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Abstract
Hydrological models serve as valuable instruments for assessing the impact of climate change on water resources and agri-
culture as well as for developing adaptation measures. In Yemen, climate change and variability are imposing a significant 
impact on the most important sectors such as agriculture and economy. The current study evaluates the influence of future 
climate on hydrology and water balance components in Yemen’s highlands using a semi-distributed physical-based hydrologic 
model Soil Water Assessment Tool (SWAT) and employing high-resolution climate projections. The SWAT was calibrated 
and verified using observed streamflow data from 1982 to 2000 in three large catchments. Ground data from 24 stations and 
statistically downscaled future climate data for the period 2010–2100 under RCP2.6 and RCP8.5 are used. SWAT perfor-
mance was assessed using multiple statistical methods, which revealed the commendable performance of SWAT during the 
calibration (average NSE = 0.80) and validation (NSE = 0.72) periods. The outcome indicates an increase in future seasonal 
and annual rainfall, maximum temperature, and minimum temperature in the 2020s and the 2080s under both RCP2.6 and 
RCP8.5 scenarios. This projected increase in the rainfall and the local temperature will result in increased averages of surface 
runoff, evapotranspiration, soil water, and groundwater recharge in the representative three catchments up to 6.5%, 21.1%, 
7.6%, and 6.4%, respectively. Although, the projected increase in the water balance components will benefit the agriculture 
and water sector, specific adaptation measures will be crucial to mitigate potential flood impacts arising from the increased 
precipitations as well as to minimize the consequences of the increased temperature. Likewise, demand for supplementary 
irrigation is expected to increase to offset the higher evapotranspiration rates in the future.

1 Introduction

Water management is a paramount concern in arid and 
semi-arid regions as it substantially affects local liveli-
hoods, land productivity, and social welfare. For millennia, 

residents of these areas have developed various water-har-
vesting mechanisms to cope with water scarcity such as 
capturing surface runoff from sparsely vegetated moun-
tain slopes and diverting occasional wadi flow to irrigate 
croplands (Magombeyi et al. 2018; Pani et al. 2021). The 
highland reign of Yemen offers a prime example of how 
scarce water resources are managed in the semi-drylands. 
The region is located at the northwest of Yamen between 
longitude 43 and 45° East and 14 and 16° North (Fig. 1). 
The region occupies an area of 39,400  Km2 and is char-
acterized by high elevation (3,660 m), complex topogra-
phy, and a large population density. Compared to the other 
zones of Yemen, the region enjoys a moderate climate 
throughout the year with an average temperature of about 
24 °C. The rainy season extends from March–May and 
from July–September with average annual rainfall ranging 
from 300 in the east to 400 mm in western districts. Rain is 
influenced by two mechanisms; The Red Sea Convergence 
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Zone (RSCZ) and monsoonal Inter-Tropical Convergence 
Zone (ITCZ). The soil type can be described as sandy clay 
to clay loam with very low content of nutrients, while, 
shrubs and rangelands cover about 70% of the study area 
followed by built areas and agricultural fields. Rainfed 
agriculture is widely practiced and agriculture is critically 
dependent on irrigation from groundwater or from diverted 
streamflow and sheet flow (Alhakimi 2014). Sorghum 
and wheat are the periodic crops and Qat is the widely 
planted tree followed by grapes and coffee. Geologically, 

the igneous and metamorphic basement rocks overlain by 
thick volcanic rocks and loess are the main features shap-
ing the highlands of Yemen. The ancient terraces system, 
which were constructed at the beginning of the Bronze 
Age in the 3rd millennium BC is a unique feature of agri-
culture in Yemen. Across much of wadis, local people have 
constructed traditional earthen dams with small spillways 
to capture water from degraded mountain slopes, thereby 
creating terraces for cultivation. Over time, water-harvest-
ing practices have gradually extended to the foothills of 

Fig. 1  Map of the highlands 
of Yemen displaying the three 
catchments; a) Sana’a, b) 
Surdod, c) Siham, and names 
of local governorates situated 
within the region
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the mountains, particularly in periods of increased aridity 
(Varisco 2019).

In the study area, agricultural terraces vary in scale and 
size. They can range from small, individual plots to large-
scale terrace systems covering vast areas. The scale of ter-
races depends on the topography of the region and the spe-
cific needs of the farmers. Terraces are significantly present 
in the mountainous region where flat land is scarce (EPA 
2013). Unfortunately, the terraces have faced significant deg-
radation over time. Factors such as migration, urbanization, 
conflicts, and changing agricultural practices have contrib-
uted to the abandonment and deterioration of terraces (Weiss 
2015). In parallel, the region is vulnerable to climate change 
and its impacts. Yemen is already facing significant water 
scarcity issues and real challenges in achieving food security 
under the limited freshwater resources and rapid population 
growth. Over three-quarters of the population resides in rural 
areas, engaging in farming and pastoralism as their primary 
occupations, while agricultural activities occupy over half 
of the available land (AL-Falahi et al. 2020). Climate change 
exacerbates these challenges by affecting agricultural pro-
ductivity and increasing vulnerability of crops and livestock 
to severe weather incidents.

Further, the available projections of the climate change 
impacts across Yemen are coupled with a large uncertainty 
as most of conducted studies in Yemen relay on global cli-
mate models (GCMs) (Alderwish and Al-Eryani 1999; Al-
Jibly 2008; Haidera et al. 2011; Haidera and Noaman 2010). 
Because of the coarse resolution of GCMs (> 100 km), the 
use of GCM output in hydrological models and for assessing 
climate change impacts at a local level (e.g., watershed) can-
not be reliable (Saddique et al. 2019a, b; Gebrechorkos et al. 
2019; Nasiri et al. 2020). In addition, there is a scarcity of 
historical climate data in Yemen, making it difficult to estab-
lish baseline climate conditions, identify long-term trends, 
and understand natural climate variability in the region (EPA 
2013). Yemen’s hydrological monitoring infrastructure is 
also insufficient, with a lack of well-maintained flow stations 
(van der Gun and Ahmed 1995).

The objective of the current study is to evaluate the per-
formance of the Soil Water Assessment Tool and to assess 
the magnitude of water balance components under the 
potential impacts of climate change in the highland region 
of Yemen. The analysis employed flow monthly data 
from three catchments, namely Sana’a (flows to the east 
toward the desert zone); upland area of Surdod (exclud-
ing the coastal plain); and Siham catchment (both drain 
west into the Red Sea). The data were obtained from filed 
study documents of the national water resources authority 
(NWRA) for the period (1982–2000). The study utilizes 
data on daily rainfall, maximum and minimum temperature 
collected from 24 ground stations, supplemented by the 
most accurate satellite products specified on the region; 

the Climate Hazards Group InfraRed Temperature with 
Station Data (CHIRTS); and Climate Hazards Group Infra-
Red Precipitation with Station Data (CHIRPS). For assess-
ing future climate changes, future scenarios produced by 
the Statistical Downscaling Model (SDSM), covering the 
period 2010–2100 under the Representative Concentra-
tions Scenarios RCP2.6 and RCP8.5 were employed.

2  Material and methods

2.1  Description of the catchments

Sana’a catchment is located in the central part of the high-
land region (15.12°- 16.0°N, 44.0°- 44.50°E), flowing 
towards the east (Fig. 1). Its catchment area is 3,912  km2, 
within an average elevation of 2,460 m. A substantial area 
of Sana’a catchment exhibits little or no vegetation cover. 
The estimated agricultural land is about 43,000 ha and 
much of it is rainfed (72%) and the rest depends on irriga-
tion from groundwater. Based on the climate data used in 
this study (1981–2010), the long-term precipitation and 
temperature averages are 270 mm and 18 °C, respectively 
(Alwathaf and El Mansouri 2012).

Surdod catchment is the third-largest catchment situated 
within the region (15°-15.52°N, 43.4°- 43.90°E). Running 
toward the Red Sea, Surdod contains several wadis and its 
catchment area is 2,400  km2. The annual mean precipita-
tion is 300 mm and the average temperature in the upper 
catchment is 18.2 °C. A considerable proportion of the 
cultivated land is predominantly confined to the valley 
floors, slopes, and irrigated terraces adjacent to stream 
channels. Much of the area along the Surdod catchment 
is under cultivation, while vegetation is lightly scattered 
across the upper reaches of Surdod catchment. The esti-
mated arable land is 14,000 ha and most of it is rainfed 
agriculture (Alhakimi 2014).

Siham is one of the most fertile valleys of Yemen, as it 
irrigates many lands due to its convergence with the val-
leys of the northern country of Ans (Haidera et al. 2011; 
Alhakimi 2014). It is located (14.80°-15.24°N, 43.60°-
44.32°E), nearly, in the southwest of the highland region 
occupying an area of 3,130  km2. The mean annual rainfall is 
280 mm and the average temperature is 18.3 °C. The moun-
tains of Siham exhibit sparse and diffuse vegetation. The 
overall agricultural area is 92,843 ha, out of it 74,000 is rain-
fed and 20,000 is irrigated from runoff (Al Ward and Ismail 
2019). Both Surdod and Siham are characterized by exist-
ence of terraces and rainwater harvesting structures (mainly 
in the upper land area) that collect the excessive rainwater 
in traditional storage for later use during drought (Haidera 
and Noaman 2010).



4706 A. H. AL-Falahi et al.

2.2  Soil and Water Assessment Tool (SWAT)

SWAT is a widely employed hydrological model used to 
evaluate water and land management practices and assess 
pollution discharges within complex watersheds (Al Khoury 
et al. 2023; Koltsida et al. 2023). It operates on a daily time 
step and considers climatic variables such as solar radiation, 
wind speed, temperature, precipitation, and relative humid-
ity. Based on topographical features and flow networks, 
SWAT divides the catchment into subbasins, thus spatial 
heterogeneity in land use, soil and management practices is 
created (Zhang et al. 2019; Nasiri et al. 2020). Each subbasin 
contains Hydrologic Response Units (HRUs), which repre-
sent distinct zones with similar land cover and soil proper-
ties. The HRUs provide a more detailed representation of the 
watershed’s heterogeneity (Mapes and Pricope 2020; Janjić 
and Tadić 2023).

SWAT computes reference evapotranspiration  (ET0) using 
several approaches such as Hargreaves, Priestley-Taylor, and 
Penman–Monteith. The method of choice is determined by 
the availability of pertinent meteorological data (Gebre-
chorkos et al. 2020). Computation of  ET0 was performed 
by Hargreaves method (Eq. 1) considering the limited data 
available from the study area (maximum and minimum daily 
temperature);

where:

ET0  is the potential evapotranspiration in millimeters per 
day   

H0  is the extraterrestrial radiation in millimeters per day

Tmax  is the daily maximum air temperature in degrees 
Celsius

Tmin  is the daily minimum air temperature in degrees 
Celsius

Tavg  is the average daily air temperature in degrees 
Celsius.

The surface runoff is calculated by examining contribu-
tory factors such as precipitation, land cover, soil properties, 
and topography (Nasiri et al. 2020). Different methods for 
estimating surface runoff are employed by SWAT, including 
the Green and Ampt and Soil Conservation Service (SCS) 
Curve Number (CN) method. The CN method is commonly 
used in SWAT for estimating surface runoff. This method 
assigns a curve number to different land cover types based 

(1)ET
0
= 0.0023.H

0
.(Tmax∨̉⃗Tmin)

0.5
.(Tavg + 17.8)

on their hydrological characteristics, such as infiltration 
capacity and runoff potential (Zhang et al. 2019).

To evaluate and quantify the other different aspects of 
the hydrological cycle, five hydrological components were 
selected. The Water Yield (WYLD); Evapotranspiration 
(ET); Surface Runoff (SURQ); Soil Water (SW); and the 
Groundwater Recharge (GW-RCH). The WYLD represents 
the total volume of water generated in the subbasin and 
HRUs that contributes to the mainstream channel (Kumar 
et al. 2017). The ET quantifies the amount of water lost from 
both the ground surface and through plants’ transpiration. 
The SURQ refers to the portion of water that flows over the 
land surface. The SW accounts for the water stored within 
the spaces between soil particles. The GW_RCH reflects 
the amount of water infiltrating through the soil surface to 
replenish underground aquifers (Mapes and Pricope 2020).

We employed SWAT 2012, a hydrological simulation 
tool, to model the hydrological regime of the three catch-
ments. The simulations were conducted using present-time 
data and climate future scenarios. For calibration purposes, 
we utilized SWAT-CUP, a specialized software package 
designed specifically for calibrating, conducting sensitivity 
analysis, and assessing uncertainties in the Soil and Water 
Assessment Tool (SWAT) model. Both SWAT 2012 and 
SWAT-CUP can be downloaded from https:// swat. tamu. 
edu/ softw are.

2.3  Datasets

2.3.1  Topography and watershed configuration

A 12.5-m spatial resolution Digital Elevation Model (DEM) 
is employed. The map, which is high-resolution and terrain-
corrected, was acquired from the National Aeronautics and 
Space Administration (NASA) through their official web-
site (https:// search. asf. alaska. edu). SWAT utilizes the DEM 
for watershed boundary delineation and stream network 
generation. SWAT, further, uses the DEM to calculate the 
flow accumulation, which represents the accumulated flow 
from upslope areas to downstream locations (Saddique et al. 
2019a, b).

2.3.2  Soil data

Soil classes in the three catchments were obtained from the 
World Soil Information (International Soil Reference and 
Information Centre (ISRIC)). ISRIC contains a wide range 
of soil-related data with different resolutions and depths 
from various sources around the world (https:// www. isric. 
org/). Over the study area, four to five soil classifications 
with a 250 m spatial resolution are identified. Clay; clay 
loam; sandy loam; and sandy clay loam are the soil type 
dominating most the catchments area (Table 1). Loam and 

https://swat.tamu.edu/software
https://swat.tamu.edu/software
https://search.asf.alaska.edu
https://www.isric.org/
https://www.isric.org/
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clay loam soil covers most of the high mountainous areas 
(63%), while sandy loam and sandy clay loam are the pre-
vailing soil in the middle and low areas.

2.3.3  LULC data

Land use and land cover maps (LULC) generated from 30-m 
resolution Landsat 7 Enhance Thematic Mapper in 2000 is 
used during the calibration, and from the ESA Sentinel-2 
imagery (Esri.Inc) at 10 m resolution produced by a deep 
learning model and published in January 2022 (https:// www. 
arcgis. com/ home/ item. html), for the current and future time. 
The main land uses in the three watersheds are rangelands 
(> 60%), agricultural fields (20%), and built areas (10.4%). 
Compared to Siham and Surdod, a higher concentration of 
residential areas is found in Sana’a catchment due to location 
of the capital Sana’a and its suburbs within this watershed. 
Table 2 contains parentage of the land use and land cover 
area in the catchments;

2.3.4  Hydrometeorological information

Data on daily rainfall and temperature (1982–2000) from 
24 stations; 9 in Sana’a; 8 in Surdod; and 7 in Siham catch-
ment were employed for the hydrological modelling (Fig. 1). 
Due to some missing records in these stations, temperature 
and precipitation form CHIRTS and CHIRPS were utalized 
to complete and fill missing values. CHIRPS and CHIRTS 
datasets were identified as the superior performers when 
compared to ground station data (AL-Falahi et al. 2020). 
Other climate essential parameters such as wind speed, 
radiation, and relative humidity were adjusted using the 
weather generator component tool (CLIGEN) provided 
within SWAT. Monthly flow and runoff data from three 
stations (1982–2000) were provided by the National Water 
Resources Authority (NWRA), Ministry of Water and Envi-
ronment and were used for SWAT calibration and validation 
(Table 3).

For future investigation of climate change impact on the 
hydrological regime, precipitation and temperature scenar-
ios (2010–2100) generated by the Statistical-Downscaling 
Model (SDSM) under RCP2.6 and RCP8.5 are used. In 
the Sana’a catchment, 35 subbasins have been delineated 
whereas Surdod and Siham were, respectively, subdivided 
into 33 and 26 subbasins. The sub-basins were subsequently 
sub-divided into 252, 185, and 152 Hydrological Response 
Units (HRUs) for Sana’a; Surdod; and Siham catchment, 
utilizing slope, soil, and land use and land cover (LULC) 
incorporated maps in SWAT. Prior of generating the HRUs, 
the slope was defined into four classes (0–30%, 30–60%, 
60–90%, and > 90%) and a 5% threshold value was applied 
in each sub-basin for each land use, soil type, and slope. 
By categorizing slopes into classes, SWAT can simulate the 
hydrological response for each class separately, allowing for 
a more accurate representation of watershed behavior.

2.3.5  Elevation bands and terraces integration

Great efforts were made to include these ancient water 
harvesting structures “Terraces” in the analysis. Prior to 
the inclusion of terraces in SWAT and for a more accurate 
representation of the topographical characteristics and their 
influence on hydrological processes, five elevation bands 
were defined at a subbasin level. Hence, variation in terrain 

Table 1  Proportional representation of soil characteristics across the 
three catchment (%)

Soil type Sana’a 
catchment

Surdod 
catchment

Siham catchment

Clay loam 0.36 0.52 0.54
Sandy-clay loam 0.26 0.21 0.02
Loam 0.24 0.26 0.37
Sandy loam 0.14 0.005 0.001
Clay –– 0.004 0.06

Table 2  Distribution of land use and land cover in each catchment 
(%)

LULC Sana’a catch-
ment

Surdod catch-
ment

Siham 
catch-
ment

Water 0.07 0.02 0.01
Trees 0.02 0.001 0.03
Agricultural fields 0.24 0.15 0.21
Built area 0.16 0.05 0.1
Rangeland 0.47 0.74 0.62
Bare ground and grass 0.04 0.04 0.03

Table 3  A list of hydrological 
stations used in this study and 
annual averages of precipitation 
and temperature across the 
catchments

Station Area  (km2) Location Average annual 
rainfall
(mm)

Average annual 
temperature 
(°C)Lat | Long

Rahab (Sana’a) 3,912 15.98 44.43 270 18.0
Faj Al Hussen (Surdod) 2,400 15.18 43.41 320 18.2
Quatee (Siham) 3,130 14.85 43.72 290 18.3

https://www.arcgis.com/home/item.html
https://www.arcgis.com/home/item.html
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elevation is well-captured by SWAT. Subsequently, informa-
tion about area size of terraces and location of terraces were 
collected from local reports and from a Yemeni agricultural 
map that shows agricultural area size at a local and district 
scale. The reports contained information about the percent-
age of terraces and flat fields as well as the pattern of irriga-
tion. Using the LULC map (Sentinel 10 m resolution), over-
lapping LULC over the national map, and holding a direct 
overlook by using a satellite imagery from Google Earth and 
other maps as a visual reference to estimate the presence and 
distribution of terraces are the additionally applied methods. 
The work further included the use of measurement tools in 
Google Earth to estimate the dimensions of the identified 
terraces. Across the region, the terraces are present in the 
upper zone of Surdod and Siham watersheds, while Sana’a 
watershed does not have a considerable extent of terraces. 
Out of the total agricultural area, Surdod contained around 
26% terraced fields in the catchment. Siham, on the other 
hand, has about 22.3% terraces area.

SWAT simulates terracing by adjusting slope length 
(HRU_SL), curve number value (CN), and erosion param-
eters (USLE_P). The slope length of a subbasin and HRUs 
should be set to a maximum distance between terraces 
(https:// swat. tamu. edu/ media/ 69398/ ch33_ input_ ops. pdf). In 
sub-basins and HRUs where terraces are present, the slope 
length was set between 10–15 m and in some areas to 8 m 
length (very steep slope), depending on the slope degree and 
steepness of the terraced lands. To accommodate a modifica-
tion in the curve number (CN), a zero of depth and mixing 
under the tillage operation was set to account for the ground 
cover developed by crops and rangelands. The CN and soil 
loss equations were modified according to the soil type and 
management practices. In the upper zones of Surdod and 
Siham watersheds, most of the soils are loam; clay loam; 
and sandy clay loam. SWAT use manual suggests values 
of P_factor, TERR_SL, and the curve number TERR_CN 
based on field slope, maximum slope length, and infiltra-
tion rate of the soil (S1, S2, and S3 table in the supplemen-
tary materials). Based on the defined four hydrologic soil 
groups (HSGs) along with management practices, a group 
B (moderate-low runoff potential and low infiltration), and 
C (moderate-high runoff potential and moderate infiltration), 
were selected to estimate changes in runoff resulting from 
terracing. Across much of subbasins and HRUs, the curve 
number (CN) was set at a range between 71- 83.

The Universal Soil Loss Equation (USLE_P) is the 
parameter adjusted to estimate soil loss due to water ero-
sion. Slope length, soil erodibility, rainfall erosivity, land 
management practices, and slope steepness (degree of 
slope) are the factors considered by the USLE (Duulatov 
et al. 2021). Terraces are effective in reducing soil erosion, 
so the P factor value for terraced areas should be lower 
compared to non-terraced areas (Deng 2021). This factor 

was set between 0.16–0.23 considering the characteristics 
of terraces and the slope range of the area. In addition, 
SWAT’s irrigation-from-reach feature was utilized to input 
data that controls the amount of water collected by dif-
ferent HRUs. Since the terraces may not be strategically 
positioned to capture all generated runoff within the sub-
basin, the parameter flow fraction (FLOWFR) and maxi-
mum storage height (DIVMAX) were utilized to account 
for this side.

The proportion of runoff water that is captured by ter-
races and Hydrologic Response Units (HRUs) can be 
determined by the FLOWFR parameter. The maximum 
height of water storage on each terrace is regulated by 
the height of dikes and spillways, as well as the gentle 
slope of the land surface. This maximum storage height is 
denoted by the parameter DIVMAX (Ouessar et al. 2009). 
The FLOWFR for all terraces within a subbasin was kept 
constant based on the similar characteristics of the ter-
races throughout the subbasin. Given that not all runoff 
is captured by the terraces, the FLOWFR was set to 0.70 
and to 0.85, while, the value of DIVMAX was set between 
0.15 m to 0.30 m, based on our knowledge about average 
ponded water levels in terraces in Yemen.

2.4  Model performance metrics

During both the calibration and validation phases, graph-
ical and statistical measurements were used to evaluate 
the hydrologic goodness-of-fit and overall performance 
of SWAT. The statistical criteria used were coefficient of 
determination  (R2), model efficiency or Nash–Sutcliffe 
coefficient (E), RMSE-observations standard deviation 
ratio (RSR), and percent bias (Pbias). The coefficient of 
determination  (R2) is a measure of the degree of linear 
correlation between the observed and simulated values. A 
value of  R2 close to 1, indicates a perfect match, and zero 
refers to a poor fit between the observed and simulated 
values. Nash–Sutcliffe illustrates how closely the observed 
vs. simulated data plot corresponds to the 1:1 line. The 
optimal value of Nash–Sutcliffe is 1 (Gebrechorkos et al. 
2020). RSR values ranging from 0.0 to 0.5 indicate excel-
lent performance. The lower the RSR number, the lower 
RMSE normalized by the standard deviation of obser-
vations. Systematic deviation of the simulated values to 
consistently overestimate or underestimate the observed 
values is assessed by the Pbias. Pbias near or close to 0.0 
indicates an accurate model simulation. Overestimation 
is indicated by a positive Pbias, whereas underestimat-
ing is shown by a negative Pbias (S. H. Gebrechorkos 
2019; Nasiri et al. 2020). These statistics are the most 
often used measures in hydrological models’ calibration 
and validation.

https://swat.tamu.edu/media/69398/ch33_input_ops.pdf
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where Si represents the simulated discharge, Oi denotes the 
observed discharge, Oavg, and Sovg represent the mean of 
observed and the simulated discharge, respectively, and n is 
the number of data records.

3  Results

3.1  Sensitivity analysis

Prior to model calibration, parameters sensitivity analysis 
was carried out using SWAT-CUP. The sensitivity analysis 
assesses the model’s response to changes in input parameter 
values. The evaluation assesses the impact of variations in 
the baseline model parameter values on the water balance 
components. Therefore, it identifies the parameters that exert 
the most significant influence on the outflow of the three 
watersheds (Kumar et al. 2017; Khelifa et al. 2017). The 
parameters used for sensitivity analysis in this study were 
selected according to the model description and previous 
applications of SWAT found in published literature (Acha-
myeleh 2019; Nasiri et al. 2020), while the global sensitivity 
analysis (GA) was utilized on the grounds of its competence 
to propagate all uncertainties and identify the key param-
eters that affect model performance. During the calibration, 
SWAT was run 9000 times and 4 iterations were carried out 
in each catchment. For the three catchments, 19 parameters 
were chosen to simulate historical discharges. The most 
sensitive parameters, based on the p-value (smaller value) 
and t-statistic (larger value), are: SCS runoff curve number 
(CN2); Manning’s value for the main channel (CH_N2); 
base flow alpha factor (ALPHA_BF); effective hydraulic 
conductivity in main channel alluvium (CH_K2); plant 
uptake compensation factor (EPCO); soil evaporation com-
pensation factor (ESCO); depth of water in shallow aquifer 
to return flow from groundwater (GWQMN); universal soil 

(2)R2 =
(
∑n

i=1
(Oi) − (Oavg))

2

∑n

i=1
(Oi − Oavg)

2∑n

i=1

�

Si − Savg
�2

(3)NSE = 1 −

∑n

i=1
(Oi − Si)

2

∑n

i=1
(Oi − Oavg)

2

(4)RSR =
RMSE

SDobs

=

�

∑n

i=1
(Oi − Si)

2

�

∑n

i=1
(Oi − Oavg)

2

(5)PBIAS =

∑n

i=1

�

Si − Oi

�

∑n

i=1
Oi

× 100

loss equation (USLE); slope subbasin (SLUBBASN); Flow 
fraction (FLOW_FR); and height of the terrace (DIVMAX). 
The four later parameters were employed in the upstream 
zone of Surdod and Siham catchment where terraces exist. 
In each model run, the model parameters ranges were manu-
ally adjusted through a trial-and-error process. The adjust-
ment was performed using the statistical indicators within 
the model to achieve a closer match between the simulated 
discharge and the observed discharge (Ouessar et al. 2009). 
Table 4 contained the list of the most sensitive selected 
parameters;

3.2  Result of calibration and validation

The SUFI-2 algorithm was employed within the SWAT-
CUP framework for SWAT model calibration and validation. 
Monthly flow data recorded on 1985 to 1995 were utilized 
for calibration, while the validation utilized data for the 
period between 1996 and 2000. A warm-up period of three 
years (1982–1984) was implemented before running the 
model. Prior to calibration, meticulous updates were made 
to all pertinent parameters and input data, including soil 
properties, land use/land cover (LULC) information, slope 
characteristics, hydro climate data, and the inclusion of ter-
races. These updates were critical to ensuring the modeling 
consistency and dependability. For validation, the calibrated 
parameters (Table 4) were employed with the independent 
datasets (1996–2000) that were not used in the calibration 
process to evaluate the capability of SWAT in generating an 
accurate discharge beyond the calibration period. Overall, 
SWAT demonstrated high performance in capturing the rela-
tionship between rainfall and local discharges in the three 
catchments. In Sana’a catchment, during the calibration, 
the  R2, NSE, RSR, and Pbias values were 0.82, 0.74, 0.51, 
and -8.7, respectively. For validation, these values slightly 
decreased to 0.76, 0.66, 0.58, and -13.4 for  R2, NSE, RSR, 
and Pbias, respectively. The P-factor and R-factor, which 
indicate model accuracy (% of observed data enclosed by 
the modeling output) and model uncertainty (95PPU), were 
determined as 0.76 and 0.21, respectively. During the dry 
period (winter months), the Pbias value between observed 
and simulated was − 5.3 compared to − 19.2 in the wet 
period. A similar outcome was nearly observed within the 
Surdod catchment area. The  R2, NSE, RSR, and Pbias val-
ues were respectively 0.89, 0.83, 0.50, and -9.7 in the dry 
period. During the rainy months, the  R2, NSE, RSR, and 
Pbias showed values of 0.87,0.79, 0.54, and − 12.7, respec-
tively. For the Siham watershed, the assessment results dur-
ing the dry time were  R2: 0.81, NSE: 0.78, RSR: 0.45, and 
Pbias: − 9.6. During the rainy seasons, the corresponding 
values were 0.80, 0.81, 0.49, and − 13.8 for  R2, NSE, RSR, 
and Pbias, respectively. The P-factor and R-factor were 
determined as 0.83 and 0.17 for Surdod, and 0.87 and 0.11 
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for Siham, respectively. Calibration and validation result of 
SWAT are shown in Fig. 2 below.

To assess the model’s accuracy and determine if terraces 
have a major influence on the flow regime, calibration of 
SWAT was additionally conducted in Surdod and Siham 
watershed, excluding terraces. The statistical indicators used 
for the evaluation, namely  R2, NSE, RSR, and Pbias, yielded 
average values of 0.74, 0.63, 0.61, and -20.3, respectively. 
The computed average P-factor and R-factor values for both 
catchments were 0.64 and 0.29, respectively. These results 
indicate a relatively lower performance of SWAT model 
when compared to the previously discussed outcomes that 
incorporated terraces. During the test period (1985–2000), 
the discharge in Surdod reduced from 94  m3/s to 78.2  m3/s 
after terraces were introduced to SWAT. Siham, on the other 
hand, showed a decrease in the flow out (discharge) to 69.4 
 m3/s compared to 82.7  m3/s when terraces were not included.

3.3  Climate change potential impact on the region

The performance of SDSM in generating estimates com-
pared to observed data was evaluated using the metrics dis-
cussed in Section 2.4. The SDSM model showed a higher 
accuracy in synthesizing T-max, T-min, and precipitation 
estimates. In the three catchments, SDSM showed an aver-
aged R2 of 0.82 for precipitation, 0.88 for maximum tem-
perature, and 0.87 for minimum temperature (Fig. 3). The 
averaged RMSE was 1.6 for precipitation, 0.2 for maximum 

temperature, and 0.15 for minimum temperature. SDSM 
showed an averaged Pbias of 5.4 for maximum temperature, 
3.5 for minimum temperature, and 5.7 for precipitation. The 
highest R2 value for precipitation was found in Al Hayfah 
station in Sana’a catchment (R2 = 0.92), Assalf station in 
Surdod (R2 = 0.96), and Haraz station in Siham (R2 = 0.93). 
The RMSE and Pbias showed lower values in Al Hayfah and 
Hinadi, Haraz, and Assalf stations in Sana’a, Siham, and 
Surdod catchment, respectively. Overall, the performance 
of SDSM demonstrated a predictive skill in reproducing 
historical observations and it is applied to develop future 
climate scenarios from GCMs in the study area.

Based on SDSM, the region is projected to experience 
higher precipitation more than 340 mm of annual averages 
the amount observed in the baseline period (1981–2010). 
The projected increase of the precipitation is 20% in 
2011–2040 (2020s), 28.2% during 2041–2070 (2050s), 
and up to 40.81% in 2071–2100 (2080s), respectively. 
The most significant increase in seasonal precipitation is 
projected under RCP8.5 in the 2080s, particularly in the 
western zones of the region during March to May (MAM), 
June through August (JJA), and in autumn from September 
through November (SON) across the eastern districts. Under 
the RCP8.5 scenario, it is projected that certain areas within 
the western districts, mainly Al Rojoum, Al Mahwit city, 
and Al Khabt in Al Mahwit governorate; Haraz, Al Hay-
mah, and Bani Mattar in Sana’a governorate; and Algabin 
in Raymah governorate will experience an approximate 18% 

Table 4  List of parameters and 
their ranges used for SWAT 
calibration

r_ signifies that the existing parameter value is multiplied by a specific factor, typically (1 + a given value); 
v_ indicates that the default parameter is replaced entirely with a predetermined value

No Parameter Initial range Sana’a catchment Surdod catchment Siham catchment

1 r_CN2.mgt  ± 0.25 0.12 0.10 0.11
2 v_GW_DELAY.gw 0–500 95.7 97.5 136.2
3 v_GW_REVAP.gw 0.02–0.2 0.12 0.09 0.15
4 v_REVAPMN.gw 0–500 315.7 322.5 285.59
5 v_RCHRG_DP.gw 0–1 0.42 0.59 0.60
6 v_ALPHA_BF.gw 0–1 0.61 0.90 0.17
7 v_CH_K2.rte 0.001–200 73.8 83.2 78.53
8 v_CH_N2.rte -0.01–0.3  − 0.1 0.13 0.21
9 v_EPCO.hru 0–1 0.05 0.19 0.21
10 v_ESCO.hru 0–1 0.10 0.29 0.37
11 r_SOL_AWC.sol  ± 0.20 0.040 0.10 0.10
12 r_SOL_K.sol  ± 0.20  − 0.83 0.09 0.08
13 v_GWQMN.gw 0–5000 4500 4200 4000
14 v_ALPHA_BNK.rte 0–1 0.43 0.81 0.35
15 r_SOL_BD.sol 0.9–2.5 0.3 1.51 1.37
16 v_USLE_P 0–1 - 0.23 0.16
17 v_SLUBBSN 5–150 - 5–10 5–15
18 v_FLOW_FR 0–1 - 0.70–0.85 0.70–0.85
19 v_DIV_MAX 0–150 - 0.15–0.30 0.15–0.30
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Fig. 2  Result of calibration and 
validation of SWAT relative to 
monthly observed discharge 
(cms) in the three catchments

Fig. 3  Result of the statistical evaluation of SDSM output against 
monthly observations (1981–2010) in the three basins. Left column 
displayed the result of precipitation, maximum temperature (middle 

column) and the minimum temperature’s statistical results are shown 
in the right column
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increase in precipitation rates during the dry period (DJF) in 
the 2020s and 2080s. Furthermore, T-max (T-min) tempera-
tures are projected to rise by up to 0.4 °C (0.5 °C), 0.7 °C 
(0.6 °C), and 1.1 °C (0.9 °C) in the 2020s, 2050s, and 2080s, 
compared to the current time annual averages of 23.2 °C for 
T-max and 10.9 °C for the T-min (Fig. 4). 

In Sana’a watershed, the percentage of precipitation 
change showed an increase in annual average of > 14.45% 
and 24.6% under RCP2.6 and RCP8.5, respectively. T-max 
(T-min) will be warmer than the reference period by more 
than 0.41 °C (0.36 °C), 0.52 °C (0.44 °C), 0.71 °C (0.50 °C), 
0.92 °C (0.71 °C) in the 2020s and the 2080s under RCP2.6 
and RCP8.5, respectively. The annual average projected 
precipitation showed an increase in Surdod and Siham up 
to 18.2% and 36.2% under RCP2.6 and RCP8.5, respec-
tively. The T-max (T-min) will rise in Surdod up to 0.70 °C 
(0.57 °C) in the 2020s and up to 0.84 °C (0.76 °C) in the 
2080s. In Siham catchment the projected increase of T-max 
and (T-min) is 0.87 °C (0.89 °C) and 1.3 °C (0.98 °C) in the 
2020s and the 2080s, respectively. 

3.4  Impact assessment of hydrological regime 
of the region

3.4.1  Sana’a catchment

The average seasonal flow throughout the Sana’a basin is 
expected to increase during the long rainy season (JAS) 
with highest increase occurring in September. The most 
pronounced increase is found under RCP8.5 in the 2080s 
up to 19.6%. Under RCP2.6, an increase in the flow of up 
to 10% and 14% is projected during the 2020s and 2080s, 
respectively. The increase is considered negligible during 
the short rainy season (MAM), most likely due to reduced 
predicted precipitation. The projected increases in precipi-
tation will result in high annual increases of the hydrologi-
cal components across Sana’a catchment. Compared to an 
average of 2.6 mm in the baseline period, the WYLD will 
increase under RCP2.6 by up to 5.6% and 7.8% in the 2020s 
and 2080s, respectively.

The RCP8.5 demonstrates a higher increase in WYLD up 
to 8.3% and up to 9.7% in the 2020s and 2080s. The upper 
high-elevation zones show the most significant increase in 
WYLD, primarily due to the higher projected precipitation 
and the steep terrain in this part of the catchment. The SURQ 
will increase up to 4.3% and 4.6% under RCP2.6, up to 5.7% 
and > 7% under RCP8.5 for the 2020s and the 2080s, respec-
tively. The projected increase in ET is the greatest among 
the other examined variables, which show an increase up to 
14.3% and 17.6% under RCP2.6, and up to 12.7% and 28.9% 
under RCP8.5 in the 2020s and 2080s, respectively (Fig. 5).

Further, the SW and GW_RCH exhibit varying rates of 
increase in the future, with the highest rates in the 2080s 
under both RCPs. The SW is expected to increase by up 
to 3.4% and 3.6% under RCP2.6 in the 2020s and 2080s, 
respectively. Under RCP8.5, the projected increase in SW 
is estimated to be 3.9% and 4.9% in the 2020s and 2080s. 
GW_RCH is projected to increase by up to 3.2% and 4.6% 
under RCP2.6, and up to 4.8% and 10.8% under RCP8.5 
in the 2020s and 2080s, respectively. The increased pre-
cipitation has an impact on SW and GW_RCH with greater 
rates predicted in sub-basins and hydrologic response units 
(HRUs) with clay and clay loam soils.

In contrast, sub-basins consisting of sandy clay soils 
exhibit relatively higher rates of GW_RCH. Gently slop-
ing terrains, especially in basins situated at the foothills of 
nearby mountains, exhibited higher levels of GW_RCH, 
which could be attributed to the increased runoff originating 
from the mountainous areas in the upper subbasins. Further, 
sub-basins in urban and built-up regions such as Sana’a have 
the lowest levels of both SW and GW_RCH (Table 5).

3.4.2  Surdod catchment

Under both RCPs, the average seasonal flow in Surdod is 
expected to increase in the 2020s, 2050s, and 2080s. Based 
on the GWQ analysis, an increase in seasonal flow is pro-
jected up to 6.6% and 11% under RCP2.6, and up to 9% and 
17% under RCP8.5 for the 2020s and 2080s, respectively. 
The increase in wadi flow is more pronounced in MAM and 

Fig. 4  Annual anomalies of T-min (°C), T-max (°C), and change of 
precipitation (%) in the study area. Prior to using the climate future 
projections in simulating future change in discharge, the output of 

SDSM under RCP2.6 and RCP8.5 were bias-corrected applying 
Quantile Mapping method (QM)
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JAS. During DJF, a relative rise in the base flow is also pro-
jected as a result of the increased precipitation during the 
dry season, particularly in the 2080s under RCP8.5.

Compared to the historical period, the annual average of 
WYLD is projected to increase up to 7.2% and 9.3% under 
RCP2.6 in the 2020s and 2080s, respectively. Under RCP8.5, 
the projected increase is about 9.9% and 12.1% during the 
2020s and 2080s. In the upper zone area of Surdod, the 
WYLD is lower compared to the projected estimates in the 
subbasins where no terraces are present, despite receiving 
nearly identical amounts of precipitation. This lower quan-
tity of the projected WYLD in the upper zones of Surdod 
could be affected by terraces that retain a large portion of 
the flow from reaching the stream main channel. Further, 
the lower projected estimates of precipitation in some down-
stream subbasins affect the levels of WYLD in comparison 
with the upstream zones.

The SURQ shows an increase up to 4.9% and 10.3% 
under RCP2.6, and 11.2% and 14.6% under RCP8.5 for the 
2020s and 2080s, respectively. Similar to the WYLD results, 
subbasins and terraced HRUs in the upper lands of Surdod 
showed lower levels of SURQ under both RCPs in the 2020s 
and 2080s. This could conclude that the WYLD and SURQ 
are both affected by presence of terraces. In general, the most 
substantial increase across Surdod watershed is observed in 

Fig. 5  Spatial distribution of 
relative change rate (%) of water 
components under RCP2.6 and 
RCP8.5 across Sana’a catch-
ment

Table 5  Comparative analysis of long-term changes in average annual 
precipitation (%), minimum temperature (°C), maximum temperature 
(°C), flow (%), total soil–water (%), and evapotranspiration (%) in the 
2020s and 2080s under the RCP2.6 and RCP8.5 in Sana’a catchment 
compared to the baseline period

Catchment Variable RCP2.6 RCP8.5

2020s 2080s 2020s 2080s

Sana’a Precipitation 11.7 16.2 13.3 29.9
Maximum temperature 0.41 0.52 0.71 0.92
Minimum temperature 0.36 0.44 0.56 0.71
Flow 8.2 11.1 12.9 18.2
WYLD 5.6 7.8 8.3 9.7
ET 14.3 17.6 12.7 28.9
SURQ 4.3 4.6 5.7 7.3
SW 3.43 3.6 3.9 4.9
GW_RCH 3.2 4.6 4.83 10.8
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the evapotranspiration (ET) component, especially in the ter-
raced lands. Under RCP2.6, the ET is expected to increase 
by more than 17% in the 2020s and by 20% in the 2080s. 
For RCP8.5, the projected increase in ET is up to 20.4% in 
the 2020s and 29.1% in the 2080s. Moreover, several sub-
basins and HRUs, mainly those located in the middle zone 
of Surdod, showed high rate of ET as well, which can be 
influenced by the increased precipitation levels on this zone 
and presence of vegetation cover (Fig. 6).

Further, the projected increase of GW_RCH is 5.3% and 
6.4% under RCP2.6, and up to 7.41% and 9.4% by RCP8.5 
in the 2020s and the 2080s, respectively. The SW projected 
increase is about 3.9%, and 4.7% as observed under RCP2.6, 
and up to 4.52% and 5.9% by RCP8.5. Table 6 illustrates 
the projected changes in the averages of the examined water 
balance components and climate variables;

3.4.3  Siham catchment

Seasonal flow in Siham is projected to increase in the 
future. In MAM an increase is projected up to 6.3% and 
9.2% under RCP2.6 and up to 12.1% and 15.3% by RCP8.5 
in the 2020s and 2080s, respectively. During JAS about 
13.4% and 15% is the projected increase by RCP2.6. Under 

RCP8.5 the projected increase is 14.6% and 18% in the 
2020s and 2080s, respectively. The annual averages of 
the WYLD will increase in the 2020s and the 2080s up 
to 7.3% and > 10% under RCP2.6, and to about 9.7% and 
11.4% under RCP8.5.

Fig. 6  Spatial variation of relative change rate (%) in the WYLD, ET and the SURQ in Surdod catchment area under RCP2.6 and RCP8.5

Table 6  Comparative analysis of long-term changes in average annual 
precipitation (%), minimum temperature (°C), maximum temperature 
(°C), flow (%), total soil–water (%), and evapotranspiration (%) in the 
2020s and 2080s under the RCP2.6 and RCP8.5 in Surdod catchment 
compared to the baseline period

Catchment Variable RCP2.6 RCP8.5

2020s 2080s 2020s 2080s

Surdod Precipitation 12.7 18.7 26.2 36.6
Maximum temperature 0.67 0.78 0.80 1.2
Minimum temperature 0.52 0.69 0.92 0.96
Flow 11.3 15.1 14.6 22.3
WYLD 7.2 9.3 9.9 12.1
ET 17.2 19.9 20.4 29.1
SURQ 4.9 10.3 11.2 14.6
SW 3.9 4.7 4.52 5.9
GW_RCH 5.3 6.4 7.41 9.4
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An increase of 4.3% and 8.6% is projected in the SURQ 
under RCP2.6 and up to 10.2% and 13.7% by RCP8.5, 
respectively. Similar to Surdod, WYLD and SURQ levels 
are affected by presence of terraces. Further, the ET is antici-
pated to be higher in the future up to 15.2% and more than 
17% under RCP2.6 and up to 19.4% and 27.8% by RCP8.5 
in the 2020s and 2080s, respectively (Fig. 7).

Levels of SW will increase up to 2.1% and 2.9% under 
RCP2.6, and up to 5.1% and 7.02% by RCP8.5 in the 2020s 
and the 2080s, respectively. The expected increase in GW_
RCH is 3.2% and 4.1% under RCP2.6, and up to 5.9% and 
10.13% by RCP8.5 in the 2020s and the 2080s. In general, 
the terraced lands exhibit relative higher SW compared to 
the flat areas, whereas the GW_RCH rates are greater in 
the adjacent subbasins that are located in the gentle slope 
directly downstream of the upper land basins. Change in 
the averages of the water balance investigated components 
in Siham catchment are shown in Table 7.

4  Discussion

High-resolution data are essentially required to assess 
the potential impacts of climate change on water balance 
components. Global Climate Models (GCMs) face biases, 
encounter significant uncertainties, and require extensive 
computational methods and resources to project future cli-
mate conditions (Homsi et al. 2020). In contrast, techniques 

such as statistical downscaling offer enhanced spatial and 
finer temporal resolution data, making them more reli-
able for local scale applications compared to the informa-
tion supplied by Global Climate Models (GCMs) (Gebre-
chorkos et al. 2019). The Statistical Downscaling Model 
(SDSM) is commonly used to mitigate uncertainties fac-
ing GCMs (Hashmi et al. 2011; Hassan et al. 2014; Tahir 
et al. 2018; Al-Mukhtar and Qasim 2019; Gebrechorkos 
et al. 2019; Dehghan et al. 2020; Lotfi et al. 2022). This 

Fig. 7  Spatial distribution of the percentage change rate of the water components under the RCP2.6 and RCP8.5 scenarios throughout the Siham 
catchment

Table 7  Comparative analysis of long-term changes in average annual 
precipitation (%), minimum temperature (°C), maximum temperature 
(°C), flow (%), total soil–water (%), and evapotranspiration (%) in the 
2020s and 2080s under the RCP2.6 and RCP8.5 in Siham catchment 
compared to the baseline period

Catchment Variable RCP2.6 RCP8.5

2020s 2080s 2020s 2080s

Siham Precipitation 12.3 17.3 23.4 29.2
Maximum temperature 0.72 0.89 0.94 1.4
Minimum temperature 0.61 0.83 0.86 1.0
Flow 8.9 11.2 13.3 20.7
WYLD 7.3 10.2 9.7 11.4
ET 15.2 17.5 19.4 27.8
SURQ 4.3 8.6 10.2 13.7
SW 2.1 2.9 5.1 7.02
GW_RCH 3.2 4.1 5.9 10.13
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approach combines GCMs predictors with observational 
data (predictands) and offers a simple but yet practical 
means of downscaling to finer resolutions, thereby mini-
mizing uncertainties encountered by the GCMs. The appli-
cation of the SDSM is widespread in downscaling climate 
variables such as precipitation, maximum temperature, and 
minimum temperature for impact assessment studies at local 
and regional scales (Al-Mukhtar and Qasim 2019; Abdulla 
2020; Dehghan et al. 2020; Lotfi et al. 2022).

Across the study area, the SDSM was employed to down-
scale climate data for the present (1981–2010) and future 
(2011–2100) climatic periods. The SDSM demonstrated an 
outstanding representation of the observed historical data 
during the calibration and validation, confirming consist-
ency with other studies (Tahir et al. 2018; Gebrechorkos 
et al. 2019; Saddique et al. 2019a, b). In the meantime, the 
Soil and Water Assessment Tool (SWAT) was employed to 
study the impact of climate future changes on the hydro-
logical regime of the highland region of Yemen utilizing the 
outcome of SDSM. SWAT has been used in humid, arid, and 
semi-arid climates (Abbasnia and Toros 2016; Klaas et al. 
2018; González-Rojí et al. 2019; Tukimat et al. 2019) and 
showed high performance in assessment studies conducted 
at a watershed scale.

In this study and in order to assess the effects of terraces 
on the calibration results and hydrological response, mainly 
in Surdod and Siham catchments where terraces exist, 
SWAT was examined with and without the integration of 
terraces. The modelled discharge using SWAT showed high 
agreement with the observed discharge during the calibra-
tion (1982–1995) and the validation (1996–2000) periods 
in Sana’a catchment. Further, SWAT demonstrated a very 
good performance in Surdod and Siham watersheds. After 
incorporating terraces into the model and making the nec-
essary parameter adjustments, SWAT exhibited enhanced 
performance compared to the situation before inclusion of 
terraces. According to Moriasi (2015), the result of calibra-
tion results before and after the introduction of terraces were 
very good and satisfactory (S4, supplementary materials), 
respectively.

The increased temperature and precipitation are asso-
ciated with an increase in various hydrological variables 
such as discharge, WYLD, ET, SURQ, SW, and GW_RCH. 
Majority of the increase is projected under RCP8.5 dur-
ing the 2080s. Further, the projected rise in temperature is 
likely to result in a substantial contribution from the ET 
component to the overall projected precipitation in the three 
catchments.

In Sana’a catchment, the upstream subbasins are projected 
to experience higher rates of WYLD as a result of the pro-
jected increase in precipitation in this zone compared to the 
downstream sub-basins under both RCPs. Further, SURQ is 
projected to increase in the three catchments. Compared to 

Sana’a catchment, Surdod and Siham are projected to expe-
rience higher precipitation and subsequently will produce 
greater runoff. Because of the steep slopes in the mountain-
ous areas of Siham and Surdod catchments accompanied by 
limited water infiltration capacity of the rocky and the shal-
low soils, a great amount of rainfall becomes runoff rapidly 
(Alhakimi 2014).

The topographical characteristics (sloping area) of Surdod 
and Siham catchments, soil type, land use, and management 
practices all contribute to generation of more surface runoff 
as a response to the increased precipitation. This outcome is 
consistent with earlier studies conducted in Yemen (Haidera 
et al. 2011; Alhakimi 2014). We have also observed that 
certain factors that fall beyond the scope of this study such 
as the increase in vegetation cover during the rainy season 
as well as variation of the vegetation cover in the wet and 
dry years are also expected to exert an influence on the run-
off dynamics. Moreover, the presence of water harvesting 
structures (terraces) in the Surdod and Siham watersheds 
appears to have a substantial impact on the levels of ET, 
WYLD, and SURQ.

The terraced subbasins exhibit high rates of ET and rela-
tively lower levels of WYLD and SURQ. The high level of 
the projected ET in the terraced subbasins can be attributed 
to the presence of multiple terraces or steps that create a 
larger surface area compared to flat fields. The increased 
surface area exposes more soil to sunlight and airflow, lead-
ing to enhanced evaporation and transpiration processes 
(Wang 2021). Furthermore, terraced fields often have better 
water retention capabilities compared to flat fields, allow-
ing for better water infiltration and reduced runoff. Thus, 
crops and plants in terraced fields have more access to soil 
moisture, which promotes higher evapotranspiration rates. 
Studies conducted in Tunisia (Khelifa et  al. 2017) and 
Ethiopia (Worku et al. 2020) suggest a reduction in surface 
runoff because of terraces by approximately 19% and 25%, 
respectively.

The GW_RCH and SW are projected to experience a 
comparatively smaller increase. Compared to Surdod and 
Siham, Sana’a catchment exhibited higher levels of GW_
RCH. This could be related to various factors including the 
presence of permeable soil and alluvium deposits, shal-
low nature of the soil, and due to the large area of Sana’a 
catchment. According to Masoud et al. (2018) the average 
annual groundwater recharge in Wadi Baysh (Saudi Arabia) 
is 72 mm, based on infiltration and intensive field pumping 
tests. This result agrees with the conclusion obtained from 
SWAT, which indicates around 17% of the total precipita-
tion falling on Sana’a catchment contributes to groundwater 
recharge.

Within Surdod and Siham watersheds, the subbasins that 
are characterized by high-infiltration soil, such as sandy loam 
and sandy clay loam, as well as subbasins located at the base 
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of mountainous terrain including alluvial beds, have exhibited 
higher rates of GW_RCH. In the terraced fields as well as 
the subbasins that are dominated by clay loam and loam soil, 
levels of SW were comparatively higher. However, certain 
subbasins within the clay and loam soil displayed relatively 
lower levels of SW, possibly due to the lower estimates of the 
projected precipitation on these subbasins. Generally, the per-
centage of simulated GW_RCH by SWAT (17%) agrees with 
the conclusion of several studies conducted in the semi-arid 
environments, which reported annual recharge rates ranging 
from 4.8% to 15% (Jafari 2019) and up to 32% (Melki 2017) 
of the total precipitation. Also, the considerable changes in 
most of the hydrological variables in the three catchments, 
particularly in the 2080s are aligned with the expected change 
in greenhouse gas emission (IPCC 2022).

In the study area, the projected increase in Wadi flows 
and total soil water in the three catchments will provide sub-
stantial support to essential sectors such as agriculture and 
water resources. Given that the greatest magnitudes of the 
Wadi flow-projected increase will occur in the 2080s under 
RCP8.5, the Yemeni government needs to consider imple-
mentation of flood protection measures in multiple subba-
sins. With the increasing impact of flood hazards, many stud-
ies emphasize the significance of adopting integrated flood 
management practices in the future. Enhancing effective 
collaboration between the community and stakeholders and 
developing a diverse set of flood management frameworks 
are of primary importance for better flood risk management. 
Other research suggests both extending the retention system 
and distributed storage as an effective measure to mitigate 
the impact of floods. Enhancing preparedness, constructing 
new dams, implementing rainwater harvesting initiatives in 
rural and urban areas, and modernizing pertinent organiza-
tions and institutions are primary strategies to mitigate the 
effects of flood in a semi-arid region.

On the other hand, groundwater levels in Siham are rela-
tively shallow compared to Surdod and Sana’a. Increased 
precipitation may enhance the recharge rates and replen-
ish the shallow groundwater reservoirs. The variation in 
SW levels across the subbasins is generally not significant, 
likely due to the predominant soil type (clay loam to loam) 
throughout Siham catchment. Therefore, it can be concluded 
that levels of SW are exclusively influenced by the projected 
precipitation estimates between the upstream and down-
stream areas as well as by the existence of water harvesting 
structures in the upper land areas.

5  Conclusion

A combination of hydrological and climatic modeling is 
used to assess the influence of future climate on water 
balance components in Yemen’s highlands. The research 

focused on two terraced watersheds (Surdod and Siham) 
and a flat to semi-flat watershed (Sana’a). Selection of the 
catchments was driven by their significant socioeconomic 
and ecological importance, as well as the availability of 
historical hydrological data. SDSM results suggest an 
increase (> 28%) in precipitation in Sana’a, (> 36%) in 
Surdod, and (29.2%) in Siham catchment throughout the 
twenty-first century. Moreover, T-min and T-max will be 
higher than the baseline period (1981–2010). As a con-
sequence, streamflow, total soil–water, and evaporation 
exhibit a visible increase during the 2020s, 2050s, with a 
greater increase in the 2080s under RCP8.5.

SWAT results reveal an increase in seasonal flow in 
Sana’a up to 10% during JAS in the 2020s under RCP2.6 
and up to 14% in the 2080s. This can be a temporary 
streamflow during the JAS, which may extend to the fol-
lowing months after significant rainfall events. Under the 
RCP8.5, the seasonal flow is projected to increase up to 
19% and up to 22% in the 2020s and 2080s, respectively. 
Streamflow in Siham will increase during MAM as well as 
in the JAS up to 9.9% and to 12.1% under RCP2.6 in the 
2020s and by up to 13.4% and up to 16.7% under RCP8.5 
in the 2020s and 2080s. Between these periods and during 
DJF the canal bed is expected to be dry except in the 2080s 
under RCP8.5, when a significant amount of stream is pro-
jected in OND. Surdod exhibits the greatest increase in 
streamflow throughout the year, particularly in the 2080s 
under both RCPs up to 23%. In the 2020s, no significant 
increase is projected during DJF suggesting intermittent 
streamflow, especially under RCP2.6.

Taking the average of projected increase of precipita-
tion under the employed RCPs in the three catchments 
[318  mm/y (Sana’a catchment), 397.9  mm/y (Surdod 
catchment), 355.2 mm/y (Siham catchment)], the distri-
bution of rainfall in the future scenarios is as; 49% evapo-
transpiration, 31% runoff and outflow, 14% percolation, 
and 6.0% soil water. In relation to the reference period 
(1981–2010) as well as to the estimates indicated in previ-
ous studies (Haidera and Noaman 2010; Alhakimi 2014), 
the same distribution of rainfall will remain unchanged 
while experiencing further increase in evaporation and the 
surface runoff.

However, most of the few local studies (Alderwish and 
Al-Eryani 1999; Haidera and Noaman 2010; Alhakimi 
2014), which should be acknowledged, were constrained 
by incomplete observational data and reliance on coarse 
resolution scenarios. Essential details like subbasins delin-
eation, hydrological response units, and comprehensive 
soil type information are often lacking. Moreover, signifi-
cant hydrological aspects such as variation in elevation, 
agricultural terraces that influence water quantities in the 
bed canal, and the control of transmission loses have been 
overlooked. These aspects and research gaps are fulfilled 
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in the current study, making it a developed work in terms 
of the employed data and methodology used.

Derived from the outcomes of this investigation, the 
consequences of climate change are not as severe as usu-
ally thought. The outcome of potential changes in future 
water balance components can be utalized by the local 
government and the local people to improve government 
and local strategies for water resource management and 
socio-economic development. The projected increase of 
the evapotranspiration rates driven by rising temperature 
warrants attention to sustain agriculture and enhance water 
use efficiency at the farm level. At the same time, the pro-
jected increase of the precipitation average rates offers 
a positive outlook for the region, allowing for increased 
water storage for agriculture and domestic purposes. Also, 
careful management can redirect floods to replenish and 
maintain water levels in the underground reservoirs.

In the same context, it is essential to prioritize local 
measures that combat and mitigate the effects of climate 
change. A crucial step is to strengthen local communi-
ties by implementing community-based initiatives that 
enhance resilience. These initiatives, for example, include 
training programs on sustainable agriculture, water con-
servation, and disaster preparedness. Future studies in 
Yemen will require a sufficient observational data to carry 
out an accurate field investigation. Additional researches 
could focus on acquiring accurate information to bridge 
the persisting data gap in the region. While this may pose 
challenges, alternative strategies as demonstrated in this 
investigation could be explored. Other downscaling tech-
niques and application of further hydrological models are 
also an option for the future work in the entire Yemen.

Fostering collaboration between local communities, 
particularly farmers, and the government stakeholders is 
vital to ensure effective management of water resources 
and prevent conflicts over water use. This can be achieved 
by establishing administrative structures and institutions 
that support integrated water resources management 
(IWRM). This would require strengthening water govern-
ance mechanisms, improving data collection and moni-
toring systems, and facilitating stakeholder participation 
in decision-making processes. Moreover, implementing 
measures to promote infiltration and GW recharge will be 
crucial in the future. Actions such as constructing rain-
water harvesting structures, promoting sustainable land 
management practices, and regulating groundwater extrac-
tion are among the most practical and effective methods to 
prevent depletion of the limited ground water. By prioritiz-
ing these local measures, Yemen can better adapt to the 
challenges of climate change, build community resilience, 
ensure sustainable water resource management, and safe-
guard against the depletion of vital groundwater sources.
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