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Abstract Properly capturing the transition from shallow to deep convection remains a major shortcoming
of numerical weather and climate models due to poor understanding of the physical processes controlling this
transition. Although recent studies suggest shallow preconditioning and cold pool feedbacks to be important,
these studies are unable to explain the initial phase of the transition. We identify an additional mechanism,
namely the interaction between passive cloud volumes (PCV)—old cumulus cloud volumes in the decaying
stage—and updrafts, and discuss the potential role of this mechanism in the transition from shallow to deep
convection. We show that the number of updrafts interacting with PCV is very large during the transition and
the updrafts better preserve their buoyancy due to entrainment of much moister air. We argue that PCV might
play an important role in the transition and cumulus parameterizations could therefore benefit from including
them.

Plain Language Summary Cumulonimbus clouds are responsible for many severe weather

events and control the water cycle in the atmosphere. Although they are of great importance for both weather
forecasting and climate projections, the initiation of these clouds is poorly represented by the numerical models,
partially due to our lack of understanding the complex mechanisms controlling the transition from shallow to
deep convection. Two possible mechanisms have been proposed to explain the initiation of deep convection: the
moistening of the mid—troposphere by the non—precipitating clouds, and the positive feedback of the cold pools
induced by the precipitating shallow cumuli. However, recent studies showed that the former is too slow of a
process to fully explain the deep initiation, while the later is not able to explain the first phase of the transition.
Here, we identify another mechanism, namely the interaction between the passive cloud volumes and the
convective updrafts, and argue based on theoretical arguments and numerical experiments why it might play an
important role in the rapid transition from shallow to deep convection.

1. Introduction

Despite persistent effort in understanding the complex physical mechanisms controlling the initiation of deep
convection in recent years (e.g., Kurowski et al., 2018; Morrison et al., 2022; Peters et al., 2022; Rochetin
et al., 2014; Schiro & Neelin, 2019; Wu et al., 2009), numerical weather and climate models are still unable to
correctly represent the transition from shallow to deep convection within a diurnal cycle over land (e.g., Bechtold
et al., 2004; Chen et al., 2022; Yin & Porporato, 2017), which undermines confidence in climate predictions and
the forecasting of severe weather events. Many climate models heavily rely on convective available potential
energy (CAPE) and convective inhibition (CIN) conditions to predict the time of storm initiation. This timing has
been shown to be shifted by often 2-5 hr earlier when compared with observations or high-resolution simulations
(e.g., Christopoulos & Schneider, 2021; Grabowski et al., 2006). Indeed, large CAPE and very small CIN are
important requirements for the initiation of deep convection. However, even where these conditions are met, the
shallow to deep convection transition may still take several hours or may not even occur at all in a given diurnal
cycle (e.g., M. Khairoutdinov & Randall, 2006; Nelson et al., 2021; Tian et al., 2021).

Apart from the conditions on CAPE and CIN, several studies have shown that mid-troposphere relative humid-
ity is an important indicator for the initiation of deep convection (e.g., Sherwood & Wahrlich, 1999; Zhang &
Klein, 2010)—a finding that later led to the idea of moisture preconditioning by shallow cumuli controlling the
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transition from shallow to deep convection (e.g., Holloway & Neelin, 2009; Waite & Khouider, 2010). In addi-
tion to the moistening of the mid-troposphere, shallow cumuli also have a cooling effect on their environment,
leading to an increase in CAPE (Yano & Plant, 2012). However, based on observational analysis in the tropics,
Hohenegger and Stevens (2013) showed that the transition from shallow to deep convection is too fast to be
explained by the shallow preconditioning.

Another possible mechanism that may explain, at least in part, the transition from shallow to deep convec-
tion is the organization of the convective field in the boundary layer by cold pools resulting from the first
precipitating cumuli (e.g., M. Khairoutdinov & Randall, 2006; Kurowski et al., 2018). As a result, several
cumulus parameterization schemes that incorporate cold pool effects have been developed (e.g., Hohenegger
& Bretherton, 2011; Rio et al., 2009; Suselj et al., 2019). In a sensitivity experiment, in which cold pools are
turned off, Kurowski et al. (2018) shows that cold pools facilitate the development of subsequent convective
clouds due to an observed decrease in the entrainment of environmental air into the convective plumes. This
could mean that cold pools organize convection into larger plumes, as also brought forward by Schlemmer and
Hohenegger (2014). However, although Kurowski et al. (2018) suggest that the cold pool feedback is important
for the development of deep cumulonimbus clouds from cumulus congestus, they also show that the transition
from shallow to precipitating congestus is not sensitive to the presence of the cold pools. Thus, the explanation
based on cold pool effects fails to explain the first phase of the transition. Within a diurnal cycle over land, the
increase in the plume radius has also been attributed to the increase in the boundary layer height, as discussed
by Grabowski (2023).

In this work, we aim to bring into the discussion the potential role of passive cloud volumes (PCV) in the transi-
tion from shallow to deep convection. The distinction between a PCV and a passive cumulus is that a PCV can be
only a part of a cumulus that still has other active parts, whereas a passive cumulus is completely passive—there
are no active parts within the cloud. Although PCV have been recognized to protect the updrafts from entertain-
ment (e.g., Moser & Lasher-Trapp, 2017), their role in the shallow—to—deep transition has not been previously
discussed. We first show from a theoretical perspective why the interaction between the updraft plumes and the
PCV may lead to greater cloud top heights. Second, we discuss why the observed increase in the cloud horizontal
scale during the transition could be explained by the interaction between plumes and PCV, and why the organ-
ization of PCV may lead to even deeper cumulus clouds. We then perform a large—eddy simulation (LES) for a
transition case, and analyze the vertical profiles of interacting and non—interacting updrafts.

2. Interaction Between the Passive Clouds and Active Plumes

In order to appreciate the different mechanisms that may lead to deeper clouds during the transition, we return to
a classical “ball-on-the-slope” analogy, used in many meteorological textbooks to explain the concept of atmos-
pheric instability and CAPE. CAPE is hereby treated analogous to the gravitational potential energy of a ball
rolling down a hill of decreasing slope. It is common that a non—entraining parcel is considered, which means that
once the ball is able to overcome the CIN present, reaching the top of the hill—an analogy for the level of free
convection (LFC)—the ball will continue to roll until reaching the equilibrium level (EL) of zero slope.

In Figure 1, we schematically present the three discussed mechanisms that may lead to deepening convection.
We first consider the sloped surface to be covered by grass, leading to considerable friction between the ball and
the grass—an analogy for entrainment. As a result, the ball will be unable to reach the EL, meaning that less
potential energy is converted and convection remains shallow (Figure 1a). To motivate the effect of an increase
in plume radius consider a larger ball (Figure 1b), which is able to roll further down the hill due to the relatively
reduced friction caused by the grass. The analogy can be taken further (Figure 1c), where shallow cumulus
preconditioning, which may lead to increased moisture in the cloud layer, is mimicked by a ball that is able to
roll further down the hill because the grass is shorter. We also consider that once a ball falls, it bends the grass.
The bent grass is an analogy we consider for the passive clouds. Therefore, if a new ball is falling through the
exact same place where the grass is already bent, then the ball will experience less friction with the grass, and
thus, the ball will again be able to fall deeper (Figure 1d). Throughout this section, only for the purpose of ease
of illustration, we simplify the PCV as passive cumuli. However, we do not disregard by any means a situation
in which a new updraft interacts with a PCV that is part of a cloud that still has an active part near the top, as in
Moser and Lasher-Trapp (2017).
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Figure 1. Analogy for deepening convection. A ball rolling down a slope as an analogy for an entraining plume developing
in an unstable atmosphere characterized by convective available potential energy (a—d). Friction between the ball and the
grass on the slope is an analogy for entrainment. A ball bends the grass as it rolls as an analogy for passive cumuli, illustrated
by bent grass of darker color. (a) The ball is stopped due to the friction; (b) a larger ball experiencing less friction; (c) a ball
rolling down a greater slope with smaller grass, an analogy for shallow preconditioning; (d) a ball rolling where the grass is
bent by a former ball (illustrated by the dotted contour). The interaction between the passive clouds and active plumes (e—i).
(e) Top view of an initial cloud field at time ¢ where only active clouds exist; (f) the cloud field at time ¢ + At at which the
initially active clouds become passive (illustrated by the gray color), and other active clouds (plumes) develop; (g) lateral
view at the same time as in (f) illustrating the interaction between a passive cumulus cloud and an active plume, leading to a
deeper cloud at the time ¢ + 2A¢, as illustrated in (h). (i) Schematics for the interaction between a passive cloud with a radius
R, and an active plume with a radius R,, in which the active plume entrains air within an effective distance L.

To understand why the interaction between a plume and a passive cumulus cloud is beneficial for the former, let
us consider the Morrison (2017) entraining plume model. In this simple entraining model, the buoyancy B of an
entraining parcel can be expressed as:

Lyqse(1 — RH
dB:—NZ—sB—gg qse( E)

az ol M

where z is the vertical coordinate, N? is the squared buoyancy frequency, ¢ is the entrainment rate, g is the grav-
itational acceleration, L, is the latent heat of vapourization, g is the saturation mixing ratio of the environment,
RH, is the environmental relative humidity, 7, is the temperature of the environment, c, is the specific heat of air
at constant pressure, and ' = 1 + L2¢,¢/ (c,, R,T é) is a parameter, for which R, is the water vapor gas constant.
The cumulus parameterization models consider that the plume entrains environmental air with an environment
defined at the infinity, not in the direct vicinity of the cloud, neglecting in this way any heterogeneity in the cloud
environment. The passive cumulus cloud volumes may represent such a heterogeneity.

If a new plume hits a passive cloud, then this plume will mix with the air of the passive cumulus cloud. Since
the passive cloud has no buoyancy, its virtual potential temperature is equal to the environmental virtual poten-
tial temperature, and thus it may seem that it is not necessarily beneficial for the plume to entrain the air of the
passive cloud. However, if a plume mixes in drier air, this will make some of the liquid water in the active
cloud re-evaporate. This re—evaporation process will cool the cloudy air, leading to a decrease in buoyancy.
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The contribution of this re—evaporation effect is captured by the last term in Equation 1. In contrast, for a new
active plume which entrains the moist air of a passive cloud, the cooling associated with evaporation is reduced,
leading to a better preserved buoyancy, and thus, to a higher cloud top. This process is schematically illustrated
in Figures le—1h. At the onset of shallow convection only active cumuli exist (Figure le), whereas at a later
time the initial clouds become passive, and new plumes reach the condensation level forming new active clouds
(Figure 1f). We consider that there is a finite probability for a new plume to interact with an old passive cloud,
leading to a deeper cloud (Figures 1g and 1h).

Thus, Equation 1 should be modified in order to account for the relative humidity of the passive cloud if a new
active plume entrains moist air from passive clouds. We consider that the active plume entrains air over a distance
given by the mixing length L. Thus, the horizontal area A ,,. over which the plume entrains environmental air is

given by:
Aewr = m[(Ra+ LY’ = R%] = n(L* + 2R4L). Q)
We can therefore modify Equation 1 by replacing RH . with the relative humidity of entraining air RH,, , given by:
RH pir =100% X f + (1 — f)RHE, (3

for whichf=A_ /A, is the fraction of A, _that is occupied by a passive cloud (Figure 1i), for which A, is the

entr entr over
area of the overlap.

Here, only to show from a theoretical point of view the contribution of the passive cumuli in the development of
the active cumulus clouds, we will consider that L = 120 m, as suggested by Morrison (2017). Another obvious
alternative will be to consider that L is proportional with the radius of the entraining active plume R,. We mention
here a specific value only to quantify the magnitude of the interaction in the deepening of cumulus clouds, and it
should be noted that the specific choice of L is not important for the qualitative theoretical reasoning of this study.

2.1. Idealized Numerical Analysis

We perform a numerical integration of Equation 1 with and without interaction for an idealized vertical profile
characterized by a squared buoyancy frequency N? of —1.2 - 10~* s~2 between the cloud base and 2 km above the
cloud base, 107> s~2 between 2 and 10 km above the cloud base, and 2 - 10~* s72 between 10 and 11 km above
the cloud base (black dotted line in Figure 2), corresponding to a CAPE of 1920 J kg~!. This profile should
be taken as a simple, qualitative choice to illustrate the procedure. For the environmental relative humidity, we
consider the analytical profile from Weisman and Klemp (1982), and for T}, in Equation 1 we consider a constant
value of 300 K for simplicity. We performed a sensitivity test with T, = 200 K, showing no significant difference.
For the updraft vertical velocity w, we consider again the entraining plume model as (de Roode et al., 2012):
dwy 2B — ew;. )
dz
In Equations 1 and 4, for the entrainment rate we consider the following closure: £ = a/R,, in which a = 0.2 is
the entrainment coefficient. We thus simulate an interaction between a plume and a passive cloud, in which we
consider that the top height of the passive cloud is equal to the top height of the non-interacting cloud, which in
turn is given by the height at which w, = 0, and the radius of the passive cloud equals that of the active plume
(R, = R,). We consider these choices for the passive cloud as we are interested here in the situation in which a
passive cumulus represented a non—interacting cumulus in the decaying stage. Figure 2 respectively represents
the cases without interaction and with perfect interaction. By a perfect interaction we understand that the fraction
fis maximum, which means that A,,., = nRi,. Please note that even for a perfect interaction f is still less than
unity. As can be seen in Figure 2, the interaction indeed leads to better preserved positive buoyancy, and as a
result, to larger updraft velocities and higher cloud tops. Our simulation suggests that a perfect interaction for a
plume with a radius of 300 m is equivalent with an increase of the plume radius to 500 m for the non—interacting
case, while an interaction for a plume with a radius of 500 m leads to a higher cloud top than a non—interacting
plume with a radius of 700 m. Therefore, our simulation based on the Morrison (2017) plume model suggests
that the interaction between passive and active clouds might be at least as important as the increase in updraft
radii. However, even with perfect interaction, the clouds might not reach very high altitudes, and as a result will
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Figure 2. Interaction effect in the conceptual model. Graphical representation of the buoyancy (a—c) and vertical velocity (d—f) for the non—interacting and interacting
plumes, respectively. Three values for R, are considered: 300 m (a, d); 500 m (b, €); 700 m (c, f). (g) Graphical representation of the cloud top for non-interacting
(blue dot-dashed line) and interacting for a convective available potential energy (CAPE) of 1920 J kg~. (h) As in (g) but for a CAPE of 1160 J kg~!. Red solid curves
represent a perfect interaction for the case where R, = R,, and black solid curves represent the case in which f= 1. (i) A schematics for the interaction between the
passive clouds and the active plumes (as in Figures le—1h), leading to larger passive cumuli.

continue to remain shallow. This is because the radius of the passive clouds might be too small to sustain the
development of deeper cumuli.

2.2. The Organization of Passive Clouds

If a passive cumulus cloud represents a non—interacting cumulus in the decaying stage, then we expect that the
passive cumuli to have spatial scales comparable with those of the active cumuli. Thus, it follows from Equation 3
that RH,,,. might be too small to help the new plume reach a higher altitude and become deep enough to form

a congestus or a cumulonimbus cloud and to trigger positive feedbacks resulting from cold pools. However, if
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this is the case, and the interaction only leads to a non-precipitating shallow cumulus cloud, then the interaction
might also lead to a passive cloud with a larger radius at a later time, as schematically presented in Figure 2i.
Savre and Craig (2023) analyzed the clouds horizontal dimensions for the Large—scale Biosphere—Atmosphere
(LBA) transition case (Grabowski et al., 2006), showing that, indeed, the radii of the clouds—identified based on
a threshold for the condensed water path—does increase by nearly an order of magnitude during the transition,
while the radii of the active plumes—clouds identified based on the updraft criteria—only show a slight increase
(see Figure 2 of their study). The increase of the cloud horizontal dimension could be attributed to a process of
merging between the clouds. This merging can be of two types: between the active plumes, or between an active
plume and a passive cloud. The former leads to an active plume with a larger radius, while the later leads to a
larger passive cloud (as schematically presented in Figure 2i).

If a plume interacts with a passive cumulus cloud which has a radius large enough such that A, can become
equal with A, , then f =1 and RH,,,, = 100% until the top of the passive cloud is reached. The simulated
cloud top height z,,, for this situation is represented in Figure 2g, together with the case discussed above and
the non-interacting case. In Figure 2g we plot the top height of the plumes for the three cases as a function of
plume radius. We also present the solutions for a case with a smaller CAPE of 1160 J kg~! (Figure 2h). For this
case we considered the same idealized profiles but with N> = —0.8 - 10~ s~2 between the cloud base and 2 km
above the cloud base. As can be seen in Figures 2g and 2h, interaction with a large passive cloud can lead to deep
convection even for the very small plumes, whereas the increase in CAPE does not seems to be very important.
Note that while the red curve in Figure 2 depends on the choice of mixing length L, the black line is not dependent
on this choice, but this situation is conditioned by the increase in the passive clouds dimensions, which has been
shown to occur during the transition (Savre & Craig, 2023).

3. Large-Eddy Simulation

Until this point, we showed a model for the interaction of PCV and the new plumes originating from the bound-
ary layer. According to the model, this interaction could lead to larger and deeper clouds and might thus be an
important mechanism in the transition from shallow to deep convection. However, one may ask if this process
actually occurs during the transition or if the observed rapid organization and deepening of the clouds could
be attributed to other unidentified processes. This section is dedicated to this question. To give a preliminary
answer, we perform a large-eddy simulation using the System for Atmospheric Modeling (SAM), version 6.11
(M. F. Khairoutdinov & Randall, 2003) for the LBA transition case with the sounding for temperature and relative
humidity as in Grabowski et al. (2006). Here, we consider an imposed diurnal cycle for the surface temperature
T (1) givenby T (1) =300 K + 12 K - sin(27t/24 hr), in which ¢ is the simulated time, resulting in maximum surface
latent and sensible heat fluxes of approximately 240 W m~2 and 35 W m™2, respectively. The square domain is
doubly periodic in the horizontal directions, with 51.2 km linear domain dimension, with a horizontal grid length
of 50 m, and a vertical grid length of 50 m near the surface that gradually coarsens to 500 m near the domain
top at 26 km, with 100 vertical levels used in total. As the presence of mean horizontal flow might also play a
role in the transition (Grabowski, 2023), the horizontal wind field is initially set to zero everywhere. In our case,
CAPE increases from around 1450 J kg~! at the start of the simulation to 2600 J kg~ after 10 hr, at the end of
the simulation.

We analyze the 3D model output every 4 minutes in order to classify every grid cell as an interacting, non—
interacting or passive cloud cell. We consider that a cloud grid cell is one in which the total water condensate
lies above a threshold of 1073 g kg™, and a cloudy updraft is present in a cloud cell where the vertical velocity
is above 0.1 m s~!. If the cloud cell is not also an updraft cell, we consider it to be a passive cloud cell. We
further label each cloudy updraft as an interacting or non-interacting updraft: If at a given time a cell is a cloudy
updraft but at a previous time (4 minutes earlier) the cell was a passive cloud cell, then we consider the cell to
be an interacting cell. Because an updraft entrains air from its vicinity, we also consider that a cell is interacting
if any of its horizontal neighbors were passive cloud cells at the previous time, but only if the cell was not an
updraft at the previous time (to avoid counting as interacting the cloudy cells close to the subsidizing shells of
the clouds). In addition, we consider that if an updraft was labeled as interacting at the previous time step, then it
is still interacting. Since an interacting plume may overshoot the top of the passive cloud, we consider that if at a
vertical level k the updraft is interacting, and at the level k + 1 there is a cloudy updraft, then this updraft is also
interacting. Note that this classification is unable to account for the interacting plumes that are already detached
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Figure 3. Interaction effect in large-eddy simulations. Graphical representation of the fraction (a—d) and mean updraft velocity (e—f) of passive (gray solid line), updraft
non—interacting (blue dot—dashed line), and updraft interacting (red solid line) cloudy cells as a function of height at the following times: 4 hr (a, ), 5 hr (b, f), 6 hr (c,

g), and 7 hr (d, h).

from the passive cloud, for example, a bubble or the tail of a plume that is already above the top of the passive
cloud. Thus, at the cloud tops, the number of interacting cells might be underestimated. However, our scope here
is to show whether or not the interaction between the passive clouds and the updrafts plumes does occur during
the transition, and whether or not the vertical velocity of the interacting updrafts is larger than the vertical velocity
of the non—interacting updrafts.

In Figures 3a—3d we present the vertical profiles for the fractional areas occupied by the passive, interacting,
and non-interacting cloudy cells, at every height, during the transition. It is seen that the fraction of interacting
updrafts do not decrease with height as rapidly as the non—interacting one, suggesting that the interacting updrafts
preserve their buoyancy better then the non—interacting ones. However, at the cloud tops, the updrafts are not
necessarily only interacting, suggesting that although the interaction is important for the fate of the rising plumes,
it does not necessarily lead to higher cloud tops over the whole domain. However, as mentioned above, the frac-
tion of interacting updrafts at the top might be underestimated by our methodology. In any case, immediately
above cloud base, the fraction of interacting updrafts becomes larger then the fraction of non-interacting updrafts
(Figures 3a-3d), suggesting that the boundary layer plumes reach the LFC much more easily in locations where
PCV are already present. Thus, we show that the PCV have also an important role in helping the plumes reach
the LFC. As a result, more and more humidity is transported by the plumes from the boundary layer in a very
small fraction of the cloud environment, which may be seen as a type of shallow local preconditioning. Moreover,
as predicted, the updraft velocity of the interacting cells is larger then the updraft velocity of non—interacting
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cells, at least close to the cloud base (Figures 3e—3h). However, at hour 6 and 7 it seems that close to the cloud
top, although the fraction of updraft cells is very small, the non—interacting updraft velocity is larger than the
interacting updraft velocity. This might be due to our methodology which underestimates the fraction of inter-
acting cells close to the cloud top, or due to cold pools that organize the convection into larger plumes that are
able to rise higher.

4. Discussion and Conclusion

This study aimed to pinpoint the potential impact of heterogeneity in the cloud environment, due to initial shal-
low cumuli, on the development of subsequent deep convection. Such heterogeneity can result from PCV, which
we call areas where air is saturated but not convective. Although here we only discuss the role of PCV and
work under rather idealized settings, future studies could analyze the impact of those areas in which the relative
humidity is much larger than the average yet below saturation. Moreover, a pair of simulations with piggybacking
methodology (e.g., Kurowski et al., 2019) might provide more direct evidence of the role of PCV in the transition.

Our main reasoning here is that the air entrained by active cumulus clouds is not well-characterized by average
values over a large domain, as considered by the cumulus parameterization models. Rather, cumuli entrain air
from their immediate vicinity, and this air is not necessarily well-represented by a domain mean value. This
aspect might be very important for the transition from shallow-to-deep convection, especially if the number of
updrafts that develop where the PCV are already present cannot be neglected during the transition. Our findings
suggest that more than half of the convective updrafts interact with old PCV immediately above the cloud base,
which may show that the PCV help the updrafts to reach the LFC. Using an entraining plume model, we show
why, theoretically, this interaction is beneficial for the development of deeper clouds. We argue that the observed
increase in the cloud horizontal dimensions could also be attributed to the interaction between the PCV and the
new plumes originating from the boundary layer, and show why this organization leads to even deeper clouds.

Due to the relatively small domain size and short duration of the simulation we focused here on local-scale
convective organization. It would be an interesting extension to study larger domain sizes and timescales, espe-
cially multi-day diurnal cycles, where mesoscale convective organization is known to self—organize the moisture
field (Jensen et al., 2022) and thus precondition the transition to deep convection we describe.

Data Availability Statement

The LES data from Figure 3 are openly available at Vraciu (2023). The data from Figure 2 are obtained as indi-
cated in the text using the Matplotlib (Caswell et al., 2020) and Numpy (Harris et al., 2020) libraries.
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