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Abstract: Climate is one of the main drivers of hydrological processes, and climate change has caused
worldwide effects such as water scarcity, frequent floods and intense droughts. The purpose of this
study was to analyze the effects of climate change on the water balance components, high flow and
low flow stream conditions in a semi-arid basin in Iran. For this reason, the climate outputs of the
CanESM5 model under Shared Socioeconomic Pathways (SSP) scenarios SSP126, SSP245, and SSP585
were spatially downscaled by the Statistical Downscaling Model (SDSM). The hydrological process
was simulated by the Soil and Water Assessment Tool (SWAT) model. Key findings include a 74%
increase in evapotranspiration, a reduction by up to 9.6% in surface runoff, and variations in discharge
by up to 53.6%. The temporal analysis of snow melting changes revealed an increase in the volume of
snow melting during winter months and a reduction in the volume during spring. The projected
climate change is expected to cause notable variations in high and low flow events, particularly under
the SSP585 scenario, which anticipates significant peaks in flow rates. This comprehensive analysis
underscores the pressing need for adaptive strategies in water resource management to mitigate the
anticipated impacts of climate variability.

Keywords: extreme flow; CMIP6; hydrological modeling; SUFI-2 algorithm; Taleghan watershed

1. Introduction

Climate change is anticipated to significantly amplify the hydrological cycle, thereby
heightening the risks associated with floods and droughts in the foreseeable future [1-4].
This phenomenon, driven by alterations in temperature and precipitation patterns, has
expedited changes in water balance components, consequently impacting riverine water
resources [5]. Such climatic shifts are poised to influence seasonal streamflow patterns,
inducing interannual fluctuations in hydrological processes [6]. The temperature variations
attributed to anthropogenic activities are known to induce climate variability, which in
turn affects the availability of surface and groundwater. This outcome is facilitated by mod-
ifications in atmospheric humidity, planetary rotation, precipitation patterns, soil moisture
retention capabilities, and runoff, ultimately accelerating alterations within a catchment
area’s water cycle by enhancing evaporation rates [7,8]. The Sixth Assessment Report (AR6)
of the Intergovernmental Panel on Climate Change (IPCC) highlights that climate change
has a disproportionate impact on societies with limited adaptation capabilities, particularly
in developing countries characterized by rapid population growth and underdeveloped
social and economic structures [9]. Given these considerations, a detailed examination of
streamflow variations becomes imperative for effective water resource management within
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river basins, aiming to mitigate the risks of floods and droughts while averting significant
adverse impacts on societal structures and environmental integrity [10].

The Global Climate Model (GCM) is a vital tool in predicting potential future climate
change. The latest GCMs were developed by the World Climate Research Program (WCRP) as
part of the Sixth Coupled Model Intercomparison Project (CMIP6) [11]. The latest phase of the
CMIP6 endeavors to enhance emission scenario mechanisms and boost horizontal resolution,
thereby rendering future prospects more plausible [12]. Nonetheless, GCMs still lack the
necessary spatial resolution for accurately simulating regional climatic variables [13,14].
Hence, assessing the effects of climate change on catchment hydrology often involves the
downscaling or bias correction of climate model projections, tailored to the catchment scale
and informed by future scenarios. Downscaling methods primarily fall into two categories:
dynamical downscaling, which utilizes Regional Climate Models (RCMs); and statistical
downscaling techniques [15]. Statistical downscaling techniques are deemed more suitable
compared to RCMs in scenarios where station data are necessary for impact assessment or
extreme event analysis, especially when resources are limited [16]. The SDSM is a hybrid
approach that combines the principles of weather generators with regression methods [17]
and is widely used for the projection of precipitation and temperature [18-21]. Numerous
GCMs exist, yet for in-depth impact assessments, the utilization of a singular GCM is often
advocated [22]. Among these, the Canadian Earth System Model version 2 (CanESM2)
from the Coupled Model Intercomparison Project Phase 5 (CMIP5) and the Canadian Earth
System Model version 5 (CanESM5) from the CMIP6 have been extensively applied in
assessing climatic variables through the SDSM [13,16,19,23]. For this research, the CanESM5
dataset was chosen due to its comprehensive global coverage, open access availability, and its
prevalent application in hydrological and climate change research within Iran [24,25]. Recent
investigations have identified four models, specifically CanESM5, INM-CM5-0, TaiESM1,
and UKESM1-0-LL, as exhibiting exceptional accuracy in predicting temperatures across
Iran [26].

Subsequently, the forecasted temperature and precipitation data derived from the
Shared Socioeconomic Pathways (SSPs) scenarios were employed to inform hydrological
models to ascertain future changes in comparison to a baseline period representing current
conditions [27]. The SWAT model stands out as one of the prominent hydrological models
extensively utilized in numerous research endeavors within this field [16,19,20,28].

Several studies indicate that climate change will have an impact on hydrological con-
ditions and water resources [28-32], These alterations could potentially result in a decrease
or increase in the risk of drought or flood. For instance, Meresa et al. [33] examined future
shifts in mean and low flows (Q95) across 37 catchments in the Republic of Ireland, ob-
serving substantial declines in annual low flows. Lane and Kay [34] documented potential
reductions in low flow by up to —90% and increases in high flow exceeding 9% for a
10 year return period by 2080 in Great Britain. Conversely, Whitehead et al. [35] forecasted
a marked increase in monsoon flows under future climate scenarios, indicating heightened
flood risks and prolonged drought periods in India. Similarly, Yang et al. [36] anticipated
an increase in the incidence of both high and low flows by 2100 in southeast China, while
Ghermezcheshmeh et al. [37] projected a decrease in runoff and low flow by 2099 in Iran’s
Kan River.

The contemporary scientific discourse reveals a lack of consensus regarding the direc-
tion of change in drought indices, both in observational data and model-based projections,
influenced by climatic, lithological, and geological factors that render flow patterns highly
variable [38,39]. Specifically, rivers within Mediterranean climate zones are characterized
by significant spatial and temporal variability, often exhibiting an intermittent flow regime
that complicates the identification of streamflow generation mechanisms [40-42]. This
underscores the imperative to investigate the hydrological responses of river systems in
different regions under the evolving climate change paradigm.

Iran experienced warming by approximately 1.3 °C between 1951 and 2013, corre-
sponding to a rate of +0.2 °C per decade. Notably, the minimum temperature exhibited
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arise at a rate twice that of the maximum temperature. Furthermore, significant climate
anomalies have been observed within Iran, a country distinguished mainly by arid and
semi-arid climates [43]. Evaluations of the impact of climate change on river flow in
Iran reveal significant disparities in surface water resources across various regions of the
country [44]. Simulation studies focusing on streamflow in the northern regions of Iran,
utilizing climatic projections derived from different SRES scenarios, have indicated con-
trasting trends. While wet seasons demonstrate an increase in discharge, dry seasons
exhibit a decrease, resulting in an overall rise in annual discharge [45]. This is likely to
lead to an increase in instantaneous peak flow [46]. On the other hand, the investigation
into drought patterns under the influence of climate change in arid and semi-arid regions
of Iran revealed the identification of at least one period of severe drought across various
stations. Notably, the most severe drought was observed during the winter months [47].

The review of existing studies indicates that the majority have focused on examining
the impact of climate change on individual aspects of the hydrological cycle, such as
runoff, water balance, flood, or drought. Consequently, this research aims to investigate
the collective effect of climate change on multiple variables concurrently within a semi-arid
watershed characterized by a Mediterranean climate pattern.

In this research, an updated assessment of the impact of climate change on water
balance components, as well as on the high and low flow conditions within the Taleghan
watershed, is provided. Taleghan stands as one of Iran’s flood source areas, and recent dev-
astating floods within this watershed have inflicted considerable damage upon city infras-
tructure and significantly impacted residential, agricultural, and industrial properties [48].
The necessity of such an evaluation as a foundational step for the development of evidence-
based water management strategies is underscored, offering critical insights for integrated
catchment water resource planning to stakeholders including managers, policymakers, and
the regional community.

2. Materials and Methods
2.1. Description of the Study Area

The Taleghan watershed has an area of about 1325 km?, which comprises 2.3% of the
Sefidrud Basin, Alborz province, Iran. The area under study is part of Taleghan watershed,
covering an expanse of 805.58 km?. It lies upstream of the Taleghan dam, spanning latitudes
from 36°5' N to 35°21' N and longitudes from 50°39’ E to 51°11" E. This dam serves as a
crucial source of drinking water required for Tehran province, Iran [49] (Figure 1). The wa-
tershed lies within a semi-arid region [48] and experiences a Mediterranean rainfall pattern,
characterized by rainfall distribution throughout the year that aligns with the activity of
wet systems in the west, northwest, and southwest regions. Notably, maximum rainfall
occurs at the conclusion of the cold season, while minimal rainfall is observed during
the hotter months, reflecting distinct seasonal patterns typical of the region. Temperature
averages annually are 14.5 °C, with seasonal fluctuations ranging from a low of 1.3 °C in
January to a peak of 26.3 °C in July. Based on data from the nearest climatological stations
over a 20 year period, the watershed’s annual mean precipitation is recorded at 784.8 mm.
Typically, approximately 70-80% of the mean annual rainfall in the study area occurs
between November and May, predominantly in the form of snow [50]. The snowmelt
season, occurring during spring (April, May, and June), accounts for the highest percentage
of seasonal runoff, constituting 59% of the annual runoff. This significant contribution
is not only attributed to rainfall but also to snowmelt, prompted by rising temperatures
in the study area. Moreover, the months of May and June exhibit the highest monthly
stream-flow percentages, representing 27% and 20% of the annual runoff, respectively [51].
The study area is characterized by its diverse topography, as the elevation within the
watershed varies significantly, from 1778 m to 4374 m above sea level. The watershed’s
average slope is steep, at 48%, and the Taleghan river overlength is 47.88 km by Galinak
station. Predominantly, the watershed is covered by rangelands, which constitute about
84% of its land use. Additionally, it encompasses smaller areas of barren land, orchards,
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agricultural fields, and residential zones. The soil within the Taleghan watershed is primar-
ily composed of silt loam and loam [50]. The location of the study area in Iran as well as
the location of the stations used in this research are shown in Figure 1. In this research, the
precipitation data of five rainfall stations and the runoff data of two hydrometric stations
(Joestan and Galinak) were used. In addition, the meteorological data of Qazvin synoptic
station (36°15’ N and 50°3' E) were also used, which are not shown in the figure due to its
distance from the study area. This station was the closest station to the study area.
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Figure 1. The location of the study area in Iran, rainfall and hydrometric stations and stream network.

2.2. Statistical DownScaling Model

The assessment of future climate change’s potential impact on hydrology was con-
ducted through the application of downscaled climate projection outputs, utilizing the
widely adopted SDSM [52]. SDSM facilitates the establishment of a statistical correlation
between local-scale (predictand) and large-scale (predictors) climate variables during the
downscaling process [17]. The necessary daily predictors for model calibration, including
temperature, air pressure, geopotential height, and humidity, are sourced from reanalysis
data obtained from the National Center for Environmental Prediction (NCEP), spanning
the period from 1979 to 2014. The CanESM5 supplies future climate change scenarios from
2015 to 2100, which are instrumental in forecasting future climatic variables through SDSM.
The selection of the most pertinent predictors, a critical aspect of the statistical downscal-
ing process, is achieved by utilizing observed data to screen the predictors for specific
predictands like precipitation, minimum, and maximum temperature within the study
area [18]. This process is supported by an array of analytical tools including correlation
matrices, partial correlations, p-values, histograms, and scatter plots to identify the most
appropriate predictors. These predictors were sourced from the Canadian Climate Data and
Scenarios database (http://climate-scenarios.canada.ca/ accessed on 30 November 2023),
accessible at a spatial resolution of approximately 2.8°. In this study, SDSM version 4.2
was employed to downscale SSPs scenarios. The model underwent calibration and vali-
dation using available observational data spanning the years 1979-2000 and 2001-2012,
respectively. Typically, a 30 year period is regarded as the baseline, as it provides sufficient
time to capture local climate variations encompassing periods of drought, precipitation,
temperature fluctuations, and other climatic phenomena [53]. Thus, the period from 1981
to 2011 was considered as the baseline period for this study. Climate change projections for
rainfall and temperature were generated for the period from 2040 to 2070 under SSP126,
SSP245, and SSP585. Furthermore, the performance of the baseline scenarios produced
by SDSM models was evaluated using the Root Mean Square Error (RMSE), coefficient of
determination (R?), and Nash-Sutcliffe Efficiency (NSE) metrics.
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2.3. The Hydrological Model

To project water balance and runoff dynamics up to the year 2070, the SWAT is em-
ployed, incorporating the downscaled precipitation and temperature data from SDSM as
inputs. Originally developed by the United States Department of Agriculture’s Agricultural
Research Service [54], SWAT is a comprehensive, spatially distributed model that is both
process- and physically based, operating in continuous time to simulate the quantity and
quality of surface and subsurface water flows on a daily basis. It is adept at assessing the en-
vironmental consequences of various climate change scenarios, land use, and management
practices on water resources [55]. The SWAT model utilizes the water balance equation to
simulate the hydrological cycle.

For the GIS integration, ArcSWAT Version 2012.10 serves as an interface and extension
within the ESRI ArcGIS Version 10.5.1 Desktop environment. ArcSWAT, a GIS-based
graphical user interface available on the SWAT model’s website facilitates the delineation,
subdivision, and parameterization of watersheds. It segments a watershed into sub-basins
linked by a river network derived from a digital elevation model. Each sub-basin is further
partitioned into hydrological response units (HRUs) characterized by distinct land use,
soil, and slope profiles [55]. Initially, hydrological processes are modeled within each
sub-basin, followed by the aggregation of simulated hydrological components toward the
watershed’s outlet via the stream network, thereby enabling the simulation of various
physical processes such as evapotranspiration, surface runoff, infiltration, lateral flow, and
groundwater movement within the watershed study.

2.3.1. Model Setup

The Taleghan watershed was delineated into 63 sub-basins, further segmented into
875 HRUs within the SWAT model framework, based on a comprehensive analysis of
the digital elevation model (DEM), land use patterns, and soil type distributions. The
high-resolution DEM, with a granularity of 12.5 m x 12.5 m, was sourced from the Alaska
Satellite Facility (http://search.asf.alaska.edu/accessed on 25 April 2020). Soil classifi-
cations were derived from a detailed survey conducted by the Tehran Regional Water
Company, as documented in the soil survey report (Figure 2b) [56]. The land use/land
cover (LULC) map was meticulously crafted using training points established from field
surveys and Google Earth imagery, complemented by TM (https:/ /earthexplorer.usgs.gov/
accessed on 9 April 2022) satellite imagery from 2020, and refined through the decision
tree classification method (Figure 2a). It should be noted that the land use map remained
constant throughout all periods analyzed in this study, and potential land use changes
were not investigated.

Soil classes
Calcaric Fluvisols
Calcaric Regosols
Eutric Leptosols

0 325 65 13 19.5 26
Haplic Cambisols T T — K
(@ (b)

Figure 2. Land use classes (a) and soil classes (b) of the study area.

Meteorological data, encompassing daily minimum and maximum temperatures,
rainfall, relative humidity, solar radiation, and wind speed, were obtained from the Iran
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Meteorological Organization for the Qazvin station. Additionally, rainfall and hydrolog-
ical datasets spanning from 2000 to 2018 were procured from the Basic Water Resources
Studies Office of Tehran, Iran. The efficacy of the SWAT model in simulating runoff was
meticulously evaluated at the Joestan and Galinak hydrological stations, with their precise
locations depicted in Figure 1.

Despite continuous quality data evaluation and correction efforts by the Basic Water
Resources Studies Office, initial preprocessing includes sorting the time series data, remov-
ing duplicate entries, rectifying apparent inaccuracies like decimal errors in data entry, and
making necessary adjustment has been undertaken. These procedures are supported by
the analysis of index plots and scatter plots.

2.3.2. Model Evaluation

The model underwent calibration for the period 2003-2013, validation for 2014-2018,
and a three-year warm-up phase from 2000 to 2002, with the former occupying three-fourths
of the total period and the latter one-fourth. The selection of the validation period was
predicated on the similarity of physical criteria, such as climate and land use, to those of
the calibration period, ensuring consistency and reliability in model performance [57]. Both
manual sensitivity analysis and automated calibration were used. The manual calibration
of pivotal parameters for the quantification of hydrological components has unveiled pro-
found insights into the catchment’s hydrologic behavior. Automated calibration facilitated
by the SWAT-CUP program and the SUFI-2 algorithm [57-59] were employed to pinpoint
and adjust critical parameters impacting runoff simulation.

Parameters that demonstrated significant sensitivity, particularly those related to snow
processes, the Soil Conservation Service runoff curve number (CN2), and the baseflow
alpha factor (days), are outlined in Table 1. In this study, priority was given to parameters
exhibiting higher levels of uncertainty for model calibration. Consequently, parameters
associated with soil characteristics were excluded from consideration, as the properties of
the soil had been meticulously measured across 100 profiles, ensuring their accuracy.

Table 1. Calibration of Sensitive Parameters in the SWAT Model.

Parameter Min. Value  Max. Value Fitted Value

Maximum snow melting rate during the summer solstice. 0 3.5 24
Snowfall temperature 1 2.5 2.46

Initial SCS curve number II —0.05 0.05 —0.03
Soil evaporation adjustment factor 0 0.95 0.76
Threshold depth for return flow (mm) 0 700 38.5

Baseflow alpha (days) 0 0.013 0.005

Snow melt temperature 0 3 1.87
Minimum melt rate for snow (winter solstice) 0 2 0.35

Figure 3 presents a graphical depiction of the simulated discharge at the two scruti-
nized stations during both calibration and validation phases, demonstrating the model’s
proficiency in capturing the general discharge. Although the residual error values indicate
satisfactory model performance for the majority of the year, there are instances, particularly
on days with higher discharge levels, where the error margin increases. One contributing
factor to inaccuracies in semi-distributed models stems from input variables such as tem-
perature and precipitation. These climatic data, collected at local meteorological stations,
when regionalized, can lead to significant discrepancies, notably in areas with complex
topography. Within the SWAT framework, climatic inputs for each subbasin are supplied
by the meteorological station closest to the subbasin’s centroid. The challenge in precisely
quantifying errors related to rainfall or temperature distribution arises from the necessity
of data aggregation across numerous stations [60]. It is important to acknowledge that in
this investigation, the introduction of five elevation bands aimed to mitigate such errors
by refining temperature and precipitation adjustments to reflect the orographic influences
within a subbasin.
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Figure 3. Calibration and validation results of observed vs. simulated daily streamflow at Joestan
and Galinak stations. The calibration period spanned 2003-2013, while 2014-2018 served as the
validation period.

The SWAT model’s efficacy was further scrutinized using the R?, NSE, and the percent
bias (PBIAS), aligning with established evaluation metrics [57,61]. Table 2 summarizes the
statistical results of the SWAT model’s efficacy at the Joestan and Galinak stations through-
out the calibration (2003-2013) and validation (2014-2018) phases. The model’s capability
in accurately simulating daily discharge at both stations was affirmed, with the NSE and
R? surpassing the 0.5 threshold, and the PBIAS remaining within the acceptable limit of
15% [62]. The model’s uncertainty was quantified through a 95% prediction uncertainty
(95PPU) interval, established at the 2.5% and 97.5% confidence levels of the cumulative
distribution, derived from parameter uncertainties propagated via Latin hypercube sam-
pling. Model performance was adjudged satisfactory when the majority of observations fell
within the 95PPU range. The model’s fit was quantitatively assessed using the P-factor and
R-factor, where the P-factor indicates the percentage of observed data encapsulated within
the 95PPU and values exceeding 70% were deemed acceptable. The R-factor, indicative
of the 95PPU’s breadth, aimed for values below 1. Furthermore, the P-factor and R-factor
metrics underscored the model’s satisfactory performance [60]. In general, model error can
stem from parameter uncertainty, the measurement uncertainty of variables, and simplifica-
tion error resulting from excessive model structure simplification [63]. Several uncertainties
arise from anthropogenic influences, including the impact of wetlands and reservoirs on
hydrological dynamics and significant infrastructural developments like roads, dams, tun-
nels, and bridges that can generate substantial sediment loads over several years, thereby
altering water quantity and quality, as well as overlooked factors like fertilization, irrigation
practices, water diversions, and various activities within river floodplains, such as farming
and the disposal of construction debris [60]. The region examined in this study was largely
unaffected by these human activities, thus confining model uncertainties primarily to errors
stemming from simplified process representations and the measurement of variables.
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Table 2. SWAT model performance metrics at Joestan and Galinak stations.
. Joestan Galinak
Metrics
Calibration Validation Calibration Validation

P-factor 0.71 0.59 0.66 0.67
R-factor 0.66 0.72 0.8 0.81

R? 0.62 0.58 0.57 0.63

NSE 0.60 0.48 0.55 0.5
PBIAS (%) 6.4 12.6 -1.8 31

Collectively, these results underscore the SWAT model’s robustness in daily streamflow
simulation, especially at the Galinak station. One possible explanation for the model’s
superior accuracy at the Galinak station compared to Joestan could be the higher quality
of the measured rainfall and runoff data linked to the Galinak station. Furthermore, it
is conceivable that the optimal values identified for sensitive parameters in the HRUs
associated with the Galinak station better reflect real conditions.

2.4. Low Flow and High Flow

Projected daily streamflow values under SSP scenarios 126, 245, and 585 were ana-
lyzed to determine low and high flow event percentiles using the Flow Duration Curve
(FDC). An FDC, which ranks flow data over a specific period by magnitude and delin-
eates the percentage of time each flow level is exceeded [29], serves as a critical tool in
hydrological assessments. It is particularly useful in water resource planning, such as the
design of hydropower systems or water supply infrastructures, and in the evaluation of
water quality [64]. For perennial streams, low flow threshold levels are typically identified
between the 70th percentile flow (Q70, exceeded 70% of the time) and the 95th percentile
flow (Q95) on the FDC [65]. This study adopts the 90th percentile exceedance frequency on
the FDC to investigate extreme drought conditions, while the 5th percentile exceedance fre-
quency is utilized to assess high flow events. These thresholds, Q5 and Q90, are recognized
as standard indices in flow analysis [30,31,35].

Furthermore, the study employs annual maximum and minimum moving average
discharges, metrics extensively used in delineating drought and flood phenomena [36,66,67].
High flow conditions are characterized by annual maximum discharges over 1 day, 3 day,
and 7 day periods, derived from daily average discharge data. Conversely, low flow
conditions are identified by annual minimum discharges over 7 day, 30 day, and 60 day
periods, calculated from daily average discharge records at two hydrological stations.
Focusing on annual flow minima, such as 7Q and 30Q), instead of continuous daily flow
series helps reduce sensitivity to day-to-day fluctuations and artificial components of
river flow. This approach makes the annual flow minima less vulnerable to measurement
errors [68].

3. Results and Discussion
3.1. Evaluating the Performance of SDSM

The efficacy of the SDSM was rigorously evaluated using observational data from six
terrestrial stations. Variables that exhibited a p-value (<0.05) at a 95% confidence level
were deemed suitable predictors. The most effective predictors identified for precipitation
included P5_f (500 hPa air flow strength), P5_v (500 hPa meridional velocity), and prcp
(precipitation), while temp (mean temperature at 2 m) was found to be the most effective
for both minimum and maximum temperature during the calibration phase.

The performance of SDSM was further quantified using various statistical measures,
including the RMSE, NSE, and R? as summarized in Table 3. The analysis revealed that NSE
and R values for precipitation and temperature ranged between 0.8 to 0.99 during both the
calibration and validation periods, indicating satisfactory model performance [62]. Specifi-
cally, NSE values exceeding 0.5 are considered indicative of satisfactory model accuracy.
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The model exhibited commendable performance for precipitation and temperature data,
aligning with findings from previous studies for precipitation [69] and temperature [70].
Comparing the ratio of RMSE to the observed average showed the higher accuracy of
the model in temperature simulation, as evidenced by higher NSE and R? values during
both calibration and validation phases across all stations. However, the downscaling of
precipitation data may be subject to various uncertainties, including the intricacies of
local climate interactions, the coarse resolution of GCMs, their structural and parametric
configurations, and the choice of downscaling techniques [71]. The examination of the
model’s performance in downscaling precipitation across various stations revealed that the
accuracy in different stations were similar.

Table 3. Comparison of observed and downscaled variables during calibration (1979-2000) and
validation (2001-2012).

. oy Ave. 2
Station Description Model Observed RMSE NSE R

Max temperature Calibration 20.8 0.3 0.99 0.99

@) Validation 21.8 0.5 0.99 0.99

Qazvin Min temperature Calibration 6.6 0.3 0.99 0.99

°O) Validation 7.4 0.5 0.99 0.99

Precipitation Calibration 27.6 6.44 0.89 0.93

(mm) Validation 24.8 55 0.89 0.9

Precipitation Calibration 62.19 10.78 0.93 0.95

Gatehdeh (mm) Validation 62 115 09 09

. Precipitation Calibration 67.28 10.12 0.95 0.95

Dizan (mm) Validation 69.6 126 092 091

Precipitation Calibration 40.12 5.25 0.96 0.97

Sakranchal (mm) Validation 05 8.7 09 09

. Precipitation Calibration 40.25 5.18 0.96 0.97

Zidasht (mm) Validation 40.1 10.17 0.86  0.86

Joestan Precipitation Calibration 40.26 6.74 0.95 0.97

(mm) Validation 47.49 10.26 0.88 0.88

3.2. Projected Changes in Climate

In this study, the future climatic conditions, specifically maximum and minimum
temperatures and precipitation levels for the period 2040-2070, were simulated under three
SSP scenarios: SSP126, SSP245, and SSP585. The analysis revealed notable changes in
monthly temperatures and seasonal precipitation patterns compared with historical records
from 1981-2011, as illustrated in Figures 4 and 5. February and March are projected to
witness the most substantial increases in monthly average daily temperatures across all
scenarios, as depicted in Figure 4. Relative to the reference period of 1981-2011, average
daily maximum temperatures are expected to rise by 2.9 °C, 3.6 °C, and 5.1 °C under
SSP126, SSP245, and SSP585 scenarios, respectively. Similarly, enhancements in average
daily minimum temperatures are projected at 2.7 °C, 3.2 °C, and 4.6 °C across these
scenarios, highlighting a pronounced warming trend particularly during the winter and
early spring months. This trend indicates potential alterations in regional climate dynamics,
with significant implications for hydrological processes.

Figure 5 presents the forecasted percentage changes in mean seasonal rainfall for the
same future period in comparison to the historical baseline of 1981-2011, under the SSP
scenarios. These data point to an increase in precipitation during the summer and autumn
months, with the most significant rise observed in the autumn, where the increment varies
from 14.6% to 109.2% across different scenarios. In contrast, a reduction in precipitation
is anticipated during the winter months, with decreases ranging from 13% under SSP126
to 10% under SSP585. These projections suggest a future climate regime characterized by
heightened temperatures and augmented rainfall, particularly in the later part of the year.
The enhanced precipitation can be attributed to the increased capacity of warmer air to



Water 2024, 16, 805

10 of 18

Change in Max. Temperature (°C)

—_~
o
~

Change in precipitation (%)

(a)

Change in precipitation (%)

—_
o
~

S = N WA N9

10

110

9

70

50

30

10

Jan

retain and subsequently release more water vapor, a phenomenon that underscores the
likelihood of intensified hydrological cycles [72]. Consequently, these findings highlight the
need for adaptive watershed management strategies to accommodate the expected changes
in seasonal precipitation patterns and their ramifications for water resource allocation,
agricultural activities, and environmental conservation.
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Figure 4. Projected changes in maximum (a) and minimum (b) temperatures (°C) for the period
2040-2070 under SSP126, SSP245, and SSP585.
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Figure 5. Percentage change in seasonal mean precipitation for the future period 2040-2070 under
SSP126, SSP245, and SSP585, compared to the historical period 1981-2011: (a) winter, (b) spring,
(c) summer, (d) fall.

3.3. Projected Changes in Hydrology
3.3.1. Variation in Hydrologic Variables under Future Climate Changes

The calibrated SWAT model was utilized to simulate hydrological responses under
three future climate change scenarios (SSP126, SSP245, SSP585) for the period 2040-2070.
Table 4 presents the simulated impacts on key hydrological variables such as mean annual
precipitation, actual evapotranspiration, streamflow, lateral flow, snowfall, and snowmelt,
highlighting potential changes due to climate variability for the case study. Notably, evapo-
transpiration is expected to surge by approximately 60% to 74% across the SSP scenarios,
as a consequence of the anticipated temperature increases. In a study incorporating RCP4.5
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and RCP8.5 scenarios, projections indicate an increase in precipitation and transpiration
within this watershed during the period of 2020-2040 [73]. Lateral flow, or base flow, is
also projected to rise under all scenarios, with the most significant changes expected under
SSP585, followed by SSP245, indicating an overall increase in base flow ranging from 74%
to 88% by 2070. This uptick in lateral flow is likely a result of increased precipitation and
snowmelt. Conversely, surface runoff is anticipated to decline by 4% to 9.6%, attributed to
elevated temperatures and enhanced evapotranspiration rates.

Table 4. Simulated effects of climate change on hydrological variables.

. Evapotranspiration Precipitation Surface Lateral Flow Snowfall Snowmelt
Period
(mm) (mm) Runoff (mm) (mm) (mm) (mm)
Historical 322.5 825.5 152.14 114.92 462.48 360.47
SSP126 517.7 1259.8 145.87 200.04 549.46 414.97
55P245 538 1310.8 148.76 210.54 548.58 417.02
SSP585 561.6 1320.9 137.47 216.16 465.61 345.37

Based on the findings presented in Table 4, snowmelt has a significant impact on the
water balance of the watershed. As there are no glaciers in the study area, any increase in
snowmelt in the future will be a result of an increase in snowfall. Historically, snowfall
began in December, followed by snowmelt in March, with the peak occurring in April.
However, the assessment of the temporal snowmelt patterns outlined in Figure 6 suggests
that snowmelt will begin earlier in the future period. As a result, the amount of snow
melting is predicted to increase in February and March, while it is expected to decrease in
April and May. This means that there will be less snow accumulation during the warmer
months of the year and the reduction in snowfall and the melting of snow under the SSP585
aggravates this condition. In other research endeavors, it is extensively documented that
future simulations often reveal an initial rise in wintertime discharge, succeeded by a
decline in springtime discharge. This pattern is attributed to increasing temperatures,
leading to earlier snowmelt and reduced snow accumulation [74,75].

140
120 |
100 |
80 |

60

Snow melt (mm)

40

20

O —
0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
—Historical —-ssp126 ssp245 —¥-ssp585

Figure 6. Monthly snowmelt comparison between current (1981-2011) and future (2040-2070) under
SSP126, SSP245, and SSP585.

Given the identical flow patterns observed in the Joestan and Galinak stations, the
investigation focused on examining flow changes at the Galinak station situated at the
watershed’s outlet. Figure 7 delineates the projected monthly discharge changes at two
stations under the SSP scenarios. It is anticipated that discharge will rise under all scenarios,
with more pronounced increases under SSP245 and SSP585, compared to SSP126. At the
Galinak station, observations included discharge increases of 48% under SSP126, 53.6%
under SSP245, and 52.6% under SSP585 by 2070. The figure illustrates a consistent forecast
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of increased runoff across all months, with a notable surge projected for February and March
attributed to heightened snowmelt during this period. These projections underscore the
potential impacts of climate change on discharge dynamics, which could exacerbate water
management challenges, particularly during peak rainfall periods, affecting both water
resource management and ecosystem health. This necessitates a reevaluation of existing
infrastructure and adaptation strategies to accommodate the impending hydrological shifts.

50 ¢
45
40 |

W W
S

[
>

Discharge (m3/s)
N
n

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

—*—Historical —*—SSP126 SSP245 —¥—SSP585

Figure 7. Monthly runoff comparison between current (1981-2011) and future (2040-2070) under
SSP126, SSP245, and SSP585 at Galinak station.

3.3.2. Projected Change in Low Flow and High Flow

Figure 8 illustrates the FDC for Galinak station, providing a comparative analysis of
hydrological regimes between the historical period (1981-2011) and the projected future
period (2040-2070) under three SSP scenarios. This analysis reveals increases in both
high and low flow conditions, particularly in low flow at this station. High flow events,
occurring 5% of the time, are expected to surge, with an average increase of 20.6% under
SSP245 and 17.2% under SSP585, while SSP585 forecasts a lesser yet substantial rise of
about 9% by 2070. On the other hand, low flow conditions, represented by flows exceeding
90% of the time, are projected to experience a remarkable increase, ranging from 76% under
5SP126 to 100% under SSP585, with SSP245 showing an intermediate increase of 88.6%.

1000 —— Historical
——sspl126
ssp245

——sspS8s
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Figure 8. Flow duration curve comparing Qs (the left red dotted line) and Qg (the right red dotted

line) for current (1981-2011) and future (2040-2070) conditions under SSP126, SSP245, and SSP585 at

Galinak station.

In examining potential future hydrological drought conditions, annual minimum
discharges over 7 day, 30 day, and 60 day periods were analyzed at two stations, with
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findings presented in Figure 9. The results indicate an overall increase in low flow due to
heightened precipitation for the future period (2040-2070). Specifically, the annual 30 day
minimum discharge is expected to rise by an average of 60% under SSP126, 71% under
5SP245, and 80% under SSP585 compared to the historical baseline. The annual 60 day
minimum discharge shows the greatest variability, with increases of 73% under SSP126,
94% under SSP245, and 115% under SSP585 by 2070.
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30 —60 7 30 —60

sspS85

Discharge (m3/s)
a
A
\
\
\

0
1980 1990 2000 2010 2020 2030 2040 2050 2060 2070

7 30 —60

Figure 9. Projected annual 7 day, 30 day, and 60 day minimum discharge under SSP126, SSP245, and
SSP585, Galinak station.

Future flood scenarios were assessed by calculating annual maximum discharges
for 1 day, 3 day, and 7 day periods with results depicted in Figure 10. The comparison
between the annual average maximum flow for the future period and the base period
revealed that the SSP585 scenario exhibits the highest variability, predicting a rise in annual
maximum discharge by 44%, 25%, and 13% for 1 day, 3 day, and 7 day periods, respectively.
Conversely, a decrease in 1 day maximum discharge by 14% and 10% is anticipated under
SSP126 and SSP245, respectively, with a modest increase in 7 day maximum discharge by
7% and 6% under these scenarios. Although the changes in the maximum flow were less
than the low flow, the examination of the maximum flow of 1 day duration for different
years showed a sharp increase in the maximum flow for some years. The SSP585 scenario
consistently indicates the most significant increase in high flow rates, suggesting that more
severe climatic conditions yield more pronounced hydrological effects. The SSP126 and
SSP245 scenarios also project increases, albeit to a lesser extent, highlighting the differential
impacts of various climate scenarios on hydrological extremes.

Under conditions of climate change, total water resources are anticipated to rise due
to an increase in precipitation, with both low flow and high flow set to escalate across all
three scenarios. Per the FDC analysis, the SSP585 scenario exhibited the smallest increase in
high flow rates. Yet, when evaluating maximum flows over different durations (e.g., 1 day,
3 day, and 7 day maximum flows), the highest flow values were recorded under SSP585.
This implies that, under pessimistic projections, high flow rates have markedly risen in
certain years. According to these results, more severe hydrological conditions are expected.
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Figure 10. Projected annual 1 day, 3 day, and 7 day maximum discharge under SSP126, SSP245, and
SSP585 Galinak station.

4. Conclusions

This investigation delineates the dynamics of the hydrological equilibrium and the

extremities of flow patterns within a semi-arid Mediterranean basin located in Iran, em-
ploying a meticulous examination of future climatic projections derived from the CanESM5
model, across three distinct SSP scenarios (ssp126, ssp245, ssp585). The salient findings are
as follows:

The advent of climate change portends an upsurge in both precipitation and tempera-
ture across all SSP projections. Between 2040 and 2070, the anticipated modifications
in the average diurnal maximum and minimum temperatures are projected at 2.9 °C,
3.6 °C, and 5.1 °C, alongside 2.7 °C, 3.2 °C, and 4.6 °C under SSP126, SSP245, and
SSP585, respectively, compared to the historical period 1981 to 2011. Precipitation
is foreseen to experience shifts of 52.6%, 58.8%, and 60%. An analysis of seasonal
precipitation trends indicates an escalation in rainfall during the summer and autumn,
contrasted with a reduction in the winter season.

Relative to historical records, pronounced deviations are noted across essential hydro-
logical constituents. Evapotranspiration has registered changes between 60.5% and
74%, while surface runoff has varied from —4.1% to —9.6%, and snowmelt projections
indicate a 15% and 15.7% increase under SSP126 and SSP245, respectively, with a
—4.2% decrease under SSP585. The analysis of the changes in the timing of snow
melting revealed a shift correlated with rising temperatures. Specifically, the onset of
snow melting increased from March to February, while the quantity of snow melting
in April (typically the peak period) decreased. These outcomes underscore substantial
shifts in hydrological functions, accentuating the ramifications of climatic alterations
on the Taleghan watershed’s hydrological balance.

Within the Taleghan basin, climate scenarios forecasted increased alterations in evapo-
transpiration, lateral flow, snowmelt, discharge, low and high flows, whereas surface
runoff exhibited a negative trajectory.

The results underscore the necessity for heightened awareness regarding the potential

future consequences of climatic fluctuations on both water balance and flood risks within
this river basin. Consequently, policymakers in the catchment area must prioritize the
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formulation of climate adaptation strategies, emphasizing flood control, evapotranspiration
reduction, and water resource conservation. These measures are essential for bolstering
environmental and economic resilience in the face of changing climate patterns. Future
research endeavors should venture into the exploration of uncertainties inherent within
various large-scale models and divergent downscaling methodologies. The integration
of analyses to gauge the impact of land cover/use modifications attributable to climatic
variations is recommended. Augmenting the repertoire of hydrological models beyond
the confines of SWAT is advocated to refine the precision of insights into hydrological
responses amid climate change.
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