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ABSTRACT: Vertical wind shear has long been known to tilt convective towers and reduce thermal ascent rates. The
purpose of this study is to better understand the physical mechanisms responsible for reduced ascent rates in shallow con-
vection. In particular, the study focuses on cloud-edge mass� ux to assess how shear impacts mass-� ux pro� les of both the
ensemble and individual clouds of various depths. A compositing algorithm is used to distill large-eddy simulation (LES)
output to focus on up- and down-shear cloud edges that are not in� uenced by complex cloud geometry or nearby clouds. A
direct entrainment algorithm is used to estimate the mass� ux through the cloud surface. We� nd that the dynamics on the
up- and down-shear sides are fundamentally different, with the entrainment of environmental momentum and dilution of
buoyancy being primarily responsible for the reduced down-shear ascent rates. Direct estimates of� uid � ow through the
cloud interface indicate a counter-shear organized� ow pattern that entrains on the down-shear side and detrains on the
up-shear side, resulting from the subcloud shear being lifted into the cloud layer by the updraft. In spite of organized re-
gions of entrainment and detrainment, the overall net lateral mass � ux remains unchanged with respect to the no shear
run, with weak detrainment present throughout cloud depth.

KEYWORDS: Conservation equations; Mass � uxes/transport; Small scale processes; Vorticity; Cumulus clouds;
Large eddy simulations

1. Introduction

Although shallow cumulus clouds are individually limited
in horizontal extent [ O(100) m], they make up ; 15% of
global cloud fraction ( Rossow and Schiffer 1999) and have a
global net radiative cooling effect at the top of the atmo-
sphere that is estimated to be 40% of that caused by strato-
cumulus (Chen et al. 2000). In addition to appreciably
altering the radiative balance, cumulus transport of heat
and moisture within the boundary layer and the associated
mixing with free-tropospheric air determines the environ-
ment in which subsequent parcels rise into (Stevens 2007).
With the ability to thermodynamically precondition the free
troposphere for deeper convective development and the di-
rect impacts on the radiative budget, shallow cumulus exert
an outsized in� uence on large-scale circulations relative to
the size of any single shallow cumulus cloud. The inextrica-
ble link between small shallow cumulus clouds and large-
scale circulations necessitates that models represent the in-
teractions between subgrid-cumulus � uxes and the large
scale for a wide array of environmental conditions (Bony
et al. 2015; Kamae et al. 2016).

Methods for the subgrid representation of shallow cumulus
continue to evolve as grid spacing impinges on the convective
“ gray zone” where canonical assumptions of typical cloud size
distributions and total cloud fraction within a single grid box

no longer remain valid (Yano et al. 2015; Honnert et al. 2020).
Most operational weather and climate models employ some
variation of the steady-state multiplume mass-� ux framework
to represent nonlocal transport (de Rooy et al. 2013), with
next-generation mass-� ux schemes incorporating prognostic
equations for mass � ux (Tan et al. 2018), stochastic ele-
ments to ensure reasonable cloud size distributions across
grid cells (Plant and Craig 2008; Neggers 2015; Sakradzija
et al. 2016; Neggers and Griewank 2021), and analytic rela-
tionships between mass� ux and cloud size distributions
(Peters et al. 2021). To avoid arti � cially discrete jumps
from one cloud regime to another and the need for “ trigger
functions,” shallow convection can also be parameterized
implicitly with a higher-order closure (HOC) method that
includes additional prognostic equations for subgrid-scale
variances, covariances, and skewness that are used to de-
termine assumed probability distribution function (PDF)
parameters (e.g., CLUBB) ( Golaz et al. 2002; Larson
and Golaz 2005). While mathematically successful in unify-
ing boundary layer turbulence and convection, HOC meth-
ods still contain numerous tunable parameters (Guo et al.
2015) and ultimately retains similar uncertainties to
mass-� ux approaches (Mironov 2009). Global convection-
permitting climate models [O(1) km horizontal grid spac-
ing] may soon be possible in the coming decades given the
increased urgency to lessen regional climate uncertainty
(Palmer and Stevens 2019; Schär et al. 2020). Additionally,
a global dataset from convection-permitting models could
be used to train neural networks to supplant traditional
subgrid parameterizations (Mooers et al. 2021), but the
success of such a neural network would hinge on the per-
formance of subkilometer-scale turbulence and cloud
representation.
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The increased focus on individual clouds presents consid-
erable challenges for the aforementioned parameterization
methods and requires a more detailed physical understand-
ing of cloud–environment interactions. In contrast to the
steady state, entraining-plume hypothesis in the bulk mass-
� ux framework, individual clouds are known to contain as-
cending thermals with toroidal circulations near the thermal
cap and buoyant, turbulent wakes (Scorer and Ludlam 1953;
Malkus and Scorer 1955) with regions of organized entrain-
ment beneath the thermal cap (Moser and Lasher-Trapp
2017). Scorer and Ludlam (1953) theorized that an initial
thermal may be succeeded by additional thermals that con-
tinue to surpass previously attained heights as a consequence
of bygone thermals creating a more hospitable thermodynamic
environment. Large-eddy simulation (LES) of shallow convec-
tion has shown evidence of intermittent thermal behavior
(Zhao and Austin 2005; Heus et al. 2009), which occurs as
mass converges below the maximum vertical velocity gradient
in the thermal cap and erodes buoyancy through organized en-
trainment ( Morrison et al. 2020). Direct numerical simulation
of dry thermals has indicated that entrainment rates diverge
only slightly between laminar and turbulent � ow regimes with
detrainment rates being an order of magnitude smaller than
entrainment rates (Lecoanet and Jeevanjee 2019; McKim et al.
2020). However, Zhao and Austin (2005) found that thermals
in moist convection detrain signi� cantly, with a thermal radius
remaining nearly constant in height. The mechanism counter-
acting buoyancy in a thermal is an effective drag force, which
is a combination of the vertical pressure gradient and entrain-
ment contributions, with previous studies � nding that the ver-
tical pressure gradient is the dominant opposing force (Romps
and Charn 2015; Sherwood et al. 2013). The relative impor-
tance of buoyancy and an effective drag force are critical com-
ponents of the vertical velocity budget equation used to
parameterize shallow clouds (Tian et al. 2019) and has previ-
ously been explored only in a narrow range of environmental
conditions.

Many fundamental questions about the nature of en-
trainment and detrainment remain, particularly regarding
whether or not mass � ux on the cloud edge is a stochastic
process that can be neglected apart from organized en-
trainment (detrainment) at cloud base (top), as suggested
in de Rooy and Siebesma (2010), and how large of a role
entrainment plays in vertical velocity budget. The interac-
tions between thermals, the broader updraft, negatively
buoyant air shrouding shallow cumulus (subsiding shells),
and cloud-edge mass� ux with their environment remain
important unknowns for future, more physically oriented
parameterizations.

This study focuses on one widespread, symmetry-breaking
environmental feature that is generally unaccounted for in
shallow convection parameterizations: vertical wind shear.
Vertical wind shear is inescapable in the surface layer and oc-
curs anywhere where the atmospheric column deviates from
barotropicity. In the tropics, easterly winds commonly in-
crease with height from the subcloud mixed layer into the
cloud layer before decreasing again as clouds near the trade
wind inversion (Malkus 1958). The interaction of vertical

wind shear with convection is known to result in a tilted
updraft with a decreased thermal ascent rate and cloud-top
height (Malkus 1949; Asai 1964; Helfer et al. 2020), which has
been primarily attributed to an increase in the downward-
oriented dynamic pressure perturbation force (Peters et al.
2019); on the other hand, vertical shear also acts to reduce
entrainment-driven buoyancy dilution in deep convection
(Peters et al. 2019). In sheared � ows, a rising thermal will
undergo an adjustment time as upward moving parcels will
either transfer horizontal momentum to, or acquire momen-
tum from, the mean � ow. During this time the thermal acts as
an obstacle to the environmental � ow and wake turbulence
develops on the down-shear side (Malkus 1949; Heyms� eld
et al. 1978). Numerical and laboratory studies of toroidal circu-
lations injected into sheared, boundary layer–like � ows indi-
cate that shear tilts the counterrotating vortices in opposite
directions as entrainment of environmental vorticity distorts
the initial symmetry, with the down-shear vortex being
shifted upward (Cheng et al. 2009; Lim et al. 2008). Obser-
vational studies of moist convection have shown evidence of
such tilted toroidal circulations ( Damiani and Vali 2007),
up-shear displacement of updrafts (Heyms� eld et al. 1978),
enhanced down-shear environmental humidity (Perry and
Hobbs 1996; Lu et al. 2003; Heus and Jonker 2008), and sub-
stantial updraft- and subsiding-shell asymmetry that extends
downward well into the subcloud layer (McMichael et al.
2020; Griewank et al. 2020).

The goals of the following analysis are to further elucidate
the cloud-edge spatial structure and physical mechanisms that
drive previously observed and modeled asymmetries, empha-
sizing the differences between up- and down-shear sides of
the cloud. We explore how the mass-� ux pro� les of individual
clouds change as a function of shear. Speci� cally, we aim to
uncover possible organized cloud-scale� ow patterns induced
by vertical wind shear and disentangle the relative importance
of entrainment in sheared shallow convection. To investigate
the links between cloud-edge mixing, dynamics/thermodynamics,
and vertical wind shear, we use a combination of high-
resolution (10 m) LES, a direct method for calculating en-
trainment at the cloud edges (Dawe and Austin 2011), and a
3D cloud identi � cation (Heus and Seifert 2013) and � ltering
algorithm to create composites of the up- and down-shear
cloud–environment interfaces. The results are presented in
two separate sections: composite analyses of vertical veloc-
ity, pressure, and vorticity budgets (section 3a) and the
cloud-edge mixing analysis (section 3b).

2. Methods

a. Model configuration

All simulations were based on the Barbados Oceano-
graphic and Meteorological Experiment (BOMEX) con � gu-
ration and performed using the System for Atmospheric
Modeling (SAM) version 6.9.6 ( Khairoutdinov and Randall
2003) with an isotropic grid of 10 m, horizontal domain of
10 3 10 km2, and 3.6 km in the vertical. SAM is an anelastic
model, requiring pressure perturbations to be calculated
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diagnostically by solving a Poisson equation for pressure at
each model time step (1 s). The effects of radiation were
parameterized by applying a cooling pro� le to maintain
quasi equilibrium between the production and consump-
tion of potential energy. We aim to isolate the impact of
subcloud- and cloud-layer shear on mixing dynamics by� x-
ing the Bowen ratio and momentum � uxes at the surface,
as done in the standard BOMEX case setup (Siebesma and
Cuijpers 1995; Siebesma et al. 2003). Precipitation was ne-
glected and liquid water mixing ratios were diagnosed in-
stantaneously as a difference between total water and
saturation mixing ratios with de � cits or excesses being con-
verted into latent cooling or heating, respectively. Subgrid-
scale � uxes were solved for using a prognostic 1.5-order
TKE closure ( Deardorff 1980). The discretized momentum
equations are solved using a third-order Adams–Bashforth
time differencing scheme and centered spatial differencing,
while scalars are advected with a� fth-order, monotonic
routine ( Yamaguchi et al. 2011). After a Galilean transfor-
mation the effective zonal velocity (ue) was the difference
between the zonal � ow velocity (u ’ 2 8 m s2 1) and the do-
main translation velocity ( ut 5 8.0 m s2 1). The domain was
translated to avoid substantial cross-grid� ows and associ-
ated dissipative and dispersive numerical errors (Wyant
et al. 2018).

Four simulations of varying vertical zonal-wind shear
were evaluated. The control case featured a typical trade
wind pro � le (Fig. 1), with speed shear from the top of the
mixed layer to cloud base of ; 2 0.5 m s2 1 and a change in
speed shear direction above 800 m with total cloud-layer
shear of ; 0.5 m s2 1. While the shear vector does change di-
rection in the cloud layer, plots of the down-shear versus
up-shear sides are referring to the shear vector orientation
in the subcloud layer, which points from right to left. The no
shear case had no domain translation (ut 5 0 m s2 1) or
large-scale mean� ow, and momentum � uxes were turned
off ( Fig. 1). The strong-shear case had the same subcloud
shear structure as the control run, but cloud-layer shear
though cloud depth was ; 2 2.0 m s2 1 (Fig. 1). An addi-
tional run with the same subcloud shear but an absence of
shear in the cloud layer showed similar behavior to the
control case and was left out of the following analysis.
Three-dimensional � elds were output at 30-min intervals
after a 3-h spinup period (six total 3D � eld samples) to en-
sure independent/nonautocorrelated realizations of the
cloud � eld.

b. Compositing method

Cloud-edge geometry is oftentimes complex, exhibiting
fractal-like morphology that prevents a clean partitioning of
cloud and environment structures and inhibits the straight-
forward comparison of different cloud elements. For this
reason, we use a cloud-transect� ltering algorithm to focus
on cloud edges that are not in� uenced by overly convoluted
cloud geometry or contaminated by nearby clouds. The 3D
liquid water mixing ratio � eld was � rst converted into a bi-
nary cloud volume � le, where grid boxes with liquid water

present (ql . 0 g kg2 1) were assigned a value of 1 and unsat-
urated grid boxes assigned a value of 0. The cloud transects
were analyzed in the along-shear (east–west in BOMEX
case) and cross-shear directions, with a cloud transect be-
ing kept if at least 10 consecutive cloudy grid boxes
(100 m) were surrounded by at least 30 consecutive grid
boxes (300 m) of clear air. For each � ltered transect,
5 cloudy and 30 clear-air grid boxes were stored in 1D ar-
rays for up- and down-shear sides. A 3D cloud identi� ca-
tion algorithm developed by Heus and Seifert (2013) was
used to assign unique cloud identi� cation numbers to each
cloud element and the � ltered transects were grouped by
cloud number. The � ltered transects for each cloud were
then averaged at each vertical grid level to obtain an array
of near-cloud-edge values through cloud depth on the up-
and down-shear sides. A schematic representation of the
preceding algorithmic process is shown in steps 1–3 of
Fig. 2.

Once each cloud had an associatedX–Z slab they were
then � ltered by depth (100–200, 200–400, 400–800 m), with
the cloud base being de� ned as the height of the maximum
cloud fraction. If the X–Z slab for any individual cloud did
not have a cloud base residing6 50 m from the height of
maximum cloud fraction it was tossed from the analysis.
The height at which there were 0 � ltered transects was

400-800 m

200-400 m

100-200 m

FIG. 1. Mean zonal-velocity wind pro� les for each run. The
NOSHEAR wind pro � le is the actual zonal velocity (u ’ 0 m s2 1)
minus the grid translation velocity ( ut 5 8.0 m s2 1). Vertical brack-
ets demarcate the three analysis depths.
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deemed to be the cloud top. Subcloud-layer composites
were created by taking X–Z slabs of half the boundary layer
depth below each � ltered cloud-base transect (30 subcloud
bins used). The average vertical velocity along the cloudy
portion of the transect was required to be greater than 0 to
limit the analysis to positive mass-� ux clouds; however, the
results differ negligibly when the transect vertical velocity
requirement was omitted. After clouds are � ltered into one of
the three depth classes they are then vertically normalized/
binned (10 bins for 100–200 m, 20 bins for 200–400 m, 40 bins
for 400–800 m). The � nal step was to weight each individual
cloud’s contribution based on the percentage of total � l-
tered transects contained in each bin. For example, in the
cloud-base bin there may be 100 total transects, so an indi-
vidual cloud with 20 cloud-base transects would be as-
signed a weight of 0.2. These weights were calculated at
each bin height and summed across all individual clouds of
a certain depth class to arrive at the cloud-layer composite.
Step 4 of Fig. 2 illustrates the cloud-depth � ltering,

normalization, and weighting process. The� nal composite
was the average across each of the 6 full 3D� les weighted
by the number of clouds in each sample. The number of
clouds, number of � ltered transects at cloud base, and
mean number of � ltered transects through cloud depth is
summarized in Table 1.

We generated composites of vertical velocity, water vapor
mixing ratio perturbation, pressure perturbation, and buoy-
ancy perturbation. Probability distributions (PDFs) of these
quantities were constructed to scrutinize higher-order moment
(variance, skewness) structure in space, as well as to ensure
that the composites were not overly in� uenced by extreme val-
ues (appendix A: Figs. A1–A4). Water vapor mixing ratio ( q�

y)
and buoyancy perturbations (B� ) were calculated as deviations
from the horizontal slab averages. Buoyancy was calculated as
follows: B ’ g(T � /T0 1 0:61q�

y 2 ql ), with T� representing tem-
perature deviations from the horizontally averaged base-state
pro� le (T0), ql representing the liquid water drag contribution,
and g being gravity.

FIG . 2. The cloud compositing algorithm schematic. Step 1:X–Y cross section of cloud � eld is � ltered based on clear-air and
cloudy space requirements (in this scaled down example, three cloudy grid boxes and three clear-air grid boxes are required). Bold
rectangles represent up- and down-shear portions of the cloud transect that are stored in 1D arrays. Step 2: The� ltered transects
are averaged on a cloud-by-cloud basis resulting in a single 1D array for the up- and down-shear for each cloud. Step 3: Repeat
steps 1 and 2 at all height levels to obtain a singleX–Z cross section for each cloud. Step 4: Filter clouds by depth class and normal-
ize cloud bases and cloud tops so that 0 represents cloud base and 1 represents cloud top. Weights are applied to each bin height de-
pending on the number-� ltered transects.
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c. Pressure perturbation and vorticity budgets

To better understand the mechanisms driving the pressure
distributions, we analyze the individual pressure budget terms.
By taking the divergence of the incompressible, 3D momentum

equations for zonal, meridional, and vertical velocities and ne-
glecting subgrid-scale diffusion and Earth’s rotation, we can de-
compose the pressure perturbation � eld into its constituent
parts to determine the relative importance of each budget term:
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(1)

There are three main contributions to the overall pressure
perturbation � eld: the nonlinear dynamic term (P�

NL ) that is a
combination of deformation (Def) and vorticity (Vort), where
j̃ 5 (� ũ/� z 2 � w̃/� x), h̃ 5 (� w̃/� y 2 � ỹ/� z), and z̃ 5 (� ỹ/� x 2
� ũ/� y), with x̃ signifying a resolved gridscale quantity, the lin-
ear dynamic term (P�

L ) where � u0/� z and � y0/� z is the vertical
shear in the horizontally slab-averaged zonal and meridional
velocities, and the buoyancy pressure term (P�

B).
In addition to the pressure budget, we calculate the X–Z-

plane vorticity budget to further asses the role vorticity plays
in both cloud-edge mixing and the pressure distribution. Tak-
ing the curl of the Reynolds-averaged u- and w-momentum
equations generates the vorticity budget equation:
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where we have neglected subgrid-scale stretching/tilting terms
and the solenoidal term. The Reynolds stress terms were pa-
rameterized using K theory, with the 3D eddy viscosity � eld
(Km) being output during each analysis period. Equations(1)
and (2) were solved using centered � nite differencing in
space and time. Detailed derivations of the pressure perturba-
tion and vorticity budget equations can be found in the online
supplemental material.

d. Bulk estimates of entrainment and detrainment

The primary endpoint of a mass-� ux parameterization is to
determine the vertical pro� le of turbulent convective � uxes.
A turbulent � ux of some quantity (w� f � ) can be expressed as
a combination of the turbulent covariances in the cloud

(w� f � )c, the turbulent covariances in the environment
(w� f � )env, and an organized � ow component (Siebesma and
Cuijpers 1995):

(w� f � ) 5 ac(w
� f � )c 1 aenv(w

� f � )env

1 acaenv(wc 2 wenv)(f c 2 f env): (3)

In the simplest case, the organized� ow component is as-
sumed to be responsible for a majority of the vertical trans-
port ( Siebesma 1998). If the fractional area covered by the
cloudy region is required to be insigni� cantly small in com-
parison to the environmental fractional area (ac , , aenv)
and the mean environmental vertical velocity (wenv) is
roughly 0, Eq. (3) simpli� es to

r (w� f � ) ’ Mc(f c 2 f env), (4)

where turbulent convective � uxes are approximated by the
product of cloudy mass� ux (Mc 5 r acwc) and the difference
of cloudy and environmental moist-adiabatically conserved
scalars (Siebesma and Cuijpers 1995). Physically, Eq. (4)
states that a larger difference between cloudy and environ-
mental thermodynamic properties translates to larger turbu-
lent � uxes.

Since our approximation of a turbulent � ux is dependent
on Mc and our desired quantity is the vertical distribution of
convective � uxes, we have to solve for the vertical divergence
of mass � ux (� Mc/� z). The vertical divergence of mass� ux
can be obtained from the anelastic continuity equation for an
ensemble-average of individual cloudy plumes over a given
area (Arakawa and Schubert 1974):

r
� ac(z)

� t
1

� Mc(z)
� z

5 E(z) 2 D(z): (5)

TABLE 1. Cloud statistics for each depth class (depths are in m). (top) Number of individual clouds. (middle) Number of � ltered
transects at cloud base. (bottom) Mean number of� ltered transects throughout cloud depth.

Control No shear Strong shear

100–200 200–400 400–800 100–200 200–400 400–800 100–200 200–400 400–800

No. of clouds 63 44 21 88 45 28 50 57 15
No. of transects at CB 469 373 221 498 369 277 340 567 202
Mean No. of transects 278.0 233.4 140.9 307.3 233.6 144.8 212.6 376.9 122.8
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If the cloud � eld is in quasi equilibrium {r [� ac(z)/� t] ’ 0},
the vertical mass � ux divergence is controlled solely by the
net lateral mass� ux into (entrainment E) or out of (detrain-
ment D) the cloud ensemble. We now assume that the en-
trained (detrained) air inherits the mean properties of some
moist-adiabatically conserved scalar in the environment,f env

(cloud f c) and Mc is advecting the mean properties of the
cloud to arrive at

� (Mcf c)
� z

5 f c

� Mc

� z
1 Mc

� f c

� z
5 Ef env 2 Df c: (6)

Equation (6) can be rearranged and the steady-state plume
continuity equation (� Mc/� z 5 E 2 D) substituted to establish
the common laterally entraining bulk-plume parameterization:

E 5
Mc

f env 2 f c

� f c

� z
: (7)

The slope of the vertical scalar quantity in Eq. (7) (� f c/� z)
implies the magnitude of entrainment dilution, with larger
negative slopes (in terms of total water mixing ratio, qt) be-
ing associated with stronger lateral entrainment. All else be-
ing equal, larger horizontal gradients in scalars (f env 2 f c)
decrease entrainment rates by reducing the amount of mass
needed to dilute the cloud a given amount. Entrainment and
detrainment are oftentimes expressed as fractional entrainment/
detrainment (e 5 E/Mc, d 5 D/Mc) to normalize the volume of
entrained air by the amount of mass being transported vertically.

Using LES, the mean cloud/environmental properties and
vertical mass-� ux pro� le can be easily obtained, while detrain-
ment can be solved for as a residual. Given the simplicity of
the method, constraints on entrainment in weather and
climate models are oftentimes based on a small sample of
LES bulk-entrainment estimates in a narrow range of envi-
ronmental conditions. Many bulk-plume-based parameteriza-
tions make use of a modi� ed steady-state vertical-velocity
budget equation of the form

1
2

� w2
c

� z
5 B 2 ew2

c 2
1
ac

� acw
�
cw�

c

� z
2

1
r 0

� p�

� z
, (8)

where the cloud vertical velocity is vertically integrated un-
til the initial cloud-base vertical velocity goes to zero at
some height, indicating a cloud top (Siebesma et al. 2003;
de Roode et al. 2012; Morrison 2016a,b). The vertical
turbulent � ux of momentum [(1/ac)(� acw

�
cw�

c/� z)] , along
with the vertical pressure gradient term, are often not ex-
plicitly accounted for in the estimation of updraft velocity.
The bulk-plume-derived vertical-velocity budget equation
provides a straightforward and computationally simple ap-
proach to estimate the vertical mass� ux of a cloud ensem-
ble, but how to best incorporate entrainment, turbulent
� uxes within the updraft, and pressure gradients remains an
open question (de Roode et al. 2012). Clearly, the bulk-
plume approach neglects the complex dynamic and thermo-
dynamic structures that exist near the cloud edge and

within the cloud itself, and if we wish to truly understand
the physical process of entrainment and detrainment on the
cloud scale we must use a method that is more directly tied
to the turbulent � ow.

e. Direct estimates of entrainment and detrainment

The net mass� ux (E 2 D) can be expressed as the sum of
the mass� ux over a cloud surface:

E 2 D 5
1
V

	

Csfc

r (vi 2 v)dCsfc, (9)

where Csfc is a unit vector perpendicular to the cloud surface,
V is the total volume of interest, v is the environmental wind
velocity, and vi is the velocity of the cloud surface (Siebesma
1998). While Eq. (9) is true in terms of the � uid � ow through
the 3D cloud surface, tracking the velocity and time evolu-
tion of the cloud interface within a discrete grid becomes
unwieldy with the instantaneous condensation/evaporation
of grid cells. Dawe and Austin (2011) instead focused on re-
framing Eq. (9) to rid the equation of the cloud-surface ve-
locity ( vi) dependence.

In an anelastic � uid, a change of cloud mass within a model
grid box at a single height level would result in a commensu-
rate change in volume. Leveraging this assumption along with
Eq. (9) allowed Dawe and Austin (2011) to express the net
mass� ux in terms of the rate of change of the cloudy volume
(Vc) in a grid cell and the mass � ux through the cloudy por-
tions of the grid cell walls:

E 2 D 5
1
V

r
dVc

dt
1

	

W
r v dW

� �
, (10)

with W being a unit vector normal to the portion of the grid
cell wall that contains cloud. The remaining computational re-
quirement was to determine the fraction of each grid cell wall
covered by cloud and the total cloud volume. To this end,
each grid cell was divided into 48 individual tetrahedrons and
linear interpolation was performed on the 6 line segments of
each tetrahedron, with only one vertex having an explicit nu-
merical value. The unde� ned vertices were estimated by aver-
aging surrounding grid points. The cloud surface was
designated as the interpolated point where the difference be-
tween the speci� c humidity and the saturated speci� c humid-
ity equaled zero. The main advantage of the tetrahedral
entrainment method developed by Dawe and Austin (2011)
is that it allows for the instantaneous analysis of entrain-
ment and detrainment at the cloud surface and the values
are a direct consequence of the simulated� ow � eld and
thermodynamics.

The same process described insection 2bwas used to calcu-
late composite entrainment and detrainment pro� les for the
three depth classes. Cloud-edge grid boxes were either classi-
� ed as entraining or detraining and each � ltered cloud had
an associated average entrainment/detrainment pro� le. The
cloud-transect � ltering algorithm used to focus on uncontami-
nated up- and down-shear edges complicates the interpreta-
tion of cloud-edge mass � ux and may introduce a possible

J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S V OLUME 793280

�%�U�R�X�J�K�W���W�R���\�R�X���E�\���8�Q�L�Y�H�U�V�L�W�\���R�I���0�D�U�\�O�D�Q�G�����0�F�.�H�O�G�L�Q���/�L�E�U�D�U�\���_���8�Q�D�X�W�K�H�Q�W�L�F�D�W�H�G���_���'�R�Z�Q�O�R�D�G�H�G���������������������������������3�0���8�7�&



bias through the omission of small-scale turbulence. For this
reason, caution should be used when assessing entrainment,
detrainment, and mass-� ux magnitudes from along- and
cross-shear transects. Another potential source of bias is the
unequal sample sizes of cloud-edge entrainment/detrainment
(e.g., 10 entraining grid boxes with small average value and
1 detraining grid box with large value), although this is
expected to be minor given the consistency between the
weighted mean (not shown) and median results. Since individ-
ual clouds are not expected to be in a steady state, small cloud
depths are more likely to be biased toward an actively grow-
ing stage than deeper clouds. To assess the total vertical mass
� ux divergence without requiring cross- and along-shear
transects to be 100 m, we calculated the individual cloud-edge
mass� ux at each height level as the mean/median of all en-
trainment and detrainment events around the cloud perimeter
of � ltered clouds.

3. Results and discussion

a. Pressure, vorticity, and vertical velocity
budget analyses

Standard X–Z cross sections reveal the expected thermal
structures, manifested as regions of locally strong positive ver-
tical velocities and buoyancy with an attendant pressure per-
turbation dipole associated with both the buoyancy pressure
term (P�

B) and nonlinear dynamic effects (P�
NL ) (Fig. 3). The

net effect of thermal structures was captured by averaging
over many randomly distributed, independent 3D thermals.
From individual cross sections alone, up- and down-shear
asymmetry is dif� cult, if not impossible, to ascertain (Fig. 3).
The following analysis focuses on the 200–400 m depth class
owing to the robust sample size and lack of meaningful dif-
ferences in composite structure across the three depth clas-
ses [100–200 m (Fig. B1) and 400–800 m (Fig. B2) composite
plots included in appendix B].

Unambiguous spatial patterns emerge in the composites,
which show an up-shear displacement of the largest updraft
vertical velocities, buoyancy, and water vapor perturbations
throughout cloud depth ( Figs. 4a–c). The absence of appre-
ciable negative buoyancy (excluding slightly negatively
buoyant regions in close proximity to the cloud base) or sub-
siding air within the cloud ( Figs. 4a,b) even when average
vertical velocity is not required to be greater than 0 along
the cloudy portion of the transect suggests that the common
distinction between cloud and cloud core may be unneces-
sary as long as cloud bases are rooted near the top of the
mixed layer. In the cloud layer, subsiding shells are stronger
on the down-shear side, with the most vigorous portion of
the shells in the control and strong shear runs residing
above 50% cloud depth in close proximity to the cloud in-
terface (Fig. 4a). Differences in composite vertical velocity
structure between the control and strong shear cases are mi-
nor, suggesting an insensitivity to cloud-layer shear within
the parameter space explored. Up-shear cloud-layer nega-
tive buoyancy structures remain similar to the no shear case;
however, up-shear humidity gradients tighten in comparison

with the no shear run, exposing the most energetic portion
of the updraft to the harshest environmental conditions
(Figs. 4b,c). The down-shear sides exhibit enhanced nega-
tive buoyancy, particularly in the strong shear case, that be-
comes narrower with height (Fig. 4b). All simulations
possess a down-shear moist halo region that decreases in
width from cloud base to cloud top ( Fig. 4c), akin to down-
shear negative buoyancy structure. The down-shear humid-
ity structure is unanticipated given the expectation of orga-
nized detrainment near cloud top, but in agreement with the
observations of Lu et al. (2003). We cannot determine the
existence of organized detrainment from composites alone,
as cloud mass may be detrained and immediately transported
downward along the cloud edge. This possibility is explored
further in section 3b.

Considering that increased down-shear negative buoy-
ancy production in the lower half of the cloud layer is ac-
companied by modest humidity increases near cloud base,
the increased negative buoyancy with respect to the no
shear case must be a result of local cooling. Having applied
a � xed radiative heating pro� le, the only diabatic source of
cooling is evaporation, with the other two cooling mecha-
nisms being adiabatic cooling associated with the lifting of
unsaturated air and cold-air advection. Park et al. (2017)
suggested that the primary source of negative buoyancy in
the BOMEX case was not evaporative cooling at cloud
edge, but rather the dry adiabatic lifting of environmental
air by the cloudy updraft. The dry adiabatic lifting of unsat-
urated air near the updraft cools faster than the weakly sta-
ble environment, eventually causing a buoyancy reversal of
the near-cloud air. Alternatively, increased turbulence on
the down-shear side has been documented in simulated
BOMEX clouds ( Gu et al. 2021), which increases negative
buoyancy production through evaporation while simulta-
neously eroding updraft buoyancy, thereby limiting negative
buoyancy production through the dry adiabatic lifting
mechanism. The predominant mechanism driving increased
down-shear negative buoyancy production in our increased
shear runs remains unknown.

Subcloud updrafts are conical and shrouded in subsiding air
in the no shear run, with the updraft becoming narrower as it
approaches cloud base (Fig. 4a). With the addition of shear,
the down-shear subcloud updraft is shifted upward and out-
ward, whereas the up-shear side possesses an enhanced, more
vertically oriented subsiding shell (Fig. 4a), consistent with li-
dar observations (McMichael et al. 2020; Griewank et al.
2020). There is a pronounced up- to down-shear pressure per-
turbation gradient force in the subcloud and cloud layer, with
a local pressure perturbation maximum near the up-shear
cloud base and a local pressure perturbation minimum at
50%–60% cloud depth, just a few grid boxes inside the down-
shear cloud edge (Fig. 4d). To shed light on the dynamics re-
sponsible for creating the aforementioned pressure distribu-
tion we analyze pressure [Eq. (1)] and vorticity [Eq. (2)]
budget composites for the strong shear case.

Like other LES models based on Boussinesq or anelastic
dynamics, SAM uses a Poisson (elliptical) equation to calcu-
late the perturbation pressure diagnostically, which means the
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perturbation pressure is known only to some arbitrary cons-
tant. Equation (1) is only proportional to the actual pressure
budget equation and for this reason, the quantity of interest
in the pressure budget terms is the gradient of the perturba-
tion pressure � eld. The linear dynamic forcing (P�

L ) repre-
sents the interaction of an updraft with the mean shear
pro� le. Either side of an updraft maximum will bring about
horizontal vorticity of opposing signs, and the down-shear
vortex will be enhanced by the mean shear while the up-
shear vortex will experience weakening. The result of this
interaction is an up-to-down-shear pressure perturbation
gradient force (PPGF) that increases slightly in height
(Fig. 5b). The buoyancy pressure term (P�

B) is of similar
magnitude and direction to P�

L , with an up-to-down-shear
PPGF produced by updrafts impinging on the slanted up-
shear edge (Fig. 5c). The nonlinear dynamic forcing term
(P�

NL ) is associated with a majority of the asymmetry in the
pressure � eld (Fig. 5a), and calculating the deformation
(Def) and vorticity (Vort) contributions separately reveals
that the symmetry-breaking mechanism is deformation
(not shown), with cloud-edge vorticity magnitudes of simi-
lar size between up- and down-shear sides (Fig. 6a). We
will now examine the along-shear vorticity budget in an at-
tempt to more deeply understand the roles of cloud-edge
vorticity and deformation in creating the pressure
distribution.

The largest vorticity magnitudes along and near cloud edge
vary minimally between up- and down-shear sides (Fig. 6a),
but the negative vorticity signature is more spatially extensive
and occupies a majority of the cloud. In Eq. (2), the only
source of horizontal vorticity is through baroclinic generation
associated with horizontal gradients in buoyancy (BUOY).
Both up-and-down-shear sides experience strong cloud-edge
vorticity production through BUOY, with the magnitude of
BUOY increasing with height ( Fig. 6b). The stretching term
(STRETCH) can either enhance or diminish existing vortices
through convergence or divergence along the north–south
axis. The up-shear horizontal vorticity experiences enhance-
ment through STRETCH, as � ow encounters the updraft and is
de� ected laterally (Fig. 6c). Alternatively, the down-shear side
undergoes vorticity destruction as the � ow converges toward
the pressure perturbation minimum (Fig. 6c). The tilting
(TILT) contribution of vorticity from the Y–Z and X–Y planes
acts to strengthen existing vorticity along cloud edge, but the
destruction of cloud-edge vorticity through diffusion (DIFF)
more than compensates for increases through TILT (Figs. 6d,e).
The vorticity analysis suggests that the� uid deformation on the
up-shear side is substantial and the updraft acting as an obstacle
drives the east–west pressure perturbation dipole, while the in-
crease of BUOY with height is responsible for the increase in
negative pressure perturbations with height on the down-shear
side (Fig. 4d).
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FIG . 3. An X–Z cross section of a large cloud in the CONTROL run. (a) Vertical velocity; (b) buoyancy pertur-
bation; (c) pressure perturbation; (d) water vapor perturbation.

J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S V OLUME 793282

�%�U�R�X�J�K�W���W�R���\�R�X���E�\���8�Q�L�Y�H�U�V�L�W�\���R�I���0�D�U�\�O�D�Q�G�����0�F�.�H�O�G�L�Q���/�L�E�U�D�U�\���_���8�Q�D�X�W�K�H�Q�W�L�F�D�W�H�G���_���'�R�Z�Q�O�R�D�G�H�G���������������������������������3�0���8�7�&



FIG . 4. Down-shear refers to the shear direction in the subcloud layer for the CONTROL and STRONG SHEAR cases (from right to
left). Dashed lines signify the cloud edge; 0 and 1 indicate cloud base and cloud top, respectively, and2 0.5 represents the halfway point
between the cloud base and the ocean surface. All composites are of the 200–400 m depth class. (a) Vertical velocity composite; (b) buoy-
ancy perturbation composite; (c) water vapor perturbation composite; (d) pressure perturbation composite.
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By making use of the anelastic vertical momentum equation:

� w
� t

5 2
1
r 0

� p�

� z
1 B 2

1
r 0

= · (r 0vw) 1 Fsgs, (11)

we now investigate the importance of entrainment in altering
vertical velocity tendencies in the STRONG SHEAR case.
Entrainment enters Eq. (11) through two terms: 1) the hori-
zontal advection of environmental momentum into the cloud
and 2) the dilution of buoyancy. Subgrid-scale diffusion (Fsgs)
is found to be negligible, meaning the acceleration of air par-
cels is controlled by the vertical PPGF, buoyancy, and advec-
tion. The vertical PPGF composite reveals an upward-directed
force along and outside of the down-shear cloud edge
(Fig. 7a), associated with the down-shear pressure perturba-
tion structure in Fig. 4d being tilted nearly 458. The cloudy re-
gion experiences a downward-directed VPPGF that increases
in height with the largest negative vertical velocity accelera-
tions found on the up-shear side (Fig. 7a), in congruence with
Peters et al. (2019). The buoyancy term results in marginally
larger downward vertical velocity accelerations outside of
the down-shear edge (Fig. 7b), with entrainment weakening
the buoyancy forcing within the cloud (explained further in
section 3b). The advection term results in positive vertical
velocity tendencies throughout much of the cloud, apart
from the down-shear side below 20% cloud depth and just
outside the up-shear cloud edge above 40% cloud depth
(Fig. 7c). The vertical velocity budget analysis supports pre-
vious budget analyses that suggest a force balance between
buoyancy and drag induced by the pressure perturbation
� eld (Romps and Charn 2015; Gu et al. 2020; Tian et al.
2019), but the down-shear downward-directed drag in the

cloud is smaller than the up-shear side, implying that the
reduction of down-shear vertical velocities is a result of re-
duced buoyancy through entrainment and the horizontal
advection of slower environmental momentum below 20%
cloud depth. Additionally, the pressure perturbation and
vorticity budget analyses suggest that the reduced pressure
perturbation drag force on the down-shear side is not
driven by decreased buoyancy, but is the consequence of
obstacle � ow and associated� uid deformation on the up-
shear side that dominates the negative-pressure-inducing ef-
fects of cloud-edge vorticity.

b. Cloud-edge mixing analysis

We now explore the dependency of cloud-edge mass� ux
on vertical wind shear. To contrast with direct entrainment es-
timates through up- and down-shear cloud interfaces, we� rst
focus on the bulk-derived entrainment and detrainment rates.
Bulk entrainment pro � les show little variation as a function
of shear, implying the average thermodynamic conditions in
the far environment and core do not differ markedly between
the cases (Fig. 8a). Subtle differences in the geometry of the
mass-� ux pro� le are responsible for the increased variability
seen in the bulk detrainment pro� le (Figs. 8a,b). A standard
mass-� ux pro� le decreases with height because of the power-
law behavior of cloud-top height distributions ( Neggers et al.
2003), with many shallow clouds and a few deep ones
(Fig. 8b). The relationship between a cloud distribution and
the mass-� ux pro� le is complicated, with the mass� ux of any
individual cloud being highly variable both in space and time.
Entrainment parameterizations used in simpli� ed versions of
Eq. (8) are designed to output an ensemble of cloud elements
that when averaged result in standard ensemble mass-� ux
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FIG . 5. Pressure budget terms as calculated from Eq.(1) for the STRONG SHEAR case of clouds 200–400 m in depth. (a) Nonlinear
dynamic term (P�

NL ); (b) linear dynamic term ( P�
L ); (c) the buoyancy pressure term (P�

B). As in Fig. 4, 0 denotes the cloud edge. Note that
units are s2 2 and not Pa because we are only accounting for the sign-changing of the elliptical operator.
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pro� le behavior where mass � ux decreases nearly linearly
from the maximum near cloud base (Fig. 8b). However, the
mass-� ux pro� le geometry of speci� c cloud depths in differing
dynamic environments is becoming increasingly relevant as
individual clouds may occupy large portions of a model grid
box.

The median direct entrainment and detrainment pro� les
for all depth classes are provided in Fig. 9. If both entrain-
ment and detrainment are stronger at the same vertical loca-
tion relative to the no shear run, this can be regarded as a
loose proxy for turbulence intensity. If one dominates the
other (i.e., entrainment is much larger than detrainment), it
indicates a region of organized in� ow or out � ow but does not
convey turbulence intensity. A region of organized entrain-
ment occurs on the down-shear side of all cloud depths,
whereas organized detrainment occurs on the up-shear side
(Fig. 9). Based on cloud-relative zonal momentum composites
(not shown), negligible � ow in the meridional direction, and a
horizontal PPGF in the cloud layer that accelerates zonal mo-
mentum from up- to down-shear, the vertical advection of
subcloud zonal momentum is the most likely mechanism for
the counter-shear � ow pattern that determines the depth
through which the organized entrainment-to-detrainment

couplet develops. Outside of the down-shear cloud edge, a
down- to up-shear horizontal PPGF is present, which could
aid in the deceleration of zonal � ow in the down-shear en-
vironment. Individual cross sections of cloud-relative zonal
momentum reveal regions of local counter-shear � ow as
updrafts ingest subcloud momentum (Fig. 10). The orga-
nized � ow depth is approximately equivalent on up- and
down-shear sides with the depth becoming shallower in
deeper clouds (Fig. 9), suggesting the organized� ow depth
may be a property of the environmental � ow with the verti-
cal advection of subcloud momentum penetrating into a
quasi-� xed depth.

In clouds 200–400 and 400–800 m deep, there is no indi-
cation of increased down-shear turbulence in the control
run with little deviation from the no shear run above 50%
cloud depth, but the strong shear run demonstrates a clear
increase in down-shear turbulence intensity above 40%
and an organized entrainment signal on the up-shear side
above 50% cloud depth (Fig. 9). The organized entrain-
ment signal on the up-shear side can likely be attributed to
the updraft obstacle being permeable, allowing the orga-
nized in� ow of mass into the obstacle. The organized
up-to-down-shear � ow above 50% cloud depth is also

FIG . 6. The X–Z plane vorticity budget as calculated in Eq. (2) for the STRONG SHEAR case of clouds 200–400 m in depth. Positive
values indicate clockwise horizontal vorticity. (a) The X–Z plane vorticity; (b) buoyancy generation term; (c) stretching term; (d) tilting
term; and (e) diffusion term.
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evidenced by the strong negative vertical velocity advective
tendencies inFig. 7c.

Computing the vertical mass � ux divergence (� M/� z) pro-
� les in the along-shear direction is done by taking E 2 D
(Fig. 9a 2 Fig. 9b and then summing the down-shear and
up-shear pro� les for each cloud depth. Pro� les for cloud
depths of 100–200 m and 200–400 m (not shown) show negli-
gible total along-shear vertical mass� ux divergence, indicat-
ing that while the organized entrainment-to-detrainment
couplet impacts the down-shear buoyancy and momentum,

it does not materially change the mass of the cloud. In addition
to vertical mass � ux divergence associated with netE 2 D in
the along-shear direction, we also calculate the cross-shear
vertical mass � ux divergence in a similar manner. Figure 11a
shows the total along-shear and cross-shear vertical mass� ux
divergence for the 400–800-m clouds for the different cases.
For strongly sheared clouds of 400–800 m deep, the obstacle-
related entrainment results in generally positive vertical mass
� ux divergence (net entrainment) in the along-shear direction
above 50% cloud depth; however, this is compensated by net

FIG . 7. The vertical velocity acceleration induced by the (a) vertical PPGF, (b) buoyancy, (c) advection, and (d) the time-tendency term
in the STRONG SHEAR case for 200 –400 m clouds. Time-tendency term was calculated as the centered difference between 1 s before
and after the analysis time step.

(a) (b)

FIG. 8. (a) Bulk-derived fractional entrainment ( e) and detrainment (d) from cloud base (CB) to 800 m above cloud depth usingqt as the
scalar (b) core mass-� ux pro� le.
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