Aust. Met. Mag. 30 (1982) 279-289

551.511.62(94)
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Satellite radiant flux measurements, radiosonde and surface meteorological data were
combined in a study of the atmospheric energy budget on the regional scale over
southeastern Australia. Monthly averages of quasi-horizontal energy fluxes were
calculated for 6 radiosonde stations over the period 1974—1976 and computed flux
divergences compared with independent estimates based on the satellite radiation data.
Adjustments of the winds to ensure mass balance were found to be necessary to obtain
realistic results. Although exact balance was not obtained the contribution of the
different energy types (potential, latent, etc.) to the overall energy budget showed
compensation between the various terms and between the mean and eddy components. A
general pattern of convergence by the zonal components and divergence of the
meridional terms was observed in the mean and total energy flux divergence.

Introduction

The role of energy fluxes in the general circulation
of the atmosphere has been the subject of several
major studies based principally on aerological data
(Oort and Rasmusson 1971; Newell et al. 1972,
1974). More recently satellite radiation data have
been used to supplement such studies. This
additional data type has led to a revision of some
aspects of the earlier flux measurements, such as the
relative role of oceanic and atmospheric fluxes in the
tropics (e.g. Oort and Vonder Haar 1976).

In addition, satellite data have delineated
longitudinal variations in the net radiant flux density
at the top of the atmosphere even in annual
averages. Holopainen (1977) suggests that regional
energy budget studies would be valuable in
examining these anomalies, especially the implied
net zonal fluxes. A number of such studies have been
carried out during the past 25 years, initially for
tropical areas (reviewed briefly by Gruber 1970), but
more recently for mid and high latitudes (Behr and
Speth 1977; Gallardo et al. 1977; Alestalo 1981).
Marked differences have been observed between
nearby regions, e.g. the Florida Peninsula in
summer appears as a relative ‘hot spot’ with
stronger import at low levels and much more intense
export at upper levels than the adjacent Gulf of
Mexico (Hastenrath 1966; Gruber 1970).

All three of the mid to high latitude studies
showed large differences between the atmospheric
energy flux divergence over Europe and the zonal
average. The energy convergence over Europe in
winter and autumn was much greater than the zonal
average while in summer most parts of Europe
showed energy export even though the zonal
averages were for very weak divergence or even
convergence. Alestalo (1981) accounted for these
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differences in terms of net zonal transfers of energy
between ocean and land areas.

The mid-high latitude studies also showed that the
time-mean and transient eddies both made
comparable contributions to the overall energy flux
divergence, often with counteraction between the
two terms, especially for enthalpy (sensible heat).
Similar results were reported by Lau (1979) in a
study of the northern hemisphere winter circulation.

Within his study area Alestalo (1981) found large
spatial variations in the transient horizontal eddy
flux divergence of total energy. As also reported by
Lau (1979) the transient eddy flux divergence acted
to dissipate regional anomalies of total energy.

The aim of the present study was to combine
satellite and conventional meteorological data in an
examination of some aspects of the atmospheric
energy budget over southeastern Australia with
particular emphasis on the relative roles of the
meridional and zonal fluxes in the overall
atmospheric energy flux divergence. The roles of the
different energy types (latent, sensible, kinetic) and
the mean and eddy resolutions of their fluxes were
also considered.

Energy budget equations

The energy budget equations for an atmospheric
column are discussed in some detail by Newell et al.
(1974) and Gruber (1970). For an atmospheric
column over land these can be expressed
symbolically as

Q*=V.E,+S,+S, ool

where Q* is the net radiant flux density at the top of
the column, F, is the vertically-integrated energy
flux in the atmosphere and S, and S represent the
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rate of energy storage in the atmosphere and
ground, respectively.

The atmospheric energy flux divergence term is
given by

— P _
V.Fy =f V.(V/,+Lqg+gz+C,T)V/gd
P:
)

where p represents pressure, V horizontal wind
velocity, L the latent heat of vaporisation, q specific
humidity, g the acceleration due to gravity, z height,
¢, the specific heat of air at constant pressure and T
temperature. Subscript 1 refers to the bottom and
subscript 2 to the top of the column.

The rate of energy storage in the atmosphere is
given by

P
sA=a/atfP (V2/2+Lq+cpT)/gdp L3
2

where t represents time.

The ground storage term S; is discussed in
standard texts such as Sellers (1965) and Monteith
(1973). It can be calculated approximately from the
amplitude of the temperature cycle at the surface if
the thermal properties of the soil are known and
assumed constant.

The time average energy flux in the atmosphere is
a covariance of the total energy E with the wind
velocity and is termed the total transfer (e.g. E v for
the northwards wind component v, where the
overbar denotes a time average). This can be broken
down into a mean transfer (E v) and a transient eddy
term (E'v') where the prime denotes a departure
from the mean. Then

Ev=Ev + EV ... 4

Rasmusson (1972) stresses that the transient eddy
terms represent contributions from the entire
temporal spectrum between the response time of the
measuring instrument and the period over which the
data are averaged. Annual averages include seasonal
variations as transient eddies, while in averages over
more than one year inter-annual variations also
contribute to the eddy term. This study deals with
averages for single months.

Data

Surface and upper air data

Routine upper wind and radiosonde observations for
six southeastern Australian stations over the period
1 January 1974 to 31 December 1976 were obtained
from the Bureau of Meteorology archive. The
locations of the stations are shown in Fig. 1. The
area enclosed by the irregular hexagon joining the
stations is 4.3 X 105 km?2. The upper air data held in
the Bureau archive are subjected to quality control
aimed at eliminating transmission and processing
errors and ensuring internal self-consistency of the
records. Between the surface and 100 mb the

Fig. 1 Location diagram showing reporting stations used
and the irregular hexagonal study area. Also shown
are areas represented by the satellite data used in the
study. Grid points for which the satellite data were
extracted are shown by dots. Sub-area A is shown by
vertical hatching and sub-area B by horizontal
hatching. Area AB was the total area covered by A
and B.
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radiosonde data were available at 13 levels and the
upper wind measurements at 14 levels. As not all of
the pressure levels in the two data sets coincided
some interpolation was required. Mixing ratio
measurements, treated as numerically equivalent to
specific humidity, are only given for pressures of 400
mb and above,

Satellite data

Monthly mean satellite radiation data derived from
the operational NOAA satellites were obtained on
microfilm from NOAA /NESS for the period from
June 1974 to February 1978. Long and shortwave
data are given at grid points with 2.5 degree spacing.
The grid points covering the study area (denoted
AB) and two sub-areas (A and B) are shown in Fig.
1. Gruber (1977) gives details of the methods and
approximations used in deriving the radiation
budget terms from the satellite radiance data,
although the longwave data supplied had been
corrected as described by Abel and Gruber (1979).
The spectral regions sensed by the short and
longwave channels of the scanning radiometer were
0.5 to 0.7 um and 10.5 to 12.5 um respectively.

Data quality

Instrumental sources of error in Australian upper
air observations are discussed by Bureau of
Meteorology (1968). Other sources of error are
micro and meso-scale variations which may add
further errors of the same order of magnitude as the
instrumental errors (Spillane 1969; Oort 1978), and
missing observations to which flux calculations,
especially eddy terms, are very sensitive (Priestley
and Troup 1964). Errors may also be introduced by
the limited temporal sampling. Analysis of a series
of 3-hourly radiosonde flights in the Laverton Serial
Sounding Experiment (Brook 1972) suggests that
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eddies with periods of less than one day are
significant in the overall transient eddy flux of
enthalpy (C T'v’) for the study region.

The limifations of the scanning radiometers on
the NOAA satellites for radiation budget studies are
discussed in some detail by Stephens et al. (1981).
These include the restricted spectral response of
both channels, the narrow field of view and the
limited sampling of diurnal changes. Although
regression techniques are used to adjust the
longwave measurements, no spectral corrections are
applied to the shortwave data. In treating the
radiation measurements the longwave exitance and
shortwave reflectance are assumed to be isotropic,
an assumption which is questionable for the
shortwave term as the daylight passage of the
NOAA satellites occurred early in the morning at
low solar elevation. In addition to these inherent
limitations, Gruber (1977) states that ‘. . .
systematic noise characteristics and the lack of
onboard calibration for the visible channel
introduced further errors’. He reports that between
December 1975 and September 1976 measured
albedo values appear to be about five per cent low
due to instrument degradation.

Comparison of global radiation maps from
NOAA data (Winston et al. 1979) and from
Stephens et al. (1981), based mainly on Nimbus flat
plate data, shows broad similarities in magnitude
and in dominant features. One noticeable difference
is that the negative anomalies of net radiation with
respect to zonal average values, over continental
areas in the Nimbus data, are not so marked in the
NOAA data. This may be due to the difference in
observing times of the two satellites and the limited
spectral response of the NOAA sensors. On the
global scale Gruber (1977) found good agreement
between NOAA results and those of the Earth
Radiation Budget (ERB) Experiment, except for a
systematic error in the uncorrected version of the
NOAA longwave radiant fluxes. Overall, the
discrepancies in monthly averages appear slight
enough for the NOAA data to be accepted as
adequate measurements for this study.

Method

The products of daily values of the wind components
with each of the energy terms (enthaipy (=CpT),
potential, latent and kinetic) were computed from
2300 GMT reports to obtain monthly averages of
the total, mean and eddy fluxes at each of the six
radiosonde stations. Vertical integrals of these
fluxes were obtained using the daily 2300 GMT
surface pressure as the lower limit of integration.
The 100 mb level was used as the upper limit of
integration due to the rapid decrease in available
observations above this level. It was assumed that
satellite measurements of net radiant flux density
represented the value at the 100 mb level.

Mass and energy flux divergences were calculated
by evaluating line integrals around the hexagon

joining the reporting stations. The mass flux
integrated from the surface to 100 mb using raw
data usually implied spuriously large surface
pressure changes and the technique of Gruber and
O’Brien (1968) was used to objectively adjust wind
observations to ensure overall mass balance in this
atmospheric column. In this approach the
corrections to the mass flux divergence for any
imbalance are applied uniformly with height.

The winds for four months in 1975 were adjusted
for mass balance, calculating the required mass flux
divergence from the day-to-day surface pressure
changes. These months were selected to represent a
range of seasons, but the selection was limited by the
need to have as complete a set of observations as
possible. The four months chosen had some missing
data, mostly for upper levels at two of the reporting
stations, and these were estimated by interpolating
reports at intermediate observation times and
adjacent stations.

Although the mass balancing correction of the
winds made large differences to the computed
energy flux divergences (see below) the changes to
the computed fluxes at each station were quite
minor, and much smaller than those caused by the
interpolation of even a few missing observations.
The adjustments for missing data were also
generally greater than the errors attributable to
observational errors.

The rate of energy storage in the atmosphere for a
given month was found from the difference in energy
content between the succeeding and preceding
months averaged over the six stations.

Satellite radiation observations

Time series of the monthly mean absorbed
shortwave, outgoing longwave, and net radiant flux
density at the top of the atmosphere for the 3-year
period June 1974 to May 1977 are shown in Fig. 2
for each sub-area. The outgoing longwave values are
the average of the day-time and night-time
measurements. Also shown in Fig. 2 are the
averages for each month based on all the data
available (almost four complete years). Monthly
values of net radiation for the study area AB during
1975 are listed in Table 1.

The amplitude of the annual cycle of outgoing
longwave radiation is only about ten per cent of the
amplitude of absorbed radiation, with relatively
more significant irregularities. The net radiation
curve is determined mainly by the absorbed
shortwave radiation due to the small amplitude of
the longwave term.

Departures from the 4-year average for each
month appear relatively slight in all three quantities.
In most cases anomalies in the absorbed solar
radiation are accompanied by smaller anomalies in
the outgoing longwave radiation of the same sign, so
that net radiation anomalies are usually in phase
with, but slightly smaller in magnitude than the
shortwave anomalies.
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Fig. 2 NOAA satellite estimates of monthly average radiant flux density at the top of the atmosphere over the period June 1974
to May 1977 for (a) the northern sub-area A and (b) the southern sub-area B. Units are W m-2, Dashed lines represent
the average for each month based on the 4 years of data available.
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Table 1. Atmospheric energy budget terms for the study area during 1975. (Units are W m-2)

Month Net radiant Ground

flux density storage
Q*TA SG
Jan 102 5
Feb 58 2
Mar 15 -2
Apr —48 -5
May —94 -6
Jun ~116 -6
Jul ~110 -5
Aug =72 =2
Sep =23 2
Oct 35 5
Nov 101 6
Dec 110 6
Year -35 0

Atmospheric Required energy

storage flux divergence

SA Q*TA— SG_ SA
8 89
| S 55
-6 23
-7 -36
-10 -78
-5 —105
-2 —103
6 -76
6 =31
4 26
12 83
6 98
1 -4.5

The predominant cause of interannual variations
in the two terms will be differences in cloud cover, so
the NOAA results suggest that for the study region
cloud cover variations affect the shortwave
component more than the longwave. Similar results,
also based on the NOAA data, have been reported
by Ohring and Clapp (1980), Ohring et al. (1981)
and Hartmann and Short (1980), but have been
questioned by Cess et al. (1982) who found large
differences in the sensitivities of measured net
radiation to cloud cover variations between the
NOAA data and observations from the
experimental satellites (e.g. Nimbus 6) which have
wider field of view and broader spectral response.

Ground and atmospheric storage

Because of the uncertainties in estimating soil heat
flux only a climatological estimate of the ground
storage was made. The average annual range of
screen temperature at stations in the study area was
determined and the ground storage term calculated
using the method of Sellers (1965, p. 137) with a
‘thermal property’ of 1700 m2 K- s%,

The ground storage term had an amplitude of
about 7 W m2 with a minimum (maximum) at the
beginning of July (December). Monthly values are
listed in Table 1.

Monthly rates of storage in the atmosphere over
the area (see Table 1) were generally less than 12 W
m-2 in magnitude. The peaks in the cycle were poorly
defined, but minimum values generally occurred in
April or May and maximum values in November or
December.

Both these storage terms are an order of
magnitude lower than that of the net radiant flux
density, so that values of the required atmospheric
energy flux divergence are close to those of the net
radiant flux density. Estimates of the required
energy flux divergence for 1975, computed as a
residual from the net radiation and storage terms
using Eqn I, are given in Table 1.

Atmospheric energy fluxes

The vertically-integrated total and eddy fluxes at
each station are plotted as vectors in Fig. 3 for the
mid-season months, and for June, as there appeared
to be a marked change in the pattern between June
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Fig. 3 Representation of the relative magnitudes and directions of the monthly average vertically-integrated fluxes for January,
April, June, July and October of the three years 1974 to 1976. Solid arrows represent the total flux and dashed arrows
the eddy flux. Eddy fluxes have been magnified 150 times relative to the total flux.
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Table 2. Mid-season values of vertically integrated fluxes averaged over the six study stations and the three years

1974-76 (102 W m'').

Month Type Total flux
Zonal Meridional
January Kinetic 0.4 0
Enthalpy 178 =35
Potential 71 4.3
Latent 0.4 -1.2
Sum 250 -0.4
April Kinetic 0.3 —0.1
Enthalpy 187 -24
Potential 70 -1.2
Latent 1.0 -0.4
Sum 258 -4.1
July Kinetic 1.2 0
Enthalpy 373 5.5
Potential 127 5.6
Latent 23 -0.5
Sum 503 10.7
October Kinetic 0.5 0
Enthalpy 261 8.4
Potential 89 43
Latent 1.8 -0.5
Sum 353 12.1

Eddy flux
Angle Zonal Meridional Angle
275 0.13 -0.04 287
271 0.09 —0.65 352
267 —0.18 0.01 093
341 0.17 —0.52 342
270 0.19 -1.20 351
278 0.14 —0.05 290
271 0.43 —-0.63 326
271 -0.03 —0.03 045
291 -0.01 —0.32 001
271 0.53 -1.02 333
271 0.31 —0.05 279
269 0.75 —0.84 318
267 0.02 0.07 196
282 0.17 —0.21 321
269 1.25 —1.04 310
270 0.13 -0.02 279
268 0.05 -0.92 357
267 0.02 —-0.01 297
286 0.04 —0.47 355
268 0.24 -1.42 350

and July in two of the years. The magnitude of the
total flux ranged from a maximum of 7.2 X 10'° W
m- at Cobar in July 1974 to a minimum of 0.3 X
10' W m-! at Williamtown in January 1974.

Owing to the small relative size of the eddy flux,
the total and mean fluxes are almost equivalent and
reflect the pattern of mean winds over the region, as
the total atmospheric energy content has relatively
small variation in the vertical. The vertical integrals
of the total fluxes are dominated by the upper-level
wind maxima so the total flux vectors of Fig. 3

 approximately represent the direction and strength
of the mean thermal winds. The eddy flux vectors in
Fig. 3 do not show a simple relationship to the
thermal field, having components both parallel and
perpendicular to the total flux vectors. This was
noted by Clapp (1970) in a study attempting to
parameterise the local eddy heat flux in terms of the
vertically-averaged temperature gradient.

Variations of the energy fluxes in the vertical over
the study region are discussed by Newell et al.
(1974).

The contributions of the various energy types to
the overall energy flux are given in Table 2, which
lists values of the vertically-integrated fluxes
averaged over the three years and the six stations.
The total meridional flux varies in sign from year to
year and among the stations, so that average values
are unstable.

The relative contributions of the sensible and
latent energy terms to the meridional eddy transport
vary significantly among the stations with the
sensible energy having a lowest and the latent energy
a highest percentage at the inland stations of Cobar

and Wagga. The lowest proportion of latent energy
flux occurs at the south coastal stations of Mt
Gambier and Laverton. There is also a seasonal
variation with the relative contribution of sensible
energy being highest in winter and lowest in
summer, and conversely for latent energy.

The polewards eddy fluxes at Cobar were
compared with corresponding zonal average values
for 30°S presented by Newell et al. (1974). The total
eddy flux at Cobar had a greater magnitude than the
zonal average in all seasons except, winter with the
spring value almost twice the zonal value. The latent
energy terms were below the average in autumn and
winter, while the enthalpy term was about equal to
the zonal value in winter and well above the average
in the other months, especially spring and summer.
The difference with respect to the zonal average
between summer and winter reflects differences in
the prevailing synoptic patterns. In winter the sub-
tropical ridge lies over the area and the
anticyclonicity is high (Karelsky 1961) whereas in
summer Cobar is on the fringe of the active
monsoonal area over northern Australia.

These inferences are confirmed by comparison of
the transient eddy enthalpy flux, averaged over the
six study stations, with zonal average values for
35°8S derived by van Loon (1980) from operational
numerical analyses. This comparison is shown for
summer and winter in Fig. 4. Although van Loon
expresses doubts about the accuracy of the results he
presents, the reversal in relative magnitudes of
values for the study area and the 35°S zone is
significant. In summer the eddy fluxes over the
study area exceed the zonal average values in
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Fig. 4 Comparison of summer and winter transient eddy
enthalpy flux (v'T’) over study area (solid line) with
zonal average for 35°S (dashed line) extracted from
van Loon (1980).
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magnitude at nearly all levels, with strong
dominance at low levels. In winter, however, the
zonal average is generally greater, except at upper
levels. (The lack of such a peak in the upper levels
was felt by van Loon to be a dubious feature of his
results.) This reversal of relative magnitudes again
reflects the swapping of cyclonicity and
anticyclonicity centres between the ocean and land
from summer to winter.

Energy Flux Divergence

The energy flux divergences calculated from the raw
wind data revealed errors of several orders of
magnitude when compared with the required flux
divergences listed in Table 1. The effects of
interpolating missing data and adjusting the daily
wind observations for mass balance are shown for
four months of 1975 in Table 3. The results show a
dramatic improvement although the final values are
still significantly in error. Merely ensuring a
complete set of data reduced the error by an order of
magnitude in three of the four months.

Agreement between the derived and required
energy flux divergence was best for February where
the calculated flux divergence of 44 W m-2 differs by
only 11 W m from the required value, but the
discrepancy for August is disappointingly large.
This lack of closure in the energy budget can be
attributed more to errors in the upper wind data,
especially the limited spatial and temporal
sampling, than to errors in the net radiation and
storage terms. The overall energy flux divergence,
however, is a relatively small residual (see below) of
individual energy types and contributions from
different levels in the vertical, so that useful
information on the relative magnitudes of these
competing processes is still available.

The total and mean vector flux divergences are
consistently a small difference between large zonal
and meridional terms, although this pattern is less

Table 3. Energy flux divergence measurements (W m?) for four months in 1975 showing the effects of
interpolating missing data and adjusting the winds for mass balance. The energy flux divergences of the
zonal and meridional wind components (denoted i and j, respectively) are included in addition to results
for the wind vector. Required flux divergences were extracted from Table 1.

Total flux

divergence (W m-2)

i J
February 1975

Required

Raw data -97 3912
Missing data interpolated —3475 658
Mass balance -2617 2661
April 1975

Required

Raw —3831 —1930
Missing data interpolated —5776 5032
Mass balance —5543 5557
July 1975

Required

Raw 8080 3238
Missing data interpolated —8348 9047
Mass balance —8606 8442
August 1975

Required

Raw -5943 10 066
Missing data interpolated -1372 1780
Mass balance

—1563 1328

Eddy flux Mean flux
divergence (W m-2) divergence
(Wm?)
Vector i j Vector Vector
55
3815 20 114 134 3681
-2817 . S8 1 59 —2877
44 54 -11 43 1
=36
—5761 23 —46 =23 —5737
—744 —41 35 -6 -737
14 -39 34 -5 19
—103
11319 —=770 848 78 11 240
699 2 36 38 661
—164 6 44 50 -213
=76
4123 —62 80 18 4105
408 =71 —94 —165 573
—235 -67 -92 -159 -76
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Fig. 5 Flux divergence of individual energy forms for four months in 1975. Units are W m2.
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marked in August. In each of the four months
considered there was energy convergence by the
zonal component and divergence in the meridional
term. .

Eddy flux divergences in each of the four months
are altered only slightly by the mass balance
adjustments from the values obtained after
interpolation to form a complete data set. The size
of the adjustments made to the mean flux divergence
and the fact that the latter is a small difference of
two large terms derived from the i and j wind
components, suggest that the mean energy flux
divergence is much more sensitive to observational
errors than the eddy flux divergences.

The contributions of the individual energy types
to the total, mean and eddy flux divergence,
displayed in Fig. 5, show much counteraction
between the various terms. In the total flux
divergence the terms of largest magnitude are the
enthalpy and geopotential, but even the kinetic
energy flux divergence is not negligible, despite its
very small contribution to the total flux.

For the four months considered there was
consistent divergence of the enthalpy flux with
geopotential flux convergence of greater magnitude,
resulting in overall sensible energy convergence.

In the eddy flux divergence the enthalpy term is
usually the largest, with latent energy generally
next, while the flux divergences of kinetic energy
and geopotential are of comparable magnitude. The
combined eddy term of sensible energy showed
divergence except in August, and hence is mostly
opposed to the mean sensible energy term. There is
also counteraction between the mean and eddy
latent energy terms, with the eddy flux showing
convergence. Similar counteractions were noted in
the mid-latitude studies cited above.

Vertical profiles of the total and eddy flux
divergences, including divergences of the zonal and
meridional components, are shown in Fig. 6 for the
four months which were adjusted for mass balance.
At individual levels the total flux divergence is an
order of magnitude greater than the eddy term, but

the vertical integrals of each are comparable as
indicated in Table 3.

The magnitude of the flux divergences at
individual levels can exceed 1000 W m-2 (100 mb)"!
particularly at high levels, while the zonal and
meridional components in July appfoach twice this
value in the 200—300 mb layer. On the other hand
the eddy terms are generally smaller than 20 W m-
(100 mb):'. The largest convergence values occurred
in August 1975, a month in which several active low
pressure systems crossed the study area. The largest
convergence values for August 1975 (about 30 W
m-2 (100 mb)') are comparable with the estimates of
transient eddy convergence (enthalpy only) for
winter in the northern hemisphere computed by Lau
(1979), who found peak values in ‘storm track’ areas
of about 5.5 K day! (65 W m2 (100 mb)) at the
1000 mb level and 2.6 K day-! (30 W m2 (100 mb)-')
at 700 mb.

The strong low level divergence maximum in the
eddy term for February 1975 seems to be due in part
to the land/sea boundary on the southern edge of
the study area. The poleward eddy enthalpy
transports at the southern boundary of the study
area are stronger than along the northern inland
boundary (see Newell et al. 1974), leading to net
divergence by the eddies.

A noticeable feature of Fig. 6 is the compensation
between the zonal and meridional components
through much of the vertical profile of total flux
divergence particularly in February, April and July.
Such a pattern of zonal convergence and meridional
divergence would occur when the mean wind flow
changes direction over the study area as indicated in
Fig. 7. Monthly mean contour charts (e.g. Taljaard
et al. 1969) show that pattern A of Fig. 7 is typical of
the southeastern Australian region, at least below
the 400 mb level, particularly in summer and
autumn.

The results of the two-dimensional model of
Paltridge (1978) based on a postulate of maximising
the rate of entropy production also suggest a pattern
of zonal convergence and meridional divergence






