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Extended Abstract

Introduction

Drought is a complex and gradual climatic phenomenon that has widespread environmental, economic, and social
impacts due to long-term reductions in rainfall and the scarcity of water resources. As global climate change
intensifies, resulting in warmer and drier conditions, both the frequency and severity of droughts are increasing,
thereby necessitating more precise monitoring systems and comprehensive quantitative analyses. Indices such as
SPI are used to identify and assess the severity and frequency of droughts. Droughts are typically categorized into
three distinct types, meteorological, agricultural, and hydrological, each of which exerts unique impacts on natural
resources and anthropogenic activities. Meanwhile, the Moghan Plain, as one of the country's important
agricultural regions, has been severely affected by recent droughts.

Materials and Methods

This study employed the Standard Precipitation Index (SPI) and CMIP6 climate models to predict future drought
conditions in the Moghan Plain. Precipitation data from 15 meteorological and rain gauge stations were obtained
from the Iranian Meteorological Organization (IRIMO.IR) and the Ardabil Regional Water Company. Then, 10
valid models from the sixth CMIP6 report, which are known for their superior performance in simulating
precipitation parameters based on previous studies, were selected, and their historical data were collected. The
CMhyd downscaling model and four bias correction methods were used to correct data biases. In order to evaluate
the efficiency of the models, the corrected data were compared with observational data, and the top five models
were selected. Then, using the Hamadi weighted average method for the top models, precipitation changes were
predicted for two emissions scenarios (moderate (SSP2-4.5) and pessimistic (SSP5-8.5) climate scenarios).
Finally, the drought situation was examined at 6 and 12-month time scales and the trend of changes was analyzed
using the modified Mann-Kendall test.

Results and Discussion

The performance of CMIP6 models with four bias correction methods showed that the linear precipitation scaling
method produced the best results. The EC-Earth3 model was recognized as the most accurate model, followed by
the GFDL-ESM4, EC-Earth3-Veg, MIROC6, and MRI-ESM2-0 models. Spatio-temporal analysis of annual
precipitation in the Moghan Plain shows a decrease in the precipitation pattern from the southeast to the northwest.
Projections indicate an increase in annual precipitation and a decrease in precipitation in warmer months under
SSP2-4.5 (medium emission) and SSP5-8.5 (high emission) scenarios, which could jeopardize the sustainability
of agriculture in the Moghan Plain by affecting water availability during the growing season. Analysis of the six-
month SPI index during the observation period shows an increasing trend and a decrease in drought intensity in
most stations. However, in the SSP2-4.5 scenario, Garmi and Zahra stations, and in SSP5-8.5, Garmi, Dasht, and
Parsabad stations are projected to experience a decrease in SPI and an increase in drought. The results of the 12-
month SPI analysis also confirm an increasing trend in most stations and a decrease in drought intensity during
the observation period. In SSP2-4.5, no significant changes are observed, indicating a relatively stable climate.
However, under SSP5-8.5, some stations such as Agha Mohammad Biglo and Dasht show a significant decreasing
trend, pointing to more severe and prolonged droughts. The analysis of the frequency of the six-month SPI index
(period 1985-2014) shows that the normal condition was the most frequent, followed by drought and mild and
moderate wetness, while severe events were observed less frequently. In the period 2025-2050, under SSP2-4.5,
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the frequency of drought and mild wetness events is expected to increase, while severe events are projected to
decrease. In SSP5-8.5, despite the increase in precipitation, the concentration of mild and moderate droughts will
increase in autumn. The climatic sequence during the observation period shows that the normal class has the most
stable condition, and droughts are mainly short-term. In the future, long-term normal sequences will continue, but
some areas of the Moghan Plain will face a higher risk of drought. In the statistical and spatial analysis of the
observation period with a 12-month scale, the normal class has the highest frequency, indicating the relative
stability of the climate. The stations of Qarakhan Biglo and Parsabad are known as unstable centers, and the Zahra
station is known as a highly stable center. In the SSP2-4.5 scenario, the normal class continues to dominate, but
seasonal fluctuations increase, especially in summer. Stations such as Oslandoz and Shourestan will have more
severe fluctuations. In SSP5-8.5, similar conditions are also seen with greater intensity. The months of June and
September are relatively more stable, while March and August show the peaks of drought and wetness. The drought
classification time series shows that the normal class tends to persist for longer periods, especially in five-month
and long-term durations. Meanwhile, short-term mild and moderate droughts are frequently observed in most
stations. In the future, although the pattern of frequency and sequence will be relatively stable, the severity of
extreme conditions will increase at some stations.

Conclusion

In this study, the linear precipitation scaling method was identified as the most effective technique for bias
correction of CMIP6 climate models in simulating the rainfall of the Moghan Plain. The EC-Earth3 model showed
superior performance and was used together with four other models to build the Hamadi model. The results of the
base period (1985-2014) confirmed the spatial pattern of precipitation with a maximum in the east and southeast
and a minimum in the west of the region. Climate projections for the period 2025-2050 indicate an increase in
annual precipitation in most areas, especially in the west of the region, while summer precipitation is expected to
decrease. The Standardized Drought Index (SPI) at six-month and twelve-month scales showed that in the SSP2-
4.5 scenario, relative climate stability is maintained, but in SSP5-8.5, the probability of more severe droughts
increases. Despite the continued dominance of the normal class, seasonal fluctuations and the intensity of extreme
phenomena will increase at some stations.
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Table 1- Characteristics of the studied stations in the Moghan Plain

station Station type latitude Longitude elevation
Parsabad synoptic 39.6 47.77 72.6
Bilehsavar synoptic 39.36 48.31 1014
Germi synoptic 39.05 48.05 749
Aslandoz Pluviometry 39.44 47.41 170
Zahra Pluviometry 39.04 48.29 676
Shorgol Pluviometry 39.25 47.9 644
Savalan Pluviometry 39.58 47.95 48
Dasht Pluviometry 39.62 47.98 65
Jafarabad Pluviometry 39.43 48.09 180
Gharakhanbayglo Pluviometry 39.09 47.65 590
Boran Pluviometry 39.31 47.51 250
Aghamohammadbayglo Pluviometry 39.16 47.55 340
Shorestan Pluviometry 39 47.52 415
Tazekandengot Pluviometry 39.04 47.74 790
Enjillo Pluviometry 39.17 48.07 383
(CMIP6 comw y Caglusg 1 ausio) CMIPG ;1 adlao 3590 (51 Jo Clasuive —F Joi
Table 2- Specifications of the models studied from CMIP6 (Source: CMIP6 official website)
Atmospheric
Model Developing institution spatial resolution
(degrees)
ACCES Commonwealth Scientific and Industrial Research Organisation And Australian
1.25 * 1.87
S-CM2 Bureau of Meteorology
CCI;\I/%YII_ Centre National de Recherches Météorologiques 14%1.4
Elir(t:}-ﬁ A consortium of European meteorological and climate institutions 0.7*0.7
GFDL-  Geophysical Fluid Dynamics Laboratory (GFDL), affiliated with the National Oceanic 1%13
ESM4 and Atmospheric Administration (NOAA), United States )
MIROC A cor_lsortium of the University of Tokyo, the National Instit_ute for Environmental
6 Studies (NIES), and the Japan Agency for Marine-Earth Science and Technology 14*14
(JAMSTEC)
MPI-
ESM1- Max Planck Institute for Meteorology (MPI-M), Germany 0.9*09
2-HR
MRI- Meteorological Research Institute (MRI), Japan 1.125 % 1.125
ESM2-0 ’ ) ]
NorES Norwegian Research Centre for Climate and Environment (part of NORCE and the 5% 187
M2-LM Bjerknes Centre for Climate Research), Norway ) )
Ci;[ﬂSES Canadian Centre for Climate Modelling and Analysis (CCCma), Canada 28*2.8
EC-
Earth3- A consortium of European meteorological and climate institutions 0.7*0.7
Veg

! _ https://www.werp-climate.org/wgcm-cmip/wgem-

cmipb
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Figure 2 - Flowchart of research steps
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(Khadempour et al, 2025) SSP5-8.5 § SSP2-4.5 sWgy ylw Claswine -V Joio
Table 3- Characteristics of SSP2-4.5 and SSP5-8.5 scenarios (Khadempour et al, 2025)

Characteristics SSP2-4.5 SSP5-8.5
Development . . .
Technology Medium development, rapid but uneven Rapid development
Carbon Intensity Medium High
Energy Some investment in renewables, but Shift towards fossil fuels; alternative sources not
Technology . . . .
continued reliance on fossil fuels actively pursued
Change
Economic Growth . . .
and Lifestyle Moderate and uneven per capita growth High per capita growth
Globalization Semi-open globalized economy Highly globalized, increasingly interconnected

Consumption and

Material-intensive consumption, moderate

Materialism, conspicuous consumption, tourism, and

Diet meat consumption meat-rich diets
Policies and . . . . . . .
Institutions Relatively weak international cooperation  Effective cooperation in pursuing development goals
Environmental Concern for local pollutants with Focus on the local environment with clear welfare
Policy moderate success benefits, low concern for global issues

Policy Orientation Weak focus on sustainability

Move towards development, free market, human
capital
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2 - Impacts, Adaptation, and Vulnerability Community
(IAM)
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Table 4- Classification of drought and wet periods based on
SPI index (Mosaedi and Ghabaei Sough, 2011)

SPI Index Classification

Severe Wet >2
Moderate Wet 1.5t01.99
Mild Wet 1to1.49
Normal -0.99 to 0.99
Mild Drought -1 to -1.49
Moderate Drought -1.5t0 -1.99

Severe Drought <-2
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Table 5- Average performance results of CMIP6 models according to the linear scaling method for all studied stations in the base

period

Model MSE RMSE MAE R?
ACCESS-CM2 0.66 0.60 0.33 0.99
CNRM-CM6-1 0.62 0.56 0.31 0.99
CanESM5 0.72 0.64 0.35 0.99
EC-Earth3 0.17 0.24 0.15 0.99
EC-Earth3-Veg 0.39 0.38 0.21 0.99
GFDL-ESM4 0.30 0.36 0.22 0.99
MIROC6 0.44 0.50 0.29 0.99
MPI-ESM1-2-HR 0.74 0.54 0.30 0.99
MRI-ESM2-0 0.61 0.54 0.28 0.99
NorESM2-LM 0.74 0.62 0.35 0.99
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Figure 3 - Annual annual map of the Moghan Plain based on observational data (a), Historical data of the Hammadi model (b),
Medium scenario SSP2-4.5 based on Hamadi model output (c), and (d) Pessimistic scenario SSP5-8.5 based on Hamadi model

output.
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Table 6- Modified Mann-Kendall statistic results and Sen's slope for SPI at six-month scale according to observational data and
Hamadi model scenario output

Observational data SSP2-4.5 SSP5-8.5

Station SenSlope  ZValue  PValue SenSlope  ZValue  PValue SenSlope  ZValue  PValue
Aghamohammadbayglo 0.02 5.27 0 0.01 -1.29 0.19 0.01 -1.16 0.24
Aslandoz 0.01 4.64 0 0.01 -0.29 0.76 0.01 -0.17 0.86
Bilehsavar 0.02 1.15 0.24 0.01 0.08 0.93 0.01 -1.85 0.06
Boran 0.008 -6.14 0 0.01 0.21 0.83 0.01 -1.34 0.17
Dasht 0.01 3.42 0.0006 0.01 0.4 0.68 0.009 -2.31 0.02
Enjillo 0.01 2.3 0.02 0.01 -1.43 0.14 0.009 -1.62 0.1
Germi 0.02 2.07 0.03 0.009 -2.65 0.008 0.009 -2.06 0.03
Gharakhanbayglo 0.008 3.19 0.001 0.01 -1.07 0.28 0.01 -0.76 0.44
Jafarabad 0.01 6.73 0 0.01 0.64 0.51 0.01 -1.58 0.11
Parsabad 0.008 1.24 0.21 0.01 0.06 0.94 0.01 -2.05 0.03
Savalan 0.01 3.07 0.002 0.01 0.22 0.82 0.009 -1.51 0.12
Shorestan 0.01 2.39 0.01 0.01 -0.68 0.49 0.01 -0.71 0.47
Shorgol 0.01 4.09 0 0.01 -1.2 0.22 0.009 -1.49 0.13
Tazekandengot 0.01 0.465 0.64 0.01 -1.18 0.23 0.01 -1.62 0.1
Zahra 0.01 2.21 0.02 0.008 -3.42 0.0006 0.009 -1.66 0.09
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Table 7- Modified Mann-Kendall statistic results and Sen's slope for SPI at 12-month scale according to observational data and
Hamadi model scenario output

Observational data SSP2-4.5 SSPS-8.5
Station SenSlope ~ ZValue  PValue SenSlope  ZValue  PValue SenSlope  ZValue  PValue
Aghamohammadbayglo 0.01 5.8 0 0.01 -0.33 0.73 0.009 -3.03 0.002
Aslandoz 0.01 4.81 0 0.01 0.21 0.83 0.01 0.38 0.7
Bilehsavar 0.02 1.25 0.2 0.009 -0.03 0.97 0.009 -2.18 0.029
Boran 0.008 -8.65 0 0.01 0.62 0.53 0.01 -1.73 0.083
Dasht 0.012 6.1 0 0.01 0.55 0.57 0.01 -5.007 0
Enjillo 0.01 3.97 0 0.009 -0.56 0.57 0.009 -2.54 0.01
Germi 0.02 3.01 0.002 0.009 -0.94 0.34 0.009 -2.27 0.02
Gharakhanbayglo 0.008 6.96 0 0.01 -0.34 0.73 0.01 -1.18 0.23
Jafarabad 0.011 6.28 0 0.01 0.55 0.58 0.009 -6.02 0
Parsabad 0.008 1.34 0.17 0.01 0.37 0.7 0.01 2.7 0.006
Savalan 0.01 3.33 0.0008 0.01 0.38 0.7 0.01 -2.98 0.002
Shorestan 0.01 3.79 0.0001 0.01 0.06 0.94 0.01 -1.38 0.16
Shorgol 0.01 5.38 0 0.01 -0.16 0.86 0.009 -1.9 0.05
Tazekandengot 0.01 0.91 0.35 0.01 -0.1 0.91 0.01 -1.9 0.05
Zahra 0.01 3.73 0.0001 0.009 -141 0.15 0.009 -3.54 0.0003
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Figure 5- Frequency of SPI drought classes on a six-month scale for the study stations in the base period (1985-2014) (a), Future
period (2025-2050) according to the SSP2-4.5 medium scenario (b), and Future period (2025-2050) according to the pessimistic
scenario SSP5-8.5 (¢)
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Figure 6 - Frequency of SPI drought classes on a six-month scale for Gregorian months in the base period (1985-2014) (a), Future
period (2025-2050) according to the SSP2-4.5 medium scenario (b), and Future period (2025-2050) according to the pessimistic
scenario SSP5-8.5 (c)
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Figure 7- Frequency of SPI drought class sequences at a six-month scale for the study stations in the base period (1985-2014) (a),
Future period (2025-2050) according to the SSP2-4.5 medium scenario (b), and Future period (2025-2050) according to the
pessimistic scenario SSP5-8.5 (c)
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Figure 8- Frequency of SPI drought classes on a 12-month scale for the study stations in the base period (1985-2014) (a), Future
period (2025-2050) according to the SSP2-4.5 medium scenario (b), and Future period (2025-2050) according to the pessimistic
scenario SSP5-8.5 (¢)
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Figure 9 - Frequency of SPI drought classes on a 12-month scale for Gregorian months in the base period (1985-2014) (a), Future
period (2025-2050) according to the SSP2-4.5 medium scenario (b), Future period (2025-2050) according to the pessimistic scenario
SSPS-8.5 (¢)
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Figure 10- Frequency of SPI drought class sequences on a 12-month scale for the study stations in the base period (1985-2014) (a),
Future period (2025-2050) according to the SSP2-4.5 medium scenario (b), and Future period (2025-2050) according to the
pessimistic scenario SSP5-8.5 (c)
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