most precipitation occurring during the
primary rainy season (Kiremt) from June to September [33]. This variability and prolonged
dry periods challenge water resource management and agricultural productivity [25]. The
Awash Basin in Ethiopia exhibits a diverse climate, ranging from humid subtropical in the
highlands to arid conditions in the lowlands [25]. This variability significantly influences
precipitation patterns across the basin. The upper basin receives substantial rainfall, of-
ten exceeding 1200 mm annually, with a bimodal distribution: a short rainy season from
March to May and the main rains from June to September [24]. In contrast, the lower
basin receives much less rainfall, typically below 100 mm per year [24]. Climate change
is projected to exacerbate these differences, with models suggesting a decrease in runoff
due to warmer, drier conditions, potentially reducing water availability by 10–34% across
different scenarios [6].

Nationally, the Awash Basin is a cornerstone of Ethiopia’s economy and food security.
It encompasses the capital city, Addis Ababa, and supports extensive irrigated agriculture
for cash crops (e.g., sugarcane and cotton) and staple foods, contributing substantially to the
national GDP. The basin also hosts a cascade of hydroelectric dams, which are vital for the
country’s energy supply [8]. However, it faces severe challenges, including water scarcity,
salinization, and declining water quality, exacerbated by climate change and unsustainable
land use practices.

The selection of the Awash Basin for this study is therefore motivated by its (1) national
socio-economic importance, (2) representation of diverse hydro-climatic zones (from humid
highlands to arid lowlands) within a single basin, (3) documented history of rapid and
multifaceted LULC change, including agricultural expansion, urbanization, and recent
large-scale afforestation efforts (e.g., the Green Legacy Initiative), and (4) its status as a
data-scarce region where advanced modeling approaches are essential for informed water
resource management. This combination of factors makes the Awash Basin an ideal and
urgent case study for assessing the impacts of decadal land use trajectories on agricultural
water resources.

2.2. Remote Sensing Data Acquisition and Processing
2.2.1. Meteorological Forcing Data

We utilized the Global Land Data Assimilation System (GLDAS-2.1) for hydrological
modeling in the Awash Basin to provide high-resolution meteorological forcing data at 3 h
intervals [20]. GLDAS, developed by NASA, NOAA, and other institutions, integrates data
from advanced observing systems to improve forecast initial conditions [20,34]. It drives
land surface models such as Noah-MP, Mosaic, CLM, and VIC, simulating the transfer of
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mass, energy, and momentum [35]. GLDAS updates these simulations by merging them
with satellite and ground-based observations through data assimilation techniques like the
Ensemble Kalman Filter and the Extended Kalman Filter [36]. The system runs at various
grid resolutions, including 0.25◦ × 0.25◦, with results available near real time [37]. Multiple
versions of GLDAS exist, such as GLDAS-2, which uses Princeton meteorological forcing
data, and GLDAS-2.1, which combines model- and observation-based data [20]. This
study used the WRF-Hydro/NoahMP model with GLDAS meteorological data, including
precipitation, shortwave and longwave radiation, air temperature, air pressure, specific
humidity, and wind speed.

2.2.2. Land Use/Land Cover (LULC) Data

The remote sensing and model data supporting the findings of this study are openly
available. The ESA CCI Land Cover data can be accessed at https://www.esa-landcover-
cci.org/?q=node/199 (accessed on 1 February 2025) [38]. The land use/land cover (LUC)
scenarios for the years 2001, 2010, and 2020 were derived from the ESA Climate Change
Initiative (ESA CCI) Land Cover dataset, a globally harmonized, annually resolved product
at 300 m spatial resolution [38]. The ESA CCI dataset is a processed, value-added remote
sensing product that integrates observations from multiple sensors and applies consistent
classification schemes (based on the UN-LCCS) across years. It was chosen for this study
due to its temporal consistency, global availability, and suitability for multi-decadal land
change analysis. The selected spatial resolution optimally leverages the detail provided
by the 300 m ESA CCI land cover data while maintaining computational efficiency for
multi-decadal simulations across the extensive basin.

2.2.3. Validation Using Remote Sensing Products

The GLDAS data were acquired from https://ldas.gsfc.nasa.gov/gldas (Accessed
on 20 February 2025). The GLEAM ET data are available at www.gleam.eu. Evapotran-
spiration (ET) represents the actual water consumption by crops and ecosystems, mak-
ing it a critical metric for agricultural water management. The WRF-Hydro/NoahMP
model’s performance was assessed by comparing simulated evapotranspiration (ET)
against GLEAM ET data (2003–2022) [39,40] and GLDAS-derived ET data (2000–2024) [20]
under three distinct land use scenarios for the Awash Basin: 2001, 2010, and 2020.
The ERA5 reanalysis data were downloaded from the Copernicus Climate Data Store
https://cds.climate.copernicus.eu (Accessed on 1 June 2025). The streamflow data are
available from the corresponding author upon reasonable request due to restrictions
(e.g., privacy or ethical concerns).

The performance of the WRF-Hydro/Noah-MP model was rigorously assessed using
a multi-source remote sensing validation framework. While observed streamflow data from
in situ monitoring stations (Metehara and Adaitu) provided direct hydrological validation,
the model’s representation of land surface processes was evaluated against independent
satellite-based products. Simulated evapotranspiration (ET) was compared against the
satellite-based GLEAM ET product (2003–2022), which provides a global benchmark for
evaporative fluxes derived primarily from microwave remote sensing. Furthermore, latent
heat flux and ET simulations were validated against the Global Land Data Assimilation
System (GLDAS, 2000–2024), which assimilates multiple satellite observations into its land
surface modeling framework. This tripartite validation approach—using in situ discharge,
remote-sensing-based ET, and a satellite-assimilated land-surface product—ensured a ro-
bust evaluation of the model’s capability to simulate integrated water and energy dynamics.

https://www.esa-landcover-cci.org/?q=node/199
https://www.esa-landcover-cci.org/?q=node/199
https://ldas.gsfc.nasa.gov/gldas
www.gleam.eu
https://cds.climate.copernicus.eu
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2.3. Overview of the Methodology

This study integrates multi-decadal land use change (LUC) scenarios (2001, 2010,
and 2020) into the WRF-Hydro/Noah-MP modeling framework to simulate water–energy
dynamics in Ethiopia’s Awash Basin. The integration of these land use scenarios into the
model is the primary innovation of this study, as no previous research has dynamically
incorporated decadal LUC transitions into such a comprehensive hydrological framework.

2.3.1. WRF-Hydro/Noah-MP Model Overview and Setup

The WRF-Hydro model was developed by the National Center for Atmospheric Re-
search (NCAR) as part of their efforts to improve hydrometeorological and hydrologic
modeling [21]. It focuses on simulating the movement and distribution of water in the hy-
drological cycle, including surface and subsurface flow. The Noah-Multiparameterization
(Noah-MP) land surface model is an advanced version of the Noah model that includes
multiple parameterizations to represent land surface processes more accurately, including
soil moisture, snow, and vegetation dynamics [22].

The Ethiopian basin, which encompasses vital watersheds like the Blue Nile and the
Awash River, plays a crucial role in regional water supply, agriculture, and hydropower
generation [41,42]. However, the basin faces increasing challenges due to climate variability,
land use changes, and population growth. Understanding and accurately simulating com-
ponents of the water balance, such as runoff, evapotranspiration (ET), groundwater, and
surface water storage, is essential for managing these water resources sustainably [43–45].
WRF-Hydro (Weather Research and Forecasting Hydrological extension) is a widely used
distributed hydrological model that integrates atmospheric dynamics with surface and
subsurface hydrology, enabling the simulation of hydrological processes across scales [46].
Coupling WRF-Hydro with the advanced Noah-MP land surface model (Noah with Multi-
Parameterization options) can further enhance these simulations by incorporating multiple
parameterization schemes for land surface processes, vegetation, and soil hydrology [23]. In
the Ethiopian basin, where complex terrain and diverse climatic conditions prevail, this cou-
pling has the potential to significantly improve the accuracy of water balance simulations.

2.3.2. Model Grid Domain and Physics Parameterizations

This study configured the WRF-Hydro/Noah-MP model to account for key land-
atmosphere processes using specific parameterization options [47]. Dynamic vegetation
(DVEG) was activated, allowing the model to use look-up table values for LAI and the max-
imum vegetation fraction, thereby enabling a realistic representation of seasonal vegetation
dynamics. The Ball-Berry scheme was selected for canopy stomatal resistance (OPT_CRS),
allowing stomatal conductance to respond to environmental drivers such as humidity and
CO2 concentration [48]. To model the effect of soil moisture on stomatal resistance, the
Noah-based approach (OPT_BTR) was applied [21]. Runoff and groundwater processes
(OPT_RUN) were simulated using the TOPMODEL-based method with groundwater inter-
action, allowing saturation-excess runoff and lateral subsurface flow [49]. Surface resistance
to evaporation and sublimation (OPT_RSF) was parameterized following Sakaguchi and
Zeng (2009) [50], which better represents resistance under varying surface wetness and
vegetation cover. Lastly, soil hydraulic and thermal properties (OPT_SOIL) were assigned
based on dominant soil texture classes from the input datasets, ensuring spatial consistency
in infiltration and soil moisture behavior across the basin. Other physics options typically
employed include land-surface parameterizations, such as the Noah-MP model, which
accounts for overland surface flow, saturated subsurface flow, and channel routing [51].

For simulations in the Awash Basin, the model domain is typically set to cover the
entire basin, approximately 110,000 km2 (Figure 1). The spatial resolution used in these
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models can vary, but a common choice is a routing grid size of 600 m and a domain grid
size of 6 km × 6 km to capture detailed topography and land use variations [52]. To ensure
consistency within the WRF-Hydro/Noah-MP modeling framework, all datasets were pro-
cessed to the model’s domain grid. The GLDAS meteorological forcing data (0.25◦ native
resolution) were interpolated to the 6 km WRF-Hydro grid using the Earth System Model-
ing Framework (ESMF) with a bilinear interpolation method, as implemented in an NCL
script. For the land surface representation, the high-resolution ESA CCI land cover data
and other static geographical fields were processed through the WRF Preprocessing System
(WPS) using the geogrid.exe program. This system utilizes the default WRF geographical
datasets to generate the model’s static fields, including topography and land use categories,
at the specified 6 km domain grid resolution.

Figure 1. Awash Basin and WRF-Hydro Model Domain.

Temporal resolutions typically range from hourly to daily, depending on the study’s
objectives and the availability of input data. Higher temporal resolutions, such as hourly data,
are beneficial for capturing the dynamics of rainfall events and their immediate impacts on
runoff and streamflow, critical for effective water resource management in the basin [53].
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2.3.3. Land Use Data Processing, Integration, and Simulation Design

The study’s innovative coupling of LUC dynamics with high-resolution hydrologic
modeling advances the understanding of anthropogenic changes in the Awash Basin. Sys-
tematically comparing 2001–2020 scenarios quantifies trade-offs between land use shifts
(e.g., urbanization, agriculture) and water–energy fluxes, a template for similar basins. Inte-
grating open-source tools (GEE, ArcGIS 10.4, Python 3.12, and WRF-Hydro v5.2) enhances
reproducibility while focusing on process-based attribution (via scenario isolation), setting
it apart from conventional sensitivity analyses. This approach bridges gaps in regional
hydroclimatic studies and supports sustainable land-water management under changing
LUC pressures.

Further model-specific preprocessing was required for compatibility with the WRF-
Hydro/Noah-MP framework. The ESA CCI maps were first reclassified using ArcGIS
10.4 to align with the MODIS IGBP classification scheme adopted in WRF [54]. Then,
using SAGA-GIS, the reclassified rasters were converted into a binary format compat-
ible with the WRF Preprocessing System (WPS) to generate geo_em_d01_LUC.nc files
via geogrid.exe. This preprocessing workflow ensured that each LUC scenario was
spatially explicit, temporally consistent, and technically compatible with the coupled
WRF-Hydro/Noah-MP system.

These feed into WPS to generate domain files (‘geo_em_d01_LUC.nc’) for each sce-
nario, while GLDAS-forced meteorological data is gridded (via R) for consistency. WRF’s
‘real.exe’ then produces scenario-specific initial conditions (‘wrfinput_d01_LUC.nc’), com-
bined with GIS-processed routing inputs, which drive the coupled WRF-Hydro/Noah-MP
model (Figure 2). Crucially, the framework leverages multi-scenario simulations to iso-
late LUC effects, with calibration/validation against observed hydrometeorological data
ensuring robustness.

Figure 2. Methodological framework.

To assess the impact of land use change (LUC) on hydrological processes in the Awash
Basin, this study integrates three distinct land use scenarios for 2001, 2010, and 2020. These
scenarios depict the evolution of land cover over two decades, with each year capturing a
snapshot of land use at that time. The 2001 scenario serves as the baseline, representing
the initial land use conditions and helping establish a reference for comparison. The
2010 scenario reflects mid-term land use changes, marking the intermediate phase of
anthropogenic and natural shifts in land cover [55]. Finally, the 2020 scenario captures
the most recent land use dynamics, highlighting the effects of urbanization, agricultural
expansion, and other human-induced transformations [56]. Using remote-sensing-derived
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land use data, this study enables advanced analysis of LUCC scenarios, incorporating
high-resolution satellite imagery and spatial data to quantify land cover changes over
time [57]. This remote sensing integration significantly enhances the precision of land use
change detection and its impacts on hydrological and energy fluxes, providing a robust
methodology for assessing the influence of evolving land use on water resources across the
Awash Basin [58,59].

To isolate the hydrological effects of decadal land use change from interannual climate
variability, we conducted three distinct simulation experiments. Each experiment used the
same meteorological forcing (GLDAS-2.1, 2000–2024) and model parameterization but was
driven by a static land use map representing a specific snapshot in time: the 2001, 2010, and
2020 LULC scenarios, respectively. By comparing the outputs (e.g., ET, runoff) from these
parallel simulations, we can directly attribute differences to the evolving land cover, as the
climatic driver is held constant across them.

2.4. Land Use and Land Cover Change Analysis

To quantify and analyze the transitions between different land cover classes between
2010 and 2020, we employed Markov transition matrices. A Markov matrix is a square
matrix that describes the probability of a land cover class transitioning to another class over
a specified time period [60]. Each element Pij of the matrix represents the proportion of
area that changed from class *i* (in 2010) to class *j* (in 2020) [61]. This analysis was crucial
for identifying dominant land conversion processes, such as cropland encroachment into
woodlands or grassland fragmentation due to urbanization [62].

Furthermore, to analyze the spatial relationship between precipitation and elevation,
we utilized multiple spatial interpolation techniques on observed station data (1990–2021).
We compared four common methods:

• Inverse Distance Weighting (IDW): Assumes that points closer to the prediction loca-
tion have more influence [63].

• Kriging: A geostatistical method that uses spatial correlation to provide a best linear
unbiased estimate [64].

• Spline: Fits a mathematical surface that passes through the data points with minimal
curvature.

• Thiessen Polygons: Assigns the value of the nearest station to all locations within its
polygon, creating a discrete surface.

This comparative analysis allowed us to select the most appropriate representation of
precipitation patterns for hydrological analysis in the topographically complex basin [65].

2.5. Model Performance Evaluation and Ground-Based Observations for Validation

The WRF-Hydro/NoahMP model for the Awash Basin was manually calibrated us-
ing key parameters that significantly influence hydrological processes. Given the basin’s
complexity, adjustments were made to parameters such as Manning’s roughness coefficient
(Manning), saturated hydraulic conductivity (Satdk), and the scaling factors for surface and
subsurface runoff (DXRT, DTRT_CH, and DTRT_TER). These modifications were necessary
to advance the model’s capability to simulate streamflow dynamics accurately. The cali-
bration process focused on optimizing the model outputs to match observed streamflow
data, addressing discrepancies caused by variations in land cover, soil properties, and
hydrometeorological conditions across the basin [66].

Model calibration and validation are critical to assess the accuracy of the WRF-Hydro
model in simulating streamflow and overall water balance components. Observed stream-
flow data from in situ monitoring stations were used to calibrate and validate the model.
Model performance was evaluated using statistical metrics such as the Nash-Sutcliffe Effi-
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ciency (NSE), Root Mean Square Error (RMSE), and Bias [67,68]. These metrics help assess
how well the model replicates observed streamflow and identify discrepancies in simulated
water balance components. This validation process ensures that the WRF-Hydro model
provides reliable simulations for water yield and extreme event prediction. Streamflow
data, measured at gauging stations, are critical for validating model simulations of river
discharge and assessing the overall water balance within basins [65,69,70].

R2 = 1 − ∑n
i=1(yiobserved − yicalculated)

2

∑n
i=1(yiobserved − yobs mean )2 (1)

where yiobserved is the observed value, yicalculated is the calculated value, and yobs mean is the
mean of the observed values. An R2 value closer to 1 indicates a better fit of the model to
the observed data.

RMSE, on the other hand, quantifies the average magnitude of the errors between
predicted and observed values, providing insight into the model’s predictive accuracy. It is
calculated as follows:

RMSE =

√
1
n ∑n

i=1(yi − yi, Obs mean)2 (2)

where n is the number of observations. Lower RMSE values show better model perfor-
mance. RMSE and R2 comprehensively assess model performance [71,72].

3. Results
3.1. WRF-Hydro/NoahMP Model Calibration and Validation Results

The WRF-Hydro/NoahMP model can simulate streamflow dynamics within the
Awash Basin. Time series plots at Metehara (Figure 3) and Adaitu (Figure 4) stations
indicate that the model effectively captures seasonal variability and the timing of major
runoff events, closely aligning with observed hydrographs [64]. Notably, the scatter plots
reveal strong correlations between observed and simulated streamflow, with R2 values of
0.80 at Metehara (Figure 5) and 0.89 at Adaitu (Figure 6), underscoring the model’s ability
to explain a substantial portion of the variance in daily streamflow. These results affirm
the model’s proficiency in representing the basin’s key hydrological processes, including
rainfall-runoff transformation and flow routing.
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Figure 3. Metehara streamflow gauge station (2000–2014).
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Figure 4. Adaitu streamflow gauge station (2000–2001).
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These findings confirm that the WRF-Hydro/NoahMP framework is valuable and
practical for simulating streamflow in the semi-arid Awash Basin. Nevertheless, further
refinements, mainly targeted at extreme-event simulation, would enhance its utility for
flood forecasting and water resource management in this data-scarce region [73].

3.2. Land Use and Land Cover Change Dynamics in Awash Basin (2000–2020)

Analysis of the multi-temporal ESA CCI land cover series revealed significant shifts
that reflect natural and anthropogenic pressures (Figure 7). Over the past two decades, land
cover changes in the Awash Basin have significantly impacted hydrological processes. The
decadal land cover maps of the Awash Basin reveal a landscape in subtle yet significant
flux, characterized by competing and spatially distinct processes of agricultural stability,
vegetation change, and wetland decline. While major classes like Cropland (around 21%),
Grassland (around 26%), and Shrubland (around 17%) exhibit remarkable stability in
their overall basin-wide percentages across the two decades, this apparent stasis masks
more dynamic underlying transitions. The most notable net changes include a persistent,
accelerating increase in Woodland (from 3.2% to 4.6%) and a progressive expansion of
Urban areas, coupled with the near-total disappearance of Wetlands (from 0.9% to 0.0%).
This juxtaposition of afforestation/reforestation trends, likely occurring in the highlands,
with the loss of critical wetland ecosystems and creeping urbanization in localized hotspots,
paints a novel picture of a basin undergoing multifaceted environmental pressures that are
not captured by analyzing any single land cover class in isolation.

Figure 7. Land use and land cover area.

The substantial increase in woodland areas (Figure 8) from 2010 to 2020 might
help mitigate some of these impacts by enhancing transpiration and stabilizing soil, but
careful management is needed to balance economic development with environmental
sustainability [74,75]. Understanding these dynamics is vital to the region’s current water
resource planning and sustainable land use practices.

As detailed in Section 2.4, Markov transition matrix analysis was applied to the
ESA CCI land cover data to quantify transitions between 2010 and 2020 (Figure 9). The
2010–2020 transition matrix (Figure 9) reveals rapid cropland encroachment into woodlands
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(13.9%) and grasslands (7.3%), mirroring Ethiopia’s national agricultural GDP growth (6%
annually [76]. However, this expansion coincides with degradation signals: shrublands, a
transitional state for 26.7% of lost woodlands, show low persistence (58.5%), suggesting
eventual conversion to barren land (12.0% of grassland transitions). Such shifts reduce
infiltration capacity, exacerbating Awash’s seasonal water scarcity [77,78]. Urbanization,
though small in scale (1.0% persistence), fragments critical moisture-replenishing grass-
lands (26.4% of urban transitions), amplifying runoff in Addis Ababa’s periphery [79].
These changes threaten irrigation-dependent agroeconomies downstream, where 60% of
Ethiopia’s sugar plantations rely on flows from the Awash River.
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Figure 8. Land use and land cover change.

Figure 9. Markov transition matrices for the land cover from 2010 to 2020.
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3.3. Crop Water Use Response to Land Use Change: Model Performance and Trend Analysis

The scatterplot reveals a nuanced performance of the WRF-Hydro/NoahMP model in
simulating evapotranspiration (ET) dynamics for Ethiopia’s Awash Basin. While the model
demonstrates exceptional skill in capturing temporal patterns (R2 = 0.75–0.88 across land
use scenarios), matching GLEAM’s observed seasonal variability and response to meteoro-
logical drivers, it systematically underestimates absolute ET magnitudes (Figure 10). This
divergence suggests that the model’s parameterizations, particularly for soil–vegetation–
atmosphere interactions, may require calibration to better represent the basin’s unique
ecohydrological characteristics [80]. The robust pattern reproduction confirms the frame-
work’s utility for studying the relative impacts of land use change. However, the persistent
low bias (points below the 1:1 line) indicates opportunities to refine vegetation resistance
parameters, soil moisture thresholds, or precipitation partitioning to improve absolute
flux estimates [53]. This dual behavior’s strong correlation, combined with consistent
underestimation, highlights both the model’s capability for comparative scenario analysis
and the need for region-specific adjustments to enhance its quantitative accuracy for water
resource applications [81].

Figure 10. WRF-Hydro LUC Scenarios vs. GLEAM ET (2003–2022).

The model outputs demonstrated strong concordance with the GLDAS reference
dataset, yielding monthly R2 values of 0.96, 0.94, and 0.88 for the 2010, 2020, and 2001
LUC scenarios (Figure 11A). Annual R2 values were similarly robust at 0.90, 0.83, and 0.80
(Figure 11B). These high correlation coefficients affirm the model’s capability to accurately
capture temporal ET dynamics, particularly under the 2010 LUC configuration. Such
performance underscores the model’s reliability for simulating land surface fluxes in data-
scarce regions like the Awash Basin, aligning with previous studies validating WRF-Hydro’s
efficacy in semi-arid environments [82].
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Figure 11. Monthly average and yearly comparison of ET trends under LUC scenarios with GLDAS.

The observed ET trends reflect the complex interplay between urbanization and land
use changes over two decades. From 2001 to 2010, ET exhibited a moderate yearly decline
(−0.323), driven by early urban expansion (+117.72 km2) and cropland loss (−58.23 km2),
partially offset by modest woodland growth (+23.13 km2). The monthly ET trend (0.005)
suggests slight seasonal stability, likely due to remaining vegetation buffering and rapid
ET loss. However, 2010–2020 saw the steepest yearly ET decline (−0.637), aligning with ac-
celerated urbanization (+204.66 km2) and severe cropland/shrubland losses (−458.46 km2

and −209.88 km2). Despite substantial woodland expansion (+1420.29 km2), its ET con-
tribution may have lagged, allowing urban effects to dominate. By 2020, the yearly ET
decline softened (−0.111), indicating that mature woodlands began counteracting urban ET
suppression, while the positive monthly trend (0.004) hints at recovering seasonal ET cycles
due to increased forest cover [81,83]. These trends indicate a growing need for integrated
land management strategies that consider ecological, hydrological, and socioeconomic
dimensions, ultimately fostering a more resilient and sustainable land use framework for
the Awash Basin. By supporting the Green Legacy Initiative and incorporating sustain-
able practices into urban and agricultural planning, Ethiopia can mitigate the impacts
of urbanization and land use changes, promoting a more balanced coexistence between
development and environmental conservation [84].
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Urbanization was the primary driver of ET reduction, particularly in 2010–2020, when
impervious surfaces expanded rapidly. However, the 2020 stabilization of ET decline
suggests that large-scale woodland growth eventually mitigated urban impacts. Cropland
and shrubland losses exacerbated ET declines, especially in the middle decade, while
grassland changes had minimal influence. The monthly trends reveal that seasonal ET
patterns remained resilient or improved (positive slopes in 2001 and 2020), likely due to
the woodland’s stronger transpiration in growing seasons. These findings underscore that
while urbanization suppresses ET, strategic afforestation can partially restore regional water
cycling, as seen in the 2020 data. Future land use policies should balance urban growth
with woodland conservation to maintain sustainable ET regimes [85].

Evapotranspiration (ET) trends vary significantly with land use changes and cli-
matic conditions. The Sen’s Slope results for monthly and yearly ET provide insights
into these trends. For the 2001 land use condition, the monthly Sen’s Slope is slightly
positive (0.005), indicating a slight increase in monthly ET, while the yearly slope is
negative (−0.323), suggesting an overall decrease in yearly ET. This mixed trend could be
due to the balance between vegetated areas and other land covers. In contrast, the 2010
land use condition shows a negative monthly slope (−0.003) and a more significantly
negative yearly slope (−0.637), indicating a pronounced decrease in ET, possibly due
to increased urbanization and decreased vegetated areas. In the 2020 LUC scenario,
the monthly slope becomes slightly positive again (0.004), but the yearly slope remains
negative (−0.111), suggesting a slight recovery in monthly ET trends but an ongoing
decrease over the year [16,86].

The spatial change maps of evapotranspiration (ET) between the 2001–2010 and
2010–2020 periods reveal a nuanced hydrological response to land use/cover (LUC) dy-
namics in the Awash Basin. The widespread increase in ET from 2001 to 2010 (Figure 12B),
especially in the western and central basins, aligns with documented agricultural ex-
pansion and conversion of natural vegetation to cropland and built-up areas [74]. Such
transitions typically enhance evaporative demand and atmospheric water loss, as crop-
lands and exposed soils often exhibit higher ET than forests or shrublands. This is
supported by recent findings in the Modjo watershed (a major Awash tributary), where
LULC change from forest/shrub to cropland and bare land led to increased ET and
decreased surface runoff [74].

In contrast, the 2010–2020 period shows a marked decline in ET across much of the
basin, particularly central and eastern regions (Figure 12A). This spatial pattern coincides
with the continued expansion of built-up and barren land and a reduced vegetation cover,
as reported for the upper and central Awash sub-basins. These land cover changes are
associated with decreased soil moisture and reduced vegetative transpiration, resulting
in lower ET. Simultaneously, such changes can increase infiltration and subsurface flow
due to reduced surface sealing, as observed in the same studies. This shift in hydrological
partitioning lowers ET, reduces surface runoff, and increases subsurface flow, underscoring
the nonlinear and time-dependent nature of LUC impacts on water balance components in
the Awash Basin [87].
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Figure 12. Spatial change maps of evapotranspiration under (A) 2020–2010 and (B) 2010–2001 LUC
scenarios.

3.4. Implications of Land Use Change for Irrigation Water Sources

The simulated hydrological response to decadal Land Use Cover (LUC) changes
reveals a significant shift in the primary sources of irrigation water in the Awash Basin. The
transition from the 2001 to 2010 LUC scenario (Figure 13B), a period marked by agricultural
expansion, predominantly stimulated increases in surface runoff, particularly in the western
headwaters [8,88]. This suggests that the land cover shift during this decade promoted
conditions that enhanced overland flow, potentially increasing water delivery to reservoirs
and rivers used for large-scale surface irrigation schemes.

This trend reversed during the subsequent 2010–2020 LUC transition (Figure 13A),
a period characterized by substantial woodland recovery. The maps show a significant
decrease in surface runoff across the basin’s central and western portions, coinciding
with a pronounced and widespread increase in subsurface flow (Figure 13C). This shift
indicates that the 2020 LUC scenario enhanced infiltration and groundwater recharge, a
crucial process for sustaining soil moisture and well-based irrigation. The model simulates
opposing trajectories in runoff partitioning across consecutive decades due solely to LUC
changes [3]. This highlights a critical trade-off for water managers: agricultural expansion
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may boost immediate surface water availability, while afforestation promotes long-term
groundwater sustainability, albeit potentially reducing direct surface flow.

Figure 13. Spatial change maps of surface and subsurface runoff.

This trend reverses during the subsequent 2010–2020 LUC transition (Figure 13A).
The maps show a significant decrease in surface runoff across the basin’s large central
and western portions, coinciding with a pronounced, widespread increase in subsurface
runoff (Figure 13D), primarily along the central basin axis. This simulated shift points
towards the 2020 LUC scenario, representing land surface characteristics that enhance
infiltration and promote water movement through subsurface routes (potentially indicating
vegetation recovery, changes in agricultural practices, or different soil parameterization
linkages), consequently reducing direct overland flow. The novel aspect here is the model’s
simulation of opposing trajectories in runoff partitioning across consecutive decades due
solely to LUC changes; the system does not simply trend towards more or less total runoff
but fundamentally reorganizes how runoff is generated, highlighting the critical need
to analyze both surface and subsurface components to understand the full hydrological
consequence of land cover dynamics [5].

3.5. WRF-Hydro/NoahMP Precipitation Simulation Evaluation

The comparison of WRF-Hydro simulations using the 2001 land use configuration with
ERA5 precipitation data reveals a notable difference in temporal-resolution performance.
The higher monthly (Figure 14A) R2 value of 0.80 suggests that the model captures seasonal
precipitation patterns with greater fidelity, likely driven by its ability to represent the timing
and magnitude of individual rainfall events. In contrast, the lower yearly R2 (Figure 14B)
of 0.66 indicates challenges in accurately simulating interannual precipitation variability,
highlighting potential limitations in capturing longer-term climatic drivers or multi-year
land-atmosphere feedbacks that influence precipitation totals within the Awash Basin.
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Figure 14. Precipitation comparison.

The Awash Basin in Ethiopia exhibits a distinct relationship between elevation and
precipitation, as demonstrated by a linear regression of precipitation data from 1990 to
2021 across 13 stations (Figure 15). The scatter plot shows a positive correlation: higher
elevations receive greater average annual precipitation. This trend aligns with the basin’s
diverse climatic zones, ranging from semi-arid lowlands to humid highlands. For instance,
areas above 2500 m typically receive rainfall exceeding 1400 mm annually, while regions
below 500 m experience less than 200 mm (Figure 16). The regression model achieved an R2

value of 0.850, indicating a strong linear relationship between elevation and precipitation.
Such findings are crucial for understanding the basin’s hydrological dynamics, which rely
heavily on rainfall for agriculture and water resource management [89,90].

The observed precipitation data in the Awash Basin reveal significant spatial and tem-
poral variability. Locations in the upper basin, such as Abomsa and AA Bole, exhibit higher
precipitation levels, often exceeding 1000 mm annually, while the middle and lower basins,
represented by Metehara and Adaitu, receive substantially less rainfall, typically below 600 mm
and 400 mm, respectively. This gradient reflects the basin’s diverse climate, influenced by
topography and regional weather patterns. The data also shows interannual variability, with
some years experiencing notably higher or lower precipitation than others, highlighting the
importance of understanding these fluctuations for effective water resource management.
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Figure 15. Yearly precipitation trends in the Awash Basin.

Figure 16. Precipitation and elevation correlation in the Awash Basin.

This scatter plot reveals a strong positive relationship between elevation and precipi-
tation across the Awash Basin from 1990 to 2021, as indicated by the linear fit with an R2

value of 0.85. The apparent upward trend suggests that higher-elevation areas consistently
receive greater rainfall, likely due to orographic effects that enhance moisture condensation
as air masses rise over elevated terrain. This robust correlation underscores the dominant
role of topography in shaping the basin-wide precipitation distribution, highlighting the
importance of incorporating elevation-driven rainfall gradients into hydrological models
and water resource planning for regions with complex terrain like the Awash.

These comparative spatial maps illustrate the diversity of precipitation patterns across
the Awash Basin, which are estimated using four interpolation techniques: IDW, Kriging,
Spline, and Thiessen (Figure 17). Each method reveals distinct spatial gradients and
localized precipitation features, underscoring how the choice of interpolation method
can influence hydrological assessments. Kriging and IDW produce smooth, continuous
surfaces that highlight subtle spatial variability and local maxima, while spline interpolation
generates broader, more generalized gradients. In contrast, the Thiessen method produces
distinct, abrupt zones of influence around each station, thereby emphasizing its discrete
nature. The differences among these methods underscore the importance of selecting
an appropriate interpolation technique, as it can significantly affect the representation of
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precipitation fields and, consequently, water resource analysis and decision-making in
data-scarce basins such as the Awash.

Figure 17. Comparative interpolation techniques. Note: Stars are stations location.

3.6. Model Performance in Simulating Latent Heat Flux: Seasonal Fidelity Versus
Interannual Divergence

As depicted in Figure 18A, the latent heat flux (LE) analysis in the Awash Basin reveals
a pronounced dominance of seasonality in both the WRF-Hydro/NoahMP simulations
(across three LUC scenarios) and the GLDAS reference product. The monthly linear regres-
sion of the model and GLDAS (R2: 0.75–0.83) indicates that both modeling frameworks
adeptly capture the seasonal cycle of LE, which is primarily governed by the region’s
bimodal rainfall regime driven by the migration of the Intertropical Convergence Zone
(ITCZ) and associated variations in solar radiation [88]. This seasonal predictability is a
hallmark of the Awash Basin, where precipitation and energy fluxes are tightly coupled to
the timing of Belg and Kiremt rains and orographic and altitudinal gradients [91]. The close
alignment at monthly scales suggests that WRF-Hydro and GLDAS are well-constrained by
meteorological forcing and land surface seasonality in simulating the timing and magnitude
of evapotranspiration and related energy exchanges.

However, the much lower yearly R2 values (0.25–0.47) highlight a substantial di-
vergence in the models’ capacity to reproduce interannual variability in latent heat flux
(Figure 18B). This discrepancy points to structural or parametric differences in how WRF-
Hydro/NoahMP and GLDAS represent slower processes such as soil moisture memory,
vegetation physiological responses, and the handling of extreme hydroclimatic events, all
of which modulate year-to-year water and energy partitioning in the basin [92]. Notably,
the GLDAS product exhibits larger interannual swings than any WRF-Hydro scenario, sug-
gesting that GLDAS may be more sensitive to precipitation anomalies or employ different
land surface parameterizations and data assimilation schemes. While land use change
(LUC) scenarios within WRF-Hydro influence annual LE (with the 2010 scenario showing
the highest correlation with GLDAS), the inter-model differences are more pronounced
than the intra-model LUC effects. This underscores the importance of considering model
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structural uncertainty alongside land use and climate inputs when evaluating water and
energy budgets in data-scarce, highly variable basins like the Awash [74].

Figure 18. Latent heat flux (W/m2): (A) monthly average and (B) yearly sum.

3.7. Reversal in Latent Heat Flux Trends Driven by Successive Land Use Changes

The spatial evolution of simulated latent heat flux (LH), which represents the energy
consumed by evapotranspiration, reveals a complex, nonlinear response of the WRF-
Hydro/NoahMP model to decadal land use and land cover (LUC) changes across the
Awash Basin. The comparison of LH fields across the three LUC scenarios, 2001, 2010, and
2020, highlights not only the model’s sensitivity to surface representation but also reveals
spatially divergent trends in evaporative dynamics.

Transitioning from the 2001 to 2010 LUC scenario results in a basin-wide decline
in LH (Figure 19B), particularly across the central and western zones, where extensive
blue-dominant regions signal a reduction in evaporative energy [93]. This suggests that,
within the 2010 LUC framework, the modeled land surface exhibited lower transpiration
efficiency, potentially due to reduced vegetation density, shifts toward land cover types
with lower leaf area indices, or increased land degradation. These reductions in LH may
also reflect altered soil properties or a decline in agricultural intensity, limiting the land
surface’s ability to partition net radiation into latent heat [94].
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Figure 19. Spatial evaluation of simulated latent heat flux (LH) in (A) 2020–2010 and (B) 2010–2001
LUC scenarios.

In stark contrast, the transition from the 2010 to 2020 scenario shows a robust, spatially
coherent increase in LH across much of the basin, especially in the western highlands and
southern sectors (Figure 19A). The predominance of red-shaded areas in the spatial change
maps indicates that the 2020 LUC state allowed enhanced evaporative processes. This may
be attributed to vegetation recovery, afforestation efforts, land management changes, or
increased irrigation coverage, amplifying the latent heat component of the surface energy
balance by facilitating moisture availability and transpiration [95].

This observed temporal oscillation in LH—first a suppression, then a resurgence—
underscores the model’s high sensitivity to LUC dynamics and illustrates the nonlinear
nature of land-atmosphere interactions. Notably, the spatial footprints of change are not
uniformly distributed, suggesting that different sub-regions of the basin are undergoing
distinct ecological and anthropogenic transitions. These findings carry important impli-
cations: they highlight the potential for land use policy and management strategies to
modulate local and regional hydroclimatic feedback by shifting evapotranspiration [32].

This analysis reveals that decadal land use transitions in the Awash Basin impart
measurable, non-uniform impacts on latent heat fluxes. The modeled response depends on
the areal extent of land use change and the functional characteristics of altered land surfaces,
underscoring the importance of accurately capturing LUC types and their biophysical
properties in future modeling efforts.
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4. Discussion
This study integrates multi-decadal land use change (LUC) scenarios into the WRF-

Hydro/Noah-MP framework to assess their impact on water resources critical to agriculture
in the Awash Basin. The results offer significant insights into how land use changes—
particularly agricultural expansion, urbanization, and afforestation—have shaped the
availability of surface and subsurface water for irrigation over the past two decades. The
findings enhance our understanding of land-water interactions in a key agricultural region
and provide a dynamic, scenario-driven approach to inform sustainable water management
in agriculture.

4.1. Principal Findings in the Context of Study Objectives

This study hypothesized that multi-decadal land use and land cover (LULC) changes
are a primary driver of alterations in the partitioning of water resources between surface
and subsurface stores, with direct consequences for agricultural water management in
the Awash Basin. By integrating observed LULC scenarios (2001, 2010, 2020) into the
WRF-Hydro/Noah-MP model, we isolated the hydrological effects of land transformation
from climate variability. Our findings robustly support this hypothesis and provide clear
answers to our specific objectives:

(Objective 1) Impact of LULC on Hydrologic Processes: We found a fundamental
shift in runoff generation mechanisms. The early period (2001–2010), characterized by
the rapid expansion of cropland and urbanization, led to increased surface runoff. This
was reversed in the later period (2010–2020), dominated by woodland recovery, which
promoted subsurface flow at the expense of surface runoff [8].

(Objective 2) Trade-offs in Water Fluxes: A critical trade-off was identified. Agricultural
expansion favors immediate surface water availability for large-scale irrigation, while
afforestation enhances long-term groundwater sustainability for small-scale and well-based
irrigation, albeit potentially reducing reservoir inflows [25].

(Objective 3) Implications for Management: The results provide a quantitative evi-
dence base for spatially targeted land use planning [96], demonstrating how initiatives
like Ethiopia’s Green Legacy Initiative can be optimized to secure irrigation water without
compromising other water-dependent sectors [31].

4.2. Impact of Land Use Change on Hydrological and Energy Processes

The integration of land use scenarios from 2001, 2010, and 2020 into the WRF-
Hydro/Noah-MP model reveals the significant role of LUC in altering hydrological and
energy processes across the Awash Basin [80]. Our findings suggest that agricultural
expansion between 2001 and 2010 increased surface runoff, while urbanization further
exacerbated runoff dynamics from 2010 to 2020. These trends align with previous studies,
which have shown that agricultural intensification and urban expansion tend to increase
runoff and alter the partitioning of water resources, particularly in semi-arid regions [3,83].

Urbanization and agricultural expansion in Ethiopia have led to significant wetland
loss, with unregulated demand driving a decline in wetland persistence from 99.4% in 2000–
2010 to 1.1% in 2010–2020. Wetlands transitioning to open water due to sedimentation from
upland deforestation reduce their peak-flow buffering capacity, exacerbating flood risks [97].
Concurrently, urban sprawl, such as Addis Ababa’s expansion into grasslands, intensifies
heat islands and increases heat fluxes, potentially reducing rainfall—a critical moisture
source for Ethiopia’s rainfed agriculture [98]. This urban warming and wetland loss
compound economic risks by stressing the water–energy–food nexus, potentially costing
Ethiopia a significant portion of its GDP each year if current land use trends continue [2,74].
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In contrast, the afforestation efforts observed between 2010 and 2020 resulted in a
substantial increase in woodland cover, which contributed to a decrease in surface runoff
and an increase in subsurface flow. This suggests that reforestation, as part of Ethiopia’s
Green Legacy Initiative, plays a critical role in mitigating the impacts of urbanization and
agricultural expansion by enhancing soil moisture retention and promoting groundwater
recharge [31]. These findings support the notion that afforestation and sustainable land
management practices can provide viable solutions to mitigate the adverse effects of rapid
urbanization and agricultural expansion on hydrological processes [30].

4.3. Evapotranspiration and Energy Flux Dynamics: Model Performance and Biophysical Drivers

The results also demonstrate how land use change affects evapotranspiration (ET)
and latent heat flux (LE) in the basin. Our study showed a strong seasonal alignment
between simulated ET and observations from GLEAM and GLDAS, with high R2 values
indicating the model’s ability to capture temporal variability. However, the model sys-
tematically underestimated ET, which may be due to limitations in its representation of
soil-vegetation-atmosphere interactions, as discussed in previous studies [82,84]. This
persistent underestimation could be attributed to uncertainties in the model’s parame-
terizations for semi-arid vegetation, such as stomatal conductance or soil moisture stress
functions, or may reflect biases in the meteorological forcing data over regions with sparse
ground observations. The discrepancy in ET magnitude suggests that while the model
captures the relative changes in ET under different LUC scenarios, further calibration is
needed to improve its quantitative accuracy [16,86]. Future research should focus on refin-
ing the model’s parameterizations for soil moisture, leaf area index (LAI), and vegetation
resistance to better represent the unique ecohydrological characteristics of the Awash Basin.

The impact of LUC on water fluxes was particularly notable in the transition from 2001
to 2010, where the decline in ET and surface runoff coincided with increased urbanization
and agricultural intensification [92]. This supports the finding that urbanization suppresses
ET and alters runoff pathways. In contrast, the transition from 2010 to 2020, marked
by woodland recovery, resulted in a spatially coherent increase in subsurface flow and
a stabilization of ET, indicating that regrowth of vegetation can enhance groundwater
recharge and sustain ecosystem water use [74]. These results underscore the importance
of vegetation cover in regulating the water cycle, highlighting a complex trade-off in the
Awash Basin, where both cropland and forests compete for the same water resources.

4.4. Implications for Water Resource Management

The findings of this study have significant implications for agricultural water man-
agement in the Awash Basin and similar semi-arid regions [73,99]. The results emphasize
the need for integrated land use and water management strategies that account for the
hydrological trade-offs among different land covers. Our study highlights the potential of
afforestation to enhance groundwater recharge, which can benefit well-based irrigation but
may concurrently reduce surface runoff feeding large reservoirs. Conversely, unchecked
cropland expansion increases surface water yield but at the risk of soil degradation and
reduced infiltration. Therefore, strategic land use planning is essential in the context of
Ethiopia’s Green Legacy Initiative, which aims to increase forest cover [30,31]. By incor-
porating these hydrological trade-offs into water management strategies, policymakers
can implement practical measures such as targeted afforestation to enhance groundwater
recharge, improved irrigation techniques to reduce water wastage, and land use zoning to
protect critical water sources, all of which promote more sustainable agricultural practices
that balance food production with the conservation of water resources.
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4.5. Limitations of the Scientific Approach and Future Research Directions

While our integrated modeling framework represents a significant advance, several
limitations must be acknowledged, pointing the way for future research:

1. Static Land Use Representation: Using static snapshots of LULC for multi-year sim-
ulations overlooks intra-annual dynamics, such as crop rotation and seasonal leaf
area index changes. Future work should incorporate dynamic vegetation models to
enhance the accuracy of predictions.

2. Exclusion of Human Water Management: The model does not simulate water ab-
stractions for irrigation or reservoir operations. Coupling WRF-Hydro with a water
resources management model would provide a more realistic representation of the
managed water balance. The absence of irrigation abstractions and reservoir regula-
tion means our simulations represent a ‘naturalized’ hydrological response to LULC
change. In reality, the significant water withdrawals for agriculture in the Awash
Basin likely alter the partitioning of surface and subsurface flows we have identified.
Therefore, coupling WRF-Hydro with a water resources management model is a
critical next step to quantify the combined effects of LULC change and direct human
water use on the competition for agricultural water sources.

3. Uncertainty in Validation Data: The GLDAS and GLEAM products used for validation
contain their own uncertainties, which may contribute to the observed model biases.
A more robust validation using denser ground-based observations, when available,
would be beneficial.

4. Future Scenarios: This study analyzed historical changes. A critical next step is to
combine projected future LULC scenarios (e.g., continued urbanization, planned
afforestation) with climate change projections to assess the long-term sustainability of
agricultural water resources in the Awash Basin.

5. Conclusions
This study quantified the profound impact of multi-decadal land use and land cover

(LULC) change on the availability and partitioning of agricultural water sources in the
Awash Basin, Ethiopia. By integrating satellite-derived LULC scenarios (2001, 2010, 2020)
into the WRF-Hydro/Noah-MP modeling framework, we isolated the hydrological effects
of land transformation from climate variability. The principal conclusions are as follows:

1. LULC changes directly control the primary source of irrigation water. The main
changes were rapid cropland expansion and urbanization (2001–2010), followed by
significant woodland recovery (2010–2020). These trajectories caused a fundamental
shift in the basin’s hydrological regime:

• The 2001–2010 period, characterized by agricultural and urban expansion, con-
sistently saw an increase in surface runoff. This trend enhances potential water
storage in reservoirs, favoring large-scale, surface-water irrigation schemes.

• The 2010–2020 period, characterized by substantial woodland recovery, promoted
infiltration and subsurface flow, thereby enhancing groundwater recharge. This
shift benefits small-scale and well-based irrigation by strengthening baseflow
and soil moisture reserves.

2. Evapotranspiration (ET) and energy fluxes are highly sensitive to LULC. Urbanization
was the primary driver of suppressed ET and latent heat, while subsequent woodland
recovery facilitated their resurgence. This confirms that vegetation cover is a critical
regulator of the basin’s water and energy balance, with afforestation contributing to a
more moderated local climate through enhanced evaporative cooling.
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3. The WRF-Hydro/Noah-MP framework is a powerful tool for strategic water planning
in data-scarce regions. The model demonstrated strong performance in simulating
streamflow (R2 = 0.80–0.89) and capturing seasonal patterns of water and energy
fluxes, providing a reliable platform for scenario analysis despite a noted tendency to
underestimate absolute ET magnitudes.

Practical Implications for Agricultural Water Conservation:
The primary utility of this research lies in its ability to inform strategic land and water

management, thereby conserving water for agricultural use. The demonstrated trade-off
means that land use planning is a direct form of water resource management. To apply
these findings:

✓ For Surface Water Conservation: Managing land use in upstream catchments that feed
major reservoirs. Limiting extensive impervious surfaces and promoting sustainable
agricultural practices in these specific sub-basins can help maintain reliable surface
runoff for large-scale irrigation.

✓ For Groundwater Conservation: Strategically target afforestation and woodland
conservation in recharge zones and areas where small-scale irrigation is prevalent.
This will enhance infiltration, directly replenishing the aquifers and soil moisture that
these farmers depend on.

✓ For Integrated Planning: Use this modeling framework as a decision-support tool to
pre-test the hydrological consequences of future land use plans, such as the Green
Legacy Initiative, ensuring that afforestation goals are achieved without unintended
negative impacts on downstream surface water irrigation.

In conclusion, securing water for agriculture in the Awash Basin requires a nuanced
understanding of how specific land use changes alter the water cycle. This study provides
the evidence base to move from reactive water management to proactive land use planning,
where decisions about crops, forests, and cities are made with their direct impact on
irrigation water sources in mind.
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