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Schemes to produce permanent inland water surfaces in central
Australia to ameliorate the climate in agricultural areas have been sug-
gested since the late 1.9th century. A thorough examination of the
expected meteorological response to such an imposed water expanse
was undertaken by Warren (1945) and the general conclusion was that
there would be limited change to the climate. Here we use data and tech-
niques not available to Warren (1945) to assess the likely impact of large
permanent inland water surfaces on Australian rainfall. Studies of the
rainfall response to extensive areas of irrigation in other countries gen-
erally conclude that there is little discernible difference in the rainfall
amount, and the rainfall pattern does not change. Inland Australia is
arid, with strong potential evaporation and only intermittent rainfall
from modifications to the large-scale flow, often linked with positive
phases of the El Niffo - Southern Oscillation (ENSO). ENSO is also
strongly linked with rainfall in eastern Australia, rnost likely swamping
any signal from an inland water source. The large-scale interaction
between the atmosphere and the land surface in central Australia is
weak, and is not affected by whether large lakes such as Lake Eyre are
full. Both mesoscale and global climate models show that large water
expanses do have local effects including a large local increase in surface
latent heat flux and a decrease in temperature. In some cases this
reduces rainfall over the water surface. The variable-resolution version
of the CSIRO conformal cubic atmospheric model, with a fine grid of
approximately 60 km over Australia, and the Melbourne University
General Circulation Model are both used to assess the wider response
to a large inland water expanse. Away from the imposed water expanse
there is no consistent or significant response in rainfall anywhere in
Australia. We conclude, as did Warren (1945) that there is no evidence
that large-scale permanent water surfaces in inland Australia would
result in widespread climate amelioration.

Introduction
'Drought-proofing' Australia is a concept that fires
the imagination of the Australian people, particularly
during severe drought. One recurring suggestion to
achieve this aim is to form a large water expanse in

Corresponding author address: Pandora K. Hope, Buteau of
Meteorology Research Centre, GPO Box 1289K, Melbourne, Vic.
3001, Australia
Email: p hope@bom.gov.au

central Australia, with the assumption that moisture
evaporating from such an expanse would later precip-
itate over agricultural regions in eastern Australia.

This plemise then opens the debate as to whether
such a large water expanse would actually modify
Australia's rainfall regime. This question has been
asked before, and as reported in Warren (1945) the
usual conclusion has been that there would be mini-
mal change. There are now longer data records than



Australian Meteorological Magazine 53:4 December 2004

were available to Warren (1945) and climate models
can be used to test the effect of a large water expanse,
so a re-examination of the question seems timely.

Problems with building such a water expanse
include the cost and environmental impacts. None of
these problems will be addressed here; this study is
designed solely to address the question of whether a
large inland water expanse, particularly in the region
of Lake Eyre, would produce a strong rainfall
response somewhere, and if so, where and by how
much.

In this paper we first provide a brief overview of
some of the historical suggestions for increasing
water surfaces in inland Australia, followed by a
description of the physical geography of Lake Eyre
and its catchment and the climate of the region. We
then present a review of some of the literature about
the results from flooding large regions in other parts
of the world followed by a brief discussion of the
strength of the interaction between the surface and the
atmosphere in the Eyre catchment through the recy-
cling of rainfall over central Australia. The results of
modelling studies of the impact of increased water
surfaces in central Australia are then presented, fol-
lowed by our conclusions.

Early schemes and analysis

There have been several proposals to increase perma-
nent water surfaces in inland Australia since
Australia's European settlement. These proposals
have included schemes involving broad channels
from the south coast, damming some of the rivers that
feed Lake Eyre from the north, or building pipelines
from high rainfall areas on Queensland's coast. A pro-
posal to fill Lake Eyre, the largest ephemeral salt lake
in Australia, was first discussed by the South
Australian Government in the late 1800s, but it was
not pursued. Many of the early schemes are docu-
mented in Towner (1955). The best known proposal
was the 'Bradfield Scheme' outlined tn 1941.

The Bradfield Scheme proposed massively
increased inland water storage and irrigation through
southwest Queensland and northern South Australia.
To achieve this, a series of pipes and dams would
redirect tropical rainfall from the east of the Great
Dividing Range to storages in the west. Ion Idriess, an
author and traveller, proposed a similar scheme
(Idriess 1946). At the time, both the Bradfield and
Idriess schemes received considerable public support
(e.g. Timbury (1944)).

Bradfield's belief that inland water storage would
ameliorate the climate of inland Australia was based
on the research of Quayle (1921, 1922). Quayle

(7921) explains how a surface water source such as
Spencer Gulf, irrigation, or a full lake would lead to
rainfall downwind. Most of his analysis is of areas
that derive much of their rainfall from frontal systems
embedded in the prevailing westerlies, south of the
subtropical ridge. Quayle stated that much of the
response was due to the air generally being near a
threshold level of humidity; thus only a small additior-
was needed to help trigger an increase in precipita-
tion. Lake Eyre is further inland than the sites men-
tioned above and conditions are a little different - the
seasonal precipitable water totals created with NCEP-
DOE (National Centers for Environmental Prediction
- Department of Energy) Reanalyses II (Kanamitsu et
al.2002) show that the amount of water in the atmos-
phere is less at Lake Eyre than at Spencer Gulf during
winter and autumn as well as being more vertically
stable, with less potential for storms, over Lake Eyre
in all seasons except autumn.

Quayle also examined the rainfall to the southwest
of the inland Lakes Torrens and Frome. Although
there was evidence of an increase in rainfall when the
lakes were full, this matched rainfall increases in the
larger region, suggesting that the large-scale condi-
tions leading to the lakes filling also produce rain
across the wider region. The statistics from Quayle's
studies also suffer from the problem of having been
produced from only a short period of data, a problem
exacerbated by the strong interannual variability of
inland rainfall.

A committee of meteorologists from the
University of Melbourne and the Commonwealth
Meteorological Bureau examined the Bradfield pro-
posal and their conclusions are reported in Warren
(1945). The committee examined Australian evi-
dence, as well as evidence and arguments regarding
similar proposals in other countries. The majority
opinion regarding possible climate amelioration was
that 'there may be improvement over strictly limited
areas' in the vicinity of the water, 'but there appears
no clear prospect of the enormous benefits to rainfall
and climate envisaged by Dr Bradfield'. The commit-
tee further stated that 'The best that could be hoped
for would be a slight amelioration of the climate,
more particularly of temperature, in the immediate
neighbourhood of the storage area'. Quayle, a mem-
ber of the committee, submitted a dissenting report.

The Bradfield Scheme has been re-examined itr
Kotwicki (1986) and fbund to have many shortcom-
ings. Most of these are due to assumptions about pos-
sible stream-flows based on limited data. When
Kotwicki (1986) assessed the precipitation, evapora-
tion and stream-flow data now available, along with
data on the gradients of the rivers, the scheme was
found to be flawed.
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The following analysis concentrates on the rainfall
response to a water expanse in the location of Lake
Eyre. Although not all the schemes to increase water
surfaces in inland Australia would necessarily mean
permanent filling of Lake Eyre, it is probably the
scheme that would cover the largest surface area with
water. If the response to filling the immense expanse
of Lake Eyre (or larger surrounding areas) produces a
strong large-scale runfalT response, this result would
likely apply to most schemes.

Description of Lake Eyre

Lake Eyre is a huge shallow salt lake in central
Australia that is sometimes dry. It drains a catchment
of 450 000 km2, as shown in Fig. 1(a), approximately
a sixth of the Australian land mass, and is the fourth
largest internal basin in the world. Lake Eyre consists
of two lakes - Lake Eyre North and Lake Eyre South,
linked by the Goyder Channel. The total lake covers
9500 km2, and when it is full its deepest point is only
6 m deep, and approximately 15 m below sea level
(Bye et al.1978). The bathymetry changes during and
after a filling due to the solution and re-deposition of
the surface salts. Figure 1(b) shows the catchment,
Lake Eyre North and South (shaded dark), and some
of the sumounding rivers and towns.

The majority of inflow to Lake Eyre is from the
rivers to the north which include the Georgina,
Diamantina, Warburton and Cooper. The combined
catchment area of these rivers is 365 000 km2, pro-
viding an annual average flow of 2.4 km3 (Kotwicki
1986). Water from the Georgina and Diamantina
rivers flows into Lake Eyre every second year or so,
while flow from other sources is more sporadic. West
and south, the rivers include the Macumba, Neales,
Frome, Margaret and Warrineq with a mean annual
input of O.'74km3. The water in the rivers that feed
into Lake Eyre is often Iost to evaporation and infil-
tration into the flood-plains and dunes well before it
reaches the lake (Knighton and Nanson 1996). For
instance the rivers to the northwest, including the
Hay, Plenty and Finke, ffaverse and usually end in the
Simpson Desert and rarely reach Lake Eyre,

Early recordings of the fillings of Lake Eyre date
from Edward John Eyre in 1840, but have been spo-
radic since then due to the limited population sur-
rounding the lake. The first verified extensive flood-
ing of Lake Eyre was in 1949 (Bonython and Mason
1953; Peake-Jones 1955; Allan 1985). There can be
problems with the quality of the evidence of Lake
Eyre filling. Because of the shallowness of the lake, if
it is only pafiially full (as in 2000) no water may be in
sight from the edge if the wind is blowing away from

Fig. 1 (a) Location of Lake Eyre (dark grey) and its
catchment (light grey), (b) the catchment,
Lake Eyre North and South (shaded dark),
and some of the surrounding rivers and towns.

(a)

the shore. An increased number of flights in the
region have increased the number of sightings of fill-
ings in the second half of the 20th century, although
there are limitations with estimates of the extent and
depth of the filling from the air, since extremely shal-
low water can give the appealance of a great deal of
water (http://lakeeyreyc.com). Satellites have provid-
ed a basis for quantitative values of the extent of fill-
ings. Fillings, estimated from satellite data, ground
observations and hydrological models are shown in
Fig. 2. The annual data (top panel) are from Allan et
al. (2001) and Allan (personal communication 2003)
and represents the inflows. Depth data derived from
satellite images, confirmed by ground observations,
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Fig.2 Top panel is the annual volume inflow to Lake
Eyre, data from Allan et al, (2001) and Allan
(personal communication 2003). Bottom panel
is the estimated monthly volume of Lake Eyre
South and basins in the south of Lake Evre
North. in km3.

from Bob Backway (personal communication 2003)
have been converted to monthly volume data, shown
in the bottom panel of Fig. 2.

The largest known filling since European settle-
ment was in1974to 1976, described extensively, with
many references, in the book of Bonython and Fraser
(1989). The event aroused so much interest that there
are many photographs available to document the
extent of the filling, although the level posts in Level
Post Bay were washed away (Dulhunty1989).

Evidence over the last 50 years indicates that por-
tions of the lake partially fill every three years or so,
that the lake floor is completely covered about every
8 years with major floods about every 20 years, and
that Lake Eyre is rarely completely dry. The monthly
volume estimates in Fig. 2 illustrate this well. The fact
that Lake Eyre often has some water in it means that
the current climate is already modified by the pres-
ence of water in Lake Eyre.

Climate

Lake Eyre and much of its catchment is located in the
driest part of Australia, with the average rainfall for
the whole catchment at about 250 mm per year (see
Fig 3). Gentilli (1971) describes the air mass over
much of the catchment as being all of continental ori-
gin in both summer and winter. The northeast of the
catchment receives the largest rainfall amounts, most-

Fig.3 Average annual rainfall (mm) 1960-90. Eyre
catchment is shaded light grey, and Lake Eyre
is shaded dark.
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ly associated with the summer monsoon (Gentilli
1971). The rest of the catchment is at the geographi-
cal extremes of the extent of systems associated with
the monsoon to the north and the westerlies to the
south. Rainfall is generally associated with sporadic
large-scale events.

Lake Eyre can flood via rainfall from different
types of systems, The meteorological conditions asso-
ciated with the floods of 1949,1955,1974 and 7916
were a large-scale modification of the monsoonal
flow, causing heavy rains in the catchment to the
nofiheast ofLake Eyre (Allan 1985). The 1984 flood-
ing resulted from a quite different situation, with per-
sistent rain from a transient system passing over the
western portion of the catchment, pafiicularly the
feeders to Lake Eyre South (Allan et al. 1986). This
storm was very effective in filling Lake Eyre since
rainfall in the local area of the lake suffers less trans-
mission loss (Tetzlaff and Bye 1978).

Potential and pan evaporation in the region of
Lake Eyre is high: at Birdsville the mean annual pan
evaporation is 3358 mm, whereas the rainfall is 169
mm, A reduction in the potential and pan evapora-
tion has been noted when Lake Eyre is full.
Evaporation was estimated at 2000 mm yr-l off the
full lake for the years 1951 and 1975 (Bonython and
Mason 1953; Tetzlaff and Bye 1978). When Lake
Eyre was full in 1974 the pan evaporation at nearby
stations reduced to 1800 mm yr-l (Tetzlaff and Bye
1978), but, assuming that pan evaporation provides
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a reasonable estimate of the potential evaporation, it
is still much greater than the rainfall. With this
potential for high levels of evaporation, to maintain
a full lake would require an enormous increase in
both the volume and consistency of the inflow.
Kotwicki (1986) estimated that to offset the evapo-
rat ion alone, 18.9 km3 yr-1 inf low would be
required, about six times the current average annual
inflow, and equivalent to the annual discharge of the
Murray River, (http://lakeeyreyc.com), or three
days of Amazon discharge, or the volume of an
Olympic swimming pool every four seconds for a
whole year.

High rainfalls in the catchment have a close asso-
ciation with the El Nifio-Southern Oscillation
(ENSO) phenomenon, with increased rainfall during
La Nifla events - when the Southern Oscillation Index
(SOI) is high. The correlation coefficient between
annual (May-April) SOI and the rainfall in the Eyre
catchment is high, 0.45 (significant at the 99 per cent
Ievel) for the period 1925-1990. Corresponding with
the strong link between rainfall and the SOI, Allan et
al. (2001) show a significant correlation between
Lake Eyre inflows and the SOI of 0.37 for the years
1885-2000. This conelation varies with time, and
Allan et aL (2001) link these variations to decadal cli
mate variability. Any influence that the lake being full
has on distant rainfall would likely be dominated by
the large-scale influence of ENSO.

Response to surface water in other
countries

The 7945 inquiry into the Bradfield Scheme Warren
(1945) reviewed the international literature avaiTable
at that time on the possible impacts of increases of
inland water storages and irrigation on climate. The
inquiry concluded that 'in no case did the references
establish evidence of material influence on rainfall or
climate in the areas of the inland water storages and
in"igation areas'. More recent studies of the possible
clirnatic influence of large-scale surface change for
quite different climate regimes around the globe have
now been assessed.

The USA has seen an extensive increase in irriga-
tion over the last century. A statistical study of the con-
ditions in central USA by Barnston and Schickedanz
(1984), extending an earlier study by Schickedanz
(1976), suggested that inigation enhanced minfall from
naturally occurring systems. Thus stationary fronts,
that entrain suface moisture as they persist over the
region, resulted in rainfall from the inigated surfaces.
The overall climatic response to irrigation was
decreased temperature, parlicularly during the day, and

increased vapour content. These changes were evident
at stations up to 160 km from the main inigated
regions. Moore and Rojstaczer (2001), examining the
same region, found that for the period 1950-97 there is
'at best, slight evidence that irrigation induces rainfall'
and that 'If inigation-induced rainfall exists, its impact
is only minor relative to the natural determining factors
of plains climate'. Moore and Rojstaczer (2001) also
suggested that the apparent irigation effects noted by
Bamston and Schickedanz (1984) may simply have
been due to a large-scale increase in precipitation rather
than an irrigation effect.

The USA rainfall response to irrigation was further
considered from both a conceptual viewpoint and
using a mesoscale model by Segal et al. (1998). in
their conceptual model they suggested that moisture
evaporated from irrigated areas in dry regions may act
as a source for rainfall downwind. With a dynamical
mesoscale model they assessed normal, drought and
flood conditions with irrigated and non-irrigated sur-
faces. They found that inigation did indeed alter
existing rainfall regions but concluded that 'the

impacts of inigation on the resolvable rainfall sys-
tems were generally so weak that hardly any new
rainfall areas were generated; rather, irrigation only
altered existing rainfall fields'.

In West Bengal, India, a westward shift in rainfall
and storms has been noted by Singh and Sontakke
(2002) who suggested this shift was probably due to
large-scale circulation changes, rather than associated
with changes in irrigation. They did, however, suggest
that 'A combined effect of regional (expansion and
intensification of agricultural activities and spreading
irrigation network) and global environmental
changes... appears to be the main cause of cooling' in
the region from 1958.

Increases in irrigation in the south of Israel since
the mid-1960s have coincided with increased annual
rainfall, discernible decreases in the diurnal tempera-
ture range and an increase in early wet season con-
vective rainfall. Such changes were reproduced in a
simple model experiment of de Ridder and Gallee
(1998) leading to the conclusion that inigation could
lead to enhanced moist convection. Ben-Gai et al
Q994) agree that the increased irigation may have
contributed to the observed increase in annual rainfall
totals for 1961-1990, though they also suggested that
the early 1960s was a time when the global sea-sur-
face temperatures were changing, affecting large-
scale systems. Steinberger and Gazit-Yaai (1996)
agreed that the change in Israeli rainfall was related to
large-scale circulation changes, and discounted possi-
ble influences from irrigation changes. They pointed
out that rainfall had actually decreased in the northern
parts of Israel.
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In each of the cases mentioned above, increased
irrigation leads to a local decrease in temperature and
sometimes changes in precipitation (although the evi-
dence regarding the precipitation effect is less clear).
Any increases in rainfall tend to occur in regions
where there was rainfall prior to the irrigation.
Responses distant to the moisture source are not as
clear as those in the local region. Thus the evidence
from international studies suggests that maintaining a
constantly full Lake Eyre might reduce temperatures
locally, and perhaps modify convective storms in the
Lake Eyre region. The international studies do not
provide evidence that a constantly full Lake Eyre, or
extensive irrigation, would result in major, wide-
spread increases in precipitation distant from the
water surfaces.

Land-atmosphere interaction

The question of whether a full Lake Eyre will increase
the moisture available for precipitation can be
addressed by examining a measure of the strength of
the interaction between the land surface and the
atmosphere. One such measure is the moisture recy-
cling, which is the ratio of the rainfall derived from
evaporation arising from a target region to the total
precipitation over that region. The numerical value of
the recycling ratio is dependent on area, and will go to
zero as the area goes to zero, and towards unity as the
area becomes large.

Eltahir and Bras (1996) provide an overview of
some of the methods used to calculate the recycling
ratio. There are a number of assumptions and limita-
tions. The assumptions include that the moisture in
the air is well mixed, the storage of water vapour is
small compared with the fluxes and that the flow is
close to linear (Burde andZangvll2001). The major
limitation is the veracity of the moisture fields in
reanalyses (Trenberth and Guillemot 1995).

An equation for moisture recycling balancing the
incoming moisture, the local actual evaporation and
the area is presented by Brubaker et al. (1993). They
assessed the degree of moisture recycling over four
regions of the globe and found that in general there is
high seasonal variability with greater recycling in
summer. The particular characteristics of each region
are important to the potential for the recycling of
locally derived moisture. An area with a strong mech-
anism for precipitation would result in precipitation
of most of the moisture present, leading to sffong
recycling, while an area of stable air would have less
potential for moisture recycling.

To assess the degree of land-atmosphere interac-
tion the moisture recycling ratio as defined in

Brubaker et al. (1993) was calculated using
NCEP/DOE Reanalyses II data for the Eyre catch-
ment. The moisture recycling ratio over the region is
highest in summer and autumn, and very low in win-
ter. This is consistent with the maps of recycling ratio
in Trenberth (1999). The correlation between the sea-
sonal rainfall for the Eyre catchment and the time-
series of the recycling ratio over the same region for
the period 1980-2000 is significant and positive, indi-
cating that the higher the rainfall, the greater the
amount of moisture recycling. The correlation
between seasonal rainfall and the estimated volume of
Lake Eyre, as shown in Fig, 2, is also positive and sig-
nificant at zero lag and when the rainfall leads by one
season. The correlation between the volume of water
in Lake Eyre and the moisture recycling is zero, with
no significant correlations at any lag in any season,
indicating that a full Lake Eyre has no influence on
the recycling of moisture across the Eyre catchment.
The maps of moisture recycling of Trenberth (1999)

show the majority of the moisture recycling is in the
northeast of the Eyre catchment, with very little over
Lake Eyre itself in any season. These results indicate
the small influence that water in Lake Eyre has on the
amount of subsequent rainfall in the region.

Model response to a full lake

Large salt lakes produce a mesoscale response in the
local environment when they are dry (Physick and
Tapper 1990) and wet (Yan and Anthes 1988). Once
the wet surface of a lake is wider than 96 km (approx-

imately the width of Lake Eyre) Yan and Anthes
(1988) found that a simple numerical model with
moist physics produces rainfall 69 km away from the
edge of the lake. These results indicate that the pres-
ence of an inland water expanse modifies the local
environment, but to assess the continental response,
larger-scale models are required.

To test how an imposed water expanse in the
approximate location of Lake Eyre would alter
Australia's rainfall, an inland lake was represented in
a number of ways in two global atmospheric models.
These are the variable-resolution version of the
CSIRO conformal cubic atmospheric model (C-

CAM) and the Melbourne University atmospheric
general circulation model (MUGCM).

Model description

The resolution of C-CAM used here is 65 km over
Australia, extending to 800 km on the other side of
the globe. The model is described in McGregor and
Dix (2001), The model physics include six layers for
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soil temperature and moisture as described in Gordon
et aL. (2002) and the model has prescribed vegetation
and soil types. The far-field winds are prescribed and
their influence reduces to zero approximately 2000
km from the Australian coast. The convection is mod-
elled with a mass-flux cumulus scheme described in
McGregor (2003). In the simulation termed C-CAMa
the shallow convection is considered as part of the
deep convection, while in C-CAMb a modified ver-
sion of Tiedtke's (1984) method is used. C-CAMa has
the initial conditions, sea surface temperatures (SSTs)
and far-field winds prescribed from NCEP/NCAR
(National Center for Atmospheric Research) reanaly-
ses (Kalnay et al. 1996) for rhe years 1979 to 1989,
with the first year discarded to a1low spin-up. The
output from the CSIRO Mk3 coupled general circula-
tion model (Gordon et at.2002) with greenhouse gas
levels corresponding to the years 1980 to 1989 is used
to force C-CAMb.

The MUGCM is a spectral model based on the
model described by McAvaney et a1. (1978). Noone
and Simmonds (2002) describe further developments
in the physics and parametrisations. The land surface
has no vegetatior, a two-layer soil moisture scheme
(Hunt 1985), and albedo is calculated dependent on the
soil moisture (Laval and Picon 1986). Convection is by
adiabatic adjustment and dre prognostic clouds are as
described in Argete and Simmonds (1996). Unlike the
version of the MUGCM described in Noone and
Simmonds (2002), the moisture transport in the version
used here is spectral. MUGCM can be run at two reso-
lutions, rhomboidally truncated at 21 (R21) and 31
(R31) waves. The R21 resolution is approximately 5.3'
Iongitude by 3.3' latirude, while R31 is 3.7o by 2,2".
Monthly climatological SSTs are prescribed from
Reynolds (1988) for the years 1981-85.

The precipitation in the control simulations for C-
CAMa and b and MUGCM R21 and R31 are within
the range of variability shown between general circu-
lation models, (e.9. Zhang et al. (2002)). Comparison
of the model results with the high-quality Australian
gridded rainfall (Jones and Weymouth 1997) shows
that C-CAMa simulates Australian rainfall particular-
ly well with only very small areas having errors
greater than 50 mm month-t. C-CAMb produces a
similar pattern of precipitation anomalies to C-
CAMa, though it is wetter, while MUGCM has nega-
tive precipitation errors in the west with consistent
positive erors elsewhere.

Defining the lake

Representing lakes in a GCM can be quite complex
(e.g. Bonan (1995)) but a large, shallow lake such as

Lake Eyte does not present some of the usual prob-
lems. Ful1 grid-points can be used and the depth of the
simulated lake and its associated thermal inertia do
not need to be considered. In C-CAMa and b, the lake
is defined with permanently wet soil moisture over
rectangular areas equivalent to Lake Eyre and Lake
Torens (to the south). The roughness length over the
lakes is set to 6 cm.

The roughness length in the MUGCM is set to 29
cm over land. Setting a full grid-point to saturated
soil in the region of Lake Eyre results in a strong
increase in the latent heat flux and a reduction in
temperature. For typical values of temperature,
wind and humidity, this roughness length results in
2.6 times more latent heat flux than with a typical
roughness length over a water surface. This was cal-
culated from the evaporation equation in MUGCM
(Simmonds1985) and from experiments using the
roughness lengths for land and water. Thus to best
simulate a lake, the grid-point(s) in the location of
Lake Eyre are represented by permanently saturated
soil with drag calculated as if over water. The
method reduces the extreme latent heat flux that
results when the MUGCM standard roughness
length for land is used. The response in the
MUGCM with reduced lake roughness length is less
than in C-CAMa or b, perhaps indicating that the 6
cm roughness length specified in C-CAMa and b is
too large, exaggerating the response.

Results

The strongest response for both C-CAMa and b in the
Lake Eyre region is a large increase in the latent heat
flux and an associated surface air cooling. The poten-
tial evaporation is decreased along with the decrease
in temperature and the increased humidity. The
changes are largest in summer and accompanying the
cooling there is a strong decrease in the local precipi-
tation, by more than 70 per cent of the usual summer
precipitation in C-CAMb.

Across the Australian continent away from Lake
Eyre there are few regions with precipitation anom-
alies significant at the 95 per cent level in either C-
CAMa or b. The significance of anomalies is calcu-
lated using the method of Chervin and Schneider
(1 976), based on the Student t-test. Figure 4 shows the
seasonal precipitation anomalies from C-CAMa with
differences significant at the 95 per cent level stip-
pled. There is a region of significant increase in
Western Australia in spring (Fig. a(d)), but the same
area shows a decrease in the other three seasons. In
summer and winter there are no regions of significant
change anywhere across Australia.
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Fig.4 Rainfall anomalies for C-CAMa for each season, (a) summer (DJF),_(b) autumn (MAM), (c) winter (JJA) and
(d) spring (SON). Contour intervals -20, -10, -5, 5, 10, 20 mm month-l. Negative contours are dashed. Stippling
indicates significant difference at the 957o level.

(b)

If the signal from filling Lake Eyre and Torrens was
strong, the modest changes in convection and sea-sur-
face temperature forcing between C-CAMa and C-
CAMb should make little difference to the response.
The seasonal precipitation anomalies for C-CAMb
are shown in Fig. 5. The major result of note is,
besides the decreased precipitation over Lake Eyre in

summer, that there are no other regions with a consis-
tent significant response.

Due to the lower resolution of the MUGCM. and

the relatively short time needed to caffy out simula-
tions, several tests were performed to assess the sen-
sitivity to differing lake surface parametrisations,

model resolution and varying lake size.
The response in the MUGCM R21 experiment

with a standard size lake shows small regions of sig-

nificant change in precipitation at the 95 per cent

level across Australia (not shown). Like C-CAMa
there is a significant increase in precipitation in cen-
tral Western Australia in spring, but only small
regions of significant change in the other seasons.
The MUGCM resolution has little bearing on the
results, with the anomaly pattern for R31 being con-
sistent with that for R2l.

The model is sensitive to the size of the lake
imposed. The extent of the broader reaches of Lake
Eyre North and South is 100 by 200 km. The lake
defined in the MUGCM is one grid-point in the
R21, two in the R3l, approximately 500 by 360 km.
This is a good deal larger than the actual Lake Eyre,
allowing any response to be amplified somewhat.
To test the sensitivity to the size of the lake, an
enormous lake of 720 by 750 km was imposed in
the R31 simulation. This covers much of South

0
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Fig.5 As for Fig.4 but for C-CAMb.

0 _-i .b

,A.ustralia. The response to this huge lake is a signif-
icant increase in rainfall by about 146 mm yr-l over
much of the lake and west into the Gibson Desert in
central Western Australia. There are also large
decreases in precipitation on the southern east
coast. This result indicates that with a large enough
area of Australia inundated, there will be a response
in the precipitation, though not a universal increase.

To compare results with those of C-CAMa, the
MUGCM was forced with varying observed SSTs
from the Global Sea-Ice and Sea Surface
Temperature (GISST) dataset provided by the
British Atmospheric Data Centre (Rayner et al.
1996) for the years 1978 to 1989, with a spin-up of
two years. To deterrnine the level of consistency of
the response in the model, five control and five Lake
Eyre experiments were started from different times

in early January 1978. The climatology of all of the
control ensemble members was very similar, as were
the Lake Eyre ensemble members, but the Lake Eyre
minus control precipitation anomaly was not consis-
tent at any place across the five. The difference
between two of the ensemble member winter precip-
itation anomaly patterns shown in Fig. 6 indicates
just how variable the response can be.

With a reasonable representation of Lake Eyre, the
results from C-CAM and MUGCM show a slight
local cooling and an increase in latent heat flux over
the imposed lake. Away from the lake, the changes in
precipitation are not consistent between the models
nor between ensemble members and they are not sig-
nificant. These results suggest that maintaining a full
Lake Eyre is unlikely to modify Australia's rainfall in
any consistent or significant way.
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Fig. 6 Rainfall anomalies for two MUGCM ensemble
members, (a) member 4 and (b) member 5, for
winter, Contour intervals -20, -10, -5, 5, 10, 20
mm month-l. Negafive contours are dashed.
Stippling indicates significant difference at the
95Vo level.

t a l

Conclusions

At first sight, it is an appealing idea that a massive
increase in water surfaces in inland Australia would
lead to increased rainfall over agricultural areas.
There has been speculation for over a century that
schemes to 'water the inland' might enhance agri-
cultural productivity. The general conclusion of
those who have studied such proposals, however,
has been that they are unlikely to produce the mas-
sive benefits suggested by the proponents of the
schemes. Our conclusion matches those of earlier

assessments: although there seem likely to be local
climate changes (cooling over the lake and nearby)
none of the approaches we have used suggest that
major, widespread rainfall increases are likely. This
conclusion also seems consistent with related inter-
national studies.

The inland water expanse considered here has
been in the region of Lake Eyre, the filling of which
is a common suggestion in many of the schemes. One
observation that will modify how a large inland lake
will ameliorate the climate is the fact that Lake Eyre
is actually rarely dry, and so the current conditions
may not be far removed from those produced when its
whole extent is constantly wet. ENSO influences will
also likely swamp any influence of a full lake on rain-
fall in eastern Australia. The moisture recycling in the
catchment is predominantly in the northeast and is
linked to rainfall but has no corelation with the fill-
ing of Lake Eyre. The results from imposing an inland
water expanse in Australia in global atmospheric
models show that given a large enough lake, there
will be a precipitation response. But, for water
stretches less expansive than the size of South
Australia, the precipitation response away from the
lake is unclear and variable.

We recognise that each of the approaches we have
used has its deficiencies. If we were looking for a sub-
tle change in rainfall these deficiencies might be
impofiant. However, we are attempting to determine
if an inland water surface leads to a major, widespread
increase in rainfall. Only ifthis were the case could it
be economically viable to undertake a scheme to
flood the inland. Despite their deficiencies, the
approaches we have used should be able to detect
such a large effect. Since none of the approaches sug-
gest that such a large, widespread effect is likely, it
seems reasonable to conclude, as did Warren (1945),
that any change would be minimal and unpredictable.

Acknowledgments

We thank Rob Allan (Hadley Centre, UK) for provid-
ing the annual filling data for Lake Eyre and Bob
Backway (Lake Eyre Yacht Club) for providing the
basin depth data. John Bye (University of Melbourne)
provided useful suggestions and insight into the
research history of Lake Eyre. Eva Kowalczyk, Jack
Katzfey and Kim Nguyen from CSIRO Atmospheric
Research were involved in devising and running the
experiments with C-CAM. We also thank Rob Allan
and Ian Simmonds (University of Melbourne) for
reviewing an early draft of the paper. Two reviewers
made useful suggestions which improved aspects of
the paper.



References

Allan, R.J 1985. The Australasian summer monsoon, teleconnec-
tions, and flooding in the Lake Eyre basin. South Australiqn
Geographical Papers, 2, 47 pp

Allan, R.J , Bye, J A T. and Hutton, P 1986 The 1984 filling of Lake
Eyre South. Transactions of the Royal Society of South Australia,
1 1 0 , 8 1 J .

Allan, R., Kotwicki, V andRoshier, D 2001 LakeEyre: TheENSO
integratol CLIMAG, Newsletter of the climate variability in agn-
cuhure research and development program (CYAP),8-9

Argete, A and Simmonds, I 1996 Comparison of temporal cloud
variability simulated by a GCM with obseryations from the
Nimbus-7 satellite Atmosferq, 9, l2l

Banston, A G. and Schickedanz, PT. 1984 The effect of irrigation
on wam season precipitation in the Souttrem Great Plains Jnl
Clim. AppL Met, 23, 865-88

Ben-Gai, T., Bitan, A., Manes, A and Alpert, P 1994 Long-term
changes in annual rainfall patterns in southern Israel Theoretical
and Applietl Climatolo gy, 49, 59-67

Bonan, G B 1995 Sensitivity of a GCM simulation to inclusion of
inland water sufaces. Jnl climqte. 8.2691 104

Bonython, C W and Fraser, A.S (eds) 1989 The grcat filling of Lake
Eyre in 1974 Royal Geographical Society ofAustralasia (South
Australia Branch) Inc

Bonython, C W and Mason, B I 953 The filling and drying of Lake
Eyre. The Geographical Journql, 119,321 30

Brubaker, K L, Entekhabi, D and Eagleson, PS. 1993 Estimation of
continental precipitation recycling Jnl climate, 6, 1077-89.

Burde, G.I and Zangvil, A 2001 The estimation of rcgional precip-
itation recycling Part I: Review ofrecyclingmodels. Jnl climate,
14,2497- 508

Bye, JA.T., Dil lon, PJ., Vandenberg, C.J and Will, cD 1978
Bathymetry of Lake Eyre Trqnsactions of the Rotql Society,
South Austaliq, I 02, 85-89.

Chervin, R and Schneider, S 1976 On determining the sratistical
significance of climate expedments with general circulation
rnodels -I. Atmos Sci.. 33.405-12

de Ridder, K and Gallee, H 1998 Land surface-induced regional
climate change in Southern Israel Jnl Appl. Met , 37, 1470-85

Dulhunty, JA 1989 Levels, salt crusts and lake bed instabil ity, in
C,W Bonython and A S Fraser (eds) The grcot fiLling of Lqke
Eyre in 1974, Royal Geographical Society ofAustralasia, (South
Ausnalia Branch) Inc.. 56 9

Eltahil E.AB and Bras, RL 1996 Precipitation recycling R?y
Geophys , 34,367J8.

Gentilli, J 1971 Clinxotes of Australia and New Zealantl, Vol.. 13
World Survey of Climatology, 405

Gordon,  HB,  Rots tayn ,  LD. ,  McGregor ,  JL ,  D ix ,  M.R,
Kowalczyk, E.A, O'Fanell, S P, Waterman, L J., Hirst, A C ,
Wilson, S G., Collier, A, Watterson, LG and Elliott. T.I 2002
The CSIRO Mk3 Climate System Model Electronic publication
Iech paper no 60, CSIRO Atmospheric Research.

Hunt, B. 1985 A model study of some aspects of soil hydrology rel-
evant to climatic modelling Q. il R Met Soc., 111, 1011-85.

Idriess, LL 1946. The Great Boomerang. Angus and Robertson,
Sydney

Jones, D.A and Weymouth, G 1997 An Australian monthly rainfall
dataset Technical Report No 70, Bur Met, Australia.

Kalnay, E, Kanamitsu, M , Kistler, R, Coll ins, W, Deaven, D,
Gandin, L,Iredell, M., Saha, S , Whire, G, Woollen, J ,Zhu,Y.,
Chell iah, M , Ebisuzaki, W, Higgins, W, Janowiak, J , Mo, K,
Ropelewski, C., Wang, J, Leetmaa, A., Reynolds, R., Jenne, R
and Joseph, D 1996 The NCEP/NCAR 40-Year Reanalysis
Project Bull.Am Met \oc,77,437-71

Kanamitsu, M , Ebisuzaki, W , Woollen, J., Yang, S -K , Hnilo, J J .
Fiorino, M and Pofter', G.L 2002 NCEP-DOE AMIP-II

Reanalysis (R-2) Bull. Am Met. \oc.,83,163143.

Knighton, A D. and Nanson, G C 1996. Flow transmission along an
arid zone anastomosing river, Cooper Creek, Australia
Hydrological Processes, 8, 137-54.

Kotwicki, Y. 1986. Floods of Lake Eyre. Government Printer, South
Australia

Laval, K. and Picon, L. 1986 Effect of a change of the surface albe-
do of the sahel on climate J. Atmos. Sci,43,2418 29

McAvaney, B, Bourke, W. and Puri, K 1978. A global spectral
model for simulation of the general circulation J Atmos Sci, 3 5,
1557-83.

McGregor, JL 2003 A new convection scheme using a simple clo-
sure. In Meighen, PJ. and Hollis, A J. (eds) 'Current issues in the
parameterization of convection': Extended abstracts of presenta-
tions at the fifteenth annual BMRC modelling workshop, 13-lo
October 2003 BMRC Research Report No 93, Bur Mer,
Ausftalia

McGregor, J L and Dix, M R 2001. The CSIRO conformal-cubic
atmospheric GCM. In PF. Hodnett (ed ), IIJTAM Symposium on
Advances in Mathematical Modelling of Atmosphere and Ocean
Dynamics, Kluwer, Dordrecht, 197 -202

Moore, N. and Rojstaczer, S 2001 Irrigation-induced rainfall and the
Great Plains Jnl Appl. Mer., 40, 1297-309.

Noone, D and Simmonds, L 2002. Associations between 6180 of
water and climate parameters in a simulation of atmospheric cir-
culation for 1979-95 lnl climate. I 5.3150-69.

Peake-Jones, K (ed) 1955 lnke Eyre, South Australia - the great

flootling of 1949-50. Royal Geographical Society ofAustralasia,
(Soulh Australia Branch) Inc

Physick, WL. and Tapper', N J. 1990 A numerical study of circula-
tions induced by a dry salt lake Mon Weath Rev., 118,102942.

Quayle, ET. 1921 Possibilities of modifying climare by human
agency, with special application to south eastem Ausilalia.
Proceedings of the Ro1,al 5or'", of Victoria, 33, 115-32.

Quayle, E T. 1972 Local rain producing influences under human
control in South Austfalia Proceedings of the Royal Society of
victoriL. 34,89-104

Rayner, N A , Horton, E.B , Parker', D.8., Folland, C.K and Hackert,
RB 1996. Yersion 22 of the Global sea-Ice and Sea Surface
Temperature data set, 1903-1994 Technical nore,Hadley Centre,
UK Met Office

Reynolds, R I 988 A real-time global sea surface temperature analy-
srs. Jnl cl.imate, 1,75-86

Schickedanz, PT. 1976 The effect ofinigation on precipitation in the
Great Plains lllinois State Water Suney, Utbana, Illinois.

Segal, M., Pan,2., Turner, R W. and Takle, E S. 1998 On the poten-
tial impact of irrigated areas in North Amedca on sumer rain-
fall caused by large-scale systems Jnl Appl Met , 37, 325-31

Simmonds, I 1985 Analysis ofthe 'spinup'ofa general circulation
model J. Geophys. Res , 90,5637,60

Singh, N. and Sontakke, N A 2002 On climatic fluctuarions and
environmental changes of the Indo-Gangetic plains, India.
Climatic Change, 52, 287 -313

Steinberger, EH. and GazitYaari, N 1996 Recent changes in the
spatial distribution of annual precipitation in Israel Jnl climate,
9.3328-36.

Telzlaff, G and Bye, J A T. 1978 Water balance of Lake Eyre fot the
flooded period Jatuaty 1974 - June 1976. Transactions of tht
Royal Society of Australia, I 02, 91-6.

Tiedtke, M 1984 The sensitivity of the tine-mean large-scale flow
to cumulus convection in the ECMWF model ECMWF
Workshop on Convection tn Large-Scale Numerical Model.s,
297-316

Timbury, F.R 1944 The battle for the lnland. The case for the
BradJieM nntl ldriess platts Angus and Robertson, Sydney

Towner; ET. 1955 Lake Eyre and its tributalies Queenslancl
Geographical Journal

Hope et al.: Rainfall response to inland water in Australia 261


