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Abstract

Aerosols significantly affect cloud microphysics and energy budget in different

ways. The contribution of the direct, semi-direct, and indirect effects of aero-

sols on radiation are here investigated over the North Atlantic tropical ocean

under different aerosol loadings. The Weather Research and Forecasting

Model is used to perform a set of numerical idealized experiments, which are

forced with prescribed aerosol profiles. We evaluate the effects of aerosols on

modeled shallow clouds and surface radiative budget. The results indicate that

large aerosol loadings are associated with enhanced cloudiness and reduced

precipitation. While the change in rainfall is mainly due to the larger number

of smaller droplets, the change in cloudiness is attributed to the effects of

absorbing aerosols, mainly dust particles, which are responsible for a rise of

temperature that feeds back onto specific humidity. As in the boundary layer

the increase of moisture dominates, the net effect is a higher relative humidity,

which favors the formation of thin low non-precipitating clouds. The feedback

accounts for a dynamical change in the lower troposphere: shortwave radia-

tion absorption increases temperature at the top of the marine atmospheric

boundary-layer and reduces entrainment of warm and dry air, increasing low

level moisture content. Despite the overall increase in cloudiness, daytime

cloud cover is reduced. The semi-direct effect of aerosols on clouds results in a

warming of the surface, opposite to the indirect effect.

KEYWORD S

aerosol-cloud interactions, aerosols, radiation-aerosol-cloud interactions, shallow clouds,
Tropical Atlantic

Anna del Moral-Méndez, Anna Napoli, and Nazario Tartaglione are respectively at NCAR, University of Trento, and ISPRA now.

Received: 6 June 2023 Revised: 6 November 2023 Accepted: 8 December 2023

DOI: 10.1002/asl.1208

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2024 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd on behalf of the Royal Meteorological Society.

Atmos Sci Lett. 2024;e1208. wileyonlinelibrary.com/journal/asl 1 of 12

https://doi.org/10.1002/asl.1208

https://orcid.org/0000-0002-9863-4161
mailto:nazario.tartaglione@isprambiente.it
mailto:nazario.tartaglione@isprambiente.it
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/asl
https://doi.org/10.1002/asl.1208
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fasl.1208&domain=pdf&date_stamp=2024-01-11


1 | INTRODUCTION

Shallow cumulus clouds, with their extensive cover of
the low-latitude oceans, cool the planet by reflecting
solar radiation (Bony et al., 2017). Radiative transfer in
marine atmospheric boundary layer (MABL) clouds
depends on their fine scale characteristics (Comstock
et al., 2004; VanZanten & Stevens, 2005). Numerical
models predict different low-level cloud responses to
global warming, resulting in large uncertainties in cli-
mate sensitivity (Moreno-Chamarro et al., 2022; Yao &
Del Genio, 2002; Zelinka et al., 2020). Among the many
properties that affect cloud formation and evolution,
aerosols play an important role. In presence of a high
concentration of water-friendly particles acting as cloud
condensation nuclei (CCN), a large number of small
droplets are activated, leading to low auto conversion and
collision rates, prolonging cloud lifetime (Albrecht, 1989),
favoring evaporation when dry air is entrained in the
cloud (Ackerman et al., 2004; Jiang et al., 2006), and
modifying the release of latent heat, which drives the air
buoyancy (Douglas & L'Ecuyer, 2021). While aerosols can
also delay the onset precipitation (Lonitz et al., 2015; Spill
et al., 2019), the change in rain mass with aerosol
depends on environmental conditions, which affect drop-
let growth rate by collision and the evaporation rate
(Douglas & L'Ecuyer, 2021; Khain et al., 2008; Lonitz
et al., 2015).

Complex responses of low cloud cover to increased
aerosols have also been reported (Ackerman et al., 2004;
Chen et al., 2014; Christensen et al., 2020; Mardi
et al., 2019; Stevens et al., 1998), as competing effects
exist. For instance, a non-monotonic relationship
between cloud fraction and aerosol loading emerges, with
a positive correlation when the precipitation inhibition
dominates, and a negative one at very large concentra-
tions, as non-precipitating clouds evaporate more if drop-
lets are smaller (Chen et al., 2014; Small et al., 2009; Xue
et al., 2008). Also, overall liquid water response to
increased CCN is set by the sum of the lower troposphere
moistening effect directly related to the suppression of
surface precipitation and of the drying effect from
increased entrainment of overlying air, resulting in
changes in the liquid water path of different sign depend-
ing on which process dominates (Ackerman et al., 2004;
Sandu et al., 2008; Stevens et al., 1998). Aerosol-induced
modification of condensation and evaporation can lead to
latent heat warming and cooling at different levels in the
air column, affecting the static stability of the cloud layer
and thus the depth of convection (Dagan et al., 2017;
Stevens & Feingold, 2009). This can result in a dipolar
change of cloudiness at high and low levels in subtropical
regions (Spill et al., 2019).

Most of the cited works focused on the aerosol
indirect effects (IE) on radiation, that is, on the aerosol
interactions with cloud microphysics, through the first IE
(change in droplet concentration and size, that impacts
instantaneous albedo; Twomey, 1974) and the second IE
(change in cloud evolution, that impacts time averaged
albedo; Albrecht, 1989; Penner et al., 2001). Aerosols
impact cloud properties, and the radiative budget, also
through the local warming induced by absorption of solar
radiation, that change atmospheric stability (semi-direct
effect, SDE) (Ackerman et al., 2000; Hansen et al., 1997;
Koch & Del Genio, 2010). SDE is a major source of
debate and uncertainty in the scientific community
(Allen et al., 2019; Glotfelty et al., 2019; Pavlidis
et al., 2020). For example, the global semi-direct radiative
change corresponding to increased levels of absorbing
aerosols leads to either cooling or warming of the climate
system depending on the vertical aerosol atmospheric
heating profile adopted in the model (Allen et al., 2019;
Stjern et al., 2017).

Improvements rely upon the expansion of observa-
tional and modeling studies. While many studies to date
have focused on continental regions, marine clouds are
known to be of fundamental importance as they typically
cover low albedo surfaces and their properties strongly
influence the radiative budget. Due to the high cost of
deploying appropriate platforms in the remote ocean,
measurements of aerosols and clouds in the marine envi-
ronment are sparser than over continents. The study of
the relationship between aerosols and clouds in a region
of strong insolation was one of the goals of the joint
European-American EUREC4A1-ATOMIC effort (Quinn
et al., 2021; Stevens et al., 2021). The field campaign took
place in the Northwestern Tropical Atlantic (Figure 1a)
between January and February 2020 and was character-
ized by the deployment of an unprecedented range of
observing platforms, mainly to study the shallow convec-
tion associated with trade cumuli, which are prominent
in winter in the area where the field campaign took place
(Nuijens et al., 2015).

Although typical winter meteorological conditions do
not include dust from North Africa, periods of long-range
transport of African smoke and dust to Barbados, leading
to a large increase in aerosol concentrations, were
observed during the EUREC4A field campaign (Chazette
et al., 2022; Gutleben et al., 2022; Royer et al., 2023).
These observations motivated the choice of numerical
simulations with very different aerosol forcings. We
present results from high-resolution simulations in the
EUREC4A region in winter, running with different
process-activated options and different aerosol types and
concentrations to study the interactions between aero-
sols, radiation and clouds. In Section 2, we describe the
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setup of the simulations and we discuss the output of
the control run focusing on the diurnal cycle in the
low troposphere, then we present the sensitivity of the
results to different aerosol loadings (Section 3), and
finally we summarize the results (Section 4).

2 | STUDY APPROACH AND THE
CHARACTERISTICS OF THE LOW
TROPOSPHERE DAILY CYCLE

To investigate the effects of aerosols on low atmospheric
dynamics in the subtropics, we focus on the characteris-
tics of the mean daily cycle computed over a relatively
extended period of time, that is, 1 month. Despite periods
of large aerosol loading typically last for a few days, trig-
gered by long-range transport from African fires and
deserts, here we don't explicitly mimic such transport but
instead we compare a control simulation with a low aero-
sol loading with idealized simulations that include
aerosols with different characteristics. This allows us to
consider the overall effects of aerosols under different
environmental conditions, as it is known that consider-
able day to day meteorological variability exists (Savazzi
et al., 2022, e.g., Figure S1). To this aim, we perform
numerical simulations with the Advanced Research
Weather Research and Forecasting (WRF) model V4.1.5
(Skamarock et al., 2019), in which the aerosol char-
acteristics are prescribed. WRF solves the fully comp-
ressible non-hydrostatic Euler equations on an Arakawa
C-grid with hybrid vertical coordinates. A complete
description of the numerical configuration can be found
in the supplementary materials. Briefly, a two-way nested

domain configuration is used (see Figure 1a), with a hori-
zontal grid spacing of 9 km (D01) and 3 km (D02). The
child domain encompasses the region sampled by the
EUREC4A campaign (Stevens et al., 2021). The model is
set up with 75 vertical levels, with 25 of them approxi-
mately below 2 km for a better representation of the
MABL. Simulations are run for 3months (December
2019 to February 2020), where the first 2months are used
as dynamical and aerosol loading spin up respectively
and the full month of February is analyzed.

Initial and boundary conditions are prescribed from
ERA5 hourly reanalysis (Hersbach et al., 2020) for atmo-
spheric variables and from daily Multiscale Ultrahigh
Resolution L4 analysis (Chin et al., 2017) for sea surface
temperature (SST). The use of a daily SST field is justified
by the fact that, in the trade wind regions, strong wind
mixing in the upper ocean induces very slight diurnal
SST variations (Brill & Albrecht, 1982; Vial et al., 2019).
The large scale boundary conditions provided at the
edges of the (relatively small) computational domain con-
strain the simulated fields to be consistent to ERA5 rea-
nalysis throughout the whole duration of the simulation
(see Figure S2). The microphysics scheme is Thompson
Aerosol-Aware (Thompson & Eidhammer, 2014), which
considers “water-friendly” (QNWFA, representing a com-
bination of sulfates, sea salts, and organic matter) and
“ice-friendly” particles (QNIFA, representing mineral
dust). Idealized profiles of QNWFA and QNIFA are
applied at the lateral boundaries of the coarse domain
during January and February, to mimic the aerosol
advection from large scale winds. In the control simula-
tion, these boundary profiles correspond to a two-month
(January–February) and D01 spatial average of the

FIGURE 1 (a) WRF domains D01 and D02. The hatched area represents the region over which the analyses are performed. (b) Water

(solid lines) and ice (dashed lines) friendly aerosol particle number concentration averaged on February in the analysis area, for ARCI and

EXARCI experiments.
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climatological profiles from Colarco et al. (2010). Aero-
sols enter into the RRTM radiation scheme (Iacono
et al., 2008) in the experiment denoted as ARCI (aerosol-
radiation-cloud interaction), while they only impact
cloud microphysics in ACI (aerosol-cloud interaction)
experiment. Owing to the low amount of aerosols in
those simulations, the differences in the results between
ARCI and ACI are minimal and are not discussed
through the paper. For both configurations, high aerosol
concentration simulations (named EXARCI and EXACI)
are performed, where the lateral boundary profiles are
obtained by multiplying the climatological ones by a fac-
tor of 100. This is a simplistic representation, which does
not account for any change in the vertical level of peak
concentration between background periods and long-
range transport periods (Chazette et al., 2022). It is cho-
sen as it allows us to compare the mean effect of the dif-
ferent aerosol loading over a range of wintertime
meteorological conditions, while the inclusion of a time
varying aerosol loading would mix the effects of aerosols
with the effects of the day to day meteorological variabil-
ity, hampering solid conclusions to be drawn. To partially
account for changes in the fraction of particle types
observed between background periods (dominated by
marine aerosols) and long range transport events (domi-
nated by African dust and smoke, Royer et al., 2023), we
also run two simulations in which different types of aero-
sols are individually modified. In EXIFA experiment,
only dust particles are increased to the high levels of
EXARCI, and in EXWFA experiment, only aerosols act-
ing as cloud condensation nuclei (mainly sulfates, sea
salt, and organic matter) are increased to the high levels
of EXARCI.

The resulting vertical profiles of February mean
aerosol particle number concentration in the inner
domain indicate that the lower troposphere contains
about 10 times more particles in EXARCI, EXACI, and
EXWFA than in ARCI, and ACI simulations (Figure 1b;
Figure S3). In EXARCI, EXACI, and EXIFA runs, the
number of dust particles is about two orders of magni-
tude larger than in ARCI and ACI experiments, reach-
ing values that are about 30% of the total number of
aerosols in the background experiments. It should be
noticed that in EXIFA simulation the total number of
aerosols (which is dominated by water friendly aerosols)
is only slightly larger than in background conditions
(ARCI and ACI). Despite the highly idealized represen-
tation of aerosol transport we use, the 10-fold increase
of total aerosol concentration between the high aerosol
loading case and the background conditions, as well as
the fraction of dust particles in EXIFA experiments, are
consistent with observational measurements in the
region (Chazette et al., 2022; Royer et al., 2023).

Differences between EXARCI and ARCI simulation
outputs are used to quantify the overall effects of the dif-
ferent aerosol loading. Comparison between EXACI and
ACI allows us to isolate the effect of the change in the
number of cloud condensation nuclei alone. Subtraction
of this effect from the overall response provides an esti-
mate of the direct and semi-direct effects of aerosols.
Exploration of EXIFA and EXWFA outputs allow us to
identify the role of different particle types.

Before focusing on those effects, we here describe the
output of the control run (ARCI), and compare it with
observational data. The diurnal cycle of cloud fraction
(Figure 2a) is characterized by a maximum at night
(04:00 local time, LT) and a minimum in the early after-
noon (13:00 LT), in agreement with previous studies
(Vial et al., 2019, 2023). This diurnal cycle is driven by
near surface winds, which, in the model as well in the
radio sound data collected during EUREC4A campaign
(Stephan et al., 2021), peak at night (see Figure S4). The
winds affect air-sea fluxes and thus impact on boundary
layer characteristics. While near surface specific humid-
ity increases in the afternoon, the lifting condensation
level lowers and clouds form (cfr. Figure 4a; Figures S2a
and S5). The increase in cloudiness at the top of the
MABL favors long wave radiation trapping, decreasing
the static stability and thus enhancing shallow convec-
tion mass flux (see Brunt-Väisälä frequency and maxi-
mum updraft velocity daily cycles in Figure 3c,d), with
the result of thickening the cloud layer in the subse-
quent hours. Consistent with this interpretation, the
simulated cloud top height and precipitation (mostly
carried by stratocumulus clouds) peak at dawn, about
3 h after the peak in cloudiness near cloud base
(Figures 2a and 3). The described characteristics of the
low troposphere daily cycle are in agreement with obser-
vations collected during the EUREC4A campaign
(Figure S4) and with the outcome of previous observa-
tional and modeling studies (Savazzi et al., 2022; Vial
et al., 2019; Vial et al., 2023; Vogel et al., 2020), indicat-
ing that our simulations capture most of the relevant
dynamics in the region.

3 | AEROSOL IMPACTS ON LOW
TROPOSPHERE

The addition of aerosols suppresses precipitation at the
surface: daily mean drizzle is reduced by more than two
thirds in the simulations with a 10-fold increase of parti-
cles (EXARCI, EXACI, and EXWFA experiments) with
respect to the control run (Figure 3a). This result is
in line with the classical mechanism of rainfall reduction
in warm clouds associated with the smaller (and more
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numerous) droplets in polluted conditions, due to the
larger number of cloud condensation nuclei (Sandu
et al., 2008). The role played by CCN is further demon-
strated by the results of the EXIFA experiment, in which
the number of water friendly aerosols is the same as in
ARCI: in this case the reduction of precipitation is lim-
ited to about one third. This experiment however also
indicates that precipitation is, to a lesser degree, affected
by processes other than the number of droplets. To shed
light onto those, we now focus on other metrics com-
puted in the different simulations.

Precipitation reduction is accompanied by different
changes in cloud properties. Overall, the addition of aero-
sols in EXARCI and EXIFA significantly increases the
daily mean cloud fraction, especially near cloud base
(Figure 2c,d,k,l), but it has minor impacts in EXACI and
in EXWFA (Figure 2e,f,i,j; Figure S6). This difference
indicates that the larger number of cloud condensation
nuclei is insufficient to explain the change in cloudiness
obtained in EXARCI and EXIFA.

Peak daily mean cloud fraction (as well as MABL
top pressure, Figure 3b) is located at 911 hPa in ARCI
and ACI, at 921–925 hPa in EXARCI and EXIFA, and
at 908 hPa in EXACI and EXWFA. A thicker MABL in
an environment with many CCN has been found in
previous studies, which attributed it to the enhanced
entrainment of warm dry air at the top of the MABL
(that leads to changes in water vapor and temperature),
associated with the suppression of precipitation (Sandu
et al., 2008; Stevens et al., 1998). This is in line with the
results of EXACI and EXWFA, for which the MABL
top height is slightly increased with respect to ACI and
ARCI. Instead, the shallower MABL in EXARCI and
EXIFA indicates that the interaction of radiation with
aerosols (especially dust particles) triggers different
processes.

The cloudiness change is not uniform throughout the
day (Figure 2c). Cloud fraction near cloud base is signifi-
cantly enhanced in EXARCI from midafternoon to the
morning: during those hours it varies between 12% and

FIGURE 2 (Left panels) Daily cycle (in local time, UTC-4 h) of cloud fraction for (a) ARCI, and the associated anomalies of

(c) EXARCI, (e) EXACI, (g) ACI, (i) EXWFA, and (k) EXIFA. Dotted area indicates statistically significant differences at the 5% confidence

level, evaluated using the t-test. The solid lines in the figures denote the boundary layer height for ARCI (green), EXARCI (black), EXACI

(red), and ACI (blue). (Right panels) Profiles of daily mean cloud fraction for (b) ARCI, (d) EXARCI, (f) EXACI, (h) ACI, (j) EXWFA, and

(l) EXIFA.
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16% in the control (ARCI) and increases up to 22% in
EXARCI. Cloud fraction above the boundary layer and
below the inversion layer (i.e., cloudiness associated with
shallow convection processes) shows instead a significant
decrease in EXARCI during the central hours of the
day. This results in an increased amplitude of shallow
cloud fraction daily cycle. A correlated change in liquid
water content is observed (Figure S7). The daily mean

water vapor mixing ratio is also increased, with large
moistening of the boundary layer throughout the day and
of the layer above the MABL top especially during night-
time (Figure 4b). The temperature in the lower atmo-
sphere increases (Figure 4e), but not enough to maintain
a constant relative humidity in the MABL, which
increases by 4% from an average of 70% at the surface
(Figure S8).

FIGURE 3 Daily cycle (in local time, UTC-4 h) of hourly precipitation (a), marine atmospheric boundary layer top pressure (b), Brunt-

Väisälä frequency at 905 hPa (c), and maximum updraft velocity between 1000 and 750 hPa (d) for ARCI (green), EXARCI (black), ACI

(blue), EXACI (red), EXWFA (magenta), and EXIFA (brown). The circles indicate the mean value and the bars indicate the interquartile

range. It is represented in local time (UTC-4 h).
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The large warming in EXARCI with respect to ARCI
located in the afternoon between 900 hPa and 800 hPa
(Figure 4e) suggests that shortwave radiation absorption
in those layers is responsible for the modeled tempera-
ture increase. This interpretation is confirmed by the
much smaller positive temperature anomaly in EXACI,
mainly confined to the MABL (Figure 4f) and related to
reduced evaporation of drizzle and to enhanced entrain-
ment of warm air from above (Sandu et al., 2008; Stevens
et al., 1998). In EXARCI, the warming above the MABL
favors droplet evaporation, cloud fraction reduction,
and further suppression of drizzle (Figures 2b and 3a).
We also note that the warming is smaller in the MABL
than above it, probably due to the large extinction of
shortwave radiation by the aerosol particles above. The
differential warming at different heights modifies the
temperature lapse rate, stabilizing the air column in
the afternoon (see the Brünt-Väisäla frequency in
Figure 3c) and thus inhibiting exchanges between the
boundary layer and the drier air aloft. In fact, maximum
updraft velocity is reduced by about 30% at 15:00 local
time (Figure 3d), and the MABL is shallower in EXARCI
(Figure 3b). This process in EXARCI counteracts and
dominates over the effect of increased CCN on entrain-
ment rate associated with the reduced liquid water flux,
which is dominant in the EXACI and EXWFA response.
Consequently, MABL water vapor mixing ratio and rela-
tive humidity increase (Figure 4b; Figure S8), favoring

droplet formation at lower levels (the lifting condensa-
tion level decreases, Figure S6) and promoting more
(non-precipitating) stratus clouds. At the same time,
enhanced absorption of longwave radiation slightly
warms the lower levels (Figure 4e). During nighttime,
owing to the absence of shortwave radiation, entrain-
ment rate changes are driven by the suppression of pre-
cipitation: updrafts and stratocumulus clouds increase
(Figures 3d and 4b). These processes result in a negative
correlation between MABL thickness and water vapor
mixing ratio (Figure S9): less entrainment of dry air at
the top of the boundary layer increases water vapor con-
tent in the MABL and decreases MABL height. As a
result, in EXARCI the daily cycle of shallow convection
and of cloudiness is amplified.

The aerosol modulation of lower atmosphere static
stability (through shortwave radiation absorption during
daytime) and the suppression of precipitation (mainly
associated to the large number of cloud droplets but also
amplified by the evaporation of stratocumulus clouds
during daytime) represent the main drivers of the differ-
ences of low cloud evolution between EXARCI and
ARCI simulations. The similarity of the cloud daily
cycle between EXARCI and EXIFA experiments, and
the difference with respect to EXWFA experiment
(Figure 3; Figure S6) indicate that dust particles,
through their peculiar optical properties, are the aerosol
type that triggers the described response.

FIGURE 4 Daily cycle (in local time (UTC-4 h) of water vapor mixing ratio for ARCI (a) and its anomalies with EXARCI and EXACI

(b, c) together with the daily cycle of temperature in ARCI (d), and its anomalies with EXARCI and EXACI (e, f). Dotted area indicates

statistically significant differences at the 5% confidence level, evaluated using the t-test. The solid lines in the figures denote the boundary

layer height for ARCI (green), EXARCI (black), and EXACI (red).
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In closing this section, we quantify the radiative effects
of the low-cloud cover change associated with the excess
aerosol loading (Figure 5). Details on their computation
are provided in supplementary materials. Indirect effects
(computed by comparing the differences between EXACI
and ACI) account for a small reduction (not statistically
significant at the 95% confidence level) in downward short-
wave radiation at the surface (Sandu et al., 2008). When
aerosol-radiation interactions are activated, increased aero-
sol concentration greatly reduces downward shortwave
radiation at the surface. The direct effect of the excess aero-
sols (computed by comparing the clear sky surface radia-
tion difference between EXARCI and ARCI) is associated
with instantaneous anomalies up to �300 W �m�2 (and a
daily mean reduction of 100W �m�2). This corresponds to
a relative increase of shortwave radiation extinction by
aerosols of about 38%, a value that can be considered to
correspond to high aerosol loadings, common in polluted
areas (Liu et al., 2007) and somehow higher than what

reported in recent studies in the EUREC4A region during
the two observed aerosol outbrake periods, when the
aerosol extinction of radiation was increased by about
25% with respect to the background periods (Chazette
et al., 2022). The semidirect effect of the excess aerosol
loading (computed from the EXARCI-ARCI differences
between all sky and clear sky budgets, which allow the
quantification of radiation extinction associated to the
change in cloudiness) accounts for an increase of solar
radiation reaching the surface up to 75�40 W �m�2, with
a daily mean of 34�18W �m�2. Small changes are also
observed in surface net longwave radiation, with minimal
variations during daytime and a warming effect at night
(Figure 5).

Overall, aerosols cause a reduction of sunlight at the
surface (through their large direct effect), but the semidir-
ect effect strongly mitigates the extinction of shortwave
radiation. Despite the fact that the precise numbers given
above depend on the optical properties of aerosols repre-
sented in the simulation, we conclude that SDEs can
have an impact on the radiation budget much larger than
the IEs, and of opposite sign. In other words, despite the
overall daily mean increase in cloudiness in EXARCI
(and in EXIFA), the daytime reduction of clouds above
the MABL due to the evaporation of droplets in presence
of sunlight absorption by dust particles increases the light
propagated to the surface with respect to the case in
which SDE is not accounted for.

4 | CONCLUDING REMARKS

In this paper we presented cloud resolving numerical
experiments performed with the WRF model forced at
the boundaries by idealized aerosol profiles and meteoro-
logical conditions of the EUREC4A field campaign in the
Northwest Tropical Atlantic between January and
February 2020. We analyzed the response of the lower
troposphere to increased aerosol concentration (by a fac-
tor of 10 with respect to the climatology), and to changes
in the concentration of specific particle types (water
friendly aerosols and dust particles, separately). Direct,
indirect, and semi-direct effects on radiation were
separately analyzed, with the use of different numerical
simulations accounting and not accounting for aerosol-
radiation interactions with shallow clouds.

The large sensitivity of cloud fraction to aerosol con-
centration and type found in this work extends the
results obtained by Gupta et al. (2022), where it was
shown that aerosol characteristics can be more important
than meteorological variables in driving cloud properties.

The results indicate that with the excess aerosol load-
ing (whose radiative effects correspond to those of a

FIGURE 5 Daily cycle of surface radiative budget changes

(black dotted line) and relative contributions of the direct, semi-

direct, and indirect effects on short waves in red, orange, and

yellow, respectively; relative contribution of semi-direct and

indirect effect on longwave radiation in blue and light blue,

respectively. For clarity of the figure, the y-axis has been set with

two different scaling for the low and high ranges, respectively. The

tables incorporated in the figure indicate the mean and the hourly

standard deviation of each effect in the surface radiative budget

(W :m�2) for day and night time, respectively. Indirect effects are

estimated as the difference between EXACI and ACI radiative

budgets. Direct effects are estimated as the difference between

EXARCI and ARCI budgets in clear sky conditions. Semidirect

effects are estimated as the difference between EXARCI and ARCI

budget difference between all sky and clear sky conditions, upon

further removal of the indirect effects.
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heavy pollution event), daily mean cloud cover is
increased and precipitation is suppressed. While the
effects on precipitation can be ascribed to the classical
increase in warm cloud lifetime due to the presence of
many small (non-precipitating) droplets and is largely
related to the action of aerosols as cloud condensation
nuclei, the changes in cloud fraction are mainly a conse-
quence of aerosol absorption and scattering of shortwave
radiation by dust particles. Consistent with Gryspeerdt
et al. (2016), we find that the relationship between aero-
sol loading and cloud fraction is not dominated by the
change in the number of droplets but rather by the
increased specific humidity in the boundary layer.

In presence of large concentrations of dust particles, a
strong warming of the layer above the MABL during day-
time is responsible for the evaporation of stratocumulus
clouds and for the increased static stability above the
boundary layer. This reduces the mass exchanges between
the MABL and the warm and dry air aloft. Increased mois-
ture in the shallower MABL favors the formation of thin
clouds, resulting in a dipolar change of cloudiness at dif-
ferent vertical levels. The aerosol ability to function as
CCN partially counteracts this effect, as the associated sup-
pression of precipitation enhances entrainment of warm
and dry air. Given that this is a minor effect in presence of
shortwave radiation and is significant only at night, it
results in a marginal daily mean effect and MABL humid-
ity is enhanced throughout the day.

Despite the overall increase of cloudiness, the reduc-
tion of liquid water path during daylight associated with
the evaporation of stratocumulous clouds significantly
lessens the extinction of shortwave radiation due to aero-
sol scattering and absorption (by about 30%). While
aerosol IE only generate a minor albedo increase (Sandu
et al., 2008), the SDE of dust particles can lead to a signif-
icant reduction of albedo.

The results presented in this work are worth to be
linked to the study of Perlwitz and Miller (2010), who
used a general circulation atmospheric model and
reported a counter-intuitive feedback linking the atmo-
spheric heating induced by tropospheric absorbing aero-
sol to an increase in cloud cover (especially low-level
clouds). They highlighted that higher levels of aerosol
absorption are responsible for two counteracting pro-
cesses: a greater diabatic heating that warms the atmo-
spheric column (decreasing relative humidity) and an
increase in water vapor mixing ratio that can outweigh
the temperature effect on relative humidity. The net
result of the increased aerosol absorption is an increment
in relative humidity and an increase in low cloud cover.
The higher specific humidity in their work is linked to an
enhanced moisture convergence associated with the large
scale dynamical response to radiative heating. In our

work, a similar (but local) feedback is at play, where the
diabatic heating generates warming and cloud evapora-
tion during daytime and at the same time modifies the
dynamics by increasing the stability of the low tropo-
sphere, reducing the entrainment of dry air from above
and resulting in an increase of specific humidity in the
MABL, which increases low cloud fraction, especially at
night.

In closing, we highlight important limitations of the
study. The relevance of the presented aerosol-radiation
feedback might be linked to the specific area and time
interval analyzed. Sensitivity to large scale conditions has
not been investigated and during the analyzed period no
heavy precipitation event occurred, during which differ-
ent processes than the ones related to drizzle here
described might dominate. A thorough investigation of
the sensitivity of the results to different aerosol optical
properties has not been done. In particular, only changes
to the concentrations of dust particles and of a mixture of
water friendly aerosols (mainly sulfates and organic mat-
ter particles) have been implemented. The explicit repre-
sentation of black and brown carbon would provide a
useful extension of this work, especially given that bio-
mass burning aerosols have been observed to be associ-
ated to the long range transport of African dust in the
region. Also, our model uses prescribed SST, which does
not account for the effects of shortwave radiation changes
on the surface. Considering that the described processes
depend on entrainment rate, it would be useful to run
LES simulations that better represent it. Further work
would be necessary to identify the relevant processes that
account for variability in subtropical low cloud cover,
that is ultimately associated to large changes in the
energy budget of the Earth (Latham et al., 2008).
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