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Forest Breeze—Cold Pool Interactions Drive Convective Organization over
Heterogeneous Vegetation?
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ABSTRACT: Heterogeneous landscapes can influence the development of convection through the generation of ther-
mally driven mesoscale circulations. To assess the impacts of these circulations and their interaction with sea breezes, we
simulated convection in an idealized coastal environment using the Regional Atmospheric Modeling System (RAMS). We
compared simulations with striped patterns of surface vegetation to those of uniform vegetation to identify the importance
of vegetation heterogeneity in impacting convective development. Under dry soil conditions representative of those during
the Tracking Aerosol Convection Interactions Experiment (TRACER) and Experiment of Sea Breeze Convection, Aero-
sols, Precipitation, and Environment (ESCAPE) campaigns in June 2022, we found that these vegetation-induced circula-
tions, referred to in the literature as “forest breezes,” are more important than the sea breeze in determining the location
of convection initiation. Convection and precipitation are also found to be favored over forests and suppressed over pas-
ture and suburban landscapes as a result of greater surface sensible heat flux over the forest. Our findings also indicate that
forest breezes are important for initiating convection along the boundaries of the forest, but that cold pools may play a key
role in propagating the forest breezes toward the center of the forest stripe. In our simulations, the collisions of these
breezes in the center of the forest stripe lead to uplift and strong convection there; however, a different width of the forest
stripe would alter when the forest breezes collide or whether they collide at all. The presence of these cold pools may
therefore impact the “ideal stripe width,” the width of each vegetation stripe which maximizes domain-wide precipitation.

KEYWORDS: Mesoscale processes; Vegetation-atmosphere interactions; Atmosphere-land interaction; Cold pools;
Convective storms; Cloud resolving models

1. Introduction highly reflective surface and no transpiring vegetation will
likely have lower energy fluxes to the atmosphere and a larger
Bowen ratio than a lush tropical jungle with tall, dark-leaved
trees and large amounts of transpiration.

Several studies have examined the relationship between
land surface properties and the occurrence of cloud formation
and precipitation. The 1D numerical modeling experiments
over uniform terrain have found that lower Bowen ratios re-
sult in more favorable conditions for deep convection over
both bare soil and vegetated surfaces, while 3D numerical
modeling experiments have reported an increase in precipita-
tion over more moist bare soils, but a nonmonotonic relation-
ship between surface Bowen ratios and precipitation over
vegetated surfaces (Drager et al. 2022; Segal et al. 1995).

It is important to note that, in landscapes with heteroge-
neous land cover, the development of convection is strongly
affected by the gradients in land surface properties between
“patches” of different land-cover types. For example, a storm
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The location and timing of convective storms, as well as
their impacts and hazards, are highly dependent on the sur-
rounding distribution of temperature, wind, and humidity,
referred to in this paper as the “convective environment”
(Derbyshire et al. 2004; Rapp et al. 2011; Weisman and
Klemp 1984). This convective environment is affected by the
development of the planetary boundary layer (PBL) through-
out the day. The development of the PBL is itself affected by
land surface properties, as different land surfaces absorb dif-
ferent amounts of solar radiation, impart different latent and
sensible heat fluxes to the overlying atmosphere, and lead to
changes in atmospheric stability, moisture, and wind speed
and direction (Anthes 1984; Ookouchi et al. 1984; Drager et al.
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initiate convection in certain areas and suppress it in others.
Although mesoscale circulations induced by vegetation het-
erogeneity have been described in previous literature, there
has not been a consistent name for these circulations (Anthes
1984; Ookouchi et al. 1984; Esau and Lyons 2002; Lee and
Kimura 2001; Patton et al. 2005; Rieck et al. 2014; Wang et al.
2011). Following Mahrt and Ek (1993), Pinty et al. (1989), and
Teuling et al. (2017), we will use the term “forest breezes”
to refer to vegetation-induced mesoscale circulations which
form along the edges of forests.

Several observational studies have examined the occur-
rence of clouds over areas of sharp contrasts in vegetation
and soil moisture and found that shallow convective clouds
were favored to occur over hotter, drier surfaces adjacent to
cooler, more humid areas (Chagnon et al. 2004; Esau and
Lyons 2002; Mahrt and Ek 1993; Nair et al. 2011; Rabin et al.
1990; Sato et al. 2007; Taylor et al. 2012). By contrast, Brown
and Arnold (1998) found that the initial development of shal-
low convective clouds during the day was more likely on the
moist side of vegetation and soil type boundaries, but that
deep convective clouds were equally likely to develop on either
side of the boundaries. While not directly examining clouds,
Phillips et al. (2022) analyzed data from the Great Plains Irriga-
tion Experiment (GRAINEX) field campaign in Nebraska to
determine that the presence of irrigated areas on elevated ter-
rain weakened diurnally driven upslope winds, which the au-
thors speculated may likewise affect the development of clouds
and precipitation.

In addition to observations, a number of idealized modeling
studies examining the relationship between land surface char-
acteristics and convection have been performed at various
scales and patterns of surface heterogeneity. Large-eddy sim-
ulations (LESs) with checkerboard and striped patterns of
land surface properties found that solenoidal mesoscale circu-
lations developed on the boundaries of the cool/wet and
warm/dry patches. These circulations lead to inflow, rising
motion, and convection over the warm patches and suppres-
sion of convection and precipitation over the cool patches
(Avissar and Liu 1996; Chen and Avissar 1994; Cheng et al.
2021; Cheng and McColl 2023; Cheng et al. 2023; Cioni
and Hohenegger 2018; Emori 1998; Fogarty and Bou-Zeid
2023; Garcia-Carreras et al. 2011; Harvey et al. 2022; Hong
et al. 1995; Kang and Bryan 2011; Lee and Kimura 2001; Lee
et al. 2019; Lynn et al. 1998; Rieck et al. 2014, 2015; Wang
et al. 2011). The inflow from the cool/wet to warm/dry patches,
and rising motion over the warm/dry patches, also acts both to
transport water vapor from the surface of cool/wet patches to
warm/dry patches and to lift that water vapor into upper levels
of the boundary layer over warm/dry patches (Avissar and Liu
1996; Chen and Avissar 1994; Cioni and Hohenegger 2018;
Emori 1998; Harvey et al. 2022; Hong et al. 1995; Kawase et al.
2008; Lee et al. 2019; Rieck et al. 2014). This increase in upper-
PBL water vapor acts to lower the lifting condensation level
(LCL) and the level of free convection (LFC) over the warm/
dry patch, at the same time as the warm temperatures and rising
motions raise the height of the PBL. Together, these factors
combine to encourage the development of deep convection
over the warm/dry patch. At the same time, divergence aloft
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over the warm/dry patch and convergence and sinking aloft
over the cool/wet patch act to bring dry air from higher in the
atmosphere down closer to the surface of the cool/wet patch,
while simultaneously stabilizing the atmosphere through adia-
batic warming of the subsiding air. This suppresses convective
development over the cool/wet patch.

The size of the land surface patches greatly affects the loca-
tions and strengths of these land surface-induced circulations
and hence the convection they initiate. Too small of a patch
may not allow sufficient temperature contrasts to build to
drive strong mesoscale circulations (Chen and Avissar 1994;
Lynn et al. 1998). However, the solenoidal mesoscale circula-
tions which develop along land surface boundaries also propa-
gate in time toward the center of the warm patch (Chen and
Avissar 1994; Hong et al. 1995; Lynn et al. 1998; Rieck et al.
2014, 2015). As a result, too large of a patch will mean that
the circulations propagate too slowly to collide in the center
of the patch before diurnal heating weakens, preventing them
from helping initiate convection in the patch center (Lynn
et al. 1998). Chen and Avissar (1994) hypothesized that there
is an “ideal patch size” which allows strong circulations to de-
velop and collide in the center of the patch while conditions
are still favorable for further convective storm development.
They determined that this ideal patch size is equivalent to the
local Rossby radius of deformation, which was approximately
100 km in their simulations. Lynn et al. (1998) further demon-
strated this concept in their 2D simulations, where patches
128 km wide allowed for a collision of circulations and intense
precipitation, while patches 256 km wide did not produce a
collision of circulations before conditions were no longer fa-
vorable for convection. Hong et al. (1995) demonstrated that
this ideal patch size depends on atmospheric stability; larger
static stability decreases the ideal patch size by favoring the de-
velopment of narrower circulations, while smaller static stability
increases the ideal patch size by favoring wider circulations.

In addition to these idealized studies, several case study simu-
lations of regions with vegetation/soil moisture heterogeneity
have also identified these mesoscale circulations. As with the
idealized studies above, they have found that these circulations
favor convection on the warm and dry sides of gradients in land
surface properties (Branch and Wulfmeyer 2019; Chen et al.
2020; Cheng and Cotton 2004; Fast et al. 2019; Kawase et al.
2008; Mascart et al. 1991; Sato et al. 2007).

Despite ample evidence from modeling and observations
demonstrating that heterogeneous land surface properties in-
duce mesoscale circulations which affect convection, many out-
standing questions remain. In particular, none of the idealized
modeling studies described above have examined a coastal envi-
ronment. The interaction of sea-breeze circulations with land
surface—induced circulations has not been well explored, and the
combined effects of these interacting mesoscale circulations on
convection initiation are unclear. Furthermore, although Rieck
et al. (2015) explored the role of cold pools in increasing the
propagation speed of these circulations, they did not demon-
strate whether or how this affected the collision of the circula-
tions at the center of the dry patch. Finally, the modeling studies
described above have compared variations in prescribed surface
fluxes, soil moisture, vegetated versus bare soil surfaces, or single
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TABLE 1. Settings used for all RAMS simulations.

Model parameter

Value

Grid

Horizontal grid spacing (m)
Horizontal domain

Vertical grid spacing (m)
Vertical levels

Time step (s)

Simulation duration (h)
Thermodynamic initialization
Zonal boundary conditions
Meridional boundary conditions
Upper boundary condition
Surface parameterization
Soil levels

Soil type

Soil moisture

Sea surface temperature
Microphysical scheme
Radiation scheme

Aerosol initialization
Acrosol-radiation direct effects
Aerosol sources and sinks
Turbulence scheme

Coriolis force

Latitude (°)

Day of year

Arakawa C grid (Arakawa and Lamb 1977)

500
802 X 402 grid points
Stretched (30-300)
105
15
18

0528 UTC 17 Jun 2022 La Porte, Texas, sounding (Keeler et al. 2022)

Periodic

Radiative (Klemp and Wilhelmson 1978)

Rigid model top at 23 km
LEAF-3 (Walko et al. 2000)
8 levels from —0.5 to —0.09 m
Clay loam
0.19 m* m™?

300 K (held constant throughout the duration of the simulation)
Two-moment bulk microphysics with eight hydrometeor species (Saleeby and Cotton 2004)
Two-stream radiation, with tendencies updated every 10 min (Harrington 1997)
450 cm* at surface, decreasing exponentially with height (Saleeby and van den Heever 2013)
On (Saleeby and van den Heever 2013)
Aerosol depletion from nucleation and wet/dry deposition (Saleeby and van den Heever 2013)
Smagorinsky (1963) with modifications by Hill (1974) and Lilly (1962)

Inactive
30
17 Jun

parameters of the vegetation [such as LAI in Rieck et al. (2014,
2015)], but they have not contrasted multiple vegetation types
with different surface roughnesses, albedos, leaf properties, or
vegetation fractions.

The goal of this study is to examine two outstanding ques-
tions related to landscape heterogeneity-induced convection
in coastal environments. 1) How does the interaction of the
sea breeze with landscape heterogeneity-induced circulations
affect the location and impacts of convection? 2) How do cold
pools produced by the initial convection associated with these
circulations affect the further development of these circula-
tions and subsequent convection?

2. Experimental design

To examine the impact of heterogeneous land surfaces on
convection in a coastal environment, we ran six idealized sim-
ulations using the Regional Atmospheric Modeling System
(RAMS), a nonhydrostatic, cloud-resolving model (Cotton
et al. 2003). Common model settings for all simulations are
provided in Table 1.

The impetus for this study was the Experiment of Sea
Breeze Convection, Aerosols, Precipitation, and Environ-
ment (ESCAPE), a field campaign conducted around
Houston, Texas, in the summer of 2022 (Kollias et al. 2024)
alongside the Tracking Aerosol Convection Interactions
Experiment (TRACER) (Jensen et al. 2023). The Houston
area is a coastal location which also possesses many differ-
ent land surface types, including the urban core and sprawl-
ing suburbs of Houston itself, coniferous forest to the north

and east of the city, and agricultural pasture and cropland to
the south and west (Fig. 1). We wanted to examine how the
presence of land surface heterogeneity could have affected
the development of deep convection in an atmospheric environ-
ment similar to that observed during ESCAPE/TRACER. As
such, we designed simulations which presented coastal domains
with land surfaces representative of those found around Hous-
ton (described in more detail below). All simulations prescribed
an ocean area south of a land area with a straight east-west
coastline (Fig. 2). The ocean extended 150 km north from the
southern boundary of the model domain and spanned the entire
200-km east-west width of the domain (the ocean is shown by
the blue area in Fig. 2). The ocean surface temperature was
held fixed at 300 K throughout the duration of the simulation, a
temperature representative of that found in the Gulf of Mexico
near Houston in June 2022 (Reynolds et al. 2002). North of the
ocean was a land area extending 250 km in the north-south di-
rection to the northern boundary of the domain and the entire
200-km east-west domain width. To prevent the complicating
effects of topography, all land areas were completely flat with a
terrain height at sea level.

A set of six simulations were run with varied land surface
types (Fig. 2). These simulations were initialized with volu-
metric soil moisture of ~0.19 m®> m~> (which corresponds to a
saturation fraction of 0.4 for the clay loam soil type used in
the simulations), representative of soil conditions found in the
Houston area on 17 June 2022 (Dashtian and Young 2023).
During the ESCAPE campaign of 30 May-28 June 2022,
southeastern Texas experienced a severe drought resulting in dry
soils. All six simulations were also initialized with a horizontally

Unauthenticated | Downloaded 01/08/25 06:02 PM UTC



74 JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 82

Open Water (11)

Perennial Ice/Snow/ (12)
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Developed, Low Intensity (22)
Developed, Medium Intensity (23)
Developed, High Intensity (24)
Barren Land (Rock/Sand/Clay) (31)
Deciduous Forest (41)

Evergreen Forest (42)

Mixed Forest (43)

Dwarf Scrub(AK only) (51)
Shrub/Scrub (52)
Grasslands/Herbaceous (71)
Sedge/Herbaceous(AK only) (72)
Lichens (Ak only) (73)

Moss (AK only) (74)

Pasture/Hay (81)

Cultivated Crops (82)

Woody Wetlands (90)

Emergent Herbaceous Wetlands (95)

i

FIG. 1. National Land Cover Database map of the Houston area, courtesy of the United States
Geological Survey (DeWitz and USGS 2021). The map depicts the area between approximately
28.5°-31.5°N and 97.4°-93.6°W (approximately 365 km north-south and 330 km east-west ex-
tent). Colors corresponding to each land-cover category are shown in the legend on the right.

Thin black lines indicate state borders.

uniform southerly background wind profile which increased log-
arithmically with height from 2 m s~ " at the surface to 8 m s~ ! at
900 hPa. This wind profile was representative of that observed in
the PBL on 17 June 2022, while the constant wind profile above
the boundary layer simplified analysis (Keeler et al. 2022). The
observed wind profile on this day did vary weakly above the PBL,
but there was little vertical wind shear present above the PBL
which would have affected the convective organization.

The only differences between the six simulations were the
type and spatial distribution of land cover north of the ocean.
Simulations 1-3 used uniform land surface types: UP—uniform
pasture, UF—uniform coniferous forest, and US—uniform sub-
urbs. (Figs. 2a—). We chose these land surface types to repre-
sent the landscape found in and around Houston, with different
land surface types adjacent to one another and near the coast.
Simulations 4-6 employed a striped land surface pattern (Figs.
2d-f). The leftmost and rightmost 50 km from the zonal bound-
aries consisted of one land type, while the center 100 km was
another land type. Because of the periodic zonal boundary con-
ditions, this is identical from a modeling perspective to having
two 100-km-wide stripes adjacent to one another. Simulation PF
consisted of a center stripe of coniferous forest surrounded by
pasture (Fig. 2d), simulation SF consisted of a center stripe of
coniferous forest surrounded by suburbs (Fig. 2¢), and simulation
SP consisted of a center stripe of pasture surrounded by suburbs
(Fig. 2f). Table 2 illustrates key properties of the three different
land surface types present in the simulations.

As stated above, the simulations used periodic boundary con-
ditions in the east-west dimension and made use of radiative
boundary conditions in the north-south dimension. The Corio-
lis force was disabled in all six simulations. This was done for
simplicity purposes, as we wanted to focus on the basic interac-
tions of vegetation-induced circulations perpendicular to an ide-
alized sea breeze. As Anthes (1978), Antonelli and Rotunno

(2007), Simpson (1996), and Yan and Anthes (1987) have
found, the Coriolis force has only small effects on the strength,
structure, and horizontal extent of the sea breeze during times
of peak diurnal heating. Therefore, we would not expect the
Coriolis force to significantly affect forest breezes which form
under strong diurnal heating. However, the absence of the sea
breeze allows for complete symmetry on both sides of the vege-
tation stripes and for the forest breezes to maintain their orien-
tations parallel to the vegetation stripes, simplifying analysis.

The initial thermodynamic profile for our simulations was ob-
tained from the 0538 UTC 17 June 2022 sounding launched from
the Atmospheric Radiation Measurement (ARM) sounding site
at La Porte, Texas, during the TRACER field campaign (Keeler
et al. 2022). This sounding was chosen because 17 June 2022 was
a day which featured widespread isolated convection over the
Houston area (Kollias et al. 2024). To disrupt initial atmospheric
homogeneity and encourage more realistic boundary layer be-
havior, small random perturbations were applied to the potential
temperature field at simulation initialization. These perturbations
were between —0.5 and 0.5 K at the lowest model level, decreas-
ing exponentially with height in each column to 1 km, at which
point the perturbations in each column were set to zero. This
was done to confine turbulent motions early in the simulation to
near the surface and within the nocturnal boundary layer. Fol-
lowing initialization, the temperature perturbations and associ-
ated turbulent motions were allowed to evolve freely and were
not restricted to the lowest 1 km of the simulation.

3. Results
a. Uniform land surface simulations

A weak sea breeze develops in all simulations starting at
approximately 1000 LT [identifiable as a boundary in 200-m
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Simulation Domains

Uniform Pasture (UP) Uniform Forest (UF) Uniform Suburb (US)
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FIG. 2. (a)—(f) Comparison of land surface properties characterizing the six model domains used in the study. Land
surface types in each area of the domain are labeled. Note that the meridional spatial dimensions marked in (a) and
(d) and the zonal spatial dimensions marked in (e) apply to all six simulations.
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TABLE 2. Key properties of vegetation types used in simulations.

Land surface type Pasture Suburbs Coniferous forest
Vegetation broadband shortwave albedo 0.283 0.305 0.154
Vegetation fraction 0.430 0.395 0.774
Total surface broadband shortwave albedo 0.179 0.184 0.129
Leaf area index 0.909 0.525 5.890
Vegetation height (m) 6 20
Total roughness length (m) 0.100 0.602 2.716
water vapor mixing ratio at y = ~+50 km (y being the dis- at 1200 LT (Figs. 4a,c) and ~308.7 K at 1500 LT (supplemental

tance north of the shoreline) in Fig. 3]. The sea-breeze front
moves inland throughout the day, reaching y = +75 km at ap-
proximately 1500 LT, though this timing varies slightly over
different land-cover types (not shown). In addition to the sea
breeze, horizontal convective rolls (HCRs) developed in all
three uniform land surface simulations. These HCRs are par-
allel to the mean northward background wind and have rising
and sinking branches, consistent with prior observations of
HCRs (Sykes et al. 1988; Weckwerth et al. 1996). The HCRs
are visible in Fig. 3 as alternating north-south-oriented bands
of larger and smaller vapor mixing ratio and in Fig. 4 as bands
of greater and lesser temperature. Note that plan views of
water vapor mixing ratio are plotted at an altitude of 200 m,
while near-surface air temperatures are plotted at an altitude
of 15 m. This is because these altitudes corresponded to the
greatest horizontal variability in water vapor mixing ratio and
temperature, respectively. Our discussions of energy balance
over different land surface types will examine these tempera-
ture and moisture differences in the surface layer and discuss
their effects on PBL structure.

Deep convection [defined here as storms with cloud-top
heights above 6 km above ground level (AGL) following Lee
et al. (2019)] develops along and inland of the sea-breeze
front in all three uniform land surface simulations. However,
even though deep convective storms occur throughout the do-
mains of the UP, US, and UF simulations, they are strongest
with respect to cloud-top heights (Figs. 5a—c) and vertically in-
tegrated condensate (supplemental animations la—c and 2a-c
in the online supplemental material) along and just inland of
the sea-breeze front. In the UF simulation, for example,
storms with cloud-top heights above 10 km AGL and verti-
cally integrated condensate greater than 20 mm liquid equiva-
lent are found primarily in a zonal line which moves with the
sea-breeze front until 1440 LT, after which strong convective
storms begin to develop inland of this line (supplemental ani-
mations 1b and 2b).

In simulation UF, the first deep convection emerges at
1250 LT, while in simulations US and UP the onset of deep
convection is delayed until 1400 and 1410 LT, respectively.
The presence of deep convection in the UF simulation, and its
absence in the UP and US simulations, at 1330 LT is evident
in Figs. Sa—c. The difference in convective behavior between the
UF and UP/US simulations is primarily driven by the greater
near-surface air temperature over the forest relative to the pas-
ture or suburbs. The pasture and suburbs have nearly identical
domain-mean 15-m air temperatures of approximately ~305.5 K

animations 3a,c). By contrast, the coniferous forest has a domain-
mean 15-m air temperature of approximately ~308.3 K at
1200 LT (Fig. 4b) and ~309.9 K at 1500 LT (although by
1500 LT, cold pools from convective storms are widespread
over the forest, contaminating temperature estimates) (sup-
plemental animation 3b).

The reasons for the greater near-surface air temperatures
over the forested areas are twofold: First, the greater vegeta-
tion fraction of the coniferous forest as opposed to the pasture
or suburbs (Table 2) means that more of the incoming solar
radiation is absorbed by the vegetation rather than the soil.
This in turn allows more energy to be transferred to the can-
opy layer as opposed to being stored in the ground (Mascart
et al. 1991). Second, the greater vegetation roughness length
of the coniferous forest as opposed to the pasture or suburbs
allows for more efficient mixing of this canopy layer air with
the overlying atmospheric air, thereby facilitating more sensi-
ble heating of the atmosphere (Figs. 6a—) (Cheng and
McColl 2023; Mahrt and Ek 1993; Mascart et al. 1991; Pinty
et al. 1989; Teuling et al. 2017). These greater near-surface air
temperatures over the forest increase the PBL height in the
UF simulation compared to the UP and US simulations (dis-
cussed further below in section 3b). This means that air par-
cels can more easily reach their LCL and LFC in the UF
simulation, allowing an earlier onset of deep convection com-
pared to the UP and US simulations.

The drought conditions present in Houston on 17 June
2022, and reflected in the initially dry soils in the simulation,
lead to a counterintuitive finding: The reduced latent heating
over the forest relative to the pasture or suburbs is due to the
greater vegetation fraction over the forest. Because the soils
are dry throughout their entire depth in all simulations, sto-
matal resistances of the forest, pasture, and suburbs are large,
preventing almost all transpiration. As a result, what little la-
tent heat flux does occur is driven almost entirely by direct
evaporation from the soil. Because little radiation reaches the
soil under the forest due to the forest’s large vegetation frac-
tion (Table 2), limited energy goes into evaporating water
from the soil under the forest, thereby reducing latent heat
flux over the forest. By contrast, more radiation is able to
reach the soil through the smaller vegetation fractions of pas-
ture and suburbs to evaporate water from there. The differ-
ences between forest and pasture and suburbs are visible in
Figs. 7a—c, where the surface latent heat fluxes over the forest
in the UF simulation are smaller than those over the pasture
and suburbs in the UP and US simulations. Partially as a
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Near-Surface Vapor Mixing Ratio at 1200 LT
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FIG. 3. Plan view of water vapor mixing ratio at 200 m AGL at 1200 LT. Low-level water vapor is reduced over the forest com-
pared to the pasture and suburbs. The white dashed line indicates the shoreline, while the black dashed line indicates boundaries be-
tween land surfaces. The southernmost 100 km of the ocean has been omitted from this and similar plots.
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Near-Surface Air Temperature at 1200 LT
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FI1G. 4. As in Fig. 3, but for near-surface (15 m AGL) air temperature at 1200 LT. Near-surface air temperatures are greater over the
forest than over the pasture or suburbs.
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Cloud Top Height at 1330 LT
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FIG. 5. Plan view of cloud-top heights at 1330 LT. Coverage of high cloud tops is greater in simulations PF and SF than in the other
four simulations. The shoreline and land surface boundaries are denoted by horizontal and vertical white dashed lines, respectively.
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Surface Sensible Heat Flux at 1200 LT
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FIG. 6. As in Fig. 3, but for surface sensible heat flux at 1200 LT. Sensible heat flux is greater over the forest relative to the pasture
and suburbs.
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result of this greater latent heat flux over the pasture and sub-
urb, vapor mixing ratios at 200 m above ground at 1200 LT are
approximately ~15.0 g kg~ ! over the forest and ~16.9 g kg™*
over the pasture and suburbs (Figs. 3a—c).

The differences in surface latent heat fluxes between the
forest and pasture and suburbs are not the entire reason for
the greater near-surface mixing ratios over the pasture and
suburbs. The deeper boundary layer over the forest allows for
greater vertical mixing of moisture compared to the pasture
or suburbs, in which water vapor is more concentrated near
the surface in the shallower and more stable boundary layers
over these land surfaces. This reduction in near-surface water
vapor mixing ratio increases the mean cloud-base height in
the UF simulation, which at 1300 LT is 2010 m AGL, com-
pared to 1531 m in the UP simulation and 1532 m in the US
simulation (not shown).

The earlier emergence and greater coverage of strong deep
convective storms in the UF simulation compared to the US/
UP simulations lead to greater rainfall totals over the UF do-
main compared to the UP or US domains. The domain-mean
accumulated rainfall in the UF simulation is ~0.910 mm, which
is ~56% and ~42% more than the mean rainfall in the UP
(~0.584 mm) and US (~0.641 mm) simulations, respectively
(Figs. 8a—c).

South of approximately y = +100 km in simulations UP
and US, and y = +75 km in the UF simulation, the boundary
layer is cooled and moistened by the southerly inflow of ma-
rine air from the south. This results in a stabilized boundary
layer with little CAPE (not shown) which inhibits deep con-
vection close to the coast (Figs. 8a—c). To avoid including this
marine-influenced air in our subsequent discussions of atmo-
spheric properties and convection over different surfaces,
subsequent comparisons of environmental variables and pre-
cipitation between simulations will focus only on the region
north of y = +100 km.

b. Striped land surface simulations

The spatial distributions of accumulated rainfall in simula-
tions PF and SF, which consist of a stripe of forest surrounded
by stripes of pasture and suburbs, respectively, are different
from those of the uniform land surface simulations. Again,
the influence of the marine air in suppressing convection near
the coast is clearly visible in Figs. 8d—f. While the coverage of
rainfall was scattered more or less randomly inland of approx-
imately 75 km from the coast in the UP, UF, and US simula-
tions, the rainfall in simulations SF and PF is heavily
concentrated over the forest, with comparatively little rainfall
over the pasture or suburbs (Figs. 8d,e). The reasons for this
are driven by thermodynamic differences between the forest
and the surrounding pasture and suburbs and are discussed in
more detail below.

In addition to there being more rainfall overall in the forested
areas, a line of heavy rainfall is present in the center of the for-
est stripe in both the PF and SF simulations (Figs. 8d,e). Nota-
bly, the accumulated rainfall totals over the forest in these
striped simulations are greater than those in the uniform land
surface simulations. In simulations PF and SF, the mean rainfall

VOLUME 82

over the forest is ~1.795 and ~1.859 mm, a ~97% and ~104%
increase in accumulated rainfall per unit area compared to the
uniform forest simulation.

While rainfall is enhanced over the forest, it is suppressed
over the pasture and suburbs. Over the pasture in simulation
PF, the mean rainfall is ~0.372 mm, a ~36% decrease from
the average rainfall per unit area over the uniform pasture.
Over the suburbs in simulation SF, mean rainfall is ~0.532 mm,
a ~17% decrease from the average rainfall per unit area over
the uniform suburbs.

Interestingly, even with the decreases in rainfall over the
pasture and suburbs compared to the UP and US simulations,
simulations PF and SF both have greater domain-total rainfall
than any of the uniform land surface simulations. Simulation
PF has a mean accumulated rainfall of ~1.084 mm over all
land, which is ~19%, ~69%, and ~85% more than the mean
accumulated rainfall in the UF, US, and UP simulations, re-
spectively. Simulation SF has a mean accumulated rainfall of
~1.20 mm over all land, a ~31%, ~87%, and ~105% in-
crease over the mean accumulated rainfall in the UF, UP, and
US simulations.

In our discussions of the processes in the PF, SF, and SP
simulations, we will refer to the situation at 1200 LT when dis-
cussing the convective environment over the forest, pasture,
and suburbs. We choose this time because the environmental
conditions and dynamical processes at that time are represen-
tative of those in the prestorm environment of the simulation.

As mentioned above, patterns of accumulated rainfall in
the PF and SF simulations are driven by differences in ther-
modynamics between the forest and pasture/suburbs. Similar
to the uniform land surface simulations, the forested areas in
simulations PF and SF are approximately 3 K hotter than the
surrounding pasture and suburbs, respectively, at 1200 LT
(Figs. 4d,e). The greater near-surface air temperature over
the forest is driven by larger sensible heating over the forest
compared to the pasture/suburbs (Figs. 6d,e). At 1200 LT, the
average sensible heat flux over the forest in simulations PF
and SF is approximately 397.7 and 397.5 W m ™2, respectively.
Over the pasture in simulation PF and the suburbs in simula-
tion SF, sensible heat fluxes are just 240.0 and 251.8 W m 2,
respectively. At the same time, the average latent heat fluxes over
the forest in simulations PF and SF are 216.4 and 2162 W m™ 2,
compared to 284.68 W m 2 over the pasture in simulation
PF and 300.61 W m~? over the suburbs in simulation SF
(Figs. 7d,e).

The different average vertical profiles of temperature and
dewpoint over the forest and pasture can be seen in Fig. 9.
The average vertical profile over the suburbs is not shown as
it is nearly identical to that of the pasture. The vertical struc-
ture of temperatures over the forest and pasture in Fig. 9 indi-
cates that the boundary layer over the forest is warmer and
deeper than that over the pasture. As discussed above, this
deeper boundary layer over the forest increases the vertical
mixing of water vapor throughout the PBL over the forest
compared to the pasture and suburbs. This vertical mixing in-
creases atmospheric moisture in the upper boundary layer
over the forest, reducing the effects of dry air entrainment on
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Total Rainfall at 1900 LT
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FIG. 8. Asin Fig. 3, but for total accumulated rainfall over the course of the simulation. Rainfall in (d) and (e) is enhanced over the
forest compared to over the surrounding pasture and suburbs, respectively. Note the nonlinear scale on the color bar.
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Forest and Pasture Thermodynamic Profiles at 1200 LT
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F1G. 9. Skew T-logp diagram illustrating the warmer and deeper boundary layers of the coniferous forest compared to the pasture in
the PF simulation. Temperature and dewpoint averaged over the center 50 km of forest north of y = +100 km are shown in red and light
blue lines, respectively. Temperature and dewpoint averaged over the center 50 km of the pasture stripe north of y = +100 km are shown

in maroon and dark blue lines, respectively.

parcels rising to their LCL and LFC compared to parcels over
the pasture and suburbs.

The greater near-surface air temperature over the forest
relative to the pasture or suburbs leads to smaller surface air
pressures (Figs. 10d,e). The average surface pressure over the
forest in both the SF and PF simulations at 1200 LT is approx-
imately 1015.3 hPa, compared to 1015.7 hPa for both the sub-
urbs and pasture in the SF and PF simulations, respectively.
The reduced surface pressure over the forest in turn induces a
forest breeze: a solenoidal mesoscale circulation similar to
those described by Anthes (1984) and Pinty et al. (1989), with
near-surface convergence over the forest (Fig. 11). The near-
surface convergence associated with this forest breeze sub-
sequently produces rising motion over the forest, divergence aloft
above the forest, upper-PBL convergence and associated sinking
motion over the pasture/suburbs, and near-surface divergence
over the pasture/suburbs. A vertical cross section highlighting the
forest breeze in the PF simulation is shown in Fig. 12.

The near-surface convergent branches of these forest
breezes advect moister air from the pasture and suburbs
stripes over the forest, similar to what has been seen in other
idealized simulations in which low-level flow from cooler/
wetter to hotter/drier patches advects moisture over the hotter/

drier patch (Avissar and Liu 1996; Chen and Avissar 1994;
Cioni and Hohenegger 2018; Emori 1998; Harvey et al. 2022;
Hong et al. 1995; Kawase et al. 2008; Lee et al. 2019; Rieck et al.
2014). This moisture then rises just inside the forest edge,
creating a plume of enhanced vapor mixing ratios which lowers
the LFC and LCL, and increases moist static energy, locally
(Fig. 12b).

The fact that deep convection initiates nearly simulta-
neously at 1230 LT in the PF and SF simulations just inside
the forest edges suggests that the combination of direct me-
chanical lifting and low-level advection of moist air from the
pasture/suburbs to the forest is sufficient to initiate deep con-
vection just inside the forest edge. This convection initiation
also occurs 20 min earlier than the initiation of deep convec-
tion in the UF simulation. These results indicate that the ris-
ing branches of the forest breeze accelerate the development
of deep convection. Figures 5d and Se clearly show the wide
areal coverage of convective clouds with heights above 12 km
(including convective anvils) just inside the edges of the forest
stripe at 1330 LT, while only two storms have reached this
height in the UF simulation.

In addition to the rising branches of the forest breeze along
the edges of the forest, the sea breeze is an important, if not
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Surface Pressure at 1200 LT
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FIG. 10. As in Fig. 3, but for air pressure at the surface at 1200 LT. Surface air pressure is reduced over the forest compared to the
surrounding pasture and suburbs.
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Near-Surface Zonal Wind at 1200 LT
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FIG. 11. As in Fig. 3, but for zonal winds at 200 m AGL at 1200 LT. Converging low-level zonal winds at the edge of the forest asso-
ciated with the forest breeze are seen in (d) and (e).
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Temperature and Wind X-Z Cross-Section at 1200 LT
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FIG. 12. (a) The X-Z vertical cross section showing wind (arrows) and air temperature (shaded), and
(b) moist static energy divided by the specific heat capacity of dry air (shaded) at 1200 LT in the PF simulation
averaged over the y direction from y = +100 km to y = +250 km. Contours of water vapor mixing ratio at
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primary, determinant in the initiation of the first storms in the
PF and SF simulations. The first deep convective storms in
both simulations occur along the edges of the forest at the me-
ridional position of the sea-breeze front, which is approxi-
mately 75 km north of the coastline at this time (supplemental
animations 1d,e). However, unlike the UF simulation in which
the strong convective storms are restricted to the sea-breeze
front until nearly 2 h after the emergence of the first deep
convective storms, strong storms are visible along the forest
edges well inland of the sea-breeze front by 1330 LT, only
70 min after the first emergence of deep convection in the PF
and SF simulations (Figs. 5d,e). This indicates that the forest
breeze induced by the vegetation boundary is more important
than the sea-breeze front in determining the location and tim-
ing of convection initiation under certain environmental con-
ditions. However, the behavior of the sea breeze depends on
many environmental characteristics, including the difference
between the sea surface and land surface temperature, back-
ground wind speed and direction, land soil moisture, land sur-
face roughness length, Coriolis force, and boundary layer
depth (Allouche et al. 2023; Grant and van den Heever 2014;
Igel et al. 2018; Park et al. 2020; Yan and Anthes 1987).
Though we did not conduct simulations varying these parame-
ters, it is possible that doing so would reveal environmental
regimes in which the sea breeze is a more important driver of
convection initiation than the forest breeze.

While the forest breeze enhances convection over the for-
est, it suppresses it over the pasture and suburbs. Referring
again to Fig. 12, we see clear sinking motions on the pasture
side of the land surface boundary, which bring drier air from
aloft down to the surface. In addition to this vertical transport
of dry air, which can also be seen in Fig. 12a, the sinking
branches of the forest breeze act to warm the atmosphere in
this region by adiabatic compression. However, these two ef-
fects are localized to a small region along the edges of the pas-
ture and suburbs and cannot account for the suppression of
precipitation we see across the entire pasture and suburban
regions in Figs. 8d and 8e.

At 1000 and 1500 m AGL, temperatures over the entire
pasture and suburban stripes in the PF and SF simulations, re-
spectively, are greater than the temperatures at those alti-
tudes over the pasture and suburbs in the UP and US
simulations (Fig. 12a). We suspect that this upper-PBL warm-
ing is the result of weak adiabatic compression which accom-
panies the diverging branches of the forest breeze. This
warming stabilizes the upper levels of the boundary layer
above the pasture and suburban stripes. This warming also in-
creases the dewpoint depression at these levels, thereby exac-
erbating the effects of dry air entrainment on parcels rising to
their LCL and LFC over the pasture and suburbs. Figure 9 in-
dicates that the upper boundary layer over the pasture is
warmer and drier than over the forest. The warming and drying
effects of the diverging, downward branches of the forest breeze
in the PF and SF simulations act to suppress convective devel-
opment and precipitation over the pasture and suburban stripes
relative to their uniform simulation counterparts.

Returning again to the forest stripe in the PF and SF simu-
lations, the evolution of convection after the initiation of the
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first storms is quite different from the initial convective devel-
opment. As the first storms along the forest edges mature,
they produce precipitation. Cold pools develop as this precipi-
tation evaporates and spread inward toward the center of the
forest (supplemental animations 3d,e). These cold pools nota-
bly remain almost entirely confined to the forest stripe for
many hours after the emergence of deep convection, likely as
a result of the convergent flow into the forest from the forest
breeze. They do expand inward toward the center of the for-
est stripe, reinforcing the pattern of inflow as they do so. As
they expand inward, lifting along the cold pool edges triggers
new convection further inside the forest. As these new cold
pool-induced storms develop, they too produce cold pools
which further reinforce the low-level inflow associated with
the forest breeze. This process acts to propagate the low-level
winds associated with the original forest breezes inward to-
ward the forest center, as is seen in Fig. 13a between 1300 and
1500 LT. These results are in general agreement with those of
Rieck et al. (2015). The two sides of this low-level inflow col-
lide at roughly 1500 LT at y = +125 km at the center of the
forest, although the collision happens approximately 30 min
later at the northern end of the forest. Examining Fig. 13a, we
should note that although the inflow does propagate inward
without the assistance of cold pools between 1000 and 1300 LT,
it does so slowly. Without assistance from cold pools in propa-
gating the forest breeze inward toward the forest center, it is
possible the inflow branches of the forest breeze may not have
collided in the center of the forest at all.

The collision of low-level inflow branches of the forest
breeze, and the convergence associated with this collision,
triggers intense mechanical lifting in the center of the forest,
initiating intense convection along the centerline of the forest
from approximately y = +125 km to y = +250 km. These
convective storms quickly grow in intensity, with heights of
over 14 km and vertically integrated condensate levels ex-
ceeding 50 mm liquid equivalent in many storms (supplemen-
tal animations 1d,e and 2d,e). Given the intensity of these
storms, it is unsurprising that they lead to heavy precipitation
totals, which are reflected by the stripe of heavy rainfall in the
center of the forest strip in Figs. 8d and 8e.

These collision-initiated storms also produce intense cold
pools associated with the evaporation of heavy precipitation
along the center of the forest stripe. By 1600 LT, the average
15 m AGL air temperature over the forest has decreased to
~302.8 K in the PF simulation (Fig. 13b) and ~302.0 K in the
SF simulation, compared to ~307.6 K for both the pasture
and suburbs in the PF and SF simulations, respectively (sup-
plemental animations 3d,e). We should note that these de-
creased temperatures are restricted to y > +100 km. The vast
majority of precipitation and associated cold pools occur
north of y = +100 km over the forest (Figs. 8d.e). A couple
of storms do form between y = +75 km and y = +100 km
around 1330 LT (Figs. 5d,e), but mixing with the warm air ad-
vected by the southerly background wind, as well as the
strong sensible heat flux and high roughness length of the for-
est, quickly erodes these southern cold pools (Gentine et al.
2016; Grant and van den Heever 2018). South of this line,
where the development of convection is inhibited by
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stabilizing marine influence, the forest remains warmer than the
surrounding pasture and suburbs (supplemental animations 3d,e).
This leads to two distinct circulation patterns that are now present
at each forest boundary. North of y = +100 km, the reduced tem-
peratures over the forest produced by the strong cold pools have
induced larger surface pressures there than the surrounding sub-
urbs or pasture (approximately 1.2 hPa larger over the forest than
pasture in the PF simulation and 1.3 hPa larger than the suburbs
in the SF simulation) (supplemental animations 4d,e), which in
turn leads to divergent near-surface flow over the forest after
1600 LT (Fig. 13a). This divergent flow advects cool, moist air
from the forest over the pasture and suburbs. These findings are
in line with those of Harvey et al. (2022), who noted that after
deep convection had initiated and cold pools had been produced
over the drier patches, inflow over the dry patches transitioned to
outflow associated with the cold pools. South of y = +100 km,
the temperatures over the forest remain greater than those
over the pasture and suburbs, resulting in reduced surface
pressure and continued near-surface inflow over the forest
from the original forest breeze (supplemental animations
3d,e, 4d.e, and 5d,e).

The cold pool circulation and the residual forest breeze circu-
lation intersect over the forest at y = +100 km, resulting in the
initiation of new deep convection along this line after 1600 LT
(supplemental animations 1d,e and 5d,e). Additionally, storms
form over the pasture and suburbs in the PF and SF simula-
tions, respectively, as the cold pool from the forest spreads
outward.

In contrast to the PF and SF simulations, the differences be-
tween the SP simulation and the uniform land surface simula-
tions are subtle. Indeed, this simulation behaves more similarly
to the UP or US simulations than to the PF and SF simulations.
The rainfall is concentrated over the suburbs, with a mean accu-
mulated rainfall of ~0.729 mm compared with a mean accumu-
lated rainfall over the pasture of ~0.464 mm (Fig. 8f). This is
likely due to a slightly more favorable convective environment
over the suburb than the pasture (Figs. 6f and 7f). These differ-
ences in the convective environment are a result of greater
sensible and latent heating over the suburbs compared to the
pasture. However, there are no clear solenoidal circulations
which form on the boundaries of the pasture and suburbs,
which means that deep convection initially develops along
the sea-breeze front before developing inland, similarly to
the UP and US simulations. This is reflected in Fig. 8f, in
which precipitation is scattered more or less randomly
throughout each land surface type, with only a weak gradient
in precipitation between the pasture and suburbs.

4. Discussion and conclusions

To examine the role of vegetation heterogeneity and the
sea breeze in convection initiation and development, we ran
six idealized simulations of convection in a coastal environ-
ment. Three of these simulations (UP, UF, and US) employed
a uniform vegetation type, while three simulations (PF, SF,
and SP) contained two stripes of different vegetation types.

The results of this research indicate that the presence of
sharp heterogeneities in vegetation type enhances the
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development of convective storms and precipitation. This en-
hancement occurs due to the presence of solenoidal circula-
tions which arise from differences in PBL structure induced
by differing adjacent vegetation types. In our PF and SF simu-
lations, the near-surface air temperature over the forest, as a
result of its greater vegetation fraction and roughness length,
becomes greater than that over the surrounding pasture and
suburbs. This greater near-surface temperature decreases sur-
face pressure and produces higher PBL height over the forest
than over its surroundings. This difference in pressure and
PBL height induces a forest breeze: a solenoidal circulation
with near-surface inflow and rising over the forest and sinking
motion over the pasture/suburbs (Fig. 12). Figure 14a presents
a schematic which illustrates how the converging and rising
branches of the forest breeze initiate convective storms over the
edges of the forest, while the downward branches of the forest
breeze suppress precipitation over the surrounding pasture.

These findings, indicating that sensible heat fluxes are
greater over coniferous forests compared to adjacent suburbs
and pasture, do seem counterintuitive at first glance. However,
we should emphasize that initial soil moisture was very limited
in these simulations, which reflected drought conditions ob-
served in Houston in June 2022 during the ESCAPE and
TRACER campaigns. This limited soil moisture prevents
nearly all transpiration. Previous studies have also indicated
that, especially under dry soil conditions, coniferous forests
can have large sensible heat fluxes and Bowen ratios, in some
cases greater than those of adjacent pasture and agricultural
lands (Beyrich et al. 2006; Lee and Black 1993; Lundin et al.
1999; Mahrt and Ek 1993; Mascart et al. 1991; Starkenburg
et al. 2015).

The rising branches of the forest breeze appear to be more
important than the sea breeze in determining the location and
timing of convection initiation in the PF and SF simulations. Un-
like in the uniform land surface simulations, in which strong con-
vection is initially limited to being along the sea-breeze front, in
simulations PF and SF strong convection also initiates along the
forest boundary, and not just along the sea-breeze front.

The first storms initiated along the forest boundary, driven
by the rising branches of the forest breeze, produce precipita-
tion which evaporates near the surface to produce cold pools
(Fig. 14a). These cold pools spread inward toward the center
of the forest, propagating the pattern of near-surface inflow
over the forest inward toward the center of the forest stripe
(Figs. 13a and 14b). As the two sides of the inflow collide
along the center of the forest, they initiate intense convective
storms as a result of strong mechanical lifting. These convec-
tive storms then produce heavy precipitation along the center
of the forest stripe (Figs. 8d,e and 14c). The propagation
speed of the inflow branches prior to the development of cold
pools suggests that they may not have collided in the center of
the forest stripe without reinforcement from cold pools. The
intensity of the collision-initiated storms in the center of the
forest stripe, and the role of cold pools in that collision, also
suggests that the interaction of cold pools with the forest
breeze enhances convection initiation. At the same time, it
appears that cold pools are primarily responsible for the de-
struction of the forest breeze later in the day. The forest
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FIG. 14. Cartoon schematic of the evolution of the forest breeze, cold pools, and convection in the PF simulation.
Solenoidal circulations are in red and blue arrows, cold pools are in blue shading, and wind gusts at the edge of cold
pools are in black curves. The collision of the cold pools in the center of the forest stripe in (c) results in the formation
of strong convection with heavy rainfall. (a) 1230, (b) 1400, (c) 1600, and (d) 1730 LT.

becomes colder than the surrounding pasture and suburbs af-
ter 1600 LT, leading to larger surface pressure over the forest
and near-surface divergence from the forest to the pasture
and suburbs (Figs. 13a,b and 14d).

We should also add that these forest breezes and the storms
they initiate are sensitive to the size of the vegetation stripes.
In our simulations, the rising branches of the two forest
breeze circulations were approximately 15 km from the center
of the circulation as seen in Fig. 12, implying an “ideal forest
stripe size” of approximately 30 km. However, even if this
“ideal strip size” promoted the development of stronger
storms earlier in the day by allowing the forest breezes to col-
lide earlier, this would not necessarily increase total precipita-
tion over the forest. The storms initiating in the middle of the
forest stripe would quickly precipitate and produce intense
cold pools as occur in the PF and SF simulations after 1600 LT
(supplemental animations 3d,e). Once this happened, instabil-
ity over the forest would decrease and storms would quickly
weaken and die out. Over our 100-km-wide forest stripe, by
contrast, storms can start on the edge and progress inward
following cold pools. This allows convection to continue for
many hours over the forest as storms continually have access
to CAPE. This suggests that the existence of cold pools may
change which stripe size leads to the most precipitation over
the hotter vegetation type.

The interactions of forest breezes, cold pools, and sea
breezes and their impacts on coastal convection are complex
and not completely understood. Future study of these phe-
nomena, and their interaction with other factors such as

topography and urban effects, may improve our understand-
ing and subsequent forecasting of the location, timing, and
hazards of convective storms in the coastal environment.
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