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Abstract This study investigates the role of soil moisture (SM) on the initiation and organization of
convective systems using the convection-permitting ICOsahedral Non-hydrostatic ICON) model. We conduct
two sets of experiments: a Control experiment with interactive SM and a fixed SM experiment (FixedSM) with
invariable SM conditions. We focus on two regions in South America: the Amazon and southeastern South
America (SESA). Larger organized convective systems are associated with greater SM heterogeneity in both
regions, though other large-scale synoptic influences affect the robustness of this relationship in SESA. These
results remain largely unaffected by disabling the effects of precipitation on SM in the FixedSM experiment,
and complementary analyses using satellite-based estimates of SM and precipitation support these findings.
Spatial compositing of mesoscale environments in the Amazon shows the presence of well-defined SM
gradients, at a length scale of a few hundred kilometers, many hours ((?(10)) before convective system
detection. Larger SM gradients correspond to larger gradients in thermodynamic variables, particularly surface
temperature and sensible heat flux, and are associated with larger convective systems. Overall, our findings
suggest that surface heterogeneities such as SM gradients not only affect deep convection initiation, as
previously suggested, but they can also encourage the growth and organization of convective systems into larger
clusters, particularly in the absence of significant synoptic influences.

Plain Language Summary Understanding how soil moisture (SM) affects precipitation is crucial for
predicting heavy rainstorms. This study explores how variations in SM impact the formation and growth of
storms in the Amazon and Southeastern South America (SESA). Using a high-resolution weather model, we
find that when there is more spatial variation in SM, larger and more organized storms form. This relationship
holds true for both regions, although large-scale weather patterns influence this relationship in SESA. Distinct
SM gradients emerge well before storms begin, with stronger gradients leading to larger storms.

1. Introduction

Soil moisture (SM) is a key element of land surface processes and is linked with various processes in the water
cycle, ultimately affecting precipitation patterns. Despite its significance, our understanding of SM interactions
with organized precipitation, particularly with organized convective systems that often lead to extreme weather
events, remains constrained by the uneven distribution and scarcity of observational data in several regions, as
well as limitations in numerical forecasting (Liu et al., 2022, and references therein). In this study, we employ
convection-permitting simulations to investigate the potential impact of SM on the development of organized
convective systems over two distinct regions in South America.

Organized convective systems contribute up to 50% of the total rainfall in the Amazon and up to 60% in
southeastern South America (SESA) (Feng et al., 2021), serving as primary drivers of extreme precipitation (Roca
& Fiolleau, 2020), which significantly impacts populations and ecosystems. Understanding the dynamics of these
systems, however, presents a challenge due to the lack of observations and constraints of conventional models that
rely on parameterized convection. These models struggle to accurately represent structured convective entities;
they also struggle to represent interactions between SM and precipitation (Taylor et al., 2013), which may be due
to sensitivities of land-atmosphere coupling to parameterization choices (Williams, 2019). Therefore, the use of
convection-permitting simulations becomes essential for advancements in our understanding of convective
systems, as they enable us to reasonably test hypotheses regarding SM controls on convective systems and their
evolution.

The coupling between SM and precipitation can be locally understood through modifications in the boundary
layer, where SM can affect the partitioning of surface turbulent fluxes. This partitioning affects temperature and
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moisture patterns in the boundary layer, which in turn influence convection and precipitation (e.g., Findell &
Eltahir, 2003; Pal & Eltahir, 2001) through their effects on instability. Another more indirect way through which
SM can impact convection involves mesoscale circulations, where SM gradients induce surface heterogeneity and
drive circulations that promote moisture convergence and convective initiation (Pielke, 2001). In this context,
Taylor et al. (2012) emphasized the role of mesoscale circulations in triggering convection and favoring afternoon
rainfall over dry soils globally. Moreover, Hsu et al. (2017) underscored the role of SM heterogeneity in con-
ditioning the spatial coupling of SM and precipitation, showing a larger preference for precipitation over drier
soils under more heterogeneous SM conditions. Other studies, however, emphasize that the mean SM exerts a
stronger influence on the overall precipitation response than the spatial pattern of SM (e.g., Baur et al., 2018;
Schneider et al., 2019). While these studies address precipitation events, they do not focus on how SM may affect
the organization of deep convection.

The influence of SM heterogeneity on deep convection has been largely explored in the context of convective
initiation (e.g., Barton et al., 2021; Baur et al., 2018; Chug et al., 2023; Froidevaux et al., 2014; Gaal &
Kinter, 2021; Graf et al., 2021; Petrova et al., 2018; Taylor, 2015; Taylor et al., 2011; Teramura et al., 2019). For
instance, Taylor et al. (2011) used satellite data to show that SM heterogeneity at spatial scales of 1040 km
promotes low-level convergence, thereby facilitating storm initiation in the Sahel region. Subsequent research
demonstrates that the spatial extent of SM heterogeneity effects can extend up to 100 km (e.g., Chug et al., 2023;
Gaal & Kinter, 2021; Petrova et al., 2018). Additionally, thermally-induced circulations associated with SM
heterogeneity are shown to possibly lead to an earlier onset of deep convection (e.g., Baur et al., 2018; Petrova
et al., 2018). While the impact of SM gradient strength may vary by region (Graf et al., 2021; Taylor, 2015), there
is consensus that areas with greater SM heterogeneity are more prone to convective initiation.

In contrast, the influence of SM on the upscale growth of larger, organized mesoscale convective systems largely
remains to be tested, although a few studies have pointed to the importance of SM heterogeneity at the initial
stages of these systems in certain regions (Gaal & Kinter, 2021; Petrova et al., 2018; Taylor, 2015; Teramura
et al., 2019). For instance, Klein and Taylor (2020) emphasized the role of SM heterogeneity in favoring the
intensification of mature storms at scales of hundreds of kilometers in the Sahel. While these studies are often
conducted in semi-arid regions where the influence of SM on deep convection is more direct, the impacts of SM
gradients at convective scales under more humid and homogeneous surface conditions, like those in the Amazon,
remain considerably less investigated.

Environmental factors further modulate the impact of SM heterogeneity on deep convection. Under conditions of
weak synoptic forcing, larger SM gradients enhance the sensitivity of deep convection to SM anomalies (Baur
et al., 2018; Chug et al., 2023; Froidevaux et al., 2014; Gaal & Kinter, 2021; Graf et al., 2021; Taylor, 2015).
Elevated topography (above 500 m) or complex topographic features can reduce the influence of SM hetero-
geneities on the precipitation response, as mountain-valley circulations become the predominant atmospheric
processes (Barton et al., 2021; Chug et al., 2023). Vegetation cover is also related to SM gradients, with densely
vegetated regions typically exhibiting more stable SM conditions given their wetter conditions and deeper rooting
systems, while sparsely vegetated areas may show stronger SM gradients conducive to storm initiation (Barton
et al., 2021; Chug et al., 2023).

In this study, we aim to characterize the relationship between SM and the development of organized convective
systems at sub-daily timescales, as determined by convective system size, precipitation intensity, and duration.
We first explore these interactions using a control experiment, where the spatial mean and heterogeneity of SM
environments preceding system development are defined as metrics and related to convective growth charac-
teristics. Subsequently, we compare these results with those from a simulation in which SM does not respond to
precipitation, helping us to isolate the potential influence of SM characteristics on the growth of an organized
convective system. Our modeling framework accounts for a realistic spatial distribution of SM, unlike idealized
simulations with imposed SM patterns. We focus on two regions, namely the Amazon and SESA, which are
characterized by distinct SM regimes. The Amazon represents a tropical rainforest, characterized by more ho-
mogeneous and generally wetter SM conditions, with a weaker synoptic influence compared to SESA, a sub-
tropical transition zone with both dry and wet climates. Studying the Amazon offers an opportunity to explore the
potential role of SM in controlling deep convective growth in the absence of strong synoptic forces, while SESA
provides insights into these relationships in a region with expected direct soil-atmosphere interactions. Given the
ongoing changes in land cover, including deforestation, and their implications for both regional and global
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climate patterns (Werth & Avissar, 2002), elucidating these interactions is essential and has direct relevance for
predicting and managing the effects of climate variability and climate change.

2. Model and Experimental Setup

We use the ICOsaedral Non-hydrostatic (ICON) atmospheric model (Zingl et al., 2015) in its numerical weather
prediction (NWP) configuration, version 2.6.4. Physical parameterizations common to all domains include the
Rapid Radiative Transfer Model (RRTM; Mlawer et al., 1997) for the radiation scheme, the single-moment
microphysics scheme (Doms et al., 2021) and the turbulent kinetic energy scheme (Raschendorfer, 2001). The
bulk mass-flux convective parameterization (Bechtold, 2017) is only active for the global simulation.

The ICON-NWP model uses the interactive multi-layer land scheme TERRA_ML (Doms et al., 2021) to
parameterize land surface processes. Soil water content is predicted based on the Richardson equation across eight
soil layers, extending to a depth of 14.58 m. The TERRA_ML scheme accounts for evapotranspiration, infil-
tration, percolation, capillary movement, runoff, as well as melting and freezing of snow. Vegetation is prescribed
by monthly varying leaf area index, fractional plant cover and root depth. To address subgrid surface variability,
three dominant surface types within each grid cell are dynamically chosen to be represented by tiles, based on
their fractional area coverage. Additional tiles, representing water bodies like open water, lake, and sea-ice, may
be included when significant.

Surface fluxes of heat and moisture are parameterized using a drag-law formulation, requiring potential tem-
perature and humidity inputs from both the first atmospheric level and the land model. The latent heat flux (LHF)
(evaporation), computed by TERRA-ML at the grid box level, comprises contributions from bare soil evaporation
(Schulz & Vogel, 2020), sublimation from snow, evaporation from the interception store, and plant transpiration,
weighted by their respective area. Interception evaporation depends on potential evaporation metrics and the total
content of the interception reservoir. Transpiration only occurs when surface conditions direct evaporation to the
atmosphere, following Dickinson (1984); otherwise, it is suppressed.

Initial conditions for the atmosphere, SM, soil, and surface temperatures, are derived from the European Centre
for Medium-Range Weather Forecasts (ECMWF) and Integrated Forecast System (IFS) operational analysis.
Grids and external parameters (e.g., land properties such as soil type, vegetation characteristics, orography, etc.)
are retrieved from the Online Grid Generator tool from the German Meteorological Service (DWD; Web Services
of Deutscher Wetterdienst, 2021). This web interface uses the [ICON tools version 2.5.1 (Prill, 2020) and software
tool External Parameter for Numerical Weather Prediction and Climate Application (EXTPAR; Asensio
et al., 2020) which provides grids and external parameters, respectively.

We conduct two sets of simulations utilizing a global simulation framework with regional refined mesh capa-
bilities. The global simulation operates at a grid spacing of 20 km and provides initial and boundary conditions to
one-way nested domains at 10 and 5 km (Figure S1 in Supporting Information S1). We only analyze the innermost
domain, which bounds the region 83°W-33°W; 30°S—20°N. In all domains the vertical resolution includes 90
levels, with the model top at 75 km.

The first set of simulations serves as our Control experiment, running for a total of 50 days. We analyze only the
final 20 days to allow SM conditions to stabilize, a decision driven by the high computational costs and supported
by visual inspections showing that the most significant decreases in SM occurred during the initial 30-day period
(Figure S2 in Supporting Information S1). The second set of simulations, named the FixedSM experiment, restarts
on day 31 from the Control experiment and runs for 20 days. In this setup, SM values remain constant based on the
initial conditions from the restart date. Given the minimal diurnal (<1 kg m~?) and intraseasonal (<5 kg m~?)
variability relative to the domain-mean values (on the order of 100 kg m™2), we find this approach justified for the
scope of our relatively short-duration study (Figure S2 in Supporting Information S1). This configuration allows
us to study how variations in SM conditions affect convective system properties. Although SM conditions are
fixed, variability in LHF can occur through canopy interception, an important process in tropical areas. A dis-
cussion on the differences between the Control and FixedSM experiments regarding SM-atmosphere interactions
will be provided in Section 5.

Three ensemble members are conducted for each set of simulations to account for atmospheric variability within
computational constraints, given the high resolution (5 km) of the 50-day simulations. Each of these members
starts on different days in early March 2017, a period selected for high organized convection frequency (Rehbein
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et al., 2018). Although the choice of the year was arbitrary, 2017 being an ENSO-neutral year helps reduce
potential confounding effects from ENSO phases. Simulations are initialized using IFS analysis and assimilate
SST data every 15 days, allowing the atmospheric conditions to freely evolve.

3. Data and Methods
3.1. Data

To compare our simulations with observations, we use satellite-based estimations from the Integrated Multi-
satellite Retrievals (IMERG) precipitation data set V6 (Huffman et al., 2019) and the Level 4 product from
the Soil Moisture Active Passive (SMAP-L4 Version 7; Reichle et al., 2022) data set. The IMERG product
features a grid spacing of approximately 10 km and provides data updates every 30 min. The SMAP L4 product
integrates SMAP brightness temperature observations into a land surface model, employing a grid spacing of
9 km to generate 3-hourly outputs. SM from this product is quantified as the water content within a depth
of 1 m.

Given the overall dense canopy in the Amazon, the microwave signals from the SMAP satellite are attenuated,
making it difficult for the satellite to detect the SM beneath. As a result, direct SMAP observations have reduced
reliability in these areas (e.g., Dong et al., 2019), and the SM estimates in the SMAP L4 product over the Amazon
are primarily driven by the land surface model. Despite these uncertainties, supplementary analysis (not shown)
indicates that the SMAP-L4 product captures distinct SM patterns related to the size of convective systems,
consistent with our simulation results, thereby supporting its use in our analysis.

3.2. Definition of Convective Systems

As a first step, following Paccini and Stevens (2023), we initially define hourly precipitating objects as those 8-
way contiguous grids (west—east, north—south, northeast—southwest, northwest—southeast) where precipitation
exceeds 1 mm hr™" per grid cell and whose total area is at least 2,500 km?. These criteria are adjusted from Paccini
and Stevens (2023) to enhance the detection of the initial stages of convective systems. Next, we apply the
tracking algorithm from the Tracking and Object-Based Analysis of Clouds TOBAC v1.4.2, which predicts the
location of the precipitating object in the next timestep using its average propagation speed from the previous
timesteps (Heikenfeld et al., 2019). Only those convective systems that persist for more than 3 hr are retained for
further analysis.

In our study, we employed the TOBAC algorithm, which has demonstrated robust results using various thresholds
to define precipitating systems. While differences in mesoscale convective system statistics can arise from
variations in tracking algorithms, as discussed by Prein et al. (2024), our analysis prioritizes consistency within
the chosen framework. The potential influence of different tracking algorithms on results is acknowledged,
though not exhaustively explored in this study.

To systematically examine the lifecycle of identified convective systems, we classify each one into distinct stages,
where a “stage” represents a temporal segment whose length varies according to the system's total lifespan.
Systems lasting fewer than 7 hr are given two initial and two final stages, with the remaining timesteps classified
as intermediate. For longer-lived systems, the first three and last three timesteps are marked as initial and final
stages, respectively, with the rest labeled as intermediate.

To define the convective systems in observations, we implement the detection and tracking algorithms on the
hourly-accumulated IMERG precipitation data. After the systems are identified and their tracks established, we
sub-sample the data of these tracked systems to align with the 3-hourly intervals of the SMAP SM outputs. This
sub-sampling process retains only the timestamps of systems that coincide with the SMAP observation times for
subsequent analysis.

Our analysis focuses on the Amazon and SESA regions, defined as 15 X 10° boxes. Only systems that have at
least the initial and intermediate stages occurring within these analysis regions (outlined in red boxes in Figure S1
in Supporting Information S1) are selected for further analysis. This approach ensures our focus remains on
developing systems.
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3.3. Definition of Environmental SM

To associate features of convective systems with the state of SM in the nearby environment, we define the
environment as the area delimited by two times the equivalent radius of each system from its center of mass in
both horizontal and meridional directions. The center of mass for each convective system is determined by
calculating the weighted centroid, which is based on the spatial distribution of precipitation within the system.
Sensitivity tests considering larger areas up to four times the equivalent radius of the system lead to similar results.
Similarly, our results are robust to defining the environment using a constant area (Figure S3 in Supporting
Information S1), as there is no clear relationship between area and heterogeneity (Figure S4 in Supporting
Information S1).

To characterize the environmental SM, we compute the spatial mean and heterogeneity of SM on the original
output (5 km) after omitting grid cells with rivers (land fraction <1) and high topography (>500 m) to avoid
drastic gradients. The mean value considers the water soil content within the first five layers (0.54 m). Hetero-
geneity of SM is measured as the spatial standard deviation of SM in the defined environment. To ensure the
robustness of our SM-heterogeneity definition, supplementary metrics of SM heterogeneity were introduced,
capturing broader spatial patterns influencing convective systems (not shown). These calculations are performed
6 hr before system detection to ensure that we assess pre-storm environmental conditions, complementing the
FixedSM setup.

4. Sensitivity of Convective System Features to SM Metrics

In what follows, we characterize the pre-convective environment 6 hr before the detection of growth-phase
organized convective systems in both the Amazon and SESA and investigate relationships between SM condi-
tions and convective system characteristics (precipitation intensity, convective system size and duration). Though
we are careful to sample the pre-convective environment, we perform an additional analysis to remove any effects
of the convective system on the soils through precipitation by fixing SM content to determine whether any
emergent SM-convection relationships are dependent on these interactions (FixedSM experiment).

Convective systems are identified and tracked using the TOBAC tracking algorithm (see Section 3.2). During the
study period, the Amazon region exhibited significantly higher convective activity compared to SESA, with
approximately 200 convective systems identified in the Amazon and about 50 in SESA. The median lifetime of
these systems is 5 hr, with the 90th percentile reaching around 8 hr, showing consistency across both regions.

To investigate how SM conditions relate to convective system characteristics, we define two regimes in the SM
metrics within the nearby environment 6 hr prior to convective system detection. The definitions of the envi-
ronment and SM metrics are detailed in Section 3.3. High regimes for SM mean or SM heterogeneity are defined
as values within the 50th to 90th percentiles, while low regimes include values within the 10th to 50th percentiles.
This range selection avoids extreme values and focuses our analysis on representative patterns. We evaluate these
relationships within each experiment and in observations to assess robustness.

Figures 1 and 2 illustrate the percentage changes in the size, intensity and duration of convective systems when
considering high and low regimes of SM mean and SM heterogeneity for the Amazon and SESA regions,
respectively. A positive value indicates an increase in the given feature for the high regime relative to the low
regime. Overall, significant changes are more pronounced when considering SM heterogeneity than when
considering SM mean. In particular, convective system size exhibits the most robust response across data sets and
between the two regions, increasing as SM heterogeneity increases.

In the Control simulation, significant relationships are observed between SM heterogeneity and convective
system size, mean and maximum precipitation, and duration in the Amazon. In SESA, these relationships are only
significant for size and maximum precipitation. The mean size of convective systems increases by 43.2% in the
Amazon region (57% in SESA) when the environment is characterized by high SM heterogeneity compared to
low SM heterogeneity (Figures 1 and 2). Systems developing over high SM heterogeneity environments last
roughly 5% longer in the Amazon, though these changes are negligible in SESA. Moreover, while mean and
maximum precipitation reduce in high SM heterogeneity environments in the Amazon, they increase in SESA.
Finally, high SM mean conditions relate to larger convective systems in the Amazon, but no significant re-
lationships between convective system characteristics and SM mean are found in SESA.
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Figure 1. Percentage change in convective system features between high and low regimes of (a) soil moisture (SM)
heterogeneity and (b) SM mean, based on SM conditions 6 hr prior to system detection in the Amazon region. An asterisk
indicates statistically significant differences determined by the Mann-Whitney test (p-value <0.05).

To discern which SM influences are robust to the potential impact of precipitation, we examine these relationships
in the FixedSM experiment. In both the Amazon and SESA, the relationship between convective system size and
SM heterogeneity remains pronounced, suggesting that an enhancement in SM heterogeneity from the precipi-
tation resulting from the convective systems is not driving this relationship. For the Amazon, the relationships
between SM heterogeneity, mean precipitation, and system duration appear to be robust to any confounding
influence of precipitation on SM. Interestingly, the relationship between SM mean and convective system size
reverses in the FixedSM experiment for the Amazon, where a decrease in mean SM increases the convective
system size. This discrepancy suggests that SM mean may not be a robust metric for assessing convective system
characteristics. While additional statistically significant relationships emerge within the FixedSM experiment
(e.g., an increase in precipitation related to an increase in mean SM), our focus remains on relationships consistent
across both experiments.

As an additional test of robustness, we compare our results to observations using SMAP SM and IMERG pre-
cipitation (Section 3.1). In summary, the most robust relationship comparing SM characteristics to convective
system characteristics is between SM heterogeneity and convective system size, which is of the same sign and
statistically significant in both model experiments; it is also statistically significant in the Amazon in observations
but not in SESA. While SMAP observations provide valuable insights due to their calibration with IMERG
precipitation, offering good correspondence between SM and precipitation, it is important to note that the SMAP
satellite measures SM once per day. This infrequent observation can present challenges in confirming that SM is
unaffected by precipitation at specific times. Additionally, accurately retrieving SM beneath dense tropical forests
remains challenging for SMAP, adding uncertainty to its estimates in this region. Furthermore, SMAP measures
SM to a depth of about 1 m, differing from the 0.54 m considered in our simulations. These factors should be
considered when interpreting the observational data.

a) SM heterogeneity b) SM mean
*
= Control
150 A E s FixedSM
B Observations
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o 100 A
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©
5 *
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o
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g
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a
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Figure 2. As in Figure 1, but for the southeastern South America region.
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T lowsMstd T lowsMstd 77 lowsMstd distribution shifts toward bigger systems in high SM heterogeneity regimes
p = 5.32e-08 p = 2.66e-11 p = 2.34e-05

&
€
=
T T T
5 d) Control e) FixedSM f) Observations
10
—— high SM_mean —— high SM_mean —— high SM_mean
== low SM_mean == low SM_mean == low SM_mean
p = 1.90e-02 p =2.21e-02 p = 1.19e-01
N\
& 1
€
= [

0 20 40 0 20 40 0 20 40
Frequency [%] Frequency [%] Frequency [%]

Figure 3. (a—c) Size distribution of convective systems by regime of soil
moisture (SM) heterogeneity and (d—f) SM mean 6 hr before the system
detection, for simulations and observations in the Amazon region. Regimes of
high SM heterogeneity or mean (solid lines) represent values between the 50th
and 90th percentiles of their respective metrics, while regimes of low SM
heterogeneity (dashed lines), represent values between the 10th and 50th
percentiles. The p-values for differences between regimes, calculated using
the Mann-Whitney test, are also indicated. Solid and dashed horizontal lines
indicate the mean values of the high and low SM regime, respectively.

compared to low SM regimes. Conversely, variations in SM mean yield
inconsistent results across regions and data sets (as shown in Figures 1 and
2). They also illustrate that changes in convective system features tend to be
more robust in the Amazon. This difference in robustness may relate to the
greater number of cases analyzed in the Amazon in comparison to SESA. It
is also important to note that a greater number of additional factors could
influence convective systems in SESA. Contributing factors include large-
scale conditions such as significantly lower associated column water va-
por in SESA compared to the Amazon (Figure S5a in Supporting Infor-
mation S1). Additionally, stronger surface winds in SESA (Figure S5b in
Supporting Information S1) could be indicative of greater wind shear,
possibly contributing to the organization of convection into larger, more
intense systems. This complexity makes isolating the specific impact of SM
heterogeneity challenging without controlling for these factors in SESA. In
contrast, the Amazon's more uniform conditions offer a clearer perspective
on how SM heterogeneity impacts convective system size. Consequently,
the following analysis will focus exclusively on the Amazon region and the
relationships between near-surface thermodynamic and dynamic conditions,
SM heterogeneity, and convective system size.

5. Environmental Conditions Related to SM
Heterogeneity

Next, we examine the spatial composites of environmental variables and
their relationship to SM heterogeneity and convective system size. Our
expectation is that spatially compositing SM anomalies for big and small
systems separately will reveal larger SM gradients for big systems than
small systems. Spatial composites of environmental variables will then

provide insights into how SM influences boundary layer conditions,
potentially fostering convective system initiation and organization.

To build composites of big and small systems, we consider the cases within the 50th-90th percentile of the size
distribution as big systems, and those within the 10th—50th percentile as small systems, based on their sizes at the
initial stage of the convective lifecycle. Note that the initial stage size (see Section 3.2 for definition) correlates
strongly with both the mean (R = 0.92) and maximum size (R = 0.86) throughout the system's lifecycle. For the
Control experiment, the size range of big systems is approximately 6,000 km? to 15,000 km? and for small systems,
itis 3,000 km?-6,000 km>. In the FixedSM experiment, these ranges are 5,000 km? to 16,000 km? for big systems
and 3,000 km®-5,000 km? for small systems. The composites consider cases that propagate with direction angles
between —135° and 135°, capturing the predominant westward propagation which includes movement from the
northwest through west to southwest.

By compositing the SM based on the size (big or small) of convective systems (Figures 5 and 6), it becomes
apparent that larger SM gradients (i.e., more spatially heterogeneous) are related to bigger systems (bottom rows
in Figures 5 and 6). These SM gradients, depicted at a length scale of about 220 km, are found up to 24 hr before a
convective system develops. High contrasts of SM in the near environment where convection develops appear to
amplify gradients of humidity and temperature at the surface, which become further enhanced 6 hr prior to
convection development through enhanced surface convergence along the dry/warm and moist/cool boundaries.
Additionally, while the mean surface winds are predominantly westward, their spatial anomalies show an outflow
boundary at the surface ahead of the convective system at Time = 0 hr, which converges moisture. This effect may
be further enhanced by moister soils. These findings suggest that areas with drier soils and enhanced surface
convergence along dry-moist boundaries support convective initiation, while convective systems mature as they
propagate over moister soils.

PACCINI AND SCHIRO

7 of 13

A5U2DI suowwo)) aanear) [qedrjdde ay) Aq pauraa0s a1 SAOIIE Y SN JO I[N J0J AIRIqIT dUI[UQ AJ[IAN UO (SUONIPUOI-PUB-SULIAN/ WO’ AS[1M KIRIqI[aUI[UO//:sdNY) SUonIpuo)) pue suLd [, 3y 39S *[$Z07/60/10] U0 Areiqry suruQ A3[IA ‘80120 FZ0T/6201 01/10p/wod A3[im’ Kreiqiaurjuo sqndnde//:sdny woiy papeo[umo( ‘6 ‘ST0T ‘96686917



.Yl ,
MAI Journal of Geophysical Research: Atmospheres 10.1029/20241D042108
, @) Control b) FixedSM c) Observations Similar environmental conditions are observed for both the Control and
—— high SM_std —— high SM_std —— high SM_std FixedSM experiments: big convective systems develop over areas with
== low SM_std == low SM_std == low SM_std

[km 2]

104 4

p = 4.33e-02

p = 8.94e-06

p =1.12e-01

d) Control

e) FixedSM

f) Observations

10°

—— high SM_mean
—=low SM_mean

—— high SM_mean
== low SM_mean

—— high SM_mean
== low SM_mean

stronger SM gradients than small systems, which reflect in larger moisture
and temperature perturbations. Although SM patterns structurally differ in
the FixedSM experiment (Figure 6), strong and weak gradients in surface
temperature and humidity for big and small systems remain consistent up to
24 hr before system detection.

To further explore how SM conditions influence the boundary layer via
surface fluxes, Figures 7 and 8 present the composite evolution of the
Evaporative Fraction (EF, the ratio of latent to sensible plus latent heat),
mean SM, LHF, sensible heat flux (SHF), and to assess the potential influ-
ence of pre-convective cloud cover, we also include the shortwave cloud
radiative effect (SWCRE, the difference between clear-sky shortwave radi-

p = 1.63e-01 p=4.12e-01

b p=7.46e08

ation and the actual shortwave radiation at the surface) for all westward-

propagating systems in the Control (Figure 7) and FixedSM (Figure 8) ex-
periments, depicted from 6 hr before detection. We specifically examine

[km 2]

these quantities during the morning hours leading up to the detection of
10° 4 convective systems, targeting key periods within the diurnal cycle when SM
has the most impact on surface evaporation rates and boundary layer pro-

cesses, potentially affecting subsequent storm organization.

The composite fields reveal mixed influences from SM and SWCRE on
surface fluxes. Regions with higher SWCRE experience reduced net short-
wave radiation, which corresponds to regions of reduced EF, LHF, and SHF,
indicating that SWCRE modulates the energy available for surface fluxes.
Despite this added complexity introduced by cloud cover, a consistent link
remains between SM and SHF, with high values of SHF in the northeastern
domain aligning with lower SM values in both experiments.

0 20 40 0 20 40 0 20 40
Frequency [%] Frequency [%] Frequency [%]

Figure 4. As in Figure 3, but for southeastern South America.

A spatial correlation analysis indicates that pre-convective cloud cover provides the dominant control on the
observed variations in surface fluxes (Figure S6 in Supporting Information S1), yet a significant relationship
persists between SM, SHF and surface temperature. In contrast, the correlation between SM patterns and LHF is
less robust (strong correlations in the FixedSM experiment and weak in the Control experiment; Figure S6 in
Supporting Information S1). Hence, SM heterogeneity appears to influence convective system size primarily
through its modulation of SHF, which fosters convective instability and anomalous circulations that promote the
growth of developing convection along pronounced SM gradients. Additionally, enhanced surface convergence
along the dry-moist boundary (see Figures 5 and 6) would support convection.

In summary, the interplay among SM heterogeneity, cloud cover, and surface fluxes adds complexity to land-
atmosphere interactions in this region. Nonetheless, the consistent relationship between SM heterogeneity and
convective system size suggests that SM patterns are an important contributing factor in convective organization,
primarily through their influence of sensible heat fluxes and subsequent boundary-layer dynamics, in the absence
of strong synoptic influences.

6. Summary and Conclusions

In this study, we investigate the impact of SM on organized deep convection in the Amazon and SESA. We use a
convection-permitting model with a 5 km grid spacing and incorporate satellite-based products of precipitation
and SM.

We first explore which mesoscale characteristics of organized convective systems appear to be most affected by
SM, using ensemble simulations with the ICON-NWP model coupled to a multi-layer land scheme, which enables
SM-atmosphere interactions. This ensemble is referred to as the Control experiment. We relate convective system
size, intensity, and duration to SM heterogeneity and mean, defined 6-hr prior to the system initiation. Our most
robust conclusion is a relationship between convective system size and SM heterogeneity, with larger (“more
organized”) systems occurring in regions with larger SM gradients. In SESA, while convective system size
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Figure 5. Composite evolution of convective system growth for (a) big and (b) small systems in the Control experiment that
propagate westward in the Amazon. Columns show soil moisture, surface humidity, surface temperature (shaded),
precipitation (contours) and 10-m winds (vectors). The analysis spans 24, 12, 6, and 3 hr before system detection. The bottom
row in both panels displays the instance of convective system detection, centered at (0,0). The size classification is based on
percentiles (50th to 90th for big systems and 10th to 50th percentile for small systems). Anomalies are calculated with respect
to the spatial mean. Contours represent 1 and 5 mm hr~" precipitation anomalies.

generally increases with SM heterogeneity, the results are less robust and potentially influenced by additional
factors, including lower mean column moisture and stronger winds (increased wind shear). A secondary set of
simulations where SM features remain unaffected by atmospheric feedbacks by keeping SM constant over time
(FixedSM experiment) is then analyzed and compared to the Control simulations to more directly isolate
emergent SM-convection relationships. The consistency of the relationship between SM heterogeneity and
system size across both experiments suggests that SM heterogeneity enhances system size, rather than the system
size altering SM heterogeneity through precipitation.

To further investigate the role of SM heterogeneity on convective system organization in the Amazon, we perform
a composite analysis comparing thermodynamic environments of big and small convective systems. Our spatial
composite analysis reveals that SM heterogeneity is detected well before system development, identified up to
24 hr in advance. Larger SM gradients in the mesoscale convective environment, shown at a length scale of a few
hundred kilometers, are associated with larger systems. These SM gradients imprint upon the surface humidity,
air temperature, and surface fluxes, in particular the surface temperature and SHF. Additionally, our analysis
shows that cloud cover, through the SWCRE, also modulates surface fluxes and adds complexity to these in-
teractions. Despite the influence of cloud cover, these results suggest that convection initiates over drier soils and
matures over wetter soils, which is consistent with findings from semi-arid regions (e.g., Chug et al., 2023; Klein
& Taylor, 2020; Taylor et al., 2011).
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Figure 6. Composite evolution of convective system growth for (a) big and (b) small systems in the FixedSM experiment as
in Figure 5.
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Figure 7. Composite evolution of evaporative fraction, mean soil moisture, latent heat flux, sensible heat flux, and shortwave
cloud radiative effect for all westward-propagating systems in the Control experiment from 6 hr before detection. Only
systems first identified between 12 and 18 hr are shown for time = 0. Contours represent 2 and 5 mm hr™' precipitation

values.
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Figure 8. Composite evolution of evaporative fraction, mean soil moisture, latent heat flux, sensible heat flux, and shortwave
cloud radiative effect in the FixedSM experiment as in Figure 7.

In summary, our results suggest that SM heterogeneity plays an important role in conditioning boundary layer
thermodynamics to favor convective system growth and organization. The consistent findings across both Fix-
edSM and Control experiments, as well as in observations, suggest robustness of this relationship. While fully
isolating the effects of SM requires further investigation, spatial and temporal analyses indicate that enhanced
surface convergence along moist-dry soil boundaries, modulated by both SM and SWCRE, creates a favorable
environment for the initiation and subsequent growth of convective systems.

However, some important caveats should be noted. As discussed previously, limited direct SM observations in
this region make it difficult to characterize SM variability and verify our results. The scarcity of atmospheric
thermodynamic and surface flux measurements further complicates observational analyses linking SM to at-
mospheric processes. Moreover, our model simulations may contain biases in their representation of SM-
convection interactions, potentially overemphasizing SM gradients that may be weaker or absent in densely
forested regions in reality. Nevertheless, we argue that our simulations offer valuable insights into the general
relationships among SM, surface thermodynamics, and storm organization. Additionally, while our focus here is
specifically on SM, we conjecture that other surface heterogeneities modifying surface fluxes similarly might also
influence the organization of deep convection.

Future work should extend this investigation to other regions, especially where dense observational networks
would permit a more comprehensive observational analysis of SM-convection coupling. It would also be
beneficial to explore how different types of surface heterogeneity, such as changes in land use and land cover
(LULCC), affect deep convection organization, as LULCC is known to induce mesoscale circulations (Wang
et al., 2009). For instance, previous studies have found conflicting results regarding Amazon deforestation im-
pacts, with some indicating reductions in overall precipitation (e.g., Silva et al., 2016; Werth & Avissar, 2002),
and others suggesting increased precipitation over deforested areas (e.g., Chagnon & Bras, 2005; Khanna
etal., 2017). Improving our understanding of the physical response of convective systems to LULCC may help to
answer these important questions.

Data Availability Statement

IMERG data were provided by the NASA Goddard Space Flight Center's IMERG and PPS teams, and archived at
the NASA GES DISC (https://disc.gsfc.nasa.gov/datasets/GPM_3IMERGHHL_06/). SMAP-L4 data were
provided by the National Snow and Ice Data Center (NSIDC) via HTTPS File System at https://nsidc.org/data/
spldsmau/versions/7. Boundaries of the Amazon are available at (Lehner et al., 2006) and were obtained from
https://www.hydrosheds.org/products/hydrobasins. The code to make the plots in this paper and to perform the
relevant analyses (Paccini, 2024) is available on Zenodo.
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