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ABSTRACT

Convection 1s modelled as buoyant ascent within narrow up-
drafts, peripheral descent in saturated downdrafts, and com-
pensating subsidence over the remainder of the disturbed area.
Excess condensate of the updraft - downdraft system is al-
lowed to evaporate into the .subsiding air, generally to
maintain or increase the local mixing ratio.

It is shown that the action of this model of convection in
a region of synoptic scale mean ascent leads to a neutral
"~ stratification of the atmospheric lapse rate.

The model is parameterised in a multi-level grid model of
the atmosphere and integrations demonstrate the rapid syn-
optic response of the dynamics to boundary layer forcing.
The integrations highlight the requirement for diurnal con-
trol of the surface temperature and associated heat fluxes
over the land.

INTRODUCTION

Observational studies of convection have been extensive. The most informative of
the early investigations was the thunderstorm project of the Great Plains, USA re-
ported by Byers and Braham (1948). Studies of particular facets of the many forms
of convection have confirmed the basic principle of an ascending buoyant stage with
entrainment of environment air, and a later stage of decay as the drag force of the
suspended condensate initiates and aids the downdraft. Severe long-lived storms
such as the Wokingham storm studied by Browning and Ludlam (1962), reveal a high
degree of organisation with the updraft and downdraft co-existing and mutually
interacting in a favourable manner.

Despite these investigations, which have revealed a great deal of information
about the convection clouds, little is known of the interaction between convection
and the broadscale dynamics of the atmosphere. It is known that convection acts to
stabilise the conditionally unstable lapse rate of temperature over areas where
these clouds develop and this forms a basic requirement of convective adjustment
formulation and parameterisations for convection in numerical models of broadscale
dynamics.

The importance of convection as a forcing mechanism for atmospheric develop-
ment was proposed by Charney and Eliassen (1964), who developed an hypothesis for
synoptic development resulting from the cooperative action of mesoscale influences
(CISK - Conditional Instability of the Second Kind). These authors were particul-
arly concerned with tropical cyclone development resulting from latent heat release
in convective clouds. ’
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Many of the early parameterisations for convection ignored the complex inter-
actions and related the heating to the convergence of water vapour, for example the
original CISK of Charney and Eliassen (1964). Using an axi-symmetric multi-level
model to simulate tropical cyclone development Anthes (1970) demonstrated that the
height of latent heat release is important. The development is more rapid if the
heating is in the upper troposphere.

A parameterisation described by Kuo (1965) had the release of latent heat as
a function of temperature excess of the ascending or penetrating bubbles of boundary
layer air, and as a function of moisture convergence. This scheme had some physical
basis reflecting the suggestion by Riehl and Malkus (1958) that heat is transported
vertically from the sub-cloud layer in buoyant or 'hot' towers.

A parameterisation based on a general description of a size hierarchy of pene-
trating bubbles has been developed by Ooyama (1971). Entrainment of air from the
environment results in these bubbles reaching neutral stability at depths corres-. -
ponding to initial characteristics, and ranging through the depth of the troposphere
If the mass flow associated with the convection is known then analytical expressions
determine the environmental response to the convection., The prescribed bubble size
distribution and entrainment rate will describe a mass flow in terms of environ-
mental temperature and relative humidity. A more elaborate method with differing
closure conditions is described by Arakawa and Schubert (1974).

In this paper a model of convection is developed in which the form of the mass
flow is predetermined and the magnitude of the exchange is a function of both the
sub-cloud layer divergence and the conditional instability of the temperature lapse
rate. The model of convection includes buoyant ascent of boundary layer air and
its erosion to the environment; the dense downdraft as condensate falls from the
updraft and the drag force initiates the subsidence of low energy middle tropos-
pheric air; and the compensating vertical motion of the environment to give mass
balance to the physical model. The explicit inclusion of moist processes allows
condensation and evaporation with associated latent heat exchange to proceed simul-
taneously in differing regions of the cloud.

The ability of the parameterisation to act as a local heat source and force
the broadscale dynamics of the atmosphere is demonstrated by comparative inte-
grations with a multi-level numerical model of the atmosphere.

A BASIS FOR CONVECTION

Destabilisation of the atmosphere is brought about by the vertical advection of
isentropic surfaces with ascent, leading to conditional instability and the poten-
tial for convective overturning.

In pressure (p) coordinates and for adiabatic motion, the local change of
potential temperature (6) is represented by

30 _ 30
W--!.Ve-wa—P cee 1

where t is time, V is the horizontal vector wind, V is the horizontal gradient
operator on a constant pressure surface and w is the vertical velocity in pressure
coordinates. Associated with vertical motions is a local change in mixing ratio

(q).
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The usual decrease in mixing ratio and increase in potential temperature with
decreasing pressure in the atmosphere leads to mixing ratio increase and cooling
associated with ascent.
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The local change of moist static energy th = CpT + gz + Lq) results from a

combination of the thermodynamic and moisture equation.

Q
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where L is the latent heat of vapourisation, C_ is ‘the specific heat of air at
constant pressure, T is absolute temperature, g'is the acceleration at gravity
and z is altitude. That is
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In Fig 1 the relative contributions (as a function of pressure) to the local
change of moist static energy by mean ascent are shown for a typical tropical temg—
erature profile, namely the mean February sounding for Cocos Island (12o 11'S, 96
S50'E) as given by Maher and McRae (1966). Note that the expansion cooling term
is dominant in the upper troposphere, while the latent heat increase is the domin-
ant contribution in the lower troposphere and results in an overall tendency toward
conditional instability during mean ascent.

If during convection it is assumed that moisture is becoming available to the
subsiding air between the buoyant towers through evaporation of cloud material and
falling hydrometeors then a different interpretation for the between cloud air fol-
lows. Equation 2 becomes
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where ¢ is the condensate mixing ratio. The thermodynamic equation is represented
as '
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The local rate of change of moist static energy is unaffected by evaporation of
condensate but the dry static energy (S = Cp T+gz) varies as

T 26 _ T30, 39, 13
Cp 53 - " W (Cp 5 3p + L(ap + m at)). ees 7

The rate of change of dry static energy for mean subsidence (of the between cloud
air) and assuming sufficient condensate is becoming available to compensate for
subsidence drying (3q/9t=0) is shown as a function of pressure in Fig 2 for the
data of Fig 1. That is, subisdence with evaporation of condensate to compensate
for drying will lead to a neutrally stable lapse rate as the upper troposphere is
warmed and the lower troposphere is cooled,

A model of convection that assumes buoyancy forces contribute an upward mass
flux within clouds in excess of that required by the synoptic scale divergence
fields will generate local compensating subsidence. If condensate is available
to the subsiding air to maintain the local mixing ratio, then Fig 2 shows this
action will lead to cooling of the lower troposphere and a reduction of condi-
tional instability. Riehl (1965) indicates that the action of convection in the
tropical atmosphere is to cool and increase the mixing ratio of the lower tropo-
sphere above cloud base and to raise both the temperature and mixing ratio of the
high troposphere. That is, the observed action of convection is to change the
thermodynamic properties of the air consistent with unsaturated descent as des-
cribed above.
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Fig 1 Contributions to the local rate of change of moist static energy (solid line) due to compressional heating (heavy
dashed line) and moisture advection (light dashed line) following uniform mean ascent in the typical tropical
atmosphere (mean February at Coco Island, 12°11'S, 96°50'E).
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Fig 2 The local rate of change of dry static energy resulting from uniform mean descent in the typical tropical atmosphere
(as for Fig 1) allowing sufficient evaporation to maintain the mixing ratio.




KININMONTH: CONVECTIVE HEAT TRANSPORT 51

To incorporate this principle of a stabilising action of unsaturated descent
into a parameterisation of convection, a model is required that is subject to
constraints by the stability and divergence of the synoptic scale flow. The model
and its parameterisation to be described here is one in which the mesoscale mass
flow is a function of the general depth of convection while the intensity of con-
vection is tempered to the existing local buoyancy and the synoptic scale sub-cloud
layer divergence.

THE MODEL FOR CONVECTION

An original contribution to the evaluation of vertical heat fluxes was made by
Riehl and Malkus (1958) with the proposition that mass ascent at high energy
occurs within protected towers while subsidence of the lower energy middle tropo-
spheric air takes place in downdrafts. A study by Riehl (1965) of the passage of
an easterly wave in the Caribbean confirmed that the low energy air was brought to
the surface, while Zipser's (1969) study of a disturbance in the vicinity of the
Line Islands (southwest Pacific Ocean) indicated that this downward transport was
due, at least in part, to unsaturated moist adiabatic descent of between cloud air.

A detailed study of radiosonde soundings made in the vicinity of growing
and decaying convection systems at Anaco, Venezuela during the summer of 1969
(the VIMHEX I expedition of Professor H, Riehl of Colorado State University) by
Betts (1973) confirms the downward transport of low energy air and indicates,
over a life cycle, upward transport of high energy air within the updraft, down-
ward transport of low energy air within the cloud, and compensating subsidence
of the environment. 1In an ensemble of clouds over a large area all these motions
will be proceeding concurrently.

The model of the total cloud-environmment system to be used here as the basis
for a parameterisation is an ensemble of clouds in various stages of growth and
decay. The form of the mass flow within the clouds is based on Betts' (1973)
budget studies. High energy boundary layer air follows buoyant saturated ascent
in narrow columns (the 'hot towers' of Riehl and Malkus (1958)) and reaches the
tropopause or a lower stable layer. Because of the limited life cycle of con-
vection some clouds are in a stage of decay and descent is initiated in the
entrained middle tropospheric air by the drag forces of falling hydrometeors.
Saturated descent can also be expected as organised downdrafts develop in
association with storms of a longer life cycle.

The third region of the cloud-environment system is the between cloud air
where compensating vertical motions are induced by the mass flow in the clouds
to give a zero net mass flow at any level. The between cloud air comprises the
bulk of the volume of the model. Within the between cloud region evaporation
of falling condensate is assumed in the unsaturated air (Zipser 1969).

The model is divided into two layers, each of three regions. Below cloud
base high energy air is entering the updraft and lower energy air is appearing
from the downdraft. Compensating vertical motions result in mass flow at cloud
base level of the between cloud air. The appearance of downdraft air and the
compensating vertical motions result in boundary layer modification.

Above cloud base the motions are more complex but have been simplified in
the model. Entrainment of environment air to the updraft causes a loss of buoy-
ancy and is modelled as partial detrainment at a level below the stable layer.
The entrainment is not considered in the thermodynamics of the model as the
relative magnitudes of the mass flow and energy change are small compared to
those of the updraft. Similarly, erosion of the downdraft above cloud base is
not considered.

At any level above cloud base the net divergence, averaged over the area
of the cloud-environment system, is zero. The mass flow between the various




52 ’ AUSTRALIAN METEOROLOGICAL MAGAZINE 25:2 JUNE 1977

regions can be expressed as an area averaged divergence and their sum is the
-total area averaged divergence.

V), + (LY + (LW, = 0. , O

The subscripts e, u, and d refer to the environment, updraft, and downdraft,
respectively. By defining the area averaged d1vergence from the updraft as B
and the area averaged divergence to the downdraft as -C,

(v.v), = -B+C. <. 9

The rate of change of vertical velocity in the between cloud air follows as

ow
e

The boundary condition is W, = 0 at cloud top.

Returning to the complete adiabatic thermodynamic equation for the environ-
ment and allowing for phase change within the environment of the cloud

a6 _ a0
F_V(ve).—(e) T 3% eeo 11
The subscript e for the environment has been deleted from all variables.

This can be expanded to give

90 _ w
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For a grid point area, horizontal gradients within the environment can be neg-
lected (these are taken into account in the broadscale equation) and mass entering
and leaving the environment has the properties of the updraft and environment
respectlvely
The proposition is now advanced that the evaporation at a level in the environ-

ment is proportional to the mass efflux to the environment and a characteristic
condensate mixing ratio for the level. That is, the more intense the convection
(the greater the value of B) the greater the evaporation rate. However, the shape
of the characteristic evaporation rate profile does not change. At a level

by

- — T *
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where 0* is a characteristic condensate availability for that level, Relationships
between potential temperature, temperature, and dry static energy (S = C_.T + gz)
allow the thermodynamic equation to be reduced to P

9T _ L
—a?—B(Tu-Te-Epo*)—w

3s

e Bp ... 14(a)

for the environment. ' -

A similar development can be performed-for the m01sture and U and V components
of momentum in the environment between the clouds.
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Although this is the between cloud (updraft and downdraft) air this is overwhelm-
ingly the largest fraction of the area and is representative of grid point changes.

A parameterisation based on such a model will produce the stabilising action
described above in 'A Basis for Convection' if w_ is everywhere positive and if
sufficient condensate is available to maintain or increase the mixing ratio in
the subsidence air. The composite budgets of Betts (1973) show convergence in
the low troposphere and divergence in the high troposphere during the growth stage
of cumulonimbus clouds while the opposite is true during the decay stage. Similarly,
high moist static energy air is entrained in the sub-cloud layer and ejected into
the high troposphere, while lower moist static energy air is entrained into the
clouds in the high and middle troposphere and appears in the lower troposphere,
particularly below cloud base. The relative magnitudes of these divergence fields
ensure net subsidence in the between cloud air.

Quantitative estimates of the area mean divergence of the updrafts and down-
drafts at a level are possible when based on the above budgets. Thus a form pro-
file of the erosion from the updraft (F,) will follow the developing stage with a
main outflow near cloud top and, to také account of the peripheral cumuli, a sec-
ondary outflow above cloud base. The form profile for inflow to the downdraft
(Fe) follows for the decaying stage with a main inflow (but of lesser magnitude
than the outflow) below the outflow maximum.

Relating the intensity of convection to the synoptic scale divergence implies
a response to a catalyst, while the degree of instability is also a factor relevant
to the intensity of convection. At any level the area mean updraft outflow and
downdraft inflow divergences can be defined as

B=-AT . D. Fb ... 15(a)

C= AT .D.F, ... 15(b)
where AT.is a measure of the updraft to environment temperature difference (instabi-
lity) and D is the sub-cloud layer divergence. That is, the form profiles uniquely
determine the relative magnitudes of the divergence with height and consequently
the environment vertical velocity, while the instability and synoptic divergence
determine the intensity of convection.

The characteristic condensate mixing ratio profile is a measure of the abi-
lity of the typical environment to evaporate condensation. The profile will ex-
hibit a rapid fall off with pressure (reflecting the‘'saturation deficit at con-
stant relative humidity) with a maximum magnitude in excess of the requirement to
maintain the mixing ratio.

Sub-cloud layer modification results from outflow of the low energy air from
the downdraft, and from environmental subsidence. For convenience, it is assumed
that the temperature of the outflow is that of the sub-cloud layer. The mixing
ratio of the outflow (q,) is computed from the mass weighted moist static energy
of the inflow air (h_) to the downdraft and the representative temperature (T )
and héight (Zo) of tRe sub-cloud layer. °
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q, = (hs ~ Cp TO - gzo)/L ‘ .e. 16

The sub-cloud layer mean vertical motion is calculated from mass balance, and
leads to the modification terms -we(BS/BP); -we(aq/ap), -we(SU/Bp) and -we(BV/Bp).

For completeness, the momentum of the outflow can also be computed. Momentum
adjustments to the boundary layer, however, are found to be large when compared to
the prevailing momentum of the boundary layer and lead, in a numerical model of
coarse resolution, to large unrealistic modification of the broadscale boundary
layer convergence field. Whereas these latter processes are undoubtedly important
for the organisation of the mesoscale convection fields in the atmosphere, they
cannot be accommodated in low resolution numerical models. In this study, the
sub-cloud layer momentum adjustments have been omitted.

SENSITIVITY OF THE PARAMETERISATION

The model of convection is self-consistent within the framework of the assump-
tions made. The links between the model and the parametric equations (Eqn 14 for
the above cloud base modification and Eqn 16 for the below cloud base modification)
are the divergence profiles B and C and the characteristic condensate profile o*.
These profiles are empirical and Eqns 15(a) and 15(b) are an attempt to rationally
specify the mass flow,

The broad form of the updraft outflow and downdraft inflow profiles are pre-
scribed by the qualitative budget studies of Betts (1973). An essential feature
is that these form profiles lead to subsidence of the cloud environment as computed
in the budget studies and as required by the basis of parameterisation in 'A Basis
for Convection',

The magnitudes of the form profiles for B and C are important to the overall
response of the model atmosphere. Numerous observations indicate that a condition-
ally unstable atmosphere can be stabilised over a timespan of a few hours. One
" example is in tropical continental regions where an outbreak of thunderstorms
during the early afternoon is completely suppressed by mid to late afternoon as
a result of stabilisation. Thus, with a typical sub-cloud divergence of -107° s
and an instability temperature (AT of Eqn 15) of unity, the mean divergence in the
sub-cloud layer feeding into the updraft is required to be of the order of -10*
for such rapid modifications. That is, the magnitude of the form profile of the
updraft outflow is bounded with consequent bounds on the magnitude of the downdraft
inflow form profile and the consequent subsidence.

-1

The characteristic condensate mixing ratio profile is an artifice to reflect
the regions of evaporation and its form has previously been described as approx-
imately reflecting the saturation mixing ratio deficit at constant relative humidity.
Given that sufficient condensate must be available to compensate for subsidence
drying, the minimum magnitude is defined by the vertical motion profile. Excess
above this minimum is reflected in a more rapid saturation of the environment.
There is a limit on this rate of increase imposed by the available convergence of
moisture into the updraft and the requirement to maintain the downdraft at satur-
ation,

It follows that, given this model of convection and the empirical profiles,
the only variable for which there is any flexibility is the time required to stab-
ilise the atmosphere. The parameterisation can be made more sensitive by applying
a multiplying factor of greater than unity to the form profile of B and C, and
conversely more insensitive by a multiplying factor of less than unity.
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THE BROADSCALE REPRESENTATION

The numerical simulation of atmospheric dynamics performed by Smagorinsky et al.
(1965) and the explicit inclusion of the hydrological cycle by Manabe et al. (1965)
has been shown to be a very stable representation of atmospheric dynamics. A
version of this model, with decreased vertical resolution but increased horizontal
resolution, has been developed by Gauntlett and Hincksman (1971) for limited per-
iod prognosis over the southern hemisphere. It is this version that is used for
this study, with modifications having been made to the positioning of the six
vertical levels and the atmospheric physics represented by the model.

The adiabatic and inviscid contribution to the general dynamic equations are
in flux form on pressure normalised coordinates (Q = p/p*) where p* is the surface
pressure. The distribution of the six levels is given by Q = 0.020, 0.156, 0.376,
0.624, 0.844, and 0.980. Boundaries are at Q = 0.0 and Q = 1,0. Layer boundaries
are given by Q = 0.074, 0.259, 0.500, 0.741, and 0.926. There are thirty points
from pole to equator on a polar stereographic projection of the southern hemis-
phere. A smoothed topography defines the continents.

Surface temperatures are given by representative values over the oceans (the
fields were produced at the Australian Numerical Meteorology Research Centre,
Melbourne from various sources) and the adiabatic extrapolation from the lowest
model level (as analysed) defines the land surface temperatures. Both land and
ocean temperatures are held constant during integration.

Radiation is simulated by a latitude independent heating function. The upper
two levels are warmed at 0.5 K day ~! to simulate the ozone absorption in the
stratosphere and radiation convergence at the tropopause. Lower levels of the
atmosphere cool at 1.5, 2.5, 3.0, and 1.5 K day-l, respectively.

Downward surfdace fluxes are determined by bulk aerodynamic formulation., The
drag coefficient is the same for heat, moisture and momentum but varies between
0.0015 over ocean surfaces and 0.004 over land surfaces. A stability factor is
included such that surface fluxes are increased fourfold during convection. A
water availability factor is included in the moisture flux to compensate both for
the mixing ratio at the lowest dynamic level (Q = 0.98) not being representative
of that at screen level and for the type of surface. This is respectively 0.5 and
0.02 over the ocean and land.

In the atmosphere, downward fluxes of momentum, heat, and moisture are given
by a mixing length formulation. Values of the mixing length used in this study
are 40 m at the top of the 'boundary layer' (between layers 5 and 6) and then
120 m, 240 m, 120 m and 0 m for ascending mid-layer boundaries. Rates of change
of the respective quantities are computed from the local flux divergence using an
implicit formulation to preserve computational stability. These mixing lengths
were found to give atmospheric dissipation rates, when combined with lateral
mixing, approximating those computed by Kung (1967) for the atmosphere over North
America.

Lateral mixing by sub-grid scale eddies is formulated in a similar manner to
Smagorinsky et al. (1965) but simplified by using a constant diffusion coefficient
of 3.0 x 10°> m? s7! .

Convection is parameterised as described previously and is superimposed on
the broadscale flow when the boundary layer is convergent and instability exists
at a layer with reference to moist adiabatic ascent from the energy of the surface.
If the temperature at level 5 (q = 0.844) is more than 3 K higher than the ascent
value, convection is suppressed. Surface energy is computed using the mixing ratio
and potential temperatures of level 6. The form profiles for efflux and influx
and the water content profiles for the various depths of convection appropriate to
this model are shown in Fig 3(a), 3(b), and 3(c), respectively.
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Fig 3 Profiles of (a) updraft outflow form, (b) downdraft inflow form, and (c) characteristic condensate used in conjunction
with the 6 level grid model. :







