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Mesoscale convective systems and

convection parameterisations in GCMs

Figure: Tropical thunderstorm
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Recap

Summary of the evolution of thunderstorms (from a convective cell

to a line of thunderstorms/multicell thunderstorm). Involved

processes:

I Updraft in convective cell

I Storm splitting

I Enhancement/suppression of splitted cells

I Strom propagation

I Downbursts/gust front

I Triggering new cells from gust front

Peter Spichtinger (IACETH) MSCs and convection parameterisation May 14, 2007 3 / 48



IA
C
E
T
H

In
st

itu
te

 fo
r 

A
tm

os
ph

er
ic

 a
nd

 C
lim

at
e 

S
ci

e
nc

e

Motivation Recap MSCs Definitions Effects Parameterisations Adjustment Convergence Bulk QE

Gust front

Photo: A. Mühlbauer
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Overview

have summarized work on MCSs carried out up to about
1995. The present review continues this process of synthe-
sis. It is organized around the following major aspects of
MCS structure and interaction of MCSs with the larger-
scale atmospheric circulation: (1) the nature of the ascent of
the buoyant air in MCSs, (2) the middle level inflow and
descent of potentially negatively buoyant air, (3) the devel-
opment of a middle level vortex within the MCS, (4) modes
of MCS propagation, (5) factors limiting the lifetime and
size of an MCS, (6) feedback of MCSs to larger scales of
motion via momentum transport and heating, and (7) the
global distribution and impact of MCSs.

2. FUNDAMENTAL ELEMENTS OF MCS STRUCTURE

[5] Figure 1 shows an example of the infrared tempera-
ture of the cloud shield of a mature MCS. The area of cloud
top temperature <!70!C is approximately the size of the
state of Missouri ("105 km2 in area). This area of cold
cloud exceeds the size of an individual cumulonimbus by
2–3 orders of magnitude. Precipitation and circulations
develop on a scale somewhat similar to the cold cloud top
in MCSs like this one, thus establishing the MCS as a
mesoscale, as opposed to convective-scale or synoptic-
scale, phenomenon. The precipitation in an MCS (by
definition) is contiguous across a region at least 100 km
in dimension. Radar echoes show that the precipitation
divides distinctly into a convective and a stratiform region
[Houze, 1977; McAnelly and Cotton, 1989; Houze et al.,
1990]. The convective region consists of intense, vertically
extending cores, while the stratiform region is of a more
uniform (but not perfectly uniform) texture of lighter
precipitation (Figure 2). The stratiform precipitation is
partly produced by the dissipation of older convective cells
and partly produced by broader-sloping mesoscale layer
ascent [Houze et al., 1989; Houze, 1993; Yuter and Houze,
1995a, 1995b; Houze, 1997]. The horizontal pattern formed
by the areas of convective cells in relation to the stratiform
rain varies and is an important indicator of the internal
dynamics of the MCS [Houze et al., 1990; Loehrer and
Johnson, 1995; Parker and Johnson, 2000]. The stratiform

region has a cloud base in the middle troposphere under the
region of ascent owing to a combined effect of layer lifting
and the accumulation of older, weakening, and expanding
buoyant elements aloft (Figure 3). Below cloud base is a
region of net descent, owing to the cooling of mid tropo-
spheric environmental air by melting and evaporation of
precipitation particles falling out of the stratiform cloud
aloft. Juxtaposed with the stratiform cloud and precipitation
are convective cells, with cumulus-scale updrafts extending
upward from the boundary layer and precipitation-driven
downdrafts in their lower portions. The net effect of this
arrangement of convective and stratiform processes is a
characteristically different vertical distribution of heating in
the convective and stratiform regions. The convective
region exhibits net heating at all levels (Figure 4a). The
convective-scale downdrafts are insufficient to counteract
completely the condensational heating in the convective
updrafts. The stratiform region has net heating aloft, where
upward air motion and condensation prevail, but cooling in
the lower troposphere, where melting and evaporation of
precipitation particles prevail. These heating profiles con-
stitute two distinct wavelengths of forcing; the convective
heating wavelength is 2H, while the stratiform wavelength
is H, where H represents the depth of the troposphere. These
two wavelengths of forcing produce distinct effects on the
large-scale environment of the MCS [Nicholls et al., 1991;
Mapes, 1993; Mapes and Houze, 1995]. These modes will
be further discussed in sections 7 and 10. Because of the
long lifetime of an MCS, solar and infrared radiative heating
modify the latent heating profiles. As shown by Houze
[1982], the radiative heating is concentrated aloft and
exaggerates the heating maximum aloft in the stratiform
region. The radiative processes thus do not change the basic
shapes of the curves in Figure 4. The greater the proportion
of stratiform rain produced by an MCS, the more the
vertical profile of net heating becomes elevated and inten-
sified. The global implications of the stratiform precipitation
fraction will be explored in section 10.

3. UPDRAFTS IN MCSs

3.1. Parcel Lifting

[6] The defining property of a convective cloud is that
condensation occurs in nonhydrostatic buoyant upward air

Figure 1. Infrared satellite image of a mesoscale con-
vective system over Missouri. Courtesy of J. Moore, St.
Louis University, St. Louis, Missouri.

Figure 2. (a) Idealization of a horizontal map of radar
reflectivity (b) divided into convective and stratiform
regions. From Houze [1997].
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Definition: A Mesoscale Convective System (MCS) is a cloud

system that occurs in connection with an ensemble of

thunderstorms and produces a contiguous precipitation area of

∼100 km or more in horizontal scale in at least one direction
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Fundamental elements

I convective region (intense vertically extending cores)

I stratiform region (uniform texture of lighter precipitation)

have summarized work on MCSs carried out up to about
1995. The present review continues this process of synthe-
sis. It is organized around the following major aspects of
MCS structure and interaction of MCSs with the larger-
scale atmospheric circulation: (1) the nature of the ascent of
the buoyant air in MCSs, (2) the middle level inflow and
descent of potentially negatively buoyant air, (3) the devel-
opment of a middle level vortex within the MCS, (4) modes
of MCS propagation, (5) factors limiting the lifetime and
size of an MCS, (6) feedback of MCSs to larger scales of
motion via momentum transport and heating, and (7) the
global distribution and impact of MCSs.

2. FUNDAMENTAL ELEMENTS OF MCS STRUCTURE

[5] Figure 1 shows an example of the infrared tempera-
ture of the cloud shield of a mature MCS. The area of cloud
top temperature <!70!C is approximately the size of the
state of Missouri ("105 km2 in area). This area of cold
cloud exceeds the size of an individual cumulonimbus by
2–3 orders of magnitude. Precipitation and circulations
develop on a scale somewhat similar to the cold cloud top
in MCSs like this one, thus establishing the MCS as a
mesoscale, as opposed to convective-scale or synoptic-
scale, phenomenon. The precipitation in an MCS (by
definition) is contiguous across a region at least 100 km
in dimension. Radar echoes show that the precipitation
divides distinctly into a convective and a stratiform region
[Houze, 1977; McAnelly and Cotton, 1989; Houze et al.,
1990]. The convective region consists of intense, vertically
extending cores, while the stratiform region is of a more
uniform (but not perfectly uniform) texture of lighter
precipitation (Figure 2). The stratiform precipitation is
partly produced by the dissipation of older convective cells
and partly produced by broader-sloping mesoscale layer
ascent [Houze et al., 1989; Houze, 1993; Yuter and Houze,
1995a, 1995b; Houze, 1997]. The horizontal pattern formed
by the areas of convective cells in relation to the stratiform
rain varies and is an important indicator of the internal
dynamics of the MCS [Houze et al., 1990; Loehrer and
Johnson, 1995; Parker and Johnson, 2000]. The stratiform

region has a cloud base in the middle troposphere under the
region of ascent owing to a combined effect of layer lifting
and the accumulation of older, weakening, and expanding
buoyant elements aloft (Figure 3). Below cloud base is a
region of net descent, owing to the cooling of mid tropo-
spheric environmental air by melting and evaporation of
precipitation particles falling out of the stratiform cloud
aloft. Juxtaposed with the stratiform cloud and precipitation
are convective cells, with cumulus-scale updrafts extending
upward from the boundary layer and precipitation-driven
downdrafts in their lower portions. The net effect of this
arrangement of convective and stratiform processes is a
characteristically different vertical distribution of heating in
the convective and stratiform regions. The convective
region exhibits net heating at all levels (Figure 4a). The
convective-scale downdrafts are insufficient to counteract
completely the condensational heating in the convective
updrafts. The stratiform region has net heating aloft, where
upward air motion and condensation prevail, but cooling in
the lower troposphere, where melting and evaporation of
precipitation particles prevail. These heating profiles con-
stitute two distinct wavelengths of forcing; the convective
heating wavelength is 2H, while the stratiform wavelength
is H, where H represents the depth of the troposphere. These
two wavelengths of forcing produce distinct effects on the
large-scale environment of the MCS [Nicholls et al., 1991;
Mapes, 1993; Mapes and Houze, 1995]. These modes will
be further discussed in sections 7 and 10. Because of the
long lifetime of an MCS, solar and infrared radiative heating
modify the latent heating profiles. As shown by Houze
[1982], the radiative heating is concentrated aloft and
exaggerates the heating maximum aloft in the stratiform
region. The radiative processes thus do not change the basic
shapes of the curves in Figure 4. The greater the proportion
of stratiform rain produced by an MCS, the more the
vertical profile of net heating becomes elevated and inten-
sified. The global implications of the stratiform precipitation
fraction will be explored in section 10.

3. UPDRAFTS IN MCSs

3.1. Parcel Lifting

[6] The defining property of a convective cloud is that
condensation occurs in nonhydrostatic buoyant upward air

Figure 1. Infrared satellite image of a mesoscale con-
vective system over Missouri. Courtesy of J. Moore, St.
Louis University, St. Louis, Missouri.

Figure 2. (a) Idealization of a horizontal map of radar
reflectivity (b) divided into convective and stratiform
regions. From Houze [1997].

RG4003 Houze: MESOSCALE CONVECTIVE SYSTEMS

2 of 43

RG4003

currents. One tradition regards this upward air motion as
occurring in the form of bubbles or ‘‘parcels’’ of warm,
moist (high equivalent potential temperature qe) air origi-
nating in the boundary layer, accelerating upward after
being forced above the local level of free convection,
entraining varying amounts of environmental air via
in-cloud turbulence as they rise, then decelerating and
eventually stopping and spreading out laterally at or near

a level of neutral buoyancy. The parcel view of lifting in
convective clouds has inspired conceptual models of con-
vective clouds such as that of Raymond and Blyth [1986]
(Figure 5). Riehl and Malkus [1958] had the parcel view in
mind when they postulated that the high-qe air characterizing
the tropical upper troposphere must arrive there in the form
of undiluted air parcels originating in the planetary boundary
layer (i.e., the ‘‘lucky’’ parcels in Figure 5). The entraining

Figure 3. Schematic of a tropical mesoscale convective system in its mature stage. LW and SW indicate
long- and short-wave radiation, respectively. Light shading indicates cloud. Vertical lines with medium
shading indicate stratiform precipitation. Black indicates convective precipitation. Straight, solid arrows
indicate convective updrafts and downdrafts. Wide, open arrows indicate mesoscale ascent and
subsidence in the stratiform region, where vapor deposition (Dep.) and evaporation (Evap.) occur.
Adapted from Houze [1982], courtesy of the Meteorological Society of Japan.

Figure 4. (a) Idealized profiles of net heating associated with convective and stratiform precipitation in
a mesoscale convective system. The x axis is nondimensional until precipitation amounts are specified for
the convective and stratiform regions. (b) Profiles of net heating by a mesoscale convective system with
different fractions of stratiform precipitation. Adapted from Schumacher et al. [2004].
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Life cycle – overview

Houze, 1993, Fig. 9.11
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Layer lifting

Classical view: Parcel lifting

Air with high equivalent potential temperature θe is accelerated

after reaching the level of free convection (entrainment/

detrainment, “lucky parcels”, etc.)

In mature MCS a deep slantwise ascending layer can be found, this

leads to “layer lifting”

parcel model also serves as the basis of several well-known
convective parameterization schemes [e.g., Ooyama, 1971;
Yanai et al., 1973; Arakawa and Schubert, 1974].

3.2. Layer Lifting

[7] Another traditional view considers the upward air
motion maintaining a mature MCS to occur in the form of
a deep slantwise ascending layer of air. Ludlam [1980]
reviewed this layer view qualitatively. A series of papers by
Moncrieff and colleagues [Moncrieff and Miller, 1976;
Moncrieff, 1978, 1981, 1992; Thorpe et al., 1982; Crook
and Moncrieff, 1988] (for a synopsis of this work, see
Cotton and Anthes [1989, pp. 497–505]) have quantified
this view for the case of an idealized steady state two-
dimensional convective storm. A key assumption of the
theory is that the storm may be characterized by a pre-

scribed decrease in hydrostatic pressure across the updraft at
middle levels. If the large-scale environment is unstably
stratified and sheared, air must flow through the storm along
a unique set of streamlines. The geometry of the streamlines
is deduced from conservation of entropy, mass, momentum,
and vorticity along streamlines. Similar reasoning is
employed to determine the streamlines of the downdraft
fed by middle level inflow on the rear side of the storm. For
a typical environment of strong low level shear the updraft
consists of a layer ascending on a slantwise path through the
storm (Figure 6).

3.3. Gravity Wave Interpretation of Layer Lifting

[8] Since the Moncrieff theory is for steady state con-
ditions and prescribed environmental stability and shear, it
provides no explanation for why the layer inflow and ascent
initially develop in an MCS. A physical explanation of the
layer inflow to convective updraft regions of MCSs is
suggested by the work of Schmidt and Cotton [1990] and
Pandya and Durran [1996]. These studies ran nonlinear
high-resolution models and simulated the detailed behavior
of a mesoscale system consisting of a squall line and
trailing-stratiform region. Then they interpreted the simula-
tion in terms of gravity wave responses to the heating by the
MCS. Pandya and Durran [1996] averaged the diabatic
heating field in the region of the convective line over a
2-hour period (Figure 7a). Then they input the averaged
heating field into the model and let the model respond,
yielding the horizontal wind field shown in Figure 7b.
Fovell [2002] performed a similar analysis on a squall line
simulation and obtained the result in Figure 8. The fields of
horizontal velocity component in Figures 7 and 8 are
consistent with a gravity wave response to the mean heating
in the convective line. The gravity wave response leads to a
3- to 6-km layer of inflow air entering the convective
region, rising and exiting as the middle to upper level
front-to-rear flow. This result suggests that the deep-layer
inflow occurs once the convective cells have ‘‘organized,’’

Figure 5. Sketch of a cumulus cloud composed of
entraining air parcels. As parcels rise from below cloud
base, they may entrain environmental air from some level,
lose buoyancy, and decelerate accordingly. ‘‘Lucky’’ parcels
experience no entrainment and rise undiluted to the
environment’s level of zero buoyancy. Reprinted from
Houze [1993] with permission from Elsevier.

Figure 6. Schematic diagram showing the airflow relative to a two-dimensional, steady state mesoscale
convective system in a large-scale environment of given wind shear. The environmental air entering the
updraft is potentially unstable, and there is a pressure decrease across the system from right to left at
middle levels. The streamlines are those required by conservation of mass, momentum, entropy, and
vorticity. Adapted from Moncrieff [1992].
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Cells embedded within the ascending layer

Particle fountains:

middle level inflow to an MCS in the more general context
of the full variety of observed three-dimensional MCS
structures, of which leading-line/trailing-stratiform systems
are only one characteristic structure.
[26] Without a dominant, moving, leading convective line

the concept of rear inflow becomes vague, since the system
as a whole does not have particularly well-defined front and
rear sides. However, even when clear leading-line/trailing-
stratiform structure is absent, strong middle level inflow
occurs. Kingsmill and Houze [1999a] analyzed airborne
Doppler radar data obtained in 25 aircraft missions in and
around the stratiform regions of mesoscale convective
systems over the west Pacific warm pool during TOGA
COARE. They found that the middle level inflow was well
defined in both single- and dual-Doppler radar data. The
flow into the stratiform regions was generally strong, and
the direction of the inflow was evidently determined by the
direction of the middle level large-scale environmental flow
relative to the storm (Figure 19).
[27] In significant ways the middle level inflows exam-

ined by Kingsmill and Houze [1999a] resembled the rear
inflow of two-dimensional squall line MCSs in that they
were sandwiched between distinct flows at lower and upper
levels and sloped downward as they extended into the
stratiform region. The flow typically entered the stratiform
precipitation region at the 4- to 7-km level, in the ‘‘anvil’’
region, where the stratiform echo was located aloft but not

reaching the surface. As the flow penetrated farther into the
stratiform region, where echo extended down to the sea
surface, it crossed the radar bright band (associated with the
melting level) and continued down into the rain layer. This
sequence suggests that the middle level inflow feeds the
mesoscale downdraft as a result of cooling by sublimation
of snow below the anvil on the outer perimeter of the
system, melting ice particles in the bright band layer, and
evaporation of rain below (just as in the squall line–type of
MCS described above). Since these microphysical-thermo-
dynamic processes determine only the vertical component
of motion (i.e., the subsidence), the horizontal direction of
the middle level airflow supplying the mesoscale downdraft
must be determined by other factors.
[28] Although the middle level inflows in MCSs of the

type examined by Kingsmill and Houze [1999a] resembled
the ‘‘rear inflow’’ seen in squall lines, and were likely driven
downward by the same microphysical-thermodynamic pro-
cesses, they do not necessarily enter from the trailing side of
the system. Indeed, a nonsquall MCS may have no well-
defined front or rear side. Rather the direction from which
the middle level inflow enters appears to be determined to a
large extent by the flow in the large-scale environment.
Figure 20 shows the observed relationship of the middle
level inflow to the environmental wind in the cases analyzed
by Kingsmill and Houze [1999a]. Earth-relative wind was
used in these plots because mesoscale system motion was

Figure 15. Conceptual model of an ensemble of particle fountains in a multicellular MCS. Shaded area
represents radar reflectivity along a cross section perpendicular to the convective region. Cloud boundary
is indicated by the scalloped outline. Inset shows approximate scales and arrangement of the largest
particle fountains relative to the radar echo. From Yuter and Houze [1995b].

RG4003 Houze: MESOSCALE CONVECTIVE SYSTEMS

12 of 43

RG4003

Houze, 2004

Peter Spichtinger (IACETH) MSCs and convection parameterisation May 14, 2007 9 / 48



IA
C
E
T
H

In
st

itu
te

 fo
r 

A
tm

os
ph

er
ic

 a
nd

 C
lim

at
e 

S
ci

e
nc

e

Motivation Recap MSCs Definitions Effects Parameterisations Adjustment Convergence Bulk QE

Cells embedded within the ascending layer

The layer of front–to–rear ascent contains flow disturbances, leading

to a sequence of precipitation cells (cumulus, mature, dissipating)

Cells developing from the ascending layer act as “particle

fountains”, distributing precipitation over the whole MCS

The cells are triggered by the “nose” of the cold pool (i.e. outflow

of the convective cells) and then propagate rearwards as gravity

waves

→ deep inflow layer must be stabilised after its ascent

Peter Spichtinger (IACETH) MSCs and convection parameterisation May 14, 2007 10 / 48
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Mid level vortices

The ascending layer maintain a “heat” source inside the MSC

Vertical structure of the heat source leads to vortex formation in

mid levels at the base of the stratiform cloud

Mid level positive vorticity: Mesoscale Convective Vortex (MCV)

Observations: Formation of MCV favoured by

I weak flow

I wear vertical shear

I weak background vorticity

I strong gradients of humidity

I Coriolis force

⇒ Formation of a MCV occurs in the stratiform cloud region

⇒ Sometimes a MCV can trigger tropical cyclone formation

Peter Spichtinger (IACETH) MSCs and convection parameterisation May 14, 2007 11 / 48
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MCV – conceptual model

was evidently the type of mesovortex described by Bosart
and Sanders [1981]. These results suggest that the MCV
may achieve a state of near balanced flow. Davis and
Weisman [1994] examined numerically the potential vor-
ticity development associated with the formation of an
MCV in an asymmetric squall line. They found a pattern

of balanced ascent on the warmer side of the MCS and
sinking on the colder side, consistent with Raymond and
Jiang’s [1990] theory. However, they found that while a
warm core vortex of the type discussed by Raymond and
Jiang [1990] and Fritsch et al. [1994] may achieve a
state of quasi-balance, it must go through an unbalanced
convective phase while part of the convection is evolving
into a stratiform region. Consistent with this notion,
Fritsch et al. [1994] found that a sequence of MCSs
occurred in the long-lived mesovortex. Thus, in some
extreme cases, an MCS can foster the development of a
longer-lived vortex that can, in turn, support development
of new MCSs within the long-lived vortex. Fritsch et al.
[1994] further investigated the mechanism by which the
MCV may promote the formation of new convection
extending the overall life of the MCS. They found, in
the case they studied, that the subsequent MCSs tended
to break out in the center of the vortex (i.e., not at the
edge of the low level cold pool). They hypothesized that
some sort of temporal or spatial nonhomogeneity of the
low level cold pool (such as might be promoted by
mesoscale banding of the precipitation) allows the warm
boundary layer to penetrate horizontally toward the center
of the region occupied by the middle level vortex.
[38] Another aspect of the MCV was brought out in a

modeling study by Zhang [1992]. He described the low as

Figure 20. Winds in relation to MCSs observed in TOGA
COARE. Plots compare large-scale environmental wind and
stratiform wind flow (VSI) in an Earth-relative frame. (a–d)
Polar histograms of the directional difference between
Earth-relative large-scale wind direction and Earth-relative
cell propagation direction. (e–h) Polar scatterplots of the
ratio between Earth-relative large-scale wind speed and
Earth-relative cell propagation speed as a function of
directional difference. The shaded arrow represents a
reference vector of unit length. Adapted from Kingsmill
and Houze [1999a]. Figure 21. Schematic diagrams of the structure of an MCS

with the leading convective line (shading) and the trailing-
stratiform rain region (outlined) and the associated meso-
vortex at (a) initial stage and (b) mesovortex genesis stage.
The solid arrows represent the mesoscale circulation. The
shaded arrow indicates the location of a rear inflow. W and
C mark the regions of positive and negative temperature
anomalies, respectively; V and dashed-line arrows denote a
middle level mesoscale vortex. From Chen and Frank
[1993].
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Convection: recap of definitions

I Lifting condensation level (LCL)

I Level of free convection (LFC)

I Level of neutral buoyancy (LNB)

I Convective inhibition (CIN)

I Convective available potential energy (CAPE)

I Entrainment/Detrainment

Peter Spichtinger (IACETH) MSCs and convection parameterisation May 14, 2007 13 / 48
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Tephigram

48

Thermodynamic diagrams

Tephigram

Dry adiabat

Constant

mixing ratio

Moist

adiabat

Constant

temperature

Constant

pressure
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Tephigram for convection

49

Convection in thermodynamic diagrams (1)
using Tephigram/Emagram

Idealised Profile

LCL

LFC

LNB

CIN

C
A
P
E
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dynamics (dyn) / thermodynamics (th)

warming of air parcels:

I downward motion (adiabatic compression) (dyn)

I condensation of water vapour on droplets (th)

I freezing of droplets (th)

I deposition of water vapour on ice crystals (th)

cooling of air parcels:

I upward motion (adiabatic expansion) (dyn)

I evaporation of droplets (th)

I sublimation of ice crystals/graupel/hail (th)

I melting of ice crystals/graupel/hail (th)
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Effect of convection

I Moistening of the troposphere:

resulting profile ≈ moist adiabatic profile

I Consumption of CAPE, depending on entrainment

I Effects on large scale: Warming of the environment
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Moistening

49

Convection in thermodynamic diagrams (1)
using Tephigram/Emagram

Idealised Profile

LCL

LFC

LNB

CIN

C
A
P
E

Peter Spichtinger (IACETH) MSCs and convection parameterisation May 14, 2007 18 / 48



IA
C
E
T
H

In
st

itu
te

 fo
r 

A
tm

os
ph

er
ic

 a
nd

 C
lim

at
e 

S
ci

e
nc

e

Motivation Recap MSCs Definitions Effects Parameterisations Adjustment Convergence Bulk QE

Entrainment
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Entrainment

56

Effect of mixing on parcel ascent

No dilution

Heavy dilution

Moderate dilution
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Large scale effects

Warming Cooling Warming

1000

500

200

p(hPa)

Convergence

Divergence
1000

500

200

p(hPa)

Convergence

Divergence

1000

500

200

p(hPa)

Convergence

Divergence

in a stably stratified nonrotating environment at rest
suggest that the subsidence occurs at the leading edge of
a horizontally propagating internal gravity wave that
spreads out from the cloud [Bretherton and Smolark-
iewicz, 1989; Nicholls et al., 1991; Bretherton, 1993;
Mapes, 1993]. This subsidence leads to an adiabatic
temperature rise in the cloud environment, which tends
to adjust the cloud-free environment toward the moist
adiabatic lapse rate found in the cloud (Figure 3). If the
buoyancy source is switched off after a time !*, a gravity
wave spreads out from it, this time with ascent at the
leading edge, and adjusts the fluid back to its unper-
turbed state. Thus transient heating leaves no perma-
nent effect near the heat source but produces a pair of
outward moving disturbances separated by a distance
proportional to !*, between which the air is warmed
through adiabatic subsidence.

The calculations suggest that the atmosphere in a
region of active convection is warmed by the collective
contribution of intracloud subsidence. They imply also
that downdrafts that form during the cloud life cycle will
also generate gravity waves associated with negative
buoyancy perturbations and that these must produce
ascent and adiabatic cooling in the environment to offset
the warming by subsidence. The warming and/or cooling
produced by spreading gravity waves represents a buoy-
ancy perturbation relative to the far environment on a
horizontal scale much larger than the horizontal scale of
individual clouds. In a rotating atmosphere, neglecting
the effects of radiative cooling, this buoyancy perturba-
tion must spread out on the order of a Rossby deforma-
tion radius, which is typically 1000 km or more in the
undisturbed tropics, but may be much smaller in cyclonic
disturbances. Generally, the deformation radius de-
creases as the circulation strength increases and may be
only a few tens of kilometers in the core of a hurricane
[Ooyama, 1982]. In the presence of rotation, some of the
spreading gravity-wave energy remains as balanced ro-

tational motion. The balanced rotational motion pro-
duced by an individual convective cloud in an environ-
ment of enhanced rotation has been investigated by
Shutts and Gray [1994].

It is evident from the foregoing discussion that factors
that determine the permanent effects of net latent heat-
ing by an individual precipitating cloud or cloud field are
complicated, and it seems fair to say that many details of
the processes involved are still not well understood.

The amount of energy per unit mass required to lift
an air parcel to its LFC is called the convective inhibition
(CIN), and the net amount per unit mass that can be
released if the parcel reaches the LFC and rises to its
LNB is called the convective available potential energy
(CAPE). The total amount of convective energy in a
column of air is characterized by the mass weighted
CAPE summed over all parcels in the column that have
any CAPE, the so-called integrated CAPE, or ICAPE
[Mapes and Houze, 1992]. Typically, it is only air parcels
in the lowest few hundred meters of the atmosphere that
have any CAPE. One thing that can be said is that
convective clouds consume CAPE or ICAPE from their
environment. A precipitating cloud does so partly by
laying down a carpet of cool air near the surface asso-
ciated with the precipitation-cooled downdraft. A field
of precipitating clouds may cover a large area with cool
near-surface air, which is absolutely stable to further
lifting. Thus, to explain the intensification of a hurricane
in terms of buoyancy produced by the collective effects
of deep convection, we must explain how the buoyancy
field (and convection) can be sustained and confined.
Clearly, the convection can be sustained only if its en-
ergy source is sustained, i.e., if the environmental CAPE
(or ICAPE) is sustained. Observations over the tropical
oceans show that day-to-day variations in CAPE are
much smaller than the rate at which CAPE is produced
by large-scale processes, such as the radiative cooling of
the troposphere or the moistening of the oceanic sub-

Figure 3. Depiction of the vertical circulation associated with a localized region of deep convection in an
otherwise quiescent environment. Deep precipitating clouds have positively buoyant updrafts extending
through the depth of the troposphere and negatively buoyant downdrafts in the lower troposphere. The mean
flow is divergent in the upper troposphere and convergent in the lower troposphere, and subsidence occurs in
the region between clouds and in the environment. The subsidence, which occurs near the leading edge of
gravity-wave disturbances generated by individual clouds, leads to compression and adiabatic warming in the
clear air, adjusting the virtual temperature profile in the clear air toward the profile in the cloud, i.e.,
approximately toward a moist adiabat characteristic of subcloud air. While the subsidence is depicted as a
deep circulation, air-parcel displacements are small in the clear air (which is stably stratified) on timescales
less than those on which radiative cooling operates. Displacements through a deep layer of the troposphere
can occur only if the adiabatic warming is approximately balanced by radiative cooling.
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Triggering of convection

I To overcome CIN:
I Vertical motion (large scale, mountains ...)
I Surface processes (heat/moisture flux)
I Moisture convergence (?)

I Generation of conditional instabilities (radiation/surface

processes)

I Quasi Equilibrium Theory
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Radiation

28

CAPE closure - the basic idea

large-scale processes

generate CAPE

Convection

consumes

CAPE
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Surface

29

CAPE closure - the basic idea

Downdraughts

Convection

consumes

CAPE

Surface processes

also generate CAPE

b
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Quasi equilibrium

Different time scales for

I Generation of CAPE (i.e. conditional instabilities) by large

scale processes

I Consumption of CAPE by convection

Assumption (Arakawa and Schubert, 1974; Emanuel et al., 1994):

∂CAPE
∂t

≈ 0 (1)

statistical balance between generation and consumption of CAPE

Peter Spichtinger (IACETH) MSCs and convection parameterisation May 14, 2007 25 / 48
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Multiscale problem Convection

I Convective processes on different scales (1µm to 100 km)

I Convective cells small compared to grid cells of large scale

models, i.e. convection is subgrid process

lower levels near tropopause

⇒ need of parameterisations
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Cumulus mass flux I
Relation between subgrid scale heat/moisture fluxes to cloud

processes:

I Population of cumulus clouds
I Collective behaviuor of population described by bulk cloud

properties
I Cumulus cloud mass flux = amount of air transported in the

vertical direction of the (bulk) cloud

For pressure coordinates:

cloud mass flux: Mc := −σωc ; environment: Me := −(1− σ)ωe

(2)

such that M = Mc + Me total flux of large scale region

For entrainment/detrainment:

∂(Mc)

∂p
= ε− δ (3)
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Cumulus mass flux II

vortex motion is sensitive to the representation of angu-
lar momentum transport by convection and that with
Shapiro’s method, the rate of vortex intensification is
larger than with DeMaria and Pickle’s method. They
showed also that vortex intensification can occur even if
the initial sounding is neutrally stable to convection (i.e.,
! " 1). In this case, surface fluxes soon destabilize the
profile making ! # 1, and surface convergence then
activates the convection scheme in the inner core region.
The findings corroborate those of Emanuel [1986] and
Rotunno and Emanuel [1987] discussed in section 7.2.

Dengler and Smith [1998] used Dengler and Reeder’s
[1997] model to investigate the development of a mon-
soon depression centered on a coast. In this case, regions
develop where there is boundary-layer convergence but
where 0 ! ! $ 1. The parameterization scheme is
unrealistic in such regions, and convection was not per-
mitted to occur if ! $ 1. The calculations expose addi-
tional problems of representing convection over land.
Neither the original Ooyama scheme nor the numerous
modifications thereof consider the effects of precipita-
tion-cooled downdrafts.

5.4. Ooyama’s [1971] Theory
Ooyama [1971] noted that the earliest cumulus pa-

rameterization schemes are largely intuitive and empir-
ical and do not provide a description of the actual
physical mechanisms through which a field of cumulus
clouds interacts with larger-scale flows. Accordingly, he
set out to provide a general theoretical framework for
cumulus parameterization. In his formulation he ideal-

izes a field of cumulus clouds as an ensemble of buoyant
elements, each of which is dynamically independent of
the others. These clouds are assumed to be governed by
a steady one-dimensional entraining plume model.
Ooyama shows that with the assumption of immediate
fallout of liquid water, the effective heating rate associ-
ated with cumulus convection can be expressed as

Q̇ " cp%Mc

&'!

&p # !(cp)T $ T! *+, (11)

where Q̇ " cp%D'! /Dt, % is the Exner function, Mc is the
cloud mass flux, D/Dt is the material derivative, an
overbar denotes a horizontal average over a grid ele-
ment, and ! denotes the detrainment (conversion) of
cloud air to the cloud-free environment. Strictly, the
cloud mass flux is ,Mc/g when expressed in pressure
coordinates, as Mc is then negative for upward motion.
However, it is common in the literature to refer to Mc,
with units of pressure change per unit time, as the mass
flux. We adhere to this convention except in section 7,
where the units are vertical velocity.

It is insightful to derive a result, analogous to (11), for
a grid column in a numerical model. The convection in
the grid column is idealized as a single “bulk” entraining
cloud, without downdrafts, surrounded by clear air
which is stably stratified (Figure 7). It is sufficient to
assume a two-dimensional configuration with unit hori-
zontal width in the y direction, since the generalization
to three dimensions is straightforward. The cloudy air is
taken to cover the region (0, -Xc), and the clear air

Figure 7. Idealization of convection in a grid column of width -X in the x direction and unit width in the
y direction as a single entraining cloud, without downdrafts, surrounded by clear air which is stably stratified.
The “bulk” cloud covers a small fractional area . of the grid column, to the left of the vertical dotted line. The
vertical p velocity in the cloud is Mc, and that in the clear air is /̃, both expressed per unit horizontal area.
Of course, the cloud does not have to be at the left side of the grid box, but placing it there and assuming that
all exchanges between neighboring grid boxes take place at the right-hand edge simplifies the discussion and
the mathematics that goes with it without loss of generality.
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Cumulus mass flux III
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Types of parameterisations

Cumulus parameterisation problem

Link between “large scale processes” and “convective processes” is

called “closure”

Different types of parameterisations based on different closure

assumptions:

I Adjustment schemes (e.g. Manabe et al., 1965)

I Closure based on moisture convergence (e.g. Kuo, 1965)

I Closure based on simple cloud model (e.g. Kurikara, 1973)

I Closure based on quasi-equilibrium (e.g. Arakawa and

Schubert, 1974; Emanuel, 1989, see following lectures)

Main questions:

I How is convection initiated?

I If cumulus mass flux is used, how is the flux determined?
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Historical remark

Almost all cumulus parameterisation schemes have their origin in

the attempt of simulating tropical cyclones correctly.
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Adjustment schemes I

Observations: Convection tends to adjust vertical profiles of

temperature/humidity to moist adiabatic profiles (lapse rate Γm,

saturated)

Parameterisation: At any level with

I lapse rate greater than Γm

I specific humidity exceeding saturation

⇒ adjustment to moist adiabatic lapse rate, saturation, excess

humidity is assumed to rain out.
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Adjustment schemes II

49

Convection in thermodynamic diagrams (1)
using Tephigram/Emagram

Idealised Profile

LCL

LFC

LNB

CIN

C
A
P
E
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Adjustment schemes III

Advantages:

I Very simple scheme (easy to implement, not expensive)

I Based on observations

Disadvantages:

I Adjustment instanteneous, no life cycle

I Adjustment is local and does not depend on large

scales/surface processes
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Adjustment schemes IV

Different approaches

I Adjustment to different reference profiles of temperature and

relative humidity (e.g. different profiles for shallow and deep

convection)

I Different “thresholds”, e.g. RH need not to be above 100% ...

Timescales

I adjustment immedeately

I relaxation time scale
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Moisture convergence I

were suggested by Krishnamurti [1968], Krishnamurti and
Moxim [1971], and Sundqvist [1970]. The following dis-
cussion follows closely on that of Ceselski [1973], who
carried out a careful comparison of some of the early
schemes when applied to an easterly wave. A similar
comparison of the Kuo, Pearce and Riehl, and
Rosenthal schemes was made by Elsberry and Harrison
[1972]. The early schemes fall into three broad groups,
which are examined in sections 5.1–5.3 below.

5.1. The Kuo Scheme and Its Derivatives
The Kuo scheme, illustrated schematically in Figure

4, is based on five assumptions about the perceived
nature of deep convection.

1. Deep cumulus convection occurs in regions
where the stratification is conditionally unstable but only
if there is low-level moisture convergence.

2. The cumulus clouds formed from boundary-layer
air and cloudy air can be characterized by a pseudomoist
adiabat typical of the boundary layer.

3. Clouds extend from the lifting condensation level
of boundary-layer air to the level of neutral buoyancy for
this air.

4. Cumulus clouds exist only momentarily before
they mix totally with their environment.

5. The cumulus mass flux is proportional to the
moisture convergence.

Specifically, in regions of conditional instability and
where there is moisture convergence at a rate C into a
vertical column, heating is applied at the rate

Q̇c !
!

"t cp#Tc " To$ C # 0 and Tc $ To

Q̇c ! 0 otherwise,
(1)

where Tc and To are the temperatures of the cloud and
its environment at a particular level; cp is the specific
heat at constant pressure; "t is the cloud timescale,
normally taken to be the time step in the numerical
model; and ! is a measure of the fractional area of a grid
cell covered by active cumulus clouds. The moisture
convergence is given by

C ! %
1
g !

pLNB

pLCL

&p ! #uq$ dp "
'bqb

g % Fqs, (2)

where u is the horizontal wind vector, 'b is the vertical p
velocity at the top of the boundary layer, generally as-
sumed to be at 900 mbar, and Fqs is the surface evapo-
ration rate. In the revised scheme by Krishnamurti
[1968], the contribution to C from the first term in (2) is
neglected in comparison with the second term, which is
the cloud-base moisture flux. The parameter ! is the
ratio of the resolved-scale moisture convergence out of
the boundary layer to the moisture convergence that
would be required to fill an entire grid column with
convective cloud and is typically less than 0.02%. It may
be expressed as

! ! C"t/#W1 % W2$, (3)

where

Figure 4. Illustration of Kuo’s [1965] cumulus parameterization scheme. LNB and LCL denote the level of
neutral buoyancy and lifting condensation level, respectively. If a grid column, delineated by dashed vertical
lines, is conditionally unstable and if the rate of moisture convergence into it C is positive, the amount of
moisture required to saturate the column, denoted by W1 ( W2, is calculated. Here W1 and W2 are the
amounts of moisture required to raise the environment temperature and mixing ratio over the depth of the
unstable layer to the moist adiabatic values Tc and qc, respectively. The fractional area of cloud ! that can be
produced in a time step "t is then C"t/(W1 ( W2). The cloud is assumed to mix instantaneously with the
environment, heating it by an amount L!"tW1, where L is the latent heat of condensation, and moistening
it by an amount !"tW2. The precipitation produced is simply the amount of water vapor converted to heat,
!"tW1.
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Moisture convergence II

I Deep convection occurs in regions with

1. conditional instabilities

2. low-level moisture convergence

I Cumulus clouds formed from boundary layer air (moist

adiabatic profile)

I Clouds extend from LCL to LNB

I Clouds exist only momentarily before they mix totally with

their environment

I Mass flux is proportional to moisture convergence
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Moisture convergence III

Moisture convergence = mass flux:

C = − 1

g

∫ pLCL

pLNB

∇p ◦ (uq)dp −ωbqb

g︸ ︷︷ ︸
cloud base flux

+Fqs (4)

Heating rate:

dQc

dt
=

σ

∆t
cp(Tc − To) forC < 0,Tc > To (5)

Fractional area of grid cell covered by convective cell:

σ =
C∆t

W1 + W2
(6)

W1,W2=amount of moisture required to raise environment

temperature and humidity to moist adiabatic values Tc , qc

W1 =
1

g∆t

∫ pLCL

pLNB

cp

L
(Tc − To)dp, W2 =

1

g∆t

∫ pLCL

pLNB

(qc − qo)dp

(7)Peter Spichtinger (IACETH) MSCs and convection parameterisation May 14, 2007 38 / 48
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Moisture convergence IV

Rate of moistening due to mixing:

dWc

dt
=

σ(qc − q)

∆t
(8)

Problem: Scheme excessively moistens the atmosphere

Extended version (Kuo, 1974): Rate of moistening is equal to small

fraction b of the precipitation rate P, i.e.:

dWc

dt
=

∫ ∞
0

∂ρq

∂t
dz = bP (9)

Problem: How to determine b? Sometimes linked to large scale

relative humidity.
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Moisture convergence V

W1 !
1

g!t !
pLNB

pLCL cp

L "Tc " To# dp

(4)

W2 !
1

g!t !
pLNB

pLCL

"qc " qo# dp

represent the amount of moisture required to raise the
environment temperature and mixing ratio to the moist-
adiabatic values Tc and qc, respectively, pLCL and pLNB
are the pressures of the LCL and the LNB, L is the
latent heat of vaporization, and g is the acceleration due
to gravity.

In vertical grid columns where the model atmosphere
is found to be conditionally unstable and the moisture
convergence is positive, a fractional area $ of deep
cumulus clouds rises to pLNB and mixes completely with
the environment. The rate of moistening due to mixing,
Ẇc, is given by

Ẇc !
$"qc " q#

!t , (5)

and the precipitation rate is just the rate of heating given
by (1), divided by the latent heat.

Sundqvist [1970] described simulations of a tropical
cyclone using essentially a version of Kuo’s scheme in a
balanced, 10-level, axisymmetric model. He showed that
a cyclone of realistic strength and structure could be
obtained but found that the intensification rate depends

sensitively on the vertical distribution of the diabatic
heating rate.

A problem with the Kuo scheme is its propensity to
excessively moisten the atmosphere [see, e.g., Kitade,
1980, p. 475]; that is, too much of the water vapor that
converges in a grid column is used to moisten the atmo-
sphere, whereupon too little is available to heat the
atmosphere and precipitate. An extended version of the
scheme was presented by Kuo [1974], in which the rate of
moistening integrated over a vertical column of the
atmosphere is equal to a small fraction b of the precip-
itation rate P, i.e.,

!
0

% &'! q
&t dz ! bP. (6)

The vertical integral of the moisture conservation equa-
tion [see, e.g., Emanuel, 1994, equation (16.2.1)] is

!
0

% &'! q
&t dz ! (!

0

%

) ! "'! uhq# dz " P # ES, (7)

whereupon, using (6),

P !

Es " !
0

%

) ! "'! uhq# dz

1 # b . (8)

Figure 5. Schematic showing the moisture cycle in a column that contains convection in the 1974 Kuo
scheme (adapted from Anthes [1977a]). In a region of horizontal moisture convergence in a grid box, and
where the boundary-layer air in the grid box is conditionally unstable, the rate of moisture convergence C is
partitioned into a part bC that moistens the air in the grid box and a part (1 ( b)C that precipitates out,
releasing latent heat in the grid box.
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Moisture convergence VI

Advantages:

I relatively simple

I link to large scale environment

Disadvantages:

I concept of moisture convergence is really questionable

(Emanuel, 1994)

I no realistic moistening
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Simple cloud model I

vortex motion is sensitive to the representation of angu-
lar momentum transport by convection and that with
Shapiro’s method, the rate of vortex intensification is
larger than with DeMaria and Pickle’s method. They
showed also that vortex intensification can occur even if
the initial sounding is neutrally stable to convection (i.e.,
! " 1). In this case, surface fluxes soon destabilize the
profile making ! # 1, and surface convergence then
activates the convection scheme in the inner core region.
The findings corroborate those of Emanuel [1986] and
Rotunno and Emanuel [1987] discussed in section 7.2.

Dengler and Smith [1998] used Dengler and Reeder’s
[1997] model to investigate the development of a mon-
soon depression centered on a coast. In this case, regions
develop where there is boundary-layer convergence but
where 0 ! ! $ 1. The parameterization scheme is
unrealistic in such regions, and convection was not per-
mitted to occur if ! $ 1. The calculations expose addi-
tional problems of representing convection over land.
Neither the original Ooyama scheme nor the numerous
modifications thereof consider the effects of precipita-
tion-cooled downdrafts.

5.4. Ooyama’s [1971] Theory
Ooyama [1971] noted that the earliest cumulus pa-

rameterization schemes are largely intuitive and empir-
ical and do not provide a description of the actual
physical mechanisms through which a field of cumulus
clouds interacts with larger-scale flows. Accordingly, he
set out to provide a general theoretical framework for
cumulus parameterization. In his formulation he ideal-

izes a field of cumulus clouds as an ensemble of buoyant
elements, each of which is dynamically independent of
the others. These clouds are assumed to be governed by
a steady one-dimensional entraining plume model.
Ooyama shows that with the assumption of immediate
fallout of liquid water, the effective heating rate associ-
ated with cumulus convection can be expressed as

Q̇ " cp%Mc

&'!

&p # !(cp)T $ T! *+, (11)

where Q̇ " cp%D'! /Dt, % is the Exner function, Mc is the
cloud mass flux, D/Dt is the material derivative, an
overbar denotes a horizontal average over a grid ele-
ment, and ! denotes the detrainment (conversion) of
cloud air to the cloud-free environment. Strictly, the
cloud mass flux is ,Mc/g when expressed in pressure
coordinates, as Mc is then negative for upward motion.
However, it is common in the literature to refer to Mc,
with units of pressure change per unit time, as the mass
flux. We adhere to this convention except in section 7,
where the units are vertical velocity.

It is insightful to derive a result, analogous to (11), for
a grid column in a numerical model. The convection in
the grid column is idealized as a single “bulk” entraining
cloud, without downdrafts, surrounded by clear air
which is stably stratified (Figure 7). It is sufficient to
assume a two-dimensional configuration with unit hori-
zontal width in the y direction, since the generalization
to three dimensions is straightforward. The cloudy air is
taken to cover the region (0, -Xc), and the clear air

Figure 7. Idealization of convection in a grid column of width -X in the x direction and unit width in the
y direction as a single entraining cloud, without downdrafts, surrounded by clear air which is stably stratified.
The “bulk” cloud covers a small fractional area . of the grid column, to the left of the vertical dotted line. The
vertical p velocity in the cloud is Mc, and that in the clear air is /̃, both expressed per unit horizontal area.
Of course, the cloud does not have to be at the left side of the grid box, but placing it there and assuming that
all exchanges between neighboring grid boxes take place at the right-hand edge simplifies the discussion and
the mathematics that goes with it without loss of generality.
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Simple cloud model II

Assumptions:

I Ensemble of buoyant elements, independent of each other

I Bulk cloud for ensemble (mass flux assumption)

I Steady one-dimensional cloud model (entraining plume), cover

small fraction σ

I Immediate fallout of rain

For numerical model: quasi 2D setup

I single cloud column with entrainment, no downdrafts

I surrounded air is stably stratified

Systems of equations for grid-averaged temperature and moisture

closed by mass flux
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Simple cloud model III

Statistical ensemble of air bubbles of different sizes released per

unit time

Mass flux distribution = dispatcher function

Example for mass flus: mass flux = mean resolvable vertical

velocity at top of subcloud layer

Advantages:

I more physically based, ensemble of clouds

I still simple

Disadvantages:

I Derivation of mass flux

I Effect of entrainment/detrainment insufficient
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Quasi equilibrium I

region in the inner vortex core. This forced inner core
convection has an outward slope that would tend to
stabilize the flow to upright convection. It is stated that
the order of application of the grid-scale and convective-
scale schemes does not appear to be important, but the
reasons for this surprising result are not discussed. In a
companion paper, Baik et al. [1990b] investigate, inter
alia, the sensitivity of the model to the three convective
adjustment parameters that have to be specified. These
include the adjustment timescale, the stability weight on
the moist adiabat, and the saturation pressure depar-
ture. Increasing the stability weight from 0.9 to 1.0, for
example, has little effect on the final storm intensity but
reduces the time at which rapid deepening occurs by
more than a day, a factor which would have significant
forecasting implications!

Emanuel [1994] points out that the Betts-Miller
scheme has a great advantage over the Kuo-type
schemes and moist adjustment schemes in that it con-
tains no artificial constraints on the release of instability.
As in nature, convection occurs when and where the
atmosphere is unstable, and the convection drives the
atmosphere back to neutrality as observed. A weakness
of the scheme is that there is no physical basis for a
universal reference profile of relative humidity.

7. SCHEMES BASED ON QUASI-EQUILIBRIUM
HYPOTHESES

7.1. The Arakawa and Schubert [1974] Scheme
Arakawa and Schubert [1974] devised a cumulus pa-

rameterization scheme based on the idea of quasi-equi-

librium, which maintains that the collective effect of
clouds is to remove the conditional instability of the
large-scale flow at the rate that it is produced. More
specifically, the consumption of energy (as opposed to
moisture or mass) by convection is in equilibrium with its
generation by large-scale processes. The quasi-equilib-
rium assumption assumes that the characteristic time-
scale for the large-scale flow is much larger than the
timescale for convective clouds. In their scheme, cumu-
lus clouds are represented by a spectrum of steady
entraining plumes (Figure 8), each plume having a dif-
ferent but constant entrainment rate, !. The model
“clouds” all have the same base, whereas the top of each
cloud is determined by its level of neutral buoyancy,
which decreases with increasing entrainment rate. The
amount of work done by buoyancy in each cloud type per
unit cloud-base mass flux is called the cloud work func-
tion (the cloud work function is equal to the CAPE if the
entrainment rate is zero but is otherwise less than the
CAPE). This function depends on the thermodynamic
structure of the cloud environment and increases as a
result of large-scale processes that tend to destabilize the
atmosphere, such as radiative cooling, vertical motion,
and surface heat and moisture fluxes. In contrast, con-
vection tends to eradicate the instability by warming its
environment through compensating subsidence, thereby
reducing the cloud work function. Closure in the Ara-
kawa-Schubert scheme is obtained by setting the time
rate of change of the cloud work function equal to zero
for each cloud type, a condition which determines the
cloud-base mass flux for each cloud type.

The Arakawa-Schubert scheme was implemented in a
tropical-cyclone model by Wada [1979]. The model, for-

Figure 8. Schematic diagram of the configuration of clouds in the Arakawa-Schubert convection scheme
showing a unit horizontal surface between cloud base and cloud top. The taller clouds are shown penetrating
this level and entraining environmental air. A cloud that has lost buoyancy is shown detraining cloud air into
the environment. The ith cloud has fractional area "i and mass flux Mi. The downward pointing arrow denotes
the compensating subsidence outside clouds, Mc, relative to the large-scale mass flux #$! , where Mc is the sum
%Mi over all clouds. (Adapted from Arakawa and Schubert [1974].)
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Quasi equilibrium II

Quasi equilibrium:

∂CAPE
∂t

≈ 0

generation (large scale) ≈ consumption (convection)

Assumptions:

I cumulus clouds = ensemble of entraining plumes

I each cloud has the same cloud base height

I each cloud has different but constant entrainment rate λ

I cloud top depends on entrainment (LNB)

Concept of work function:

work function = amount of work done by buoyancy in each cloud

type per unit cloud base mass flux

For no entrainment: work function = CAPE
Peter Spichtinger (IACETH) MSCs and convection parameterisation May 14, 2007 46 / 48
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Quasi equilibrium III

Work function:

I depends on large scale environment (dynamics and

thermodynamics)

I increases as a result of destabilizing large scale processes

(radiative cooling, vertical motion, surface heat/moisture flux)

I decreases as a result of convection (warming by subsidence)

Closure obtained by setting time rate of change of work function

=0 for each cloud type ⇒ determining of cloud base mass flux
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Quasi equilibrium IV

Advantages:

I based on quasi equilibrium, link to large scale environment

I different cloud types (spectrum) with different cloud

tops/entrainment rates

Disadvantages:

I very complicated

I very expensive

Still problems with cumulus convection not driven by boundary

layer or with shallow convection, e.g. life time of convection etc. ...
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