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Drought in semi-arid regions has widespread impacts on water resources, ecosystems, and
communities. This study focuses on projecting meteorological and hydrological drought in
the western part of the Lake Urmia basin (from Zolachay to Zab) using the LARS-WG and
HEC-HMS models under the SSP5-8.5 scenario. The SPI and SPEI indices were calculated
for meteorological drought, and the SSI and SDI indices for hydrological drought. Daily
precipitation and discharge data from 20 stations were analyzed for the baseline period
(1983-2022), the near future (2022-2061), and the far future (2061-2100). The results show
an increase in the frequency and severity of hydrological droughts from the 2000s onward.
The discrepancy between meteorological and hydrological indices highlights the role of
anthropogenic factors, such as excessive water withdrawal. Climate projecting using LARS-
WG indicates a temperature increase of 1.6 to 2.4 °C and a mean precipitation decrease of
2.9 to 3.3%. Results from the HEC-HMS model also show that surface runoff will decrease
by 8.1% in the near future and by 11.2% in the far future compared to the baseline period. In
future periods, the anomaly of drought severity for the hydrological indices (SSI and SDI)
will be highest during the warm months (June to September), increasing by up to 1.6 units,
while for the meteorological indices (SPI and SPEI), intensification is observed in autumn.
Furthermore, drought duration in the far future will increase to 35 months. These findings
emphasize the need for sustainable water resource policies and provide a basis for drought
risk management in the basin.
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Introduction

Drought is a complex natural phenomenon characterized by prolonged deficits in water
availability and manifests in multiple forms, including meteorological, agricultural, and
hydrological droughts. Meteorological drought originates from precipitation deficits, whereas
hydrological drought reflects delayed responses in surface and subsurface water systems such
as river discharge, reservoirs, and aquifers. The transition from meteorological to hydrological
drought, often referred to as drought propagation, is influenced by both climatic drivers and
human interventions, including land-use change, reservoir operation, and water abstraction.
Climate change is expected to intensify drought characteristics globally through increased
temperatures, altered precipitation regimes, and enhanced evapotranspiration. Semi-arid
regions are particularly sensitive to these changes. The Urmia Lake Basin exemplifies this
vulnerability, where declining precipitation, rising temperatures, extensive agricultural
expansion, and unsustainable water management practices have jointly contributed to one of
the most severe lake desiccation crises in the Middle East. Previous studies in the basin have
highlighted increasing drought frequency and severity, reductions in surface runoff, and
significant discrepancies between meteorological and hydrological drought signals. However,
limited research has simultaneously projected future meteorological and hydrological
droughts using integrated climate and hydrological models under the latest CMIP6 scenarios.
Addressing this gap is essential for understanding future drought risks and supporting
sustainable water resource management in the basin.

Method

Study Area

The Urmia Lake Basin covers approximately 52,000 km? and is located in northwestern Iran.
The western part of the basin, covering about 11,750 km?, was selected for this study. The
region exhibits a Mediterranean-type climate with cold winters and mild to warm summers.
Mean annual precipitation during the baseline period (1983—-2022) is approximately 376 mm,
with maximum rainfall occurring in March and minimum rainfall in August. Mean annual
temperature is about 10.7 °C. Hydrometeorological data from 20 meteorological and
hydrometric stations were used, along with information on dams, diversion structures, land
use, and topography.

Drought Indices

Meteorological drought was quantified using SPI and SPEI at a 6-month timescale, selected
for its stronger correspondence with hydrological drought indices. SPI relies solely on
precipitation data, while SPEI incorporates potential evapotranspiration and thus accounts for
temperature effects. Hydrological drought was assessed using SSI, which standardizes
streamflow anomalies, and SDI, which evaluates cumulative streamflow deficits. The
standardized nature of all four indices enables direct comparison of drought intensity and
duration across meteorological and hydrological dimensions.

Climate Downscaling and Hydrological Modeling

Future climate variables were generated using the LARS-WG version 8 weather generator,
calibrated with observed daily precipitation and temperature data. Outputs from six CMIP6
global climate models were averaged under the SSP5-8.5 scenario to represent a pessimistic,
high-emission future pathway. The HEC-HMS model was employed to simulate rainfall—
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runoff processes across the basin. Model calibration and validation were performed using
observed streamflow data, and performance was evaluated using R?>, RMSE, MAE, and Nash—
Sutcliffe Efficiency (NSE). The calibrated model was then forced with downscaled climate
data to estimate future surface runoff and derive hydrological drought indices.

Results

The analysis of baseline conditions revealed a marked increase in hydrological drought
frequency and severity after the early 2000s. While meteorological drought indices exhibited
intermittent recovery periods, hydrological drought indices showed more persistent negative
values, indicating longer-lasting and more severe hydrological droughts. This divergence
highlights the cumulative impacts of water withdrawals, dam operations, and reduced
groundwater recharge. Climate projections indicate a consistent warming trend across the
basin. In the near future, mean maximum and minimum temperatures are projected to increase
by approximately 1.2 °C and 1.6 °C, respectively, while precipitation is expected to decrease
by about 3.3%. In the far future, temperature increases reach up to 4.2 °C (maximum) and 1.8
°C (minimum), accompanied by a precipitation reduction of about 9.2%.

HEC-HMS simulations show that surface runoff will decrease by approximately 8.1% in the
near future and 11.2% in the far future relative to the baseline period. The most significant
reductions occur during spring months, which traditionally contribute the largest share of
annual runoff. Monthly drought analysis indicates that meteorological drought intensification
is most pronounced in autumn, particularly as measured by SPI. In contrast, hydrological
drought indices (SSI and SDI) exhibit maximum intensification during warm months from
June to October, with drought intensity anomalies reaching up to 1.6 units. Additionally,
drought duration is projected to increase substantially, with hydrological droughts extending
by up to 35 months in the far future.

Conclusions

This study demonstrates that future drought conditions in the western Urmia Lake Basin will
intensify in both meteorological and hydrological dimensions under the SSP5-8.5 scenario.
Rising temperatures, declining precipitation, and reduced surface runoff collectively
exacerbate drought severity, duration, and seasonal persistence. Hydrological droughts are
projected to become more severe and long-lasting than meteorological droughts, underscoring
the dominant role of human water use and management practices in amplifying climate-
induced stress. The findings emphasize the urgent need for integrated and sustainable water
resource management strategies that account for future climate uncertainty and anthropogenic
pressures. The results provide a scientific basis for drought risk mitigation, adaptive planning,
and policy development to preserve the hydrological and ecological stability of the Urmia
Lake Basin.
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West of Lake Urmia basin
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R2 MSE RMSE | MAE | R2 | MSE | RMSE | MAE | R2 | MSE | RMSE | MAE
AbajaloSofla 0.97 5.51 2.35 1.97 1 1.90 1.38 1.27 1 0.70 0.84 0.76
BabaRod 0.92 338.09 18.39 14.78 1 0.11 0.34 0.27 1 0.07 0.26 0.21
Bitas 0.76 | 3751.44 61.25 46.88 1 0.24 0.49 0.33 1 0.31 0.55 0.39
ChaparAbad 0.88 75.78 8.71 6.82 1 0.48 0.69 0.54 1 1.91 1.38 1.27
ChehrigOlia 0.95 28.81 5.37 4.55 1 5.59 2.36 2.21 1 1.41 1.19 1.07
Dizaj 0.94 23.57 4.85 3.47 1 0.19 0.43 0.34 1 0.16 0.40 0.33
Gasemlo 0.94 24.62 4.96 4.28 1 0.11 0.33 0.24 1 0.03 0.17 0.15
HashemAbad 0.93 62.97 7.94 6.09 1 0.04 0.19 0.13 1 0.05 0.21 0.18
Kalhor 0.90 35.05 5.92 4.95 1 0.05 0.22 0.17 1 0.07 0.27 0.20
KarimAbad 0.97 22.15 4.71 3.85 1 0.06 0.24 0.20 1 0.12 0.34 0.25
Kotar 0.94 27.85 5.28 4.39 1 0.07 0.26 0.22 1 0.05 0.23 0.20
Marzesero 0.89 42.70 6.53 4.56 1 0.09 0.30 0.25 1 0.10 0.31 0.24
Nagadeh 0.93 26.28 5.13 4.15 1 0.66 0.81 0.72 1 0.13 0.36 0.26
NazarAbad 0.92 37.96 6.16 4.14 1 0.06 0.24 0.18 1 0.10 0.31 0.23
Orban 0.92 246.41 15.70 12.81 1 1.61 1.27 1.16 1 1.01 1.01 0.91
PayGaleh 0.98 18.82 4.34 3.40 1 0.18 0.43 0.37 1 0.09 0.30 0.26
Pejak 0.97 15.79 3.97 3.31 1 0.18 0.43 0.30 1 0.18 0.43 0.36
PolehBahramlo 0.94 40.56 6.37 5.23 1 3.54 1.88 1.58 1 0.49 0.70 0.57
Tapik 0.95 18.34 4.28 2.82 1 0.13 0.37 0.29 1 0.47 0.69 0.58
YalgozAghaj 0.94 6.85 2.62 2.07 1 0.06 0.24 0.17 1 0.02 0.16 0.13
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