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Abstract. Mineral dust particles influence the global energy budget through interactions with both solar and terrestrial
radiation. During long-range transport, dust can be not only externally but also internally mixed with local pollutant aerosols
such as sulfate, nitrate, organic carbon, and black carbon. These physical and chemical interactions alter the optical properties
of the resulting polluted dust particles, which remain a major source of uncertainty in computing the dust direct radiative effect
(DRE). This study aims to quantify how pollution influences the shortwave and longwave optical properties and the direct
radiative effects of dust aerosols using observational and reanalysis data. Following previous studies, a concentric spherical
core-shell model is adopted to simulate the mixing state of dust-sulfate mixtures. In the urban environment, the pollutants such
as sulfate and nitrate mainly originate from industrial activities. In the shortwave region, internal mixing of dust and pollution
reduces the atmospheric reflectance, increases radiative absorption, resulting in a weaker enhancement of optical depth than
that of external mixing. In the longwave region, internal mixing absorbs more radiation than external mixing, resulting in a

stronger positive DRE. The study highlights the need for improved representation of dust—pollution mixing in climate models.

1 Introduction

Mineral dust is one of the most abundant aerosol types globally, accounting for a substantial fraction of the total aerosol loading
(Knippertz and Stuut, 2014; Froyd et al., 2019). By scattering and absorbing both the incoming solar radiation and outgoing
terrestrial radiation, dust exerts a complex direct radiative effect (DRE) that includes generally cooling effects in the shortwave
(SW) spectrum and warming effects in the longwave (LW) spectrum (Yu et al., 2006; Kok et al., 2023; Song et al., 2018; Song
etal., 2022; Li et al., 2025). The overall impact of dust on the Earth’s radiation budget thus depends sensitively on its optical
properties, which are in turn influenced by dust mineral composition, size, shape, and mixing state — i.e. whether dust particles

are externally mixed (physically separate) or internally mixed (coated or dispersed structure) with other aerosols(Taylor et al.,
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2015; Li et al., 2016; Tian et al., 2018; Song et al., 2022). Recent assessments have highlighted that accurately quantifying

aerosol mixing state remains a major challenge and source of uncertainty in estimating aerosol radiative forcing (IPCC, 2021).

This study focuses on “polluted dust”, i.e., the mixture of long-range transported dust acrosol with the local pollutions, e.g.,
acidic sulfates, nitrates, and combustion aerosols. This phenomenon has been investigated in several previous studies using
different observations and from different perspectives (Cwiertny et al., 2008; Li and Shao, 2009; Hand et al., 2010; Soussé
Villa et al., 2025). Laboratory studies and field observations have provided fundamental insights into the physicochemical
processes of polluted dust formation: Cwiertny et al. (2008) provided a mechanistic basis for polluted dust formation through
laboratory studies, showing that heterogeneous reactions of mineral dust with trace gases such as HNOs, SO2, and NO: produce
deliquescent coatings that fundamentally alter the physicochemical properties of dust particles. Li and Shao (2009) provided
direct ground-based evidence from haze episodes in northern China, where approximately 90% of mineral dust particles were
found to be coated, predominantly with nitrate compounds. These hygroscopic coatings rendered the particles more spherical
and larger, thereby enhancing their light scattering efficiency and cloud condensation nuclei (CCN) activity, collectively
contributing to significant modifications in both the radiative and cloud-forming properties of dust. Similarly, Hand et al.
(2010) provided in-situ airborne evidence over West Africa that biomass burning aerosols and mineral dust can occur in both
externally and internally mixed states. Their single-particle ESEM-EDX analysis showed that 21%-33% of soot particles in
the samples were internally associated with dust particles, suggesting that atmospheric aging processes promote internal mixing

that enhances aerosol absorption and reduces single-scattering albedo.

These laboratory and field studies are limited by small size of samples, restricted spatial and temporal coverage, and lack of
statistical representativeness, making it challenging to characterize the large-scale distribution of polluted dust. Satellite-based
observations from the space-borne Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) onboard the CALIPSO
satellite have helped bridge this gap. Xu et al. (2023) analyzed 14 years of CALIOP data over China and surrounding areas,
revealing that polluted dust is not an episodic phenomenon but a persistent and widespread feature of the regional atmosphere,
with pronounced hotspots over the North China Plain, the Sichuan Basin, and the Indo-Gangetic Plain. Polluted dust was found
to be largely confined in the planetary boundary layer, with maximum loading in winter due to suppressed boundary layer
mixing. This underscores that dust—pollution interactions are a climatologically significant and recurrent process with
substantially varying spatial patterns depending on dust source proximity, pollutant source distributions, and the prevailing
meteorological conditions. Beyond East Asia, satellite observations have revealed similarly organized polluted dust
distributions in other major transport corridors. Adams et al. (2012) used CALIOP-derived three-dimensional occurrence
frequencies to show that polluted dust is a large-scale, seasonally varying aerosol type over the Atlantic sector, with maximum
occurrence near the ITCZ where Saharan dust converges with biomass burning aerosols from equatorial Africa, highlighting
the importance of large-scale atmospheric circulations in controlling dust—pollution interactions. However, a major limitation
of these satellite-based studies is that remote sensing observations cannot resolve whether dust and pollutants are externally or

internally mixed, nor can they specify the chemical nature of the mixed pollutants.
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Previous studies have suggested that changes in particle composition and mixing state can substantially modify aerosol optical
properties and, therefore, the direct radiative effects of dust (Li and Shao, 2009; Hand et al., 2010; Teri et al., 2025). In
particular, Zhang et al. (2024) showed from a theoretical perspective that externally mixed dust—sulfate acrosols and internally
mixed sulfate-coated dust can produce markedly different shortwave and longwave direct radiative effects. This highlights the
need to better constrain the composition and mixing characteristics of polluted dust. However, two major gaps remain: previous
studies have not systematically identified what types of pollution aerosols are mixed with transported dust in different polluted
dust hotspots, nor have they sufficiently constrained how external versus internal mixing modifies the shortwave and longwave
direct radiative effects of polluted dust. Inspired by Zhang et al. (2024), we use the combination of satellite observations and
reanalysis data to address two important questions: 1) What kinds of pollution acrosols are mixed with transported dust in
different polluted dust hotspots? 2) How does the mixing state of polluted dust, external vs. internal mixing, affect the radiative
effects of dust aerosols? This study aims to bridge these gaps by combining satellite observations, reanalysis data, and
theoretical modelling to assess the impacts of mixing states on polluted dust aerosol behavior. First, using 17 years of
CALIOP/CALIPSO satellite lidar data (2007-2023), we identify global “hotspots” where polluted dust occurs most frequently,
and we examine how these regions correspond to dust transport pathways and pollution source areas. We then use the MERRA -
2 reanalysis (2007-2023) to characterize the typical aerosol composition in those polluted dust hotspots — quantifying the
seasonal co-variations of dust and major pollutants (sulfate, organic carbon, black carbon, sea salt). Finally, we perform
idealized radiative transfer experiments using a core—shell Mie scattering framework, which provides a physically realistic
representation of the sulfate coatings frequently observed on aged mineral dust, to quantify how different dust—sulfate mixing
states alter dust optical properties and direct radiative effects in both the shortwave and longwave spectra. Although our
analysis is global in scope, we place particular focus on East Asia (specifically, the Capital Region of China) as a case study,
since it is a prominent polluted dust hotspot where heavy industrial pollution and seasonal dust outbreaks coincide. Through
this combined approach, we highlight the potential importance of representing internal mixing in aerosol models and
demonstrate how assuming dust and pollution are externally mixed (as is commonly assumed in current models) could
misrepresent the climate effects of dust, especially its longwave warming contribution. The findings are relevant for improving

aerosol—climate models and assessments of dust’s radiative forcing in polluted regions.

2 Hotspots of polluted dust revealed by CALIOP observations

2.1 Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) provides continuous, multi-year global observations of
clouds and aerosols by measuring vertically resolved backscatter and polarization signals. CALIOP classifies aerosol layers
into subtypes using a decision-tree algorithm that combines the 532 nm integrated attenuated backscatter, the volume
depolarization ratio, and surface type. Layers with estimated particulate depolarization ratios between 0.075 and 0.20 are
generally classified as polluted dust. In addition, layers with depolarization ratios of 0.075 or lower may also be classified as

polluted dust when they occur over desert surfaces and have a 532 nm integrated attenuated backscatter below 0.0005 sr?,
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rather than being classified as polluted continental or smoke (Omar et al., 2009; Kim et al., 2018). In this study, we use the
version 4.51 (V4-51) CALIPSO Level 2 5-km merged cloud—aerosol layer product (CAL _LID L2 05kmMLay-Standard-V4-
51), which provides layer-by-layer aerosol subtype flags, vertical distribution, and optical properties of all detected cloud and

aerosol layers along the CALIOP track at 5 km horizontal resolution.

To identify the major polluted dust hotspot regions globally, we analyze data from January 2007 to December 2023 and retain
only nighttime, cloud-free profiles to maximize the lidar signal-to-noise ratio and minimize potential misclassification

associated with nearby clouds.
2.2 Hotspot analysis of high-frequency polluted dust events

As shown in Figure 1, CALIOP observations reveal a pronounced seasonal variability in the spatial distribution of both pure
dust and polluted dust during 2007—-2023. For each 1° x 1° grid cell and season, the occurrence frequency of a target aerosol
type, either pure dust or polluted dust, is defined as the ratio between the number of cloud-free nighttime CALIOP profiles
that contain at least one layer classified as that type and the total number of cloud-free nighttime profiles in that grid cell over
2007-2023. Black “+” symbols mark grid cells where the target aerosol type accounts for more than 60 % of all cloud-free
nighttime aerosol-containing profiles, indicating regions where pure dust or polluted dust dominates the aerosol column. ERAS
850-hPa winds are superimposed to highlight the large-scale transport pathways that connect dust source regions to downwind

polluted environments.

As shown in Figure 1, pure dust exhibits high occurrence frequencies mainly over Northern Hemisphere desert source regions
and their immediate outflow corridors. In contrast, polluted dust occurs most frequently in downwind regions under the
prevailing 850 hPa circulation, where intense dust transport intersects local anthropogenic or biomass burning pollution.
Polluted dust exhibits pronounced seasonal variability, with three persistent hotspots emerging in the long-term DJF
climatology based on their high occurrence frequencies and large fractions relative to all aerosol types: West Central Africa
(6°N-9°N, 15°W—-0°W), the Indian Subcontinent (18°N-26°N, 70°E-85°E), and the Capital Region of China (36°N—40°N,
110°E-117°E). Although relatively high-polluted dust occurrence and fractions are also found in several other regions, such
as the northern Central Asia and the southern United States, these regions are characterized by comparatively low dust AOD,
unlike the three hotspots where polluted dust occurrence coincides with substantial dust loading (Figures S1-S5). Accordingly,
these regions are not considered primary hotspots of interest in the present analysis. The three selected hotspot regions are

outlined by black boxes in Figure 1 and are the focus of the subsequent analysis.
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125  Figure 1. Seasonal variations in the occurrence frequency of pure dust (left panels) and polluted dust (right panels) derived from
CALIOP observations for 2007-2023. ERAS 850-hPa winds are overlaid as blue arrows. Black “+” symbols indicate grid cells where
the target aerosol type accounts for more than 60 % of the total aerosol occurrences. Three hotspots are marked as white boxes in
Figure 1e.
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3 Composition of polluted dust based on MERRA-2 reanalysis data
3.1 Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2)

MERRA-2 provides species-resolved aerosol products that partition aerosol mass and aerosol optical depth (AOD) into dust,
sea salt, sulfate, organic carbon, and black carbon components, allowing the climatological aecrosol composition within polluted
dust hotspots to be quantified. Since a significant fraction of polluted dust is likely to occur as internally mixed particles (i.e.,
dust cores coated by pollution aerosols), MERRA-2 is further used to characterize the coexisting aerosol species within the
CALIOP-identified polluted dust hotspots and to provide reanalysis-based compositional context for subsequent mixing state
experiments. In this study, monthly mean two-dimensional diagnostic products are used to examine the climatological seasonal
cycles of aerosol loading, sources, and transport. Specifically, tavgM 2d adg Nx is used to analyze species-resolved aerosol

emissions, while tavgM_2d aer Nx provides species-resolved column AOD at 550nm and aerosol mass horizontal flux.

For subsequent optical property calculations and DRE experiments, three-hourly three-dimensional aerosol mass mixing ratios
from inst3_3d aer Nv are employed at a horizontal resolution of 0.625° in longitude by 0.5° in latitude, with a typical vertical
resolution of about 15 hPa. The 3-hourly temporal resolution enables direct coupling with solar geometry (solar zenith angle),
instantaneous atmospheric profiles, and the radiative transfer model, supporting time-consistent calculations of aerosol optical

properties and radiative flux perturbations under different mixing state assumptions.

3.2 Climatological aerosol composition in polluted dust hotspots

Based on the 2007-2023 climatology, this context provides a baseline for interpreting the CALIOP-identified hotspots and
helps inform the mixing state scenarios examined in subsequent sections. Figure 2 presents the monthly climatology of AOD
for dust and major aerosol components (sulfate, organic carbon, black carbon, and sea salt) over the three polluted dust hotspots
identified in Sect. 2.2: West Central Africa, the Indian Subcontinent, and the Capital Region of China. For each hotspot region,
we average the MERRA-2 column AOD data (tavgM_2d aer Nx) over the boxed region and then compute the climatological
monthly mean over 2007-2023; the error bars indicate the interannual standard deviation of monthly AOD. Across the three
hotspots, dust AOD exhibits a pronounced seasonal cycle, while coexisting pollution aerosols—especially sulfate and organic

carbon—display region-dependent seasonal variability.
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Figure 2. Monthly climatology (2007-2023) of aerosol optical depth (AOD) at 550nm for dust and major aerosol components (sulfate,
organic carbon, black carbon, and sea salt) over three polluted dust hotspots, based on the MERRA-2 reanalysis. Panels (a)—(c)
correspond to West Central Africa, the Indian Subcontinent, and the Capital Region of China, respectively. Error bars indicate the
interannual standard deviation of monthly AOD over 2007-2023.

To further characterize the vertical distribution of pollutants and dust in each hotspot, we analyze the MERRA-2 aerosol
mixing ratio reanalysis product (inst3_3d aer Nv) and examine the DJF climatological vertical profiles of dust and major
coexisting pollutant species, including sulfate, organic carbon, black carbon, and sea salt (Fig. 2). These profiles reveal distinct
pollutant—dust mixing regimes among the hotspots: organic carbon is the dominant pollutant mixed with dust by mass in west
central Africa, sulfate dominates in the capital region of China, and over the Indian subcontinent the dominant pollutant varies
with altitude, with organic carbon prevailing in elevated dust layers near 10 km and sulfate dominating lower dust layers

around 2.5 km.
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Figure 3. Climatological vertical profiles of aerosol mass concentration (ug/m?) in DJF, averaged over 2007-2023 from MERRA-2
inst3_3d_aer_Nv reanalysis, for three representative polluted dust hotspots: (a) West Central Africa (6—9°N, 15°W-0°), (b) the
Indian Subcontinent (18-26°N, 70-85°E), and (c) the Capital Region of China (36—40°N, 110-117°E).

To place the MERRA-2 climatology in an observational context, we combine satellite AOD and occurrence statistics with the
reanalysis fields (Fig. 4). The top row compares monthly mean total AOD and dust AOD from MERRA-2 and CALIOP, where
the CALIOP dust AOD at 532nm is derived using the depolarization-based dust separation and AOD partition scheme of Song
et al. (2021). The comparison indicates that the two datasets capture broadly consistent timing and phase of the dust-active
seasons, although MERRA-2 generally underestimates dust AOD relative to the CALIOP-based estimates, especially during
the peak-dust months. The green shading, which brackets the low and high CALIOP dust AOD estimates, indicates that the
MERRA-2-CALIOP differences are comparable to the uncertainty range of the satellite retrievals.

The occurrence statistics in the bottom row of Fig. 4 provide additional context for interpreting the AOD climatology. In each
hotspot, polluted dust occurrence frequency peaks during the dust-active seasons and remains low when dust DAOD is small,
indicating that polluted dust tends to form when substantial dust plumes are present. The fraction of polluted dust relative to
all aerosol layers and to all dusty aerosol layers (dust, polluted dust, and marine dust) also shows distinct regional behavior:
West Central Africa is characterized by a large polluted dust fraction during boreal winter and spring, the Indian Subcontinent
exhibits a sharp increase during the pre-monsoon seasons, and the Capital Region of China maintains high polluted dust
fractions throughout much of the year. These patterns confirm that the three hotspots represent regimes where mineral dust
and pollution aerosols frequently co-exist, and therefore provide suitable testbeds for assessing how pollutant mixtures modify
dust optical properties and direct radiative effects in the following sections. Although MERRA-2 systematically underestimates
DAOD relative to CALIOP, it captures a broadly consistent seasonal phase, supporting its use to identify dust-active periods
and provide compositional context. This low bias may affect the absolute magnitude of the estimated radiative effects, but

should have limited influence on the relative comparison among the prescribed aerosol mixing states.
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Figure 4. Seasonal cycle of dust and polluted dust over three hotspot regions, averaged over 2007-2023. Top row: monthly mean
total AOD (dashed) and dust AOD (DAOD; solid) from MERRA-2 (red) and CALIOP (green). Blue shading denotes the range
between the low and high dust AOD estimates derived from CALIOP. Bottom row: monthly occurrence statistics of CALIPSO
polluted dust aerosol, including its occurrence frequency (blue), its fraction relative to all aerosol layers (orange), and its fraction
relative to all dusty aerosol layers (dust + polluted dust + dusty marine; green). Panels (a)—(c) correspond to West Central Africa,
the Indian Subcontinent, and the Capital Region of China, respectively.

To further investigate why polluted dust tends to occur in specific seasons and regions, we examine the spatial relationship
between dust emission, mass flux, and co-located pollutant sources using the MERRA-2 Aerosol Diagnostics (extended) data
set (tavgM 2d adg Nx; Fig. 5). Over West Central Africa in MAM, strong dust emission and column mass flux are
concentrated along the southern edge of the Sahara, while the top 3 % organic carbon emissions are located mainly to the south
over the tropical biomass burning belt. This configuration supports a source—receptor picture in which dust exported from the
Sahara is advected southward and becomes mixed with locally emitted organic aerosols over the polluted dust hotspot

identified by CALIOP.

In DJF over the Indian Subcontinent and eastern China, dust emission and transport maxima are situated to the west and
northwest of the receptor regions, whereas the highest sulfate emissions are collocated with densely populated and
industrialized areas within the hotspots. The dust mass-flux vectors indicate that dust plumes originating from upwind arid
regions are transported across these pollution centers, providing ample opportunity for sulfate coatings to form on transported
dust. Taken together, the patterns in Fig. 5 are consistent with the occurrence statistics in Fig. 1 and 4, and they reinforce the
view that polluted dust in these three hotspots is generated primarily by the interaction between long-range transported dust

and strong local pollution sources.
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Figure 5. Local dust emission rate (shading) derived from the MERRA-2 Aerosol Diagnostics (extended) data set over three polluted
dust hotspots. Blue “+” symbols indicate grid cells where local pollutant aerosol emission rates exceed the 97th percentile within
each panel’s domain (organic carbon in panel (a), sulfate in panels (b) and (c)). Dust column mass-flux vectors from the MERRA-2
Aerosol Diagnostics data set are overlaid as arrows.

4 Sensitivity of aerosol DRE to the mixing state of polluted dust in China
4.1 Schemes for dust mixing with pollution aerosols

Since a significant fraction of polluted dust is likely to consist of internally mixed particles—dust cores coated with pollution
aerosols such as sulfate and nitrate, as suggested by in-situ and single-particle observations and by global model studies (Jordan
etal., 2003; Krueger et al., 2004; Li and Shao, 2009; Bauer and Koch, 2005; Bauer et al., 2007; Tian et al., 2018)—we simulate
the optical properties of internally mixed polluted dust and quantify the resulting radiative impacts in our idealized
experiments. We first develop a simple theoretical mixing framework, following the approach of Zhang et al. (2024), and then

use it to compute dust optical properties and direct radiative effects in both the shortwave and longwave spectrum.

Following previous studies, we represent internally mixed polluted dust as concentric spherical core—shell particles, with
mineral dust as the core and pollution aerosols forming the shell (e.g., Bauer et al., 2007; Zhang et al., 2024; Figure 6). Although
this geometry is idealized, microscopic observations show that core—shell-like particles occur in substantial numbers under a
variety of regional and environmental conditions (Unga et al., 2018), suggesting that this simplified mixing model would be
adequate for assessing the first-order impacts of surface coatings on dust DRE. We compare an externally mixed polluted dust
population with three internal mixing schemes in which the pollutant aerosol mass is coated onto dust cores as shells, forming
concentric core—shell particles. The dust and sulfate mass distributions are taken from the MERRA-2 aerosol mixing ratio
reanalysis product (inst3_3d_aer Nv), with dust represented by the five MERRA-2 dust size bins. In the externally mixed
reference case, sulfate is represented as a separate aerosol population with a uniform dry effective radius of 0.35 pm, while the
total dust and sulfate masses are kept identical to those in the internal mixing cases. The three internal-mixing schemes differ
only in how the sulfate shell volume is distributed among dust size bins: in Scheme I, the shell volume allocated to each dust
particle is proportional to its diameter; in Scheme II, it is proportional to the particle surface area; and in Scheme III, it is
proportional to the particle volume. Consequently, Scheme I preferentially coats finer dust particles, Scheme III concentrates
the coating on coarser particles, and Scheme II represents an intermediate case. These schemes are designed to bracket

uncertainties associated with different physical coating mechanisms and to test how the size-dependent placement of sulfate

10



245

250

255

260

(© Author(s) 2026. CC BY 4.0 License.

O

https://doi.org/10.5194/egusphere-2026-4228
Preprint. Discussion started: 28 July 2026 EG U
sphere

coatings affects polluted dust optical properties and DRE. For each coated size bin, optical properties are calculated using the

concentric core—shell Mie code implemented in PyMieScatt (Sumlin et al., 2018).

Small core Medium core Large core

Scheme I:
Vshell ® Fcore
Scheme II: @
Vshell % More
Scheme IlI:
vsne" ¢ rgore @ @ @

[ Dust core [ Sulfate shell

Figure 6. Schematic illustration of the three idealized dust—sulfate internal mixing schemes used in this study. Dust cores are shown
in orange and sulfate shells in blue. From left to right, the sulfate shell volume assigned to each particle is proportional to dust-core
diameter (Scheme I), surface area (Scheme II), and volume (Scheme III), while the total masses of dust and sulfate are conserved
across schemes.

The optical properties derived for each mixing state are then combined with the MERRA -2 dust and sulfate fields to quantify
AOD at 550 nm and 10 pm, representing shortwave and longwave extinction, respectively. To provide a concrete regional
example in which internal mixing effects are expected to be most apparent, the following analysis focuses on May 2010 over
the eastern China coastal region (110—125°E, 35-45°N), including the Capital Region of China polluted dust hotspot identified
in Sect. 2.2. This month is selected because the time series indicates a sulfate-rich background coincident with substantial dust
loading, thereby amplifying the sensitivity of AOD and radiative effects to the assumed internal mixing scheme. Figure 7
illustrates how the assumed dust—sulfate mixing state can substantially modulate regional AOD in a polluted dust regime. At
550 nm, dust AOD over the eastern China coastal region in May 2010 is moderate and slightly lower than sulfate AOD, but
the two are of comparable magnitude (panels a—b), with sulfate exhibiting a distinct spatial maximum. Treating dust and sulfate
as a fully external mixture yields a much larger total AOD field (panel c), reflecting the additive contribution from the sulfate
component. In contrast, when sulfate is incorporated through internal mixing schemes I-III (panels d—f), the resulting polluted
dust AOD remains closer to the pure dust baseline but is consistently enhanced, with relative increases of about 10-30%
depending on the scheme and location (panels g—i). The enhancement is largest where sulfate AOD is highest (i.e., within and
around the Capital Region hotspot), indicating that the 550 nm AOD response to internal mixing is primarily controlled by the

local sulfate burden available for coating. Relative to the fully external mixture reference, however, the contour lines show
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that fully internal mixing can reduce AOD at 550 nm by up to 60% over parts of the domain. The strongest reductions occur

in and around the sulfate-rich hotspot.

At 10 um (Figure 8), pure sulfate contributes little to the external-mixture AOD (panel b), so the fully external mixture AOD
largely resembles the dust spatial pattern (panel c). However, internal mixing produces a markedly larger fractional
perturbation than at 550 nm. Schemes I-III yield widespread AOD increases of ~20-50% relative to pure dust and ~5—15%
relative to the fully external-mixture reference (panels g—i), with the largest enhancements concentrated over the sulfate-rich
part of the domain. This enhanced sensitivity at 10 um suggests that internal mixing can exert a larger influence on longwave
extinction—and hence longwave DRE—than would be inferred from shortwave diagnostics alone. This point is particularly
relevant because many models still assume externally mixed optics for polluted dust, while the longwave radiative impacts

remain less well constrained.
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Figure 7. Changes in 550 nm dust aerosol optical depth (AOD) associated with internal mixing with sulfate over the Capital Region
of China in May 2010. Panels (a) and (b) show baseline AOD for pure dust and pure sulfate, respectively. Panel (c) shows the AOD
for dust + sulfate treated as an external mixture. Panels (d)—(f) show polluted dust AOD after mixing with sulfate using internal
mixing schemes I-III. Color shading in panels (g)-(i) shows the relative AOD change with respect to pure dust, calculated as
(AODinternal - AODpure) / AODpure X 100%. The dashed contours in panel (g)-(i) show the relative difference between each internal
mixing scheme and the externally mixed case, calculated as (AODinternal — AODexternal) / AODexternal X100%.
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Figure 8. Same as Figure 7, but for dust aerosol optical depth (AOD) at 10 pm.

The domain averaged vertical structure at 550 nm reflects the different preferred altitudes of dust and sulfate over the Capital
Region of China in May 2010 (Figure 9). The extinction coefficients of both pure dust and pure sulfate are largest in the lower
troposphere and generally decrease with altitude, with sulfate more strongly confined below about 4 km. Adding sulfate as an
externally mixed component therefore produces the largest enhancement in low-level extinction. In contrast, the three internal
mixing schemes redistribute the sulfate mass onto the dust cores and primarily enhance extinction within the existing dust
layers. As a result, the internally mixed profiles thus closely follow the shape of the pure dust profile and generally fall between
the pure dust and full externally mixed dust curves in magnitude.

At 10 pm, the enhancement of the extinction profiles due to sulfate is much weaker than at 550 nm. Compared with pure dust,
both external and internal mixing enhance LW extinction throughout the dust layer, with the internally mixed cases producing
larger increases than the externally mixed case. The three internal mixing schemes yield profiles that are very similar to one
another, indicating that the detailed size dependence of the coating has little impact on LW extinction. In particular, for a given
sulfate burden, the vertically integrated 10 pm extinction AOD is systematically higher in the internal mixing cases than in the
external mixing case, while differences among the assumed internal mixing states only exert a secondary influence. An
interesting contrast between 550nm and 10pm is that, at 550nm the AOD of internal mixture is smaller than the full external
mixing. But at 10um, the internal mixture has a larger AOD than external mixture. This wavelength dependence is consistent
with Zhang et al. (2024) and reflects the different extinction behavior of sulfate and dust across the spectrum. At 550 nm,
externally mixed sulfate contributes a large number of small particles with a large total geometric cross section, leading to
stronger extinction. At 10 um, however, sulfate has a much lower extinction efficiency than dust. When sulfate is coated on
dust particles, the coated particles retain relatively high longwave extinction efficiency, making internal mixing more effective
than external mixing in increasing 10 um AOD.
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Figure 9. Vertical profiles of bulk aerosol extinction coefficient (m™) at (a) 550 nm and (b) 10 pm for different dust—sulfate mixing
states, averaged over the Capital Region of China in May 2010. Colored solid lines show pure dust (orange), fully externally mixed
dust—sulfate (black), and internally mixed schemes I-III (red, green, and blue), while the gray dashed line denotes pure sulfate.

To establish the microphysical basis for the subsequent radiative effect analysis, the bulk optical properties of the dust-sulfate
mixture are diagnosed. Building on the mixing framework described in Section 4.1, size-resolved extinction efficiency (Q.),
single-scattering albedo (®), and asymmetry factor (g) are calculated for each dust size bin and mixing state. For each sulfate
mixing state, the internally mixed sulfate fraction is prescribed as finema = 0%, 25%, 50%, 75% or 100%, with the coating
mass distributed among dust size bins according to one of the three core—shell schemes. When finiemal < 100%, the remaining
sulfate mass is treated as externally mixed homogeneous spheres, and its optical properties are computed with the same Mie
solver. For each wavelength and mixing state, the size-resolved optical properties are combined with the vertical profiles of
size-resolved mass: for each size bin, extinction and associated ® and g are first vertically integrated, and the angle brackets
in Figure 10 denote column bulk averages across all the size bins, weighted by their column extinction, yielding (Q.), (), and

(g) for the dust—sulfate mixture.

As the internal sulfate fraction increases from 25 % to 100 % (Fig. 10), the bulk shortwave optics at 550 nm (solid lines in Fig.
10a—c) change systematically. (Q.) and (®) both decrease as more sulfate is moved from the external mixture onto dust cores,
indicating weaker shortwave scattering and slightly stronger absorption for the polluted dust ensemble. In contrast, (g) shows
a weakly non-monotonic response: in Schemes I and II, a modest maximum appears at intermediate internal fractions (about
25-75 %), and all three schemes converge to slightly lower (g) at 100 % internal mixing than in the predominantly external-
mixing case. The overall sensitivity still depends on the coating pattern, with Scheme III producing the largest net decrease in
{Qe) and {(w), Scheme I the smallest, and Scheme II in between. At 10 um, the impact of sulfate on the bulk optical properties
is weaker than at 550 nm. Increasing the internal sulfate fraction leads to modest increases in (Q.) and () for all three schemes

(dashed lines in Fig. 10a-b), with Scheme III showing the largest enhancement and Scheme I the smallest, and Scheme II
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falling in between. The response of (g) is more scheme dependent: in Schemes I and II, (g) decreases as the internal fraction

increases, whereas in Scheme I1I it increases slightly (dashed lines in Fig. 10c).
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Figure 10. Bulk averaged extinction efficiency (Q.) (panel a), single-scattering albedo (®) (panel b), and asymmetry factor (g) (panel
¢) as a function of internal sulfate fraction for mixing schemes I-III. Solid lines denote values at 550 nm, and dashed lines denote
values at 10 pm.

4.2 Impacts of mixing state on dust DRE

To assess how the dust—sulfate mixing state modifies dust radiative effects over the eastern China coastal region, radiative
fluxes are computed using the Rapid Radiative Transfer Model (RRTM), using RRTM_SW for the shortwave spectral range
of 0.2-12.2 um and RRTM_LW for the longwave spectral range of 3.08 — 1000 um, under both aerosol-loaded and aerosol-
free (pristine) atmospheric conditions. The resulting vertically resolved extinction, single-scattering albedo, and asymmetry
factor in each RRTM band are then combined with standard atmospheric profiles and applied over the eastern China coastal
region (110°E—125°E, 35°N-45°N). The shortwave surface albedo is taken from the MERRA-2 tavgl 2d rad Nx radiation
diagnostics product, and the longwave surface emissivity is taken from a satellite-based emissivity dataset (Huang et al., 2016).
We diagnose shortwave and longwave dust direct radiative effects at the top of the atmosphere (TOA) and at the surface as the
difference in net flux between dusty and clean atmospheres at each grid cell, and then compute domain averages over land and
ocean separately. Figure 11 summarizes the resulting land-mean and ocean-mean DRE as a function of the fraction of sulfate
internally mixed with dust, with the pure dust DRE indicated by horizontal purple lines.

In the shortwave, dust exerts a negative DRE (cooling) at both TOA and the surface. As the internal sulfate fraction increases
from 0 % (all sulfate externally mixed) to 100 %, the SW DRE becomes progressively less negative for all three schemes, over
both land and ocean. This weakening of the cooling effect is consistent with the reduction in bulk (Q.) and total extinction
cross-section at 550 nm when sulfate is transferred from the external mixture onto dust cores (Fig. 10a). The sensitivity is more
pronounced over ocean than over land because the dark ocean surface has a lower albedo, so changes in dust scattering more
effectively modify the planetary reflectance. For a fixed internal fraction, differences among schemes are most evident in the
SW: Scheme I, which concentrates coatings on fine dust, maintains the largest (most negative) SW cooling, whereas Scheme

III, which coats coarse dust, yields the weakest cooling, with Scheme II in between. In the longwave, dust produces a positive
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DRE (warming) by trapping outgoing terrestrial radiation. Increasing the internal sulfate fraction enhances the LW DRE at
both TOA and the surface, but the magnitude of this enhancement is much smaller than the SW change. This LW enhancement
occurs because sulfate coatings increase the outer radius of dust particles, pushing part of the dust—sulfate population closer to
the longwave size-parameter regime where extinction is more efficient. As a result, internal mixing slightly enhances longwave
warming relative to external mixing, even though the total column extinction cross section is reduced. The positive LW DRE
is systematically larger over land than over ocean, reflecting the higher surface longwave emissivity of land relative to the
adjacent sea. At a given internal fraction, differences among Schemes I-III in LW DRE are modest compared with those in
the SW, consistent with the weaker dependence of longwave bulk optics on the detailed size distribution of the sulfate coating.
Treating polluted dust as fully externally mixed substantially overestimates its net cooling effect relative to the fully internally
mixed cases. In the net DRE panels (Fig. 11c, f), Averaged over the three internal schemes, the net DRE changes from —4.94
to —2.55 W m at the TOA and from —6.19 to —3.83 W m™ at the surface over land, corresponding to cooling reductions of
48.4% and 38.1%, respectively. Over ocean, the net DRE changes from —8.70 to —=5.01 W m™ at the TOA and from —9.36 to
—5.61 W m2 at the surface, corresponding to reductions of 42.4% and 40.1%.
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Figure 11. Dust direct radiative effect (DRE) as a function of the fraction of sulfate internally mixed with dust for mixing schemes
I-II1. The top row shows DRE at the top of the atmosphere (TOA), and the bottom row shows DRE at the surface. The left, middle,
and right columns show shortwave (SW), longwave (LW), and net (SW + LW) DRE, respectively. Solid lines denote values over
land, and dashed lines denote values over ocean. Horizontal purple lines indicate the corresponding DRE of pure dust.

The spatial expression of the SW mixing state effect over the eastern China coastal region in May 2010 is shown in Figs. S6
and S7 for the TOA and surface, respectively. In each figure, panels (a) and (e) show the reference DRE fields for pure dust
and fully externally mixed polluted dust, while panels (b)—(d) show the DRE differences between internally mixed Schemes
I-1III and pure dust, and panels (f)—(h) show the corresponding differences relative to the fully external mixture. At both the

TOA and surface, the fully externally mixed case produces the strongest SW cooling, with large negative DRE values over the
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Capital Region of China hotspot identified in Sect. 2.2 and the adjacent seas, broadly collocated with enhanced sulfate loading.
The internally mixed cases are also more negative than pure dust, indicating that the addition of sulfate enhances SW cooling
relative to pure dust. However, their differences relative to the external mixture are mostly positive, demonstrating that internal
coating substantially weakens the sulfate-induced enhancement of SW cooling compared with an external mixture. Notably,
the DRE difference between the external and internal mixtures is several times larger than that between pure dust and the
internal mixtures, underscoring the strong sensitivity of the sulfate DRE contribution to the assumed mixing state. This contrast
reflects the stronger scattering contribution of externally mixed sulfate particles relative to sulfate redistributed as coatings on
dust cores. This interpretation is further supported by the SW flux-component diagnostics. The externally mixed case produces
the largest increase in aerosol-induced upward SW flux at the TOA, with the regional mean increasing from approximately
4.4 W m™ for pure dust to 7.4 W m™2, compared with about 5.0 W m™ for the internally mixed schemes (Fig. S12). The
corresponding surface response shows reduced downwelling SW flux for all aerosol cases, again with the strongest reduction
in the fully external mixture (Fig. S13). Thus, the similar TOA and surface DRE patterns reflect enhanced solar reflection at
the TOA and reduced solar transmission to the surface. The weaker, smoother responses of Schemes I-I1I are consistent with
the smaller SW extinction enhancement of coated dust relative to externally mixed sulfate.

In contrast, adding sulfate has only a limited impact on the LW DRE relative to pure dust (Figs. S8 and S9). Differences
relative to pure dust are generally substantially smaller in magnitude than the corresponding SW differences. The internally
mixed schemes produce slightly stronger LW warming than the fully external mixture (panels f-h in Figs. S8 and S9) and
scheme I has the strongest warming enhancement, consistent with the increase in LW AOD when sulfate is incorporated as
coatings on dust cores (Fig. 8). At TOA, this enhancement is more evident over land, where stronger surface thermal emission
provides more upward LW radiation for absorption by the polluted dust layer (Fig. S8). At the surface, the response is spatially
similar but shows a weaker land—sea contrast, suggesting that surface LW DRE differences are controlled primarily by
absorption and re-emission within the aerosol layer rather than by surface properties alone (Fig. S9). The LW flux diagnostics
further support this interpretation: all dusty cases reduce the upward LW flux at the TOA by approximately 1.6—1.9 W m™
relative to clean sky, with slightly larger reductions for internally mixed particles (Fig. S14), while all dusty cases increase the
downward LW flux at the surface, again with modestly larger values for the internally mixed cases (Fig. S15). Thus, sulfate
coatings modestly enhance LW trapping, but the weak sensitivity among mixing states indicates that the overall mixing-state

dependence of dust DRE is dominated by SW flux changes.

The atmospheric DRE, defined as TOA minus the surface DRE, represents the radiative energy deposited in the atmospheric
column induced by aerosols. Figures S10 and S11 show the atmospheric DRE of pure dust and polluted dust in SW and LW,
respectively. In the SW (Fig. S10), the differences between the internally mixed schemes and pure dust are generally positive,
indicating that the addition of sulfate increases atmospheric SW absorption rather than producing a purely scattering
perturbation. The atmospheric DRE difference (internal minus external; panels f—h) reverses sign with sulfate loading, being

negative over the sulfate-rich region and weakly positive elsewhere. This pattern suggests that, where sulfate abundance is
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high, externally mixed sulfate enhances multiple scattering and increases the probability of absorption by dust, leading to larger
column absorption than in internally mixed cases. Where sulfate AOD is low, the weakly positive differences between internal
and external mixing are consistent with a coating induced lensing effect, in which the sulfate shell enhances the absorption
efficiency of the dust core. In the LW (Fig. S11), both internal and external dust—sulfate mixtures produce more negative
atmospheric DRE than pure dust, reflecting enhanced LW emission and absorption by polluted dust layers. The internally
mixed cases generally show more negative atmospheric DRE than the external mixture, with Scheme III being the only
exception (panels f-h). This exception arises from the balance between enhanced LW extinction and changes in single-
scattering albedo. In Scheme III, the relatively high LW single-scattering albedo shown in Fig. 10 partly offsets the emissivity

increase associated with enhanced LW extinction, thereby weakening the atmospheric DRE response.

To synthesize the spatial analyses above, Figure 12 summarizes the regional-mean SW and LW DREs over the Capital Region
of China hotspot (36—40°N, 110—117°E) for pure dust, the fully externally mixed case, and the fully internally mixed cases. In
the SW, the externally mixed case produces by far the strongest cooling at both the TOA (—=7.83 W m™2) and the surface (—10.45
W m?), substantially exceeding pure dust (—4.83 and —7.12 W m2), whereas the internal mixture lies in between (—5.30 and
—7.98 W m™). It is worth noting that the SW atmospheric DRE of the internal mixture (+2.68 W m™) is the strongest one
among the three, because of the lensing effect explained in Zhang et al. (2024). The magnitude of the LW response is smaller
than that of the SW response and has the opposite sign, but it reinforces the external—internal contrast in net DRE. Internal
mixing produces stronger LW warming than both pure dust and the external mixture at both the TOA and the surface,
contesting an enhanced LW absorption and emission by sulfate-coated dust cores. Relative to the external mixture, the
internally mixed case reduces net cooling by 2.65 W m2 at the TOA and 2.64 W m™ at the surface, corresponding to 46.4%

and 38.0% of the magnitude of the external-mixture net DRE, respectively.

Pure dust Externally mixed dust Internally mixed dust
SW DRE at TOA = -4.83 W m~2 SW DRE at TOA = -7.83 W m~2 SW DRE at TOA = -5.30 = 0.16 W m~2
LW DRE at TOA = +1.89 W m~2 LW DRE at TOA = +2.12 W m~2 LW DRE at TOA = +2.24 = 0.02 W m2
SW Atm. DRE = +2.29 W m~2 SW Atm. DRE = +2.62 W m~2 SW Atm. DRE = +2.68 = 0.02 W m~?
LW Atm. DRE = -0.71 W m~—2 LW Atm. DRE = -1.38 W m—2 LW Atm. DRE = -1.43 = 0.08 W m~2
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SW DRE at Surface = -7.12 W m~2 SW DRE at Surface = -10.45 W m~2 SW DRE at Surface = -7.98 = 0.16 W m~2
LW DRE at Surface = +2.60 W m~? LW DRE at Surface = +3.50 W m~2 LW DRE at Surface = +3.67 + 0.09 W m—2

0 Dust core o Sulfate
Figure 12. Conceptual diagram of the three dust—sulfate mixing states in this study: pure dust, externally mixed dust and sulfate,

and internally mixed dust—sulfate particles. Orange and blue spheres denote dust cores and sulfate, respectively. The text boxes
summarize the corresponding SW and LW DREs at the TOA, within the atmosphere, and at the surface, where the atmospheric
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DRE is defined as the TOA DRE minus the surface DRE. Values are spatial means over the Capital Region of China (36—40°N, 110-
117°E); for the internally mixed case, values are reported as the mean * one-half of the range across Schemes I-I1I under fully
internal sulfate mixing.

5 Discussions and Conclusions

The interaction between long-range transported mineral dust and co-located pollution, such as sulfate, nitrate, organic carbon,
and soot from biomass burning or combustion sources, can generate polluted dust across a continuum of mixing states. These
include external mixtures of dust and pollutant particles, core—shell dust particles with soluble coatings, and internally mixed
dust—soot aggregates. Representing this diversity in mixing state is essential because each configuration can modify aerosol
extinction, absorption, scattering directionality, and ultimately the shortwave and longwave direct radiative effects of dust.
Previous work has emphasized shortwave consequences of dust aging, whereas corresponding impacts on longwave extinction
and LW DRE—and the physical drivers of those responses—remain comparatively less constrained. This study addresses that
gap by (i) using CALIOP (2007-2023) to identify recurring polluted dust hotspots, (ii) characterizing coexisting aerosol
composition with MERRA-2 (2007-2023), and (iii) quantifying SW/LW optical and radiative sensitivities using an idealized
concentric core—shell representation with three coating schemes (I-III) and a fully externally mixed reference, coupled to

RRTM_SW and RRTM_LW. The major findings are:

1. Robust polluted dust hotspots and transport context. CALIOP occurrence statistics identify three climatological
polluted dust hotspots—West Central Africa, the Indian Subcontinent, and the Capital Region of China—where
polluted dust exhibits both high occurrence frequency and large fractions relative to total aecrosol-type occurrences in
the corresponding seasons. The hotspot seasonality is consistent with source-to-receptor pathways inferred from
ERAS 850-hPa winds and MERRA-2 dust column mass flux, supporting a framework in which dust exported from
upwind desert regions frequently overlaps with strong local pollution sources in the downwind regions.

2. Climatological aerosol composition in polluted dust hotspots. MERRA-2 climatology over 2007—2023 indicates
that dust loading in all three hotspots exhibits a pronounced seasonal cycle, while coexisting pollutant components
show region-specific behavior. West Central Africa is characterized by strong co-occurrence of dust and organic
carbon during boreal winter—spring, consistent with biomass burning influence, whereas the Indian Subcontinent and
the Capital Region of China show substantial sulfate burdens during the dust-active months, reflecting dominant
anthropogenic sources. Interannual variability of monthly AOD is comparatively small relative to the seasonal cycle,
supporting the use of climatological seasonal diagnostics and motivating the hotspot-focused sensitivity experiments.

3. Contrasting SW vs LW controls on AOD response to mixing state. At 550 nm, the externally mixed dust—sulfate
case produces the largest AOD enhancement, whereas internally mixed cases yield smaller increases, with scheme-
dependent ordering consistent with coatings distributed preferentially onto fine (Scheme I) versus coarse dust
(Scheme III). At 10 um, the ordering reverses: internally mixed polluted dust produces larger fractional AOD

enhancements than the externally mixed case, while differences among Schemes I-I1I are secondary. This wavelength
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dependence reflects different dominant controls: SW AOD sensitivity is governed primarily by changes in the total
(column) extinction cross section associated with adding an externally mixed sulfate component, whereas LW AOD
sensitivity is governed primarily by changes in effective extinction efficiency ({(Q.)) of the mixed dust—sulfate

475 mixture.

4. Dependence of SW and LW DRE on mixing state. Over the eastern China coastal domain (110-125°E, 35-45°N),
the dust—sulfate mixing state strongly modulates dust direct radiative effects. As the fraction of sulfate internally
mixed with dust increases, the shortwave DRE becomes systematically less negative, while the longwave warming is
modestly enhanced; the shortwave response is stronger over ocean than over land. The May 2010 spatial DRE

480 difference patterns further show that the fully externally mixed case produces the strongest sulfate-related SW cooling
over the Capital Region of China hotspot and adjacent seas, whereas the internally mixed schemes substantially reduce
this perturbation. In the longwave, internal mixing slightly enhances dust warming relative to external mixing because
sulfate coatings increase the effective longwave extinction of dust-containing particles. However, this enhancement
is much smaller than the shortwave change, and the differences among the three internal mixing schemes are modest.

485 The associated flux perturbations confirm that the dependence of net DRE on mixing state is controlled primarily by
shortwave flux changes, while longwave effects provide a weaker compensating contribution. Quantitatively, treating
polluted dust as fully externally mixed substantially overestimates the magnitude of net cooling relative to the fully
internally mixed cases. Averaged across Schemes I-III, the net cooling is reduced by 48.4% at the TOA and 38.1%
at the surface over land, and by 42.4% at the TOA and 40.1% at the surface over ocean. The Capital Region hotspot

490 mean shows the same tendency: relative to the fully external mixture, internal mixing produces a less negative net
DRE, corresponding to a relative warming effect that offsets 46.4% of the external-mixture net cooling at the TOA
and 38.0% at the surface. Our results can be compared with the earlier assessment of Bauer et al. (2007), who
examined sulfate and nitrate coatings on mineral dust using a concentric core-shell representation similar to that
adopted here. They found that coatings alter the single-scattering properties of dust appreciably only when the shell

495 exceeds roughly 20% of the core radius, and concluded that coated dust can therefore be approximated as pure dust
in radiative calculations, without explicit treatment of the internal mixture. Our shortwave results largely support this
approximation: at 550 nm, the differences between the internally mixed schemes and pure dust optics are secondary,
and the shortwave sensitivity to mixing state is governed primarily by whether the sulfate mass contributes additional
externally mixed extinction, rather than by coating-induced changes in the optical properties of the dust particles

500 themselves. In the longwave, however, our results reveal a subtlety not captured by this approximation. Sulfate
coatings increase the effective longwave extinction efficiency of dust-containing particles, so that internally mixed
polluted dust produces a larger fractional AOD enhancement at 10 pm, and correspondingly a stronger longwave
warming, than either pure dust or the equivalent externally mixed dust-sulfate combination. In other words, the

"coated dust behaving as pure dust" approximation, albeit adequate in the shortwave, breaks down in the longwave,
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where the internal mixture is the most efficient warming configuration. Because the LW DRE of dust partially offsets
its SW cooling, neglecting this coating enhancement biases the net DRE of polluted dust toward stronger cooling in
heavily polluted downwind regions. This SW-LW asymmetry in terms of the impacts of internal mixing on dust DRE

is, to our knowledge, a new result of the present study.

Taken together, these results indicate that representing polluted dust as fully externally mixed can lead to a substantial
overestimate of SW cooling and a smaller underestimate of LW warming relative to internally mixed, coated dust. When SW
and LW effects are considered jointly, the external-mixing assumption yields a net DRE that is systematically more negative

(cooling) than internally mixed cases.

Although the present analysis is idealized (core—shell spheres, prescribed coating allocations), it highlights physically
interpretable pathways through which internal mixing alters dust radiative impacts and motivates the need for observational
and modelling constraints on LW optics of polluted dust. Extending this framework to additional pollutant species (e.g., nitrate
and absorbing carbonaceous coatings), incorporating nonsphericity and realistic mixing morphology, and evaluating against
satellite and in situ constraints in polluted dust hotspots represent natural next steps for reducing uncertainty in dust radiative

forcing.

Code and data availability

The dust and polluted dust layers analyzed in this study were identified using the CALIOP Level 2 5 km Merged Layer
product, Version 4-51, which is available from the NASA Langley Atmospheric Science Data Center Distributed Active
Archive Center under https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID L2 05kmMLay-Standard-V4-51. The global

dust aerosol optical depth and dust vertical extinction coefficient climatology derived from CALIOP were obtained from the
dataset provided by Song et al. (2021), available at
https://drive.google.com/drive/folders/1aQVupe7govPwR6qmsqUbR4{]Qsp1 DBCX?usp=sharing. The ERAS monthly

averaged pressure-level wind fields used in this study were obtained from the Copernicus Climate Data Store ERAS monthly
averaged data on pressure levels product, available under https://doi.org/10.24381/cds.6860a573. The MERRA-2 reanalysis
products used for aerosol, meteorological, radiative, and surface fields are publicly available from the NASA Goddard Earth
Sciences Data and Information Services Center, including the collections with DOIs
https://doi.org/10.5067/LTVB4GPCOTK2, https://doi.org/10.5067/ WWQSXQSIVFWSE,
https://doi.org/10.5067/Q9QMYSPBNV 1T, https://doi.org/10.5067/KLICLTZ8EM9D, and
https://doi.org/10.5067/MESQX6QS5IGGU. The global band-by-band surface emissivity data used to prescribe surface
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emissivity in RRTM_LW were obtained from the dataset described by Huang et al. (2016), available at
https://huang.engin.umich.edu/182-2/.
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