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Abstract. This study investigates how the enhanced loading of microphysically and radiatively active aerosol
particles impacts tropical sea breeze convective systems and whether these impacts are modulated by the many
environments that support these cloud systems. Comparisons of two 130-member pristine and polluted ensem-
bles demonstrate that aerosol direct effects reduce the surface incoming shortwave radiation and the surface
outgoing longwave radiation. Changes in the ensemble median values of the surface latent heat flux, the mixed
layer depth, the mixed layer convective available potential energy, the maximum inland sea breeze extent, and
the sea breeze frontal lift suggest that enhanced aerosol loading generally creates a less favorable environment
for sea breeze convective systems. However, the sign and magnitude of these aerosol-induced changes are oc-
casionally modulated by the surface, wind, and low-level thermodynamic conditions. As reduced surface fluxes
and instability inhibit the convective boundary layer development, updraft velocities of the daytime cumulus
convection developing ahead of the sea breeze front are robustly reduced in polluted environments across the
environments tested. Statistical emulators and variance-based sensitivity analyses reveal that the soil saturation
fraction is the most important environmental factor contributing to the updraft velocity variance of this daytime
cumulus convection, but that it becomes a less important contributor with enhanced aerosol loading. It is also
demonstrated that increased aerosol loading generally results in a weakening of the sea-breeze-initiated convec-
tion. This suppression is particularly robust when the sea-breeze-initiated convection is shallower and, hence,
restricted to warm rain processes. While the less favorable convective environment arising from aerosol direct
effects also restricts the development of sea-breeze-initiated deep convection in some cases, the response does
appear to be environmentally modulated, with some cases producing stronger convective updrafts in more pol-
luted environments. Sea breeze precipitation is ubiquitously suppressed with enhanced aerosol loading across all
of the environments tested; however, the magnitude of this suppression remains a function of the initial environ-
ment. Altogether, our results highlight the importance of evaluating both direct and indirect aerosol effects on
convective systems under the wide range of convective environments.
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1 Introduction

Sea breeze convective systems are one of the key contribu-
tors to coastal cloudiness and rainfall in the tropics (Keenan
and Carbone, 2008; Qian, 2008; Giangrande et al., 2014;
Wang and Sobel, 2017). Differential heating over the land
and ocean induces thermally driven baroclinic circulations,
which modulate coastal air temperatures, impact coastal rel-
ative humidities, and redistribute coastal aerosols (Miller
et al., 2003). Given their importance, a number of efforts
have been made to examine how different atmospheric or
land surface parameters modify tropical sea breeze convec-
tive systems (Qian et al., 2012; Grant and van den Heever,
2014; Bergemann and Jakob, 2016; Igel et al., 2018; Park
et al., 2020b) and to improve their representation in numeri-
cal weather models (Boyle and Klein, 2010; Bergemann et
al., 2017; Brown et al., 2017). However, in spite of these
past studies, accurately predicting sea breeze convective sys-
tems remains challenging (Kidd et al., 2013; Azorin-Molina
et al., 2014; Chen et al., 2015; Banta et al., 2020; Short,
2020). This is due in part to the large number of environ-
mental parameters that impact the sea breeze convective sys-
tem and in part to the fact that these parameters coexist,
covary, and interact with one another (Crosman and Horel,
2010), which requires the use of sophisticated statistical ap-
proaches to identify those parameters predominantly respon-
sible for sea breeze convection (Igel et al., 2018; Park et
al., 2020b). Moreover, in association with the continuous in-
crease in coastal human populations, a rise in aerosol emis-
sions due to anthropogenic activities and biomass burning
in the tropics has been observed (Reid et al., 2012; Wang
et al., 2013; Menut et al., 2018). The presence of aerosols
can further complicate the behavior of sea breeze convec-
tive systems through radiative, microphysical, and dynamical
feedback processes. Aerosol emissions and processes may
also, in turn, be modulated by the environmental parame-
ters. While the basic processes driving sea breeze convec-
tive systems are relatively well understood, the impacts of
aerosols on sea breeze convective systems, and the modu-
lation of these impacts by various environmental properties,
have not received much attention.

Aerosol particles can interact directly with shortwave and
longwave radiation through scattering and absorption (Mc-
Cormick and Ludwig, 1967; Charlson and Pilat, 1969; At-
water, 1970; Mitchell, 1971; Coakley et al., 1983). These
aerosol direct effects have numerous implications for pro-
cesses important to the development of shallow and deep
convection. Scattering and absorption of shortwave and long-
wave radiation, and the subsequent reemission of longwave
radiation at the surface, influence surface sensible and la-
tent heat fluxes and near-surface temperatures, all of which
impact the development of the convective boundary layer.
A number of studies have highlighted the importance of
considering both the radiative and microphysical effects of
aerosol particles on convective boundary layers and inver-

sions. For example, within an aerosol–radiation–land surface
feedback framework, reduced surface sensible heat fluxes
due to aerosol direct effects have been found to stabilize the
lower troposphere, suppress boundary layer development and
convective available potential energy (CAPE), and enhance
the capping inversion (Yu et al., 2002). As a result, shallow
convection and precipitation over land have been found to be-
come weaker (Jiang and Feingold, 2006; Niyogi et al., 2007).
From these studies, it is clear that aerosol–radiation inter-
actions may have important feedbacks to the environment
and the resulting sea breeze convective system. Neverthe-
less, studies of aerosol impacts on cloud properties, in par-
ticular deep convection, have quite often neglected aerosol–
radiation interactions (e.g., Storer and van den Heever, 2013;
Miltenberger et al., 2018; Marinescu et al., 2021).

Depending on their sizes and compositions, various
aerosol particles can serve as cloud condensation nuclei
(CCN). Under the assumption of the same liquid water con-
tent, when the number concentration of CCN is increased, a
greater number of smaller cloud droplets are formed, thereby
increasing the cloud albedo (Twomey, 1974) and the cloud
lifetime (Albrecht, 1989), in what are often referred to as the
first and second aerosol indirect effects, respectively. Less ef-
ficient collision and coalescence processes between the pop-
ulation of more numerous smaller cloud droplets suppresses
the warm rain process, resulting in the longer cloud lifetimes
described in the second indirect effect. These aerosol effects
were initially postulated for shallow convective clouds but
have also been observed to occur in deep convective cloud
systems (Tao et al., 2012). It has been further hypothesized
that, with the suppression of the warm rain process, more
numerous cloud droplets are lifted above the freezing level
and frozen, thereby releasing additional latent heating and
potentially strengthening updrafts. This process, which takes
place in the mixed- and cold-phase regions of clouds, is of-
ten referred to as the cold-phase invigoration and has been
reported in both observational and modeling studies (e.g.,
Andreae et al., 2004; Khain et al., 2005; Koren et al., 2005;
van den Heever et al., 2006; Rosenfeld et al., 2008). Un-
der increased aerosol loading, the condensational growth rate
of the population of more numerous smaller cloud droplets
within the warm phase regions of deep convective clouds has
also been observed to increase due to the greater exposed
total droplet surface area, thereby releasing more latent heat-
ing and enhancing convective updrafts closer to cloud base.
These warm-phase aerosol–cloud dynamical feedbacks have
collectively been termed condensational invigoration (Ko-
gan and Martin, 1994; Seiki and Nakajima, 2014; Saleeby et
al., 2015; Sheffield et al., 2015) or warm-phase invigoration
(Fan et al., 2018). It has recently been suggested that warm-
phase invigoration may be more significant and robust than
its cold-phase counterpart (Grabowski and Morrison, 2016,
2020; Marinescu et al., 2021; Igel and van den Heever, 2021).

While convective invigoration hypotheses have proposed
stronger updrafts and/or heavier precipitation for convective
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clouds developing within enhanced aerosol loading condi-
tions, a number of studies have questioned the robustness of
these hypotheses for various reasons (Grabowski and Mor-
rison 2016, 2020), one of which is the modulation of these
effects by the cloud environment. For example, wind shear
(Fan et al., 2009; Lebo and Morrison, 2014; Marinescu et
al., 2017), CAPE (Lee et al., 2008; Storer et al., 2010, 2014),
boundary layer instability (Marinescu et al., 2021), moisture
(Khain et al., 2005, 2008; Tao et al., 2007; Grant and van den
Heever, 2015), and aerosol–meteorology covariation (Varble,
2018) have all been found to modulate aerosol impacts on
cloud systems. Such environmental modulation has not been
explored in the context of sea breeze convective systems in
spite of the fact that they are one of the most ubiquitous forms
of convection in the tropics (Hadi et al., 2002; Perez and
Silva Dias, 2017) and, as such, form the focus of this paper.
The primary goals of this study are twofold. The first goal
is to investigate how radiatively and microphysically active
aerosols change the convection that develops within tropical
sea breeze regimes, specifically over land. The second goal
is to determine whether and how these convective responses
to enhanced aerosol loading are modulated by the large num-
ber of environmental factors supporting sea breeze convec-
tive systems.

2 Methods

2.1 RAMS model configuration

There are two large ensembles of idealized numerical simu-
lations of tropical sea breezes conducted using the Regional
Atmospheric Modeling (RAMS) version 6.2.08 (Cotton et
al., 2003; Saleeby and van den Heever, 2013). Idealized sim-
ulations are useful in that they are sufficiently complex to
capture the storm systems of interest but are also sufficiently
simple to allow for the isolation and evaluation of the critical
physical processes at play, without the addition of unneces-
sary confounding factors often present in more complex case
study simulations. As our focus is on tropical sea breeze con-
vection, the idealized simulations are initialized using condi-
tions that are representative of equatorial coastal rainforest
regions, more specifically, the Cameroon rainforest region
(Grant and van den Heever, 2014).

The RAMS model configuration used here is identical to
that used in Park et al. (2020b). The boundary conditions,
initialization, and physical schemes are summarized in Ta-
ble 1. The horizontal grid spacing is 1 km, and a 100 m
vertical grid spacing near the surface is vertically stretched
to 1 km near the model top. Each simulation is run from
00:00 local time (LT) for 24 h using a 3 s time step. Out-
put files are saved every 10 min. RAMS is coupled to the
Land–Ecosystem–Atmosphere Feedback version 3 (LEAF-
3), a fully interactive soil–vegetation–atmosphere parameter-
ization (Lee, 1992; Walko et al., 2000). To simulate an ideal-
ized sea breeze circulation, two different surfaces, one land

and one ocean, are separated by a straight coastline located at
the center of the domain. In our idealized setup, the western
half of the domain represents the land region and is spec-
ified to be a rainforest with evergreen broadleaf trees and
sandy clay loam soil type, following that of Grant and van
den Heever (2014). The eastern half of the domain is over
ocean, and the sea surface temperature and horizontal gradi-
ent are kept fixed throughout the simulation. These relative
locations of land and ocean are chosen arbitrarily and could
have just as easily been the other way around.

All of the simulations are initialized with horizontally ho-
mogeneous thermodynamic and wind profiles. As described
in Park et al. (2020b), we make use of 130 different initial
environmental conditions, where 10 different lower tropo-
spheric thermodynamic, wind, and surface properties (Ta-
ble 2) are simultaneously perturbed across a range of values
representative of tropical equatorial regions. The range in the
selected variables were sourced from the sea breeze litera-
ture, the reasons for which were described in detail in Igel
et al. (2018). While statistical distributions of the parameters
of interest are very difficult to find in the literature, plausi-
ble parameter ranges for tropical regions were assigned to
each of the variables tested. Should new observations pro-
vide greater constraints on the range of these parameters,
the emulator approach (described below) allows for an as-
sessment of the responses of the sea breeze convective sys-
tem to the range of parameter values of interest. The 10 se-
lected parameters are perturbed using maximin Latin hyper-
cube sampling (Morris and Mitchell, 1995), a space-filling
algorithm, to ensure optimal coverage of the 10-dimensional
parameter space with a minimum number of parameter com-
binations, and hence, it determines the minimum number of
simulations that need to be conducted. As shown in Park et
al. (2020b), this amounts to 130 simulations in each of the en-
sembles conducted here. It should be emphasized that these
130 different initial conditions represent more than 59 049
(= 310) different initial conditions had only three values for
each of the 10 parameters been selected. For the lower tropo-
spheric thermodynamic properties, the following five param-
eters defining the structure of the boundary layer and inver-
sion layer are considered based on their potential influences
on instability and the moisture available for moist convective
development: (1) the boundary layer potential temperature,
(2) the boundary layer relative humidity, (3) the boundary
layer height, (4) the inversion layer depth, and (5) the inver-
sion layer strength. The upper tropospheric thermodynamic
profiles above the inversion layer are identical for all 130 ini-
tial conditions and utilize the initial sounding of Grant and
van den Heever (2014). The initial zonal wind speed, which
has been extensively studied regarding its control on the in-
land propagation speed and extent of the sea breeze (Cros-
man and Horel, 2010), is also considered and represents the
sixth environmental factor examined. It should be noted that
the initial zonal wind speed contains no vertical wind shear,
although this does develop as the simulations progress. Fi-
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Table 1. The RAMS model configuration used to conduct the pristine and polluted ensembles.

Model aspect Setting

Grid Arakawa C grid (Mesinger and Arakawa, 1976)
Single grid
Non-rotating (f = 0 s−1)
1500 points × 150 points, 1x =1y =1 km
57 vertical levels, 1z=100 m lowest level stretched to 1z= 1 km aloft

Integration 24 h, 1t = 3 s

Boundary conditions Zonally open radiative (Klemp and Wilhelmson, 1978), meridionally periodic

Initialization A total of 130 horizontally homogeneous thermodynamic and wind profiles where the 10 parameters
are simultaneously perturbed within the indicated value ranges (Igel et al., 2018; Park et al., 2020b)
Random potential temperature perturbations within the lowest 500 m of the domain, with a maximum
perturbation of 0.1 K at the surface are used to initiate convection

Radiation Two stream, hydrometeor sensitive (Harrington, 1997)
Updated every 60 s

Turbulence Smagorinsky (1963) deformation K with stability modifications (Hill, 1974)

Surface Land Two-way interactive Land–Ecosystem–Atmosphere–Feedback version 3 (LEAF-3, Walko et al., 2000)
Evergreen broadleaf tree with 90 % vegetation fraction
11 vertical soil levels with sandy clay loam

Ocean Non-interactive, with fixed sea surface temperature (SST) ranging from 276.2 to 307.6 K based on parameter
perturbation (Sect. 2.1) and horizontal SST gradient ranging from −0.02 to 0.02 K km−1 (Table 2)

Microphysics Double-moment bin-emulating bulk scheme with eight hydrometeors, i.e., cloud, drizzle, rain, pristine
ice, snow, aggregates, graupel, and hail (Walko et al., 1995; Meyers et al., 1997; Saleeby and Cotton,
2004; Saleeby and van den Heever, 2013).
Utilize lookup tables generated offline through the use of Lagrangian parcel bin model calculations,
including aerosol activation (Saleeby and Cotton, 2004), droplet collection (Feingold et al., 1988),
and sedimentation (Feingold et al., 1998)

Aerosol treatment Ammonium sulfate aerosols available to act as CCN (Saleeby and van den Heever, 2013)
Exponentially decreasing number concentration with height from the surface; pristine = 500 mg−1,
polluted = 2000 mg−1

Single mode, log-normal distribution
Sources and sinks
DeMott et al. (2010) heterogeneous ice nucleation

nally, sensitivity to the variations in the surface characteris-
tics are also examined considering their potential impact on
surface moisture and turbulent fluxes, including (7) the soil
saturation fraction, (8, 9) the temperature difference between
land/ocean surface and the atmospheric temperature at the
lowest model level, and (10) the horizontal gradient of sea
surface temperature (SST). Additional details, and the range
of each of these parameters utilized in these ensembles, are
shown in Table 2.

For the sake of simplicity, the aerosol type utilized in this
study is restricted to single-mode, submicron ammonium sul-
fate. We chose ammonium sulfate due to its ubiquity in the at-
mosphere and its ability to serve as CCN as a result of its high
solubility. While the aerosol field is initialized horizontally
and homogeneously using appropriate profiles of aerosol (as
discussed below), aerosol particles are allowed to be redis-

tributed via advection, convection, and nucleation following
initialization. Aerosol sources and sinks, including the return
of aerosols to the environment following evaporation, are all
also incorporated (Saleeby and van den Heever, 2013).

2.2 Experimental setup

There are two different ensembles of idealized simulations
with different aerosol concentrations performed for this anal-
ysis. The nomenclature and description of each of the ensem-
bles are summarized in Table 3. Here, “r” refers to aerosol–
radiation interactions, and “On” means that aerosol particles
are allowed to interact with radiation. It should be noted that
radiation is always fully interactive with both aerosols and
hydrometeor species in both of the ensembles analyzed here.
We have conducted additional ensembles in which we have
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Table 2. The 10 environmental parameters perturbed in this study and their uncertainty range.

Parameter description Parameter range References

Potential temperature – constant with height within
[285,300]K

the boundary layer

Relative humidity – constant with height within
[75,95]%

Boundary layer the boundary layer

Height – distance from the surface
[100,1000]m

to the top of boundary layer Crosman and Horel (2010)

Strength – lapse rate of the potential temperature, starting
[1,15] K km−1

Inversion layer immediately at the top of the boundary layer

Depth – distance from the top of boundary
[100,1000]m

layer to the top of inversion layer

Wind Zonal wind speed – constant with height [−5,5]m s−1

Temperature difference between the sea
surface and the lowest model level atmosphere [−10,10]K Igel et al. (2018)

Sea surface (i.e., boundary layer potential temperature)

Horizontal gradient of sea surface temperature –
[-0.02,0.02]K km−1 Reynolds et al. (2007)

linearly applied from the coastline to further offshore

Temperature difference between the land surface
[0,10]K Igel et al. (2018)

and the lowest model level atmosphere

Land surface Soil saturation fraction – constant over the 11 soil levels
with saturation volumetric moisture content of 0.420 m3 m−3

[0.1,0.9] Rodell et al. (2004)
(i.e., saturation fraction= 1.0)

turned the aerosol–radiation interactions off to investigate the
impacts on the deep convective mode, the results of which
will be published elsewhere. The rOn-500 ensemble is the
suite of simulations examined in Park et al. (2020b) in which
the model is initialized with surface aerosol concentrations
of 500 mg−1 (blue line) and which decrease exponentially
with height, as shown in Fig. 1. To examine the impacts of
increasing the aerosol loading on sea breeze convection, this
ensemble of simulations is repeated, but with aerosol concen-
trations of 2000 mg−1 (red line in Fig. 1) at the surface, and
again using an exponentially decreasing profile. This model
ensemble is referred to as rOn-2000. The surface aerosol con-
centrations are chosen based on observations made in equa-
torial Africa (Andreae et al., 1992; Kacarab et al., 2020). The
exponentially decreasing initial profiles are used in the inter-
ests of simplicity, and they soon evolve as a result of the pro-
cesses described above. We shall use the terms “pristine” and
“rOn-500” interchangeably and “polluted” and “rOn-2000”
interchangeably throughout this work. It is important to note
that, while 130 different initial conditions are implemented
in each ensemble, the polluted and pristine ensembles utilize
the same 130 different initial conditions, thereby facilitating
direct comparison between the corresponding pristine and
polluted ensemble pairs. Also, as the 130 initial environmen-
tal conditions represent the 10-dimensional input parameter

space, these pristine and polluted ensembles allow us to eval-
uate the ways in which direct and indirect aerosol impacts on
sea breeze convection are modulated by the large number of
different environments supporting the development of such
sea breeze regimes.

2.3 Analysis methodology

In a manner similar to Park et al. (2020b), we apply an ad-
vanced statistical algorithm developed by Lee et al. (2011)
and Johnson et al. (2015) that includes statistical emulation
(O’Hagan, 2006) and a variance-based sensitivity analysis
(Saltelli et al., 1999) over the 10-dimensional input param-
eter space. Due to its computational efficiency, this advanced
statistical algorithm has been successfully utilized in sev-
eral modeling studies that quantify the sensitivity of numer-
ical model responses to a range of input parameters (Fein-
gold et al., 2016; Igel et al., 2018; Wellmann et al., 2018,
2020; Glassmeier et al., 2019; Marshall et al., 2019; Park et
al., 2020b). This algorithm incorporates the Gaussian process
emulation (O’Hagan, 2006; Rasmussen and Williams, 2006)
to build a statistical surrogate representation of the complex
cloud-resolving model responses of the parameters of inter-
est. Over the 10-dimensional parameter space, the emulator
estimates the cloud-resolving model responses of interest at
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Table 3. The naming convention and descriptions of the two model ensembles conducted for this research.

Name Aerosol loading Aerosol–radiation Total number of Color in
interactions simulations figures

rOn-500 Pristine; 500 mg−1
On

130 Blue
rOn-2000 Polluted; 2000 mg−1 130 Red

Figure 1. Initial number concentration of ammonium sulfate for the
pristine (blue line; 500 mg−1 at the surface; rOn-500) and polluted
(red line; 2000 mg−1 at the surface; rOn-2000) model ensembles.

untried input parameter combinations, thereby densely sam-
pling the output of interest and thus allowing us to under-
stand the relationship between the perturbed input parameter
and output responses without having to conduct the simula-
tions representative of each set of perturbed parameters. We
can then quantify the relative importance of the perturbed in-
put parameters on the output of interest via variance-based
sensitivity analyses. Further details of how this approach is
used to determine the predominant environmental factors im-
pacting tropical sea breeze convective systems are included
in Park et al. (2020b). We now begin our analysis by exam-
ining the morphology of the convection that develops within
the pristine and polluted ensemble of simulations.

3 Basic description of the sea breeze simulations

In this section, an overview of the convective morphology
and development within our tropical sea breeze simulations
is provided. A sea breeze circulation develops after sunrise
(06:00 LT), and convergence along the leading edge of the
sea breeze front becomes evident at the coastline, where the

highest land–sea thermal contrast is established (not shown).
Throughout the daytime hours, and even shortly after sunset
(18:00 LT), the sea breeze front continues to propagate fur-
ther inland, which is in keeping with the classical theory of
such baroclinic circulations. The sea breeze front is observed
to develop in all 260 simulations comprising the rOn-500 and
rOn-2000 ensembles (130 simulations in each ensemble), the
location of which is detected at every output time step, using
an identification algorithm developed by Igel et al. (2018).

There are two types of convection evident over land be-
tween 12:00 and 18:00 LT (Fig. 2), as is often the case with
tropical sea breeze systems. Ahead of the leading edge of
the sea breeze, daytime heating and mixing induce cumulus
convection, whereas along the leading edge of the sea breeze
front, where low-level air parcels may be lifted to the level of
free convection through low-level convergence, sea-breeze-
initiated deep convection may occur. As shown in Park et
al. (2020b), the strength of the sea breeze circulation and the
associated convergence along the leading edge vary strongly
as a function of the initial environmental conditions. Such
variations result in a range of shallow through deep convec-
tive clouds being produced in association with the sea breeze
front. The left column of Fig. 2 displays one example from
the rOn-2000 ensemble, where both the daytime cumulus
convection ahead of the sea breeze and the convection de-
veloping along the sea breeze front are shallow (cloud top
heights< 4 km a.g.l. – above ground level) and remain so
throughout the simulation. While both types of convection
remain shallow in this scenario, the sea-breeze-initiated con-
vection is characterized by deeper clouds and stronger up-
drafts than the daytime cumulus convection forming ahead
of this line. In the right column of Fig. 2, the development of
deep convection (cloud top heights> 7 km a.g.l.) along the
sea breeze front in another ensemble member is shown. In
this case, the convection initiated by the sea breeze is sig-
nificantly deeper than the previous case, and this sea-breeze-
initiated deep mode is accompanied by significantly heav-
ier precipitation and stronger updrafts than those associated
with the sea-breeze-initiated shallow modes. The vast major-
ity of the ensemble members fall into the shallow mode sce-
nario, whereas only a handful of the ensemble members dis-
play deep-mode convection. Throughout the rest of the paper,
we will refer to the convection developing out ahead of the
sea breeze front as “daytime cumulus convection” and to the
convection developing along the sea breeze front as the “sea-
breeze-initiated convection”. The terms “shallow mode” and

Atmos. Chem. Phys., 22, 10527–10549, 2022 https://doi.org/10.5194/acp-22-10527-2022



J. M. Park and S. C. van den Heever: Aerosol-induced weakening of tropical sea breeze convection 10533

“deep mode” will be used to distinguish the different types
of sea-breeze-initiated convection.

4 Aerosol impacts on the convective environment

In order to examine the impacts of aerosols on the convective
environment, we first examine the effects of varying aerosol
concentrations on the surface radiation budget. As ammo-
nium sulfate aerosols are allowed to scatter and absorb radia-
tion as a function of the wavelength, median radius, and rel-
ative humidity within RAMS (Saleeby and van den Heever,
2013), less incoming solar radiation is expected to reach the
surface. These aerosol direct effects are addressed by ana-
lyzing the differences in surface downwelling shortwave and
surface upwelling longwave radiation between rOn-500 and
rOn-2000 for clear-sky columns. To identify the clear-sky
columns, the total condensate mixing ratio was required to
be smaller than 0.01 g kg−1 at all vertical levels within the
column. As the aerosol number concentrations are increased
between the pristine and polluted ensembles, the clear-sky
downwelling shortwave radiation decreases throughout the
atmosphere over land and ocean, with the maximum dif-
ference occurring at the surface for all 130 corresponding
pairs of simulations of the rOn-500 and rOn-2000 ensem-
bles (Fig. 3a and b). The daytime-averaged (06:00–18:00 LT)
surface shortwave radiation difference between rOn-500 and
rOn-2000 is 81.2 W m−2 for the ensemble average and has a
standard deviation of 6.5 W m−2.

The surface upwelling longwave radiation (Fig. 3c and d)
reflects the aerosol-induced changes in incoming solar radi-
ation. Due to the much lower heat capacity of the land sur-
face compared to the ocean surface, the longwave emission
significantly decreases over the interactive land surface as it
rapidly responds to the reduction in shortwave radiation in
the polluted ensemble. With less surface upwelling longwave
radiation, the air above the land becomes cooler (Fig. 3e) for
the conditions of enhanced aerosol loading compared to the
more pristine conditions. Over the ocean regions, the SST is
fixed throughout the duration of each ensemble member sim-
ulation, although it can be different between ensemble mem-
bers based on the environmental parameter being perturbed.
As such, the potential temperature of the lowest level of air
does not change significantly over the ocean since the long-
wave radiation emitted from the surface remains almost the
same (Fig. 3f). However, even if the SST had been allowed to
be interactive, given the higher heat capacity of the ocean, the
upwelling longwave radiation from the ocean surface would
not respond as quickly to the aerosol-induced reduction in
shortwave radiation as that over the land surface. As a result
of these aerosol interactions with the radiation, the ensem-
ble mean surface temperature difference between the ocean
and the land is less in the polluted case when compared with
the pristine case (Fig. 3e and f), which has important impli-

cations for the strength of the thermally driven sea breeze
circulation. These are discussed in more detail below.

The aerosol-induced reduction in incoming solar radiation
reaching the surface also impacts the surface fluxes. Figure 4
displays the temporal evolution of the surface sensible and
latent heat fluxes of the environment ahead of the sea breeze
front, averaged over all 130 simulations in each ensemble.
Both the ensemble mean sensible and latent heat fluxes are
reduced in rOn-2000 compared with rOn-500 as a result
of the enhanced aerosol loading. The maximum aerosol-
induced reduction is 45 % and 60 %, and the mean is 19 %
and 15 %, for the sensible and latent heat fluxes, respectively.
This reduction in incoming solar radiation and associated
surface flux responses due to enhanced aerosol loading is in
close agreement with the findings from previous studies (Yu
et al., 2002; Koren et al., 2004; Feingold et al., 2005; Jiang
and Feingold, 2006; Zhang et al., 2008; Grant and van den
Heever, 2014). These reductions in sensible and latent heat-
ing will negatively impact the convective boundary layer by
limiting both the heating and moistening of this layer. Specif-
ically, less moisture will be available for the convection via
evapotranspiration, evaporation, and condensation, which is
reflected in the reduction of the ensemble median surface la-
tent heat flux in the polluted case (Fig. 5a), as well as the
differences between the polluted and pristine ensembles, the
vast majority of which are negative (Fig. 5b). The surface-
based mixed layer depth, defined here as the level above the
surface at which the vertical gradient of the potential tem-
perature first exceeds 2 K km−1, decreases in rOn-2000 com-
pared with rOn-500 due to this reduction in surface sensi-
ble heat flux and associated turbulent mixing. Histograms
of the mean surface based-mixed layer depth ahead of the
sea breeze front in rOn-500 and rOn-2000 and their differ-
ences are shown in Fig. 5c and d, respectively. In Fig. 5c, the
mean mixed layer depth distribution shifts toward lower val-
ues with the change from rOn-500 to rOn-2000. This aerosol-
induced decrease in mixed layer depth is also evident in the
reduced ensemble median values (vertical lines in Fig. 5c)
in rOn-2000 compared with rOn-500. Figure 5d further indi-
cates that the mixed layer in each member of the rOn-2000
ensemble is shallower than the corresponding mixed layer in
the rOn-500 ensemble, with all of the rOn-2000 minus and
rOn-500 values being negative.

While mixed layer depth is a valuable indicator of instabil-
ity in the boundary layer and hence the depths of shallow cu-
mulus, CAPE is a more pertinent assessment of instability for
the deep convective clouds driven by the sea breeze conver-
gence. As shown in Fig. 5e, most of the simulations in both
ensembles have averaged mixed-layer CAPE values close to
zero which is in keeping with the fact that only a handful
of the simulations produce deep convection members. The
ensemble median values are slightly reduced with enhanced
aerosol loading, from 7.6 to 7.1 J kg−1. The minimum CAPE
values in rOn-500 and rOn-2000 are 1.8 and 2.0 J kg−1. Fig-
ure 5f also demonstrates that the differences in CAPE be-
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Figure 2. Examples of the convective morphologies observed in the rOn-2000 ensemble where the sea-breeze-initiated convection remains
shallow throughout the domain (left column; Test 14; shallow mode) and in which deep convection develops along the sea breeze front
(right column; Test 27; deep mode) at 12:20 (a, b), 14:20 (c, d), and 16:20 LT (e, f). Gray isosurfaces are where the total condensate, with
the exception of rain, is 0.1 g kg−1, and the dark blue isosurfaces are where the rain mixing ratio is 0.1 g kg−1. The shaded contours at the
surface represent the density potential temperature (K; Emanuel, 1994) at the lowest model level. Only a 520km× 130km subset of the
domain is displayed here.

tween rOn-500 and rOn-2000 may be positive or negative but
are mostly quite small in magnitude. The exceptions to this
are the magnitudes and differences for those five cases that
produce deep convection in rOn-500 but not in rOn-2000,
where the CAPE values may be as high as 2086 J kg−1, and
the aerosol-induced differences are all negative and range in
magnitude from 8 to 115 J kg−1. Therefore, while the vari-
ations in CAPE with aerosol loading appear to be small in
magnitude for most members of the ensembles, they may
play a discriminating role in aerosol impacts on deep con-
vective updraft velocities for those cases that do support deep
convection. This is discussed further in Sect. 5.2.1.

We now turn our attention to the vertical lift provided by
the convergence along the sea breeze front in all of the sim-
ulations. Classical sea breeze theory dictates that, to first or-
der, the faster the sea breeze moves, the further inland the
sea breeze travels during the day, the stronger the conver-
gence along the sea breeze front, and hence the greater the
vertical lift along the front. Here we examine the maximum
inland extent of the sea breeze front and the maximum up-
draft velocity found within ±1 km of the algorithm identi-
fied surface location of sea breeze front during the afternoon
(12:00–18:00 LT). The maximum inland extent of the sea
breeze front is identified as the last inland location of the sea
breeze front detected by the sea breeze front algorithm (Igel
et al., 2018). We assess the low-level (below 1 km a.g.l.) max-

imum vertical velocity within ±1 km of the surface location
of the objectively identified front in order to account for any
forward bulging or backward tilting of the frontal boundary
in relation to the identified location of the front at the sur-
face and to ensure that the updrafts are primarily driven by
the frontal convergence as opposed to the possibility of buoy-
ant forcing. The distribution of the maximum sea breeze in-
land extent shows a shift towards lower values with enhanced
aerosol loading (Fig. 5g), also evident in the decrease in the
ensemble median with enhanced aerosol loading (Fig. 5g). It
is also evident from Fig. 5h that the sea breeze extent is less in
rOn-2000 than rOn-500 for each and every one of the ensem-
ble pairs, thus demonstrating the significant role of aerosol
loading and the direct effect on this baroclinic circulation and
the subsequent forcing of deep convection. The distribution
of the maximum updraft velocities (and hence lift) along the
sea breeze front shows a shift towards reduced updraft veloci-
ties in more polluted environments, as is demonstrated by the
small reduction in the ensemble median of rOn-2000 com-
pared with rOn-500. However, in spite of the robust response
of the maximum inland extent of the sea breeze to aerosol
loading (Fig. 5h), the impacts of enhanced aerosol loading on
the maximum frontal velocities do not always produce a neg-
ative vertical velocity response (Fig. 5j). This suggests that,
while the environment does not appear to modulate the direct
impacts of aerosols on the sea breeze dynamics and inland

Atmos. Chem. Phys., 22, 10527–10549, 2022 https://doi.org/10.5194/acp-22-10527-2022



J. M. Park and S. C. van den Heever: Aerosol-induced weakening of tropical sea breeze convection 10535

Figure 3. Time series of each ensemble mean (a, b) surface down-
welling shortwave radiation, (c, d) surface upwelling longwave ra-
diation, and (e, f) lowest model level potential temperature over
land (left column; brown lines) and ocean (right column; blue lines).
Solid and dashed lines denote rOn-500 and rOn-2000, respectively.

Figure 4. Time series of the ensemble mean land surface (a) sensi-
ble heat flux and (b) latent heat flux, spatially averaged from west-
ern domain edge to the 50 km ahead of the algorithm-identified sea
breeze front, for the rOn-500 (blue) and rOn-2000 ensembles (red).

extent, it may locally modulate aerosol impacts on the up-
draft velocities, possibly through aerosol indirect processes
and/or changes to CAPE.

Finally, a weaker aerosol-induced sea breeze circulation
was also observed in Grant and van den Heever (2014). How-

ever, in that study, only one set of initial environmental con-
ditions was utilized. One might therefore wonder whether
such findings are applicable to the multiple other environ-
ments known to support sea breeze systems or whether var-
ious sea breeze environments produce a different response
to aerosol loading. Since rOn-500 and rOn-2000 each have
130 different initial conditions, and as these initial condi-
tions are representative of the wide range of environmental
parameter values previously identified as being responsible
for generating sea breeze systems, these results suggest that
the aerosol-induced weakening of sea-breeze-initiated con-
vection, at least through aerosol direct effects on the sea
breeze circulation and extent, is indeed a relatively robust
result and is one that appears to occur in the majority of sea
breeze environments.

5 Impacts of enhanced aerosol loading on
continental convection

Now we seek evidence of the impacts of increased aerosol
number concentrations on the intensity of the convection
within tropical sea breeze convective system as a result of
both direct and indirect aerosol effects. More specifically, we
investigate the impacts of enhanced aerosol loading on cloud
top heights, convective updraft velocities, and precipitation,
all of which are common indicators of convective intensity
(e.g., Nesbitt and Zipser, 2003).

5.1 Cloud top heights

We examine the impacts of aerosol loading on cloud top
height in two ways. First, we examine the frequency distribu-
tion of the fraction of low (cloud top height< 4 km) cloudy
columns to the total number of cloudy columns for all sim-
ulations (low cloud columns/all cloudy columns; Fig. 6a).
Among the 130 simulations in each ensemble, there are 104
and 113 simulations with low clouds only in rOn-500 and
rOn-2000, respectively. The vast majority of ensemble mem-
bers in both ensembles is therefore dominated by low clouds,
as demonstrated by the ensemble median values of 100 %
(Fig. 6a). In other words, only shallow convective clouds de-
velop both ahead of and along the sea breeze front in most
of the ensemble members, and while all of the environmen-
tal conditions tested here support the development of sea-
breeze-initiated shallow convective mode, most do not sup-
port the development of the sea-breeze-initiated deep con-
vective mode. The difference between the two ensembles
(Fig. 6b) shows that in the majority of the simulations, the
low cloud fraction stays the same or is weakly with enhanced
aerosol loading.

Second, we analyze the distribution of maximum cloud top
heights (Fig. 6c), and the differences as a result of aerosol
loading (Fig. 6d). The maximum cloud top height is de-
termined during the afternoon hours (12:00–18:00 LT) any-
where over land. This includes clouds both ahead of and
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Figure 5. Histograms of (a) the land–surface latent heat flux (W m−2), (c) the surface-based mixed layer depth (km), and (e) the logarithm of
the mixed-layer CAPE (J kg−1), all of which are averaged for each ensemble from the western domain edge to 50 km ahead of the algorithm-
identified sea breeze front between 12:00 and 18:00 LT. (g) The maximum inland extent of the sea breeze front (km) and (i) the maximum
low-level (below 1 km a.g.l.) updraft velocities within ±1 km of the algorithm-identified sea breeze front (m s−1) are shown. The median
values of each characteristic are marked by the red and blue thin vertical lines. The light blue shading and the red lines represent rOn-500 and
rOn-2000 ensembles, respectively. (b, d, f, h, j) Histograms of the differences in the corresponding fields shown in panels (a), (c), (e), (g),
and (i) arising due to aerosol loading (rOn-2000 minus rOn-500). The dashed magenta lines indicate where the difference between rOn-2000
and rOn-500 is zero. The bin width of each histogram is marked in the upper corner of each panel.

along the sea breeze front. To identify cloud top heights,
we start at the bottom of each model column and locate
the lowest and highest level where the total condensate ex-
ceeds 0.1 g kg−1. This column is then marked as a cloudy
column when all the points between these two levels contain
total condensate mixing ratios greater than 0.1 g kg−1. We re-

gard the highest level of the cloudy column as the convective
cloud top height. This check on cloud contiguity means that
we do not inadvertently take into account those situations in
which there may be multiple clouds at different levels within
the column.
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Figure 6. Similar to Fig. 5 but for histograms of the (a) low cloud (cloud top height< 4 km) fractional contribution to the total number of
cloudy columns (low cloud columns/all cloudy columns) and (c) the maximum cloud top height. The right column (b, d) represents rOn-
2000 minus rOn-500 difference histograms for the corresponding fields (a, c) in the left column. The dashed magenta lines indicate where
the difference between rOn-2000 and rOn-500 is zero. The median values of each characteristic are marked with vertical lines in the left
column. The bin width of each histogram is marked in the upper corner of each panel.

The suppression of sea breeze convective intensity in rOn-
2000, when compared with rOn-500, is evident in the re-
duction in the ensemble median of the maximum cloud top
height (Fig. 6c). Negative values in Fig. 6d imply that the
maximum cloud top height decreases with enhanced aerosol
loading in the vast majority of simulations, most of which
apply to low clouds (< 4 km a.g.l.). However, there are some
cases in which the cloud top heights increase in the pres-
ence of enhanced aerosol loading (Fig. 6d). It is evident from
Fig. 6c that most of these enhancements in cloud top height
with aerosol loading occur in association with the deep con-
vective mode (> 7 km a.g.l.). This is in spite of the fact that,
while there are 12 cases with a deep convective mode in rOn-
500, only 7 of these 12 cases have a deep convective mode
when aerosol loading is enhanced in rOn-2000. Altogether,
enhanced aerosol loading results in reduction in cloud top
height of the low clouds (< 4 km a.g.l.) but in a mixed re-
sponse in the deep convective mode. As such, it appears that
the impacts of increased aerosol on shallow cloud top heights
are relatively robust and occur independently of the initial en-
vironment, whereas aerosol impacts on the deep convective
cloud top heights vary as a function of the environment and,
hence, are environmentally modulated.

5.2 Convective updraft velocities

In order to better understand the dynamical response of con-
vection to enhanced aerosol loading, updrafts developing
over land between 12:00 and 18:00 LT with velocities greater
than 1 m s−1 are analyzed. The maximum updraft velocity
(Fig. 7a) represents the intensity of the most vigorous con-
tinental convection throughout each simulation. In all of the
pristine and polluted ensemble simulations, the strongest up-
drafts are always found in association with the convergence
along the sea breeze front, irrespective of whether the con-
vection produced by this process is shallow or deep. To en-
sure that the maximum updrafts are convective (i.e., pos-
itively buoyant) and represent the intensity of sea-breeze-
initiated convection, we take the maximum updrafts with a
net positive instantaneous vertical acceleration contribution
from the sum of the thermal buoyancy

(
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where w is vertical velocity, g is the gravitational accelera-
tion of 9.8 m s−1, θ ′ is the perturbation potential temperature,
θ0 is the base-state potential temperature, r ′v is the perturba-
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tion water vapor mixing ratio, ε is the ratio of dry air to water
vapor gas constants, and rc is the total condensate mixing ra-
tio.

Overall aerosol-induced suppression of the maximum up-
draft velocities is evident by the decrease in the ensemble
median values of the maximum updraft velocities (Fig. 7a).
However, Fig. 7b implies that enhanced aerosol loading may
produce either weaker or stronger updraft velocities, depend-
ing on the initial environmental conditions, and suggests that
such aerosol-induced responses are environmentally modu-
lated.

In the following subsections, we now seek to determine
whether the key environmental parameters identified in Park
et al. (2020b) as the predominant parameters driving the con-
vective updrafts in rOn-500 are impacted by aerosol loading
and, if so, why that is the case. We first examine both modes
of the sea-breeze-initiated convection, followed by the day-
time cumulus convection developing ahead of the sea breeze
front. We examine these two types of convection separately,
as they are driven by different processes, with sea breeze con-
vergence and convective instability being critical to the sea-
breeze-initiated convection and daytime surface heating and
boundary layer mixing being important to the daytime cumu-
lus developing ahead of the sea breeze.

5.2.1 Sea-breeze-initiated convective updrafts

Due to the steep vertical velocity gradients between the sea-
breeze-initiated shallow and deep convective modes in rOn-
500, Park et al. (2020b) found that constructing a statistically
robust emulator for the maximum updraft velocities was not
feasible. The same is true here for the rOn-2000 simulation,
and thus, we have had to rely on other analysis methods to
determine why deep convection is absent in 5 out of 12 cases
in the polluted scenario. As noted in Park et al. (2020b), the
12 cases with sea-breeze-initiated deep modes in rOn-5000
all have initial boundary layer potential temperatures greater
than 297 K as a common parameter. Given the range of ini-
tial boundary layer potential temperatures tested in this study
(Table 2), this critical threshold for the deep mode falls at the
upper end of this range and is the reason for why the vast
majority of pristine ensemble members have shallow modes.
Figure 8 shows scatterplots relating the maximum updraft ve-
locity to the initial boundary layer potential temperature for
all 130 ensemble members in rOn-500 (Fig. 8a) and rOn-
2000 (Fig. 8b). It is clear from this figure that the sea-breeze-
initiated deep convective mode (maximum cloud top height
greater than 7 km) updrafts are in rOn-500 occurs in all of
the ensemble members in which the initial boundary layer
potential temperature is 297 K or greater, and in which the
mixed layer CAPE is greatest (not shown). However, in rOn-
2000 the threshold above which the deep convective mode
occurs is 299 K, which is 2 K greater than that in rOn-500.
For instance, while 4 of 12 deep convective simulations with
the maximum updraft velocity greater than 10 m s−1 have ini-

tial boundary layer potential temperatures between 297 and
299 K (Fig. 8a) in rOn-500, the only simulations in rOn-2000
with the maximum cloud top height greater than 7 km and the
maximum updraft velocity greater than 10 m s−1 occur for
initial boundary layer potential temperature greater than or
equal to 299 K (Fig. 8b). As demonstrated above, the surface
temperatures are reduced in the presence of enhanced aerosol
loading in the rOn-2000 ensemble due to aerosol direct ef-
fects, thereby reducing the convective potential in these sim-
ulations (Fig. 5f). Therefore, greater initial boundary layer
potential temperatures are necessary to offset the aerosol-
induced surface cooling in the polluted ensemble, thereby
providing sufficient mixed layer CAPE to support the pro-
duction of deep convection along the sea breeze front. Also,
if we consider those simulations with the same initial bound-
ary layer potential temperatures, the presence of aerosol re-
duces deep convection initiation. This is due to the fact that
aerosol loading leads to less deep convection initiation due to
reduced surface temperatures through the scattering of sur-
face downwelling shortwave radiation by aerosol particles.

5.2.2 Daytime cumulus convection updrafts

Unlike the sea-breeze-initiated convective updrafts, con-
structing a robust emulator was possible for the updraft ve-
locities of the daytime cumulus convection forming ahead
of sea breeze front. We can therefore draw on the emulator
results in our analysis of these updrafts. The bar graphs in
Fig. 9a (rOn-500) and b (rOn-2000) indicate how much of
the variance in the median updraft velocity is explained by
the individual perturbations to the 10 environmental parame-
ters tested. Each stacked bar graph’s height refers to the sum-
mation of first-order contributions of the 10 parameters to the
median updraft velocity. Any blank space remaining above
the bar indicates the contributions made by higher-order in-
teractions involving multiple parameters. It is evident from
the left-most bar graph (labeled “Overall”) that the same two
parameters, the soil saturation fraction (dark gray) and the
inversion layer strength (pink), are the predominant contrib-
utors to the median updraft velocities in rOn-500 and rOn-
2000, although their percentage contributions differ. In order
to understand the impacts of aerosols on these relative con-
tributions, we first need to understand the processes driving
these two predominant contributions.

Figure 9c and d present the mean responses of the
emulator-predicted median updraft velocities to the soil sat-
uration fraction and inversion layer strength. It is clear from
these figures that drier soils and weaker inversion layers pro-
mote more vigorous daytime cumulus convection in both the
pristine and polluted regimes. While the response of the up-
draft velocities to the strength of the inversion layer is a rel-
atively simple, continuously decreasing function, the sensi-
tivity of the median updraft velocities to the soil saturation
fraction (Fig. 9c) shows the following three relatively dis-
tinct regimes: (1) moderate velocity changes for soil satura-
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Figure 7. Similar to Fig. 5 but for (a) histograms of the maximum updraft velocity in rOn-500 and rOn-2000 and (b) a histogram of the
maximum updraft velocity differences arising from aerosol loading (rOn-2000 minus rOn-500).

Figure 8. Pairwise scatterplots for the maximum updraft velocity (m s−1) versus the initial boundary layer potential temperature (K) for the
(a) rOn-500 and (b) rOn-2000 ensembles. The vertical dashed gray lines refer to the potential temperature thresholds described in the text.
Simulations with deep convection, identified by the maximum cloud top height> 7 km, are marked with black circles.

tion fractions between 0.1 and 0.4, (2) large velocity changes
for soil saturation fractions between 0.4 and 0.6, and (3) rel-
atively neutral velocity responses for soil saturation fractions
between 0.6 and 0.9. We will refer to these three regimes as
the DRY, MID, and WET soil moisture regimes based on the
response curve in Fig. 9c. It should be noted that sandy clay
loam’s observed soil saturation fraction varies from 0.25 to
0.75 along coastal equatorial Africa in June, July, and Au-
gust (Rodell et al., 2004). Here we have extended the range
tested to 0.1 through 0.9 to encompass slightly drier and wet-
ter soil conditions in addition to those reported by Rodell
et al. (2004) to take into account potentially more extreme
conditions anticipated with changing climates. The corre-
sponding variance-based sensitivity analyses for the daytime
cumulus convection stratified by these three different soil

regimes are shown in the second to fourth bar graphs from
the left in Fig. 9a and b.

To understand the median updraft velocity responses in the
soil moisture regimes, one needs to note that the soil satura-
tion fraction value of 0.4, which separates the DRY and MID
soil moisture regimes, corresponds to the permanent wilting
point of sandy clay loam soil. The permanent wilting point
is the minimum amount of soil moisture that a plant’s roots
require in order not to permanently wilt. Below the perma-
nent wilting point, the vegetation becomes stressed, resulting
in a shutdown of evapotranspiration and thereby suppressing
the release of water vapor (Hohenegger and Stevens, 2018;
Drager et al 2020). In the DRY soil regime (0.1–0.4), where
the soil moisture falls below that of the permanent wilting
point, the surface latent heat flux is suppressed (Fig. 9f),
and more of the surface heating goes into enhancing the
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Figure 9. The percentage contribution to the variance of median updraft velocities in (a) rOn-500 and (b) rOn-2000 by each of the 10
environmental parameters of interest over the entire parameter space range (left stacked bar graphs) and then over the DRY, MID, and WET
soil regimes (second to fourth stacked bar graphs from the left). Mean responses of the median updraft velocities to the two most important
parameters, i.e., (c) soil saturation fraction and (d) inversion layer strength. Solid and dashed lines in panels (c) and (d) indicate the mean
responses of the median updraft velocities of rOn-500 and rOn-2000, respectively. The numbers at the top of each plot in panels (c) and (d)
indicate the percentage contribution of each parameter to the output variance. (e) Pairwise scatterplots of land-averaged surface sensible
heat flux between 12:00 and 18:00 LT (W m−2) and soil saturation fraction are shown. Blue and red colors indicate rOn-500 and rOn-2000,
respectively. Panel (f) is the same as panel (e) but for land-averaged latent heat flux (W m−2). Note that 130 points in panels (e) and (f) have
different values for the 10 perturbed environmental parameters.

sensible heat fluxes (Fig. 9e). The relatively strong sensible
heat fluxes in the DRY regime contribute to warmer, deeper
boundary layers and, hence, the stronger updraft velocities
observed in this regime (Fig. 9c). Over the WET soil regime
(0.6–0.9), with abundant evaporation and transpiration, the
surface sensible heat flux is reduced and the surface latent
heat flux is enhanced (Fig. 9e and f) when compared with the

DRY soil regime. Furthermore, the surface sensible heat flux
is no longer sensitive to the soil saturation fraction, as is evi-
dent in the flat gradient of the curve in Fig. 9e and in the ab-
sence of the soil saturation fraction contributions to the WET
regime in Fig. 9a and b (fourth bar graph from the left). The
updrafts within the WET soil regime are therefore weaker
than the DRY and MID regimes. Finally, in the MID soil
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regime, both the sensible and latent heat fluxes show the most
sensitive responses to changes in the soil saturation fraction
(Fig. 9e and f). While the median updraft velocities (Fig. 9c)
and surface sensible heat flux (Fig. 9e) are similar in trend to
those over the DRY soil regime, the slopes are steeper in the
MID soil regime. As such, the relative importance of the soil
saturation fraction in contributing to updraft velocity vari-
ance is greatest in the MID soil regimes compared with the
DRY or WET soil regimes (second to fourth bar graphs from
the left in Fig. 9a and b). Drager et al. (2020) also noticed
nonlinear responses to soil moisture focused around the per-
manent wilting point in their study of soil moisture impacts
on cold pools.

We now turn to the impacts of enhanced aerosol loading
on the roles of the soil saturation fraction and the inversion
layer strength. When comparing Fig. 9a with b, the rela-
tive percentage contribution of soil saturation fraction to up-
draft variability decreases from 78 % to 68 % with enhanced
aerosol loading, whereas that of the inversion layer strength
increases from 4 % to 8 %. The soil saturation fraction plays
an important role in the daytime cumulus convection ahead
of the sea breeze front through its control of the magnitude of
the surface sensible and latent heat fluxes and its partitioning
between them. As discussed in Sect. 4, the aerosol-induced
reduction in surface downwelling shortwave radiation in the
polluted ensemble reduces the incoming shortwave radiation,
the surface longwave emission, the associated surface sensi-
ble and latent heat fluxes, and the mixed layer depth. The
reduction in the percentage contributions of the overall soil
saturation fraction to the median updraft velocities in the pol-
luted ensemble (compare left bars in Fig. 9a and b) therefore
reflects this reduced role of the surface fluxes and bound-
ary layer mixing in driving the updrafts. When examining
aerosol impacts on the specific soil moisture regimes (three
bars on the right of Fig. 9a and b), it is clear that under con-
ditions of enhanced aerosol loading the relative importance
of soil saturation fraction on the median updraft is reduced
in the DRY and MID soil regimes, while it is completely
absent in WET soil regimes regardless of aerosol loading.
Comparing the emulator-predicted median updrafts between
the pristine and polluted conditions (Fig. 9c), the trends in
the relationship between the soil saturation fraction and the
updraft velocities are very similar, but median updrafts are
stronger in rOn-500 due to the stronger sensible heat fluxes.

In rOn-500, inversion layer strength is the second most im-
portant parameter for the mixed-layer depth and the median
updraft velocity. When the initial inversion layer is weaker,
the lower troposphere is less stable, which promotes day-
time turbulent mixing and leads to stronger vertical motions.
While the inversion layer is still the second most important
parameter for the median updraft in rOn-2000, its relative
importance is increased from 4 % to 8 %. As the contribu-
tions made by the rest of the factors to the velocity vari-
ance remain much the same between the pristine and pol-
luted conditions (Fig. 9a and b), this increase primarily re-

flects the reduced contribution by the soil saturation fraction
and the concomitant increase in the contribution of the in-
version layer strength to boundary layer development and,
hence, to boundary layer updrafts.

5.3 Surface accumulated precipitation

The changes in surface accumulated precipitation with in-
creased aerosol loading are now analyzed. Figure 10 dis-
plays a histogram of the aerosol-induced differences in the
land-averaged accumulated surface precipitation at 18:00 LT
between rOn-2000 and rOn-500. The percentage differences
are only determined for those simulations that produce at
least 0.1 mm of land-averaged accumulated precipitation in
rOn-500 (36 out of 130 simulations). Only 19 simulations
produce more than 0.1 mm of area-averaged precipitation in
both rOn-500 and rOn-2000, and no simulation in rOn-2000
produces more than 0.1 mm of precipitation when its corre-
sponding ensemble member in rOn-500 does not produce
precipitation. Figure 10 distinctly shows that the accumu-
lated precipitation is reduced in all of the rOn-2000 precip-
itating ensemble members when compared with their cor-
responding counterparts in rOn-500, thereby demonstrating
that the enhanced aerosol loading leads to an overall reduc-
tion in surface precipitation produced by the sea breeze sys-
tem, irrespective of the environment. The bulk microphys-
ical processes contributing to the differences in the surface
rainfall in the 36 precipitating ensemble pairs are shown in
Fig. 11. All of the following source and sink terms for rain
are considered:

1. Cloud to rain – cloud water transferred to rain through
collection (gain term; Fig. 11a)

2. Rain to vapor – evaporation of liquid water from rain
(loss term; Fig. 11b)

3. Melting of ice – ice mass transferred to rain via thermo-
dynamic melting as the ice species fall below the freez-
ing level (gain term; Fig. 11c)

4. Rain to ice – rainwater that is collected by ice species
through riming (loss term; Fig. 11d)

5. Ice to rain – collisional ice melting due to collection of
warmer rain (gain term; Fig. 11e).

These process rates are averaged across all grid points over
the land domain between 12:00 and 18:00 LT. In most of
the precipitating members, the cloud frequency over land
is heavily weighted by the daytime cumulus convection
mode. As a result, the frequency and associated contributions
made by the averaged mixed-phased process contributions
are small, if they even exist. However, in some members, as
shown in Fig. 11c–e, the averaged mixed-phase process con-
tributions are greater than warm-phase process. As most of
the differences in the processes contributing to differences
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in surface rainfall occur below 10 km a.g.l., we restrict the
axes in Fig. 11 to between the surface and 10 km a.g.l. to en-
hance figure clarity. It should also be noted that the freezing
level varies from simulation to simulation due to the differ-
ent initial temperature and moisture profiles. For example,
two of 36 precipitating pairs have a freezing level (averaged
over the land domain and during the afternoon) of 1.64 and
2.12 km in rOn-500, respectively. These lower freezing lev-
els are primarily due to their initial boundary layer potential
temperature being at the lower end of the range being tested.
It is evident in all simulations, regardless of the different ini-
tial conditions, that the average warm rain production rates
(i.e., cloud to rain) are greater in rOn-500 than rOn-2000
(Fig. 11a). Similarly, average rain evaporation rates (i.e., rain
to vapor) shown in Fig. 11b are also greater in magnitude in
rOn-500 than rOn-2000, demonstrating that the population
of less numerous but larger raindrops formed in rOn-2000
(Fig. 11f) evaporate less readily. The production of popula-
tions of fewer but larger raindrops in polluted conditions has
been observed previously (e.g., Altaratz et al., 2008; Storer
and van den Heever, 2013). Figure 11 therefore demonstrates
that, in the mean, precipitation suppression in the polluted
environment primarily occurs as a result of the suppression
of warm rain formation. Furthermore, as this response is ev-
ident across all 36 precipitating members, it appears that
these warm rain trends occur independent of the environmen-
tal conditions, although the magnitudes in the response cer-
tainly do vary with environment. Figure 11c–e show that en-
hanced aerosol loading primarily produces a reduction in all
three of the cold rain processes contributing to the rain bud-
get, with only minor increases with aerosol loading in some
cases. However, given the small sample size, additional test-
ing would be required before conclusive statements can be
made regarding environmental modulation of cold phase pro-
cesses.

6 Summary and discussion

The primary goals of this study have been (1) to investi-
gate how microphysically and radiatively active aerosol par-
ticles influence the wide range of convective environments
supporting sea breeze convective regimes and the convec-
tive cloud characteristics developing under these regimes and
(2) to determine whether the convective environment mod-
ulates these aerosol impacts on the convection. In order to
achieve our goals, we conducted two large numerical model
ensembles, where the only difference between the ensembles
was the aerosol loading. Each of these two ensembles was
comprised of 130 members initialized with 130 different ini-
tial conditions, representing the simultaneous perturbation of
10 thermodynamic, wind, and surface properties, the ranges
of which were sourced where possible from the current sea
breeze literature. The selection of these 130 initial condi-
tions was based on a statistical space-filling method (Morris

and Mitchell, 1995), and the pristine (rOn-500) and polluted
(rOn-2000) ensembles were then compared using the statisti-
cal emulator framework developed by Johnson et al. (2015).

The comparison between rOn-500 and rOn-2000 demon-
strated that aerosol direct effects resulted in less shortwave
radiation reaching the surface. The associated longwave
emission from the land surface was also reduced, thereby
producing a cooler land surface, a smaller land–sea ther-
mal contrast, and a weaker sea breeze circulation. In the
presence of aerosol direct effects, the ensemble median val-
ues of the land surface latent heat fluxes, the surface-based
mixed layer depth, the mixed-layer CAPE, the maximum
sea breeze inland extent, and the maximum frontal updraft
were subsequently reduced in the polluted scenario. How-
ever, this aerosol-induced reduction was not always found
across all of the simulations comprising the ensembles. Fur-
thermore, the magnitude of the reduction varied as a func-
tion of the initial environmental condition. Therefore, while
these ensembles indicate that less favorable environments for
sea breeze convective systems frequently resulted from en-
hanced aerosol loading, the surface, wind, and low-level ther-
modynamic conditions may occasionally modulate aerosol
impacts on the convective environment. These results extend
those of Grant and van den Heever (2014), in which a sim-
ilar sensitivity of tropical sea breeze convection to aerosol
loading was demonstrated, albeit for only one set of initial
conditions.

The resulting aerosol-induced changes in convection over
land in the afternoon (12:00–18:00 LT) were then examined
for the clouds comprising the sea breeze system, including
those clouds forming both ahead of and along the sea breeze
front. Overall, the sea-breeze-initiated convection remained
stronger and deeper than daytime cumulus convection form-
ing ahead of the sea breeze front. The shallow mode of the
sea-breeze-initiated convection showed an overall reduction
in maximum cloud top height and maximum updraft velocity
with enhanced aerosol loading, despite different initial en-
vironmental conditions, suggesting that the aerosol-induced
suppression of shallow convective velocities is robust for the
wide range of surface, wind, and low-level thermodynamic
conditions tested here. However, both the sign and magni-
tude of the changes to the sea-breeze-initiated deep convec-
tive mode in response to enhanced aerosol loading varied
as a function of initial environmental conditions, with some
ensemble members showing an increase in updraft velocity,
while others showed a decrease or no change to the strength
of the updraft. This demonstrates that aerosol impacts on the
deep convective updrafts developing within these large en-
sembles are environmentally modulated. Of the 10 environ-
mental parameters perturbed in the initial conditions, the ini-
tial boundary layer potential temperature was shown to have
important implications for the deep convective mode. The
sea-breeze-initiated deep mode was only observed in those
rOn-2000 ensemble simulations in which the initial boundary
layer potential temperatures were greater than 299 K, com-
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Figure 10. (a) A histogram of the land-averaged accumulated surface precipitation at sunset (18:00 LT) in rOn-500 (blue) and in rOn-2000
(red) for simulations that produce at least 0.1 mm of the land-averaged accumulated precipitation in rOn-500. The absolute and percent
differences between rOn-500 and rOn-2000 are shown in panels (b) and (c), respectively, where the percentage differences are with respect
to rOn-500. The dashed magenta line in panels (b) and (c) indicates where the difference between rOn-2000 and rOn-500 is zero. The bin
width of the histogram is marked in each panel.

pared with a corresponding threshold of 297 K in rOn-500.
With enhanced aerosol loading inducing cooler and more sta-
ble near-surface environments in rOn-2000, the warmer ini-
tial boundary layer potential temperatures were found to be
necessary to facilitate deep convection through higher mixed
layer CAPE.

The aerosol-induced reduction in surface fluxes and
mixed-layer depth led to the suppression of daytime cumulus
convection ahead of the sea breeze front, irrespective of the
different initial conditions, and thus appears to be a robust
response. A 10-dimensional variance-based sensitivity anal-
ysis, combined with statistical emulation, revealed that the
relative importance of the soil saturation fraction on the sur-
face fluxes and mixed layer depth, and hence on the daytime

cumulus updrafts, was reduced in the presence of enhanced
aerosol loading. A nonlinear sensitivity of boundary layer
updraft velocities to soil saturation fraction was also found,
with the greatest convective updraft response observed in the
MID soil saturation fraction regime, followed by a moder-
ate response in the DRY soil saturation fraction regime and
little response in the WET soil regime. These sensitivities
were found to exist in both the pristine and polluted envi-
ronments. The sensitivity analysis results therefore empha-
size the importance of considering atmosphere–radiation–
land feedback processes in the modeling studies of aerosol–
cloud interactions.

Finally, changes in the surface-accumulated precipitation
to increased aerosol loading were analyzed. Again, a consis-
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Figure 11. Aerosol-induced differences to the processes generating rain for the range of environmental conditions tested in these large
ensemble experiments. Shown are the rOn-2000 minus rOn-500 differences, for (a) cloud to rain, (b) rain to vapor, (c) melting of ice, (d) rain
to ice, and (e) ice to rain rates (see the text for an explanation of these processes), using the 36 ensemble pairs that produce at least 0.1 mm of
land-averaged surface accumulated precipitation in rOn-500. Process rates are averaged over the land domain between 12:00 and 18:00 LT.
(f) The rOn-2000 minus rOn-500 raindrop diameter averaged over the land between 12:00 and 18:00 LT. The thin black lines in all of the
figures are from all 36 pairs, and the thick gray lines in panels (a) and (b) are the means of the rOn-2000 minus rOn-500 for the 36 pairs. The
dashed magenta lines indicate where the difference between rOn-2000 and rOn-500 is zero.

tent aerosol-induced reduction was observed across the entire
ensemble of model simulations. Spatiotemporally averaged
warm rain production and evaporation rates exhibited robust
aerosol-induced behaviors across the ensembles. While the
trends in precipitation reduction were found to be consis-
tent irrespective of the environment, the magnitude of pre-

cipitation suppression was found to be modulated by surface,
wind, and low-level thermodynamic environments. Cold rain
processes also showed an overall aerosol-induced reduction;
however, given the small sample size, the robustness of these
trends is uncertain and would require additional experiments
before more definitive statements can be made.
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In spite of the large ensembles conducted and analyzed in
this study, there are a number of shortfalls that should be ad-
dressed in future studies. First, we only tested a single aerosol
species, i.e., ammonium sulfate, which is a strong scatterer
but a less efficient absorber of radiation. It is worth noting
that more strongly absorbing aerosols, such as mineral dust
or smoke, are also substantial contributors to aerosol emis-
sions in equatorial Africa (Adams et al., 2012; Chakraborty
et al., 2015). The potential importance of the interactions
of absorbing aerosol with radiation and microphysics has
been reported in previous studies. For instance, Saide et
al. (2015) found that smoke absorption tends to either burn
off clouds or enhance the capping inversion, depending on
the smoke’s location. Such radiation absorption in the pres-
ence of other aerosol species may therefore produce differ-
ent effects on sea breeze convection to those reported here
for sulfate. This study’s perturbed parameter ensemble ap-
proach could be extended to such studies considering ab-
sorbing aerosol species. Second, only two different aerosol
loadings were examined in this study. Some modeling studies
have reported non-monotonic responses of convective clouds
and precipitation to enhanced aerosol loading (Storer and van
den Heever, 2013; Dagan et al., 2017; Liu et al., 2019). As
such, a future study should assess the potential nonlinear ef-
fects of aerosol on convection across a wide range of sur-
face and meteorological environments by conducting ensem-
bles with a broader range of aerosol loadings. Third, a grid
spacing of 1 km was selected for these extensive ensembles
given their high computational costs. Such a grid spacing
will marginally resolve deep convective cloud systems but
will under-resolve the shallow convective mode. As compu-
tational capabilities are enhanced, a similar study should be
conducted using grid spacings of O(100 m).

Many of the past studies assessing aerosol impacts on deep
convection have tended to neglect the role of aerosol direct
forcing in order to focus on aerosol indirect effects. How-
ever, our results indicate the importance of considering both
aerosol direct and indirect effects when determining the im-
pacts of aerosols on convective systems and suggest that fu-
ture studies should consider both aerosol direct and indirect
effects to fully understand aerosol impacts on deep convec-
tion. A subset comprised of the members of the pristine and
polluted ensembles that produced deep convection has been
further analyzed to assess the relative roles of aerosol direct
and indirect effects specifically on deep convection, as well
as to assess the robustness of warm and cold phase invigora-
tion under varying environments, and will be published else-
where. Finally, the environmental modulation of both direct
and indirect aerosol effects on tropical sea breeze convective
systems demonstrated here highlights the need to examine
such impacts across the wide range of convective environ-
ments supporting other types of organized convective sys-
tems.

Code and data availability. The source code and name list
necessary to generate output data have been archived indef-
initely in the Colorado State University Mountain Scholar
(https://doi.org/10.25675/10217/199723, Park et al., 2020a).

Author contributions. JMP and SCvdH outlined the experi-
ments. JMP conducted the RAMS simulations. Both JMP and
SCvdH analyzed the RAMS model output. JMP wrote the paper,
with input from SCvdH.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. This work has been supported by the Of-
fice of Naval Research project entitled “Advancing Littoral Zone
Aerosol Prediction via Holistic Studies in Regime-Dependent
Flows” (grant no. N00014-16-1-2040). The RAMS simulations
were performed at the Navy Department of Defense Supercom-
puting Resource Center. The authors thank Toshihisa Matsui, an-
other anonymous reviewer, and the editor Timothy Garrett, for
their insightful comments which improved the clarity of this paper.
The first author also acknowledges useful discussions with Alexan-
der Sokolowsky, regarding the aerosol impacts on updraft velocity
and precipitation process rates.

Financial support. This research has been supported by the Of-
fice of Naval Research (grant no. N00014–16–1-2040).

Review statement. This paper was edited by Timothy Garrett and
reviewed by Toshi Matsui and one anonymous referee.

References

Adams, A. M., Prospero, J. M., and Zhang, C.: CALIPSO-
Derived Three-Dimensional Structure of Aerosol over the At-
lantic Basin and Adjacent Continents, J. Climate, 25, 6862–6879,
https://doi.org/10.1175/JCLI-D-11-00672.1, 2012.

Albrecht, B. A.: Aerosols, Cloud Microphysics, and
Fractional Cloudiness, Science, 245, 1227–1230,
https://doi.org/10.1126/science.245.4923.1227, 1989.

Altaratz, O., Koren, I., Reisin, T., Kostinski, A., Feingold, G., Levin,
Z., and Yin, Y.: Aerosols’ influence on the interplay between con-
densation, evaporation and rain in warm cumulus cloud, Atmos.
Chem. Phys., 8, 15–24, https://doi.org/10.5194/acp-8-15-2008,
2008.

Andreae, M. O., Chapuis, A., Cros, B., Fontan, J., Helas, G., Jus-
tice, C., Kaufman, Y. J., Minga, A., and Nganga, D.: Ozone

https://doi.org/10.5194/acp-22-10527-2022 Atmos. Chem. Phys., 22, 10527–10549, 2022

https://doi.org/10.25675/10217/199723
https://doi.org/10.1175/JCLI-D-11-00672.1
https://doi.org/10.1126/science.245.4923.1227
https://doi.org/10.5194/acp-8-15-2008


10546 J. M. Park and S. C. van den Heever: Aerosol-induced weakening of tropical sea breeze convection

and Aitken nuclei over equatorial Africa: Airborne observa-
tions during DECAFE 88, J. Geophys. Res., 97, 6137–6148,
https://doi.org/10.1029/91JD00961, 1992.

Andreae, M. O., Rosenfeld, D., Artaxo, P., Costa, A. A., Frank,
G. P., Longo, K. M., and Silva-Dias, M. A. F.: Smoking
Rain Clouds over the Amazon, Science, 303, 1337–1342,
https://doi.org/10.1126/science.1092779, 2004.

Atwater, M. A.: Planetary Albedo Changes Due to Aerosols, Sci-
ence, 170, 64–66, https://doi.org/10.1126/science.170.3953.64,
1970.

Azorin-Molina, C., Tijm, S., Ebert, E. E., Vicente-Serrano, S. M.,
and Estrela, M. J.: Sea breeze Thunderstorms in the Eastern
Iberian Peninsula. Neighborhood Verification of HIRLAM and
HARMONIE Precipitation Forecasts, Atmos. Res., 139, 101–
115, https://doi.org/10.1016/j.atmosres.2014.01.010, 2014.

Banta, R. M., Pichugina, Y. L., Brewer, W. A., Choukulkar, A.,
Lantz, K. O., Olson, J. B., Kenyon, J., Fernando, H. J. S.,
Krishnamurthy, R., Stoelinga, M. J., Sharp, J., Darby, L. S.,
Turner, D. D., Baidar, S., and Sandberg, S. P.: Characteriz-
ing NWP Model Errors Using Doppler-Lidar Measurements of
Recurrent Regional Diurnal Flows: Marine-Air Intrusions into
the Columbia River Basin, Mon. Weather Rev., 148, 929–953,
https://doi.org/10.1175/MWR-D-19-0188.1, 2020.

Bergemann, M. and Jakob, C.: How Important is Tropospheric Hu-
midity for Coastal Rainfall in the Tropics?, Geophys. Res. Lett.,
43, 5860–5868, https://doi.org/10.1002/2016GL069255, 2016.

Bergemann, M., Khouider, B., and Jakob, C.: Coastal
Tropical Convection in a Stochastic Modeling Frame-
work, J. Adv. Model. Earth Sy., 9, 2561–2582,
https://doi.org/10.1002/2017MS001048, 2017.

Boyle, J. and Klein, S. A.: Impact of Horizontal Resolution on
Climate Model forecasts of Tropical Precipitation and Dia-
batic Heating for the TWP-ICE Period, J. Geophys. Res., 115,
D23113, https://doi.org/10.1029/2010JD014262, 2010.

Brown, A. L., Vincent, C. L., Lane, T. P., Short, E., and Nguyen, H.:
Scatterometer Estimates of the Tropical Sea-Breeze Circulation
near Darwin, with Comparison to Regional Models, Q. J. Roy.
Meteor. Soc., 143, 2818–2831, https://doi.org/10.1002/qj.3131,
2017.

Chakraborty, S., Fu, R., Wright, J. S., and Massie, S. T.:
Relationships between convective structure and transport
of aerosols to the upper troposphere deduced from satel-
lite observations, J. Geophys. Res.-Atmos., 120, 6515–6536,
https://doi.org/10.1002/2015JD023528, 2015.

Charlson, R. J. and Pilat, M. J.: Climate: The In-
fluence of Aerosols, J. Appl. Meteorol. Clim.,
8, 1001–1002, https://doi.org/10.1175/1520-
0450(1969)008<1001:CTIOA>2.0.CO;2, 1969.

Chen, G., Zhu, X., Sha, W., Iwasaki, T., Seko, H., Saito, K.,
Iwai, H., and Ishii, S.: Toward Improved Forecasts of Sea-
Breeze Horizontal Convective Rolls at Super High Resolutions.
Part I: Configuration and Verification of a Down-Scaling Sim-
ulation System (DS3), Mon. Weather Rev., 143, 1849–1872,
https://doi.org/10.1175/MWR-D-14-00212.1, 2015.

Coakley Jr., J. A., Cess, R. D., and Yurevich, F. B.: The
Effect of Tropospheric Aerosols on the Earth’s Radia-
tion Budget: A Parameterization for Climate Models, J.
Atmos. Sci., 40, 116–138, https://doi.org/10.1175/1520-
0469(1983)040<0116:TEOTAO>2.0.CO;2, 1983.

Cotton, W. R., Pielke Sr., R. A., Walko, R. L., Liston, G. E.,
Tremback, C. J., Jiang, H., McAnelly, R. L., Harrington, J. Y.,
Nicholls, M. E., Carrio, G. G., and McFadden, J. P.: RAMS 2001:
Current Status and Future Directions, Meteorol. Atmos. Phys.,
82, 5–29, https://doi.org/10.1007/s00703-001-0584-9, 2003.

Crosman, E. T. and Horel, J. D.: Sea and Lake Breezes: A Re-
view of Numerical Studies, Bound.-Lay. Meteorol., 137, 1–29,
https://doi.org/10.1007/s10546-010-9517-9, 2010.

Dagan, G., Koren, I., Altaratz, O., and Heiblum, R. H.: Time-
dependent, non-monotonic response of warm convective cloud
fields to changes in aerosol loading, Atmos. Chem. Phys., 17,
7435–7444, https://doi.org/10.5194/acp-17-7435-2017, 2017.

DeMott, P. J., Prenni, A. J., Liu, X., Kreidenweis, S. M., Petters, M.
D., Twohy, C. H., Richardson, M. S., Eidhammer, T., and Rogers,
D. C.: Predicting global atmospheric ice nuclei distributions
and their impacts on climate, Proc. Natl. Acad. Sci. USA, 107,
11217–11222, https://doi.org/10.1073/pnas.0910818107, 2010.

Drager, A. J., Grant, L. D., and van den Heever, S. C.: Cold Pool Re-
sponses to Changes in Soil Moisture, J. Adv. Model. Earth Sy.,
12, e2019MS001922, https://doi.org/10.1029/2019MS001922,
2020.

Emanuel, K. A.: Atmospheric Convection, 1st edn., Oxford Univer-
sity Press, ISBN 978-0-19-506630-2, 1994.

Fan, J., Yuan, T., Comstock, J. M., Ghan, S., Khain, A., Leung,
L. R., Li, Z., Martins, V. J., and Ovchinnikov, M.: Dominant
Role by Vertical Wind Shear in Regulating Aerosol Effects
on Deep Convective Clouds, J. Geophys. Res., 114, D22206,
https://doi.org/10.1029/2009JD012352, 2009.

Fan, J., Rosenfeld, D., Zhang, Y., Giangrande, S. E., Li, Z.,
Machado, L. A. T., Martin, S. T., Yang, Y., Wang, J., Artaxo, P.,
Barbosa, H. M. J., Braga, R. C., Comstock, J. M., Feng, Z., Gao,
W., Gomes, H. B., Mei, F., Pöhlker, C., Pöhlker, M. L., Pöschl,
U., and de Souza, R. A. F.: Substantial Convection and Precipita-
tion Enhancements by Ultrafine Aerosol Particles, Science, 359,
411–418, https://doi.org/10.1126/science.aan8461, 2018.

Feingold, G., Tzivion (Tzitzvashvili), S., and Leviv, Z.: Evolu-
tion of Raindrop Spectra. Part I: Solution to the Stochastic
Collection/Breakup Equation Using the Method of Moments,
J. Atmos. Sci., 45, 3387–3399, https://doi.org/10.1175/1520-
0469(1988)045<3387:EORSPI>2.0.CO;2, 1988.

Feingold, G., Walko, R. L., Stevens, B., and Cotton, W. R.:
Simulations of marine stratocumulus using a new microphys-
ical parameterization scheme, Atmos. Res., 47–48, 505–528,
https://doi.org/10.1016/S0169-8095(98)00058-1, 1998.

Feingold, G., Jiang, H., and Harrington, J. Y.: On smoke suppres-
sion of clouds in Amazonia, Geophys. Res. Lett., 32, L02804,
https://doi.org/10.1029/2004GL021369, 2005.

Feingold, G., McComiskey, A., Yamaguchi, T., Johnson, J.
S., Carslaw, K. S., and Schmidt, K. S.: New approaches
to quantifying aerosol influence on the cloud radia-
tive effect, P. Natl. Acad. Sci. USA, 113, 5812–5819,
https://doi.org/10.1073/pnas.1514035112, 2016.

Giangrande, S. E., Bartholomew, M. J., Pope, M., Collis, S.,
and Jensen, M. P.: A Summary of Precipitation Character-
istics from the 2006-11 Northern Australian Wet Seasons
as Revealed by ARM Disdrometer Research Facilities (Dar-
win, Australia), J. Appl. Meteorol. Clim., 53, 1213–1231,
https://doi.org/10.1175/JAMC-D-13-0222.1, 2014.

Atmos. Chem. Phys., 22, 10527–10549, 2022 https://doi.org/10.5194/acp-22-10527-2022

https://doi.org/10.1029/91JD00961
https://doi.org/10.1126/science.1092779
https://doi.org/10.1126/science.170.3953.64
https://doi.org/10.1016/j.atmosres.2014.01.010
https://doi.org/10.1175/MWR-D-19-0188.1
https://doi.org/10.1002/2016GL069255
https://doi.org/10.1002/2017MS001048
https://doi.org/10.1029/2010JD014262
https://doi.org/10.1002/qj.3131
https://doi.org/10.1002/2015JD023528
https://doi.org/10.1175/1520-0450(1969)008<1001:CTIOA>2.0.CO;2
https://doi.org/10.1175/1520-0450(1969)008<1001:CTIOA>2.0.CO;2
https://doi.org/10.1175/MWR-D-14-00212.1
https://doi.org/10.1175/1520-0469(1983)040<0116:TEOTAO>2.0.CO;2
https://doi.org/10.1175/1520-0469(1983)040<0116:TEOTAO>2.0.CO;2
https://doi.org/10.1007/s00703-001-0584-9
https://doi.org/10.1007/s10546-010-9517-9
https://doi.org/10.5194/acp-17-7435-2017
https://doi.org/10.1073/pnas.0910818107
https://doi.org/10.1029/2019MS001922
https://doi.org/10.1029/2009JD012352
https://doi.org/10.1126/science.aan8461
https://doi.org/10.1175/1520-0469(1988)045<3387:EORSPI>2.0.CO;2
https://doi.org/10.1175/1520-0469(1988)045<3387:EORSPI>2.0.CO;2
https://doi.org/10.1016/S0169-8095(98)00058-1
https://doi.org/10.1029/2004GL021369
https://doi.org/10.1073/pnas.1514035112
https://doi.org/10.1175/JAMC-D-13-0222.1


J. M. Park and S. C. van den Heever: Aerosol-induced weakening of tropical sea breeze convection 10547

Glassmeier, F., Hoffmann, F., Johnson, J. S., Yamaguchi, T.,
Carslaw, K. S., and Feingold, G.: An emulator approach to
stratocumulus susceptibility, Atmos. Chem. Phys., 19, 10191–
10203, https://doi.org/10.5194/acp-19-10191-2019, 2019.

Grabowski, W. W. and Morrison, H.: Untangling Microphysical Im-
pacts on Deep Convection Applying a Novel Modeling Method-
ology. Part II: Double-Moment Microphysics, J. Atmos. Sci., 73,
3749–3770, https://doi.org/10.1175/JAS-D-15-0367.1, 2016.

Grabowski, W. W. and Morrison, H.: Do Ultrafine Cloud Conden-
sation Nuclei Invigorate Deep Convection?, J. Atmos. Sci., 77,
2567–2583, https://doi.org/10.1175/JAS-D-20-0012.1, 2020.

Grant, L. D. and van den Heever, S. C.: Aerosol-Cloud-
Land Surface Interactions within Tropical Sea Breeze
Convection, J. Geophys. Res.-Atmos., 119, 8340–8361,
https://doi.org/10.1002/2014JD021912, 2014.

Grant, L. D. and van den Heever, S. C.: Cold Pool and Precipitation
Responses to Aerosol Loading: Modulation by Dry Layers, J.
Atmos. Sci, 72, 1398–1408, https://doi.org/10.1175/JAS-D-14-
0260.1, 2015.

Hadi, T. W., Horinouchi, T., Tsuda, T., Hashiguchi, H., and Fukao,
S.: Sea-Breeze Circulation over Jakarta, Indonesia: A Clima-
tology Based on Boundary Layer Radar Observations, Mon.
Weather Rev., 130, 2153–2166, 2002.

Harrington, J. Y.: The effects of Radiative and Microphysical Pro-
cesses on Simulation of Warm and Transition Season Arctic Stra-
tus, Colorado State University, 9819393, 1997.

Hill, G. E.: Factors Controlling the Size and Spacing of
Cumulus Clouds as Revealed by Numerical Experiments,
J. Atmos. Sci., 31, 646–673, https://doi.org/10.1175/1520-
0469(1974)031<0646:FCTSAS>2.0.CO;2, 1974.

Hohenegger, C. and Stevens, B.: The role of the perma-
nent wilting point in controlling the spatial distribution
of precipitation, P. Natl. Acad. Sci. USA, 115, 5692,
https://doi.org/10.1073/pnas.1718842115, 2018.

Igel, A. L. and van den Heever, S. C.: Invigoration or Enervation
of Convective Clouds by Aerosols?, Geophys. Res. Lett., 48,
e2021GL093804, https://doi.org/10.1029/2021GL093804, 2021.

Igel, A. L., van den Heever, S. C., and Johnson, J. S.: Meteoro-
logical and Land Surface Properties Impacting Sea Breeze Ex-
tent and Aerosol Distribution in a Dry Environment: Factors
Impacting Sea Breezes, J. Geophys. Res.-Atmos., 123, 22–37,
https://doi.org/10.1002/2017JD027339, 2018.

Jiang, H. and Feingold, G.: Effect of aerosol on warm convec-
tive clouds: Aerosol-Cloud-Surface Flux Feedbacks in a New
Coupled Large Eddy Model, J. Geophys. Res., 111, D01202,
https://doi.org/10.1029/2005JD006138, 2006.

Johnson, J. S., Cui, Z., Lee, L. A., Gosling, J. P., Blyth, A. M.,
and Carslaw, K. S.: Evaluating uncertainty in convective cloud
microphysics using statistical emulation, J. Adv. Model. Earth
Syst., 7, 162–187, https://doi.org/10.1002/2014MS000383, 2015

Kacarab, M., Thornhill, K. L., Dobracki, A., Howell, S. G.,
O’Brien, J. R., Freitag, S., Poellot, M. R., Wood, R., Zuidema, P.,
Redemann, J., and Nenes, A.: Biomass burning aerosol as a mod-
ulator of the droplet number in the southeast Atlantic region, At-
mos. Chem. Phys., 20, 3029–3040, https://doi.org/10.5194/acp-
20-3029-2020, 2020.

Keenan, T. D. and Carbone, R. E.: Propagation and Diurnal Evo-
lution of Warm Season Cloudiness in the Australian and Mar-

itime Continent Region, Mon. Weather Rev., 136, 973–994,
https://doi.org/10.1175/2007MWR2152.1, 2008.

Khain, A., Rosenfeld, D., and Pokrovsky, A.: Aerosol Im-
pact on the Dynamics and Microphysics of Deep Con-
vective Clouds, Q. J. Roy. Meteor. Soc., 131, 2639-2663,
https://doi.org/10.1256/qj.04.62, 2005.

Khain, A. P., BenMoshe, N., and Pokrovsky, A.: Factors Determin-
ing the Impact of Aerosols on Surface Precipitation from Clouds:
An Attempt at Classification, J. Atmos. Sci., 65, 1721–1748,
https://doi.org/10.1175/2007jas2515.1, 2008.

Kidd, C., Dawkins, E., and Huffman, G.: Comparison of Precipita-
tion Derived from the ECMWF Operational Forecast Model and
Satellite Precipitation Datasets, J. Hydrometeorol., 14, 1463–
1482, https://doi.org/10.1175/JHM-D-12-0182.1, 2013.

Klemp, J. B. and Wilhelmson, R. B.: The Simulation of
Three-Dimensional Convective Storm Dynamics, J. At-
mos. Sci., 35, 1070–1096, https://doi.org/10.1175/1520-
0469(1978)035<1070:TSOTDC>2.0.CO;2, 1978.

Kogan, Y. and Martin, W. J.: Parameterization of Bulk
Condensation in Numerical Cloud Models, J. At-
mos. Sci., 51, 1728–1739, https://doi.org/10.1175/1520-
0469(1994)051<1728:POBCIN>2.0.CO;2, 1994.

Koren, I., Kaufman, Y. J., Remer, L. A., and Martins, J.
V.: Measurement of the Effect of Amazon Smoke on In-
hibition of Cloud Formation, Science, 303, 1342–1345,
https://doi.org/10.1126/science.1089424, 2004.

Koren, I., Kaufman, Y. J., Rosenfeld, D., Remer, L. A., and
Rudich, Y.: Aerosol Invigoration and Restructuring of At-
lantic Convective Clouds, Geophys. Res. Lett., 32, L14828,
https://doi.org/10.1029/2005GL023187, 2005.

Lebo, Z. J. and Morrison, H.: Dynamical Effects of Aerosol
Perturbations on Simulated Idealized Squall Lines, Mon.
Weather Rev., 142, 991–1009, https://doi.org/10.1175/MWR-D-
13-00156.1, 2014.

Lee, L. A., Carslaw, K. S., Pringle, K. J., Mann, G. W., and
Spracklen, D. V.: Emulation of a complex global aerosol model
to quantify sensitivity to uncertain parameters, Atmos. Chem.
Phys., 11, 12253–12273, https://doi.org/10.5194/acp-11-12253-
2011, 2011.

Lee, S. S., Donner, L. J., Phillips, V. T. J., and Ming, Y.: The Depen-
dence of Aerosol Effects on Clouds and Precipitation on Cloud-
System Organization, Shear and Stability, J. Geophys. Res., 113,
D16202, https://doi.org/10.1029/2007JD009224, 2008.

Lee, T. J.: The Impact of Vegetation on the Atmospheric
Boundary Layer and Convective Storms, Colorado State
University, https://mountainscholar.org/bitstream/handle/10217/
234871/FACF_0509_Bluebook_DIP.pdf?sequence=1 (last ac-
cess: 1 July 2021), 1992.

Liu, H., Guo, J., Koren, I., Altaratz, O., Dagan, G., Wang, Y., Jiang,
J. H., Zhai, P., and Yung, Y. L.: Non-Monotonic Aerosol Ef-
fect on Precipitation in Convective Clouds over Tropical Oceans,
Sci. Rep., 9, 7809, https://doi.org/10.1038/s41598-019-44284-2,
2019.

Marinescu, P. J., van den Heever, S. C., Saleeby, S. M., Kreiden-
weis, S. M., and DeMott, P. J.: The Microphysical Roles of
Lower-Tropospheric versus Midtropospheric Aerosol Particles in
Mature-Stage MCS Precipitation, J. Atmos. Sci., 74, 3657–3678,
https://doi.org/10.1175/JAS-D-16-0361.1, 2017.

https://doi.org/10.5194/acp-22-10527-2022 Atmos. Chem. Phys., 22, 10527–10549, 2022

https://doi.org/10.5194/acp-19-10191-2019
https://doi.org/10.1175/JAS-D-15-0367.1
https://doi.org/10.1175/JAS-D-20-0012.1
https://doi.org/10.1002/2014JD021912
https://doi.org/10.1175/JAS-D-14-0260.1
https://doi.org/10.1175/JAS-D-14-0260.1
https://doi.org/10.1175/1520-0469(1974)031<0646:FCTSAS>2.0.CO;2
https://doi.org/10.1175/1520-0469(1974)031<0646:FCTSAS>2.0.CO;2
https://doi.org/10.1073/pnas.1718842115
https://doi.org/10.1029/2021GL093804
https://doi.org/10.1002/2017JD027339
https://doi.org/10.1029/2005JD006138
https://doi.org/10.1002/2014MS000383
https://doi.org/10.5194/acp-20-3029-2020
https://doi.org/10.5194/acp-20-3029-2020
https://doi.org/10.1175/2007MWR2152.1
https://doi.org/10.1256/qj.04.62
https://doi.org/10.1175/2007jas2515.1
https://doi.org/10.1175/JHM-D-12-0182.1
https://doi.org/10.1175/1520-0469(1978)035<1070:TSOTDC>2.0.CO;2
https://doi.org/10.1175/1520-0469(1978)035<1070:TSOTDC>2.0.CO;2
https://doi.org/10.1175/1520-0469(1994)051<1728:POBCIN>2.0.CO;2
https://doi.org/10.1175/1520-0469(1994)051<1728:POBCIN>2.0.CO;2
https://doi.org/10.1126/science.1089424
https://doi.org/10.1029/2005GL023187
https://doi.org/10.1175/MWR-D-13-00156.1
https://doi.org/10.1175/MWR-D-13-00156.1
https://doi.org/10.5194/acp-11-12253-2011
https://doi.org/10.5194/acp-11-12253-2011
https://doi.org/10.1029/2007JD009224
https://mountainscholar.org/bitstream/handle/10217/234871/FACF_0509_Bluebook_DIP.pdf?sequence=1
https://mountainscholar.org/bitstream/handle/10217/234871/FACF_0509_Bluebook_DIP.pdf?sequence=1
https://doi.org/10.1038/s41598-019-44284-2
https://doi.org/10.1175/JAS-D-16-0361.1


10548 J. M. Park and S. C. van den Heever: Aerosol-induced weakening of tropical sea breeze convection

Marinescu, P. J., van den Heever, S. C., Heikenfeld, M., Barrett,
A. I., Barthlott, C., Hoose, C., Fan, J., Fridlind, A. M., Mat-
sui, T., Miltenberger, A. K., Stier, P., Vie, B., White, B. A.,
and Zhang, Y.: Impacts of Varying Concentrations of Cloud
Condensation Nuclei on Deep Convective Cloud Updrafts-
A Multimodel Assessment, J. Atmos. Sci., 78, 1147–1172,
https://doi.org/10.1175/JAS-D-20-0200.1, 2021.

Marshall, L., Johnson, J. S., Mann, G. W., Lee, L., Dhomse, S. S.,
Regayre, L., Yoshioka, M., Carslaw, K. S., and Schmidt, A.: Ex-
ploring How Eruption Source Parameters Affect Volcanic Ra-
diative Forcing Using Statistical Emulation, J. Geophys. Res.-
Atmos., 124, 964–985, https://doi.org/10.1029/2018JD028675,
2019.

McCormick, R. A. and Ludwig, J. H.: Climate Modifica-
tion by Atmospheric Aerosols, Science, 156, 1358–1359,
https://doi.org/10.1126/science.156.3780.1358, 1967.

Menut, L., Flamant, C., Turquety, S., Deroubaix, A., Chazette, P.,
and Meynadier, R.: Impact of biomass burning on pollutant sur-
face concentrations in megacities of the Gulf of Guinea, At-
mos. Chem. Phys., 18, 2687–2707, https://doi.org/10.5194/acp-
18-2687-2018, 2018.

Mesinger, F. and Arakawa, A.: Numerical methods used in at-
mospheric models, WMO/ICSU Joint Organizing Committee,
64 pp., https://library.wmo.int/index.php?lvl=notice_display&
id=6944#.YtXhTcHMKgI (last access: 1 July 2021), 1976.

Meyers, M. P., Walko, R. L., Harrington, J. Y., and Cotton,
W. R.: New RAMS cloud Microphysics Parameterization.
Part II: The Two-Moment Scheme, Atmos. Res., 45, 3–39,
https://doi.org/10.1016/S0169-8095(97)00018-5, 1997.

Miller, S. T. K., Keim, B. D., Talbot, R. W., and Mao, H.: Sea
breeze: Structure, forecasting, and impacts, Rev. Geophys., 41,
1011, https://doi.org/10.1029/2003RG000124, 2003.

Miltenberger, A. K., Field, P. R., Hill, A. A., Rosenberg, P., Ship-
way, B. J., Wilkinson, J. M., Scovell, R., and Blyth, A. M.:
Aerosol–cloud interactions in mixed-phase convective clouds –
Part 1: Aerosol perturbations, Atmos. Chem. Phys., 18, 3119–
3145, https://doi.org/10.5194/acp-18-3119-2018, 2018.

Mitchell Jr., J. M.: The Effect of Atmospheric Aerosols
on Climate with Special Reference to Tempera-
ture near the Earth’s Surface, J. Appl. Meteorol.
Clim., 10, 703–714, https://doi.org/10.1175/1520-
0450(1971)010<0703:TEOAAO>2.0.CO;2, 1971.

Morris, M. D. and Mitchell, T. J.: Exploratory designs for
computational experiments, J. Stat. Plan. Infer., 43, 381–402,
https://doi.org/10.1016/0378-3758(94)00035-T, 1995.

Nesbitt, S. W. and Zipser, E. J.: The Diurnal Cy-
cle of Rainfall and Convective Intensity according
to Three Years of TRMM Measurements, J. Cli-
mate, 16, 1456–1475, https://doi.org/10.1175/1520-
0442(2003)016<1456:TDCORA>2.0.CO;2, 2003.

Niyogi, D., Chang, H.-I., Chen, F., Gu, L., Kumar, A.,
Menon, S., and Pielke Sr., R. A.: Potential impacts of
aerosol–land–atmosphere interactions on the Indian mon-
soonal rainfall characteristics, Nat. Hazards, 42, 345–359,
https://doi.org/10.1007/s11069-006-9085-y, 2007.

O’Hagan, A.: Bayesian analysis of computer code out-
puts: A tutorial, Reliab. Eng. Syst. Safe., 91, 1290–1300,
https://doi.org/10.1016/j.ress.2005.11.025, 2006.

Park, J. M., van den Heever, S. C., Igel, A. L., Grant, L. D.,
Johnson, J. S., Saleeby, S. M., Miller, S. D., and Reid, J.
S.: Data associated with “Environmental controls on tropi-
cal sea breeze convection and resulting aerosol redistribution”,
Colorado State University Libraries, Fort Collins [data set],
https://doi.org/10.25675/10217/199723, 2020a.

Park, J. M., van den Heever, S. C., Igel, A. L., Grant, L. D., John-
son, J. S., Saleeby, S. M., Miller, S. D., and Reid, J. S.: Envi-
ronmental Controls on Tropical Sea Breeze Convection and Re-
sulting Aerosol Redistribution, J. Geophys. Res.-Atmos., 125,
e2019JD031699, https://doi.org/10.1029/2019JD031699, 2020b.

Perez, G. M. P. and Silva Dias, M. A. F.: Long-term study
of the occurrence and time of passage of sea breeze in
São Paulo, 1960–2009, Int. J. Climatol., 37, 1210–1220,
https://doi.org/10.1002/joc.5077, 2017.

Qian, J.-H.: Why Precipitation Is Mostly Concentrated over Is-
lands in the Maritime Continent, J. Atmos. Sci., 65, 1428–1441,
https://doi.org/10.1175/2007JAS2422.1, 2008.

Qian, T., Epifanio, C. C., and Zhang, F.: Topographic Effects on
the Tropical Land and Sea Breeze, J. Atmos. Sci., 69, 130–149,
https://doi.org/10.1175/JAS-D-11-011.1, 2012.

Rasmussen, C. E. and Williams, C. K. I.: Gaussian processes
for machine learning, MIT Press, Cambridge, Mass, 248 pp.,
ISBN 026218253X, 2006.

Reid, J. S., Xian, P., Hyer, E. J., Flatau, M. K., Ramirez, E. M.,
Turk, F. J., Sampson, C. R., Zhang, C., Fukada, E. M., and Mal-
oney, E. D.: Multi-scale meteorological conceptual analysis of
observed active fire hotspot activity and smoke optical depth in
the Maritime Continent, Atmos. Chem. Phys., 12, 2117–2147,
https://doi.org/10.5194/acp-12-2117-2012, 2012.

Reynolds, R. W., Smith, T. M., Liu, C., Chelton, D. B., Casey,
K. S., and Schlax, M. G.: Daily high-resolution-blended anal-
yses for sea surface temperature. J. Climate, 20, 5473–5496,
https://doi.org/10.1175/2007JCLI1824.1, 2007.

Rodell, M., Houser, P. R., Jambor, U., Gottschalck, J., Mitchell,
K., Meng, C.-J., Arsenault, K., Cosgrove, B., Radakovich, J.,
Bosilovich, M., Entin, J. K., Walker, J. P., Lohmann, D., and Toll,
D.: The Global Land Data Assimilation System, B. Am. Meteo-
rol. Soc., 85, 381–394, https://doi.org/10.1175/BAMS-85-3-381,
2004.

Rosenfeld, D., Lohmann, U., Raga, G. B., O’Dowd, C. D., Kul-
mala, M., Fuzzi, S., Reissell, A., and Andreae, M. O.: Flood or
Drought: How Do Aerosols Affect Precipitation?, Science, 321,
1309–1313, https://doi.org/10.1126/science.1160606, 2008.

Saide, P. E., Spak, S. N., Pierce, R. B., Otkin, J. A., Schaack, T.
K., Heidinger, A. K., da Silva, A. M., Kacenelenbogen, M., Re-
demann, J., and Carmichael, G. R.: Central American biomass
burning smoke can increase tornado severity in the U.S.: Smoke
can increase tornado severity, Geophys. Res. Lett., 42, 956–965,
https://doi.org/10.1002/2014GL062826, 2015.

Saleeby, S. M. and Cotton, W. R.: A Large-Droplet Mode
and Prognostic Number Concentration of Cloud Droplets
in the Colorado State University Regional Atmospheric
Modeling System (RAMS). Part I: Module Descrip-
tions and Supercell Test Simulations, J. Appl. Meteo-
rol. Clim., 43, 182–195, https://doi.org/10.1175/1520-
0450(2004)043<0182:ALMAPN>2.0.CO;2, 2004.

Saleeby, S. M. and van den Heever, S. C.: Developments in the
CSU-RAMS Aerosol Model: Emissions, Nucleation, Regener-

Atmos. Chem. Phys., 22, 10527–10549, 2022 https://doi.org/10.5194/acp-22-10527-2022

https://doi.org/10.1175/JAS-D-20-0200.1
https://doi.org/10.1029/2018JD028675
https://doi.org/10.1126/science.156.3780.1358
https://doi.org/10.5194/acp-18-2687-2018
https://doi.org/10.5194/acp-18-2687-2018
https://library.wmo.int/index.php?lvl=notice_display&id=6944#.YtXhTcHMKgI
https://library.wmo.int/index.php?lvl=notice_display&id=6944#.YtXhTcHMKgI
https://doi.org/10.1016/S0169-8095(97)00018-5
https://doi.org/10.1029/2003RG000124
https://doi.org/10.5194/acp-18-3119-2018
https://doi.org/10.1175/1520-0450(1971)010<0703:TEOAAO>2.0.CO;2
https://doi.org/10.1175/1520-0450(1971)010<0703:TEOAAO>2.0.CO;2
https://doi.org/10.1016/0378-3758(94)00035-T
https://doi.org/10.1175/1520-0442(2003)016<1456:TDCORA>2.0.CO;2
https://doi.org/10.1175/1520-0442(2003)016<1456:TDCORA>2.0.CO;2
https://doi.org/10.1007/s11069-006-9085-y
https://doi.org/10.1016/j.ress.2005.11.025
https://doi.org/10.25675/10217/199723
https://doi.org/10.1029/2019JD031699
https://doi.org/10.1002/joc.5077
https://doi.org/10.1175/2007JAS2422.1
https://doi.org/10.1175/JAS-D-11-011.1
https://doi.org/10.5194/acp-12-2117-2012
https://doi.org/10.1175/2007JCLI1824.1
https://doi.org/10.1175/BAMS-85-3-381
https://doi.org/10.1126/science.1160606
https://doi.org/10.1002/2014GL062826
https://doi.org/10.1175/1520-0450(2004)043<0182:ALMAPN>2.0.CO;2
https://doi.org/10.1175/1520-0450(2004)043<0182:ALMAPN>2.0.CO;2


J. M. Park and S. C. van den Heever: Aerosol-induced weakening of tropical sea breeze convection 10549

ation, Deposition, and Radiation, J. Appl. Meteorol. Clim., 52,
2601–2622, https://doi.org/10.1175/JAMC-D-12-0312.1, 2013.

Saleeby, S. M., Herbener, S. R., van den Heever, S. C., and
L’Ecuyer, T.: Impacts of Cloud Droplet-Nucleating Aerosols on
Shallow Tropical Convection, J. Atmos. Sci., 72, 1369–1385,
https://doi.org/10.1175/JAS-D-14-0153.1, 2015.

Saltelli, A., Tarantola, S., and Chan, K. P.-S.: A Quantita-
tive Model-Independent Method for Global Sensitivity
Analysis of Model Output, Technometrics, 41, 39–56,
https://doi.org/10.1080/00401706.1999.10485594, 1999.

Seiki, T. and Nakajima, T.: Aerosol Effects of the Condensation
Process on a Convective Cloud Simulation, J. Atmos. Sci., 71,
833–853, https://doi.org/10.1175/JAS-D-12-0195.1, 2014.

Sheffield, A. M., Saleeby, S. M., and Heever, S. C.:
Aerosol-induced mechanisms for cumulus congestus
growth, J. Geophys. Res.-Atmos., 120, 8941–8952,
https://doi.org/10.1002/2015JD023743, 2015.

Short, E.: Verifying Operational Forecasts of Land-Sea-Breeze and
Boundary Layer Mixing Processes, Weather Forecast., 35, 1427–
1445, https://doi.org/10.1175/WAF-D-19-0244.1, 2020.

Smagorinsky, J.: General Circulation Experiments with the
Primitive Equations: I. The Basic Experiment, Mon.
Weather Rev., 91, 99–164, https://doi.org/10.1175/1520-
0493(1963)091<0099:GCEWTP>2.3.CO;2, 1963.

Storer, R. L. and van den Heever, S. C.: Microphysical Processes
Evident in Aerosol Forcing of Tropical Deep Convective Clouds,
J. Atmos. Sci., 70, 430–446, https://doi.org/10.1175/JAS-D-12-
076.1, 2013.

Storer, R. L., van den Heever, S. C, and Stephens, G.
L.: Modeling Aerosol Impacts on Convective Storms in
Different Environments, J. Atmos. Sci., 67, 3904–3915,
https://doi.org/10.1175/2010JAS3363.1, 2010.

Storer, R. L., van den Heever, S. C., and L’Ecuyer, T. S.: Obser-
vations of aerosol-induced convective invigoration in the trop-
ical east Atlantic, J. Geophys. Res.-Atmos., 119, 3963–3975,
https://doi.org/10.1002/2013JD020272, 2014.

Tao, W.-K., Li, X., Khain, A., Matsui, T., Lang, S., and Simpson, J.:
Role of atmospheric aerosol concentration on deep convective
precipitation: Cloud-resolving model simulations, J. Geophys.
Res., 112, D24S18, https://doi.org/10.1029/2007JD008728,
2007.

Tao, W.-K., Chen, J.-P., Li, Z., Wang, C., and Zhang, C.: Im-
pact of aerosols on convective clouds and precipitation: Aerosol
Impact on Convective Clouds, Rev. Geophys., 50, RG2001,
https://doi.org/10.1029/2011RG000369, 2012.

Twomey, S.: Pollution and the planetary albedo, Atmos. Environ.,
8, 1251–1256, https://doi.org/10.1016/0004-6981(74)90004-3,
1974.

van den Heever, S. C., Carrió, G. G., Cotton, W. R., DeMott, P.
J., and Prenni, A. J.: Impacts of Nucleating Aerosol on Florida
Storms. Part I: Mesoscale Simulations, J. Atmos. Sci., 63, 1752–
1775, https://doi.org/10.1175/JAS3713.1, 2006.

Varble, A.: Erroneous Attribution of Deep Convective Invigora-
tion to Aerosol Concentration, J. Atmos. Sci., 75, 1351–1368,
https://doi.org/10.1175/JAS-D-17-0217.1, 2018.

Walko, R. L., Cotton, W. R., Meyers, M. P., and Harrington, J.
Y.: New RAMS cloud microphysics parameterization Part I: the
single-moment scheme, Atmos. Res., 38, 29–62, 1995.

Walko, R. L., Band, L. E., Baron, J., Kittel, T. G. F.,
Lammers, R., Lee, T. J., Ojima, D., Pielke Sr., R.
A., Taylor, C., Tague, C., Tremback, C. J., and Vi-
dale, P. L.: Coupled Atmosphere-Biophysics-Hydrology
Models for Environmental Modeling, J. Appl. Meteo-
rol. Clim., 39, 931–944, https://doi.org/10.1175/1520-
0450(2000)039<0931:CABHMF>2.0.CO;2, 2000.

Wang, J., Ge, C., Yang, Z., Hyer, E. J., Reid, J. S.,
Chew, B.-N., Mahmud, M., Zhang, Y., and Zhang, M.:
Mesoscale modeling of smoke transport over the Southeast
Asian Maritime Continent: Interplay of sea breeze, trade
wind, typhoon, and topography, Atmos. Res., 122, 486–503,
https://doi.org/10.1016/j.atmosres.2012.05.009, 2013.

Wang, S. and Sobel, A. H.: Factors Controlling Rain on
Small Tropical Islands: Diurnal Cycle, Large-Scale Wind
Speed, and Topography, J. Atmos. Sci., 74, 3515–3532,
https://doi.org/10.1175/JAS-D-16-0344.1, 2017.

Wellmann, C., Barrett, A. I., Johnson, J. S., Kunz, M., Vogel, B.,
Carslaw, K. S., and Hoose, C.: Using Emulators to Understand
the Sensitivity of Deep Convective Clouds and Hail to Environ-
mental Conditions, J. Adv. Model. Earth Sy., 10, 3103–3122,
https://doi.org/10.1029/2018MS001465, 2018.

Wellmann, C., Barrett, A. I., Johnson, J. S., Kunz, M., Vogel, B.,
Carslaw, K. S., and Hoose, C.: Comparing the impact of environ-
mental conditions and microphysics on the forecast uncertainty
of deep convective clouds and hail, Atmos. Chem. Phys., 20,
2201–2219, https://doi.org/10.5194/acp-20-2201-2020, 2020.

Yu, H., Liu, S. C., and Dickinson, R. E.: Radiative effects
of aerosols on the evolution of the atmospheric bound-
ary layer, J. Geophys. Res., 107, AAC 3-1–AAC 3-14,
https://doi.org/10.1029/2001JD000754, 2002.

Zhang, Y., Fu, R., Yu, H., Dickinson, R. E., Juarez, R. N.,
Chin, M., and Wang, H.: A regional climate model study of
how biomass burning aerosol impacts land-atmosphere inter-
actions over the Amazon, J. Geophys. Res., 113, D14S15,
https://doi.org/10.1029/2007JD009449, 2008.

https://doi.org/10.5194/acp-22-10527-2022 Atmos. Chem. Phys., 22, 10527–10549, 2022

https://doi.org/10.1175/JAMC-D-12-0312.1
https://doi.org/10.1175/JAS-D-14-0153.1
https://doi.org/10.1080/00401706.1999.10485594
https://doi.org/10.1175/JAS-D-12-0195.1
https://doi.org/10.1002/2015JD023743
https://doi.org/10.1175/WAF-D-19-0244.1
https://doi.org/10.1175/1520-0493(1963)091<0099:GCEWTP>2.3.CO;2
https://doi.org/10.1175/1520-0493(1963)091<0099:GCEWTP>2.3.CO;2
https://doi.org/10.1175/JAS-D-12-076.1
https://doi.org/10.1175/JAS-D-12-076.1
https://doi.org/10.1175/2010JAS3363.1
https://doi.org/10.1002/2013JD020272
https://doi.org/10.1029/2007JD008728
https://doi.org/10.1029/2011RG000369
https://doi.org/10.1016/0004-6981(74)90004-3
https://doi.org/10.1175/JAS3713.1
https://doi.org/10.1175/JAS-D-17-0217.1
https://doi.org/10.1175/1520-0450(2000)039<0931:CABHMF>2.0.CO;2
https://doi.org/10.1175/1520-0450(2000)039<0931:CABHMF>2.0.CO;2
https://doi.org/10.1016/j.atmosres.2012.05.009
https://doi.org/10.1175/JAS-D-16-0344.1
https://doi.org/10.1029/2018MS001465
https://doi.org/10.5194/acp-20-2201-2020
https://doi.org/10.1029/2001JD000754
https://doi.org/10.1029/2007JD009449

	Abstract
	Introduction
	Methods
	RAMS model configuration
	Experimental setup
	Analysis methodology

	Basic description of the sea breeze simulations
	Aerosol impacts on the convective environment
	Impacts of enhanced aerosol loading on continental convection
	Cloud top heights
	Convective updraft velocities
	Sea-breeze-initiated convective updrafts
	Daytime cumulus convection updrafts

	Surface accumulated precipitation

	Summary and discussion
	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

