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ABSTRACT

This study performs cloud-resolving simulations of cumulus convection over an idealized surface-based

convergence zone to investigate the mechanisms and sensitivities of deep convection initiation forced by

mesoscale ascent. The surface convergence forms in response to a localized diurnal heating anomaly over an

otherwise homogeneous and unheated surface, producing a strong boundary layer updraft over the center of

the heat source. This updraft gives rise to a line of cumuli that gradually deepen and, in some cases, transition

into deep convection. To statistically investigate the factors controlling this transition, a new thermal-tracking

algorithm is developed to follow incipient cumulus cores as they ascend through the troposphere. This tool is

used to isolate the impacts of key environmental parameters (cloud-layer lapse rate, midlevel humidity, etc.)

and initial core parameters near cloud base (horizontal area, vertical velocity, etc.) on the ultimate cloud-top

height. In general, the initial core size determines which thermals in a given cloud field will undergo the

deepest ascent, and the sensitivity of cloud depth to initial core parameters increases in environments that are

more hostile to deep convection. Diurnal midlevel moistening from detraining cumuli above the convergence

line produces a small but robust enhancement in cloud-top height, particularly for smaller cores.

1. Introduction

Deep convection is a critically important atmospheric

process that causes high-impact weather, humidifies the

stratosphere, and regulates the atmospheric circulation

and Earth’s hydrologic cycle. Because of its very turbu-

lent and complex nature, however, this process remains

challenging to understand and predict. This challenge

arises in part from a lack of understanding of the pa-

rameters controlling deep convection initiation (DCI)

(e.g., Crook 1996; Weckwerth and Parsons 2006; Bennett

et al. 2011). DCI requires a conditionally unstable at-

mosphere and that air parcels reach their level of free

convection, above which latent heat release generates

positive buoyancy that drives further ascent. However,

these conditions are not sufficient because mitigating

factors such as entrainment and adverse vertical pressure

gradients limit the growth of nascent cumuli (e.g.,

Houston and Niyogi 2007). In recent decades, various

modeling studies have outlined additional mechanisms

thatmay regulateDCI, whichmay be subdivided into two

categories: nature and nurture (Romps and Kuang 2010;

Dawe and Austin 2012). The former corresponds to

initial properties of newly saturated air near cloud base,

while the latter corresponds to the environmental con-

ditions subsequently experienced by the ascending cloud.

Among the nurture parameters, the cloud-layer lapse

rate determines whether cumuli can maintain sufficient

buoyancy through latent heating to overcome the loss of

buoyancy from entrainment (e.g., Houston and Niyogi

2007). Another important parameter is the midlevel

moisture content: using cloud-resolving models (CRMs)

and single-column models, Derbyshire et al. (2004) found

that, within a given conditionally unstable environment,

ambientmidlevel humidity regulates the likelihood ofDCI

and the intensity of moist convection. This sensitivity is

owing to the suppressive effects of entrainment (viz., di-

lution and evaporation of buoyant cloud cores), which in-

crease in drier environments. In CRM simulations of DCI

over a mountain–plain solenoidal circulation, Kirshbaum

(2011) found that precursor clouds can facilitate DCI by

providing a locally saturated midlevel environment that

protects successor clouds from their otherwise dry sur-

roundings. Detrainment from an ensemble of cumulus

congestus can also facilitate DCI by gradually moistening

the midlevel flow (Waite and Khouider 2010), but this

process may be less important than large-scale forcing on

diurnal time scales (Hohenegger and Stevens 2013). These

three moisture-related effects can be categorized as
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follows: (i) initial moisture content, (ii) local moistening

from individual clouds, and (iii) mean moistening from a

cloud ensemble. The latter two effects differ from each

other in that (ii) requires interaction between successive

clouds while (iii) does not.

Romps and Kuang (2010) defined nature as the ther-

modynamic and kinematic conditions of newly saturated

cloud parcels. In their large-eddy simulations (LESs) of

shallow convection, they found that near-cloud-base

parcel properties were largely uncorrelated with prop-

erties of the same parcels just a few hundred meters

above. Thus, from a parcel perspective, nature appears

secondary to nurture in regulating the properties of

developing cumuli. Dawe and Austin (2012), by con-

trast, defined nature as the properties of newly saturated

thermals. A key difference between this definition—

which is adopted herein—and that of Romps and Kuang

(2010) is that it also encompasses initial morphological

characteristics of cloud entities, in particular their hor-

izontal areas near cloud base. In their LESs of shallow

convection, Dawe and Austin (2012) and Kirshbaum

and Grant (2012) both found the initial cloud area to

strongly influence the properties of the cumuli in the

upper cloud layer, including their ultimate depth. This

sensitivity stems from the fact that wider and thus more

voluminous clouds tend to undergo less internal dilution

for a given (absolute) entrainment rate than narrower

clouds. Thus, from the perspective of whole thermals,

nature may actually be more important than nurture.

The above findings for simulated shallow convection

appear to carry over to simulated deep convection. As in

Romps and Kuang (2010), Böing et al. (2012) found that

the large differences in the properties of shallow and deep

cloud parcels aloft could not be explained by differences

in these same parcels near cloud base. On the other hand,

consistent with Dawe and Austin (2012), Khairoutdinov

and Randall (2006) found the transition from shallow to

deep convection to coincide with a widening of the cu-

mulus cloud bases and a reduction of cloud dilution. They

argued that these wider clouds stemmed from the for-

mation of precipitation and its attendant subcloud cold

pools, which gave rise to wider boundary layer thermals.

Heterogeneities in topographymay also give rise towider

cumuli that support DCI. In simulations of DCI over

idealized patches of surface heterogeneity, Rieck et al.

(2014) found that the sizes of the largest cumuli tended to

scale with the patch size. Kang and Bryan (2011) also

found DCI to be promoted by mesoscale heterogeneities

in land cover but focused on processes by which these

heterogeneities eliminate CIN rather than the detailed

internal properties of the resulting clouds.

The notion that the widening of incipient cloudy

thermals is decisive for DCI demands reinforcement

because it is largely based on diagnostic analyses (e.g.,

the cloud depth at a given time is correlated to cloud-

base core sizes at that same time). A more causal and

convincing conclusion could be obtained from a

Lagrangian analysis that tracks cumuli (and their internal

properties) from their boundary layer roots to their ul-

timate decay aloft, as was done by Dawe and Austin

(2012) for shallow convection. The current study pur-

sues this end using a new thermal-tracking algorithm

suited for this purpose.

Thermal-tracking algorithms are gaining in popularity

as the use of CRMs and large-eddy simulations becomes

more widespread (Dawe and Austin 2012; Sherwood

et al. 2013; Terwey and Rozoff 2014; Romps and Charn

2015). Such algorithms permit the correlation of various

nature and nurture parameters (e.g., initial core size,

local perturbation moistening) with the maximum depth

ultimately reached by the cloud. They thus can provide

valuable insights into the conditions that allow some

clouds to ascend deeper than others. Such algorithms

have been applied to various aspects of the moist con-

vection problem, but never before to improving the

understanding of DCI. The thermal-tracking algorithm

developed herein enables investigation of several plau-

sible mechanisms for DCI in a consistent framework.

Moreover, unlike past studies that considered horizon-

tally homogeneous surface heating (e.g., Khairoutdinov

and Randall 2006; Waite and Khouider 2010), this study

considers DCI over a local heat source, which gives rise

to a thermally driven mesoscale convergence line. Such

convergence lines are common triggers for DCI over land

and have been used in nowcasting thunderstorm initiation

for decades (e.g., Wilson and Mueller 1993). In Colorado,

for example, radar observations suggest that over 70% of

DCI is forced by boundary layer convergence lines

(Wilson and Schreiber 1986). The current approach thus

addresses a meteorologically important problem and

permits comparison between the behaviors of cumuli in

forced versus unforced environments.

An explanation of the methodology follows in section

2, with the thermal-tracking method in section 2c. The

general results and the mechanistic analyses are pre-

sented in sections 3 and 4, respectively. Section 5 dis-

cusses and interprets the results, and section 6 presents

the conclusions.

2. Methodology

a. Model setup

The simulations use CM1 (release 17; Bryan and

Fritsch 2002), a 3D, Eulerian, nonhydrostatic, finite-

difference model with a third-order Runge–Kutta time-

split explicit primary solver (Klemp and Wilhelmson
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1978). Two attractive attributes of CM1 are that it con-

siders dissipative heating and a more accurate represen-

tation of the moist thermodynamic equation than

comparable models. An LES configuration is used with

theMorrison double-moment cloudmicrophysics scheme

(Morrison et al. 2005) and a 1.5-order turbulent kinetic

energy (TKE) scheme for subgrid turbulence. The sim-

ulations use fifth-order advection in both the horizontal

and vertical, with positive-definite advection of moisture

variables. The Coriolis force is neglected for simplicity.

The simulations are designed to produce clouds that

gradually deepen and, in some cases, transition to deep

convection. In addition to its meteorological relevance

(as discussed in section 1), a convergence-line forcing

helps to control DCI and study its underlying mecha-

nisms. In particular, it increases the possibility of cumuli

interacting and detraining aloft to add significant mid-

level moisture over a limited spatial region. The nominal

domain size is 1203 1803 20km3 with an x-grid spacing

of 250m within the central 60 km that gradually

stretches to 750m at the domain edges, along with a

uniform 250-m y grid spacing. All simulated clouds de-

velop within the central 60-km region and, thus, are

represented at 250-m grid spacing in both directions.

The vertical grid spacing is 100m from the surface up to

6 km and then stretches to a maximum of 400m at 12km

and remains fixed at 400m up to the model top at 20 km.

The above grid spacings are the minimum that could

be afforded for numerous large-domain simulations.

According to Bryan et al. (2003), a horizontal grid spacing

of D ’ 100m is necessary to resolve scales down to the

inertial subrange, where subgrid turbulence parameteri-

zations are properly formulated. They found D 5 250m

adequate to model deep convection, but a smaller D may

be needed to adequately capture the full DCI pro-

cess, which also involves shallow cumuli and cumulus

congestus. Although Blossey et al. (2009) found that

D 5 200m was adequate to represent shallow convection,

the necessary grid resolution to obtain robust results de-

pends on the experimental setup and is thus generally

uncertain. To address this uncertainty, section 5d per-

forms sensitivity tests that double and halve the value ofD.
The mesoscale convergence line is forced by a sinu-

soidally time-varying, Gaussian-shaped surface heat

source with a sensible heat flux H of

H(x, t) 5 H
0
exp

�
2
x2

a2

�
sinVt , (1)

where a 5 7.5 km, x is centered at the domain center-

point, t is time since the start of the simulation, H0 5
200Wm22, and V 5 2p day21 is the diurnal frequency.

Henceforth, times are quoted relative to the beginning

of the simulation (e.g., 0300 means 3 h into the simula-

tion). The forcing in (1) is uniform in y, and lateral

boundaries are periodic in y and open (radiative) in x

using a one-way wave equation (e.g., Durran 1999). The

surface convergence and associated cumulus convection

is contained within the central 20 km of the domain in all

simulations, causing minimal reflections of gravity

waves off the distant x boundaries. The top and bottom

boundaries are rigid, with the bottom free slip and the

top using a Rayleigh damping layer over the uppermost

5 km. The wide y domain allows numerous clouds to

develop over the convergence line, which increases

statistical sampling in the thermal-tracking analyses.

The simulations are initialized with a Weisman–

Klemp type sounding (Weisman and Klemp 1982) with a

boundary layer water-vapor mixing ratio of 13gkg21, a

surface temperature of 278C, and a tropopause tempera-

ture of2608C. The control (CTRL) sounding has a mean-

layer (0–500m) convective available potential energy

(CAPE) of 1157Jkg21 and a convective inhibition (CIN)

of 50Jkg21 (Fig. 1b), which is representative of a moder-

ately unstable Great Plains environment (e.g., Soderholm

et al. 2014). To prevent large-scale saturation over the

domain, the initial relative humidity (RH) with respect to

liquid is restricted to a maximum of 0.9. The large initial

CIN suppresses cumulus convection everywhere except

directly over the convergence line. It also limits vertical

growth of the cumuli over the convergence line and, thus,

provides an extended period of cumulus development prior

to DCI. The ambient winds are zero at all levels and initial

random perturbations of maximum amplitude 1K are

added to all grid points to seed convective motions.

b. Experiments

With the CTRL case as a reference, sensitivity exper-

iments are conducted to isolate the response of the cloud

field to modest changes in initial midlevel conditions. In

doing so, these experiments directly address the nurture

question. The nature question is addressed simulta-

neously by statistical analysis of the cloud properties of

each simulation using the thermal-tracking algorithm.

1) RH SENSITIVITY TEST

To determine the impact of midlevel humidity onDCI,

two initial RH profiles are created that differ from the

CTRL case (Fig. 2). In the Moist profile, the RH aloft is

increased to a value that lies halfway between the CTRL

value and unity, with a linear transition over 3–6km. In

the Dry profile, the RH is reduced by an equivalent

amount. Unlike Derbyshire et al. (2004), these RH pro-

files vary with height and are designed to only marginally

differ from the CTRL sounding. The RH modifications

cause slight changes in CAPE (,1%) because of the
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associated changes in ambient virtual temperature.

However, these small CAPE changes are presumed to be

negligible compared to those associated with the RH.

2) CAPE SENSITIVITY TEST

Cumuli in more strongly conditionally unstable en-

vironments develop larger buoyancies and thus face

less resistance to vertical ascent. Houston and Niyogi

(2007) tested the impacts of cloud-layer lapse rates on

DCI by systematically adjusting the lapse rate to modify

the parcel buoyancy profile, while holding CAPE and

CIN fixed. In a similar fashion, we assess the impact of

moist instability onDCI by holding CIN fixed but varying

CAPE by6200Jkg21. This is achieved by modifying the

temperature profile from the LFC to the level of neutral

buoyancy (LNB)while adjusting the qy profile to keep the

RH unchanged. The high CAPE [HCAPE; low CAPE

(LCAPE)] temperature profile increases (decreases) the

adiabatic parcel buoyancy with respect to the CTRL values

(Figs. 1a and 1c). This buoyancy is adjusted only between

the LFC and the LNB so that the heights of these levels

remain fixed to theCTRLvalues, with linear transitions to a

maximum modification halfway between the two. Hence,

only the convecting layer between the LFC and LNB is

modified.

3) MIDLEVEL LINE-RELATIVE WIND SENSITIVITY

TEST

While a zero-wind environment represents a rea-

sonable starting point, it is unrealistic. This sensitivity

test adds light midlevels winds in the zonal (cross line)

direction, which may impact the mechanisms of

successive-cumuli interaction (Kirshbaum 2011) and

of progressive environmental moistening (Waite and

Khouider 2010), the former by increasing the separa-

tion between clouds and the latter by transporting

away themidlevel RH anomaly above the convergence

line. These experiments retain the surface forcing of

the CTRL case as well as zero winds over 0–3 km, the

latter to ensure that the dynamical response to the

heating remains similar. The zonal wind increases

linearly over 3–6 km to a value U and is held atU aloft.

FIG. 1. Skew T–logp initial soundings of background temperature (thick blue), background dewpoint (dashed blue), and ascent temperature

(thickblack) for (a) LCAPE (CAPE5 957 J kg21), (b)CTRL(CAPE5 1157 J kg21), and (c)HCAPE(CAPE5 1357 J kg21) environments.

FIG. 2. Initial RH profiles for the RH sensitivity tests.
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The first case (U25) sets U 5 2.5m s21 and the second

(U50) sets U 5 5m s21.

c. Thermal tracking

1) TRACKING CRITERIA

Our simple tracking algorithm aims to capture the full

life cycle of developing cumuli, from their roots near the

LCL to their uppermost heights. Existing convective

thermal-tracking algorithms use methods such as

streamfunctions (calculated explicitly or derived from

theoretical models) to define a boundary in space that is

tracked in time (Romps andCharn 2015; Sherwood et al.

2013) or define a ‘‘thermal core’’ as the maximum ve-

locity cell of every updraft at every vertical level (e.g.,

Terwey and Rozoff 2014). For our study, the stream-

function method has the inconvenience of not tracking

the thermals to their greatest heights and the maximum

velocity method has the inconvenience of not allowing a

complete representation of the cloud thermodynamic

properties. Since DCI involves both shallow and deep

stages of the cloud life cycle, it is useful to define

tracking criteria that vary with height. All of the grid

points meeting these criteria are considered to be part

of a convective thermal. The points are then connected

in space to form a cluster that is tracked in time (based

on overlap between consecutive times) to form the

thermal’s history. In the end, each such time sequence is

attributed a unique identity. Themodel output is written

to file in time steps of 1.5min so that, at a characteristic

thermal ascent rate of 3m s21 (Hernandez-Deckers and

Sherwood 2016), thermals with depths of ;250m or

greater can be tracked in time.

Among other things, this tracking algorithmwill allow

us to evaluate Kirshbaum’s (2011) hypothesis that local

perturbation moisture can promote DCI. It will also

permit evaluation of the hypothesis that cloud-top

height is partly determined by the core size near cloud

base of (Khairoutdinov and Randall 2006; Rochetin

et al. 2014). Using the tracking algorithm, we will ana-

lyze the impact of the initial thermal horizontal area on

the final height reached by the cloud. This capability

represents an upgrade over previous studies that estab-

lished only simultaneous relations between cloud area

and cloud depth and will, thus, sharpen the focus on the

nature aspect of DCI. Also, the capacity to compare

multiple plausible mechanisms for DCI using a consis-

tent framework permits an assessment of each mecha-

nism’s relative contributions to DCI.

2) ALGORITHM

This algorithm is based on both the vertical velocity

w and the sum of the cloud water and ice mixing ratios

(qc 1 qi), the latter separating moist updrafts from dry

boundary layer updrafts. We first define minimal cri-

teria for a grid cell to qualify as a thermal. Consistent

with Romps and Charn (2015), values of 1m s21 for

vertical velocity and 1022 g kg21 for qc 1 qi are chosen.

However, such uniform thresholds are insufficient to

track the full cloud development. The tracking suffers

if these criteria are too stringent to detect nascent or

decaying thermals or too weak to distinguish two close

thermals with intersecting boundaries. To reduce such

effects, the criteria are permitted to vary with height

and are based on the global statistics of the CTRL case,

in the form of vertical profiles of horizontally averaged

w and qc 1 qi. The averages are conditional, restricted

to just the cells qualifying for the minimal updraft re-

quirements stated above, at each output time. Of

course, taking an average rather than a percentile

threshold is arbitrary, but it is attractively simple and,

as will be seen, allows for full life-cycle detection and

few boundary interactions (see section 5c). We then

time average these profiles over the duration of the

CTRL simulation to givew and qc1 qi tracking profiles

that apply to the entire simulation. These profiles are

relatively strict at low to middle levels (Fig. 3), which

helps to separate the many closely spaced thermals at

these levels, and less strict aloft, allowing the tracking

to continue into the decay phase. To provide a consis-

tent representation of the thermal sizes and depths

between simulations, the tracking profiles of the CTRL

case are applied to all cases, rendering the method

ideally suited for our sensitivity tests that do not vary

greatly from CTRL.

A few logical conditions are imposed to address the

unavoidable cloud-boundary interactions (merging and

splitting). First, if a cloud splits while shallow (below

3km), the higher cloud keeps its original identity so that

it can be traced back to the LCL. The lower cloud, on the

other hand, is assigned a new identity and is assumed to

have formed where the splitting occurred. Second, if a

cloud splits when the tops of both components are above

3 km, it is considered to have split during deep ascent

and both components keep the original identity. Finally,

if two clouds merge at any point during their life cycle,

the newly formed cluster is assigned the identity of the

stronger of the two components prior to the merger (the

one with the larger w). This stronger cloud is considered

more appropriate since it is likely to reach deeper and its

evolution is less likely to be modified by the merging

process. The influences of merging and splitting on the

tracking results are analyzed in section 5c.

Figure 4 shows a sample of the tracking in the CTRL

case, taken at domain x centerline at 4.5-min intervals.

The clouds are tracked continuously, without identity
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confusion and with a realistic shape, from their shallow

stages up to their decay.

3. Results overview

We begin with a broad overview of the evolution of

clouds and other key parameters in every simulation

described in section 2b. Figure 5 shows the y-maximum

qc 1 qi time averaged over three different periods and

corresponding y-averaged wind vectors for the CTRL

case. As the sensible heating increases, two fronts form

on either side of the heating zone that migrate toward

the center (Fig. 5a). When these two fronts collide at the

x centerpoint (Fig. 5b), a stronger boundary layer up-

draft develops that forces the first thermals past the

LFC. The circulation further strengthens and generates

larger clouds, which reach maximum heights at around

0600 (Fig. 5c). Clouds reaching above 8 km are typically

heavily precipitating and thus termed ‘‘deep’’ while

clouds that fail to reach 3 km are nonprecipitating and

thus termed ‘‘shallow.’’

As shownby the time series inFigs. 6a and 6c, boundary

layer destabilization over the heat source gives rise to

shallow cumuli prior to 0300 despite minimal surface

convergence. Frontal collision at the x centerline at

around 0330 causes this convergence to increase sharply,

generating an organized updraft with a mean y-averaged

intensity of 2.4ms21 below cloud base. This collision

forces the first thermals past theLFC, leading to an abrupt

deepening of the cloud field (Fig. 6c). The cloud height

then increases nonmonotonically to reach near the LNB

at around 0630 and then retreats at later times. Mean-

while, the tropospheric relative humidity increases with

the detrainment of midlevel clouds, particularly after the

peak forcing at 0600 (Fig. 6d). The frontal collision is also

apparent in the CAPE (CIN) time series, which reach

local maxima (minima) at that time, then change only

gradually for the remainder of the simulation (Fig. 6b).

a. Sensitivity to initial midlevel humidity

Figure 6c shows that, in general, a higher initial mid-

level RH increases the maximum cloud-top height.

Whereas clouds in theDry and CTRL cases do not reach

8 km until about 0530, those in the Moist case become

FIG. 4. Cloud tracking along the domain x centerline. Thick black lines represent simulated qc1 qi contours of 0.01, 0.05, and 0.1 g kg
21.

Each colored area represents the extent of a detected thermal. The color of each thermal is held fixed in time to visualize the evolution of

each tracked entity.

FIG. 3. Threshold (a) w and (b) qc 1 qi profiles used in tracking

algorithm.
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deep almost immediately after the frontal collision at

0330. The RH also increases over the duration of each

simulation, but less so in the moister cases where the

saturation deficit is small. Convergence briefly decreases

in the moist simulation following the peak convection

period (Fig. 6a), reflecting the development of cold

pools propagating laterally away from the centerline.

The thermals still overshoot the LNB after this occurs

because the cold pools continue to provide robust forc-

ing even after the main convergence line weakens.

b. Sensitivity to CAPE

Because of the prescribed changes in the CAPE sen-

sitivity experiments, the CAPE time series are initially

offset from each other by 200 J kg21 (Fig. 7b). None-

theless, these cases undergo similar CAPE variations

over the course of the day. Figure 7c shows that the

HCAPE clouds become deep directly after the frontal

collision, behaving similarly to the Moist clouds. The

midlevel RH maximum at around 0700 is largest for the

HCAPE case (Fig. 7d), because the steeper cloud-layer

lapse rate allows more clouds to reach the midlevels.

The LCAPE case undergoes the slowest transition to

deep convection and its cloud tops are the shallowest of

the three cases.

c. Sensitivity to line-relative winds

In both the U25 and U50 cases, the midlevel moisture

anomaly that develops over the convergence line as a

result of cumulus detrainment is transported downwind,

which all but eliminates the local midlevel moistening

(Fig. 8b). The clouds in both of these cases reach similar

depths at similar times, with the maximum cloud-top

heights (;9 km) lower than that of the CTRL case

(;10km). None of these clouds, however, ever reach

the LNB despite reaching 8 km earlier than in the CTRL

case. The CAPE, CIN, and convergence time series for

these cases are nearly identical to those of the control

case (not shown). Overall, the marginal differences be-

tween the U25 and U50 cases are smaller than those

between the CTRL andU25 cases. Thus, the elimination

of the midlevel moist anomaly, which is already nearly

complete in the U25 case, appears to explain most (but

not all) of the differences in cloud depth between these

simulations.

4. Thermal-tracking analysis

To interpret the development of convection within a

given simulation, as well as the sensitivities exhibited by

the different simulations, we apply the thermal-tracking

algorithm to relate various geometric, kinematic, and

thermodynamic properties of the thermals to their

ultimate depth.

a. General role of core size

Khairoutdinov and Randall (2006) and more recent

studies (e.g., Dawe and Austin 2012; Rieck et al. 2014)

FIG. 5. Contours of y-maximum qc 1 qi (filled grayscale contours; g kg21) and y-averaged wind vectors (blue arrows). The former are

averaged in time over the time interval on each panel while the latter are taken at the centerpoint of the time interval. Wind vectors with

speeds smaller than 0.25m s21 are omitted to focus on the mesoscale boundary layer circulation.
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suggest that core horizontal area near cloud base regu-

lates the subsequent cloud vertical development. Thus,

we begin by calculating the effective horizontal thermal

area (the ratio of its volume to its depth) near cloud

base, specifically the moment if/when its calculated

centroid reaches the LFC at ;2.05 km (ALFC). Because

of limited output time resolution, the centroids of some

clouds jump over the 2.05-km level between output time

FIG. 6. Time series of (a) surface convergence magnitude, averaged in y along the convergence line and in x over

the central 1 km of the domain; (b) pseudoadiabatic mean-layer (500m) CAPE and CIN over the central 1 km of

the convergence line; (c) cloud top, corresponding to the maximum height at which qc 1 qi exceeds 0.1 g kg
21, with

LNB overlaid in black; and (d) midlevel RH calculated by volume-weighted average over the central 5 km of the

domain and between heights of 3 and 8 km for control, moist, and dry cases.

FIG. 7. As in Fig. 6, but for the CTRL, LCAPE, and HCAPE simulations.

842 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 74

Unauthenticated | Downloaded 12/25/20 11:34 PM UTC



steps. Therefore, thermals with centroids that momen-

tarily lie one vertical level above or below 2.05 km are

also admitted.

Before analyzing the effects ofALFC in detail, we first

inspect the processes regulating it. Following Rieck

et al. (2014), who studied the thermal size distribution

owing to a given mesoscale forcing, Fig. 9 shows a

scatterplot of ALFC as a function of surface conver-

gence, the latter averaged over the full domain in y and

over the central 1 km of the domain in x, in the CTRL

case. We average the convergence in y rather than

computing it locally to evaluate the mesoscale (as op-

posed to microscale) controls on the core-size distri-

bution. The correlation is lagged to account for the

ascent of surface parcels to the LFC at a mean

boundary layer updraft velocity of 2.4m s21. The larg-

est initial thermals coincide with the maximum surface

convergence at 0600. The maximum core sizes pro-

duced prior to heavy precipitation (green dots) are just

as large as those produced after heavy precipitation

(blue and red dots). Because the core-size distribution

does not change radically after the onset of heavy

precipitation and the formation of attendant subcloud

cold pools, the mesoscale convergence line appears to

control the core-size distribution throughout the sim-

ulation. All cases generate broadly similar size distri-

butions as CTRL except for Moist (and, to a lesser

extent, HCAPE), where the onset of heavy pre-

cipitation causes a noticeable enhancement in the peak

values of ALFC (not shown).

Insight into the impacts of initial core size is provided

by scatterplots of ALFC versus Hmax (Figs. 10a–c),

where the latter is defined as the highest point in the

thermal’s history where qc 1 qi $ 0:01 g kg21. The

CTRL case clearly shows that, the larger the initial

thermal, the higher it tends to ascend. Thermals with

ALFC . 0.3 km2 commonly reach deep (past 8 km;

Fig. 10b). This relation holds after the onset of heavy

precipitation (green dots vs other dots) except for an

increased scatter of the data. Given that the sensitivity

to core size tends to decrease for larger ALFC, the

scatterplot is fitted with a second-order polynomial

(rather than a linear fit). The goodness of fit R2 is also

shown with R2 5 1 indicating a perfect fit and R2 5 0

indicating that the fit curve cannot explain the data

variability.

Because Fig. 9 showed that the ALFC distribution is

sensitive to mesoscale convergence magnitude, Fig. 10

implies that the cloud-top height is also highly sensitive

to the mesoscale convergence magnitude. The maxi-

mum values of theALFC distribution shift monotonically

upward from 0300 to 0600 and downward after 0600,

following the prescribed changes in surface forcing (not

shown). As a result, the clouds do not reach 8 km at 0430,

when CIN and CAPE reach their minimum and maxi-

mum (see Fig. 6b). Rather, they ascend the deepest just

past the time of the maximum forcing at 0600, once

sufficiently large cores have developed.

FIG. 8. As in Figs. 6c and 6d, but for the CTRL, U25, and U50 simulations.

FIG. 9. CTRL caseALFC as a function of y-averaged horizontal

convergence at the domain centerline. Green dots are thermals

originating before the rain rate exceeds 10 mm h21 (corre-

sponding to the 40-dBZ reflectivity threshold), blue dots origi-

nate after the 10 mm h21 threshold and before 0600, and red dots

originate after 0600.
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Figure 11b shows profiles of mean maximum buoy-

ancy B of the tracked thermals binned with respect to

ALFC in CTRL. For each thermal, a vertical profile of its

maximum buoyancy at each vertical level during its life

cycle is created, where buoyancy is b5 g(ur 2 ur)/ur, ur
is the density potential temperature, and ur is the

domain-averaged ur profile. The profiles are then aver-

aged within each ALFC bin to create the B profiles, with

poorly sampled levels (,10 data points) removed.While

B is similar between all size bins near cloud base, the

maximum B (or Bmax) increases in both magnitude and

height as ALFC increases.

The sensitivity of B to ALFC in Fig. 11b is likely ex-

plained by entrainment. While the environmental mass

ingested by the cloud roughly scales with the cloud surface

area, the associated dilution roughly scales with inverse

cloud volume, which causes the fractional entrainment to

roughly scale as the inverse cloud radius (e.g., Kirshbaum

and Grant 2012). This allows larger thermals to maintain

positive b up to higher levels because they are less diluted

or shed negatively buoyant mixtures through de-

trainment. While the B profiles become increasingly adi-

abatic with increasing ALFC, the realized buoyancy is still

small compared to the pseudoadiabatic profiles. Alto-

gether, these findings strengthen the hypothesized link

between core area, cloud-layer properties, and cloud-top

height (Khairoutdinov and Randall 2006; Kirshbaum and

Grant 2012; Schlemmer and Hohenegger 2014) in a more

causal Lagrangian framework.

Profiles of maximum w (W) and qT (QT) (Figs. 11e

and 11h) are calculated following a similar procedure

as the B profiles. They also exhibit similar behavior to

B, in that differences between the four size bins are

minuscule near cloud base but grow aloft, with the

larger initial cores systematically developing larger

values. For example, the W of the 0.38–0.50-km2 bin

becomes twice that of the 0.12–0.25-km2 bin at 6 km.

The kink above cloud base in the W profiles arises

from a transition from positive b in the mixed layer to

negative b between the LCL and LFC.While the larger

thermals again lie closer to the adiabatic limit of

constant qT , the smaller thermals lie closer to the

environmental profile. These results reinforce the

importance of nature in DCI: for a given environment

(nurture), a thermal’s initial properties (nature), most

specifically ALFC, regulate its internal properties dur-

ing ascent and its ultimate height.

b. Sensitivity to midlevel humidity

The midlevel humidity may be quantified by the total

water vapor mixing ratio qT , which can be broken down

into three components:

q
T
(x, y, z, t) 5 q

0
1 q0

T 1 q
T
* , (2)

whereq0 5 q0(z) is the initialqT profile,q0
T 5 q0

T(x, y, z, t)

is the local qT perturbation relative to q0, q
0
T 5 q0

T(x, z, t)

is the y-averaged (or ‘‘mean’’) perturbation, and

qT*5 qT*(x, y, z, t) is the local perturbation relative to

the y average. In the following, we break down the im-

pacts of each component on DCI.

1) SENSITIVITY TO INITIAL qT PROFILE

Figures 10a–c present ALFC versus Hmax scatterplots

for the experiments varying midlevel moisture (hence,

q0) as described in section 2b(1). The Dry and CTRL

cases are similar except that the former has a slightly

gentler slope than the latter. In contrast, the Moist case

has a steeper slope, taller thermals, and more scatter.

The B profiles in Figs. 11a–c reveal that as the

FIG. 10. Scatterplots of final cloud height and initial area for (a) Dry, (b) CTRL, and (c)Moist cases. The plots are fitted with second-order

polynomial (thick black line). The markers are color coded as in Fig. 9.
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environment moistens, the buoyancy-suppressing effect

of entrainment decreases, permitting larger buoyancies

that power the clouds to greater heights. As a result, the

thermals do not need as large of initial sizes to ascend

deeply as those in CTRL.

The increased scatter in Moist (Fig. 10) suggests that

the overall correlation between initial thermal size and

cloud-top height weakens as the environment becomes

more favorable for deep convection. In the Dry case,

only seven thermals reach deep levels (.8km) owing to

FIG. 11. (a)–(c) Maximum buoyancy, (d)–(f) updraft velocity, and (g)–(i) total water content profiles binned with respect toALFC for the

Dry, CTRL, and Moist cases.
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their general inability to withstand the effects of en-

trainment. By contrast, 67 thermals reach deep levels in

the moist case, including some with very small ALFC

(;0.1 km2).

The differences in midlevel q0 in these simulations

have negligible impact on cloud-base properties (Fig. 11),

which leaves the midlevel environment as the only ex-

planation for their differences in Hmax. The B profiles in

Figs. 11d–f reveal that, for the two smallest core-size bins,

Bmax occurs below 3km, the height above which q0 was

modified. As a result, increasing q0 does not modify

Bmax—it instead results in a more gentle decrease in B

above the maximum. For the two largest core-size bins,

Bmax falls within the layer of modified q0. Increased q0

then allows B to increase further aloft, creating a new,

larger Bmax at a greater height. These results are consis-

tent with Derbyshire et al. (2004) in that, for all else

equal, increased midlevel moisture leads to deeper and

more intense convection.

2) SENSITIVITY TO MEAN PERTURBATION

MOISTENING

The mean perturbation moistening (q0
T) field is con-

densed to a bulk value using a volume-weighted average

in a 5-km-wide band centered over the convergence line

between heights of 3–8 km. Figure 6d shows that the

increase in q0
T in the Dry case is similar in magnitude to

the prescribed difference in q0 between the Dry and

CTRL cases. Given that q0 was found to strongly influ-

ence DCI, this moistening may be expected to play a

similar role in DCI within each simulation. However,

scatterplots of q0
T versus Hmax show no obvious corre-

lation because this effect is masked by the stronger

variability associated with ALFC (not shown).

Figures 12a and 12b decouples these two effects by

creating two subsets of points based on their value of q0
T

when they reach the LFC. The moist (gray) points ex-

ceed the third quartile of the q0
T distribution, while the

dry (white) points fall below the first quartile. Shallow

clouds not reaching 3 km are discarded because q0
T is

calculated above 3 km. In the dry case, the smaller initial

cores (ALFC , 0:35 km2) are clearly affected by q0
T : those

forming under large q0
T extend up to 1 km deeper on

average than cores forming under small q0
T (Fig. 12a).

This positive relationship between q0
T andHmax reverses

at larger ALFC, where the corresponding fit curves bend

downward. This reversal is likely owing to limited sam-

pling and large scatter at large values of ALFC, along

FIG. 12. Scatterplots of final cloud height and initial area, separated into upper (gray) and lower (white)

quartiles of (a),(b) q0
T and (c),(d) qT* for the (a),(c) Dry and (b),(d) CTRL cases. The scatterplots are fitted with

second-degree polynomials in black solid line for the combined data, dashed red line for the moist points, and

dashed green line for dry points.
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with a weaker impact of modest environmental moist-

ening for the largest cores.

The enhancement in the heights reached by the

smaller cores at larger q0
T is consistent with, though

slightly weaker than, the differences between the Dry

and CTRL cases (Figs. 10a and 10b). The q0
T maxima are

caused by the detrainment of many large and deep

thermals between 0600 and 0730 and, thus, have minimal

impact before 0600. As a result, variations in q0
T have less

overall impact than do variations in q0, the latter of which

affects all thermals throughout the simulation.

These results are partially consistent with Waite and

Khouider (2010), who illustrated the positive impact of

q0
T on DCI, but the longer duration of their simulations

(48h) allowed for much larger q0
T perturbations (;1 vs

;0.1 g kg21 herein). However, the impact of q0
T in the

present experiments is much weaker than that of ALFC,

which supports the argument of Hohenegger and

Stevens (2013) that on diurnal time scales the subcloud

forcing (nature) is more important for DCI than is the

mean moistening from a cumulus ensemble.

3) SENSITIVITY TO LOCAL PERTURBATION

MOISTENING

The local perturbation moistening qT* [see (2)] is

calculated for each thermal separately by averaging

over a square column centered on its centroid as it

crosses the LFC. The column has sides of 2.5-km length

and extends from 3 to 8 km. Compared to q0
T , qT* can be

much larger in magnitude because it is not averaged in

y. This local moistening may be accompanied by dy-

namical perturbations (updrafts and/or downdrafts),

which are not explicitly accounted for in the analysis

but may be responsible for a large scatter inHmax for a

given value of qT*.

Large qT* is associated with both the deepest and

shallowest thermals for a given ALFC and generally

enhances the depth of the smaller thermals (ALFC be-

tween 0.10 and 0.35 km2) to a slightly smaller degree

than does large q0
T (Figs. 12c,d). Based on the fit curves,

the thermals forming under large qT* extend around

0.5 km deeper on average than cores forming under

small qT*. However, the increased scatter of these plots

complicates the fit curves because, for large cores at

least, the negative impacts of dynamical perturbations

tend to outweigh the positive impacts of enhanced qT*.

Such cores would likely have reached deep levels

anyway, so the marginal positive impact of qT* on Hmax

is small. However, because decaying clouds with large

qT* are often dominated by downdrafts, they may stunt

the growth of even the largest thermals below them.

Thus, a handful of large and moist thermals barely

reach 3 km and cause the fit curve to bend downward at

larger ALFC. Similar to q0
T , the effect of qT* is important

but probably not absolutely necessary for DCI in these

cases. This contrasts with Kirshbaum (2011), who

found that interactions between successive thermals

were highly important for DCI. However, their 2D

simulations exhibited a much higher likelihood of

cloud interaction than the 3D simulations herein.

c. Sensitivity to cloud-layer lapse rate

Increasing CAPE systematically increases Bmax and

shifts it to higher levels, for all ALFC bins (Figs. 13d–f).

This greater realized CAPE at all thermal sizes

implies a higher likelihood of small, early thermals

ascending deeply immediately after they breach the

LFC, which explains the immediate deepening of the

HCAPE cloud field after 0330 (Fig. 7c). The opposite

is true for the LCAPE case. Recall that the changes in

CAPE are associated with steeper (HCAPE) or gen-

tler (LCAPE) environmental lapse rates from the LFC

up to 500 hPa. The sign of the CAPE change de-

termines the sign of the B change, and the sign of the

change in lapse rate determines whether Bmax shifts

upward or downward.

Given the less favorable environment for deep con-

vection in the LCAPE case, large initial thermals are

required for clouds to reach past 8 km, and only seven do

so. On the other hand, the HCAPE case exhibits a steep

slope andwide scatter similar to theMoist case. AsALFC

increases past 0.2 km2, many thermals approach the

LNB and the sensitivity to ALFC weakens. In this case a

full 55 thermals ascend deep, including numerous ones

with small ALFC. For smaller thermals, the slope of the

best-fit curve in the CTRL case lies in between that of

the LCAPE and HCAPE cases (Figs. 13a–c). In con-

trast, for larger thermals it is steeper than that of the

HCAPE case because the sensitivity toALFC persists up

to the largest sizes.

d. Sensitivity to midlevel line-relative winds

Increasing the background line-relative wind tends to

suppress vertical cloud development, causing the slopes

of the scatterplots of ALFC versus Hmax to become

gradually shallower (Figs. 14a–c). Although the B pro-

files are similar for the CTRL, U25, and U50 cases, the

latter two return to zero slightly faster after reaching

their maxima at ;4 km, particularly at intermediate

sizes (Figs. 14d–f). One explanation for this slightly re-

duced buoyancy aloft is that the midlevel perturbation

moistening is eliminated by advection by the line-

relative winds (Fig. 8b). However, since this moisture

is already almost completely removed in the U25 case,

this mechanism cannot explain the further reduced

cloud-top heights in the U50 case. We thus speculate
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that the midlevel vertical shear also reduces the simu-

lated cloud buoyancy (e.g., Hill 1968; Markowski and

Richardson 2010), particularly in the U50 case. While

vertical shear can also organize deep convection into

supercells or multicells (Weisman and Klemp 1982),

such organization would require much stronger shear

than that considered here.

e. Statistical significance tests

Thus far, differences in the ALFC and Hmax relation-

ship between different simulations have been assessed

using qualitative comparisons of scatterplots and qua-

dratic fit curves. To better quantify these differences, we

statistically compare the distributions of Hmax for five

different ALFC bins between different simulations in

Fig. 15. Statistical significance is evaluated using the

Wilcoxon test, which determines whether two random

variables are drawn from continuous distributions with

the same medians (Hamill 1999). These analyses in-

dicate that, for the extreme members of the RH and

line-relative-wind sensitivity tests, differences in Hmax

for the three largestALFC bins are significant at the 95%

confidence level (Figs. 15b,c). For the CAPE sensitivity

tests, these differences are significant for the four largest

bins (Fig. 15a).

The statistical significance of differences between

Hmax samples within different ALFC bins in each simu-

lation were also assessed. The medians of these samples,

which generally increase with ALFC, are significantly

different from each other at the 95% confidence level

for the smallest four bins in all but two cases (dry and

U50), where they are significantly different for the

smallest three bins. Altogether, this analysis lends

quantitative support to two key findings: (i) the ultimate

cloud-top height of moist thermals increases with the

initial core size and (ii) for a given initial core size, the

FIG. 13. Scatterplots of (a)–(c) final cloud height and initial area and (d)–(f) buoyancy profiles binned with respect toALFC for LCAPE,

CTRL, and HCAPE cases. Markers in (a)–(c) are color coded as in Fig. 9 and plots are fitted with second-order polynomial (thick black

line). Initial core-size bins in (d)–(f) are defined as in Fig. 11.
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ultimate cloud-top height is sensitive to modest changes

in the midlevel environment.

5. Discussion

a. Initial core size

Thus far, ALFC has been used as the primary repre-

sentation of a thermal’s nature. However, other initial

properties such as w, b, and qT also correlate with Hmax

(not shown). Why, then, do we choose ALFC? It is be-

cause, as the initial level is lowered from the LFC down

to just above the LCL (1.75 km), onlyALFC and w retain

an obvious correlation with Hmax, with ALFC exhibiting

the strongest correlation of all (not shown). During as-

cent from 1.75 km to the LFC, the correlation between

thermodynamic properties (b, qT) and cloud geometry

(ALFC, Hmax) increases rapidly, likely because the

larger cores are less diluted by entrainment. Thus, these

experiments suggest that ALFC is the dominant nature

parameter, controlling both the thermodynamic prop-

erties within the cloud layer and the cloud-top height.

b. Nature versus nurture

What roles do nature and nurture play in controlling

cloud-top height over a mesoscale convergence line?

Our most robust finding is that, within a given simula-

tion, thermals with larger initial horizontal areas tend to

ascend deeper. Looking across the simulations, the size

required for thermals to reach upper levels increases as

the initial environment becomes less favorable for deep

convection (e.g., the gentlerALFC–Hmax slope in the dry,

LCAPE, and U50 cases). Thus, for given environmental

conditions (nurture), thermals must exhibit a minimum

initial core size (nature) to ascend deeply.

As found by Rieck et al. (2014) and shown in Fig. 9,

the stronger the low-level forcing, the larger the initial

FIG. 14. Scatterplots of (a)–(c) final cloud height and initial area and (d)–(f) buoyancy profiles binned with respect to ALFC for CTRL,

U25, and U50 cases. Markers in (a)–(c) are color coded as in Fig. 9 and plots are fitted with second-order polynomial (thick black line).

Initial core-size bins in (d)–(f) are defined as in Fig. 11.
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thermals, which implies a greater likelihood of deep

convection. Thus, a causal relation between low-level

forcing and DCI can be drawn: stronger forcing creates

larger cores, which tend to ascend deeper. Table 1 clearly

shows that not only do more thermals reach deep under

more favorable conditions but also that a larger pro-

portion of the deep thermals haveALFC, 0.3km2. Thus,

initial core size becomes less important as the environ-

ment becomes more predisposed to deep convection.

Consistent with the findings of Dawe and Austin (2012)

for shallow convection, neither nature nor nurture is

solely responsible for DCI; the depth of convection de-

pends on a combination of initial properties (viz., ALFC)

and environmental conditions from the LFC to the LNB.

In Khairoutdinov and Randall (2006), despite the

presence of a favorable environment (initial CAPE 5
1600 J kg21, CIN 5 15 J kg21, and reasonably moist

midlevel flow), horizontally homogeneous surface forc-

ing and consequently weak low-level forcing prevented

DCI until stronger forcing was established by cold pools.

Waite and Khouider (2010), by contrast, found that

midlevel moistening by shallow convection and cumulus

congestus is required to provide a sufficiently favorable

environment for deep convection. Our experiments

have shown that, at least in the more marginal cases

(dry, CTRL, and LCAPE), diurnal midlevel moistening

by detraining congestus tends to systematically raise

cloud-top height by as much as 1 km (Fig. 12). However,

compared to the dominance of ALFC, cumulus moist-

ening (both mean and local) has only a minor impact.

Although we speculate that core size is generally more

important than diurnal moistening for convection

initiation, future experiments that systematically vary

the strength and scale of the subcloud forcing would be

useful to evaluate the robustness of this result.

As expected for entraining cumuli, Bmax attained by

the thermals is generally far less than the adiabatic

value. As a consequence, most thermals do not reach the

LNB. In light of this finding, the Houston and Niyogi

(2007) method of increasing the lapse rate of the cloud

bearing layer while keeping CAPE constant can alter-

natively be seen as redistributing buoyancy downward

into the cloud layer, which increases the ‘‘realized’’

CAPE of the ascending clouds. It simply makes more

potential energy available to thermals as they struggle to

ascend through the midtroposphere. Because smaller

initial thermals are the most suppressed by entrainment,

these thermals are most likely to be influenced by such a

vertical buoyancy redistribution.

c. Further analysis of the tracking algorithm

The chosen approach of using fixed core-averaged

profiles from the CTRL case as the thresholds in the

thermal-tracking algorithm [section 2c(1)] is somewhat

arbitrary and thus merits some critical evaluation.

FIG. 15. Statistical analysis of differences in medianHmax in different simulations, with sampling binned according toALFC. Each panel

compares a different pair of simulations, with 3 indicating statistically significant differences between the simulations for that size bin.

Each data point represents the median value from that bin, and error bars indicate the edges of the second or third quartiles of each

distribution. Dashed lines indicate the boundaries of each ALFC bin.

TABLE 1. Number of thermals reaching a cloud-top height of

8 km for all simulations. The first row is the number of thermals

with initial area less than 0.3 km2 and the second row is the number

of thermals with initial area greater than 0.3 km2.

ALFC (km2) U50 LCAPE Dry U25 CTRL HCAPE Moist

,0.3 0 0 1 0 4 25 30

$0.3 4 7 6 8 15 30 37
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However, choosing a vertically uniform threshold [e.g.,

w $ 1m s21 and qc 1 qi $ 1022 g kg21, as was used by

Romps and Charn (2015)] is equally arbitrary. More-

over, given that all the cases herein share the same

LCL, LFC, and LNB, the use of fixed thresholds across

all simulations is a reasonable choice.

Table 2 shows the numbers of the tracked clouds and

the merging and splitting statistics for the control, dry,

andmoist cases. ‘‘Number thermals’’ is the total number

of thermals tracked in the simulation, ‘‘low ratio’’ is the

fraction of the thermals with centroids that cross the

LFC (2.05km) during their ascent, and ‘‘intercept ratio’’

is the fraction of those thermals that are considered in

the analysis. The latter quantity is reduced by clouds

whose centroids jump over the LFC between output

time intervals or trace clouds that originate aloft.

‘‘Merge,’’ ‘‘split high,’’ and ‘‘split low’’ are flag numbers

formergers and splits. Themost important such interaction

is the merging because it causes the loss of the identity of

one of the two thermals. Fortunately, removing the flagged

merging thermals from the scatterplots did not at all affect

the interpretation of the results (not shown). Moreover,

even though the tracking criteria for all simulations are

based on theCTRLcase, themerging and splitting statistics

do not change systematically from one case to another.

However, there is a general increase in these interactions in

the cases with the most intense convection (Moist and

HCAPE), where more thermals reach the mid- to upper

levels and are thus more likely to interact.

Over the course of this study, various tracking

methods were tested, ranging from vertically uniform

thresholds to time-varying thresholds using running-

window averages that differed for each simulation. If

the vertically uniform threshold was set too low, the

algorithm could not distinguish low-level thermals and

exhibited a much higher amount of cloud interactions,

undermining the tracking effectiveness. If set too high,

the algorithm would not capture the clouds’ formation

and decay phases. On the other hand, the time-varying

thresholds captured the full cloud life cycle well and

limited the cloud-boundary interactions but compli-

cated the analysis of tracking bias and the comparisons

between different simulations. Overall, while testing

and comparing various different tracking methods, the

key results of the study remained robust (with the few

exceptions just noted).

d. Sensitivity to horizontal grid spacing

As mentioned in section 2, computational constraints

limited D to 250m for most experiments, which may be

insufficient to properly represent the full DCI process.

To evaluate the robustness of the foregoing results to D,
we perform two additional versions of the Dry case, one

in which D is halved to 125m (Dry125) and one in which

D is doubled to 500m (Dry500). Similar experiments

were also performed using theMoist case as a reference,

with similar results (not shown). To save expense in the

Dry125 case, the domain width in the y direction is re-

duced by a factor of 3.

Relative to the baseline Dry case, the ALFC distribu-

tions shift toward smaller sizes in the Dry125 case and

larger sizes in the Dry500 case (Figs. 16a,b). While the

strong correlation betweenALFC andHmax from theDry

case (Fig. 10a) is retained in the Dry125 case, this cor-

relation weakens dramatically in the Dry500 case, with

much larger scatter around the quadratic fit curve and a

sharply reduced goodness of fit. These differing sensi-

tivities to ALFC are reinforced in the corresponding B

profiles, where theDry125 case retains a clear sensitivity

to ALFC while the Dry500 case does not (Figs. 16c,d).

Additional analysis of these simulations reveals that

the model representation of the low-level convergence

line, ALFC, and in-cloud entrainment are all sensitive

to D (not shown). Given computational and space

constraints, a thorough analysis of these contributions

to Hmax is deferred to a subsequent, dedicated study.

Nonetheless, these preliminary comparisons imply that

while the quantitative relationship between ALFC and

Hmax depends on D, the qualitative importance of ini-

tial core size (and, hence, nature) on cloud evolution

does not, provided that D is sufficiently small. This

point is supported by the D 5 100-m LES experiments

of Khairoutdinov and Randall (2006) and Kirshbaum

and Grant (2012), which revealed qualitatively similar

sensitivities of cumulus growth to low-level core size as

those found herein.

6. Conclusions

The understanding of deep convection initiation

(DCI) remains limited owing to the many parameters

that influence cumulus development and the chaotic

behavior of the process itself. This study has investigated

the relative importance of ‘‘initial’’ properties of as-

cending moist thermals just above cloud base (nature)

and environmental parameters during ascent (nurture)

on the depth reached by cumuli, using idealized simulations

TABLE 2. Tracking algorithm statistics. Quantities in the top row

are defined in the text.

No. of

thermals

Low

ratio

Intercept

ratio Merge Split high Split low

Control 1587 0.43 0.86 136 416 338

Dry 1673 0.40 0.83 152 376 385

Moist 1679 0.44 0.74 179 500 438
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of moderately unstable environments with large CIN. In

these simulations, convection was forced by a sharp

mesoscale convergence line driven by localized diurnal

heating. The dominant nature parameter was found to

be the initial core horizontal area at the LFC (;2km)

and the ascent parameters were initial and perturba-

tion midlevel moisture (the latter due to cumulus de-

trainment), temperature lapse rate (CAPE), andmidlevel

line-relative winds transverse to the convergence line.

These factors were related to the depth of convection

using a new thermal-tracking algorithm.

In strongly inhibited and moderately unstable envi-

ronments like those simulated herein, no single initial

parameter or ascent condition is sufficient to ensure

DCI. Rather, a combination of sufficient cloud-layer

lapse rate, midlevel moisture, and initial core size is

necessary. Generally, a decrease in one of these pa-

rameters must be compensated by an increase of an-

other for DCI to occur. Increased initial core size,

midlevel lapse rate, andmidlevel humidity both increase

core buoyancy within the cloud layer and thus increase

the likelihood of DCI. Increased cross-line background

wind suppresses cores by eliminating the accumulation

of midlevel moisture above the convergence line and

possibly also increasing entrainment (owing to the as-

sociated vertical shear). The impact of local or mean

moistening by detraining cumuli was smaller than that of

initial core size but still significant; diurnal midlevel

humidification systematically enhanced the depth of

smaller cores by up to 1 km.

Using a Lagrangian framework, our findings strengthen

the hypothesis, previously derived from diagnostic ana-

lyses of simulations with horizontally homogeneous sur-

face forcing (e.g., Khairoutdinov and Randall 2006), that

larger cores at cloud base tend to develop larger buoy-

ancies within the cloud layer and ascend deeper. How-

ever, in the presence of a mesoscale convergence zone,

evaporative cold pools are not necessary to create these

large cores—the externally forced convergence can be

equally effective in creating large cores. Consistent with

Rieck et al. (2014), the strength of the subcloud forcing

controls the initial core-size distribution and, in turn, the

depth reached by convective towers. Moreover, in con-

trast to convection in horizontally homogeneous envi-

ronments, even very weak transverse midlevel winds

may strongly inhibit cloud development over mesoscale

convergence lines.
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