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Objective: Northeastern Iran is acutely vulnerable to environmental hazards, a vulnerability largely driven
by persistent droughts and widespread land-use changes. Despite this deep-seated ecological sensitivity,
the development of robust risk management and hazard mitigation strategies has been severely hindered
by a distinct lack of predictive dust simulations. Addressing this critical shortfall, the present study is
designed to elucidate exactly how regional dust occurrences respond to global warming. By doing so, we
provide a rigorous assessment of future dust emission trajectories under shifting climate conditions.
Methodology: Fundamentally, this research leverages the synergy between remote sensing observations
and climate projections derived from the CMIP6-HighResMIP. To effectively monitor and extract acrosol
optical depth (AOD) dynamics, we processed the MAIAC satellite product at a fine horizontal resolution
of 1,000 meters, spanning the 2001-2025 period. Evaluating the intensity of dust source activities
alongside the classification of particulate concentrations required a robust statistical approach. To achieve
this, an event frequency index was computed across three distinct thresholds: AOD > 0.25, AOD > 0.50,
and AOD > 1.0. Projecting future dust aerosol occurrences for the 20262050 period involved extracting
simulation data from the CNRM-CM6-1 model outputs, which are governed by the HighResMIP protocol
at a 50-km horizontal resolution. Ultimately, to capture internal variability, a multi-member ensemble was
generated utilizing three independent realizations of this model.

Results: Topographic gradients and proximity to the transboundary Karakum hotspots directly govern the
structural heterogeneity of aerosols across the northeast of Iran. Long-term observational data reveal that
the aerosol optical depth (AOD) fluctuates between 0.05 and 0.43. The eastern maxima cores, recording
historical values from 0.23 to 0.43, are currently experiencing positive upward trends of up to 0.12 per
decade. In stark contrast, mountainous terrain acts as an aerodynamic shield that effectively suppresses
these concentrations to a significantly lower range of 0.05 to 0.14. Background event frequencies within
the eastern cores are 22.7% to 38.7%. When extreme storm thresholds are breached, aerosol generation
across the central zones abruptly ceases, confining particle production strictly to the eastern border focal
points at a peak of 14%. Historical multi-member ensemble simulations estimate a narrower mean AOD
bracket of 0.13 to 0.21, with a dampening effect primarily driven by sub-grid smoothing artifacts. The
future projection shows a substantial amplification in aerosol loading along the northeastern corridor, at a
rate of between 27.7% and 30.64%. Conversely, anticipated growth throughout the western sectors
remains heavily marginalized, restricted to a mere 1.33% to 4.27%.

Conclusions: According to the results, the increasing trend of aerosol optical depth (AOD) is
fundamentally rooted in thermodynamic shifts, driven by soil moisture depletion and a depressed threshold
for wind friction velocity. As aerosols accumulate, their resulting thermal loading disrupts the radiative
equilibrium between the surface and the atmosphere. This dynamic cools the ground while simultaneously
warming the upper atmosphere. The static stability induced by such a temperature inversion ultimately
stifles convective precipitation. To preserve the resilience of regional food security against these cascading
impacts, policy frameworks must prioritize climate adaptation strategies anchored in integrated soil and
water management. Parallel to these domestic efforts, proactive environmental diplomacy remains
essential to mitigate and stabilize transboundary dust emission hotspots.
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Introduction

Driven predominantly by anthropogenic activities, global warming and broader climate change have
fundamentally altered atmospheric and environmental conditions on a planetary scale. Such shifts
manifest most acutely in arid and semi-arid environments. Within these vulnerable zones, a complex
interplay of rising temperatures, shifting precipitation regimes, and altered wind dynamics continuously
dictates the frequency and severity of dust events. Constituting roughly half of the tropospheric aerosol
mass burden, dust particulate matter stands as a critical atmospheric pollutant that substantially modifies
Earth system dynamics. Beyond simply absorbing and scattering solar radiation, these suspended particles
function as cloud condensation nuclei (CCN), thereby fundamentally restructuring cloud optical
properties and the broader Earth-atmosphere energy budget. Despite being acutely susceptible to
environmental degradation, recurrent droughts, and extensive land-use modifications, northeastern Iran—
particularly the Khorasan Razavi province—suffers from a notable research gap regarding the precise
projection of future dust occurrences. There is a conspicuous absence of comprehensive literature capable
of meaningfully bridging high-resolution observational data with advanced climate simulations across
this complex topography. Deciphering exactly how atmospheric dust dynamics respond to climate shifts
in this locale remains indispensable for formulating robust risk management and hazard mitigation
frameworks.

Motivated by this critical imperative, the current research sets out to resolve a pivotal question: How
will dust events across northeastern Iran respond to global warming? To investigate this, aerosol optical
depth (AOD) dynamics were first assessed over a historical period (2001-2025) using advanced MAIAC
satellite retrievals at a fine spatial resolution of 1000 meters. Following this historical evaluation, future
simulation (2026-2050) were projected utilizing state-of-the-art CMIP6-HighResMIP simulations. To
rigorously quantify and categorize the severity of these events, we applied a standardized threshold-based
frequency of occurrence (FOO) methodology. Under this analytical framework, values of AOD > 0.25
denote weak events or baseline background pollution. Readings of AOD > 0.5 signify moderate episodes
that noticeably degrade horizontal visibility, whereas AOD > 1.0 serves as the benchmark for severe and
extreme dust storms.

Method

Methodologically, this study is anchored in the strategic synergy between empirical remote sensing
observations and predictive outputs from the CMIP6-HighResMIP project. To accurately monitor and
retrieve aerosol optical depth (AOD) dynamics, high-resolution MAIAC satellite products—mapped to a
fine 1000-m spatial grid—were processed over a historical period extending from 2001 to 2025. The
intensity of dust source activation and the subsequent categorization of particulate mass concentrations
were rigorously quantified using the frequency of occurrence (FOO) metric. This classification was
executed across three distinct severity thresholds: AOD > 0.25, AOD = 0.50, and AOD = 1.0.
Shifting to future projections (2026-2050), the study extracted simulated atmospheric dust aerosol data
from the CNRM-CM6-1 model, which operates within the broader CMIP6-HighResMIP protocol at a 50-
km horizontal resolution. Recognizing the inherent uncertainties that typically accompany standalone
climate modeling, we constructed a robust multi-member ensemble. By integrating three fully
independent realization runs of the CNRM-CM6-1 model, this ensemble approach systematically
constrains predictive variance and ensures greater reliability in simulating the future dust event
trajectories.
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Results

The spatial distribution of aerosol optical depth (AOD) across northeastern Iran is characterized by
severe heterogeneity, a pattern largely governed by steep topographic gradients and intricate atmospheric
dynamics. Extracted via the MAIAC algorithm, the long-term mean AOD for the historical baseline
(2001-2025) fluctuates within a range of 0.05 to 0.43. Zones of maximum aerosol loading, exhibiting
values between 0.23 and 0.43, are heavily concentrated along the eastern and southeastern territorial
strips, encompassing the Sarakhs, Saleh Abad, Torbat-e Jam, Taybad, and Khaf counties. This localized
intensification is a direct consequence of the region’s geographical proximity to major transboundary dust
hubs namely, the Karakum Desert and the arid plains of Afghanistan. When coupled with the dominant
Levar (120-day) wind transport corridors, these conditions maximize the emissive potential of particulate
matter from desiccated playa beds. Consequently, atmospheric loads in these areas persistently hover
around the baseline pollution threshold (AOD = 0.25), demonstrating a substantial propensity to rapidly
escalate into moderate dust episodes (AOD = 0.5).

The CMIP6-HighResMIP simulation for 2026—2050 indicates a ubiquitous, relative increase in AOD
across the entire study area, with positive shifts ranging from 1.33 to 30.64% relative to historical levels.
The climate system’s most aggressive response to global warming is anticipated in the region’s extreme
northeast, where aerosol loading is projected to leap from 27.7 to 30.64 %. Adjacent geographical zones
will also endure substantial surges: the east-northeast belt is modeled to experience increases from 21.9
to 27.7 %, while the broader eastern and southeastern sectors will face escalations of 15 to 21.9 %. In
stark contrast, the western and central domains demonstrate the lowest sensitivity to future climate shifts,
with anticipated variances oscillating between 1.33 and 10.1 %. Within the innermost central core, these
projected increments are constrained to a mere 1.33 to 4.27%.

Underpinning these alarming future trends is the overarching exacerbation of regional desertification.
Driven primarily by severe soil moisture depletion, the critical wind velocity threshold required to initiate
aeolian erosion is drastically lowered. Concurrently, fundamental shifts in atmospheric circulation
mechanisms inherently enhance the regional capacity to transport particles from transboundary dust
sources particularly across higher northern latitudes thereby triggering and sustaining highly potent
positive feedback loops.

Conclusions

According to the results, the increasing trend of the AOD index is fundamentally rooted in
thermodynamic alterations, which are primarily triggered by depleted soil moisture and a lowered wind
friction velocity threshold. As airborne particulate concentrations intensify, the resultant thermal loading
heavily disrupts the surface-atmosphere radiative equilibrium. This dynamic induces notable cooling at
the surface while simultaneously warming the upper atmospheric strata. Engineered by such thermal
inversions, the ensuing static stability actively suppresses convective precipitation mechanisms.
Ultimately, this self-reinforcing positive feedback threatens to place the region’s agricultural ecosystems
under severe, unrelenting environmental stress.
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1. Digital Elevation Model
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1. Top of the Atmosphere
2. Bidirectional reflectance distribution function
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1. General Circulation Models
2. Atmospheric Model Intercomparison Project (AMIP)
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1. Frequency of occurrence
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1. Internal Climate Variability
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