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External Drivers and Mesoscale Self‐Organization of
Shallow Cold Pools in the Trade‐Wind Regime
Pouriya Alinaghi1 , A. Pier Siebesma1,2, Fredrik Jansson1 , Martin Janssens1,3 , and
Franziska Glassmeier1

1Department of Geoscience & Remote Sensing, Delft University of Technology, Delft, The Netherlands, 2R & D Weather
and Climate Models, Royal Netherlands Meteorological Institute (KNMI), De Bilt, The Netherlands, 3Department of
Meteorology & Air Quality, Wageningen University & Research, Wageningen, The Netherlands

Abstract Recent observations of the trade‐wind regions highlight the covariability between cold‐pool
properties and mesoscale cloud organization. Given the covariability of organization with cloud cover and
albedo, this suggests a potential impact of cold pools on the cloud radiative effect (CRE). To explore this, we use
an ensemble of 103 large‐domain, high‐resolution, large‐eddy simulations and investigate how the variability in
cold pools is determined by large‐scale external cloud‐controlling factors and shaped by processes within the
mesoscale. It is demonstrated that the size and frequency of occurrence of cold pools are strongly influenced by
the near‐surface horizontal wind speed and large‐scale subsidence. The temporal evolution of cold pools is
strongly correlated with the diurnality in radiation. Even without external variability, we find a strong
intermittent behavior in the evolution of cold pools, governed by a complex interplay between cold pools and
clouds which expresses itself in the form of shallow squall lines. These squall lines result from precipitating
downdrafts, cold pool outflows and the resulting gust fronts, reinforcing parent clouds. Cold pools influence the
CRE of trade cumuli, but only when they exist during the day. This emphasizes the importance of the
synchronization between cold‐pool events and the diurnal cycle of insolation for the dependence of the CRE on
cold pools.

Plain Language Summary Mesoscale cloud patterns of trade cumuli are important for their radiative
effects. Therefore, understanding the processes patterning these clouds is essential. Recent observations show
that cold pools, resulting from rain evaporation, covary with mesoscale patterns in the trades. To understand the
significance of cold pools, we investigate the extent to which they respond to large scales. We employ an
ensemble of large‐eddy simulations, capable of resolving processes associated with cumulus cloud formation.
We find that cold pools are predominantly controlled by large‐scale conditions. The evolution of cold pools is
influenced by the diurnal cycle of radiation. We also explore how cold pools–independently of external forcing–
evolve and interact with clouds. We find that the cold‐pool evolution shows intermittent behavior, driven by
complex interactions with clouds. This interaction expresses itself as shallow squall lines, consisting of
precipitating downdrafts, diverging outflows, and converging updrafts at cold‐pool gust fronts, reinforcing the
parent clouds, and thereby cold pools affect cloud‐radiative effect (CRE). However, to substantially impact
CRE, cold pools must exist during daytime. Our findings improve our understanding of the mesoscale processes
through which trade cumuli organize and how those processes respond to large scales, which is a step toward
constraining trade‐cumulus climate feedback.

1. Introduction
Cold pools are pockets of cold dense air that result from downdrafts associated with rain evaporation in the sub‐
cloud layer. When these downdrafts reach the surface, they expand circularly, forming mesoscale cloud arcs
visible in satellite imagery (Zuidema et al., 2012, 2017). The local impact of cold pools is evident in both shallow
and deep convection and consists of significantly altering the sub‐cloud layer's thermodynamic structure and
dynamics (e.g., Böing et al., 2012; Drager & van den Heever, 2017; Lochbihler et al., 2021; Schlemmer &
Hohenegger, 2016; Touzé‐Peiffer et al., 2022; Vogel et al., 2021; Zuidema et al., 2012). Cold pools suppress the
convection underneath clouds but can trigger new convective events by accumulating heat and moisture while
maintaining a relatively higher wind speed at cold‐pool fronts (e.g., Jeevanjee & Romps, 2013; Langhans &
Romps, 2015; Tompkins, 2001; Torri et al., 2015; Vogel et al., 2021; Zuidema et al., 2012). When cold‐pool
fronts collide, they can even more forcefully trigger new convection, a feature described in the deep
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convective regime (Torri & Kuang, 2019) as well as in shallow cumulus (Xue et al., 2008) and open‐cell stra-
tocumulus (Savic‐Jovcic & Stevens, 2008). In these cases, such mutual interactions between cold pools give rise
to a self‐organization of the cloud fields that manifests in horizontal variability on the mesoscale (Glassmeier &
Feingold, 2017; Haerter et al., 2019; Nissen & Haerter, 2021). Due to their interaction with ambient environ-
mental shear, which invigorates and sustains the convection, cold‐pool fronts can also evolve into squall lines, not
only in deep convective systems (Moncrieff & Liu, 1999; Rotunno et al., 1988; Weisman & Rotunno, 2004), but
also in case studies of shallow trade cumulus fields (Dauhut et al., 2023; Li et al., 2014).

Recent research on the climatology of trade‐cumulus cold pools shows that the subjectively identified cloud
patterns–Sugar, Gravel, Flowers, Fish (Stevens et al., 2020)—have distinct cold‐pool statistics (Vogel
et al., 2021). Given the effect of mesoscale cloud organization on cloud radiative effect (CRE) through its cor-
relation with both cloud cover (Bony et al., 2020) and albedo (Alinaghi et al., 2024; Denby, 2023), these findings
suggest that cold pools likely play a significant role in regulating the radiative effect of shallow cumulus clouds in
the trades. However, the response of CRE to cold pools in the trades has not yet been directly explored. Therefore,
this study aims to understand how cold pools can influence CRE. As illustrated in Figure 1, this implies inves-
tigating (i) the underlying mechanisms through which cold pools evolve and interact with trade‐cumulus clouds
for fixed large‐scale conditions, that is, their self‐organization on the mesoscale, and (ii) the extent to which this
behavior is controlled by the large‐scale conditions.

For large‐scale conditions that are fixed in time and spatially homogeneous (dashed box in Figure 1), large‐eddy
simulations (LESs) of non‐precipitating trade cumuli tend to self‐aggregate into clustered structures (Bretherton
& Blossey, 2017; Janssens et al., 2023; Narenpitak et al., 2021), leading to growth in their horizontal length scales
(Phase 1 in the time series of Figure 1). Ultimately, the deepening alongside this increased clustering leads to the
initiation of precipitation (Phase 2 in the time series of Figure 1). As a result of rain evaporation, cold pools
develop spontaneously from such conditions over domains of 50–300 km2 (e.g., Anurose et al., 2020; Lamaakel
et al., 2023; Seifert & Heus, 2013; Vogel et al., 2016). Formation of cold pools, in turn, leads to the presence of
ring‐like structures at the mesoscales. Throughout the manuscript, we use the term self‐organization for the
precipitating cumulus system because (i) these ring‐like structures form under large‐scale conditions that are
invariant in time and space, and (ii) the interactions between cold pools and clouds mutually organize themselves
into these ring‐like structures at the mesoscale. A recent realistically forced LES case study of the so‐called
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Figure 1. A conceptual picture of the trade‐cumulus cloud system. The dashed rectangle box shows the trade cumulus system
which is forced by (1) the large‐scale CCFs and (2) the diurnal cycle. Having time‐invariant and conducive CCFs, this system
shows (3) self‐organization via interaction between its components, that is, clouds and cold pools. As a result of these
interactions, this system might show (i) a time‐invariant, (ii) an unstable, or (iii) an intermittent behavior. The resulting (4)
cloud‐radiative effect is expected to depend on the details of links (1) to (3).
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Flowers on 2 February 2020, highlighted the role of cold pools in shaping this pattern in shallow convection,
similar to how deep mesoscale convective systems self‐organize along squall lines thanks to cold pools dynamics
(Dauhut et al., 2023). However, it remains unclear whether this “shallow squall line” analogy holds beyond this
single case study. Thus, our first aim is to investigate the mechanisms through which cold pools in the trades self‐
organize and interact with clouds from their formation until their dissipation (Figure 1, link 3). We will spe-
cifically explore, whether length‐scale growth stabilizes under cold‐pool activity (Phase 2, Option i), keeps
increasing (Phase 2, Option ii), or shows an intermittent behavior (Phase 2, Option iii).

The next question is whether and how these self‐organized fields of cold pools in the trades are controlled by the
large‐scale conditions, or cloud‐controlling factors (CCFs). Variations in CCFs can be expected to directly control
variations in convective triggering among mesoscale airmasses, and thus control fields of self‐organized cold
pools (Figure 1, link 1). For example, forward shear is more effective than backward shear in triggering new cold‐
pool‐driven convective events in LES experiments (Helfer & Nuijens, 2021). The diurnal cycle of insolation
appears to consistently control characteristics of cold pools and their associated cloud patterns (Figure 1, link 2),
cloud cover and precipitation in observations (Radtke et al., 2022; Vial et al., 2021; Vogel et al., 2021).
Furthermore, cold‐pool‐coupled trade cumulus patterns (Vogel et al., 2021) can be classified by their large‐scale
surface wind speed and inversion strength (Bony et al., 2020, their Figure 3). Despite the expected response of
trade‐cumulus cold pools to CCFs, we do not yet know (i) the precise magnitude of this response, and (ii) which
CCFs are the most important.

We comprehensively address these questions by means of a large ensemble of large‐domain LESs. Such en-
sembles are becoming increasingly computationally feasible (Jansson et al., 2023). Their advantages compared to
case studies lie not only in their greater generality but also in their amenability to statistical analyses, which
facilitates model‐measurement integration (Alinaghi et al., 2024; Chen et al., 2024; Feingold et al., 2016;
Glassmeier et al., 2019; Gryspeerdt et al., 2022; Hoffmann et al., 2020, 2023; Mapes, 2024). We specifically
employ the Cloud Botany data set, which includes 103 idealized, large‐domain, LESs of shallow cumulus clouds
(Jansson et al., 2023). These simulations were performed using the Dutch Atmospheric Large Eddy Simulation
(DALES) model (Heus et al., 2010) and incorporate varying large‐scale CCFs such as tropospheric stability,
geostrophic wind, sea‐surface temperature, and large‐scale vertical velocity. The range of the used values of these
CCFs are determined from ERA5 reanalysis data (Hersbach et al., 2020) and EUREC4A field campaign (Bony
et al., 2017; Stevens et al., 2021) and are therefore representative of the large‐scale conditions of the trade‐wind
regions over the subtropical Northern Atlantic Ocean where cold pools frequently occur. This makes the Cloud
Botany perfectly suitable for systematically exploring and categorizing the interplay between cold pools and the
environmental conditions in which they form, develop, and decay.

In the remainder of the paper, we first introduce the data and methods, followed by a quantification of the response
of cold pools to variations in large‐scale CCFs (Figure 1, link 1, Section 3.1) as well as to the diurnal cycle of
insolation (Figure 1, link 2, Section 3.2). To solely focus on the dependence of cold pools on self‐organizing
mechanisms (Figure 1, link 3), the diurnality in radiation is switched off in Section 3.3. We eventually present
how the self‐organization of cold pools manifests itself into 2D cloud patterns and how this affects CRE (Figure 1,
link 4) in Section 3.4. We summarize our results in Section 4.

2. Methodology and Data
2.1. Cloud Botany Ensemble

The main data source for this study is the output of a large ensemble of LESs of shallow cumulus cloud fields,
produced with the Dutch Atmospheric Large‐Eddy Simulation (DALES) model (Jansson et al., 2023). This data
set, called Cloud Botany, consists of 103 simulations, each 60 hr long, over 150 × 150‐km2 domains with a
horizontal resolution of 100 m and a vertical resolution of 20 m (which stretches by 1% with height). The Botany
simulations were run for a range of different idealized large‐scale forcings and environments, controlled by six
parameters; we will refer to these parameters as cloud‐controlling factors (CCFs) (Jansson et al., 2023, their
Figure 2). These CCFs are the sea‐surface liquid‐water potential temperature (θl0) , near‐surface geostrophic wind
speed (u0) , the moisture scale height (hqt ), the temperature lapse rate in the free troposphere (Γ), large‐scale
vertical velocity variability (w1) , and the shear in the horizontal geostrophic wind (uz) . Each simulation was
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initialized with the profiles of temperature, humidity and wind that determine the large‐scale environment.
Table 1 provides information on the ensemble's mean and standard deviation of these CCFs.

The range of used values for the CCFs is based on the global ERA5 reanalysis data of the trade‐wind environment
(Hersbach et al., 2020). All Botany simulations feature constant large‐scale tendencies for drying and cooling
through advection as depicted by Jansson et al. (2023, their Figure 3). Additionally, diurnality in incoming solar
radiation is incorporated throughout the entire Botany simulations. The cloud‐droplet number concentration is
fixed and equal to 70 × 106/m3 in every grid cell of Botany simulations. For further details about the design and
parameters of the Botany ensemble, we refer the readers to the data set paper (Jansson et al., 2023).

Each simulation member of the Botany ensemble is initialized from a homogeneous non‐cloudy state, and the
external CCFs are time‐invariant throughout each simulation member. This means that the evolution of cloud
fields is internally driven by, for example, the interactions between the components of system, that is, self‐
organization. This allows studying processes through which the system self‐organizes. To illustrate their over-
all behavior, we show Figure 2a, which provides the time series of the domain‐mean (cloud‐)liquid‐water path L
and rain‐water pathR averaged over the entire ensemble. Figures 2b–2e further show the albedo contour plots of
the central reference simulation at 5, 23, 29, and 54 hr after the starting time of the simulation. All simulations in
the Botany ensemble start from a homogeneous non‐cloudy state (Figure 2a). During the spin‐up time of the first
≈ 10 hr, a majority of simulation members (87 out of 103) develop small cumuli (Figure 2b) that due to self‐
reinforcing shallow circulations (Janssens et al., 2023) clump together and deepen (Figure 2c). This marks
phase 1 in Figure 1. Once these aggregated clouds deepen sufficiently, they begin to precipitate (≈ Hour 22;
Figure 2a) and form cold pools. This marks the beginning of phase 2 shown in Figure 1. The cold pools can be
visually diagnosed as relatively cloud‐free areas surrounded by cloudy rings in Figures 2d and 2e. The simulated
cloud rings and cold pools are sometimes topped by stratiform anvils (Figure 2d), which visually resemble
Flowers (Stevens et al., 2020). Later, the cold pools organize into (semi‐)cellular structures (Figure 2e), which
resemble Stevens et al. (2020)'s Gravel. Cloudiness and precipitation grow through the night and peak at sunrise
(Figure 2a). Afterward, due to the stabilizing effect of daytime shortwave radiative heating, cloudiness and
precipitation decline until around sunset, where they start to grow again. As cold pools result from rain evapo-
ration, all our analyses throughout this paper focus on the second day of the Botany simulations, where the cumuli
robustly precipitate (Figure 2a), that is, phase 2 of Figure 1.

2.2. Cold Pools Diagnosed by the Mixed‐Layer Height

Once clouds are raining, rain‐evaporation cools the sub‐cloud layer, while condensation warms the cloud layer,
stabilizing the boundary layer. Consistently, cold pools in the trades often correspond to a drop in near‐surface
temperature (up to ≈ 1–2 K) and specific humidity (up to ≈ 1.5 g/kg), as observed by Zuidema et al. (2012).
In this study, we diagnose cold pools using the (shallow) mixed‐layer height (hmix) from the 2D outputs of the
Botany data set, which is calculated according to the method proposed by Rochetin et al. (2021, their Equation 1).
The metric hmix has been demonstrated as a reliable indicator for trade cumulus cold pools, with the area affected
by cold pools exhibiting low values of hmix, in both observations (Touzé‐Peiffer et al., 2022) and models
(Rochetin et al., 2021).

Table 1
Parameters of the Botany Ensemble

Large‐scale and initial conditions Parameters [units] Ensemble's mean Ensemble's standard deviation

Sea‐surface liquid‐water potential temperature θl0 [K] 299 0.84

Near‐surface geostrophic wind speed u0 [m/s] − 10.6 3.65

Temperature lapse rate in the free troposphere Γ [K/km] 5 0.51

The moisture scale height hqt [m] 1,810 515

Large‐scale vertical velocity variability w1 [cm/s] 0.0393 0.1906

Shear in the horizontal geostrophic wind uz [(m/s)/km] 2.22 1.79

Note. Overall statistics of the ensemble's parameters determining CCFs.
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To illustrate how we diagnose cold pools from the horizontal field of hmix, consider the snapshot in Figure 3a.
Figure 3b depicts the probability density distribution (PDF) of hmix corresponding to Figure 3a. The ansatz for our
diagnosis of a cold pool is to imagine a symmetric mono‐modal distribution in this PDF that would have occurred
in the absence of cold pools; in this field, its mode is around 900 m. We approximate the upper boundary of this
distribution as the 99th percentile of the 2D hmix. Next, we mark its lower boundary by subtracting the difference
between the mode and the upper boundary from the mode (blue line in Figure 3b). Any pixel with an hmix smaller
than this height is considered a cold‐pool pixel. The outline of the resulting cold‐pool mask for this example is
shown in Figure 3a.

Figure 2. Evolution of cumulus clouds in Botany. (a) Time series of domain‐mean liquid‐water path (L) and rain‐water path (R), averaged over the entire Botany
ensemble. Gray‐shaded areas correspond to nighttime. (b–e) Contour plots of cloud albedo for the central reference simulation (run 1) that has the mean CCFs of the
entire ensemble.
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Using this cold‐pool mask, we quantify spatial cold‐pool characteristics, such as their fraction fcp, number ncp, and
size scp = ∑

ncp
i=1

̅̅̅̅̅
Ai

√
/ncp, where Ai denotes the area of each individual cold‐pool object within the simulation

domain. Each cold‐pool object is detected as 2D contiguous objects using the clustering technique. These metrics
are calculated for all simulations every 5 minutes, which is the temporal resolution of the hmix output in the Botany
data set.

Like previous studies (e.g., Drager & van den Heever, 2017; Rochetin et al., 2021), there are statistical as-
sumptions in defining cold pools. However, the main results are not sensitive to these definition details. For
instance, using the condition hmix < 400 m for defining cold pools, as proposed by Touzé‐Peiffer et al. (2022),
yields very similar results (see Section 3.1).

Lastly, to explore the interactions between cold pools and clouds throughout the paper, particularly in Sections 3.3
and 3.4, we use several cloud‐field properties such as the domain‐mean size of cloud objects (Lc) , the mean
fraction of open‐sky areas (Lo) (Janssens et al., 2021), the domain‐mean geometric thickness (h), and the domain‐
mean size of precipitation cells (Lp) . The definitions of these metrics are detailed in the Supporting
Information S1.

3. Results and Discussion
3.1. The Dependence of Cold Pools on Cloud‐Controlling Factors

The dependence of cold pools on the CCFs (Figure 1, link 1) is analyzed using a multivariate regression analysis

fcp ≈ ∑
6

i=1
βi × C̃CFi with C̃CFi ≔

CCFi − CCFi
σ(CCFi)

(1)

where fcp is a vector where each elements stands for the average cold‐pool fraction over the last 2 days of each
simulation member of the ensemble when both precipitation and cold pools are present. Likewise, each CCFi in
the regression is a vector in which each element is the associated CCFi of a simulation member of the ensemble.
All the CCFs displayed in Table 1 are used as regressors. Regressors are standardized by subtracting their mean
CCFi and through dividing by their standard deviation σ(CCFi) across the entire ensemble. Therefore, β co-
efficients measure the relative significance of the CCFs with respect to each other with an equal weighting.
Simulations without cold pools, that is, fcp< 0.001, are excluded. Out of the 87 Botany simulations that develop
into clouds, this selection criterion yields 82 simulations. In addition, we removed simulations 7 and 39 from the
regression analysis as they do not fully contain the second day due to technical issues (Jansson et al., 2023).
Therefore, our multiple regression analysis (Equation 1) contains the target values and regressors, which are
vectors (or 1D arrays) of size 80 × 1.

Figure 3. Cold‐pool mask definition. (a) Contour plot of hmix for hour 29 of the central reference simulation, which its cloud field is shown in Figure 2. The cold‐pool
mask is shown by the green dashed contour line. (b) The probability density distribution of the hmix shown in (a).

Journal of Advances in Modeling Earth Systems 10.1029/2024MS004540

ALINAGHI ET AL. 6 of 20

 19422466, 2025, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024M

S004540 by T
u D

elft, W
iley O

nline L
ibrary on [02/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Figure 4a shows that the regression model based on Botany's CCFs is well capable of explaining the variations of
the mean cold pool fraction fcp between the different simulations with R2 = 0.87. More specifically, Figure 4b
shows that the near‐surface geostrophic wind speed and large‐scale subsidence are the most important CCFs for
explaining the variability of cold pools in the entire ensemble: Cold pools are favored by stronger |u0| and weaker
cloud‐layer subsidence (stronger w1 corresponds to weaker subsidence (Jansson et al., 2023)). Weaker but still
significant correlations are observed for Γ and uz: stronger free‐tropospheric stability and horizontal (backward)
wind shear lead to a smaller fcp.

Figure 4. Multivariate regression of CCFs to predict cold‐pool statistics. (a, c, e) The scatter plot of the results of multivariate regression analysis for fcp, ncp, and scp over
the last 2 days of the Botany ensemble, where each purple circle stands for one simulation and the black line represents y = x. (b, d, f) The standardized beta coefficients
(β) of the multiple regression analysis for predicting fcp, ncp, and scp as a function of Botany's CCFs. Black error bars indicate the 95% confidence interval of each CCF. The
greater the distance of the error bar from zero, the more significant the associated CCF in the regression model (smaller p‐values). The p‐values of the F‐statistic test for all
regression models are smaller than 10− 17.
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The cold pool fraction fcp depends on both the number and size of cold‐pool objects within each cloud field.
Therefore, we also conduct the same regression analysis on ncp, the mean number of cold pools, and scp, the mean
size of cold pools. Figures 4c and 4e show that the CCFs are also well capable of explaining the variations of ncp
and scp with R2 values of 0.82 and 0.69, respectively. Also here both wind speed u0 and subsidence w1 emerge as
the most significant CCFs for explaining the variability of ncp and scp, consistent with the results of fcp (Figures 4d
and 4f). Furthermore, the influence of Γ on fcp appears to be primarily driven by the response of scp to Γ, as ncp
does not exhibit any significant response to Γ (Figures 4d and 4f). The response of our simulated cold pools to θl0
and hqt seems to not be significant. In addition, we test the extent to which our results are sensitive to the definition
of cold pools: the same multivariate regression based on cold pools being defined as where hmix < 400 m ends up
in almost identical results (Figure S1 in Supporting Information S1).

What are the underlying mechanisms through which cold pools respond to wind speed |u0|, large‐scale subsidence
w1, and stability Γ? In small‐domain LESs of non‐precipitating cumulus fields, Nuijens and Stevens (2012)
showed that increased wind speed |u0| leads to stronger surface latent and sensible heat fluxes promoting deeper
and more active cumulus convection. The deepening response to increased wind speed |u0| is also consistent with
observations of the trades (Nuijens et al., 2009). Despite a modest response of the boundary‐layer depth to wind
speed |u0| perturbations in small‐domain LESs of precipitating cases (Bretherton et al., 2013), similar regression
analyses as Equation 1 show that, in the Botany ensemble, increased wind speed |u0| leads to deeper cloud fields
that contain larger amount of liquid water (Figures S2 and S3 in Supporting Information S1).

Weaker subsidence (larger w1) reduces both the large‐scale heating and drying of the cloud layer, allowing deeper
cloud layers, consistent with observations (Nuijens et al., 2009). Likewise, increased stability prevents the
deepening of the boundary layer, thereby limiting the growth of cloud fields' depth (Bellon & Stevens, 2012,
Figure 3). These responses are also consistent in the Botany data set: regression analyses of the entire ensemble
show that both cloud‐top height and liquid‐water path increase in response to decreased subsidence and stability
(Figures S2 and S3 in Supporting Information S1).

Deeper trade cumuli with larger liquid‐water paths eventually generate more intense precipitation, also in ob-
servations (e.g., Nuijens et al., 2009). Observational studies in the trades further showed that larger cold pools are
associated with more vigorous precipitation‐driven downdrafts (Vogel et al., 2021; Zuidema et al., 2012).
Therefore, our Botany‐based results mirror observations: deepening of the boundary‐layer cloudiness leads to
larger cold pools.

Most of the results of the regression analyses are also consistent with observations of mesoscale cloud patterns in
the trades: the so‐called Gravel and Flower patterns are strongly favored by windy environments (Bony
et al., 2020; Schulz et al., 2021). These distinct patterns are also reported to consist of a large number of cold pools
(Vogel et al., 2021). However, Gravel and Flowers patterns are associated with larger subsidence (Schulz
et al., 2021), which contradicts our LES‐based results. Fish patterns were not simulated (Jansson et al., 2023) as
these mesoscale structures are too large (> 1,000 km) to be captured in the simulation domains of the Botany
simulations and stem from extra‐tropical cold fronts that intrude into the trades (Schulz et al., 2021).

Therefore, theory, models, and observations, where available, confirm (i) the deepening of cloud fields in
response to increased wind speed, decreased free‐tropospheric stability, and decreased large‐scale subsidence,
and (ii) the increasing size of cold pools in response to this deepening.

3.2. The Dependence of Cold‐Pool Evolution on the Diurnal Cycle

Here, we investigate how the evolution of cold pools is modulated by the diurnal cycle (Figure 1, link 2). Figure 5a
shows the time series of the average cold‐pool fraction of the entire Botany ensemble. As expected from the time
series of clouds and rain (Figure 2a), the dependence of cold pools on the diurnal cycle is clearly visible: there is a
significantly larger cold‐pool fraction during sunrise in comparison with sunset. This diurnality is due to the
stronger radiative cooling during the nighttime that destabilizes the atmosphere, promoting stronger convection,
more rain, and thereby more and larger cold pools. Despite the absence of diurnality in CCFs (e.g., subsidence,
wind, sea‐surface temperature) of the Botany simulations, it is noteworthy that these simulations featuring only
diurnality in insolation can reproduce comparable evolution and range of variability in fcp as reported in obser-
vations of the trades by Vogel et al. (2021).
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To distinguish the cold‐pool development forced by the daily cycle from any development due to pure self‐
organization, we select the central reference simulation (i.e., run 1 of the ensemble) which has the mean CCFs
of the Botany hypercube, and conduct a simulation without diurnality in incoming solar radiation. To achieve this,
we calculate the average solar radiation over 24 hr and determine the corresponding solar zenith angle. We then
run DALES, keeping the zenith angle fixed at the calculated value (similar to Ruppert and Johnson (2016)),
resulting in a simulation with the same total incoming solar radiation each day. This simulation is run over 10
days, and its results are plotted in Figure 5b.

Figure 5b still shows an intermittent behavior in the time series of fcp, even when the diurnality in insolation is
absent. The fluctuations in fraction (Figure 5b), number, and size (Figure S4 in Supporting Information S1) of
cold pools in the simulation without the diurnal cycle exhibit higher frequency but mostly with smaller ampli-
tudes. The latter is due to the time‐invariant shortwave radiative heating, constantly stabilizing the atmosphere,
preventing clouds from getting as deep as nighttime, reducing the amplitude of cold‐pool fluctuations. This is
supported by the nighttime peaks in fcp, which are about twice as large in the simulation with the diurnal cycle
compared to the one without (Figure 5b). This led us to ask: Why does the intermittent behavior persist even in the
simulation without the diurnal forcing? Answering this question sheds light on the dependence of cold pools on
self‐organizing mechanisms (Figure 1, link 3).

3.3. The Dependence of Cold Pools on Self‐Organizing Mechanisms

As cold pools are the direct result of rain‐evaporation‐driven downdrafts, it is natural to expect a similar temporal
behavior of precipitation and other cloud properties that promote rain formation. Indeed, Figure 6a shows that
cloud fraction fc, liquid‐water path L, and surface precipitation rate P (the latter two both conditioned on cloudy
columns) display a very similar intermittent behavior as the cold‐pool fraction fcp. This is further supported by
Figure 6b which shows strong correlations of the cloud field properties fc, L, and P with fcp with lags of 0.5, 2.7,
and 2.4 hr, respectively. These lag‐correlations support the familiar sequence of events leading to cold pools:
clouds grow deeper, increase their liquid‐water content that promotes precipitation, leading to the formation of
cold pools. The question now is what role cold pools play in driving this evolution.

Studies in deep convection (e.g., Haerter et al., 2019; Nissen & Haerter, 2021) showed that the interaction be-
tween cold pools through their collisions is an essential mechanism for the self‐organization of deep convective
cloud fields. Here, in our idealized simulation of trade cumulus, we hardly observe such interactions as the

Figure 5. Effect of the diurnal cycle on cold pools. (a) The time series of the median fcp (continuous line) accompanied by the
interquartile range between the 25th and 75th percentiles of fcp (purple shade) for the entire Botany ensemble. The fcp time
series of the central reference simulation is shown by the dashed line. (b) Time series of fcp for the central reference simulation in
the Botany data set with (black) and without (blue) the diurnal cycle. Gray‐shaded areas correspond to nighttime.
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number and fraction of cold pools are too small for frequent collisions (Figure 5b; Figure S4 in Supporting In-
formation S1, Movie S1). We speculate that this might be due to the structure of shallow mesoscale overturning
circulations. Once these circulations aggregate cloud fields, their descending branches tend to separate the
aggregated clouds from each other. Consequently, subsequent cold pools form far apart, preventing them from
interacting with each other through collisions. This brings us to ask: what self‐reinforcing feedback does govern
the observed intermittent behavior (Figure 1, link 3)?

To answer this question, we suggest a mechanism through which cold pools play a role in the self‐organization of
the trade‐cumulus cloud fields. Firstly, we begin by qualitatively describing these mechanisms using snapshots
that depict the stages of a typical cold pool and its parent cloud's life cycle, referred to hereafter as the “cold‐pool
system” (Section 3.3.1). We show these snapshots which, through visual inspection, are representative of nearly
all cold pools forming in our simulation (Movie S1). Secondly, we offer statistical support for the explained
mechanisms throughout the simulation (Section 3.3.2). Finally, we close this section by summarizing and dis-
cussing the points that are necessary to be considered in future research (Section 3.3.3).

3.3.1. Three Stages of Self‐Organization of the Cold‐Pool Systems

Figure 7 shows the stages of the cold‐pool system's life cycle, where we track one cold‐pool system over hours
164–167 from both top and side views. This life cycle of the cold‐pool system suggests a clear physical mech-
anism that governs the growth and decay of cold pools. Throughout the explanation of the life‐cycle stages of cold
pools below, we refer to the processes by numbers that are also shown in Figure 7.

Developing stage. Hour 164. During this developing stage, the cold‐pool system (at y ≈ 80 − 90 km) is rela-
tively small in the horizontal (y direction) and displays self‐reinforcing dynamics: precipitating downdrafts on the
Southern part of the cold‐pool system (1) suppress the mixed‐layer height and induce a strong Northern outflow
toward the boundary of the cold pool (2). Directly outside the cold pool, where the mixed layer still has a top close
to the lifting condensation level (LCL), strong convergence of the outflow induces updrafts and the formation of
active cumulus convection (3). These growing cumulus clouds appear to be pushed back into the cold‐pool region
by a strong convergence at the cloud base of the actively precipitating part of the system (4), where they reinforce
the downdrafts through the precipitation that they produce. Finally, around the inversion at a height of 3 km, a
region of strong divergence (an anvil outflow) can be observed (5).

Mature stage.Hour 165. At this stage, the cloud system has extended horizontally with the anvil outflow, partially
covering the cold pool at y ≈ 79 − 95 km (5). Underneath this outflow, a larger but also weaker precipitation
band develops between y ≈ 80 − 90 km, resulting in weaker downdrafts (1), a weaker surface outflow (2), and
hence also a weaker gust front with less vigorous updrafts into shallower cumulus clouds aloft (3). Yet, the

Figure 6. Cloud‐rain‐cold‐pool correlations. (a) Time series of fc, L, and P. (b) Lag‐correlations of fcp with fc (continuous
line), the in‐cloud L (dashed line), and the in‐rain P (dotted line). The highest correlations are marked by the red circle. The
correlations are based on the last 5 days of the simulation without the diurnal cycle, during which the domain‐mean total‐water
path has stabilized (Figure S5 in Supporting Information S1).
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connection with the cloudy updrafts at the gust front is still intact (4), such that the feedback from the developing
stage remains sufficiently strong to sustain the system.

Decaying stage. Hours 166, 167. In the decaying stage (hour 166), the cloud extends further in the horizontal (5),
mainly in the form of stratiform anvils. This leads to geometrically thinner clouds, which in turn contain less
liquid water per cloudy column. Hence, the precipitation intensity reduces further (1), as do the diverging surface
current (2) and the gust front (3), so that hardly any cumulus convection is formed on top of the updrafts (4). As a
result, the moisture supply through the updrafts into the trailing anvils dwindles. The cold‐pool system has now
entered the decaying stage, after which at hour 167, the cloud object becomes thinner and vanishes quickly,
leading to the presence of large clear‐sky areas inside the cold‐pool boundary (x‐y cross‐section).

Figure 7. Typical stages of the cold‐pool system's life cycle. The left column shows four contour plots of cloud albedo along with the cold‐pool mask shown by the
dashed, magenta contour lines for hours 164–167 of the simulation without the diurnal cycle. The right column shows y‐z‐cross‐section contour plots of the total specific
humidity anomalies associated with the dashed red line in snapshots shown in the left column. Cloud and rain boundaries are shown by the blue and gray contour lines.
Circulations are made from the meridional (v) and vertical (w) velocity anomalies and are shown by black streamlines. To reduce the noise from the circulations, v,w are
made from the medians of a 5‐km window along the x dimension. The hmix is shown by the dashed, magenta contour lines. The South (S), North (N), West (W), and East
(E) directions are shown by orange labels.
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3.3.2. Composite Analysis of Self‐Organization of the Cold‐Pool System

To provide statistical support for the processes described above, we investigate the evolution of the most
important parameters of all cold‐pool systems that develop over the last 5 days of the simulation without the
diurnal cycle. For clouds, we use the domain‐mean liquid‐water path L and cloud thickness h (both averaged over
cloudy columns), and the average size of cloud objects Lc in the simulation domain. For precipitation, we use the
in‐rain domain‐mean precipitation intensity P and the domain‐mean size of precipitation cells Lp. For cold pools,
we use the maximum near‐surface horizontal velocity inside cold pools ucp,max to indicate the strength with which
the cold pools diverge near the surface (see Figure S6 in Supporting Information S1). In addition, we use wP99.99,
the 99.99th percentile of the vertical velocity (at 200‐m height) as an indication of the convergence strength at the
gust front near the boundary of cold pools. We use this percentile because the width of the convergence area at the
gust front is narrow, but features vigorous updrafts (see Figure S6 in Supporting Information S1).

To highlight the evolution of the cold‐pool system, we make a composite plot of the time series of all metrics
mentioned above, that is,L, h, ucp,max,wP99.99, Lc, and Lp during the last 5 days of the simulation without the diurnal
cycle. To do so, we first find the corresponding time steps of the local minima ofP time series. We find these local
minima from the smoothed precipitation time series to avoid erroneously identifying very small noises as cold‐
pool events. As a result, for each cold‐pool event i, we have a starting point ti which is when precipitation starts,
and an ending point ti+ 1 which is when precipitation stops. For each event i, we define a new time index

t∗ =
t − ti
ti+1 − ti

where ti < t< ti+1, (2)

that ranges between 0 and 1. Since the length of cold‐pool events may vary slightly throughout the simulation
without a diurnal cycle, we linearly interpolate the time series of each event to ensure all cold‐pool events have the
same number of data points. Next, at each time step j in t∗ for each cold‐pool event i, we find the corresponding
value Cij of the metric C ∈ {L,h,ucp,max,wP99.99,Lc,Lp} and calculate the mean of it for all cold‐pool events by

Cj =
∑N

i=1Cij
N

, (3)

whereN is the total number of cold‐pool events. We normalize the composited evolution of each metric C by their
minimum and maximum as

Cj,normalized =
Cj − min(C)

max(C) − min(C)
. (4)

Figures 8a–8c show the final normalized composited time series (Cnormalized) . Figures 8a–8c show that P features
an almost symmetric evolution: it robustly increases during 0< t∗ < 0.45, stabilizes during 0.45< t∗ < 0.65, and
robustly decreases during 0.65< t∗ < 1. These time blocks respectively mark each stage of the life cycle of the
cold‐pool system described and visualized in Section 3.3.1, that is, Developing, Mature, and Decaying.

Figure 8a illustrates that at the beginning of the Developing stage (t∗ = 0) , clouds are already deep enough to
start raining, which aligns with Figure 6b. During this stage, Figure 8b shows that as precipitation intensity P
increases, the strength of the near‐surface diverging outflows ucp,max and convergence at the cold‐pool boundaries
wP99.99 consistently increase. Simultaneously, clouds thicken, contain more liquid water (Figure 8a), and the
overall size of clouds and precipitation cells robustly increase (Figure 8c). The growth of clouds both horizontally
and vertically (Figures 7, 4,5), along with the increased precipitation downdrafts (Figures 7, 1), diverging out-
flows (Figures 7, 2), and converging updrafts (Figures 7, 3), are consistent with Figure 7 (from hour 164) and
imply the presence of circulations through which cold pools feed back to the parent clouds.

During the Mature stage, Figure 8b shows that the time series of precipitation intensity P, diverging outflows
ucp,max and converging updrafts wP99.99 are quite stable. Figures 8a and 8c indicate that while clouds begin to shrink
vertically (t∗ ≈ 0.55) , as shown by a decrease inL and h, they expand horizontally, as shown by an increase in Lc.
This is an indication of the formation of stratiform anvils that are vertically thin but horizontally large. Figure 8c
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further highlights that the size of precipitation cells Lp is also growing alongside the size of clouds. This means
that the same amount of rain evaporation must be occurring over a larger region, which reduces the potential for
the cold pool to drive the system. Formation of stratiform anvils during this Mature stage is consistent with the
development of the cold‐pool system shown in Figure 7: from hour 164 to hr 165, both the width of the cloud and
rain cells increase, while the average vertical thickness of the cloud decreases (Figures 7, 5).

Time series in Figures 8a–8c show that once clouds and precipitation cells reach their maximum size, the starting
time of theDecaying stage is set; that is, once stratiform anvils form, they lead to precipitation with larger cells Lp
but weaker intensity P, consistent with Figure 7(1, during hours 164–166). As a result, Figure 8b shows that the
near‐surface diverging outflows at cold pools ucp,max (Figures 7, 2) and the convergence at the cold‐pool fronts

Figure 8. Composite analysis of the evolution of the cold‐pool system. Composite time series of the evolution of the domain‐
mean precipitation intensity P with (a) the domain‐mean liquid‐water path L and cloud geometric thickness h, (b) maximum
near‐surface horizontal velocity at cold‐pool areas ucp,max and the 99.99th percentile of vertical velocity wP99.99 at 200‐m level,
(c) domain‐mean size of cloud objects Lc and precipitation cells Lp within the simulation domain for all life cycles of the cold‐
pool systems of the last five days of the simulation without the diurnal cycle. The stages of the cold‐pool system Developing,
Mature, and Decaying are marked by colors green, purple, and yellow, respectively. Composited time series were slightly
smoothed using a Gaussian low‐pass filter.
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wP99.99 (Figure 7, 3) get robustly weaker during the Decaying stage, such that they can hardly trigger formation of
new clouds at LCL (Figures 7, 4, hour 166), consistent with what Figure 7(hour 166) illustrates. Note that during
the Decaying stage, the size of both clouds Lc and precipitation cells Lp drop quite fast (Figure 8c) once wP99.99
reduces sufficiently, implying the quick disappearance of stratiform anvils after they detach from their conver-
gence roots, as shown in Figure 7(hour 167).

3.3.3. Discussion and Outlook

In essence, the preceding analysis suggests that the role cold pools play in the trade‐cumulus self‐organization is
through what we will call “shallow squall‐line” dynamics. Thinking of the trade‐cumulus cold‐pool systems as
squall lines has precedence in the analysis of mesoscale cloud rings without stratiform tops, visible in the so‐
called Gravel fields (Li et al., 2014). Yet, our findings suggest that the dynamics on a single cold pool edge
also underlie the formation of the large anvils frequently found atop more clustered cloud systems. This resonates
with the findings of Dauhut et al. (2023), who illustrated similar processes, though for a single case study, as in
Figure 7 and proposed that the so‐called Flowers are shallow mesoscale convective systems. In fact, our results
indicate that most cold‐pool systems in the trades develop through similar shallow squall‐line dynamics, with only
some growing as large as the case on 2 February 2020 (e.g., Narenpitak et al., 2021), and only some developing
anvil clouds.

The difference between patterns with and without anvils might be related to inversion strength. In fields of
Flowers, the inversion is strong (Bony et al., 2020, their Figure 2), such that strong cold‐pool‐induced convection
leads to large stratiform outflows when they impinge on the inversion. Another possibility is that the cloud‐to‐rain
droplet auto‐conversion is less efficient in Flower patterns, as shown by Radtke et al. (2023). For the same amount
of cloud water content, this gives Gravel fields a larger number of precipitation cells compared to Flowers. In
turn,Gravel features a larger number of cold pools (Vogel et al., 2021, their Figure 7a), which gives room for cold
pools to collide with each other, triggering the formation of new clouds at their collision point (Nissen &
Haerter, 2021). In Flowers, and in our simulation ensemble, such interactions are rare, as cold pools frequently
form quite far from each other. Future studies might attempt to distinguish these regimes and mechanisms in more
detail, including how microphysical properties affect cold pools and their interactions with clouds.

We hypothesize that the updrafts being sheared and pushed back to the parent clouds at the cloud‐base height
(orange arrow in Figure 11) is due to a pressure gradient from the cold‐pool front, where high pressure is induced
by mechanically driven updrafts, to the inside of cold pools, where evaporative downdrafts lead to lower pres-
sures. This causes the updraft to deflect toward the cold‐pool area at the cloud base. The sheared updrafts at the
boundary of our shallow squall lines resemble those in deep mesoscale convective systems (Rotunno et al., 1988;
Stensrud et al., 2005; Weisman & Rotunno, 2004). These cold‐pool‐induced circulations can reinforce their
parent clouds if their induced wind shear is twice that of the ambient environment (Li et al., 2014, their Figure
15c). In addition, according to Li et al. (2014), we expect a “downwind triggering,” given our zonal wind is
westward and features forward shear in the sub‐cloud layer, resulting from the interplay between ambient
environmental shear and cold‐pool‐induced shear. Although our simulations feature zero meridional geostrophic
wind (south‐north direction), we consistently observe triggering on the northern side of cold pools. Hence, further
investigating the interaction between cold‐pool‐induced and environmental shear might help understand the
causality of this cloud‐cold‐pool coupling, which we defer to future studies.

3.4. Implications for Mesoscale Cloud Organization and Radiative Effect

Considering our conceptual picture (Figure 1), we have shown how cold pools respond to CCFs (Figure 1, link 1;
Section 3.1) and the diurnal cycle of radiation (Figure 1, link 2; Section 3.2). Keeping these CCFs time‐invariant,
we suggested that the cold pools organize trade‐cumulus fields through shallow squall‐line dynamics, which
drives the self organization of cold‐pool systems (Figure 1, link 3; Section 3.3). Here, we want to understand (i)
how these self‐organizing mechanisms manifest themselves as 2D cloud patterns (Section 3.4.1), and (ii) whether
and how they matter for trade‐cumulus radiative effect (Figure 1, link 4; Section 3.4.2).

3.4.1. Dependence of Mesoscale Organization on Cold Pools

To investigate the spatial organization of cloud fields throughout the cold‐pool systems' life cycles, we use the
average cloud size Lc and calculate the open‐sky fraction Lo, the mean fraction of cloud‐free areas in the
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simulation domain. These metrics effectively capture the mesoscale organization variability, in observations
(Janssens et al., 2021) and in the Botany ensemble (Janssens, 2023, chapter 7). Figure 9a shows the time series of
these metrics over the 10‐day period of the central reference simulation without the diurnal cycle: Lc grows fast
during the first 24 hr of the simulation, when clouds are non‐precipitating. This marks phase 1 from Figure 1,
where convergent moist areas with non‐precipitating cumulus convection and divergent dry areas with less
cumuli grow together. This phase is broken by rain and cold‐pool formation around hour 24, after which the cloud

Figure 9. Cold‐pool‐mesoscale organization relationships. (a) Time series of Lc and Lo. (b) Lag‐correlations of fcp with Lc and Lo, with red circles showing the best
correlations. (c) Similar composite analysis to Figure 8 for P, fcp,Lc, and Lo of the simulation without the diurnal cycle. (d) The evolution of the standardized Lc and Lo
(concerning their mean and standard deviations) through one cold pool's life cycle (hours 70–82). (e) The same relationship as (d) but with lags with respect to fcp time
series. The size of each circle in both plots is scaled by the value of fcp at the corresponding time step. The correlations are based on the last 5 days of the simulation without
the diurnal cycle.
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scale Lc does not grow anymore but shows an intermittent behavior, comparable to the cold‐pool fraction fcp
(Figure 1, Option iii). This intermittency is also present in the time series of the open‐sky fraction Lo. Figure 9b
shows that Lc has a maximum correlation with fcp with a lag of≈ − 1 hr, while Lo has its maximum correlation with
a lag of ≈ +1 hr, consistent with the cold‐pool systems' life cycle (Figures 7 and 8): during both the Developing
and Mature stages, the size of clouds Lc and cold pools fcp grow until stratiform anvils form, which marks the
beginning of the Decaying stage, during which the remaining anvils shrink in size, after which cold pools start to
dwindle, raising the open‐sky fraction Lo (Figure 9c).

According to Janssens et al. (2021, their Figure 3a); Janssens et al. (2023, their Figure 7.1a), Lc and Lo provide
complementary information about shallow cumulus organization and, in combination, can explain most of the
variability in organization observed in the trades. Figure 9d shows how the Lc − Lo relationship evolves
throughout one cold‐pool cycle. Interestingly, our cross‐correlation analysis in Figures 9b and 9e shows that Lc
and Lo are tightly lag‐correlated, even though they are independent. This suggests that precipitating trade‐cumulus
organization can be captured by two dimensions: (i) one spatial organization or process‐related metric, which can
be one of fc, L, h, P, fcp, Lc, and Lo and (ii) one temporal organization metric, which measures the lag between, for
instance, Lc and Lo; or equivalently how fast the first dimension evolves through one cold‐pool system's life cycle.

3.4.2. Dependence of Cloud‐Radiative Effect on Cold Pools

Mesoscale organization affects the trade‐cumulus radiative effect through variations in cloud cover fc (Bony
et al., 2020) and optical thickness τc (Alinaghi et al., 2024; Denby, 2023). So, since cold pools affect cloud
organization (Figure 9), we expect cold pools to affect CRE. To investigate this, we perform the same composite
analysis of Section 3.3.2 and Figure 8 for the domain‐mean CRE, fc, and L. In the Botany simulations, the cloud‐
droplet number concentration is fixed, so the variations in τc are fully determined by the variations in L.

As a result, Figure 10a highlights that during the Developing stage of the cold‐pool systems, CRE gets stronger
and reaches its maximum value once the system is in itsMature stage. During this stage when stratiform anvils are
forming, fc increases, while L decreases, which leads to CRE remaining stable at its maximum value. During the
Decaying stage, cold‐pool dynamics get weak and anvils vanish, leading to a decrease of fc,L, and therefore CRE.
Our analysis demonstrates that cold pools influence CRE by modulating cloudiness both horizontally and
vertically, as captured by fc and L. Furthermore, this analysis reveals that fc and L evolve differently over the
various stages of the cold pool system's life cycle. Therefore, to accurately assess the impact of cold pools on
cloudiness, sampling at a single moment is insufficient. Instead, it is necessary to sample, for example, by
averaging, over all stages of cold‐pool systems' life cycle.

Averaging over the daily time scale, along with the influence of the diurnal cycle, may lead to more intricate cold‐
pool‐CRE relationships. Specifically, cold‐pool events occurring at night contribute to the daily mean cold‐pool
fraction but do not affect shortwave radiative effects, which, by definition, only occur during the daytime (Figure
S7 in Supporting Information S1). This prompted us to ask the following questions: How frequently do cold pools
occur during daytime? and, given the same daily mean cold‐pool fraction, to what extent does the timing of cold
pools influence their impact on CRE?

To answer these questions, we employ the data from the entire Botany ensemble and first introduce the
metric rcp,day

rcp,day =
∑46

t=34 fcp,t
∑46

t=22 fcp,t
(5)

where ∑46t=34 fcp,t and ∑
46
t=22 fcp,t are the sums of cold‐pool fraction over the daytime (34–46 hr) and the entire

second day (22–46 hr), respectively. Thus, rcp,day measures the daytime contribution of cold‐pool events to the
daily mean cold‐pool fraction fcp averaged over hours 22–46. Figure 10b shows r

−

cp,day ≈ 0.5. This is consistent
with Figure 5a and with the fact that simulated cold pools tend to form during the night and peak slightly after
sunrise. Figure 10b further illustrates that while simulations with large fcp ( fcp > 0.1) feature similar rcp,day of
around 0.4, there is significantly more variability in rcp,day (≈ 0.2 − 1) for simulations with relatively small fcp

Journal of Advances in Modeling Earth Systems 10.1029/2024MS004540

ALINAGHI ET AL. 16 of 20

 19422466, 2025, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024M

S004540 by T
u D

elft, W
iley O

nline L
ibrary on [02/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



(0< fcp < 0.1) : across the entire ensemble, rcp,day and fcp are not strongly correlated (see also Figure S8 in
Supporting Information S1).

Therefore, both the factors that control the total cold‐pool occurrence over a day ( fcp) and those that control the
relative distribution of fcp between day and night (rcp,day) have the potential to independently affect the CRE. Yet,
we cannot quantify this effect here, for example, through multivariate regression across the entire Botany
ensemble, because the imposed variability in large‐scale CCFs across the ensemble control variability both in the
cold pools (as shown in Section 3.1) and in the daily mean CRE (Janssens, 2023; Janssens et al., 2024). Therefore,
the relationship between daily mean cold‐pool fraction and CRE across Botany is significantly confounded by
CCFs. For example, the strength of imposed near‐surface geostrophic wind |u0| appears to strongly control both
cold‐pool fraction (Figure 4) and CRE (Janssens et al., 2024). Conversely, free‐tropospheric humidity hqt relates
strongly to CRE, but not to cold pools. Hence, to truly determine whether cold pools and their diurnal timing,
independent of CCFs, affect the CRE, we are currently conducting a study to investigate how removing cold pools
(Böing et al., 2012) affects CRE and its response to CCFs across the Botany ensemble.

4. Summary
Observed covariations between cold pools and mesoscale organization (Vogel et al., 2021) suggest a potential
impact of cold pools on radiative effects of clouds forming in the trade‐wind regime. This led us to start this paper
by asking three questions: (i) to what extent are cold pools controlled by the large‐scale cloud‐controlling factors
(CCFs) (Figure 1, link 1) and the diurnal cycle of insolation (Figure 1, link 2)?; (ii) through what underlying

Figure 10. Dependence of cloud‐radiative effect on cold pools. (a) Similar composite analysis to Figure 8 for P, fc,L, and net CRE (shortwave SW + longwave LW) of
the simulation without the diurnal cycle. (b) The 2D scatter plot of the daily mean cold‐pool fraction fcp and the fraction of daytime contribution to this mean rcp,day
quantified by Equation 5 for the entire Botany ensemble.

Figure 11. Conceptual schematic of the cold‐pool system. Schematic of the cold‐pool system evolution during theDeveloping,Mature, andDecaying stages as shown in
Section 3.3 under Figures 7 and 8.
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mechanisms do trade‐cumulus cold pools evolve and interact with clouds (Figure 1, link 3)?; and (iii) what
implications do these mechanisms have for mesoscale organization and cloud‐radiative effect (Figure 1, link 4)?

To answer question (i), we employed an ensemble of high‐resolution LES simulations, Cloud Botany (Jansson
et al., 2023), and showed that cold pools are largely regulated by CCFs (Figure 4a). More specifically, cold pools
are more frequent and larger in environments with stronger geostrophic wind speeds and weaker large‐scale
subsidence in the cloud layer (Figure 4b). In addition, cold‐pool evolution is tightly synced with the diurnality
in incoming solar radiation (Figure 5a).

To answer question (ii), we removed the diurnality in the insolation and found that cold pools show an intermittent
behavior (Figures 5b and 6), which is driven by a complex interaction between clouds and cold pools. We find that
this interaction expresses itself through shallow squall lines, whose evolution we summarize in the conceptual
Figure 11. It is composed of precipitating downdrafts (blue arrows), near‐surface diverging outflows (magenta
arrows), and converging updrafts at cold‐pool gust fronts (red arrows), which reinforce the parent clouds
(Figures 7, 8, and 11, orange arrows). This shallow mesoscale convective system develops and reaches a mature
phase until stratiform anvils form, leading to stratiform precipitation, weakening the downdrafts, diverging
outflows, and converging cold‐pool‐induced updrafts (Figure 11, central panel), until they hardly trigger for-
mation of new clouds, and the system decays (Figures 8 and 11, right panel).

Finally, to answer question (iii), we quantified that cold pools affect mesoscale cloud organization by modulating
the length scale and the open‐sky fraction (Figure 9). In the end, we showed that cold pools increase CRE once
shallow squall lines are developing, until the point at which stratiform anvils form, when CRE stabilizes and
reaches its maximum. Afterward, the stratiform precipitation and the resulting decay in squall lines lead to a
decrease in CRE (Figure 10a).

Moreover, we showed that theCREdependence on cold pools ismore complexwhen the diurnal cycle is present: to
affect CRE, cold‐pool events must occur during the day (Figure 10b). This means that the synchronization of cold
pools with the diurnal cycle of insolation affects the extent to which CRE is regulated by cold pools. Note that,
unlike our idealized simulations, the diurnality in the trades is profound in the most important CCFs, that is, wind
speed and stability (Vial et al., 2021). Given the strong dependence of cold pools on these CCFs (Figure 4),
investigating (i) how fast mesoscale cold pools adjust to these CCFs, and (ii) how synchronous this adjustment is
with the diurnal cycle of insolation might improve our understanding of the effect of mesoscales on trade‐cumulus
feedback.

Last but not least, despite the efforts made within this study, we still face the question of whether cold pools, as a
self‐organizing process at the mesoscales, affect cloudiness independently of large scales (Janssens, 2023;
Janssens et al., 2024). We are currently working on addressing this question in our next study.

Data Availability Statement

The Cloud Botany data set is accessible through the EUREC4A intake catalog (https://howto.eurec4a.eu/botany_
dales.html). The data is analyzed using Python (libraries: Numpy (Harris et al., 2020), Xarray (Hoyer & Jo-
seph, 2017), Pandas (Wes McKinney, 2010), Scipy (Virtanen et al., 2020), Matplotlib (Hunter, 2007), Statsmodel
(Seabold & Perktold, 2010), and Seaborn (Waskom, 2021)).
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