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The diurnal variation of the surface energy balance of savannah grassland on Cape
York during Phase I and Phase II of the Australian Monsoon Experiment is
presented. Each of the components of the energy balance was measured directly,
with the exception of sensible heat transfer from the surface which was determined
as a residual. The results indicate that available surface energy for partitioning into
the convective fluxes is much less during the late dry season than during the wet
season, and that the difference is due mainly to enhanced surface albedo, enhanced
surface long-wave emission and increased soil heat flux during the pre-monsoon
period. Despite reduced available surface energy, daytime sensible heat inputs to
the lower atmosphere are generally greater during the dry season than during the
wet; conversely, daytime evaporative heat inputs to the lower atmosphere are far
larger during the wet season. These seasonal energetic characteristics are reflected
in the more standard meteorological parameters, with the pre-monsoon period
having much higher daytime surface and air temperatures than the monsoon period,

and a lower atmospheric water vapour content.

Introduction

A major objective of the Australian Monsoon
Experiment (AMEX) undertaken during the
1986-87 austral summer was the detailed investi-
gation of north Australian cloud lines (NACLs)
(Holland et al. 1986), westward-moving squall
lines which bring significant weather to the north
of Australia during summer monsoon breaks and
during the winter season. There is considerable
evidence (Clarke 1984; Smith and Page 1985;
Noonan and Smith 1986,1987) to suggest that
NACLs originate as a result of enhanced conver-
gence over Cape York associated with the
collision of an east and west coast sea-breeze. As
part of an intensive data gathering exercise to
improve understanding of the generation of these
cloud lines, a detailed surface energy balance was
obtained for a central Cape York Peninsula
location during Phase I (20 October to 4 Novem-
ber 1986) and Phase I1 (15 January to 15 February
1987) of AMEX.

The net all-wave radiation flux is a fundamen-
tal measure of the energy available at the interface
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between the underlying surface and the atmos-
phere. In addition to being the end result of short
and long-wave radiative transfers to and from the
surface, net all-wave radiation provides the
energy necessary for the processes of evaporation
and sensible and soil heat transfer at the earth-
atmosphere interface. The particular apportion-
ment of a surface radiative surplus or deficit into
these convective and conductive processes is
probably the most important determinant of
surface temperature and of the microclimate
above a surface (Oke 1987). It is to be expected
that the marked seasonal differences associated
with monsoon climates (e.g. surface and soil
moisture availability, vegetation cover) would be
reflected in correspondingly large alterations in
surface energetics, but there are few studies
documenting such effects. Viswanadham and
Ramanadham (1970) have discussed aspects of
the surface energy balance of a grassland station
in India, while Pinker et al. (1980a,b) document
the surface energetics of a tropical evergreen
forest in Thailand. In Australian studies of
tropical surface energetics, Fitzpatrick and Stern
(1965) have published data on daily net all-wave
radiation measured over a period of one year at
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Kununurra, Western Australia, while Kalma
(1972) and Kalma and Badham (1972) have
described variations in net all-wave radiation and
surface reflectivity for tropical pasture at
Katherine in the Northern Territory through the
wet season. Dyer (1967) made some estimates of
monthly water and energy balances at Katherine
based on measured solar radiation and
climatological averages, but there have been no
previous Australian studies incorporating a full
measured diurnal surface energy balance.

The objectives of this study are therefore
twofold. In addition to providing background
data on surface energetics relevant to the develop-
ment of NACLs, a further objective is to provide
the first full and systematic observations of
surface energy balance in northern Australia, and
in particular to identify seasonal variations in
those surface energetics.

Site characteristics and procedures

This research was carried out at Sudley Downs
Station (12°45’S, 142°20’E), which is located
approximately 50 km from the Gulf of
Carpentaria coast of Cape York Peninsula and
100 km from the Coral Sea coast (Fig. 1). Sudley
Downs experiences a true savannah climate with
about 90 per cent of the annual rainfall (1500
mm) falling in the summer period November to
March. Soils in the area are lateritic red earths,
and the vegetation is typical northern savannah
(i.e. indigenous grassland with scattered euca-
lypt). Measurements were made over flat open
grassland at a site adjacent to the station airstrip.
Surface conditions were uniform in all directions,
with the nearest scattered trees (eucalypts of
15-20 m) located 200 m away to the west. During
Phase I the surface at the measurement site was 30
per cent bare soil (covered in a thin layer of litter),
with desiccated native grasses 20-50 mm tall
occupying the remainder of the surface. However,
during Phase II rank green grasses ranging in
height from 100 mm to 1 m covered the entire
area. The site may be considered reasonably
representative of the more open grassland areas of
Cape York.

The full surface energy balance of the grassland
site can be written
K{-K*+L{-L1=Q*=Qu+Qg+Qqg... 1
where K and K1t are the incoming global and
reflected solar radiative fluxes, respectively; L 1
and L | are the incoming and outgoing long-wave
radiation from the atmosphere and surface,
respectively; Q* is the net all-wave radiation; Qg
and Qg are the sensible and evaporative heat
fluxes, respectively; and Qg is the subsurface heat
flux. By convention, non-radiative fluxes directed
away from the surface are positive. The instru-
mental set-up to derive these fluxes was identical

Fig. 1 Location map of Sudley Downs Station, Cape York
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for the respective measurement periods.
Upward facing and inverted pyranometers
(BWD Middleton Ltd. Model EPO7) mounted ata
height of 1 m were used to determine the solar
fluxes, while a similar configuration of
pyrgeometers (Eppley Laboratory Inc. Model
PIR-silicon domed, temperature compensated)
allowed determination of L; and L;. There has
been some concern expressed about daytime
dome heating errors associated with the Eppley
pyrgeometer (Weiss 1981; Ryznar and Weber
1982), but there is considerable uncertainty as to
the magnitude and significance of such errors.
However, the configuration for the pyrgeometers
used in this study would tend to cancel out
long-wave errors involved in determining Q*,
errors which in any case are likely to be small in
well ventilated conditions. A network of three soil
heat flux plates (BWD Middleton Ltd) set at a
depth of approximately 10 mm provided a
spatially integrated measure of Q. Vertical heat
divergence in the soil above the plates was
ignored. A technique similar to that advocated by
Oke (1979) was used to derive values of Qg for the
grassland surface. Five miniature weighing
lysimeters (plastic tubing 90 mm in diameter and
150 mm in depth, capped at the bottom and
installed in a plastic sleeve), each containing a
representative sample of the soil-grass monolith,
were used to determine an area-averaged estimate
of evapotranspiration. The method involves
periodically removing the lysimeters to obtain
weight changes on a precision balance (accurate to
0.1 g), with the weight loss or gain converted to an
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equivalent evaporative flux. For the surface area
of the lysimeters used here, a weighing accuracy of
0.1 g represents an error in Qg of only 13 W m-?
over the measurement period of 1 hour. Q,, was
determined as a residual from Eqn 1. In addition
to the energy balance variables, the standard
parameters of screen level temperature and
humidity, and windspeed and direction (the latter
only during Phase I) were also recorded. With the
exception of Q. (obtained manually on an hourly
basis during intensive study periods) and
windspeed and direction (Lambrecht mechanical
anemograph), all measurements were recorded
continuously on a Campbell CR21 data logger
operating with a scan interval of 1 minute over an
integration period of 1 hour.

Using standard techniques (Topping 1955) an
attempt has been made to estimate the likely
errors associated with the derivation of the hourly
surface energy balance. This is necessary since Q,
is derived as a residual and is subject to the
combined errors of all other components of the
energy balance. Ignoring possible errors associ-
ated with dome heating of the pyranometers
which are unknown, and making the assumption
that all errors dealt with are random in nature,
combined daytime errors (both instrumental and
sampling) involved in the determination of Q* are
estimated to be 10.8 per cent. In the absence of
solar radiation measurement, nocturnal errors in
determination of Q* are estimated at 7.6 per cent.
When these values are combined with instrumen-
tal and sampling errors for Qg and Qg (each
estimated at 10 per cent), estimated errors for the
residual Qy of 17.8 per cent and 16 per cent for
daytime and nocturnal periods respectively are
obtained.

The instrumentation set-up described above
was chosen for a number of reasons. Most
importantly in such a difficult environment,
simple and robust techniques are required. In
addition, the method described allows for direct
determination of the fluxes concerned and is not
open to errors due to advective influences (Oke
Fig. 2 Monthly rainfall at Sudley Downs, January 1986-January
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1979). Finally, a lysimetry approach to deriving
the surface energy balance is not stability limited
(aerodynamic approach) or limited by surface
conditions (Bowen ratio-energy balance
approach). The latter was a consideration since
very dry surface conditions were to be expected
on Cape York at the end of the dry season. Surface
energy balance work took place over a ten-day
period during Phase I (23 October-1 November
1986) and a four-day period during Phase II (25
January-28 January 1987). The second study
period was necessarily short because of travel
difficulties during the wet season.

Results and discussion
Basic meteorological data

Figure 2 provides a plot of monthly rainfall at
Sudley Downs for the 13-month period to Jan-
uary 1987. Of note is the extreme seasonality of
rainfall for the study site, with virtually no rainfall
for the five months prior to October. Also of note
here is the rainfall for October 1986 (28.5 mm),
almost all of which fell in a single isolated
thunderstorm on 23 October. This had important
implications for the local surface energy balance
that will be discussed later. Finally note that the
rainfall during January 1987 (218.5 mm) was
much less than that recorded in January 1986,
indicating that the monsoon was not well devel-
oped over Cape York in 1987. Although rain fell
on every day during January 1987, the pattern
was for reasonably fine days with short, sharp
convective shower activity in the late afternoon.

Apart from variable winds and light westerlies
on 23-24 October, the Sudley Downs wind regime
during the Phase I study period was characterised
by a constant east-southeasterly flow, averaging
3.5 m s! by day and 2.5 m s-! nocturnally.
Anemograph data are unavailable for the Phase IT
study period, but field notes suggest the easterly
flow was lighter and much less persistent than for
Phase 1.

Figure 3 provides mean diurnal plots of screen
level temperature and mixing ratio, and surface
radiative temperature for Phase I (ten days) and
Phase II (four days). Surface radiative tempera-
tures were estimated from surface long-wave
emission assuming a surface emissivity of unity.
Daytime air temperatures during Phase I are
consistently higher than for Phase II (mean daily
maximum of 37°C as against 33°C). With mean
minimum temperatures near 24°C, nocturnal
temperatures are similar during both study
periods. Estimated surface radiative tempera-
tures exceed 50°C in the early afternoon during
Phase I, with the corresponding surface tempera-
tures for Phase II being nearer 40°C. However,
nocturnally the pattern reverses, with estimated
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Fig.3 Mean diurnal plots of screen level temperature and mixing
ratio and surface radiative temperature measured at the
field station during Phase I and Phase II of AMEX.
Standard deviations for the hour to 1300 h (time of
maximum variability) are also shown. -

o Air Temperature (1)

o Air Temperature {1l)

4 Mixing Ratio (1}
50 o Mixing Ratio (il}

Surface Temperature (1)
Surtace Temperature{ll)

UNITS(c"or gkg™)

T I T I T T T LT LT
8 10 12 14 16 18 20 22
TIME(E.ST.)

T
6

surface temperatures during Phase II remaining
near 30°C, some 3°C warmer than for Phase I.
Mixing ratios show a generally higher atmos-
pheric water vapour content during Phase II
(mean of approximately 19 g kg-! compared with
15.5 g kg-'). However, Phase I levels are still
higher than might have been expected at the
conclusion of the dry season. This may reflect
moisture advected in from. the Coral Sea or a
purely local moisture source associated with the
thunderstorm of 23 October 1986. Both plots of
mixing ratios show a characteristic peak during
early to mid-morning. This represents addition of
moisture to a relatively stable lower atmosphere
by evapotranspiration. Increased convective
activity later in the day tends to increase vapour
transport aloft with near-surface mixing ratios
dropping accordingly.

These meteorological data are generally in line
with expectations. At the end of the dry season, all
other things being equal, lack of surface water for
evaporation would result in increased surface
temperatures, increased sensible heat flux to the
lower atmosphere (hence higher air tempera-
tures), and lower amounts of atmospheric moist-
ure. The converse would be true during the wet
season. To test the validity of these assertions it is
necessary to examine the surface energy balance
in detail.

Available surface energy

Averaged plots of Q* for Phase I and II (Fig. 4)
reveal nocturnal net all-wave radiative losses to
be greater during Phase I (typically by~30-40 W
m-2), but radiative gains to the surface are
significantly lower in the middle of the day during
Phase I (250 W m-2 or 33 per cent lower during
the hour to 1300 h). This is a very significant
difference since Q* represents the energy source

Fig. 4 Mean diurnal plots of net all-wave radiation (Q*), soil heat
flux (QG) and available surface energy (Q* - Qg)
measured at the field station during Phase I and Phase 11
of AMEX. Standard deviations for the hour to 1300 h (time
of maximum variability) are also shown.
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for partitioning into the other energy fluxes. A
detailed examination of the surface radiative
budget shows that the reduced daytime surface
radiative flux density during Phase I is related to
three factors; slightly reduced solar input to the
surface as a result of cloud effects (although
systematic cloud observations were not made,
ratios of extra terrestrial/surface solar irradiance
increased from 0.582 to 0.601 for Phase I and
Phase Il respectively, this difference almost
certainly resulting from cloud effects), enhanced
solar reflection (albedo), and enhanced long-wave
emission from the surface as a result of higher
surface temperatures. The albedo effect deserves
more consideration here.

The mean diurnal variations of surface albedos
(Kt /K | ) for Phase I and Phase II are illustrated
in Fig. 5. Apart from the hour immediately
following sunrise, hourly albedos during Phase 1
are consistently higher, although hourly varia-
bility increases toward the middle of the day.
Minimum daily albedos (corresponding to the
period of smallest solar zenith angles) average
0.23 during Phase I and 0.18 during Phase II.
These seasonal albedos are similar to those
reported by Oguntoyinbo (1970) for savannah
grassland in Nigeria and are consistent with
published estimates for Australia’s seasonally wet
tropics (Dyer 1967; Gentilli 1971). Since solar
zenith angles were similar for the two study
periods, the seasonal differences in albedo would
appear to be a result of changes in vegetation
colour (lighter coloured and much more reflective
during Phase I) and vegetation geometry (taller
and more complex during Phase II leading to
multiple reflection and trapping of solar radi-
ation). However, the diurnal variation of albedo
exhibited in Fig. 5 is thought to be largely due to
the zenith angle dependence of the reflection of
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Fig. 5 The diurnal variation of the average albedo measured at the
field station during Phase I and Phase II of AMEX.
Hourly standard deviations are also shown.
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short-wave radiation, particularly over vegetated
surfaces (Pinker et al. 1980a). The dip in albedos
early and late in the day is possibly the result of
cosine response errors of the pyranometers at low
sun angles, while the very high early morning
albedo for Phase II is probably due to strong
reflection off wet vegetation (heavy dewfall
overnight) at low sun angles.

When allowance is made for heat transport into
the substrate (Qg), it is clearly evident that energy
available during Phase I for partitioning into the
convective fluxes (Qy and Qg) is even further
reduced by comparison with Phase II. Figure 4
shows that although soil heat storage and release
follow normal diurnal patterns, daytime storage
represents approximately 0.30Q* during Phase I
and only 0.04Q* during Phase II. These ratios are
almost identical to those provided by Swinbank
and Dyer (1967) for dry soil with little grass cover
and for wet soil with a heavy grass cover. It would
appear that the shading and insulating effect of a
heavy vegetation cover (there is little heat storage
in vegetation) is responsible for the substantial
differences exhibited in Qg. As a consequence,
available surface energy (Q* — Qg) in the middle
of the day during Phase I (~350 W m-2) is little
more than half that available during Phase II.
Differences in (Q* - Q) overnight are much less,
although enhanced heat transfer from the
substrate during Phase I helps to reduce the
nocturnal surface energy deficit during that
measurement period.

Surface energy balance

130 hours of full energy balance are available for
analysis, 60 hours from Phase I and 70 hours from

Phase I1. Because of the inherent variability of the
convective fluxes it is necessary to consider actual
rather than averaged daily plots.

Phase I: The energy balance of the grassland
site for a 30 hour period on 25-26 October 1986 is
shown in Fig. 6. Net radiation peaks at around
600 W m-2 (consistent with average values for
Phase I), with the nocturnal radiative deficit
amounting to approximately —50 W m-2. By day
25-30 per cent of net radiation is directed into
heating of the soil substrate, while nocturnal heat
transfer from the substrate is almost entirely
responsible for balancing the surface radiative
deficit at that time. The dominant energy sink by
day is Qg, which in fact exceeds Q* for substantial
periods of the afternoon and evening of both days.
The only way that this anomalous situation can be
accommodated is by the transfer of sensible heat
from the atmosphere to supplement Q*. This
appears to be happening in this case, with Qy
remaining negative (directed toward the surface)
much of the time, and only struggling above the
zero line for a short period on 26 October.
Nocturnally there appears to be some slight
evaporative heat loss from the surface (Qg
positive) balanced by a gain in Qg.

Clearly this pattern is not one that would
normally be expected at the end of the dry season.
It appears to arise from the effects of local
moisture availability (a result of the thunder-
storm of 23 October) in association with the well
documented ‘oasis’ effect (Oke 1979, 1987).
Rainfall on 23 October (21 mm) occurred along a
well defined corridor no more than 1 km wide, the
surrounding countryside having been virtually
rainless for six months. Advection of sensible heat
from the surrounding landscape together with a
near-surface inversion caused by evaporative
cooling would appear to provide the energy

Fig. 6 Surface energy balance at the field station on 25-26
October 1986; Q* is net all-wave radiation; Qy, QF are
sensible and evaporative heat fluxes, respectively; Qg is
soil heat flux.
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necessary to support Qg > Q*. A frequently used
criterion for advectively supported
evapotranspiration is that the ratio Qg/Q* is
greater than unity on a daily basis (Oke 1979). For
25-26 October the ratio Qg/Q* is 1.13.

The 30 hours of data obtained for 29-30
October (Fig. 7) are probably more representative
of a true dry-season energy balance, although it is
possible that some residual moisture from the
thunderstorm of the previous week remains. The
radiation regime is similar to that of 25-26
October, but the partitioning of convective fluxes
is quite different. During daylight hours the
dominant energy sink is Q4 (almost 60 per cent of
Q*, amounting to a flux of~300 W m-2). Much of
the remaining radiative surplus is directed into
Qg, with only about 10 per cent of the radiative
surplus being used for surface evaporation (Qg
remains in the range 50-60 W m-2 for much of the
day). At night, except for the contribution of Qy
early in the evening, the radiative deficit is again
balanced by the transfer of Qg from the substrate
to the surface.

Phase II: Surface energy balances obtained
during Phase II provide a marked contrast to the
‘typical’ dry season pattern described above. This
is well demonstrated by results for 27 January
1987 (Fig. 8). A rainfall of 10 mm the previous
evening provided an abundant moisture source.
As is characteristic for Phase II, daytime Q* is
very high, peaking at over 900 W m-2 in the hour
to 1300 h, while the nocturnal deficit is about -50
W m-2. Apart from a short period during the early
afternoon, almost all available Q* is used in
driving Qg which is near 600 W m-2 for most of
the daytime hours. These evaporative heat fluxes
translate to hourly surface water losses of about
800 tonnes km-2 and total evaporation for this

Fig. 7 Surface energy balance at the field station on 29-30
October 1986; Q* is net all-wave radiation; Qp, Qf are
sensible and evaporative heat fluxes, respectively; Qg is
soil heat flux.
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day represents a loss of some 6000 tonnes km-2.
These atmospheric moisture inputs must cer-
tainly have major implications for convective
cloud development over the Peninsula. Qy from
the surface briefly gains a prominence in the early
afternoon, but otherwise remains mainly directed
toward the surface. As such, during the evening it
helps drive continued surface evaporation as well
as balance the radiative deficit. Qg plays a very
minor role diurnally in the surface energy
balance.

The energy balance of the following day, 28
January 1987 (Fig. 9), again shows the dominance
of Qg as an energy sink, although a considerable
amount of energy is being used as Qy. Consider-
ing only figures for the hour to 1300 h, Q;

Fig. 8 Surface energy balance at the field station on 27 January
1987; Q* is net all-wave radiation; Qp, Qg are sensible
and evaporative heat fluxes, respectively; Qg is soil heat
flux.

1000

January 27,1987

800

600

400+

ENERGY FLUX DENSITY(Wm?®)

I T T T T T T 1T

46 81 12 1416 B2 2
TIMECE.S.T.)

Fig. 9 Surface energy balance at the field station on 28 January
1987; Q* is net all-wave radiation; Qp, QE are sensible
and evaporative heat fluxes, respectively; Qg is soil heat
flux.
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