Peer review status:

This is a non-peer-reviewed preprint submitted to EarthArXiv.



—

Dust-Cloud Vertical Configurations Influence the Effective Radius of Low-Level
Warm Clouds over Marine and Continental Environments

Guoqing Gong"' and Adeyemi A. Adebiyi’

' Department of Life and Environmental Sciences, University of California, Merced, USA

Corresponding author: Adeyemi A. Adebiyi (aaadebiyi@ucmerced.edu)

Key Points:

e Dust and cloud vertical configurations modulate dust effects on low-level warm
cloud droplet size

e Meteorological variability can obscure a dust-driven tendency toward smaller cloud
droplets

e Dust-cloud vertical configuration may reflect distinct microphysical and semi-
direct pathways
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Abstract

Aerosol-cloud interactions remain a major source of uncertainty in climate forcing
estimates, partly because cloud responses depend on the location of aerosols relative to
clouds; yet for mineral dust, which accounting for about two-thirds of all aerosol mass, the
effects of dust-cloud vertical configuration on cloud droplet effective radius remain
unclear. Using multi-year observations from the Atmospheric Radiation Measurement sites
at the Eastern North Atlantic (ENA; marine) and Southern Great Plains (SGP; continental),
we quantify the sensitivity of low-level warm-cloud effective radius to dust-layer optical
depth—the dust aerosol-cloud interaction (dust-ACl) index—for dust located above (Top),
within (Middle), and below (Bottom) clouds. These configurations modulate the sign and
magnitude of the dust-ACI index. At ENA, the index is strongly positive for the Top
configuration (0.130 = 0.065), weakly positive for the Middle (0.080 + 0.029), and slightly
negative for the Bottom (-0.026 + 0.021) configuration, whereas the Middle (-0.021 + 0.057)
and Bottom (0.086 + 0.041) responses reversing signs at SGP. After controlling for
meteorological covariability, dust-ACI indices become consistently positive across sites
and configurations, revealing that thermodynamic changes associated with vertical
configuration can mask an underlying dust microphysical brightening tendency. We propose
potential mechanisms whereby dust-induced semi-direct heating dominates in the Top
configuration, enhancing stability and suppressing entrainment to yield smaller droplets,
whereas the Middle and Bottom configurations reflect competing microphysical and
semi-direct pathways whose relative strengths differ between marine and continental
regimes. These results show that dust effects on clouds cannot be inferred from dust
loading alone, but require accurate representation of dust—cloud vertical configuration and
environmental regime.

Plain Language Summary

Dust particles in the atmosphere can modify cloud properties, but their effects
depend not only on dust amount, but also on the vertical position of dust relative to clouds.
In this study, we use multi-year ground-based observations from a marine site in the Eastern
North Atlantic and a continental site in the Southern Great Plains to examine the responses
of low-level warm clouds when dust is located above, within, or below the cloud layer. We
find that cloud responses vary substantially with dust—cloud vertical configuration. Dust
located above clouds, especially over the marine environment, is generally associated with
smaller cloud droplets, whereas dust located within or below clouds can produce different
responses over marine and continental environments. After accounting for local
meteorology, our results suggest that dust generally reduces cloud droplet size, but this
effect is masked or even reversed by direct meteorological effects on clouds. This matters
because assessments of dust-cloud interactions that consider only the total dust mass may
miss the influence of dust-cloud vertical distribution, leading to different estimates of how
dust affects cloud droplet size and reflectivity.
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1 Introduction

Aerosol-cloud interactions remain one of the largest sources of uncertainty in
estimates of climate sensitivity and radiative forcing, exceeding even those associated with
greenhouse gas forcing (Bender, 2020; Im et al., 2026; Watson-Parris & Smith, 2022). This is
because aerosols influence the Earth’s radiation budget through multiple interacting
pathways that depend strongly on environmental conditions (Yu et al., 2024). Aerosols exert
direct radiative effects by scattering and absorbing solar and terrestrial radiation, thereby
modifying the atmospheric energy budget independently of clouds (Liet al., 2022). They also
induce semi-direct effects (SDE), in which heating by absorbing aerosols perturbs
atmospheric stability, cloud fraction, and cloud vertical structure (Adebiyi et al., 2015; Koch
& Del Genio, 2010; Pandey & Adebiyi, 2026b). In addition, aerosols can modify cloud
microphysics through indirect effects (IDE), altering cloud droplet number concentration,
cloud droplet effective radius (R,), and cloud lifetime (Patnaude & Diao, 2020; Qiu et al.,
2024; Twomey, 1977). These processes are particularly consequential for low-level warm
clouds, which exert a strong cooling influence on the climate system due to their high albedo
and widespread coverage (Voigt et al., 2021). Because these clouds are tightly coupled to
boundary-layer thermodynamics and aerosol conditions, even modest aerosol
perturbations can produce substantial radiative impacts (Bellouin et al., 2020). As a result,
constraining aerosol-cloud interactions in low-level warm clouds is essential for narrowing
uncertainties in climate sensitivity and radiative forcing (Bellouin et al., 2020).

The magnitude and sign of aerosol effects on clouds depend strongly on the vertical
distribution of aerosols relative to cloud layers, as well as on the environmental setting in
which the interaction occurs (Adebiyi et al., 2015; Lin et al., 2023). For absorbing aerosols,
the semi-direct effect is especially sensitive to aerosol-cloud geometry because the
location of radiative heating determines the thermodynamic response of the surrounding
atmosphere (Pandey & Adebiyi, 2026a, 2026b). Specifically, when an absorbing aerosol
layer is located above clouds, solar absorption within the elevated layer warms the free
troposphere and increases lower-tropospheric stability, which can suppress cloud-top
entrainment and enhance cloud persistence or cloud fraction (Pandey & Adebiyi, 2026a;
Wilcox, 2010). In contrast, when absorbing aerosols are embedded within the cloud layer,
localized radiative heating can promote evaporation of cloud droplets and destabilize the
cloud structure, potentially leading to partial cloud dissipation (Koch & Del Genio, 2010; Kok
et al., 2023). When aerosols are located below the cloud, radiative heating in the sub-cloud
layer may enhance turbulence and vertical moisture transport, thereby indirectly
influencing cloud development by modifying boundary-layer thermodynamics (McFarquhar
& Wang, 2006). In addition to these semi-direct pathways, indirect effects can occur when
aerosols are present within or below low-level clouds, where they act as cloud condensation
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nuclei and influence cloud droplet sizes. The relative importance of these mechanisms
differs between marine and continental environments. For example, indirect effects tend to
be stronger over land, where background CCN concentrations are higher, and cloud
microphysics are more responsive to aerosol perturbations than over the ocean (Lohmann
& Lesins, 2003; Yang et al., 2022). These contrasts suggest that identical aerosol-cloud
vertical configurations may produce different cloud responses over ocean and land.

Mineral dust, a major contributor to global aerosol mass (Kim et al., 2014), accounts
for approximately one-third of global aerosol shortwave absorption (Sand et al., 2021).
Unlike other absorbing aerosols, dust particles span more than three orders of magnitude
in size, from submicron to coarse, a range that enables dust to interact with both shortwave
and longwave radiation (Adebiyi & Kok, 2020; Adebiyi et al., 2023; Kok et al., 2023). In
addition, large quantities of dust are transported westward from the North African deserts
across the North Atlantic Ocean and onward toward the Caribbean and North America (Fig.
1a). Additional dust sources over the North American continent contribute to the local
aerosol burden over the continent's interior (Kok et al., 2021). Over specific regions of the
North Atlantic Ocean and North America, previous studies have examined dustimpacts on
cloud microphysics or radiative effects (Amiri-Farahani et al., 2017; Huang et al., 2019; Song
et al., 2018; Zheng et al., 2020), but few have systematically compared cloud responses
across distinct vertical arrangements such as dust above, within, or below clouds (Lin et al.,
2023; Pandey & Adebiyi, 2026a). Moreover, most of these studies rely on satellite
observations, which provide broad spatial coverage but limited temporal continuity and
often insufficient vertical resolution to fully resolve dust—cloud overlap (Jia et al., 2021;
Painemal et al., 2020). Even fewer studies have contrasted cloud response between marine
and continental environments, where differences in thermodynamic state, background
aerosolcomposition, and boundary-layer dynamics may cause identical dust-cloud vertical
geometries to produce qualitatively different cloud responses (Jia et al., 2019; X. Ma et al.,
2018; Su et al., 2024).

To address these gaps, we use the multi-year, continuous, ground-based
observations from the U.S. Department of Energy’s Atmospheric Radiation Measurement
(ARM) program at two contrasting sites: the Eastern North Atlantic (ENA, marine) and the
Southern Great Plains (SGP, continental). These two sites represent typical marine and
continental settings, and the large-scale aerosol and cloud environments over the two
regions are shown in Fig. 1a. The transport pathways to these two locations differ
substantially. Dust reaching the ENAtypically undergoes long-distance transport across the
Atlantic Ocean or directly from northern Sahara dust sources, with a substantial fraction
arriving at elevated layers (Wang et al., 2020). By contrast, dust reaching the SGP is more
commonly associated with regional emission events and is frequently confined to the lower
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troposphere (Evans, 2025; Lambert et al., 2020). Because these two locations are not
directly alongthe major dust transport pathways, overall dust concentrations and frequency
of occurrence are generally low, partially limiting analysis of dust-cloud interactions.
Despite the limited occurrence and abundance, the two sites together provide an
opportunity to examine how dust—cloud vertical configuration modulates cloud
microphysical responses across contrasting environments. Leveraging these multi-year
ARM datasets, we show that dust aerosol-cloud interactions and the associated response
of cloud droplet effective radius to dust vary depending on whether dust resides above,
within, or below the cloud layers, and that these responses diverge substantially between
marine and continental regimes.
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Figure 1. Overview of the observational context, dust-cloud configuration framework, and
representative cases used in this study. (a) Climatological aerosol optical depth and single-
layer low-level warm cloud fraction (contours) derived from MODIS for 2000-2012. The
locations of the ARM ENA (blue) and SGP (red) sites are marked, and the shaded boxes
denote the 5° x 5° regions centered on each site used for satellite data collocation (see Text
S1 and Fig. S1). (b) Conceptillustration of the three dust-cloud configurations (Top, Middle,
and Bottom) used in this study, defined based on the relative vertical positions of dust layers
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and cloud layers. Dashed lines indicate the vertical separation thresholds (100 m) used to
classify the configurations. Example cases of (c) the Top configuration (February 2, 2022)
and (d) the Bottom configuration (November 22, 2018) at ENA. Example cases of (e) the Top
configuration (May 30, 2022) and (f) the Bottom configuration (February 3, 2016) at SGP.

2 Data and Methods

2.1 ldentifying dust and cloud layers

Aerosol information was obtained from the Raman Lidar Profiles-Feature detection
and Extinction (RLPROF-FEX) Value-Added Product at ENA and SGP sites between January
1, 2016, and December 31, 2025, corresponding to the maximum continuous overlapping
period for both sites. RLPROF-FEX provides aerosol optical properties, including aerosol
extinction, depolarization ratio, scattering ratio, and a feature mask for identifying aerosol
layers. The product has atemporalresolution of 2-min and a vertical resolution of 30-m, with
667 vertical levels, making it suitable for characterizing the vertical structure of dust
aerosols (Chand et al., 2023). To obtain reliable dust aerosol information, we followed the
product documentation and applied several quality-control criteria (Chand et al., 2023).
Specifically, we retained only profiles identified as aerosol by the feature mask, used
observations with total detection confidence greater than 0.3, and excluded retrievals with
poor quality (quality flag # 0). To avoid potential contamination of dust retrievals by
precipitation, profiles were removed if any height level within a given profile was flagged as
rain by the feature mask. Because incomplete near-surface lidar overlap can degrade
Raman lidar signal quality and lead to unstable retrievals, particularly within the lowest 0-
0.03 km, data below 0.03 km were excluded (Thorsen et al., 2015). The upper altitude limit
was set to 8 km to reduce the influence of low signal-to-noise ratios at higher altitudes on
aerosol extinction and depolarization retrievals (Newsom et al., 2022). The 0.03-8 km range
captures most tropospheric dust layers relevant to interactions with low-level warm clouds
and is consistent with commonly used altitude ranges in Raman lidar aerosol studies
(Chand et al., 2023). After applying these filters, 1,032,345 and 1,920,230 valid aerosol
profiles were retained at ENA and SGP, respectively.

To isolate the dust component from total aerosol extinction, we first calculated the
particle depolarization ratio (PDR) using the scattering ratio and observed depolarization
ratio provided by RLPROF-FEX. Dust particles are typically highly nonspherical and therefore
exhibit higher depolarization ratios than most non-dust aerosols, making depolarization
information an effective indicator for dust identification (Noh et al., 2017). However, the
observed depolarization ratio includes contributions from both particle and molecular
scattering, particularly under conditions of low aerosol loading or at higher altitudes. Direct
use of the observed depolarization ratio may therefore underestimate the contribution of
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nonspherical dust particles. To reduce this effect, the observed depolarization ratio was
corrected using the scattering ratio to derive PDR (Burton et al., 2015):

t=S+58,—0n

Xnum = t8aerosot — Om
Xgen =S — 1+ 56m - Saerosol

xnum

PDR =

Xden
where S is the scattering ratio, §,.,050; IS the observed depolarization ratio, and §,,, =
0.0049 is the molecular depolarization (Behrendt & Nakamura, 2002). The corrected PDR
more directly reflects particle shape characteristics and is therefore more suitable for
distinguishing dust from non-dust aerosols.

Under the external mixing assumption (Mamouri & Ansmann, 2014), aerosols were
treated as a mixture of dust and non-dust components. The dust fraction, f;,s, was then
estimated using a depolarization mixing relationship based on reference depolarization
values for non-dust and pure dust particles (Freudenthaler et al., 2009; Noh et al., 2017).

L, PDR > &,
o, PDR < 8,
Jaust =\ (PDR = 6,)(1 + 6,)

(64 —6,a)(1 + PDR)’

8ya < PDR < 84

where 6,,; = 0.15 and §,; = 0.31 represent the reference values for non-dust and
pure dust, respectively (Proestakis et al., 2024; Soupiona et al., 2020). This approach allows
a continuous representation of mixed dust and non-dust conditions, thereby avoiding the
potential bias introduced by simple threshold-based classification under aerosol mixing
states. Dust extinction was then calculated as:

extayst(2) = faust(Z2) X extyerosor(2)

where ext,qr0501(2) is the total aerosol extinction from RLPROF-FEX. To reduce the
influence of cloud contamination and nonphysical retrievals, only extinction values less
than 1.25 km™' were retained (Kacenelenbogen et al., 2014), a threshold commonly used to
distinguish aerosol from cloud signhals. After the PDR-based dust-fraction retrieval and
extinction filtering, 279,784 and 532,920 valid dust-aerosol profiles were retained at ENA
and SGP, respectively. For each valid dust-aerosol profile, the dust layer was identified as
the vertically continuous range with valid dust extinction. Dust-layer optical depth was
calculated by vertically integrating dust extinction within the identified dust layer:

ZDTH
DLOD = f extyyust(z)dz

ZDBH
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where zppy and zpry denote the dust-layer base height (DBH) and dust-layer top
height (DTH), respectively. If multiple dust layers were present within a single profile, the
layerwith the largest DLOD was selected as the dominant dust layer for subsequent analysis
(Haarig et al., 2022). Dust-layer thickness was defined as zpry — Zpgy, and dust-layer mean
height was defined as (zpry + Zpgn)/2-

Cloud macrophysical properties, including cloud base height (CBH), cloud top height
(CTH), and number of cloud layers, were obtained from the Active Remote Sensing of Clouds
(ARSCL) Value-Added Product. ARSCL integrates active remote sensing measurements
from millimeter-wavelength cloud radar, lidar, and ceilometer observations to objectively
characterize the vertical distribution of hydrometeors, making it suitable for identifying
cloud boundaries (Clothiaux et al., 2001). The product has a temporal resolution of 4-s and
10 cloud layers, including the CBH and CTH of each layer. To match the temporal resolution
of RLPROF-FEX, ARSCL was resampled to a 2-min resolution. To avoid ambiguity in
matching cloud layers with dust layers under multilayer cloud conditions, this study
retained only single-layer cloud cases. The CBH and CTH were used to define the vertical
extent of the single cloud layer, and the cloud-layer mean height was defined as the
midpoint between CBH and CTH. Single-layer warm clouds were identified by matching the
CTH of each cloud layer to the corresponding RLPROF-FEX temperature profile and retaining
only cases where the cloud-top temperature was above 0 °C.

Cloud optical and microphysical properties, including cloud droplet effective radius
(R,), cloud fraction, and liquid water path (LWP), were obtained from the Multifilter Rotating
Shadowband Radiometer Cloud Optical Depth (MFRSRCLDOD) Value-Added Product. This
product retrieves cloud optical depth from MFRSR shortwave radiation measurements and
estimates LWP and R, using radiative transfer calculations (Turner et al., 2014). It is
primarily applicable to single-layer, horizontally homogeneous warm-cloud conditions
(Turner et al., 2014). This product has a temporal resolution of 20-s and was averaged to 2-
min intervals to match RLPROF-FEX and ARSCL. Following the product documentation,
samples with LWP < 20 g m2 were excluded because of large retrieval uncertainty (Zheng et
al., 2020), whereas samples with LWP > 300 g m2 were removed to reduce potential
precipitation influence (Zheng et al., 2020). Only cases with cloud fraction > 0.9 were
retained to ensure horizontally homogeneous cloud conditions (Turner et al., 2014). After
applying these filters, 49,719 and 19,631 valid single-layer warm-cloud samples were
retained at ENA and SGP, respectively.

The single-layer warm-cloud samples were then temporally matched with valid dust
profiles to construct the dust-cloud collocation dataset. A collocated period was defined
as a continuous sequence of 2-min timestamps during which both valid dust profiles and
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valid single-layer warm-cloud observations were available. A sample was retained only
when valid dust and cloud information were present at the same 2-min timestamp. To focus
on low-level warm clouds, collocated samples were further retained only when CTH was
below 3 km (McHardy et al., 2018; Xi et al., 2022). After applying these collocations and low-
cloud filters, the final dust—-cloud collocation dataset included 3,994 samples at ENA and
934 samples at SGP.

To provide an independent comparison with the ground-based ARM observations, we
also constructed a satellite-based dust—cloud collocation dataset. The detailed procedure
for identifying dust and cloud layers from satellite observations, including the satellite—site
sampling domain, satellite collocation procedure, and low-level warm-cloud screening, is
described in Text S1. This procedure yielded 720 and 316 satellite-based dust-cloud
collocation samples at ENA and SGP, respectively. Because the satellite and ARM
observations view the dust-cloud system from opposite directions, they provide
complementary constraints but are also subject to different attenuation-related
uncertainties. For ground-based lidar, uncertainties are generally larger when retrieving dust
layers above clouds because the lidar signal must pass through the cloud before reaching
the overlying aerosol layer. In contrast, for satellite-based lidar, uncertainties are generally
larger when retrieving dust layers below clouds because the lidar signal is attenuated by the
cloud before reachingthe underlying aerosol layer (Kim et al., 2008). Despite these platform-
dependent limitations, the satellite observations provide an independent dataset for
evaluating whether the cloud responses inferred from the ground-based ARM observations
are consistent across observing systems.

2.2 Obtaining dust—cloud configuration

A unified framework was used to classify the relative vertical position of dust and
cloud based on dust- and cloud-layer heights (Fig. 1b). For each collocated sample, the
corresponding CBH, CTH, DBH, and DTH were used to determine the dust-cloud vertical
configuration. Thus, each 2-min sample was classified into the Top, Middle, or Bottom
configuration according to the relative positions of the dust and cloud layer boundaries. This
sample-level classification preserves the observed dust-cloud geometry at each timestamp
and avoids imposing a single representative category on samples that may experience
short-term changes in cloud or dust-layer height. Such an approach is consistent with
previous profile-based aerosol-cloud studies (Hong & Di Girolamo, 2022; Mann et al., 2014).
When the dust base is at least 100 m above the cloud top, the case is classified as “Top”,
indicating dust above the cloud. When the dust layer overlaps the cloud layer, allowing the
dust-layer top to extend up to 100 m above the cloud top and the dust-layer base to extend
up to 100 m below the cloud base, it is classified as “Middle”. When the dust layer is entirely
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below the cloud, with itstop at least 100 m below the cloud base, itis classified as “Bottom”.
This classification captures three typical dust-cloud configurations. A +100 m threshold is
used to reduce the impact of retrieval uncertainty and avoid misclassification due to small
height variations. The same criteria are applied to both ARM and satellite data to ensure
consistency and comparability across platforms. Representative ARM cases are shown in
Figure 1c—f to illustrate how different dust-cloud vertical configurations appear in
observations. Figure 1c and 1d show Top and Bottom cases at ENA, respectively, whereas
Figure 1e and f show Top and Bottom cases at SGP, respectively. The red boxes indicate the
height and time ranges of the dominant dust layer.

This classification framework was then applied to the dust-cloud collocation
samples. For the ground-based ARM observations, 236, 1,216, and 2,206 of the 3,994 ENA
collocated samples were classified as Top, Middle, and Bottom, respectively. At SGP, 8,
305, and 607 of the 934 collocated samples were classified as Top, Middle, and Bottom,
respectively. For the satellite observations, 339, 41, and 112 of the 720 ENA collocated
samples were classified as Top, Middle, and Bottom, respectively, whereas 85, 24, and 57
ofthe 316 SGP collocated samples were classified into the same three categories. Samples
that represented transitional geometries or did not satisfy the geometric criteria for the three
typical configurations were excluded from subsequent analyses.

2.3 Estimating cloud response to dust

To quantify the impact of dust on cloud responses, we estimate the dust aerosol-
cloud interaction (dust-ACl) index as the sensitivity of cloud droplet effective radius (R,) to
dust-layer optical depth (DLOD), evaluated using a log-log regression applied separately to
each dust—-cloud configuration, defined as:

_dln(R,)
Pre-pLop = dln(DLOD)

where [n(R,) and In(DLOD) denote the natural-log-transformed cloud droplet
effective radius and dust-layer optical depth, respectively. Both variables were standardized
before regression to allow direct comparison of regression coefficients. B, _p.op is the
dust-ACl index. The negative sign ensures that a decrease in R, with increasing DLOD yields
a positive value, consistent with the Twomey effect. To isolate microphysical responses
under comparable cloud water conditions, the analysis was repeated within three LWP
ranges (20-60, 60-100, and >100 g m™2). The regression was performed separately within
each LWP bin. These LWP ranges were selected to controlfor the direct influence of LWP on
R, and to distinguish dust-ACI sensitivities under thin, moderately thick, and thicker liquid-
cloud conditions. The first two bins are consistent with LWP ranges commonly used in
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aerosol-cloud interaction studies (Jia et al., 2019; X. Ma et al., 2018), whereas higher-LWP
conditions were combined into a single bin of >100 g m to retain sufficient samples after
further stratification by dust-cloud vertical configuration. For all regressions, 95%
confidence intervals derived from the standard errors were used to quantify statistical
uncertainty.

2.4 Effects of meteorology on cloud response to DLOD

To separate the effects of dust and meteorology on cloud microphysics, we
incorporated meteorological variables from ARM radiosonde and Doppler lidar products.
Thermodynamic and horizontal-wind variables were obtained from the Gridded Sonde
(SONDEGRID) Value-Added Product, which is based on standard ARM radiosonde
observations and provides time-height fields at 1-mintemporal resolution and 20-m vertical
resolution (Fairless et al., 2021). This structure makes SONDEGRID suitable for collocation
with other ARM products. Specifically, we extracted relative humidity (RH), temperature (T),
potential temperature, and wind speed from SONDEGRID. Vertical-motion information was
obtained from the Doppler Lidar Vertical Velocity Statistics Value-Added Product, which
provides Doppler-lidar-retrieved vertical velocity at 10-min temporal resolution and 30-m
vertical resolution. These variables were used to characterize the thermodynamic and
dynamic background near low-level warm clouds. All meteorological variables were linearly
interpolated to 2-min intervals to match the RLPROF-FEX observations.

Candidate meteorological variables were selected based on both physical relevance
and statistical redundancy. RH, T, vertical wind shear (VWS), vertical velocity (VV), and
lower-tropospheric stability (LTS) represent moisture conditions, thermal state, dynamical
shear, vertical motion, and lower-tropospheric stability, respectively, thereby covering the
main meteorological pathways that can modulate cloud droplet effective radius (Su et al.,
2024; Wall et al.,, 2022). Because variables at different levels may contain redundant
information, we examined collinearity among candidate variables using correlation
matrices and retained representative variables that were most consistent with the height
range of low-level warm clouds and had the most direct physical interpretation (see Text S2
and Fig. S2 for details). Specifically, RH and T were averaged over 750-850 hPa (RH7s50-s50 and
T7s0-850) 10 represent humidity and temperature near the cloud layer. Higher RH can help
maintain liquid cloud water, whereas temperature variations can influence condensation,
evaporation, and both the retrieval and physical variability of R, (Chen et al., 2008; Martins
etal.,2011). VWS was defined as the zonal wind-speed difference between 725 and 925 hPa
(VWS725-925) to characterize dynamical mixing across the cloud layer; stronger wind shear
may modify cloud-top entrainment and aerosol-cloud contact efficiency (Fan et al., 2009;
Yamaguchi et al., 2019). VV was averaged over 750-850 hPa (VV7s0-s50) to represent upward
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or downward motion near the cloud layer. Upward motion generally favors water vapor
condensation and droplet growth, whereas subsidence can enhance evaporation or
suppress cloud development (Peng et al., 2005). LTS;, was defined as the difference
between the potential temperature at 700 hPa and the near-surface potential temperature
and was used to describe lower-tropospheric stability. Stronger stability generally limits
vertical mixing and may alter cloud-top entrainment and boundary-layer moisture structure
(Wang et al., 2023; Wood & Bretherton, 2006). This variable selection is also consistent with
previous aerosol-cloud interaction studies that controlled for near-cloud humidity, stability,
wind shear, and vertical motion (Su et al., 2024; Wall et al., 2022).

For each dust—cloud vertical configuration, a multiple linear regression model was
applied to quantify the joint effects of dust and meteorological conditions on R,:

In(R,) = o + bjs, - p1opIn(DLOD) + Z U X+ €

4

where «a, is the intercept, € is the residual term, and X; represents the
meteorological variables (i.e., RH7s0-s50, T750-850, LTS700, VWS725-925, VV750-850). TO facilitate
comparison of the relative effects of different predictors, In(R,), In(DLOD), and all
meteorological variables were standardized prior to regression. The resulting coefficients,
therefore, represent standardized regression coefficients. Specifically, by _pop denotes
the standardized regression coefficient of In(DLOD) on In(R,) after controlling for
meteorological factors, whereas ag,_,, represents the standardized regression coefficient
of each meteorological variable (X;) on In(R,). To remain consistent with the dust-ACI
definition introduced above, the dust-ACIl index with minimized meteorological modulation
was defined as:

* — _b*
BRe—DLOD = ~Dr.-pLOD

Thus, the original B _p.op represents the dust-ACI index derived from the bivariate
regression (see Section 2.3). Because this regression does not explicitly account for
meteorological covariability, Bg,_pLop likely reflects both dust-related effects and
variations in the meteorological background. In contrast, Br._pop represents the
independent contribution of DLOD to R, after controlling for meteorological variables and is
used to characterize the dust-ACl index after minimizing the influence of meteorology.
Therefore, comparing their difference (Br,_pLop—Br,-pLop) @llows us to estimate the extent
to which meteorological conditions modulate, enhance, or suppress the apparent dust—
cloud interaction inferred from the bivariate regression. Similarly, to show the sensitivity of
R, to meteorological conditions compared to the dust-ACl index, we present the result as

negative ap,_y;.
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3 Results

3.1 Characteristics of dust-cloud configurations

Over the ENA and SGP, we find that dust aerosols are more likely to occur below
(Bottom) and within (Middle) low-level clouds than above them (Top). Specifically, at ENA,
3,994 valid dust-cloud matched samples were identified, of which 3,658 were assigned to
one of the three configurations. The remaining matched samples were valid collocations but
did not meet the criteria for the three configuration categories (see Section 2.2). Among the
classified samples, 60.3% are Bottom configuration, 33.2% are Middle configuration, and
6.5% are Top configuration (Fig. 2a). Because of the stringent criteria required for the dust-
cloud configurations (see Sections 2.1 and 2.2 above), the number of Top configuration
cases is limited (see Fig. S3a). Similarly, at SGP, 934 valid dust-cloud matched samples
were identified, of which 920 met the classification criteria (see Section 2.2) and were
assigned to one of the three configurations: 66.0%, 33.2%, and 0.9% were Bottom, Middle,
and Top configurations, respectively (Fig. 2a). Because the Top configuration has a small
percentage (only eight samples) at SGP, we exclude this category from subsequent analysis.
Between the Bottom and Middle configurations that dominate the overall dust-cloud
vertical distributions, winter is the only season in which the Middle configuration occurs
more frequently than the Bottom configuration (Fig. S3a). Overall, the median DLOD for the
Top configuration is higher than those of the Middle and Bottom configurations by factors of
2 and 3, respectively, despite its limited occurrence at the ENA site (Fig. 2b). Similarly, the
median DLOD over SGP for the Middle configuration is a factor 1.7 higher than the Bottom
configuration (Fig. 2f).

Relative to the ground-based lidar observations at ENA and SGP, the infrequent
overpass of satellite-based lidar observations has a higher frequency of occurrence for the
Top configurations over ENA (68.9%) and SGP (51.2%) than Middle and Bottom (Fig. S4a).
This is expected given the satellite sensor’s scanning direction, which often results in higher
uncertainties where signal attenuation is greater — that is, dust below and within the cloud
for CALIPSO (Liu et al., 2009). The dominant configurations, Top and Bottom, show opposite
seasonal patterns between ENA and SGP: Top is more frequent at ENA in spring and
summer, whereas Bottom is more frequent at ENA in fall and winter (Fig. S3b). In contrast to
ENA, the occurrence frequency at SGP is higher for the Bottom configuration in spring and
summer and for the Top configuration in fall and winter (Fig. S3b). This satellite-based
frequency of occurrence for Bottom configuration is consistent with ground-based lidar
observation at SGP (Fig. S3a and 3b). Furthermore, DLOD magnitude also varies by dust-
cloud vertical configuration. Although Top configurations occur most frequently, higher
DLOD values are generally found when dust is within or below clouds (Fig. S4b). This pattern
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may partly reflect lidar detection selectivity. For CALIPSO, which observes from above,
cloud attenuation can make dust below or within clouds more difficult to detect unless the
dust layer is optically thick. Conversely, for ground-based ARM lidar, dust above clouds can
be more difficult to detect consistently because cloud layers may attenuate the upward-
looking lidar signal. Thus, the configurations that are less favorable for each lidar viewing
geometry tend to show higher DLOD, suggesting that configuration-dependent DLOD
differences reflect both physical dust loading and retrieval sensitivity.

The site-to-site differences in dust-cloud configuration frequencies are consistent
with distinct background vertical structures of dust and clouds at ENA and SGP. At ENA,
dust-layer height shows two distinct peaks, with a stronger peak near 800 m (Fig. 2c),
whereas at SGP, dust is primarily concentrated near the surface, at approximately 200 m
(Fig. 2g). Clouds at ENA are mainly confined to a narrower height range, while those at SGP
span a broader vertical range (Fig. 2c and 2g). These contrasting dust and cloud height
distributions help explain why Bottom and Middle configurations dominate at both sites,
while Top cases are relatively rare, especially at SGP. Because these configurations
represent distinct dust—cloud vertical contexts, we next examine whether cloud properties
vary systematically among them. We find that these dust-cloud configurations exhibit
distinct cloud properties, including R, and LWP. Specifically, the probability distributions
indicate that the median LWP for the Middle configurations (95.8 and 113.3 g m?) is higher
over both ENA and SGP than those for the Top (48.4 g m2for ENA) and Bottom (61.3 and 88.4
g m~) configurations (Fig. 2d and 2h). As a function of season, both the Middle and Bottom
show relatively higher LWP values in spring and fall than in summer and winter at the ENA
and SGP sites (blue lines in Fig. 2j). There are also distinct changes in R, across the different
dust-cloud configurations at both ENA and SGP. Specifically, the median values of R, forthe
Top configuration (14.9 um for ENA) are higher than the Middle (13.1 and 10.1 pm), which
are higher than the Bottom configurations (11.9 and 8.2 ym), across both sites (Fig. 2e and
2i). In addition, seasonal variations in R, show contrasting patterns between the two sites:
for both the Middle and Bottom configurations, R, is highestin winter and lowest in summer
at ENA, whereas itis generally higherin summer—autumn than in winter—spring at SGP (black
lines in Fig. 2j).

Our result also shows differences in the mean height and geometric thickness of the
cloud layer over both ENA and SGP, with seasonal variability differing from that of LWP and
R, (see Fig. 2j). Specifically, we find that the Middle configurations generally have low-level
clouds that are geometrically thicker (0.93 and 1.13 km) than Bottom (0.60 and 0.59 km) and
Top (0.46 km for ENA) configurations over both ENA and SGP. These differences in geometric
cloud thickness are consistent with differences in LWP and R,, particularly between the
Middle and Bottom configurations. Specifically, thicker clouds with higher LWP and R,
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occur in the Middle configuration than in the Bottom configuration across seasons (Fig. 2j).
In addition, the mean cloud heights (defined as the mean of cloud base and top heights) are
higher for Bottom configurations than for Top and Middle configurations (Fig. 2j). This is
because of the higher cloud-base height, leading to a larger difference in cloud-base heights
among the configurations than in cloud-top heights, which is likely associated with radiative
warming by shortwave-absorbing dust aerosols in the boundary layer or stronger vertical
wind shear resulting in stronger boundary-layer turbulence (Bottom higher than Middle).
Overall, the different dust-cloud configurations exhibit distinct mean cloud properties, with
differences between land and ocean, suggesting differences in cloud responses to dust.
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Figure 2. Dust—cloud vertical configurations and associated properties at ENA and SGP. (a)
Fractional and total occurrence of Top, Middle, and Bottom configurations at ENA and SGP.
(b) Probability density functions (PDF) of dust-layer optical depth (DLOD) at ENA. (c) PDF of
cloud- and dust-layer heights during dust-cloud colocation at ENA. (d, e) PDF of liquid water
path (LWP) and cloud droplet effective radius (R,) at ENA. (f-i) Same as (b—e), but for SGP.
Shaded areas indicate the lower 50% of each distribution. (j) Seasonal variations in cloud
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height, dust height, LWP, R,, and DLOD for each vertical configuration at ENA (blue
background) and SGP (red background), shaded bars denote cloud and dust vertical ranges,
and markers indicate seasonal mean cloud and dust properties.

3.2 Cloud Response to Dust-Cloud Configurations

To better understand the cloud response to dust, we estimate dust aerosol-cloud
interaction (dust-ACl) index as the sensitivity of cloud droplet effective radius to dust-layer
optical depth (Bgr,-pLop; See Section 2.3 above), and find a marked difference in cloud
response across different dust-cloud vertical configurations and across marine and
continental environments (Fig. 3). At ENA (marine environment; Fig. 3a), our results show a
strong positive dust-ACl index for the Top configuration (0.130 + 0.065) and a weakly positive
dust-AClI index for the Middle configuration (0.080 = 0.029), indicating a cloud brightening
effect, where increases in DLOD are associated with decreases in R, (see pink bars in Fig.
3a). In contrast, our results also show a slightly negative dust-ACI index for the Bottom
configuration (-0.026 = 0.021), indicating increases in DLOD are associated with increases
in R, (see pinkbarsin Fig. 3a). These relationships between dust and R, vary with season for
each configuration (red background in Fig. 3a). For the Top configuration, a negative dust-
ACI index occurs only in spring (MAM), whereas the positive responses in the other three
seasons dominate the mean positive dust-ACl index. For the Middle configuration, the mean
positive dust-ACI index is mainly driven by the positive response in fall (SON), which
compensates for the negative responses in winter (DJF) (Fig. 3a). Similarly, the mean
negative dust-ACl index for the Bottom configuration is primarily dominated by the winter
response, while the dust-ACIl index remains close to zero in the other seasons (Fig. 3a). In
addition to seasonal variations, the dust-ACl index across different dust-cloud
configurations also depends on LWP (blue background in Fig. 3a). Specifically, we find that
the dust-ACI index increases for higher LWP clouds for Top and Bottom configurations.
Indeed, for the Bottom configuration, the dust-ACl index increases from negative for low-
LWP clouds (20-60 g m™2) to positive for high-LWP clouds (>100 g m™). For the Middle
configuration, the dust-ACl index is highest for LWP in the range of 60-100 g m2, dominated
by positive dust-ACl index in the summer and influenced by environmental factors (see
Section 3.3 below).

These dust-ACl indices from ground-based instruments at ENA are further used to
assess satellite-derived dust-ACl indices as a function of the dust—cloud configuration. We
find that satellite-derived mean dust-ACI indices for Top and Middle configurations are
largely consistent with those from ground-based instruments at ENA (except for Bottom),
although with different magnitudes (Fig. 3a). Specifically, we find that the satellite-based
mean dust-ACI indices are 0.013 * 0.144 and 0.033 * 0.316 for Top and Middle
configurations, compared to 0.130 = 0.065 and 0.080 +* 0.029 from ground-based
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instruments. For the Bottom configuration, the results are opposite, showing 0.217 = 0.140
for satellite-based dust-ACI relative to —0.026 = 0.021 from ground-based observation. This
difference in the sign of dust-ACl may reflect both sample size (see Fig. S4a) and differences
in retrieval sensitivity and the representation of below-cloud dust layers between satellite
and ground-based observations. Specifically, because satellite-retrieved R, primarily
represents cloud-top conditions, below-cloud dust is more difficult to compare directly with
satellite-retrieved cloud microphysical properties (Platnick, 2000).

In contrast to the marine environment at ENA, we find different low-level cloud
responses to DLOD at SGP (Fig. 3b). Because the Top category contains too few samples for
a robust estimate, only the Middle and Bottom configurations are analyzed. We find that the
mean dust-AClI indices are negative for the Middle configuration at SGP (-0.021 = 0.057,
positive for ENA) and positive for the Bottom configuration (0.086 + 0.041, negative for ENA).
These contrasting cloud responses to aerosols, such as dust, between marine and
continental environments have also been documented in previous studies for non-dust
aerosols (X. Ma et al., 2018) and attributed to differences in boundary layer coupling and
thermodynamics, including surface fluxes, updraft differences between ocean and land (Su
et al., 2024). In addition, the dust-ACl indices at SGP vary with season and LWP (Fig. 3b).
Specifically, we find that the mean negative dust-AClI index for the Middle configuration is
driven by negative responses in summer and fall, whereas the mean positive dust-ACl index
for the Bottom configuration is driven by the positive responses in winter and spring. Across
LWP regimes, the dust-ACl index changes from strongly positive for low-LWP clouds for both
Middle and Bottom configurations to weak positive (Bottom) or negative (Middle) dust-ACI
indices for high-LWP clouds, indicating an increase in R, as LWP and associated available
water vapor increase. Overall, the contrast between ENA and SGP suggests that dust
impacts on cloud responses are jointly modulated by dust loading, vertical configuration,
and environmental background, with marine and continental regimes favoring distinct cloud
response patterns.
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Figure 3. Cloud droplet radius sensitivity ( Br,_pLop ) under different dust-cloud
configurations (white background) and further stratified by season (red background) and
LWP regimes (blue background) at (a) ENA and (b) SGP. Vertical lines denote the 95%
confidence intervals.

3.3 Influence of Meteorology on Cloud Response to Dust-Cloud Configurations

To better understand the role of local meteorology on the low-level cloud responses,
we break down the dust-ACl index as a function of common meteorological variables that
influence low-level cloud development (Adebiyi & Zuidema, 2018). Although several
meteorological variables influence cloud development differently over land and ocean
(Ghonima et al., 2016; Jian et al., 2021; Klein et al., 2018), we limit our focus to five common
variables (RH7s0-s50, T750-850, LTS700, VWS725-925, and VVzs0-850) t0 minimize multicollinearity
arising from potential cross-correlations among them (see Text S2 and Fig. S2). For these
five meteorological variables, we conduct a multiple linear regression analysis in which R,
is regressed on the variables and DLOD to minimize the confounding influence of
meteorology on dust-cloud interactions (see Section 2.4). The results show that local
meteorology substantially confounds estimates of the dust-ACI index, masking the direct
microphysical responses of clouds to dust, the extent of which depends on dust-cloud
configurations (Fig. 4). Specifically, the results show that the dust-ACl indices are largely
positive after minimizing meteorological influence, suggesting that direct dust interactions
often lead to decreases in R, both over ocean and land. The highest dust-ACl index for ENA
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remains for the Top configuration (0.092 = 0.071), and the dust-ACl indices for the Bottom
configuration are higher than those for the Middle configuration at both ENA and SGP (first
column in Fig. 4a and 4c). At ENA, the dust-ACI index is 0.035 += 0.031 for the Middle
configuration and 0.029 = 0.022 for the Bottom configuration; similarly, at SGP, it is 0.068
0.067 for the Middle configuration and 0.190 + 0.044 for the Bottom configuration. This
difference in dust-ACI indices for direct dust interaction is associated with the competing
microphysical and semi-direct influence of dust on R, (see Fig. 5). When comparing the
dust-ACl indices with and without the confounding influence of meteorology at ENA (Fig. 4a),
we find that meteorological conditions tend to anomalously enhance dust-cloud
interactions (decrease R,) for Top and Middle configurations and suppress (increase R,)
dust-cloud interactions for Bottom configuration. At SGP, meteorological conditions
anomalously suppress dust-cloud interactions in both the Middle and Bottom
configurations, even changing the dust-ACI index from positive to negative for the Middle
configuration.

In addition, the results show the relationship between each meteorological variable
and cloud R,, indicating their contributions to the anomalous enhancement or suppression
of dust—cloud interactions. First, we find that an in-cloud increase in RH is associated with
increases in R,, except over land at SGP when dust is below the cloud (first column in Fig.
4b and 4d). Although increased R,, is expected for higher RH, it is likely that the advection of
boundary-layer fine aerosols (including dust) over land into the cloud layer overcomes the
increase in available moisture, resulting in a reduction in the cloud’s R, when dust is below
cloud. Second, we find that an increase in in-cloud temperature is associated with a
reduction in R,, regardless of the dust-cloud configuration over ENA and SGP (second
column in Fig. 4b and 4d). Such increases in in-cloud temperature can be caused by the
shortwave absorption by dust particles heating the cloud layer (Koch & Del Genio, 2010; Kok
et al., 2023), advection of warm free-tropospheric air entraining through the cloud top, or
warm convective thermals increasing sensible heat flux from the surface, effectively raising
the in-cloud temperature (Wood, 2012). Third, an increase in LTS is associated with
increased cloud R, over the ocean at ENA but reduced cloud R, over land at SGP (third
column in Fig. 4b and 4d). In both cases, the influence of LTS is stronger for the Top and
Middle configurations than for the Bottom configurations. The strong LTS for the Top
configuration is consistent with dust semi-direct effects when dust is above the cloud,
resulting in moisture buildup in the boundary and cloud layer and an increase in R, (Kok et
al., 2023). In contrast, when dustis within or below clouds, other competing processes likely
confound the effect of LTS, reducing its influence on cloud R,.. Fourth, we find that VWS has
a contrasting influence on R, at ENA and SGP (fourth column in Fig. 4b and 4d). Specifically,
stronger VWS is associated with increased R, for Middle configurations, although stronger
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over land at SGP than over ocean at ENA. In contrast, R, responds differently to stronger
VWS for Bottom configurations, resulting in increased R, at ENA and decreased R, at SGP.
Finally, our results also show that increases in upward vertical velocity reduce the cloud R,,
regardless of the dust—cloud configuration over ENA and SGP (last columnin Fig. 4b and 4d).
Overall, these results indicate that local meteorology modulates the dust-ACI index,
indirectly influencing dust—cloud interaction, sometimes differently over ocean and land.
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Figure 4. Confounding influence of meteorology on dust-cloud interactions under different
dust-cloud vertical configurations. (a) Comparison of dust-ACIl index estimated without
meteorology (fz,—pLop ; Minimizing the influence of meteorology), with meteorology
(Br,-prLop that is, the influence of meteorology remains), and their differences (Bg,_prop —
Br,-pLop) in the ENA site under different dust-cloud configurations. (b) Standardized
coefficients for meteorological variables (—ag,_y,) at the ENA site under different dust-
cloud configurations. Note that the standardized coefficients for the meteorological
variables are multiplied by -1 for comparison with the dust-ACIl index (see Section 2.4).
Panel (c) and (d) show the corresponding results for the SGP site. The figures are such that
positive values indicate a decrease in cloud droplet effective radius with increasing
predictor values. Vertical lines denote the 95% confidence intervals.

3.4 Potential Pathways Explaining Cloud Response to Dust-Cloud Configuration

Our findings above suggest that processes associated with dust—cloud interactions
across different dust-cloud configurations are often more interconnected than can be
explained by semi-direct (thermodynamic) or microphysical effects alone. Therefore, we
propose the following pathways by which dust influences cloud droplet effective radius (R,)
across different dust-cloud configurations. First, when dust is above the cloud, the
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dominant pathway influencing changes in R, is likely the semi-direct effect, whereby dust-
induced shortwave absorption warms the free troposphere (Wilcox, 2010), strengthens the
lower-tropospheric stability (Johnson et al., 2004; Amiri-Farahani et al., 2017), suppresses
cloud-top entrainment of dry air (Brioude et al., 2009), and traps moisture within the
boundary layer (Fig. 5a; Kok et al., 2023). With less entrainment of dry air, the low-level cloud
can maintain higher droplet number concentrations, which likely shifts the cloud droplet
distribution toward smaller R, for a comparable liquid water path (Twomey, 1977). In
addition, enhanced shortwave-induced stability may also prolong cloud persistence, and
thinner, shallower clouds with reduced turbulent mixing may more readily preserve high
droplet number concentrations, further reducing R,. In contrast to the shortwave warming
above the cloud, the longwave-induced changes at cloud top, recently highlighted by
Pandey and Adebiyi (2026a, 2026b), are likely small due to the observed low DLOD values
(Fig. 2b and 2f), thereby limiting theirimpacts on Re. Furthermore, this pathway is supported
by the strong response of R, to LTS, VWS, and VV over ENA (Fig. 4b and 4d) as well as thinner
clouds and lower cloud-top height (Fig. 2j). The net result is a reduction in R,, consistent
with the strong positive dust-ACl index observed at ENA for the Top configuration.

Second, when dust co-exists within the cloud layer, R, is simultaneously influenced
by competing microphysical and semi-direct pathways, making the net response strongly
dependent on the ambient environment (Fig. 5b). On the one hand, dust can act as a
conventional CCN (although with low hygroscopicity) (Karydis et al., 2011), increasing the
droplet number concentration and shifting the size distribution toward smaller droplets,
thereby reducing R, (Karydis et al., 2017). On the other hand, dust absorption of shortwave
radiation within the cloud can warm the layer and promote partial evaporation, which may
either reduce or broaden the droplet spectrum depending on humidity and LWP. Over the
ocean at ENA, where background CCN is low, the additional fine-mode dust CCN are
comparatively more influential, yielding smaller R, and a positive dust-ACl index. The
supporting meteorology reinforces this cloud brightening pathway (Fig. 4b), whereby
stronger upward vertical velocity enhances supersaturation that activates a larger number
of CCN andyields more numerous smaller droplets, an effect that is especially pronounced
in the updraft-sensitive (aerosol-limited) marine regime (Peng et al., 2005; Reutter et al.,
2009). Over land at SGP, the already high background CCN concentration diminishes the
marginal sensitivity of R, to additional fine-mode dust, so the semi-direct warming-driven
evaporation can dominate, sometimes leading to larger R, and a negative dust-ACI index.
This tendency is strengthened by meteorological conditions that promote droplet growth,
including increased vertical wind shear (Fig. 4d), which enhances turbulent mixing and can
deepen the cloud layer (Fig. 2j), both of which favor a larger cloud droplet effective radius.

Third, when dust is below the cloud layer, our result suggests that influence on R, is
likely governed by competing thermodynamic and microphysical pathways that diverge
markedly between ocean and land (Fig. 5¢). Sub-cloud radiative heating by dust warms the
boundary layer, reduces sub-cloud relative humidity, elevates cloud base height, and
modifies turbulent mixing (Koch & Del Genio, 2010; Kok et al., 2023), consistent with
observed properties for Bottom configurations (Fig. 2j). Over ENA, weaker marine boundary-
layer mixing and slower aerosol processing favor coarser dust acting as giant CCN at cloud
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base, producing fewer but larger droplets that increase R,, yielding a negative dust-ACI
index, an effect amplified at low LWP (Fig. 3a). Additionally, shear-driven turbulent mixing
within the boundary layer can help increase in-cloud water vapor, and consequently
broaden the droplet spectrum, thereby increasing R, resulting in a negative dust-ACl index
(Fig. 4b). Over land at SGP, stronger convective boundary-layer mixing can exist, efficiently
transporting finer, locally emitted dust particles upward to the cloud base, where they
activate predominantly as conventional CCN, increasing droplet number concentration,
reducing R,, and producing a positive dust-ACIl index, with high LWP weakening this
sensitivity (Fig. 3b). Overall, these configuration-specific and environment-dependent
mechanisms highlight that the sign and magnitude of dust effects on R, emerge from a
balance between semi-direct thermodynamic adjustments and microphysical pathways,
which must be disentangled from meteorological confounding to isolate the true dust-cloud
interaction.
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Figure 5. Schematic diagram of dust-ACI| pathways under different vertical configurations.
(a) Dust above cloud, where dust heating strengthens lower-tropospheric stability,
suppresses entrainment, maintains cloud number concentration (Nd), and reduces cloud
droplet effective radius (R,); (b) Dust within cloud, where semi-direct evaporation and CCN
activation compete to either increase or decrease R,; and (c) dust below cloud, where sub-
cloud heating and boundary-layer mixing regulate whether the R, response is dominated by
water-vaporinfluence that broadens droplet-spectrum, or conventional CCN activation that
narrows it.

4 Discussion and Summary

Understanding how low-level clouds respond to mineral dust under different vertical
configurations and meteorological conditions is critical for constraining aerosol-cloud
interactions, an important component of regional climate systems. Using ground-based
observations at the U.S. Department of Energy Atmospheric Radiation Measurement sites
at the Eastern North Atlantic (ENA, marine) and the Southern Great Plains (SGP,
continental), our analysis demonstrates that the response of low-level clouds to dust
depends strongly on the relative vertical configuration between dust and cloud layers -
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classified as dust above (Top), within (Middle), or below (Bottom) the cloud — and these
responses differ substantially between marine and continental environments. Across both
the ENA and SGP, ground-based lidar shows that the Bottom and Middle dust-cloud
configurations occur substantially more frequently than the Top configuration. This low
occurrence frequency of the Top configuration contrasts with satellite-based observations,
which show higher occurrence rates than those of the Bottom configuration, highlighting the
difficulty of observing dust above clouds for surface lidars (Griesche et al., 2024; Thorsen et
al., 2011). Despite its relatively low occurrence frequency, the Top configuration at ENA
exhibits the strongest positive dust-ACI index (log-log sensitivity of the cloud droplet
effective radius to dust-layer optical depth), indicating cloud brightening through reductions
in R, with increasing DLOD, aided by local meteorology. In contrast, the Bottom and Middle
configurations exhibit contrasting dust-ACI indices over ocean and land that are strongly
modulated by LWP and local meteorological conditions. Specifically, over the marine site at
ENA, local meteorology amplifies the positive dust-ACIl index for the Middle configuration
and suppresses it for the Bottom configuration. In addition, increased LWP in both
configurations enhances the dust-AClI index, even resulting in positive values at the high-
LWP regime for the Bottom configuration. Over the continental site at SGP, LWP and local
meteorology suppress the dust-ACl indices for both the Middle and Bottom configurations,
resulting in a negative dust-AClI index for the Middle configuration and a reduced positive
dust-ACl index for the Bottom configuration.

These contrasting cloud responses can be understood through three pathways that
balance semi-direct and microphysical effects (Fig. 5). For the Top configuration, shortwave
absorption warms the overlying free troposphere and strengthens lower-tropospheric
stability, suppressing cloud-top entrainment of dry airand preserving higher droplet number
concentrations in the resulting thinner, shallower clouds, thereby reducing R, and
producing the strong positive dust-ACl index at ENA. For the Middle configuration,
competing pathways dominate in different regimes, whereby over the marine ENA, where
background CCN are scarce, fine-mode dust activates additional droplets and reduces R,,
whereas over the continental SGP, abundant background CCN mute this effect while in-
cloud absorptive warming evaporates droplets and increases R, . For the Bottom
configuration, sub-cloud heating elevates the cloud base, and the dominant nucleating
mode diverges between environments: coarse dust can act as giant CCN over the weakly
mixed marine boundary layer aided by increased in-cloud water vapor, forming fewer, larger
droplets, while strong continental mixing delivers finer dust that activates as conventional
CCN, reducing R,. Across all three configurations, local meteorology modulates dust-cloud
sensitivities, masking an underlying microphysical brightening that emerges once
meteorological covariability is removed.

Our findings have important implications for the assessment of dust-cloud
interactions in climate models. Current climate and regional models typically represent
aerosol-cloud interactions using column-integrated aerosol optical depth or near-surface
aerosol concentration as proxies for the aerosol burden that influences clouds (P.-L. Ma et
al., 2018; Painemal et al., 2020). Our results demonstrate that such column-integrated
metrics are insufficient to capture the configuration-dependent cloud responses
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documented here, because the sign and magnitude of the dust-ACIl index depend not only
on dust loading but critically on where dust resides relative to the cloud layer (Fig. 3 and 4).
In addition, this problem is compounded by the well-documented difficulty that climate
models have in accurately simulating dust vertical distributions, particularly the elevated
transport of coarse dust that characterizes long-range pathways to sites such as ENA
(Adebiyi et al., 2023; O’Sullivan et al., 2020). Furthermore, our results highlight that the
environmental regime (marine or continental) influences the microphysical and semi-direct
(thermodynamic) pathways through which dust affects R,, because this determines
whether meteorology enhances or suppresses dust-cloud interactions (Fig. 4).

Our findings are subject to some caveats. First, an important limitation of our study
is the low occurrence frequency of the Top dust—cloud configuration at both ARM sites,
particularly at SGP, where it is too rare for robust statistical analysis. This limitation arises
partly fromthe physical rarity of elevated dust above low-level clouds at these locations, but
also from an inherent constraint of ground-based lidar. Specifically, signal attenuation by
the intervening cloud layer reduces sensitivity to aerosol layers residing above clouds,
increasingretrieval uncertainty forthe Top configuration relative to the Bottom configuration
(Proestakis et al., 2018; Thorsen et al., 2017). This asymmetry is the inverse of the
attenuation challenge faced by spaceborne lidars such as CALIPSO, for which cloud
attenuation preferentially limits detection of below-cloud dust and therefore under-sample
the Bottom configuration (Fig. 2a and Fig. S4a). One approach for future studies to minimize
this limitation is to perform coordinated aircraft-based in situ measurements during dust
transport events, which could provide direct characterization of above-cloud dust
properties that are inaccessible to passive or attenuated lidar retrievals (Cochrane et al.,
2019; Wang et al., 2022). Second, another key limitation is that the median DLOD at both
ENA and SGP isvery low (Fig. 2b and 2f), reflecting their position off the major dust-transport
corridors (Wang et al., 2020; Lambert et al., 2020). At such low loadings, the dust-induced
perturbation to cloud droplet effective radius is small and difficult to separate from
meteorological covariability, limiting statistical power and the generalizability of the inferred
sensitivities. As such, our observed sensitivities likely represent the lower bound of dust-
cloud interactions (Kok et al., 2023). Importantly, the balance between semi-direct and
microphysical pathways is likely nonlinear; under high-DLOD conditions, stronger
shortwave absorption could amplify semi-direct or thermodynamic adjustments relative to
microphysical effects (Pandey et al., 2026c), potentially altering the sign and magnitude of
the dust-AClI index reported here. Third, although our multiple linear regression controls for
five meteorological variables, it cannot fully isolate the dust signal, because dust-induced
semi-direct heating is itself embedded within the thermodynamic background (Johnson et
al., 2004). Consequently, the meteorology-adjusted dust-ACl index likely reflects statistical
covariability rather than a fully causal attribution of cloud responses to dust (Su et al., 2024).
Regardless of these observational and methodological limitations, our findings indicate that
future estimates of dust radiative forcing will depend critically on how well models and
observations represent dust—cloud vertical configuration, because this configuration
determines whether dust brightens or darkens low-level clouds through changes in cloud
droplet effective radius and associated cloud albedo.
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