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ABSTRACT

"A simple scheme for the calculation of land surface temper-

ature by means of the solution of the heat balance equation
is outlined. Features include diurnal variation of solar
insolation and a .stability dependent drag coefficient.
Experiments are described in which the scheme is used to
gauge the relevance of land-sea surface temperature
contrasts to short-term numerical predictions in the
Australian region. In the experiments land surface temper-
ature is specified using the scheme while sea surface
temperatures are set to climatological values. Prognoses
"for three summer situations are compared with prognoses
performed with the scheme omitted. In each case the prog-
nosis performed by the model including the surface heat
balance gives improvements in the mean sea level pressure
pattern which would be of direct consequence for weather
forecasts in the southern Australian States. .

INTRODUCTION

Due mainly to operationally imposed running-time restrictions, numerical models used
to date for routine forecasting purposes in the southern hemlsphere, and in particular
in the Australian region, have included no radiation schemes. This is justified, as
far as radiative processes in the free atmosphere are concerned, by the general
agreement in the scientific literature that these processes have a minimal effect on
short-temm predictions (see for example GARP Joint Organising Committee (1970)).
Radiation, however, is one component of the heat balance of the atmosphere's under-
lying surface. Its absence from the models has consequently been accompanied by an
unrealistically small and time invariant land-sea temperature contrast. This contrast
exerts a pronounced synoptic effect in the Australian summer period as is demonstrated
by the persistent appearance on daily synoptic charts of thermally produced lows over
the Australian continent.

This study describes experiments conducted with a very simple surface heat balance
scheme. The scheme was designed to test the hypothesis that positive short-term
effect can be gained in large-scale hemispheric numerical forecasting models from the
use of empirical radiation relations in combination with bulk aerodynamic eddy flux
parameterisations for the specification of surface temperature. Surface temperature
over the land is the resultant of the balance of the energy fluxes at each grid point,
and is controlled by a diurnally varying downward flux of solar insolation. Sea
surface temperatures are set to climatological values and the temperatures over the
antarctic land mass are set to the values of temperaturelat the lowest model level in
the starting analysis.
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. Such an approach has the advantage of economy in computer storage space and
calculation time. The joint objectives of this paper are to show that the approach

can be used successfully in a forecasting model and to test the sensitivity of model
forecasts to its implementation.

DESCRIPTION OF THE MODEL AND THE RADIATION SCHEME

The heat balance scheme is here described in the context of the Australian Numerical
Meteorology Research Centre's six level restructured form of the GFDL primitive
equation model, The model is run on a polar stereographic projection of the southern
hemisphere with 30 grid points from pole to equator and a smoothed topography. A
«schematic representation of. the distribution of vertical levels is shown in Fig 1
where the vertical coordinate is the normalised pressure o = p/p,. P is pressure,
and p, is the local surface pressure,
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Fig 1 Distribution of levels in the model.

The basic form of the model used in this study is that described by Gauntlett
and Hincksman (1971). A fundamental difference between this model and the 1971 version
is that in the current form vertical diffusion is extended into the higher levels of
the troposphere per medium of the partially implicit algorithm of Smagorinsky et al.
(1965). This eddy exchange in the free atmosphere was introduced into the model by
Kininmonth (1974) as part of an overall viscosity and convection parameterisation
scheme.
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Kininmonth's convective parameterisation represents an extension of the 'inte-
grated moisture convergence' ideas of Kuo (1965) and is a modification of the scheme
described by Barker and Kininmonth (1973). The modifications have been designed to
minimise numerical noise by treating the convection as complementary to the local
dynamics. Other added features are the incorporation of momentum transports and the
inclusion of internal cloud downdrafts to modify the boundary layer.

Surface temperature directly influences the model dynamics through the fluxes of
latent and sensible heat. Surface eddy fluxes of heat and momentum follow the bulk
aerodynamic formulae given by Manabe et al. (1965).

At each grid point the level of the cloud base is calculated according to a
correlation between the mean mass-weighted 1000 to 500 mb relative humidity and the
type of cloud, as shown in Table 1. If there is convection at a grid point (the
cirterion for which is that there is both synoptic scale boundary layer convergence
and a lapse rate unstable for pseudo-adiabatic ascent from the boundary layer), the
convective cloud is assumed to occupy only a small fraction of the grid area, so that
radiative processes are allowed to proceed as if for clear skies.

Table 1 Relation between the level of cloud base and the model generated
1000 to 500 mb mass-weighted average relative humidity. The
 figures shown are based on regression relations determined from
satellite cloud photographs (see, for example, Thompson and West

(1967)).
1000 to 500 mb Model level considered to represent
relative humidity ' the cloud base
0.618 < RH Level 5 (low cloud)
0.475 < RH < 0.618 Level 4 (middle cloud)
0.325 € RH < 0.475 . Level 3 (high cloud)
0 < RH < 0.325 Clear skies

Long-wave radiative cooling at each level is a function of the level itself and
of the level of cloud base, and is determined from a table compiled by Paltridge
(1973a) from the results of an application of the radiation model of Rodgers and
Walshaw (1966).

To obtain the rate of heating due to short-wave radiative flux, we first deter-
mine the short-wave flux at each half level. The short-wave radiation varies diurnally
and is a function of zenith angle, which is an easily calculated function of latitude,
longitude, solar declination and model timestep. (See, for example, Haltiner (1971},
page 171.) At level K=% (corresponding to the top of the atmosphere) the short-wave
radiative flux equals So cos o where So is the solar constant and o is the local

zenith angle. At lower half levels the Fflux is obtained according to the assumptions
that a solar beam which has passed through a layer of cloud is depleted by 18% and
that the atmosphere above level K+ has an absorptivity equal to 0.099 w(K)?: 3
(Paltridge 1973b, Yamamoto 1962). w(K) here is the precipitable water above model
level K+%. The short-wave radiative heating at a grid point for the level K is then
calculated as the flux divergence of levels K-} and K+s. The depletion due to cloud
is unrealistically small, but the results presented later justify it in the present
context.

The surface temperature at land grid points (excluding those over Antarctica)
is determined from the heat balance at the surface. This is a statement that the sum
of the fluxes directed towards the surface equals the sum of the fluxes directed away
from the surface, and is solved iteratively by Newton's method (Sokolnikoff and
Redheffer 1958, page 684). The component energy fluxes of the heat balance equation
are as follows:
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(i) The downward flux of long-wave radiation. The values used are empirical
and are functions only of the level of cloud base. They were derived from represent-
ative temperature and moisture profiles for the Australian region using the radiation
scheme of Manabe and Moller (1961). -

(ii) The downward flux of short-wave radiation. The incoming solar radiation
at the surface is determined as described above. The flux into the surface is equal
to this incident radiation less that part reflected by the surface.

(1ii) The upward transport of sensible heat by eddy exchanges. Here the bulk
aerodynamic formula is used: : .

FLUX = C_. p. C_.. |v|6 (6, - 8

o) D 6)

&

C . p. Cp |v|6 (T, - ©

. 6

0, is the potential temperature at the surface. T, is the surface temperature being
determined. 8¢ and |V|g are respectively the potential temperature and the magnitude
of the horizontal wind velocity at the model's lowest dynamic level (sigma = 0.98).

p is the air density and Cp is the specific heat at constant pressure. The drag
coefficient Cp is equal to 0.004 at each land grid point under normal day time circum-
stances. In regions of very light wind, for avoidance of excessive heating of the
surface, convective eddies must be parameterised. For heat balance purposes this is
done by allowing in equation 1 a minimum value of 2 m s-! for |V[6. When this minimum
wind is used, the drag coefficient is set equal to 0.006.

When the flux as given by eqﬁation 1 is negative (Ze, a sensible heat flux to-
wards the surface), the value of Cp used is 0.0005. This value was obtained from
numerical experimentation to give a realistic diurnal variation of sensible heat flux.

. The same drag coefficient value is used for all calculations at a particular grid
point at a given timestep. These are the sensible heat flux and the latent heat flux
calculations used in the heat balance equation for the determination of surface temp-
erature, and the surface sensible heat, latent heat and momentum flux used in the
model's vertical diffusion parameterisation. Thus in stable conditions (CD = 0.0005)
very little energy and momentum is exchanged between the model atmosphere and the
ground.

(iv) The upward transport of latent heat by eddy exchanges:
FLUX = DW. L. p. Cp. |v|6. (ag (Ter Pu) - qg).. )
DW is the availability of soil moisture (0<DW€1). L is the latent heat of evaporation
q_ (T4, Ps) is the saturation mixing ratio at the surface, and e is the mixing ratio

a% level 6.

(v) The upward long-wave radiation flux. The value used is © T*“ where o here
is the Stefan-Boltzmann constant.

(vi) The ground flux parameterisation consists of a vertical finite difference
formulation (Brook 1975) of the equations for heat conduction into the ground,

3T = K, 32T , .3
ot 3z

~ AT
G =K, =, 4
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where Z is the vertical coordinate; T is temperature; t is time; G is the ground flux;
‘K, is the thermal diffusivity; and K, is the thermal conductivity. For this para-
meéterisation an extra model variable of temperature at a depth in the ground is
carried. A third climatological temperature must be specified corresponding to a
temperature at such a depth that its value does not change over the period of a short-
term forecast. In practice, for this temperature the value at 30 cm depth is used,
taken from the maps of world patterns of monthly soil temperature prepared by Chang
(1958).

As''stated in the introduction, the objectives of this paper are to show that very
simple parameterisations can be used to represent the energy transformations at the
earth's surface and to examine the model atmosphere's reaction to such a scheme's
inclusion. The third stage of refining the scheme to incorporate the most recent and
exact empirical radiative relations should logically be carried out after the comp-
letion of these first two steps. Following this philosophy the description given
above of the present flux parameterisations has been brief. The scheme as described
has limitations such as the conceptual inconsistency of a 'constant' downward long-
wave radiation flux and the use of bulk transfer coefficients determined traditionally
by numerical experimentation.

The variation with time of fluxes (i) to (vi) over the period of a two day model
integration at a grid point on ‘the Australian continent is shown in Fig 2. The fluxes
compare favourably with the experimentally determined fluxes in Fig 3. Discontinuities
in the model flux curves correspond to discontinuities in' the values of the level of
cloud base and of the drag coefficient. In Fig 4 we show the resultant surface
temperatures at four different Australian grid points. This figure and Fig 2 are
based on the two day prognosis beginning at 2300 GMT on 17 December 1973. This
prognosis is discussed in more detail in a later section of this paper.

Comparing Fig 2 with the curve for grid point A (latitude 31°S longitude 118°E)
in Fig 4, the lag in time of the surface temperature maximum behind the short-wave
radiative flux maximum has the realistic value of two hours. The amplltude and median
value of the diurnal range, however, seems to be too small, For comparison, at Perth
(32 S 116 'E) the mean December one inch depth 6 am soil temperature was 18.8°C over
the years 1957 to 1961 and the corresponding 3 pm temperature was 49.9°C (Kininmonth
1962).

Little work has been done at this stage on the specification of surface fluxes
in areas of high topography; for the sake of the integrations in this study fluxes
suitable for the virtually non-topographical Australian region were specified: the
albedo was set equal to 0.3; and the availability of moisture was set to 0.8 over the
sea and 0.05 over the land. It was found necessary, however, to reduce the temper-
ature which resulted from the heat balance equation by the standard lapse rate of
0.65°C for every 100 m by which the surface height ‘exceeded 500 m., This procedure
seems to be sufficient for hemispheric prognoses used specifically for Australian
regional forecasting.

Using an IBM 360/65 computer, the addition of the heat balance scheme to the
model increases the time required to perform a forecast by less than one per cent.

SYNOPTIC CASE STUDIES

Two prognoses, subsequently denoted as the 'control' and 'heat balance' prognoses,
were carried out for each of the three randomly chosen situations discussed in this
section. In the control prognosis the sea surface temperatures were climatologically
specified (Bureau of Meteorology, Australia, 1973) and the temperatures over all land
surface grid points were set equal to the values of temperature found at the lowest
model level as specified by the starting analysis. The land-sea temperature differ-
ence in the region of interest in this prognosis was less than 4°C and is illustrated
for a December situation in Fig 5.
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averaged over 15 days in December 1971 (from data of Paltridge et of (1972)). The eddy flux of
sensible heat was not measured. The curve here represents the residual of the other fluxes.
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Fig 5 Climatological sea surface temperatures, in degrees celsius, used in the 2—day prognoses
beginning 2300 GMT 17 December 1973. The values in brackets are the temperatures used

at grid points A, B, C and D during the control prognosis. The variation of temperature at /
/.

these grid pointsduring the heat balance prognosis is given in Fig 4.
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Fig 6 Mean sea level pressure analysis for 2300 GMT 17 December 1973.
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12 HOUR MSL CONTROL PROGNOSIS 24 HOUR MSL CONTROL PROGNOSIS

Fig 7 A sequence of charts showing the evolution of the real and numerically simulated atmospheres during the 48 hours from
2300 GMT 17 December 1973. In the top two charts are MSL pressure analyses at 12-hour intervals. In the centre charts
are ‘heat balance prognoses for the same times.  In the bottom two charts are the corresponding control prognoses.

84



48 HOUR MSL HEAT BALANCE PROGNOSIS
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Fig 8 A sequence of charts showing the evolution of the real and numerically simulated atmospheres during the 48 hours from
2300 GMT 17 December 1973. In the top two charts are MSL pressure analyses at 12-hour intervals. In the centre charts
are heat balance prognoses for the same times. In the bottom two charts are the corresponding control prognoses.
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