
1.  Introduction
Stratocumulus (Sc) clouds are frequently observed over the ocean and have a profound effect on Earth's radi-
ation budget due to their large coverage (Wood, 2012). The Sc clouds exhibit regular patterns on the mesos-
cale (20–200 km; Orlanski, 1975) organizations known as open-cellular (broken) and closed-cellular (unbroken) 
clouds (Wood & Hartmann, 2006). Since these two cellular patterns present distinct cloud morphology and cover-
age, they reflect different amounts of incoming solar radiation back to space (known as the negative shortwave 
cloud radiative effect; Hartmann & Short, 1980). Therefore, the net radiative effects are also different because 
the closed-cell clouds have a higher scene albedo with a larger cloud fraction than the open-cell clouds (Feingold 
et  al.,  2016). However, the representation of these low cloud morphologies in the current global circulation 
model (GCM) remains a challenge (Bony & Dufresne, 2005; Schneider et al., 2017), because the small scales of 
these cloud processes cannot explicitly be resolved, and their subgrid-scale variabilities need to be parameterized 
(Golaz et al., 2002; Morrison & Gettelman, 2008; Siebesma et al., 2007).

One of the primary causes of uncertainty in Global Climate Model (GCM) predictions, among other factors, 
is the subgrid-scale variability of aerosol-cloud interactions involving microphysical and radiative processes 
(Pawlowska & Brenguier, 2003; Seinfeld et al., 2016). This uncertainty arises from complex cloud macrophys-
ical and microphysical responses to aerosols (Li et  al.,  2011; Stevens & Feingold,  2009). Consequently, the 
current GCMs are not able to fully represent the complexity of aerosol-cloud interactions. For instance, aerosols 
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influenced by the entrainment and mixing of dry air from the free troposphere. We also examine cold pools in 
open and closed cellular clouds. Open-cell clouds produce larger and deeper cold pools compared to closed-cell 
clouds. Interestingly, cold pools can exist without surface precipitation and are produced by evaporation of light 
precipitation (drizzle) below the cloud base with weak downdrafts. The evaporation of raindrops and drizzle 
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Plain Language Summary  Low altitude clouds cover a wide area of the Earth's atmosphere and 
play an important climatic role by reflecting sunlight back to space, thereby having been the topic of decades 
of study via observation and numerical simulation. This study uses high-resolution weather simulations to 
understand the influence of the winds and tiny particles on subtropical low clouds. We find that the tiny 
particles largely affect the cellular cloud organization (e.g., broken and unbroken clouds). When the wind near 
the surface is much weaker than wind above the surface, the cloud amount and thickness are decreased via 
mixing of the dry air at the cloud top. In addition, the different cloud organizations produced different cold 
pockets of dense air near the surface. The cold air resulting from broken clouds helps to initiate a new cloud 
downstream, and convection upstream of the unbroken cloud is enhanced by the cold air outflow.

JEONG ET AL.

© 2023. American Geophysical Union. 
All Rights Reserved.

Effects of Wind Shear and Aerosol Conditions on the 
Organization of Precipitating Marine Stratocumulus Clouds
Jong-Hoon Jeong1,2  , Mikael K. Witte1,2,3  , and Mark Smalley1,2 

1Joint Institute for Regional Earth System Science and Engineering, University of California, Los Angeles, CA, USA, 
2Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA, 3Department of Meteorology, Naval 
Postgraduate School, Monterey, CA, USA

Key Points:
•	 �Cloud droplet number concentration 

dominates vertical shear in 
determining the cellular cloud 
organization of idealized marine 
stratocumulus

•	 �A stronger wind shear leads to a 
reduced cloud fraction associated with 
cloud thinning compared to cases with 
weaker shear

•	 �Intermediate Nd simulations with 
negligible surface precipitation 
produce cold pools with comparable 
intensity as a low Nd configuration

Supporting Information:
Supporting Information may be found in 
the online version of this article.

Correspondence to:
J.-H. Jeong,
jeongjh737@gmail.com

Citation:
Jeong, J.-H., Witte, M. K., & Smalley, 
M. (2023). Effects of wind shear and 
aerosol conditions on the organization 
of precipitating marine stratocumulus 
clouds. Journal of Geophysical Research: 
Atmospheres, 128, e2023JD039081. 
https://doi.org/10.1029/2023JD039081

Received 14 APR 2023
Accepted 22 NOV 2023

Author Contributions:
Conceptualization: Jong-Hoon Jeong, 
Mikael K. Witte
Formal analysis: Jong-Hoon Jeong
Funding acquisition: Mikael K. Witte, 
Mark Smalley
Investigation: Mikael K. Witte, Mark 
Smalley
Methodology: Jong-Hoon Jeong
Project Administration: Mikael K. 
Witte, Mark Smalley
Supervision: Mikael K. Witte, Mark 
Smalley
Validation: Mikael K. Witte, Mark 
Smalley
Visualization: Jong-Hoon Jeong
Writing – original draft: Jong-Hoon 
Jeong
Writing – review & editing: Jong-Hoon 
Jeong, Mikael K. Witte, Mark Smalley

10.1029/2023JD039081
RESEARCH ARTICLE

1 of 22

https://orcid.org/0000-0002-4155-5788
https://orcid.org/0000-0001-8795-6539
https://orcid.org/0000-0002-0731-6759
https://doi.org/10.1029/2023JD039081
https://doi.org/10.1029/2023JD039081
https://doi.org/10.1029/2023JD039081
https://doi.org/10.1029/2023JD039081
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023JD039081&domain=pdf&date_stamp=2023-12-18


Journal of Geophysical Research: Atmospheres

JEONG ET AL.

10.1029/2023JD039081

2 of 22

serve as cloud condensation nuclei (CCN), and their presence can either increase or decrease cloud amount, 
depending on factors such as aerosol size distribution and concentration. Moreover, aerosols can exert influence 
over the microphysical characteristics of Sc clouds, as precipitation processes can impact aerosol concentra-
tions, subsequently affecting the microphysics of Sc clouds. In a precipitating boundary layer, the aerosol size 
distribution and concentration can be modified by collision and coalescence processes associated with drizzle 
or precipitation in the subcloud layer, resulting in complex feedbacks between CCN, clouds, precipitation, and 
cloud morphology.

Large-eddy simulation (LES) modeling can resolve small-scale processes (<1 km) associated with aerosol-cloud 
interactions, allowing more accurate simulations of aerosol properties and their effects on Sc cloud organizations. 
Wang and Feingold (2009a) simulated the open- and closed-cellular clouds with a very large aerosol perturba-
tion. They conducted experiments with three different cloud droplet number concentrations (Nd) of 65, 150, and 
500 cm −3 to investigate the impact of aerosol-cloud interactions on the evolution of open- and closed-cellular 
cloud structures. Their findings revealed that simulation with low Nd produced the open-cellular cloud structure 
characterized by a relatively high amount of precipitation. This precipitation played a crucial role in generating 
dynamic response (e.g., turbulence) through enhanced evaporative cooling, ultimately contributing to the forma-
tion of cellular cloud organization. Similarly, Glassmeier and Feingold (2017) simulated a case of Sc clouds, 
exploring their geometric structure and self-organization by modulating the number of cloud droplets. They 
found that Sc clouds exhibit a network structure composed of links (line structures) and nodes (intersections 
of links), shedding light on the intricate organization of these clouds. Furthermore, a recent study performed 
Lagrangian cloud microphysics that can represent explicit aerosol activation, scavenging, and processing by 
tracking cloud-borne aerosol in super-droplets (Chandrakar et al., 2022). They simulated the closed-to-open cell 
transition by modulating aerosol size distribution and concentration. The study emphasized the significant role of 
precipitation development in driving the transition from closed-cell to open-cell cloud configuration.

Here, we consider that vertical wind shear (hereafter “wind shear”) in the boundary layer may also play a role 
in convection and cloud evolution. Numerous studies demonstrate the impacts of wind shear on deep convective 
cloud dynamics (Chakraborty et al., 2016; Houze, 2018; Peters et al., 2022) and microphysical processes (Fan 
et al., 2009; Khain et al., 2005). Several studies have also discussed the effect of wind shear on shallow cumu-
lus clouds using LES. For instance, Yamaguchi et al. (2019) show that wind shear results in tilting clouds and 
spreading cloud tops horizontally, which increases cloud fraction and evaporation aloft. Helfer et al. (2020) find 
that wind shear influences the depth and characteristics of shallow cumulus convection, and therefore the cloud 
structure of the trade-wind layer. In contrast, many fewer studies have discussed the simultaneous influence of 
both wind shear and aerosol perturbations on Sc clouds. Recently, Zamora Zapata et al. (2021) found that Sc 
clouds had lower cloud fraction and liquid water path (LWP) with increasing surface and top wind shear, but they 
did not explore covariability of wind shear effects with microphysical factors.

As mentioned earlier, drizzle and precipitation in the subcloud layer can significantly influence the transition from 
closed-cell to open-cell clouds. When raindrops fall into unsaturated air, they can evaporate, causing a descent of 
cold air to the surface. This near-surface cold air then spreads horizontally, displacing the surrounding warmer 
air and forming cold pools. While many studies have focused on cold pools in deep convective clouds, recent 
research has highlighted the importance of cold pools in Sc clouds, particularly those with relatively smaller 
precipitation drop sizes (e.g., Wood, 2005b) and drizzle that evaporates in the subcloud layer (e.g., Wood, 2005a). 
Wang and Feingold (2009a) emphasized the critical role of evaporative cooling from precipitation in the forma-
tion and evolution of open-cellular clouds. Feingold et al. (2010) revealed that when the boundaries of cold pools 
from adjacent cells collide, the resulting surface convergence can result in updrafts and the generation of new 
clouds. Additionally, Yamaguchi et al. (2017) demonstrated that drizzle and precipitation are important factors 
that cause boundary layer decoupling and contribute to the transition from Sc to cumulus cloud structures.

The present study investigates how wind shear affects precipitating marine Sc clouds under different aerosol 
conditions using LES with constant wind shear and Nd varying between simulations. The rest of the paper is 
organized as follows. Section 2 presents the case description and LES setup for the wind shear experiments under 
different aerosol conditions. The results and discussion are presented in Section 3, which is split into two parts. 
First, we discuss the effect of Nd on cellular cloud organizations using object-based cloud classification. Second, 
the effects of wind shear and cold pools on the cloud structures are discussed. Section 4 contains the conclusions 
of this work.
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2.  Methods and Simulations
2.1.  Model Configuration

An idealized case study of nocturnal marine stratocumulus observed during the second research flight (RF02) of the 
Second Dynamics and Chemistry of Marine Stratocumulus field study (DYCOMS-II) field campaign (Ackerman 
et al., 2009) is simulated using Cloud Model 1 (CM1; Bryan & Fritsch, 2002), version 20.2 (cm1r20.2). The 
domain has 1,000 × 1,000 grid points in the horizontal and horizontal grid spacing ∆x = Δy = 50 m. The simu-
lated domain of 50 × 50 km 2 allows for the development of mesoscale cloud organization (de Roode et al., 2004). 
The vertical grid contains 96 levels. The vertical grid spacing stretched from 2.5 m near the surface up to the 
mid-boundary layer (374 m) with a maximum layer thickness of 25 m. It then contracts again from 25 to 5 m 
between 450 m and the inversion height (795 m) within a zone of constant dz = 5 m spanning approximately 
125 m around the mean inversion height, and finally stretches again until it reaches the model’s top at 1.5 km, 
with spacing of approximately 80 m (see dz profile in Figure S1 of the Supporting Information S1). The model is 
integrated for 12 hr to allow sufficient time for cloud organization to develop and mature. Doubly periodic condi-
tions are applied at lateral boundaries. The radiative forcing is parameterized by a simple model of the net long-
wave radiative flux following Stevens et al. (2005). Subgrid-scale mixing uses the 1.5-order TKE-based scheme 
of Deardorff (1980). A Klemp-Wilhelmson time-splitting vertically implicit pressure solver is used, with an adap-
tive time step of at most 5 s following a Runge–Kutta scheme (Klemp & Wilhelmson, 1978). A fifth-order scheme 
with implicit diffusion is used to integrate the horizontal and vertical advection of velocities and scalars, with a 
weighted essentially nonoscillatory (WENO) scheme applied at the final Runge-Kutta time step to the advection 
of momentum and scalars (Wicker & Skamarock, 2002). Shi et al. (2018) noted that Sc clouds are highly sensitive 
to the advection scheme and many LES models tend to produce unrealistically thin cloud layers and a decoupled 
boundary layer structure due to numerical diffusion of warm, dry air across sharp temperature inversions. To 
address this issue, they suggested the use of fifth-order WENO scheme for the advection of both momentum and 
scalars, as it resulted in high-fidelity simulations compared to other numerical schemes. When employing the 
fifth-order WENO scheme for both momentum and scalars, the simulation demonstrated improved representa-
tion of entrainment in the cloud-top region and reduced the numerical diffusion. The Morrison double-moment 
scheme is used to emulate microphysical processes with assumed constant cloud drop number concentration 
(Morrison et al., 2005, 2009). In the Morrison double-moment scheme, autoconversion of cloud droplets and 
accretion of cloud droplets by rain follow the scheme developed by Khairoutdinov and Kogan (2000), which was 
originally designed for LES of marine stratocumulus clouds.

2.2.  Case Description and Experimental Design

The standard simulation setup follows the GEWEX Cloud System Study (GCSS) model intercomparison based 
on an idealization of nocturnal aircraft measurements during RF02 of DYCOMS-II over the northeast Pacific 
off the coast of California. The flight observed heavily drizzling open cells amid a deck of closed-cell marine 
Sc that was drizzling lightly (vanZanten & Stevens, 2005). The case also has a tendency to transition from the 
closed- to open-cell regime when Nd is sufficiently low (e.g., 15  cm −3; Feingold et  al.,  2015; Glassmeier & 
Feingold, 2017). Figure 1 shows the initial atmospheric profiles of temperature, moisture, and winds following 
Ackerman et al.  (2009) and Savic-Jovcic and Stevens  (2008). The liquid-water potential temperature (θl) was 
initialized to 288.3 K in the boundary layer, increasing to 303.9 K by 1,500 m height (Figure 1a). The inversion 
height was 795 m. The total water mixing ratio (qt) was initialized at 9.45 g kg −1 in the boundary layer, decreasing 
to 5.0 g kg −1 in the free troposphere (Figure 1b). The zonal component wind was 3 m s −1 at the surface and line-
arly increased with height at a rate of 4.3 m s −1 km −1 (black line in Figure 1c). The meridional wind was −9 m s −1 
at the surface and decreased with height at a rate of 5.6 m s −1 km −1 (black line in Figure 1d). The simulation has  a 
uniform sea surface temperature (SST) fixed at 299.28 K.

To investigate the impact of wind shear and aerosol conditions on the evolution of cellular cloud organization, a 
total of nine numerical simulations were conducted with (a) three different vertical wind profiles and (b) three 
different Nd values as a proxy for different aerosol loadings (Wang & Feingold, 2009a, 2009b; Zhou et al., 2017). 
In general, elevated aerosol concentrations enhance CCN concentrations and correspondingly the density of Nd 
within the cloud (Ghan et al., 2001). For the wind shear experiments, the simulations labeled with 0X, 1X, and 
1.5X correspond to multiplicative factors of 0, 1, and 1.5 applied to the wind shear of the standard case (black 
lines in Figures 1c and 1d). All wind profiles featured unidirectional southwest-to-southeast shear. Although 
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the 1.5X v-wind changed the sign to northwesterly above ∼1.1 km (red line in Figure 1d), it does not affect the 
clouds because the initial inversion height is 795 m and the maximum cloud-top height remains below 900 m 
(discussed in Section 3.1). In all wind shear experiments (0X, 1X, and 1.5X), wind speed magnitude remained 
consistent with initial profiles at 3- and 6-hr into the simulation. However, horizontal winds (u and v) exhibited a 
slight decrease below the inversion height (Figure S2 in Supporting Information S1). We experiment with differ-
ent values of background prescribed Nd = {10, 35, 55} cm −3 (hereafter CDNC10, CDNC35, and CDNC55). We 
reduced the Nd from the standard 55 cm −3 because Savic-Jovcic and Stevens (2008) found that the standard Nd 
produced too little surface precipitation compared to observations. In addition, Feingold et al. (2015) simulated 
the open-cell cloud by reducing the Nd from 90 to 15 cm −3.

2.3.  Diagnostic of Cloud Organization

To fully account for the effects of cellular cloud organizations and structures, we characterize the cloud properties 
by using a cloud pseudo-albedo field to mimic those in satellite imagery. Although our simulations are nocturnal 
and we therefore do not consider shortwave radiation during the simulation, we can visualize and quantify the 
cloud field through the pseudo-albedo (A) with a good degree of approximation (i.e., cloud optical depth at a 
visible wavelength), which follows Zhang et al. (2005):

𝐴𝐴 =
𝜏𝜏

6.8 + 𝜏𝜏
� (1)

where 𝐴𝐴 𝐴𝐴 = 0.19LWP
5∕6

𝑁𝑁d
1∕3 is the cloud optical depth, LWP is the liquid water path (vertical integral of liquid 

water), and Nd is the prescribed value in the simulation. In the pseudo-albedo equation, the units of LWP and Nd 
are kg m −2 and kg −1 (10 3 cm −3), respectively.

Figure 1.  Initial profiles of (a) liquid-water potential temperature (θl, K), (b) total water mixing ratio (qt, g kg −1), (c) u-wind 
(m s −1), and (d) v-wind (m s −1). Black profiles (1X) represent the standard GCSS values. Blue profiles (0X) stand for zero 
wind shear. Red profiles (1.5X) are 1.5 times the standard values.
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Based on the cloud pseudo-albedo field, we classify and quantitatively evaluate the cloud spatial structures by 
using an object-based classification to measure the size and number of individual cloud segments in the domain. 
This approach is particularly useful for diagnosing different scales of cloud organization in LES experiments 
(Seifert & Heus, 2013). Cloud segments are identified from cloud mask fields when at least four cloudy pixels 
that neighbor each other horizontally are connected. We do not apply a smoothing or modification of the cloud 
pseudo-albedo field, because the results are not changed depending on the horizontal resolution (not shown, see 
Figure S1 in Janssens et al. (2021)). We only exclude clouds with pseudo-albedo <0.1, and small cloud segments 
(i.e., less than four cloudy pixels) were removed to avoid artifacts that were smaller than four times the grid reso-
lution (Janssens et al., 2021).

2.4.  Identification of Cold Pools

Three-dimensional buoyancy is calculated to identify the spatial structure of cold pools in the simulations. 
We take horizontal and vertical slices through the three-dimensional buoyancy field to analyze the interaction 
between cold pools and clouds. Following Tompkins (2001), the buoyancy (b; m s −2) is defined as:

𝑏𝑏 =
𝑔𝑔

(

𝜃𝜃𝜌𝜌 − 𝜃𝜃𝜌𝜌

)

𝜃𝜃𝜌𝜌

� (2)

where g is the acceleration due to gravity, the overbar represents a horizontal domain mean, and θρ is the density 
potential temperature (K) from Emanuel (1994), and is defined as:

𝜃𝜃𝜌𝜌 = 𝜃𝜃(1 + 0.608𝑞𝑞𝑣𝑣 − 𝑞𝑞𝑐𝑐 − 𝑞𝑞𝑟𝑟)� (3)

where θ is potential temperature, and qv, qc, and qr are the mass mixing ratios of water vapor, cloud condensate, 
and rainwater, respectively. We identify cold-pool boundaries as the contour where b first exceeds −0.005 m s −2, 
following the threshold of Tompkins (2001). Cold-pool objects spanning fewer than 16 grid cells, with an equiv-
alent diameter of ∼200 m at the lowest model height (2.5 m), are excluded. This criterion is the same as that 
applied to the cloud objects. For each column, we define the cold pool intensity (B; m s −1) using the vertical 
integral of buoyancy following Bryan and Parker (2010) and Feng et al. (2015):

𝐵𝐵 =

√

√

√

√

√

√−2

ℎ

∫
0

𝑏𝑏𝑏𝑏𝑏𝑏� (4)

where b is buoyancy (Equation 2), and h is the depth of the cold pool, defined as the height at which b first 
exceeds −0.005 m s −2 from the lowest model height to contiguous areas within identified the cold-pool object. 
The depth of cold pools in each column is then defined as the first vertical grid where the b exceeds this threshold.

3.  Results
3.1.  Formation and Evolution of Cellular Cloud Structures

3.1.1.  Horizontal Structure of Cellular Clouds

The cloud structure and organization are characterized by the cloud pseudo-albedo field at the sixth hour of simu-
lations in Figure 2. For each simulation, the cloud population had reached a stationary size distribution before the 
sixth simulated hour. Figure 2 shows that the clouds exhibit distinct spatial structures and morphological features 
as a function of Nd (i.e., CDNC10, CDNC35, and CDNC55), and the vertical wind shear plays a minor role in 
cloud cellular organization. The cloud fields in CDNC10 appear in an open-cellular pattern, with clear regions 
surrounded by a “ring” of cloud (leftmost column in Figure 2). This open-cellular structure is characterized by 
highly reflective cell walls surrounding less reflective areas. The other Nd experiments (CDNC35 and CDNC55) 
exhibit a closed-cellular pattern of cloudy regions surrounded by thin or cloud-free edges (middle and rightmost 
columns in Figure 2). The closed-cell structures are more uniformly distributed over the domain compared to the 
open-cell but are characterized by higher reflectivity at the cell centers. Cell walls are loci of low pseudo-albedo 
and in places may even be cloud-free. Interestingly, when the wind shear is increased (downward from the top 
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in Figure 2), both cloud types gradually reduce in size with more frequent breaks in cloudiness at cloud lateral 
edges. In addition, the closed-cell clouds in higher Nd simulations exhibit more pronounced cloud-free regions 
with increasing wind shear. For low Nd simulations, the open-cell clouds tend to elongate along shear and the 
aspect ratio increases with shear magnitude. We will quantitatively compare these characteristics in the next 
paragraph using object-based classifications.

3.1.2.  Vertical Structure of Cellular Clouds

We further examine the cloud structures through a northwest-to-southeast oriented vertical cross-section along the 
direction of cloud propagation (i.e., line A–A′ in Figure 2). During the simulations, the clouds move southeastward 

Figure 2.  Snapshots of cloud pseudo-albedo fields at the sixth hour of simulations. Each column is for experiments CDNC10, CDNC35, and CDNC55 (corresponding 
to initial cloud droplet number concentrations of 10, 35, and 55 cm −3, respectively). Each row is for wind shear experiments 0X, 1X, and 1.5X, representing the initial 
vertical wind profile multiplied by 0, 1, and 1.5, respectively. The line A–A′ indicates the location of the vertical cross-section used in Figure 3.
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with the environmental wind, even though the cloud propagation speeds are different depending on the back-
ground shear. Figure 3 shows the vertical structures of cellular clouds and circulation in the boundary layer as 
a function of Nd for the standard (1X) vertical shear experiments. Results are similar for the 0X and 1.5X shear 
simulations, consistent with the finding that Nd is the dominant factor for cellular cloud organization. As shown in 
the cloud pseudo-albedo fields, two distinct cloud structures are seen between 1XCDNC10 and the higher concen-
tration simulations (1XCDNC35, 1XCDNC55). 1XCDNC10 shows a vertical structure of open cells characterized 
by spatially isolated precipitating cumuliform clouds. The clouds exhibit a narrow distribution of horizontal extent 
and a deeper cloud thickness compared with 1XCDNC35 and 1XCDNC55. The cloud top height reaches up to 
about 800 m, and cloud base extends down to about 400 m (Figure 3a). The upward motions are dominant close to 
downwind cloud lateral boundaries (e.g., x = 12, 24 km) and downward motions in the clear atmosphere between 
cloudy cells (e.g., x = 16, 26 km). Downdrafts below cloud base are also induced by precipitation loading (e.g., 
x = 18, 30 km). This will be further discussed in Section 3.3. The vertical structure of open-cell clouds resembles 
that of shallow cumulus clouds observed using vertically pointing radar, as noted by Jeong et al. (2022). Their 
findings indicated that shallow cumulus clouds displayed a low cloud fraction with broken cloudy conditions.

Figure 3.  Vertical cross sections (transect A–A′ in Figure 2) of cloud water mixing ratio (>0.01 g kg −1, shading colors), 
rainwater mixing ratio (>0.01 g kg −1, gray dashed line), and winds (m s −1, vector) along the section plane at the sixth hour of 
simulations from (a) 1XCDNC10, (b) 1XCDNC35, and (c) 1XCDNC55. Blue solid lines surround areas where cloud water 
mixing ratio exceeds 0.01 g kg −1 and gray dashed lines surround areas where the rainwater mixing ratio exceeds 0.002 g kg −1. 
The reference arrow for the vector magnitude is upper right.
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The vertical structures of closed-cellular clouds (1XCDNC35 and 1XCDNC55) are shown in Figures 3b and 3c. 
The closed cells form relatively uniform cloud tops and cloud bases with large cloud fractions, which is also 
consistent with vertically pointing radar observations (Jeong et  al.,  2022). The cloud bases are lower in the 
presence of precipitation, for example, the cloud base heights in 1XCDNC35 are lower than 1XCDNC55. The 
averaged cloud-base heights in 1XCDNC35 and 1XCDNC55 are about 400 and 500 m, respectively. Most drizzle 
drops evaporate below the cloud base and there is very little surface precipitation in 1XCDNC55. Evaporation of 
drizzle drops below the cloud base cools and moistens the air in the closed-cellular clouds, leading to the forma-
tion of cold pools in the lower boundary layer and an important mechanism for open cell transitions (Feingold & 
McComiskey, 2016; Wang & Feingold, 2009a; Yamaguchi & Feingold, 2015). The vertical circulation patterns 
in both 1XCDNC35 and 1XCDNC55 are similar where strong updraft and downdraft locations are evident. The 
strong updrafts below the cloud base were dominant at the edge of cells around thinner cloud thickness (e.g., 
x = 13, 30 km in 1XCDNC35, x = 14–15, 26–27 km in 1XCDNC55), while the strong downdrafts are located at 
the center of cells, making a thicker cloud depth where drizzle and precipitation occur (e.g., x = 20–22, 26 km in 
1XCDNC35, x = 5–7, 18–20 km in 1XCDNC55).

3.1.3.  Cloud Spatial Structures Using Object-Based Classification

To quantitatively compare cloud cellular properties, we applied an object-based classification to measure indi-
vidual cloud size and number across the simulations. Figure 4 shows probability density functions (PDF) of the 
following cloud properties over simulation hours 3–12 for all experiments: cloud fraction, cloud object area, 
cloud water path (CWP), and the number of cloud objects. Cloud object area is calculated from the number of 
grid columns within an identified cloud object. Cloud fraction is defined as the total cloud object area divided by 
the total number of horizontal grid cells. We then composited the cloud fraction every half hour during 3–12 hr of 
the simulation after the model spin-up period. The cloud fraction shows an apparent difference between open-cell 
clouds (e.g., CDNC10) and closed-cell clouds (e.g., CDNC35 and CDNC55) (Figure 4a). As shown above, the 
cloud pseudo-albedo and qc were very different across the Nd experiments. Cloud fraction and cloud object area 
both tend to decrease with increasing wind shear (Figures 4a and 4b). Specifically, as wind shear increased, the 
cloud object areas in closed-cell clouds (CDNC35 and CDNC55) were highly reduced compared to those in open-
cell clouds (CDNC10). Furthermore, there are many more small clouds under strong shear conditions, especially 
in the closed-cell clouds. For instance, in the strong wind shear experiment (1.5XCDNC55), there were a higher 

Figure 4.  PDF of (a) cloud fraction, (b) cloud object area (km 2), (c) cloud water path (g m −2), and (d) number of cloud 
objects during the simulation 3–12 hr after a spin-up period. Each experiment is presented with a different color, given in the 
legend below the panels.
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portion of small clouds (<30 km 2) compared to 0XCDNC55 experiment (Figure 4b). This suggests that increas-
ing wind shear leads to a decrease in the cloud amount through cloud thinning, in agreement with the surface 
and top wind shear experiments of Zamora Zapata et al. (2021). CWP also largely decreased in closed cells with 
stronger wind shear (Figure 4c). This means the vertical wind profiles affect the circulation and thermodynamic 
feedbacks on cloud water. We will further discuss the effects of wind shear on the cellular organization and cloud 
thinning in the next section. In contrast to cloud fraction and size, the closed-cell clouds have fewer cloud objects 
compared to the open-cell clouds (Figure 4d). This difference arises because closed-cell clouds are characterized 
by larger individual cloud object areas but a smaller overall number of cloud objects.

3.2.  Effects of Wind Shear on Cloud Cellular Organization

In this section, we first examine the factors that determine why the simulations with stronger wind shear display 
lower cloud fraction than those with weaker shear. Figure 5 shows the time evolution of domain-averaged cloud 
properties, cloud base vertical velocity, and surface precipitation. As aforementioned, the different cloud morpho-
logical structures show distinct cloud fractions between open and closed cells as a function of Nd (Figure 5a). In 
particular, the closed-cell clouds showed largely decreased CWP with increasing wind shear (Figure 5b). This 
is consistent with the PDF of cloud fraction (Figure 4a). Cloud fraction gradually decreases with time, and all 
simulations showed reduced cloud fraction with increasing wind shear. There are two possible factors associated 
with cloud thinning in the presence of strong wind shear. First, the entrainment mixing process leads to cloud 
thinning surrounding the cloud edge (Bretherton et al., 2007; Moeng, 2000; Stevens, 2002). The entrainment of 
dry and warm environmental air near the cloud top reduces LWP (known as evaporation-entrainment feedback; 
Jiang & Feingold, 2006; Xue & Feingold, 2006). Therefore, strong wind shear cases show largely reduced LWP 
(Figure 5c), and the clouds with increasing wind shear resulted in less cloud amount and more cloud breakup 
(Figure 2). The wind shear effect on LWP is more pronounced for closed cells than open cells. Second, strong 
wind shear leads to a deeper boundary layer and a more elevated cloud base. Averaged cloud top heights were 
not obviously different in wind shear experiments, but cloud base heights tend to increase with stronger wind 
shear (Figure  5d). The elevated cloud base in turn leads to cloud thinning. The elevated cloud base is also 
related to enhanced cloud-based updraft (Figure 5e). This increasing cloud-base updraft velocity can induce an 
increase in the cloud-top entrainment, which results in a more rapid evaporation rate and reinforces a reduction 
in LWP. Furthermore, open-cell clouds (CDNC10) show relatively high surface precipitation, while closed-cell 
clouds (CDNC35 and CDNC55) produce little to none (Figure 5f). While the higher concentration cases produce 
some drizzle at cloud base, most of it evaporates before reaching the surface as shown in Figures 3b and 3c.

We further examine the thermodynamic profiles to explain the entrainment associated with cloud thinning. For 
this reason, the domain averaged profiles of liquid water mixing ratio (ql) and liquid water potential temper-
ature (θl) at 6 hr of the simulations are presented in Figure 6. The profiles of ql show that closed cells had a 
sharper inversion and higher inversion height than that of open cell cases (Figure 6a). There is more variability 
in simulations with differing Nd than in simulations with differing shear. Stronger wind shear resulted in lower 
ql than weaker shear within the cloud layer, suggesting that stronger wind shear enhanced mixing of surround-
ing drier environmental air in the cloud layer. Furthermore, the closed-cell cases showed very low ql near the 
cloud base (∼400 m), which is also related to entrainment causing faster evaporation for the higher Nd exper-
iments (Bretherton et al., 2007; Hill et al., 2009; Xue et al., 2008). The low ql is also related to the cloud base 
being elevated in closed-cell simulations (Figure 5d). The profiles of θl show a well-mixed environment for the 
CDNC35/55 simulations and a slightly stable profile for CDNC10 (Figure 6b). When we more closely exam-
ine  the inversion layers in Figure 6c, strong wind shear cases have a weaker, more gradual inversion with higher 
inversion heights. This means that, in all simulations, the dilution across the inversion can reduce the cloud frac-
tion as a result of increased mixing from above. The profiles of θl in the lower boundary layer (<400 m) show that 
strong wind shear cases have slightly more well-mixed structures than weak shear cases. Similarly, the closed-cell 
clouds show more coupled structures than open-cell clouds, because the evaporation of precipitation in the open 
cells leads to the cooling of the sub-cloud layer and decoupling of the boundary layer.

The analysis of the domain averaged profiles of the vertical velocity (w) variance (�′�′ ) and the third moment 
of (�′�′�′ ) at the sixth hour of the simulations is presented in Figures 7a and 7b. The closed cells show larger 
in-cloud w variance in cloud layer compared with open cells (Figure 7a). The increased w variance is related to 
radiative cooling, which produces a strong circulation at the cloud top via negative buoyancy. Additionally, the 
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differences between these two cloud types can be attributed to more intense precipitation in open-cell cases. This 
is because the cooling effect resulting from the evaporation of rain reduces the variance of vertical velocity. In 
these simulations, the maximum w variance was located near the middle of the cloud layer, that is, at heights of 
approximately 550 m for open cells and 700 m for closed cells. Also, strong wind shear cases showed weaker 
w variance in closed cells. Interestingly, 1.5X shear cases show a second peak of w variance above the cloud 
top. These second peaks are representative of the substantial wind shear-induced turbulence across the inversion 
layer, which agrees with previous aircraft observations (Jen-La Plante et al., 2016; Malinowski et al., 2013) and 
wind shear LES simulation (Kopec et al., 2016). The 𝐴𝐴 𝑤𝑤′3 profiles in all simulations are positive, and the maximum 

Figure 5.  Time series of domain averaged (a) cloud fraction, (b) cloud water path (CWP, g m −2), (c) liquid water path (LWP, g m −2), (d) cloud boundaries (cloud top 
and base heights, m), (e) cloud-based vertical velocity (m s −1), and (f) surface precipitation (mm d −1) during the simulation hours.
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Figure 6.  Vertical profiles of the domain averaged (a) liquid water mixing ratio (ql, g kg −1) and (b) liquid water potential 
temperature (θl, K) with enlarged regions at (c) inversion region and (d) boundary layer at the sixth hour of simulations. 
Enlarged regions of the θl profiles are marked by dashed rectangles in (b).

Figure 7.  Vertical profiles of domain averaged (a) vertical velocity variance (�′�′ , m 2 s −2), (b) third moment of vertical 
velocity (�′�′�′ , m 3 s −3), and turbulent kinetic energy (TKE) (m 2 s −2) at the sixth hour of simulations. An overbar represents 
a horizontal, spatial average, and a prime represents a deviation from that average.
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𝐴𝐴 𝑤𝑤′3 was also located near the middle of the cloud layer, similar to w variance (Figure 7b). The positive sign of 𝐴𝐴 𝑤𝑤′3 
throughout the profile for all simulations indicates radiative cooling (the nominal driver of cloud-top downdrafts) 
is a weaker source of turbulence than surface fluxes (which provide energy for surface-based updrafts), despite 
simulating a nocturnal case. In contrast with the w variance, open cell clouds (CDNC10) have higher 𝐴𝐴 𝑤𝑤′3 than the 
closed cell cases because strong vertical circulations are found in open cell walls (Figure 3a). Turbulent kinetic 
energy (TKE) profiles show peaks just above the inversion (Figure 7c) corresponding to shear-induced turbulence 
in the presence of strong static stability (hence no matching peak in the 𝐴𝐴 𝑤𝑤′2 profiles). Strong shear cases tend to 
have weaker boundary layer TKE, especially in the closed cell simulations, because entrainment heating offsets 
the cloud top negative buoyancy induced by radiative cooling.

3.3.  Cold Pool Interactions With Cloud Morphology

We now examine cold-pool strength and characteristics that depend on open- and closed-cell clouds under differ-
ing wind shear and cloud droplet concentration. Figure 8 shows near-surface buoyancy and identified cold-pool 
boundaries with negative buoyancy, as described in Section 2.4. The identified cold pools are characterized by 
relatively colder and drier air (see Figure S3 in Supporting Information S1) that have considerably lower moist 
static energy than the edge (Figure S4 in Supporting Information S1), in agreement with previous studies (de 
Szoeke et al., 2017; Feng et al., 2015). The CDNC10 simulations shows that stronger cold pools are associated 
with surface precipitation (leftmost column in Figure 8). Although the CDNC35 cases recorded a very small 
amount of surface precipitation (<0.1 mm hr −1), they also produced large cold pools (middle column in Figure 8). 
The CDNC55 cases produced the smallest cold pools compared to other simulations with very little surface 
precipitation (rightmost column in Figure 8). This suggests that cold pools form without surface precipitation 
as long as there is a non-negligible drizzle flux at cloud base. We leave to future study the question of whether 
there exists a threshold drizzle flux for a given thermodynamic sounding at which cold pools begin to alter cloud 
field morphology. The spatial distributions of cold pools showed no significant differences when compared with 
the wind shear experiments. We will further elaborate on the impact of wind shear on cold pool characteristics 
in the next section.

We quantitatively compare the time evolution and PDFs of cold-pool depth, intensity, and temperature anomalies 
(deviation from the mean temperature over the domain) within the cold-pool boundaries in Figure 9. The cold-
pool boundaries are indicated by black contours in Figure 8. Interestingly, the evolution of cold pool properties 
(depth and intensity) between CDNC10 and CDNC35 are similar (Figures 9a and 9b), even though the simula-
tions have quite different surface precipitation intensities and surface temperature anomalies (Figures 5f and 9c). 
Previous studies suggest that cold-pool frequency and characteristics are closely related to surface precipita-
tion (de Szoeke et  al.,  2017; Feng et  al.,  2015; Vogel et  al.,  2021) and that relatively stronger precipitating 
clouds produce longer-lasting, larger, deeper, and more intense cold pools. For the CDNC35 case, it is likely that 
cold pools are mainly driven by drizzle evaporation below the cloud base, and this evaporation is sufficient to 
prevent strong surface precipitation. We also aggregate these cold-pool characteristics during hours 6–12 of the 
simulations in mature cellular clouds. The shape of distributions of cold-pool properties (depth and intensity) 
between CDNC10 and CDNC35 also are similar (Figures 9d and 9e). However, CDNC10 simulations showed 
slightly deeper cold-pool depth and a larger cold-pool intensity compared to CDNC35. In addition, temperature 
anomalies in CDNC10 have longer tails (Figure 9c), suggesting that the magnitude of temperature depressions 
within cold-pool boundaries are strongly related to surface precipitation. These results are in agreement with 
previous findings using a long-term observational data set (Vogel et al., 2021). They classified the mesoscale 
cloud organization of trade wind cumulus into four dominant patterns (e.g., Sugar, Gravel, Flowers, and Fish) 
following Stevens et al. (2020), and found that cold-pool intensity and frequency were closely correlated with 
cloud organizational pattern.

The effect of wind shear on the cold-pool properties (depth and intensity) was less pronounced in all simulations. 
Specifically, the open cell clouds (CDNC10) showed very small differences with increasing wind shear, with 
an averaged cold-pool depth difference of −2.2 m and no obvious difference in cold-pool intensity between 0X 
and 1.5X. In the CDNC35 case, these differences were more noticeable than for CDNC10 and there were some 
changes among the wind shear experiments. For instance, the averaged cold-pool depth difference was 27.7 m, 
and cold-pool intensity showed a variance of 0.05 m s −1. Wang and Feingold (2009a) also found slight differences 
in cloud albedo when the cloud field was stretched in the direction of the mean wind with increasing wind shear. 
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However, vertical velocity showed no notable changes in the wind shear experiments. Therefore, it appears that 
the wind shear does not significantly affect the cold-pool depth and intensity.

Figure 10 presents the divergence field (positive values indicate divergence, negative values convergence) at 10 m 
above the surface. The convergence and divergence fields are elongated in the direction of mean winds, resulting 
in an increase in the strength of convergence and divergence with higher wind shear. The cloud cellular structures 
were well represented in divergence fields, for example, individual open cells that were bordered by a strong 
divergence regime (leftmost column in Figure 10), where precipitation was produced in these ringlike structures 
(red and violet lines in Figure 8). This is because heavy drizzle coincides with a relatively strong downdraft asso-
ciated with the sedimentation and evaporation of raindrops and results in strong divergence near the surface. The 
acceleration of these downdrafts by evaporative cooling is what produces cold pools. Furthermore, the cold-pool 

Figure 8.  As in Figure 2, but for buoyancy fields (m s −2, shading colors) at 2.5 m. The black contours correspond to the boundaries obtained using the method of 
Tompkins (2001) with a buoyancy threshold of −0.005 m s −2. The red and violet contours indicate surface rain rate exceeding 1.0 and 0.1 mm hr −1, respectively.
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boundaries coincide well with the locations of substantial convergence (<−0.5 × 10 3 m −1), suggesting relatively 
strong updrafts are promoted. The strong convergence is located near the southwest cold-pool boundary and the 
elongated pattern extending toward the southeast in 0XCDNC10 (Figure 11; enlarged area of x = 27–37 km, 
y = 1.5–11.5 km as a dashed box in Figure 10). The elongated convergence is due to the collision of outflow, 
and the position of this elongated convergence aligns with cold-pool boundaries (indicated by black contours in 
Figure 8). This result suggests that new convection can be triggered along the cold pool boundaries downstream 
of the cloud.

Figure 12 shows vertical cross sections (line B–B′ in Figure 10) along with precipitating and heavy drizzling 
cloud propagation in the same direction but zoomed in on the 6–32 km portion of the A-A′ transect illustrated in 
Figure 3. The open cell case (1XCDNC10) produces relatively strong precipitation and negative buoyancy related 
to rain evaporative cooling (e.g., cold pool generation) in the subcloud layer (x = 10–15 km). The precipitating 
areas (violet contours) coincide with relatively strong downdrafts because downdrafts accelerate the sedimenta-
tion of raindrops. Downstream of the cloud (x = 15–16 km), new convection is triggered as an updraft ascends 
over colliding outflow boundaries in the subcloud layer (Figure 12a). These updrafts occur in areas of conver-
gence and cause clouds to form at the location of collision (Figure 13a). This suggests that cold pools play an 
important role in triggering new convection downstream through mechanical lifting (Feng et al., 2015; Jeong, 
Lee, & Wang, 2016; Jeong, Lee, Wang & Han, 2016; Zuidema et al., 2017). Furthermore, the initiation of subse-
quent convection can help maintain an open cellular structure and its associated updrafts and downdrafts.

Compared to 1XCDNC10, the convergence field resulting from the closed cell structure of 1XCDNC35 did not 
obviously lead to new convective initiation downstream, but the strong updrafts upstream of the region of the 
drizzle shaft (x = 11–12 km) were elevated along the outflow boundary (Figure 12b). These forced uplifts may 
be enhanced by the collision of downdrafts (x = 12–15 km) along the strong negative buoyancy related to driz-
zle evaporation. The cool air induced by evaporation of virga is negatively buoyant enough to sink down to the 
surface and spread out, forming a cold pool even when the rain does not survive to the surface. Also, the colliding 
air resulted in elevated convergence upstream of the drizzle shaft (Figure 13b).

1XCDNC55 showed relatively weak negative buoyancy (x = 13–15 km) and smaller cold pools compared to 
1XCDNC10 and 1XCDNC35. The reason for the small cold pools can be related to droplet sedimentation and 
entrainment feedback (Ackerman et al., 2004; Bretherton et al., 2007). These two previous studies proposed that 
droplet sedimentation was found to increase LWP by reducing the amount of cloud droplets near the cloud-top 
which are able to be affected by entrainment of dry free-tropospheric air from above. Similarly in 1XCDNC55, 

Figure 9.  Time series of domain averaged (a) cold-pool depth (m), (b) cold-pool intensity (m s −1), and (c) temperature anomaly (K). PDFs of (d) cold-pool depth, (e) 
cold-pool intensity, and (f) temperature anomaly for simulated hours 6–12.
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higher Nd decreases the mean droplet size and fall speed, making droplets more susceptible to the effects of 
entrainment at the cloud top. This causes reduced moisture available for evaporative cooling of downdrafts in the 
boundary layer due to the sinking of relatively warm and dry air from above the cloud top. Thus, the downdrafts 
below the cloud base were relatively weaker within regions of negative buoyancy (x = 13–15 km) than in other 
experiments (Figure 12c), producing a weak divergence in this regime (x = 12–16 km) (Figure 13c).

4.  Summary and Conclusions
A series of large-eddy simulation (LES) experiments of nocturnal marine stratocumulus clouds are carried out 
based on DYCOMS-II RF02 (Ackerman et al., 2009). These simulations are used to investigate the effects of 

Figure 10.  As in Figure 2, but for convergence and divergence fields (×10 3 s −1, shading colors) at 10 m. The positive values represent divergence and negative values 
indicate convergence. The line B–B′ indicates the location of the vertical cross-section used in Figures 11 and 12. The black dashed box indicates the enlarged area for 
Figure 11.
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wind shear and cloud droplet number concentration (Nd) as a proxy of aerosol loading on cellular cloud organ-
ization (e.g., open cells and closed cells) and cold pools. All nine experiments with different Nd (10, 35, and 
55 cm −3) and wind shear profiles (0X, 1X, and 1.5X) are performed in a 50 × 50 km 2 domain for 12 hr using 
the three-dimensional CM1 model. The case simulated for this study is well-represented by a large horizontal 
domain when the low clouds are organized at the mesoscale by interactions among neighboring cells (de Roode 
et al., 2004). Simulated open and closed cloud cellular structures in vertical cross-sections (Figures 3 and 11) are 
remarkably consistent with radar observations (Jeong et al., 2022).

Our primary findings and discussions are summarized below by the schematic illustration in Figure 14. We find 
that Nd is the dominant factor in determining cloud morphology (e.g., open vs. closed cells) for the DYCOMS-II 
RF02 case. Lower Nd simulations (10 cm −3; CDNC10) produce open cell structures (Figure 14a), and higher Nd 
simulations (35 and 55 cm −3; CDNC35 and CDNC55) produce closed cells (Figures 14b and 14c) regardless of 
the background vertical wind shear simulated. At least in the context of a highly idealized case study, we have 
shown that wind shear plays a minor role in formation of the open- and closed-cell cloud structure compared to 
Nd. The effects of wind shear on cloud properties are most easily seen in object-based cloud classification. All 
simulations showed a largely reduced cloud amount with increasing wind shear. The closed-cell clouds had a 
more profound wind shear effect on the cloud amount than open-cell clouds. The strong wind shear case showed 
cloud thinning for possible two reasons: (a) the entrainment of dry and warm environmental air near the cloud 
top reduced LWP and (b) the elevated cloud base resulted in the cloud thinning. The mixing of environmental air 
entrained through cloud top is shown by the purple vectors in Figures 14b and 14c.

Finally, we examined cold-pool characteristics of open- and closed-cell clouds. Open-cell clouds (e.g., 
1XCDNC10) produce nontrivial surface precipitation with strong evaporative cooling near the surface (see 
blue shading in Figure 14a). The moderate Nd closed-cell cloud configuration (e.g., 1XCDNC35) also produces 
frequent cold pools due to drizzle evaporation below the cloud base even though a very small amount of surface 
precipitation is produced (Figure 14b). This result differs from previous studies that suggest cold-pool strength 
and frequencies are closely related to surface rainfall intensity (de Szoeke et al., 2017; Feng et al., 2015; Vogel 

Figure 11.  Snapshot of the convergence and divergence field (×10 3 s −1, shading colors) in 0XCDNC10 at 6 hr of simulation. 
The positive values represent divergence and negative values indicate convergence. Black contours indicate cold-pool 
boundaries with a buoyancy threshold of −0.005 m s −2. The arrows show 10 m winds (wind speeds >6.5 m s −1).
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et al., 2021). The strong surface precipitation produces larger, deeper, and longer-lasting cold pools. The high-
est Nd experiments (i.e., 1XCDNC55) had the smallest cold-pool size and depth (Figure 14c). In addition, this 
study further discussed cold pool effects on open- and closed-cell clouds. For open-cell clouds, our simulations 
show new convection triggering over colliding outflow boundaries downstream of drizzle shafts, suggesting 
that cold pools play an important role in the initiation of subsequent convection (see secondary cell formation 
in Figure 14a). In the case of closed-cell clouds (1XCDNC35), our results reveal that elevated updrafts occur 
upstream of drizzle shafts along outflow boundaries, demonstrating that elevated updrafts promote closed-cell 
cloud organization. Closed-cell clouds (1XCDNC55) show relatively weak negative buoyancy compared with 
other simulations. This result can be related to the cloud and rain water sedimentation similar to those seen in 

Figure 12.  Vertical cross sections (transect B–B′ in Figure 10) of buoyancy (m s −2, shading colors) along the section plane 
at the sixth hour of simulations from (a) 1XCDNC10, (b) 1XCDNC35, and (c) 1XCDNC35. Magenta lines are cloud water 
mixing ratio (>0.01 g kg −1) and violet lines are rainwater mixing ratio (>0.01 g kg −1). The reference arrow for wind (m s −1, 
vector) magnitude is upper right.
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prior studies (Ackerman et al., 2004; Bretherton et al., 2007) and support the hypothesis that higher Nd decreases 
cloud droplet size and fall speed with increasing cloud-top entrainment of dry air (purple vectors in Figure 14), 
which reduces the transport and amount of condensate available for evaporative cooling in the sub-cloud layer.

As a final note, this study aims to understand the wind shear and aerosol effects on open- and closed-cell clouds. 
As previously mentioned, it is apparent that wind shear has relatively less influence on the Sc cloud organization 
compared to Nd. This study is based on highly idealized LES experiments, and therefore, our conclusions are 
necessarily limited in scope. Consequently, the impact of wind shear on stratocumulus clouds may vary under 
different environmental conditions and within different types of stratocumulus cloud systems (e.g., in coupled vs. 
decoupled conditions).

Additionally, our findings show the significant role that cold pools play in secondary convection processes. The 
question is posed as to how cold pools affect the transition from open cells to closed cells or vice versa. Recent 

Figure 13.  As in Figure 12, but for convergence and divergence fields (×10 3 s −1). The positive values represent divergence 
and negative values indicate convergence. Black lines are cloud water mixing ratio (>0.01 g kg −1) and gray lines are rainwater 
mixing ratio (>0.01 g kg −1).
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studies examining the role of precipitation on transitions have taken the dynamical impact of subcloud evapora-
tion as a given (e.g., Yamaguchi et al., 2017). In contrast, Kurowski et al. (2018) showed that the spatial heteroge-
neity of evaporation within rain shafts is critical for the shallow-to-deep convection transition; when the impacts 
of rain evaporation are horizontally homogenized, cold pool feedbacks are unable to reorganize boundary layer 
dynamics. Future study will examine cellular transitions in stratocumulus clouds and their interaction with cold 
pool dynamics using observation-based cases and LES simulations.

Data Availability Statement
The CM1 model is available from https://www2.mmm.ucar.edu/people/bryan/cm1/. The model setup follows the 
pre-configured namelist.input file (named as les_StratoCuDrizzle). Data (Jeong et al., 2023) used in the figures 
in this manuscript is available with a DOI of https://doi.org/10.5281/zenodo.7795949.
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