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ABSTRACT
A new and consistent convection scheme, providing continuous treatment of this atmospheric process, is described. The

main concept ensuring the consistency of the whole system is buoyancy, a key element of any convective vertical motion.

The buoyancy constitutes the forcing term of the convective vertical velocity, which is then used to define the triggering

condition, the mass flux and the rates of entrainment—detrainment. The buoyancy is also used in its vertically integrated

form to express the closure condition as a CAPE relaxation. The continuous treatment of convection from dry thermals to

deep precipitating cumulus is made possible through the use of a continuous formulation of the entrainment—detrainment

rates and CAPE relaxation time, together with an embedded precipitation scheme. This convection scheme is first

evaluated with the help of single-column model simulations of specific case studies encompassing a variety of convective

situations. Second, a coupled general-circulation model multiyear simulation is provided as a means to assess the model

climate with respect to observations.

1. Introduction

The convection scheme is a key element of large-scale models. It
is necessary because it is designed to represent processes occur-
ring at scales much smaller than that of the processes resolved by
the large-scale model. Furthermore, the subgrid-scale processes
parametrized by this scheme, together with the vertical diffusion
scheme, constitute the basis of the atmospheric response to the
radiative forcing. These processes include both transport and
water phase changes.

Such schemes have been developed since the beginning of
large-scale modelling (Arakawa, 2004). The first and most sim-
ple was the moist convective adjustment scheme (e.g. Manabe
et al., 1965). Since then, convection schemes have gained in
complexity. Most of the present convection schemes use a mass
flux concept (e.g. Bougeault, 1985; Tiedtke, 1989; Gregory and
Rowntree, 1990; Kain and Fritsch, 1990; Emanuel, 1991; Zhang
and McFarlane, 1995).

The aim of this paper is to describe a new mass flux convection
scheme based principally on bringing together rather simple, al-
ready published ideas in a consistent way. The main concept
ensuring the consistency of the whole system is the buoyancy,
a key element of any convective vertical motion. The buoyancy
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constitutes the forcing term of the convective vertical velocity,
which in turn will later be found everywhere else in the algo-
rithm of the convection scheme (i.e. in the mass flux, the rates of
entrainment—detrainment, the triggering and closure conditions),
ensuring its consistency. Another key originality of this scheme
is its ability to represent all types of convection in a continu-
ous manner, from dry thermals to deep precipitating convective
systems, with the help of an embedded precipitation scheme
and a continuous formulation of both entrainment—detrainment
rates and closure condition. Other convection schemes including
buoyancy as central aspects of their formulation have already
been developed (e.g. Anthes, 1977; Donner, 1993; Bretherton
et al., 2004; Nober and Graf, 2005). This scheme is quite close
to that of Bretherton et al. (2004) in its design in that a sin-
gle bulk plume is considered instead of an ensemble as in
Donner (1993) or Nober and Graf (2005). It could be seen as
an extension of that of Bretherton et al. (2004), being developed
to represent convective processes beyond shallow convection
in a continuous way. Moreover, in this scheme, the convective
vertical velocity is computed using a time-dependent equation
(instead of steady-state) in an attempt to introduce more mem-
ory into the system, and the entrainment—detrainment rates are
defined using this convective vertical velocity as input (instead
of the inverse of the convective top height) in order to obtain a
local reinforced link to the buoyancy.

This new scheme has been implemented in the general-
circulation model (GCM), called ARPEGE-Climat (AC, Gibelin
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and Déqué, 2003), and used in climate research at Météo-France.
This model can be used either in a single-column model (SCM)
mode or in a GCM mode.

Section 2 is devoted to the description of the convection
scheme. The validation of the scheme is presented in Section
3, where both SCM and GCM simulation results are shown.

2. Description of the scheme

2.1. Large-scale convection tendencies

The large-scale convection tendencies for heat, moisture and
momentum are the following:
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where e = C,T + gz is the dry static energy, ¢ the specific
humidity, # and v the two components of the horizontal velocity,
w the vertical p velocity, and C the net rate of condensation. The
subscript ¢ denotes the contribution from cumulus convection.
The overbar denotes averages over a horizontal area that is large
enough to contain an ensemble of clouds, and the prime denotes
deviations from the horizontal average. PGE stands for the effect
of the pressure gradient (between the convective ascent and
its environment). Vertical eddy fluxes include many scales, but
only the convective scale is considered here, the turbulent scale
being taken into account by the vertical diffusion scheme. The
horizontal eddy flux divergences are neglected. Following the
work of Yanai et al. (1973), the convection tendencies mentioned
above can be expressed in another way. Let x be any of the
prognostic fields considered. Its average can be written as

¥ =aox.+ 1 —ao)x, (&)

where « is a constant, o the normalized convective fractional
area coverage (function of p, starting from 1 at convection base
and decreasing above, simulating an ensemble of convective
plumes whose depths decrease with height). The subscript ¢ de-
notes the convective quantity, and e the environmental quantity.
Taking the Reynolds conditions into account, the vertical eddy
flux is given by

W) =wx —o-}. (6)

Substituting (5) into (6), we obtain
&) = a0 (@ — w) (Xe — X) - (N

Using the justified assumption |w.| > |w,| (e.g. Yanai et al.,
1973), (7) can be written as

X =M~ ), ®)

where M = —ao w, is the mass flux (the reason for this 3-factor
formulation is discussed at the beginning of the next subsection).
Following the work of Yanai et al. (1973), the stationarized
equations of a cumulus ensemble bulk model (cumulus ensemble
budgets of mass, heat, moisture and momentum) are
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where D and E are the rates of mass detrainment and entrainment
per unit pressure interval. The exponent d signifies the value in
the detraining air. Equations (10)—(13) have been written as-
suming the well-justified approximation y, = jx, implying that
o < 1 (e.g. Yanai et al., 1973). Using eq. (8)—(13), the initial
set of equations (1)—(4) giving the convection tendencies can be
rearranged in the following manner:

de de

— ) =—M—+D( —?), 14
(5) =—mie+pE -2 (14
9q g .

2) =M= +D(¢"-3). 15
(51) =+ pat-a) =
ou M L D - (16)
A, =~ Ue—1u),

at /., ap

o0 M2 4 D - (17)
— ) =-M— v, — D).

/. ap

The first terms on the right-hand sides of (14)—(17) represent
the cumulus-induced subsidence of the surrounding air, and the
second terms the effects of detrainment of cloud properties in
the surrounding air. This classical set of equations, obtained
with the following three assumptions: |w.| > |w,|, ¢ < 1 and
stationary convective variables, is used in this scheme. At this
stage, expressions for the mass flux M, the detrainment D and
the bulk cloud profile remain to be defined.
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2.2. Cloud model and closure condition

One of the main novel aspects of this scheme is the algorithm
used to compute the mass flux M. At each level of the verti-
cal grid, the convective vertical velocity w. is computed first,
followed by the normalized convective fractional area cover-
age o [with the help of the mass budget (9)], the convective
magnitude given by the constant o not being required at this
stage of the algorithm. Finally, the constant « that completely
defines M [i.e. eq. (8)] is obtained with the closure condition
expressed as a vertically integrated equation. The details of this
process as a whole will be given below. Only the updraught will
be considered here, for the sake of simplicity and because the
downdraught is processed in a second stage (see Section 2.3).

Following the work of Tiedtke (1989), entrainment £ and
detrainment D are decomposed into two parts corresponding to
the two different scales at which these processes occur.

E=E,+E, D=D,+ D, (18)

The first part, called the organized entrainment and detrain-
ment (subscript 0), corresponds to the mixing due to the flow
associated with mesoscale convergence and divergence. The sec-
ond part, called the turbulent entrainment and detrainment (sub-
script t), consists of the mixing due to turbulent exchanges of
mass through cloud edges. The turbulent entrainment and de-
trainment rates are assumed to be equal as proposed by Tiedtke
(1989). Fractional entrainment and detrainment rates (both or-
ganized and turbulent) can be defined following Turner (1963)
as

E=Me, D=Ms. (19)

The bulk cloud profile is defined, starting from the bottom
of the atmosphere, by considering layers encompassed between
two variable levels. The first step consists of computing the effect
of entrainment on the cloud variables over the considered layer.

9 xc
g

where x is the temperature, the specific humidity or the com-

= (81 + /)80) ()_( - Xc) > (20)

ponents of the horizontal velocity. In the last case, the pressure
gradient effect between the cloud and its environment is taken
into account following Kershaw and Gregory (1997). The con-
vective horizontal velocity components are then fully defined
given their value at the base of the convective ascent (obtained
with an additional condition of momentum conservation by the
convective process over its entire depth). Equation (20) is solved
numerically by considering the entire right-hand side taken at
the bottom level, where all variables are already known; this
can be justified by the fact that the entrainment process deals
with the properties of air parcels at the base of the lifting as-
cent. The computation of the fractional entrainment rates will be
presented later. Adiabatic processes then affect thermodynamic
variables. Both dry (starting from the absolute temperature) and
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moist (starting from the wet bulb temperature) adiabats are con-
sidered; the choice between them will be made by comparing the
temperatures at the top level [if the moist adiabat temperature is
higher than that of the dry adiabat, the lifting condensation level
(LCL) is located in the present layer], thus allowing an internal
adaptive treatment of dry and moist ascent. The equations are
the following:

CpdT +dp =0, C,dT +d¢ + Ldg =0, @1

that is, the classical conservation of dry and moist static energy
over the layer considered. Equation (21) is discretized following
Geleyn et al. (1994). Convective cloud water content is then
diagnosed at the top variable level using the following equation:

I(ge +qi) _ i
¢ bo

where ¢y is a precipitating cloud critical geopotential thickness,

, (22

corresponding to 800 m in this version of scheme. Equation (22)
is an approximation of the stationary total water budget for the
cloud (e.g. Arakawa and Schubert, 1974).

The values of dry static energy and specific humidity in the
detraining air used in (14) and (15) are computed with the help
of a neutral buoyancy condition, following Nordeng (1994):

% (T4 —T) +0.608 (qsat(T) — ) — qic = O,

q? = qsat(T%). (23)

The convective vertical velocity is then computed following
Simpson and Wiggert (1969) and Chen and Bougeault (1992) as

7_wv) 8[ 2
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where T,. = T.(1 + 0.608g. — g\) is the cloud virtual tempera-
ture, T, = T(1 4 0.6087) the grid averaged virtual temperature,
y a virtual mass parameter (y = 0.5, e.g. Simpson, 1971) and

do. 10w} 0g® (T —
a2 dp

K4 an aerodynamic drag parameter. This convective vertical ve-
locity is the only convective variable obtained with a prognostic
equation, similarly to the turbulent kinetic energy used in the
associated vertical diffusion scheme (Cuxart et al., 2000), pro-
viding a memory effect in the convective process. Equation (24)
is solved on the top variable level to obtain the cloud vertical
velocity on the flux level just above the previous one (the cloud
vertical velocity on the variable level being equal to half the
value from the two adjacent flux levels). In the vertical direc-
tion, the starting value is set to zero but a function of the turbulent
kinetic energy could be defined, namely in the case of a sequen-
tial physics implementation (parallel physics being considered
here). An implicit time discretization is used following Chen and
Bougeault (1992), so that the cloud vertical velocity (pressure
coordinate) is obtained as the negative root of a second-order
polynomial.

The cloud vertical velocity being obtained on the top variable
level of the layer considered, the turbulent fractional entrainment
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rate is defined on that level as

& = &m + (6x — €m) fs(a)Cs Wex, Wen), (25)

where &, is a minimum value (g, = 0.5 x 107*m™"), gy is
a maximum value (ex = 11 X 107*m™"), fi(wc, Wex, Wen) 18
an analytical monotonic function of w. which is equal to 1
when @, > wy (wWex = —2Pas™!), and to 0 when w, < wen
(wen = —38Pas™!); f, is a sine squared in this version of the
scheme. Equation (25) allows both shallow and deep convec-
tion to be handled, providing a large value of entrainment for
shallow convective ascent (small absolute value of p vertical
velocity) and a small value of entrainment for deep convective
ascent (large absolute value of p vertical velocity), as proposed
by Tiedtke (1989) for example, but using a continuous transition
in this scheme. The aerodynamic drag parameter K, is computed
on the top variable level in the same manner as for the fractional
entrainment rate using a minimum value of 3.0 x 10~ m~!, the
maximum value being 22 times larger (the same factor as for the
fractional entrainment rate).

The expression of the organized entrainment and detrainment
rates was designed partly following the work of Bretherton et al.
(2004). It is based on a buoyancy-sorting approach assuming
that the lateral mixing of the updraught and its environment
generates a spectrum of mixtures. Buoyancy sorting is used to
determine which mixtures are incorporated into the updraught
and which are rejected. First, a maximum value of the fractional
entrainment—detrainment rate is defined as

1 dw,
w. dp
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. (26)

This value is directly obtained from eq. (9) assuming a con-
stant a priori zero value of §, (before buoyancy sorting) when
%—”:f > 0 (increase of z-convective vertical velocity with z), and
an a priori zero value of ¢, (before buoyancy sorting) and o
constant with height when %‘ < 0 (decrease of z-convective
vertical velocity with z). Bretherton et al. (2004) have defined
the mass-mixing fraction of environmental air in the mixtures
(hereafter called 1), ranging from O for undiluted updraught to 1
for pure environmental air. The value p partitioning positively
versus negatively buoyant mixtures is computed from

Tym(t0) = T, @7

where T, is the virtual temperature of the mixture, which is
a piece-wise linearly mixing quantity (Bretherton et al., 2004).
Given this critical mixing fraction, the net amount of surrounding
air entrained in the updraught is

Ko
2(ed)x M /0 1 fu() dpe = (£8)oy Mg, (28)

where the factor 2 is due to the fact that equal parts of updraught
and surrounding air are involved in the mixing process and f),
is the mass-mixing probability function corresponding to an
assumed uniform distribution. A similar relation is used for the

updraught air being detrained after mixing, so that the fractional
entrainment and detrainment rates are finally

Eo = (85)0)( /’L(z)v 80 = (85)(»( (1 - /’LO)Z . (29)

In order to take into consideration the fact that some neg-
atively buoyant parcels are not immediately rejected from the
updraught, this buoyancy-sorting scheme is not applied as long
as the maximum fractional organized entrainment is significantly
larger than its turbulent counterpart, that is,

> K&, (30)

where K, is a constant (K, = 2.5, as empirically obtained with
the help of SCM simulations).

Given the fractional entrainment and detrainment rates at the
top variable level and the convective vertical velocity on the next
flux level, the normalized convective fractional area coverage is
computed, on the same level as the vertical velocity, using (9),
as

— L =, — s, 3D

At this stage of the algorithm, the convective instability con-
dition (triggering condition) of the layer under consideration is
simply determined by the sign of the convective vertical velocity
at both flux levels surrounding the top variable level. If the sign
is negative (corresponding to an ascent) at least at one of the
two flux levels, the layer is declared convectively unstable. If
this is the case, the whole process is iterated for the following
layer, and if not, the top level cloud temperature and humidity
are reinitialized to the mean temperature and humidity before
iterating. In order to take only non-local tropospheric convec-
tive processes into account, no convection is considered if the
updraught starting level is located above the level of minimum
equivalent potential temperature.

Everything needed to compute the convective tendencies
(14)-(17) is thus known, except the constant ¢, which com-
pletely defines the mass flux (eq. 8). This constant is determined
with the help of the closure condition based on a Convective
Available Potential Energy (CAPE) relaxation approach. CAPE
is classically defined as

t
CAPE:/ S (T —T.)dz, or
, T,

v

_)d£

b
CAPE = / Ry (Tve — Ty (32)
' P

where the bounds r and b of the vertical integral stand for the
top and the bottom, respectively, of the convective depth, being
the successive convectively unstable layers, and Ry is the dry air
gas constant. The closure condition is written as

<3CAPE> _ CAPE

= , 33
ot T (33)
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where the left-hand side term is the time derivative of CAPE due
to convection, which is expanded using (32) to

9CAPE
a ),

b aT _(3g\ \d
- —Rd/ (1+0.6087) ( = ) + 0.6087 ( =L} ) =2,
: or /. at).) p

(34)

the term (aan ). being neglected as in Nordeng (1994), basi-

cally because this convective scheme has been designed under

the assumption of stationary convective variables in the time
step. Equation (33) becomes a linear equation of «, substitut-
ing (14) and (15) into (34). The time response t, during which
convection consumes the pre-existing CAPE, is proportional to
a ratio of a length (here, the convective depth) over a velocity
(here, the mean vertical velocity in the convective depth). This
internally computed characteristic time of the convective over-
turning allows the convective process to be treated continuously.
The proportionality is defined with a linear function of the in-
verse of the resolution (i.e. linear function of the grid size) in
order to keep the same magnitude between the mass flux and the
resolved vertical velocity, which is itself proportional to the res-
olution (through the continuity equation). Thus, 7 is expressed
as

" 2
M (35)

b
t

T = f;(resolution) .
lwe|dp

Such a formulation for the time response t has also been
proposed in Bechtold et al. (2008).

The value of @ computed from (33) is finally bounded by a
maximum value of 0.1 in order to fulfil the basic assumption of
negligible convective fractional area coverage.

2.3. Downdraughts

Cumulus-scale downdraughts are taken into account in this
scheme. The tendencies of prognostic variables due to the down-
draughts are identical to the set of eqs (14)—(17). The resulting
effects correspond to a cooling due to the cumulus-induced as-
cent of surrounding air and the detrainment process, and to a
moistening due to the cumulus-induced ascent of surrounding
air and drying due to the detrainment process in the lower levels.

The definition of the downdraught profile is very similar to
that for the updraught. The bulk profile is defined starting from
the top of the updraught with a saturated parcel having the ther-
modynamic properties of the environmental air (wet bulb proper-
ties). If this starting level is located below the level of minimum
equivalent potential temperature (consistently with what is done
for the updraught), no downdraught is considered. In most cases,
the downdraught starting level is actually the level of minimum
equivalent potential temperature. Entrainment is taken into ac-
count with eq. (20), using a turbulent entrainment rate equal to
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& and an organized entrainment rate defined with a value of 1
equal to 1 if the p vertical downdraught velocity increases with
the pressure, and 0 otherwise (corresponding to a constant value
of the downdraught fractional area coverage). Moist adiabatic
subsidence is considered until the updraught LCL is reached,
where the dry adiabat takes over. The vertical downdraught ve-
locity is computed using the steady-state version of eq. (24).
The downdraught triggering condition is the same as the one for
the updraught (with a change of sign). The same value of oo
obtained for the updraught is used to obtain the downdraught
mass flux. Recognizing that the downdraught takes its energy
from the evaporation of convective rain or condensate over a
fractional area coverage oo /4 (only one-fourth of the convec-
tive area is assumed to be affected by the evaporation process,
according to single-column simulations), the downdraught mass
flux is multiplied again by this value. Thus, the final value of the
downdraught mass flux is equal to the opposite of the p vertical
downdraught velocity times (ao)? /4.

2.4. Convective cloud fraction and precipitation

The convective cloud fraction (i.e. where convective cloud water
is present), C, ranges between 0 and 1 and is proportional to
the convective fractional area coverage (i.e. where upward and
downward convective velocities are maximum) as

C. = K .o, (36)

where K. is a constant disposable parameter (K .. = 6.5 in this
version of scheme, obtained with the help of single-column
simulations).

Suspended convective cloud condensate is set to be equal to
the diagnosed convective cloud condensate defined with (22)
(multiplied by «o to obtain a value at grid-scale).

The convective precipitation flux is currently computed using
a scheme proposed by Smith (1990). This scheme provides the
tendencies of cloud condensate (liquid and solid) due to the pre-
cipitation process. These tendencies are expressed as functions
of the cloud condensate itself. The cloud condensate to be con-
sidered here (g;;) as an input to the precipitation scheme is the
equilibrium cloud condensate «o gy in addition to what has been
condensed (or evaporated) by the convective process during the
time step.

g = aoq + CAt, 37)

where At is the time step. The net rate of condensation C is
computed using (2) and (8), having obtained the g convec-
tive tendency from (15). For the sake of simplicity, an abrupt
transition is assumed between solid and liquid cloud conden-
sate at 0°C. Liquid cloud condensate evolution includes auto-
conversion [with an exponential factor controlling conversion
inhibition when the cloud condensate becomes small (allowing
non-precipitating shallow convection)] and accretion processes.
The auto-conversion characteristic time is determined by closing
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the global mean atmospheric water budget over several annual
cycles (i.e. surface precipitation equal to surface evaporation).
The solid cloud condensate tendency is expressed as

—— = (33)

where Az is the layer thickness, P the frozen precipitation falling
into the layer, vg the fall-out speed and g the solid cloud
condensate. The fall-out speed is parametrized as in Liu and
Orville (1969).

« N 02

ve = Ky (1000 x (i) , (39)
oo

where K, is a disposable parameter (K, = 1.0 in this version of

scheme).

The evaporation of convective rain is parametrized following
Kessler (1969) where the evaporation is assumed to be propor-
tional to the saturation deficit. Since the convective rain occurs
only over a fraction of the grid area, «o was naturally chosen
but one-fourth of it is considered (accounting for the part of the
convective area affected by the precipitation, as for the down-
draughts). Moreover, this evaporation process is only taken into
account below the LCL.

2.5. Effects of convection on the mean cloud condensate

The mean cloud condensate in a grid mesh is obtained from
the turbulence scheme (super-saturation modified by the inten-
sity of turbulence, Cuxart et al., 2000). Convection affects this
variable through compensating vertical motion and detrainment.
The former process is represented by the following term (e.g.

(14)-(17)):

YA (40)
ap

where M is the total mass flux (updraught and downdraught) and

g1 the mean cloud condensate. In this version of the scheme, the

detrained updraught convective condensate is assumed to evap-

orate during the time step (as in Yanai et al., 1973). Therefore,

the updraught detrainment terms of (14) and (15) become

D(e!—2—L(ge—q) and D (¢’ —G+qc—q). (4D

The properties of the convective clouds are combined with
that of the mean clouds (obtained from the turbulence scheme)
as the input to the radiation scheme. The combination assumes
maximum overlapping of both cloud types over each layer, with
the total cloud fraction and cloud condensate being the maximum
value of the two cloud fractions and grid-scale condensates,
respectively.

3. Validation of the scheme

Parametrizations have been generally evaluated in SCM mode
using observational data, and in a fully prognostic three-

dimensional framework. Evaluation in SCM mode has been
carried out using prognostic tests: performing long-term inte-
grations with specified forcing and analysing the predicted evo-
lution of temperature and humidity (e.g. Betts and Miller, 1986).
Furthermore, in recent years, SCM simulations have been evalu-
ated against large-eddy simulation (LES) model runs (Bretherton
et al., 2004), or cloud-resolving model (CRM) runs (Bechtold
et al., 2000), in addition to actual observations. The advantage
of using such explicit model runs is that they provide quanti-
ties that cannot be measured with the required precision, like
the area covered by convective updraughts and downdraughts,
and entrainment—detrainment rates. Prognostic SCM tests, in
spite of their shortcomings (no feedback with the environment
through horizontal advections), allow a detailed evaluation of
parametrizations against observations and explicit simulations,
and should be considered as a necessary but not sufficient as-
sessment step. Therefore, there is a need for a fully prognostic
three-dimensional framework to complete the assessment pro-
cedure (e.g. Tiedtke, 1989; Gregory and Rowntree, 1990). This
second step could be achieved by simulating one or more three-
dimensional case studies (as is done in a forthcoming paper)
and/or by simulating a longer period to reach a climatic state.
The latter approach was chosen in this work.

3.1. SCM results

Four cases were chosen for this paper. For the purpose of ver-
ifying deep penetrative convection, we used one tropical case
from the TOGA-COARE data set (Jorgensen et al., 1997) and,
for shallow convection, one trade wind cumulus case from the
BOMEX data set (Nitta and Esbensen, 1974). Finally, the case
set up by Guichard et al. (2004) from an original Atmospheric
Radiation Measurement (ARM) case-study (Xie et al., 2002)
provided an opportunity to evaluate the convective scheme over
an entire continental diurnal cycle (from the build-up of the dry
boundary layer in the morning to deep precipitating convection
in the afternoon).

The SCM was the one-dimensional version of the GCM,
called AC, used in climate research at Météo-France. The ra-
diative scheme is derived from Morcrette (1990) and is activated
every 3 h. The vertical diffusion at the surface is computed using
the turbulence scheme of Louis (1979). The vertical diffusion
scheme is a prognostic turbulent kinetic energy scheme (Cuxart
et al., 2000). The stratiform precipitation is computed with the
help of a scheme developed by Lopez (2002), with the cloud
condensate provided by the vertical diffusion scheme as input,
and cloud and precipitating water being treated as prognostic
variables. In SCM mode, there are no horizontal advections of
cloud and precipitating water because no such forcings are pro-
vided. The vertical discretization includes 91 levels defined by
the European Centre for Medium Range Forecasts, notably in-
cluding 8 levels below 500 m, which seems to be important to
obtain a correct simulation of the lower part of the boundary
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layer. A time step of 10 min is considered, which is used in
GCM mode at low horizontal resolution (310 km).

The TOGA-COARE case is a 100-km-long oceanic squall
line, with a broad stratiform precipitation region behind the
convective leading edge, observed on 22 February 1993. The
environment of the convective system has been described in the
form of a composite sounding derived from both rawinsonde
observations and aircraft data. This sounding, used as initial
condition for the SCM and CRM simulations, is characterized
by moderate instability and a very moist environment (relative
humidity around 90% between the surface and 5 km). These
thermodynamic conditions are thought to be representative of
the environment of many tropical oceanic convective systems.
A reference CRM simulation, labelled RSI3D in Redelsperger
et al. (2000), was used both to compute the SCM forcings and
to evaluate the SCM simulation, as in Bechtold et al. (2000).
The time series of temperature and specific humidity forcings
associated with the domain-averaged flow (100 x 125 km) in
the reference CRM simulation were computed and time aver-
aged over 1 h, over the 7-h period of that simulation. Initially,
the forcing tendencies were weak, but the system quickly de-
veloped between 3 and 6 h and became quasi-stationary during
the last hour, with maximum tendencies of ~110 K d~! and 25 g
kg~! d~! in the mid-troposphere. At each time step, the two hor-
izontal components of the wind were set to their initial values.
The surface pressure, and sea surface temperature and specific
humidity were kept constant with values of 1006 hPa, 301.3°K
and 23.2 g kg™!, respectively. The size of the CRM domain
was taken into account in the definition of the convective time
response, following (35).

Because the convective system reached a quasi-stationary
state after 5 h, vertical profiles representing time averages over
the last hour of simulation will be shown next. Considering
(14)—(17), the convective tendencies are directly proportional
to the convective mass flux M, apart from regions with strong
detrainment. Therefore, the convective mass flux appears to be
a key variable in the convection scheme evaluation process. Fig-
ure 1 shows the convective mass fluxes of both the CRM and
SCM runs over the last hour of simulation. These mass fluxes in-
clude both the updraught and downdraught contributions. There
is good agreement between the two curves, except above 6000
m, where the CRM mass flux is larger. This discrepancy might
be due to the criterion used to define the mass flux in the CRM
as, in these upper layers, mostly saturated stratiform processes
take place. Those processes are simulated in the SCM by the
resolved dynamics and the vertical diffusion scheme. Moreover,
the present SCM mass flux profile appears to be among the best
ones in fig. 5(b) of Bechtold et al. (2000).

What really matters is the evolution of the model state vari-
ables, which are determined by the time-integrated tendencies
resulting from small differences between the forcing tendencies
and the parametrized apparent sources. Therefore, the temper-
ature and moisture differences of the SCM run with respect to

Tellus 63A (2011), 4

15 ‘
"\ — scM| A
. - = CRM
'\ ]
\ 4
\ \ |
10 N —
N
—_ .
L ~ 4
g '~
N 7 ~ 4
— .
= ~
20T KN 1
2 v
5 J _
L / 4
/
L 4 ]
7
L - ]
.~
L . - 4
e
L 1 L 1 L
00 0.05 0.1 0.15
2
Mass flux (kg/m/s)

Fig. 1. Convective mass fluxes of both the CRM and SCM runs over
the last hour of simulation.

CRM runs are depicted in Fig. 2, for the last hour of simulation.
Concerning the temperature, an overall negative bias is apparent
in Fig. 2(a). This negative bias is partly due to the fact that the
SCM simulations use forcings computed from CRM for which
the convection has been initiated artificially. Therefore, the con-
vective evolution is delayed in the SCM simulations, giving rise
to this negative bias. The bias reaches its maximum just above
4000 m, where the updraught mass flux is maximum. It is worth
noting that the temperature bias is negative around 11 500 m as a
result of a lesser extent of the convection in the SCM versus the
CRM, which appears to be the case of other SCM simulations
as shown in fig. 6(a) of Bechtold et al. (2000). Concerning the
specific humidity, a consistent overall bias with the temperature
is observed (i.e. positive bias) in Fig. 2(b). Along the vertical,
the bias seems to be shifted towards the top compared to the
temperature. Below 7000 m, the vertical profile presents three
extrema, starting with a positive bias around 2000 m, followed
by a negative one around 4000 m and a positive one at 7000 m;
this vertical pattern is very similar to the one depicted in fig.
6(b) of Bechtold et al. (2000). Figure 2(b) also shows the same
vertical profile of the humidity bias but for the SCM simulation
without downdraughts. The largest impact of the downdraughts
is located near the surface where the drying effect is clearly seen
(bias of 0.5 g per kilogram with the downdraughts vs. 0.7 g
per kilogram without). Aloft, a light moistening effect appears
above 1500 m.

The shallow convection case selected was the period from
22 to 26 June 1969, part of phase 3 of BOMEX, during which
no precipitating shallow cumuli were observed. Following the
work of Siebesma and Cuijpers (1995), hereafter called SC95, a
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Fig. 2. Biases of temperature (a) and moisture (b) of the control SCM run, together with an SCM run without downdraughts, over the last hour of

simulation.

mean profile was used as the initial condition (shown in Fig. 4).
This profile was determined from an average over 22nd and 23rd
June, during which a well-defined steady state with a strong in-
version (between 1500 and 2000 m) was present over the whole
BOMEX square (500 x 500 km?). The stationary adiabatic forc-
ings and radiative cooling (up to =2 K d™") are those defined in
SC95. The most important adiabatic forcing is the subsidence
between 2000 m and the surface, with a maximum of 0.65 cm s~!
(absolute value) at 1500 m. At each time step, the two horizontal
components of the wind were computed using their time evo-
lution equations given the geostrophic wind provided in SC95.
The surface pressure, and sea surface temperature and specific
humidity were kept constant with values of 1015 hPa, 300.4 K
and 22.45 g kg™!, respectively. The size of the BOMEX square
was taken into account in the definition of the convective time
response, following (35).

Figure 3(a) shows the time evolution of the simulated cloud
fraction over a 24-h period. After a 5-h spin-up, a stationary
shallow cumulus is obtained with a cloud base at 500 m and
a cloud top reaching 1900 m, in agreement with the observa-
tion and LES runs (Siebesma et al., 2003). The cloud fraction
decreases with height from about 30% to less than 10%, once
again in accordance with what has been observed. Figure 3(b)
shows the same time evolution of the simulated cloud fraction,
but obtained with the 31-level version of the SCM. This coarser
resolution includes only 3 levels below 500 m, which appears
to be insufficient to accurately locate the LCL. The cloud base
is definitely too low, and the shallow cloud is not able to spread
over a proper depth. A vertical resolution including at least 2.5
times as many points (i.e. around 80 m layer depth below 500 m)

is necessary to correctly simulate the dry layer under the cloud,
and then the cloud itself.

A period of 19 h between 5 h and 24 h was considered to
compute time average variables of this shallow cumulus. First
of all, the vertical profile of the potential temperature (resp.
specific humidity), at the beginning of the simulation and 24 h
later, is depicted in Fig. 4(a) (resp. Fig. 4(b)). This case study
is considered to be stationary (the physics should balance the
prescribed dynamical forcings), as mentioned previously. The
simulation provides fairly reasonable stationary behaviour as
shown in Fig. 4. However, the moisture profile tends to be too
dry just above the cloud base. This discrepancy is due to an
underestimation of the moistening around the cloud base as
presented in Fig. 5(b). In this critical layer, the moistening due to
detrainment is just enough to overcome the significant drying due
to condensation. There is also a tendency to underestimate the
moistening at the top of cloud, but this might be due to a stronger
inversion in the initial profile coming from the northern side of
the BOMEX square compared to what existed in the observations
covering the whole square, as pointed out in SC95 (Fig. 4). There
is good agreement between the simulated apparent heat source
and the observed one as shown in Fig. 5(a). This term does not
include the radiative effect because it is taken into account in
the prescribed forcings (-2 K d~! below 1500 m). At the top of
the cloud, the cooling due to detrainment (evaporation of cloud
droplets) is underestimated, but for the same reasons as for the
specific humidity.

The agreement in the apparent heat source and moisture sink
and, in turn, in the simulated vertical profile, are of course a
consequence of the rather good reproduction of both mass flux
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and detrainment, the two parametrized variables entering into
the formulation of the convective tendency (eq. 14—17). Figure
6 shows the vertical profile of the simulated mass flux (averaged
between 5 h and 24 h) superimposed on a reference mass flux
from an LES run (SC95). The mass flux reaches its maximum
value around the cloud base and decreases until the top of the
cloud is reached. In the dry layer, the mass flux follows the
convective vertical velocity (not shown); the LES mass flux is
equal to zero because it is only defined in the cloud layers (in the
presence of condensate). Above the cloud base, the convective
vertical velocity continues to increase but the decrease of the
convective fraction overcomes it, giving rise to a decrease of the
mass flux. This effective decrease in the convective fraction is
caused by a rather large value of the detrainment (larger than
the entrainment) at this level (as depicted in Fig. 7), according
to eq. (31). This large value of the detrainment is a consequence
of the use of the buoyancy-sorting model (eq. 29), which allows
such large values in the presence of a rather dry environment
above the cloud base (typical of the trade wind region). Nev-
ertheless, the simulated detrainment is weaker than that of the
LES (Fig. 7) above the cloud base, which explains the lack of
moistening mentioned previously.

Finally, the last case, set up by Guichard et al. (2004), here-
after called G04, provided an opportunity to evaluate the con-
vective scheme over an entire continental diurnal cycle (from
the build-up of the dry PBL in the morning to deep precipitating
convection in the afternoon). The design of this idealized case
study was derived from an ARM continental situation (southern
Great Plains of the United States) of June 1997 (Xie et al., 2002).
The initial condition and the prescribed forcings are shown in
fig. 1 of GO4, corresponding to a starting time of 5 h local time.
The initial profile is quite dry in the free atmosphere, typical
of a continental environment, compared to the TOGA-COARE
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Fig. 7. Vertical profile of the simulated detrainment of SCM (averaged
between 5 and 24 h) and reference LES.

case. The main forcings of this case study are the surface heat
fluxes provided every 30 mn in order to obtain a precise diurnal
evolution. The sensible heat flux reaches 120 W m~2 at around
11 h, and the latent heat flux rises to 400 W m~2 1 h later. The
large-scale vertical motion taken into account as a dynamical
forcing (from ARM analysis) is rather weak, giving rise to lo-
cal extrema of large-scale cooling and moistening of less than
6K d!and2 gkg™!, respectively. The wind is prescribed during

~! in the lower

the simulation and is weak (of the order of 5 m s
troposphere during daytime). A grid mesh of 325 km (which
corresponds to the size of the ARM analysis) was taken for the
definition of the convective time response, following eq. (35).
Figure 8(a) shows the time evolution of the simulated cloud
fraction over a 15-h period, covering the convective diurnal evo-
lution. The first very shallow cumulus appear at around 0930 h,
that is, 90 mn before what is simulated with the CNRM CRM,
according to fig. 4(a) of GO4. Nevertheless, the cloud base is
located at the correct level (pressure below 900 hPa). Half an
hour later, the convective cloud builds up until the 350 hPa level
is reached after 5 h. This characteristic time is well reproduced
by the convective scheme compared to the CRM simulation but
the cloud top appears to be lower by 100 hPa. Between 1600 h
and 1830 h, the cloud top is lower, being located at the 525 hPa
level, while the CNRM CRM simulates an anvil which persists
at least until the end of the day. It is worth noting that it appears
to be quite difficult for an SCM to produce an anvil for this case
study, considering that the majority of the SCMs used in G04
were not able to simulate such a feature [see fig. 13(b) of G04].
The SCM-simulated cloud vanishes at 1830 h, that is, 1 h later
than the average time of the SCMs used in G04. The impact of
having a stationarized version of the convective vertical velocity
equation (eq. 24) is illustrated in Fig. 8(b). The overall pattern
of the cloud fraction is the same as the one depicted in Fig. 8(a)
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Fig. 8. Cloud fraction time evolution over 15 h of simulation. Control SCM run (a), SCM runs with stationarized convective velocity (b),
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but, as expected, it appears more noisy in its time evolution. The
sensitivity to parameters entering into the formulation of the
turbulent entrainment rate (eq. 25) was also evaluated. Figures
8(c) and (d) again show the cloud fraction time evolution but
for simulations using w, = —32Pas™! and w, = —44Pas~!,
respectively (i.e. 15% around actual value of this parameter) .
As expected, when the absolute value of the convective velocity
at which the entrainment reaches its minimum is reduced (first
case), the convective cloud builds faster, the maximum height
being simulated 2 h earlier. In the opposite situation (second
case), the convective cloud building is slower; the maximum

Tellus 63A (2011), 4

height is reached at the same time as for the control experiment
(Fig. 8a), but the cloud depth is smaller. The CAPE is not suffi-
ciently consumed by the convection as a new cloud appears after
1900 h. The time evolution of the SCM- and CRM-simulated
precipitation is shown in Fig. 9. As for the cloud fraction, the
SCM starts precipitating an hour and a half before the CRM,
at 1030 h. This time lag is less than the average time lag of 3
h obtained by the SCMs participating in G04 (see Fig. 3a of
this paper). Apart from this positive time difference, the SCM
precipitation rate follows that of the CRM, giving a maximum
value of around 9 mm d~! 5 h after the beginning of rain. In
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the SCM, the precipitation stops just after 1800 h but the CRM
keeps raining until 2400 h due to the development of the anvil
mentioned earlier.

Figures 10(a) and (b) show the time evolution of the apparent
heat source (Q1) and apparent moisture sink (Q2), respectively,
averaged in the free atmosphere (between 800 and 100 hPa). In
this layer, Q1 and Q2 essentially include the effects of the con-

J. F. GUEREMY

vective scheme (plus the radiative scheme in Q1). After 0930 h,
Q2 starts with negative values, meaning moistening, in advance
compared to the CRM, consistent with what was mentioned in
the previous paragraph. Until just after 1300 h, the free atmo-
sphere is moistened by the convective process (i.e. moisture
detrainment is larger than the compensating subsidence drying),
and cooled through radiative and evaporative detrainment ef-
fects. Then, between 1300 h and 1530 h, a new regime is set up.
This new regime is characterized by coupled heating/drying of
the free atmosphere, which is the consequence of the subsidence
term becoming preponderant in the convective tendencies (as the
result of large values of the convective vertical velocity and thus
the mass flux). The maximum magnitude of heating obtained
with the convection scheme is of the same order as that of the
CRM (around 5 K d™ ). This fact is a justification a posteriori of
the grid mesh value chosen in the formulation of the mass flux
(eq. 35). Finally, after 1530 h, convection returns to its initial
regime (i.e. coupled cooling/moistening). The main discrepancy
between SCM and CRM behaviour is the coupled heating/drying
regime produced by the former in the middle of the convective
life cycle. The second discrepancy is the premature end of heat-
ing obtained in the SCM after 1530 h, already discussed earlier.
However, it is worth noting that the Q1 and Q2 time evolutions
obtained with another CRM (fig. 11 of G04) are closer to our
results shown in Fig. 10: a heating/drying regime is simulated
between 1530 h and 1700 h, and the heating period is shorter
than that obtained with the CNRM CRM. Finally, the present
convection scheme is an improvement on the majority of SCMs
used in GO4, which gives rise to the coupled heating/drying
regime throughout the convective life cycle. Figure 11 shows the
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Fig. 10. Apparent heat source (a) and apparent moisture sink (b) time evolution over 19 h of simulation.
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with (full line) and without (dashed line) the effect of the evaporation
of precipitation, and the CRM (dashed-dotted line).

potential temperature vertical profile at 1800 h for the SCM (with
and without the effect of the evaporation of precipitation) and the
CRM. First of all, the SCM profile is more homogeneous than
that of the CRM. This is certainly due to the rather strong impact
of the downdraughts in the CRM simulation. A large majority of
the SCMs used in G04 present a well-mixed profile below 875
hPa (fig. 6(c) of G04). Secondly, at 700 hPa the SCM negative
bias is reasonable, being less than 1 K in absolute value, while
it is positive for most SCMs used in G04 and larger than 1.5 K
as a consequence of the overestimated heating in these SCMs
(as mentioned in the previous paragraph). Thirdly, the impact of
the evaporation of precipitation appears clearly in Fig. 11. This
process accounts for a 1 K cooling of the PBL, which enables
reasonable values of the potential temperature to be found in this
layer.

The vertical profile of the in-cloud water (time averaged be-
tween 0600 h and midnight) is depicted in Fig. 12. The con-
vective in-cloud water is computed from eq. (22) in the present
scheme. It is noteworthy that the vertical shape given by the
SCM is very similar to the one obtained by the CRM. The max-
imum value at around 700 hPa tends to be underestimated by
30%, partly due to a longer CRM cumulus life cycle. Secondly,
above 400 hPa, the SCM, being unable to reproduce an anvil,
underestimates the in-cloud water. However and once again, in
comparison to the other SCMs used in G04, the present convec-
tive scheme provides better results for both the shape and the
magnitude of this field (see fig. 14(c) of G04).
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3.2. GCM results

Beyond the one-dimensional validation, the performance of the
new convection scheme was assessed in global climate mode.
The model used in the previous section is now considered in a
three-dimensional global geometry. As mentioned, this model
is called AC. Version 5 was used, based on the dynamical core
of ARPEGE-IFS (cycle 32), IFS being the global model used
at the European Centre for Medium-Range Weather Forecasts
(ECMWF). This version is scientifically very close to a previous
one (Gibelin and Déqué, 2003). It is a spectral AGCM using
a linear T1127 truncation, a reduced 256 by 128 Gaussian grid
and 71 vertical levels (coarser discretization from the 91 lev-
els above 185 hPa, 27 levels instead of 47, the last level being
at 0.1 hPa). The dynamical core uses a semi-implicit, semi-
Lagrangian, two-time level discretization scheme (time step of
7.5 mn). In the current version of AC described in this paper,
the physics (turbulence, microphysics and convection—see de-
tails in the SCM subsection) has been changed compared to the
‘standard’ physics considered in Gibelin and Déqué (2003) and
used for the IPCC AR4.

A 20-yr coupled simulation was carried out in order to deter-
mine the climate of the model with the new set of parametriza-
tions and to compare it to the observed climate. The ocean model
was NEMO (Madec, 2008) in a 2° horizontal resolution and 31
vertical levels. Sea ice is also taken into account in the present
version of the ocean model. The simulation started from an initial
balanced state of the atmosphere, coming from a 1-yr run forced
by climatological SSTs (corresponding to the last decades of the
previous century) and from rest in the ocean. The first step of the
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validation consisted of analysing global annual mean budgets.
The first budget to be considered was the top of the atmosphere
energy budget, which corresponds to the vertically integrated
energy budget of the atmosphere-ocean-continent system. There
are two terms, the net short-wave radiation flux (incoming radia-
tion minus the albedo contribution) and the outgoing long-wave
radiation (OLR) flux, which must be balanced. Satellite obser-
vations over a period covering more than 10 yr indicate that the
OLR is 235 W m2 (Kiehl and Trenberth, 1997). It is worth
noting that more recent satellite observations from the years
2000 to 2004 have provided updated values of OLR reaching
238.5 W m2 (Trenberth et al., 2009). Nevertheless, for the pur-
poses of this paper, the older OLR estimate was kept and the
value of the characteristic time of the solid auto conversion of
the stratiform precipitation scheme (Lopez, 2002) was tuned
to reach this amount. The actual value obtained in the present
simulation was 234.4 W m™2. In order to close the budget, the
characteristic time of the liquid auto conversion of the strat-
iform precipitation scheme was tuned to finally obtain a net
short-wave radiation flux of 234.9 W m—2. The second budget to
be considered is the surface energy budget, which corresponds
to the ocean—continent vertically integrated energy budget. The
net short-wave radiation flux (incoming flux) must be balanced
by the sum of the net long-wave radiation flux, and sensible
and latent heat fluxes (outgoing fluxes). Having obtained a top
energy balance at around 235 W m™2 (shown earlier), it appears
that the surface energy budget is almost closed, being equal to
0.7 W m~2. In consequence, the atmospheric energy budget is
also closed as it is equal to the difference between the top and
the surface energy budgets (i.e. 0.5 — 0.7 = —0.2 W m™2). The
actual value of the net short-wave radiation flux is 151.9 W m™2
in the present simulation, while the sum of the other fluxes is
151.2 W m™2. The latent heat flux is equal to 86.3 W m™2, the
sensible heat flux reaches 17.5 W m™2 and the net long-wave
radiation flux 47.4 W m~2. All these values are in the range of
the known observed or diagnosed values (Kiehl and Trenberth,
1997). The last budget to be considered is the surface water bud-
get, which corresponds to the atmospheric and ocean—continent
vertically integrated water budgets. There are two terms, the pre-
cipitation and the evaporation fluxes, which must be balanced.
The evaporation flux is 3.05 mm d! (equivalent to a latent heat
flux of 86.3 W m™2). The value of the characteristic time of the
liquid auto conversion of the convective precipitation scheme
(see Section 2.4, remembering that the total amount of auto con-
verted liquid water falls out) was tuned to reach this amount. The
actual value obtained in the present simulation was 3.07 mmd™".
It worth noting that all the parameter tuning discussed concerns
disposable factors of the microphysics (3 characteristic times
of auto conversion). The tuning was performed respecting the
range of present knowledge and, importantly, verifying proper
behaviour in the SCM simulations (these simulations, reported
in the previous section, were performed using the present param-
eters). Tests using a finer resolution (T1159, not reported here)

showed a rather small sensitivity of the simulated climate to
the three tuned parameters mentioned earlier. However, at finer
resolutions, a function of resolution might need to be included
in the formulation of these parameters. Furthermore, they are
supposed to be valid for long-term climate simulations, because
they are just factors included in physically sound formulations
of the microphysics.

The second step of the GCM validation consisted in compar-
ing the space distribution of seasonal mean averages of some
selected fields with their observed counterparts. Two fields were
chosen for this purpose, while being relevant in assessing the
performance of a convection scheme. First, the zonal mean tem-
perature was considered. This field provides a longitudinally
integrated view of the temperature along the vertical, and thus
gives an insight into the ability of the convection scheme to
redistribute the heating in the vertical direction in the tropics.
The reference used was the 44-yr reanalysis data set produced
by ECMWF (ERA40, 1958 to 2001; Uppala et al., 2005), but
limited to the years 1979-2001. Figure 13 illustrates the zonal
mean temperature bias (GCM minus ERA40), for the four sea-
sons. In the tropical tropospheric region, the bias is close to zero
except around 30°, in the Hadley cell subsidence region, where
it is slightly negative (maximum absolute bias of the order of
1 K, in the middle of the troposphere). It is noteworthy that a
slight positive bias appears in the upper troposphere during sum-
mer and fall, which is consistent with more intense convection
over the continents during these two seasons. The overall small
bias provides strong evidence of the proper behaviour of the
convection scheme, allowing correct heating of the whole depth
of the equatorial troposphere. However, the bias is larger in the
stratosphere, with negative values up to —6 K. This particular
bias can be much reduced by using a finer vertical resolution
in the stratosphere (500 m instead of the 1000 m layer depth
considered here; not shown).

The second field considered in the GCM skill assessment
was the rainfall amount. This field is relevant in evaluating the
convection scheme (in addition to the precipitation scheme em-
bedded in it) insofar as precipitation directly constitutes one of
its main outputs (through the condensation process, the second
one being the subgrid transport). The reference used was Xie
and Arkin (1996). It consists of an analysis of precipitation data
from 1979 to 2001, using rain gauge observations, satellite esti-
mates and numerical model predictions. Figure 14 illustrates the
precipitation field of both the reference and the GCM, for the
summer and winter seasons. The overall global pattern simulated
by the GCM is close to that of the reference. The main success of
the GCM using the present convection scheme is the rather good
reproduction of the two Pacific convergence zones (ITCZ and
SPCZ). Unlike what is simulated by the ensemble mean of all
the GCMs participating in the IPCC AR4 (Randall et al., 2007),
the present GCM is able to obtain an SPCZ (correctly located)
distinct from the ITCZ, instead of the ‘double ITCZ’ over the
equator in the former ensemble mean. Nevertheless, the Pacific
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equatorial dry zone tends to extend a little too far westwards,
which is no longer the case if a higher horizontal resolution is
used (T1159, not shown). Moreover, there are still two main areas
of discrepancy. The first is the eastern part of the tropical Indian
Ocean, where the GCM gives smaller rain rates in both seasons.
In these regions, the trade winds tend to be slightly too strong
and mainly less convergent (not shown) giving rise to a reduced
activity of deep precipitating convection. The second discrep-
ancy concerns the Sahelian summer precipitation, for which the
GCM tends to produce excessive precipitation over the northern
part of the Sahel. This might be the result of too low a sur-
face albedo or an incorrect aerosol concentration impacting the
short-wave radiative flux [according to a comparison between
simulated surface short-wave radiative fluxes and satellite re-
trievals (not shown)]. Finally, the simulated precipitation in the
southern storm tracks appears to be larger than the present refer-
ence (Xie and Arkin, 1996). However, in that particular region,
these reference rainfall amounts are smaller than those of GPCP
(Huffman et al., 1997).

Further to the mean climate assessment previously described,
a preliminary climate variability evaluation was undertaken. A
significant part of the climate variability is due to equatorial
waves (Matsuno, 1966). These waves, being coupled with con-
vection, possibly affect the extra-tropics through westward mov-
ing Rossby waves (Gill, 1980). As already reported (Wheeler
and Kiladis, 1999; Bechtold et al., 2008), the equatorial wave
activity has been evaluated using OLR wavenumber—frequency
spectra. The boreal winter season (December—March) was con-
sidered for the sake of simplicity. 120 daily OLR values, for a
19-yr period (1979-1997), over a latitude band 15°S—15°N were
used for both satellite observation (Liebmann and Smith, 1996)
and GCM simulation. The wavenumber—frequency spectra were
computed for each year and averaged over the entire period us-
ing a methodology described in Céron and Guérémy (1999),
which provides spectral densities for both zonal and meridional
wavenumbers. In this study, the meridional wavenumber spec-
tral densities were summed in order to consider only the zonal
wavenumbers. Following Wheeler and Kiladis (1999), a back-
ground spectrum was calculated by successive passes of a 1-2-1
filter in frequency and wavenumber; then, the raw spectra of the
symmetric component was divided by the background to obtain
an estimate of the signal standing above the ‘red’ noise. Fig-
ure 15 compares these wavenumber—frequency spectra of the
observation to the GCM simulations (T1127 and T1159). As in
Wheeler and Kiladis (1999), the Kelvin and Rossby dispersion
curves (approximate for the latter) were superimposed upon the
spectra, using three typical tropospheric equivalent depths (12,
25,50 m). Consistently with Wheeler and Kiladis (1999), the ob-
servation spectrum shows three main areas of significant signal:
2 eastward moving oscillations, the Madden and Julian oscilla-
tion (MJO) for wavenumbers from 1 to 4 and frequencies from
2 to 4 (30-60 d) and Kelvin waves along their dispersion curves,
and one westward moving oscillation corresponding to Rossby

waves here again along their dispersion curves. The GCM simu-
lation spectra show rather good agreement with the observation
ones. The main discrepancy appears in the MJO signal. The
GCM MJO signal is weaker than the observed signal, with a
tendency to occur at shorter periods (35 vs. 55 d); the higher res-
olution GCM simulation (T1159) exhibits a better signal, both
in amplitude and pattern, than its lower resolution counterpart,
due to a better representation of tropical convergence zones (not
shown) as a consequence of the better resolved wind stress pat-
tern, which is known to be a crucial aspect for coupled GCM. A
previous study reported in Lin et al. (2006) has shown the same
spectra from 8 yr of IPCC AR4 simulated data. First of all, our
spectra appear to be among the best of the 14 GCMs used in
the above-mentioned study. Secondly, compared to the CNRM
(IPCC AR4 ‘standard’ physics) spectra, a significant improve-
ment is noticeable in terms of both Kelvin and Rossby wave
activity, but not really in terms of eastward propagating MJO
signal. In order to investigate the MJO activity in greater depth,
its variance from observed and simulated (two resolutions) OLR
is depicted in Fig. 16. The MJO signal was extracted as in
Wheeler and Kiladis (1999), considering wavenumbers from 1
to 4 and frequencies from 2 to 4 (30 to 60 days) for eastward
propagating waves only. The observed OLR variance pattern
extends from the eastern Indian Ocean to the western Pacific
Ocean along 10°S, with a maximum located north of Australia.
The simulated OLR variance pattern is rather well located but
less elongated in the zonal direction; the variance magnitude is
weaker by around 20% than the observed one, which constitutes
an interesting result in comparison with the performance of the
14 GCMs used in Lin et al. (2006). Finally, as for the normal-
ized spectra, the higher resolution simulation performed better
in terms of raw variance magnitude and pattern, for the MJO
signal.

4. Conclusions

A new convection scheme, based mainly on rather simple, al-
ready published ideas put together in a consistent way, has been
described. The main concept ensuring the consistency of the
whole system is buoyancy, a key element of any convective ver-
tical motion. The buoyancy constitutes the forcing term of the
convective vertical velocity, which is then used to sequentially
define the mass flux, the entrainment and detrainment rates and
the convective fraction, and finally the triggering condition. The
buoyancy is also used in its vertically integrated form in the
formulation of the closure condition. The second originality of
the present convection scheme lies in its ability to represent all
types of convection, from dry thermals to deep precipitating con-
vective systems, in a continuous manner. This continuous treat-
ment of convection is made possible thanks to the use of a con-
tinuous formulation of the entrainment—detrainment rates and
CAPE relaxation time, together with an embedded precipitation
scheme.
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This new convection scheme has been evaluated in both SCM
and GCM modes. First, SCM mode integrations allowed de-
tailed comparisons with observed and explicitly simulated data.
The results concerning the deep convection case study (TOGA-
COARE) can be summarized as follows. The SCM is able to
reproduce the magnitude and vertical shape of the mass flux
(as compared to a reference CRM run), indicating proper be-
haviour of the closure condition, and a proper formulation of
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the vertical profile of the convective velocity and fraction. Fur-
thermore, the temperature and specific humidity biases after 7
h of simulation are small, and are very similar to those of the
best SCMs that participated in a model intercomparison using
the present TOGA-COARE case study (Bechtold et al., 2000).
Finally, this case study gave the opportunity to show correct
behaviour of the downdraughts, giving rise to drying in the very
low layers and moistening in the mid levels. Considering the
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shallow convection case study (BOMEX), the main conclusions
are the following. The convection scheme is able to produce a
stationary shallow cumulus with a cloud base at 500 m, a cloud
top reaching 1900 m and a cloud fraction decreasing with height
from 30 to 10%, in agreement with the observation and LES
runs (Siebesma et al., 2003). This case study has also shown the
necessity for a minimum vertical resolution to be able to cap-
ture the correct cloud pattern. Moreover, the vertical profiles of
both temperature and moisture after 24 h of simulation are quite
well reproduced, being the consequence of correct mass flux de-
creasing with height just above the cloud base. Finally, the main
findings from the idealized ARM case study are the following.
The convective cloud build-up is correctly simulated in time and
along the vertical, though it is still 90 mn in advance compared
to CRM simulations, that is, half the time difference given by
the SCMs participating in Guichard et al., 2004. Furthermore,
compared to the same set of SCMs, the present SCM is able to
moisten the entire troposphere (at least at the beginning of the
convection life cycle), the consequence of correct continuous
detrainment in such a rather dry continental environment.
Concerning the evaluation using the ocean coupled GCM
mode, the results can be summarized as follows. By means of
tuning a few parameters of the microphysics, the basic global
budgets are balanced, with values corresponding to the present
knowledge of these quantities. The biases in the zonal mean
temperature fields are close to zero all along the vertical in the
tropical regions for the four seasons, showing the good ability
of the convection scheme to provide the correct heating profile
over the whole depth of the troposphere. In addition, the overall
spatial precipitation pattern is well reproduced in summer and

TS

120° 150° 18

m~*) observed (a), GCM TI1127 (b) and GCM TI159 (c) on the MJO space—time domain.

winter, particularly over the Pacific Ocean. The precipitation
fields present distinct features for both the ITCZ and the SPCZ,
which are located at the correct places. Finally, a preliminary
climate variability evaluation has shown that the GCM using
the present convection scheme is able to satisfactorily reproduce
the space—time spectra of satellite-observed OLR, while giving
a smaller variance signal in the MJO domain.

In terms of prospects, the rather simple microphysics em-
bedded in this scheme certainly deserves improvement. One
possibility would be to make use of the more detailed scheme
of Lopez (2002) (currently taken into account for the large-scale
precipitation) instead of the present one from Smith (1990) (used
originally for the large-scale precipitation at the time of the de-
velopment of the convection scheme). Moreover, the location
where precipitation evaporation takes place (below the LCL for
the time being) is another area where improvements are possible.
At the same, there certainly appears to be a need for further val-
idations. In particular, the variability has to be assessed in more
detail. This variability assessment will involve a lot of work to
cover all relevant time scales, in GCM mode. Diurnal, synoptic
intraseasonal and interannual variations must be investigated.
Part of this work is currently in progress, in the frame of sea-
sonal forecasting assessment. Coming back to the process study,
it would undoubtedly be useful to carry out three-dimensional
simulations of documented case studies, as an intermediate step
from SCM to GCM mode evaluation. This specific kind of work
is also in progress, making use of West African case studies al-
ready simulated with a CRM over 1000 km domains. A limited
area version of the GCM is considered in order to perform sim-
ulations over the same CRM domain and with the same initial
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and lateral conditions. Last but not least, it could also be inter-
esting to address the question of the influence of the resolution,
using the possibility of variable-mesh simulations with AC as
this resolution dependency is set up internally in the convection
scheme and has been successfully tested in SCM mode.
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