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Abstract. Aerosol semi-direct effect is the adjustment of the radiative budget due to the cloud response to radi-
ation absorption. Although dust accounts for about a third of aerosols’ shortwave absorption, our understanding
of its semi-direct effect often relies on traditional shortwave-focused mechanisms previously established for
biomass-burning aerosols, and implications of dust longwave absorption on clouds have yet to be explored.
Here, we assess the low-level cloud cover (LLCC) response to changes in properties and characteristics of the
free-tropospheric dust layer over the North Atlantic Ocean (May–August, 2007–2017). We find that, consis-
tent with previous studies, LLCC typically responds positively (increases in clouds) to an overlying dust layer.
However, this response weakens with increasing dust optical depth (DOD), dust geometric thickness (DGT),
and dust-layer base height (DBH). Specifically, we find that the LLCC response weakens by 4.3± 1.04 % and
1.6± 0.65 %, respectively, for a one-standard-deviation increase in DOD and DGT, and a smaller response to
DBH (0.19± 0.45 %). We also find that the weakened LLCC response is primarily due to enhanced dust-induced
longwave-dominated cloud-top warming, which counteracts the mean cloud-top cooling by as much as 19 %
(mean of 9 %). Sensitivity analysis further indicates that the variability in dust properties, influenced by dust size
distribution and refractive index, dominates the changes in dust-induced cloud-top warming, rather than vari-
abilities in cloud properties or thermodynamic profiles. Our result adds to the traditional understanding of LLCC
enhancement through shortwave-driven atmospheric stability, often associated with aerosol semi-direct effects,
and highlights the role of dust-induced cloud-top longwave warming in dust semi-direct effects.

1 Introduction

Atmospheric aerosols remain a complex but important com-
ponent of the Earth’s climate system, representing a major
source of uncertainties in our understanding of the current
climate and its future projections (Bellouin, 2015; Bellouin et
al., 2020; Bender, 2020; Forster et al., 2023). This is because
aerosols can interact with the climate system through several
complex pathways, influencing the overall radiative budget at
the surface and top of atmosphere (Bellouin et al., 2020; Li et
al., 2022; Satheesh and Krishnamoorthy, 2005). For example,
aerosols can directly impact the climate by scattering and ab-
sorbing solar and terrestrial radiation (Atwater, 1970; Chlek

and Coakley, 1974). It can also impact climate indirectly
by serving as cloud condensation nuclei or ice nuclei, influ-
encing cloud formation, reflectivity, and lifetime (Albrecht,
1989; Twomey, 1974). Another way aerosols influence cli-
mate without contributing to cloud formation is by modulat-
ing the thermodynamic profiles of atmosphere where clouds
exist (Allen et al., 2019; Amiri-Farahani et al., 2017; Baró
Pérez et al., 2021; Hansen et al., 1997; Herbert et al., 2020;
Johnson et al., 2004; Koren et al., 2004; Lu et al., 2021). This
latter pathway of aerosol-climate interactions, called aerosol
semi-direct effect (SDE), is the adjustment of the radiative
budget at the top of the atmosphere due to the cloud response
to aerosol radiation absorption (Hansen et al., 1997; Johnson
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et al., 2004; Koren et al., 2004). Previous studies have sug-
gested that aerosol semi-direct effects could warm or cool
the climate system, depending on the relative vertical posi-
tion of the aerosol and cloud layers (Koch and Del Genio,
2010). However, our understanding of the exact processes
that establish this aerosol semi-direct effect remains very
limited, contributing a substantial fraction to the uncertain-
ties associated with aerosol-radiation interactions and, con-
sequently, the overall radiative budget at the top of the atmo-
sphere (Adebiyi et al., 2023; Bellouin et al., 2020; Forster et
al., 2023; Koch and Del Genio, 2010). Further, it remains un-
clear whether these processes related to aerosol semi-direct
effects are consistent across the different absorbing aerosols
in the atmosphere, including biomass-burning and mineral
dust aerosols, and to what degree they may differ.

Most previous studies estimating aerosol semi-direct
effects have largely focused on biomass-burning smoke
aerosols, including black carbon, that dominate absorbing
aerosols in the atmosphere, and these studies have shaped
our general understanding of processes associated with SDE
(Bond et al., 2013; Jacobson, 2014; Koch and Del Genio,
2010; Mallet et al., 2020). Specifically, these studies have
indicated that the semi-direct effects of biomass-burning
aerosols and the corresponding cloud response depend on
cloud type, aerosol properties, and the relative position of
the aerosol and cloud layers (Haywood et al., 2021; Herbert
and Stier, 2023; Wilcox, 2010). For example, when biomass-
burning aerosols are within a cloud layer, the warming due
to shortwave absorption can “burn off” the cloud, decreasing
the cloud cover, which produces a positive semi-direct effect
(Johnson et al., 2004; Koren et al., 2004). On the other hand,
when the biomass-burning aerosols are distinctly above the
cloud layer, the shortwave warming can increase the lower
tropospheric stability, increasing the moisture build-up in the
boundary layer and resulting in increased cloud cover and a
negative semi-direct effect (Wilcox, 2012). Although semi-
direct effects from biomass-burning aerosols occur for all
cloud types, their influences are by far the most substantial
on marine low-level clouds (Koch and Del Genio, 2010),
dominating the aerosol-cloud processes and, therefore, the
overall aerosol radiative effects over the Southeast Atlantic
Ocean (Zuidema et al., 2016). Globally, low-level clouds are
widespread and constitute about 40 % of all overall cloud oc-
currences (Schneider et al., 2013; Stubenrauch et al., 2013),
with single-layer low-level clouds, such as stratocumulus
clouds, covering about one-fifth of the global ocean (Hahn
and Warren, 2007). Given the widespread presence of marine
low-level clouds co-existing with other absorbing aerosols,
our understanding of the aerosol semi-direct effect that re-
lies on processes associated with biomass-burning smoke
aerosols alone is, therefore, incomplete.

Although most studies shaping our understanding of
aerosol semi-direct effects focus on biomass-burning smoke
aerosols, few studies have examined semi-direct effects for
mineral dust aerosols – another major absorbing aerosol that

accounts for about 30 % of the shortwave absorption in the
atmosphere (Sand et al., 2021). Moreover, mineral dust also
accounts for about two-thirds of all aerosol mass in the atmo-
sphere, with more than 50 % emitted from the North African
Deserts and transported westward over the North Atlantic
Ocean in what is called the Sahara Air Layer (SAL) (Adebiyi
et al., 2025; Kok et al., 2021a; Prospero et al., 2021). Over the
ocean, these North African dust aerosols interact with one of
the major low-level cloud regions (Fig. 1a), influencing the
radiative budget at the top of the atmosphere (Wood, 2012).
During the spring and summer, the SAL has an average sepa-
ration from the underlying low-level clouds of about 0.12 km
that maximizes in July (Fig. 1b). In contrast, during the win-
ter, the dust layer is generally transported at a lower altitude,
allowing the dust particles to mix with the low-level clouds.
Previous studies have suggested that dust SDE and the as-
sociated low-level cloud responses are similar to those de-
scribed by biomass-burning aerosols (Amiri-Farahani et al.,
2017; DeFlorio et al., 2014; Doherty and Evan, 2014; Huang
et al., 2006). That is, when dust aerosols are within the low-
level cloud layer, dust SDE is positive with a decrease in
low-level cloud cover, while when dust is above the cloud
layer, dust SDE is negative with an increase in cloud cover.
Over the North Atlantic Ocean, the enhancement in low-level
cloud cover is generally positive during the summer when
the dust is above the cloud (about +8 % increase for the do-
main shown in Fig. 1d) compared to when other aerosols are
above the cloud (−6 % decrease for the same domain re-
gion shown in Fig. 1c). In addition, similarly to studies of
biomass-burning aerosols, these previous studies have linked
the enhancement of low-level cloudiness and the associated
negative dust SDE to the above-cloud dust layer to stronger
lower-tropospheric inversion caused by dust-induced short-
wave heating near the cloud top (DeFlorio et al., 2014; Do-
herty and Evan, 2014).

However, unlike biomass-burning aerosols, atmospheric
dust contains a significant fraction of coarser particles (di-
ameter ≥ 2.5 µm) that can interact with longwave radiation
and, therefore, impact dust semi-direct effect differently from
other absorbing aerosols (Adebiyi et al., 2023; Adebiyi and
Kok, 2020; Kok et al., 2017, 2021b). Specifically, previous
studies leveraging in-situ dust measurements have shown that
dust particles larger than 5 µm are about four times more
abundant in the atmosphere than previously estimated by cli-
mate models (Adebiyi and Kok, 2020). Furthermore, obser-
vations also showed that these coarse dust aerosols can have
sizes up to about 60 µm in the atmosphere, making them an
important component that cannot be ignored in estimating
dust radiative impacts (Adebiyi et al., 2023; Ryder et al.,
2013, 2018, 2019; Weinzierl et al., 2017). Because coarse-
mode dust absorbs and scatters more longwave radiation than
fine-mode dust, it can significantly cool the dust layer in the
longwave, counteracting the warming effect of shortwave ra-
diation and, therefore, may influence the overall dust semi-
direct effect and associated low-level cloud response (Kok et
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Figure 1. (a) The spatial distribution of low-level cloud fraction (shaded contour) and column dust optical depth (red line contours). The
yellow box represents the analysis domain, which consists of 5°× 5° grid boxes used for categorization in our analysis (see Sect. 2.2). (b) The
annual cycle of dust and cloud layer top and base height averaged over the analysis domain (yellow box in a). (c, d) Changes in low-level
cloud fraction relative to a long-time mean over the region when (c) all aerosols and (d) only dust are present above the cloud layer. Black
dots show locations that are significant at the 95 % confidence level with a two-tailed Student t-test. The cloud fraction was taken from
MODIS Aqua and dust optical depth from CALIPSO Level 2 datasets between May and August 2007 and 2017.

al., 2023). In addition, dust-induced longwave radiation can
be emitted towards the low-level clouds, potentially impact-
ing the cloud-top processes that deviate from the traditional
process of SDE by biomass-burning aerosols.

Furthermore, this potential dust-induced longwave influ-
ence on dust’s semi-direct effect and its low-level cloud re-
sponse could depend on the properties and characteristics of
the dust layer. One parameter that can influence the dust-
induced longwave absorption within the dust layer and the
associated downwelling radiation is the dust extinction or op-
tical depth, which, in turn, depends on the dust size distribu-
tion and dust complex refractive index (Gkikas et al., 2022;
Zheng et al., 2023). For example, the vertical distribution of
coarse dust within the dust layer can affect the vertical dis-
tribution of dust absorption, the dust-layer longwave cool-
ing, and the magnitude of downwelling radiation, thereby
influencing potential interactions with underlying low-level
clouds. In addition, for the same optical properties, the al-
titude and geometric thickness of dust layer can also influ-
ence the amount of radiation reaching the cloud top. These
inferences were recently made for biomass-burning smoke
aerosols by Herbert et al. (2020), who used large eddy simu-
lation to show the sensitivity of the cloud properties and the
resulting semi-direct effect to the variability in the altitude
and layer characteristics of the smoke overlying the low-level

cloud over the Southeast Atlantic Ocean. While this assess-
ment was conducted using model simulation and only for
biomass-burning aerosols, it remains unclear exactly how ob-
served variabilities in optical properties and dust-layer char-
acteristics, including the dust layer altitude, its geometric
thickness, and separating distance, will affect the underlying
low-level cloud, its response to radiative warming or cooling,
and ultimately the dust semi-direct effect.

To fill this gap, this study seeks to understand how the
above-cloud Sahara air layer influences the dust semi-direct
effect over the North Atlantic Ocean by examining the im-
pacts of dust optical depth and dust-layer characteristics on
underlying low-level cloud response using satellite observa-
tions. Specifically, we leveraged aerosol and cloud informa-
tion from CALIOP (Cloud-Aerosol Lidar with Orthogonal
Polarization) onboard CALIPSO (Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation) satellite and cloud
profiling radar (CPR) aboard CloudSat. We hypothesize that
the influence of above-cloud dust on low-level cloudiness
varies depending on the characteristics of the dust layer,
specifically the dust-base altitude and geometric thickness.
Whereas the dust-base height (DBH) characterizes the prox-
imity of the dust and cloud layers, the dust geometrical thick-
ness (DGT) represents the vertical extent of the dust layer.
Our results show a reduction in mean cloud cover with an in-
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crease in dust geometrical thickness, regardless of dust-base
heights, whereas cloud response to dust-base height depends
on the thickness of the layer. Additionally, with constant base
altitude and geometrical thickness, our results also show a
negative cloud cover sensitivity with increasing dust optical
depth that depends on the dust size distribution and the com-
plex refractive index of the dust layer. We find that these re-
sponses in cloud cover to changes in dust-layer properties
and characteristics primarily occur through dust modulation
of the longwave fluxes reaching the cloud top, which reduces
the mean cloud-top cooling.

2 Data and Methods

We focused our analysis on the North Atlantic Ocean be-
tween May and August (2007–2017) when the SAL dust
frequently overlies low-level cloud layers (Fig. 1b). Specifi-
cally, during this period, there is a higher probability of dust
being present above the clouds than during other periods of
the year, allowing for enough data samples for statistically
significant analysis (e.g., see Fig. S1 in the Supplement).
When averaged over the domain of interest (see Fig. 1a), ap-
proximately 79 % of the total column dust burdens are lo-
cated above the mean low-level cloud top between May and
August (Fig. 2a), compared to only about 50 % during other
months. Compared to the May–August period, most of the
above-cloud dust occurrences in other months are in March
and April, with relatively lower overall dust optical depth
(see red dots in Fig. 1b) and higher probability of mid-to-
high level cloud occurrences that can influence our analysis.
Furthermore, the domain mean dust extinction profiles peak
between May and August, with the column-integrated opti-
cal depth maximizing in June (≈ 0.4; Figs. 2b and 1b). To
this end, our analysis also examines the possible confound-
ing influence of aerosol optical depth on the cloud response
to dust-layer characteristics during the period.

2.1 Datasets

We obtained aerosol, cloud, and radiative flux information
from satellite-based observations, and meteorological param-
eters, including temperature and humidity, from reanalysis
datasets. The satellite-based observations include those from
CALIOP (Cloud-Aerosol Lidar with Orthogonal Polariza-
tion) onboard the CALIPSO (Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observation) satellite, cloud profil-
ing radar (CPR) aboard CloudSat, and reanalysis data from
the European Centre for Medium-Range Weather Forecasts
(ECMWF).

2.1.1 Aerosols and Cloud Data

We relied on CALIOP for vertically resolved measurements
of cloud and aerosol (Winker et al., 2010). Equipped with
an onboard lidar, this remote sensing platform measures the

backscatter signal of clouds and aerosols at two wavelengths,
532 and 1024 nm, and with distinct vertical resolutions: 30 m
from the surface to 8.2 km, 60 m from ≈ 8.2 to ≈ 20.2 km,
and 180 m above ≈ 20.2 km. Cloud and aerosol features
are identified using the contrast between backscatter signals
from the target feature and the altitude-based threshold de-
fined for the clear air (Vaughan et al., 2009). The backscat-
tered signal at 532 nm is preferred due to its sensitivity to a
wider range of atmospheric targets, including small aerosol
particles (Liu et al., 2004; Vaughan et al., 2009). The alti-
tude boundaries of the identified features (aerosols or clouds)
are determined iteratively using an algorithm known as the
Selective Iterated Boundary Location Algorithm (SIBYL)
(Hunt et al., 2009; Vaughan et al., 2002, 2009). The retrieved
altitudes of the top and bottom boundaries of both cloud and
aerosol layers have been extensively validated under differ-
ent atmospheric conditions at various locations (Candlish et
al., 2013; Lu et al., 2021; Mamouri et al., 2009; Perrone et
al., 2011). Compared to ground-based lidar measurements,
aerosol and cloud layer top boundaries are generally found
within the range of 100 m (Kim et al., 2008; Lu et al., 2021).
However, several studies (Jethva et al., 2014; Rajapakshe et
al., 2017) have observed that CALIOP underestimated the
altitude of the bottom boundary of the aerosol layer com-
pared to ground-based observations in earlier versions of the
product. The latest release has improved this issue (Lu et al.,
2021).

We use the latest version 4 (V4), level 2 (L2) merged layer
products of CALIOP, which have a 5 km horizontal resolu-
tion, to determine the dust geometric thickness and the ver-
tical position of dust and cloud layers (Liu et al., 2019).
This version of CALIOP features an improved discrimina-
tion algorithm that can more effectively differentiate between
aerosol and cloud compared to the previous version (Liu
et al., 2009). In addition, the enhanced algorithm also has
improved classification capabilities, particularly in detecting
lofted dust and smoke layers (Liu et al., 2019), which were
occasionally misclassified as cirrus clouds in previous ver-
sions (Chen et al., 2010). Similarly, aerosol type discrimina-
tion has also undergone significant modification, using input
variables such as location, surface type, estimated particu-
late depolarization ratio, and integrated attenuated backscat-
ter to identify specific aerosol types (Kim et al., 2018; Omar
et al., 2009). Overall, the identified aerosol types in V4 prod-
ucts are marine, polluted continental/smoke, clean continen-
tal, polluted dust, elevated smoke, dusty marine, and pure
dust (Kim et al., 2018). Among these aerosol types, the iden-
tification of dust types (polluted dust, dusty marine, and pure
dust) mainly depends on the estimated particle depolarization
ratio, which quantifies the degree to which the light scattered
by atmospheric particles undergoes depolarization. Specifi-
cally, polarization refers to the orientation of the electric field
vector of light waves, which can be altered upon scattering
by particles. This ratio is linked to particle shape; spherical
particles (such as marine aerosols or spherical droplets) have
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Figure 2. (a) The domain mean profiles depict the fraction of dust concentration (in percentage) that lies below a particular altitude relative
to the total column burden. Each point on the line represents the percentage of dust occurring below a specific altitude relative to the total
column burden. The solid line represents the domain average profile for May to August, while the dashed line indicates the average values
for the remaining months. The horizontal blue line denotes the mean low-level cloud top, and the numerical annotations beside each line
indicate the dust percentage above the cloud top. (b) The domain-mean monthly profile of the dust extinction coefficient (solid lines) and
low-level cloud fraction (dashed lines; note that the values go from right to left at the top of the figure). (c) The domain-mean monthly
profiles of relative humidity (solid lines) and temperature (dashed lines). Colors in (b) and (c) indicate months with blue for May, red for
June, orange for July, and purple for August. The datasets span from 2007 to 2017, with temperature and humidity profiles obtained from
auxiliary meteorological data provided as part of CALIOP level 2 data products.

smaller effects on the polarization of incident light, result-
ing in low depolarization ratios, while non-spherical particles
like mineral dust modulate the polarization more strongly,
leading to higher ratios. In V4 products, layers with a high
particulate depolarization ratio estimated to be greater than
0.20 are classified as pure dust, regardless of surface type,
location, altitude, or integrated attenuated backscatter val-
ues, owing to predominantly non-spherical particles. Con-
versely, moderately depolarizing particles, with a depolar-
ization ratio ranging from 0.075 to 0.20 and a layer base
height below 2.5 km when observed over the ocean, fall into
the category of dusty marine particles. When these identical,
moderately depolarizing particles are detected above land or
have a layer base height exceeding 2.5 km over ocean sur-
faces, they are labeled as polluted dust. Also, low depolariz-
ing particles with a depolarization ratio of less than 0.075 are
classified as polluted dust when found above desert surfaces
and have a 532 nm integrated attenuated backscatter value
greater than 0.0005. Because we focus on the SAL dust layer
above the marine low-level clouds (generally above 2.5 km,
see Sect. 2.1.2 below), we used only aerosol layers identified
as “pure dust” in this study. We consider only pure dust to
avoid any contamination of sea salt aerosols in dusty marine
aerosol types, which can be substantial, especially close to

the ocean surface, and have a depolarization ratio like those
used for dusty marine (Sakai et al., 2010).

We estimated the geometrical thickness and separation
distance of the identified dust layer from the low-level cloud
top using the “Layer Top Altitude” and “Layer Base Alti-
tude” information provided in the L2 Merged Layer prod-
uct (CAL_LID_L2_05km). Specifically, we estimated geo-
metric thickness as the difference between the layer top and
base altitudes of the dust layer, and similarly, we estimated
the separating distance as the difference between the dust-
layer base altitude and the cloud-layer top altitude. Addi-
tionally, we obtained the dust optical depth as the aerosol
optical depth (AOD) at 532 nm for identified pure-dust-only
profiles, with no other aerosol layers found above or below
it at the same location. Although our estimated dust optical
depth likely underestimates the column dust optical depth
over the location since it considers only the pure dust layer,
this underestimation has little to no impact on this study’s
conclusion since our analysis focuses on the sensitivity of
low-level clouds to a unit change in dust properties. For both
aerosols and cloud parameters, we used only daytime re-
trievals for our analysis. We do so for two reasons: the first
reason is that the daytime and nighttime retrievals for merged
CALIPSO-CloudSat products are limited only between 2006
and 2011 because CloudSat switched to daytime-only opera-
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tion after October 2011 due to a battery malfunction (Nayak
et al., 2012; Witkowski et al., 2018). Because our analysis
is between 2007 and 2017, which extends past the October
2011 timeline of daytime-only products, we use only day-
time datasets to maintain consistency across the observation
period. The second reason is that our analysis focuses on
understanding both the shortwave and longwave influences
of dust-layer characteristics on clouds, in contrast to similar
analyses of smoke aerosols (e.g., Herbert et al., 2020). Since
nighttime analysis only provides the effect of longwave ra-
diation, we use daytime data to assess the influence of both
shortwave and longwave radiation by SAL dust on low-level
clouds.

2.1.2 Radiative Flux Data

In addition to aerosol information from CALIPSO, we also
obtained radiative fluxes and heating rates from merged
CALIPSO-CloudSat datasets that leverage instruments on
the CALIPSO and CloudSat satellites. To estimate shortwave
and longwave radiative effects, we used radiative fluxes and
associated heating rates from the 2B-FLXHR-LIDAR prod-
uct (Henderson et al., 2013; L’Ecuyer et al., 2008), which in-
cludes measurements from the CPR aboard CloudSat, cloud
and aerosol information from CALIOP, and other required
variables from passive sensor MODIS aboard the Aqua satel-
lite. For example, these radiative flux products used cloud pa-
rameters, including information on cloud ice and liquid wa-
ter content, as well as effective radii, derived from CloudSat
retrievals and the aerosol profile information obtained from
CALIPSO. In addition, the radiative fluxes also use aerosol
optical properties (such as asymmetry parameter and single-
scattering albedo) obtained from D’Almeida et al. (1991),
and surface properties, such as surface albedo and emissiv-
ity, are sourced from the International Geosphere-Biosphere
Program (IGBP). Furthermore, atmospheric parameters (sur-
face pressure, surface temperature, as well as profiles of pres-
sure, temperature, specific humidity, and ozone mixing ratio)
used for the radiative flux calculation were obtained from
the European Centre for Medium-Range Weather Forecasts
(ECMWF) reanalysis dataset and provided in the CloudSat
dataset as ECMWF-AUX product (Cronk, 2017). The me-
teorological profiles and surface parameters from ECMWF
3 h fields, given at a 0.5°× 0.5° horizontal resolution, are in-
terpolated to match the CPR geolocation, vertical bin, and
time (Cronk, 2017). These aerosol and cloud parameters and
the meteorological information are provided in a radiative
transfer model called BugsRad (Fu and Liou, 1992) to ob-
tain radiative fluxes at a vertical resolution of 240 m. The un-
certainties of the obtained fluxes were assessed by perform-
ing multiple sensitivity analyses and comparing them with
the top-of-atmosphere fluxes obtained from the Clouds and
the Earth’s Radiant Energy System (CERES) (Henderson et
al., 2013). The biases, when compared to CERES fluxes,
were determined by previous studies to fall within accept-

able ranges (e.g., Henderson et al., 2013). The results of sen-
sitivity studies point to CloudSat’s estimates of liquid water
content (LWC) being the primary source of error in short-
wave fluxes, along with the assumed properties of undetected
low clouds contributing to a lesser extent (Henderson et al.,
2013). On the other hand, for longwave fluxes, uncertain-
ties predominantly stem from values assigned to skin tem-
perature and lower tropospheric water vapor (Henderson et
al., 2013). Because our study region is over the North At-
lantic Ocean, the variabilities in skin temperature and lower-
tropospheric water vapor are expected to be smaller and,
therefore, result in smaller uncertainties in the overall radia-
tive flux estimates than when compared to those over land.

We selected radiative flux products, including derived pro-
files of both upwelling and downwelling shortwave and long-
wave fluxes, along with corresponding heating profiles col-
located with CALIPSO datasets for further analysis. These
products comprise profiles of radiative fluxes, both with and
without aerosols, under clear-sky and all-sky conditions. This
enables us to compute the radiative effects of aerosols and
clouds in both the shortwave and longwave spectra, which we
then use to estimate the influence of dust-induced changes on
fluxes and the heating rate at the cloud top. The dust-induced
effect is assumed to be the aerosol-induced changes over lo-
cations with pure-dust-only profiles. We use the provided
all-sky and all-sky no aerosol, upwelling, and downwelling
fluxes to estimate the changes in radiative fluxes as follows:

1F = Fallsky−Fallsky, no dust (1)

Where 1F is the change in radiative fluxes due to the
presence of dust, Fallsky is the net (downwelling minus up-
welling) flux for all-sky conditions, and Fallsky, no dust is the
same, but computed with no dust (i.e., aerosol optical depth
equals zero). This is estimated for both shortwave and long-
wave fluxes for each level given in the profile datasets. Sub-
sequently, we calculate shortwave and longwave heating as-
sociated with the warming or cooling effect of dust as:

∂T

∂t
=

(
1
ρCp

)
·

(
1F

1Z

)
dust

(2)

Where, ∂T
∂t

is the heating rate (K d−1), ρ = 1.17 kg m−3 den-
sity of atmospheric layer, Cp is the specific heat capacity of
air at constant pressure (1004.67 J kg−1 K−1), and 1Z is the
change in vertical levels (m). Details of how these heating
rate estimates are used to understand radiative responses at
the low-level cloud top, as well as used to benchmark the sen-
sitivity analyses, are described in Sect. 2.2.3 and 2.2.4 below,
respectively.

2.1.3 Meteorological data

To account for the influence of meteorological variability
in our analysis, we used meteorological datasets, including
temperature and humidity profiles, sea surface temperature
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(SST), and surface wind speed, derived from reanalysis prod-
ucts, such as ECMWF and MERRA-2. First, we used the
CloudSat ECMWF-AUX dataset, which is an intermediate
product containing ECMWF atmospheric state variables and
has been interpolated to match each CloudSat CPR profile
and vertical bin (Cronk, 2017). We specifically used the tem-
perature and pressure profiles from ECMWF-AUX to calcu-
late potential temperature profiles and, subsequently, lower
tropospheric stability (LTS) – an important predictor for low-
level marine clouds (Wood and Bretherton, 2006). Second, to
assess the large-scale influence on cloud state, we obtained
other key meteorological parameters, commonly known as
cloud-controlling factors (CCF), such as SST and surface
wind (10 m wind), from this dataset. These CCFs have been
shown to influence low-level clouds over the North Atlantic
region (Naud et al., 2023; Scott et al., 2020). Third, for con-
sistency in the sensitivity analysis discussed in Sect. 2.2.4,
we also used the profiles of temperature, pressure, and rela-
tive humidity from vertically resolved meteorological infor-
mation derived from the Modern-Era Retrospective Analy-
sis for Research and Applications, Version 2 (MERRA-2)
(Gelaro et al., 2017), included in CALIOP datasets as input
thermodynamic profiles for simulations of radiative fluxes.
The domain-averaged monthly mean profiles of temperature
(dashed lines) and relative humidity (solid lines) are shown
in Fig. 2c. While the temperature varies slightly, the humidity
profiles show elevated relative humidity (about 50 %) in the
mid-troposphere that varies between May and August. While
such elevated moisture could have impacts on longwave
(e.g., Ryder, 2021), our methodology is designed to minimize
such potential meteorological effects (see Sect. 2.2.5), and
further analysis suggests that it has minimal co-variability
with dust-layer characteristics over our broad selected re-
gion, which is confirmed by our results (see Sect. 3.5).

2.2 Analysis Procedure

We describe our methodology by first outlining the selection
process for profiles with dust layers above clouds and cat-
egorizing dust-cloud configurations. Additionally, we detail
the approach used to estimate cloud responses to dust layer
properties and estimate how cloud and meteorological vari-
abilities may influence our findings.

2.2.1 Identification of dust above clouds

We selected profiles that contained both dust and cloud lay-
ers, specifically focusing on cases where the dust layers were
found above the low-level clouds. Here, we discuss the pro-
cedure used to identify such cases. First, we used feature
classification flags in conjunction with the cloud layer-top
and base altitude information from CALIPSO to identify lo-
cations that contained low-level clouds. For this, we focused
on cases where the cloud layer-top altitude was less than
3.2 km (650 hPa) and the features were classified as clouds.

To avoid multiple cloud occurrences in the same location,
including the influence of high-altitude clouds on low-level
clouds (Christensen et al., 2013), we selected only locations
with single-layer clouds from all other instances of low-level
clouds. Second, we determine if these selected locations con-
tained any dust layers. We defined cases of dust above clouds
when the base of the dust layer was above the cloud-top layer
by at least 200 m. Following previous studies (Kim et al.,
2008; Rajapakshe et al., 2017), we used a 200 m separation
between the dust-base and cloud-top layers to account for the
low confidence and potential uncertainties in the CALIOP re-
trieved aerosol base-layer height information. In addition, we
excluded aerosol bases and tops extending beyond 6 km, as
they are too far from the cloud top to have significant ra-
diative effects (Herbert et al., 2020), and at these altitudes,
cirrus clouds could also be misclassified as dust layers (Tack-
ett et al., 2018). Of the approximately 292 000 profiles with
single-layer low clouds examined over the 10 years (2007
to 2017) between May and August, about 178 000 of these
profiles included dust layers. Among these 178 000 profiles,
approximately 109 000 had dust layers residing above the
cloud layer. The largest number of profiles having dust above
the cloud is found in the eastern part of the selected domain
(see Fig. S2, which also shows when aerosols are found be-
low the cloud layer and on both sides of the cloud layers for
comparison). Because our analysis further requires the spa-
tiotemporal collocation with the radiative flux information
from CloudSat, those requirements further limit the number
of available profiles that can be used (see below).

2.2.2 Categorizing the dust-cloud relationship

To understand the influence of the dust layer on the low-level
cloud cover, we further divided our region of interest over
the North Atlantic Ocean into 5°× 5° grid boxes to minimize
the effect of large-scale meteorological variability (Loeb and
Schuster, 2008; Mauger and Norris, 2010; Scott et al., 2020).
Previous studies have shown that meteorology may be con-
founded with aerosol-cloud interactions, even in cases where
the aerosol layer is physically separated from the clouds
(Arola et al., 2022; Loeb and Schuster, 2008; Mauger and
Norris, 2010; Scott et al., 2020). One method for minimiz-
ing the meteorological influence on aerosol-cloud interac-
tions is to limit the spatial region, under the assumption that
meteorological conditions, including large-scale circulation,
do not vary significantly within the selected region (Adebiyi
and Zuidema, 2018; Loeb and Schuster, 2008). We follow
Loeb and Schuster (2008) and divide our region of interest
into 5°× 5° grid boxes. While this approach may minimize
meteorological variability confounding the aerosol-cloud in-
teractions, it limits the availability of sufficient samples for
each grid box. To account for this limited sampling while
still ensuring a statistically significant analysis, we devel-
oped a framework for categorizing the dust-cloud relation-
ship within each 5°× 5° grid box.
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Figure 3. Schematic showing our categorization of cloud, aerosol,
and radiative heating information, depending on the base and geo-
metric thickness of the dust layer. This categorization includes dust
base heights of 1, 2, 3, and 4 km and geometrical thicknesses of 0.5,
1.5, 2.5, and 3.5 km, resulting in a total of 16 categories. Subse-
quently, each bar is split into two dust optical depth (DOD) regimes
(low DOD between 0.05 and 0.2 and high DOD between 0.35 and
0.5). Gray bars do not meet the selection criteria discussed in Sect.
2.3, thus resulting in 11 categories used for our analysis.

We categorized profiles having dust above the cloud layer
in each 5°× 5° grid box based on the dust layer base height
and geometrical thickness only when aerosols, clouds, and
radiative flux information are available. We stratified these
profiles into four groups of dust base heights from 1, 2, 3, and
4 km, and for each of these base-height groups, we further
divided them into four groups with geometrical thicknesses
of 0.5, 1.5, 2.5, and 3.5 km. Therefore, within a 5°× 5°
grid box, a maximum of 16 categories can potentially ex-
ist, as illustrated in Fig. 3. To allow for robust estimates,
only the 5°× 5° grid boxes with a minimum of 30 profiles
(no maximum limit) containing complete datasets of aerosol
and cloud properties, meteorological parameters, and corre-
sponding radiative fluxes were retained for further analysis.
As such, not all the 5°× 5° grid boxes contribute to each of
the 16 potential dust-cloud categories in Fig. 3. For statisti-
cal significance and to determine which category to retain,
we required at least six 5°× 5° grid boxes over the North At-
lantic Ocean to meet the minimum 30-profile requirements
to be averaged for each dust-cloud category. Therefore, the
minimum number of profiles required for each dust-cloud
category of Fig. 3 is at least 180 profiles, limiting the fi-
nal number of categories to 11 distributed across the groups
of dust base heights and geometric thicknesses (gold/golden
brown bars in Fig. 3). These 11 dust-cloud categories still
allow for the comparison of average cloud responses based
on dust layers characteristics of geometrical thickness and
base heights. We used this categorical method to account for
potential cross-correlation between predictors (such as dust
geometric thickness, base height, and optical depth), which
would otherwise require calculating interaction terms in a
multilinear regression, and to avoid potential nonlinearities
and negative impacts of outliers, allowing us to isolate the

impact of each parameter while maintaining statistical ro-
bustness through sample size criteria. Because dust layers
with the same geometrical thickness or base heights can ex-
hibit varying dust optical depth, we further divided our cat-
egories into cases of low and high optical depth with values
between 0.05–0.2 and 0.35–0.5, respectively (see Fig. 3).

2.2.3 Estimating cloud and radiation responses to
dust-layer characteristics

To understand the response of the low-level cloud cover
to above-cloud dust characteristics, we first computed grid-
normalized cloud fraction obtained from CALIPSO and
CloudSat separately for each of the 11 categories within ev-
ery participating 5°× 5° grid box, using the following ex-
pression:

f ′ =
f cat (x,y)

f lowcld (x,y)
(3)

Where f cat(x,y) is the mean low-level cloud cover corre-
sponding to each category at each grid box (x-longitude and
y-latitude), and f lowcld(x,y) is the grid mean values aver-
aged for the time period (May–August, 2007–2017). We used
normalized cloud fraction for each category because of in-
strumentation differences in CloudSat and CALIPSO and be-
cause retrieval of these cloud variables is not done using a
similar approach, and as such, their values are not consis-
tent for the same longitude and latitude grid, as similarly
highlighted by previous studies (e.g., Bertrand et al., 2024;
Kahn et al., 2008). For example, CloudSat often underesti-
mates low-level cloud cover due to its “surface clutter” zone,
meaning it cannot detect clouds very close to the ground,
often common over the ocean, while CALIPSO’s lidar can
detect thin, low-lying clouds that CloudSat might miss, lead-
ing to a higher low-level cloud fraction measurement from
CALIPSO (Bertrand et al., 2024). Therefore, normalizing
the cloud fraction estimates allows us to compare changes in
cloud fraction to changes in dust layer characteristics (cloud
fraction response) and helps us understand whether such
cloud sensitivity is robust across different datasets. In addi-
tion, although not included in this paper, we also analyzed
other similar properties, such as cloud optical depth, for each
category, with similar conclusions to cloud fraction.

We used the variation in f ′ across the categories to calcu-
late cloud responses to changes in the dust-layer base height,
geometrical thickness, and dust optical depth. Specifically,
we define estimating low-level cloud response as the rate
of change of grid-normalized cloud fraction per unit change
in dust base height

(
∂f ′

∂DBH

∣∣∣
DGT

)
and geometric thickness(

∂f ′

∂DGT

∣∣∣
DBH

)
, when the other parameter is held constant.

This can be visualized as the difference in grid-normalized
cloud fraction in Fig. 3 as the geometrical thickness increases
from left to right (for fixed base height) or as the dust-layer
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base height increases from left to right (for the same geomet-
ric thickness). In addition, similar low-level cloud responses
can also be estimated for dust optical depth.

Similar to cloud fraction, we categorized the relevant ra-
diative fluxes and associated all-sky and dust-induced heat-
ing for each dust-cloud category. Specifically, we computed
the radiative heating rate within the dust layer and at the
cloud tops, as well as all-sky radiative fluxes for shortwave
and longwave radiation at cloud tops for each category shown
in Fig. 3. Similar to cloud response, we estimate the dust-
induced cloud-top heating rate responses to a unit increase in
dust base height

(
∂CldTopHtdust

∂DBH

∣∣∣
DGT

)
and geometric thickness(

∂CldTopHtdust
∂DGT

∣∣∣
DBH

)
.

2.2.4 Separating dust impacts from the cloud properties
and underlying thermodynamic profiles

Although radiative heating estimates from CALIPSO–
CloudSat products help establish the link between dust-
induced cloud top heating and cloud response, the heating
rate also depends on factors such as single-particle properties
(e.g., extinction efficiency, single scattering albedo, asymme-
try parameter) and the background temperature and humid-
ity profiles. Moreover, dust-layer radiative heating is highly
sensitive to absorption properties, such as particle size dis-
tribution and complex refractive index. For instance, dust
layers dominated by coarse particles may exhibit stronger
in-layer longwave cooling compared to those dominated by
finer particles. In addition, distinct average thermodynamic
profiles (of temperature and humidity) across categories (see
Fig. S3) could also influence cloud-top radiative cooling and
confound the observed dust-induced changes in cloud-top
radiative cooling. Additionally, differences in cloud prop-
erties across categories may drive variations in cloud-top
cooling independent of dust effects. Thus, to isolate the in-
fluence of dust properties, cloud properties, and thermody-
namic profiles, we conducted sensitivity experiments using
the Santa Barbara DISORT Atmospheric Radiative Transfer
(SBDART) model (Ricchiazzi et al., 1998). SBDART is a
widely used radiative transfer model that solves solar and
thermal infrared radiation using the DISORT (Discrete Or-
dinates Radiative Transfer) algorithm. It allows the specifi-
cation of surface types (e.g., ocean, desert, snow, forest) and
user-defined atmospheric profiles for temperature, humidity,
and pressure. The model also incorporates cloud parameters
such as optical depth, cloud-top height, phase, and effective
radius, enabling detailed simulation of radiative fluxes within
and around cloud layers.

Using SBDART, we first recreate CloudSat-CALIOP ra-
diative fluxes for each dust–cloud category in Fig. 3 using
associated retrieved dust extinction profiles, cloud properties,
and temperature and humidity profiles, for the time close to
CALIPSO passes, that is, about 15:00 UTC, over the selected
study region. The average atmospheric and dust/cloud prop-

erties for each category are shown in Fig. S3a and b and
Table S1 in the Supplement, including dust optical depth,
cloud optical depth, and cloud top/bottom heights. To calcu-
late single-particle optical properties (extinction coefficient,
single scattering albedo, and asymmetry parameter), we ap-
plied Mie theory (Wiscombe, 1980), assuming spherical dust
particles, using particle volume size distributions (Fig. S4a)
and spectrally resolved complex refractive indices (Fig. S4b
and c).

We considered three types of dust size distributions
based on the measurements first collected by Adebiyi and
Kok (2020) and recently standardized by Formenti and Di
Biagio (2024): first, a distribution typical of source regions
with ≈ 89 % coarse-mode particles (> 2.5 µm, Source – ma-
genta line in Fig. S4a); second, a medium-range transported
case with ≈ 83 % coarse-mode (MRT – red line in Fig. S4a);
and third a long-range transported case dominated by fine
particles (≈ 50 % coarse-mode, LRT; blue line in Fig. S4a).
To capture variability in absorption due to dust aging, we
used refractive indices from Di Biagio et al. (2019), OPAC
(Hess et al., 1998), and Volz (1972), with shortwave imag-
inary refractive indices of 0.0026, 0.0075, and 0.0080 at
0.5 µm wavelength, and longwave values of 0.3534, 0.4783,
and 0.1620 at 10 µm wavelength (Fig. S4b and c). These
combinations yield nine cases with spectrally varying extinc-
tion efficiency, single scattering albedo, and asymmetry pa-
rameter, which we used as inputs to SBDART to examine
how cloud-top heating responds to changes in dust size and
absorptive properties (Fig. S4d, e and f). We computed radia-
tive fluxes for shortwave (0.25–4 µm), longwave (4–40 µm),
and the total (0.25–40 µm) corresponding to each category
based on average values of temperature and humidity pro-
files, aerosols, and cloud parameters. From these calculated
radiative flux profiles, we estimated dust-layer and cloud-top
heating/cooling rates, and the influence of dust on cloud-top
heating/cooling rates.

To isolate the effects of dust properties, cloud properties,
and thermodynamic profiles on cloud-top radiative cooling,
we performed 431 000 radiative transfer simulations using
the SBDART model. These simulations were conducted us-
ing solar zenith angles corresponding to the approximate
local time of CALIPSO overpasses (∼ 15:00 UTC) in the
study region. As such, the radiative fluxes represent near-
instantaneous conditions at the time of satellite observations,
not daily averages. These simulations are performed for a
combination of 11 thermodynamic (temperature and humid-
ity) profiles, 11 dust structural categories (including dust-
layer geometric thickness and base height), 11 cloud opti-
cal depths, and 11 dust optical depths, across three spectral
bands: shortwave (0.25–4 µm), longwave (4–40 µm), and to-
tal (0.25–40 µm). We used 9 combinations of single-particle
dust properties, resulting in 395 307 simulations. Addition-
ally, we conducted 35 937 simulations with zero dust optical
depth to calculate dust-induced radiative heating profiles (as
in Eqs. 1 and 2 above). From these profiles, we estimated
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all-sky and dust-free sky cloud-top cooling, as well as dust-
induced heating at the cloud-top for all three spectral bands.
Since we used different dust-particle optical properties than
those used in deriving CALIPSO-CloudSat fluxes, we nor-
malized the observed and simulated dust-induced cloud-top
heating by their respective mean across categories to en-
able meaningful comparisons. We further calculated the sen-
sitivity of dust-induced cloud-top heating to dust layer ge-
ometric thickness and base height using both the normal-
ized CloudSat-CALIPSO-derived heating and normalized
SBDART-simulated heating.

To understand the dominating factors in dust-induced
cloud-top heating, we quantified the sensitivity of heating
rates to dust layer geometric thickness and base height un-
der three controlled experimental setups (see Table S1). First,
we isolated the effect of dust properties on cloud-top heating
rates by allowing the dust optical depth and dust structural
category to vary across simulations, while holding the cloud
optical depth and thermodynamic profiles fixed. The result-
ing sensitivities reflect the influence of dust optical proper-
ties alone, evaluated across 121 combinations of fixed val-
ues (11 cloud optical depth× 11 thermodynamic profiles;
see experiment-2 in Table S1). Second, we isolated the ef-
fect of cloud properties on cloud-top heating rates by fixing
dust optical depth, thermodynamic profiles, and dust struc-
tural category, and varying cloud optical depth and cloud
top height, resulting in 1331 combinations (11 dust optical
depth× 11 dust categories× 11 thermodynamic profiles; see
experiment-3 in Table S1). Third, we assess the role of the
thermodynamic profile by fixing dust optical depth, cloud
optical depth, and dust category, and allowing only the ther-
modynamic profiles to vary, again producing 1331 combina-
tions (see experiment-4 in Table S1). As discussed earlier,
to enable meaningful comparison across simulation setups,
we normalized all simulated dust-induced cloud-top heating
values using the mean heating from the full simulation set,
where dust properties, cloud properties, and thermodynamic
profiles were all allowed to vary. We then used these three
sets of normalized cloud-top heating values to estimate the
sensitivities of cloud-top heating rates to geometric thickness
and dust base height, attributed specifically to the effects of
dust properties, cloud properties, or thermodynamic profiles,
thereby enabling a robust diagnosis of their contributions to
dust-induced cloud-top heating rates.

2.2.5 Quantifying the role of dust particle size and
absorption

To examine how particle size distribution and refractive
index influence dust-induced cloud-top heating, we cal-
culated all-sky, no-dust, and dust-induced heating for all
nine combinations (Fig. S4) of dust single-particle opti-
cal properties, derived from three representative size dis-
tributions, source-region dominated (89 % coarse-mode),
medium-range transported (83 % coarse-mode), and long-

range transported (50 % coarse-mode), and three sets of spec-
trally varying complex refractive indices (from Di Biagio et
al., 2019; OPAC, Hess et al., 1998; and Volz, 1972). For each
combination, we computed the sensitivity of dust-induced
cloud-top heating to dust optical depth under fixed cloud op-
tical depth, cloud-top height, and thermodynamic profiles.
These simulations quantify how different dust compositions,
characterized by varying absorption and scattering efficien-
cies, modulate the radiative impact of dust layers on low-
level clouds. The resulting nine dust optical depth sensitiv-
ities help estimate the effect of size and dust-longwave ab-
sorptivity.

2.2.6 Estimating the influence of meteorology

In tropical and subtropical oceanic regions, meteorological
factors commonly known as cloud-controlling factors, such
as sea surface temperature (SST), inversion strength, sub-
sidence, and surface wind speed, influence the cloud cover
(Klein et al., 2017; Scott et al., 2020). For example, a higher
SST typically leads to an expansion of the boundary layer
heights, reducing cloud formation and persistence, while
stronger inversion strength limits dry air entrainment, pro-
moting larger cloud cover. Subsidence, often quantified us-
ing vertical velocity at 700 hPa or adjacent layers above the
cloud (Adebiyi et al., 2015; Naud et al., 2023), generally cor-
relates positively with cloud fraction. However, when inver-
sion strength is constant or absent, stronger subsidence may
reduce cloud cover (Adebiyi and Zuidema 2018). Similarly,
surface wind speed, a frictional driver of evaporation, the-
oretically should lead to an increase in cloud fraction with
enhanced wind speed. Nevertheless, wind speed is also tied
to temperature and moisture advection, resulting in an un-
clear relationship with cloud cover. Thus, it becomes neces-
sary to analyze these cloud-controlling factors to establish
the causal effect of dust on low-level clouds. As highlighted
above, to minimize the effect of such cloud-controlling fac-
tors in our analysis, we restricted our analysis to small grid
boxes (5°× 5° grid box), where we assume meteorological
variability is largely invariant and considered the same sea-
son.

Further, to understand the effect of these confounding me-
teorological variables, we compared the anomalies of these
cloud-controlling factors, such as surface wind speed, sea-
surface temperature, inversion strength, and humidity, across
the categories in Fig. 3 (see Fig. S5 for respective spatial pat-
terns). A negligible and non-systematic variation in these pa-
rameters across the categories would suggest their minimal
influence on estimated low-level cloud responses. For exam-
ple, the radiative response of above-cloud humidity, which
can affect the cloud by entraining into the cloud layer and can
increase downwelling longwave radiation reaching the cloud
top, may resemble the longwave effect of dust and could
be difficult to separate from the radiative effect of above-
cloud dust. We adopted an approach discussed by Eastman
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and Wood (2018) to estimate the entraining humidity, defined
as specific humidity in the layer directly above the inversion
top, and the radiating humidity, defined as the mean humid-
ity above the inversion top and below 700 hPa. The inversion
top in the present study was considered a layer just above the
cloud top instead of being estimated from the potential tem-
perature profile. Though this is a simplified definition of the
inversion top and may not fully apply to clouds with cumu-
lus characteristics, here, we are mainly interested in moisture
available for entraining into cloud.

3 Results

We found that low-level clouds are sensitive to the dust-layer
altitude, geometric thickness, and dust optical depth over the
North Atlantic, and this sensitivity is associated with the
longwave radiation induced by the above-cloud dust layer.
The details of these results are presented below, including in
Sect. 3.1, where we discuss the cloud response to changes
in dust base height (DBH) and geometric thickness (DGT);
Sect. 3.2, where we isolate the influence of dust optical depth
(DOD) on these cloud responses for each combination of
DBH and DGT, and Sect. 3.3 where we estimate the con-
tributions of the DBH, DGT, and DOD to low-level cloud
response. In Sect. 3.4, we explain how the perturbations
in these dust characteristics (DBH, DGT, and DOD) affect
cloud-top radiative fluxes and, consequently, modify cloud-
top longwave cooling that facilitates the observed changes in
the low-level cloud cover. Finally, we examine in Sect. 3.4
the role of meteorological variability that may affect the in-
stantaneous radiative heating rates and the large-scale envi-
ronment that may confound with the influence of dust char-
acteristics on the low-level cloud response.

3.1 Low-level cloud response to dust layer
characteristics

As shown by previous studies (e.g., DeFlorio et al., 2014;
Doherty and Evan, 2014) and highlighted earlier in Fig. 1d,
low-level cloudiness typically increases due to dust’s semi-
direct effect over the North Atlantic Ocean when the dust is
above the cloud layer. However, here, we found that the ex-
tent of this increase also depends on the dust layer’s relative
altitude and geometrical thickness. To understand this rela-
tionship, we categorized the low-level cloud fraction based
on dust base height (DBH) and dust geometric thickness
(DGT), and the resulting categories are shown in Fig. 4a for
grid-normalized cloud fraction (f ′) – the cloud fraction for
each category normalized by the climatology over each grid
box – for CloudSat and CALIPSO (see Sect. 2.2.3 above).
The result shows that the domain-mean grid-normalized
cloud fraction (f ′) is greater than unity for CALIPSO and
CloudSat (1.16 (± 0.12) and 1.01 (± 0.27), respectively).
As highlighted earlier (see Sect. 2.2.3), the difference be-
tween estimate of cloud fraction in CloudSat and CALIPSO

is likely associated with differences in instrumentation (radar
versus lidar), resulting in different limitations and uncertain-
ties in the retrieved cloud fraction, including underestimation
of CloudSat low-level cloud cover due to its difficulty to de-
tect clouds very close to the ocean surface (e.g., Bertrand et
al., 2024).

Despite this difference in retrieved cloudiness, the cloud
cover decreases as a function of dust-layer geometric thick-
ness, regardless of the dust-base altitude, in both datasets.
Specifically, when the dust-base height is 1 km, for an in-
crease of geometric thickness from 2.5 to 3.5 km, the re-
duction in grid-normalized cloud fraction ranges by about
1 % (1.13 to 1.12) for CALIPSO and about 3 % (0.96 to
0.93) for CloudSat. Similarly, when the dust-base height of
2 km and dust-layer geometric thickness increases between
0.5 and 3.5 km, the reduction in grid-normalized cloud frac-
tion ranges by about 3 % (from 1.18 to 1.15) for CALIPSO
and about 16 % (1.09 to 0.93) for CloudSat (see Fig. 4a).
When the dust-base height is 3 km (geometric thicknesses be-
tween 0.5 and 2.5 km) and at 4 km (geometric thicknesses be-
tween 0.5 and 1.5 km), the reduction in the grid-normalized
cloud cover ranges by about 3 % and 3 % for CALIPSO and
13 % and 6 % for CloudSat, respectively. Overall, all cate-
gories of dust base height and geometric thickness show a
reduction in grid-normalized cloud fractions, but the ranges
of the reduction for CloudSat are consistently larger than
those for CALIPSO, indicating the much larger variability
in CloudSat low-level cloud fraction over the North Atlantic
Ocean. Although the magnitudes of these changes in cloudi-
ness are small, they are statistically significant and indicate
that changes in dust-layer geometric thickness influence low-
level cloudiness.

Because the classes of dust-layer geometric thickness are
not the same for the different dust-base altitudes (see Figs. 3
and 4a), we further isolate the cloud response to changes in
dust-base height, separate from the geometric thickness by
examining how the grid-normalized cloud fraction changes
per unit change in one parameter while holding the other
relatively constant (Fig. 4b and c). The result shows that a
unit increase in dust-layer geometric thickness consistently
leads to a reduction in cloudiness regardless of the dust-
base height (Fig. 4b). On average, cloud fraction decreases
by 1.7 % and 5.1 % for each kilometer increase in dust-layer
geometric thickness based on CALIPSO and CloudSat, re-
spectively (see the last bars in Fig. 4b). Additionally, the low-
level cloud response to a unit change in geometric thickness
is stronger for higher dust-base altitudes. Specifically, for
each kilometer increase in geometric thickness, the low-level
cloud response is−1.54 %,−0.89 %,−1.16 %, and−2.37 %
for dust layers with base heights of 1, 2, 3, and 4 km, respec-
tively, for CALIPSO and are −2.66 %, −4.86 %, −5.99 %,
and −5.34 % for CloudSat.

In addition, the grid-normalized low-level cloud response
to one unit change in dust-base height depends on the dust-
layer geometric thickness. For relatively thinner dust layers
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Figure 4. Variation and response of low-level grid-normalized cloud fraction to the geometrical thickness and dust layer base. (a) The mean
grid-normalized cloud fractions (f ′) for CALIPSO and CloudSat (circular and diamond markers, respectively) for each category defined in
Fig. 3 (see Sect. 2.2.3 for details). The bars represent categories with the same base height group, and those with the same geometric thickness
are represented by the same colors across the different groups. The height of the bars corresponds to geometrical thickness: 0.5 km (violet),
1.5 km (light yellow), 2.5 km (orange), and 3.5 km (yellow) at the dust-layer base of 1, 2, 3, and 4 km. Error bars indicate the standard error.
(b) Low-level cloud response to dust-layer geometrical thickness ( ∂f ′

∂DGT ; % km−1), shown for different dust-layer base heights. (c) Low-

level cloud response to dust base height ( ∂f ′

∂DBH ; % km−1) for different geometrical thicknesses. Light blue bars represent the low-level cloud
response for CALIPSO, and dark blue bars are for CloudSat.

(DGT≤ 1.5 km), we find that an increase in dust-base height
tends to decrease cloud fraction. Conversely, for relatively
thicker dust layers (DGT≥ 2.5 km), we find that an increase
in dust-base height results in an increase in cloud fraction
(see Fig. 4c). Although this inference is generally consis-
tent with varying magnitude across the datasets, for a geo-
metric thickness of 2.5 km, the cloud response to changes
in dust-base height is negative for CloudSat. Specifically,
the low-level cloud response is positive (0.40 % km−1) in
CALIPSO but negative (−0.69 % km−1) in CloudSat. In ad-
dition, for dust-layer geometric thickness greater than ≈ 3.5,
the cloud response in CALIPSO is substantially larger than
that of CloudSat, although of the same sign. These inconsis-
tencies may be attributed to the differences in retrieved cloud
fraction between CALIPSO and CloudSat, resulting in dif-
ferent variabilities that are exacerbated by the selection pro-
cedure (see e.g., Fig. S6). Overall, for thinner dust layers, a
unit increase in dust-layer base height reduces cloud cover by
0.52 % and 1.44 % for geometric thickness values of 0.5 and

1.5 km, respectively, using CALIPSO data and 2.25 % and
2.95 %, respectively, using CloudSat. In contrast, for thick
dust layers (DGT= 3.5 km), increasing the dust base height
leads to an increase in cloud response, with values of 3.17 %
and 0.30 % from CALIPSO and CloudSat data, respectively.

3.2 Influence of dust optical depth in cloud response to
dust layer characteristics

Because dust-base altitude and geometric thickness may also
co-vary with dust optical depth (DOD), we further divided
our categories (shown in Fig. 4a) into subsets based on
profiles with low (0.05–0.2; µ± σ = 0.12± 0.02) and high
(0.35–0.5; µ± σ = 0.41± 0.02) DOD values (see Fig. S7)
and estimated the corresponding grid-normalized cloud frac-
tion (see Fig. 5a). We find that the variations in cloud fraction
as a function of dust-base height and geometric thickness
for both low and high DOD cases broadly remain consis-
tent with the patterns observed for all dust (compare Fig. 5a
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and Fig. 4a). Specifically, the cloud fraction generally de-
creases as geometric thickness increases. Additionally, the
grid-normalized cloud fractions for the same category are
usually lower for high DOD cases than for low DOD cases.
This suggests that cloud fraction responds negatively to in-
creases in DOD, contrasting with the cloud response to
biomass-burning aerosols that show an increase with higher
aerosol optical depth (Adebiyi and Zuidema, 2018). In other
words, while cloud response to DOD typically results in
enhancement of low-level cloudiness (i.e., cloud response
to above-cloud dust semi-direct effect; as shown in Figs.
1d and 4a), that enhancement decreases as DOD increases,
with stronger enhancement occurring for low DOD than high
DOD cases. When averaged across all categories, the mean
grid-normalized cloud fraction differs between low and high
DOD cases by about 3 % (1.17± 0.02 and 1.14± 0.02) for
CALIPSO and about 9 % (1.04± 0.04 and 0.95± 0.04), re-
spectively.

Furthermore, we also find that the cloud fraction decreases
with increasing DOD and is broadly consistent regardless of
the range used to define low and high DOD cases. Specif-
ically, we find negative low-level cloud changes to increas-
ing DOD are consistent across all combinations of dust-base
height and geometric thickness (e.g., Fig. S8). Consequently,
we estimate cloud response to DOD as the change in grid-
normalized low-level cloud fraction per unit change in DOD
(Fig. S8). The result shows that the mean low-level cloud
fraction changes by approximately −17 % per unit change
in DOD. Similarly, the cloud response to DOD ranges from
−81 % to +2 %, depending on the combination of dust-layer
base altitude and its geometric thickness (see Fig. S8). While
low-level cloud cover is sensitive to increases in DOD, the
results suggest that potential co-variabilities between dust-
layer characteristics and DOD do not significantly influence
the cloud response to dust-base height and geometric thick-
ness.

Therefore, we separate the influence of dust-base height
and geometric thickness on low-level clouds for low and
high DOD cases (Fig. 5b and c; as done above in Fig. 4b
and c). Our result shows that the low-level cloud response
to dust-layer geometric thickness ( ∂f

′

∂GT ) is stronger for high
DOD cases, despite having lower grid-normalized cloud
fraction, than for low DOD cases (Fig. 5b). The mean cloud
responses to geometric thickness are −1.53 % km−1 and
−2.01 % km−1 of the mean f ′ for low and high DOD cases,
respectively, for CALIPSO. In contrast, for CloudSat, the
mean cloud response to geometric thickness is stronger for
low-DOD cases (−3.44 %) compared to high-DOD cases
(0.29 %). However, this difference in CloudSat, when com-
pared with CALIPSO, is because of the large variation in
cloud response for the dust layer at 1 km base (see first col-
umn in Fig. 5b). Removing that extreme case, our results
show consistency between CloudSat and CALIPSO and in-
dicate that the low-level cloud response to geometric thick-

ness remains negative for low and high DOD cases. Un-
like the low-level cloud response to geometric thickness,
the mean cloud response to dust-base height ( ∂f

′

∂DB ) is rela-
tively small due to contrasting signs for low and high DOD
cases (Fig. 5c). For CALIPSO, the mean cloud responses are
−0.34 % for low DOD and 0.14 % for high DOD, and, for
CloudSat, the mean responses are 1.22 % for low DOD and
−0.02 % for high DOD.

3.3 Contributions of dust-layer characteristics and
optical properties to low-level cloud response

Because of the different units in the cloud response to dust-
layer characteristics (dust base height, DBH, and dust geo-
metric thickness, DGT) and dust optical depth (DOD), it is
difficult to assess their relative contributions to the low-level
cloud responses. To understand the relative contribution of
dust-layer DGT, DBH, and DOD, we estimate the sensitivity
in the low-level cloud response to a one-standard-deviation
(1σ ) increase in each parameter relative to the basin-wide
mean cloud fraction (σX

∂f ′

∂X
; whereX is DOD, DGT or DBH

and σX is their standard deviations). As shown above, and for
one unit change in each parameter (DOD, DGT, and DBH),
the low-level cloud responds negatively with the strongest
cloud response to the unit change in DOD (see Fig. 6).
Specifically, we find that relative reduction in cloud response
to 1σ change in DOD is about −4.3 (± 1.04) %, compared
to −1.6 (± 0.65) % and 0.19 (± 0.45) % to 1σ change in
dust-layer geometric thickness and dust base respectively. In
other words, if all parameters remain constant, a 1σ change
in DOD will reduce the low-level cloud fraction by about
a factor of 3 more than a 1σ change in DGT, and signifi-
cantly more than a 1σ change in DBH that is largely negligi-
ble within the error range. Overall, our results, examining the
effects of dust base heights, dust geometric thicknesses, and
dust optical depth on low-level cloud cover, indicate that low-
level clouds respond negatively to increases in all three con-
sidered dust properties and characteristics, but more strongly
to increases in dust optical depth and geometric thickness
than to the same increases in dust base height.

3.4 Radiative influence of dust-layer characteristics and
optical properties on low-level cloudiness

We hypothesize that the variations in radiative fluxes at the
cloud top drive the observed cloud responses to perturbations
in dust-base heights, geometric thickness, and dust optical
depth. This hypothesis builds on the traditional mechanism
of aerosol semi-direct effect, whereby changes in cloud re-
sponse to above-cloud absorbing aerosols occur through ra-
diative influence at cloud-top, such as changes in cloud-top
entrainment (Wilcox, 2010). As highlighted in the introduc-
tion (Sect. 1), the mechanisms of dust semi-direct effect are
expected to deviate from traditional mechanisms associated
with other absorbing aerosols, such as black carbon, because
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Figure 5. (a) The mean grid-normalized cloud fraction (f ′) separated into low (0.05–0.2; µ± σ = 0.12± 0.02; light blue and light red lines)
and high (0.35–0.5; µ± σ = 0.41± 0.02; dark blue and dark red lines) dust optical depth (DOD) for the categories defined in Fig. 3. Circular
markers with blue colors are for CALIPSO, and diamond markers with red colors are for CloudSat. The bars represent categories with the
same base height group, and those with the same geometric thickness are represented by the same colors across the different groups. The
height of the bars corresponds to geometrical thickness: 0.5 km (violet), 1.5 km (light yellow), 2.5 km (orange), and 3.5 km (yellow) at the
dust-layer base of 1, 2, 3, and 4 km. Error bars indicate the standard error. (b, c) Low-level cloud response to (b) dust layer geometrical
thickness and (c) dust base heights separated for low and high DOD cases. Blue bars are for CALIPSO, and red bars are for CloudSat. Light
colors show responses corresponding to low DOD values, while dark colors are for high DOD.

the pathways of dust-radiation interactions now include the
longwave radiation that is generally absent in other absorb-
ing aerosols. Within this context, therefore, we seek to under-
stand the radiative influence of dust layer characteristics on
low-level cloudiness. To do so, we examined how changes in
dust base heights, dust geometric thickness, and dust optical
depth influence radiative heating rates within the dust layer
and at the underlying low-level cloud top, and consequently,
the relationship with the low-level cloudiness.

3.4.1 Changes in dust-induced radiative impacts due to
dust layer characteristics

Using the CALIPSO-CloudSat heating rates profile aver-
aged over the North Atlantic Ocean (see box in Fig. 1),
Fig. 7 shows that the dust layer above the low-level cloud
is well-defined between approximately 2.5 and 6 km with
dust-induced total radiative warming at the low-level cloud

top. Within the dust layer, the all-sky shortwave warming
dominates the longwave cooling in the total heating rates
(Fig. 7a). In addition, these all-sky heating rates are pri-
marily because of the dust-radiation interaction within the
layer, which shows levels of maximum longwave emis-
sion slightly above levels of maximum shortwave extinc-
tion (Fig. 7b). Specifically, the peak dust-induced shortwave
warming of 0.56 (± 0.26) K d−1 occurs at approximately
3.12 km, whereas dust-induced longwave cooling peaks at
approximately 3.82 km with a value of−0.12 (± 0.04) K d−1

(Fig. 7b).
In contrast to the dust layer, the all-sky total heating rates

within the boundary layer are dominated by longwave cool-
ing, and slightly opposed by shortwave warming, close to
the cloud top as expected for low-level clouds (Fig. 7a).
However, we find that the presence of dust layer above the
cloud induces an anomalous longwave warming reinforcing
the all-sky shortwave warming and counteracting the mean
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Figure 6. Box-and-whisker plot showing the percentage change in
cloud response relative to the mean f ′ for a 1σ (1 standard de-
viation) change in dust optical depth (DOD; 1σ = 0.27), geomet-
ric thickness (DGT; 1σ = 0.964 km), and dust base height (DBH;
1σ = 0.778 km). Blue markers represent the mean values, with er-
ror bars indicating the standard error (red).

Figure 7. The domain-mean heating rate profiles over the North
Atlantic Ocean for (a) all-sky and (b) due to dust, calculated
from the difference between all-sky with and without dust radia-
tive fluxes (see Sect. 2.1.2). Red lines are shortwave (SW) heating
rates, blue lines are longwave (LW) heating rates, and black is to-
tal (SW+LW). Error bars indicate the standard deviation for each
level.

longwave cooling within the boundary layer. In other words,
dust-induced longwave warming effectively weakens the to-
tal cloud-top radiative cooling when dust is present above the
low-level clouds than when it is not. In addition, this anoma-
lous dust-induced longwave warming peaks at approximately
0.72 km with a value of 0.30± 0.22 K d−1 (Fig. 7b). Over-
all, the profiles show that dust-induced shortwave warming
dominates total heating rates within the dust layer and dust-
induced longwave warming weakens the dominant mean
longwave cooling within the boundary layer. It is also worth
noting that the uncertainties in the total heating rates are

Figure 8. Dust-induced radiative heating (a) within the dust layer
and (b) at the low-level cloud top, separated into categories based on
dust-layer base height and geometric thickness. Dashed lines are the
radiative heating rates of shortwave (SW; red lines), longwave (LW;
blue lines), and total (SW+LW; black lines). The bars represent
categories with the same base height group, and those with the same
geometric thickness are represented by the same colors across the
different groups. The height of the bars corresponds to geometrical
thickness: 0.5 km (violet), 1.5 km (light yellow), 2.5 km (orange),
and 3.5 km (yellow) at the dust-layer base of 1, 2, 3, and 4 km. Error
bars indicate the standard error.

dominated by the uncertainties in shortwave heating rates
within the dust layer and the uncertainties in the dust-induced
longwave heating rates within the boundary layer (see error
bars in Fig. 7).

Separating the heating rates as a function of the dust-layer
characteristics, we find that changes in the dust-induced heat-
ing or cooling rates within the dust layer and within the low-
level clouds vary as a function of the geometric thickness of
the dust layer (Figs. 8 and S9). Specifically, our results indi-
cate that dust-induced shortwave warming continues to dom-
inate over longwave cooling within the dust layer, with both
strengthening with increasing geometric thickness of the dust
layer (Fig. 8a). Between the dust-layer categories, the mean
all-sky shortwave heating within the dust layer as a func-
tion of geometric thickness ranges up to about 10.3 K d−1,
partially offset by the mean longwave cooling that can also
range up to 2.01 K d−1 (e.g., for a dust base height of 2 km in
Fig. 8a). In addition, for each category, the shortwave heat-
ing peaks around the middle of the dust layer whereas the
longwave cooling peaks slightly above it (Fig. S9), similar
to the basin-wide mean profiles in Fig. 7. In contrast to the
dust layer, dust-induced longwave warming within the low-
level cloud dominates over the dust-induced shortwave cool-
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ing, which results from increased longwave downwelling ra-
diation emitted by the dust layer and the reduction of solar
radiation reaching the cloud top due to attenuation by the
overlying dust. The total heating rate within the cloud also
increases with the dust-layer geometric thickness (Figs. 8b
and S9). For example, the increase in heating rate ranges be-
tween ≈ 0.2 and 1.46 K d−1 for dust-base height at 2 km as
the geometric thickness increases from 0.5 to 3.5 km.

Similar to the heating rate changes as a function of ge-
ometric thickness for the same dust-base heights, there are
also notable changes in the dust-induced heating rates as a
function of dust-base altitudes for the same geometric thick-
ness. For example, with dust layer geometric thickness of
2.5 km, the dust-induced longwave warming at the cloud top
increases from around 0.85 K d−1 to around 1.25 K d−1 be-
tween the dust base of 1 to 3 km (see orange bars in Fig. 8b).
As indicated above and regardless of the dust-layer config-
urations, these increases in dust-induced longwave warming
reduce the mean longwave cooling near the cloud top (com-
pare Figs. 8b and 7), with a more significant reduction for
thicker dust layers. Overall, our results indicate that dust-
induced longwave warming accounts for an average decrease
of −9.3 % (up to −18.7 % depending on dust-layer configu-
ration) of the overall total radiative cooling near the low-level
cloud top over the North Atlantic Ocean.

3.4.2 Influence of dust optical depth on dust-induced
heating rates

Although the above result shows changes in radiative heat-
ing rates due to dust-layer geometric thickness for different
dust-base heights, the dust-induced heating/cooling within
the dust layer and at the cloud top also varies with dust opti-
cal depth. Similar to Fig. 5 above, we separated the radia-
tive heating rates into cases of low and high DOD (Figs.
9 and S10). Within the dust layer, the all-sky total warm-
ing is significantly higher for high DOD than for low DOD
cases. For low DOD, the total warming in the dust layer
is 4.5± 1.6 K d−1, with 20.3 K d−1 from shortwave warm-
ing and −15.8 K d−1 from longwave cooling (see Figs. 9a
and S11). This total warming with the dust layer doubles (to
about 9.8± 3.8 K d−1) for high DOD cases, with 29.7 K d−1

from the shortwave warming and −19.9 K d−1 from long-
wave cooling (Figs. 9a and S11). Essentially, shortwave
warming increases faster per unit increase in dust optical
depth than longwave cooling (Fig. S11). Despite the sig-
nificant change in dust-layer shortwave warming, the dust-
induced radiative heating changes near the cloud top are con-
trolled primarily by the longwave component, both for low
and high DOD cases (Figs. 9 and S11). Near the cloud top,
the overall all-sky longwave cooling does not significantly
differ (Fig. S11), but the dust-induced longwave warming
is more than doubled between low and high DOD cases
(Fig. 9b). Specifically, the average dust-induced cloud-top
heating rates, dominated by dust-induced longwave warm-

ing, show values of 0.51 (± 0.12) K d−1 for low DOD case
and 1.34 (± 0.22) K d−1 for high DOD case (Fig. 9b). Our
result of dust-induced warming near cloud top is consistent
regardless of DOD classification or range used (Fig. S12).
As a result, we calculated the heating rate response of the
dust-induced cloud-top radiative warming to a unit increase
in DOD ( ∂LwHtcldtop

∂DOD ), and found a consistent pattern of in-
creased dust-induced warming for all combinations of dust-
base height and geometrical thickness.

Regardless of DOD, dust-induced longwave warming at
the cloud-top remains dependent on base height and the ge-
ometric thickness of the dust layer, as highlighted by Fig. 9.
To further understand the dependence of cloud-top longwave
radiative heating changes on dust-layer characteristics, we
estimated the dust-induced longwave warming response to
dust base height and the geometric thickness for low and
high DOD cases, similar to the low-level cloud response
(compare Fig. 9c, d to Fig. 5b, c). We find that the dust-
induced DOD-normalized cloud-top longwave warming re-
sponse per unit increases in geometric thickness ( ∂LwHtcldtop

∂DGT )
is positive for most dust base heights (Fig. 9c). In other
words, for every increase in dust geometric thickness, the
dust-induced longwave warming increases per unit DOD at
the cloud top. The only exception is for the closest dust
layer to the cloud top, where there is a higher possibil-
ity of longwave cooling within the dust layer extending to
the cloud top as the geometric thickness increases, and also
there are higher uncertainties in estimated low-level cloud re-
sponses (cf. Figs. 5, S6, and S12). Overall, the dust-induced
cloud-top longwave warming response per unit DOD to in-
crease geometric thickness is higher for low DOD cases,
which is 13.8 % of the mean dust-induced cloud top heat-
ing (3.7± 0.7 K d−1 DOD−1), than high DOD cases, which
amounts to 7.1 %. Similar to the geometric thickness, the
dust-induced cloud-top longwave warming response per unit
DOD to increases in dust-base heights ( ∂LwHtcldtop

∂DBH ) is also
generally positive, although with varying magnitude for cat-
egories of dust-layer geometric thicknesses (Fig. 9c). On
average, mean dust-induced cloud-top longwave warming
responses per unit DOD to increases in dust-base heights
(10.3 % and 10.6 %) are approximately the same for low and
high DOD categories (Fig. 9d).

3.4.3 Contributions of dust-layer characteristics and
optical depth to dust-induced radiative warming
near cloud top

The results above have shown that there are general in-
creases in dust-induced longwave warming for a unit in-
crease in dust-layer base height and geometric thickness, as
well as dust optical depth. To understand the relative im-
pacts of these parameters on the dust-induced cloud-top long-
wave warming response, we estimate the dust-induced cloud-
top heating one per standard deviation change in each vari-
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Figure 9. The total (shortwave+ longwave) heating rate (K d−1) within (a) the dust layer and at (b) the cloud top are categorized by dust
layer base height and geometric thickness. Grey circles indicate heating rates for low dust optical depth, while black circles indicate high
dust optical depth. Error bars represent the standard error. The bars represent categories with the same base height group, and those with the
same geometric thickness are represented by the same colors across the different groups. The height of the bars corresponds to geometrical
thickness: 0.5 km (violet), 1.5 km (light yellow), 2.5 km (orange), and 3.5 km (yellow) at the dust-layer base of 1, 2, 3, and 4 km. Dust-induced
cloud-top heating response to (c) dust layer geometrical thickness (

∂LwHtcldtop
∂DGT ; K d−1 DOD−1 km−1), shown for categories with differing

dust-layer base heights, and (d) dust base height (
∂LwHtcldtop
∂DBH ; K d−1 DOD−1 km−1), displayed for categories with differing geometrical

thicknesses. Blue bars are for low DOD, and red bars are for high DOD. Numbers annotated with bars are percentages relative to the mean
value of dust-induced cloud top heating (3.7± 0.7 K d−1 DOD−1). Mean percentage values are written in bold font.

able (σX
∂LwHtcldtop

∂X
; where X is DOD, DGT or DBH and

σX is their standard deviations; compare Figs. 10 and 6).
While one standard deviation increases in dust-layer geo-
metric thickness or base height result in increases in dust-
induced longwave warming at cloud top, their contributions
are smaller than those due to dust optical depth. The con-
tributions of dust optical depth to cloud top dust-induced
longwave warming are about 8 times larger compared to
the contribution due to dust geometric thickness, and about
6 times larger compared to the contribution due to dust
base height. Specifically, dust-induced cloud-top heating in-

creases by 0.75 (± 0.17) K d−1 for a one-standard-deviation
increase in dust optical depth, while it increases by 0.09
(± 0.13) K d−1 and 0.13 (± 0.14) K d−1 per one-standard-
deviation increase in dust geometric thickness and dust-base
height, respectively (see Fig. 10).

3.4.4 Sensitivity to cloud-top longwave warming to dust
absorption properties

While the contribution of dust optical depth to the dust-
induced cloud-top longwave warming response is stronger
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Figure 10. Box-and-whisker plot showing dust-induced cloud top
heating (K d−1) for a 1σ (1 standard deviation) change in dust op-
tical depth (DOD; 1σ = 0.27), geometric thickness (DGT; 1σ =
0.964 km), and dust base height (DBH; 1σ = 0.778 km). Red cir-
cles represent the mean values, with error bars indicating the stan-
dard error.

than the contribution of other dust-layer characteristics (e.g.,
Fig. 10), the impact of dust optical depth sensitivity depends
on dust physicochemical and absorption properties, includ-
ing the dust size distribution and dust complex refractive in-
dices. Because the same dust optical depth can be achieved
for different combinations of dust size distribution and re-
fractive index, accurate representation of these properties be-
comes important to estimate dust-induced cloud-top long-
wave warming and its influence on low-level cloudiness.
In addition, because these dust properties are difficult to
measure from remote sensing and our current understanding
mostly relies on limited in-situ measurements, dust models
used in radiative transfer retrievals (for example in CloudSat-
CALIPSO radiative flux dataset) with limited representation
of dust properties, such as using spatiotemporally invariant
dust properties, are subject to large uncertainties that may
bias our understanding of dust-cloud relationship. There-
fore, to understand how uncertainties in dust size distribu-
tion and refractive indices may influence retrieved heating
rates and dust-induced cloud-top warming, we use the SB-
DART model (see Sect. 2.2.4) with a range of observed dust
properties over the North Atlantic. Essentially, the radiative
transfer simulations seek to recreate the CloudSat-CALIPSO
heating rates as closely as possible by using the retrieved dust
properties (such as DOD and extinction profiles) and cloud
properties, as well as the thermodynamic profiles (Fig. S14)
provided in the same datasets, but vary the dust size distri-
bution and complex refractive index (Fig. S4). Specifically,
we consider three measurement-based particle size distribu-
tions representing dust at source regions (volume mean di-
ameter, Dvm 18.02 µm), mid-range transport (16.86 µm), and
after long-range transport (3.36 µm) (Fig. S13a). The coarse-
mode fraction decreases from around 89 % near the source

to approximately 50 % for long-range transport. In addition,
we use three different measurements of refractive indices, in-
cluding from Di Biagio et al. (2019), Optical Properties of
Aerosols and Clouds (OPAC, Hess et al., 1998), and Volz
(1972), with shortwave imaginary values of 0.0026, 0.0075,
and 0.0080 at 0.5 µm (see Fig. S4c) and longwave imaginary
refractive indices at 10 µm, 0.3534, 0.4783, and 0.1620 re-
spectively. These combinations yield nine cases with spec-
trally varying extinction efficiency, single-scattering albedo,
and asymmetry parameters, which serve as inputs to SB-
DART to examine the sensitivity of dust-induced heating
to changes in size and absorption properties, to understand
how the unaccounted uncertainties in the dust absorption
spectrum may affect dust-induced cloud-top warming (see
Fig. S4e–f).

The result shows that the cloud-top heating response to
dust optical depth depends sensitively on dust size distribu-
tion and refractive indices (see Fig. 11). Specifically, near
the dust source where the fraction of coarser dust particles
is higher than after mid or long-range transport, the absorp-
tion of longwave radiation by these coarser particles results
in stronger longwave cooling in the dust layer and thereby,
a stronger dust-induced longwave warming at the low-level
cloud top (Figs. 11a and S15). Between when the dust is
emitted at the source and when they are transported, the frac-
tion of coarse dust particles changes significantly, resulting
in the dust-induced cloud-top heating significantly reducing
along the dust transport pathway. Specifically, we find that
cloud-top heating is roughly twice as strong for mid-range
dust size distributions and nearly four times stronger for
near-source dust size distributions, compared to those domi-
nated by finer particles after long-range transport. For exam-
ple, using refractive indices from Di Biagio, the correspond-
ing dust-induced cloud-top heating rates are 4.76± 2.42,
2.93± 1.54, and 1.22± 0.66 K d−1, for source, mid- and
long-range transport, respectively (Fig. 12a), while the asso-
ciated sensitivities per unit change in dust optical depth are
16.10± 2.39, 10.29± 1.58, and 4.4± 0.75 K d−1 DOD−1,
respectively (Fig. 11b).

Similarly, dust layers with higher values of the imaginary
part of long-wave refractive indices (at 10 µm wavelength)
have stronger longwave cooling in the dust layer and stronger
dust-induced longwave warming at cloud top, along with
greater sensitivity per unit change in dust optical depth (see
blue circles in Fig. 11a and b and blue bars in Fig. S15e).
It is evident that while the dust heating rates depend on the
spectral variation of the refractive index, the dust-induced
changes in the low-level cloud top are primarily controlled
by the longwave part of the spectrum. In other words,
stronger longwave absorption (represented at 10 µm) than
shortwave absorption (represented at 0.5 µm) dominates the
dust-induced changes at cloud top. For example, simulations
using the long-range dust size distribution show the strongest
cloud-top warming with OPAC (2.35± 1.26 K d−1), even
though Volz72 has the highest value of shortwave imaginary
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Figure 11. (a) Mean cloud top heating due to dust (CldTopHeatdust) and (b) its sensitivity to dust optical depth ( ∂CldTopHeatdust
∂DOD ;

K d−1 DOD−1) for different dust particle volume diameter and refractive index. The x-axis shows the particle volume mean diameter (Dvm,
µm). Colors indicate refractive index sources: Di_Biagio (magenta; Di Biagio et al., 2019), OPAC (blue; Hess et al., 1998), and Volz72
(orange; Volz, 1972). Corresponding imaginary parts of refractive indices are shown Im(Ri) for wavelengths 0.5 µm (and 10 µm). Error bars
denote standard deviation.

refractive index at 0.5 µm wavelength (0.0080) (followed by
OPAC, 0.0075, and Di Biagio, 0.0026). In contrast, OPAC
has higher imaginary refractive index of 0.4783 at 10 µm
wavelength compared to Di Biagio and Volz72, with 0.3534
and 0.1620, respectively, thus producing weaker cloud-
top warming (1.22± 0.66 K d−1 and 1.15± 0.63 K d−1) (see
Fig. 11a). Overall, our results indicate that dust-induced
longwave warming at the cloud-top is sensitive to dust ab-
sorption properties, particularly the longwave imaginary re-
fractive index and the fraction of coarse-mode particles,
which may not be accurately captured in the CloudSat-
CALIPSO merged dataset that used spatially invariant dust
absorption properties in the retrieval radiative fluxes.

3.4.5 Relationship between dust-induced longwave
warming and low-level cloud response

Despite the sensitivity to dust absorption properties, our re-
sults have shown that the dust-induced cloud-top longwave
warming responses to increases in dust optical depth, dust-
base height, and geometric thickness are generally consistent
with similar responses of cloud fraction anomalies, although
with different signs. Consequently, we find that decreases in
grid-normalized cloud fraction anomalies correlate well with
increases in low-level dust-induced radiative warming near
the cloud top (Fig. 12). Specifically, this correlation between
reduced cloud fraction and increased dust-induced longwave
warming is about −0.96 for CloudSat and about −0.79 for
CALIPSO. This suggests that dust-included longwave warm-
ing at cloud top, which reduced the overall all-sky cloud-top
longwave cooling, is primarily responsible for the decrease
in low-level cloudiness when dust is above the cloud.

Figure 12. Scatter plot showing changes in grid-normalized cloud
fraction relative to dust-induced cloud top heating. Blue circles are
when cloud fraction data is used from CALIPSO, while red dots are
when cloud cover is used from CloudSat.

3.5 Influence of Meteorology on the Cloud response to
dust-layer Characteristics

While we used a methodology that minimizes the influence
of meteorology in our estimates, its influence may still con-
found the relationship between dust-induced cloud-top long-
wave warming and the low-level cloud responses to dust-
layer characteristics and dust optical depth. Such influence
may come from the instantaneous assessment of the radia-
tive heating rates since that depends on the background ther-
modynamic profile and/or the large-scale cloud-controlling
environmental parameters, such as sea surface temperature
and surface wind speed. We assess these influences on our
results in the subsections below.
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3.5.1 Sensitivity of dust-induced cloud-top radiative
warming to background thermodynamics

We use SBDART to separate the influence of the back-
ground thermodynamic profile, including the influence of
temperature and humidity, from the influence of dust prop-
erties, and examine their contribution to the simulated ra-
diative heating rates. Like above, we do so by recreating
the CloudSat-CALIPSO- heating rates as closely as possi-
ble, using the derived dust properties (such as DOD and
extinction profiles) and cloud properties (such as cloud op-
tical depth and cloud top heights), as well as the thermo-
dynamical profiles (temperature and humidity) provided in
the same datasets (see Sect. 2.2.4 for details). The varia-
tions in the simulated dust-induced shortwave and longwave
heating rates for each dust-layer category are similar, al-
though with different magnitudes (because we use different
size distributions and refractive indices), as those obtained
from the CloudSat-CALIPSO dataset (compare Figs. S9 and
S13). Overall, the SBDART-simulated mean dust-induced
cloud-top heating of 1.38 K d−1 (calculated using dust op-
tical depth, extinction profiles, cloud properties, thermody-
namic profiles, and a long-range transported dust size dis-
tribution with Di Biagio refractive indices) is approximately
1.7 times higher than the value estimated from CloudSat-
CALIPSO data, which is 0.81 K d−1. To enable comparison,
both SBDART-simulated and CloudSat-CALIPSO-derived
heating values across categories were normalized by their
respective means (see Fig. 13a; compare black circles with
grey circles).

Consequently, we estimated the sensitivity of the dust-
induced cloud-top warming to variabilities in dust properties,
cloud properties, and thermodynamic profiles by differenc-
ing with the simulation that replaces each set of parameters
with their mean state (see Fig. S14 and Table S1). Therefore,
with these simulations, we can estimate the contributions
of the variabilities in each parameter to the simulated dust-
induced cloud-top heating (see Sect. 2.2.4 for details). The
result shows that the response of the cloud-top heating rate
to dust-layer characteristics is less sensitive to the variabili-
ties in the cloud properties and background thermodynamic
profiles, thereby contributing less to the overall dust-induced
cloud-top heating rate when compared to the variabilities in
dust properties (Fig. 13b). The influence is despite the co-
variabilities in the cloud properties and thermodynamic pro-
files with the dust-layer properties, including dust-layer geo-
metric thickness and dust-base height (e.g., Fig. S14). The
responses of the normalized dust-induced cloud-top heat-
ing to a unit increase in dust-layer geometric thickness are
0.51 km−1 when only dust properties are varied (orange bars
in Fig. 13b), 0.06 km−1 when only thermodynamic profiles
are varied (blue bars in Fig. 13b), and−0.06 km−1 when only
cloud properties are varied (cyan bars in Fig. 13b). Similarly,
the responses of the normalized dust-induced cloud-top heat-
ing to a unit increase in dust-layer base height are 0.07 km−1

when only dust properties are varied,−0.02 km−1 when only
thermodynamic profiles or cloud properties are varied. The
lower sensitivity to the thermodynamic profile may partly re-
sult from the limited influence of moisture, despite higher rel-
ative humidity within the dust layer (see Figs. 2c and S14), as
dust particles are largely non-hygroscopic, meaning their size
and optical depth do not substantially increase with humid-
ity. This highlights the dominant role of dust properties in the
estimated dust-induced cloud-top heating, and consequently,
its relationship to the reduced cloud fraction when dust is
above the cloud. Overall, our results show that dust-induced
cloud-top radiative warming is more sensitive to changes in
dust properties, contributing more than 90 % of the estimated
dust-induced cloud-top warming, than to changes in cloud
properties or thermodynamic profiles.

3.5.2 Influence of Other Meteorological Variables on
cloud response to dust-layer characteristics

In addition to examining the sensitivity of our results to
the variabilities in cloud properties and thermodynamic pro-
files represented by the background temperature and mois-
ture profiles, we also examined the influence of other cloud-
controlling parameters that may be linked to large-scale at-
mospheric conditions. We focus on cloud-controlling pa-
rameters that have been identified by previous studies over
the North Atlantic region, including sea surface temperature
(SST), wind speed, lower tropospheric stability, and above-
cloud humidity (Klein et al., 2017; Naud et al., 2023). To
minimize the influence of these cloud-controlling factors, we
confined our analysis to 5°× 5° grid boxes, where we as-
sume the meteorological variability is small when focused on
a single season for a long-term period. While our approach
is designed to minimize the overall influence of meteorology
and reduce the impact of possible co-variability between me-
teorological conditions and aerosols on the low-level cloud
cover, we further examine how the other well-known cloud-
controlling factors may change for each category used in our
analysis (e.g., Fig. 4).

We find minimal variation in most cloud-controlling fac-
tors across our defined categories (Fig. S16), and their weak
sensitivity to changes in dust geometric thickness and dust
base height (Fig. 14) suggests limited influence of these fac-
tors on the estimated cloud response to dust-layer charac-
teristics. Like percentage cloud response (Fig. 4b and c)
and cloud top heating response (Fig. 9b and c) to per one-
kilometer increase in DGT and DBH, we estimated percent-
age changes for relevant meteorological parameters to DGT
and DBH changes (see Fig. 14). Most of the meteorologi-
cal variables that can affect the cloud cover show less than
5 % changes to increase in DGT and DBH. For example, a
kilometer increase in DGT is associated with only a 0.54 %
increase in SST (red bars in Fig. 14) and a 3.1 % increase in
surface wind speed (magenta bars in Fig. 14). In the case
of DBH, these changes are, 0.9 % for SST and 2.2 % for
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Figure 13. (a) Normalized dust-induced cloud-top heating across dust-layer categories (χ =
CldTpHtdustcat
CldTpHtdust

). Cloud-top heating derived from

the CloudSat-CALIPSO dataset (black markers) is normalized by mean across categories (0.81 K d−1), while SBDART-simulated heating
(grey, orange, cyan, blue markers) is normalized by the corresponding simulated mean across categories (1.38 K d−1). Grey markers show
simulations with all factors varying. Orange, cyan, and blue markers isolate the effects of dust properties, cloud properties, and thermo-
dynamic profiles, respectively. Bars show the dust categories, with the right y-axis as altitude. (b) Cloud-top heating response to a 1 km
increase in dust layer thickness and base altitude. Black bars represent sensitivities derived from CloudSat-CALIPSO. Grey bars show the
total SBDART-simulated response with all factors varying. Orange, cyan, and blue bars isolate the effects of dust properties, cloud properties,
and thermodynamic profiles, respectively.

windspeed (see red and magenta bars in Fig. 14). Similarly,
the above-cloud moisture has minimal impacts on the low-
level cloud response to dust-layer characteristics. As shown
in Fig. 13, meteorological impacts on the response of cloud-
top dust-induced longwave warming to dust-layer character-
istics were small despite the mid-tropospheric high relative
humidity used in the radiative transfer simulations (see also
Fig. S16). To show further the minimal impacts of above-
cloud moisture in our analysis, we estimated two grid-scale
humidity measures following Eastman and Wood (2018): en-
training humidity (adjacent to the cloud top) and radiating
humidity (the average humidity between 700 hPa and the en-
training layer, as discussed in Sect. 2.2.6). Radiating humid-
ity emits downwelling longwave radiation, affecting cloud-
top cooling (Yamaguchi et al., 2015), while higher entrain-
ing humidity reduces droplet evaporation, lowering the likeli-
hood of cloud breakup. We find both entraining and radiating
humidity anomalies change very little across categories (see
Fig. S16c and d), similar to changes in SST and wind speed

anomalies. Specifically, the changes in entraining and radiat-
ing humidities per one-kilometer increase of DGT are about
3 % and for DBH it is below 6 % of the domain mean values,
respectively (see blue bars in Fig. 14). Overall, the changes
in sea surface temperature, surface winds, and above-cloud
moisture cannot explain the large changes in low-level cloud
response to unit increase in dust-layer characteristics and
properties.

In contrast to wind speed, SST, and above-cloud moisture
anomalies, the change in LTS is substantial across the dust
categories (Fig. S16e). Specifically, we find that for per kilo-
meter increase in DGT, LTS anomalies increase by 15 % (first
grey bar in Fig. 14), while for DBH increase, LTS change is
1.27 % (second grey bar in Fig. 14). This result is consistent
with previous studies of dust above clouds, where increases
in LTS attributed to shortwave warming in the dust layer have
been associated with increases in low-level cloudiness (Do-
herty and Evan, 2014). This relationship between LTS and
enhancement of low-level cloud cover was often explained
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Figure 14. Percentage change in key meteorological variables per
kilometer increase in dust layer geometrical thickness and base
height. Shown variables include sea surface temperature (SST,
red), surface wind speed (magenta), entraining humidity (dark
blue), radiating humidity (light blue), and lower tropospheric sta-
bility (LTS, grey). Percentage changes are computed relative to
the domain-mean values of each variable: SST= 25 °C, wind
speed= 6.04 m s−1, entraining humidity= 0.0077 kg kg−1, radiat-
ing humidity= 0.0066 kg kg−1, and LTS= 7.08 °C. Error bars are
the standard error for respective parameters. Grey dotted horizontal
lines are 5 % lines.

by boundary-layer moisture build-up, resulting in increases
in cloud-top longwave cooling and consequently increases in
cloud fraction (e.g., Wilcox et al., 2009). However, our re-
sults show an observed reduction in low-level cloud fraction
associated with increasing dust-induced cloud-top warming
when the dust-layer geometric thickness and optical prop-
erties are increased. Our results further suggest that dust-
induced longwave warming at the cloud top may offset the
influence of LTS on the mean cloud-top cooling, and, while
LTS may be important for low-level cloud enhancement and
dust semi-direct effect, the influence of LTS may only be
stronger in low dust conditions, with less coarse dust par-
ticles and less overall longwave absorption.

4 Discussion and Summary

We have shown that low-level cloud response is sensitive to
the dust-layer altitude, geometric thickness, and dust opti-
cal depth, influencing the dust-induced longwave warming
and counteracting the mean radiative cooling near the low-
level cloud top. We do so by leveraging vertically-resolved
aerosol, cloud, and radiative heating rates information from
CALIOP and the merged CALIPSO-CloudSat products, as
well as the Santa Barbara DISORT Atmospheric Radiative
Transfer (SBDART) model between May and August (2007–
2017) over the tropical North Atlantic Ocean (55–20° W; 5–
30° N). During this period, when the mean low-level cloud
top height is approximately 1.35 km (± 0.05 km), we showed
that nearly 78 % of the total dust column burden is situ-
ated above the cloud layer. We use profiles with CloudSat-

CALIPSO retrieved dust layer and single-layer low-level
clouds, and require a minimum of 200 m between them to
minimize potential biases that can be introduced through un-
certainties in the retrieved layer information. Furthermore,
we also minimize large-scale meteorological variability by
dividing the broad region into a 5°× 5° grid box follow-
ing previous studies (Adebiyi and Zuidema, 2018; Loeb
and Schuster, 2008). We categorized dust and cloud profiles
within each 5°× 5° grid box based on the dust layer base
height (1, 2, 3, and 4 km) and geometrical thickness (0.5, 1.5,
2.5, and 3.5 km) only when aerosols, clouds, and radiative
flux information are all available to obtain statistically ro-
bust relationships. Out of the possible 16 categories of dust-
layer base height and geometric thickness, only 11 satisfy
our stringent requirements of the minimum number of pro-
files within each category and the minimum number of total
5°× 5° grid boxes allowed.

Whereas low-level cloudiness typically increases due to
the presence of the above-cloud dust layer through the pro-
cess of dust semi-direct effect (Amiri-Farahani et al., 2017),
we find that the extent of such increases depends on the dust
layer’s optical properties as well as its altitude and geometri-
cal thickness. Using the above dust-layer categories, our re-
sults indicate decreases in low-level cloud response, that is,
the rate of change of grid-normalized low-level cloud frac-
tion relative to basin-wide mean per increase in dust-base
height, geometric thickness, and dust optical depth. Specif-
ically, our results suggest the following: First, the low-level
cloud response is strongly influenced by both the altitude of
the dust layer base and its geometric thickness. On average,
cloud fraction decreases by 1.7 % and 5.1 % for each kilo-
meter increase in dust-layer geometric thickness based on
CALIPSO and CloudSat, respectively. While the cloud re-
sponse to geometric thickness consistently leads to a reduc-
tion regardless of dust base height, the grid-normalized low-
level cloud response to a one-unit change in dust-base height
depends on the dust-layer geometric thickness. Specifically,
for thinner dust layers, one unit increase in dust-layer base
height reduces cloud cover by 0.5 % and 1.4 % for geo-
metric thickness values of 0.5 and 1.5 km, respectively, us-
ing CALIPSO data and 2.3 % and 3.0 %, respectively, using
CloudSat. In contrast, for thick dust layers (GT= 3.5 km),
increasing the base height leads to an increase in cloud re-
sponse, with values of 3.2 % and 0.3 % from CALIPSO and
CloudSat data, respectively.

Second, we estimate cloud response to dust optical depth
and found that the mean low-level cloud fraction decreases
by approximately 17 % for every unit change in dust op-
tical depth. Consequently, when we divided the dust-layer
categories into low and high dust optical depth cases, the
low-level cloud response to dust-layer geometric thickness
is stronger for high dust optical depth, despite having lower
grid-normalized cloud fraction, than for low dust optical
depth cases Specifically, for a 1 km increase in dust-layer
base, the negative cloud responses change by about 0.7 %
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(−0.1 % and 0.6 %, respectively) between the low and high
dust optical depth categories. Similarly, for a 1 km increase in
dust-layer geometric thickness, the negative cloud responses
change by about 1.6 % (−0.86 % and−2.49 %, respectively)
between the low and high dust optical depth categories. Fi-
nally, we estimate the relative contribution of the dust-layer
characteristics and dust optical depth by estimating the sen-
sitivity in the low-level cloud response to a one-standard-
deviation (1σ ) increase in each parameter. We find that the
negative low-level cloud response is stronger for a 1σ change
in dust optical depth than for a 1σ change in dust-layer ge-
ometric thickness or dust-base heights. Specifically, we find
that the relative reduction in low-level cloud response to 1σ
increase in dust optical depth is about−4.3 (±1.04) %, com-
pared to −1.6 (±0.65) % and 0.19 (±0.45) % to 1σ change
in dust-layer geometric thickness and dust base respectively,
indicating that the changes in low-level cloud fraction due to
1σ change in dust optical depth is about three times stronger
than 1σ change in geometric thickness, and significantly
more than 1σ change in dust-base height that is largely neg-
ligible within the error range.

We hypothesized that the variations in radiative fluxes at
the low-level cloud top drive the observed cloud responses to
perturbations in dust-base heights, geometric thickness, and
dust optical depth. To show this relationship, we used the
CALIPSO-CloudSat combined product to estimate radiative
heating rates (both shortwave and longwave) for each defined
dust category. We find that the dust layers above the low-level
clouds induce anomalous longwave warming near the cloud
top that counteracts the mean cloud-top radiative cooling and
can reduce the total cloud-top cooling by as much as 18.7 %
(mean of 9.3 %). In addition, our results further showed
that this dust-induced cloud-top longwave warming increases
with an increase in dust optical depth, dust-layer geomet-
ric thickness, and dust-base height. However, a 1σ increase
in dust optical depth results in a significantly stronger dust-
induced cloud-top warming (≈ 0.75± 0.17 K d−1), nearly 8
times greater than the warming from a 1σ increase in ge-
ometric thickness (0.09± 0.13 K d−1) and 6 times greater
than the warming from a 1σ increase in dust base height
(0.13± 0.14 K d−1). Consequently, we find that decreases in
low-level cloud fraction response correlate well (0.79 for
CALIPSO and 0.96 for CloudSat) with responses in dust-
induced radiative warming near the cloud top. This sug-
gests that dust-induced longwave warming, which reduced
the overall cloud-top longwave cooling, is primarily respon-
sible for the decrease in low-level cloudiness when above-
cloud dust-layer characteristics and dust optical depth are in-
creased.

While the contribution of dust optical depth to the dust-
induced cloud-top longwave warming response is stronger
than other dust-layer characteristics, our results further show
that the impacts of dust optical depth on low-level clouds
sensitively depend on dust absorption properties, including
the dust size distribution and dust complex refractive indices.

To understand how uncertainties in absorption properties
may influence the estimated dust-induced cloud-top warm-
ing and consequently the low-level cloud fraction, we use the
SBDART (Santa Barbara DISORT Atmospheric Radiative
Transfer) model to recreate the CloudSat-CALIPSO heating
rates as closely as possible by using the retrieved dust prop-
erties (such as dust optical depth and extinction profiles) and
cloud properties, as well as the thermodynamic profiles pro-
vided in the same datasets, but vary the dust size distribution
and complex refractive index based on previously-published
measurements. The result shows that dust-induced longwave
warming at the cloud top is highly sensitive to the coarse-
mode fraction of the dust size distribution and the imaginary
part of the longwave refractive index. For example, near-
source and mid-range-transported dust size distributions con-
taining approximately 89 % and 83 % coarse-mode fraction
produce nearly four and two times more warming, respec-
tively, than one long-range-transported dust size distribution
with only 50 % coarse-mode fraction. Similarly, higher val-
ues of the longwave imaginary refractive index, which indi-
cate stronger dust-layer longwave absorption, also lead to en-
hanced dust-induced cloud-top warming. Therefore, our re-
sult suggests that the contribution of the dust-induced cloud-
top longwave warming that counteracts the mean cloud-top
radiative cooling may be larger than indicated above, if the
spatiotemporally varying dust size distribution and refractive
index are accurately represented.

While we minimize the influence of potential meteoro-
logical co-variability in our analysis, we further assess its
impact on the relationship between dust-induced cloud-top
longwave warming and the low-level cloud response. First,
similar to the sensitivity analysis above, we also repro-
duced CALIPSO-CloudSat heating profiles using SBDART
and performed sensitivity experiments by varying dust-layer
properties, cloud properties (including the cloud optical
depth and cloud top heights), and thermodynamic profiles
(represented by the temperature and humidity profiles). The
result showed that the estimated low-level cloud response
when dust is above the cloud can be primarily attributed
to dust-layer characteristics and properties, which dominate
changes in dust-induced reduction in cloud-top longwave
cooling. Although the response of the cloud-top heating rates
to dust-layer characteristics also covaries with cloud proper-
ties and the background thermodynamic profiles, specifically
the changes in humidity profile above the clouds, their con-
tributions to the overall dust-induced cloud-top heating rate
are less compared to the dust properties. Second, we also ex-
amined the influence of other cloud-controlling parameters,
including sea surface temperature, wind speed, and above-
cloud moisture that may be linked to large-scale atmospheric
conditions. The result showed minimal and non-systematic
variations in these parameters across dust categories, sug-
gesting that they have limited or no influence on the observed
instantaneous relationship between low-level cloudiness and
anomalous dust-induced cloud-top longwave warming. Al-
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though we find an increase in LTS for higher geometrically
and optically thick layers, consistent with previous studies,
they contradict the observed decrease in low-level cloudiness
for the dust categories. Overall, our results indicate that the
relationship between low-level cloudiness and dust-induced
cloud-top radiative warming is more sensitive to changes in
dust properties than to meteorological variabilities.

Our results have important implications for our under-
standing of low-level cloud response and the dust semi-direct
effect over the North Atlantic Ocean. First, our result sug-
gests that processes associated with low-level cloud response
when the dust layer is above the cloud and, consequently,
the dust semi-direct effect, are more sensitive to changes
in cloud-top radiative cooling. Previous studies have shown
the significance of cloud-top radiative cooling in driving the
cloud-top turbulence, convective instability, mixing in the
cloud layer, and small-scale dry air entrainment, which is im-
portant for cloud development (Wood, 2012; Zuidema et al.,
2019). A reduction in cloud-top radiative cooling could fa-
cilitate a reduction in cloud fraction through several different
pathways. One such pathway is that a reduction in cloud-top
radiative cooling may lead to weaker turbulent mixing within
the cloud, potentially resulting in decoupling and stratifica-
tion of the boundary layer, which limits the surface moisture
source into the cloud layer and subsequently reduces cloudi-
ness (e.g., Bretherton and Wyant, 1997). Such pathways tend
to result in an increase in the frequency of cumulus clouds
rather than stratus clouds. Another pathway is through the
entrainment of dry air at the cloud top, whereby a reduction
in cloud-top radiative cooling will result in the weakening
of the entrainment interfacial layer, allowing more dry and
warm air from the free troposphere to mix into the cloud
layer, thereby leading to reduced cloudiness (Wood, 2012b).
For example, Wood (2012) highlighted that because a lower
surface-based lifting condensation layer than the cloud-top
inversion layer is required to maintain low-level cloudiness,
1 K of warming within the cloud layer aided by reduction
of cloud-top radiative cooling or associated entrainment of
dry air could lift condensation layer much faster than it lifts
the cloud-top inversion layer, hence resulting in a reduction
in cloudiness. Assuming other critical environmental factors
remain constant, these pathways could result in a feedback
process where a reduction in cloudiness can result in a fur-
ther reduction in cloud-top radiative cooling and a further re-
duction in cloudiness (Bretherton, 2015; Ceppi et al., 2017).
Such feedback relationships have been used to explain the
stratocumulus to cumulus transition, which also exists over
the North Atlantic Ocean (Sandu and Stevens, 2011). Our re-
sult, therefore, suggests that dust-induced longwave warming
at the cloud top facilitates the reduction of low-level cloudi-
ness, and those changes are strongly dependent on the dust
layer’s height, geometric thickness, and optical depth as well
as dust absorption properties, including dust size distribution
and refractive index.

Second, our result of radiative changes and cloud re-
sponses to the above-cloud dust layer adds to the traditional
process associated with cloud responses to other above-cloud
absorbing aerosols, such as biomass-burning smoke aerosols
above low-level clouds of the southeast Atlantic Ocean. Our
results highlight that, in addition to the shortwave absorption
that has been traditionally associated with low-level cloudi-
ness and its aerosol semi-direct effect, the longwave effect
could also play a substantial role. Specifically, the short-
wave warming by the dust layer likely increases the lower-
tropospheric stability for optically and geometrically thicker
dust layers, similar to smoke aerosols, where such increased
stability would enhance low-level cloudiness (e.g., Wilcox,
2010, 2012). However, unlike smoke aerosols, the dust-
induced longwave warming that reduces the mean cloud-top
radiative cooling can affect cloud development and reduce
low-level cloudiness, similar to the radiative effects of above-
cloud moisture, carbon dioxide, and free-tropospheric clouds
on low-level clouds, as shown by previous studies (Adebiyi
et al., 2015; Adebiyi and Zuidema, 2018; Christensen et al.,
2013; Singer and Schneider, 2023). This interplay between
shortwave and longwave effects on the clouds defines the
dust semi-direct effect, where cloud responses play a pivotal
role in deciding whether the overall effect will be dominated
by the radiative warming (positive SDE) or cooling (nega-
tive SDE) at the top of the atmosphere. Specifically, the sta-
bility effect induced by the shortwave warming within the
dust layer tends to increase low-level cloudiness, resulting
in negative dust SDE, but counteracted by the dust-induced
longwave warming that reduces the cloud-top cooling and
may suppress the stability effects of shortwave absorption,
therefore, leading to reduction the low-level cloudiness and
tipping the balance toward positive dust SDE. The total dust
SDE, therefore, emerges as the outcome of competing long-
wave and shortwave effects. Our analysis shows that the rel-
ative contributions of these effects depend on the vertical po-
sitioning of the dust layer relative to the cloud and the layer’s
optical and geometrical properties.

We note some caveats in our analysis. First, our study
relies on instantaneous snapshots from CALIPSO-CloudSat
profiles, which do not capture the full temporal dynamics,
including diurnal variation, of the low-level clouds over the
region. In addition, while these profiles provide vertical dis-
tributions of clouds and aerosols – suitable for our analysis
and useful to compare with snapshots from passive sensors
like MODIS – the CALIOP sensors have limited capability
in detecting aerosols below clouds (Yu et al., 2015). As a
result, the selected profiles for the above-cloud dust cases
might not be entirely free from the influence of aerosols
below the cloud. This limitation introduces uncertainty, as
aerosols below the cloud could affect cloud cover by alter-
ing cloud microphysics and, subsequently, the overall cloud
response. Such aerosols may influence processes like droplet
formation, cloud lifetime, and cloud cover, thereby compli-
cating the interpretation of our results. However, this uncer-

Atmos. Chem. Phys., 26, 217–246, 2026 https://doi.org/10.5194/acp-26-217-2026



S. K. Pandey and A. A. Adebiyi: Dust semi-direct effects 241

tainty cannot be addressed using the datasets and method-
ology employed in this study, and further research using
numerical models may be required to accurately quantify
these effects. Second, although we found minimal and non-
systematic variation across the categories in meteorological
cloud-controlling factors, highlighting their non-significant
effect on our analysis, their role cannot be fully quantified.
Specifically, the dust layer over the North Atlantic, similar
to smoke over the South Atlantic, has been found to contain
relatively higher moisture content (Ryder, 2021). Thus, the
uncertainty related to above-cloud humidity remains a criti-
cal factor, although we attempt to account for this by using
the radiating and entraining humidity parameters (Fig. 14).

In addition to these caveats, limitations in our method-
ological approach may also introduce possible uncertainties
in our estimates. First, while we chose only profiles having
a minimum separation of 200 m between the cloud top and
the dust-layer base to account for retrieval biases and avoid
any microphysical interactions (see Sect. 2.2.1), variabilities
in the dust-layer base may result in associated variations in
cloud-top height that may confound with the radiative im-
pact of the dust layer. Specifically, when the dust base is
low (e.g., 1 km), only profiles having clouds with very low
top heights were allowed, while profiles having higher dust-
layer base height can allow clouds with higher cloud tops.
As a result, the observed cloud response to dust base height
could be influenced by variations in cloud-top height across
these categories. However, aside from the 1 km dust base cat-
egory, cloud-top heights across other dust base height groups
are broadly similar (see Table S1 and Fig. S13), suggesting
that differences in cloud top height are unlikely to signifi-
cantly affect the results. In addition, the sensitivity analysis
confirms that variations in cloud properties across the cate-
gories have minimal influence on the impact of dust geomet-
ric thickness and dust base height on dust-induced cloud-top
heating (see Fig. 13b and relevant discussion in Sect. 3.5.1).
Second, while we chose defined categories for dust geomet-
ric thickness, the variabilities in dust vertical distribution
within each category may have influenced the associated ra-
diative impacts on the low-level clouds. Specifically, despite
a colder dust layer top, variabilities in the vertical distribution
of coarse dust may have resulted in larger dust-induced long-
wave warming at cloud-top for thicker than thinner dust lay-
ers. For example, for the same dust-layer base height, maxi-
mum dust longwave extinction (unlike shortwave extinction)
appears skewed to the bottom of a thicker dust layer than a
thinner dust layer (e.g., Figs. S9 and S13), resulting in larger
downwelling longwave radiation. With the inherent correla-
tion between dust geometric thickness and dust optical depth
(e.g., Fig. S17), it is difficult to separate the resulting influ-
ence of co-variability in coarse dust vertical distribution, dust
optical depth, and dust geometric thickness on the low-level
cloud responses.

Despite these limitations, our result underscores the need
for accurate estimates of the dust layer’s vertical distribu-

tion and dust absorption properties, including dust size dis-
tribution and mineralogical composition, to accurately quan-
tify dust SDE. Unlike above-cloud smoke, where shortwave
radiative effects often suffice to explain the SDE, dust re-
quires consideration of both shortwave and longwave influ-
ences (Baró Pérez et al., 2021; Deaconu et al., 2019; Wilcox,
2010, 2012). The longwave effect, in particular, depends on
dust vertical profiles, the thickness of the dust layer, and their
altitude relative to the clouds, along with particle size dis-
tributions and absorption properties. Current climate mod-
els do not accurately incorporate these parameters, leading
to uncertainties in the estimation of dust’s SDE (Cappa et
al., 2016). Most importantly, studies have found an under-
estimation of large dust particles by current climate models,
which may lead to potential underestimation of the longwave
effect (Adebiyi et al., 2023; Adebiyi and Kok, 2020). Our
study highlights the need for improved observation of global
three-dimensional dust distributions, along with accurate es-
timations of radiatively sensitive aerosol properties, such as
particle size distribution and mineralogical composition.
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