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ABSTRACT: The initiation of thunderstorms in environments characterized by strong wind shear presents a forecast
challenge because of the complexities of the interactions between growing cumulus clouds and wind shear. Thunderstorms
that develop in such environments are often capable of producing high-impact hazards, highlighting the importance of con-
vection initiation in sheared environments. Although recent research has greatly improved understanding of the structure
and evolution of rising thermals in unsheared environments, there remains uncertainty in how wind shear influences the
convection initiation process. Two large-eddy simulations (75-m horizontal grid spacing) were performed to study this
problem. Convection initiation attempts are forced in the simulations through prescribed surface heat fluxes (the initial
boundary layers are statistically horizontally homogeneous and quasi–steady state but contain turbulent eddies as a result
of random initial temperature perturbations). The only difference between the two simulations is the presence or absence
of wind shear above 2 km. Important differences in the entrainment patterns are present between sheared and unsheared
growing cumulus clouds. As found in previous research, the overturning circulation associated with rising thermals drives
dynamic entrainment in the unsheared clouds. However, in sheared clouds, wake entrainment resulting from the tilting of
environmental vorticity is an important dynamic entrainment pathway. This result has implications for both the structure
of sheared growing cumulus clouds and for convection initiation in sheared environments.

SIGNIFICANCE STATEMENT: Forecasts of thunderstorm hazards such as tornadoes, hail, and strong winds, re-
quire the accurate prediction of when and where thunderstorms form. Unfortunately, predicting thunderstorm forma-
tion is not easy, as there are a lot of different factors to consider. One such factor is environmental vertical wind shear,
which describes how winds change speed and direction with height. The purpose of this study is to better understand
how wind shear impacts developing clouds. Our results demonstrate a specific mechanism, called “wake entrainment,”
through which wind shear can weaken developing clouds and potentially prevent them from becoming strong thunder-
storms entirely. Understanding this mechanism may be useful for thunderstorm prediction in environments character-
ized by wind shear.
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1. Introduction

The development of thunderstorms, called convection initia-
tion (CI), is a forecast challenge because of its sensitivity to at-
mospheric features on a multitude of scales. Although CI is
often strongly tied to lifting along airmass boundaries (Wilson
and Schreiber 1986; Ziegler et al. 1997; Ziegler and Rasmussen
1998; Fovell 2005; Wakimoto and Murphey 2010; Wang et al.
2019), the meso-g-scale (Orlanski 1975) details frequently are
complicated by misocyclones that commonly develop along
boundaries (Lee and Wilhelmson 1997a,b; Arnott et al. 2006;
Marquis et al. 2007; Buban et al. 2012; Buban and Ziegler 2016;
Marquis et al. 2021), as well as interactions between boundaries
and horizontal convective rolls (Wakimoto and Atkins 1994;
Atkins et al. 1995; Weckwerth et al. 1996; Weckwerth 2000;
Xue and Martin 2006a,b) and other modes of boundary
layer convection (Peckham et al. 2004). Moreover, vegeta-
tion and soil properties (Clark and Arritt 1995), surface flux
magnitudes (Segal et al. 1995), surface flux heterogeneity

(Kang and Bryan 2011), and terrain (Du et al. 2020) also
can influence CI at these small scales.

These meso-g-scale phenomena and interactions are poorly
resolved, if at all, by operational numerical weather prediction
models. Therefore, the relationship between CI occurrence
and meso-b-scale (Orlanski 1975) environmental characteris-
tics and “ingredients” (Doswell et al. 1996) is often more rele-
vant to the prediction of deep convection at lead times on the
scale of hours. CI has been found to be sensitive to large-scale
soil moisture anomalies (Barton et al. 2021), low-level mois-
ture (Martin and Xue 2006), midlevel lapse rates (Houston
and Niyogi 2007), midlevel relative humidity (Morrison et al.
2020; Peters et al. 2020; Morrison et al. 2022), convective
available potential energy (CAPE; Trier et al. 2021), and en-
vironmental vertical wind shear (e.g., Peters et al. 2019). Un-
fortunately, CI can occur in a wide range of atmospheric
conditions (Lock and Houston 2014), and therefore a deeper
understanding of the mechanisms through which environmen-
tal characteristics impact the potential for CI is required.

Given the high-impact hazards that can be produced by
thunderstorms in environments characterized by vertical wind
shear, it is especially important to understand how wind shear
impacts the potential for CI. Previous studies have found thatCorresponding author: Luke J. LeBel, ljl5305@psu.edu
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wind shear can suppress the initial development of thunder-
storm updrafts. Weisman and Klemp (1982) demonstrated
this suppression effect in a series of idealized simulations and
concluded that the suppression was a consequence of in-
creased entrainment and updraft tilt in strong shear. Support-
ing this explanation, Lasher-Trapp et al. (2021) documented
enhanced entrainment during the developing phase of a simu-
lated supercell thunderstorm, and Parker (2010) demon-
strated that tilted updrafts are weaker than upright updrafts
as a result of suppressive buoyant perturbation pressure gra-
dient accelerations. In contrast, Peters et al. (2019) found that
wind shear suppresses the deepening rate of moist thermals
through suppressive dynamic perturbation pressure accelera-
tions, not entrainment-driven buoyancy dilution. These dy-
namic perturbation pressure accelerations were explained as
a consequence of forces analogous to aerodynamic lift. This
“shear suppression” effect was subsequently leveraged in the
“progressive rooting mechanism” for CI in wind shear (Peters
et al. 2022a,b), described below. Therefore, three main ideas ex-
ist explaining the suppressive role of wind shear in CI}enhanced
buoyancy dilution, buoyant pressure perturbation accelerations,
and dynamic perturbation pressure accelerations}and it remains
unclear which mechanism is dominant. Adding complexity,
Peters et al. (2022a,b) further proposed that wind shear can
actually support (and not suppress) CI under certain condi-
tions, demonstrating the need for further research to recon-
cile these effects.

The progressive rooting mechanism states that “nascent con-
vective updrafts of sufficient width increase their updraft-
relative inflow upon encountering environmental wind shear.
Updrafts widen because of this increased inflow, which reduces
their susceptibility to entrainment-driven dilution. From this
process, clouds can progressively ‘root’ into a deeper steering
current, furthering this positive feedback cycle. Updrafts even-
tually achieve a steady width, w, depth, and motion. Under sit-
uations for which progressive rooting occurs, the deleterious
effects of shear induced downward pressure gradient accelera-
tions are counteracted” (Peters et al. 2022a,b). The Peters et al.
(2022a,b) theoretical model uses many of the results about cu-
mulus cloud structure from recent studies on unsheared convec-
tion (e.g., Morrison 2017; Morrison et al. 2020; Peters et al.
2020; Morrison et al. 2022). These studies have greatly advanced
understanding of the evolution and structure of unsheared cu-
mulus convection, and in particular have demonstrated the im-
portance of dynamic entrainment associated with the toroidal
circulations of rising thermals in determining the properties and
structure of unsheared deepening clouds. However, observa-
tions and simulations demonstrate that there are fundamental
differences in flow structures between sheared and unsheared
convection (e.g., Cotton and Tripoli 1978), and therefore the ap-
plication of results from studies on unsheared convection to
sheared convection may not be straightforward. Notably, differ-
ent dynamic entrainment mechanisms are active in the presence
of shear. Lasher-Trapp et al. (2021) examined entrainment in a
simulated developing supercell thunderstorm and identified the
presence of a strengthened overturning circulation (a “P-type
thermal circulation”; Kitchen and Caughey 1981) on the down-
shear side of the deepening cloud. It will be demonstrated

herein that an additional entrainment pattern, known as wake
entrainment (Knupp and Cotton 1985), plays an important role
in sheared deepening cumulus convection.

Wake entrainment is an asymmetric type of dynamic en-
trainment, in which drier and potentially cooler air is incorpo-
rated into the downshear side of an updraft (Kingsmill and
Wakimoto 1991). Although Houze (2014) defined “dynamic
entrainment” as that which satisfies mass continuity, the term
more commonly is used to describe entrainment that results
from cloud-scale flow structures (Morrison et al. 2020). It
therefore is distinguished from entrainment driven by small-
scale turbulent eddies (e.g., Houze 2014; Morrison et al.
2020). In other words, one can define dynamic entrainment as
cloud-scale entrainment that is independent of the develop-
ment or intensity of turbulence, whereas eddy entrainment is
driven by turbulent eddies and therefore is ultimately driven
by hydrodynamical instabilities (static instability, shear insta-
bility). Dynamic entrainment can result both from overturn-
ing thermal circulations (e.g., Morrison et al. 2020; Peters
et al. 2022a) and from vertical vortices, as in wake entrain-
ment. Wake entrainment occurs as a result of the tilting of
horizontal vortex lines associated with environmental vertical
wind shear. The resulting vortex pair that straddles the up-
draft produces cloud-scale inflow (i.e., entrainment) on the
downshear side of cumulus convection (Fig. 1; Knupp and
Cotton 1985; Wakimoto 2001). Vortex pairs have been identi-
fied in several studies to rapidly develop in sheared cumulus
convection (Cotton and Tripoli 1978; Dahl 2017), and obser-
vations support the enhanced dilution (Heymsfield et al. 1978)
and associated downdraft formation (Knupp and Cotton
1982) on the downshear side of sheared clouds. In idealized
simulations, Tripoli and Cotton (1980) found that robust dy-
namic entrainment through a process similar to wake entrain-
ment resulted in the erosion of the low-level updraft and the
eventual dissipation of a simulated convective cell, suggesting
that wake entrainment may play an important role in the initi-
ation of sustained deep convection. The role of wake entrain-
ment in CI has not been thoroughly examined in more recent
research.

The purpose of this article is to further explore the effects
of vertical wind shear above the boundary layer on CI, using

FIG. 1. A schematic diagram from Knupp and Cotton (1985)
illustrating wake entrainment in a sheared cloud.
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large-eddy simulations. Despite recent advances, there re-
mains uncertainty in the mechanism through which wind
shear influences the potential for CI, and in how the results
from previous studies can be applied to real world sheared CI
scenarios. It is hypothesized that wake entrainment enhances
dilution in sheared deepening clouds, and moreover that
wake entrainment can result in CI failure in sheared environ-
ments. The specifics of the large-eddy simulation framework
are discussed in section 2. Sections 3 and 4 contain the results
of the large-eddy simulations and associated sensitivity tests,
respectively. A discussion of the results in the context of pre-
vious work is presented in section 5, and final conclusions are
shared in section 6.

2. Methods

Large-eddy simulations were performed using Cloud Model,
version 1 (CM1; Bryan and Fritsch 2002), release 18.3. CM1 is
an open-source atmospheric model that is widely used in the
analysis of thunderstorms and CI (e.g., Peters et al. 2019, 2020;
Lasher-Trapp et al. 2021). The specific model configuration
used in this study is identical to that in Markowski (2020) except
for the forcing mechanism for CI. The reader is therefore re-
ferred to Markowski (2020) for a complete documentation of
the model configuration, and only a few noteworthy aspects are
discussed here.

The model horizontal grid spacing is 75 m, which is compa-
rable to that used in recent simulations examining the role of
wind shear on CI [e.g., 100 m used by Peters et al. (2019) and
Lasher-Trapp et al. (2021)]. A notable exception is the simu-
lation of a growing cumulus congestus cloud presented by
Strauss et al. (2022), which used a horizontal grid spacing of
5 m. There are 121 vertical levels, and the vertical grid spacing
varies from 15 m at the surface to 285 m near the domain top
of 18 015 m. The model domain spans 127.5 km in both the
x and y directions (1700 3 1700 grid points). The lateral
boundary conditions are periodic. The lower boundary condi-
tion is semi-slip, with a roughness length of 0.12 m. The Na-
tional Severe Storms Laboratory (NSSL) double-moment
microphysics (Mansell et al. 2010) is used, and subgrid-scale
turbulence is parameterized using a turbulent kinetic energy
(TKE) scheme similar to Deardorff (1980). Simulations were
initially performed for a 12-h spinup period, to allow for the
development of nearly steady-state, sheared, turbulent
boundary layer. Random potential temperature perturbations
with a maximum amplitude of 0.25 K were inserted below
1 km at t 5 0 h to initiate the development of turbulence, and
no surface heat fluxes were prescribed during the spinup period.
Markowski (2020) discusses the implications of this spinup pe-
riod; the domain mean temperature, dewpoint, and winds at the
conclusion of the spinup period are presented in Fig. 2.

Two simulations are analyzed to determine the impact of
wind shear on CI. Both simulations use the thermodynamic
base state from Markowski (2020), which is a modified version
of the Weisman and Klemp (1982) profile and is characterized
by large CAPE and minimal convective inhibition (CIN; Fig. 2).
The first simulation (hereinafter, the “SHEAR” simulation)
additionally uses the wind profile from Markowski (2020),

which is characterized by strong vertical wind shear over the
lowest 8 km. The shear from the surface to 2 km is predomi-
nantly southerly, and from 2 to 8 km, westerly (the magnitude
of the 0–2-km bulk shear is 18.2 m s21, and the magnitude of
the 2–8 km bulk shear is 15.5 m s21; Fig. 2). As demonstrated
by Markowski (2020), the SHEAR environment supports
tornadic supercell thunderstorms assuming sustained CI. The
second simulation (hereinafter, the “NOSHEAR2” simulation)
uses the same wind profile below 2 km, but constant winds
above 2 km. The NOSHEAR2 environment supports multicel-
lular thunderstorms with transient supercellular structures,
based on a 1.5-h simulation in which a large warm bubble was
used to initiate storms. A comparison of the SHEAR and
NOSHEAR2 simulations, therefore, allows for an examination
of the role of wind shear above 2 km in the CI process.

CI “attempts” [defined as parcels surpassing their level of
free convection (LFC)] are forced in the simulations using a
prescribed corridor of surface sensible heat fluxes. This defini-
tion of CI attempts is less strict than common definitions for
CI. For example, Peters et al. (2022a) define “deep convection

FIG. 2. A skew T–logp diagram depicting the domain mean tem-
perature (black, solid), dewpoint (black, dashed), and surface-
based parcel profile temperature (green) at t 5 12 h after the
spinup period. The light-green shaded area is the region of CAPE
for a surface-based parcel. The wind barbs indicate wind speed (kt;
1 kt ’ 0.51 m s21) and direction in the SHEAR (red) and NOSH-
EAR2 (blue) simulations at the closest model level to each whole
kilometer up to z 5 16 km. Heights above the surface (km) are in-
dicated with magenta text. The inset diagram displays the associ-
ated hodograph, with the black line indicating the 0–2-km winds
present in the base state of both simulations, and the gray dashed
line indicating the winds above 2 km present only in the SHEAR
base state. The red circle, triangle, and diamond indicate the winds
in the SHEAR simulation at z5 1, 2, and 8 km, respectively. Rings
are shown every 10 kt. The inset text indicates the surface-based
(SB) CAPE, CIN, LCL, LFC, and equilibrium level (EL), along
with the freezing level of the profile.
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initiation” as “the onset of cumulonimbus convection.” The
language of CI attempts is used here as the clouds that deepen
past their LFC have the opportunity to produce cumulonim-
bus convection. Moreover, from an societal impacts perspec-
tive, it may be appropriate for definitions of CI to involve
criteria of storm intensity and longevity (e.g., Kain et al.
2013). We therefore further use the language of CI “success”
and “failure” in the context of CI attempts. CI success refers
to the development of long-lived, sustained, precipitating con-
vection from a given CI attempt, and CI failure occurs when
such long-lived, precipitating convection does not form. A
similar language choice is made by Nelson et al. (2021), where
a distinction between “initiation of sustained convection” and
“failed convection initiation” is made based on the magnitude
and persistence of radar reflectivity echoes.

Following a method similar to that of Rousseau-Rizzi et al.
(2017) and Tang and Kirshbaum (2020), a surface sensible
heat flux H(x, t) is prescribed beginning after the 12-h period
of model spinup via

H(x, t) 5 H0 exp 2
[x 2 x0 2 ud(t 2 43 200)]2

a2

{ }
, (1)

whereH0 5 0.2 K m s21 is the maximum sensible heat flux, x0 5
30 km determines the initial forcing position, a5 7.5 km controls
the width of the heating region, t is the simulation time in sec-
onds, and ud 5 212.2 m s21 is required to offset the eastward
component of the northeastward domain translation (Markowski
2020) and allow the forcing to remain stationary in a ground-
relative reference frame.Over time, the prescribed surface sensible
heat fluxes result in the development of a boundary layer circula-
tion that supports CI attempts.

Dozens of CI attempts occur within the domain during the
2-h simulations. To examine the population of clouds pro-
duced in the simulations, cloud objects are then identified in
the simulations as coherent regions of total cloud water mix-
ing ratio . 0.01 g kg21 and vertical velocities . 3 m s21. To
examine the dilution of these cloud objects during CI at-
tempts, two layers of passive tracers with maximum values of
1 g kg21 are inserted into the simulated environment after the
model spinup period at t 5 12 h. As in Lasher-Trapp et al.
(2021), one passive tracer (hereinafter, PT1) is distributed
uniformly from the surface to the lifting condensation level
(LCL; 1.1 km) to examine the dilution of air ingested below
cloud base. The second passive tracer (PT2) is distributed uni-
formly between the LCL and 2 km. The combination of both
tracers (PT1 1 PT2) results in an initially uniform tracer con-
centration of 1 g kg21 below 2 km. PT1 1 PT2 concentrations
are therefore used to examine the variations in dilution that
occur in simulated cloud objects as a result of differences in
shear above 2 km.

3. Results: Idealized simulations

Several CI attempts occur in both the SHEAR and
NOSHEAR2 simulations. By t 5 13 h, isolated deepening
clouds with cloud-top heights . 5 km are present in both
simulations (Figs. 3a,c). These early CI attempts are slightly

more common in the NOSHEAR2 simulation, suggesting
that the timeline of CI is slightly delayed in the presence of
shear. By t 5 14 h, deep clouds are widespread in both simu-
lations (Figs. 3b,d). Numerous CI attempts therefore occur
in the period from t5 13 to 14 h, and this period will be the focus
of the following analysis. Data were output from the simulations
each minute during this period. In section 3a, we examine the
mean vertical profiles of cloud object properties. In section 3b,
spatial composites are calculated to explain the differences in
cloud object properties between the SHEAR and NOSHEAR2
simulations. In section 3c, individual sample cloud objects are
identified from each simulation to assess the applicability of the
composite results to CI attempts.

a. Composites: Bulk properties

To analyze the effects of wind shear on the CI process, the
bulk properties of each population of ascending clouds are
first calculated and compared. A subset of cloud objects that
have a base below 2 km and a top between 4 and 4.5 km was
selected to examine the differences between the simulated
cloud populations. These objects were selected to represent a
subset of newly deepening clouds; the results presented here
are not sensitive to small changes in the selected range of
cloud object top heights. To examine the differences between
the simulated cloud object populations, the mean values of
cloud object properties at each model level were calculated
within individual cloud objects, aggregated within each simu-
lation, and then compared.

There are notable differences in the resulting distributions
of cloud properties between the SHEAR and NOSHEAR2
simulations. The cloud objects reaching the 4–4.5-km level are
slightly larger in upper portions of the cloud in the SHEAR
simulation than in the NOSHEAR2 simulation (Fig. 4a). In
addition, the mean updraft speeds are significantly larger near
the cloud top in the NOSHEAR2 simulation (Fig. 4b). Peters
et al. (2019) found that thermals rise more slowly in the pres-
ence of shear, in agreement with this result. Consistent with
the stronger mean updraft, the mean potential temperature
perturbation u′ is also larger in the NOSHEAR2 cloud ob-
jects (Fig. 4c). The mean tracer distributions suggest an im-
portant relationship between dilution and the maintenance of
a buoyant updraft. Both cloud object populations exhibit
large decreases, and therefore dilution, of PT1 and PT1 1

PT2 with height (Figs. 4d,e), consistent with the deviation of
the potential temperature perturbations from a surface-based
parcel with height (Fig. 4c). However, dilution is significantly
larger in the SHEAR cloud population than the NOSHEAR2
cloud population for both PT1 and PT11 PT2 concentrations
(Figs. 4d,e), especially near cloud top. These results support the
hypothesis that entrainment is more effective at diluting cloudy
updrafts in the presence of shear, and these differences in dilu-
tion may have impacts on the potential for sustained CI.

b. Spatial composites

The composite bulk properties demonstrate that deepening
clouds in sheared environments experience enhanced dilution.
However, the mean profiles do not explain the entrainment
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mechanism resulting in enhanced dilution in sheared clouds.
To investigate the mechanisms, a spatial composite mean
was calculated for both the SHEAR and NOSHEAR2 simu-
lations using the same subset of cloud objects (cloud base
below 2 km, cloud top between 4 and 4.5 km). The compo-
sites are calculated relative to the maximum updraft helicity
within the cloud footprint (smoothed using a Gaussian filter
with standard deviation 5 1 point) at the vertical level of the
composite. This method was used (as opposed to compositing
relative to the more nebulous cloud centroid, for example) to
provide a physically meaningful “anchor” for the spatial com-
posite calculations. The sample sizes are slightly smaller than in
the previous section, as a small number of the cloud objects that
were close to the edge of the model domain were excluded
from the spatial composites for convenience.

At z 5 3 km (near the midpoint between cloud base and
cloud top), large differences in flow structures are apparent be-
tween the composite means. In the SHEAR simulation, strong

counterrotating vortices (Fig. 5c) are present on the flanks of
the composite mean updraft (maximum w 5 7 m s21). These
vortices originate from the tilting of horizontal vorticity associ-
ated with the environmental vertical wind shear into the vertical
and its subsequent upward advection and stretching, and result
in an asymmetric “C”-shaped pattern in PT1 1 PT2 concen-
tration throughout the composite updraft (Fig. 5a). In the
NOSHEAR2 simulation, however, the composite mean updraft
(maximum w 5 7 m s21) is associated with a large, relatively
symmetric region of high PT1 1 PT2 tracer concentrations
(Fig. 5d). Much weaker counterrotating vortices are apparent
in the NOSHEAR2 composite mean than in the SHEAR com-
posite mean (Figs. 5f,i), and develop in response to the presence
of environmental wind shear below 2 km. The difference be-
tween the two composite means reveals that the SHEAR simu-
lation has significantly larger PT1 1 PT2 concentrations on the
upshear side and lateral flanks of the updraft, and significantly
lower PT1 1 PT2 concentrations within the center of the cloud

FIG. 3. Cloud-top height (km) in the (a),(b) SHEAR and (c),(d) NOSHEAR2 simulations at (left) t 5 13 and
(right) t5 14 h. The black hatched region indicates the location of surface sensible heat flux greater than 0.1 K m s21.
The magenta contours outline the regions with$1 g kg21 column maximum precipitation mixing ratio. Note that the
domain itself translates to the northeast; the forcing is in a fixed location relative to the ground.
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(Fig. 5g). Averaging within the composite mean 3 m s21 vertical
velocity isotach, the SHEAR simulation has 0.086 g kg21 lower
tracer concentration than the NOSHEAR2 simulation (recall
that the initial concentration of PT1 1 PT2 below 2 km is 1
g kg21). This represents an 18.3% decrease in updraft (w .

3 m s21) PT1 1 PT2 concentration in the SHEAR simula-
tion relative to the NOSHEAR simulation. This difference
in dilution is attributed to the wake entrainment mechanism
that results from the strong counterrotating vortices within
the SHEAR composites.

The difference in PT1 1 PT2 dilution between the
SHEAR and NOSHEAR2 composites has implications for
updraft buoyancy (B). Throughout this paper, buoyancy is

calculated using the formulation from CM1 (Bryan and
Fritsch 2002):

B 5 g
u 2 u

u
1

Ry

Rd

2 1

( )
(qy 2 qy ) 2 (qt 2 qy )

[ ]
, (2)

where u is the base state potential temperature, qy is the base
state water vapor mixing ratio, qy is the water vapor mixing
ratio, qt is the total water mixing ratio, and Ry and Rd are the
gas constants for water vapor and dry air, respectively. In the
SHEAR simulation, positive buoyancy is confined to the up-
shear flanks of the updraft and within the counterrotating vor-
tices (Fig. 5b), and negative buoyancy is present within

FIG. 4. A comparison of cloud properties within the SHEAR (red) and NOSHEAR2 (blue) simulations. Cloud
properties include (a) effective radius [calculated as

�����������(area/p)√
], (b) mean vertical motion, (c) mean u′, and (d) mean

PT1 and (e) mean PT1 1 PT2 concentrations. The shaded region extends 61 standard deviation from the mean. The
black dashed line in (c) displays the u′ of the surface-based parcel in Fig. 2. Triangles indicate the levels where the dis-
tributions are significantly different at the 1% significance level, according to a Welch’s t test.
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downshear portions of the cloud. The source of this region of
negative buoyancy is discussed later in section 4b. In the
NOSHEAR2 simulation, there is a large region of positive
buoyancy within the upshear portion of the updraft and be-
tween the vortices (Fig. 5e; as discussed above, the shear be-
low 2 km can explain the weak counterrotating vortices in the

NOSHEAR2 composite). A comparison of the buoyancy val-
ues reveals that the SHEAR composite is significantly less
buoyant within a large region of the composite mean updraft,
demonstrating the efficiency of wake entrainment at diluting
the buoyancy within sheared updrafts. Within the composite
mean updraft, the SHEAR simulation has a mean buoyancy

1 km

FIG. 5. Composite mean values for the (a)–(c) SHEAR and (d)–(f) NOSHEAR2 simulations at the model level closest to z 5 3 km
(model level 47). The shading in (a) and (d) indicates PT1 1 PT2 concentration (g kg21), the shading in (b) and (e) indicates buoyancy
(m s22), and the shading in (c) and (f) indicates vertical vorticity (s21). Vertical velocity (black contours, every 1 m s21) and perturbation
winds (orange streamlines, relative to the t5 12 h base state) appear in all panels. Dashed black contours indicate negative vertical veloci-
ties. Also shown is the difference (SHEAR2 NOSHEAR2) between (g) the mean PT11 PT2 concentration, (h) buoyancy, and (i) verti-
cal vorticity, with stippling indicating statistical significance (p , 0.001) according to a Welch’s t test. The purple line in (b), (g), (h), and
(i) indicates the zero isopleth.
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value 0.012 m s22 lower than in the NOSHEAR simulation,
representing a decrease of 61.5% relative to the NOSHEAR
composite mean.

At slightly higher altitudes in the composite mean cloud
(z 5 3500 m), a similar pattern is apparent. In the SHEAR
composite, two local maxima in PT1 1 PT2 concentration ex-
ist on both sides of the composite mean updraft (maximum
vertical velocity w 5 7 m s21; Fig. 6a). These maxima corre-
spond to the two counterrotating vortices that laterally bound
the updraft and confirm the dominance of the wake entrain-
ment mechanism in the composite mean. In the NOSHEAR2
composite, the PT1 1 PT2 concentration is high (.0.5 g kg21)

in the center of the updraft (maximum w5 8 m s21; Fig. 6d). A
comparison of the PT1 1 PT2 composite values indicates that
the SHEAR cloud population has significantly larger PT1 1

PT2 concentrations upshear and within the counterrotating
vortices, while the NOSHEAR2 cloud population has signifi-
cantly larger PT11 PT2 concentrations within the center of the
cloud. Notably, the PT1 1 PT2 concentration is 0.041 g kg21

lower within the 3 m s21 updraft isotach in the SHEAR sim-
ulation than in the NOSHEAR2 simulation, representing an
8.9% decrease in updraft PT1 1 PT2 concentration in the
SHEAR composite mean relative to the NOSHEAR2 com-
posite mean.

1 km

FIG. 6. As in Fig. 5, but for the model level closest to z5 3.5 km (model level 51).
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Once again, these differences in dilution impact the buoy-
ancy of the composite mean clouds. Unlike in the z 5 3000 m
composites, both the SHEAR and NOSHEAR2 composite
updrafts at z 5 3500 m have positive buoyancy throughout.
However, the spatial distribution of buoyancy is different be-
tween the cloud populations. In the SHEAR cloud, the high-
est buoyancy values are upshear and on the flanks of the
cloud within the counterrotating vortices (Fig. 6b), consistent
with the PT1 1 PT2 distribution. In the NOSHEAR2 cloud,
the highest buoyancy values are collocated with the maximum
vertical velocities (Fig. 6e). As a result, the SHEAR compos-
ite has significantly higher buoyancy on the southern flank of
the updraft and significantly lower buoyancy north of the
composite mean updraft maximum within the center of the
cloud (Fig. 6h). In fact, the SHEAR composite is 0.008 m s22

less buoyant within the 3 m s21 updraft isotach. This is a
22.2% decrease in updraft buoyancy in the SHEAR compos-
ite relative to the NOSHEAR2 composite, emphasizing the
effectiveness of wake entrainment.

c. Analysis of particular clouds

The composite means demonstrate that wake entrainment
is effective at diluting the updraft of sheared clouds. To exam-
ine how this entrainment mechanism is manifest in a specific
cloud (and to examine the applicability of the composite
means to individual clouds), an example cloud object was se-
lected from each simulation. The example clouds were identi-
fied at the same simulation time of t 5 13 h 10 min and have
similar cloud-top heights between 4 and 4.5 km, and therefore
are in a similar stage of CI. Comparing the three-dimensional
characteristics of the example clouds (Fig. 7) reveals large dif-
ferences between the clouds. In the example cloud from the
SHEAR simulation, there is a single dominant tilted updraft
within the cloud (Fig. 7a). An arching vortex line (approxi-
mated by the orientation of the vorticity isosurface in Fig. 7a)
associated with counterrotating vertical vortices straddles the
tilted updraft, suggesting an important role of the tilting and
stretching of environmental vorticity. The vorticity vectors on
opposite sides of the updraft are in opposite directions (not
shown), and the resulting implied inflow on the downshear
side of the updraft is consistent with the wake entrainment
mechanism identified in the SHEAR composite mean. In the
example cloud from the NOSHEAR2 simulation, there is
again a dominant rising updraft (Fig. 7b). The vorticity field
associated with this updraft is characterized by a vortex ring
around the updraft, suggesting that the overturning toroidal
circulation associated with the ascending thermal-like updraft
is the dominant storm-scale flow structure.

Encouragingly, the sample clouds display a similar pattern
(Fig. 8) to the spatial composite means. At z 5 3.5 km, the
sample SHEAR cloud is clearly suffering from wake entrain-
ment. There are two maxima of PT1 1 PT2 concentrations,
collocated with strong counterrotating vortices (Fig. 8a).
These PT1 1 PT2 concentration maxima correspond with
maxima in buoyancy as well (Fig. 8b). Moreover, within the
region of wake entrainment between the counterrotating vor-
tices there is actually a region of negative buoyancy, evidence

of the effectiveness of the wake entrainment mechanism. On
the other hand, the sample NOSHEAR2 cloud is associated
with a spatially compact updraft characterized by high PT1 1

PT2 concentration and high buoyancy (Figs. 8d,e). There is
relatively weak and disorganized horizontal flow within the
sample NOSHEAR2 cloud, suggesting that the z 5 3.5 km
level is near or slightly below the midpoint of the thermal

FIG. 7. Three-dimensional isosurfaces of total cloud water mixing
ratio (0.01 g kg21; light gray), upward vertical velocity (5 m s21;
red), and three-dimensional vorticity magnitude (0.06 s21; black)
for an example storm in (a) the SHEAR simulation and (b) the
NOSHEAR2 simulation. The x and y coordinates are in kilometers
from the storm centroid. Recall that the shear vector above 2 km is
in the positive x direction for the SHEAR simulation. The clouds
are viewed from the southwest at an elevation angle of 308.
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element apparent in Fig. 7b. A comparison between the
SHEAR and NOSHEAR2 simulation (Figs. 8g,h,i) highlights
the lower PT1 1 PT2 concentrations and buoyancy values
near the center of the cloud in the SHEAR simulation. In
fact, the mean PT1 1 PT2 concentration within the area en-
closed by the 3 m s21 vertical velocity isotach is 0.085 g kg21

lower within the SHEAR simulation than in the NOSHEAR2
simulation (a percent decrease of 17.9%of PT11 PT2 concentra-
tion in the SHEARupdraft relative to theNOSHEAR2 updraft),
which is evidence of strong dilution. Moreover, the SHEAR
simulation has a mean buoyancy value within the 3 m s21

vertical velocity isotach that is 0.008 m s21 lower than in the
NOSHEAR2 simulation (a percent decrease of 23.5% of buoy-
ancy in the SHEARupdraft relative to theNOSHEARupdraft),
emphasizing that the entrainment and dilution has a nonnegli-
gible effect on buoyancy. It is worth mentioning that additional
regions of negative buoyancy exist upshear (“west”) of the
SHEAR sample cloud and to the downshear left (“northeast”)
of the NOSHEAR2 sample cloud that are not present in the
composite means. These features are associated with other
neighboring updrafts, and the effects of these neighboring up-
drafts are averaged out in the spatial composites.

1 km

FIG. 8. As in Fig. 5, but for the particular clouds referenced in section 3c at the model level closest to 3.5 km. Note that the color bars used
in (g) and (h) differ from those in Figs. 5 and 6.
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4. Results: Warm bubble sensitivity tests

Despite the numerous CI attempts in both the SHEAR and
NOSHEAR2 simulations, intense, long-lived, precipitating
storms failed to develop. The reasons for this failure warrant
further investigation, particularly because such storms devel-
oped in the Markowski (2020) simulations. Markowski (2020)
used an identical thermodynamic environment and wind pro-
file to the SHEAR simulation, and accomplished CI of long-
lived supercell thunderstorms by introducing a large warm
bubble into a quasi-steady turbulent boundary layer. Al-
though no long-lived storms developed in the simulations ana-
lyzed in section 3, air parcels routinely reached their LFC,
achieved significant buoyancy, and reached high altitudes
(.10 km; Fig. 3). Therefore, long-lived storms failed to de-
velop in the simulations because all deepening clouds became
disconnected from the CAPE-rich boundary layer. In this
light, the CI failure herein can be described as a “bottom up”
process. One hypothesis explaining this CI failure is that the
developing clouds were narrow and therefore highly suscep-
tible to the deleterious effects of wake entrainment. In this
hypothesis, wake entrainment dilutes and eventually splits
developing updrafts near cloud base. The updrafts resulting
from the split are spatially small and therefore susceptible
to further entrainment and dilution via both cloud-scale
flow structures and turbulent eddies. As a consequence of
this continued dilution, the updrafts weaken and become
disconnected from the CAPE-rich boundary layer.

a. Sensitivity to warm bubble size

To examine this hypothesis, a series of simulations were
conducted using warm bubbles with different horizontal radii
RH inserted into the SHEAR base state. All warm bubbles
are centered at z 5 1.4 km, have a vertical radius of 1.4 km,
and have maximum u perturbations of 2.0 K. The results from
simulations with RH of 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 km are
presented here. It is well established that warm bubbles do
not accurately reflect real-world CI (e.g., Loftus et al. 2008;
Lasher-Trapp et al. 2021). Warm bubbles used to force CI in
thunderstorm simulations are typically much larger than ther-
mals within a convective boundary layer, and therefore do not
replicate a real-atmosphere CI mechanism (Loftus et al.
2008). Moreover, Lasher-Trapp et al. (2021) found that simu-
lated clouds produced by warm bubbles can experience less
entrainment relative to clouds produced by other methodolo-
gies. Because of these known limitations, the goal of this sen-
sitivity test is to use warm bubbles as a tool to gain insight
into the CI process, and not to make specific quantitative con-
clusions about the updraft size thresholds for CI. The use of
warm bubbles in this manner is further supported by the
structural similarities between the most robust CI attempts
forced by surface heat fluxes in the SHEAR simulation and
simulated CI attempts forced by the 1.5-km radius warm bub-
ble (Fig. 9). Because simulations using warm bubbles can re-
produce the development of a wake entrainment mechanism
and the associated dilution and buoyancy characteristics, they
can be useful to gain insight into the success and failure of CI.

The warm bubble simulations produce clouds of varying
width, allowing for the systematic examination of the role of
initial cloud width on sustained CI success. The smallest ra-
dius (RH 5 1.5 km) warm bubble produces a cloud that is
structurally similar to the most robust CI attempts in the
SHEAR simulation (Fig. 9). As in the SHEAR simulations,
the CI attempt within the RH 5 1.5-km simulation fails by
30 min after the bubble was inserted into the model (Fig. 10).
This failure occurs as the rising bubble detaches from the
boundary layer, consistent with a bottom-up failure mecha-
nism. This evolution is demonstrated in Fig. 11. The warm
bubble quickly results in the development of a cloud, and the
cloudy updraft initially is characterized by relatively undiluted
air that originates below the LCL (Figs. 11a,b). However, by
t 5 12 min after bubble insertion, the cloudy updraft is be-
coming increasingly diluted (Fig. 11d), and by t5 18 min after
bubble insertion the cloud is no longer attached to the bound-
ary layer (Fig. 11f; note the separation in cloudy regions be-
tween z 5 2 and 3 km) and the updraft is weakening (Fig. 10).
This CI failure occurs despite the cloud top reaching well
above 8 km. The simulation with RH 5 2.0 km also fails by
30 min into the simulation (Fig. 10; note that a secondary up-
draft is deepening at t 5 30 min after the bubble was inserted,
but this updraft is weak and diluted). Further increases in RH

result in successful CI. Increasing RH to 2.5 km results in a
pulsing updraft that lasts through the entire 90-min simulation
with maximum updraft speeds commonly near 30 m s21. A
RH value of 3.0 km results in a storm that maintains and inten-
sifies, and even larger values of RH produce wider and more
rigorous updrafts. This result supports the hypothesis that the
relatively small updrafts produced in the SHEAR simulation
were too narrow for sustained CI.

Even in the warm bubble simulations with successful CI,
the role of wake entrainment is apparent. To assess the role
of wake entrainment, the RH 5 2.5-km simulation will be
used. The other bubble sizes, including the RH 5 1.5-km simu-
lation (see Fig. 9), have qualitatively similar evolutions. Then,
10 min after the bubble was inserted into the SHEAR base state,
the simulated cloud had deepened to over 7 km (Fig. 12a). A
horizontal cross section near z 5 5 km indicates that the
cloud is experiencing strong wake entrainment below cloud
top (Figs. 12c,d). The region of high PT1 1 PT2 concentra-
tion is confined within a C-shaped region on the upshear
side of the cloud and within two counterrotating updrafts
(Fig. 12c). In the interior of the cloud, a large region of neg-
ative buoyancy with vertical motion . 10 m s21 is present.
In fact, this negatively buoyant updraft is present through much
of the cloud, as apparent by the crescent shape of negative
buoyancy on the downshear side of the cloud in a x–z plane
(Fig. 12b). At 12 min after the bubble was inserted, a similar
flow structure remained (Fig. 13), emphasizing the persistence
of the wake entrainment mechanism during the early stages of
CI. In the x–y plane at z 5 5 km, two counterrotating vortices
are again present, and the high tracer concentrations remain
confined to the upshear side of the cloud (Fig. 13c). In addition,
the net effect of entrainment is apparent in the lower tracer
concentrations at this time.
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The cross sections presented in Figs. 12 and 13 demonstrate that
wake entrainment is a highly three-dimensional process. To fur-
ther elucidate the three-dimensional impacts of wake entrainment,
isosurfaces of vertical motion (colored by vertical vorticity) are ex-
amined (Fig. 14). Tenminutes after the warm bubble was inserted,
the deepening cloud is characterized by a complex updraft struc-
ture. There are two thermal-like structures (i.e., quasi-discrete
buoyant elements characterized by overturning circulations) pre-
sent near z 5 4 and 7 km embedded within the larger updraft.

These thermal-like structures are apparent in the 20 m s21 ver-
tical velocity isosurface in Fig. 14, and as maxima of vertical ve-
locity in Fig. 12a. Despite the flow complexities associated with
the thermal-like structures, counterrotating vortices are present
throughout thedepthof the updraft. These counterrotating vortices
are especially apparent in the region between the two thermal-like
elements in the 20 m s21 isosurface, where two individual updrafts
characterized by vertical vorticity of opposite sign are pre-
sent (Fig. 14). Moreover, high buoyancy is preserved within

1 km

FIG. 9. A comparison of horizontal cross sections at the model level closest to z 5 4 km (model level 54) between
(a),(b) the cloud produced in the RH 5 1.5-km simulation at t5 10 min after bubble insertion and (c),(d) a large cloud
selected from the SHEAR simulation at t 5 13 h 24 min. Shown are (left) the PT1 1 PT2 concentration (color fill),
cloud outline (orange contour), and vertical motion (black contours, every 5 m s21) and (right) the buoyancy (color
fill), cloud outline (orange), perturbation pressure (purple contours, every 0.5 hPa), and streamlines relative to the
t 5 12 h base state. The plots are centered on the updraft helicity maximum on the model level closest to z 5 4 km,
smoothed using a Gaussian filter (standard deviation5 5 points).
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the initial rising thermal, and within small columns associated
with the counterrotating vortices (Figs. 12b,d). Throughout the
subsequent evolution, additional rising thermals display a similar
pattern of low- andmidlevel wake entrainment.

To further examine the development and role of wake entrain-
ment, parcel trajectories were calculated for the RH 5 2.5 km
warm bubble simulation. Forward trajectories were seeded ev-
ery 500 m in the horizontal and 250 m in the vertical within a
60 km3 60 km3 10 km box centered on the initial warm bub-
ble location at the time the bubble was inserted. Trajectories
were calculated using built-in CM1 functions at model runtime.
A subset of the trajectories that achieve a vertical velocity of
10 m s21 with negative buoyancy at t5 11 min after the bubble
was inserted is analyzed in Fig. 15. The trajectories emphasize
the presence of two entrainment mechanisms, which combine
to produce the large-scale dilution apparent in Fig. 12. First, en-
vironmental parcels are entrained by the rising thermal. Several
parcels pass over the cloud top and are subsequently incorpo-
rated into the updraft on the downshear side by the toroidal
thermal circulation itself. This is the dynamic entrainment
mechanism described in Lasher-Trapp et al. (2021). A smaller
number of parcels are similarly incorporated on the upshear
side of the thermal. Second, environmental parcels are incorpo-
rated into the updraft via wake entrainment in segments of the
updraft between thermals. Numerous environmental trajecto-
ries travel along the cloud edge from the upshear to downshear
side of the updraft and are subsequently incorporated into the
updraft on the downshear side of the cloud (Fig. 15). These tra-
jectories indicate that the air participating in the updraft origi-
nates upshear from the cloud. This pathway is consistent with
the results from Knupp and Cotton (1982).

b. Source of negative buoyancy

One remaining uncertainty after the preceding analysis is the
origin of the negative buoyancy that develops in response to
wake entrainment. A negatively buoyant region is present
within the downshear portion of the cloud in the SHEAR com-
posite (Fig. 5), the SHEAR sample cloud (Fig. 8), and the
clouds produced by warm bubbles (Figs. 12 and 13). It is not
clear from the preceding analysis whether the negative buoy-
ancy is a result of evaporative cooling, hydrometeor loading, or
the lifting of stable environmental air. Understanding the

mechanisms that result in the production of this negatively
buoyant region may be useful in anticipating how wake entrain-
ment operates in different environments (e.g., environments
characterized by lower midlevel relative humidity).

The trajectories used in the analysis of the RH 5 2.5-km
bubble in the previous section are used again here to examine
the source of negative buoyancy within the updraft of the as-
sociated cloud. A subset of the parcels characterized by a ver-
tical velocity . 10 m s21 and buoyancy , 20.02 m s22 at
t 5 11 min was selected. These criteria are similar to those
used in Fig. 15, although the negative buoyancy threshold is
more restrictive in this portion of the analysis in order to focus
on parcels that obtain nonnegligible negative buoyancy. From
this subset of parcels, five were selected to be representative
of the wake entrainment pathway. The characteristics of these
parcels provide insight into the development of the region of
negative buoyancy associated with wake entrainment.

The selected parcels all originate in the midlevels of the at-
mosphere (between 3 and 4.25 km; Fig. 16b). After approach-
ing the cloud, the parcels first subside for a few minutes on
the flanks of the cloud (Fig. 16a). During this period of de-
scent, the buoyancy becomes positive (Fig. 16c) as the parcels
descend several hundred meters nearly dry adiabatically and
therefore compressionally warm relative to their environment
(Fig. 16d). Some mixing with cloudy air and evaporation into
the parcels does occur during this period of descent, reflected
by the slight increases in tracer concentrations (Fig. 16f) and
water vapor mixing ratio (Fig. 16e).

Following the period of descent, the parcels then become in-
corporated into the updraft itself (via the wake entrainment path-
way) and eventually all rise to above 6 km (Fig. 16b). During the
first few minutes of this period of ascent, the parcels become neg-
atively buoyant (Fig. 16c) as they remain unsaturated (Fig. 16e)
and ascend nearly dry adiabatically, becoming cooler than their
environments (Fig. 16d). At the time of the largest negative
buoyancy, the contribution of hydrometeor loading to buoyancy
is small for all five parcels (Fig. 16c); thus, hydrometeor loading
is not playing a large role. Additionally, evaporative cooling is
not a major factor, as the decreases in potential temperature be-
fore condensation occurs (Fig. 16e) are very slight relative to the
potential temperature deficits (Fig. 16d) despite continued mix-
ing during the period of ascent (Fig. 16f). For example, the po-
tential temperature of parcel 197892 (gold curves in Fig. 16)
decreased only by 0.21 K relative to its initial potential tempera-
ture preceding saturation (defined here as the first instance of
parcel relative humidity. 99%). However, at the same time, the
parcel was 1.56 K colder than the environment, and this discrep-
ancy can be explained as a result of the unsaturated parcel being
lifted in a stable environment. Therefore, the lifting of stable en-
vironmental air, via the wake entrainment pathway, explains the
region of negative buoyancy present within cloudy updrafts.

The parcels all eventually do become cloudy (Fig. 16e).
Owing to mixing, saturation occurs at a lower altitude (higher
pressure) than the LCLs of these parcels had they remained
in the environment, as is apparent in Fig. 17. When saturation
occurs, the potential temperature within the parcels begins to
rise (Fig. 16d). In fact, all the parcels do eventually become pos-
itively buoyant by t 5 15 min (Fig. 16c). This positive buoyancy

FIG. 10. A time series of maximum vertical velocity for warm
bubble simulations with RH 5 1.5 (orange), 2.0 (red), 2.5 (light
blue), 3.0 (blue), 3.5 (purple), and 4.0 (black) km.
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FIG. 11. The maximum tracer concentrations, calculated across the y dimension, within the RH 5 1.5-km simulation
at (a) t5 3, (b) t5 6, (c) t 5 9, (d) t5 12, (e) t5 15, and (f) t5 18 min. The blue shading indicates maximum PT11
PT2 concentrations (g kg21), and the green shading indicates maximum PT1 concentrations. The orange contour indi-
cates the 0.01 g kg21 maximum cloud water content isopleth. The black contours indicate maximum vertical motion
(thin contours every 5 m s21; thick contours every 10 m s21).
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occurs as the parcels become warmer than their environ-
ments (Figs. 16d and 17), despite increasing hydrometeor
loading (Fig. 16c). However, the mixing of the parcels un-
dergoing wake entrainment with parcels of air originating
below 2 km plays an important role in producing this positive
buoyancy. In fact, if the parcels were lifted without mixing, they
would never reach a temperature greater than the environmen-
tal temperature (Fig. 17). Thus, while parcels do become
warmer than their environment and positively buoyant, this
only occurs at the expense of diluting parcels that contain larger
buoyancy within the cloud. In this way, wake entrainment acts
to reduce the buoyancy of the ascending cloud as a whole.

5. Discussion

The primary finding of this study is that the wake entrain-
ment mechanism plays an important role in the evolution of

sheared deepening cumulus clouds. Wake entrainment devel-
ops rapidly in deepening clouds (in under 10 min after a cloud
begins buoyant ascent) due to the tilting of environmental
horizontal vorticity associated with wind shear (summarized
schematically in Fig. 18), and effectively ventilates the cloudy
updraft (Figs. 5 and 6). This finding clarifies the role of wind
shear on developing cumulus convection and adds context to
the “P-type” circulation observed by Kitchen and Caughey
(1981) and discussed by Lasher-Trapp et al. (2021). Previous
research does support the conclusions that the wake entrain-
ment mechanism develops quickly and is important in sheared
cumulus convection. Consistent with the results presented
here, Dahl (2017) demonstrated using an idealized modeling
framework that coherent vortices associated with negative
pressure perturbations of magnitudes greater than 1 hPa de-
veloped within 10 min of simulated updraft formation. The
vortices produced in clouds developing from both the surface

z

x

1 km

y

x

FIG. 12. Cross sections through the cloud produced in the RH 5 2.5-km simulation at t5 10 min after bubble inser-
tion in (a),(b) the x–z plane and (c),(d) x–y plane at the closest model level to z 5 5 km for (left) PT11 PT2 concen-
tration (blue shading, according to the color bar), vertical motion (thin black contours every 5 m s21; thick black lines
every 10 m s21), and the cloud outline (orange) and (right) buoyancy (color shading, according to the color bar), per-
turbation winds relative to the t5 12 h base state (vectors), and the cloud outline (orange). The dashed dark-gray line
in (a) and (b) shows the z location of the x–y cross section; the dashed dark-gray line in (c) and(d) shows the y loca-
tion of the x–z cross section. The plots are centered on the maximum updraft helicity at the model level closest to
z5 5 km (model level 61), smoothed using a Gaussian filter (standard deviation5 5 points).
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heat flux forcing and warm bubbles were similarly associated
with negative pressure perturbations of magnitudes .1 hPa
(Figs. 9b,d), demonstrating an important role of the nonlinear
dynamics in driving wake entrainment. This contrasts with the
conclusions of Knupp and Cotton (1985), who emphasized
the role of the linear pressure response (Rotunno and Klemp
1982) of an updraft in shear in addition to the vortices (Fig. 1).
The role of wake entrainment supports a bottom-up mechanism
for CI failure, where wake entrainment rapidly deforms and
splits the updraft near cloud base (e.g., Figs. 5 and 7). For suffi-
ciently small initial updrafts, the splitting process produces a
pair of narrow updrafts that succumb to dilution and become
disconnected from the CAPE-rich boundary layer, resulting in
the failure of CI (Tripoli and Cotton 1980).

The mechanism of wake entrainment has been more thor-
oughly documented in wildfire smoke plumes, lending support to
the results presented here. In a series of experiments using an ar-
ray of burners, Church et al. (1980) identified “counter-rotating
roll vortices” as a common feature within smoke plumes, similar
to the vortices in Fig. 14. The presence of counterrotating vorti-
ces within smoke plumes was additionally demonstrated in ideal-
ized simulations by Cunningham et al. (2005) and Thurston et al.
(2017), and in observed wildfire cases by Lareau et al. (2022). In
some instances, the counterrotating vortices have been found to

result in the “bifurcation” of the smoke plume (e.g., Church
et al. 1980; Cunningham et al. 2005; Lareau et al. 2022), analo-
gous to the updraft splitting documented here (see updraft
pairs in Figs. 9, 12, and 13). The schematic diagram from Fric
and Roshko (1994) (Fig. 19) is commonly referenced to dem-
onstrate the structure of these vortices. The body of literature
on wildfire smoke plumes therefore has relevance to under-
standing CI in wind shear and offers a unique perspective on
the relevant entrainment mechanisms.

It is tempting, given the rapid updraft splitting documented
here, to wonder whether wake entrainment also contributes
to the storm splitting commonly observed in supercell storm
environments, which has been attributed to upward-directed
dynamic pressure gradient forces on the flanks of the initial
updraft. Rotunno and Klemp (1985) noted that “the evapora-
tion of the condensate as it comes into contact with dry midle-
vel air” contributes to the negative buoyancy at the center
axis of the cloud before the storm splits and implicated a
mechanism likely identical to wake entrainment as responsi-
ble for “bringing dry midlevel air into contact with rain and/or
cloud.” Rotunno and Klemp (1985) examined storm splitting
with and without rain processes, and concluded that although
rain processes accelerate splitting, they are not necessary for
splitting. However, it is unclear how one would “turn off”
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FIG. 13. As in Fig. 12, but at t5 12 min after bubble insertion.
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dynamically driven wake entrainment in a study similar to
Rotunno and Klemp (1985) in order to isolate its contribution
to the storm-splitting phenomenon. In their study on entrainment,

Lasher-Trapp et al. (2021) did not analyze the evolution of
entrainment during the storm splitting process, but instead
focused only on the developing and mature phases of thun-
derstorm evolution.

The relevance of wake entrainment to CI calls into question
some of the assumptions used in the development of the Peters
et al. (2022a,b) theoretical model explaining the progressive
rooting mechanism for CI in the presence of wind shear. First,
Peters et al. (2022a) assumed that developing clouds in shear
consist of discrete thermal-like elements as in unsheared clouds,
and moreover assumed that these thermal-like elements accom-
plish dynamic entrainment. It is demonstrated here that while
thermal-like elements are present in sheared clouds and do re-
sult in dynamic entrainment (Fig. 15), the wake entrainment
mechanism is especially important throughout the cloud depth
and notably alters updraft properties (Figs. 5 and 6). Second,
Peters et al. (2022a) assumed that lateral mixing occurs linearly
with radius, and that dilution is maximized near cloud edge.
Our results indicate that wake entrainment results in a more
complex pattern of dilution. Wake entrainment is effective at
diluting the center of the cloud itself, resulting in a marked
shear-relative asymmetry in dilution (e.g., Figs. 12 and 13). It is
not clear if incorporating the effects of wake entrainment would
impact the results from Peters et al. (2022a,b). Our results do
support the conclusion that initial updraft width is important for
CI; however, the bottom-up role of shear is distinct from the
shear-related feedbacks relied upon by Peters et al. (2022a,b).
More research is necessary to clarify the importance of wake
entrainment relative to the shear suppression effects leveraged
in the progressive rooting mechanism.

An additional result from this study is that the CI attempts
triggered by the surface heat flux forcing failed to produce
sustained deep convection. Based on results from sensitivity
tests conducted using a warm bubble initiation technique, it is

FIG. 14. Three-dimensional structure of the cloud produced in the
RH 5 2.5-km simulation, at t5 10 min after bubble insertion. Isosur-
faces of cloud water 5 0.01 g kg21 (gray) and vertical velocity 5

20 m s21 (colored by vertical vorticity; s21) are displayed. The figure
is centered on the 2–4-km updraft helicity maximum, smoothed using
a Gaussian filter (standard deviation5 2 points). The cloud is viewed
from the southwest at an elevation angle of 308.

(a) (b)

FIG. 15. As in Fig. 14, but the cloud is viewed from (a) the east and (b) the south at an elevation angle of 58. Trajec-
tories characterized by a vertical velocity. 10 m s21 and negative buoyancy at t5 11 min are also included in (a) and
(b). The orange points indicate the location of the parcel at t 5 10 min, and the orange lines indicate the last minute
(from t5 9 to 10 min) of storm-relative parcel motion.

L E B E L AND MARKOW SK I 1683JULY 2023

Brought to you by Pennsylvania State University, Paterno Library | Unauthenticated | Downloaded 02/24/24 09:43 PM UTC



hypothesized here that sustained CI fails in the SHEAR and
NOSHEAR2 simulations because the developing clouds are
too narrow to survive the deleterious effects of dilution via
wake entrainment (note that a weak signature of wake en-
trainment is apparent in the NOSHEAR2 composite, result-
ing from the presence of shear below 2 km). Marquis et al.
(2021) found that the low-level updrafts before observed CI
were 3–5-km in diameter, larger than the simulated CI at-
tempts forced by surface heat fluxes documented here. The
larger updrafts documented by Marquis et al. (2021) devel-
oped within regions of mesoscale convergence tied to terrain
features. Marquis et al. (2021) hypothesized that smaller ther-
mals may be too narrow to survive entrainment, and this

hypothesis is supported by the warm bubble sensitivity tests
conducted herein. Finally, the mode of CI failure may be in
part due to the forcing mechanism utilized. A corridor of
heating, while providing a step toward realism relative to
warm bubbles, does not appear to result in initiation attempts
analogous to those that occur along mesoscale airmass bound-
aries (or in terrain-forced ascent) in supercell environments.
Real-atmosphere forcing mechanisms (such as fronts, drylines,
outflow boundaries, and upslope flow) may readily produce
wider, more persistent, and more repetitive updrafts that allow
developing clouds to remain rooted in the boundary layer and
successfully overcome wake entrainment (e.g., Marquis et al.
2021). It is possible that adjustments to the heat flux method,

FIG. 16. The evolution of properties of five parcels characterized by vertical velocity . 10 m s21 and buoyancy ,

20.02 m s22 at t 5 11 min. Properties displayed include (a) vertical velocity (m s21), (b) height (km), (c) buoyancy
(m s22), (d) potential temperature (K), (e) water vapor mixing ratio (g kg21), and (f) passive tracer concentration
(g kg21). The dashed lines in (c) indicate the contribution to buoyancy from total hydrometeor mass. The dotted lines
in (d) indicate the base-state potential temperature at the parcel height. The dashed lines in (e) indicate the saturation
mixing ratio, and the dots indicate when the parcel contains nonzero cloud water mixing ratio. The solid lines in
(f) indicate the concentration of PT1, and the dashed lines indicate the concentration of PT11 PT2.
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such as applying the heat flux over a volume instead of only at
the surface (e.g., Lasher-Trapp et al. 2021), adding a surface la-
tent heat flux (e.g., Kang and Bryan 2011; Morrison et al. 2022;
Strauss et al. 2022; Peters et al. 2022b), or increasing the magni-
tude or width of the surface sensible heat flux (e.g., Peters et al.
2022b) would result in CI success.

Despite the above limitations in the prescribed forcing, the
conclusion that wind shear results in wake entrainment is robust
across the utilized initiation mechanisms (surface fluxes and
warm bubbles). There are several hypotheses resulting from
this conclusion that warrant further research. First, it is hypothe-
sized that low-level wind shear is particularly important to CI.
Even the subset of deepening clouds in the NOSHEAR2 simu-
lation exhibits a signature of wake entrainment in the lower por-
tions of the composite mean cloud, indicating that wind shear
below 2 km AGL plays a role in entrainment well above that
level. It is therefore possible that wind shear defined across
some low layer may be most relevant to CI success. Second, it is

hypothesized that the hodograph curvature may impact the po-
tential for CI. In the simulations presented here, the hodograph
is linear above ;1 km (Fig. 2). The vortices in the flow in the
SHEAR clouds are nearly symmetric, and these symmetric vor-
tices favor the rapid and efficient ventilation of the updraft via
wake entrainment (Figs. 5, 6 and 12). It is possible that, in an en-
vironment characterized by a more strongly curved hodograph
or a hodograph with curvature extending over a deeper layer,
one of the vortices may be favored upon or shortly after initia-
tion (Davies-Jones 1984),1 resulting in an asymmetry that re-
duces the efficiency of wake entrainment. Third, it is possible
that some threshold value of wind shear exists for the develop-
ment of wake entrainment. Understanding the range of wind
shear values under which the Morrison (2017) theoretical de-
scription applies, and when it breaks down, will provide useful
insight to the CI problem.

6. Summary and conclusions

CI in environments containing vertical wind shear was stud-
ied using relatively high-resolution (Dx 5 75 m) numerical
simulations. Two environments were used to initialize the

FIG. 17. The evolution of the temperature and dewpoint vs pres-
sure of the trajectories in Fig. 16, in a skew T–logp diagram. The
parcel temperatures, dewpoints, and profile temperatures are indi-
cated in color by solid lines, dotted lines, and dashed lines, respec-
tively. The colors of the trajectories correspond to the colors in
Fig. 16. The circles indicate the initial parcel temperatures, the
squares indicate the initial parcel dewpoints, and the triangles indi-
cate the parcel temperatures at t 5 11 min. The environmental
temperature and dewpoint are indicated by thick black solid and
dashed lines, respectively. The thick-gray line indicates the parcel
path for a surface-based parcel, and the gray-shaded region indi-
cates the CAPE. The thin-gray grid lines are temperature and pres-
sure. The solid black lines are dry adiabats, and the dashed black
lines are moist adiabats. The dashed green lines are lines of cons-
tant water vapor mixing ratio.

L
L

FIG. 18. A schematic diagram portraying the key features in a
towering cumulus cloud in a sheared environment. The blue lines
indicate vortex lines, and the blue vortex ring near cloud top indi-
cates a thermal-like structure. The red arrows indicate flow, and
the overturning red arrows indicate thermal-like circulations. The
hatched area indicates the region of strong dilution, which occurs
as environmental flow is entrained into the updraft on the down-
shear side of the tilted cloud. The inset diagram indicates the signa-
ture of wake entrainment in the horizontal plane.

1 Davies-Jones (1984) derived an expression for the correlation
between vertical velocity and vertical vorticity. The correlation de-
pends on the degree to which the horizontal vorticity in the up-
draft’s reference frame is streamwise vs crosswise, and also on the
growth rate of the isentropic surface [see his Eq. (27)]. In a grow-
ing cumulus cloud, it is possible that the large growth rate would
cause the correlation between w and vertical vorticity z to be
smaller than the correlation in a quasi-steady, mature storm. For
the nearly symmetric vortices identified here, the correlation is
near zero. Further research is warranted to understand the evolu-
tion of this correlation in deepening cumulus in a variety of
environments.
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simulations. Both had strong boundary layer wind shear, but
in the free atmosphere (z . 2 km), one had significant wind
shear and the other had no wind shear. Both environments
additionally used the same thermodynamic profile character-
ized by substantial CAPE and minimal CIN. When wide
warm bubbles are introduced into the environments (as is
commonplace in idealized simulations of convective storms),
both readily allow for the development of long-lived deep
convective storms. However, in simulations in which surface
heat flux forcing was used to initiate convection, arguably
more “naturally,” long-lived storms failed to form. The simu-
lations are extremely useful to investigate the mechanisms of
CI and CI failure in the presence of wind shear, owing to the
numerous CI attempts and formation of deep cumulus con-
gestus clouds (i.e., air parcels surpassed their LFC).

The failure of sustained thunderstorm development in both
simulations indicates that CI, and particularly CI in shear, is
very sensitive to the forcing for initiation. Stronger, wider,
and more persistent forcing may have resulted in CI success;
this hypothesis was supported by the results of a series of sen-
sitivity tests involving warm bubbles of different sizes. Addi-
tionally, although long-lived convection failed to develop in
both simulations, the simulations revealed important differ-
ences in the flow patterns within the simulated deepening
clouds. In particular, a flow pattern associated with a robust
wake entrainment mechanism was identified in the simulation
with larger wind shear. This wake entrainment was efficient at
diluting the updraft of rising clouds, and therefore is hypothe-
sized to play an important role in determining CI success and
failure in the presence of wind shear. Wake entrainment ap-
pears to be particularly relevant near cloud base, and there-
fore results in a bottom-up failure of CI as updrafts split and
narrow near cloud base and subsequently become detached
from the CAPE-rich boundary layer.

The bottom-up CI failure mechanism identified herein is
notably distinct from the progressive rooting mechanism of
Peters et al. (2022a,b), where it was concluded that wind shear
plays a role in CI through the interplay between cloud-relative

flow and suppressive dynamic pressure accelerations, not buoy-
ancy dilution. However, these two mechanisms may not be mu-
tually exclusive, and more research reconciling the relevance of
wake entrainment with the progressive rooting mechanism is
necessary. Understanding the impact of wind shear on CI is of
particular importance, owing to the high-impact weather that
sheared deep moist convection can produce. Further research
will therefore be useful to improve predictions of CI in environ-
ments supportive of supercell thunderstorms.
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