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ABSTRACT

The individual and synergistic impacts of cold pools and land surface heterogeneity on convection initiation are investigated.

Idealized large eddy simulations of deep convection over the Amazon rainforest are conducted. Simulations test realistic and

homogenized vegetation, along with realistic and suppressed low-level evaporation which eliminates cold pools. Updrafts are

tracked to determine convection initiation locations. The aggregation of initiation locations is quantified with an organization
index. Initiation locations are randomly distributed over homogeneous vegetation, with or without cold pools, demonstrating
that cold pools have minimal impacts on initiation locations over homogeneous vegetation. With realistic vegetation, convection
initiation is more frequent over forested than deforested areas due to favorable thermodynamics. Heterogeneous vegetation ef-

fectively aggregates initiation locations and precipitation compared to homogeneous vegetation, whereas cold pools disaggregate

initiation locations and precipitation by propagating into deforested regions and initiating convection. Thus, cold pools partially

counteract the effects of anthropogenically driven land surface heterogeneity.

1 | Introduction

Anthropogenic deforestation in rainforests such as the Amazon
creates a heterogeneous land surface. Such heterogeneities can
drive mesoscale circulations thereby impacting the distribution
of convective clouds and rainfall (Chagnon et al. 2004; Durieux
et al. 2003; Paccini and Schiro 2025; Souza et al. 2000; Wang
et al. 2009). When land surfaces with different properties are
adjacent on the mesoscale, studies have shown that moist con-
vection is usually favored over warmer, drier surfaces compared
to nearby cooler, moister surfaces (Chagnon et al. 2004; Mascart
et al. 1991; Rabin et al. 1990; Taylor et al. 2012). Enhanced con-
vective activity over warm, dry surfaces has been attributed
to mesoscale solenoidal circulations driven by surface hetero-
geneity (hereafter simply solenoidal circulations). These circu-
lations flow at low levels from cool, moist regions into warm,
dry regions, ascend in warm, dry regions, and then return to-
ward cool, moist regions at higher levels. Ascent from solenoi-
dal circulations can initiate convection in warm, dry regions
(Branch and Wulfmeyer 2019; Chen and Avissar 1994; Cheng

and Cotton 2004; Cioni and Hohenegger 2018; Hong et al. 1995;
Mascart et al. 1991). Vegetation-induced solenoidal circulations
in tropical continental environments can initiate convection at
their edges both by lifting air and by creating a favorable ther-
modynamic environment (Garcia-Carreras et al. 2011; Taylor
et al. 2011). Collisions between solenoidal circulations can also
initiate convection (Lynn et al. 1998; Rieck et al. 2014).

Similar to heterogeneous land surfaces, convective cold pools
create regions that are favorable for new storm initiation and
regions where convection initiation is suppressed. Moist convec-
tion tends to be inhibited in the interiors of cold pools (Byers
and Braham 1949; Drager and van den Heever 2017). On the
other hand, cold pools initiate new storms at their edges through
the same mechanisms as solenoidal circulations: mechani-
cal lifting, creating favorable thermodynamics, and collisions
(Purdom 1976; Tompkins 2001; Torri et al. 2015; Weaver and
Nelson 1982). These similarities suggest that convection initia-
tion may be affected by the interaction between cold pools and
solenoidal circulations.
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Cold pools and solenoidal circulations can interact in important
ways. Cold pools can accelerate or decelerate solenoidal circula-
tions by altering the temperature gradient across the circulation.
(Ascher et al. 2024; Harvey et al. 2022; Rieck et al. 2015). Chen
et al. (2020) and Ascher et al. (2024) both found that convec-
tion which initially forms due to land surface heterogeneities
can produce cold pools that subsequently initiate new convec-
tion in areas where convection was previously absent. Despite
this previous research, the impacts of surface heterogeneity and
cold pools on convection initiation have not been systematically
disentangled, and the misrepresentation of cold pools and so-
lenoidal circulations is a known source of error in forecast and
climate models (Birch et al. 2015; Garcia-Carreras et al. 2013;
Rooney et al. 2022; Yang et al. 2021). Studies which aim to un-
derstand the impacts of cold pools often conduct mechanism-
denial experiments to eliminate cold pools through changes to
evaporation (Crook and Moncrieff 1988; Grant et al. 2018, 2020;
Jeevanjee and Romps 2013; Khairoutdinov and Randall 2006),
but such mechanism-denial experiments are usually conducted
over homogeneous surfaces. Recently, Maybee et al. (2025) con-
ducted a mechanism-denial experiment to eliminate cold pools
in Sahelian case-study simulations with heterogeneous land sur-
faces, finding that cold pools were important for the structure of
Sahelian MCSs but not for their initiation or maintenance.

The objective of this study is to address the following science
question: What are the individual and synergistic impacts of sur-
face heterogeneity/solenoidal circulations and cold pools on con-
vective initiation? We run a set of large eddy simulations (LES)
designed to directly address this question. Realistic and weak-
ened cold pools are tested along with realistic and homogenized
vegetation. Convective updrafts are tracked to identify where
they initiate. Factor separation (Stein and Alpert 1993) is used to
disentangle the individual and synergistic impacts of both cold
pools and surface heterogeneity on convection initiation.

2 | Methods
2.1 | Large Eddy Simulations

Large eddy simulations are conducted using the Regional
Atmospheric Modeling System (RAMS) version 6.3.04 (Cotton
et al. 2003; van den Heever et al. 2023; Pielke et al. 1992; Saleeby
and van den Heever 2013). Simulations are idealized to isolate
processes of interest, except that realistic vegetation data are
used to accurately capture the heterogeneity patterns created by
deforestation. A horizontal grid spacing of 150m is used with a
timestep of 0.75s, while the vertical grid spacing starts at 50m
near the surface and is stretched to 300m. Such grid spacings
are necessary to accurately represent cold pools and their in-
teractions with the land surface (Fiévet et al. 2023; Grant and
van den Heever 2016; Hirt et al. 2020; Straka et al. 1993). The
model domain is 150x150%24.2km, is centered at 10.708S,
62.05W, and contains the site where the initial sounding was
launched from (Figure la, where “evergreen broadleaf tree”
is rainforest). Periodic lateral boundaries are used. The Land-
Ecosystem-Atmosphere-Feedback version 3 (LEAF-3) (Walko
et al. 2000) model simulates two-way land-atmosphere inter-
actions. Radiative tendencies are updated every 5min using
Radiative Transfer for Energetics+ Rapid Radiative Transfer

Model for General circulation model applications—Parallel
(RTE+ RRTMGP) (Pincus et al. 2019). Cloud microphysics are
represented using the RAMS double-moment microphysics
scheme (Saleeby and van den Heever 2013).

The atmosphere is initialized using the February 23, 1999
TRMM-LBA sounding presented in Grabowski et al. (2006)
(Figure S1). This sounding is chosen because it has been
commonly used in studies of Amazon convection and
in mechanism-denial studies of cold pools (Grabowski
et al. 2006; Khairoutdinov and Randall 2006; Kurowski
et al. 2018). Simulations start on February 23, 1999 at 0730
LT (UTC=LT+4). They are integrated for 5days to capture
multiple diurnal cycles and ensure that large numbers of con-
vective updrafts are simulated, thus generating a statistically
robust sample of convection initiation events. Sandy loam soil,
an initial soil temperature of 24.8°C, and an initial soil mois-
ture 0.24m3*m=3 are chosen based on contemporaneous ob-
servations shown in Alval4 et al. (2002). The soil extends 2m
below the surface and is broken into 26 levels. Note that all
atmospheric and land surface fields are initially horizontally
homogeneous in all simulations, other than the vegetation in
certain simulations (as described below). Initial random poten-
tial temperature perturbations of amplitude 0.1K in the lowest
500m are used to facilitate boundary layer development.

Four simulations are conducted to assess the individual and syn-
ergistic impacts of land surface heterogeneity and cold pools on
convection initiation. In the control simulation (CTRL), realis-
tic vegetation and realistic evaporation are used, thereby repre-
senting realistic land surface and cold pool processes. Figure 1a
shows the vegetation in CTRL. Note that the vegetation frac-
tion does not vary within each of the three vegetation classes
in CTRL. In the homogeneous simulation (HMGN), vegetation
properties at each grid point are set to the vegetation-area-
weighted mean values of properties in CTRL. Thus, CTRL and
HMGN have the same domain-mean vegetation properties, but
CTRL has heterogeneously distributed vegetation while HMGN
does not. This homogenization only applies to properties which
are fixed in time, so prognostic quantities (e.g., soil and canopy
moisture/temperature, surface fluxes) are allowed to evolve
freely in all simulations. Thus, surface heterogeneities in quan-
tities like soil moisture can develop over time in HMGN. In the
evaporation-off simulation (EOFF), evaporation of rain and driz-
zle are disabled in the lowest 2km, following Grant et al. (2018).
Only the evaporation of falling rain and drizzle are disabled, so
other cloud microphysical processes, such as the evaporation of
cloud water due to entrainment, remain unaltered. Analysis of
density potential temperature at the lowest model level above
ground shows that cold pools are almost entirely eliminated in
EOFF (Figure S2). Finally, the homogeneous vegetation and
evaporation off simulation (HMGN_EOFF) simultaneously ap-
plies the homogeneous vegetation of HMGN and the disabled
evaporation of EOFF to assess synergistic interactions between
these processes.

2.2 | Tracking

We use a tracking algorithm to identify where convective up-
drafts initiate. By tracking convective updrafts in time, we can
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Overview of the basic simulation characteristics. (a) Vegetation class in CTRL (shading) with percent of the domain covered by each

class indicated in the colorbar. (b) Vertically integrated total condensate (shading), tobac-identified convective updraft locations (red points), and
convective updraft tracks (red lines) in CTRL at 1200 LT on day one. (c) Perturbation total surface heat flux (shading) and (e) 25m AGL perturbation
virtual potential temperature (shading) in CTRL. Perturbations are calculated from the domain- and time-mean at 0930 LT across all 5 simulated

days. (d, f) As in (c, e) but for HMGN.

distinguish the locations where convective updrafts initiate
from the locations where convective updrafts subsequently
propagate. We focus our analysis only on the initiation loca-
tions of convective updrafts to prevent double-counting. The
Tracking and Object-Based Analysis of Clouds (tobac) algorithm

v1.5 (Heikenfeld et al. 2019; Sokolowsky et al. 2024) is used to
track convective updrafts in four dimensions (zonal, meridio-
nal, vertical, and time). A vertical velocity threshold of 3ms™!
and a volume threshold of at least 64 contiguous grid points in
any spatial dimension is used to identify convective updrafts.
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Updrafts tracked for less than 15min are excluded from further
analysis, as updrafts of such durations are likely shallow con-
vection. Updrafts tracked for more than 15min are referred to
as convective updrafts (e.g., Figure 1b, red points and lines). The
selected tobac thresholds were subjectively determined after
trial-and-error, but results are not qualitatively sensitive to the
thresholds chosen.

2.3 | Quantifying Aggregation

We use the organization index (I Org) (Tompkins and Semie 2017)
to quantify the aggregation of convection initiation locations.
For a given simulation, the nearest neighbor distances be-
tween all convection initiation locations are determined. I,
is calculated by plotting the cumulative density function of
these nearest neighbor distances (nearest neighbor cumula-
tive density function, or NNCDF) against a NNCDF of ran-
dom uniform points. The area under this curve is defined as
Ioye An I, value of ~0.5 indicates the initiation locations are
randomly distributed, while values above (below) 0.5 indicate
the initiation locations are aggregated (regularly distributed).
I, is a dimensionless quantity. All convection initiation loca-
tions over the five simulated days are used when calculating
I, for a given simulation. We therefore quantify the degree to
which the locations where convective updrafts initiate are ag-
gregated. Our use of I, is distinct from past studies that have
used Iy tO quantify the organization of convection at a given
snapshot in time (Cheng et al. 2018; Pscheidt et al. 2019; Seifert
and Heus 2013). For each simulation, a distribution of IOrg val-
ues is calculated by generating 1000 random uniform NNCDFs
and thus recalculating I, 1000 times. For a given simulation

represents the mean value of I across these

’ Iorg,mean,X org,mean,X

1000 recalculations.

2.4 | Factor Separation

Factor separation (Stein and Alpert 1993) is applied to under-
stand the individual and synergistic impacts of heterogeneous
vegetation and cold pools on patterns of convection initiation.

The individual impact of heterogeneous vegetation (Fy ) on I, org
is calculated as:
FVEG = Iorg,mean,EOFF - Iorg,mean,HMGN_EOFF’ (1)

the individual impact of cold pools (F;) is calculated as:
F cp= Iorg,mean,HMGN - Iorg,mean,HMGNfEOFF’ (2)

and the impact of synergistic interactions between heteroge-
neous vegetation and cold pools (Fy; cp) is calculated as:

FVEG_CP = org,mean,CTRL _Iorg,mean,HMGN_EOFF _FVEG
- FCP = Iorg,mean,CTRL - (Iorg,mean,HMGN +Iorg,mean,E0FF)

+ Iorg,mean,HMGN_EOFF'
3

See Appendix S1 for a detailed explanation of the factor separa-
tion method.

3 | Results

Vegetation heterogeneity clearly impacts surface heat fluxes and
low-level virtual potential temperature. The total surface heat
flux (sum of sensible and latent heat fluxes) at 0930 LT, before
deep convection onset, is greater over the forest than the defor-
ested region in CTRL (Figure 1c). Surface heat fluxes are greater
over the forest because the surface roughness length is greater
and the albedo is smaller over the forested than the deforested re-
gion (Table S1). A reduced albedo implies the forest absorbs more
energy from solar radiation, while greater roughness lengths
mean the forest more efficiently transfers this energy to the
atmosphere through turbulent processes. Accordingly, at 0930
LT, the 25m virtual potential temperature in CTRL is greater
over the forest than over the deforested region (Figure 1le). The
homogeneous vegetation in HMGN causes perturbations in sur-
face heat fluxes and low-level virtual potential temperature that
are smaller in magnitude than in CTRL (compare Figure 1c-f).
Perturbations of pre-convective surface heat fluxes and virtual
potential temperature in EOFF (HMGN_EOFF) are qualita-
tively similar to those for CTRL (HMGN) (not shown).

Convective updrafts in CTRL and EOFF initiate less frequently
over the deforested region than over the forest (Figure 2a,c). The
lack of convective updrafts in the deforested region can be ex-
plained by the reduced virtual potential temperature, and hence
the air being less buoyant, compared to the forest (Figure 1a,e).
At low-levels, the forest is warmer but slightly drier than the de-
forested region (Figure S3), a response to deforestation which
has been shown to occur in tropical regions with high soil mois-
ture (van der Molen et al. 2006). The forest is drier than the de-
forested region at low-levels partially due to enhanced vertical
mixing of moisture over the forest (Figure S3d). The locations of
convection initiation before 1200 LT in CTRL and EOFF demon-
strate the effects of vegetation-driven solenoidal circulations and
cold pools on convective updraft initiation (Figure 2b,d). During
this time period, convection initiates most frequently near the
forested-deforested boundary. These patterns are consistent
with solenoidal circulations beginning to propagate from the de-
forested region into the forest and initiating convection. As the
day progresses, these solenoidal circulations propagate further
into the forested region and continue to initiate convection (not
shown). Therefore, while solenoidal circulations are evident in
the simulations, their effects are muted in Figure 2a,c because
the entire diurnal cycle is shown and the effects of the solenoidal
circulations are spread across the forest.

Convective updrafts in HMGN and HMGN_EOFF initiate more
uniformly across the domain than convective updrafts in CTRL
and EOFF (Figure 2a,c.e,f). Virtual potential temperature is
more uniform across the domain with homogeneous vegetation
compared to heterogeneous vegetation (Figure 1e,f). Therefore,
convection initiation is not favored nor disfavored in specific re-
gions, nor can solenoidal circulations form in the homogeneous
vegetation simulations.

Cold pools also influence where convection initiates. Recall the
only difference between EOFF and CTRL is the suppressed evap-
oration of precipitation in the lowest 2km, and therefore lack of
cold pools, in EOFF. Convective updrafts in EOFF initiate less
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Heatmaps of convection initiation locations for CTRL, EOFF, HMGN, and HMGN_EOFF, respectively; values are normalized such that 1.0 is the
domain mean for each panel, and a value of 2.0 represents twice the number of initiating convective updrafts compared to 1.0. (b, d) as in (a, c) but
only for convective updrafts which initiate between 0000 LT and 1155 LT. White dots indicate bins with more forest cover than the domain mean

(71%). Black contours separate forested and deforested areas. Labels F (DF) also indicate forest (deforested region). The standard deviation of plotted

values is included in the title of each panel.

frequently over the deforested region than convective updrafts in
CTRL (compare Figure 2a,c). This suggests that cold pools in CTRL
propagate from the forest into the deforested region and initiate
convective updrafts over the deforested region, despite the less fa-
vorable conditions for convection initiation compared to the forest.
On the other hand, in EOFF, very few convective updrafts initiate
in the deforested region due to the lack of cold pool-induced ini-
tiation. To further support this argument, we return to Figure 2b.
The time period shown captures the first set of convective updrafts
on each day in CTRL which initiate before strong cold pools form,

thus partially removing the influence of cold pools. Early convec-
tion initiation frequency in CTRL is suppressed in the deforested
region relative to later time periods (compare Figure 2a,b) and
even approaches the magnitude of suppression in EOFF over the
full diurnal cycle (compare Figure 2b,c), further demonstrating
that cold pools are largely responsible for the initiation of convec-
tive updrafts in the deforested region of CTRL.

To investigate the mechanisms driving convective initiation, we
create composites of low-level density potential temperature,
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water vapor mixing ratio, and vertical velocity around each con-
vective updraft initiation. We further categorize each convective
updraft initiation based on whether it occurs near no, one, or
multiple density currents (cold pools and/or solenoidal circula-
tions) (Figure 3). Composites are rotated so that density currents
are on the left side of each panel in Figure 3, and flipped so that
colliding density currents are on the bottom right of each panel
in Figure 3c,f,i,]. Appendix S2 describes the procedure for cate-
gorization and compositing in detail. Cold pools play a major role
in initiating convection, as density currents initiate ~58% of con-
vective updrafts in HMGN (Figure 3e,f), where cold pools are
present, but only ~9% of convective updrafts in HMGN_EOFF,

No/Weak

Single

where cold pools are absent (Figure 3k,l). Solenoidal circula-
tions play a secondary role, as ~14% of convective updrafts are
initiated by one or more density currents in EOFF (Figure 3h,i),
compared to ~9% in HMGN_EOFF (Figure 3k,l). Regardless
of the simulation, density currents are associated with en-
hanced water vapor mixing ratio and vertical velocity at their
edges (Figure 3), which previous studies have shown can lead
to the initiation of new convection (Garcia-Carreras et al. 2011;
Purdom 1976; Tompkins 2001). Note that some density currents
are still present in HMGN_EOFF (Figure 3j-1) as cold pools are
weakened, but not completely eliminated, in this simulation and
in EOFF.
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We now use I, to quantify the impact of heterogeneous veg-
etation and cold pools on convection initiation locations
(Figure 4a). Convective updrafts are close to randomly distrib-
uted with homogeneous vegetation, as the mean IOrg for HMGN
and HMGN_EOFF are both ~0.5 (Figure 4a). The individual
effect of cold pools (F,) on Iorg is small compared to the indi-
vidual effect of vegetation heterogeneity (F, ;) and the syner-
gistic interactions between vegetation patterns and cold pools
(Fypg cp) (Figure 4c), demonstrating that cold pools do not
have a large impact on the randomness of convection initiation
locations over homogeneous vegetation (Figures 2e,f and 4a).
Heterogeneous vegetation acts to aggregate convection initia-
tion locations, since F is positive for mean Torg (Figure 4c),
consistent with our previous finding that convection initiation
is less frequent over the deforested regions of CTRL and EOFF
than the forests. The synergistic interactions between heteroge-
neous vegetation and cold pools act to disaggregate convection
initiation locations, since F. VEG_CP is negative for I org (Figure 4c¢),
consistent with cold pools propagating from the forest into the

deforested regions and subsequently initiating convection in the
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deforested region of CTRL but not in EOFF. Thus, the effects of
cold pools on convection initiation patterns are only apparent
when vegetation is heterogeneous. Each distribution shown in
Figure 4a is significantly different from the other distributions
at the p<0.001 level.

Precipitation is impacted by changes in convection initiation
driven by heterogeneous vegetation and cold pools. Figure 4b
(3d) shows precipitation in CTRL (EOFF), normalized by the
domain mean precipitation to account for the differences in
evaporation processes between CTRL and EOFF. The down-
wind (southeast) portion of the deforested region of EOFF re-
ceives almost no precipitation (Figure 4d), while such a pattern
is less evident in CTRL (Figure 4b). These precipitation patterns
follow from patterns in convection initiation and the generally
southeastward motion of convective updrafts (Figures 1b and
2). We define “precipitation gaps” as areas of the domain re-
ceiving <1 mm of precipitation. We determine the total area of
precipitation gaps in each simulation and conduct factor sepa-
ration analysis on this metric in an analogous manner as it is

N w
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Cold pools disaggregate convection initiation locations and accumulated precipitation over heterogeneous vegetation. (a) Distributions

of I org of convection initiation locations for each simulation. (b, d) Normalized accumulated precipitation over the five simulated days (shading) for

(b) CTRL and (d) EOFF where text and white contour indicate forested and deforested areas. (c) Factor separation analysis of mean IOrg values and

percentage area of precipitation gaps.
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conducted for I, (Figure 4c). The factors for this precipitation
gap metric have similar relative magnitudes as the factors for
mean [, thereby demonstrating that aggregating (disaggregat-
ing) convective initiation locations causes precipitation gaps to

become larger (smaller).

4 | Summary and Conclusions

This study aimed to investigate the individual and synergistic
impacts of surface heterogeneity and cold pools on the initiation
of tropical continental convective storms. We find that greater
surface roughness and lower albedo lead to greater surface heat
fluxes and virtual potential temperatures over forested com-
pared to deforested regions (Figure 1a,c,e). This results in more
frequent convection initiation over forests than deforested re-
gions due to favorable thermodynamics and the development of
solenoidal circulations near forested and deforested boundaries
(Figure 2a-d). Convection initiation locations are therefore ag-
gregated over heterogeneous vegetation (Figure 4a). However,
similar to findings by Chen et al. (2020) and Ascher et al. (2024),
cold pools can propagate away from convective updrafts over
the forest and initiate new convection over the less thermo-
dynamically favorable deforested region (Figure 2a-d). This
mechanism partially counteracts the effects of heterogeneous
vegetation and disaggregates convection initiation locations
(Figure 4a,c). Without cold pools, a large gap in the precipitation
field forms over the deforested region in the heterogeneous veg-
etation simulation, since few convective updrafts initiate in this
region (Figure 2c, Figure 4d). Convection initiation is nearly
random over homogeneous vegetation, regardless of whether or
not cold pools are present, so the disaggregating effect of cold
pools on convection initiation locations is only important for
heterogeneous vegetation (Figures 2e,f and 4a).

The results of this study indicate that interactions between het-
erogeneous surfaces and cold pools are crucial for convection
initiation patterns. While our simulations are representative of
convection in the Amazon rainforest, we suggest that cold pools
can similarly counteract the effects of heterogeneous vegetation
in other environments. Accurately parameterizing interactions
between heterogeneous surfaces and cold pools may improve
the ability of forecast and climate models to represent convec-
tion initiation over heterogeneous surfaces. While not tested in
this study, the background wind, which was coincidentally per-
pendicular to the solenoidal circulations, likely plays an import-
ant role (Allouche et al. 2023; Findell and Eltahir 2003a, 2003b)
and should be tested. This study focused on scattered convec-
tion, but results may differ for organized systems, as Maybee
et al. (2025) found that Sahelian MCS initiation rates are slightly
increased in a simulation with suppressed cold pools. Finally,
an important takeaway from this study is that, while deforesta-
tion and other land use changes may impact the distribution of
precipitation in certain regions, cold pools partially counteract
these changes.
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