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Abstract In this study, the inﬂuence of aerosols, surface roughness length, soil moisture, and synergistic
interactions among these factors on tropical convective rainfall focused along a sea breeze front are
explored within idealized cloud-resolving modeling simulations using the Regional Atmospheric Modeling
System (RAMS). The idealized RAMS domain setup is representative of the coastal Cameroon rainforest in
equatorial Africa. In order to assess the potential sensitivity of sea breeze convection to increasing
anthropogenic activity and deforestation occurring in such regions, 27 total simulations are performed in which
combinations of enhanced aerosol concentrations, reduced surface roughness length, and reduced soil
moisture are included. Both enhanced aerosols and reduced soil moisture are found to individually reduce the
precipitation due to reductions in downwelling shortwave radiation and surface latent heat ﬂuxes, respectively,
while perturbations to the roughness length do not have a large impact on the precipitation. The largest soil
moisture perturbations dominate the precipitation changes due to reduced low-level moisture available to the
convection, but if the soil moisture perturbation is more moderate, synergistic interactions between soil
moisture and aerosols enhance the sea breeze precipitation. This is found to result from evening convection
that forms ahead of the sea breeze only when both effects are present. Interactions between the resulting gust
fronts and the sea breeze front locally enhance convergence and therefore the rainfall. The results of this study
underscore the importance of considering the aerosol-cloud-land surface system responses to perturbations in
aerosol loading and land surface characteristics.
1. Introduction
Some of the highest global annual rainfall totals on the order of 2–3 m yr 1 [Liebmann et al., 2012] are found
in the equatorial rainforest regions of Africa, Amazonia, and Indonesia where tropical convection occurs year
round. It is well known that convection in these regions plays a crucial role in the global circulation through
its impacts on the ascending branch of the Hadley Cell [Riehl and Malkus, 1958] and on the global
hydrological cycle [Avissar and Werth, 2005]. However, these regions are under ever increasing anthropogenic
activity, including biomass burning and deforestation practices. Such anthropogenic activity may have
signiﬁcant impacts on the convective storm characteristics and rainfall patterns in these critical tropical
rainforest regions through aspects such as changing land surface properties and atmospheric aerosol loading
[e.g., Andreae et al., 2004; Ramos da Silva and Avissar, 2006; Koren et al., 2008]. It is therefore highly important
to understand the response of convective storms to these anthropogenic factors if we are to understand the
impacts of increasing human populations on tropical convection, tropical rainfall, and the largescale circulation.
Convection in Africa is anomalous relative to the other equatorial land regions such as Amazonia and
Indonesia [e.g., Mohr and Zipser, 1996a, 1996b; Mohr et al., 1999; Petersen and Rutledge, 1998, 2001; McCollum
et al., 2000]. While annual rainfall in equatorial Africa is comparatively lower, convection is more intense by
measures such as high (40 dBZ) reﬂectivity echo top height, minimum brightness temperature, and lightning
ﬂash rate [Zipser et al., 2006]. Mesoscale convective systems (MCSs) are also disproportionally larger in
equatorial Africa [Nesbitt et al., 2006]. The reasons for these differences are not well understood, as there have
been comparatively fewer studies of equatorial African convection than in other tropical rainforest regions.
This study therefore focuses on tropical convection over Africa. Rainfall patterns over equatorial Africa are
also highly spatially variable [Balas et al., 2007]. Part of this variability is likely a result of mesoscale-organized
convection that is modulated by both larger- and smaller-scale features including the Madden-Julian
Oscillation, midlevel easterly jets, convectively coupled Kelvin waves, topography, and sea and lake breezes
[Laing et al., 2011; Jackson et al., 2009].
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The sea breeze represents a persistent forcing mechanism for deep convection and rainfall. Its importance,
particularly in the diurnal cycle of rainfall, has been noted in several studies of deep convection in the tropics
[Yang and Slingo, 2001; Nesbitt and Zipser, 2003; Kikuchi and Wang, 2008], as well as in equatorial Africa [Laing
et al., 2008, 2011]. Many studies have demonstrated the sensitivity of the sea breeze structure, local
convergence, and resulting precipitation to various processes and mechanisms including sensible heat
ﬂuxes, soil moisture, surface roughness length, coastline curvature, and interaction with existing boundaries
such as land breezes, other sea breezes, and gust fronts [Wakimoto and Atkins, 1994; Atkins et al., 1995;
Kingsmill, 1995; Fankhauser et al., 1995; Wilson and Megenhardt, 1997; Carbone et al., 2000; Baker et al., 2001;
Fovell and Dailey, 2001; Marshall et al., 2004; Fovell, 2005; Crosman and Horel, 2010, and references therein].
Sea breeze-generated precipitation may also be sensitive to changes in aerosol concentrations through
aerosol direct effects and indirect effects on the storm dynamics and microphysics [e.g., Andreae et al., 2004;
Khain et al., 2005; van den Heever et al., 2006; Koren et al., 2004, 2008; Lin et al., 2006].
While many studies have investigated aerosol-cloud interactions and land-atmosphere interactions
separately, very few have considered the synergistic interactions among them within a common analytical
framework. The goal of this research is therefore to investigate the potential sensitivity of sea breeze
convection over coastal equatorial Africa to changes in aerosol concentrations and land surface
characteristics, both independently and synergistically. Such changes to aerosols and the land surface are
possible with increasing anthropogenic activity, pollution, and deforestation practices, which are often
focused in coastal regions [Hinrichsen, 1999]. Speciﬁcally, this study seeks to answer the following questions:
(1) What are the mechanisms by which changing aerosol number concentrations, surface roughness length,
and soil moisture each individually impact tropical sea breeze precipitation; and (2) how do aerosols interact
synergistically with land surface processes to inﬂuence the precipitation? These goals are addressed through
the use of idealized cloud-resolving modeling simulations.
In this study, it will be demonstrated that the individual impacts of increasing aerosol concentrations and
decreasing soil moisture both reduce the sea breeze precipitation, while changes to the surface roughness
length only have a slight impact on the precipitation. It will also be shown that the pathway through which
aerosols and land surface processes interact synergistically to affect rainfall is through feedbacks to the
localized sea breeze convergence by storm-generated gust fronts. The sensitivity of rainfall to these various
factors and their interactions is assessed through the analysis of changes to the basic ingredients for deep,
moist convection: moisture, instability, and lift [e.g., Doswell, 1987; Johns and Doswell, 1992]. Section 2
describes the model conﬁguration, the sensitivity experiments, and the factor separation methodology used
for the analysis. The results are presented in section 3, including the mechanisms by which the various
processes and their interactions change the sea breeze structure and resulting precipitation. A discussion and
conclusions are provided in section 4.

2. Experiment Design
2.1. RAMS Model Conﬁguration
In this study, idealized simulations were conducted using the Regional Atmospheric Modeling system (RAMS)
version 6 [Cotton et al., 2003; Saleeby and van den Heever, 2013]. RAMS is a regional, nonhydrostatic model
that is coupled to the Land-Ecosystem-Atmosphere Feedback (LEAF) version 3 land surface parameterization
[Walko et al., 2000] and contains a sophisticated microphysics and aerosol parameterization scheme. RAMS is
thus an ideal modeling framework with which the goals of this study can be addressed. A summary of the
RAMS model conﬁguration is provided in Table 1.
The RAMS simulations presented herein contain a single grid of 550 × 200 km extent, a horizontal grid
spacing of 1 km, and 57 vertical levels spanning ~26 km with a minimum vertical grid spacing of 100 m near
the surface. The grid resolution is ﬁne enough to explicitly represent deep convection, such as suggested by
Ramos da Silva and Avissar [2006] for simulations over the Amazon, and to model the detailed sea breeze
structure [Crosman and Horel, 2010] but coarse enough that a large number of sensitivity simulations may be
performed within a reasonable time frame. In order to ensure that a vertical grid spacing of 100 m is sufﬁcient
in the boundary layer, a sensitivity test with a minimum vertical grid spacing of 50 m was performed for the
control simulation. The results from the sensitivity experiment demonstrated that the ﬁner vertical grid
spacing did not make a signiﬁcant difference, as the domain-accumulated precipitation was reduced by only
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Table 1. RAMS Model Options Used in All of the Sea Breeze Simulations
Model Aspect
Grid

Time integration
Initialization

Surface scheme

Boundary conditions
Microphysics scheme
Radiation scheme
Aerosol treatment

Turbulence scheme
Coriolis

Setting
Arakawa C grid
Δx = Δy = 1 km; 550 km × 200 km domain size
Δz variable
minimum Δz = 100 m, maximum Δz = 1 km
vertical stretch ratio = 1.05
57 vertical levels; model top ~26 km
3 s time step; 16 h simulation duration
Horizontally homogeneous thermodynamic and wind proﬁle, averaged from ECMWF YOTC analysis data
Initial start time 600 UTC 1 July
Random thermal perturbations through lowest 2 km agl, with a maximum magnitude of 1 K at the lowest model level
above ground
LEAF-3 [Walko et al., 2000]
11 soil levels from 0.01 m to 0.5 m below ground
Western third of domain: ocean (SST 300 K)
Eastern two thirds of domain: evergreen broadleaf tree surface type, sandy clay loam soil type
Radiative lateral boundary [Klemp and Wilhelmson, 1978] in zonal direction; periodic in meridional direction
Rayleigh friction damping over top six vertical levels (~21–26 km agl)
Two-moment bulk microphysics [Meyers et al., 1997]
8 hydrometeor classes [Saleeby and Cotton, 2004]
Harrington [1997] two-stream, updated every 5 simulation minutes
Aerosol species: sulfates [Saleeby and van den Heever, 2013]
No aerosol sources or sinks
Aerosols radiatively active
DeMott et al. [2010] ice nucleation parameterization
Smagorinsky [1963] deformation K with stability modiﬁcations by Hill [1974]; stability modiﬁcations by Lilly [1962] used
gradually above the boundary layer
No

1.2% and the sea breeze structure and propagation speed were similar. Therefore, the 100 m vertical grid
spacing was used for all the experiments performed here. Simulations were run for 16 h, beginning at 700
local time (LT). The Harrington [1997] two-stream radiation scheme was utilized for these experiments.
The RAMS microphysics parameterization is a sophisticated double-moment bulk scheme with binemulating procedures for cloud droplet nucleation, riming, and sedimentation. The scheme utilizes a gamma
size distribution to represent eight hydrometeor classes, including cloud water, drizzle, rain, pristine ice, snow,
aggregates, graupel, and hail. RAMS contains nine possible different aerosol modes for four aerosol particle
types, but given the idealized setup of these simulations, only a submicron ammonium sulfate mode was
used here. Sulfates are a prevalent aerosol type in the atmosphere, serve as effective cloud condensation
nuclei (CCN) due to their high solubility, and are often associated with anthropogenic activity [e.g., Andreae
and Rosenfeld, 2008, and references therein]. Aerosol sources and sinks are not included and aerosols are
radiatively active in these simulations. Aerosol-radiative interactions are parameterized from Mie calculations
in RAMS. The reader is referred to Walko et al. [1995], Meyers et al. [1997], Saleeby and Cotton [2004, 2008], and
Saleeby and van den Heever [2013] for further details on the RAMS microphysics scheme and
aerosol treatment.
The horizontally homogeneous but vertically varying initial thermodynamic conditions were generated from
the European Centre for Medium-Range Weather Forecasts (ECMWF) analyses for the Year of Tropical
Convection (YOTC). Temperature, speciﬁc humidity, and winds at 600 UTC (700 LT) were averaged spatially
from 0°N to 4°N and from 10°E to 20°E, broadly encompassing the Cameroon rainforest region, and
temporally from 1 June to 31 August for 2008 and 2009 to create the initial sounding proﬁle for the idealized
simulations (Figure 1a). The thermodynamic conditions are therefore representative of one of equatorial
Africa’s dry seasons, when anthropogenic activity and deforestation practices are more active. Above 300 hPa,
the speciﬁc humidity was reduced by a factor of 2/3 from the YOTC moisture proﬁle based on the results of
Ciesielski et al. [2014], where it was shown that ECMWF moisture analyses are too humid in the upper levels in
comparison to high-accuracy, humidity-corrected rawinsonde measurements taken during the Dynamics of
the Madden-Julian Oscillation ﬁeld campaign. Random temperature perturbations were introduced at each
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(a)

(b)

Figure 1. (a) Initial thermodynamic temperature and dewpoint sounding, as well as the initial wind proﬁle (barbs, knots), used in all
1
of the idealized simulations. (b) Mean precipitation rate (mm h ) over equatorial Africa, calculated from the ECMWF YOTC forecast
data as described in the text. The white box indicates the approximate size of the domain used for the idealized simulations.
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grid point within the lowest 2 km above ground level (agl), with a maximum of 1 K at the surface. The random
perturbations disrupt the homogeneity of the initial environment and allow the idealized sea breeze to
evolve realistically, as will be seen in the analyses of Figures 3 and 4 below.
RAMS is coupled to the LEAF-3 model, an interactive land surface model containing 22 different surface types
and 12 soil classes [Walko et al., 2000]. LEAF prognoses temperature and moisture content for multiple soil
levels and the vegetation canopy. The land surface and atmosphere can interact through turbulent energy
and moisture exchange, radiative transfer, transpiration, and precipitation. Eleven soil levels from 0.01 m to
0.5 m below ground were used in these simulations. The LEAF surface classes chosen for the domain setup
are representative of the coastal Cameroon rainforest region: The eastern two thirds of the domain was
speciﬁed as evergreen broadleaf tree with a sandy clay loam soil type [Rodell et al., 2004] and the western
third as ocean with a ﬁxed sea surface temperature (SST) of 300 K, based on the average coastal SST in June,
July, and August from the YOTC data set. The approximate domain size and the forest-ocean partition within
the domain are indicated in Figure 1b in order to provide a sense of the grid scale. Boundary conditions were
open radiative on the east and west sides of the domain but periodic on the north and south sides, so that the
simulated domain is representative of an idealized coastline stretching to both the north and south. It should
be noted that we are not assessing the impact of coastline curvature on sea breeze convergence and
resulting convective precipitation in this study, and hence, we prescribe the imposed ocean-forest border to
be perfectly straight. To avoid any potential inﬂuence of the model lateral boundary conditions, the region
within 50 km of the east and west borders is excluded from the analysis throughout this paper.
2.2. Sensitivity Experiments and Analysis Methodology
To address the goals of this study, 27 simulations with varying aerosol concentrations, surface roughness
lengths, and soil moisture contents were conducted. It should be noted that the sensitivity of sea breeze
precipitation to the initial instability and shear proﬁle, which are known to regulate convective intensity and
rainfall accumulation, is not investigated here. For each of the three parameters, two different perturbation
values were used from the values chosen in the control (hereafter CTL) simulation: a moderate perturbation
and an extreme perturbation. The initial surface aerosol concentration in CTL was 200 cm 3. The two
perturbation surface values used were 500 cm 3 and 2000 cm 3; these simulations will be referred to as cMid
and cPoll, respectively, where the “c” refers to aerosol particles that can serve as CCN. The CTL surface
concentration is representative of clean continental conditions. Similar concentrations have been measured
in pristine conditions in Amazonia [Roberts et al., 2001; Gunthe et al., 2009]. The extreme value of 2000 cm 3
was chosen based on measurements in the Amazon, where aerosol number concentrations of up to
10,000 cm 3 have been measured near the surface during periods of biomass burning [Martin et al., 2010,
and references therein]. In each case, the aerosol number concentration proﬁle was linearly decreased to one
tenth of the surface concentration by 4 km agl and was held constant thereafter. The aerosol number
concentration proﬁles for CTL, cMid, and cPoll are displayed in Figure 2a.
The two surface parameters that were varied in these experiments were the roughness length and soil
moisture. The initial roughness length in CTL is 3.50 m, which is calculated within the LEAF model from the
default evergreen broadleaf class vegetation height of 32 m. The perturbation roughness length values of
1.64 m and 0.22 m were calculated by specifying two perturbation tree heights of 15 m and 2 m, respectively;
these simulations will be referred to as tMid and tSml. Soil moisture was initialized horizontally
homogeneously by setting the initial soil moisture in CTL to 75% saturated for all soil levels, which
corresponds to a soil moisture content of 0.315 m3 m 3 for the LEAF sandy clay loam soil type. Idealized
perturbation soil moisture values were simply speciﬁed at 50% saturated and 25% saturated (s50 and s25),
corresponding to volumetric soil moisture contents of 0.21 and 0.105 m3 m 3, respectively. Similar idealized
approaches to soil moisture initialization have also been used in previous studies [Jiang and Feingold, 2006;
Gero and Pitman, 2006; Ramos da Silva and Avissar, 2006; Saad et al., 2010]. The range of soil moisture values
used here is comparable with the magnitudes of volumetric soil moisture content found along coastal
equatorial Africa in June, July, and August within the Global Land Data Assimilation System [Rodell et al., 2004]
(available online at http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_id=GLDAS10_M). The initial
roughness length and soil moisture for CTL and the sensitivity experiments are depicted in Figures 2b and 2c.
The CTL simulation is therefore the least polluted simulation with the wettest soil and the highest surface
roughness length.
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Figure 2. Initial conditions for the control simulation (CTL) and the various sensitivity experiments. (a) Aerosol number con3
centration proﬁle (cm ) for CTL and the polluted conditions (cMid and cPoll) used for the sensitivity tests. (b) Surface
roughness length (m) as a function of east–west position for CTL and sensitivity experiments tMid and tSml. (c) Volumetric
3
3
soil moisture content (m m ) as a function of east–west position for CTL (75% soil moisture saturation) and for the 50%
and 25% saturation sensitivity experiments (s50 and s25). Note that the western third of the domain is ocean.

It should be noted that we have not simply altered the land surface type for the sensitivity experiments, as is
sometimes done in studies of deforestation impacts. The reasons for this are threefold. First, in reality, the
land surface type is usually not completely altered under deforestation scenarios; often, secondary forest
regrowth occurs, and the land surface properties are similar to those of the original forest [O’Brien, 2000;
Pielke et al., 2007]. In this scenario, one might expect the most signiﬁcantly altered surface parameter to be
the roughness length due to the smaller tree heights. Second, soil moisture is often substantially altered
through land use changes [Pielke et al., 2007 and references therein] and has been shown in numerous
studies to have a strong impact on land-atmosphere coupling by virtue of its control over the latent and
sensible surface energy ﬂux partition, and thus its inﬂuence on surface-driven buoyancy and moisture
availability for cloud and precipitation formation [e.g., Yu et al., 2002; Ramos da Silva and Avissar, 2006; Betts,
2007, 2009; Taylor et al., 2012]. Third, it is beneﬁcial to directly and independently test speciﬁc parameters and
their inﬂuence on rainfall. Changing the vegetation type altogether results in changing multiple surface
parameters at once (e.g., roughness length, albedo, root zone depth, leaf area index, etc.), and the resulting
changes to clouds and rainfall patterns may then be attributable to the effects of multiple parameters as well
as their interactions. This makes it difﬁcult to assess the actual processes at work and the individual roles of
the different land surface properties.
In order to understand how aerosols, clouds, and surface processes may interact synergistically, the factor
separation methodology of Stein and Alpert [1993] was utilized for this analysis. Factor separation is a simple
and elegant way to show how multiple factors, as well as their nonlinear interactions, inﬂuence a predicted
ﬁeld. The impact of the factors and their interactions is determined through linear combinations. If each
factor has two options (e.g., “on” or “off”), 2n simulations are required if n factors are investigated. For
example, if the inﬂuence of two factors, such as topography and surface ﬂuxes, on a particular ﬁeld, such as
total accumulated precipitation, is investigated, then four simulations are required [Stein and Alpert, 1993].
The separate inﬂuences of topography and surface ﬂuxes, and the inﬂuence of the joint or synergistic
interaction between topography and surface ﬂuxes, are determined through linear combinations of the
simulations (for example, see the formulae in Table 2). It should be noted that the interpretation of the results
obtained from the factor separation calculations, particularly for a ﬁeld that has a ﬁnite range like total
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Simulations including a combination of moderate and extreme perturbations (e.g., simulation 9, cMid-tSml) are not displayed for brevity.

f1a2a3a
f1b2b3b
CTL
cMid
cPoll
tMid
tSml
s50
s25
cMid-tMid
cPoll-tSml
cMid-s50
cPoll-s25
tMid-s50
tSml-s25
cMid-tMid-s50
cPoll-tSml-s25
1 (f0)
2 (f1a)
3 (f1b)
4 (f2a)
5 (f2b)
6 (f3a)
7 (f3b)
8 (f1a2a)
11 (f1b2b)
12 (f1a3a)
15 (f1b3b)
16 (f2a3a)
19 (f2b3b)
20 (f1a2a3a)
27 (f1b2b3b)

10.1002/2014JD021912

precipitation, is not always trivial. This is
discussed in detail in section 3.6. Factor
separation has been successfully used in many
modeling studies of atmospheric processes,
such as lee cyclogenesis [Alpert et al., 1996],
aerosol impacts on convective precipitation
[van den Heever et al., 2006; Seigel et al., 2013],
the inﬂuence of land-cover change on
convective storm development [Gero and
Pitman, 2006], and sea breeze structure
[Darby et al., 2002].

a

Base simulation (most pristine)
Impact of moderate aerosol perturbation
Impact of extreme aerosol perturbation
Impact of moderate roughness length perturbation
Impact of extreme roughness length perturbation
Impact of moderate soil moisture perturbation
Impact of extreme soil moisture perturbation
Double synergy between aerosols and roughness length for moderate perturbations
Double synergy between aerosols and roughness length for extreme perturbations
Double synergy between aerosols and soil moisture for moderate perturbations
Double synergy between aerosols and soil moisture for extreme perturbations
Double synergy between roughness length and soil moisture for moderate perturbations
Double synergy between roughness length and soil moisture for extreme perturbations
Triple synergy between all three factors for moderate perturbations
Triple synergy between all three factors for extreme perturbations
–
f1a f0
f1b f0
f2a f0
f2b f0
f3a f0
f3b f0
f1a2a (f1a + f2a) + f0
f1b2b (f1b + f2b) + f0
f1a3a (f1a + f3a) + f0
f1b3b (f1b + f3b) + f0
f2a3a (f2a + f3a) + f0
f2b3b (f2b + f3b) + f0
(f1a2a + f1a3a + f2a3a) + (f1a + f2a + f3a) f0
(f1b2b + f1b3b + f2b3b) + (f1b + f2b + f3b) f0

Factor Separation Formula
Experiment Name
Simulation No.
(Factor Name)

Table 2. Experiment Numbering, Nomenclature, and Factor Separation Formulae

a

Description

Journal of Geophysical Research: Atmospheres

Each of the three parameters tested (aerosol
concentrations, roughness length, and soil
moisture) represents one factor that can impact
the spatial and temporal convective rainfall
patterns. Generally, 2n simulations are required
to assess how n different factors and their
nonlinear interactions inﬂuence a solution. Since
we used three possible initial values for each of
three factors, 33 = 27 simulations were necessary.
The simulation numbers and names, the
corresponding factor separation name, and the
factor separation formula used to calculate
the inﬂuence of each factor and the synergistic
interactions among factors are summarized in
Table 2. The naming convention to be used
throughout the rest of this study will be as
follows: simulation 1 will always be called “CTL,”
and the sensitivity experiments are referenced
by the labels “c” (aerosols or potential CCN),
“t” (roughness length or tree height), and “s”
(soil moisture), followed by the perturbation
description. If a particular label is not included,
this means that the value for that factor is the
same as in CTL. For example, “cMid-tSml-s25”
refers to the simulation with the moderate
aerosol perturbation and the most extreme
roughness length and soil moisture perturbations,
while “cPoll-s50” refers to the simulation with
the most polluted aerosol concentrations and
the 50% saturated soil moisture perturbation,
but with the original, largest value of roughness
length as in CTL.

3. Results
3.1. CTL Sea Breeze and
Precipitation Characteristics
Many of the following ﬁgures are presented
as subsets relative to the location of the sea
breeze front. In order to identify the sea breeze
front location at each model output time (every
5 min), the zonal wind was ﬁrst averaged
meridionally and over the lowest 1 km agl, and
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Figure 3. Zonal wind vertically averaged over the lowest 1 km (m s , shaded) and precipitation rate (0.5, 5, and 50 mm h ,
solid contours) for simulation CTL, from (a–f) 1400–1900 LT as indicated in each panel. The thin solid line at ~x = 180 km
denotes the ocean-forest border. The thick dashed black line is the identiﬁed sea breeze from the averaged convergence
as described in the text.

then smoothed to obtain an average zonal wind proﬁle in the east–west direction. The sea breeze location
was then identiﬁed as the minimum in the gradient of this averaged and smoothed wind proﬁle. This point,
which corresponds to the x location of the maximum averaged zonal wind convergence, was simply
extrapolated to all points in y for simplicity, representing the sea breeze front as a straight line.
Figure 3 displays the vertically averaged 0–1 km zonal wind, the identiﬁed sea breeze location, and
precipitation rate each hour from 1400 to 1900 LT for CTL. At 1400 LT (Figure 3a), the sea breeze front is well
deﬁned by virtue of the differential heating of the land surface that has occurred throughout the morning
hours. The sea breeze then propagates eastward and serves as a focal point for convection through
convergence at its leading edge. The precipitation rates associated with the sea breeze are increasing at
1400 LT and maximize between ~1700 and 1800 LT (Figures 3d and 3e). Most of the sea breeze precipitation
dissipates by 2200 LT, 1 h before the end of the simulation. It can be seen in Figure 3 that both the linear sea
breeze front approximation and the sea breeze front identiﬁcation based on the average low-level zonal wind
convergence are reasonable. The sea breeze front does vary spatially, especially as it interacts with gust fronts
produced by storms ahead of the sea breeze, but this variation is usually not by more than 5–10 km.
In order to further demonstrate the structure of the sea breeze and how it changes in some of the sensitivity
experiments, the sea breeze strength expressed in terms of its density potential temperature perturbation
[Emanuel, 1994], the cold pools associated with smaller convective cells ahead of the sea breeze, and vertically
integrated condensate for simulations CTL, cPoll, s25, and cPoll-s25 are depicted in Figure 4 at 1630 LT, shortly
before the most intense sea breeze precipitation occurs. The more intense convection associated with the sea
breeze front occurs as the sea breeze collides with cold pools. An example can be seen in CTL (Figure 4a) at
~x = 280, y = 20, where the interaction between a cold pool and the sea breeze front has caused the integrated
condensate to exceed 25 mm. The precipitation associated with this convective development exceeds
50 mm h 1 30 min later at 1700 LT (Figure 3d, at the same grid coordinates). It is apparent from the example
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Figure 4. Perturbation density potential temperature (K, shaded) at the lowest model level within identiﬁed cold pools
2
where buoyancy < 0.005 m s , following the methodology of Tompkins [2001] and vertically integrated condensate
(0.5, 10, and 25 mm solid contours) for simulations (a) CTL, (b) cPoll, (c) s25, and (d) cPoll-s25 at 1630 LT. The mean density
potential temperature is determined by spatially averaging the density potential temperature from 10 km ahead of the sea
breeze front to 50 km from the east border of the domain. The thin dashed line denotes the forest-ocean border.

shown in Figure 4 that both independent and simultaneous changes to aerosol concentrations and soil
moisture impact the sea breeze strength, structure, and propagation, as well as the cloud ﬁeld and cold pools in
the eastern portion of the domain. These changes will be discussed in further detail in the following sections.
Given the idealized nature of the simulations, the intent is not to reproduce the rainfall patterns for a speciﬁc
event over the Cameroon rainforest. However, it is helpful to know whether the model produces reasonable
rainfall totals for this region at this time of year. The precipitation rate in CTL averaged spatially over the forest
region and temporally between 1300 and 2200 LT is ~0.34 mm h 1. The average precipitation rate over 24 h
would then be ~0.13 mm h 1. This represents a lower limit approximation for the simulated average
precipitation rates, since it assumes that all the precipitation occurs in the afternoon in association with the
sea breeze forcing. For comparison, the 24 h accumulated precipitation between the 6 h and 30 h YOTC
forecasts initialized at 12 UTC was calculated for each day in June, July, and August in 2008 and 2009 and then
temporally averaged (Figure 1b). The ECMWF YOTC average precipitation rate varies between ~0.2 and
0.4 mm h 1 along the Cameroon rainforest coast between 1°N and 4°N, which compares well with the
0.13 mm h 1 lower bound in CTL. Additionally, the RAMS and YOTC precipitation rates agree favorably with
estimates of annual mean precipitation from observations for this region between 1.6 and 2.2 m yr 1, or 0.18
to 0.25 mm h 1 [Liebmann et al., 2012, Figures 1 and 2]. Therefore, the accumulated precipitation associated
with the sea breeze convection in the idealized RAMS simulations appears reasonable. The changes to the sea
breeze precipitation in each sensitivity experiment are discussed in the next section. The processes by which
aerosol concentrations, roughness length, soil moisture, and their sets of nonlinear interactions inﬂuence the
precipitation amounts and patterns are then investigated by analyzing their impacts on the three ingredients
for convection: moisture, instability, and lift.
3.2. Sensitivity Experiments: Changes in Precipitation
Figure 5 displays the average accumulated precipitation at the end of the simulation (2300 LT) for (a) all 27
simulations and (b) the results of the factor separation calculation. The naming convention of each simulation
and the formulae used to calculate the values in Figure 5b are as described in Table 2. Note that the
simulations are color coded according to whether they include only one factor (blue: aerosols, green:
roughness length, red: soil moisture), different pairs of factors (pink: aerosols and roughness length, purple:
aerosols and soil moisture, orange: roughness length and soil moisture), or all three factors (gold). The same
colors are used throughout the rest of the ﬁgures in this paper for clarity.
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Figure 5. (a) Averaged accumulated surface precipitation (mm) over the forest region at the end of the simulation for all 27
experiments. (b) Results of the factor separation calculation (Table 2), expressed as a percent age of CTL. The values displayed for simulations 8–27 are not simply percent differences from CTL, as described in the text. Factor separation for
simulations 8–19 represents double synergistic interactions between pairs of factors, and the triple synergistic interactions
are represented in simulations 20–27.

The highest accumulated precipitation occurs in simulation 5 (tSml), followed closely by CTL. It is immediately
obvious that enhanced aerosol concentrations and reduced soil moisture both individually reduce
precipitation totals, by over 40% and 50% for the most extreme perturbations (Figure 5b). The trends in
precipitation due to reduced roughness length are nonmonotonic, but the changes in precipitation are quite
small. The lowest accumulated precipitation occurs in simulation 25 (cPoll-tMid-s25) where precipitation is
reduced from CTL by almost 70%.
By including the simulations containing the combinations of factors (simulations 8–27), the synergistic
interactions occurring between the factors can be assessed. It is important to note that these synergy terms,
as calculated with the factor separation formulae (Table 2) and displayed in Figure 5b, represent the nonlinear
interactions, or feedbacks, acting between the different factors. For example, the synergy between aerosols
and soil moisture can either enhance or reduce the rainfall relative to the change in rainfall that would occur if
the separate individual impacts of aerosols and soil moisture were added together. The results of the factor
separation calculation displayed in Figure 5b indicate that all the double synergistic interactions between
pairs of factors (simulations 8–19) work to enhance accumulated precipitation, while almost all the triple
synergistic interactions (simulations 20–27) reduce the precipitation. The interpretation of these signs is not
trivial and is discussed in further detail in section 3.6. Note that the double synergy terms are largest for
aerosol-soil moisture interactions (simulations 12–15) and that the magnitudes of the double synergy terms
for aerosol-roughness length interactions (simulations 8–11) are all larger than the impacts of roughness
length itself (simulations 4–5).
The separate impacts of (1) increased aerosol concentrations, (2) reduced surface roughness length, (3)
reduced soil moisture, and then the synergistic interactions among these three factors on the precipitation
ﬁelds, as well as a discussion of the processes responsible for the precipitation trends noted above, are
presented in the following four sections.
3.3. Enhanced Aerosol Concentrations
The focus of this section is on the reduction in accumulated precipitation that occurs in simulations cMid and
cPoll relative to CTL (Figure 5). Ammonium sulfate aerosols scatter and absorb radiation depending on the
wavelength, the aerosol median size, and the relative humidity [Saleeby and van den Heever, 2013]. Thus,

GRANT AND VAN DEN HEEVER

©2014. American Geophysical Union. All Rights Reserved.

8349

Journal of Geophysical Research: Atmospheres
(a) 13:00−16:00 LT SW Down (clear sky)

z (km)

CTL
cMid
cPoll

5

4

4

3

3

2

2

1

1

600

Differences

6

6

5

(b)

10.1002/2014JD021912

700

800

900

−15

W m−2

−10

−5

0

(%)
2

Figure 6. (a) Downwelling shortwave radiation (W m ) and (b) percent change from CTL for simulations CTL, cMid, and
cPoll, averaged from 1300 to 1600 LT and from 10 km ahead of the sea breeze front (in order to avoid any spatial
variation in the sea breeze front location) to 50 km from the eastern domain edge for clear-sky columns only. Clear-sky
1
columns required that total condensate < 0.01 g kg everywhere throughout the column.

when aerosol concentrations are enhanced, the amount of incoming solar radiation is reduced due to aerosol
direct effects. Figure 6 displays proﬁles of downwelling clear-sky solar radiation averaged ahead of the sea
breeze from 1300 to 1600 LT, when incoming solar radiation is near its peak. It is clear that the incoming solar
radiation is decreased throughout the atmosphere in cMid and cPoll relative to CTL, especially below ~3 km
where the aerosol perturbation is concentrated. The downwelling shortwave at the surface is reduced by
16 W m 2 (2.1%) and 102 W m 2 (13%) in cMid and cPoll, respectively. These magnitudes are comparable
with previous studies investigating aerosol direct effects [Yu et al., 2002; Feingold et al., 2005; Barbaro et al.,
2014] (the optical depth in the visible band for simulation cPoll is ~0.72).
Reductions to the incoming shortwave radiation result in lower surface temperatures in the polluted
scenarios. Since the temperature difference between land and ocean is the fundamental driver of the sea
breeze, the sea breeze itself weakens, as demonstrated in Hovmöller diagrams of the meridionally and
0–1 km agl vertically averaged zonal wind speed in CTL and the differences between cMid or cPoll and CTL
(Figure 7). Wind speeds both behind the sea breeze front and ahead of the sea breeze are weaker in cMid and
cPoll. The sea breeze front is also displaced farther west, by ~40 km in cPoll at 2200 LT (Figure 7c). The weaker
wind speeds and more slowly progressing sea breeze decrease the mean sea breeze convergence by ~4%
and 14% in cMid and cPoll, respectively (Figure 9). As the convection is driven by the sea breeze, and most of
the intense convection is focused just behind the sea breeze front (Figure 3), the accumulated precipitation is
lower in cMid and cPoll than in CTL.
Evapotranspiration from the vegetation canopy and the soil is also reduced due to the change in incoming
shortwave radiation under enhanced aerosol concentrations. Surface latent heat ﬂuxes (LHFs) and sensible
heat ﬂuxes (SHFs) are reduced by ~4% and ~6% in cMid and by 21% and ~26% in cPoll, respectively (Table 3),
which results in less convective available potential energy (CAPE) available to the convection in the afternoon
and early evening hours. (This fact is not necessarily reﬂected in the temporal mean of CAPE that is tabulated
in Table 3, as discussed further in section 3.6 and shown in Figure 14a). The Bowen ratio (SHF/LHF), which
represents the surface energy ﬂux partition, is slightly smaller under more polluted conditions, since the
reduction in SHF is greater than the reduction in LHF. Such aerosol-radiative interactions and subsequent
reductions in the surface ﬂuxes, with resultant implications for cloud formation, have also been noted in
previous observational and modeling studies [Yu et al., 2002; Koren et al., 2004, 2008; Feingold et al., 2005;
Jiang and Feingold, 2006; Zhang et al., 2008].
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Many recent studies investigating
aerosol indirect effects on deep
convection have found evidence of
convective invigoration, whereby
elevated aerosol concentrations lead to
suppressed warm rain formation, more
supercooled liquid water within the
mixed phase region, and enhanced
latent heating through freezing, which
invigorates the convective updrafts and
hence can increase precipitation [e.g.,
Andreae et al., 2004; Khain et al., 2005;
van den Heever et al., 2006]. Average
proﬁles of vertical velocity exceeding
1 m s 1 for CTL, cMid, and cPoll indicate
that updraft speeds are enhanced by up
to 10% within the mixed phase region
with increasing aerosol loading, thus
demonstrating evidence of weak
aerosol-induced convective
invigoration in these simulations. It is
interesting to note that, in spite of the
aerosol-induced invigoration,
precipitation is reduced. Therefore, the
aerosol direct effects on the surface
ﬂuxes and sea breeze strength appear
to overwhelm any aerosol indirect
1
Figure 7. (a) Hovmöller diagram of zonal wind (m s , shaded) averaged effects on the updraft strength and
meridionally and over the lowest 1 km for simulation CTL, and difference precipitation intensity. In summary, all
ﬁelds for the zonal wind Hovmöller diagrams between simulations (b)
three ingredients for convection—
cMid and CTL and (c) cPoll and CTL. The dashed black line denotes the
moisture from evapotranspiration,
forest-ocean border.
instability achieved through surface
heating, and sea breeze convergence forcing for ascent—are weakened under scenarios of enhanced aerosol
concentrations, explaining the reductions in accumulated precipitation (Figure 5).
3.4. Reduced Surface Roughness Length
In this section, changes to the ingredients for convection with decreasing roughness length in simulations 1,
4, and 5 (CTL, tMid, and tSml) are investigated in order to understand why the roughness length does not
have a large impact on the sea breeze precipitation (Figure 5). Cross sections of meridionally and temporally
averaged zonal wind speeds relative to the sea breeze front in CTL (Figure 8a), and differences between the
roughness length sensitivity experiments and CTL (Figures 8b and 8c), demonstrate changes to the structure
of the sea breeze in simulations tMid and tSml. A smaller value of surface roughness length results in reduced
a

Table 3. Latent (LHF) and Sensible (SHF) Heat Fluxes, Mixed Layer CAPE, and the Bowen Ratio
Simulation Name
CTL
cMid
cPoll
tMid
tSml
s50
s25

LHF (W m

2

)

257.4
246.6 ( 4.2%)
203.3 ( 21.0%)
248.4 ( 3.5%)
229.2 ( 10.9%)
203.5 ( 20.9%)
46.1 ( 82.1%)

SHF (W m

2

)

91.6
86.5 ( 5.6%)
67.7 ( 26.1%)
98.5 (+7.5%)
105.8 (+15.4%)
106.6 (+16.7%)
218.9 (+139.0%)

ML-CAPE (J kg

1

1513
1519 (+0.4%)
1462 ( 3.4%)
1472 ( 2.7%)
1391 ( 8.1%)
1334 ( 11.9%)
730 ( 51.8%)

)

Bowen Ratio (SHF/LHF)
0.36
0.35 ( 1.5%)
0.33 ( 6.5%)
0.40 (+11.3%)
0.46 (+29.6%)
0.53 (+47.7%)
4.75 (+1235%)

a

The LHF, SHF, and mixed layer CAPE are averaged spatially from 10 km ahead of the sea breeze to 50 km from the
domain edge and temporally from 1300 to 2200 LT. Percent differences from CTL are listed in parentheses in all columns.
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friction velocity and weaker momentum
transfer between the surface and lower
atmosphere. The net result of these
effects is that near-surface zonal wind
speeds are stronger, particularly behind
the sea breeze but also out ahead of the
sea breeze front (Figures 8b and 8c).
The changes in near-surface wind
speeds in and around the sea breeze
front impact the mean proﬁle of
convergence (Figure 9). The peak
convergence associated with the sea
breeze front is closer to the surface by
up to several hundred meters in the
smaller surface roughness cases.
Convergence at the surface is also
enhanced by ~17% and ~47% in tMid
and tSml. Gero and Pitman [2006] have
also demonstrated sensitivity of the sea
breeze convergence and resulting
convection over the Sydney Basin to
changes in the roughness length.
Enhanced convergence closer to the
surface is more favorable for convection,
since the lift associated with the
convergence will supply higher
moisture and energy from closer to the
1
Figure 8. (a) Composite cross section of zonal wind speed (m s ,
surface to the developing convection.
shaded) relative to the sea breeze front (at x = 0), averaged meridionally
and from 1300 to 2200 LT for simulation CTL, and difference ﬁelds for the On the other hand, a lowering of the
level of maximum convergence, in
composite zonal wind cross sections between simulations (b) tMid and
CTL and (c) tSml and CTL.
conjunction with increases in the lifting
condensation level (LCL) and level of
free convection (LFC) associated with a larger Bowen ratio as discussed next, may also result in fewer parcels
reaching their LCLs and LFCs.

(a)
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Figure 9. (a) Proﬁles of convergence (m s km ) and (b) factor separation calculations for simulations CTL, cMid, cPoll, tMid,
tSml, cMid-tMid, and cPoll-tSml, averaged from 20 km behind to 20 km ahead of the sea breeze front and from 1300 to 2200 LT.
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The partitioning between the surface SHF and LHF also changes with changing roughness length. The SHF
increases by up to ~15% while LHF decreases by up to ~11% as roughness length decreases, which increases
the Bowen ratio (Table 3), in agreement with previous studies [Garratt, 1993]. The change in the Bowen ratio
with decreasing roughness length occurs because the efﬁciency of turbulent energy transfer from the canopy
to the lower atmosphere decreases, which allows larger surface temperatures to build up and consequently the
SHF to increase. While the stronger SHF strengthens surface-driven buoyancy and warms the near-surface air,
thereby steepening low-level lapse rates, the smaller LHF reduces the amount of moisture available to the
convection. The net result of these two effects is a reduction in the CAPE ahead of the sea breeze (Table 3).
In these experiments, the roughness length was modiﬁed without changing any of the other land surface
parameters. In reality, it is likely that other surface parameters, such as leaf area index (LAI) and rooting depth,
are also altered when the roughness length is decreased, although often all three of these surface parameters
increase toward their original values with forest regrowth [Mahmood et al., 2014]. The duration of these
idealized simulations is not long enough for precipitation and evaporation to change the soil moisture below
a depth of 0.3 m. Therefore, the results presented herein are not expected to be sensitive to the root zone
depth, since the smallest root depth for any vegetation type in LEAF is 0.7 m. In order to test the sensitivity to
both LAI and roughness length, additional simulations were performed in which LAI was varied between ~0.5
and 6 for the smallest roughness length case, where 6 is the maximum value of LAI for the LEAF evergreen
broadleaf vegetation class. It was found that LAI also has a nonmonotonic impact on the precipitation. The
largest change in the magnitude of accumulated precipitation with changing LAI was ~7% relative to
simulation tSml. The impacts of LAI are similar to those of roughness length in that a smaller LAI increases the
Bowen ratio, which increases the strength of the sea breeze convergence but decreases the CAPE. These have
competing effects on the convection. The sea breeze precipitation is therefore not very sensitive to changes
in LAI associated with different roughness lengths, especially in comparison to the precipitation sensitivity to
aerosols and soil moisture (Figure 5).
In summary, the three ingredients for convection change in compensating ways when surface roughness
length is decreased. While the strength of the convergence increases and its peak is closer to the surface, the
low-level moisture and therefore CAPE both decrease. These competing effects on convection produce only
small changes to the total rainfall.
3.5. Reduced Soil Moisture
The differences in rainfall between simulations 1, 6, and 7 (CTL, s50, and s25) are discussed in this section. It
was seen in section 3.2 that the accumulated rainfall is substantially reduced as soil moisture content
is decreased to 25% saturation. It is also clear from Figure 5 that the precipitation responds nonlinearly to a
linear decrease in soil moisture content. The sea breeze structure response to the soil moisture perturbation
is also highly nonlinear, as evidenced in Hovmöller plots of the zonal wind speed (Figure 10). The wind speeds
behind the sea breeze are stronger and the sea breeze front is 15 km farther eastward at 2200 LT in simulation
s25 compared to CTL (Figure 10c), in agreement with previous studies demonstrating changes to the sea
breeze propagation speed with varying soil moisture [Physick, 1980; Miao et al., 2003]. Due to these changes
in the zonal wind speed, the sea breeze convergence is signiﬁcantly enhanced, by up to 100% at ~1 km agl in
s25 (not shown), although it is only very slightly enhanced in s50 relative to CTL.
The sea breeze is stronger in s25 because the LHF is reduced while the SHF is enhanced, and hence, the
Bowen ratio is increased, under drier soil conditions (Table 3), in agreement with previous studies [Physick,
1980; Kala et al., 2010]. Again it is apparent that the increase (decrease) in SHF (LHF) responds highly
nonlinearly to the soil moisture perturbation. This nonlinear response is a result of the parameterized
vegetation becoming stressed when the soil moisture is reduced to 25% saturation. Since more of the
shortwave radiation absorbed at the surface is utilized to increase the surface temperature rather than to ﬂux
water to the atmosphere under lower soil moisture scenarios, the forest-ocean temperature gradient
increases. The sea breeze strength therefore also increases, and it accelerates inland more quickly. Robinson
et al. [2013] have also recently demonstrated a similar result within idealized two-dimensional simulations of
sea breeze propagation under varying magnitudes of surface heating.
In summary, reduced soil moisture alters the three ingredients for convection in opposing ways. Although the
convergence associated with the sea breeze front strengthens, the reduction in the LHF limits the amount of
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moisture and therefore CAPE available
to the convection (Table 3). Near-surface
vapor mixing ratios are reduced by
0.6 g kg 1 (4%) in s50 and by 3 g kg 1
(20%) in s25. Therefore, the moisture
reduction has the greatest control over
the precipitation response in s25. The
reductions in low-level moisture and
CAPE are also associated with increases
in the LCL and LFC, and therefore, fewer
parcels are able to be lifted to their LFCs
and realize their convective buoyancy.
This result is similar to that described by
Baker et al. [2001]; they showed that
precipitation associated with Florida sea
breeze convection was higher over
wetter soils because low-level moisture
and instability were increased. Ramos da
Silva and Avissar [2006] also found that
wetter soil conditions led to more
precipitation in simulations of
convection over Amazonia. The impact
of reduced soil moisture on the sea
breeze precipitation is analogous to the
impact of reduced roughness length,
wherein convergence is strengthened
but an increase in the Bowen ratio
results in less available moisture
and CAPE.

3.6. Synergistic Interactions
In this section, possible feedbacks to rainfall patterns resulting from the nonlinear interactions of aerosols and
land surface processes are discussed. Recall that Figure 5b displays the results of the factor separation
calculations. It should be emphasized that the double and triple synergy terms are not simply the differences
in rainfall between each simulation and CTL but rather represent the contributions of the synergistic
interactions that occur only when both effects are present (Table 2). For simulations 8–19, the factor
separation calculation therefore represents the impact on the rainfall that is solely due to the interaction, or
synergy, between the pairs of factors being considered by subtracting out the individual separate
contributions of each factor. In simulations 20–27, the triple interactions between aerosols, roughness length,
and soil moisture are demonstrated.
The factor separation results for accumulated precipitation (Figure 5b), calculated using the formulae
provided in Table 2, demonstrate that the double synergies all act to enhance total rainfall, while the triple
interaction reduces rainfall. However, care must be taken in interpreting the synergy calculation when one of
the factors dominates the solution [Alpert and Sholokhman, 2011]. For instance, the accumulated
precipitation is reduced by almost 60% when soil moisture is reduced to 25% saturation (Figure 5b).
Additionally, for the most polluted aerosol scenario, precipitation is reduced by ~40%. Since the individual
impact of each of these factors is large, a negative feedback by synergy between these two effects naturally
arises from the calculation (Table 2) because accumulated rainfall is a ﬁnite quantity that cannot be reduced
indeﬁnitely. Note that this is also generally true when using factor separation analysis to interpret changes in
any quantity that has a ﬁnite range. In these scenarios, the synergy terms are not as meaningful because the
individual impacts of soil moisture and aerosols dominate the rainfall changes.
On the other hand, feedbacks and more meaningful synergy contributions emerge when perturbations are
moderate or the rainfall response to the individual factor is small. For instance, the synergy between
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1

Figure 11. (a) Time series of the rate of change of accumulated precipitation (mm h ) averaged over the forest region
and (b) the factor separation calculation for simulations CTL, cMid, s50, and cMid-s50. Note that the cMid-s50 line in
Figure 11b represents the double synergy term.

roughness length and aerosols always increases rainfall and almost always by more than the individual
impact of roughness length itself (Figure 5b). Also, interestingly, while precipitation is reduced in both cMid
and s50 relative to CTL as described above, the accumulated precipitation in simulation cMid-s50 is larger
than in either cMid or s50 itself, indicating the importance of the synergistic interactions that act to enhance
rainfall in this case. The magnitude of the contribution by synergy to the rainfall enhancement is ~20%, which
is larger than the individual magnitudes of the rainfall reduction by cMid and s50. This synergy represents a
negative feedback to the rainfall, since it acts in opposition to the individual negative impacts of aerosols and
soil moisture. The processes responsible for the rainfall enhancement by synergistic interactions between
aerosols and soil moisture for moderate perturbations are next explored to demonstrate how such nonlinear
interactions arise.
A time series of the rate of change of the accumulated precipitation over the forest region (Figure 11)
demonstrates that the enhanced precipitation by cMid-s50 synergy occurs primarily in the latter half of the
analysis period. The most signiﬁcant magnitude and percentage increase in precipitation rate occurs between
1900 and 2100 LT as the sea breeze convection diminishes. In simulation cMid-s50, individual convective towers
develop ahead of the sea breeze between 1800 and 1830 LT. Their respective outﬂows at 1905 LT, which are
characterized by strong divergence at the centers and convergence along their edges, are evident in Figure 12d
at ~x = 350, y = 80 km. These outﬂows interact with the sea breeze front, locally enhancing convergence and
further increasing convection behind the sea breeze from 1900 to 2000 LT. Additionally, convergence is
enhanced directly to the north and south of where the outﬂows intersect the sea breeze front. Vertically
integrated condensate begins to increase there, similarly to the mechanism described in Droegemeier and
Wilhelmson [1985]. Although convection along the sea breeze still occurs toward the end of the simulations in
CTL, cMid, and s50 (such as the convection seen at x = 350, y = 120 in CTL (Figure 12a) after the sea breeze
interacts with an older remnant cold pool), strong individual convective towers ahead of the sea breeze are only
able to develop in simulation cMid-s50, when both enhanced aerosol concentrations and reduced soil moisture
are included. The presence of this convection and the subsequent enhancement of the sea breeze precipitation
resulting from its outﬂow therefore demonstrate how the nonlinear interactions between aerosols and soil
moisture operate. This mechanism is consistent with the ﬁndings in Baker et al. [2001]. They indicated that
nonlinear interactions between coastline curvature and land breeze circulations increase precipitation due to
local enhancements in sea breeze convergence resulting from gust fronts.
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Figure 12. Convergence at the lowest model level (m s km , shaded only within identiﬁed cold pools, as in Figure 4)
and vertically integrated condensate (0.5, 10, and 25 mm, solid contours) for simulations (a) CTL, (b) cMid, (c) s50, and
(d) cMid-s50 at 1905 LT. The thin dashed line denotes the forest-ocean border.

The formation of the convection ahead of the sea breeze in cMid-s50 can be understood as follows: In more
polluted scenarios, there are fewer clouds ahead of the sea breeze, as demonstrated by the average total
condensate proﬁle shown in Figure 13. This occurs due to the reduced surface ﬂuxes as well as smaller cloud
droplets and hence enhanced evaporation rates
with increased aerosol concentrations (not shown).
Similar results have been found in previous studies
[e.g., Koren et al., 2004; Feingold et al., 2005; Jiang
and Feingold, 2006; Xue and Feingold, 2006]. Thus,
although the surface ﬂuxes are reduced with
enhanced aerosol concentrations (Table 3), the
evening CAPE (after 1900 LT) ahead of the sea
breeze is larger in cMid because less convection has
utilized and hence erased the instability in this
region (Figure 14a). When soil moisture is reduced
and the Bowen ratio increases, the surface
buoyancy forcing increases and moisture
decreases. This results in enhanced cloudiness
above ~3 km (Figure 13) and fewer clouds that
develop into deep convection under drier soil
conditions. Additionally, cold pools ahead of the
sea breeze are stronger on average by 0.11 K
(~13%) in s50 and by 0.14 K (~17%) in s25 relative to
CTL in terms of their density potential temperature
perturbations, which is evident qualitatively in
Figure 4. It is only when both of these effects are
present (larger evening instability with enhanced
aerosols and stronger surface buoyancy ﬂuxes and
forcing by cold pool outﬂows with reduced soil
moisture)
that evening convection ahead of the sea
1
Figure 13. Proﬁles of total condensate (g kg ) averaged
breeze
is
able
to develop and subsequently interact
spatially from 10 km ahead of the sea breeze front to 50 km
with
the
sea
breeze
to locally enhance
from the eastern domain edge, and temporally from 1300 to
the precipitation.
2200 LT, for all aerosol and soil moisture experiments.
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Figure 14. (a) Time series of mixed layer CAPE averaged spatially from
10 km to 75 km ahead of the sea breeze for CTL and the enhanced aerosol experiments. (b) Proﬁles of the number of grid points with vertical
1
velocity exceeding 1 m s ahead of the sea breeze (10 km from the sea
breeze front to 50 km from the eastern domain edge) from 1700 to 2200 LT
for all aerosol and soil moisture experiments.
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Although the speciﬁc mechanism of cold
pool formation and interaction with the
sea breeze front has been demonstrated
in only one simulation, cMid-s50, at one
time, the same sequence of events also
occurs at earlier times in cMid-s50, which
is evident in the precipitation rates
between 1700 and 1800 LT (Figure 11), as
well as in the other simulations
incorporating combinations of aerosols
and surface ﬂuxes. This result is evident in
the counts of vertical velocity exceeding
1 m s 1 ahead of the sea breeze
(Figure 14b). The vertical velocity counts
are taken between 1700 and 2200 LT, the
time period during which precipitation is
enhanced by aerosol-soil moisture
synergy, and between 2 and 6 km agl, the
range of heights to which cold poolproducing convection ahead of the sea
breeze rises. Except for simulation
cPoll-s50, there are substantially more
counts of vertical velocity in the
simulations containing both aerosols and
surface ﬂuxes than in CTL and the
simulations with only aerosol or soil
moisture perturbations (note the log
scale for the x axis in Figure 14b).

Finally, the nonlinear interactions
between aerosols and roughness length
are analogous to those between aerosols and soil moisture because, as in the simulations with reduced soil
moisture, reductions in roughness length also result in a larger Bowen ratio and stronger convective outﬂows.
Factor separation calculations demonstrate that synergistic interactions between aerosols and roughness
length enhance the sea breeze convergence by up to 37% (Figure 9; only cMid-tMid and cPoll-tSml are shown
for clarity), which enhances the rainfall.
To summarize, soil moisture and aerosol loading individually dominate the impacts on rainfall when the
perturbations are extreme, but the nonlinear interactions between aerosols and soil moisture and between
aerosols and roughness length are signiﬁcant when aerosol and soil moisture perturbations are more
moderate. These interactions arise through their synergistic impacts on the third ingredient for convection,
the lifting mechanism. This result demonstrates the chaotic nature of convection, as has also been noted by
Carbone et al. [2000] for observations of organized convection initially forced by sea breeze and gust front
interactions over the Tiwi Islands and by Baker et al. [2001] within Florida sea breeze simulations. The
sensitivity of convective rainfall to small changes in the ingredients for convection and hence initial
convective forcing in these simulations highlights this chaotic nature, since the enhanced rainfall by synergy
depends on the presence or absence of relatively stronger convection that initiates ahead of sea breeze. In
turn, the gust fronts locally enhance the sea breeze convergence and therefore the sea breeze precipitation.

4. Summary and Discussion
In this study, the relative inﬂuences of aerosols, surface roughness length, and soil moisture, as well as their
synergistic interactions, on the rainfall resulting from tropical convection focused along a sea breeze front
have been investigated through the use of idealized cloud-resolving modeling simulations. The impacts of
these factors and their interactions on the rainfall were investigated by analyzing the three ingredients for
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convection: moisture, instability, and lift. It was shown that enhanced aerosol number concentrations reduce
the amount of shortwave radiation absorbed at the surface, resulting in less surface heating and smaller
surface ﬂuxes, a weaker sea breeze, and therefore reduced rainfall. Reduced soil moisture also reduces rainfall
by changing the SHF and LHF partition and therefore the Bowen ratio. The smaller LHF results in less low-level
moisture available to the convection and consequently lower precipitation totals. A smaller surface
roughness length leads to enhanced convergence along the sea breeze front but reduced moisture and
instability through increases in the Bowen ratio. Changes to the roughness length therefore have competing
effects on the ingredients for convection, and the net result is that changes to rainfall are small.
This study has also demonstrated that when the perturbations to aerosol concentrations or soil moisture are
more extreme, their inﬂuences on the surface ﬂuxes and available low-level moisture dominate the resulting
changes to the sea breeze rainfall. However, nonlinear interactions between aerosols and land surface
processes, particularly between aerosols and soil moisture, are more signiﬁcant when their relative
perturbations are more moderate. These interactions act to enhance rainfall, which represents a negative
feedback to the precipitation, through their mutual impact on the sea breeze convergence and stormgenerated gust fronts interacting with the sea breeze front. Therefore, these results indicate that the pathway
through which such interactions between aerosols and land surface processes can occur is primarily through
the low-level convergence.
Given the idealized nature of the simulations, it is possible that these results are also more generally
applicable to tropical rainforest convection initiated along other boundaries such as sea breezes in Amazonia
and Indonesia, or lake breezes along Lake Victoria, which have been shown to be important forcing
mechanisms for deep convection that contribute to the spatial pattern of rainfall over tropical rainforests
[Kousky, 1980; Laing et al., 2008, 2011; Vondou et al., 2010]. However, the sensitivity to the initial
thermodynamic and wind proﬁle, which is representative of the coastal Cameroon rainforest region in this
study, remains to be tested and is an important next step, given the inﬂuence that shear and instability have
on deep convection and rainfall totals. It will also be important to account for other local factors that may
modulate the sensitivities of the sea breeze convection to changing aerosol concentrations and land surface
properties, such as topography and coastline curvature [e.g., Baker et al., 2001; Darby et al., 2002; Miao et al.,
2003], which have not been investigated in this study. Additionally, the sole use of ammonium sulfate to
represent aerosol effects is an obvious simpliﬁcation. The Cameroon rainforest region is also characterized by
other aerosol types, including mineral dust and biomass burning-derived smoke aerosols, as are other
tropical rainforest regions. It is possible that a more absorbing aerosol type, such as black carbon, may further
enhance the aerosol effects found in this study. Absorbing aerosol can change the atmospheric stability
proﬁle, which could suppress convection and rainfall. Furthermore, shortwave radiation absorbed at the
surface decreases as single scattering albedo is decreased [Yu et al., 2002; Barbaro et al., 2014]. Therefore, a
more absorbing aerosol than ammonium sulfate may further reduce the sea breeze strength and
precipitation by reducing the surface ﬂuxes. However, the impact of different aerosol types remains to be
tested. Finally, future work should investigate possible precipitation feedbacks and the role of the land breeze
and subsequent sea breezes in initiating and contributing to coastal rainfall totals over several days. Such
investigations would require longer duration simulations and therefore lateral boundary nudging with
reanalysis data.
The results of this study highlight the importance of considering synergistic impacts of aerosols and land
surface properties on clouds and precipitation, as their interactions can be signiﬁcant. To our knowledge,
only one other study has investigated aerosol-cloud-land surface interactions within a coupled system. In
their simulations of cumulus convection over land, Jiang and Feingold [2006] found that the inclusion of
radiative feedbacks to the surface ﬂuxes by aerosols and clouds resulted in a reduction in the magnitude of
the second aerosol indirect effect. Their ﬁndings therefore also demonstrate the importance of including
such feedbacks. The results of the present study also point to the importance of accurately representing gust
fronts and low-level convergence in model simulations, since this is an important mechanism through which
these feedbacks occur. Finally, this study underscores the need to account for the surface-cloud-atmosphere
system responses to changes in aerosol loading and land surface properties in regional and large-scale
models, especially as anthropogenic activity continues to impact tropical rainforest regions. Additional
avenues for feedbacks between aerosols and surface processes likely also exist. For example, aerosols and
clouds impact the diffuse and direct light partition, which inﬂuences evapotranspiration and vegetative
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carbon uptake [Gu et al., 2003; Lu et al., 2005; Matsui et al., 2008]. The roughness length may also inﬂuence
surface emissions of aerosols through changes in the near-surface winds [Cowie et al., 2013]. Such feedbacks
must be considered in future studies of aerosol-cloud-land surface interactions.
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