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Abstract The initiation of second‐generation convective storms by the cold pools of first‐generation
storms is known to depend on cold pool characteristics such as depth and speed. It is not clear, however,
how these characteristics relate back to the convective storm components and, in turn, to the environment.
Here we investigate the hypothesis that wider updraft cores result in wider downdraft cores, which
subsequently lead to the development of deeper cold pools that are more likely to initiate new convection.
This hypothesis is addressed using a large set of idealized numerical simulations of highly organized
convective storms, specifically, supercells. Quantifications of the convective components show strong
interrelationships between updraft area, downdraft area, and cold pool depth, thus supporting our primary
hypothesis. These interrelationships are highly sensitive to the parcel buoyancy and vertical wind shear,
with large convective available potential energy, strong wind shear, and a deep mixed layer ultimately
contributing to the deepest (and strongest) cold pools. Diagnoses of the forcings of vertical accelerations
show that draft width, and therefore cold pool depth, are initially influenced by the buoyancy and linear
dynamic forcings, but thereafter are controlled mostly by the nonlinear dynamic forcings. These results,
overall, have implications on the development (or improvement) of cold pool parameterizations in weather
and climate models.

1. Introduction

Because of their roles in the initiation, inhibition, and organization of deep moist convection within
the tropics as well as midlatitudes, convectively generated cold pools have been discussed and treated
extensively in the literature. This includes a large number of recent studies that have exploited new
data sets and modeling capabilities (e.g., Drager & van den Heever, 2017; Feng et al., 2015; Gentine
et al., 2016; Grant & van den Heever, 2015; Provod et al., 2016; Schlemmer & Hohenegger, 2014,
2016; Torri et al., 2015; Trapp & Woznicki, 2017). A shared goal of many of these studies is a better
understanding of how cold pools of “first‐generation” precipitating convection initiate “second‐
generation” convective clouds; another is how such cold pool convection initiation (CI) can be incor-
porated into convective parameterization schemes (D'Andrea et al., 2014; Del Genio et al., 2015;
Grandpeix & Lafore, 2010; Suhas & Zhang, 2014). This latter goal is the underlying motivation for
the work presented herein.

The mechanism by which cold pools initiate deep convection can be categorized as either thermodynamical
or dynamical. Tompkins (2001) introduced the thermodynamical mechanism to help explain the role of cold
pools in weakly sheared, tropical, oceanic environments. The essence of this mechanism is that moisture
injected into the boundary layer via precipitating downdrafts is concentrated within the expanding edges
of the associated cold pool, and further enhanced by latent heat fluxes. CI is favored within the resultant
band of higher equivalent potential temperature, which is enhanced with a larger, more intense cold pool
(Langhans & Romps, 2015; Schlemmer &Hohenegger, 2014, 2016; Torri & Kuang, 2016). Parcel lifting is still
required for CI, however, and thus it appears that the thermodynamical mechanism works in tandem with a
dynamical mechanism (Jeevanjee & Romps, 2015; Torri et al., 2015), even for the case of initiation of rela-
tively disorganized multicellular convective storms in environments of relatively weak vertical wind shear
(VWS; Schlemmer & Hohenegger, 2014).

The essence of the dynamical mechanism is that low‐level horizontal convergence between the cold pool
generated wind and the environmental wind causes locally increased nonhydrostatic pressure at the cold
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pool gust front, a corresponding upward‐directed vertical pressure gradi-
ent force, and resultant upward vertical accelerations. Droegemeier and
Wilhelmson (1987) demonstrated that, of the cold pool properties, cold
pool depth is most important in promoting relatively deep and intense
gust frontal lifting, therefore leading to a higher potential for CI. CI
from such lifting also depends on how the environmental winds are ver-
tically distributed over the depth of the cold pool: Wilson et al. (1998)
showed that deep lifting is most (least) favored when the environmental
wind shear vector over the 0–3 km layer is oriented in (opposite to) the
direction of the gust front motion. One implied characteristic of cold
pools that evolve in the presence of environmental wind shear is hori-

zontal asymmetry (see Droegemeier & Wilhelmson, 1985), suggesting a difference in how cold pools
are realized in weakly sheared tropical environments versus more strongly sheared midlatitude
environments.

Cold pool depth, as well as size and intensity, depends on properties of the environment and the downdrafts
that feed the cold pools. Downdraft properties depend, in turn, on the environment as well as the properties
of associated updrafts. This is revealed in aircraft observations of tropical‐oceanic cumulus congestus, which
show comparability between updrafts and downdrafts in both intensity and size (LeMone & Zipser, 1980;
Lucas et al., 1994; Zipser & LeMone, 1980). Observations also reveal that tropical updrafts and downdrafts
tend to be weaker and smaller than their continental counterparts, attributed to the generally lower convec-
tive available potential energy (CAPE) and shallower boundary layers in tropical environments (Lucas et al.,
1994; Williams & Stanfill, 2002).

Another environmental control of updraft characteristics is VWS. For example, LeMone (1989) found that
the largest cumulus congestus cloud diameters were associated with the strongest VWS at cloud base.

Table 1
CM1 Model Settings Used for all Experiments

CM1 settings

Grid spacing 125 m (vertical and horizontal)
Domain 180 × 180 × 20 km
Upper, lower boundary conditions Rigid, free slip
Lateral boundary condition Open, wave‐radiating
Microphysics NSSL double‐moment

(Mansel et al., 2010)
Turbulence TKE (Deardorff, 1980)

Table 2
Table of Environmental Characteristics, Namely, MLD (m), zB (m), CAPE (J/kg), and u0 (m/s), of the
Simulations Performed

Simulation name MLD (m) zB (m) CAPE (J/kg) u0 (m/s)
Time of peak cold pool

depth (min)

ml500zb7000c2000s8 500 7,000 2,000 8 60
ml750zb7000c2000s8 750 7,000 2,000 8 120
ml1000zb6000c1000s6 1,000 6,000 1,000 6 165
ml1000zb6000c1000s8 1,000 6,000 1,000 8 85
ml1000zb6000c1000s10 1,000 6,000 1,000 10 150
ml1000zb6000c2000s6 1,000 6,000 2,000 6 80
ml1000zb6000c2000s8 1,000 6,000 2,000 8 75
ml1000zb6000c2000s10 1,000 6,000 2,000 10 100
ml1000zb7000c1000s6 1,000 7,000 1,000 6 95
ml1000zb7000c1000s8 (LOCAPE) 1,000 7,000 1,000 8 135
ml1000zb7000c1000s10 1,000 7,000 1,000 10 155
ml1000zb7000c2000s6 (LOSHR) 1,000 7,000 2,000 6 85
ml1000zb7000c2000s8 (BASE) 1,000 7,000 2,000 8 80
ml1000zb7000c2000s10 (HISHR) 1,000 7,000 2,000 10 170
ml1000zb8000c2000s6 1,000 8,000 2,000 6 95
ml1000zb8000c2000s8 1,000 8,000 2,000 8 140
ml1000zb8000c2000s10 1,000 8,000 2,000 10 175
ml1000zb8000c3000s6 1,000 8,000 3,000 6 175
ml1000zb8000c3000s8 (HICAPE) 1,000 8,000 3,000 8 115
ml1000zb8000c3000s10 1,000 8,000 3,000 10 155
ml1250zb7000c2000s8 1,250 7,000 2,000 8 140
ml1500zb7000c2000s8 1,500 7,000 2,000 8 105

Note. All other variables used in sounding generation are the default conditions described by Warren et al. (2017).
MLD=mixed‐layer depth; zB= level ofmaximumbuoyancy; CAPE= convective available potential energy; u0 = hodo-
graph radius; LOCAPE = low‐end CAPE; HICAPE = high‐end CAPE; LOSHR = low‐end shear; HISHR = high‐end
shear; BASE = baseline simulation.
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Using numerical simulations of a range of convective storms, Kirkpatrick et al. (2009) determined that the
areas of midlevel updrafts correlate most strongly with deep‐layer VWS, and then secondarily with CAPE.

It is evident from this review of the literature that updrafts, downdrafts, and cold pools within deep convective
storms are strongly coupled, and that this coupling is regulated by the environmental wind, temperature, and
humidity and modulated by microphysical processes. Past studies such as Rotunno et al. (1988), Tompkins
(2001), and Schlemmer and Hohenegger (2014) have examined this coupling from a “bottom‐up” perspective
and considered how the characteristics of the cold pool (and also the environment; Rotunno et al., 1988) are

imparted to the newly initiated deep updrafts. The alternative is a “top‐
down” perspective such as posed by Coniglio et al. (2011) to link updraft
strength to outflow strength. Our specific goal is to determine the character-
istics of updrafts that control cold pool depth. Our primary hypothesis is as
follows: wider updraft cores generate wider downdraft cores, which,
through larger mass flux, lead to deeper cold pools.

Our focus on cold pool depth is based in part on the aforementioned
finding that it relates best to the strength (and depth) of gust frontal
updrafts, and accordingly is a key parameter in cold pool parameter-
izations (Del Genio et al., 2015; Grandpeix & Lafore, 2010). It also
relates to the time scale for elimination of the cold pool and its
surface‐based convective inhibition (Del Genio, 2012; Drager & van
den Heever, 2017; Grant & van den Heever, 2016, 2018; Trapp &
Woznicki, 2017). Our inclusion of updraft and downdraft widths,
and their relation to environmental conditions, is based in part on
the desire to possibly identify additional constraints that can help
improve convective parameterization schemes (Grandpeix & Lafore,
2010; Hourdin et al., 2013).

These goals as well as our hypothesis are addressed herein with the use
of idealized numerical simulations of highly organized convective
storms. Supercellular convection is the particular organization of inter-
est herein because (i) updrafts, downdrafts, and cold pools tend to be
discrete (isolated) and thus readily identifiable within supercells; (ii)
supercells are not primarily driven by cold pool dynamics and thus

Figure 1. Vertical profiles of parcel buoyancy (m/s2) used in the (a) LOCAPE and HICAPE simulations, as well as in the
(b) LOMLD (MLD = 500 m) and HIMLD (MLD = 1,500 m) simulations. LOCAPE = low‐end convective available
potential energy; HICAPE = high‐end convective available potential energy; LOMLD = low mixed‐layer depth;
HIMLD = high mixed‐layer depth.

Figure 2. Hodographs of the wind profiles used in the LOSHR, BASE, and
HISHR simulations. These profiles have hodograph radii of 6, 8, and
10 m/s, respectively. LOSHR = low‐end shear; HISHR = high‐end shear;
BASE = baseline simulation.
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are better suited for a top‐down experimental approach; and (iii) supercells provide a key developmental
pathway to mesoscale convective systems (e.g., Bluestein & Weisman, 2000; Mulholland et al., 2018),
which generate much of the warm season precipitation in midlatitudes (e.g., Fritsch et al., 1986). In

Figure 3. Horizontal cross sections, at z = 1 km, of simulated reflectivity (dBZ) at output time representative of mature supercell phase for the (a) baseline
simulation, (b) low‐end convective available potential energy, (c) high‐end convective available potential energy, (d) low‐end shear, and (e) high‐end shear
simulations. The translucent black area indicates the identified primary updraft core (w ≥ 25 m/s at z = 7 km), and the translucent white area indicates the
identified primary downdraft core (w ≤ −8 m/s at z = 4 km). Only a 50 × 50 km subset of the entire model is shown.
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Figure 4. Horizontal (at z = 62.5 m; 50 × 50 km) and vertical cross sections (50 × 2 km) of perturbation potential temperature (θ′; K) at output time representative of
mature supercell phase for the (a) low‐end convective available potential energy, (b) high‐end convective available potential energy, (c) low‐end shear, and (d) high‐
end shear simulations. Vertical cross sections are θ′composites within 1 km (between the solid black lines) of the y coordinate of the deepest cold pool. Bold red
contours indicate updraft cores (w ≥ 25 m/s at z = 7 km), and blue dashed contours are of θ′ = −1 at z = 62.5 m. Only a 50 × 50 km subset of the entire model is
shown.
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section 2, we explain our idealized modeling approach as well as our quantifications of the convective
components. Section 3 describes the results of these quantitative analyses, which show strong
relationships between updraft area, downdraft area, and cold pool depth. To further address the
connections of these features to the storm environment, section 3 also includes a pressure
decomposition approach used to understand the driving forces to the changes in updraft area. A
summary and concluding remarks are given in section 4.

2. Methodology

Simulations are performed using a cloud‐resolving numerical model, Cloud Model 1 (CM1r18; e.g., Bryan &
Fritsch, 2002). All simulations have a duration of 3 hr. The computational domain is 180 × 180 × 20 km, with
a horizontal and vertical grid spacing of 125 m. An open‐radiative condition (Klemp & Durran, 1983) is
applied at the lateral boundaries, and a rigid, free‐slip condition is applied at the bottom and top boundaries;
a Rayleigh damping sponge layer is imposed above 14 km tominimize the artifacts of the rigid top boundary.
Other details of the model configuration are listed in Table 1.

Convection is initiated within the initially horizontally homogeneous atmosphere with a “warm bubble,” an
ellipsoidal volume in which potential temperature has been perturbed. The center of the bubble is located
1.4 km above the surface and has a vertical radius of 1.4 km and horizontal radius of 10 km; additional

Figure 5. Scatterplots indicating the correlations between (a) time‐averaged updraft area (km2) at z = 7 km and time‐aver-
aged downdraft area (km2) at z = 4 km, (b) time‐averaged downdraft area at z = 4 km and peak cold pool depth (m), and
(c) time‐averaged updraft area at z = 7 km and peak cold pool depth, across all experiments listed in Table 2.

10.1029/2018JD029055Journal of Geophysical Research: Atmospheres

MARION AND TRAPP 669



experiments are conducted with horizontal radii of 5 and 15 km, to investigate the impacts of the size of this
initial forcing on updraft size (see Table 2). The bubble perturbation potential temperature (θ′) increases as
cos(r), where r is the radius of the warm bubble, with a maximum θ′ of 1 K at the bubble center.

The initial conditions represent an environment supportive of supercellular convection during the warm
season. The environmental thermodynamic profile is developed using the basic method introduced by
McCaul and Weisman (2001), as recently adapted by Warren et al. (2017; their Appendix A). With the
Warren et al. (2017) approach specifically, we independently vary mixed‐layer CAPE, the level of maxi-
mum parcel buoyancy (zB), and mixed‐layer depth (MLD) (see Table 2), all of which change the shape
of the buoyancy profile of the parcel, and also impact convective updraft size and its temporal variability
(Kirkpatrick et al., 2007, 2009; McCaul et al., 2005; McCaul & Cohen, 2002; McCaul & Weisman, 2001).
Motivated by the results of Kirkpatrick et al. (2009), we conduct experiments in which CAPE is assigned a
value of 1,000, 2,000, or 3,000 J/kg. These CAPE variations are achieved through changes to the parcel
buoyancy profile (Figure 1), with the boundary layer characteristics held constant (see Table 2). Note

Figure 6. Vertical cross sections (15 × 5 km) of perturbation potential temperature (K) through the center of the pseudo‐downdraft with initial horizontal radius
r= 2 km at t= 0, 4, 5 min (a, c, e), and the pseudo‐downdraft with initial horizontal radius r= 4 km at t= 0, 5, 6 min (b, d, f). The depth of the cold pool is indicated
in the text in the upper right of each plot.
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that when CAPE is set to 3,000 J/kg, we necessarily raise zB from 7 to 8 km to avoid introducing
superadiabatic lapse rates into the parcel buoyancy profile, thus further changing the shape of the
profile (Figure 1a; see also Figure S1). Additional experiments are therefore conducted to assess the
simulated storm sensitivity to zB: when CAPE is set to 2,000 J/kg (1,000 J/kg), zB is 6, 7, or 8 km (6 or
7 km). As motivated by the results of Williams and Stanfill (2002) and Kirkpatrick et al. (2009), a final
set of thermodynamic profile experiments are conducted in which MLD is varied over a range from
500 to 1,500 m in 250 m increments (Table 2). These variations also result in changes of the vertical
distribution of parcel buoyancy, with increases in MLD corresponding to a compression of the
buoyancy profile and thus “fattening” of CAPE (see Figure 1). As noted in Table 2, the control or
baseline simulation (hereafter, BASE) has an MLD of 1,000 m, as well as CAPE of 2,000 J/kg, and zB
of 7 km.

The environmental wind profile is characterized by a quarter‐circle hodograph (Figure 2), wherein the vec-
tor winds trace out a quarter circle over the lowest 2 km, increase linearly with height over the 2–6 km layer,
and then are held constant above 6 km. Experiments are conducted with a quarter‐circle hodograph radius
(uo) of 6, 8, or 10 m/s and a corresponding upper‐level wind scaling to maintain a consistent hodograph
shape (Figure 2). This range in uo results in a range of 0–6 km bulk shear and 0–3 km storm relative

Figure 7. As in Figure 5, except for (a) time‐averaged updraft mass flux (kg·m−2·s−1) at z = 7 km and time‐averaged
downdraft mass flux (kg·m−2·s−1) at z = 4 km, (b) time‐averaged downdraft mass flux at z = 4 km and peak cold pool
depth (m), and (c) time‐averaged updraft mass flux and peak cold pool depth.
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helicity values of 21 to 36 m/s and 115 to 450 m2/s2, respectively, with the
latter determined using the actual stormmotions. These ranges have been
shown to approximately span the tenth to ninetieth percentile values of
these quantities for warm season tornadic environments (Grams et al.,
2012; Thompson et al., 2003). Note that the uo for the BASE simulation
is 8 m/s, and that a wind vector of (8, 0) m/s is subtracted from each envir-
onmental wind profile to help keep the simulated storm within the com-
putational domain over the 3‐hr duration.

The quantifications of updrafts, downdrafts, and cold pools within the
simulated storms follow the basic methodology introduced by Trapp
et al. (2017). Noting that buoyancy is proportional to perturbation
potential temperature in our idealized simulations, a cold pool is iden-
tified here as a “surface‐” (i.e., lowest‐model‐level‐) based vertically con-
tiguous area > 1 km2 wherein θ′ is ≤−3 K and the magnitude of
vertical velocity (w) is ≤5 m/s; the area and vertical velocity thresholds
are used to exclude cold downdrafts from the cold pool quantification.
These thresholds were subjectively determined using both observational
(e.g., Bryan & Parker, 2010) and theoretical (e.g., Droegemeier &
Wilhelmson, 1985) studies of cold pools to minimize their impact on
our quantification of cold pool depth while still excluding the afore-
mentioned cold downdrafts. Cold pool depth is defined as the highest
vertical level where these criteria are met. Updrafts (downdrafts) are
identified here as contiguous areas wherein w is ≥25 m/s (w is
≤−8 m/s); by contiguous we mean that grid points must share an edge.
We also require that downdraft grid points be colocated with a reflectiv-
ity ≥5 dBZ. These w thresholds correspond to 99th percentile values in

the distribution of all nonzero vertical velocity values at a time of mature supercellular convection in the
BASE simulation; said in another way, we are most interested here in strong and coherent updraft and
downdraft cores. The updraft threshold is specifically applied at a height of 7 km, which is equal to zB in
the BASE simulation and is generally located near the level of peak updraft intensity through most of the
simulation; such midlevel heights are also where the updraft core tends to be widest. The downdraft
threshold is applied at a height of 4 km, which is the typical height of downdraft origin in these simula-
tions. Note that we do not distinguish here between a “rear‐flank” or “forward‐flank” downdraft, because
the criteria can be met within either of these regions; thus, we simply refer to this as the
“primary” downdraft.

Because of our focus on cold pool depth, the analyses are restricted to the model‐output times at and
prior to the occurrence of the deepest cold pool. Thus, the peak cold pool depth is first determined.
Then, centered on its location is a 50 × 50 km box (equivalent to a typical storm size) which is used

to search for grid points containing an updraft core, as defined above.
The largest core is deemed the primary updraft, and its associated storm
is deemed the storm of interest within the simulation; this is almost
exclusively the dominant right‐moving supercell. This storm and its
updraft are tracked backward in time (e.g., see Figure S2). At each (5‐
min) output time, the area of the primary updraft is quantified, as is
the area of the primary downdraft, which is also constrained to exist
within a 50 × 50 km box around the updraft. Finally, the draft areas
from each output time are time averaged.

3. Results

Figures 3 and 4 demonstrate the basic response of the simulated storm
structure to the experimental range of environmental variations, valid at
a representative mature storm development stage in each case. Here we

Figure 8. As in Figure 5, except for time‐averaged (a) updraft area (km2) at
z = 7 km and updraft mass flux (kg·m−2·s−1) at z = 7 km, and (b) downdraft
area (km2) at z = 4 km and downdraft mass flux (kg·m−2·s−1) at z = 4 km.

Figure 9. Scatterplot showing the response of time‐averaged updraft area
(km2) at z = 7 km to the horizontal radius of the initial warm bubble (km).
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focus on the high‐ (HISHR) and low‐end shear, high‐ (HICAPE) and low‐
end CAPE, and BASE simulations. Clearly, increases in CAPE and VWS
result in significant increases in the overall area of precipitation as well
as in the areas of the updraft and downdraft cores (Figure 3). As shown in
Figure 4, the perturbation potential temperature field reflects these sensi-
tivities to CAPE and VWS, with the largest, strongest, and deepest cold
pools occurring in the HISHR and HICAPE simulations.

A quantification of these responses over all experiments shows that the
convective structures are indeed interrelated. Figure 5a reveals a strong
linear correlation between time‐averaged peak updraft and downdraft
area, corroborating the model results of Trapp et al. (2017) and observa-
tional analyses of Lucas et al. (1994); as surmised by Trapp et al. (2017)
and demonstrated later in this section, downdraft area is physically con-
nected to updraft area by the area of precipitation initially generated in
rising air. Robust positive correlations are also revealed between the
peak cold pool depth and both downdraft and updraft area
(Figures 5b and 5c); as demonstrated next, cold pool depth is physically
related to downdraft area by mass conservation. Note that outlying
points in Figures 5b and 5c are associated with HICAPE and VWS
experiments, which appear to be approaching the theoretical maximum
cold pool depth surmised by Bryan and Rotunno (2008). Nonetheless,
we argue that Figure 5 supports our primary hypothesis, namely, that
wider updraft cores generate wider downdraft cores, which lead to dee-
per cold pools.

To shed further light on the downdraft width‐cold pool depth relation-
ship, consider an axisymmetric, spatially invariant downdraft (wd) of
radius rd, associated with a uniform mass and thus air density ρd. The
mass flux through this cylindrical downdraft is ρdwdπr2d . At the ground
and thus termination of the cylindrical downdraft, mass conservation
requires horizontal outflow through the cylindrical walls. For a vertically
invariant outflow (uo) of depth ho, the mass flux is ρouo2πrdho. Per mass
conservation

ρdwdπr2d ¼ ρouo2πrdho; (1)

which can easily be solved for ho:

ho ¼ 1
2
wd

uo
rd; (2)

where we assumed that ρd = ρo. If we can further assume that outflow speed is related to downdraft speed
across the relevant range of downdrafts, which is supported by the microburst simulations of Proctor
(1988), then equation (2) shows that outflow depth should be related (perhaps linearly) to downdraft radius
over this range; the simulations of Proctor (1988) also support this conclusion.

Of course, true downdrafts are not spatially invariant, nor are outflows within cold pools. The outflows
and associated cold pools also expand laterally with time and otherwise evolve, which are further com-
plications. Thus, let us next consider two CM1 experiments in which these simplifications are removed.
In these experiments, we “drop” a bubble of cold air (a pseudo‐downdraft) and then evaluate the asso-
ciated cold pool. One of the pseudo‐downdrafts has a 2‐km horizontal radius, and the other, a 4‐km
radius; both have a 2‐km vertical radius and a potential temperature deficit of 10 K (Figure 6). We
assume an environment that is quiescent, dry, and characterized by a dry adiabatic temperature

Figure 10. Scatterplots showing the response of (a) time‐averaged updraft
area (km2) at z = 7 km, (b) time‐averaged downdraft area (km2) at
z = 4 km, and (c) peak cold pool depth (m), to environmental CAPE (J/kg).
The additional response to low (u0 = 6 m/s), moderate (u0 = 8 m/s), and
high (u0 = 10 m/s) environmental vertical wind shear is indicated by the
blue, yellow, and red points. Squares, circles, and triangles indicate simu-
lations with level of maximum buoyancy (zB) of 6, 7, and 8 km, respectively.
LOSHR = low‐end shear; HISHR = high‐end shear; BASE = baseline
simulation; CAPE = convective available potential energy.
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profile. In this environment, the cold air descends, encounters the sur-
face, and then forms a cold pool. As clearly shown in Figure 6, the cold
pool generated by the wider (4‐km) pseudo‐downdraft is deeper than
that associated with the narrower downdraft. Note that this is true prior
to as well as after the lateral expansion of the cold pool, and also that
the deeper cold pool is deeper both in terms of the cold pool “head”
and cold pool “body” (e.g., see Droegemeier & Wilhelmson, 1987, their
Figure 1).

Now consider the much less idealized cold pools in our full simulations,
and how these relate to downdraft as well as updraft mass flux. The
draft mass flux can be calculated as the areal sum of the product wρ
at grid points within the draft, where ρ is the draft air density. In
Figure 7 we show correlations between time‐averaged updraft and
downdraft mass flux, and peak cold pool depth. These correlations are
not appreciably different from those between draft area and cold pool
depth, as supported by the fact that draft mass fluxes and draft areas
in our experiments are highly correlated (Figure 8). This is the case
because larger drafts also tend to be stronger drafts (not shown), a
result that has also been reported by others (e.g., Kirkpatrick
et al., 2009).

We pause here to examine the response of simulated storm structure to
changes in radius of the convection‐initiating warm bubble. Based in
part on arguments made by Balaji and Clark (1988), one of our second-
ary hypotheses is that the scale of the CI mechanism should have the
greatest control on updraft size and subsequently on cold pool depth.
Figure 9 is inconsistent with this hypothesis, at least for the environ-
ments considered herein: although the initial updraft growth does
depend on bubble radius, the time‐averaged peak in mature updraft
area (and also in downdraft area and peak cold pool depth; not shown)
is relatively insensitive to it.

By contrast, Figures 10 and 11 indicate a strong sensitivity of draft area
and cold pool depth to characteristics of the environment. General
increases in updraft and downdraft area as well as cold pool depth result
from increases in CAPE (Figure 10). Similarly, general increases in
updraft and downdraft area result from increases in VWS, as modulated
by CAPE and zB (Figure 11). Less substantial are the increases in cold pool
depth with VWS (Figure 11). Considering that in these experiments much
of the VWS increases are focused within the lowest 2 km (Figure 2), this

result may be due to increased entrainment of relatively warm environmental air into the cold pool, which
would somewhat counteract the effects of increased mass flux into the cold pool. Indeed, this highlights the
challenge of isolating the influences of the individual environmental variables.

This statement particularly applies to the effects of changes in the MLD, which are necessarily linked to
changes in the overall parcel buoyancy profile (Figure 1b). First, we find a general increase in draft area
for increases in MLD (Figures 12a and 12b), which is consistent with the results of Williams and Stanfill
(2002; albeit for different reasons, as we will subsequently show) and Kirkpatrick et al. (2009). We also
find increases in cold pool depth for increases in MLD (Figure 12c). In fact, these MLD‐associated
increases are the largest in cold pool depth by any of environmental characteristics. We attribute this
in part to a deeper subcloud layer and thus a deeper layer for cold air generation through evaporative
cooling. We also attribute this to increased draft size and thus mass flux, through a mechanism revealed
by the analyses presented next.

To understand the dynamical effects of these environmental characteristics on draft area, we follow
Rotunno and Klemp (1985) and others recently (e.g., Morrison, 2016; Parker, 2017; Peters, 2016) and

Figure 11. As in Figure 9, except showing the response to environmental
vertical wind shear via hodograph radius (m/s), and the additional
response to low (1,000 J/kg), moderate (2,000 J/kg), and high (3,000 J/kg)
environmental convective available potential energy. LOCAPE = low‐end
convective available potential energy; HICAPE = high‐end convective
available potential energy; BASE = baseline simulation.
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use a pressure decomposition to diagnose the forcings of vertical accelerations, namely, the buoyancy (B),
linear dynamic (LD), and nonlinear dynamic (ND) forcings. The buoyancy contribution to vertical
acceleration is given by

Dw
Dt

����
B

¼ −
1
ρ
∂p′B
∂z

þ B; (3)

where ρ is the base‐state density; the right‐side terms are the vertical buoyancy pressure gradient force and
(thermal) buoyancy (B); the buoyancy perturbation pressure is described through

∇2p′B ¼ ∂ ρBð Þ=∂z; (4)

and all other variables have their traditional meanings. The respective contributions to vertical acceleration
from the linear dynamic and nonlinear dynamic forcings can be expressed as

Figure 12. Scatterplots showing the response of (a) time‐averaged updraft area (km2) at z = 7 km, (b) time‐averaged
downdraft area (km2) at z = 4 km, and (c) peak cold pool depth (m), to environmental mixed‐layer depth (m).
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Dw
Dt

����
LD

¼ −
1
ρ
∂p′LD
∂z

; (5)

Dw
Dt

����
NL

¼ −
1
ρ
∂p′NL
∂z

: (6)

The right side of both equations represent the vertical dynamic pressure
gradient force, where the linear dynamic perturbation pressure is
described through

∇2p′LD ¼ −2ρS⃑·∇Hw; (7)

the nonlinear dynamic perturbation pressure is described through

∇2p′NL ¼ −ρ
∂u′

∂x

� �2

þ ∂v′

∂y

� �2

þ ∂w
∂z

� �2

−
d2 lnρ
dz2

w2

" #

−2ρ
∂v′

∂x
∂u′

∂y
þ ∂w

∂x
∂u′

∂z
þ ∂w

∂y
∂v′

∂z

� �
;

(8)

and u′ and v′ are the perturbation horizontal velocity components, relative
to the base‐state (or environmental) horizontal velocity components U(z)
and V(z). In equation (7), S

!¼ dU=dz; dV=dz; 0ð Þ is the environmental
shear vector, which interacts with the updraft to yield high‐ and
low‐pressure perturbations up‐ and down‐shear of the updraft, respec-
tively. In equation (8), the first term represents the effects of fluid exten-
sion, and the second, of fluid shear. Numerical inversion of
equations (4), (7), and (8) is performed using an adaptation of
Singleton's mixed‐radix fast Fourier transform algorithm, within code
courtesy of G. Bryan (NCAR). Computations are performed for a
50 × 50 km subdomain around each updraft, assuming Neumann bound-
ary conditions (Jeevanjee & Romps, 2015).

Following our top‐down approach, our strategy is to understand first
how the forcings in equations (3), (5), and (6) affect updraft area, and then to extend this understanding
to downdraft area and cold pool depth. One relevant way of applying these equations is through a quan-
tification of the forcing area, with the premise that a large (small) area of forcing should lead to a large
(small) area of vertical acceleration and, over time, a large (small) area of vertical velocity. Here we follow
the exceedance methodology used for updraft and downdraft area quantification and define the forcing
areas using a threshold of ±10−2 m/s2. Figure 13 confirms our premise, showing strong correlations
between midlevel (z = 7 km) forcing area and updraft area across all simulations. Further analysis reveals
a time dependency to the relative importance of the forcing correlations in Figure 13: We find that early
in the simulations, prior to the development of a substantial updraft, the areal extent (and also strength)
of the buoyancy and linear dynamic forcings are largest, which indicates that these forcings are primarily
responsible for midlevel updraft formation and early growth. Over time, however, the area (and strength)
of the nonlinear dynamic forcing quickly increases and becomes the largest contributor to updraft growth
and maintenance throughout the remainder of the simulations (not shown).

Figure 14 displays the forcings for three experiments at representative times during the mature phase of
supercell development. The relatively large areas of buoyancy forcing in all cases (Figures 13a and

Figure 13. Scatterplots showing the response of time‐averaged updraft area
(km2) at z = 7 km to the (a) BF area (km2), (b) LDF area (km2), and (c) NDF
area (km2). BF = buoyancy forcing; LDF = linear dynamic forcing;
NDF = nonlinear dynamic forcing.
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14a–14c) merit additional discussion. We note that except for the experiments presented in Figure 9, all
others had identical warm bubble initiations, and therefore all initially had identical buoyancy forcing
areas. Subsequent increases in buoyancy forcing area appear mostly due to the feedbacks of the storm
updraft on the buoyancy itself. Indeed, an examination of midlevel buoyancy forcing and updraft in
the BASE case (Figure 14a; and in HICAPE and HISHR; Figures 14b and 14c) reveals that much of
the significant buoyancy forcing is located within the updraft itself. By contrast, the areas of new
updraft growth align well with the nonlinear dynamic forcing (Figures 14g–14i).

Figure 14. Horizontal cross sections (25 × 25 km), at z = 7 km, of buoyancy forcing (a, b, c; m/s2; see equation (1)), linear dynamic forcing (d, e, f; m/s2; see equa-
tion (3)), and nonlinear dynamic forcing (g, h, i; m/s2; see equation (4)) at t= 100, 170, and 80 min for the (a, d, g) baseline simulation, (b, e, h) high‐end shear, and
(c, f, i) high‐end convective available potential energy simulations, respectively. Bold black contours indicate updraft cores (w ≥ 25 m/s at z = 7 km). Only a
25 × 25 km subset of the entire model is shown. Note that the color scale for the linear dynamic forcing plots (d, e, f) differs by an order of magnitude.
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The preceding attribution of the buoyancy forcing as mostly an enhancement of existing, rather than a cause
of new, updraft (and thus updraft areal growth) is supported by the relative insensitivity of the buoyancy for-
cing area to CAPE and VWS (Figure 15). The linear and nonlinear dynamic forcing areas are, on the other
hand, quite sensitive to VWS and CAPE (and implicitly, to MLD). Consider that the response of the linear

dynamic forcing to increases in VWS (and thus in S⃑ ) follows immediately from equation (7) (Figure 14).
More specifically, the high‐to‐low pressure perturbations (p′LD), which are vertically oriented in accord with
the quarter‐circle‐shaped hodograph to favor new updraft growth on the flanks of an existing updraft (e.g.,

see Trapp, 2013), should increase in magnitude with increases in S⃑. This same line of reasoning also applies
to the response of the linear dynamic forcing to CAPE, which stems from the CAPE‐driven increases in

initial updraft speed and thus in ‖∇w‖ (Figure 16), given the same S⃑ in equation (7).

The response of the nonlinear dynamic forcing to the experimental changes in VWS, CAPE, and MLD
is due largely to the fluid shear terms in equation (8). Past analyses of these terms have tended to
isolate the effects of (∂v′/∂x) ∂u′/∂y, which at midlevels essentially represents vertical vorticity, as gen-
erated, for example, through tilting of environmental VWS (e.g., Klemp, 1987). The basic argument is
that vertical‐rotationally induced low perturbation pressure (p′NL) “aloft” leads to upward‐directed

Figure 15. Scatterplots showing the response of time‐averaged (a, b) BF area (km2), (c, d) LDF area (km2), and (e, f) NDF area (km2) at z = 7 km to environmental
CAPE (J/kg), and vertical wind shear via hodograph radius (m/s), as in Figure 9. Squares, circles, and triangles indicate simulations with level of maximum
buoyancy (zB) of 6, 7, and 8 km, respectively. BF = buoyancy forcing; LDF = linear dynamic forcing; NBF = nonlinear dynamic forcing; CAPE = convective
available potential energy; LOSHR = low‐end shear; HISHR = high‐end shear; BASE = baseline simulation; LOCAPE = low‐end CAPE; HICAPE = high‐end
CAPE.
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vertical pressure gradients, subsequent vertical accelerations, and ultimately new updraft growth on an
updraft flank(s) (e.g., Weisman & Rotunno, 2000). This is also applicable here, especially in the
explanation of the sensitivity of nonlinear dynamic forcing area to VWS (Figure 15f). However, we

also find importance in (∂w/∂x) ∂u′/∂z + (∂w/∂y) ∂v′/∂z, which
represents horizontal vorticity along and within the horizontal
gradient of the updraft (Figure 16). The essence of an argument
based on these two terms is the same as just described, except
involving upward‐directed vertical gradients in horizontal‐rotationally
induced low p′NL (see also Peters, 2016, his Figure 12). The relative
strength of this forcing depends on ‖∇w‖, which depends directly
on the initial updraft speed and therefore on parcel buoyancy.
Because the maximum parcel buoyancy in HICAPE is ~1.5 times
that of BASE (Figure 1), it should not be surprising that the initial
maximum updraft speed (Figure 16), horizontal updraft gradient
(Figure 16), and nonlinear dynamic forcing area (Figures 14g, 14h,
and 15e) are larger in HICAPE than in BASE.

This explanation of the sensitivity of nonlinear dynamic forcing area to
CAPE also applies to the MLD experiments. To understand this, note

Figure 16. Horizontal cross sections (25 × 25 km) of vertical velocity (m/s) at t = 20 min for (a) low‐end convective available potential energy, (b) high‐end con-
vective available potential energy, (c) low‐end shear, and (d) high‐end shear simulations at, respectively, z = 2.25, 3.25, 3.25, and 2.625 km, which represents the
height of the maximum vertical velocity at t = 20 min in each case.

Figure 17. Scatterplot indicating the correlation between time‐averaged
updraft area (km2) at z = 7 km and time‐averaged total precipitation
(≥1 g/kg) area (km2) at z = 7 km within the first hour of each simulation.
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first that the maximum parcel buoyancy increases with MLD (Figure 1).
This is a result of the imposed constraint of a constant CAPE across the
MLD experiments (see section 2), which causes a fattening of CAPE with
increasing MLD. Larger maximum parcel buoyancy means initially larger
accelerations, faster updraft speeds, and larger horizontal updraft gradi-
ents. As just described, the consequential dynamic pressure forcing (non-
linear as well as linear) ultimately leads to more/wider updraft growth
with a deep mixed layer than with a shallow mixed layer. Importantly,
the MLD appears to play no other role (in updraft growth, at least) than
to compress or elongate the parcel buoyancy profile above the
mixed layer.

As indicated already in Figures 10–12, the sensitivity of updraft area to
MLD and the other environmental parameters extends to downdraft
area as well as cold pool depth. We conclude section 3 by quantifying
the precipitation‐generation argument of Trapp et al. (2017) to address

the physical relationship between updraft area and downdraft area. The essence of this argument is that
because precipitation is initially generated in rising air, a larger area of rising air results in a larger initial
area of precipitation and, ultimately, a larger area over which negative buoyancy is generated through
precipitation loading and microphysical latent cooling. The area of this initial precipitation can be repre-
sented by the area of total precipitation ≥1 g/kg at z = 7 km. For the purposes of this comparison, the
updraft threshold w is reduced to 10 m/s, as the updraft is relatively weak and immature at this time.
Upon time averaging this over the first hour of each simulation, we see that it correlates well with
the time‐averaged updraft area over the same time period, across all experiments (Figure 17). To help
substantiate the second part of this argument that the larger areas of precipitation are realized as larger
areas of downdraft forcing, we return to equation (4) and evaluate the negative buoyancy forcing of
downdrafts across all experiments. Figure 18 indeed shows that the area of the negative buoyancy for-
cing is well correlated to the downdraft area.

4. Summary and Concluding Remarks

The initiation of second‐generation convective clouds by the cold pools of first‐generation precipitating
storms is known to depend on cold pool characteristics such as depth and speed. To clarify how these
characteristics relate back to the convective storm components and in turn to the environment, we gen-
erated a large set of idealized numerical simulations of highly organized convective storms, specifically,
supercells. Quantitative analyses of these simulated storms revealed strong interrelationships between
updraft area, downdraft area, and cold pool depth, consistent with our primary hypothesis that wider
updraft cores beget wider downdraft cores, which subsequently lead to the development of deeper cold
pools. Although it remains to be shown whether this interrelationship extends to deep convection in
other environments, it is at least consistent with observations of narrow drafts and shallow cold pools
in the tropics (e.g., Feng et al., 2015; Lucas et al., 1994). A specific result of potential importance for
the development of cold pool parameterizations in weather and climate models is the significant correla-
tion between midlevel updraft mass flux and cold pool depth.

Also potentially important for parameterization‐development endeavors is the significant control by the
environmental shear and parcel buoyancy on draft characteristics, including mass flux. Specifically, strong
VWS, large CAPE, and a deep mixed layer ultimately contributed to the widest drafts and deepest cold pools
in our simulations. Thus, the suggestion here is that the environmental wind and thermodynamics could
potentially provide guidance on how to constrain parameterized cold pool properties (e.g., Del Genio
et al., 2015; Grandpeix & Lafore, 2010), and perhaps even properties such as plume width in some
convective parameterizations.

This argument applies to highly organized convective storms, and thus in our opinion does not conflict with
the results of Schlemmer and Hohenegger (2014), who considered a weakly sheared environment (0–6 km
bulk shear of ~7.5 m/s) representative of ordinary precipitating convection during the warm season. This
argument also does not explicitly account for the thermodynamic effects of cold pools, specifically the

Figure 18. Scatterplot indicating the correlation between time‐averaged
negative BF area (km2) at z = 4 km and time‐averaged downdraft area
(km2) at z = 4 km. BF = buoyancy forcing.
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promotion of “moist patch” formation, which appears to be most relevant within the lowest ~1–2 km
(Schlemmer & Hohenegger, 2014). Nevertheless, the positive feedback between cold pool, updraft, and
downdraft described by Schlemmer and Hohenegger (2014) has the same essence as the feedback we have
described herein, just absent the prominent role of the environment and its manifestation in the
convective dynamics.

Note that our focus on updraft cores within midlevels (~3–7 km) was motivated by the dominance of
supercell‐dynamical forcing at these levels, as has also been revealed by others (e.g., Weisman &
Trapp, 2003, their Figure 20). Updraft cores in mesoscale convective systems have strong dynamical for-
cing within the lowest ~1–2 km (e.g., Weisman & Trapp, 2003, their Figure 20), and thus we intend to
perform additional high‐resolution idealized simulations to examine convective draft‐cold pool relation-
ships in the context of this mode of organized convection. We surmise that parcel buoyancy and VWS
will again play a prominent role in these relationships, but we also expect to see an increasing modula-
tion by microphysical effects. Ongoing work by other members of our research team is seeking to quan-
tify this modulation (S. Lasher‐Trapp and H. Mallinson, personal communication, 2018). This work and
ongoing analyses of observed cold pools are exposing some limitations to our quantitative approach,
especially in the attribution of a specific cold pool (and its properties) to specific updrafts and downdrafts
(and their properties) within a mesoscale field of varying convective storms (P. Borque and S. Nesbitt,
personal communication, 2018). The additional idealized simulations, microphysical analyses, observa-
tional case analyses, and planned nonidealized simulations will be synthesized to attempt to generalize
the results introduced herein.
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