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ABSTRACT: An idealized case of gradual oceanic transition from shallow to deep convection
based on Kuang and Bretherton (2006) is simulated at three different horizontal resolutions: one
that resolves most of the turbulent eddies, one typical of cloud-resolving models and one typical
of general circulation models. The former serves as a reference, and allows the identification of
clouds as individual objects, distinguishing shallow cumulus, congestus and cumulonimbus. At
coarser resolutions, parameterizations of convection are included and assessed, with a particular
focus on congestus clouds and precipitation associated with shallow convective clouds. Congestus
clouds are found to contribute the most to turbulent transport during the transition, while occu-
pying a volume comparable to shallow cumulus and cumulonimbus. Kilometer-scale horizontal
resolutions prove to be insufficient to resolve congestus, and parameterization schemes of shallow
and deep convection are not necessarily appropriate to represent those intermediate clouds. The
representation of rainfall in the shallow convection scheme plays a key role in the transition. Sen-
sitivity experiments show that enhanced rainfall inhibits convection in single-column simulations,
while it favors resolved convection and spatial heterogeneities in three-dimensional simulations
with kilometer-scale resolution. Results highlight the need for an appropriate parameterization
of congestus in both kilometer-scale and large-scale models. The case study and the methods
presented here are proposed as a useful framework to evaluate models and their parameterizations

in a shallow-to-deep convection transition context.
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1. Introduction

The representation of the transition from shallow to deep convection remains a challenge for
weather forecast and climate models. Indeed, convection is considered sub-grid scale at grid-
spacing greater than 50 km and has to be fully parameterized, while it is partially resolved at
kilometer-scale resolution (Freitas et al. 2020; Kwon and Hong 2017), and almost entirely resolved
only at grid-spacing of the order of 100 m (Jeevanjee 2017; Panosetti et al. 2020). The smallest
structures however require a direct numerical simulation (grid-spacing of the order of 1 m or less)
to be fully resolved. Since the study of Guichard et al. (2004), that highlighted the difficulties of
models with parameterized convection to simulate this transition, several developments have been
undertaken to improve this aspect in large-scale models, with a particular focus on the diurnal
cycle of precipitation over land. Ways of improving it include a better representation of the shallow
convection phase and the impact of cold pools under precipitating systems (Rio et al. 2009), a revisit
of the entrainment and detrainment rates formulation (Stirling and Stratton 2012), an adaptation
of the CAPE closure for shallow convection to take into account boundary-layer forcing (Bechtold
et al. 2014), a unified representation of shallow and deep convection (Park 2014a,b; Park et al.
2019; Suselj et al. 2019, 2022; Smalley et al. 2022; D’Andrea et al. 2014), or the addition of a
congestus mode between the shallow and deep ones (Freitas et al. 2021). This has led to some
improvement in the representation of the timing of maximum precipitation over land (Couvreux
et al. 2015; Tang et al. 2021). Most of those studies, however, have focused more on the delay of
precipitation than a better representation of the associated clouds.

The transition is identified to be driven to a large extent by the moistening of the troposphere,
whether it is over land (Chaboureau et al. 2004) or over the ocean (Kuang and Bretherton 2006).
Waite and Khouider (2010) show that lower-tropospheric moistening could be attributed to the
detrainment of water vapor from congestus clouds. Combining observations and large eddy
simulations (LES) of the tropical Atlantic, Hohenegger and Stevens (2013) rather state that vertical
motion is induced by large-scale disturbances and that the moistening primarily occurs because
of moisture convergence. Other studies have emphasized the role of cold pools created by the
evaporation of precipitation. Using a LES of a continental case of transition from shallow to deep
convection, Khairoutdinov and Randall (2006) highlight that the growth of deep clouds is supported

by big thermals generated by precipitation and the associated cold pools. In addition, the spatial
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organization of convective clouds has been shown to be strongly influenced by the presence of cold
pools (Kurowski et al. 2018). Based on observations and LES of a continental case of convection,
Mechem and Giangrande (2018) also aim at identifying what controls the transition from shallow
cumulus to congestus. They find good agreement between positive in-cloud buoyancy and high
cloud top, and conclude that in-cloud buoyancy could be regarded as a control of the transition.

In this study, rather than analyzing the processes driving the transition, we focus on the role
played by the different types of clouds, and more specifically their contribution to vertical turbulent
transport.

While shallow cumulus and deep cumulonimbus clouds are known to be the most prominent
cloud types in the Tropics, Johnson et al. (1999) emphasize the trimodal distribution of convective
clouds during the Coupled Ocean—Atmosphere Response Experiment (COARE) experiment, with
congestus clouds representing half of precipitating clouds and contributing one quarter of the total
convective rainfall. Also often referred to as towering cumulus, cumulus congestus are precipitating
clouds with cloud tops usually reaching up to 6 to 7 km (Kumar et al. 2013).

Traditionally, parameterizations of shallow convection are evaluated with respect to a LES refer-
ence (Siebesma et al. 2003; Rio and Hourdin 2008), while deep convection schemes are evaluated
against cloud-resolving models, here understood as models with kilometer-scale horizontal resolu-
tion (Guichard et al. 2004; Bechtold et al. 2004). As it covers both regimes, explicitly simulating
the transition from shallow to deep convection requires a sufficiently fine horizontal resolution to
resolve shallow cumulus, and a sufficiently large domain to allow deep convective clouds to de-
velop. Using such a simulation as a reference, it is then appropriate to compare it to (i) simulations
with horizontal resolution typical of climate models where convection is fully parameterized, and
(i1) kilometer-scale models that resolve the deep convection, typical of regional numerical weather
prediction (NWP) models.

Recently, the transition from shallow to deep convection has been studied over land in observa-
tional studies based for instance on the GOAmazon field campaign (Zhuang et al. 2017; Tian et al.
2021) or the Holistic Interactions of Shallow Clouds, Aerosols and Land Ecosystems (HI-SCALE)
field campaign (Fast et al. 2019). Observational studies over ocean are often related to the study
of the Madden-Julian oscillation as in Del Genio et al. (2015); Xu and Rutledge (2016) where

large-scale forcing plays an important role. Here, following Kuang and Bretherton (2006), we use
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a LES of an idealized case of slow transition over the ocean, mainly forced by the surface. This
high resolution simulation allows us to identify different cloud populations and their respective
role in the transition. We pay special attention to the congestus, and try to determine implications
for the parameterization of this type of clouds. The issue of the representation of the transition in
models with parameterized convection is addressed by simulating this case at two other horizontal
resolutions, typical of climate models and regional NWP models.

In section 2, we describe the case study, the model and its set-up used for the simulations, as well as
the parameterizations involved. In section 3, we present the general results of the main simulations.
In section 4, we focus on congestus clouds and their role in the transition. In section 5, we evaluate
the representation of the transition in models with parameterized convection. Section 6 is a brief

summary of the findings and implications for the further development of parameterizations.

2. Methodology

a. Set-up and model
1) CASE sTUDY

The simulated case study is inspired by the idealized transition case proposed by Kuang and
Bretherton (2006). The initial situation is an oceanic trade cumulus case, derived from observations
obtained during the Barbados Oceanography and Meteorology Experiment (BOMEX). We use the
initial profiles of potential temperature and water vapor mixing ratio between the surface and 3 km
from Siebesma et al. (2003), and we extend them up to 20 km as shown in Fig. 1(a). To force the
transition from shallow to deep convection, we use the same procedure as Kuang and Bretherton
(2006). We start with the surface heat fluxes described by Siebesma et al. (2003). After 12 hours
of simulation, the surface heat fluxes are gradually increased up to 36 hours of simulation, keeping
the Bowen ratio constant (Fig. 1(b)). The same large-scale forcing as the one in Siebesma et al.
(2003) is applied throughout the simulation.

This set-up allows a slow transition from shallow to deep convection, in order to study a
progressive, non-discrete oceanic transition, rather than a rapid continental transition, strongly
influenced by the diurnal cycle. We run the simulation during 120 hours. Here, we keep the same
wind initial conditions as Siebesma et al. (2003), while Kuang and Bretherton (2006) started with

no horizontal wind.
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Fic. 1. (a) Vertical profiles of potential temperature and water vapor mixing ratio used as initial conditions.

(b) Time-evolution of the prescribed surface sensible and latent heat fluxes

2) MEeso-NH

The case study is simulated with the Meso-NH model (Lafore et al. 1998; Lac et al. 2018).
Meso-NH is a non-hydrostatic meteorological research model, that can be used for a broad range
of configurations. The model uses the anelastic equations of motion with bulk microphysics. Its
prognostic variables are the three components of velocity, potential temperature, and six mixing
ratios (water vapor r,, liquid water r, rain r,, ice r;, snow r,, graupel rg). The momentum
components are advected with a fourth-order centered scheme, the piece-wise parabolic method
scheme is used for the scalar variables and a fourth-order explicit Runge—Kutta method is applied
for the temporal discretization.

This model is used to simulate the transition at three different horizontal resolutions, one that
resolves most of the eddies, one that resolves deep clouds and one typical of general circulation
models where the convective processes are entirely sub-grid. All simulations use the same vertical
resolution, a vertical stretched grid of 118 levels with grid-spacing finer than 50 m in the boundary
layer and up to 2 km, and coarser higher up (reaching 250 m at the top of the model at 20 km).

We briefly mention here the parameterizations used by all three configurations, and the convective
schemes are described further, but more detailed descriptions can also be found in Lac et al. (2018).

The turbulence scheme is based on Redelsperger and Sommeria (1981) and implemented in
Meso-NH according to Cuxart et al. (2000). It is based on a prognostic equation for sub-grid

kinetic energy. It can be used in its 1D or 3D-form with different mixing lengths.
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Microphysical processes are parameterized by a one-moment mixed-phase scheme, denoted as
ICE3 (Pinty and Jabouille 1998). It includes five water species: cloud droplets, raindrops, ice
crystals, snow or aggregates, and graupel.

No parameterization of radiation is included.

3) THE REFERENCE SIMULATION

The transition case is first simulated at a horizontal grid-spacing of 100 m within a 50 km x 50 km
double periodic domain. Compared to Kuang and Bretherton (2006), the domain is four times
larger, in order to allow the deep convection regime to develop freely, but the grid-spacing is twice
coarser. At this resolution, we assume that most clouds are explicitly resolved, and hence no
parameterization of convection nor sub-grid condensation is introduced. In this LES, we use the
3D-version (horizontal gradients are taken into account) of the turbulence scheme with a length
scale proposed by Deardorff (1980) which is a function of the 3D grid size, possibly reduced
close to the surface or in stable conditions. To initiate horizontal heterogeneities, a white noise is
introduced at the first atmospheric level, with a standard deviation of 0.1 K.

Throughout this study, the LES serves as a reference for comparison with the simulations with

parameterized convection.

b. Simulations with parameterized convection
1) CLOUD-RESOLVING MODELS

We then run a series of simulations with a 2.5 km horizontal grid-spacing, named CRM for
cloud-resolving model. The 250 km x 250 km domain has double periodic boundaries, and the
vertical grid is the same as in the LES. A previous version with a 50 km x 50 km domain as the LES
led to one single large self-aggregated cloud, not present in the LES. To avoid this phenomenon
which was not the focus of the study, the domain has been extended. At 2.5 km grid-spacing,
only shallow convection is parameterized while deep convection is still considered resolved. The
turbulence scheme is used in its 1D-mode with the Bougeault-Lacarrere (BL89) non-local mixing
length, defined by Bougeault and Lacarrere (1989). To initiate horizontal heterogeneities, a white

noise is introduced at the first atmospheric level, with a standard deviation of 0.1 K.



161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

The shallow convection scheme, denoted as EDKEF, is based on the parameterization of dry
updrafts and shallow cumulus described in Pergaud et al. (2009). In this eddy-diffusivity / mass-
flux (EDMF) parameterization, one resulting updraft, described by the mass flux, represents the
collective effect of several plumes. The cloud ensemble is considered in steady state and the
vertical evolution of the mass flux is defined by entrainment and detrainment. This allows one to
determine the evolution of updraft conservative variables such as liquid potential temperature 6;
and total water mixing ratio r; during ascent. The vertical evolution of the updraft vertical velocity
is also computed considering buoyancy as a source term, and entrainment and pressure as a sink.
The scheme starts at the surface, where the mass flux is determined from the buoyancy flux and
the BL89 upward mixing length. The updraft fraction (a,) is diagnosed at each level following the

independent computation of the updraft mass flux M,, and the updraft vertical velocity w,, using

My
PWu

mixing ratio r., is calculated from the conserved variables, and used to determine the grid cell

a, = . It is used to determine the associated cloud fraction CF = 2.5a,. The updraft liquid
liquid mixing ratio r. = r.,CF. Hence, if the mass flux were zero in a grid cell, then that grid
cell would be cloud-free. Note that this refers only to the liquid mixing ratio and the associated
cloud originating from the shallow convection scheme. Both the turbulence and the microphysics
schemes can also contribute to the total cloud.

Meso-NH includes an artificial vertical limitation of EDKF: when the diagnosed cloud exceeds
4 km in depth, the mass flux is multiplied by a coeflicient such that it linearly decreases between
3 km and 4 km of depth, and reaches zero above. As it is, EDKF is hence not designed to represent
clouds deeper than 4 km, which will have to be either resolved in CRM mode or parameterized by

a deep convection scheme in the single-column simulations described in the next paragraph.

2) SINGLE-COLUMN SIMULATIONS

Finally, a series of single-column (1D) simulations is run with the same vertical grid, which is
rather unusually fine for a GCM set-up. An additional single-column simulation was run with 87
vertical levels, but shows little sensitivity to vertical resolution (not shown).

In this 1D configuration, both shallow and deep convection are parameterized, using the same
turbulence scheme and the same shallow convection scheme as in the CRM simulations. The deep

convection scheme, denoted as KAFR, is based on Bechtold et al. (2001). The scheme is based on
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the decomposition of a grid cell into an updraft, a downdraft and the environment. The updraft and
the downdraft are described by the associated mass fluxes whose evolution relies on entrainment

and detrainment. An updraft is generated from a parcel rising from the surface if:

* At the lifting condensation level, the virtual potential temperature of the rising air parcel is
greater than the virtual potential temperature of the environment plus a threshold dependent

on the vertical velocity and the grid size.
* The resulting cloud is deeper than 3 km.

If one of those two conditions is not fulfilled, the same procedure is repeated with the air parcel
above, and so on. The intensity of convection is controlled by a closure based on CAPE. It makes
use of the assumption that all CAPE in a grid cell is consumed within a given adjustment period
of 1 hour in the simulations presented here.

Table 1 summarizes the three levels of resolution and the corresponding parameterizations. Note
that KAFR depends explicitly on the grid-spacing through the trigger function and the relaxation

time used in the CAPE closure, while EDKF does not incorporate any grid-size dependence.

3) SENSITIVITY TESTS

For both the CRM and the 1D set-ups, we perform two different simulations, to account for
different parameterization options. A reference simulation, called ref, is used as the default
configuration, and a simulation called new microphysics includes an additional feature in the
shallow clouds parameterization. In this option, the cloud-to-rain autoconversion threshold is
applied to the updraft liquid mixing ratio (r.,) instead of the grid cell liquid mixing ratio (r.).
Similarly, the evaporation rate is determined from the rain mixing ratio in the precipitating fraction
instead of the grid cell rain mixing ratio.

In 1D, we perform another series of sensitivity tests, to assess whether allowing the shallow
convection scheme to represent deeper clouds, or adjusting the parameterization of precipitation
associated with shallow convection, improves the representation of the transition to deep convection.
In ID lim 6km, we start from ID ref and change the upper limit of the EDKF scheme to allow it to
represent deeper clouds. In /D rain sensitivity, we start from 1D new microphysics and adjust the
cloud-to-rain autoconversion threshold to slightly reduce the ability of shallow clouds to produce

precipitation.
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Name | Hor. grid-spacing Domain size Turbulence | Shallow conv. | Deep conv. | Microphysics

LES 100 m 50 km X 50 km DEAR 3D resolved resolved ICE3
CRM 2.5 km 250 km x 250 km BL8&9 EDKF resolved ICE3
1D 50 km 50 km x 50 km BL89 EDKF KAFR ICE3

TaBLE 1. Summary of the 3 types of simulation and their characteristics and parameterizations

Name Details Applied in
ref configuration of reference 1D and CRM
new microphysics change in parameterization of cumulus microphysics

(cloud and precipitation fractions taken into account for | 1D and CRM

precipitation and evaporation diagnosis)

lim 6km EDKEF limitation set to 6 km instead of 4 km 1D
rain sensitivity change of the cloud-to-rain autoconversion threshold 1D
no EDKF EDKEF deactivated 1D and CRM

TaBLE 2. Summary of all simulations with parameterized convection

Entrainment is known to play a key role in cloud deepening and is usually different in shallow
and deep convection schemes, entrainment being stronger for shallow convection. Additional
sensitivity tests have been carried out to document the impact of the mixing formulations on the
transition, modifying the intensity of the entrainment rate separately in EDKF and KAFR. Those
experiments show little impact of these modifications on the representation of the transition in 1D
(not shown), but other mixing formulations might behave differently.

Finally, in both CRM and 1D modes, we run a simulation without any shallow convection scheme,
allowing only the turbulence scheme to represent boundary-layer mixing (no EDKF simulations),
to evaluate the added value of the EDMF shallow convection scheme.

The names and descriptions of the simulations run in the CRM and 1D configurations are

summarized in table 2.

3. Simulating the transition from shallow to deep convection across scales

a. Transition in LES

This section focuses on the representation of the transition in the LES simulation. Figure 2
gives an overview of the time evolution of the potential temperature and water vapor mixing ratio

tendencies as well as the precipitating and non-precipitating hydrometeors.
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To analyze the transition more precisely, we identify four phases. Between 6 and 12 hours,
named the shallow convection regime period (S), the cloud layer shows limited vertical growth.
The potential temperature tendency is slightly positive (close to 0.05Kh™!) except at cloud top
where the updraft’s overshoot produces a slightly negative tendency (close to —0.2Kh~!). The
vapor mixing ratio tendency is also very weak, positive in the cloud layer and negative below (about
0.07 gkg ' h~! in absolute value). Between 12 and 60 hours, named the first transition phase (T1),
we observe a direct response to the increasing surface fluxes, namely a progressive elevation of
the top of the cloud layer, and strong negative potential temperature tendency and positive vapor
tendency in the upper part of the cloud layer. Between 60 hours and 90 hours, referred as the second
transition phase (T2), the growth of the cloud layer slows down, the moistening and cooling of
the top of the cloud layer decrease, but precipitation intensifies. Then, from 90 hours to the end
of the simulation (120 hours), named the deep convection regime period (D), the tendencies and
the cloud top show an intermittent evolution, with some abrupt and strong variations. Cloud tops
reach 12 km during this phase similarly to Kuang and Bretherton (2006). Precipitation first appears
around 25 hours, in the middle of the first transition phase. It only reaches the surface around 50-60
hours, roughly at the beginning of the second transition phase. Precipitation becomes intermittently
more intense from 90 hours, with peaks reaching 4 to 5 mm day~! consistently with Kuang and
Bretherton (2006). The 0°C isotherm (Figs. 2(c) and 2(d)) indicates approximately above which
altitude the water components can freeze. Clouds contain ice crystals only from the end of the
second transition phase.

Figure 3 gives an overview of the spatial organization of the clouds. At 8 hours (shallow
convection regime), clouds are shallow and homogeneously distributed on the horizontal. At 35
hours (first transition phase), clouds become deeper, but the spatial distribution remains relatively
unorganized. At 74 hours (second transition phase), clouds are deeper and start organizing in
clusters. At 105 hours (deep convection regime), large clear sky areas have been created while
one cluster of deep clouds dominates the population. To get a better three-dimensional view of the
simulated clouds and illustrate their vertical development throughout the transition, virtual images
of the scenes are produced, using the tool htrdr-atmosphere, a Monte-Carlo radiative transfer

simulator (Fig. 3, lower row).
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of the 0°C isotherm.

b. Transition in simulations with parameterized convection

Figure 4 provides a first insight of how the transition is represented in 1D and CRM modes.
Up to 82 hours, /D ref and CRM ref have similar mean profiles, consistent with the fact that
shallow convective processes are represented by the same scheme. They reproduce the tendencies
and the development of the cloud layer simulated in the LES quite well, except for tendencies
that are too strong at the top of the cloud layer. In 1D, larger differences from the LES emerge
at 91 hours, when the cloud layer reaches the 4 km depth limitation of EDKF, and microphysical
processes cause strong tendencies. By examining tendencies budget terms, we identify the start of
the deep convection scheme to occur around 109 hours, 19 hours later than the beginning of the

deep convection regime in the LES. In the CRM, at 82 hours, a deep convection regime abruptly
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Fic. 3. Upper row: Cloud (liquid + ice) water path at 4 different times. White color indicates values of
1 kg m~2 or more. Lower row: Virtual image of the scene at 8 hours, 35 hours, 74 hours, 105 hours. The images
were rendered by htrdr-atmosphere (Villefranque et al. 2019). Position of the camera relative to its target in km
in the (x,y,z)-reference system: (0,-16,-5.5). Vertical field of view: 45°. The highest clouds have their top up to
2,100 m at 8 hours, 2,900 m at 35 hours, 5,000 m at 74 hours and 11,000 m at 105 hours.

activates with a cloud layer developing up to 16 km. Simultaneously, intense precipitation forms,
reaching the surface instantaneously and leading to evaporation-driven tendencies in the sub-cloud
layer. Precipitation reaches a total of 6.5 mm, against 2.5 mm in the LES. In 1D, precipitation
forms from 92 hours and reaches 0.6 mm at the end of the simulation. Both in the CRM and in
1D, precipitation occurs too late compared to the LES.

Effects of the modified microphysics in both /D new microphysics and CRM new microphysics
are shown in Fig. 5. Rainfall is expected to be favored when applying the autoconversion threshold
on in-cloud water instead of mean water over the grid cell. In 1D, precipitation now forms from the
beginning of the simulation, hence too early (Fig. 5(b)), although the accumulated precipitation at
the end of the simulation is of the right order of magnitude: 2.25 mm against 2.5 mm in the LES.
Compared to CRM ref, in CRM new microphysics, precipitation starts earlier, around 30 hours
(Fig. 5(d)), and its intensity is reduced before the deep convection regime period, but it still reaches
6 mm at the end of the simulation.

It appears that the effects of the same modification in the microphysics scheme are very different

in 1D and in CRM mode. In 1D, the increase in precipitation seems to inhibit the convection and

13



276

277

278

279

280

311

312

313

314

315

316

317

318

1D ref 20 T 1D ref )
15 | T = 1512 pred =
v —— precip LES 10 7
[15 2 —— precip 1D 2
i i o
| ‘ (10 5 Do 05 >
- \ — 1 5 3
Eoq | | ;L u o fres & Eoq i g
> —— clouds LES l | ‘N © < 1o -g
19 ro. 1 1
e —— clouds 1D Jﬂjl“ U, 0.0 2 T P 0.0 <
2 ] 2 =)
> ) vy o058 B . i
5 T ! 1o £ 54 i i 0.5 o
1.0 @ c
: B :
— L e P 10 E
05 P 208 ot oy &
. : . . : : , L2056 : : T ; T T 7

0 12 24 36 48 60 72 84 96 108 120 o 0 12 24 36 48 ©0 72 84 96 108 120 g

Time (hours) Time (hours)

(a) (b)
CRM ref oo CRM ref =
T T . I T T =
159 —— clouds LES < 151 — precip LES 1.0 7
—— clouds CRM 135 > —— precip CRM ;4:
[ 10 § [ z
~ i ‘ T | 05 3
T1of | | - 05§ Euwof i 3
- o - [ =
3 l - A 0o 2
2 I e 2 0 2
£ 059 £ . ﬁ
51 | £ 51 11 05 o
o 1.0% i i £
1.5 5 1o £
0 - 2.0 g 0 fa 1 He g

T T T T u T T 20709 | T T u = T T T

0 12 24 36 48 60 72 84 96 108 120 o 0 12 24 36 48 60 72 84 96 108 120 r>n

Time (hours) Time (hours)

() (d)

Fic. 4. Time evolution of the mean vertical profiles of (a) and (c) potential temperature tendency with the
level of zero cloud fraction and (b) and (d) water vapor mixing ratio tendency with the level of 107 kg kg~!
precipitation mixing ratio for (a) and (b) /D ref and (c) and (d) CRM ref. In (a) and (c) the blue contour is the
level of zero cloud fraction in the LES and in (b) and (d) the blue contour is the level of 107% kg kg~! precipitation

mixing ratio in the LES. The vertical dashed lines delimit the different phases identified in the LES

the vertical growth of the cloud layer, preventing the activation of the deep convection scheme
(Fig. 5(a)). On the contrary, the CRM is barely affected until 52 hours when deep convection starts
being resolved. The cloud layer experiences from this point stronger positive potential temperature
tendency and extends up to the highest levels (Fig. 5(c)). This difference in response will be further
addressed in section 5.

Comparing the ref-simulations to the new microphysics-simulations suggests that precipitation
associated with shallow convection might be of great importance in the triggering of a deep

convection regime, whether it is parameterized or resolved.
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Fic. 5. Time evolution of the mean vertical profiles of (a) and (c) potential temperature tendency with the
level of zero cloud fraction and (b) and (d) water vapor mixing ratio tendency with the level of 107 kg kg~!
precipitation mixing ratio for (a) and (b) /D new microphysics and (c) and (d) CRM new microphysics. In (a)
and (c) the blue contour is the level of zero cloud fraction in the LES and in (b) and (d) the blue contour is the
level of 107® kg kg~! precipitation mixing ratio in the LES. The vertical dashed lines delimit the different phases
identified in the LES

4. The central role of congestus in the transition

a. Cloud populations simulated by LES

In this part, clouds are identified as individual objects using an object identification and charac-
terization algorithm. This algorithm applies a binary mask on the three-dimensional grid, defined
by: "a cell is cloudy if r. +r; > 107° kg kg™ and w > 0” where w is the vertical velocity. A cloud
is then defined as a set of contiguous cloudy cells. Only objects bigger than 9 cells are kept and
for objects that would be at the border of the domain, we make use of the double-periodicity.

Using this algorithm, we identify clouds as isolated objects every hour of the simulation and
diagnose for each identified cloud a top (defined as the altitude of the highest grid cell within the

object) and a depth (defined as the difference in altitude between the highest and lowest grid cells).
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351

Cloud types H Top Depth

Cumulus <3 km no condition
Congestus >3 km and < 6 km > 500 m
Cumulonimbus > 6 km > 500 m
Others >3 km <500 m

TasLE 3. Classification criteria of clouds identified in the LES

Following the criteria described in table 3, we distinguish four types of clouds: shallow cumulus,
congestus, cumulonimbus, and a last type, denoted as others.

Although this classification is rather arbitrary, it provides a handy partition of the cloud pop-
ulation. Moreover, each class exhibits rather constant thermodynamic and geometric properties
throughout the simulation. 30% of cumulus clouds produce precipitation at the beginning of the
simulation and this proportion increases and stabilizes at 50% around 37 hours. 100% of congestus
and cumulonimbus are precipitating clouds. From the covered area A of a cloud, an equivalent
radius R is defined by R = \/g . An aspect ratio r is then defined by r = % where d is the depth
of the cloud. Within the cumulus and the congestus classes, the mean r remains roughly constant
over time. Itis about 2 for cumulus and 4 for congestus, showing that that these two types of clouds
have quite different shapes. For cumulonimbus, the mean aspect ratio varies greatly around an
average of 4, but this is also linked to the fact that there are only a few clouds in this class.

Figure 6(a) shows the number of clouds identified at each hour and for each type. In Fig. 6(b),
the volumetric fraction, defined as the ratio of the volume occupied by clouds over the total volume
of the domain, is given as a function of time for each cloud type. Shallow cumulus dominate
throughout the simulation in terms of population size, and their volumetric fraction is roughly
0.07%. Congestus start to form around 36 hours and their volumetric fraction reaches the one of
cumulus at about 60 hours, which coincides with the beginning of the second transition phase.
Cumulonimbus appear around 90 hours, at the beginning of the deep convection regime period.
They are very sparsely populated but their volumetric fraction is similar to the one of congestus and
shallow cumulus during the deep convection regime period. Earlier occurrences of clouds labelled
as cumulonimbus may rather be congestus having higher tops than the classification threshold,

than evidence of deep convection. The last type of clouds, too high to be considered as shallow
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FiG. 6. Time evolution of (a) number of clouds and (b) volumetric cloud fraction of each type of clouds.

cumulus but too thin to be part of the congestus and cumulonimbus types, is present from 48 hours

onward but its volumetric fraction remains negligible.

b. Spatial organization

Figure 7 shows the spatial organization of the different cloud types and the temperature anomaly at
the first model level at four different times. At 8 hours (shallow convection regime), cumulus clouds
are spread quite homogeneously in space, they remain small, and the temperature is almost uniform.
At 35 hours (first transition phase), cumulus become slightly bigger and slowly start organizing in
clusters. Temperature anomalies are barely noticeable. At 74 hours (second transition phase), large
circular areas of clear sky can be seen, mostly corresponding to areas of weak negative temperature
anomalies. Congestus clouds are clearly gathered in clusters, mostly located at the edges of cold
pools. At 105 hours (deep convection regime), this type of organization remains. There is also a

single cumulonimbus co-located with a large and strong cold temperature anomaly.

c. Contribution of each cloud type to turbulent fluxes

For each cloud type, and for the remaining environment defined as cloud-free grid cells, a
contribution to turbulent vertical fluxes is calculated. Given a cloud type ¢ defined by an ensemble
C(z) of grid cells, its contribution to the turbulent vertical flux of a variable ¢ at altitude z is given
by :

S 1
WE@=5 D, W)y

(x.y)eC(2)
where N is the number of cells in the horizontal grid, and the prime denotes the anomaly with

respect to the domain horizontal mean.
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FiG. 7. Temperature anomaly at the first model level (filled contour) and identified clouds contours (dark blue:
cumulus, light blue: congestus, green: cumulonimbus, orange: others). Three-dimensional masks of each cloud
type resulting from the object identification are projected onto two-dimensional masks, and hence visualized as

from the top of the atmosphere.

Here we consider the resolved vertical turbulent fluxes of 7, the total water mixing ratio and 6; the
liquid potential temperature since these quantities are the conservative variables in EDKF. These
two variables are defined as follows:

Fe =Ty +Te+r;
0,=0-r v 6
CcpaT
with 6 the potential temperature, T the temperature, L, the latent heat of vaporization and ¢, 4 the
specific heat of dry air. We assume the resolved fluxes of the LES to be close to the total fluxes,
except near the surface where the resolved fluxes approach zero.

Figure 8 shows the vertical profiles of these contributions time-averaged over the four identified
phases. Note that the dry updrafts are included in the environment in this analysis. During the
shallow convection regime period, only cumulus are present. During the first transition phase,
cumulus still dominate the total turbulent vertical fluxes of both total water mixing ratio and
liquid potential temperature, except at altitudes corresponding to the top of cumulus and above.
During the second transition phase, the contribution of congestus dominates from about 2.5 km
and above, while the contribution of cumulus remains larger at lower altitudes. From Fig. 6(b), we
know that during this phase, the volume occupied by these two populations is approximately the

same, which legitimizes the comparison of their contributions here. During the deep convection
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Fic. 8. Contribution of each cloud type to resolved vertical turbulent fluxes averaged over the different

identified phases of total water mixing ratio (upper row) and liquid potential temperature (lower row).

regime period, the contribution of congestus is larger than that of cumulonimbus, although they
occupy on average approximately the same volume. At lower altitudes, cumulus continue to have
a significant contribution. Finally, as expected, the last category of identified clouds (others), does
not contribute significantly.

This analysis highlights that during the transition from shallow to deep convection, congestus
are the main contributors to vertical turbulent fluxes of 8; and r;, while occupying a volume as
big as cumulus and cumulonimbus. This suggests that representing congestus in simulations with
parameterized convection is key to properly simulate the transition. Additionally, cumulus while
being shallow clouds still contribute to a significant part of both the fluxes and the cloud fraction
during the transition, as well as during the onset of deep convection, and they must therefore also

be represented simultaneously to deeper clouds.
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Fic. 9. Contribution to vertical turbulent fluxes of clouds of the LES (resolved) and parameterizations in
various 1D and CRM simulations (parameterized) averaged over the different identified phases of total water

mixing ratio (upper row) and liquid potential temperature (lower row).

5. Parameterized versus resolved convection across scales

a. Evaluation of parameterized turbulent fluxes against LES

For the CRM and the 1D simulations, we assess the performance of EDKF to represent the
shallow regime and the transition to the deep regime, by considering the associated vertical
turbulent fluxes. Figure 9 shows the time-averaged fluxes computed by the shallow convection and
turbulence schemes (EDMF concept) in the four simulations mentioned previously, compared to
the resolved fluxes diagnosed in the LES of cumulus only, both cumulus and congestus, and all
clouds. Note that the comparison is not valid either in the dry part of the updrafts or in the lower
part of the cloud layer, since the shallow convection scheme considers dry updrafts and clouds

without discontinuity, whereas only clouds were identified in the LES.
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All simulations capture turbulent fluxes comparable to the LES in the shallow convection regime
period and in the first transition phase. In the second transition phase, /D ref best represents the
vertical turbulent fluxes associated with both cumulus and congestus, although it overestimates 6;
fluxes around 4 km. Fluxes in /D new microphysics and CRM ref are larger than those of cumulus,
but smaller than those of cumulus and congestus together. In this phase, CRM new microphysics
does not even represent the contribution of cumulus. In the deep convection regime period, fluxes in
1D ref and 1D new microphysics are close to those of cumulus and congestus, but still lower, except
around 4 km, where 1D ref overestimates 6; fluxes. The deep convection scheme activates only
at the end of this phase in /D ref and does not activate at all in /D new microphysics. Therefore,
the underestimation of the turbulent transport is not compensated for. In CRM simulations,
the shallow convection parameterization contribution is inhibited, underestimating even fluxes of
cumulus. However, in this phase, as will be shown later, the resolved fluxes are quite large in the
cloud layer.

To summarize, EDKF in /D ref performs relatively well in terms of turbulent transport, although
not fully reaching the magnitude and the height extent of the contribution of congestus simulated
in the LES. Fluxes in CRM ref are also in good agreement with the fluxes of the clouds of the
LES, except during the last phase. The inhibiting effect on the mass flux scheme of favored
precipitation in new microphysics is also visible, as both in 1D and in the CRM, the magnitudes of

the parameterized fluxes are reduced compared to ref.

b. What part of transition is resolved at 2.5 km grid-spacing?
1) EXPECTED RESOLVED FLUXES AT VARIOUS SCALES

While it is known that turbulence and shallow convection must be parameterized for kilometer-
scale resolutions, less attention has been paid to the transition from shallow to deep convection and
in particular to the congestus phase. In this section, we try to determine at which horizontal scale
the convection is well-resolved throughout the transition. For this purpose, we follow a coarse-
graining procedure as introduced by Honnert et al. (2011) and also applied by Strauss et al. (2019)
and others. Given a grid-spacing Ax, the domain of the LES is divided into square subdomains

with a Ax length. The expected resolved vertical turbulent fluxes of a quantity ¢ at a grid-spacing
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Fic. 10. Expected resolved vertical turbulent fluxes at different resolutions computed from LES, resolved
fluxes in CRM ref and total fluxes in LES, averaged over the different identified phases of total water mixing

ratio (upper row) and liquid potential temperature (lower row).

Ax is assumed to be given by:

W s e = (W =) (3 — )

where the simple overline indicates a horizontal average over the entire domain, and the overline
with Ax-subscript indicates a horizontal average over a subdomain of length Ax. The result is a
vertical profile for each time step that can be averaged over the four different phases.

Using the LES, this computation is done for Ax = 2.5 km, 1.3 km and 500 m, and the results are
shown in Fig. 10 for r; and 6;. In the same figure, the total vertical turbulent fluxes resolved in the

LES and the vertical turbulent fluxes resolved in CRM ref are shown as well, for comparison.
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This analysis shows that at a grid-spacing of 2.5 km, the vertical turbulent transport is poorly
resolved, even in the deep convection regime period. It questions the assumption that simulations
in CRMs should allow the deep convection phase to be resolved. It also shows that in CRM ref,
the resolved part is null during the first half of the simulation and overestimated at high altitudes

during the second half.

2) RESOLVED VERSUS PARAMETERIZED CLOUDS IN CRM

In this part, we investigate the spatial organization of resolved and parameterized clouds in
relation to near-surface heterogeneities in the CRM simulations. Figure 11 allows one to visualize
the position of resolved clouds with the temperature anomalies at the first model level at four
different times.

The most striking difference between CRM ref and CRM new microphysics is the delay in
meso-scale organization simulated in the former compared to the latter. They both exhibit almost
uniform temperature at the first model level and a cloud layer without significant water content at
the beginning of the simulation. In CRM ref, the first resolved clouds appear shortly before 80
hours, just before the beginning of precipitation (81 hours). At 105 hours (Fig. 11), temperature
anomalies are clearly established in CRM ref, together with large resolved clouds, although their
water content remains mostly low. In CRM new microphysics, the first resolved clouds appear at
48 hours, about 20 hours after the onset of precipitation, and approximately when it reaches the
surface. This could indicate that the early occurrence of rainfall enhances horizontal heterogeneities
of temperature, facilitating resolved circulation, which in turn increases horizontal heterogeneities
in cloud development. At 48 hours (Fig. 11), resolved clouds are located above cold temperature
anomalies of about 1 K, and are circled by parameterized clouds (visible in water content).
This could suggest that the meso-scale organization of parameterized clouds drive the spatial
organization of resolved clouds.

Keeping in mind that the domain in these simulations is 25 times larger than in the LES, Fig. 11
can be compared to Fig. 3 and Fig. 7. Patterns of temperature anomaly are significantly larger in
the CRM simulations than in the LES, but they do have a similar organization relative to the clouds,
since all resolved clouds are spatially and temporally associated with strong negative temperature

anomalies, similarly to congestus and cumulonimbus in the LES.
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Fic. 11. Cloud (liquid + ice) water path (filled contour, white color indicating values of 1 kg m~2 or more) and

resolved cloud edges (black line contour), and temperature anomaly at the first model level (filled contour) and

resolved cloud edges (black line contour) in CRM ref (two upper rows) and CRM new microphysics (two lower

TOWS).

Columns of resolved clouds are defined as columns where at least one level has a cloud fraction of 1 and verifies

Fe+ri > 1070 kgkg™!.
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Fic. 12. Time evolution of the mean vertical profile of (a) cloud contour and (b) precipitation contour, in
the LES (blue) and the different 1D sensitivity tests. Cloud and precipitation contours correspond to the 10~°

kg kg~! level of respectively liquid plus ice mixing ratio and rain plus snow plus graupel mixing ratio.

c. How to parameterize congestus clouds?
1) LET SHALLOW CONVECTION GROW DEEPER

To investigate whether a shallow convection scheme could represent congestus clouds, EDKF is
modified in order to let clouds grow deeper than 4 km, namely up to 6 km. The corresponding 1D
simulation is called /D lim 6km. As shown in Fig. 12, increasing the limitation of EDKF allows
deeper clouds to develop and consequently transport heat and moisture higher up (not shown), in
better agreement with the LES than 1D ref. However, precipitation in this simulation appears only
at 112 hours, against 93 hours for /D ref and 22 hours for the LES. This shows that the shallow
convection scheme can grow clouds as deep as the congestus, but has difficulties representing

correctly the associated precipitation.

2) THE INFLUENCE OF SHALLOW CLOUDS PRECIPITATION

The simulation /D new microphysics has revealed the major role of precipitation under shallow
clouds. In ID rain sensitivity, we modify the cloud-to-rain autoconversion threshold so that
precipitation appears at the same time as in the LES, namely 22 hours. Precipitation in /D rain
sensitivity appears at 20 hours, and reaches the surface at 50 hours (Fig. 12(b)), which is about the
same time as in the LES. The accumulated precipitation at the surface reaches a bit less than 2 mm

(against 2.5 mm in the LES). However, even if the vertical development is slightly less inhibited
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than in /D new microphysics (Fig. 12(a)), it remains too shallow and the deep convection scheme
still does not activate. This confirms that the additional rainfall during the first transition phase
inhibits the mass-flux scheme, and without resolved circulation as in the CRM, in 1D simulations,

it limits the development of deeper clouds such as congestus.

3) CAN TURBULENCE DO EVERYTHING?

To illustrate further the role of the shallow convection scheme and similarly to Barber et al. (2022),
simulations are run without any shallow convection scheme both in 1D and CRM configurations
(ID no EDKF and CRM no EDKF). The effect of removing the shallow convection scheme differs
greatly between these two configurations.

In ID no EKDF, as shown in Fig. 13(a), the vertical development of clouds is not sufficient.
Moreover, values of cloud fraction are close to 1 within the whole cloud layer and the liquid water
mixing ratio is about 10 times too large compared to the horizontal mean in the LES. Precipitation
is also not well represented in this simulation, as shown in Fig. 13(b), as it appears too late. The
precipitation rate is also too high, with values fluctuating around 0.5 mmh~! andup to 1.5 mmh~!,
while in the LES it never exceeds 0.2 mm h™!.

In CRM no EDKF (Figs. 13(a) and (b)), the vertical extension of the cloud layer, its water content,
and the cloud fraction are quite comparable with the LES results, except for the lowest 500 m of
the cloud layer, where the cloud fraction is too large, in particular during the first 36 hours of
simulation. Precipitation first occurs at 8 hours, with a precipitation rate gradually increasing up
to 60 hours when it reaches approximately 0.05 mm h~!, but with large fluctuations around this
mean value. Note, though, that precipitation occurs at too high altitudes, in particular during the
second transition phase.

However, the mean tendencies of potential temperature and water vapor mixing ratio are quite
underestimated in both /D no EDKF and CRM no EDKF. This is confirmed by comparing the
vertical turbulent fluxes of 8; and r; to those of the clouds in the LES (Figs. 13(c) and (d)). The
parameterized turbulent transport remains relatively small and confined to the lowest part of the
cloud layer, or even to the cloud base in CRM no EDKF. During the second transition phase (60 h -
90 h), in /D no EDKF, it compares well to the contribution of cumulus in the LES, but without any

other contribution, the total turbulent transport is too weak compared to what is expected from the
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LES. In CRM no EDKF, the very low magnitude of parameterized fluxes is partially compensated
for by resolved fluxes, but the total still remains below the contribution of both cumulus and
congestus in the LES.

We also know from section 5.b.1 that during the second transition phase, expected resolved
fluxes at 2.5 km horizontal grid-spacing are very low. Hence, one would expect the fluxes to
mainly originate from the parameterization, instead of being resolved as it is the case in CRM no

EDKF.

4) DiscuUssION

We have seen that the EDKF scheme may be able to simulate the turbulent fluxes and clouds
associated with both cumulus and congestus clouds, but that it has difficulties representing the
associated precipitation and its impact on deep convection triggering. In fact, deep convection
schemes are designed to represent precipitating convection, but the KAFR scheme used here appears
not to be suited to trigger before the congestus phase in this framework. As suggested by Kuang and
Bretherton (2006), a unified parameterization for shallow and deep convection may be best suited
to represent this gradual transition. Recent studies on continental transition cases like Susel; et al.
(2019); Tang et al. (2021) show promising results with unified schemes in single-column model
simulations. The trimodal parameterization evaluated in Freitas et al. (2020) including an explicit
representation of the congestus regime seems also to improve the representation of the transition
over land in single-column simulations.

Our analysis in section 5.b.1 revealed that simulations with kilometer-scale resolution cannot
resolve the vertical turbulent fluxes associated with congestus. This further supports the need
of a parameterization of both shallow cumulus and congestus clouds to properly represent the
transition in cloud-resolving models. LES data have been commonly used to develop turbulence
and shallow convection parameterizations (e.g. Bogenschutz and Krueger (2013); Strauss et al.
(2019)), as well as to study the partition between resolved and sub-grid turbulent transport and
how parameterization schemes behave across scales (Shin and Dudhia 2016; Brast et al. 2018).
However we are not aware that these aspects have already been investigated up to the congestus

phase.
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Fic. 13. Time evolution of the mean vertical profile of (a) cloud contour and (b) precipitation contour, in the
LES (blue) and no EDKF simulations. Cloud and precipitation contours correspond to the 107® kg kg~ level of
respectively liquid plus ice mixing ratio and rain plus snow plus graupel mixing ratio.

Time average of vertical turbulent fluxes over the second transition phase of (c) total water mixing ratio and (d)

liquid potential temperature, diagnosed from cloud contribution in the LES, and parameterized and resolved in

no EDKF simulations.

The difference in response to adjustments between 1D and CRM simulations suggests that the
interactions between sub-grid and resolved processes play a key role, that need to be further
investigated. Indeed, fostering precipitation of shallow clouds inhibits convection in 1D, but
it enhances meso-scale organization and the formation of resolved clouds in the CRM. Spatial

heterogeneities might thus have an important effect on the time evolution of mean variables during
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the transition, that is not taken into account in the single-column model. Parameterizations of
congestus may then need to include information about the spatial distribution of clouds within
a grid cell to permit a positive feedback of precipitation on deep convection development. As
induced circulations in the CRM tend to have a larger horizontal extent than those in the LES, more
extensive investigations are thus needed based on LES simulations to understand the underlying
mechanisms. Barber et al. (2022) also underlines the need to study the spatial organization of the

shallow convection at kilometer-scale resolution, and the interactions with the resolved circulation.

6. Summary and conclusions

In this paper, we simulate the idealized case of gradual transition from shallow to deep convection
over ocean proposed by Kuang and Bretherton (2006) at three different horizontal resolutions. A
large eddy simulation is used as a reference and serves to identify different cloud populations during
this transition and to diagnose their respective contributions to turbulent transport. Simulations with
kilometer-scale resolution, typical of cloud-resolving models, are used to assess the representation
of transition when shallow convection is parameterized and deep convection is considered resolved.
Single-column simulations are then used to evaluate the representation of convection when it is
fully parameterized, such as in general circulation models used for climate projections.

The investigation of the respective contributions of the different cloud types - shallow cumulus,
congestus, cumulonimbus - has shown that congestus clouds are the main contributors to the vertical
turbulent fluxes of r; and ; during the second half of the transition. Shallow cumulus dominate
in number throughout the whole simulation, and their contribution to vertical transport remains
significant even at the end of the transition and at the onset of the deep convection regime. These
two aspects advocate for an adequate parameterization of congestus for the transition, although a
separate scheme is not necessarily required, as well as the consideration of shallow cumulus as
important contributors to turbulent transport even in the deep convection regime. Parameterizing
congestus properly implies considering their vertical extent, their contribution to the vertical
transport, as well as their associated precipitation. Some questions remain open. In the case of
separate parameterizations for shallow and deep convection, which one of the two handles the
congestus phase? And in the case of a unified parameterization, how does it behave at kilometer-

scale when deep convection is mostly resolved, but most likely not the congestus phase? Congestus
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are distinctly less deep and less wide than cumulonimbus, but they are also different from shallow
cumulus in that they are deeper and produce more precipitation. Considering the congestus as an
intermediate mode was implemented for example in Freitas et al. (2021), but also in stochastic
convection parameterization where it is one of the states of a Markov chain (Dorrestijn et al. 2016;
Peters et al. 2017).

Simulations with parameterized convection have revealed that the shallow convection parame-
terization used here does not produce sufficient rainfall, as compared to the LES. When modifying
the microphysics to improve the rainfall, the effect highly differs in 1D and in CRM modes. On
the one hand, in 1D, the increased rainfall inhibits the development of convection and this is also
confirmed by a sensitivity test with slightly less rainfall in the shallow convection regime. This
can be attributed to a uniform cooling due to evaporation. On the other hand, in CRM mode,
the increased rainfall fosters resolved convection and hence the emergence of a deep convection
regime. We hypothesize that the early occurrence of rainfall enhances horizontal heterogeneities,
facilitating resolved circulation, which in turn increases heterogeneities. As the resolved circulation
appears to be overestimated in the CRM simulation, further investigation is required to understand
the physical mechanisms that should be parameterized to properly represent the transition.

Additionally, using the LES as a reference where most eddies are resolved, we calculate the
expected resolved turbulent fluxes at various scales using a coarse-graining procedure and compare
them to the total resolved fluxes in the LES. It has revealed that most turbulent transport is not
resolved at kilometer-scale horizontal resolution. This further supports the need of parameterizing
convection up to the congestus phase in kilometer-scale simulations.

The methodologies used here, in particular the approach of simulating the same case study
across scales, should be applied to other cases to further investigate the role of congestus in the
transition from shallow to deep convection, in particular over land where the processes are affected
by the diurnal cycle and differences may arise. Our results tend to advocate for dedicated effort to
develop parameterizations of convection valid for the cumulus and the congestus phases, both in
kilometer-scale and large-scale models. We encourage model developers to use this case study and
the methods presented here for the evaluation of the representation of the transition from shallow

to deep convection, in particular the congestus phase.
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