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(Each point represents a 3 h average, the x-axis is the

CAPE change due to the large—scale forcing, and the

y—axis is the CAPE change due to convection)
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Introduction

The representation or parameterization of
atmospheric convection in numerical models has been
a challenging task ever since the dawn of the numerical
weather prediction and climate modeling era. Individual
convective cells have small spatial and temporal scales,
on the order of less than a kilometer to a few tens of
kilometers in space, and a few minutes to a few hours
in time. Organized convective systems, such as squall
lines and mesoscale convective complexes could be
several hundred kilometers in size and last over a day
or longer. Convection is an important energy source
for atmospheric circulation, particularly in the tropics.
From a socioeconomic point of view, convection is often
associated with high impact, extreme weather, such as
flashflood, tornadoes, and hurricanes/typhoons, which
can cause high economic tolls on society. Thus, accurate
forecast of convection or severe storms, in both timing
and location, is of paramount importance to numerical
weather prediction. Because of its small spatial-scale,
convection cannot be resolved by global climate models
(General Circulation Models, GCMs) and numerical
weather prediction (Numerical Weather Prediction, NWP)
models, and thus has to be parameterized.

The parameterization of the vertical transport of mass,
heat and moisture by atmospheric convection has always
been an extremely difficult problem since convection
strongly interacts with clouds, atmospheric water vapor
and radiation, involving processes operative at space and
time scales spanning several orders of magnitudes. Over
the past half century, many parameterization schemes
have been developed, from simple convective adjustment
schemes' ™ to moisture-convergence-based”™ and
convective-instability-based mass flux schemes'®”. As
our understanding of convection and its interaction with
large-scale circulation and clouds deepens, more physical
processes are included in convection parameterization,

. . . 10-13
including convective transport of momentum!*"*' and
[14-17

convective cloud microphysical processes’*'”. From the

climate change research perspective, clouds and aerosols
are two of the most important factors contributing to
the uncertainty in climate change projection'*. Both are
closely tied to convection. In the tropics, clouds are often
convectively generated. Detrainment of cloud ice and
liquid water forms the anvil clouds that have a tremendous
impact on the Earth's radiation budget. Aerosols not
only have a direct effect on atmospheric radiation,
they also serve as cloud condensation and ice nuclei.
Convection can transport aerosols vertically; scavenging
and washout by rainfall can also affect aerosol loading
in the atmosphere. Recent observations also indicate that
aerosols can have a significant impact on convection'**”.

This paper will provide a comprehensive review of
the development of convective parameterization. We will
concentrate on deep, precipitating atmospheric convection.
Section 1 will briefly introduce the early development
of convective parameterization. Section 2 will review a
number of mass flux based convective parameterization
schemes. In section 3, the parameterization of convective
momentum transport will be reviewed. Section 4 will
discuss recent progress and remaining outstanding issues,
followed by a few concluding remarks.

1. Convection parameterization in the early days
The role of convective heating in large-scale
circulation was already recognized in the early days of
global climate modeling. Manabe et al.!"! was among
the first to include it in the Geophysical Fluid Dynamics
Laboratory (Geophysical Fluid Dynamics Laboratory,
GFDL) model through convective adjustment. The idea
and approach were simple and practical: in a layer of
the atmosphere if the vertical lapse rate of temperature
exceeds neutral stratification, adjustment will take place
instantly to remove the instability. For unsaturated
atmosphere, this is achieved through dry adjustment by
requiring
if

=74
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5q =0

)

=0T +3T.p) =0

v (1)
Pr

.ﬁﬂm:o

pR
where y,is dry adiabatic lapse rate, dg is adjustment of

water vapor mixing ratio, 67 is temperature adjustment, 0
potential temperature, P, and P, are pressure at the top and
bottom of the atmospheric layer where dry adjustment is
required. The temperature adjustment at each model level
is obtained by solving Eq. (1). Similarly, for saturated air,
moist adjustment over a layer is performed by satisfying
the following set of equations:
if
T,
op "
iQe(T+8T,q+E‘3q,p) =0
op

q+3q=q,(T+06T,p)
Pr
Icp8T+L8qdp =0
Py

where 0,is equivalent potential temperature, g, is

2

saturation water vapor mixing ratio, ¢, and L are specific
heat at constant pressure and latent heat of condensation,
respectively. 07 and dq are obtained by solving Eq. (2).
Although simple, this adjustment approach accounts for
the most essential effect of subgrid-scale convection,
heating of the atmosphere and depletion of moisture in the
convecting layer.

At the same time, in an effort to incorporate the
effect of convection in hurricane modeling, Kuo"™
developed a convection parameterization scheme,
recognizing that deep convection cells are "hot towers"”"
transporting warm and moist surface air to the upper
troposphere. Kuo®™ introduced a cloud model, in which
latent heat release from convection is achieved through
vertical motion inside the cloud, instead of through
local adjustment as done by Manabe et al.". Convection
collectively affects the grid-scale temperature through
mixing of warm cloud air with its environment.

The Kuo™™ scheme assumes that (1) convection
occurs in a region where the atmosphere is conditionally
unstable and there is low-level moisture convergence;
(2) convective clouds originate from the boundary layer
and the cloud temperature and moisture profiles can be
characterized by a pseudo-moist adiabat typical of the

Progress 44 % & &

boundary layer air; and (3) clouds extend from the lifting
condensation level of the boundary layer air to the neutral
buoyancy level of this air. A key parameter in the scheme
is the amount of precipitation, through which the net
condensational heating in the atmospheric column can be
estimated. With the above assumptions, the Kuo scheme
starts with the large-scale moisture equation integrated
over the atmospheric column:

[ %‘fdp =—Pg~["V-5q)dp+gF, =gM,~P) (3)
where

ling ——
M’:_EL V-(vq)dp+Fy, )

is the total moisture supply to the atmospheric column
including lateral convergence and surface evaporation £,
P is precipitation on the surface, which equals the column
integral of the net condensation:

1 ¢
e

The overbar denotes large-scale average. Kuo

(6))

[3-4]

assumed that a small fraction of the moisture supply
(bM,) is used to moisten the atmosphere and the rest is
precipitated out as rain, i.e.

P=(1-b)M, (6)
where b is a tunable parameter. Thus, knowing the total
moisture supply M,, which can be computed from the
large-scale or grid-scale fields, one can compute the
surface precipitation P, or the vertical integral of latent
heating. Since Eqgs. (3)—(6) are given in the form of
vertical integral over the atmospheric column, the vertical
distribution of heating must be specified in order to
determine the effect of convection on temperature field
at each model level. Kuo™™* further assumed that the
condensational heating is proportional to the temperature
difference between the cloud air following a pseudo-moist
adiabat and the environmental air. This gives
glP T.-T

Lc—e)= —
Py — P, <Tc_T>

(7

where the angle brackets represent the vertical average
over the cloud layer. p, and p,are the pressure levels of the
cloud base and cloud top, respectively. Outside the cloud
layer latent heating is zero.

In the late 1960s and early 70s, other groups of
researchers also engaged in active research on convection
parameterization™ ™. Instead of resorting to the concept
of mixing between cloudy air and environmental air
to heat the large-scale atmosphere, they introduced
the concept of compensatory subsidence. Under this
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framework, convective updrafts transport air mass from
the surface to the upper troposphere. By mass continuity,
the compensating subsidence takes place in the convection
environment, thereby adiabatically heating the ambient
atmosphere. Kuo (1974) showed that the mechanisms
of convective heating of the atmosphere between his
approach and the mass-flux-based thinking are equivalent
although the interpretation may differ.

A major weakness of the Kuo scheme is that it has
no ability to predict the moisture field by assuming that
a certain fraction b of moisture convergence is used to
moisten the atmosphere. Because of this weakness, it has

not been widely used in numerical models although the

one that did use it seemed to be quite successful”"

2. Mass-flux-based parameterization

The most comprehensive, classic work on convection
parameterization to date was by Arakawa et al. . It
established the foundation for most of the mass-flux-
based convective parameterization schemes used today in
numerical weather prediction and global climate models.
Thus, we will devote some space to this type of schemes
in this section. Typically convection parameterization
assumes that convection occurs on spatial scales of a
few kilometers or less and is of subgrid scale to model
resolutions. The governing equations for the large-scale

temperature and moisture fields can be written as"”.

%+v G A AL DI, Sy S P g
t POz

g o =  0(piwg) opwq’ 9
o +V (VQ)+—,562 —~(c-e)-V- (v - o )

where s=CpT + gz is the dry static energy, g is the specific
humidity, v is the horizontal wind vector, w is the vertical
velocity, and L is the latent heat of vaporization. The
overbar represents average over the large-scale domain or
a model grid box and the prime represents the deviation
from the mean. The perturbation product terms on the
right-hand side represent the effect of subgrid scale
transport (i.e. convection) on the large-scale or grid mean
fields. Q; is the radiative heating rate. c—e represents
the net condensation (condensation minus evaporation)
within the NWP model or GCM grid box. Note that
we have neglected deposition/sublimation and heating
from freezing/melting in Egs. (8) and (9). Typically, the
horizontal divergence of the perturbation flux is much
smaller than the vertical divergence term and can be
neglected. Thus, the convective effects on the large-scale
temperature and moisture fields are:

@ .\ Opw's'

(5] {022 J/C 1o
%) _ e PV
(&l— (c—e) oz (11)

To parameterize these effects in terms of large-

scale variables, note that any variable x can be written as:

x=X+x' where X = ij'di is the average of x over area
A, and x'= x — . Thus, x'= (. Assuming that within this
area there are a number of cumulus clouds occupying a
total area 4., and the convection free area is 4-4, (Fig. 1).
The mean value of x in convective area is x. and the mean

value in convection free region is x,. Then
X=(A4x,+(1-4)x,)/ A=0ox,+(1-0)x,
—x,)

x/ =x, ~X=(-0)x,

(12)

X, =x,—-X =—0(x,—x,

where 0=4./4 is the fractional area occupied by
convective clouds. If we further assume that there
is no correlation between x’ and ¥’ within clouds or
the environment, and make use of Eq. (12), the eddy
correlation of the product of two variables x and y can be

written as:

Xy =o(xy), +(1—O')(x’)”)e =oxcsv;+(1—a)x;y;

S+ (1= 0)(—

= 7 (x -~ )
— O
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For vertical transport of dry static energy s, let y=s and x=w:

pw's’=—7—p(w, —w)(s, - ¥)
l1-o

(14)
For numerical models such as current GCMs, the
horizontal resolution is on the order of 100 km or larger
and the fractional area occupied by convection is generally
small, o < land W < w,, Thus Eq. (14) reduces to

pw's'~ apw, (s, =5) =M (s, ~5) (15a)
Here M. =o0pw, is convective cloud mass flux. If both
updrafts and downdrafts are considered, the above

equation should be written as:

Progress 44 % & &

pw's'=M (s, —5)+M (s, %) (15b)
where subscripts # and d denote updrafts and downdrafts,
respectively. For numerical weather prediction models
or high-resolution global climate models, the model
grid spacing can be as small as 10 km, and the fractional
area occupied by convection is no longer negligible. In
such cases, all terms in eq. (14) must be retained and the
approximation Egs. (15a) and (15b) will break down. This
will be further discussed later.
With Eq. (15b), the large-scale temperature and
moisture budget equations incorporating the effect of
convection can be written as:

§+V-(V§)+% =0, +L(c—e)—£[Mu(su =)+ M, (s, =) (16)
I el VA7) BN _ = _=
o PV oo+ 2o (c—e) i%k[ﬂﬁiqu 9)+M,(q,-q)] (17)

Egs. (16) and (17) are the starting points of all mass-
flux-based convection parameterization schemes. It is
clear that to parameterize the convective effects on large-
scale temperature and moisture fields, one needs to know
the cloud mass flux, in-cloud temperature and moisture,
as well as condensation and evaporation inside convective
updrafts and downdrafts. This is accomplished through
the introduction of simple updraft and downdraft models
and closure assumptions.

2.1 Cloud models
2.1.1 Steady-state model

Updrafts and downdrafts in convective clouds
are often considered as plumes of air mass. For
parameterization purposes, a steady state is typically
assumed for clouds. In this case, the bulk equation for an
in-cloud property is in the form of

oF .
—— =source —sink
z

where I is the flux across the interface of a model layer.
The source and sink within the layer are either generated
inside the cloud or transported from the lateral boundary.
For mass flux, heat, moisture and cloud condensate within

updrafts, the equations are™":

oM
“=E,-D, (18)
POz

M5, g5 _Ds +Lc—e) (19)

yolor4

oM q _ N

—=Fqg-Dg, —(c—e

oz .4 —D,q,—(c—e) (20)

a_M"l:—DulJr(c—e)—Rr/p (21)
2z

where E, and D, are the mass entrainment and
detrainment. s, and g, are dry static energy and specific
humidity in the updrafts. Air within updrafts is assumed
saturated:
q,=9,(s,) (22)

§u and un are the dry static energy and moisture detrained
into the environment. At the detrainment level, it is often
assumed that the air has the same temperature as that of
its environment and is saturated,

A

s =5
q,=9,(5)
In Eq. (21), the cloud liquid water detrained into

(23)
(24)

the environment is assumed to be the same as the mean
updraft liquid water content at that level. R, is the
conversion rate of cloud liquid water to rain, and is often
assumed to be proportional to cloud water content /5%,
For example, Zhang and McFarlane uses the following
form based on Lord"”":

R =c,M,I

: (25)
with ¢,=2X 10 "m" . Note that freezing is not considered,
thus / represents the total condensate in Eq. (21). In the
National Center for Atmospheric Research (NCAR)
Community Atmosphere Model version 5 (CAMS), where
the Zhang-McFarlane scheme is used, the total condensate
in updrafts is further partitioned into cloud water and
ice based on temperature, with the extra latent heating
from freezing for detrained ice added to the large-scale

temperature equation.
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In this simple steady-state 1-D model, cloud
microphysics inside convective updrafts is very crudely
parameterized through a tuning parameter in Eq. (25).
A number of recent studies!*>” have indicated that
aerosols can have a significant effect on the convective
cloud development. Representing aerosol effects on
convection requires cloud microphysics in the convection
parameterization. Furthermore, convective detrainment
of cloud ice and water is an important source for large-
scale or anvil clouds, which have fundamental impacts
on the Earth's radiation budget. In view of the importance
of aerosol-convection-cloud-radiation interaction, the
overly simplified treatment of convective microphysics
is no longer adequate. Recently, a few sophisticated
convective microphysics schemes have been developed
U417 Interested readers are referred to these works.

The updraft mass flux in Egs. (18)—(21) needs to
be known and this is done through the specification
of entrainment and detrainment. Tiedtke" partitioned
the entrainment into organized inflow and turbulent
entrainment, and the mass detrainment into organized
outflow and turbulent detrainment:

E,=E,+E;,D,=D,+D; (26)

where E. =& ,M , and D} =5,M, are turbulent entrainment
and detrainment, respectively. The fractional entrainment/
detrainment rates ¢, and J, are set to depend on cloud
type. For shallow convection in convectively suppressed
conditions, &, =6, =3x10"m"". For penetrative and
mid-level convection in the presence of large-scale
convergence, &, =9, =1x10"m™". The different values
for shallow and deep convection are meant to mimic
the fact that shallow convective clouds are smaller in
size and thus are subject to more entrainment from the
cloud boundaries, whereas deep convective clouds under
disturbed conditions are large and are subject to less
entrainment. For organized entrainment, in the case of
deep convection Tiedtke"™ assumed it to be proportional to
large-scale moisture convergence:
Ef:—p@”Vq+waqj
q Oz
For shallow convection, no organized entrainment

27

is present because these clouds often exist in regions of
large-scale subsidence. Organized detrainment for deep
convection is assumed to occur only at the highest cloud
layer, where all convective mass flux is detrained. For
shallow convection, organized detrainment is allowed
to occur at the top most two cloud layers, with 70%

of the mass flux detrained at the zero-buoyancy level
and 30% detrained above it to represent overshooting
into the inversion layer. With the mass entrainment and
detrainment specified, Egs. (18)—(25) can be integrated to
obtain the cloud properties in convective updrafts.

In ensemble-plume-based models'™”, only turbulent
entrainment and organized detrainment are considered.
The fractional entrainment rate is determined in a more
complicated way. For each cloud type with fractional
entrainment rate 4, the variation of mass flux with height
is given by:

Am,(2,z)

om,(A,z)
oz (28)

Integrating over all possible A’s that contribute to the mass

flux at level z gives:

M,@=["

where 4,(2) is the fractional entrainment rate of the

m, (A,z)d A (29)

updraft that detrains at height z. Here it is implicitly
assumed that 4, (2) decreases monotonically with height.
Thus, clouds with 4 > 4, (2) have no contribution to mass
flux at height z. The quantity 4, is determined by the
requirement that the temperature of the clouds detraining
at height z is the same as that in its environment, which is
ensured by requiring that

hy=h'(2)= 2, ()] [h,(2.2) =, Joz' (30)
where £, is the moist static energy in the updraft with
fractional entrainment rate £ and 4 is the saturation moist
static energy. For a given plume or cloud type, organized
detrainment is assumed to take place only at the cloud
top. Since a spectrum of plumes is considered, organized
detrainment for the cloud population can occur at all
levels, unlike that in the Tiedtke scheme, where it can

only occur at the topmost level:

D,(2)=-m, (ﬁp(z),z)% 31)

With this, the total updraft mass entrainment £, can be
obtained from the mass continuity equation (18). Once the
vertical distribution of cloud mass flux is known, the other
cloud properties can be obtained from Eqs. (19) — (25).

Note that the fractional turbulent entrainment rate
for a given cloud type is assumed to be constant with
height in steady-state cloud models. However, recent
studies have found that convective entrainment varies
significantly with height”” ). This subject has always
been an area of active research due to its importance in
determining the timing of convection from diurnal cycle
to Madden-Julian Oscillation.
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The downdraft model is similar to an inverted
updraft. The downdraft mass flux at the downdraft initial
level is often related to the updraft mass flux at the cloud
base with a proportionality constant based on Johnson"”.
Furthermore, detrainment of downdraft mass is often
ignored until the subcloud layer, and the entrainment rate
is either specified or related to the updraft entrainment.

Details can be found in [9].

2.1.2 Episodic mixing model

The entraining plume model assumes that subcloud-
layer air mixes thoroughly and continually with the
environmental air as it rises in updrafts. On the other
hand, Raymond and Blyth”" introduced a stochastic
mixing model, which assumes that an individual
subcloud-layer air parcel undergoes only one mixing
event on its way to the neutral buoyancy level where
it detrains. Based on this episodic mixing concept,
Emanuel” used a stochastic mixing model to represent
convective updrafts. In this model, each cloud of scale O
(1km) consists of sub-cloud scale O (100m) updrafts. An
updraft rising from the cloud base to a level has an equal
probability of mixing with air from all levels during its
ascent. The mixed air then undergoes a further ascent or

— — | — — —a_ — — 7
[Ml«(qu _q)+Md(qd _q)]:::,, :_J.() |:v Vq + Wa_z:lpdz+(pw q )lul‘

where the last term on the right hand side represents
surface turbulent moisture flux.

2.2.2 CAPE closure
Zhang et al.”’ used CAPE (convective available
potential energy) as closure. Since the large-scale
temperature and moisture changes in both the cloud layer
and the subcloud layer due to convective activity are
linearly related to the cloud base mass flux, CAPE change
due to convection can be written as
OCAPE
%

where K is the CAPE consumption rate by convection per

j =-M,K (33)

unit cloud base updraft mass flux, and is determined by the
large-scale thermodynamic profiles and the cloud model.
In practice, it is obtained by computing CAPE reduction
in models for unit cloud base mass flux. The closure
condition is that the CAPE is removed at an exponential
rate by convection with a characteristic adjustment time
scale 7. Thus

_ CAPE

M
b K

(34
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a descent to its neutral buoyancy level for detrainment,
depending on the buoyancy of the mixture. In this
buoyancy-sorting approach, cloud mass flux profile is
determined by the vertical gradient of buoyancy™”. Fig.
2 shows the flow chart of the mixing model. The detailed
mathematical formulation of the model is complicated
and is not presented here. Interested readers are referred

[32

to Emanuel™ and Emanuel and Zivkovic-Rothman®” for

details.

2.2 Closure conditions

The system of equations for convective
parameterization is not closed without specifying the
cloud base mass flux. This is achieved through closure
assumptions, which empirically relate cloud base mass
flux to observable variables or quantities that can be
derived from observed fields.

2.2.1 Moisture convergence closure

Tiedtke" related low-level moisture convergence to
the cloud base mass flux. It was assumed that moisture
supply in the subcloud layer through large-scale horizontal
convergence and surface turbulent flux is depleted by
convective transport through the cloud base:

(32)

where 7 is typically a few hours. This type of closure has
been used in the NCAR CAM", the ECMWF Integrated
Forecast System™ and the Hadley Centre climate model
HadAM3"*. Some variants of CAPE-based closure are
also used in the Emanuel scheme'” and Kain-Fritsch

scheme &,

2.2.3 Quasi-equilibrium closure
The Arakawa-Schubert (A-S) parameterization
scheme is closed through a quasi-equilibrium assumption,
which states that the stabilization of the atmosphere by
convection is in quasi-equilibrium with the destabilization
by large-scale processes. Arakawa-Schubert introduced
the “cloud work function” , which is similar to CAPE
but with consideration of entrainment. Since the Arakawa-
Schubert scheme uses a spectral cloud model, the quasi-
equilibrium closure is applied to each subensemble of
clouds. The convective stabilization is related to the grid-
resolvable destabilization for each cloud type:
d4.(d) _ d4) A -4"M ()
At 2At

(35)
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where d4,(1)/dt and d4,(4)/d¢ are the time rate of
change of cloud work function due to convective and
the large-scale processes, respectively. AM(2) is the
cloud work function at time ¢ after the large-scale forcing
is applied, 4 is the observed cloud work function at
t— At (after convection), A¢ is the time interval of the
observations.

In all implementations of the A-S scheme in GCMs,
climatological values are used for the observed cloud
work functions following Lord”®. Thus, Eq. (35) can be
written as:

D) A D - 4R
dr 2At
Similar to the CAPE closure, the change in cloud work

(36)

function by convection is proportional to the cloud base

mass flux:

YD _ g ym, (4)
dr

where K(4) can be computed from the large-scale

(37)

conditions and the spectral cloud model. Thus, the closure
equation becomes:

L 4™ -4A)
K(2) 2At
This is similar to the CAPE closure, except using

m, ()=

(39%)

cloud work function and it is applied to every cloud type.

2.2.4 Free tropospheric quasi-equilibrium closure
Zhang"*?7 revisited the A-S quasi-equilibrium using
data in both midlatitude land convection and tropical
oceanic convection regimes using observational data, and
found that the A-S does not hold well in either regime.
He introduced a free tropospheric quasi-equilibrium as
a refinement to the A-S quasi-equilibrium. Since CAPE
is the vertical integral of the difference of a parcel's
virtual temperature and that of its environment, CAPE
(denoted by A hereafter) change with time can be a result
of either the parcel's virtual temperature change or its
environmental virtual temperature change, that is,
a_dd, i
de dr dr
where subscript p is for parcel and ¢ for environment.
Zhang"™ found that CAPE change is largely controlled by the

(39)

. d4,
parcel's virtual temperature change. In other words, dit[ ~0

. Same as for the cloud work function, the environmental
contribution to CAPE change is due to two types of
processes: convective processes and large-scale processes:

w5
E: e + e z()
dt dr ). dr ),

(40)

Eq. (40) forms the basis of the free tropospheric quasi-
equilibrium. It states that convective contribution to the
free tropospheric CAPE change balances the large-scale
contribution. From this assumption, convective cloud base
mass flux can be estimated in a similar way to that of the
A-S scheme [Egs. (35)-(38)].
2.2.5 Prognostic closure

The above closure conditions are all diagnostic. A
serious drawback with diagnostic closures is that they
cannot account for the history or memory of convection.
Pan et al. "® explored a prognostic closure under
the framework of the Arakawa-Schubert convection
parameterization. Instead of assuming a quasi-equilibrium
between convective and large-scale processes, they
predict column-integrated subgrid scale eddy kinetic
energy, which is presumably associated with convective
circulation. The equation is given by

oK K

=AM, - —
ot 7,

(41)

14— =
where K = 5 J P +v? +w") s the total eddy kinetic
Z

energy integrated from the surface to the cloud top, A is
the cloud work function, M, is the cloud base mass flux,
and 7, is the dissipation timescale for eddy kinetic energy,
a tuning parameter. Pan et al. ®" further related K to M,
through the following assumption

K=aM; (42)

where a is another tuning parameter. Eqs. (41) and (42)
form the prognostic closure, in which the cloud base mass
flux is predicted. Despite its attractiveness of accounting
for convection history in a prognostic closure, there has
not been much further progress along this line of research
until recently. Chikira et al. ** modified the A-S scheme
by incorporating the prognostic closure together with a
) showed that
the modified A-S scheme realistically simulated many

modified entrainment formulation. Chikira

climatological features of the global climate.

2.2.6 Examples

As an example to demonstrate the accuracy of
different closures, Fig. 3 shows the scatter plots of the
diagnosed total CAPE change due to convection using Eq.
(35) (Fig. 3a) and partial CAPE change due to convection
using Eq. (40) (Fig. 3b) using data from the US Southern
Great Plains during the field campaign period of 19
June to 18 July 1997 by the US Department of Energy
Atmospheric Radiation Measurement (ARM) program.
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The line with a slope of —1 corresponds to the strict A-S
quasi-equilibrium at the top and the free tropospheric
quasi-equilibrium at the bottom, respectively. Although
the diagnosed total CAPE changes due to convection
based on the A-S closure are in general correlated with
the large-scale generation of the total CAPE, there is
a significant degree of scatter. On the other hand, the
diagnosed partial CAPE change due to convection using
the free tropospheric quasi-equilibrium closure is in much
better agreement with that from large-scale forcing.

The free tropospheric quasi-equilibrium closure has
been tested in the U.S. National Center for Atmospheric
Research Community Atmosphere Model 3 (NCAR
CAM3). A number of significant improvements on
the simulation of tropical climate have been achieved,
including the simulation of Madden-Julian Oscillation
and the Intertropical Convergence Zone'*' . Fig. 4
demonstrates the improvement in MJO simulation by
showing the characteristics of the simulated MJOs through
longitude-phase hovméller plots of composite 850 hPa
zonal wind, precipitation and outgoing longwave radiation
(OLR) averaged over 10°S—10°N for the observations,
the CAM3 run with the quasi-equilibrium closure in
convection scheme, and CAM3 control run, respectively.
The results are based on 10-yr long simulations by Zhang
et al. “"* Phases 1, 5 and 9 correspond to the beginning,
mature phase and the end of the MJO cycle, respectively.
The observations show clear eastward propagation in 850
hPa zonal wind, precipitation and OLR. In the new CAM3
simulation, the eastward propagation of the MJO signals
in all three fields is well simulated. The magnitude of
the MJO signals is also comparable to the observations.
On the other hand, in the CAM3 control simulation, the
MJO signal in zonal wind, precipitation and OLR are very
weak everywhere, although there is a hint of eastward
propagation.

3. Parameterization of convective momentum
transport
Convection transports not only heat and moisture,
but also momentum. In the early 1970’s, budget analysis
found that the Earth's angular momentum could not
be balanced without considering momentum transport

s Later, Schneider and Lindzen™”

by convection
proposed a parameterization scheme for convective
momentum transport (CMT). Similar to thermodynamic
parameterization, the large-scale effect of convection on

momentum can be written as:
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P 5 -V17+cT)a—v+V¢_§+fk><17= RN
ot op op

(43)

_ OM (v.—v)  OM (v —V)

Ty T
where M, is cloud mass flux and v, is the horizontal
momentum of in-cloud air. The difficulty lies in
determining the cloud mean momentum. Unlike the
thermodynamic variables such as moist static energy, even
for undiluted updrafts, momentum is not conserved due to
the action of convection-induced pressure gradient force
across the clouds.

The convection-induced pressure gradient force
contributes to the apparent momentum source X through
its effect on the cloud-mean momentum v,. For steady-
state clouds, momentum equation in convective clouds is
approximated by:

DW—E$+%M1¥:—lq(w%
poz p
where E and D are the mass entrainment and detrainment

(44)

at the cloud boundaries and satisfy the mass continuity
equation

M. _p_p
pOz

Substituting these into momentum source equation gives:

X =M, D, =)+ 0, (Vp), 45)
poz p

The first term is the product of the updraft mass flux and
the vertical wind shear, and is often interpreted as the
vertical advection by the compensating subsidence in the
cloud environment; the second represents the horizontal
momentum detrainment from convective updrafts into
their environment; the last term is the pressure gradient

across the clouds. Schneider et al. **

'ignored the
convective pressure effect.

Field observations of convective storms during
the 1980’s found that convection can produce large
pressure perturbations in and around the storm, which can
modulate the horizontal momentum inside the clouds™**”.
To incorporate such effects of the perturbation pressure
field, Zhang et al. """ started with the 3-D momentum
equation:

p%+pv3 Vv, +2pQxv,=-Vp+kpB
where V; = (4,v,W) is the 3-D wind vector, £ is the vector

(46)

form of the Coriolis parameter, and B is buoyancy of the
1

cloud air. Note that v;- Vv, +2Qxv, =V, (E Vi V) H XV,

where 11 =V, xv; +28 is 3-D absolute vorticity. Taking the
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3-D divergence operation on the 3-D momentum equation

and making use of mass continuity equation, one gets:

Vip=-V, [§v3"3 'v3j_v3 “(pnxvy)+V,-(pkB)

47>

1
=-V; (g‘@ "’B)"'Vs '(Evs 'V3V3p]+pl72 T, '(V3 XP’?)+V3 -(pkB)

The buoyancy force is important for creating
vertical pressure gradient. Its effect on horizontal pressure
gradient across convective clouds depends on the cloud

ox Oz

tilting"”. Since we do not have enough knowledge about
it, it is ignored in CMT parameterization. Expanding Eq.

(47) gives:

Vip——Z 6w8u+0w6’v+0v8u ) (O_u)z_‘_(g)z_k(@_w)z +w2p2 l@_p (482)
Ox oy 0z

Ody 0z Ox Oy

uon

Zhang et al. solved Eq. (48a) using Fourier and Bessel
expansions together with appropriate upper and lower
boundary conditions to obtain the mean pressure gradient
force across clouds. Zhang et al.™ assessed the effect of
CMT on climate simulation and found large impacts on
the mean climate. Later work found that CMT can also
have impacts on the simulations of El Nino and Madden-
Julian Oscillation*"",

Simplified forms of the representation of perturbation
pressure gradient force have been investigated after Zhang
and Cho’s work. For a harmonic waveform horizontal
variation in convective vertical velocity and perturbation
pressure, this can be achieved. The forcing on the rhs

of Eq. (48) can be divided into linear and nonlinear

oz\ p Oz
ow ou ow ov aw ou' ow o'
p=2p——-2p——-2p——2p——
xer Toyer Tawer e

ov,, o(1dp (48b)
{(—) ( ) (—) } i [;gj
The first two terms on the rhs are the linear forcing,
proportional to the vertical shear of the mean wind. The
remainder represents nonlinear forcing, of which the first
term is related to the perturbation wind shear, the terms
inside the square brackets are related to the divergent
flow and the third term is related to the atmospheric
stratification. Consider the linear forcing only:

ow ou ow v
Vipr2p W 5, WV
B e Py e
Assume w is of a sine form:
. T r
w=w, coskxcoslysinmz for = <kvly <=

where, k, [, and m are wavenumbers in the x-, y- and
z-direction, respectively. Then

(au ksinkxcosly + g—l cos kxsin lyj w, sinmz

(6 k* cos kx cosly — % ki sin kx sin lyj sin mz

components.
2p
P z
1dp_ 2w,
P Ox B+l +m\ oz
1op_

p@y K+l +m* oz

Averaging over the cloud area gives:

o o W om

o T T e 5 O T T M (499)
o, Op 2 ov ov
7(a)c=_k2+lz+m2 Eo-c ¢ }/M ﬁ (49b)

7. and y, are coefficients depending on the horizontal and
vertical scales of the convective cloud. Thus, convection-

induced pressure gradient depends on the horizontal as
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well as vertical scales of convective updrafts, in addition
to mass flux and wind shear. For a convective updraft
with about equal sizes in both horizontal and vertical
directions, i.e. k=/=m, y=y,=0.67.

Wu et al."? first used this approach. Later, Gregory

et al.l"

used a cloud-resolving model simulation to
estimate this parameter, and found that y=0.7 is a good

approximation. Zhang et al.”" also evaluated the role

-2015



of convective pressure gradient force in CMT using a
cloud-resolving model simulation of a TOGA COARE
convection event, and found that y=0.55 gives a better
agreement. Substituting Eq. (49) into Eq. (45) gives:

X=0-pM, s v (s0)
pOz

Fig. 5 shows the x-component of pressure gradient

force averaged over convective updraft and the convective

effect on CMT, also called apparent momentum source,

from Zhang et al.”"". The cloud-mean pressure gradient

force obtained by solving the full perturbation pressure

equation as in Zhang et a1 [10-11]

is in excellent agreement
with the model simulation. A least-squared fit using eq.
(49) with y=0.55 also produces a close agreement. The
parameterized apparent momentum source captures
the major features of the simulated CMT although the

magnitude is somewhat larger.

4. Discussions and concluding remarks

Many of the convective parameterization schemes
reviewed in this paper have been used widely in global
atmospheric prediction and climate models. The Tiedtke
scheme is used in the European Centre for Medium-Range
Weather Forecasts (ECMWF) operational model®. The
Emanuel scheme is used in the US Navy Operational
Global Atmospheric Prediction System"”. The Zhang-
McFarlane scheme is used in the NCAR GCM™* The
Arakawa and Schubert scheme is used in US National
Centers for Environmental Prediction (NCEP)*". While
the performance of a convective parameterization scheme
depends on many factors including the parent model, some
common weaknesses of the existing convection schemes
are well known. Among them are double Intertropical
Convergence Zones, weak MJO, wrong diurnal cycle of
convection and too frequent weak precipitation and lack
of high intensity precipitation. These model deficiencies
point to the need of further improvements in convective
parameterization. There have been some interesting
progress recently in this regard.

As mentioned earlier, treatment of microphysical
processes inside convective updrafts has received
considerable interests in recent years. This is because
detrained cloud hydrometeor is an important source of
cloud water and ice for large-scale cloud development.
In addition, reducing uncertainties in aerosol-convection
interaction and aerosol indirect effect on clouds
requires more accurate parameterization of convective
microphysics. The recent work of [14-17] opened the door
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to a new line of research in this direction.

There has also been significant advancement in

“superparameterization” or multi-scale modeling

framework (MMF), which replaces the conventional
convection parameterization by embedding a cloud-
system-resolving model in a GCM"*7. While this
approach generally produces better simulations
than convectional parameterization schemes”", it is
computationally expensive. For climate projection
research, which requires ensemble simulations of
hundreds or even thousands of years, it is not feasible
at least in the next decade. However, while it does not
replace convective parameterization in any foreseeable
future, it is an excellent tool for evaluating and improving
conventional convective parameterization.

One of the outstanding issues facing convection
parameterization today is its resolution dependence.
Numerical weather prediction models will likely
approach 5 km or higher and GCMs will approach
10 km resolutions in the next 5 to 10 years. At these
resolutions, the separation between grid-scale motion and
deep convection is no longer clear. To what extent are
current convection schemes still usable? As mentioned
before [Egs. (14)—(15)], all convection schemes assume
that convective cloud fraction within a model grid box is
much smaller than 1. While this assumption is in general
valid for model grid spacing of 100 km or larger, it will
break down when model grid spacing is reduced to 10
km or smaller. At such high resolutions, convective cloud
fraction can easily reach 0.5 or larger, and convection
schemes need to be reformulated. Arakawa et al.””*
have explored the possibility of reformulating convective
parameterization when cloud fraction is non-negligible.
They argue that by introducing an additional equation
for cloud fraction, existing parameterization schemes
can be modified for use in high-resolution numerical
models. This type of work is still in its infancy, and much
more needs to be done to provide a sound foundation for
convection parameterization in high-resolution numerical
models.

Another issue is determining the vertical velocity
in convective clouds, particularly in updrafts. Updraft
vertical velocities are important for convective
microphysical processes including droplet activation
and ice nucleation by aerosols. They can also be used
to determine convective cloud fraction, given updraft
cloud mass flux. In addition, recent work on entrainment
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estimation used in convection parameterization requires

knowledge of updraft vertical velocity.

Finally, sub-grid scale variability and trigger
conditions for convection initiation are important issues
for convection parameterization. Currently, convection
schemes use grid-mean properties to diagnose convective
activity. In reality, convective plumes are strongly
tied to local, sub-grid scale features such as cold pool
currents/gust fronts and warm thermals. As for trigger
conditions for convection onset, they determine the timing
of convection. The wrong diurnal cycle of simulated
convection in GCMs may well be related to inadequate
convection trigger functions. Yet, all trigger functions
in existing convection schemes are ad hoc, without
systematic evaluation with observations or cloud model

. . 52,54
simulations. Anecdotal researcht™*"

indicates that trigger
functions have an important impact on climate simulation.
Thus, a more systematic evaluation of trigger functions is
needed.

This paper aims to provide a comprehensive review
of convective parameterization schemes used in climate
and numerical weather prediction models, with emphasis
on mass flux type of schemes. A 1-dimentional steady-
state cloud model is presented to demonstrate its use
for determining cloud properties needed in convection
parameterization. A stochastic mixing model is also
discussed. Several closure conditions are described to
illustrate our current understanding of the problem. One
section is devoted to describing the parameterization
of convective momentum transport. The difficulty of
parameterizing CMT lies in estimating the effect of
convection-induced perturbation pressure gradient
force. Some outstanding issues facing convection
parameterization developers and the general climate
modeling /numerical weather prediction communities are
briefly outlined.
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