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In this paper I review and preview land surfaces as they have been neglected, par-
ametrised and incorporated into global climate models. From the standpoint of the
present, 1990, the progress over the last twenty years has been impressive, changing
the continental surface from a flat, bare reflector of solar radiation to a mosaic of
homogeneous vegetation and soil ‘patches’ the size of global model grids. I antici-
pate that the progress in the next twenty years will be at least as impressive and
foresee an interactive land surface incorporated into global models by the end of the

first decade of the next century.

Why should climate modellers be con-
cerned with the continental surface?

I believe it is appropriate and timely that I have
been invited to present this, the fourth, R.H.
Clarke Lecture to the Australian Meteorological
and Oceanographic Society for a number of
reasons. The two most important are the time-
liness of my topic and Australia’s undeniable
contribution to date, at the international level, to
the science of land-surface climate study.

Reg Clarke’s name is, of course, intimately
linked with the study of atmosphere/surface inter-
actions. Indeed he said in 1970:

‘mathematical modelling of the atmosphere has

reached the stage at which more knowledge con-

cerning interactions between the atmosphere
and the underlying surface is essential’ (Clarke

1970, p. 92).

This assertion is as true today as it was in 1970
although considerable progress has been made in
the intervening twenty years.

My claim to timeliness refers to the report of the
Intergovernmental Panel on Climate Change
(IPCC) which will be presented to the Second
World Climate Conference in November 1990.
IPCC will (a) assert the reality of human disturb-
ance of the climate system; (b) call for the studies
of processes especially vulnerable to climatic
change such as agriculture and water supply; and
(c) demand policy responses designed to mitigate
and adapt to climatic change.

*The 1990 R.H. Clarke lecture to the Australian Meteorological
and Oceanographic Society.
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The continental surface, which is the locus of
human activities, is where we grow the vast
majority of our food and harvest our supplies of
fresh water. The future focus on processes, im-
portant to people, which are vulnerable to cli-
matic change must emphasise the land surface
and its interaction with the atmosphere.

In my review today, I intend to take retro-
spective and prospective views of land surfaces in
global climate models. These assessments span
about twenty years from the present (Fig. 1) rang-
ing from the early global modellers® view of the
continental surface as flat and bare through the
present day’s approximations, to glimpse a future
in which land plants become an interactive com-
ponent of global climate models. :

It is neither surprising nor disturbing that the
‘terrasphere’ was viewed by the first generation of
climate modellers as ‘flat and bare’. The scientists
of the day (e.g. Manabe 1969) simply followed
Genesis: ‘In the beginning God created the heaven
and the earth. And the earth was without form and
void . .. (Genesis Chapter 1 vv. 1-2).

There is, at present, healthy competition, as
well as real cooperation, between oceanographers
and land-surface climatologists. A current topic of
debate is which part of the climate system is more
important (cf. McEwan 1990). Genesis holds that
the competition is a tie. Day three saw land and
ocean created; although God also created grass,
crops and trees on the land that day leaving fishes
until the fifth day.

A
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Fig. 1 Evolution of the view of the land surface compon-
ent of global climate models. Leading scientists
and international organisations are indicated in
parentheses.

1969 BARE EARTH
(Manabe, WMO)

1970s GARP but no grass
(Clarke, GARP)

v

1980s SiB, BATS, BEST...
(Sellers, WCRP)

v

1989 HOMOGENEOUS VEGETATION
(Dickinson, IPCC)

1990s Subgrid heterogeneity

(WCRP)
v

Links with atmospheric chemistry
(1GBP)

v

2000s

2009 INTERACTIVE LAND BIOSPHERE

‘Let the waters under the heaven be gathered
into one place and let the dry land appear’ ...
oceans and continents ... ‘Let the earth bring
forth grass, the herb yielding seed and the fruit
yielding tree . .. (Genesis, Chapter 1 vv. 9, 11).

Of course, there is no doubt that the majority of
the atmosphere’s energy is derived from oceanic
latent heat. The question of which is more import-
ant, the land or the ocean, is more complex than
this quantitative evaluation suggests. Let me draw
your attention to a quotation from another
famous Clarke: Arthur C. Clarke, the physicist
and science fiction writer. A.C. Clarke wrote:

‘How inappropriate to call this planet Earth

when clearly it is Ocean’.

Why is it that we name our planet as if the terra-
sphere were dominant? The answer is simple:
because for us, Homo sapiens, it is!

The continental surface is the scene of human
water gathering and food growing activities.
People depend upon the availability of fresh water
and growing vegetation for food, fibre, shelter and
warmth. In Maslow’s (1954) hierarchy of human
needs (Fig. 2), vegetation and water satisfy the
most basic physiological needs, while under-
standing the mechanisms by which gravity wave
drag affects the upper atmospheric flow satisfies
the highest need of self-actualisation. Stripped of
food and water, of warmth and shelter, people do
not focus on satisfying their curiosity, only on fill-
ing their stomachs.

The practical importance of studying climate,
then, derives from our dependence upon the pro-
cesses that occur at the atmosphere-land inter-
face. We cannot farm in a desert, in the tundra or
in rainforest and we must have water, food, shel-
ter and warmth, simply to survive.

The reality is that the general circulation of the
atmosphere does not, to first order, depend upon
the distribution and status of surface fresh water
and continental vegetation, but the fact is that
human populations do! Rain does not, after all,
follow the plough as the early settlers in both the
USA and Australia discovered to their consider-
able cost. Rather the plough’s path is dictated by
the rain and the resulting soil moisture; whereas
the general circulation of the atmosphere depends
primarily on the latitudinal radiation imbalance
and the rotation of the earth.

Fig. 2 Maslow’s hierarchy of human needs applied to
climate modelling in the late twentieth century
(modified from Maslow (1954)).
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The past

The study of the physical processes of the atmos-
phere in order to enhance human well-being dates
back, at least, to the UN Resolution 1721 (XVI)
formulated in December 1961 which set in train a
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period of accelerated development of atmos-
pheric science and technology focussed upon the
support of human needs and the wise use of the
global environment. Results included the co-
sponsorship (WMO and ICSU) of the Global
Atmospheric Research Programme (GARP).
Throughout the 1970s GARP’s observation,
modelling and integration activities focussed on
its “first objective’: weather, but also underpinned
its ‘second objective’: climate.

The lack of sensitivity of the atmospheric cli-
mate to the state of the continental surface
explains, and excuses, the 1970s devotion to
GARP (Fig. 1) and is the reason why little or no
attention was paid to ‘the grass’ during this
period.

Major GARP publications (e.g. WMO 1975)
define ‘climate’ as being comprised of five com-
ponents: the atmosphere, the hydrosphere, the
cryosphere, the land surface and the biomass. The
GARP diagram, drawn by Larry Gates, shows
mountains and ‘biomass’ but does not feature, at
least not explicitly, grass and trees. Surface albedo
was, of course, recognised as important early on.
Indeed since over 70 per cent of the solar radi-
ation absorbed into the climate system is ab-
sorbed at the Earth’s surface, the continental
albedos as well as those of the oceans and cryo-
sphere had to be considered. Climate modelling
groups sought out surface albedo data sets to
insert into their atmospheric general circulation
models (AGCMs).

In an address to the Royal Society in 1982, [
collected together four such data sets (Henderson-
Sellers and Wilson 1983a). Over certain continen-
tal areas differences among these maps (Fig. 3)
exceed 15 per cent (absolute albedo). It is distress-
ing to learn that now, in the early 1990s, many of
these differences between modelling groups in the
specification of land surface albedos still per-
sist.

The mid-1970s saw the first real recognition
that land surface characteristics are important for
regional-scale climate even though they do not
control the general circulation. Charney (1975)
and Charney et al. (1977) demonstrated that in-
creasing surface albedo can lead to a decrease in
regional precipitation: a biogeophysical feedback.
This mechanism has been implicated in the per-
sistent Sahelian droughts of the 1970s and 1980s
but has also been shown to be an effective agent
only where there is radiative equilibrium and
hence of only minor importance, for example, in
northern Australia (Hart 1990).

Australia played its part during the 1960s and
1970s in the international activities focussed on
understanding the climate system. Probably the
most significant field experiment carried out in
Australia was the Wangara (Aboriginal for west
wind) experiment which took place at' Hay, New
South Wales in 1965 (Clarke 1970). A second,
smaller scale field experiment, named Koorin
(east wind), carried out near Daly Waters, North-
ern Territory, also owes much to Clarke. Data

Fig. 3 Four surface albedo data sets current in 1982: (a) Geophysical Fluid Dynamics Laboratory (GFDL) from Posey
and Clapp (1964); (b) minimum satellite albedos from Preuss and Geleyn (1980); (c) Hummel and Reck’s (1979)
surface albedos; and (d) Goddard Institute for Space Studies (GISS) spectrally integrated surface albedos (all after
Henderson-Sellers and Wilson (1983b)).
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from these experiments provided accurate deter-
minations of various functions for the Monin-
Obukhov and Rossby number similarity theories
for the atmospheric boundary layer (e.g. Clarke
and Brook 1979).

GARP culminated in the First World Climate
Conference in 1979. The First World Climate
Conference Declaration includes the following:

‘Having regard to the all-pervading influence of

climate on human society and on many fields of

human activity and endeavour, the Conference
finds that it is now urgently necessary for the
nations of the world

(a) to take full advantage of man’s present

knowledge of climate

(b) to take steps to improve significantly that

knowledge and

(c) to foresee and to prevent potential man-

made changes in climate that might be
adverse to the well-being of humanity.’

In May 1979, the World Meteorological Organ-
ization responded to the First World Climate
Conference by establishing the World Climate
Programme (WCP). WCP comprises four pro-
grams focussed on data, research, applications
and impacts: WCDP/WCRP/WCAP/WCIP.

WCRP, the natural successor to GARP, has
four objectives, operated in three streams: short,
medium and long time-scales. These objectives
are:

o better understanding of the nature of global and
regional climate variability and trends;

e better understanding of the physical processes
of climate;

e development of models for climate predic-
tion;

e assessment of the impact of CO; and other
greenhouse gases on climate.

WCRP’s objectives first required an under-
standing of the sensitivity of the then current
global climate models to land-surface changes.
Land-surface schemes then current were rather
simplistic, termed a ‘bucket hydrology’ (Manabe
1969, Dickinson et al. 1990).

Gross modifications to these land surfaces,
such as retaining a fully-saturated surface or a
fully-arid surface, caused dramatic responses in
the AGCMs (e.g. Shukla and Mintz 1982). This
degree of sensitivity to drastic land-surface dis-
turbances should not have been a surprise but the
idea that modifying the land surface, albeit very
dramatically, can disturb the atmospheric climate
caused considerable interest (e.g. Mintz 1984).
The potential importance of the land surface was
somewhat overemphasised by the fact that these
early sensitivity experiments were for the sum-
mertime; winter sensitivities being much lower.
Nonetheless, these global ‘what if’ experiments
became fashionable. Similarly drastic sensitivity
experiments followed in which it was demon-
strated that a 5 per cent increase in albedo reduces

precipitation by between 5 and 20 per cent and the
massive modifications in soil moisture (bucket
water) or ‘vegetation’ roughness have at least com-
parably significant effects (Sud and Smith 1985;
Walker and Rowntree 1977).

If global-scale drastic changes to the continental
surface can disturb the climate then why not dra-
matic regional-scale disturbances? The Amazon
was an obvious target for study. In 1984 Vivienne
Gornitz and 1 failed to detect any change in
surface temperature following a deforestation ex-
periment with the Goddard Institute for Space
Studies GCM, but we did identify decreases in
evaporation, cloudiness and rainfall in the area of
the deforestation (Henderson-Sellers and Gornitz
1984).

More importantly, in our view, we could detect
only slight alterations in the vertical velocity over
Amazonia and no suggestion that the Walker
Circulation would be affected by the wholesale
removal of the Amazon forest. This result, re-
emphasising the dominant role of the oceans, did
not make me very popular with environmentalists
despite the stress we laid on the fact that these
results are GCM sensitivity studies and not ‘pre-
dictions’ of the likely impact of massive defores-
tation.

Indeed, when the regional hydrology is com-
pared with the models’ simulations this point is
undeniable (Fig. 4). As compared with obser-
vations and amongst models each segment of the
regional hydrological regime showed a very wide
range of values. For example, precipitation in the

Fig. 4 Four representations of surface hydrology
in the Amazon region (after Henderson-Sellers
(1987)): (a) Observed values from Salati and
Vose (1984) and AGCM simulated values; (b)
S-year average for Amazonia from the Canadian
Climate Centre; (c) 5-year average for
Amazonia from the Goddard Institute for Space
Studies; and (d) dry and rain season month aver-
ages for Amazonia from the US National Center
for Atmospheric Research.
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Amazon ranges from 1732 mm to 3706 mm per
year while the percentage of this rainfall recycled
back into the atmosphere through evapotrans-
piration varies from less than 50 per cent to
greater than 85 per cent.

The inadequacy of continental near-surface cli-
mates and the apparent importance of land-
surface disturbances to regional, if not global,
climate prompted the next phase of evolution: the
big-leaf land-surface parametrisation schemes.
The empirical basis for the bucket parametris-
ation is diurnally averaged data. Once a diurnal
cycle was included in AGCMs it was deemed
necessary by some modelling groups to include
more realistic descriptions of the sensible and
latent heat fluxes between the continental surface
and the atmosphere. The new generation of big-
leaf schemes generalised the aerodynamic transfer
formulations used in the AGCMs to allow for the
presence of multiple surfaces: canopy layer(s) and
soil layer(s) that were separately in energy bal-
ance. In order to describe the transfer of heat and
moisture to multiple surfaces, additional resist-
ances were calculated on the basis of the structure
and the biophysiology of the canopies. These new
schemes included BATS (the Biosphere-
Atmosphere Transfer Scheme — see Fig. 6) of
Dickinson et al. (1986), SiB (the Simple Bio-
spheric model) of Sellers et al. (1986) and BEST
(the Bare Essentials of Surface Transfer) of
Pitman (1988).

Incorporating land-surface submodels de-
manded global distributions of land types; soil
and vegetation parameters for all types and distri-
butions of initialisation fields. These data were
required at spatial scales appropriate to GCMs
(grid areas a few hundred kilometres on a side);
the task of constructing such data sets is daunting
and is still taxing the geographical community
(e.g. Matthews 1983; Wilson and Henderson-
Sellers 1985).

The early promise of global satellite data is yet
to be fully, or usefully, realised (Tucker et al. 1986
cf. Thomas and Henderson-Sellers 1987). None-
theless the big-leaf schemes have been successfully
implemented in half a dozen AGCMs and do
seem to improve performance at least in respect of
the continental, near-surface climate (Mearns et
al. 1990).

By 1989 we had progressed from bare earth to
continental vegetation presumed to be homo-
geneous over the model grid area (Fig. 1). The
global modeller’s view of the world was gradually
widening in parallel with the increasing complex-
ity of the land-surface schemes. Atmospheric
dynamics and radiation still dominated the model
codes but the surface features, the oceans, the
cryosphere and the land surface, now had a place
(e.g. WMO 1986).

The late 1980s concept of homogeneous veg-
etation is reasonably acceptable in some lo-

cations, such as the Amazon. Once again Amazon-
ian deforestation studies were undertaken. The
BATS scheme implemented in the CCMI1 cer-
tainly improved the seasonality of rainfall in the
model and new deforestation experiments (Dick-
inson and Henderson-Sellers 1988) produced re-
sults which differed from earlier experiments. Air
and ground temperature increased after defores-
tation and precipitation was redistributed in the
Amazon Basin with large decreases in the upper
basin caused by the reduction in recycling in
moisture via interception and re-evaporation.

These experiments, more sophisticated than
their early 1980s counterparts, still remain sensi-
tivity studies for the models not predictions of
real-world outcomes. More interesting than the
model experiment results per se, these sensitivity
studies prompted detailed analysis of the per-
formance of BATS in CCMO0 and CCM 1 which, in
turn, revealed a disturbing lack of agreement
between some simulated and observed fields (e.g.
Shuttieworth et al. 1984). Much of the error was
finally tracked down to the prediction of surface
net radiation. The model’s incoming solar radi-
ation in Amazonia was about a factor of two too
large. This fault, in turn, seems to be related to the
inadequacy of the cloud prediction scheme.

These studies emphasise that successful and
meaningful implementations of more complete
(and hence more useful?) land-surface schemes in
GCMs require, at the minimum, adequate simu-
lation of surface radiation, precipitation and
other near-surface fields such as temperature, hu-
midity and wind.

By the end of the 1980s it had been recognised
that although global climate models simulated the
macroclimate adequately, regional-scale surface
energy fluxes differed between models by ~50 W
m—2(Gutowski et al. 1988). For example, massive
differences exist between the predictions of soil
moisture in the central USA wheat belt following
a doubling of atmospheric CO;. At least some of
these differences can be traced back to the
1 X CO> (or control) simulations in which the
GFDL soil moisture (bucket water depth) is very
much greater than that in the CCMO year-round
(Manabe and Wetherald 1987 cf. Meehl and
Washington 1988). These differences represent
inadequacies in current models which must be
overcome before: (a) ocean and atmospheric
models can be coupled successfully; (b) continen-
tal climates can be simulated satisfactorily; and
(c) climate change experiments (e.g. 2 X CO») can
be interpreted usefully.

The future

The present day (1990) marks the half-way point
of this essay. My forward view of the forthcoming
twenty years will, naturally, be unconstrained by
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facts and must therefore be curtailed in length and
recognised as being distorted by my personal be-
liefs and prejudices.

One fact we do have to help us peer into the
future is that the continental surface is nof often

. (if ever) homogeneous at the GCM grid scale (e.g.
Avissar and Verstraete 1990). The land surface is
heterogeneous at almost any scale you choose to
consider. One cannot help thinking of fractals as
one penetrates ever deeper into the sub-grid het-
erogeneities of real land surfaces. Moreover,
atmospheric processes are not homogeneous over
areas of ~300 km X 500 km. Precipitation is the
prime example.

Tests with BATS reveal startling differences in
the predicted land-surface climate when the same
precipitation is distributed heterogeneously as op-
posed to homogeneously in a single model grid
area (Fig. 5). The evaporation of precipitation
intercepted by a canopy occurs very rapidly in
comparison to the evaporation of water which
reaches the soil surface and infiltrates. The low
precipitation intensities ‘predicted’ by AGCMs
could therefore lead to fundamentaily misleading
hydrological simulations because precipitation
recycling from the surface to the atmosphere, in

any AGCM incorporating a vegetation canopy, -

will be overestimated at the expense of increasing
soil moisture or run-off. To overcome this prob-
lem it is crucially important to account for both
the spatial extent and intensity of precipitation in
AGCMs which incorporate the new generation of
land-surface schemes. Distributing rainfall over
different fractions, u, of the grid area disturbs the
balance between evaporation and run-off and, in
an extreme simulation, can alter the surface
hydroclimate from evaporation dominated (Fig.
5(a)) to run-off dominated (Fig. 5(b)).

There are a number of proposed procedures for
examining land-surface climate sensitivity to het-
erogeneities at current GCM grid scales. These
include (a) imposing statistically or physically-
based spatial distributions of precipitation, veg-
etation, orography etc. within grid areas and (b)
embedding mesoscale numerical models within
the GCM to produce improved spatial resolution
for selected regions. Preliminary results for south-
eastern Australia generated by embedding the
MM4 model within the NCAR CCM show im-
provements in precipitation distribution as a
function of orography and differences in coastal
and interior drainage of run-off (e.g. Giorgi et al.

- 1990).

For current, or future, parametrisation schemes
to be of use we must improve and synthesise
current observational programs of exchanges of
momentum, energy, water and trace gases.

Observations range in size from smaller than
1 m-10 m (a plant), through AVHRR Local Area
Coverage (LAC) pixels of size ~1 km, to the geo-
stationary satellites and radar pixels of ~10 km

Fig. 5 Results from the second year of two, two-year
stand-alone simulations with BATS showing the
seasonal variation in the prescribed precipitation
(open downward bars) and calculated evapor-
ation (solid upward bars) and run-off (hatched
downward bars) (all in mm month—1). Simu-
lations are for the case of a tropical forest ecotype
in which the areal distribution of the precipi-
tation is over a fraction, u, of the grid area such
that (a) 4 = 1.0 and (b) u = 0.1. All the compon-
ents of the climate forcing, including precipita-
tion, air temperature, wind speed, solar radiation
and downwelling near-infrared radiation are
identical in the two cases (after Pitman et al.
1990).
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