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A Dynamical Model for the Shallow-to-Deep Transition of
Amazonian Moist Atmospheric Convection
Cristian V. Vraciu'?

'Faculty of Physics, University of Bucharest, Bucharest-Migurele, Romania, “Department of Meteorology, University of
Reading, Reading, UK

Abstract The development of deep convection and the timing of storm convection initiation over land are
generally poorly represented by weather and climate models, probably due to the poor representation of the
interaction between shallow and deep convection. The present work aims to present a prognostic model for the
shallow-to-deep transition of Amazonian convection in which the shallow and deep clouds are described under a
unified framework. Three types of clouds are considered in the present model: shallow cumuli, cumulus
congestus, and deep cumulonimbus clouds. The model is based on the idea that the shallow-to-deep transition of
atmospheric convection is primarily controlled by the interaction between updrafts and passive cloud volumes
(non-convective cumulus cloud volumes in the decaying stage) from which moist air can be entrained in the
updrafts. In this framework, the cold pools accelerate the shallow-to-deep transition due to a larger cloud-
updraft interaction, allowing the updrafts to be less susceptible to entrainment of dry environmental air. A
dynamical model for the diurnal cycle of shallow and deep is obtained and tested against idealized large-eddy
simulations. For idealized cases of Amazonian atmospheric convection, it is shown that the model represents the
transition from shallow to deep convection reasonably well, showing that the model could lead to improvements
in the forecast for storm convection initiation.

Plain Language Summary Weather and climate models often struggle to accurately represent when
and how storms begin to form over land. This is likely because they do not capture well the interaction between
nonprecipitating clouds and deeper storm systems. The goal of this study is to introduce a new approach that
treats the transition from shallow to deep convection as part of a dynamic system. The proposed model simulates
the daily cycle of cloud development, from small, shallow clouds in the morning to deep storm clouds in the
afternoon. It is built on the idea that the transition to deep convection is strongly influenced by how rising air
currents (updrafts) interact with nearby cloud volumes, from which they can draw in moist air. In this
framework, cold pools—cool air that spreads out near the surface after rain—play a key role by increasing this
interaction and helping updrafts avoid dry air, which usually weakens them. The model is tested against
idealized high-resolution numerical simulations and shows promising results in capturing this transition. This
suggests the model could help improve forecasts of when storms are likely to develop.

1. Introduction

Predicting the diurnal cycle of shallow and deep convection is crucial for accurate weather forecasting and climate
modeling, as it governs precipitation timing, intensity, and severe weather events. Additionally, it is essential for
various economic sectors, including aviation, agriculture, and energy planning, as it directly impacts decision-
making and operational efficiency. Multiple recent studies have explored the physical processes governing the
diurnal cycle of shallow and deep Amazonian convection as well as the interaction between them (e.g., Boing
et al., 2012; Grabowski, 2023; Khairoutdinov & Randall, 2006; Kurowski et al., 2018, 2024; Manco & Fig-
ueroa, 2025; Vraciu et al., 2023, 2025). However, weather and climate models continue to predict the onset of
deep stormy clouds 2-5 hr earlier than observed or simulated by large-eddy simulations (LES) within a diurnal
cycle (e.g., Couvreux et al., 2015; Harvey et al., 2022; Tao et al., 2023). This discrepancy arises because, within a
diurnal cycle, convective parameterization schemes typically trigger deep convection as soon as Convective
Inhibition (CIN) is negligible and Convective Available Potential Energy (CAPE) is large enough to support the
development of cumulonimbus clouds (Guichard et al., 2004). In reality, even under these conditions, the tran-
sition often requires several hours to occur—a phenomenon referred to as “convective memory” (Colin
et al., 2019; Colin & Sherwood, 2021; Daleu et al., 2020)—or it may not take place at all within a single diurnal
cycle over land (e.g., Tian et al., 2021; Zhuang et al., 2017).
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Most convective parameterization schemes used in weather prediction and climate models rely on the mass-flux
approach. These formulations conceptualize a convective cloud as a single entraining plume that interacts
exclusively with environmental air, represented by the mean resolved state (Arakawa & Schubert, 1974; De Rooy
et al., 2013; Vraciu, 2024). Consequently, the convective mass flux in these schemes is calculated solely based on
the large-scale state, ignoring cloud-cloud interactions and sub-grid heterogeneity within a given grid box.
Because the convective mass flux evolves only in response to the slow changes in the large-scale state, these
schemes struggle to capture the rapid transitions from shallow to deep convection observed during a diurnal cycle
over land where the atmosphere is already unstable at the onset of shallow convection, without substantially
changing during the shallow-to-deep transition (Bechtold et al., 2004; Couvreux et al., 2015; Song et al., 2024;
Tao et al., 2023; Vraciu et al., 2025; Wu et al., 2009).

To predict the onset of deep, precipitating convection, some numerical models employ CIN-based triggering
functions, which activate the deep convection scheme only when the kinetic energy of boundary layer updrafts
exceeds the convective inhibition (e.g., Rio et al., 2009; Rio et al., 2013). However, this approach is still based on
the fundamental structure of the parameterization scheme—it merely decides whether the scheme is switched on
or off. Once triggered, the convective mass flux associated with deep convection typically transitions abruptly
from zero to a fixed value corresponding to convective quasi-equilibrium, typically maintaining the quasi-
equilibrium with the large-scale environment as long as the scheme remains active (Bechtold et al., 2014). A
key limitation of this method is that it fails to represent the gradual development of deep convection from shallow
convection, often leading to a premature onset of precipitation by several hours. To address this issue, some
parameterization schemes have introduced additional constraints, such as requiring the presence of cold pools
(CP) for deep cumulonimbus clouds to form, even when CAPE is already substantially large (e.g., Hohenegger &
Bretherton, 2011; Suselj et al., 2019). Despite this improvement, the large CAPE at the triggering time still causes
the convective scheme to produce precipitation immediately, without resolving the intermediate stages—from
shallow non-precipitating cumuli to congestus and, eventually, deep cumulonimbus clouds. As a result, while
these schemes may model the transition from congestus to cumulonimbus clouds, they do not fully correct the
timing of precipitation onset. Moreover, as they heavily rely on the CP positive feedback in the shallow-to-deep
transition, they are unable to represent the deepening of cumulus clouds from non-precipitating cumuli to con-
gestus observed in simulations in which the CP are suppressed. Others proposed triggering functions based on a
so—called dynamical CAPE (e.g., Cui et al., 2021; Xie et al., 2019), defined as the CAPE generation rate by large-
scale advective forcing, in which deep convection is triggered only if the dynamical CAPE is positive.

The scope of this study is to obtain a dynamical system able to represent the evolution of shallow, congestus, and
cumulonimbus cloud cover during the rapid transition from shallow to deep convection happening in a diurnal
cycle over Amazonian land. The present model is based on the framework and conceptual picture of Vraciu
et al. (2025), where a simple Lotka-Volterra model is proposed for the rapid shallow-to-deep transition. However,
here we extend that study by incorporating the CP effect into the model in an explicit manner, and also by
allowing the updraft velocity at the cloud base to follow a diurnal cycle. It should be noted that there are already a
number of convection and cloud models based on the predator—prey framework. Nober and Graf (2005), for
example, introduced a spectral convection model where cloud types compete for atmospheric instability using a
Lotka—Volterra framework. Similar to the classical model by Arakawa and Schubert (1974), it relaxes the quasi-
equilibrium assumption and allows for cloud—cloud interactions, though only indirectly via their influence on the
mean atmospheric profile. Wagner and Graf (2010) expanded this approach by incorporating entrainment into
cloud population dynamics, following Pan and Randall (1998), though this derivation has been debated by Plant
and Yano (2011). Other models apply the predator—prey concept to different cloud regimes: for instance, Koren
and Feingold (2011) and Feingold et al. (2015) modeled rain as a predator of stratocumulus clouds, mediated by
aerosols and featuring explicit time delays, although not designed for deep convection. A predator-prey type
model for shallow convection is also derived by Chen et al. (2025) to predict the evolution of the shallow cloud
area distribution. Colin and Sherwood (2021) proposed a Lotka—Volterra model where convection and small-
scale structures like CP and updrafts act as predators on large-scale atmospheric instability. Their approach in-
troduces memory effects and resembles the discharge-recharge cycle in Yano and Plant (2012a), also connecting
back to concepts from Nober and Graf (2005).

The paper is organized as follows. Section 2 presents the conceptual model and the derivation of the dynamical
model. The CP feedback is introduced in Section 2.1. In Section 2.2, a simple parameterization for the updraft
velocity is proposed, which is tested for an idealized case of Amazonian convection. In Section 2.3, the dynamical
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Figure 1. Schematics of the three-layer cumulus model. The clouds, denoted by the black contour, are represented from a
lateral view, in which the updrafts are denoted by the red contour. The non-convective air within the clouds (i.e., not within
the updrafts) represents passive cloud volumes.

model is derived, and its predator-prey dynamics are discussed. The model is tested in Section 3 against LES with
and without suppressed CP and with constant surface fluxes (Section 3.1) and diurnal surface fluxes (Section 3.2).
The predator-prey characteristics of the dynamical model in the diurnal cycle are tested in Section 3.3. The role of
instability and relative humidity in the transition from shallow to deep convection in the dynamical model is
analyzed in Section 4. In Section 5, the sensitivity of the model to the tuning parameters is analyzed. Conclusions
and discussion are presented in Section 6.

2. Model Formulation

We consider that the cloud layer can be split into three layers with the depths Az, Az,, and Az, as schematically
illustrated in Figure 1. We thus consider three types of clouds: shallow cumuli, which are non-precipitating
clouds, heaving a top at z; = zo + Agz;, in which z; is the cloud base level; cumulus congestus, which are
precipitating clouds and have a top at z, = z; + Agz; and deep cumulonimbus clouds (heavy precipitating
clouds), withacloud topatz; = z, + Azz;. We denote by o, the cloud area at cloud base, which is approximately
the fractional area of all cloud species, by o, the cloud cover at z;, which is approximately the fractional area of
congestus and cumulonimbus clouds, and by ¢, the cloud cover at z,, which we consider to be approximately the
cumulonimbus clouds fractional area.

To obtain a dynamical model for the cloud cover of the three cloud species, we start from the budget equations for
the air mass within the clouds in each layer:
dmo myg
L =My-M, -2, 1
dr 0 1 %o (1a)
dm,, m
—L =M -M, -2, 1b
= My — M, (1b)

— =M=, (Ic)

where my is the air mass within the clouds (all types) in the first cloud layer, m, is the air mass within the
precipitating clouds (congestus and cumulonimbus) in the second cloud layer, m, is the air mass within the deep

cumulonimbus clouds in the third cloud layer, # is the time, M; withj = 0,2 represents the convective mass flux at
level z;, 7y is the lifetime of clouds in the first cloud layer, 7, is the lifetime of precipitating clouds (congestus and
cumulonimbus) in the second cloud layer, and z, is the lifetime of deep cumulonimbus clouds in the third cloud
layer. A table of variables and constants is presented in Appendix A. Here, we assume that each cloud species
decays following a simple decay rate. As is going to be seen, in the final system of equations for the cloud cover,
the decay will take the form also assumed by Pan and Randall (1998) or Yano and Plant (2012b).
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Figure 2. Schematics of the deepening of a cumulus cloud due to the cloud-updraft interaction. (a) Deepening due to the
interaction of updrafts with preexisting clouds, formed by previous updrafts. (b) Deepening due to the re-entrainment of air of
a single updraft with a large lifetime, as shown by the path of the two magenta particles. Here, the blue arrows denote
detrainment of air from the updraft, creating passive cloud volumes, while the red arrows denote entrainment in the updraft.
At the beginning, the updraft entrains dry air from the environment, losing its buoyancy rapidly, and detrains air close to the
cloud top. After some time, the updraft will mostly entrain moist air from the passive cloud volumes, helping the updraft to
better preserve its buoyancy and continuously deepening the cloud.

The mass flux at the cloud base (level z;) is given by:
My = pyo,wo, @)

where p,, 6,, and wy are the air density, updraft fractional area, and mean updraft velocity at the cloud base,
respectively. Please note that throughout the paper, o, only refers to the updraft fractional area immediately below
the cloud base, that is, at lifting condensation level (LCL) or at the top of the boundary layer. The mass flux at
levels z; and z, are given by:

IWj = PjCint,jWj> 3)

with j = 1,2, where Pjs Oinj» and w; are the air density, interacting updraft fractional area, and mean updraft
velocity at the level z;, respectively. Here, by interacting with updrafts, we understand those updrafts that interact
with passive cloud volumes, that is updrafts that entrain mostly the moist air within clouds (Figure 2). The
interacting updraft fractional area is thus the fractional area of updrafts that entrain cloudy air. We thus consider
here that the congestus clouds are formed if the updrafts reaching level z; entrain air from a shallow cumulus
cloud. Similarly, a camulonimbus cloud is formed if the updraft at level z, entrains air from a congestus cloud. By
passive cloud volumes, we refer to non-convective cloudy air, and by updrafts, we refer to bulk air volumes that
are rising. Thus, we consider that the updrafts can be defined based on a vertical velocity threshold criterion. We
therefore consider that the updrafts can entrain non-saturated air from the environment or saturated air from the
passive cloud volumes. We assume that there can be two possibilities for an updraft to entrain air from a passive
cloud volume:
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Figure 3. The effect of cold pools (CP) on cloud-updraft interaction. As the CP spread in the boundary layer in the time At,
they inhibit convection in their areas, forcing the updrafts to develop near the gust fronts, forming clouds on a smaller area,
thus facilitating the cloud-updraft interaction, resulting in wider and deeper clouds. The non—precipitating clouds are
depicted here with white color while the precipitating clouds are depicted with gray color. The CP are represented by the blue
color, and their gust fronts by a red contour. The convective updrafts are depicted by small red dots.

o if there are multiple updrafts developing in the same place in a period of time short enough such that the cloud
created by the previous updraft has not completely decayed (Vraciu et al., 2023, 2025), as schematically
represented in Figure 2a;

o if an updraft has a lifetime large enough such that, due to the toroidal motion of the updraft (Eytan et al., 2024;
Hernandez Pardo et al., 2025; Pinsky et al., 2023; Sherwood et al., 2013), the air detained by the updraft close
to the cloud top is re-entrained by the updraft after some time, as schematically represented in Figure 2b.

2.1. Cold Pools Feedback

It has been shown by a relevant number of studies that the CP play an important role in the shallow-to-deep
transition within a diurnal cycle (e.g., Boing et al., 2012; Kurowski et al., 2018; Schlemmer & Hoheneg-
ger, 2014; Vraciu et al., 2025). As also argued by Boing et al. (2012) and Vraciu et al. (2025), we consider here
that the CP promote the deepening of moist convection because clouds generally form along gust fronts, with the
deepest clouds developing at the intersections of these fronts (Boing et al., 2012; Fiévet et al., 2023; Fuglestvedt &
Haerter, 2020). This may be because clouds located at these junctions are surrounded by other clouds on all sides,
reducing the entrainment of dry, non-cloudy air in their updrafts. As a result, the updrafts are able to gain more
buoyancy, creating deeper clouds while also promoting wider cloud bases (Boing et al., 2012). A schematic of this
effect is presented in Figure 3. It should be noted that the CP might also have a positive effect on the deepening of
cumulus clouds because they might promote wider updrafts, which have smaller entrainment rates (Schlemmer &
Hohenegger, 2014). However, recent studies show that the widening of updrafts during the shallow-to-deep
transition is negligible compared to the widening of the cloud (Kurowski et al., 2024; Savre & Craig, 2023).
The CP might also lead to longer-lasting updrafts along gust fronts (Fuglestvedt & Haerter, 2020) promoting the
re-entrainment effect schematically presented in Figure 2b.

Here, we present a parameterization for the interacting updraft fractional area o,,,; at level z; that takes into

account the CP feedback, for which a number of assumptions are made. First, we consider that the interacting

fractional area is a sum of the interacting fractional area in the area not affected by the CP o2 and the interacting

int,j
(&h).

int,j*

frictional area along the gust front o

i =0 + & (@)

int,j — @intj int,j*

)

Second, we assume that 6;,,;

is given by the random overlap between the fractional area of passive cloud volumes
atlevel z;_ | and the updraft fractional area at the top of the boundary layer o,,. Assuming that the fractional area of

passive cloud volumes at a given level is a fraction of cloud cover at that level, we get:
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0
O = @ Gj—i O ©)
where a is a proportionality coefficient related to the fraction of passive cloud volumes fractional area to the

cloud cover. We thus consider that 6\,

int,j 18 proportional to the updraft cloud cover at cloud base. We also consider

here that o

int; 18 proportional to the cloud cover at level z;_; because for 6;_; = 0 there cannot be interacting

updrafts at level z;, and for 6;_; = 1 all updrafts reaching the level z;_; develop within a cloud, so they are
interacting. Note that we can also consider that 0522 ; is proportional to ¢;_; at any positive power, but we consider
here o;_; at the power 1 for simplicity. Because the CP are negatively buoyant (Tompkins, 2001; Torri
et al., 2015), we also consider that within the CP, there are no updrafts able to reach the cloud level (Figure 3).

Hence, we can write:
o, = O-u,O(1 - O-cp)’ (6)

where o, is the updraft fractional area at the top of the boundary layer in the absence of CP, and o, is the CP
fractional area.

Third, to obtain the fractional area of interaction updrafts along the gust fronts, we first consider that the fraction
of updrafts o, can be written as a sum of fractional area of updrafts developing along gust fronts afff) and
fractional area of updrafts developing outside CP and gust fronts ag’”’). After, we consider that
ol = (1 — 06 4r)0,,, Which leads to the following expression for the fractional area of updrafts developing along
gust fronts: aggf ) = 0,04, in Which o, is the gust fronts fractional area. The fraction of interacting updrafts at
level z; above the gust fronts is also given by the overlap between the updrafts and passive cloud volumes at level
Zi—1» and thus, we have:

e

intj X Oj_1 Ogf Oy (7

Furthermore, we assume that the gust front fractional area is proportional to the CP fractional area. Thus, we
consider the following relation:

O'l(f{]) = Qyf Gj_| G Oy ®)

where a, is a coefficient given by the product:

ay = (probability for cloud — updraft interaction along gust fronts) x
(ratio between gust fronts area and cold pools area).
We consider that almost all updrafts along the gust fronts are to some degree protected from the entrainment of dry
air by shallow clouds (Boing et al., 2012; Fuglestvedt & Haerter, 2020), and thus, we expect that the probability

for cloud-updraft interaction along gust fronts is much larger than a,. As we also consider that the gust fronts area
is with an order of magnitude smaller than the CP area, we assume that the coefficient a, is with an order of

magnitude larger than «.

Therefore, we obtain:
Ointj =V Oj—1 Ou0» (9)

where the parameter y is given by:

y = a0<1 + a—gfafp> (I =o0g). (10)
Qo
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2.2. Updraft Parameterization

The dynamical system of Equation 1 also requires a parameterization for the updraft velocity at each level. In
order to obtain a final dynamical system that is not heavily nonlinear, we are interested in having an updraft
parameterization as simple as possible. Of course, more sophisticated parameterizations can be tested later on, but
for the beginning, we want to show that even with simple parameterizations we get a reasonably accurate
dynamical system. For w(, we consider that once CIN is very small (below a certain threshold), it is proportional
to the convective velocity scale, and thus, we consider:

g 1/3
Wy = CO(H_OZOSHF) 5 (11)

where ¢, is a parameter, g is the acceleration due to gravity, 6, = 300 K is a constant reference potential tem-
perature, and SHF is the sensible surface heat flux. Here, we consider the cloud base z, for the calculation of wy
instead of the inversion height because in the shallow-to-deep transition within a diurnal cycle, the two are almost
proportional, and their variation is too small to make w, vary too much.

For the updraft velocity at levels z;, withj = 1,2, we aim to choose a parameterization that respects the following
criteria:

e it is simple enough such that a dynamical system can be obtained;
¢ depends on the atmospheric instability;

¢ considers the cloud-updraft interaction discussed above;

o considers the CP feedback.

To achieve this, we start with a bulk plume model for the updraft velocity, following a number of simplifications
to obtain a simple model for the updraft velocity at level z;. Thus, we can consider the following plume model (De
Rooy et al., 2013; Vraciu, 2022):

d 2
dl; =2B— ew?, (12)

where w,(z) is the updraft vertical velocity, B(z) is the updraft buoyancy, and ¢ is the fractional entrainment rate.
We can also consider that the buoyancy can be written as B = B b, in which B is a buoyancy amplitude and b, is
a function of z. Thus, solving the plume model between the cloud base and level z;, we obtain the updraft velocity

at level z; as:

J J
wf = w% exp (—s Z Azj;) + 2b; B exp (—e Z Azj/), (13)

=1 I=

where j’ is an index, and b; is an integral constant given by:
2’ LA s
b; = e b, (z/)dz, (14)
0

where 7/ is a vertical coordinate. Typically, e ~ 2-1073> m~! (Jo et al., 2025; Romps, 2010; Xu et al., 2021), and
we consider that Ej, o Az 2 3 - 10° m, which means that the product ez;j, - Azy is much larger than 1, implying

that we can neglect the first term in the right-hand side (RHS) of Equation 13, obtaining:

; 12
w; = [2bjl§exp(—s Z Azj/) (15)

=l
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Bisa complicated function of CAPE, and for cloud-updraft interaction, we can also assume that B is afunction of
cloud cover (Vraciu et al., 2023), and thus, we may consider that B is also proportional to the fraction of updrafts
that are interacting, as:

CAPE o0,
EL — 20 o-u,O ’

B = (16)

where /3 is a constant and EL is the equilibrium level (the level of neutral buoyancy for a non-entraining parcel).
Thus, if all updrafts are interacting, then o;,,;/6, o = 1, and then all updrafts are protected from entrainment of
dry environmental air; hence, buoyancy only scales with CAPE. On the other hand, if there are no interacting
updrafts, then we consider that the buoyancy at level z; should be zero. It should be noted that we do not consider
that the updrafts reaching level z; only entrain cloudy air, but rather that they have to entrain some amount of
cloudy air in order to be able to reach level z; (Figure 2). Therefore, in our model, the ratio 6;,,;/6, is related to
the amount of cloudy air entrained by the updrafts between the cloud base and level z;. Substituting in Equa-
tion 15, and using also Equation 9, we get the following very simple model for the updraft velocity at level z;:

w; = ¢y[2CAPE y 0;_, ©(EL —z)), (17

where O is the Heaviside step function, and c is a parameter given by:

CcC =

by AT
EL—2 exp|—e Z Azjz , (18)

=l

which we assume to be a constant.

Hence, the updraft velocity at level z; is nonzero only if EL > z;. It should also be noted that instead of CAPE,
perhaps a more realistic cloud work function would allow for a better model, but we consider here CAPE for
simplicity.

2.2.1. Test of Updraft Parameterization

To test the model, here we consider the results obtained from a high-resolution LES reported in Vraciu
et al. (2025). The simulation was conducted using the MISU-MIT Cloud and Aerosol model (MIMICA) (Savre
et al., 2014), as detailed in Savre and Craig (2023). The simulation represents an idealized version of the original
Large-scale Biosphere-Atmosphere (LBA) case, which is an Amazonian shallow-to-deep transition case
described by Grabowski et al. (2006), with initial conditions and forcings adapted from Boing et al. (2012).
Relative humidity was held constant at 80% up to an altitude of 6,000 m, decreasing linearly to 15% at 17,500 m.
Latent and sensible surface heat fluxes were maintained constant at 343 W m~2 and 161 W m~? respectively,
which corresponds to the diurnal averages of the time-dependent fluxes considered in Grabowski et al. (2006).
The model domain spans 102.4 km horizontally in both directions, with an upper boundary at 14.25 km. The
horizontal grid spacing is 100 m, while the vertical spacing is 25 m below 1.5 km and increases geometrically
above, reaching about 400 m at the top. An additional simulation was conducted with CP suppressed. This was
achieved using the approach outlined by Boing et al. (2012), in which the tendencies of potential temperature and
water vapor mixing ratio below the cloud base were nudged toward their horizontally averaged values over a
timescale of 10 min. The reader is referred to Savre (2023a, 2023b) and Vraciu et al. (2025) for more details on the
methodology of the simulations.

In Figure 4, a comparison is presented between the modeled data for the updraft velocity at cloud base (around
1,000 m), z; = 4000 m, and z, = 8000 m, and the data from LES at the same height. The modeled data is
obtained using Equation 17 with input data for cloud cover at cloud base and the cloud cover at z; taken from LES.
The cloud cover at each level is computed as the fractional area of cells in which the condensed water mixing ratio
exceeds a threshold of 10~ ¢ m~3. The input data for the CP fractional area 6, is also taken from LES and
defined as the fractional area in which the temperature in the first LES vertical level is 1 K smaller than the
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Figure 4. Updraft vertical velocity from the idealized large-eddy simulations (LES) at cloud base (a, d) 4,000 m (b, e) and 8,000 m (c,f). The data corresponding to the
case with suppressed cold pools (CP) (No CP) are presented in the top panels (a—c), while the data with active CP are presented in the bottom panels (d—f). The data
modeled with the parameterization model are plotted with red lines, for which the LES data for cloud cover, CP fractional area, and CAPE have been used as input. The
data for updraft velocity from LES are plotted with dotted black lines. In addition, a simple model proportional to \/2CAPE is plotted with dashed blue lines. For better
visualization, LES data are smoothed with a third-order polynomial function.

average temperature at that level. The updraft velocity obtained from LES is computed at each level as the mean
vertical velocity of the updraft cloudy cells, where the updraft cloudy cells are defined as the cloud cells in which
the vertical velocity is above a threshold of 0.1 m s™!. Here, we consider ¢, = 6-1072,¢ = 0.15, ¢y = 0.25, and

a., = 3. To show that a model that is only a simple function of CAPE cannot work for the shallow-to-deep

cp
transition, we also test the following simple parameterization:

w; = y\2CAPE, (19)

where y = 2-1072 is a constant. As shown by the blue lines in Figure 4, such a simple parameterization cannot
accurately model the updraft velocity at each level.

To obtain a closed system of equations, the cold pool fractional area also requires parameterization. Here, for
simplicity, we consider that it can be modeled as a linear function of congestus and cumulonimbus clouds
cover, as:

6 = P1(01 —02) + p, 03, (20)

where f; = 12 and p, = 15 are coefficients, assumed here to be constants. The f, and S, coefficients might
depend, however, on the environmental properties such as relative humidity or surface heat fluxes, which might
have an impact on precipitation rate (Colin & Sherwood, 2021) and the spread of CP in the boundary layer (Fu &
O’Neill, 2025). A sensitivity test to the 3, and f3, coefficients is presented in Section 5. The first and second terms
in the RHS of Equation 20 represent the contribution of congestus and cumulonimbus clouds in the formation of
CP, respectively.
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Figure 5. Cold pool fractional area parameterization. (a) The cold pool fractional area modeled with Equation 20 is compared
with the fractional area obtained from large-eddy simulations as defined above. (b) Updraft velocity at level z;, modeled with
Equation 17, in which the parameterization for the cold pool fractional area is used, is displayed with a green solid line. (c) As in
(b) but at the level z,. The red solid line and the black dotted line are as in Figure 4.

In Figure Sa, the modeled CP fractional area using Equation 20 is plotted. As one may see, for this particular
transition case, the model works reasonably. The updraft velocity at levels z; and z, modeled using Equations 17
and 20 is also plotted in Figure 5, showing good agreement with LES data.

An additional test is made against an idealized LES case with time-dependent surface fluxes reported in Kurowski
et al. (2018). A total of four simulations are made in Kurowski et al. (2018): one pair of simulations with pre-
scribed surface heat fluxes as in Grabowski et al. (2006) and one pair of simulations with interactive surface
fluxes. Each pair of simulations has one case with active CP and one case with suppressed CP. All simulations are
based on the LBA transition case with the initial profiles for temperature, moisture, and wind as in Grabowski
et al. (2006). Here, we consider the data for the simulations with interactive surface fluxes, denoted as NOCP_i
(for the case with suppressed CP) and CP_i (for the case with active CP) in Kurowski et al. (2018). The surface
sensible heat flux (SHF) for the two simulations is presented in Figure 6. Please refer to Kurowski et al. (2018) for
more details on the methodology of the simulations.

Data for updraft velocity at cloud base, 4,000 m, and 8,000 m altitude are extracted from Figure 15 of Kurowski
et al. (2018) using an online data digitizer tool. The process of data collection could lead to some errors, but here
we only use the data for testing our model, noting that these errors are negligible compared to the difference
between our model and the LES data.

In Figure 7, modeled data for the updraft velocity using Equations 17 and 20 are compared with the LES data,
showing reasonably good agreement. As before, LES data for cloud cover are used as input in our model. It should
be noted that here the cloud cover is defined as the cloudy updraft fractional area as the two are assumed to be
proportional and almost equal during the shallow-to-deep transition (Kurowski et al., 2018; Vraciu et al., 2025).
These data are also extracted from Figure 15 of Kurowski et al. (2018) with the same method as for the updraft
vertical velocity. Here, as CAPE does not vary substantially during the shallow-to-deep transition (e.g., Figure 4
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Figure 6. Surface sensible heat flux in the CP_i and NOCP_i simulation
reported in Kurowski et al. (2018). The data are taken from Figure 6 of
Kurowski et al. (2018) at 15 min interval.

of Efstathiou et al. (2024)), we use a constant value of 2,000 J kg_1 to
compute the updraft velocities at z; = 4000 m and z, = 8000 m. Also, a
constant value of 1,000 m is considered for z; to calculate wy, which might
have led to the difference between the modeled and LES data for wy in
Figure 7. All parameters have the same value as before (Figures 4 and 5).

2.3. Dynamical Model for Cloud Cover

The aim of this study is to obtain a dynamical system describing the evolution
of the three cloud species during the shallow-to-deep transition. Thus, we
want to obtain a dynamical system for oy, 01, and o, that is closed. To obtain
this, we consider that all clouds have their tops at z;, z,, or z3, depending on
their type. Hence, for the air masses within the clouds in the system of
Equation 1 we can write:

my = pyAz;0p, (21a)
m, = prAz;0q, (21b)
my = pyAz30,, (21¢)

where py = (po + p1)/2. 1 = (p1 + p2)/2, and p; = (p, + p3)/2 are the mean air densities in the first,

second, and third layer, respectively. Note that the masses are expressed per unit area and have units of kg m~2.

Thus, putting all together, we obtain the following dynamical system for the cloud population of the three cloud

species:
(a) cloud base (b) 4 000 m (c) 8 000 m
14 1.0 —— Modeled 3
129 S~ | TN L | ] e LES Vi
0.8
~ —
=, T Z
0.8 0.6 °
£ g a
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0.4
o 0.2
00 0.0 ———eeedeaad ;
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Figure 7. Updraft vertical velocity from the idealized large-eddy simulations (LES) reported in Kurowski et al. (2018) at cloud base (a, d) 4,000 m (b, ¢) and 8,000 m (c,
f). The data corresponding to the case with suppressed cold pools (CP) (No CP) are presented in the top panels (a—c), while the data with active CP are presented in the
bottom panels (d—f). The data modeled with the parameterization model are plotted with red lines, for which the LES data for cloud cover have been used as input. The
data for updraft velocity from LES are plotted with dotted black lines. LES data for updraft velocity and cloud cover are taken from Figure 15 of Kurowski et al. (2018).
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updraft dar = a;w 176,000 — biwyy0, 001 — P (22b)
organization 14
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. . . ()'2 62
suppression in precipitation = WarOue0t — s (22¢)
the cold pools Cold pools d
where  ay = py/(pyAzy), by = pi/(PoAzy), a; = pi/(p1Az),
Figure 8. Schematics of feedback loops in the dynamical model. The blue by = py/ (FlAzz), and a, = p,/ (EAQ) are system constants.
arrow denotes a positive causality, while the red one denotes a negative
causality. After Figure 13 of Vraciu et al. (2025). The final step to close the system of equations is to consider a parameteri-

zation for 6, . We consider, for simplicity, that in the absence of CP, the
convective mass flux at the top of the boundary layer is proportional to the surface sensible heat flux. As the
convective mass flux at the top of the boundary layer is proportional to the product of wy and 6, , and since we

consider that wy < SHF'"/? (Equation 11), for 6,0 we consider the following very simple parameterization:
6.0 = k SHF”? ©(SHF), (23)

where « is a constant.

The feedback loops in the dynamical model are summarized in Figure 8. The larger the total cloud cover (the
cloud cover at cloud base), the larger the probability for cloud-updraft interaction, leading to an increase in the
precipitating cloud cover (first term in the RHS of Equation 22b), which, in turn, leads due mass conservation to a
reduction in the cloud cover at cloud base (second term in the RHS of Equation 22a). Precipitating clouds produce
CP due to the precipitation evaporation in the boundary layer, forcing convection to form along the gust front,
organizing convection, and increasing the cloud-updraft interaction (the first term in the RHS of Equation 22b
increases due to a larger y factor). Cold pools, however, also suppress convection, leading to a reduction of the
total cloud cover (first term in the RHS of Equation 22a). As in Vraciu et al. (2025), we obtain a predator-prey
type of dynamical system with the same feedback loops. However, here we consider the CP feedback explicitly,
as opposed to Vraciu et al. (2025), where the feedback is only discussed qualitatively. We also consider a different
parameterization for the updraft velocity, obtaining thus a different dynamical system, although both describe a
predator-prey type of interaction between the cloud species. A parametric sensitivity study of the dynamical
model is presented in Section 5.

3. Test of the Model

The model is tested against the idealized LES discussed above. First, we test the model against the shallow-to-
deep transition case reported in Vraciu et al. (2025) in which constant surface fluxes are assumed, and then,
we test the model against the data reported in Kurowski et al. (2018) in which the surface fluxes are time-
dependent, mimicking a diurnal cycle.

3.1. Constant Surface Fluxes

The model is tested against the two simulations reported in Vraciu et al. (2025). As mentioned earlier, the
simulations follow the LBA shallow-to-deep transition case (Grabowski et al., 2006), but with constant surface
fluxes and with the initial horizontal wind set to zero. Two simulations are considered, both with the same set-up
and initial conditions, but one with active CP and one with suppressed CP.

The modeled cloud cover data for the shallow-to-deep transition are plotted in Figure 9 with solid lines, together
with the LES data from Vraciu et al. (2025), which are plotted with dotted lines. Although far from being a perfect
match between the two data series, the model predicts the transition to deep convection reasonably well. Most
notably, the model is able to capture two important features of the shallow-to-deep transition: (a) a reduction of
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Figure 9. Time series of cloud cover at cloud base (blue lines), 4,000 m (red lines), and 8,000 m (green lines) during the
shallow-to-deep transition case reported in Vraciu et al. (2025) for the case with active cold pools (CP) (left) and the case
with suppressed CP (right). The solid lines represent data modeled with the present model, while the large-eddy simulations
(LES) data is represented with dotted lines. Here, the LES data represent cloudy updraft fractional area, which is almost equal
to cloud cover (see Figure Al of Vraciu et al. (2025)).
cloud cover fractional area at cloud base in the presence of CP, and (b) a much smaller number of cumulonimbus
clouds forming in the absence of CP. The data modeled with the dynamical model are obtained by solving the
system of Equation 22 with the implicit Euler method with the following coefficients: ¥ = 6.75-1073 m*3
W3, py = LL1kgm™,p; =0.787kgm™>, p, = 0.516kgm™, p; = 0.324kgm™, 7, = 25min, 7, = 1 hr,
and 7; = 3 hr. The values of the rest of the coefficients are as mentioned in Section 2.2.1.
3.2. Diurnal Surface Fluxes
The model is also tested against the two simulations reported in Kurowski et al. (2018) discussed in Section 2.2.1.
As mentioned earlier, the simulations also follow the LBA shallow-to-deep transition case (Grabowski
et al., 2006), but with interactive time-dependent surface fluxes (Figure 6).
The time series of modeled cloud cover and LES cloud cover (defined as cloudy updraft fractional area in
Kurowski et al. (2018)) are plotted in Figure 10. The modeled cloud cover fractional areas are computed by
solving the system of Equation 22 with the same values for the parameters as in the case with constant surface
With CP No CP
o 8 —— Cloud base - g,
0.12 1 ) 0201 — 4000 m - 0y
0.10 1 _
P e
5 0.08- o)
2 2
Q Q CHEN A
© 0.06 - © 010 i o e
° ! : .
2 =1
L 0.04 2 :
© © o005y . S
0.02 A : . o
0.004 000 e ettt
0 2 4 6 8 10 0 2 4 6 8 10
Time (hr) Time (hr)
Figure 10. As in Figure 9 but for the transition case reported in Kurowski et al. (2018). The large-eddy simulations data has
been extracted from Figure 15 of Kurowski et al. (2018) and represents the cloudy updraft fractional area.
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Figure 11. Cloud-precipitation system in a complete diurnal cycle of deep convection. (a) Time series showing cloud cover
(blue solid line) and surface precipitation rate (red solid line) across three complete diurnal cycles. Surface heat flux is also
included for reference (black dotted line). (b) Time series showing cloud cover (blue solid line) and cold pools fractional area
(red solid line) across four complete diurnal cycles obtained with the present dynamical model. (c) Limit cycle representation
of the cloud—precipitation system over the full 10-day simulation period, excluding the initial 2 days, which are treated as
spin-up time. Data plotted in (a) and (c) are from Jensen et al. (2022), and the plots are adapted after Figure 14 of Vraciu
et al. (2025). (d) Phase space of cloud cover—cold pools fractional area obtained for the data plotted in (b).

fluxes (Section 3.1). Although the model seems to give a consistent error for the cloud cover at cloud base in the
case with suppressed CP, it predicts reasonably well the cloud cover in the case with active CP. It should be noted
that the errors could also be due to a poor choice of the parameterizations for w, and o, . However, better al-
ternatives for these two parameterizations can be considered without changing the dynamical model. Never-
theless, even with these very simple parameterizations, the model performs reasonably well for the cases with
active CP.

3.3. Cloud-Precipitation System in the Diurnal Cycle

In this section, we test whether the model exhibits predator-prey characteristics in the cloud-precipitation system
in a complete diurnal cycle, as shown by Vraciu et al. (2025) using LES data obtained by Jensen et al. (2022). In
Figure 11a, the time series for the cloud cover and surface precipitation rate are plotted for a few days. The data
are obtained by Jensen et al. (2022) and are openly available at Haerter (2021). The reader is referred to Jensen
et al. (2022) for case description and methodological details. The phase space of the cloud-precipitation system
modeled by Jensen et al. (2022) is represented in Figure 11c. For comparison, the data obtained with the present
model are plotted in Figures 11b and 11d. The data modeled with our dynamical model are obtained by
considering a diurnal cycle of the surface sensible heat flux given by:

. 2mt _2
SHF = 300[ sin (24 hr) - 0.2} Wm™. (24)
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The rest of the setting is exactly as described in Section 3.2. Here, we plot the CP fractional area instead of the
precipitation rate because in the dynamical model, a parameterization for the precipitation rate is not considered,
but we assume that the precipitation rate is almost proportional to the cold pool fractional area, which is
parameterized here with Equation 20.

As one may see, the dynamical model gives similar characteristics for the cloud-precipitation system as in the
large-eddy simulation, but the match between the two is not perfect. Although there are some differences between
the two sets of data, the model still predicts reasonably well predator-prey characteristics within a complete
diurnal cycle of deep convection, especially considering the large number of approximations considered here and
the simplicity of the model.

4. Role of Instability and Relative Humidity in the Shallow-to-Deep Transition

Both numerical and observational studies (e.g., Tian et al., 2021; Tian & Zhang, 2025; Varble et al., 2024;
Viscardi et al., 2025; Wu et al., 2009) show that the atmospheric instability characterized by CAPE and the
tropospheric environmental relative humidity are important factors for the shallow-to-deep transition within a
diurnal cycle over land. Although a large value of CAPE is important for deep convection initiation, CAPE alone
is often not a good predictor of deep convection onset (Jo et al., 2025; Miller et al., 2025; Tian et al., 2021). On the
other hand, if CAPE is not too small, the tropospheric relative humidity plays a very important role in the
transition from shallow to deep convection (Chakraborty et al., 2018; Jo et al., 2025; Tian et al., 2021; Viscardi
et al., 2025; Wu et al., 2009), with larger relative humidity leading to a more rapid development of deep clouds.

The role of instability and environmental relative humidity in the deep convection initiation can be theoretically
explained by a steady-state plume model (e.g., Morrison, 2017; Morrison et al., 2022). However, such a model
cannot explain the gradual convective deepening during the rapid shallow-to-deep transition, during which the
instability and humidity remain quite steady. Wu et al. (2009) shows that both CAPE and RH control the time-
scale of shallow-to-deep transition, a time-scale which cannot be modeled with a steady-state plume model. Here,
we study the role of instability and humidity in the present dynamical model. The relative humidity is introduced
into the model by considering the cloud's lifetime depends on RH as follows:

Tr,0
= - R 2
kT (25)

with r € {0, p,d}, where 7oy = 6 min, 7,, = 9 min, and 7,5 = 36 min are constants. The role of relative hu-
midity is introduced, thus by its influence on the cloud's lifetime. Larger RH means longer lifetimes, which means
that the updrafts have more chances to interact with a shallow cloud, forming a deeper one. Note that this is
different from the role of relative humidity in the dynamics of a plume model, where RH plays a role due to the
evaporation-induced cooling within the moist plume due to the entrainment of dry environmental air (Morrison
et al., 2022). However, the evaporation-induced cooling due to entrainment can also be considered in the present
dynamical model by changing CAPE in Equation 17 with an entrainment—CAPFE that considers the environmental
relative humidity, such as the one derived, for example, by Peters et al. (2023). However, such a development is
left for future work.

The cloud cover is plotted in Figure 12 for a diurnal cycle with the setting described in Section 3.3 for different
values of CAPE and environmental relative humidity. Our model predicts that if the relative humidity is high,
deep cumulonimbus clouds can develop even for relatively small values of CAPE, whereas in a dry atmosphere
(small RH), cumulonimbus clouds develop only in a very small proportion, even when the instability is very large.
Thus, our model qualitatively agrees with the observational and numerical studies. A quantitative test is left for a
future study, in which the cloud—environment interaction will also be introduced in the dynamical model. To
better appreciate the role of instability and relative humidity in the shallow-to-deep transition predicted by our
model, in Figure 13, the dependence on RH of the maximum cumulonimbus cloud cover—defined as the
maximum value of the cloud cover at z,—and of time #,—defined as the time required for cumulonimbus clouds
to reach a fraction of 10> —are represented, showing indeed a qualitative agreement with the observational and
LES studies.
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Figure 12. Dependence of cloud cover during a diurnal cycle on instability and environmental relative humidity for a CAPE of 500 T kg™ (top), 1,000 J kg~' (middle),
and 2,000 J kg~ (bottom), and for four values of RH, as indicated on the plots. Cloud covers at cloud base are plotted with solid blue lines, cloud covers at z, are plotted
with solid red lines, and the cloud covers at z, are plotted with green solid lines.

5. Parameter Sensitivity

To show the dependence of the system on the parameters that require tuning, a parametric study is carried out in

the space of 7y, ay, a,,, and ¢, limits of which are shown on the axes in Figure 14. Here, in order to reduce the

ep>
number of parameters analyzed, we consider thatz,, = 1.5 7oy and 7,y = 6 7(. The parameters are varied two-
by-two, while the other two take the default values considered in the previous sections (7o, = 6 min, oy = 0.25,
a, = 3,and ¢ = 0.15). Each parameter is varied 30 times, resulting in a total of 5,400 different configurations,
for which two metrics are evaluated: the time ¢, and the maximum cumulonimbus cloud cover, which are defined
in Section 4. The dynamical model is solved here with the setup used in Section 4, but with a constant CAPE of

2,000 J kg™! and a constant RH of 80%.

The resulting contour maps are presented in Figure 14. As one may see, even for a large range of parameters, the
system is quite stable, meaning that no extreme values for 7z, or maximum cumulonimbus cloud cover are
observed. Moreover, close to the default parameters, the differences in #, are only about 1 hr, and those in
maximum cumulonimbus cloud cover are about 0.02. The results show that although the solutions display a
somewhat important sensitivity to 7, they are not very sensitive close to the default value of 6 min. On the other
hand, the solutions are quite sensitive to  and a,,, which control the interaction strength between clouds and
updrafts. Sensitivity to the parameter c, related to the fraction of CAPE converted into convective kinetic energy,
also seems important, as expected.

An additional sensitivity test is made in the (ﬂl, /}2) -space (see Equation 20), where f; takes values between 2.5
and 17, and f, takes values between 5.5 and 20. The default values used for testing in Section 2.2.1 and Section 3
are /i = 12 and , = 15. The resulting contour maps are shown in Figure 15, in which the results for which
P > p, are excluded because they are considered unphysical. It is shown that in this range, the time ¢, is not very
sensitive to the parameters, whereas the maximum cumulonimbus cloud cover is very sensitive. It is shown that
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for small values of the parameters, the maximum cumulonimbus cloud cover

0.03 A

0.02 ~

0.01 ~

0.00 A

— 1000 J kgt
—-.=--2000J kgt ./
Ve

0.06 1 (a) / increases as the parameters increase, due to the positive feedback loop
0054 ===m—n 250 J kg.1 ya associated with CP. On the other hand, for large values of the parameters, the

' 1 /’ modeled CP fractional area is so large that it creates a negative feedback loop
0.04 - reeeseeees 500 J kg * due to the convective suppression, and thus, it is observed from Figure 15b

that larger values of the parameters lead to smaller values of the maximum
cumulonimbus cloud cover.

-, 6. Conclusions and Discussion

This study introduces a dynamical model that captures the evolution of
shallow, congestus, and deep convective clouds within a unified framework,

Maximum cumulonimbus cover

aimed at describing the rapid transition from shallow to deep convection
during the diurnal cycle over land. Building on the conceptual understanding

T« (hI‘)

of cloud—updraft interactions, the model explicitly incorporates the role of
CP, which are known to significantly influence the timing and organization of
convective development.

The model performs well when tested against idealized LES, successfully
reproducing the primary stages of cloud development: the formation of
shallow cumuli, the emergence of congestus clouds, and the eventual deep-
ening into cumulonimbus clouds. It accurately reflects the differences in
convective evolution between simulations with active and suppressed CP,
reinforcing the importance of cold pool dynamics in the transition process.
The inclusion of cold pool feedback captures both their suppressive effect on
convection within their area and their organizing influence along gust fronts,

Figure 13. Dependence of maximum cumulonimbus cloud cover (a) and time
t, (b) on CAPE and RH obtained with the dynamical model. Four values for

CAPE are considered here: 250 J kg™! (dashed lines), 500 J kg™! (dotted lines),
1,000 J kg™ (solid lines), and 2,000 J kg~' (dash-dotted lines).

where cloud—updraft interactions are enhanced. This dual role allows the
model to reproduce a realistic convective deepening pathway, consistent with
previous observational and numerical studies.

The model also exhibits a predator—prey-like feedback in the cloud—
precipitation system, replicating the cyclic behavior seen in LES studies.
Furthermore, the model qualitatively confirms that while a high CAPE is
necessary, it is not sufficient to trigger deep convection on its own. In the
present model, the environmental relative humidity plays a critical role in the
shallow-to-deep transition by influencing cloud lifetimes and the likelihood of cloud—updraft interactions, in
agreement with empirical findings.

Despite its strengths, the model remains idealized and includes several simplifications. The CP fractional area is
parameterized rather than resolved explicitly, and updraft velocities are computed using basic functions of CAPE
and surface heat flux, which may not accurately capture the complex dynamics of real atmospheric updrafts.
Although these simplifications are required here in order to obtain a dynamical system for the cloud cover, future
improvements could include the development of a time-dependent plume model that considers both cloud-updraft
interaction and CP feedback, in addition to the cloud-environment interaction, to be coupled to the dynamical
system. Nevertheless, because of its simplicity and modular design, the model might be well-suited for integration
into larger-scale weather prediction models, particularly within mass-flux-based convective parameterization
schemes that use triggering functions. The model will allow the weather prediction models to capture a pro-
gressive deepening of the cumulus clouds instead of an instant switch from shallow to deep convective regimes.
This can be done by replacing the mass—flux predicted by the deep convection scheme M,; with an adjusted mass—
flux M), as follows:

02

!
Md = —Md,
Od

(26)
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Figure 14. Evaluating the parameter space of the dynamical model. Left column (a, c, e, g, i, and k) shows the time ¢, as a
function of the parameter space, while the right column (b, d, f, h, j, and 1) shows the maximum cumulonimbus cloud cover.
Yellow dashed lines indicate the default values of the parameters used for testing.
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Figure 15. Sensitivity of time ¢, (a), and maximum cumulonimbus cloud cover (b) in the (ﬁl R ﬁz)—space. Yellow dashed lines
indicate the default values of the parameters.

where o, is the fraction of cumulonimbus clouds modeled by the present dynamical model, and o, is the constant
fractional area assumed by the deep convection schemes. The dynamical model can run in parallel to the cumulus
parameterization scheme, starting to run only when there are conditions for deep convection initiation (e.g., large
CAPE), and being shut down after deep convection reaches equilibrium, or after several hours. The model could,
thus, be coupled to existing diagnostic convection schemes without altering their internal structure. This is
because a diagnostic scheme may fail to capture the gradual shallow-to-deep transition but can correctly represent
the convective mass flux once the system reaches quasi-equilibrium. Thus, the present dynamical model can
modulate the amplitude of the convective mass flux during the shallow-to-deep transition without altering the
existing diagnostic parameterization, but by only correcting the deep convection mass flux amplitude (Equa-
tion 26). While such an implementation is beyond the scope of the present study, outlining this pathway may
guide future efforts to improve the timing and realism of convective onset in operational weather and climate
models. However, here we only model the shallow-to-deep transition for Amazonian convection, and thus, it is
not clear if the assumed values of the coefficients are universal or if they might need to take different values for
different shallow-to-deep transition cases. Future research is thus needed to test whether the model can be
implemented in a global model.

The present framework may also provide guidance for developing future data-driven or hybrid machine learning
(ML) convective parameterizations. The dynamical model highlights a small set of physically interpretable
variables that regulate the shallow-to-deep transition, such as CAPE, environmental relative humidity, or surface
heat fluxes. Importantly, many of these quantities are already available as prognostic or diagnostic fields in
numerical weather prediction systems and can be used as input in ML-based parameterizations. In addition, the
present dynamical model itself provides a natural target for ML-assisted calibration. Because the model contains a
relatively small number of physically interpretable parameters controlling cloud lifetimes, cloud—updraft inter-
action strength, and cold pool feedback, ML or Bayesian inference techniques could be used to estimate optimal
parameter values from LES or observational data sets. Such an approach would allow the parameters to be trained
in a regime-dependent manner, for example, as functions of environmental humidity, surface fluxes, or large-
scale forcing, while preserving the underlying physical structure of the model.

In conclusion, the proposed dynamical model offers a promising step toward a more accurate representation of the
shallow-to-deep convective transition. Its ability to capture essential features of the diurnal Amazonian
convective cycle, including the influence of CP and environmental conditions, highlights its potential as a
foundation for future parameterization schemes in atmospheric models. The proposed framework on which the
dynamical model is built, and the difference to the current mass-flux view, is schematically presented in
Figure 16. With continued refinement, it could contribute significantly to improving the timing and structure of
convection in both weather forecasting and climate prediction frameworks.

VRACIU 19 of 24

85U8017 SUOWILIOD BAE81D 3(edl|dde 3y} Aq peusenob ale sspive YO ‘88N JO S9N 1o AReIq1T 3UIIUQ A8]IA LD (SUORIPUCO-PUR-SULBILI0O™A8| 1M AReIq 1[ul[UO//SA1Y) SUORIPUOD PUe WL | 8U} 89S *[9202/70/80] Uo ArIqiTauUllUO A8]1M ‘80UB|OXT 818D PUe U esH Jojaimiisul euoteN ‘30IN Aq 82TSr0Arsz0z/620T 0T/I0pAuoo A8 i Areiqiieutjuo'sandnfey/sdny wouy pepeojumod ‘G ‘9202 ‘96686912



A7 |
M\I Journal of Geophysical Research: Atmospheres 10.1029/2025JD045128
AND SPACE SCIENCES
Current mass-flux view Time
_—
Proposed framework Time
_—

Figure 16. Deepening in the current mass-flux view (top) and the deepening in the present framework (bottom). In the current
mass-flux parameterization, the deepening happens due to a gradual reduction of the entrainment rate during the transition
(e.g., Schlemmer & Hohenegger, 2014; Susel;j et al., 2019). In the present proposed framework, the deepening happens due to
a gradual growth of cloud-updraft interaction, which leads to a gradual reduction of entrainment of dry environmental air in
updrafts (Vraciu et al., 2025).
Appendix A: Table of Symbols and Definitions
Table Al contains definitions of variables and constants found in the text.

Table A1

Variable and Constants Definitions in Alphabetical Order

Symbol Default value (units) Definition

@ 0.25 (unitless) constant coefficient (tuning parameter)

Qgp 3 (unitless) constant coefficient (tuning parameter)

B (ms72) updraft buoyancy in the bulk plume model

b; (m) integral constant

Po (unitless) constant

P 12 (unitless) constant coefficient (tuning parameter)

P> 15 (unitless) constant coefficient (tuning parameter)

c 0.12 (unitless) constant coefficient (tuning parameter)

Co 6-1072 (unitless) constant coefficient (tuning parameter)

CAPE Jkg™H Convective Available Potential Energy

CIN Tkg™ Convective Inhibition

A7y (m) depth of the first cloud layer (see Figure 1)

Az 4,000 (m) depth of the second cloud layer (see Figure 1)

Az3 4,000 (m) depth of the third cloud layer (see Figure 1)

EL (m) equilibrium level
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Table A1
Continued
Symbol Default value (units) Definition
€ (m™1) fractional entrainment rate in the bulk plume model
8 9.81 (m s72) gravitational acceleration
y (unitless) parameter (see Equation 10)
K 6.75-1073 (m*3 W=3) constant coefficient (tuning parameter)
LCL (m) lifting condensation level
mg (kg m™2) air mass within clouds in the first cloud layer
m, (kg m™2) air mass within clouds in the second cloud layer
my (kg m™2) air mass within clouds in the third cloud layer
M (kg m~2s71) mass flux at cloud base (see Figure 1)
M, (kgm~2s7!) mass flux at the top of shallow cumuli (see Figure 1)
M, (kg m~2 s71) mass flux at the top of congestus clouds (see Figure 1)
RH (unitless) mean troposphere relative humidity
Po 1.1 (kg m™>) air density at cloud base
Po 0.944 (kg m™3) mean air density in first cloud layer
P 0.787 (kg m™3) air density at the top of shallow cumuli
2 0.652 (kg m™3) mean air density in second cloud layer
P2 0.516 (kg m™3) air density at the top of congestus clouds
P2 0.42 (kg m™3) mean air density in third cloud layer
P3 0.324 (kg m™3) air density at the top of cumulonimbus clouds
SHF (W m™2) sensible surface heat flux
00 (unitless) cloud cover in the first cloud layer (see Figure 1)
o1 (unitless) cloud cover in the second cloud layer (see Figure 1)
o) (unitless) cloud cover in the third cloud layer (see Figure 1)
Oep (unitless) cold pools fractional area
Ogf (unitless) gust fronts fractional area
Cintj (unitless) interacting updraft fractional area at level j = 1,2
‘752;),]' (unitless) Ginj in area not affected by cold pools
Gf’z;[f]) (unitless) Ginj along gust fronts
oy (unitless) updraft fractional area immediately below cloud base
6.0 (unitless) o, in the absence of cold pools
aggr) (unitless) o, along gust fronts
gftour) (unitless) o, in area not affected by cold pools
L () time required for the deep clouds to reach a fraction of 107>
T0 25 - 60 (s) lifetime of clouds in the first cloud layer
70,0 6 - 60 (s) constant coefficient (tuning parameter) (see Equation 25)
@p 60 - 60 (s) lifetime of precipitating clouds in the second cloud layer
7,0 9 .60 (s) constant coefficient (tuning parameter) (see Equation 25)
T4 3.60 - 60 (s) lifetime of deep clouds in the third cloud layer
T4, 36 - 60 (s) constant coefficient (tuning parameter) (see Equation 25)
6 300 (K) reference potential temperature
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Table A1

Continued

Symbol Default value (units) Definition

wo (ms™) mean updraft velocity at cloud base

wi (ms~h) mean updraft velocity at the top of shallow cumuli
wy (ms~h) mean updraft velocity at the top of congestus clouds
Wy (ms™) updraft velocity in the bulk plume model

x 2-1072 (unitless) constant (see Equation 19)

20 (m) cloud base level (see Figure 1)

21 4,000 (m) level of shallow cumulus top (see Figure 1)

2 8,000 (m) level of congestus clouds top (see Figure 1)

73 12,000 (m) level of cumulonimbus clouds top (see Figure 1)
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