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Abstract. The mesoscale self-organization of trade-cumulus cloud fields is a major cloud-climate uncertainty. Cold pools, i.e.

pockets of cold, dense air resulting from rain evaporation, are a key mechanism in shaping these dynamics and are controlled by

the large-scale forcing. We study the microphysical sensitivity of cloud-field self-organization through cold pools by varying

cloud-droplet number concentration Nc from 20 to 1000 /cm3 in large-eddy simulations on large 154× 154 km2-domains.

We find that cold pools exhibit two distinct regimes of mesoscale self-organization. In very low Nc-conditions, cold pools5

transition from a stage where they are small and randomly distributed to forming large, long-lived structures that perpetuate

due to the collisions of cold pools at their fronts. Under high-Nc conditions, cold pools display strongly intermittent behaviour

and interact with clouds through small, short-lived structures. While Nc thus influences the number of cold pools and, in

turn, mesoscale organization, cloud depth, and cloud albedo, we find its effect on cloud cover to be minimal. Comparing the

microphysical sensitivity of cold-pool-mediated mesoscale dynamics to the external, large-scale forcing shows that Nc is as10

important as horizontal wind and large-scale subsidence for trade-cumulus albedo. Our results highlight that cold pools mediate

adjustments of trade-cumulus cloud fields to changes in Nc. Such mesoscale adjustments need to be considered if we are to

better constrain the effective aerosol forcing and cloud feedback in the trade-wind regime.

1 Introduction

Clouds play a crucial role in the climate system by modulating the Earth’s energy budget through their interactions with15

radiation. Their net effect is to cool the planet by reflecting incoming solar radiation back into space (Stephens et al., 2012).

Clouds are one of the most important sources of uncertainty in climate projections. Firstly, the cloud feedback is the most

uncertain feedback to the anthropogenic forcing of the climate system, which is mainly due to the uncertain response of

shallow clouds to climate change (Schneider et al., 2017; Nuijens and Siebesma, 2019; IPCC AR6, 2023). Secondly, the

complex interactions between clouds and aerosols lead to the process uncertainty that makes the effective radiative forcing due20

to aerosol-cloud interactions the most uncertain forcing in the climate system (IPCC AR6, 2023; Bellouin et al., 2020).

Aerosol perturbations change the concentration of cloud-condensation nuclei and in turn cloud-droplet number concentra-

tions Nc. Assuming a fixed cloud-liquid-water path, increased Nc results in a larger number of smaller cloud droplets, leading

to a larger surface area to interact with radiation, and in turn increased cloud-optical depth and cloud albedo, known as Twomey

effect (Twomey, 1977). In addition to this quasi-immediate effect that can be considered to occur on the spatiotemporal scales25
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of individual cloud parcels, changes in Nc can also propagate to larger scales. On the single-cloud scale, increased Nc reduces

the efficiency of collision-coalescence processes through smaller radii, decreasing the rain-formation efficiency, thereby de-

laying precipitation formation, known as Albrecht or lifetime effect (Albrecht, 1989). This delay in precipitation formation

allows clouds to live longer and in turn get deeper, which in the end precipitate more intensely. Such effects can lead to an

internal re-organization on the cloud field or mesoscale. They can be considered a form of self-organization because they are30

not prescribed by a large-scale forcing. In addition to delayed precipitation formation, increased Nc has also been described to

affect entrainment rates with effects on meso-timescales (Glassmeier et al., 2021).

For trade-cumulus cloud fields, large-eddy simulations (LESs) were first employed on small domains (6.4×6.4-12.8×12.8

km2) to investigate the response of shallow cumuli to aerosol perturbations (Xue et al., 2008; Zuidema et al., 2008). A decade

later, LESs on larger domains (Seifert et al., 2015; Yamaguchi et al., 2019) showed that the compensating internal adjusting35

processes as proposed by Stevens and Feingold (2009) occur on the scales of 50× 50 km2 cumulus cloud fields, which is

far beyond the scale of an individual cloud. While not their focus, these studies give a clear indication of cold-pool activity.

Cold pools are pockets of cold, dense air resulting from downdrafts associated with rain evaporation. When these downdrafts

reach the surface, cold pools spread outward in a circular pattern. Studies across various regimes—stratocumulus, shallow, and

deep convection—indicate that cold-pool boundaries feature strong moist updrafts, which trigger cloud formation along their40

edges, forming cloud rings often visible in satellite imagery (Xue et al., 2008; Savic-Jovcic and Stevens, 2008; Zuidema et al.,

2012; Böing et al., 2012; Jeevanjee and Romps, 2013; Schlemmer and Hohenegger, 2014; Langhans and Romps, 2015; Torri

et al., 2015; Drager and van den Heever, 2017; Zuidema et al., 2017; Haerter and Schlemmer, 2018; Helfer and Nuijens, 2021;

Lochbihler et al., 2021; Vogel et al., 2021; Touzé-Peiffer et al., 2022). When cold pools form in close proximity, their boundaries

can collide (Torri and Kuang, 2019), which intensifies the next convective event. Such cold-pool interactions through collisions45

implement self-organization, as has been conceptually modeled for both open-cell stratocumulus (Glassmeier and Feingold,

2017) and deep convective regimes (Haerter et al., 2019; Nissen and Haerter, 2021).

Shallow cumuli in the trades are frequently precipitating (Nuijens et al., 2009; Snodgrass et al., 2009; Radtke et al., 2022),

leading to the frequent presence of cold pools in the trade-wind regime (Zuidema et al., 2012; Vogel et al., 2021; Touzé-Peiffer

et al., 2022). The size and frequency of occurrence of cold pools covary with the mesoscale organization of trade-cumulus50

clouds (Vogel et al., 2021). Even under large-scale conditions that are invariant in time and space, LES studies show that trade-

cumulus cold pools self-organize and in turn pattern trade-cumulus fields into arc-shape structures (Seifert and Heus, 2013;

Vogel et al., 2016). By generating strong moist updrafts at their fronts, cold pools affect and interact with clouds (Zuidema

et al., 2012; Li et al., 2014; Vogel et al., 2021; Alinaghi et al., 2024c). On large-domain LESs of the trade-wind regime, Alinaghi

et al. (2024c) recently showed that the cold-pool-cloud interaction expresses itself in the form of structures resembling shallow55

squall lines. Thus, cold pools are coupled to clouds through shallow circulations at the mesoscales which were frequently

observed in the trades (George et al., 2023) and affect cloudiness (Vogel et al., 2022; Janssens et al., 2023; Alinaghi et al.,

2024c).

The mesoscale dynamics of trade cumulus are typically discussed in the context of cloud feedback. The trade-cumulus

feedback has long been a large source of uncertainty in climate projections (Cesana and Del Genio, 2021; Myers et al., 2021).60
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Figure 1. Conceptual picture of the study. The diagram summarizes how (link 1) cloud fields respond to changes in Nc, and how (link

2) cold pools feed back to clouds (self-organization). The diagram further shows that the trade-cumulus system is forced by (link 3) the

large-scale cloud-controlling factors (CCFs) whose relative importance for (link 4) the cloud-radiative effect will be quantified compared to

Nc.

Trade-cumulus fields pattern into structures at the mesoscales that influence cloud-radiative effect (Bony et al., 2020; Alinaghi

et al., 2024a; Denby, 2023). Therefore, it is crucial to explore processes through which these clouds organize and how these

processes respond to the variations in large-scale cloud-controlling factors (CCFs). By employing a large ensemble of LESs,

the Cloud Botany ensemble (Jansson et al., 2023), Alinaghi et al. (2024c) illustrated that cold pools in the trades are strongly

controlled by the variations in the large-scale external CCFs. They particularly quantified the relative importance of CCFs with65

respect to each other. Additionally, diurnality in insolation, which acts as a time-varying CCF, was shown to strongly control

the temporal evolution of cold pools throughout the entire Cloud Botany ensemble (Alinaghi et al., 2024c).

Given the direct impact of Nc on precipitation formation, it is expected that trade-cumulus cold pools respond to variations in

Nc (Fig. 1, link 1), and thereby to feed back to cloud fields at the mesoscales (Fig. 1, link 2). Despite the previously investigated

sensitivity of shallow cold pools to microphysics schemes (Li et al., 2015), the response of shallow cold pools to Nc has not been70

directly explored and quantified. Furthermore, it is unknown how such Nc variations change the interplay between cold pools

and clouds in the trade-wind regime. This study explores this response by performing large-domain, large-eddy simulations in

which we only vary cloud-droplet number concentrations Nc from 20 to 1000 /cm3. The newly added dimension of variability

in Nc here also enables us to systematically investigate the relative importance of Nc compared to the other CCFs (Fig. 1, link

3) for cold pools and the radiative effect of clouds in the trade-wind regime (Fig. 1, link 4). Hence, our work serves as a step75

towards understanding the significance of the aerosol forcing in comparison to the trade cumulus feedback and exploring the

corresponding role of mesoscale dynamics.

This paper is structured as follows. Based on simulations discussed in section 2, we first investigate how trade-cumulus cold

pools respond to Nc variability (Fig. 1, link 1; sections 3.1, 3.2) and how this response shapes the mesoscale organization of

clouds (Fig. 1, link 2; section 3.2). Second, we explore how the diurnal cycle in insolation, as a time-varying CCF (Fig. 1, link80
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3), controls the evolution and response of cold pools to Nc (section 3.3). Next, we investigate the implications of our results for

the cloud-field adjustments to Nc (Fig. 1, links 1, 2; section 3.4). Finally, we compare the effect Nc on cloud-field properties

and radiative effects to that of large-scale external CCFs (Fig. 1, links 3, 4; section 3.5). Conclusions are presented in section

4.

2 Data and Methods85

We perform large-eddy simulations (LESs) with the Dutch Atmospheric LES (DALES) model over domains of 153.6 × 153.6

km2, featuring a horizontal resolution of 100 m and a vertical resolution of about 20 m. All simulations are forced by the

same large-scale CCFs. These follow the central reference simulation of the Cloud Botany ensemble (Jansson et al., 2023),

which corresponds to the mean large-scale conditions of the winter trades as derived from the ERA5 reanalysis data (Hersbach

et al., 2020). The corresponding profiles, which are also used for initialization are shown in Fig. 2. Moreover, all simulations90

feature the same horizontal tendencies of cooling and drying through advection as shown in the Cloud Botany paper (Jansson

et al., 2023, their Fig. 3). Most of the simulations feature diurnality in the solar incoming radiation, while all other CCFs are

fixed in time. Thus, the variability and evolution in the simulations are driven by the interaction between the components of

the system, allowing the study of processes via which the system self-organizes. For more details on the design of the Cloud

Botany simulations, including the selection of parameters for the large-scale forcing, refer to Jansson et al. (2023).95

Simulations utilize the two-moment cloud-microphysics scheme of Seifert and Beheng (2001) with a constant cloud-droplet

number concentration Nc. We conduct six, 72-hour simulations with varying Nc values in the set {20,50,70,100,200,1000}
/cm3. The selected range of Nc variability, from 20 to 100, is similar to that used by Seifert et al. (2015), which is based on

observations of the trades (Colón-Robles et al., 2006; Gerber et al., 2008; Hudson and Noble, 2014). We also included Nc

values of 200 and 1000, as recent observations from the EUREC4A field campaign (Bony et al., 2017; Stevens et al., 2021)100

report Nc values as high as 1000/cm3, primarily due to the presence of dust (see Fig. 9 in Quinn et al., 2021, and Figs. 9 and

10 in Bony et al., 2022).

Figure 3 visualizes that all these simulations start from a homogeneous non-cloudy state and develop into randomly dis-

tributed cumulus clouds. Afterward, clouds self-aggregate due to the presence of self-reinforcing shallow mesoscale over-

turning circulations (Bretherton and Blossey, 2017; Narenpitak et al., 2021; Janssens et al., 2023). As clouds aggregate, they105

deepen and eventually start to precipitate, leading to the presence of mesoscale arc-like structures, indicating the presence of

cold pools in the field.

Alinaghi et al. (2024c) showed that the evolution of cold pools across the entire Botany ensemble is strongly controlled

by the diurnality of insolation, mirroring observations of the trades (Vial et al., 2021; Vogel et al., 2021). To investigate how

the evolution of cold pools is affected by variations in Nc independently of the diurnal cycle, we switch off the diurnality in110

insolation. To this end, we re-run simulations with Nc values of 20, 70, and 1000 /cm3, while keeping the solar zenith angle

time-invariant, ensuring that the total incoming solar radiation over the entire 24-hour period is equal to that of the simulations

with the diurnal cycle (Alinaghi et al., 2024c, their section 3.2).
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Figure 2. Large-scale and initial conditions of the simulation for potential temperature θl, total moisture qt, horizontal wind u, and updraft

w following the assumptions of the Cloud Botany ensemble (Jansson et al., 2023) with parameter values of sea-surface (potential) temperature

θl0 = 299 K, near-surface wind speed u0 =−10.6 m/s, moisture scale-height hqt = 1810 m, temperature lapse-rate Γ = 5 K/km, large-scale

vertical velocity variability w1 = 0.0393 cm/s, and the horizontal wind shear uz = 0.0022 (m/s)/m.

To diagnose cold pools, we use the 2D outputs of the mixed-layer height hmix, as hmix has been shown to be a reliable

indicator for trade-cumulus cold pools in both models (Rochetin et al., 2021) and observations (Touzé-Peiffer et al., 2022).115

We identify cold pools following Alinaghi et al. (2024c): for each cloud field, we find the mode and the upper boundary (99th

percentile) of an assumed symmetric probability density function (PDF) of hmix that would have been observed in the absence

of cold pools. The lower boundary of hmix is determined by subtracting the difference between the upper boundary and the

mode from the mode. Cold pools are identified where hmix is smaller than the lower boundary of hmix (see Fig. 3 in Alinaghi

et al. (2024c)). In essence, this method identifies cold pools where hmix is relatively shallower compared to other parts of the120

field. Alinaghi et al. (2024c) showed that the response of cold pools to CCFs is not sensitive to the details of the cold-pool

diagnosis performed with this method.

3 Results and Discussion

3.1 Cloud-droplet number concentration affects the spatial and temporal properties of trade-cumulus cold pools

In this section, we investigate how the spatial and temporal properties of cold pools are influenced by Nc (Fig. 1, link 1, 2).125

As cold pools result from rain-evaporation (Fig. 1, link 2), we first examine how clouds and rain respond to Nc in simulations

without diurnal cycle, which feature Nc values of 20, 70, and 1000 /cm3. According to theory (Albrecht, 1989) and previous

LES studies (Seifert et al., 2015; Yamaguchi et al., 2019), increased Nc reduces the efficiency of auto-conversion, delaying rain

formation and allowing clouds to deepen and persist longer. Consistent with this, increased Nc leads to the accumulation of

5
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Figure 3. Cloud-field albedo examples. The figures show how cloud fields develop in our LES simulations featuring the diurnal cycle of

insolation with Nc of 20 (1st row), 50 (2nd row), 70 (3rd row), 100 (4th row), 200 (5th row), and 1000 /cm3 (6th row), at hours 15 (1st

column), 30 (2nd column), 40 (3rd column), and 50 (4th column) after the start of simulations.

6

https://doi.org/10.5194/egusphere-2024-3501
Preprint. Discussion started: 20 November 2024
c© Author(s) 2024. CC BY 4.0 License.



0 12 24 36 48 60 72
0

10

20

30

 [g
/m

2 ]

(a)(a)(a)
Nc = 20 [/cm3]
Nc = 70 [/cm3]
Nc = 1000 [/cm3]

101 102 103
5

10

15

20

 [g
/m

2 ]

(e)

0 12 24 36 48 60 72
0

5

10

 [g
/m

2 ]

(b)(b)(b)

101 102 1030

10

20

30

 [g
/m

2 ]

(f) hours 48-72
Y2019; hours 40-60
S2015; hours ~27-60

0 12 24 36 48 60 72
0

5

10

n c
p [

-]

(c)(c)(c)

101 102 103

2.5

5.0

7.5

n c
p [

-]

(g)

0 12 24 36 48 60 72
Time [hour]

0

10

20

s c
p [

km
] (d)(d)(d)

101 102 103

Nc [#/cm3]

10

15

s c
p [

km
] (h)

Figure 4. Time series of clouds, rain, and spatial properties of cold pools in simulations without the diurnal cycle. Panels (a-d) show

time series of L,R, ncp, and scp for simulations without the diurnal cycle of solar incoming radiation. Panels (e-h) show the response of L,

R, ncp, and scp to Nc. The results from Yamaguchi et al. (2019) averaged over the last 20 hours of their simulations are shown in orange.

The results from Seifert et al. (2015) for their near-equilibrium state are shown in blue. Dashed lines are added as a visual guide where a

metric is sensitive to Nc. Note that the reason for the cold pools in simulation Nc = 70 /cm3 forming earlier than Nc = 20 /cm3 is that cold

pools featuring a diameter of <5 km is not considered to be part of the cold-pool mask. Time series of cold-pool number and size are slightly

smoothed using Gaussian filtering.

liquid water L (Fig. 4a), eventually resulting in the production of more intense rainR (Fig. 4b). Furthermore, the amplitude of130

fluctuations of L and R increases with increasing Nc, while their frequency decreases (Figs. 4a,b).

We quantitatively compare our results to those of Yamaguchi et al. (2019) and Seifert et al. (2015) (Figs. 4e,f). Results

of Yamaguchi et al. (2019) were obtained on ten times smaller domains but using a microphysics scheme with prescribed

aerosol and prognostic cloud-droplet number concentrations. The latter converges to a certain value after approximately 20

hours (Yamaguchi et al., 2019, their Fig. 5e). We therefore compare our fixed-Nc results to averages of the last 20 hours of their135
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simulations. The systematic difference between the values of cloud-field properties is expected due to differences in the large-

scale cloud-controlling factors; notably, their geostrophic wind speed is 60% smaller than that of our simulations (Yamaguchi

et al., 2019, their Table 1). Similarly, we present the results from Seifert et al. (2015), which feature a domain size similar to

that of Yamaguchi et al. (2019) but fixed Nc as in our simulations. We selected their simulations with interactive radiation and

prescribed large-scale advective cooling to match our setup as closely as possible. It is worth noting that the cloud fields in140

Seifert et al. (2015) have larger cloud- and rain-water paths (Figs. 4e,f), which we mainly attribute to their larger meridional

geostrophic wind.

Consistent with Yamaguchi et al. (2019) and Seifert et al. (2015), increased Nc leads to an increased domain-mean liquid-

water path, L (Fig. 4e). As shown by the error bars, the temporal variance in L increases in response to increased Nc in

our simulations. In addition, Fig. 4f illustrates that the domain-mean rain-water path, R, decreases with increasing Nc in all145

studies. Similar to L, the temporal variations in R increase with increasing Nc in our simulations. This is in contrast to the

small-domain LESs of Yamaguchi et al. (2019, 50×50 km2) and Dagan et al. (2018, 12×12−50×50 km2), where increased

Nc was found to reduce the amplitude of fluctuations in the time series of R. The temporal variance of liquid- and rain-water

path in simulations of Seifert et al. (2015) do not show a systematic response to Nc. The response of the temporal variations of

cloud-field properties to Nc thus appears markedly different in our large domains.150

The temporal variations of cold-pool characteristics follow those of the rain-water path, R (Figs. 4b-d). Notably, in the

simulation with Nc = 20/cm3, once cold pools form around hour 30, they grow until around hour 36 and persist until the end

of the simulation. In contrast, cold pools in the simulation with Nc = 1000/cm3 form, develop, reach a maximum, decay, and

completely vanish. Therefore, increased Nc enhances the intermittency in the evolution of cold pools. Averaged over the last

day, increased Nc leads to a smaller number of cold pools, ncp (Fig. 4g), while the domain-mean size of cold pools, scp, shows155

a muted response to Nc variations (Fig. 4h).

3.2 Cold-pool evolution shows two distinct mesoscale behaviours for low and high cloud-droplet number

concentrations

To understand the difference in cold-pool dynamics for different cloud-droplet number concentrations, Fig. 5 contrasts the

extreme Nc cases. Consistent with observations (Zuidema et al., 2012; Vogel et al., 2021), both have in common that cold160

pools alter the spatial pattern of moisture in the sub-cloud layer. Cold pools are characterized by relatively dry air inside but

relatively moist air at their fronts. Cold pools further modify the spatial pattern of horizontal velocity in the sub-cloud layer,

thereby altering the spatial pattern of convergence and, in turn, vertical velocity. Cold pools feature large values of downward

vertical velocity inside but strong updrafts at their fronts. Therefore, cold-pool fronts actively contribute to moist convergence

and cloud formation. In contrast, the downward motions inside cold pools can potentially suppress convection and lead to165

cloud-free regions.

Despite the similar evolution of individual cold pools independent of Nc, there are notable differences in the collective,

i.e. self-organization, behavior. In the low-Nc simulation (i.e., Nc = 20/cm3), cold pools tend to form in close proximity. As

their fronts converge, they trigger the formation of new cold pools at their collision points. This triggering mechanism occurs
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Figure 5. Effects of cold pools on the organization of the (sub-)cloud layer properties for the simulations without diurnal cycle and

with Nc = 20/cm3 and Nc = 1000/cm3. For each condition, columns 1-4 indicate the 2D top-views of cloud albedo, total moisture anomalies

(q′t) at the 200-m level, the horizontal wind speed anomalies (U ′) at the first level of the model, and the vertical velocity (w) at the 200-m

height. The green dashed contour line marks the cold-pool boundaries quantified from the mixed-layer height fields. In the U ′ fields, red

indicates that cold pools accelerate the wind, while blue indicates they decelerate it.

due to (i) the collision of anomalously moist cold-pool fronts, which mechanically forces the moist air upward due to mass170

conservation, and (ii) the high efficiency of rain formation, where a small amount of cloud water quickly turns into rainwater,

leading to the formation of a new cold pool at the collision point. Consequently, the small, space-filling cold pools at hours

30-36 collide and transition into a stage where they become organized into a large front, sustained by the interaction (collision)

of its cold pools at its fronts (see Fig. 5, Nc = 20/cm3, hour 48). This is consistent with the time series of cold-pool number

ncp and size scp shown in Figs. 4c,d, which show that after around hour 38, the metrics of cold pools stabilize: scp remains175

around 15±5 km, and ncp around 6±4. This behaviour of cold pools resembles the mathematical toy model of colliding circle

cold pools presented by Nissen and Haerter (2021, their Fig. 5), which demonstrates (i) similar transitions from randomly

distributed cold pools to a band-like structure, and (ii) that cold-pool collision is the key mechanism for the self-organization

of the system. Notably, their model was motivated by cold pools in the regime of deep convection.

In contrast, cold pools do not interact as readily in the high-Nc simulation (i.e., Nc = 1000/cm3). This is attributable to two180

factors. First, the efficiency of rain formation and, consequently, cold-pool formation, is significantly lower in high-Nc than in
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low-Nc simulations. Second, cold pools form at greater distances from each other. We speculate that this distance is determined

by the horizontal length scale of the self-reinforcing shallow circulations that lead to cloud aggregating in the absence of rain

(Janssens et al., 2023; George et al., 2023). As suggested by Fig. 5 (Nc = 1000/cm3, hour 38), the downward branches of these

circulations are so large that they effectively separate two cloud clusters and cause their cold pools to form at a distance from185

each other, thus preventing their interactions.

The high-Nc behaviour corresponds to the behavior discussed by Alinaghi et al. (2024c) for simulation with Nc = 70/cm3,

where cold pools are characterized in analogy to squall lines in deep mesoscale convective systems (Rotunno et al., 1988;

Weisman and Rotunno, 2004; Stensrud et al., 2005). In this regime, cold pools reinforce and sustain their parent clouds due

to the convergence of moist air at their fronts. Once cold pools get mature, their moist updrafts at their fronts become so190

strong such that they impinge on the inversion, leading to the formation of stratiform anvils with stratiform precipitation. This

weakens the cold-pool-induced updraft, ultimately causing parent clouds to detach from their cold-pool children (Alinaghi

et al., 2024c, their Figs. 7, 8, 11). This self-organizing behaviour of cold pools and clouds in simulations where they cannot

interact is also evident in the cold-pool time series (Fig. 4cd), which exhibit an intermittent behaviour with large amplitudes

and low frequencies for both Nc = 70 and 1000/cm3.195

An interesting observation is that rain and cold pools tend to develop more rapidly once the initial event has occurred. For

instance, the time series shown in Fig. 4b-d demonstrates that it takes approximately 36 hours for the Nc = 1000/cm3 simulation

to produce rain and cold pools. However, subsequent cold-pool events occur within about 8 hours, indicating a faster formation

of rain and cold pools. In this simulation, the next convective event takes place precisely where the fronts of the previous

cold-pool event had accumulated moisture, thereby expediting the development of subsequent convection. We hypothesize that200

cold pools in the high-Nc simulation act as a “moisture memory,” facilitating aggregation over shorter timescales compared to

when cold pools are absent. This suggests that the moisture variance induced by cold pools compensates for the delay in rain

formation associated with increased Nc.

As the final point in this section, we investigate how the two Nc-induced regimes of cold-pool self-organization dynamics

relate to the mesoscale organization of trade-cumulus cloud fields (Fig. 1, link 2). To address this, we quantify several metrics205

that effectively capture the variability in the mesoscale organization of cloud fields in the trades (Janssens et al., 2021). These

include the domain-averaged size of cloud objects, the mean fraction of open-sky areas, the domain-mean depth of clouds, the

degree of organization Iorg , and the spatial standard deviation of the liquid-water path σL. The details of these metrics and

their calculations are explained by Janssens et al. (2021). Following Radtke et al. (2023), we additionally consider the metric

∆Q, which quantifies the moisture aggregation at the mesoscales. This metric is calculated as the difference between the 5th210

and 95th percentiles of the mesoscale total moisture anomaly fields, derived by coarse-graining the total moisture anomaly

fields as outlined by Janssens et al. (2023, see their Fig. 3).

Interestingly, the organization metrics quantifying the mean size of cloud objects and the open-sky areas, which were shown

to explain most of the variability within the mesoscale organization of trade cumuli (Janssens et al., 2021), do not capture the

two distinct behaviours of cold pools at low-and high-Nc regimes discussed in the context of Fig. 5 (Fig. A1). However, Fig.215

6a,b shows that the spatial variance in cloud-liquid-water path σL is strongly affected by Nc. First, increased Nc translates
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Figure 6. Dependence of mesoscale organization of cloud fields on Nc. The panels (a,c) show the time series of the spatial standard

deviation of the liquid-water path σL and the difference between the 5th and 95th percentiles of the mesoscale total moisture anomaly fields

∆Q for the simulations without the diurnal cycle of insolation. Panels (b,d) show their responses to Nc for hours 24-48 in purple and hours

48-72 in green. Dashed lines are added as a visual guide where a metric is sensitive to Nc.

into a strong intermittent behaviour in σL evolution (Fig. 6a). Second, Fig. 6b indicates that, when averaged over 24-48 and

48-72 hour intervals, increased Nc leads to greater spatial heterogeneity in liquid-water content: shallow cumuli become more

aggregated in response to increased Nc, as visually evident in the snapshots of cloud fields shown in Figs. 3 and 5. The σL-

Nc relationship suggests that a reduced number of cold pools, in response to increased Nc, enhances cloud aggregation. This220

echoes Radtke et al. (2023)’s findings, which also show that rain (auto-conversion) is less efficient in more aggregated fields of

trade cumuli (Radtke et al., 2023, their Fig. 2).

With the delay in precipitation formation due to increased Nc, moisture is expected to continue aggregating through shallow

circulations driven by latent heating from condensation in the non-precipitating cumulus layer (Bretherton and Blossey, 2017;

Janssens et al., 2023). Fig. 6c shows that this is exactly what happens in simulations with high Nc. In simulations with Nc of 70225

and 1000 /cm3, the moisture aggregation metric ∆Q keeps growing until cold pools start to form, after which ∆Q stabilizes and

shows an intermittent behaviour. In contrast, in the lowest case of Nc, the moisture does not aggregate at the mesoscales until

hour 30, where cold pools start to form, after which the moisture aggregation metric ∆Q starts developing and keeps increasing

until the end of the simulation. This implies that this metric of moisture aggregation at the mesoscales is intriguingly able to

encapsulate the contrasts between these distinct behaviours of cold pools at low- and high-Nc. Averaged over hours 24-48, ∆Q230

associated with the low-Nc is by 50% smaller than of that of the high-Nc cases (Fig. 6d). However, as the simulations progress

into hours 48-72, cold pools in low-Nc simulations develop into large squall lines, increasing their moisture aggregation and

reducing the sensitivity of ∆Q to Nc (Fig. 6d).

11

https://doi.org/10.5194/egusphere-2024-3501
Preprint. Discussion started: 20 November 2024
c© Author(s) 2024. CC BY 4.0 License.



In summary, the evolution of cold pools and trade-cumulus fields is significantly influenced by Nc, exhibiting two distinct

behaviours at low and high Nc (Fig. 1, links 1, 2). In simulations with Nc = 20/cm3, cold pools form in close proximity, leading235

to interactions and collisions that trigger the formation of clouds and due to high rain efficiency formation of new cold pools

at the collision points. This results in persistent long-lived structures resembling squall lines. Conversely, in simulations with

higher Nc values (70 and 1000/cm3), cold pools form at greater distances, preventing interactions and resulting in intermittent

behaviour. Cold pools in such cases are short-lived structures resembling squall lines, hypothetically facilitating convection

by providing moisture anomalies at their fronts, thereby compensating for delays in subsequent cold-pool formation. This Nc-240

driven contrast in cold-pool dynamics affects moisture and cloud-water variance, with higher Nc leading to more aggregated

trade-cumulus cloud fields.

3.3 Diurnal cycle synchronizes the phases of cold-pool evolution across simulations with perturbed Nc

We have shown that the temporal evolution of cold pools, and the trade-cumulus system in general, is controlled by Nc (Fig.

1, links 1, 2). Observations have shown that the evolution of trade-cumulus fields, their mesoscale organization, precipitation,245

and cold pools in the trades feature diurnality (Nuijens et al., 2009; Vogel et al., 2021; Vial et al., 2021; Radtke et al., 2022).

This raises the question: to what extent does the diurnal cycle of insolation, as a time-varying external forcing, control or affect

the influence of Nc on the evolution of cold pools (Fig. 1, link 3)?

To answer this question, we plot the time series of the domain-mean rain-water path R, the number ncp, and the size scp of

cold pools in our simulations with the diurnal cycle, featuring Nc values of 20, 50, 70, 100, 200, and 1000 /cm3. As expected,250

Figs. 7a-c show that, across all simulations, the evolution of rain and cold pools follows the diurnal cycle of radiation, peaking

around sunrise and reaching a minimum around sunset. This pattern is due to the absence of solar radiation combined with

longwave radiative cooling during the night. This strong nighttime radiative cooling destabilizes the atmosphere, stimulating

convection and leading to the formation of deeper clouds that precipitate more intensely. In contrast, during the daytime,

radiative heating from solar radiation stabilizes the atmosphere, suppressing convection and causing a notable decrease in rain,255

and in the number and size of cold pools in almost all simulations. Thus, the diurnal cycle serves as an external forcing (Fig.

1, link 3) that synchronizes the periodicity and amplitude of cold-pool variability that were discussed in the context of Fig. 4

across simulations with different Nc. The simulated diurnal cycle in precipitation and cold pools is consistent with observations

of the trades (Nuijens et al., 2009; Vogel et al., 2021; Vial et al., 2021; Radtke et al., 2022).

Although all simulations show evolution synchronized with the diurnal cycle, the cold pools in the simulation with the lowest260

Nc continue to persist even during the daytime when convection suppression due to reduced net radiative cooling is at its peak.

This behaviour is notable as it indicates that the mesoscale self-organization of cold pools through collisions, as discussed in

Section 3.2, outweighs the externally imposed suppressive effect of the diurnal cycle during the day. Consequently, cold pools in

the Nc = 20/cm3 simulation remain active throughout the day. However, the duration of cold-pool’s persistence during the day

decreases with increasing Nc. Specifically, during daytime hours around 34-46, increased Nc leads to an earlier disappearance265

of cold pools and a more delayed formation of the next generation of cold pools, as shown in Fig. 7c. To summarize, we
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Figure 7. Effects of the diurnal cycle of insolation on the evolution and Nc-response of rain and cold pools. Panels (a-c) show time

series of rain-water pathR, cold-pool number ncp, and cold-pool size scp for simulations with the diurnal cycle of solar incoming radiation.

Nighttime is shown by the grey color. Panels (d-e) show the response of R, ncp, and scp to Nc during the transient (purple), and near-

equilibrium (green) phases. Dashed lines are added as a visual guide where a metric is sensitive to Nc. Note that the reason for the cold pools

in simulation Nc = 70 /cm3 forming earlier than Nc = 20 /cm3 is that cold pools featuring a diameter of <5 km are not considered to be part

of the cold-pool mask. Time series of cold-pool number and size are slightly smoothed using Gaussian filtering.

find that the diurnal cycle externally synchronizes the mesoscale self-organization dynamics of cold pools, which is in turn

modulated by the details of microphysics and rain formation.

The synchronization of cold-pool events by the diurnal cycle enables us to compare the responses of rain-water path R and

cold pools to Nc during the same time window across all simulations. In all simulations, except for Nc = 20/cm3, rain and270

subsequently cold pools begin to form after hour 24 (Figs. 7a-c), with the evolution of cold pools following the diurnal cycle

of net radiative cooling. We refer to the day starting at hour 22 as the "transient" phase and the subsequent day beginning at

hour 46 as the "near-equilibrium" phase. We selected these hours based on the development of the total-water (cloud and water

vapor) path in our simulations, which consistently increases until hour 48 across all simulations, after which it stabilizes and

becomes time-invariant (Fig. A2).275

All simulations consistently show a higher daily mean rain-water path R during the near-equilibrium phase compared to

the transient phase (Fig. 7d). This is because, in the near-equilibrium phase, our simulations are more developed and feature

deeper boundary layers with larger total water that can develop more rain. Consistent with our results based on the last 24 hours
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of simulations without the diurnal cycle (Figs. 4f-h), Figs. 7d,e illustrate that during the both transient and near-equilibrium

phases, rain-water path R and the number of cold pools ncp decrease with increasing Nc. Also, the size of cold pools scp do280

not show a notable change in response to Nc (Fig. 7f).

3.4 Twomey effect primarily controls the dependence of cloud-radiative effect on Nc

In this section, we investigate the sensitivity of the relative cloud-radiative effect (Xie and Liu, 2013), rCRE = fc · Ac, to Nc

(Fig. 1, link 4), with fc and Ac as cloud fraction and albedo. Assuming the plane-parallel approximation (Lacis and Hansen,

1974), cloud albedo is given by Ac = τ
τ+7.7 with the cloud-optical thickness τ ≈ Nc

1/3L5/6 following Zhang et al. (2005).285

Therefore, we explore the response of cloud fraction fc, domain-mean liquid-water path L, mean cloud albedo Ac over the

cloudy columns where the cloud-liquid-water path is larger than zero, and the relative cloud-radiative effect rCRE to Nc. These

sensitivities are explored during different phases of the simulations with the diurnal cycle: non-precipitating (hours 5-15),

transient (hours 22-46), and near-equilibrium (hours 46-72). For comparison, we also include results from Seifert et al. (2015)

and Yamaguchi et al. (2019).290

During the non- (or weakly) precipitating phase, the response of the cloud fraction fc and liquid-water path L to Nc is

negligible (Figs. 8a,b). Thus, the relative cloud-radiative effect (rCRE) is influenced by Nc primarily through the cloud albedo

response, or the Twomey effect (Figs. 8c,d). During both the transient and near-equilibrium phases, the cloud fraction fc

decreases very slightly with increasing Nc, though this response is much smaller than the temporal variance of fc within each

simulation (Fig. 8a). Additionally, the liquid-water path L shows a small increase with increased Nc (Fig. 8b). However, similar295

to the non-precipitating phase, the Twomey effect continues to strongly control the response of rCRE to Nc during both the

transient and near-equilibrium phases (Figs. 8c,d).

The response of the liquid-water path in the near-equilibrium phase is consistent with the results of Yamaguchi et al. (2019)

and Seifert et al. (2015). This small positive sensitivity of the liquid-water path in our simulations does not significantly affect

the impact of Nc on rCRE compared to the Twomey effect. Cloud fraction fc decreases with increasing Nc in the simulations300

of Yamaguchi et al. (2019). Similarly, our simulations and those of Seifert et al. (2015) both show a decrease in fc in response

to increased Nc. However, this decrease seems to be smaller compared with the fc response in Yamaguchi et al. (2019)’s

simulations.

It is worth noting that although variations in Nc modulate the number of cold pools and in turn, mesoscale self-organization

of trade-cumulus fields, cloud fraction fc is very weakly affected. Our results here resonate with Janssens et al. (2024) who305

hypothesize that circulations associated with self-organization symmetrically distribute cloudiness at the mesoscales such that

the increased cloudiness at their ascending branch is compensated by the decreased cloudiness at their descending branch.

This implies that although decreased Nc increases the number of cold pools, the increased cloudiness at their fronts, where

convection is triggered, appears to be buffered by the decreased cloudiness at their interiors, where convection is suppressed.

Future studies are encouraged to explicitly investigate this.310
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Figure 8. Sensitivity of relative cloud-radiative effect to cloud-droplet number. Panels (a-d) show the response of cloud fraction fc,

domain-mean liquid-water path L, cloud albedo Ac, and relative cloud-radiative effect rCRE to Nc during the non-precipitating (dark grey),

transient (purple), and near-equilibrium (green) phases. The results from Yamaguchi et al. (2019) averaged over the last 20 hours of their

simulations are shown in orange. The results from Seifert et al. (2015) for their near-equilibrium state are shown in blue. Note that Yamaguchi

et al. (2019); Seifert et al. (2015) do not report on the cloud albedo and rCRE in their studies. Dashed lines are added as a visual guide where

a metric is sensitive to Nc.

3.5 Nc induces comparable variations in cloud-radiative effect to the large-scale cloud-controlling factors

In this section, we quantify the relative importance of Nc (Fig. 1, link 1) compared with the large-scale cloud-controlling factors

(CCFs; Fig. 1, link 3) for driving changes in cloud-field properties and radiative effects (Fig. 1, links 2, 4). Using the data from

the Botany dataset (Jansson et al., 2023) as well as our new simulations of this study, we employ a multivariate regression
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model315

C ≈
7∑

i=1

βi× C̃CFi with C̃CFi :=
CCFi−CCFi

σ(CCFi)
,

where, the vector C represents the mean of the metric C ∈ {Ac, rCRE}, averaged over the last 2 days (hours 12–60) for each

member of the Botany ensemble. Each regressor C̃CFi is a vector containing the associated CCFi values for the simulation

members of the Botany ensemble. The regressors (CCFs) include sea-surface (potential) temperature (θl0), near-surface wind

speed (u0), moisture scale height (hqt
), temperature lapse rate (Γ), large-scale vertical velocity variability (w1), and horizontal320

wind shear (uz). In addition, we consider Nc as a 7th regressor. For the regressor Nc, we use the simulations with the diurnal

cycle over hours 12-60 to be consistent with the simulations of the Botany ensemble. All regressors are standardized by

subtracting their mean CCF and dividing by their standard deviation σ(CCF) across the ensemble, which allows the comparison

of CCFs and Nc with an equal weighting. In our regression analysis, we only include simulations that develop clouds and run

for at least 48 hours. This leaves us with 80 simulations out of the initial 103 in the Botany ensemble. Including the simulations325

with the diurnal cycle from this study (six in total) and noting that the simulation with Nc = 70/cm3 being already part of the

ensemble as the central reference simulation, our regression analysis features 85 data points in total. This means that the target

value C and regressors C̃CFi of the regression model are vectors of size 85×1.

Figure 9 shows the results of the multivariate regression for cloud albedo Ac and rCRE. Note that the response of cloud

albedoAc and rCRE to CCFs of the Botany ensemble has already been addressed and discussed by Janssens (2023a); Janssens330

et al. (2024), to which we refer for details. Figure 9a illustrates that the effect of Nc on cloud albedoAc, known as the Twomey

effect, is comparable to that of large-scale subsidence as quantified by w1. Additionally, the effect of Nc on trade-cumulus

brightening is about 75% of the effect of horizontal wind speed, 150% of the effect of stability, and 300% of the effects of

free-tropospheric humidity and vertical wind shear. Eventually, the response of rCRE to Nc is statistically significant at the

95% level and accounts for about 66%, 28%, and 25% of the response of rCRE to free-tropospheric humidity, wind speed, and335

large-scale subsidence, respectively (Fig. 9b). Note that the sensitivity of rCRE to Nc is smaller than that of cloud albedo to Nc

in our regression analysis, which is due to the very weak impact of Nc on cloud fraction fc (Fig. 8a). Similar regression results

for other cloud-field and cold-pool properties are presented in Fig. A3.

4 Conclusions & Outlook

Cold pools, resulting from rain-evaporation, affect the mesoscale organization of trade-cumulus fields (Zuidema et al., 2012;340

Seifert and Heus, 2013; Vogel et al., 2016, 2021; Alinaghi et al., 2024c). We have used an ensemble of large-domain LESs

to investigate the sensitivity of mesoscale organization to cloud-droplet number concentration Nc and the role of cold pools

therein as conceptualized in Fig. 1.

Investigating the sensitivity of mesoscale cold-pool dynamics to microphysics (Fig. 1, link 1), we find that cold pools show

two distinct behaviours at low and high Nc. In low-Nc cases, there are many cold pools within the simulation domain, which345

form in close proximity (Figs. 4c,d,g,h, 5). This allows them to interact with each other through collisions. Efficient rain
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Figure 9. Cloud-field response to large-scale cloud-controlling factors and cloud-droplet number concentration. The standardized β

coefficients of the multiple regression analysis for (a) cloud albedo Ac and (b) relative cloud-radiative effect rCRE, all averaged over the

last two days of the LESs of the Botany ensemble. The error bars show the 95% confidence interval for each regressor. The p-values of the

F -statistic test of all models are smaller than 10−22.

formation then leads to the swift triggering of new cold pools at collision points. Consequently, cold pools organize into a

large long-lived front with a resemblance to a squall line that perpetuates through collisions of cold pools at its leading edge.

In contrast, high-Nc cases feature sparsely distributed cold pools, which prevents their interaction. In this regime, cold pools

exhibit an intermittent behaviour, manifesting as small, short-lived fronts resembling squall lines that form, develop, decay,350

and vanish (Figs. 4c,d,g,h, 5).

For the effect of Nc on the interaction between clouds and cold pools (Fig. 1, link 2), our analysis shows that increased

Nc suppresses the formation of cold pools (Figs. 4g,h, 5), while enhancing the self-aggregation of cloud fields (Figs. 6). In

other words, by delaying precipitation formation, increased Nc allows non-precipitating cumulus fields to aggregate moisture

(Fig. 6c,d) through self-reinforcing mesoscale overturning circulations (Bretherton and Blossey, 2017; Narenpitak et al., 2021;355

Janssens et al., 2023). We quantified this effect, which clearly influences the mesoscale organization of cloud fields, particularly

by increasing the spatial variance in the cloud-liquid-water path (Fig. 6a,b). Interestingly, despite the suppression of cold pools

and the boost in aggregation due to increased Nc (Figs. 6a-d), the overall daily mean responses of cloud fraction and liquid-

water path are notably small (Figs. 4e, 8a,b). This echoes recent findings of Janssens et al. (2024) that shallow mesoscale

circulations appear to symmetrically modulate cloudiness within trade-cumulus fields such that the increased cloudiness at360

their ascending branch is compensated by the decreased cloudiness at their descending branch. This suggests that although by

increasing Nc, mesoscale organization is affected by the variations in cold pools, the increased cloudiness at the edges of cold

pools appears to be buffered by the decreased cloudiness at their interiors.
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For the effect of the diurnal cycle as an external forcing on the microphysical sensitivity (Fig. 1, link 3), we find that the

diurnal cycle synchronizes the self-organization dynamics of cold pools on the mesoscale across simulations with varying365

Nc (Fig. 7). Cold pool activity is thus controlled by both, the external forcing as well as the self-organization dynamics.

The contribution of self-organization dynamics increases with decreasing Nc as showcased by the fact that cold-pool activity

survives the day-time suppression for the lowest Nc case (Figs. 7b,c).

To compare the importance of microphysical and large-scale controls on the cold-pool dynamics (Fig. 1, links 1 and 3) oc-

curring on the intermediate mesoscale, we have made use of the Cloud Botany ensemble (Jansson et al., 2023). We demonstrate370

that the Twomey effect is as significant as the primary cloud-controlling factors for the brightening of trade-cumulus fields (Fig.

9a). Despite the very small response of cloud fraction to Nc (Fig. 8a), the response of the relative cloud-radiative effect to Nc

(Fig. 1, link 4) is about 25% as significant as the response of rCRE to horizontal wind speed and large-scale subsidence (Fig.

9b).

We have obtained these results using a prescribed cloud-droplet number as a proxy for microphysical influences. While the375

more detailed microphysics scheme used by Yamaguchi et al. (2019) features a converging cloud-droplet number, Li et al.

(2015) showed that cold pools are sensitive to choices of microphysics schemes. We therefore encourage future research, such

as the cold-pool model intercomparison project (Kazil et al., 2023, CP-MIP), to focus on the sensitivity of mesoscale cold-pool

dynamics to such microphysical choices if we truly want to understand rain-evaporation, cold pools, and their relevance for

trade-cumulus fields.380

Irrespective of its idealizations, this study clearly highlights that aerosol-cloud interactions are affected by processes hap-

pening at multiple spatial and temporal scales, ranging from the microscale via the mesoscale to the large scales. For shallow

cloud fields in the trades, we demonstrate that variations in the microscale can manifest themselves at the mesoscale to a degree

that is comparable to the influence of large-scale controls. We consider these findings a valuable step towards understanding

the mesoscales as a pre-requisite for constraining trade-cumulus climate feedbacks as well as trade-cumulus mediated aerosol385

forcings.

Data availability. The Cloud Botany dataset is publicly accessible through the EUREC4A intake catalog (https://howto.eurec4a.eu/botany_

dales.html). The simulation outputs of Yamaguchi et al. (2019) are publicly available from the NOAA dataset platform (https://csl.noaa.gov/

groups/csl9/datasets/data/cloud_phys/2019-Yamaguchi-Feingold-Kazil/). The data is analyzed using Python (libraries: Numpy (Harris et al.,

2020), Xarray (Hoyer and Joseph, 2017), Pandas (Wes McKinney, 2010), Scipy (Virtanen et al., 2020), Statsmodel (Seabold and Perktold,390

2010), Matplotlib (Hunter, 2007), and Seaborn (Waskom, 2021)). The basic profiles and time series associated with cloud-field properties,

cloud organization metrics, and cold-pool properties as well as a movie of simulations are publicly available by Alinaghi et al. (2024b)

and from the link https://zenodo.org/records/13868738. The coarse-graining of the total-water path anomaly fields is done using the code

(SMOCs.ipynb) by Janssens (2023b) which is publicly available (https://doi.org/10.5281/zenodo.8089287).
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Appendix A: Supplementary Figures405
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Figure A1. Dependence of several mesoscale cloud organization metrics on Nc. The panels (a,c,e,g) show the time series of the domain-

mean size of cloud objects Lc, the mean fraction of the open-sky areas Lo, the domain-mean of cloud-top height zt, and the degree of

organization Iorg for the simulations without the diurnal cycle of insolation. Panels (b,d,f,h) show their mean responses to Nc for hours

24-48 in purple and 48-72 in green. The dashed line is shown as a visual guide where a metric is sensitive to Nc.
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Figure A2. Total-water path time series for several Nc. The figure shows the development of the domain-mean total-water path, which is

the sum of both cloud-water and water-vapor paths.
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Figure A3. Cloud-field response to large-scale cloud-controlling factors and cloud-droplet number perturbations. The standardized β

coefficients of the multiple regression analysis for (a) rain-water pathR, (b) cold-pool fraction fcp, (c) cold-pool number ncp, (d) cold-pool

size scp (e) liquid-water path L, and (f) cloud fraction fc, all averaged over the last two days of the LESs of the Botany ensemble. The error

bars show the 95% confidence interval for each regressor. The larger the distance of the confidence interval with zero, the more significant

the corresponding regressor. The p-values of the F -statistic test of all models are smaller than 10−15.

21

https://doi.org/10.5194/egusphere-2024-3501
Preprint. Discussion started: 20 November 2024
c© Author(s) 2024. CC BY 4.0 License.



References

Albrecht, B. A.: Aerosols, Cloud Microphysics, and Fractional Cloudiness, Science, 245, 1227–1230,

https://doi.org/10.1126/science.245.4923.1227, 1989.

Alinaghi, P., Janssens, M., Choudhury, G., Goren, T., Siebesma, A. P., and Glassmeier, F.: Shallow cumulus cloud fields are

optically thicker when they are more clustered, Quarterly Journal of the Royal Meteorological Society, 150, 3566–3577,410

https://doi.org/https://doi.org/10.1002/qj.4783, 2024a.

Alinaghi, P., Jansson, F., A. Blázquez, D., and Glassmeier, F.: Datasets and the movie for the manuscript "Cold pools mediate mesoscale

adjustments of trade- cumulus fields to changes in cloud-droplet number concentration", https://doi.org/10.5281/zenodo.13868738, 2024b.

Alinaghi, P., Siebesma, A. P., Janssens, M., Jansson, F., and Glassmeier, F.: External Drivers and Mesoscale Self-Organization of Shallow

Cold Pools in the Trade-Wind Regime, ESS Open Archive, https://doi.org/DOI: 10.22541/essoar.172097919.97430863/v2, 2024c.415

Bellouin, N., Quaas, J., Gryspeerdt, E., Kinne, S., Stier, P., Watson-Parris, D., Boucher, O., Carslaw, K. S., Christensen, M., Daniau, A.-L.,

et al.: Bounding global aerosol radiative forcing of climate change, Reviews of Geophysics, 58, e2019RG000 660, 2020.

Böing, S. J., Jonker, H. J., Siebesma, A. P., and Grabowski, W. W.: Influence of the subcloud layer on the development of a deep convective

ensemble, Journal of the Atmospheric Sciences, 69, 2682–2698, 2012.

Bony, S., Stevens, B., Ament, F., Bigorre, S., Chazette, P., Crewell, S., Delanoë, J., Emanuel, K., Farrell, D., Flamant, C., et al.: EUREC420

4 A: A field campaign to elucidate the couplings between clouds, convection and circulation, Surveys in Geophysics, 38, 1529–1568,

https://doi.org/https://doi.org/10.1007/s10712-017-9428-0, 2017.

Bony, S., Schulz, H., Vial, J., and Stevens, B.: Sugar, gravel, fish, and flowers: Dependence of mesoscale patterns of trade-wind clouds on

environmental conditions, Geophysical research letters, 47, e2019GL085 988, 2020.

Bony, S., Lothon, M., Delanoë, J., Coutris, P., Etienne, J.-C., Aemisegger, F., Albright, A. L., André, T., Bellec, H., Baron, A., Bourdinot,425

J.-F., Brilouet, P.-E., Bourdon, A., Canonici, J.-C., Caudoux, C., Chazette, P., Cluzeau, M., Cornet, C., Desbios, J.-P., Duchanoy, D.,

Flamant, C., Fildier, B., Gourbeyre, C., Guiraud, L., Jiang, T., Lainard, C., Le Gac, C., Lendroit, C., Lernould, J., Perrin, T., Pouvesle,

F., Richard, P., Rochetin, N., Salaün, K., Schwarzenboeck, A., Seurat, G., Stevens, B., Totems, J., Touzé-Peiffer, L., Vergez, G., Vial,

J., Villiger, L., and Vogel, R.: EUREC4A observations from the SAFIRE ATR42 aircraft, Earth System Science Data, 14, 2021–2064,

https://doi.org/10.5194/essd-14-2021-2022, 2022.430

Bretherton, C. and Blossey, P.: Understanding mesoscale aggregation of shallow cumulus convection using large-eddy simulation, Journal of

Advances in Modeling Earth Systems, 9, 2798–2821, 2017.

Cesana, G. V. and Del Genio, A. D.: Observational constraint on cloud feedbacks suggests moderate climate sensitivity, Nature Climate

Change, 11, 213–218, https://doi.org/10.1038/s41558-020-00970-y, 2021.

Colón-Robles, M., Rauber, R. M., and Jensen, J. B.: Influence of low-level wind speed on droplet spectra near cloud base in trade wind435

cumulus, Geophysical Research Letters, 33, https://doi.org/https://doi.org/10.1029/2006GL027487, 2006.

Dagan, G., Koren, I., Kostinski, A., and Altaratz, O.: Organization and oscillations in simulated shallow convective clouds, Journal of

Advances in Modeling Earth Systems, 10, 2287–2299, 2018.

Denby, L.: Charting the Realms of Mesoscale Cloud Organisation using Unsupervised Learning, arXiv preprint arXiv:2309.08567, 2023.

Drager, A. J. and van den Heever, S. C.: Characterizing convective cold pools, Journal of Advances in Modeling Earth Systems, 9, 1091–1115,440

https://doi.org/https://doi.org/10.1002/2016MS000788, 2017.

22

https://doi.org/10.5194/egusphere-2024-3501
Preprint. Discussion started: 20 November 2024
c© Author(s) 2024. CC BY 4.0 License.



George, G., Stevens, B., Bony, S., Vogel, R., and Naumann, A. K.: Widespread shallow mesoscale circulations observed in the trades, Nature

Geoscience, 16, 584–589, 2023.

Gerber, H. E., FRICK, G. M., JENSEN, J. B., and HUDSON, J. G.: Entrainment, Mixing, and Microphysics in Trade-Wind Cumulus, Journal

of the Meteorological Society of Japan. Ser. II, 86A, 87–106, https://doi.org/10.2151/jmsj.86A.87, 2008.445

Glassmeier, F. and Feingold, G.: Network approach to patterns in stratocumulus clouds, Proceedings of the National Academy of Sciences,

114, 10 578–10 583, https://doi.org/https://doi.org/10.1073/pnas.1706495114, 2017.

Glassmeier, F., Hoffmann, F., Johnson, J. S., Yamaguchi, T., Carslaw, K. S., and Feingold, G.: Aerosol-cloud-climate cooling overestimated

by ship-track data, Science, 371, 485–489, https://doi.org/10.1126/science.abd3980, 2021.

Haerter, J. O. and Schlemmer, L.: Intensified cold pool dynamics under stronger surface heating, Geophysical Research Letters, 45, 6299–450

6310, https://doi.org/https://doi.org/10.1029/2017GL076874, 2018.

Haerter, J. O., Böing, S. J., Henneberg, O., and Nissen, S. B.: Circling in on convective organization, Geophysical Research Letters, 46,

7024–7034, 2019.

Harris, C. R., Millman, K. J., van der Walt, S. J., Gommers, R., Virtanen, P., Cournapeau, D., Wieser, E., Taylor, J., Berg, S., Smith, N. J.,

Kern, R., Picus, M., Hoyer, S., van Kerkwijk, M. H., Brett, M., Haldane, A., del Río, J. F., Wiebe, M., Peterson, P., Gérard-Marchant,455

P., Sheppard, K., Reddy, T., Weckesser, W., Abbasi, H., Gohlke, C., and Oliphant, T. E.: Array programming with NumPy, Nature, 585,

357–362, https://doi.org/10.1038/s41586-020-2649-2, 2020.

Helfer, K. C. and Nuijens, L.: The Morphology of Simulated Trade-Wind Convection and Cold Pools Under Wind Shear, Journal of Geo-

physical Research: Atmospheres, 126, e2021JD035 148, 2021.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horányi, A., Muñoz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers, D., et al.: The460

ERA5 global reanalysis, Quarterly Journal of the Royal Meteorological Society, 146, 1999–2049, https://doi.org/10.1002/qj.3803, 2020.

Hoyer, S. and Joseph, H.: xarray: N-D labeled Arrays and Datasets in Python, Journal of Open Research Software, 5,

https://doi.org/10.5334/jors.148, 2017.

Hudson, J. G. and Noble, S.: Low-altitude summer/winter microphysics, dynamics, and CCN spectra of northeastern

Caribbean small cumuli, and comparisons with stratus, Journal of Geophysical Research: Atmospheres, 119, 5445–5463,465

https://doi.org/https://doi.org/10.1002/2013JD021442, 2014.

Hunter, J. D.: Matplotlib: A 2D graphics environment, Computing in Science & Engineering, 9, 90–95,

https://doi.org/10.1109/MCSE.2007.55, 2007.

IPCC AR6, C. .: The Earth’s Energy Budget, Climate Feedbacks and Climate Sensitivity, p. 923–1054, Cambridge University Press, 2023.

Janssens, M.: Mesoscale Cloud Patterns in the Trade-Wind Boundary Layer, Ph.D. thesis, Wageningen University, ISBN 978-94-6447-829-7,470

https://doi.org/https://doi.org/10.18174/635857, 2023a.

Janssens, M.: Supporting data for Ch. 7 of "Mesoscale Cloud Patterns in the Trade-Wind Boundary Layer", Zenodo,

https://doi.org/10.5281/zenodo.8089287, 2023b.

Janssens, M., Vilà-Guerau de Arellano, J., Scheffer, M., Antonissen, C., Siebesma, A. P., and Glassmeier, F.: Cloud patterns in the trades

have four interpretable dimensions, Geophysical Research Letters, 48, e2020GL091 001, 2021.475

Janssens, M., De Arellano, J. V.-G., Van Heerwaarden, C. C., De Roode, S. R., Siebesma, A. P., and Glassmeier, F.: Nonprecipitating Shallow

Cumulus Convection Is Intrinsically Unstable to Length Scale Growth, Journal of the Atmospheric Sciences, 80, 849–870, 2023.

23

https://doi.org/10.5194/egusphere-2024-3501
Preprint. Discussion started: 20 November 2024
c© Author(s) 2024. CC BY 4.0 License.



Janssens, M., Jansson, F., Alinaghi, P., Glassmeier, F., and Siebesma, P.: Symmetry in mesoscale circulations ex-

plains weak impact of trade cumulus self-organisation on the radiation budget in large-eddy simulations, EarthArXiv,

https://doi.org/https://doi.org/10.31223/X5BH8Q, 2024.480

Jansson, F., Janssens, M., Grönqvist, J. H., Siebesma, A. P., Glassmeier, F., Attema, J., Azizi, V., Satoh, M., Sato, Y., Schulz, H., and Kölling,

T.: Cloud Botany: Shallow Cumulus Clouds in an Ensemble of Idealized Large-Domain Large-Eddy Simulations of the Trades, Journal

of Advances in Modeling Earth Systems, 15, e2023MS003 796, https://doi.org/https://doi.org/10.1029/2023MS003796, e2023MS003796

2023MS003796, 2023.

Jeevanjee, N. and Romps, D. M.: Convective self-aggregation, cold pools, and domain size, Geophysical Research Letters, 40, 994–998,485

https://doi.org/https://doi.org/10.1002/grl.50204, 2013.

Kazil, J., Vogel, R., Blossey, P. N., Boeing, S., Denby, L., Ghazayel, S., Heus, T., Neggers, R., Raghunathan, G. N., and Siebesma, P.: The

Cold Pool Model Intercomparison Project (CP-MIP), in: AGU Fall Meeting Abstracts, pp. A13J–228, 2023.

Lacis, A. A. and Hansen, J.: A parameterization for the absorption of solar radiation in the earth’s atmosphere, Journal of Atmospheric

Sciences, 31, 118–133, 1974.490

Langhans, W. and Romps, D. M.: The origin of water vapor rings in tropical oceanic cold pools, Geophysical Research Letters, 42, 7825–

7834, https://doi.org/https://doi.org/10.1002/2015GL065623, 2015.

Li, Z., Zuidema, P., and Zhu, P.: Simulated convective invigoration processes at trade wind cumulus cold pool boundaries, Journal of the

Atmospheric Sciences, 71, 2823–2841, https://doi.org/https://doi.org/10.1175/JAS-D-13-0184.1, 2014.

Li, Z., Zuidema, P., Zhu, P., and Morrison, H.: The sensitivity of simulated shallow cumulus convection and cold pools to microphysics,495

Journal of the Atmospheric Sciences, 72, 3340–3355, 2015.

Lochbihler, K., Lenderink, G., and Siebesma, A. P.: Cold pool dynamics shape the response of extreme rainfall events to climate change,

Journal of Advances in Modeling Earth Systems, 13, e2020MS002 306, https://doi.org/https://doi.org/10.1029/2020MS002306, 2021.

Myers, T. A., Scott, R. C., Zelinka, M. D., Klein, S. A., Norris, J. R., and Caldwell, P. M.: Observational constraints on low cloud feedback

reduce uncertainty of climate sensitivity, Nature Climate Change, 11, 501–507, https://doi.org/10.1038/s41558-021-01039-0, 2021.500

Narenpitak, P., Kazil, J., Yamaguchi, T., Quinn, P., and Feingold, G.: From sugar to flowers: A transition of shal-

low cumulus organization during ATOMIC, Journal of Advances in Modeling Earth Systems, 13, e2021MS002 619,

https://doi.org/https://doi.org/10.1029/2021MS002619, 2021.

Nissen, S. B. and Haerter, J. O.: Circling in on convective self-aggregation, Journal of Geophysical Research: Atmospheres, 126,

e2021JD035 331, 2021.505

Nuijens, L. and Siebesma, A. P.: Boundary layer clouds and convection over subtropical oceans in our current and in a warmer climate,

Current Climate Change Reports, 5, 80–94, 2019.

Nuijens, L., Stevens, B., and Siebesma, A. P.: The environment of precipitating shallow cumulus convection, Journal of the Atmospheric

Sciences, 66, 1962–1979, 2009.

Quinn, P. K., Thompson, E. J., Coffman, D. J., Baidar, S., Bariteau, L., Bates, T. S., Bigorre, S., Brewer, A., de Boer, G., de Szoeke, S. P.,510

Drushka, K., Foltz, G. R., Intrieri, J., Iyer, S., Fairall, C. W., Gaston, C. J., Jansen, F., Johnson, J. E., Krüger, O. O., Marchbanks, R. D.,

Moran, K. P., Noone, D., Pezoa, S., Pincus, R., Plueddemann, A. J., Pöhlker, M. L., Pöschl, U., Quinones Melendez, E., Royer, H. M.,

Szczodrak, M., Thomson, J., Upchurch, L. M., Zhang, C., Zhang, D., and Zuidema, P.: Measurements from the RV Ronald H. Brown

and related platforms as part of the Atlantic Tradewind Ocean-Atmosphere Mesoscale Interaction Campaign (ATOMIC), Earth System

Science Data, 13, 1759–1790, https://doi.org/10.5194/essd-13-1759-2021, 2021.515

24

https://doi.org/10.5194/egusphere-2024-3501
Preprint. Discussion started: 20 November 2024
c© Author(s) 2024. CC BY 4.0 License.



Radtke, J., Naumann, A. K., Hagen, M., and Ament, F.: The relationship between precipitation and its spatial pattern in the trades observed

during EUREC4A, Quarterly Journal of the Royal Meteorological Society, https://doi.org/10.1002/qj.4284, 2022.

Radtke, J., Vogel, R., Ament, F., and Naumann, A. K.: Spatial organisation affects the pathway to precipitation in simulated trade-wind

convection, Geophysical Research Letters, 50, e2023GL103 579, https://doi.org/https://doi.org/10.1029/2023GL103579, 2023.

Rochetin, N., Hohenegger, C., Touzé-Peiffer, L., and Villefranque, N.: A Physically Based Definition of Convectively Generated Density520

Currents: Detection and Characterization in Convection-Permitting Simulations, Journal of Advances in Modeling Earth Systems, 13,

e2020MS002 402, 2021.

Rotunno, R., Klemp, J. B., and Weisman, M. L.: A theory for strong, long-lived squall lines, Journal of Atmospheric Sciences, 45, 463–485,

https://doi.org/https://doi.org/10.1175/1520-0469(1988)045<0463:ATFSLL>2.0.CO;2, 1988.

Savic-Jovcic, V. and Stevens, B.: The Structure and Mesoscale Organization of Precipitating Stratocumulus, Journal of the Atmospheric525

Sciences, 65, 1587 – 1605, https://doi.org/10.1175/2007JAS2456.1, 2008.

Schlemmer, L. and Hohenegger, C.: The formation of wider and deeper clouds as a result of cold-pool dynamics, Journal of the Atmospheric

Sciences, 71, 2842–2858, https://doi.org/https://doi.org/10.1175/JAS-D-13-0170.1, 2014.

Schneider, T., Teixeira, J., Bretherton, C. S., Brient, F., Pressel, K. G., Schär, C., and Siebesma, A. P.: Climate goals and computing the future

of clouds, Nature Climate Change, 7, 3–5, 2017.530

Seabold, S. and Perktold, J.: statsmodels: Econometric and statistical modeling with python, in: 9th Python in Science Conference, 2010.

Seifert, A. and Beheng, K. D.: A double-moment parameterization for simulating autoconversion, accretion and selfcollection, Atmospheric

research, 59, 265–281, 2001.

Seifert, A. and Heus, T.: Large-eddy simulation of organized precipitating trade wind cumulus clouds, Atmospheric Chemistry and Physics,

13, 5631–5645, https://doi.org/https://doi.org/10.5194/acp-13-5631-2013, 2013.535

Seifert, A., Heus, T., Pincus, R., and Stevens, B.: Large-eddy simulation of the transient and near-equilibrium behavior of precipitating

shallow convection, Journal of Advances in Modeling Earth Systems, 7, 1918–1937, 2015.

Snodgrass, E. R., Girolamo, L. D., and Rauber, R. M.: Precipitation Characteristics of Trade Wind Clouds during RICO De-

rived from Radar, Satellite, and Aircraft Measurements, Journal of Applied Meteorology and Climatology, 48, 464 – 483,

https://doi.org/10.1175/2008JAMC1946.1, 2009.540

Stensrud, D. J., Coniglio, M. C., Davies-Jones, R. P., and Evans, J. S.: Comments on “‘A theory for strong long-lived squall lines’ revisited”,

Journal of the Atmospheric Sciences, 62, 2989–2996, https://doi.org/https://doi.org/10.1175/JAS3514.1, 2005.

Stephens, G. L., Li, J., Wild, M., Clayson, C. A., Loeb, N., Kato, S., L’ecuyer, T., Stackhouse Jr, P. W., Lebsock, M., and Andrews, T.: An

update on Earth’s energy balance in light of the latest global observations, Nature Geoscience, 5, 691–696, 2012.

Stevens, B. and Feingold, G.: Untangling aerosol effects on clouds and precipitation in a buffered system, Nature, 461, 607–613, 2009.545

Stevens, B., Bony, S., Farrell, D., Ament, F., Blyth, A., Fairall, C., Karstensen, J., Quinn, P. K., Speich, S., Acquistapace, C., et al.: EUREC

4 a, Earth System Science Data Discussions, 2021, 1–78, https://doi.org/https://doi.org/10.5194/essd-13-4067-2021, 2021.

Torri, G. and Kuang, Z.: On cold pool collisions in tropical boundary layers, Geophysical Research Letters, 46, 399–407,

https://doi.org/https://doi.org/10.1029/2018GL080501, 2019.

Torri, G., Kuang, Z., and Tian, Y.: Mechanisms for convection triggering by cold pools, Geophysical Research Letters, 42, 1943–1950,550

https://doi.org/https://doi.org/10.1002/2015GL063227, 2015.

Touzé-Peiffer, L., Vogel, R., and Rochetin, N.: Cold pools observed during EUREC 4 A: Detection and characterization from atmospheric

soundings, Journal of Applied Meteorology and Climatology, 61, 593–610, 2022.

25

https://doi.org/10.5194/egusphere-2024-3501
Preprint. Discussion started: 20 November 2024
c© Author(s) 2024. CC BY 4.0 License.



Twomey, S.: The Influence of Pollution on the Shortwave Albedo of Clouds, Journal of Atmospheric Sciences, 34, 1149 – 1152,

https://doi.org/https://doi.org/10.1175/1520-0469(1977)034<1149:TIOPOT>2.0.CO;2, 1977.555

Vial, J., Vogel, R., and Schulz, H.: On the daily cycle of mesoscale cloud organization in the winter trades, Quarterly Journal of the Royal

Meteorological Society, 147, 2850–2873, https://doi.org/https://doi.org/10.1002/qj.4103, 2021.

Virtanen, P., Gommers, R., Oliphant, T. E., Haberland, M., Reddy, T., Cournapeau, D., Burovski, E., Peterson, P., Weckesser, W., Bright, J.,

van der Walt, S. J., Brett, M., Wilson, J., Millman, K. J., Mayorov, N., Nelson, A. R. J., Jones, E., Kern, R., Larson, E., Carey, C. J., Polat,
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