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ABSTRACT

This paper proposes a stochastic formulation of the deep convection triggering by boundary
layer thermals in a GCM grid cell. For that, a statistical analysis of a LES cloud field
(Couvreux et al. 2012) in a case of transition from shallow to deep convection over a semi-
arid land (Niamey, NIGER) is made. Since observations (Lothon et al. 2011) suggest that
triggering occurs over the largest cloud base cross-sections, the analysis only focuses on the
largest clouds of the study domain. Based on the dynamical and geometrical properties at
cloud base, we first propose a new computation of the Available Lifting Energy (ALE) that
must exceed the Convective Inhibition (CIN) for triggering. Another triggering condition is
then required to make the triggering effective; it is based on the comparison between the
distribution law (or PDF) of the maximum cross-sections of the domain, and an arbitrary
threshold cross-section. The exceeding of this threshold cross-section is explicitly represented
through a random number that has to excess a no-trigger probability, which is computed from
the PDF of maximum sizes. Therefore, this new stochastic formulation integrates the whole
transition process from the first cloud to the first convective cell, and can be decomposed in
3 steps: (i) the appearance of clouds, (ii) the inhibition layer crossing and (iii) the effective

triggering
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1. Introduction

Many features of tropical deep convection are accounted for by the quasi-equilibrium
hypothesis (QE). According to this hypothesis deep convection responds very rapidly to
changes in tropospheric stability due to large scale circulation and radiative forcing, so that
the tropical troposphere is permanently close to a state of equilibrium. However, several
authors have emphasized that an atmosphere in permanent QE state would exhibit an ex-
ceedingly low variability at small scale and at large scale (Neelin et al. (2008), Jones and
Randall (2011) , Raymond and Herman (2011)). Using CRM simulations Raymond and
Herman (2011) showed that the response of deep convection to a pertubation was very fast
(hours) only in the lower half of the troposphere while it was much slower in the upper half.
This points to the importance of the depth of moist convection: the QE hypothesis is valid
in the region of the troposphere reached by cumulus and congestus clouds, while it is not in
the region reached only by deep convection. The basic elementary components of deep con-
vection, the cumulonimbus clouds, are efficient processes warming up the upper troposphere:
when present, they bring back the CAPE to very low values in matter of hours. However,
they are short-lived (about 30 minutes) and are present only as long as the triggering of
new elements goes on. It is then tempting to suppose, following Neelin et al. (2008) and
Stechmann and Neelin (2011), that the main reason why deep convection departs from QE
is that there are lapses of time where triggering of new convective cells does not occur and
where the upper troposphere may wander freely away from QE.

Subcloud lifting processes and convective inhibition (CIN) are known to exert a strong
control on deep convection onset and intensity, modulating the entropy flux from the bound-
ary layer to the free troposphere (Emanuel and Bretherton (1994)). Mapes (2000) assumes
that deep convective trigger occurs when turbulent kinetic energy in the boundary layer (the
"triggering energy”) is sufficient to overcome CIN. With this picture in mind the question
of moist convection occurence and variability in the tropics is strongly dependent on the

departure of the troposphere from QE states and thus on action of boundary layer processes
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on deep convection triggering.

The present series of paper is in the wake of these ideas and adresses the questions of
deep convection triggering and of its representation in climate models.

The role of the quasi-equilibrium (QE) hypothesis in the development of deep convection
parametrizations in climate models cannot be over-emphasized. It is at the heart of the
very concept of parametrizaton: it makes it possible to express the action of deep convection
processes as a function of large scale conditions to drive the system towards a state of
equilibrium.

However several authors emphasized that departing from QE was a key step to simulate
a correct climate variability. Obviously, releasing the constrain of QE yields extra degrees
of freedom. The fact that that this yields an increased variability is by no means obvious.
However, it seems (Jones and Randall (2011), Neelin et al. (2008)) that adheering strongly
to QE leads to an insufficient variability, while attempts to perturb the system away from

QE did increase variability.

As described in Jones and Randall (2011) (see also Xu et al. (1992)) two family of methods
have been used to drive the local atmospheric system away from QE: (i) in the super-
parametrization technique the CRM embedded within each GCM grid cell exhibits internal
variability (and sensitivity to initial conditions), thus providing a variability around QE (see
also Plant and Craig (2008)), who emphasize the variability provided by CRMs for given
large scale conditions); (ii) stochastic parametrizations (Neelin et al. (2008)) may also be used
either to perturb the deep convective closure or trigger or to perturb randomly the tendencies;
in the first instance (Stechmann and Neelin (2011)) the convective parametrization is still
pulling the local tropospheric system towards equilibrium but it does so in a less efficient
way, especially it does not when convection is not active (either because trigger is perturbed
or because the perturbed closure led to a break in convective activity); in the second instance
(Palmer (2012)) the system is no longer driven towards QE but to a target moving randomly

around QE (notice that this approach is not respecting conservation laws).
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In the present paper we are concerned with ordinary parametrizations, not with super-
parametrizations. Moreover, we want to use parametrizations respecting strictly conserva-
tion laws. Then, following Neelin et al. (2008), we shall assume that moving away from QE
occurs mainly when deep convection is not active. Thus determining the period of activity
of deep convection is a key problem for the representation of climate variability.

In observations and in high resolution simulations of moist convection, the onset of deep
convection is the time when cumulus clouds reach the upper troposphere, displaying a fast
jump from a shallow state to a much deeper state. Prior to this jump the boundary layer
enters a transition regime during which cumulus clouds become gradually deeper while re-
maining in the low troposphere. Thus the onset of deep convection appears as the sudden
emergence of a congestus or cumulonimbus cloud in a cumulus field. Chaboureau et al.
(2004) show that during the transition phase the updraught vertical velocities at cloud base
are large enough for the plumes to overcome the convective inhibition but that entrainment
of exceedingly dry air limits their vertical development to the lower free troposphere. It
is only when the lower free troposphere is moist enough that the sharp transition to deep
convection occurs. Thus they propose a two-step trigger in which stability and moisture are

the two critical variables controlling the transition.

We shall follow this idea and attempt to design a two-step trigger applicable to any
present boundary layer parametrization using a mass-flux scheme, and coupled with deep

convection.

Actually, most of currents GCMs (General Circulation Model) miss this transition phase,
and consequently, poorly represent the diurnal cycle of deep convection over land. They
simulate a precipitation peak around noon while according to observations it is later in
the afternoon (Yang and Slingo (2001), Guichard et al. (2004) and Bechtold et al. (2004)).
Guichard et al. (2004) analyse this shift of the diurnal cycle of precipitation as simulated by
SCMs relative to high resolution simulations. According to the authors, this is due to the

fact that the gradual moistening of the low free troposphere by overshooting cumulus is not

4
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represented in GCM parametrizations. Hence, currents GCM cannot capture the succession
of dry, shallow and deep convection regimes.

The question of triggering arises when trying to treat separately shallow and deep con-
vective regimes. Especially over lands, in which local processes of shorter time-scales gain
influence in controlling the convection life cycle. Furthermore, the continental boundary layer
is, on average, more developed than the marine boundary layer (Medeiros et al. (2005)) and
capped by a stronger inhibition layer (CIN, Convective INhibition). In such cases, consider-
ing the fact that the parcel cannot reach its LFC without some small-scale (i.e subgrid) pro-
cesses, a subgrid ” Trigger function” (Kain and Fritsch (1992)) must be represented. Kain and
Fritsch (1992) showed that those " Trigger functions” deeply affect the GCMs and Numerical

Weather Prediction (NWP) models ability to forecast the life cycle of deep convection.

Some convection schemes, like Kuo (1974), were designed to initiate convection whenever
a threshold value in mass or moisture convergence is exceeded in a grid point. Others,
assuming the Quasi-Equilibrium hypothesis (Arakawa and Schubert (1974)) triggers of-the-
moment the large scale conditions deviate too far from equilibrium state, in such a way
that deep convection adjusts itself quasi-instantaneously to the large scale perturbation.
Some other schemes trigger deep convection whenever the buoyancy becomes positive at the
vicinity of the cloud base level, and Mapes (2000) introduces in a simplified model a trigger

energy depending on the subgrid scale turbulence fluctuations.

In the current version of the atmospheric component of the LMD’s GCM (LMDZ5B,
Hourdin et al. (2012)), we use the ALE/ALP framework (Grandpeix and Lafore (2010), Rio
et al. (2009), Rio et al. (2012)) in which deep convection is coupled with sub-cloud processes
thanks to two variables: the Available Lifting Energy (ALE, expressed in J kg™!) and the
Available Lifting Power (ALP, expressed in W m~2). Convection triggering and closure are
expressed in terms of ALE (Convection is triggered when ALE is larger than CIN) and ALP
(cloud base mass flux is proportionnal to ALP) respectively. In the LMDZ5B model, the

only lifting processes are the boundary layer thermals and the density currents. The ALE
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is the maximum of the two lifting energies and ALP is the sum of the two lifting powers.
The present paper is only concerned with deep convection triggering hence only with the
ALE variable. Moreover, since we are specifically interested in convection intiation, only the
lifting energy due to boundary layer thermals has to be considered. In the current versions of
the LMDZ5 GCM it is equal to the maximum vertical kinetic energy in the thermal plume.
This maximum is generally found near cloud top so that the current implementation of ALE
takes somehow into account the size of the cumulus clouds. However, as will turn out in 6,
this is quite insufficient to describe the transition regime.

In the present paper we stick to the ALE/ALP framework. Hence our purpose is to
modify ALEg;, provided by the boundary layer scheme so that it accounts as well for the
lower free troposphere humidity as for the kinetic energy of the boundary layer thermals.
The key question investigated is to know what are the critical parameters of the boundary
layer which control the transition from a shallow cumulus regime to a deep convective regime.

Several studies using Cloud Resolving Models have been used to characterize this com-
plex transition from shallow to deep convection and gain some insights on what variables
control the deep convection triggering. While Chaboureau et al. (2004) proposes that deep
convection initiates when a variable called ”the Normalized Saturation Deficit” (NSD) at the
cloud base reaches its minimum (NSD being strongly linked to the cloud cover, triggering
occurs when the cloud cover reaches a critical value), Wu et al. (2009) shows that the virtual
temperature profile of the average cloud is a key factor, and Khairoutdinov and Randall
(2006) stress the importance of horizontal cloud size. Thus several parameters seem to play
a key role in deep convection triggering: (i) at cloud base, the humidity of the troposphere,
the cloud cover, the size of individual clouds; (ii) above cloud base, the thermodynamical

properties of cumulus clouds.

Given all these questions concerning the transition to deep convection, we tackle the
problem of the representation of deep convection triggering in climate models. Thanks to

LES (Large Eddy Simulation) datas in a continental case of transition from shallow to deep
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convection, we extract the statistical properties of the thermal plumes at the cloud base level
and propose a new computation of ALEg;, (Grandpeix and Lafore (2010)). The goal is to
propose a simple formulation of the triggering process, easily integrable in a GCM. This new
formulation describes the whole transition process and in particular the stochastic nature of
the triggering.

Next part describes the theoretical framework and section 3 the method. The cross-
section spectrum of the thermal plumes inside the domain is studied in section 4 and the
vertical velocity spectrum inside the plumes in section 5. The ALEg;, computation is given
in section 6. The triggering formulation is proposed in section 7 and some final comments

are given in section 8.

2. Statistical thermal plumes
a. Single plume versus statistical plumes approaches

The single plume approach is commonly used in present day boundary layer parametriza-
tions with a mass-flux closure. It is justified when considering a quasi-steady regime, as for
example shallow cumulus in a subsiding atmosphere. Considering a GCM grid area, the
cumulus clouds are numerous enough for neglecting the fluctuations around mean, thus, the
"bulk plume” may be a correct predictor of their collective effect. In such cases, the spec-
trum of plume sizes does not play a significant role in the representation of boundary layer
processes, as is the case when computing heat, moisture and buoyancy fluxes. In the single
plume approach, there is a bulk plume of cross section Sy, covering a fractional area vy
and a single mean vertical velocity profile inside w!, and outside wy.

However, this approach is not enough when plume sizes come explicitly into play, for
instance when we assume later (see the following sections) that the triggering of deep con-
vection is due to the largest thermal plumes. Indeed, in a transition period, one can expect

that fluctuations around the mean become more significant and have to be considered. There-
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fore, one has then to add a statistical (or spectral) approach to the bulk formulation. Fig 1

illustrates the differences between the single plume and the statistical approaches.

Neggers et al. (2003) and Rodts et al. (2003) shed light on the properties of the cloud
field by the use of aircrafts measurements, satellite data and Large Eddy Simulations. It is
mentioned that many distribution laws were suspected to fit the cloud size spectrum over
the domain, among which the exponential law, the lognormal and some other power laws.
Craig and Cohen (2006) proposed an exponential PDF P, for representing the individual
cloud mass flux spectrum ( P,,(m) = ﬁ exp (%) , where (m) represents the mean mass
flux over the plume population). In order to implement this statistical model in a convective
parametrization, Plant and Craig (2008) assumed furthermore that, in the vicinity of cloud
base, vertical velocities in plumes were independent of the plume size. Then the PDF P, of
plume sizes is also exponential (since Pp,(m)pw] = Ps(s)):

1 -5

Pu(s) = 7 ex0 (U) 1)

The exponential spectrum hypothesis for the mass fluxes has been validated by Craig
and Cohen (2006b) thanks to Cloud Resolving Model (CRM) simulations. The uniformity of
the mean vertical velocity at cloud base is reported in observational studies such as Warner
(1970); it is sometimes assumed in modelling studies (Donner (1993) and, of course, Craig
and Cohen (2006b)). Thus the exponential spectrum appears as a likely property of cloud

sizes at cloud base. Its relevance will be assessed in subsection 4.a.

The plume’s internal fluctuations may also be considered. Emanuel (1991) recalls that
pioneer aircraft measurements have shown that in-cloud fluctuations exhibit a typical length-
scale of 100m for temperature, liquid water and water vapor. Malkus (1954) and Warner
(1970) investigated the properties of in-cloud drafts by means of aircraft measurements.
They revealed that vertical velocity fluctuations were, at least, as large as the mean value

across the cloud section.
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Thereby, those studies suggest that intra-thermal (vertical velocity), as well as inter-
thermal (cross-section) fluctuations must be considered. Our aim is now then to propose a

corresponding theoretical representation of the thermal plume field.

b. Notations and definitions

In this study we consider as a plume an ensemble of drafts underlying a cloud. This
consideration implies that some plumes may have a negative cross-section average velocity,
and so cannot be qualified of "thermal plumes” (since a thermal plume is buoyant). Never-
theless, this kind of plumes represent a negligible part of the data which will be exploited in
this study.

We consider a domain (a grid cell) of area Sq in which Ny, plumes are present, covering

an area Sy at the lifting condensation level (LCL, or cloud base level). The fractional area
StOt )
Sq

is divided into several regions: (i) the individual plumes (p;, i = 1, Niot), (ii) the plume

covered by the plumes will be denoted aior ((tor = At a given level, the domain
environment (e). Generally, the overbar (Z) denotes the average over a horizontal region,
which may be the whole domain or the plume environment or a given plume (e.g. W, We,
wy; and w, are the large scale vertical velocity and the mean vertical velocities over the
plume environment, over plume ¢, and over all plumes respectively), while the brackets ((z))

denote the arithmetic average over the population of thermal plumes.

1) GEOMETRY:

The geometry of plume number 7 is characterized by the altitudes z; and z,; of its
cloud base and cloud top respectively and by its cross-section s; at cloud base. As suggested
by observational studies, the plume at cloud base may considered as made of independent
elementary drafts with typical dimension of a few 100 m. Since the LES horizontal resolution

is 200 m, we arbitrary assume, for simplicity, that the cross section of the elementary drafts
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is § = 4.10'm2  We will show in Sec.6 that this arbitrary parameter is of secondary
importance, and in Sec ¢ an estimation of a potentially realistic value for § will be suggested.

A plume i is then composed of n; independent drafts of cross-section § (and underlies
a cloud). The number of elementary drafts in a plume i is n; = % In the following, this

quantity will be named the dimensionless cross-section or the number of drafts per plume.

2) VERTICAL VELOCITIES:

For an air parcel P(z, z) inside plume i two decompositions of the vertical velocity will be
used. (i) first the usual decomposition in the domain average w and a fluctuation wy,; yields

wyi(z,2) = WHwj,; (7, 2); (i) then the fluctuation wy ;(x, z) will be further decomposed into

a plume average w, ; and a second order fluctuation wy ;:

wpi(T,2) =W+ w_’m + wp (2, 2) (2)

A similar development gives, for any parcel located in the subsiding environment:

we(x, 2) =W+ wl, + wl (x, 2) (3)

The present decomposition is illustrated in Fig 2.

3) MAIN FEATURES OF THE PLUME POPULATION:

e From the individual plume average vertical velocities one may compute the mean ver-

tical velocity of the whole plume field:

Ntot

— 1
= S’ 4
P St ; P )

Similarly, the mean second and third order non-centered moments are defined, respec-

tively, by;

10



— 1 Noe —5 — 1 —

2 tot o /2 13 _ Niot .13

253 wy = 5 > i siwy; and wp = 5 > 0 siw
tot tot

1= p,i
254 e For each plume ¢, the vertical velocity standard deviation I',y and skewness are,
b,1
255 respectively:
256
T = Vw2 —ul . (5)
wpl - pui P:i
3
13 12 5, /
b, — Wy — 3wy Wy + 2w (6)
wpl 1—‘3
w! .
p,1
257 e The arithmetical mean cross-section over the plume population gives:
258
Ntot

()= — s 7)

259 And similarly the mean cloud base ({z¢) = ﬁ ZlNzti’t 21c1) and cloud top altitudes
Nto
260 ((zt0p) = ﬁ D it Zpi)-
261 e Finally is defined the arithmetical mean plume average velocity over the plume popu-
262 lation:
263
L 1 Neot
w, = ’u)/ . 8
(W) = o 2% ®)
264 And similarly for the second and third order moments.

= 3. Data and Methodology

w6 a. Case description

267 The case study investigated here is the AMMA case of 10 July 2006 where a small

2

s and short-living convective cell developped over Niamey (Lothon et al. (2011)). The whole

=3
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transition has been caught by several ground-based instruments (radar, wind profiler and
atmospheric soundings) and completed by satellite data. This case study concerns a typical
case of transition from shallow to deep convection over semi-arid land with a high Bowen
Ratio (Bo ~ 10), and associated with an elevated cloud base (2 &~ 2.5 km). The structure of
the boundary layer clouds is gradually evolving from a ”cloud street” organization (morning
till noon) to an isotropic structure composed of larger but more heterogenous cells (from
noon to mid-afternoon). Around 15:40 LT, deep convective cells develop with associated cold
pools. The author noted that the first convective cells developed over the largest horizontal
cloud structures; this supports the relevance of the cloud base cross-section in describing the
transition process and reinforces the hypothesis made in sec.1.

A modelling set-up has been developed to represent this case and a Large-Eddy simulation

is able to represent the main observed features (Couvreux et al. (2012)).

b. The Large-Eddy Simulation

The simulation uses the LES version of the MESO-NH non-hydrostatic model developed
by Lafore et al. (1998). The domain is 100 x 100 x 20 km? with an horizontal resolution
of 200 m, a stretched grid on the vertical (from 50 m to 2000 m) and periodic lateral
boundary conditions. The forcing data were collected by the ARM (Atmospheric Radiation
Measurement) mobile facility station based at the Niamey Airport. The simulation lasts from
06:00 LT to 18:00 LT, at which time the cold pool generated by deep convection becomes too
large relative to the domain. The lower boundary condition consists in imposed homogeneous
fluxes of heat and water vapour. However, the observations show a large positive surface
temperature anomaly (around 5K), over which develops the first cell (at 15:40 LT). This
heterogeneity is suspected to play an important role in the triggering of deep convection
(enhancing mesoscale circulation and breeze convergence over the hot spot, see Taylor et al.
(2011)). In order to simulate a similar onset of deep convection the model is forced with a

low-level moisture convergence in the morning linked to the moonsoon flow, and a low-level

12
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ascent of 1.5 cm/s during the afternoon. With these conditions, the LES yields a trigger of
deep convection around 16:30LT. This simulation has been evaluated against observations
in Couvreux et al. (2012).

The material used in the present study consists in various fields extracted from the
simulation every hour from 12:00LT to 18:00LT and for each cloud: (i) cloud top and cloud
base altitudes; (ii) cloud base cross-section; (iii) cloud base average of vertical velocity, of its

square and of its cube; (iv) cloud base maximum vertical velocity.

c. Method

Our final goal is to propose a new formulation of ALEgy, that is to compute a maximum
kinetic energy provided by the thermal plumes, which has to be compared with CIN. This
may be resumed as compute an estimate of the maximum speed over the domain. Then, the
following LES analysis is aimed at finding the maximum value distribution for the plume
cross-sections and for the plume vertical velocities, for computing ALEgy,.

Our starting hypothesis are (i) a two-step triggering (as suggested by Chaboureau et al.
(2004)) and (ii) that the cloud base cross-section plays a crucial role in controlling the deep

convection triggering (see Lothon et al. (2011)).

4. LES analysis: maximum cross-section distribution at

the cloud base

a. Cross-section spectrum: P(s)

Mapes (2000), Khairoutdinov and Randall (2006), Rio et al. (2009), Grandpeix et al.
(2010) and Del Genio and Wu (2010) suggested that the subcloud layer processes play a
key role in producing the mechanical forcing, which lifts the parcel from the surface layer

to its Level of Free Convection (LFC). In a conditionally unstable atmosphere, the Lifting

13
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Condensation Level (LCL) nearly corresponds to the top of the boundary layer and to the

bottom of the convective inhibition layer (CIN). We shall consider it as the most relevant

level where to represent the couplings between boundary layer processes and deep convection.

Consequently the present study focuses on the thermal plume properties at cloud base.

Fig 3 displays with logarithmic coordinates the N-normalized cross-section spectrum

(N, = NiotP, where P is the PDF) at two different times. Since the strong peaks at low

cross-sections are incompatible with exponential distributions, the spectra are fitted with

double exponential PDF's, also displayed in Fig 3:

N —n N. —n
N, (n) = =L exp —> + Zexp (—) (9)
ny ny T2 n2
S
Where n; = = and n, = == are the average, dimensionless cross-section of each type of
S S

plumes.

If considering the cross-section s = ns (instead of the dimensionless cross-section n) the

N-normalized distribution becomes:

Ni(s) = 5

N, (
exp

—5s N —5s
A =3 1
Sl)+52€Xp<S2) (10)

Where N; and N, represent the total number of clouds of each type, and S; and Sy their

average cross-sections.

The two exponential PDF corresponding to each type of distribution are:

P1<S)

PQ(S)

Silexp (;—f) (11)

SiQexp (;—j) (12)

Category 1 gathers a very large population of small cumulus clouds, presumably topping

the smallest CBL’s thermal plumes. Their cloud base area is ranging from n = 1 to 40
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drafts (see Fig 3), and their depth fluctuates between 50 m to 500 m (not shown). The
corresponding thermals play an important role since they moisten the lower free troposphere
and thus favour the growth of future cumulus clouds. However, due to their small size, we
do not expect them to contribute to the triggering of deep convection.

Category 2 concerns small and intermediate clouds building the distribution tail (i.e the
right branch of the N-PDF plotted in Fig 3). Their cloud base area is ranging from n = 1
to 160 drafts (see Fig 3), and their depth fluctuates between 500 m to 2000 m (not shown).
Knowing that size is an important proxi for describing the transition phase, we expect that
type-2 plumes are the only one category of interest.

The remaining class of clouds (not shown) is not represented by the fitting function given

in Eq 10, it concerns deep convective clouds (i.e congestus and cumulonimbus appearing after

16:30 LT in the LES).

b. Cross-section spectrum evolution

Fig 4 a) represents the fitting N-normalized PDF evolution (defined in Eq 10) for the
afternoon hours of the simulation (12:00 to 18:00 LT). The slope of the exponential distri-
bution of type-2 clouds decreases with time, while it does not seem to vary appreciably for
type-1 clouds.

Fig 4 b) and ¢) gives further details about the evolution of each cloud population. First,
Fig 4 b) shows that Ny is decreasing all along the transition period. It is less trivial to
extract a tendency for population 1, as errorbars are very important at 12:00 LT (only
small clouds are present) and 13:00 LT: at those times the populations 1 and 2 are more
or less confounded. Therefore, the population N; as well as the average cross-section S
stays nearly constant from 13:00 LT up to the trigger time 16:30 LT. On the contrary, Fig
4 c) shows that Sy increases form 12:00 LT up to 18:00 LT. In other words, the transition
from shallow to deep convection gives rise to fewer structures but larger ones, suggesting

that the gradual drying and deepening of the boundary layer (Lothon et al. (2011) and
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Couvreux et al. (2012)) is correlated with fewer but larger plumes feeding deeper cumulus
clouds. Since the tendencies of population Ny and S, are of opposite signs, the fractional
coverage aiot (as suggested by Chaboureau et al. (2004) through the NSD) is a priori not the
best proxi for describing the transition process. The present study shows that the average
cross-section is a more pertinent predictor. This also reinforces the relevance of considering
spectral plumes rather than a bulk plume, and both the plume population and their mean
cross-section separately.

The largest plumes are the key elements of the transition. To make this more precise, in
the following, we study the statistical properties of the type-2 plumes. However, since the
cloud base cross-section is a variable absent from boundary layer parametrizations using the
single plume approach, we first turn to establishing empirical relationships between cloud

base cross-section and vertical cloud development.

c. Vertical vs horizontal cloud development

The cloud base altitude and the cloud depth are largely determined by the thermody-
namic profiles of the environment and the air parcel. Hence, this subsection dedicated to
study the potential link existing between the vertical characteristics of the type-2 cumulus,
and their horizontal lengthscale. The typical horizontal lengthscale of cloud i is /s;, with
statistical mean over the population <\/s_1> (similar to Eq 7). The vertical lengthscales of
the type-2 cloud field are given by the mean cloud base (21) and cloud top (zip) altitudes.

We assume that there is a linear relationship between the root mean square plume di-
ameter 1/Ss, the boundary layer height and the mean cloud thickness. Assuming that the
mean cloud base altitude (z) is a good approximation for the boundary layer height, this

linear relation reads:

V'S2 = a({z0p) — (211)) + b (21a1) (13)
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where a and b are parameters to be tuned The first term corresponds to a simple cloud
model, in which the cloud width is proportional to its height. The second term accounts
for the fact that the aspect ratio of the PBL coherent structures may be considered fixed
(and cloise to 2) so that thicker boundary layers display larger cells which, in turn, allow
wider clouds. Coefficients a and b were determined by fitting v/Sa(t), (zp) (t) and (214) (¢)
at times t in the range 12:00 to 16:00 LT (i.e before deep convection triggers) with Eq 13.
The results were that coefficients a and b were poormy constrained but highly correlated, so

that the results of the fit may be approximated by:

a =15+08 and b = 0.25 — 0.1 (a — 1.5)

So that we decided, for simplicity, to assume the arbitrary parameters a = 1. and
b = 0.3. Nevertheless, the large uncertainties should require more LES results to better

constrain those values.

The quality of the fit with parameters a = 1 and b = 0.3 is visible in Fig 5, where the
time-evolution of S5 and its approximation Ss following Eq 13 are displayed. The difference
between the two variables is within two standard deviations during the whole transition
period (from 12:00 to 17:00). Another important result is that neither a nor b are compat-
ible with zero (at two standard deviations for ¢ and more than three for b): hence both
the dependence on the boundary layer height and on the cloud thickness are necessary to
determine the cloud base cross section.

The dependence of the typical size of the thermals at cloud base to the cloud base altitude
is consistent with the constant aspect ratio of the boundary layer structures. Nevertheless,
the fact that cloud base size is also correlated with the cloud depth is more tricky. We briefly
discuss it through 2 diabatic processes. Those two processes may be responsible for the
gradual widening of the cloud base, associated with the cloud layer deepening. Nevertheless,
nothing in the present study could help to confirm and/or to dismiss one of those mechanisms,

they are just presentend here as hypothesis.
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The first process is the diabatic cooling by rain evaporation. High resolution simulations
(Khairoutdinov and Randall (2006), Matheou et al. (2011), Boing et al. (2010)) showed that
density currents induced by rain evaporation often appear before deep convection triggers,
and play a role in the transition from shallow to deep convection. They suppress convection
in their core and favour it on their edges by lifting the environment unstable air, in particular
where density currents collide. This leads to the emergence of sparse but strong updrafts,
yielding deeper and larger cloud structures. Even though this process is more and more
suspected to govern the transition phase, Couvreux et al. (2012) noticed that the absence
of evaporative cooling did not affect the deep convection triggering. The second one is the
diabatic heating by condensation. Clark et al. (1986) evokes the fact that mid-size cumulus
cloud heating can trigger gravity waves. Indeed, the author shows in a 2D framework, that
convective heating by shallow convection can enhance the vertical propagation of gravity
waves, which reflect on the tropopause and feed back on the low levels, selecting eddies whose
horizontal lengthscale is comparable with the gravity wave spacing. Such a mechanism would
operate a scale selection on thermal eddies and favour more sparse and larger horizontal

structures during the transition.

Since we assume that the triggering occurs over the largest cloud of the domain, we now

look at the maximum cross-section distribution of the type-2 plumes.

d. Mazimum cross-section distribution: Pue(Smaz)

As mentioned earlier, the type-2 plumes contains the largest thermals. At a given time, it
is described by the PDF Py(s) given in Eq 12. As shown in the Appendix, the cross-section
Shax Of the largest plume is a random variable with CCDF Fjax(Smax) given in Eq A7 from
which may be derived a PDF Pyax (Smax) which verifies Eq A2, that is:

_d-,/tmax Smax
7Dmax(smax) == dS ( )
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The median Sy, of the S, distribution is given by the approximate formula Eq A8
with 7, = In(2):

Ny

S = S In <ﬁ) (15)

The maximum value PDF P .« (Smax) and estimated Spax at various times are plotted in
Fig 6. Fig 6 a), Prax(Smax) confirms that the distribution tail is increasing while transition
occurs. Larger structures are appearing in the domain but coexist with still numerous small
ones. As a result the cross-section spectrum is widening and prolongs itself to the high values
of Spax. Indeed, during the early afternoon (i.e 12:00 and 13:00) Pax(Smax) is relatively
peaked, and accordingly, Spax fits well with the simulated values (Spax) (see Fig 6 b)).
Then later on, the distance |Spax — Smax| seems to increase with time, as predicted by the
spectrum widening Prax(Smax) (except at 15:00 for which, by chance, the estimated value is
almost equal to the simulated one). This suggests that the exponential distribution Ps(s)
pertinently describes the tail of the cross section density spectrum. This can be further
assessed when looking at the maximum values CCDF (F,ax(Smax)) histogram (not shown)
is also compatible with a flat distribution for the 7 realisations (12:00 till 18:00) of Spax
considered here. Fig 6 b) also shows that, from 17h onwards, the estimated values diverge
from the simulated ones. This is consistent with Fig 5, indeed once deep convection has

triggered Eq 13 is no more valid.

Therefore, from the PDF Ppax(Smax), we have extracted an estimator of the maximum
cross-section Spax of the domain, over which the triggering has the largest probability to
occur. Since we are trying to compute an ALEgy, our goal is then to estimate the statistical
maximum vertical velocity corresponding to that "maximum” plume (for getting a statistical
ALEpy stat). For that, we have first to characterize the vertical velocity spectrum of the

plumes, and to find out the maximum vertical velocities distribution of the plumes.
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5. LES analysis: maximum vertical velocities distribu-
tion of type-2 plumes
a. Method

In the preceeding section, we suggested that only type-2 plumes were involved in the
transition process. Hence, we only focused on the dynamical properties of those plumes, and
filter out the type-1 plumes. The aim is to extract from the LES data a large enough sample
composed of type-2 plumes only. For that, the whole LES simulation (i.e from 12:00 to 18:00
LT) is gathered in a unique dataset of 9500 clouds. Then, only clouds which verifies n > 40
drafts (i.e s > 4.10* m?, or D > 1500 m) are taken into account; the resulting dataset is
made of about 900 clouds of type-2 exclusively. Finally, this dataset is divided in ten samples
sorted into increasing cross-section.

Table 1 displays, for each sample k, characterized by its n range and composed of Nyox =
90 clouds, the arithmetic means (.), of various fields at cloud base: (i) the average vertical

velocity (defined in Eq 4), (ii) the second and third order non-centered moment, (iii) the

/
max,i

maximum velocity w and (iv) the standard deviation Loy and the skewness Doy -

b. Vertical velocily moments

Trying to characterize the vertical velocity distribution inside the plumes, we first look
at the sensitivity of the velocity moments to the mean cross-section of each sample.

Fig 7 displays the pairs [<n>k : <w_£)>k}, [<n>k : <w_§>k] and [<n>k : <w_§’>k] From Fig
7, it seems that the sample mean of the cross-section averaged vertical velocities <w_;)>k does
not depend on the mean dimensionless cross-section of the sample (n),. Hence, whatever the
sample k, <w_£)>k = <w_{3>, where <w_;> is the arithmetic average over the whole population
(composed of the 10 samples). Fig 7 also shows that it is also true for the second and

third order non-centered moments of w;); that is, whatever the k, <w_1’)2> = <w_;)2> and
k
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<w_§’> = <w_§’> Extending this result to the individual plume scale yields that the plume
k

averaged w’

;> second order moments w?; and third order moments w?; are not sensitive to

the cross-section s; of the plume considered.

Hence, whatever the plume i:

Wy = W, (16)
wl = w? (17)
T (18)

This gives, for the standard deviation and skewness:

Fw/ = Fw/

(I)w’ = (I)w’

p,i P

Thus, the vertical velocity spectrum may be considered uniform over the plume field.
This means that, at a given time, all the plumes of the domain exhibit the same spectrum
for the draft velocities P(wy,). Since the vertical velocity inside the plume results from a
balance between buoyancy, pressure and friction forces (Simpson and Wiggert (1969)), this
result suggests that all type-2 plumes (i.e with diameter greater than 1.5 km) experience
the same balance of forces. Since lateral entrainment only involves the plume’s peripheral,
we may expect that, above a certain diameter, it does play a negligible role in the plume’s

motion (because the area of the external ring is much less than the plume’s cross-section).

c¢. PDF of vertical velocity P(w;, ;

In order to increase the statistical significance, we decide temporarily (only in this sub-
section) to divide the dataset in only 5 samples of 180 plumes each, sorted into increasing

cross-sections. Fig 8 displays the five corresponding histograms of mean vertical velocity at
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cloud base wy,;: the spectrum P(w_’m) in the various samples look very similar to gaussians

1
—— roughly proportionnal to T This is in agreement with the hypothesis
p,i n

that the elementary draught vertical velocities are independent gaussian random variables

with widths T’

such as:

P(w..)

pi

1 (wl’Di —w), )?
= - _ ]-
V2rly, =P ( 2%, )

p,i

Of course Eq 19 is not strictly valid since the skewness of the vertical velocity distribution
is non-zero (see Table 1 column 8). However we shall assume that the vertical velocity PDF
differs from a gaussian only in the low velocity region and that Eq 19 represents accurately

the PDF in the region of the velocities relevant for triggering. This assumption will be

justified a posteriori by the results of the next subsection.
SUPPLEMENTARY REMARKS
1.Reference cross-section § of the drafts:

~ 4-- was verified for
w s vn

It has been noticed that the approximated relationship I'
the 5 samples considered. This suggests that the independent, gaussian drafts may have
a reference cross-section nearly equal to 45 = 1.6 * 10° m?, that is a typical lenghtscale of

[ =400 m (instead of the arbitray ! = 200 m which has been chosen in sec.b).

2. Vertical velocity mean and standard deviation:

From Table 1 columns 4 and 7, the sample averages of the mean and of the standard
deviation of the cloud-base vertical velocity <w_1’)>k and <F%>k are nearly equal. Therefore,
we shall assume that the cloud-base vertical velocities within each plume display uniform

and equal mean and standard deviation:
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’LU_f) = wa) (20)

This assumptation has already been used by Grandpeix and Lafore (2010) and Grandpeix
et al. (2010), and will also be used in the stochastic parametrization for deep convection

triggering presented in the second paper of this series.

d. Mazimum vertical velocities distribution Ppap(w!, .. )

max,t

/

1)), the next step is to look

Since we have characterized the velocity spectrum (P(w
for the maximum-value distribution of wy;, given a thermal i made of n; drafts (i.e of
cross-section s;). According to Appendix A, from the vertical velocity PDF, it is possible

to retrieve a distribution law for the maximum values Ppax(w!,..;) (see Eq A2) and to

max,i

l
max,i

compute an estimator (see Eq Al1l) of the maximum velocity at the cloud base. A
representative value of this estimator can be the median value, corresponding to m, ~ 0.7.
Introducing this statement in Eq A11, taking into account the uniformity of w_g and I'y, and

averaging over each sample k yields the estimated (median) maximum velocity:

(W} )y = Wh + Ty 4 [ In (%) —In <ln (;:—352)) (21)

Fig 9 a) displays the sensitivity of the maximum values PDF (Ppax (w!

max,i

)) of a plume 14
to its cross-section s;. The PDF is relatively peaked and thin in all cases, becoming slightly

narrower as the cloud base area increases. Consequently, the estimator W/ . is expected to

max,i

give a good approximation of the simulated w! . . at any time (contrary to Spax). Fig 9 b)

max,i

compares the pairs [<w’ >k : (n)k} and [<W;/>,max>k : (n>k] for each sample k. The sample-

p,max

/

: /
mean estimator <Wp p,max

is in line with the sample-mean maximum <w >k extracted

7max>k
from the LES data. This result suggests that the hypothesis considering the mean ascending
thermal plume as an ensemble of independent drafts, with a Gaussian velocity spectrum,

seems relevant. Moreover, the maximum velocity encountered does not depend in anything
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else that the sampling effect: the more numerous the updrafts at the cloud base, the more
the probability to get a strong one. Indeed, the analytical formulae given in Eq 21 does not
take into account of entrainment/detrainment mixing or any other physical process.

In current thermal plume parametrizations using a mass-flux scheme, it is supposed that
the entrained air from the subcloud layer is a rest gas. Hence, entrainment is a braking term
in the parcel’s equation of motion. Since entrainment only affects the peripheral zone of the
thermal plume, one can expect that larger plumes are less sensitive to lateral entrainment
(see Sec b). Thereby, larger plumes can host stronger updrafts in their core. But here
it is shown that the sampling effect alone largely determines the maximum velocity wy,,, ;
encontered in a plume ¢ of cross-section s;. In other words, if considering a plume ¢, an
increase of the cross-section s; is accompagned by a corresponding increase of the number

of random samplings for the vertical velocity w’, ., finally leading to a statistical increase of

p.i’

the maximum velocity w! Then, according to this study, the fact to consider that larger

max, i

clouds host more undiluted parcels in their core is not the best way to explain the velocity

maximum, at least at the could base level.

This concordance between simulated and calculated maximums also shows that the tail
of the Gaussian distribution of the velocity field (P(wy,;)) in each plume i is pertinent. Since
our concern is the deep convection triggering, we do focus on high velocities. And we try to
verify if the independent gaussian draft is relevant, at least for the distribution tail. A way

to do that is to plot the histogram of the complementary cumulative distribution function

of ... (CCDF F(u!

max i

i.e the probability to have a larger value than w’ for each

max 1) max, i

thermal plume i) given in Eq A1l (Appendix A). For that, for each thermal plume 7 (of type-
2) we compute the CCDF Fpa(wy,;), then we divide them in bins of 0.1, and we plot the
Fnax (W, ;) histogram displayed in Fig 10. The flat distribution shows that the simulated

Wiay; Of each plume i is equally distributed on both sides of the PDF of the maximum

velocities Prax (W), ;). This proves that, at least for the tail of P(wy,;), (i) the hypothesis

max i

of the independent drafts is relevant, and (ii) the Gaussian PDF is pertinent too.
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e. Sum up

To sum up, the dynamical properties of the type-2 plumes are uniform over the plume
field. Since the cross-section spectrum for type-2 plumes is exponential, this result is some-
how consistent with the exponential distribution for individual mass fluxes proposed by Plant
and Craig (2008). Moreover, each thermal plume can be considered as composed of indepen-
dent drafts (i.e with no spatial coherence), following a Gaussian distribution for the vertical
velocity, in which the average is quasi equivalent to the standard deviation. Finally, the
Gaussian distribution well describes the maximum values statistics, which mostly depend on
the cloud base cross-section.

We shall add that a uniform vertical velocity spectrum over the plume field gives some
relevance to the single plume approach, at least when considering the mean dynamical prop-

erties of the thermal plume ensemble.

6. Statistical Available Lifting Energy ALEp stat

a. ALEpgp star computation

The statistical ALEpy, gtat corresponds to the maximum kinetic energy found over the
plume spectrum. From Sec 4 and Sec 5 we extracted, respectively, a median value for the
maximum cross-section Spax (Eq 15), and a median value for the maximum vertical velocity
(W} max) (Eq 21) of a plume sample. Knowing that (W] ..} is an increasing function of
cross-section, the strongest updraft is hosted by the largest thermal S, of the domain.

Hence, when combining Eq 15 with Eq 21, and introducing Eq 20, we get a statistical

maximum velocity inside the largest thermal:

. (SQII’IV(NQ))Q (Sanv(NQ))Q
Wi = wf 1+ [In | ———" | =In{In | —>— (22)
s ™
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We could noticed that the arbitrary value § had a limited influence on W/ Hence,

max*
supposing that Ny, Sy and w_g) are known, we can finally compute the statistical maximum
kinetic energy at cloud base:

Lo e
§W1/nax

ALEBL,stat - (23)

Fig 11 shows the time evolution of ALEgy sat. It is maximum around 13:00 LT and

decreases later on. Actually, W/

max

is approximately in phase with w_g (not shown), itself
correlated to the sensible heat flux (not shown). Although the maximum cross-section Spax
is around two times larger at 16:00 LT than at 13:00 LT (see Fig 6 b) the surface heating
is less, consequently, the mean velocity of the plume population w_g is around 30% less (not

shown). This correlation between W!

max and wi can be easily understood by a growth-

compared analysis applied to the 2 terms of the product in Eq 22: the first term is w_i,, and
the second varies with /In(S2,,) (or v/21In(Syax)). Thus, during the transition phase, the
w_l{) decrease dominates the Sy, increase.

According to the LES, the morning time large-scale inhibition is very high, and ALEgy, stat
reaches the CIN (not shown) around 13:00 LT. Therefore, since observational (Lothon et al.
(2011)) as well as LES (Couvreux et al. (2012)) data shows that deep convection triggers
near 16:00 LT, the dynamical threshold ALEgy, ¢at > |CIN| alone is not sufficient to describe

the whole transition process.

b. Towards a new formulation of triggering

Lothon et al. (2011) shows that, around 12:00-13:00 LT, the boundary layer moves from
a regular, steady cloud-street organization to a more istropic structure consisting of bigger
clouds. This period correspond to the beginning of the transition phase. Then, if ALEgp, >
|CIN]| is apparently not a pertinent threshold for the deep-convection triggering, it may be

relevant for describing the threshold from a shallow cumulus regime, to an transition regime.
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In the shallow cumulus regime, no clouds cross the inhibition layer. In the transition regime,
many cumulus clouds have enough kinetic energy to overshoot the CIN, but are still too
small for reaching the high troposphere. Then, we shall impose a complementary constraint

on the size of the thermal plumes to permit the triggering of deep convection.

7. Deep convection triggering formulation

In the current LMDZ model version, the deep convection triggering by boundary layer
thermals is exclusively based on the threshold condition ALEg, > |CIN|. Since the associated
thermal plume representation is deterministic, either not any plume triggers, or all the plumes
trigger. But, since a thermal plume spectrum is considered here, we can a prior: expect to
represent, in a given domain, both passive boundary layer cumulus clouds, and overshooting
clouds. As already mentioned, the plume size looks of primary importance in the triggering
process; Lothon et al. (2011) noticed that first deep convective cells occur over a zone covered
by the largest horizontal structures of the observed domain. Chaboureau et al. (2004) also

stressed the existence of a two-step triggering, in which a transition phase clearly appears.

Hence, the triggering formulation main idea is that the thermal plume field must require
(1) at least one thermal plume whose maximum kinetic energy exceeds the CIN, which means
ALEgLstat > |CIN|, and (ii) a sufficient number of thermals whose size may potentially
exceeds a certain threshold value Sii,. This threshold corresponds to an arbitrary limit,
from which the cloud base do not anymore correspond to a cumulus, but to a congestus or a
cumulonimbus cloud. One might expect that the largest thermal plume size grows gradually
up to the time when it reaches this threshold.

Let Siyig be the threshold value for deep convection triggering and assume that ¢, cor-
responds to the instant when ALEpy o > |CIN|. The triggering probability P, for one
plume scene of duration 7, composed of Ny plumes, is the probability that Spax > Strig; that

is the CCDF Fiax(Smax) given in Eq AT:
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P‘r = Fmax(Strig> =1- (1 - ﬁ(strig»NQ

The no-trigger probability is then:

~

-/P\T :fmax(Strig) =1-PF

Giving, for every independent cloud scene of duration 7 (e.g the average life expectancy

of a thermal plume, ~10 min):

ﬁ — (1 _Strig 2
- = (1—exp(—5 (24)
2

The no-trigger probability definition ]37 can be generalized to every time period At = nr,

composed of n independent scenes of duration 7:

Py = H Pr
k=1
A continuous formulation (i.e whatever At) of the no-trigger probability ]3At, which

verifies ]3At = ]37 if At =7 1is:

When combining with Eq 24, this yields:
At
_S i N2 T
(1 em(=5) ] (25)
2

Thus, during every time period At, we can compute a no-trigger probability lBAt.

Pay =

Looking back to Fig 6, the distribution of Sp,.x is broad, meaning that Sp,.x may vary a
lot around the median value Sp.x (Eq 15), and the median value S,,.x does not represent the
large fluctuations of Spax. Therefore we have to consider the triggering process Smax > Strig

is stochastic. Considering a time period At, the probability that Sp.c > Shig is equal to
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the probability that a random sample 0 < R < 1 exceeds the non triggering probability per
unit time ﬁAt. By the same token, in a time period At, the stochastic triggering happens if
R > ]3At.

The triggering process not only governs the deep convection beggining, but also its end.
Indeed, deep conection happens as long as it is triggered. Consequently, to be coherent this
triggering must last a certain time for allowing deep convection to produce significant rain.
For that we suggested to double the decorrelation time 7 (from 10 min to 20 min) once deep
convection has triggered; arguing that the typical timescale for a deep convective updraft is

around two times more than for a thermal plume.
SUM UP: THE THREE STEPS OF THE TRANSITION PROCESS

1. Preliminary condition

The boundary layer must be cloudy to allow the deep convection triggering.

2.The dynamical threshold

This threshold governs the transition from a regime in which cumulus clouds cannot
reach their level of free convection (LFC) (i.e stays under the inhibition layer (CIN)) to
a transient regime where at least some cumulus overshoot the CIN but do not reach the
high troposphere in a significant number. It is also a deterministic threshold, which uses a
PDF approach. It takes place when the statistical maximum kinetic energy produced by the

boundary layer thermals ALEpy, star exceeds the CIN:

ALEgL stat > |CIN| (26)
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3.The geometric threshold

Once the dynamical criterion is reached, the boundary layer enters a transition regime,
in which some cumulus overshoot the inhibition but do not reach the high atmosphere.
The geometric criterion is stochastic, and governs the abrupt transition from the transient
regime to the deep convection regime. It considers the type-2 plumes population spectrum,
and states that every cloud scene of duration At can potentially trigger at the condition that

a random sample R exceeds the no-trigger probability ﬁm:

R > ﬁAt (27)

If deep convection has already triggered, the procedure is the same, but with a 7 two

times more impotant.

Fig 12 illustrates the conceptual view of this formulation, from the first cloud to the deep
convection triggering. From this new formulation, a stochastic triggering parametrization is

proposed in a companion paper.

8. Discussion and conclusion

To consider the plume field like a statistical ensemble, with intra-thermal velocity fluctua-
tions and inter-thermal cross-section fluctuations, made it possible to describe the transition
process more in detail than a single plume approach. Data from the LES case AMMA gave
us many insights on the geometrical and dynamical properties of the cloudy thermal plumes
at the cloud base level during the transition from shallow to deep convection.

The thermal plume field is divided into two populations, each one following an exponential
distribution law, and from which an sum of exponential distribution P(s) for the whole
population can be deduced. During the transition time, the distribution slope decreases,

thermal plumes are less numerous, have a higher mean cross-section, and feed higher and
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deeper clouds. A simple linear relationship between the cloud horizontal lengthscale (at
LCL), the cloud depth and the the altitude of the cloud base has been proposed and verified
on the AMMA case. This relationship suggests a link between the cloud thermodynamic
properties and the cloud geometry. The cross-section maximum distribution Ppax(Smax) is
consistent with the LES, but spreads over a large range of values. Indeed, the estimated
median value Sy. gradually moves away from the simulated Sy, while transition evolves.

Suspecting that the thermal size plays a key role in the triggering process, we filter out the
type-1 plumes, and focus on the dynamical properties of type-2 plumes exclusively. Type-2
plumes can be described as a sum of independent drafts whose velocity distribution P (wy, ;)
is nearly a gaussian, and is constant over the plume field. The gaussian mean and standard

deviation are similar. Since the maximum value distribution Pyay (W is also consistent

rnax,i)

with the simulated values, the gaussian distribution is pertinent for describing the maximum

velocities distribution as well.

Combining an analytical formulae of the median maximum plume size S,,., and the me-

> over a plume sample, a statistical maximum velocity W'

max

dian maximum velocity (W}, ..
inside the largest thermal has been computed to get a statistical estimate of ALEg;, gat. In
addition, the new triggering consider a threshold size Sy, which has to be exceeded by the
maximum Sy, to trigger deep convection. Knowing that the maximum size distribution
Prnax(Smax) 18 wide, Spax fluctuations are important. Then it is pertinent to consider trig-
gering (i.e Smax > Siiig) @s a stochastic process, in which a random sample R has to exceed
a no-trigger probability Py, for triggering.

The present formulation proposes a three-steps transition and consists in two consecutive
thresholds; the first one is deterministic and the second one is stochastic. The first threshold
is dynamic ; it governs the inhibition crossing by at least one plume of the domain (i.e
ALEgy stat > |CIN]). It represents the moment when shallow clouds start to overshoot the

inhibition layer and reach their Level of Free Convection (LFC); that is the transition phase.

The second one is geometric and rules the deep convection triggering. Since deep convection
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tends to trigger where the largest horizontal structures are, there is a threshold cross-section
which has a certain probability to be exceeded at every independent cloud scene.

This new triggering formulation has the great advantage to allow the existence of a
particular stage between shallow and deep convection, during which the inhibition layer is
overcome but clouds are still too small for reaching the high troposphere. This transient

regime is generally missed in most of GCMs.

However, to integrate such a formulation in a parametrization of deep convection trig-
gering by boundary layer thermals is still a difficult work. The main difficulty is to retrieve
a cross-section spectrum from the variables given by the boundary layer parametrization,
which is single-plume based in most of the cases. A triggering parametrization for the LMD’s
model (LMDZ) based on this formulation is proposed in a companion paper.

One may contest that this triggering formulation is inspired from only one case study,
and so has few chances to be applicable in other situations. That is why the robustness
of this formulation will be futher investigated in the second part of this paper; the corre-
sponding parametrization will be tested over various environmental conditions (continental
and oceanic) and also in conditions favourable, and not favourable, for triggering. It will be
first tested in a single-column framework on different case studies, and then in the global

framework to estimate the added value when compare to the deterministic approach in the

full GCM.
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APPENDIX A

Mazimum of a large (~ 100) number of random variables with identical probability density

functions.

We consider a set of N independent random variables (z;);—1 y with identical probabil-
ity density function (PDF) P, cumulative distribution function (CDF) F , complementary
cumulative distribution function (CCDF) F. The CDF F (resp CCDF F) is defined by:

F(X) = {probability that z; < X (resp z; > X)}. The following relations hold:

dF  dF

F(X) =1- FX) : Pla) = — = ——

(i) CCDEF of the maximum:

We seek the CCDF Fppax of the maximum of the (x;);—1 y. The probability that max(x;)
exceeds a given value X is equal to the probability that at least one of the x; exceeds X,
which is equal to 1 — {probability that, for all i, z; < X}. Since the (x;);—1 n are
independent, the last probability reads 1 — (1 — F(X))". Thus the CCDF Fpay of the

maximum of the (z;);—; n reads:
fmaX(X) =1- (1 - ‘F(X))N (Al)
Which gives for the PDF of the maximum values:

_dJTmax Xmax
7Dnla,x()(rnax) = dX ( )

(i1) Inverse formula

Given a probability P, < 0.9 we seek the corresponding threshold value X, such that

the probability that max(z;);—1nv > X; is equal to P;:
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787

fmaX(Xt) = Pt (A3)

788 Note that we are interested in large values of the x;, which implies that some upper

7o bound be imposed upon P;. As will appear later, an upper bound of 0.9 is sufficient for the

®

70 oncoming developments.

©

791 Substituting the expression of Fax (Eq. Al) in Eq. (A3) and solving for F(X;) one
792 gets:

793

F(X) =1— (1 — P)« (A4)

794 This is an exact formula. We shall rather use an approximate form taking into account

s the fact that N is large. To that end we rewrite Eq.(A4):

7

©

796 F(X;) =1 — exp <%ln(1 - Pt)>

797 Introducing the new variable

798 m = —1In(l — P)

799 which verifies 0. < m; < 2.3, the equation reads:

800 F(X;) =1 — exp (—%)

801 Since m;/N is in the order of 1072, the exponential may be replaced with a first order

82 expansion :

=]

803

T
Fx) = 2 (A5)
804 Thanks to this equation, finding X; amounts merely to inverting F. In particular, the

ss  median X.q of the distribution of the maximum, which corresponds to P, = 0.5 and m; ~ 0.7,

=}

g5 1S given by:

o

807 f(Xmed) =
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(11i) The thermal cross-section s case

The CCDF is

F(S) = exp (—%) (A6)

and the number of random variables is the number N, of thermals in the grid-cell.
The threshold cross-section S, is given by Eq A5 where expression A6 is substituted for
F(X3), that is:

S\ 0m
exp <—®> = Ntot (A7)
thus:
S = () n(*) (43)

(iv) The vertical velocity w), ; case

The CCDF is

/ 1 WI/%i B w_/pJ
F(Wys) = 5Erfe VAl (A9)

and the number of random variables is the number n; of elementary drafts in the thermal

indexed 1.

The threshold vertical velocity W, verifies Eq A5 where expression A9 is substituted for

Lo (W —
~Erfe (t—w"> = (A10)

™
Since — << 1, one may use the asymptotic form of Erfc () in the limit x — 0,
n;

1 2 2
Erfc ' (z) =~ E\/ln (—2) —1In {ln (—2>] , which yields:
T T

/ o n i
7 : :
Wii=wy;+Tw 4 /In <27T7Tt?) —In (ln <27T7Tt2)> (At

F(X3), that is:
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TABLE 1. Mean dynamical characteristics of the 10 thermal plume samples of category 2
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F1c. 3. N-normalized dimensionless cross-section distribution (N, (n), see Eq 9) of the ther-
mal plumes at LCL at a) 1400 LT and b) 1600 LT. Horizontal lines display the dimensionless
cross-section bins. Vertical lines are errorbars
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* — 14H : y=271.56*exp(—x./3.25)+24.30*exp(-x./29.03)
* — 15H : y=255.03*exp(-x./3.56)+17.63*exp(-x./32.65)
& — 16H : y=249.37*exp(-x./3.52)+12.00*exp(-x./41.66)
8 — 17H : y=188.96*exp(-x./4.37)+7.19*exp(-x./47.16)
© — 18H : y=123.25*exp(—x./4.83)+1.37*exp(—x./86.13)
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Fic. 4. a) Time evolution of the N-normalized cross-section distribution (N,(n)) fitting
function at LCL. b) Ny and N, time series ¢) S and Sy time series
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F1G. 5. Average cross-section of clouds 2 at the cloud base Sy (m?) for the LES (solid) and
S, calculus following Eq 13 with parameters {a = 1:b = 0.3} (dashed)
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FI1G. 6. a) Prax(Smax) time evolution from 1200 to 1600 LT. b) Time-series of the estimated
maximum cross-section Sp.x (squares) and simulated Syay (crosses) from 1200 to 1800 LT.
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Fic. 7. Scatterplots of sample mean <w_§>k, second order <w£)2> and third order non-
k
centered moments <w_§> of cloud base vertical velocity, as a function of the dimensionless
k
cross-section (n). Horizontal lines display the n bins and vertical lines display errorbars
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Sample 1: 40<n<47 and <n>=42.9 drafts per plume
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FiG. 8. Normalized histogram of w/ ; and fitting PDF P(wy;) for each sample. The sam-

ple mean cross-section averaged vertical velocity <w_{p> and standard deviation <Fw£)> are
displayed on the upper left corner
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F1G. 10. Histogram of the CCDF of wj,,.; (Fumax(Wy.y,)) for the cloud base of type-2. The

horizontal axis represents the CCDF Fpax (W), ;) for each plume 4 and the vertical axis
displays the number of plumes in each bin (0.1)
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Fi1G. 12. Sketch of the transition from shallow to deep convection
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