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Abstract

Surface soil grain-size distribution (GSD) is a fundamental terminal record of aeolian
processes and land-surface erodibility. However, a macro-scale understanding of GSD
spatial heterogeneity and its quantitative coupling with seasonal atmospheric circulation
dynamics in Central Asia remains insufficient. Based on an extensive dataset of 325 surface
soil samples across Kazakhstan, Uzbekistan, Kyrgyzstan, and Tajikistan, this study sys-
tematically investigates the GSD patterns and their climatic drivers. Our results reveal a
pronounced spatial gradient: coarse-textured soils dominate the northwestern and east-
ern desert plains, whereas fine-grained sediments are sequestered in the southeastern
mountain-basin systems. We demonstrate that this heterogeneity is rigorously governed by
seasonal wind regimes: the Siberian High directs coarse particle entrainment and transport
during spring, while the mid-latitude westerlies and local topographic modulation (e.g., the
Tian Shan and Pamir barriers) control the fine-grained sorting continuum. Furthermore,
the desiccated Aral Sea bed serves as a distinctive anthropogenic dust source, perturbing
regional natural sorting patterns. These findings provide critical empirical constraints for
dust emission modeling and underscore the sensitivity of Central Asian land surfaces to
shifting atmospheric circulation patterns.

Keywords: Central Asia; surface soil; grain size; spatial heterogeneity; seasonal wind
dynamics; aeolian processes

1. Introduction
Global dust emissions primarily originate from arid and semi-arid regions [1–4]. As

a core component of the global dust belt—alongside the deserts of North Africa and the
Arabian Peninsula—Central Asia is located in the interior of the Eurasian continent and
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features a typical temperate continental arid and semi-arid climate, driven by atmospheric
circulation systems such as the westerlies, polar air masses, and the Siberian High—a
semi-permanent cold anticyclone that forms over Siberia and the Mongolian Plateau during
winter as a result of intense radiative cooling of continental air masses [5–9] (see Section 2.2
for a detailed description). It exhibits significant continentality and aridity, marked by
pronounced seasonal and diurnal temperature fluctuations [1,10]. Severe aridity and low
precipitation results in sparse vegetation and loose surface soils, providing the essential
material basis for aeolian processes. This climatic regime directly shapes the surface land-
scape in Central Asia, which is dominated by deserts and grasslands, and is characterized
by intense wind erosion–deposition processes [11,12], Surface soil acts as the direct “source
area” and “transfer station” for aeolian dust emission [13]. While surface soil grain-size
distribution serves as a fundamental terminal record of regional wind erodibility, selective
transport, and sorting history [14], existing sedimentological observations in this region
remain largely localized, point-like, or fragmented [15–17]. More importantly, there re-
mains a critical knowledge gap in quantitatively coupling these land-surface sedimentary
archives with long-term, multi-decadal seasonal wind vector dynamics.

Extensive research conducted in the Chinese Loess Plateau, the North American Great
Plains, and the Sahara Desert has established intrinsic relationships between grain-size
parameters and impact factors such as provenance, transport distance, and sedimentary
environment [18–21]. In particular, studies on Chinese loess have demonstrated that the
grain-size variability is an indicator of East Asian monsoon intensity, providing critical
insights into paleoclimate reconstruction. For Central Asia, although existing studies
have preliminarily investigated the grain-size characteristics of surface soil or loess in
mountainous regions such as the Tian Shan and Pamir Plateau [15–17], these observations
are mostly constrained to “point-like” or “belt-like” patterns, leaving the broad-scale spatial
heterogeneity across the vast arid interior largely unexplored.

To interpret wind fields and dust transport pathways, methods such as resultant
drift potential (RDP) [22] and HYSPLIT-based backward trajectory analysis [23] have been
widely employed to quantify net wind direction and link dust deposition areas with poten-
tial sources, such as the Aral Sea and the Karakum Desert. However, these climatological
studies have mostly focused on the macro-scale identification of dust source–sink relation-
ships or the reconstruction of specific dust storm events [8,16]. A significant knowledge
gap persists regarding the in-depth, quantitative correlation analysis on how surface soil
grain size as a “terminal record” and the complex seasonal wind dynamics vary across
different directions. Therefore, this study integrates a transnational dataset of 325 surface
soil samples collected through six comprehensive field campaigns across Kazakhstan,
Uzbekistan, Kyrgyzstan, and Tajikistan with a 75-year (1950–2025) high-resolution ERA5
reanalysis wind field database. Our objective is to reveal the macroscopic differentiation
patterns of surface soil grain size and their quantitative responses to dominant seasonal
wind regimes, systematically revealing the grain-size differentiation patterns and their
controlling mechanisms across different geomorphological units (deserts, basins, and pied-
monts). These results not only advance the theoretical understanding of regional dust
source–sink dynamics but also provide essential empirical parameters for optimizing global
dust emission budget models and assessing regional ecological security.
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2. Study Area and Atmospheric Circulation
2.1. Study Area

Characterized by extensive desert archipelagos and severe aridity, Central Asia stands
as one of the most significant global dust source regions [1,2]. Under strong wind con-
ditions, these vast arid tracts continuously release large amounts of mineral dust into
the atmosphere [13,24]. This large-scale aeolian activity not only profoundly shapes the
regional surface landscape and ecosystems, but also modulates the composition of surface
sediments [25,26]. Furthermore, through complex physical, chemical, and biogeochemical
processes, dust aerosols exert far-reaching impacts on the regional and even global climate
systems, environmental quality, and human health [27].

The topography of Central Asia is highly heterogeneous. Kazakhstan, Uzbekistan, and
Turkmenistan are primarily defined by lowland deserts, while Kyrgyzstan and Tajikistan
are predominantly mountainous. The regional physiography exhibits a stark contrast
between lowland deserts in the west and north and high mountains in the east and south,
creating a distinctive elevation gradient from the southwestern lowlands to the northeast-
ern highlands (Figure 1). Most of Kazakhstan and the central-western parts of Uzbekistan
consist of vast plains, lowlands, and deserts, encompassing the Turan Lowland, the Caspian
coastal plain, and expansive deserts such as the Kyzylkum and Karakum, with elevations
predominantly ranging from 100 to 300 m. The low-relief, open terrain facilitates unob-
structed airflow. In contrast, Kyrgyzstan and Tajikistan comprise the formidable Tian Shan
Mountains and the Pamir Plateau, with average elevations of 3000–4500 m and peaks
exceeding 7000 m, forming a critical orographic barrier in Central Asia. Nested between the
Tian Shan and the Pamir Plateau lie several intermountain basins, such as the Chu River,
Fergana, and Tajik basins. Discontinuous loess deposits are sequestered along the margins
of these basins and the piedmont areas on the windward slopes [28].

 

Figure 1. Atmospheric circulation, loess and desert distribution [28], and surface soil samples in
Central Asia. (The s rectangular area denotes the study domain for Figure 2).
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Figure 2. Spatial distribution of grain-size components of surface sediments in Central Asia. The
base maps show kriging interpolation results, with the 325 original sampling points overlaid as
colored circles: (a) mean grain size, (b) clay (<4 µm), (c) silt (4-63 µm), (d) sand (>63 µm). A–I denote
key regions discussed in the text. Note: Interpolation in data-sparse regions (e.g., border areas and
high-altitude uninhabited zones) is associated with high uncertainty; the primary data underlying
this figure are the 325 measured point values.

2.2. Atmospheric Circulation and Climatic Characteristics

The atmospheric circulation in Central Asia is primarily modulated by the mid-latitude
westerlies, polar air masses, and the Siberian High. The westerlies constitute the peren-
nial dominant circulation, governing regional tropospheric water vapor transport, the
trajectories of synoptic-scale weather systems, and dust long-range transport pathways [4].
However, at the near-surface level (10 m), the wind field is significantly modulated by
seasonal pressure systems, particularly the Siberian High, which drives prevailing north-
easterly winds during the winter-half year (Figure 3). This vertical decoupling between
the planetary-scale westerlies aloft and the boundary-layer northeasterlies near the surface
creates a distinctive “upper-level westerly transport–lower-level northeasterly entrainment”
coupling mechanism for dust dynamics in Central Asia. The intensity and meridional shift
of the westerlies largely dictate the spatiotemporal variability in precipitation and the sea-
sonal wind field oscillations [29]. The Siberian High, a powerful cold anticyclone centered
over Siberia and Mongolia in the winter-half year, commands the near-surface wind field
over most of Central Asia, where stable northerly and northwesterly winds prevail [30].
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The polar air masses originating from the Arctic Ocean and adjacent high-latitude regions
are characterized by high density and cold. In winter, their southward incursion contributes
to the development and intensification of the Siberian High [30], inducing severe cooling
and desiccation in Central Asia. In spring, frequent frontal instabilities between warm
and cold air masses generate pronounced wind speed maxima. Coupled with desiccated
surface conditions and sparse vegetation, this period (March to May) constitutes the peak
season for regional dust storm activity [31].

Figure 3. Annual and seasonal wind direction and wind speed rose diagrams for Central Asia:
(a) annual, (b) spring, (c) summer, (d) autumn, (e) winter.

The spatial differentiation of annual precipitation in the region is significant, generally
exhibiting a pattern of decreasing from north to south and from west to east [32]. In the
lowland-plain desert areas, precipitation is generally less than 100 mm, while in the north-
ern steppes and southern high-altitude mountain ranges, it can reach 200–500 mm. Pluvial
peaks are typically concentrated from late spring to summer [33]. The region lacks a typical
monsoon system, and instead displays a pronounced continental climate characterized by
cold winters, hot summers, and substantial annual and diurnal temperature variability. In
desert and plateau areas, the diurnal temperature range frequently exceeds 20 ◦C. Wind
regimes exhibit strong seasonality: in winter, northerly to northwesterly flow dominates
under the influence of the Siberian High and polar air masses; in summer, notwithstanding
the northward migration of the westerly jet, mid-latitude westerlies continue to exert a
primary control. Vegetation is dominated by arid steppe and desert-shrub communities. In
the mountainous terrains, distinctive, vertical zonation occurs with increasing altitude, tran-
sitioning from montane steppe to coniferous forest and alpine meadow [34]. Collectively,
these dynamic wind field characteristics, precipitation gradients, and diverse underlying
surface conditions define the boundary conditions for the spatial differentiation of surface
soil grain size.
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3. Materials and Methods
3.1. Sample and Data Sources
3.1.1. Surface Soil Sample Collection

In this study, a total of 325 surface soil samples were collected during six compre-
hensive field campaigns across four Central Asian countries (Kazakhstan, Uzbekistan,
Kyrgyzstan, and Tajikistan) (Figure 1). To ensure the integrity of the aeolian terminal record
and minimize anthropogenic interference, all samples were taken from the uppermost
2–5 cm of the natural land surface. In this study, the term “modern surface” refers to the
present-day surficial sediment layer (uppermost 2–5 cm) that has not undergone deep
burial, lithification, or diagenetic alteration. These loose, unconsolidated sediments directly
reflect contemporary depositional environments and active aeolian transport processes, and
are distinct from ancient sedimentary strata or paleosols buried at depth, strictly avoiding
vicinities of roads, settlements, and cultivated fields. The sampling strategy was designed
to achieve balanced spatial coverage across the major geomorphological units of Central
Asia. The typical spacing between sampling points ranged from 20 to 50 km, depending on
terrain accessibility and geomorphological heterogeneity. A minimum of 5 samples was
collected from each major geomorphological unit to ensure statistical representativeness.
The elevation range of sampling sites spanned from ~150 m to ~2500 m.

The 325 samples were distributed across the following major regions and sediment
types: 75 samples from loess deposits, 2 samples from saline-alkali soils, 47 samples from
desert surfaces, 16 samples from Gobi surface soils, 68 samples from fluvial–lacustrine
facies, 10 samples from alluvial deposits, and the remaining 57 samples were collected
from transitional zones and miscellaneous geomorphological settings during the 2020
Uzbekistan field campaign.

Strategically considering regional geomorphological representativeness and logistical
accessibility, sampling was prioritized in the western Tian Shan piedmont as well as
the Kyzylkum and Karakum desert complexes. Furthermore, representative surface soil
samples were also collected from key intermontane basins of the Tian Shan, including the
Chu River, Fergana, and Tajik basin, to capture the fine-grained sediment characteristics in
regional depositional sinks.

3.1.2. Reanalysis Wind Field Data Source

To quantitatively evaluate the nexus between surface soil grain size, surface wind
regimes and atmospheric circulation, this study utilizes high-resolution wind field data
from the ERA5 reanalysis database. The ERA5, developed by the European Centre for
Medium-Range Weather Forecasts (ECMWF), represents the fifth generation of global
atmospheric reanalysis, covering the period from January 1940 to the present. This dataset
uses a four-dimensional variational assimilation method to generate high-resolution hourly
atmospheric reanalysis globally, with a horizontal resolution of approximately 31 km and
137 vertical levels extending from the surface to 0.01 hPa (~80 km). The dataset is available
for download at: https://cds.climate.copernicus.eu/datasets (accessed on 9 April 2026).
As the flagship product of the Copernicus Climate Change Service (C3S), ERA5 offers
significant advancements over earlier versions in spatial resolution, vertical stratification,
and the diversity of meteorological variables. By providing a physically consistent and
comprehensive representation of the coupled atmosphere–land–ocean system, this dataset
enables a robust spatiotemporal correlation analysis between long-term aeolian dynamics
and the regional differentiation of surface sediments across Central Asia.
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3.2. Grain-Size Measurement and Data Processing
3.2.1. Grain-Size Measurement

The grain-size characteristics of aeolian sediments serve as robust proxies for recon-
structing dust activity and climatic evolution. Prior to analysis, the samples underwent a
rigorous multi-step pretreatment protocol to isolate the terrigenous silicate fraction. During
sample preparation, 0.2–0.5 g of air-dried sample was first weighed out, and 10–20 mL
of 30% H2O2 in a heating bath was added to remove organic matter; 10 mL of 10% HCl
was then added to remove carbonates. The treated residue was dispersed with 10 mL of
0.05 mol/L (NaPO3)6 and subjected to ultrasonic bath for 10 min to ensure complete particle
de-aggregation. Grain-size measurement was completed using a Malvern Mastersizer 3000
laser (Mastersizer 3000, Malvern Panalytical, Malvern, UK) diffraction grain-size analyzer,
which provides a detection range of 0.01–3500 µm and a measurement error of less than
2% [35]. To ensure complete particle dispersion, the pretreatment procedure in this study
strictly follows the recommendations of ISO 13320:2020 [36] (Particle size analysis—Laser
diffraction methods). The Malvern Mastersizer 3000 employed in this study features an
integrated obscuration monitoring module, which provides real-time feedback on sample
concentration and dispersion stability during measurement. In this study, the obscuration
was maintained within the optimal range of 10–15% throughout all analyses, indicating
adequate dispersion and appropriate particle concentration in the circulating medium.
Additionally, replicate measurements (n = 5) were performed on representative samples,
yielding coefficient of variation (CV) values of <2% for all grain-size fractions and statistical
parameters, further confirming the stability and reproducibility of the dispersion state.

3.2.2. Grain-Size Data Calculation

The sorting coefficient (S0), a fundamental parameter in sedimentology quantifying
the degree of grain-size sorting and reflecting the uniformity of sediment particles, was
calculated using the Trask sorting coefficient formula [35,37]:

S0 =
√

(Q3/Q1) (1)

where Q1 and Q3 represent the grain sizes at the 25th and 75th percentiles on the cumulative
grain-size distribution curve, respectively. A lower S0 value indicates better sorting with
more uniform grain sizes, whereas a higher S0 value signifies poorer sorting with greater
grain-size variability. The classification follows standard sedimentological criteria: S0 < 2.5
indicates well-sorted sediments (mature aeolian deposits), 2.5 ≤ S0 ≤ 4.5 indicates moder-
ately sorted sediments (active sand seas), and S0 > 4.5 indicates poorly sorted sediments
(complex mixed origins or relict deposits).

The mean grain size (Mz) represents the arithmetic average of all particle diameters in
a sediment sample and serves as a robust proxy for aeolian transport energy and sediment
sorting maturity [13,35]. In this study, the volume-weighted mean diameter D[4, 3] was
adopted as the mean grain-size indicator, which is directly output by the Malvern Master-
sizer 3000 laser diffraction analyzer. The D[4, 3] is calculated as: D[4, 3] = Σ(nidi

4)/Σ(nidi
3)

where ni is the number of particles in the i-th size interval, and di is the mean diameter
of that interval. The D[4, 3] parameter is particularly sensitive to coarse-grained frac-
tions and is widely used in aeolian sedimentology to characterize the dominant transport
mode [17,37]. All grain-size statistical parameters, including Mz, were computed using the
GRADISTAT Version 8.0 software [38]. The grain-size measurements were conducted at the
Environmental Mineralogy Laboratory, within the State Key Laboratory of Loess Sciences,
Institute of Earth Environment, Chinese Academy of Sciences.
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3.2.3. Meteorological Data Processing

To characterize the regional near-surface airflow dynamics, the zonal (U) and merid-
ional (V) wind components at 10 m above the surface were extracted from the ERA5-Land
reanalysis dataset, spanning the multi-decadal period January 1950–August 2025. The
dataset is available for download at: https://cds.climate.copernicus.eu/datasets (accessed
on 9 April 2026). The raw geophysical fields were retrieved via the Climate Data Store
(CDS) API and systematically processed using VSCodeSetup-x64-1.105.1 based geospatial
analysis libraries. To establish a robust technical linkage between the ERA5 reanalysis wind
fields and the 325 site-specific soil samples, the following procedure was adopted. For each
sampling location, the nearest ERA5-Land grid point (horizontal resolution ~0.1◦ × 0.1◦)
was first identified, and the 10 m wind components (U and V) were extracted. To account
for local topographic effects and reduce small-scale noise, a spatial averaging over a 3 × 3
grid-point window centered on the nearest grid point was applied for each sampling site.
This approach balances spatial representativeness with the preservation of regional wind
characteristics. Seasonal wind statistics (including wind rose diagrams; Figure 3) and
correlation analyses with grain-size parameters (Figure 4) were subsequently computed
based on the 75-year (1950–2025) monthly mean time series derived from these spatially
averaged grid-point values. The dataset is available for download at: https://cds.climate.
copernicus.eu/datasets/reanalysis-era5-land-monthly-means?tab=overview (accessed on
9 April 2026). Consistent with standard climatological definitions, seasonal means were
calculated as follows: spring (March–May), summer (June–August), autumn (September–
November), and winter (December–February). The long-term dataset, sourced from the
ECMWF C3S data portal, ensures the statistical robustness of the coupled analysis between
seasonal wind regimes and the spatial heterogeneity of surface soil grain size.

Figure 4. Heatmap of correlation between seasonal wind speed and grain size.

3.2.4. Kriging Interpolation Method

Kriging interpolation is a geostatistics-based spatial optimal unbiased linear estimation
method that quantifies spatial autocorrelation among sample points through variogram
modeling and assigns adaptive weights to estimated points. In this study, this method was
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employed to process the spatial distribution of grain-size components from the 325 surface
soil samples (Figure 2), generating continuous spatial distribution maps of mean grain size,
clay, silt, and sand contents across Central Asia. Its core advantages are threefold: First, it
minimizes estimation variance, achieving the highest accuracy among linear estimators
and enabling precise characterization of the spatial gradient from coarse-textured soils in
the northwestern deserts to fine-grained sediments in the southeastern piedmont basins.
Second, it quantifies estimation uncertainty through kriging variance, which is particu-
larly critical for assessing interpolation reliability in sparsely sampled regions. Third, its
anisotropic modeling capability accommodates the modulation of sediment spatial patterns
by orographic barriers such as the Tian Shan and Pamir mountains. However, this method
also has limitations: (1) high computational complexity, with significant costs associated
with solving large covariance matrices across a transnational, extensive study area; (2) sen-
sitivity to variogram fitting, where the complex geomorphological differentiation of Central
Asia (coexisting deserts, mountains, and basins) may lead to unstable model parameters;
(3) smoothing effects that dampen extreme values, potentially underestimating peak sand
contents (>80%) in the core areas of the Kyzylkum and Karakum deserts; and (4) the re-
quirement of adequate samples to support variogram fitting, yet the 325 samples in this
study remain limited across the vast Central Asian arid zone, particularly sparse in border
areas and high-altitude uninhabited regions, thereby constraining interpolation reliability.
Therefore, in this study, kriging interpolation results were compared with ERA5 reanaly-
sis wind field data and topographic factors as independent environmental covariates to
contextualize the spatial distribution patterns. It should be emphasized that ERA5 wind
data and topographic factors were not used to validate the accuracy of soil interpolation
(as they represent different physical variables), but rather to interpret the environmental
drivers that may influence soil particle distribution.

3.2.5. Correlation Analysis

To quantitatively assess the relationship between seasonal wind dynamics and surface
soil grain-size parameters, Pearson correlation analyses were performed between the
75-year (1950–2025) ERA5-Land 10 m wind-speed time series and the measured grain-size
components (clay, silt, and sand contents; mean grain size) at each sampling site. For each
of the 325 sampling points, the seasonal mean wind speed (spring: March–May; summer:
June–August; autumn: September–November; winter: December–February) was extracted
and paired with the corresponding grain-size parameter. The correlation coefficient (r)
and its two-tailed significance level (p-value) were computed using Origin 2023 software
(OriginLab Corporation, Northampton, MA, USA).

4. Results
4.1. Spatial Distribution Characteristics of Surface Soil Grain Size in Central Asia

The grain size of surface soil in Central Asia exhibits pronounced spatial heterogeneity
across the 325 sampling sites (Figure 2). The regional average mean grain size (Mz) is
47.50 µm, where local Mz values exceed 100 µm (Figure 2a, sites A, D) and sand predomi-
nate (Figure 2d). Within the Tian Shan piedmont and the Fergana Basin, the Mz decreases
to approximately 50 µm (Figure 2a, sites B, C, and I). Clay-sized fractions exceed 30%
in the Fergana Basin, the Tajik Basin, the western piedmont of the Tian Shan, and the
Chu River Basin (Figure 2b). Silt content reaches its maximum in the southeastern region,
exceeding 60% (Figure 2c). Concurrently, sand content is exceptionally high in the central
and southwestern desert areas. For instance, it exceeds 60% in the Muyunkum Desert and
the Saryesik–Atyrau Desert, and surpasses 80% in the Karakum and Kyzylkum deserts,
while dropping below 20% in the far northwest and southeast (Figure 2d).
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4.2. Characteristics of the Near-Surface Wind Field in Central Asia

To show the dynamic coupling between seasonal wind regimes and surface soil GSD,
this study identifies prevailing seasonal wind vectors associated with regional sediment-
sorting patterns. The characteristics of the near-surface wind field across Central Asia were
systematically examined through the synthesis of seasonal wind rose diagrams (Figure 3).
These directional frequency distributions provide a quantitative basis for assessing the
kinetic energy available for sediment entrainment and transport across the varying geo-
morphological units of the region.

The annual near-surface wind regime is primarily governed by northeasterly winds
(Figure 3a), with an annual average velocity of 1.06 m/s. A secondary southerly component
is also observed, with speeds generally remaining below 2 m/s. Although seasonal mean
wind speeds typically hover below 3 m/s, velocities within the northeasterly to easterly
sector frequently surpass this threshold, particularly during the summer months. In spring
(March–May), northeasterly winds prevail (Figure 3b), with a mean speed of 1.31 m/s.
Wind velocities of 1–2 m/s exhibit the highest frequency (48.61%), followed by 0–1 m/s
(13.54%). Critically, this dominant northeasterly orientation coincides with a distinctive
peak in mean grain size (~80 µm), suggesting that spring northeasterlies possess significant
kinetic energy for sediment entrainment. In summer (June–August), the prevailing winds
shift toward northerly and northeasterly directions (Figure 3c), with a mean wind speed
increasing to 1.55 m/s and peaking at 5 m/s. Despite these higher velocities, the incursion
of relatively warm, humid air masses during this season enhances surface soil moisture [39],
which exerts a stabilizing effect on the land surface and effectively suppresses the saltation
and transport of coarse particles.

In autumn (September–November), the surface wind direction reverts to northeasterly
(Figure 3d), with a mean wind speed of 1.15 m/s. while speeds are lower than in summer,
the persistence of these northeasterly flows promotes a significant coarsening of surface
sediments, with both mean and median grain sizes exceeding 80 µm. This underscores the
efficacy of persistent, moderate-intensity winds in shaping the sedimentary record under
desiccated autumn conditions. In winter (December–February), wind patterns exhibit
maximum variability, with northeasterly and easterly winds co-dominating (Figure 3e),
with a mean wind speed of 1.34 m/s. The intermittent occurrence of southerly winds
reflects the intrinsic instability of the winter atmospheric circulation over Central Asia.
The seasonal phenology of dust storms closely aligns with these wind field characteristics;
activity peaks in April, followed by March and May, while reaching a minimum in July–
August. Consistent with regional climatological assessments, wind speed remains the
decisive driver for dust emission events [40].

To further quantify the relationship between wind energy and sedimentary texture,
correlation analyses were performed between near-surface wind speed and grain-size
parameters (Figure 4). In spring, wind speed exhibited a moderate positive correlation
with sand content (r = 0.46) and a corresponding negative correlation with silt content
(r = −0.46). Similar coupling patterns were observed in summer, with r = 0.48 for sand
content and r = −0.37 for silt content. In contrast, autumn wind speeds show only weak
correlations with grain-size parameters, and no statistically significant correlations were
identified in winter months. These results highlight that the modern surface soil texture in
Central Asia is most sensitive to the wind dynamics during the spring and summer seasons.

5. Discussion
5.1. Sorting Effect of Wind Dynamics on Surface Soil Grain Size

The spatial heterogeneity of surface soil grain-size distribution (GSD) serves as an
important sedimentological archive for deciphering regional aeolian transport and deposi-
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tional dynamics [37,41]. Our results suggest a pronounced kinetic energy gradient along
the primary pathways. In proximal source areas, such as the northwestern and eastern
desert sectors, high wind velocities and associated kinetic energy facilitate the entrainment
and short-distance saltation of coarse fragments (sand, >63 µm), resulting in the coarse-
grained deposits observed at sampling sites in these regions (Figure 2). Conversely, as
transport distance increases downwind, surface friction, atmospheric stability, and oro-
graphic impediments collectively induce wind energy dissipation, leading to a progressive
reduction in sediment-carrying capacity (Figure 2). In the southeastern distal areas, Mz
progressively fines, and loess deposits sequester in the piedmont and intermountain basins
of the Tian Shan and Pamir Plateau. Notably, the southwestern piedmont of the Tian
Shan (e.g., the Ili Basin) exhibits anomalously coarse grain sizes (Mz up to ~224 µm) due
to the superimposed fluvial influence of the Ili River, which introduces coarse alluvial
sediments distinct from the typical aeolian loess. In contrast, the northern and central Tian
Shan piedmonts and intermountain basins (e.g., Chu River, Fergana, and Tajik basin) are
characterized by fine-grained, well-sorted loess deposits (Mz ~22–40 µm), reflecting the
classic low-energy aeolian depositional regime. This process facilitates the preferential
fallout of coarser fractions and the long-range suspension of fine-grained particles [4,42].

This “coarse-to-fine” textural gradation represents a classic aeolian sorting contin-
uum. Sorting coefficients further validate this spatial partitioning: samples from the loess-
dominated Chu River Basin and the Tajik Basin exhibit sorting coefficients values < 2.5,
indicating a highly mature sorting process. In contrast, the Karakum and Kyzylkum deserts,
characterized by active sand movement, show sorting coefficients ranges from 2.5 to 4.5.
Notably, the desiccated Aral Sea bed exhibits the poorest sorting, with some samples ex-
ceeding 4.5, reflecting the complex mixing of modern aeolian sands with relict lacustrine
sediments (Figure 5).

Figure 5. Variations in the sorting coefficient parameters of surface sediment grain size in different
regions of Central Asia. The detailed locations and names of A–I regions in the figure are shown in
Figure 2. A: Aral Sea region, B: Northeastern Kyzylkum Desert, C: Muyunkum Desert, D: South-
western Kyzylkum Desert, E: Northeastern Karakum Desert, F: Southwestern Tian Shan, G: Central
Saryesik–Atyrau Desert, H: Tajik Basin, I: Chu River Basin (see their locations in Figure 1).
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The frequency distribution curves (Figure 6) further support this: the Aral Sea region
(site A) displays a distinctive bimodal signature with a primary peak at ~178 µm, while
the southeastern basins (sites G, H, I) transition to fine-grained unimodal distributions
signifying a shift from high-energy transport to low-energy depositional regimes. The Aral
Sea region, due to the presence of desiccated lakebed sediments, exhibits a bimodal GSD,
with fine and coarse modes at approximately 5 µm and 178 µm, respectively (Figure 6a),
the latter being dominant. This indicates that the area is dominated by coarse particles
transported by strong winds, with a minor contribution from desiccated lakebed sediments.
The southwestern Kyzylkum Desert is dominated by coarse particles, with a principal
peak at approximately 178 µm (Figure 5), indicating strong wind energy. In contrast, the
southwestern margin of the Saryesik–Atyrau Desert, the Tajik Basin, and the Chu River
Basin are characterized by fine-grained, unimodal distributions (Figure 6g–i), suggesting a
dominant sediment source and weaker wind energy.

 

Figure 6. Frequency distribution of surface soil grain size in different regions of Central Asia. (red:
mean, blue: maximum peak of grain size, gray: other sample).

The seasonal interplay of atmospheric circulations exerts a fundamental control on
aeolian sorting in Central Asia [29]. The Siberian High dominates dust emission dynamics
during winter and early spring. Although winter winds can be strong, sediment en-
trainment is largely suppressed by frozen ground. In contrast, the retreat of the Siberian
High in spring (March–May) coincides with surface thawing, minimal vegetation cover,
and abundant loose material, creating optimal conditions for effective sand entrainment
and transport.
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This seasonal asymmetry [43–45] explains why maximum dust activity does not
coincide with peak wind speeds. Although summer wind speeds are higher (1.55 m/s), the
synchronous incursion of warm, humid air masses increases land-surface cohesiveness via
soil moisture, thereby effectively suppressing aeolian erosion. Consequently, the modern
surface GSD in Central Asia is primarily an integrated sedimentary record reflecting high-
frequency, moderate-intensity spring northeasterlies rather than the absolute maximum
wind speeds of summer. Spring is therefore the critical season for dust emission and
transport. Under the influence of the retreating Siberian High, persistent northeasterly
winds drive intense aeolian activity and frequent dust storms, promoting the entrainment
and short- to medium-distance transport of coarse particles [4]. This process leads to
coarse-grained enrichment in desert cores (e.g., Karakum and Kyzylkum), reflecting strong
local sourcing and limited transport distance.

In addition, the coupling between low-level anticyclonic flow and upper-level wester-
lies facilitates vertical dust uplift and long-range transport, allowing material from major
source regions to be injected into the mid-troposphere. Consequently, the observed spa-
tial grain-size pattern across Central Asia reflects the combined effects of seasonal wind
direction, surface conditions, and transport pathways, with spring northeasterlies playing
a dominant role. Overall, only when sufficient wind strength coincides with dry, erodible
surface conditions can coarse particles be effectively entrained and redistributed, producing
the strong wind direction–grain size relationship observed across the region.

5.2. Synergistic Control of Topography and Provenance

The unique topographic configuration of Central Asia significantly modulates the
spatial pattern of surface soil grain size. Beyond the primary role of wind dynamics,
the regional mountain–basin system serves as a critical boundary condition for sediment
sorting. While wind regimes determine potential dust transport capacity and distance,
orographic blocking and deposition caused by high mountain ranges further modify the
accumulation processes. Based on the grain-size frequency distributions (Figure 6) sites a–f
are dominated by coarse-grained fractions, representing proximal transport zones under
high-energy conditions. In contrast, sites g–i are characterized by fine-grained populations,
indicating distal depositional environments where wind energy has effectively dissipated.
Overall, these GSD characteristics reveal a spatial continuum transitioning from high-
energy aeolian transport to low-energy terminal deposition.

The grain-size distributions at the sampling sites exhibit distinct spatial variability,
typically featuring bimodal or multimodal patterns. Coarse-grained peaks are primar-
ily concentrated between 100 and 200 µm, while fine-grained peaks cluster at 10–40 µm
(Figure 6), reflecting the interplay between proximal coarse-material sources and topo-
graphic modulation. From the desert sources to the downwind basins, the systematic
fining trend confirms that deposition is rigorously controlled by wind energy attenuation.
The open, low-relief deserts in the northwest act as the primary coarse-grained source
areas. Here, northeasterly winds in spring and autumn transport sand-sized particles
southwestward unimpeded by topography, resulting in the exceptionally high sand content
(>80%) observed in the Karakum and Kyzylkum deserts (Figure 2d).

As a prevailing planetary wind system, the mid-latitude westerlies serve as the pri-
mary conduit for both moisture and fine-grained dust transport in Central Asia [46]. While
providing critical precipitation for the arid interior, the westerlies facilitate the long-range
tropospheric transport of fine dust from northwestern source regions to southeastern sinks
(Figure 7) [4]. Topographically sheltered areas, such as the southeastern Tian Shan piedmont
and the Fergana Basin, function as terminal sinks where silt and clay have accumulated over
geological timescales, forming extensive loess belts (>60% silt/clay). Furthermore, the high
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mountain ranges (e.g., Tian Shan, Pamir) act as physical barriers that force a sharp reduction
in wind velocity on windward slopes, thereby promoting dust fallout. In contrast, the Aral
Sea region exhibits anomalous clay enrichment due to the relict lacustrine sediments from its
desiccated lakebed, highlighting the secondary influence of localized provenance.

Figure 7. Diagram showing the conceptual model of dust accumulation in Central Asia.

In summary, the spatial pattern of surface soil GSD in Central Asia exhibits strong
consistency with seasonal wind dynamics and the regional geomorphological framework.
The “source-to-sink” process is driven by northeasterly winds (Siberian High) and the
westerlies, but its final architecture is dictated by the northwest-low/southeast-high topog-
raphy. Downwind of major desert sources, grain size systematically fines in accordance
with classical energy-decay theory. The Fergana, Tajik, and Chu River basins, situated at the
terminus of major transport pathways, provide the stable depositional conditions necessary
for the long-term sequestration of fine particles. Thus, wind direction, topography, and
provenance jointly constrain the spatial heterogeneity of the surface sedimentary record in
Central Asia.

The validation of spatial interpolation through independent soil measurements repre-
sents a critical next step for refining the regional patterns identified in this study. While
historical Soviet-era soil surveys offer a potentially valuable source of comparative data,
their integration is currently constrained by archival accessibility, data format compatibil-
ity, and methodological standardization challenges. We encourage future collaborative
efforts to digitize and harmonize these historical archives, which would enable robust cross-
validation and significantly advance our understanding of regional soil spatial patterns.
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6. Conclusions
This study integrated a 75-year (1950–2025) ERA5-Land wind field dataset with grain-

size analysis of 325 surface soil samples to elucidate the aeolian dynamics and sedimentary
patterns across Central Asia. The main conclusions are as follows:

(1) The surface soil grain size in Central Asia exhibits a general coarse-to-fine transi-
tion from the northwestern/central deserts (e.g., Karakum, Kyzylkum) toward the
southeastern intermontane basins and piedmonts (e.g., Fergana, Chu River, and Tajik
basins). An exception occurs in the Ili Basin on the southwestern Tian Shan piedmont
(Figure 6f), where fluvial–aeolian interaction produces anomalously coarse sediments,
highlighting the secondary influence of local provenance on the regional sorting
pattern. This spatial heterogeneity reflects a complete “source-to-sink” continuum,
transitioning from proximal sand-dominated saltation to distal silt-clay suspension.

(2) Seasonal wind direction significantly controls surface soil grain size. The northeasterly
winds driven by the retreating Siberian High in spring are the decisive drivers of coarse
particle entrainment and regional transport. Although summer wind speeds are higher,
increased soil moisture effectively suppresses aeolian activity, making the spring wind
field the dominant sculptor of the modern land-surface sedimentary record.

(3) The regional-scale grain-size pattern is a terminal record of the coupled influence of the
westerlies, the Siberian High, and orographic modulation. The Tian Shan and Pamir
mountains act as formidable physical barriers, forcing aerodynamic deceleration and
promoting the long-term sequestration of fine-grained dust into loess belts. Localized
provenance, such as the desiccated Aral Sea bed, further perturbs these patterns by
introducing unique fine-grained lacustrine signatures.

Surface soil textures in Central Asia encapsulate the complex interactions between
planetary wind systems and regional topography. These findings provide critical empirical
constraints for optimizing global dust emission models and assessing aeolian erosion
susceptibility. Future research should prioritize multi-proxy integration—including high-
resolution remote sensing and isotopic tracing—to further resolve dust dynamics under
intensifying climate variability.
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