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Introduction

Drought stands as one of the most complex and devastating climate hazards, triggering far-reaching consequences for
global economies, human societies, and natural ecosystems. Recent years have yielded compellingsevidence pointing
to a worldwide surge in drought occurrences. Driven by climate change, both thefreqiiency and mtensity of these
events have escalated markedly a trend heavily documented across authoritativé international reports and historical
literature. Looking ahead, the trajectory remains deeply concerning. As temperatures cwe their upward climb
alongside unpredictable shifts in global precipitation regimes, droughts'are projected to-become even more frequent
and intense. When paired with surging water demands fueled by rapid population growth, these climate anomalies
forge a stark dichotomy between societal water needs and the actual limitations ogﬁfssible resources.

Within the specific context of Iran, shifting climate patterns and ‘extreme weather evenhts have pushed uncertainties in
strategic planning and water resource management to unprecedented léyels. Relying on a single climate model analyses
falls critically short when attempting to evaluate genuine risk. Instead, regionally assessing a phenomenon with such
intricate dynamics necessitates rigorous, multifacetedlinvestigations ﬁ%‘ing state-of-the-art data and methodologies.
To bridge this critical research gap, the present study tackles‘afoundational question: how exactly will the frequency
and intensity of droughts across Iran evolve under future climate ehange seenasios? We address this by integrating
ground-based observational data with bias-corrected, miltifmodel ensemble‘outputs from the CMIP6. Ultimately, the
core objective is to map out a lucid, highly detailed projection of how these two defining drought characteristics will
shift across the Iranian landscape. The insights generated here areintended to serve as a practical roadmap. By detailing
these future scenarios, this work providesithe foundational evidence required for policymakers to design robust
adaptation and risk management:strategies, thereby ‘safeguarding regional water and food security against the
devastating impacts of prolonged dry spells.

Materials and Methods

Robustly modeling drought dynamics and isolating its core characteristics necessitated a comprehensive analytical
framework. Thisgstructure inhcrently relies on integrating empirical baseline observations with the predictive
capabilitigs) of General Circulation®Models (GCMs). For the historical (1990 to 2014), we extracted critical
meteorologieal'variables spéﬁ:ally, precipitation and temperature from a targeted of synoptic stations. To generate
robust future climatéjproejections, the study employed a diverse ensemble of GCMs. Each model was utilized alongside
specific execution variants\to account for internal climate variability. The selected ensemble and their corresponding
variant labels are as follows: CanESMS5 (rlilpl1fl), CNRM-CM6-1 (rlilp1f2), CNRM-ESM2-1 (rlilp1f2), EC-Earth3
(rlilp1f1), GEPL-ESM4 (r1ilp1fl), IPSL-CM6A-LR (rlilp1fl), MIROCS6 (rlilp1fl), MPI-ESM1-2-HR (rlilplfl),
MRI-ESM2-0 (rlilpl 1), and UKESM1-0-LL (r1ilp1f2). Evaluating drought severity within the broader context of
global warming demands a metric highly responsive to shifting thermal and atmospheric moisture conditions. For this
purpose, we applied the Standardized Precipitation Evapotranspiration Index (SPEI). Deriving this index begins with
a foundational metric: the monthly climate water balance. By calculating the difference between incoming precipitation
and potential evapotranspiration (D; = P; — PET;), we establish the initial monthly moisture deficit or surplus
(Vicente-Serrano et al., 2020). These raw calculated values, however, must be statistically normalized to allow for
spatial and temporal comparability. Consequently, the resulting time series is fitted to a log-logistic probability
distribution function. Because this specific statistical distribution effectively captures the heavy-tailed behavior typical
of hydro climatological extremes, it provides a highly accurate representation of the data. Through this statistical fitting
procedure, the cumulative probabilities are ultimately transformed into a standard normal distribution to yield the final
standardized drought index.

Results and Discussion



To better comprehend the variability of drought events across Iran, the present study evaluated the performance of
CMIP6 models and their capacity to project key drought characteristics. Assessing the multi-model ensemble (CMIP6-
MME) in reproducing the 12-month Standardized Precipitation Evapotranspiration Index (SPEI-12) over a historical
(1990-2014) across nine synoptic stations reveals a systematic dry bias inherent to the ensemble output for the country’s
arid and semi-arid climates. This discrepancy is most acutely observed at the Mashhad station, where the bias value
dropped to -0.47. Such evaluations expose a clear spatial heterogeneity in simulation accuracy. The CMIP6-MME
adeptly modeled the multi-year cycles of the SPEI across higher latitudes and within mountainous, semi-arid terrains
like Tabriz and Mashhad. Conversely, the ensemble struggled significantly in the Caspian climate zone (Gorgan
station). This underperformance stems directly from the restricted horizontal resolution ofiGeneral Circulation Models
(GCMs), which fail to adequately capture intricate land-sea interactions alongside the topographic forcing exerted by
the Alborz Mountains. Historical drought profiling across Iran demonstrated that higher latitides and mountainous
expanses have recently suffered severe drought episodes, recording SPEI values ranging from - 1.5t0,-1.73. Strikingly,
these regions experienced such extremes despite historically maintaining more positive precipitation balances a shift
driven largely by the pervasive influence of global warming signals and a caseading rise in potentialng\)otranspiration
(PET). Echoing findings from broader global literature, this data points to a fundamentalyshift in climate dynamics.
The escalating severity of droughts over recent decades is no longer dictated primarilysby precipitation shortfalls;
instead, it is intrinsically tied to a surging atmospheric evaporative demand (AED). \

Conclusion

Drawing upon CMIP6 multi-model ensemble outputs, this research conclusively demonstrates that global warming
and escalating atmospheric evaporative demand (AED) will fundamentally alter the structural dynamics of drought
across Iran. The trajectory of future warming directly dictates the severity of these events. Specifically, as climate
scenarios transition from the moderate SSP1-2.6 pathway to the high<emission SSP5-8.5, dry spells striking the mid-
latitudes and southern territories will experience a profound ampli&&ion in intensity. This shifting climate reality
necessitates a radical recalibration of national water resourcepfhanagement strategies. Adaptive frameworks in the
northern strip must now be optimized to counteract frequeiit, ?&u mild, water shortages. The southern expanse
dictates an entirely different priority building robust infrastructure and sogio-ecological resilience against less frequent
but acutely extreme and critical drought,episodes. Ultimately, tracking these evolving spatial shifts relies on evaluating
dry periods across standardized timeseales, accompanied by a eritical focus on the increasingly dominant role that
potential evapotranspiration will play in‘shaping Iran’sifuturefclimate.
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Fig 1. Evaluation of the CMIP6 multi-model ensemble (MME) in replicating temporal drought variability
over the historical (1990-2014). The time series of the observational SPEI-12 index (bar chart) and the
simulated multi-model ensemble output (solid line), along with its uncertainty band (shaded area), are
presented. The panels capturethree distinct climate regions: a) Gorgan (Caspian), b) Tabriz (cold
mountainous), and c¢) Mashhad (semi-arid).
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Fig 4. Spatiotemporal distribution of anomalies in drought frequency across Iran for the near-future (2026-
2050), mid-future (2051-2075), and far-future (2076—2100) periods relative to the historical (1990-2014). The
analysis is derived from the CMIP6 multi-model ensemble (CMIP6-MME) under the shared socioeconomic
pathways SSP1-2.6, SSP3-7.0, and SSP5-8.5.
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