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ABSTRACT: The potential role of the impacts of land-cover changes
(LCCs) in the Australian climate is investigated within the context of increas-
ing CO2 concentrations and temperature. Specifically, it is explored if possible
scenarios for LCC can moderate or amplify CO2-induced changes in climate
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over Australia. The January climate of Australia is simulated under three dif-
ferent land-cover-change scenarios using a high-resolution regional climate
model. The land-cover-change scenarios include a steady-state land cover that
is equivalent to current land cover, a low-reforestation scenario that recovers
approximately 25% of the trees replaced by grasslands within the last 200 yr,
and a high-reforestation scenario that recovers at least 75% of the deforested
regions. The model was driven by boundary conditions taken from transitory
climate simulations from a general circulation model that included two climate
scenarios based on two projected scenarios of CO2 concentration increase. The
results show that reforestation has the potential to reduce the projected increase
in Australian temperatures in 2050 and 2100 by as much as 40% and 20%,
respectively. This cooling effect, however, is highly localized and occurs only
in regions of reforestation. The results therefore hint that the potential of
reforestation to moderate the impact of global warming may be significantly
limited by the spatial scale of reforestation. In terms of deforestation, results
show that any future land clearing can exacerbate the projected warming in
certain regions of Australia. Carbon-related variables are also analyzed and
results show that changes in net CO2 flux may be influenced more by soil
respiration than by photosynthesis. The results herein encourage studies on the
inclusion of land-cover-change scenarios in future climate change projection
simulations of the Australian climate.

KEYWORDS: Land-cover-change scenarios; Regional climate modeling;
Climate change

1. Introduction
The significance of the impacts of historical land-cover change (LCC) on the
present-day climate of Australia has been investigated by Narisma and Pitman
(Narisma and Pitman 2003) and Pitman et al. (Pitman et al. 2004). Their results
showed that LCC may account for a substantial part of the regional long-term
weather changes over Australia in the last two centuries, including changes in
temperature and rainfall. The significance of these results has established the
important role of historical LCC in the evolution of the Australian climate to the
present day. However, given projected changes in the Australian climate in the
next 50 to 100 yr, LCC experiments must go beyond the impacts of historical
changes in vegetation. Narisma and Pitman (Narisma and Pitman 2004) and Na-
risma et al. (Narisma et al. 2003) have shown that both changes in CO2 concen-
tration and climate can affect Australian vegetation and hence affect the results of
LCC experiments that omit these feedbacks. In this paper, we explore the impacts
of LCC in the context of changing CO2 and climate and investigate the potential
role of LCC in the future climate of Australia. Specifically, we explore if possible
scenarios for future LCC moderate or amplify CO2-induced changes in climate
over Australia.

There have been many studies on the impacts of future changes in CO2 and
climate on vegetation (Betts et al. 1997; Cao and Woodward 1998; Woodward et
al. 1998; Levis and Foley 1999; Betts et al. 2000; Levis et al. 2000; Bergengren
et al. 2001; Claussen et al. 2001). Studies on the combined effects of LCC and
climate change due to the enhanced greenhouse effects are less common (Costa
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and Foley 2000; Zhang et al. 2001; DeFries et al. 2002). The results of Costa and
Foley (Costa and Foley 2000) showed that the effect of higher CO2 concentrations
in the Amazon is to increase the average precipitation. However, the combined
effects of deforestation and higher CO2 concentrations result in a reduction in the
average rainfall. These results indicate the importance of taking into account the
combined effects of LCC and higher CO2 concentrations with any corresponding
global warming. This conclusion is supported by Zhang et al. (Zhang et al. 2001)
who explored the compounding effects of deforestation and global warming and
showed that LCC can potentially affect future climate projections.

To our knowledge, this is the first study on the impacts of future LCC on the
Australian climate. In this paper, we explore the significance of the impacts of
LCC on the projected increase in temperatures over Australia. Further, we inves-
tigate how carbon-related quantities are affected by LCC as temperatures and
atmospheric CO2 concentrations increase over the next 100 yr. Understanding the
role and significance of LCC in Australia’s changing climate is the first step to
exploring the potential of LCC as a means to mitigate future climate changes that
may be detrimental to the Australian environment.

2. Methodology
2.1. Model configuration

We used the Regional Atmospheric Modeling System (RAMS; Pielke et al. 1992;
Liston and Pielke 2001) developed by the Colorado State University coupled to the
General Energy and Mass Transport Model (GEMTM; Chen and Coughenor 1994;
Eastman et al. 2001). RAMS is a flexible meteorological modeling system that has
been extensively used to study the impact of LCC on weather and climate (see
Pielke et al. 1998). More importantly, RAMS has been shown to simulate Aus-
tralian atmospheric processes well (Peel et al. 2004). All RAMS simulations used
the Kain and Fritsch (Kain and Fritsch 1993) convection scheme and the Chen and
Cotton (Chen and Cotton 1987) shortwave and longwave radiation schemes.
GEMTM is a dynamic plant model that simulates the interaction between the
biosphere and atmosphere. At each time step, GEMTM calculates stomatal con-
ductance as a function of relative humidity and CO2 concentration (Chen and
Coughenor 1994). The photosynthetic rate is dependent on the atmospheric CO2
and vegetation temperature as well as on the photosynthetically active radiation
and plant water potential. The coupled model, GEMRAMS, allows the vegetation
to respond to changes in CO2 concentration and to any changes in climate, and it
is for this reason that we chose to use this coupled model. We did not use the
fifth-generation National Center for Atmospheric Research–Pennsylvania State
University Mesoscale Model coupled with the Pleim-Xiu land surface scheme
(MM5-PX) [used by Narisma and Pitman (2003) to investigate the impacts of
historical LCC on Australian climate] because it lacks a dynamic vegetation
scheme.

2.2. Data and experiments
The Australian Surveying and Land Information Group (AUSLIG; AUSLIG 1990)
reconstructed past, including pre-European, land cover in Australia and the current
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land cover based on Landsat satellite imagery. The AUSLIG data consist of
floristic types, which were mapped to the vegetation classifications in GEMRAMS
(Table 1), except for Eucalypts, which were mapped into its own category (Peel et
al. 2004). Based on these datasets, we extrapolated two land-cover scenarios, a
low-recovery future (LCL) and a high-recovery future (LCH).

Using GEMRAMS, we performed 14 ensemble simulations of the Australian
January climate over an 80 × 100 domain at 56-km grid spacing. Each ensemble
simulation consists of four experiments with different land-cover scenarios using
GEMRAMS. We chose to simulate the January climate because Narisma and
Pitman (Narisma and Pitman 2003) have previously shown that there is a clear
response to changes in land cover for this month. GEMRAMS was initialized and
driven by boundary conditions taken from a transitory climate simulation of the
Commonwealth Scientific and Industrial Research Organisation (CSIRO) Mark 2
atmosphere–ocean model (Watterson and Dix 2003). The CSIRO model has a
spatial resolution of approximately 3.28° latitude and 5.68° longitude and includes
nine vertical layers for the atmosphere. Climate simulations performed using the
CSIRO model included A2 (high CO2 increase) and B2 (moderate CO2 increase)
scenarios (see Nakicenovic et al. 2000). We updated boundary conditions for
GEMRAMS every 12 h, which was found to be acceptable for simulations at a grid
spacing of around 45 km by Denis et al. (Denis et al. 2003).

To provide baseline values, we performed experiments with past (pre-European)
and current-day conditions in terms of climate, CO2 concentration, and land cover.

Table 1. Mapping of the Australian floristic types to the vegetation categories in the
models.

Australian floristic types
GEMRAMS

LEAF-2* class

Banksia Evergreen shrub
Casuarina including allocasuarina Evergreen needleleaf forest
Eucalypts Eucalypts
Hakea Evergreen shrub
Chenopodiaceae (e.g., Saltbush, bluebush) Open shrubland
Melaleuca Evergreen broadleaf tree
Nothofagus Evergreen broadleaf forest
Owenia (desert walnut) Wooded grassland
Conifers Evergreen needleleaf forest
Myoporum (sugarwood) Wooded grassland
Heterodendrum (rosewood) Wooded grassland
Acacia including racosperma Woodland
Triodia and/or plectrachne Grassland
Astrebla (mitchell grass) Grassland
Dichanthium (bluegrass) Short grass
Fabaceae (includes clovers, medics) Crop/mixed farming
Graminoids Grassland
Chenopodiaceae (e.g., saltbush, bluebush) Open shrubland
Saccharum (sugar cane) Tall grass
Other grasses Grassland
Asteraceae (daisies) Tundra
Mixed or other Mixed cover

* LEAF-2 � Land Ecosystem–Atmosphere Feedback Model.
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For the projection experiments, we simulated future climate changes under the A2
and B2 scenarios (Nakicenovic et al. 2000) with three types of land-cover sce-
narios. The steady-state (SS) scenario retains the current (2000) land cover in both
2050 and 2100. LCL is a “low” reforestation scenario that recovers about 25% of
the Eucalypt trees that were replaced by grasslands in the last 200 yr in the
southeast and east (SE) and southwest (SW) regions of Australia. These are the
areas most affected by historical LCC and its impacts on climate (Narisma and
Pitman 2003). LCL also includes a region of land clearing, specifically shrubs
replaced by grasslands, in the northeast (NE). The LCH land-cover scenario is a
“high”-reforestation scenario that recovers at least 75% of the deforested regions
in the SE and SW, but retains the land clearing in the NE. Figure 1 shows the
difference between the SS land cover and the two land-cover scenarios. Areas in
shades of orange denote regions of reforestation and those that are in shades of
blue are areas of land clearing. Table 2 outlines the experiments performed in this
paper.

We focused our analyses on the simulated values for continental Australia and
the three regions of LCC (SE, SW, and NE; boxed and marked in Figure 1b).
These three regions will provide a guide to how reforestation and land clearing
may affect future regional climate changes in Australia. In all experiments, the
vegetation is allowed to respond to changes in CO2 concentration and climate, and
leaf area index (LAI) is stabilized offline before the actual simulations to account
for the lag between the physiological and structural response to CO2 and climate.
A climate or CO2-driven change in LAI occurs at longer time scales (typically days
to seasons) while the change in the stomatal conductance (gs) is almost immediate.
We account for this lag by stabilizing the LAI before each simulation. GEMTM is
run offline (uncoupled and without dynamic interaction with RAMS) using forcing
data that were previously saved in a coupled January simulation but with seasonal
and geographical variations in temperature, rainfall, and radiation imposed onto
these data. We stabilize LAI iteratively by running the offline GEMTM for a year
and computing for each grid point the difference between the 1-yr simulated and
final LAI values. We start with an initial LAI value that is 0.25 smaller than the
default value in the model (i.e., LAIinitial � LAIdefault – 0.25) to account for the
possibility that the stable LAI may be less than the prescribed value. We iterate the
offline GEMTM, increasing the LAI by 0.25 at the end of each annual cycle until
the change in LAI between the simulated and initial LAI is less than or equal to
0.1 (see Figure 2).

Table 2. Land-cover-change experiments that will explore the future impacts of
LCC.

Radiative
forcing climate

CO2 concentration
(ppmv) Land cover

1850 289 Pre-European (natural)
2000 368 Current
2050B2 scenario 456 SS, LCL, LCH
2050A2 scenario 532 SS, LCL, LCH
2100B2 scenario 621 SS, LCL, LCH
2100A2 scenario 856 SS, LCL, LCH
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Figure 1. Difference in land cover between the steady-state and reforestation sce-
narios: (a) SS − LCL and (b) SS − LCH. Enclosed areas 1, 2, and 3 are the
regions of LCC investigated in this study.
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3. Results and discussion
3.1. The impact of LCC on surface air temperature and rainfall

Figure 3 shows precipitation differences between SS and the two land-cover sce-
narios LCL and LCH for each emissions scenario and shows that there are no clear
changes in rainfall patterns. Land-cover change, however, has noticeably affected
surface air temperatures especially in areas where the changes in vegetation have
occurred (Figure 4). Our results show that reforestation in LCH in the SE can
potentially decrease the projected local warming in 2050 and 2100 by as much as
0.4°–0.5°C for all emissions scenario while the land clearing in NE has exacer-
bated the projected warming in NE by about 0.1°–0.2°C. The systematic tempera-
ture signal associated with each LCC experiment (Figure 4) is noteworthy and
contrasts markedly with the apparently random changes in rainfall (Figure 3).
However, the LCL has limited impacts on surface air temperature in SW because

Figure 2. Schematic diagram of the LAI stabilization process used to account for the
lag between the structural and physiological response to increases in CO2
and changes in climate. Figure taken from Narisma and Pitman (Narisma
and Pitman 2004).
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Figure 3. Differences in simulated rainfall (mm day−1) between (a) SS and LCL in
2050A2, (b) SS and LCL in 2050B2, (c) SS and LCL in 2100A2, (d) SS and LCL
in 2050B2, (e) SS and LCH in 2050A2, (f) SS and LCH in 2050B2, (g) SS and
LCH in 2100A2, and (h) SS and LCH in 2050B2.
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Figure 4. Differences in simulated surface air temperature (°C) between (a) SS and
LCL in 2050A2, (b) SS and LCL in 2050B2, (c) SS and LCL in 2100A2, (d) SS
and LCL in 2050B2, (e) SS and LCH in 2050A2, (f) SS and LCH in 2050B2, (g)
SS and LCH in 2100A2, and (h) SS and LCH in 2050B2.
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the change in land cover imposed is relatively small (Figure 1). In the LCH
scenario, regional cooling of 0.4°–0.5°C occurs independent of the emission sce-
nario or whether 2050 or 2100 is considered.

We calculated the changes in surface air temperature caused by LCC as a
percentage of the increase in surface air temperatures between the current (2000)
and projected temperatures with steady state (SS) land cover. To quantify, for
example, the percentage cooling effect of reforestation in land-cover scenario LCL
with respect to the warming for 2050A2, we have 100×�T(SS-LCL)2050A2/
�T(Current-SS2050A2). This percentage would quantify the strength of the cooling
effect of reforestation in SE and SW and the warming effect of land clearing in
NE relative to the projected warming without reforestation (i.e., the SS land
cover).

Figure 5 shows that both LCL and LCH decrease the warming projected, over
areas of LCC, in SE and SW for the 2050A2 and 2050B2 scenarios by up to
20%–40%, but the impact in SW is very much larger in the LCH scenario, as
would be expected (Figure 1). By 2100, the cooling effect of reforestation weakens
relative to the projected increase in temperatures but still cools temperatures by
20% locally in LCL and over large areas of SE in LCH. Over NE, Figure 5 shows
that the degree of warming caused by LCC, which exacerbates the warming due
to the enhanced greenhouse effect, decreases from about 10% in 2050 to about 5%
by 2100.

Figures 4 and 5 show that, for all scenarios, the impacts of LCC on surface air
temperature are regional and are limited to the areas of LCC. The “localized”
nature of the LCC impacts is evident in Figure 6, which shows area averages of
temperature over continental Australia, SE, SW, and NE for each land-cover type
and scenario. The area average over Australia shows no significant impacts on
surface air temperature due to LCC (Figure 6a) (i.e., the three bars shown for A2
or B2 scenarios for SS, LCL, LCH are identical). Rather, the warming due to
higher CO2 concentrations clearly dominates continental temperature (i.e., the size
of all bars for 2050 are much larger than the bar for 2000). The three bars for A2
(or B2) scenarios showing the temperature for SS, LCL, and LCH are almost
identical in both 2050 and 2100 with differences of less than 0.02°C between the
three land-cover scenarios (Figure 6a). This contrasts with the change in tempera-
ture due to changes in CO2, which exceeds 1.9° (2000–2050) and 4.9°C (2000–
2100). Clearly at a continental scale the signal due to increasing CO2 concentra-
tions dominates any signal from LCC.

While the continental-scale impact of LCC is negligible, reforestation consis-
tently decreases the CO2-induced warming over areas of LCC in the SE and SW
regions in 2050 and 2100 for all scenarios. The area-averaged cooling is much
smaller than the CO2-induced increase in temperatures between the current and
projected climates. However, the cooling is not negligible and the magnitude of the
cooling effect of LCH in all scenarios in SE is more than the simulated warming
(about 0.11°C) in this region in the last 200 years (Figure 6b). In the B2 scenarios,
for example, reforestation cools temperatures by about 0.15°C in 2050 and 2100.
For the SW region, the cooling effect of reforestation is almost half of the simu-
lated warming over the last two centuries (Figure 6c). The warming in the NE due
to land clearing is small compared to the increase in temperatures due to the
enhanced greenhouse effect.
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Figure 5. Change in surface air temperature due to LCC expressed as a percent-
age of the change in temperature due to climate change for (a) 2050A2
LCL, (b) 2050B2 LCL, (c) 2100A2 LCL, (d) 2100B2 LCL, (e) 2050A2 LCH, (f)
2050B2 LCH, (g) 2100A2 LCH, and (h) 2100B2 LCH.
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3.2. Mechanisms behind the impact of LCC on Australian
temperatures

The cooling effect of reforestation in SE and SW is mainly due to an increase in
latent heat flux (�E) resulting from an increase in LAI (Figures 7 and 8). In the
reforested areas in SE and SW, the LAI values are higher by as much as 2.0–2.5
m2 m−2 in LCL and LCH than in the SS land cover (Figure 7). The higher LAI led
to an increase in the latent heat flux in these reforested regions in both LCL and
LCH by about 100–150 W m−2 compared with the SS latent heat flux in all
emissions scenarios (Figure 8). A comparison of the change in LAI (Figure 7) and
latent heat flux (Figure 8) shows a very strong and consistent relationship across
all scenarios. Figure 8 also shows some changes in latent heat flux in regions
remote from LCC, but these are small and are likely caused by the random changes
in simulated precipitation (Figure 3).

In the NE region, Figure 7 shows that the LAI for 2050A2, 2050B2, and 2100B2
in the LCL and LCH land-cover scenarios are lower (by up to 2 m2 m−2) compared
to the LAI in the SS land-cover scenario. The lower LAI due to LCC has resulted
in a lower latent heat flux of about 2.5–5 W m−2, which caused the slight increase
in temperature (Figure 4) and exacerbated the projected warming due to increasing
CO2 over this region. By 2100A2, Figure 7g shows that there is a large reduction
in LAI in the LCL and LCH scenarios, which may be due to an increase in water

Figure 6. Area averages for simulated surface air temperatures (°C) over (a) con-
tinental Australia, (b) southeast, (c) southwest, (d) and northeast regions
of Australia.
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Figure 7. Differences in simulated LAI (m2 m−2) between (a) SS and LCL in 2050A2,
(b) SS and LCL in 2050B2, (c) SS and LCL in 2100A2, (d) SS and LCL in
2050B2, (e) SS and LCH in 2050A2, (f) SS and LCH in 2050B2, (g) SS and LCH
in 2100A2, and (h) SS and LCH in 2050B2.
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Figure 8. Differences in simulated latent heat flux (W m−2) between (a) SS and LCL
in 2050A2, (b) SS and LCL in 2050B2, (c) SS and LCL in 2100A2, (d) SS and
LCL in 2050B2, (e) SS and LCH in 2050A2, (f) SS and LCH in 2050B2, (g) SS
and LCH in 2100A2, and (h) SS and LCH in 2050B2.
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stress brought about by the much warmer temperatures. Figure 8g shows that
despite the large decrease in LAI, the latent heat flux in the LCL and LCH
land-cover scenarios is higher than the latent heat flux in the SS land-cover
scenario, an effect driven by higher evaporative demand. The simulated warming
in temperatures due to LCC in the NE can be explained by the reduction in albedo
(Figure 9), which is a consequence of the large decrease in LAI, which reduces
canopy interception of incoming solar radiation.

The area averages in LAI (Figure 10) show an increase in LAI for the LCL and
LCH in all scenarios even at continental scale. The increase in LAI area averaged
over Australia (Figure 10a), however, is small (maximum of about 0.1 m2 m−2)
compared to the regional-scale changes and has not considerably affected conti-
nental averages for latent heat flux (Figure 11). In contrast, the LAI in SE (Figure
10b) has increased by up to 0.6–0.65 m2 m−2 in LCH for both A2 and B2 scenarios
in 2050 and 2100. The higher LAI in SE for the LCL and LCH scenarios increases
the latent heat flux by about 9 and 18 W m−2, respectively (Figure 11b). Over SW,
the LAI for the reforested regions increases to a maximum of 0.98 m2 m−2 com-
pared to the SS LAI (Figure 10c) resulting in a maximum increase of almost 40 W
m−2 in latent heat flux (Figure 11c). The reduction in LAI caused by land clearing
over NE is consistent through all scenarios but is most prominent in 2100A2 where
LAI has decreased by almost 2.5 m2 m−2 (Figure 10d). This has changed the sign
of the change in albedo in this region (Figure 12g) and has reduced the albedo by
about 2% increasing temperatures (Figure 6d).

3.3. Isolating the role of LAI in the simulated changes in
temperature

The impact of LCC on surface air temperature is largely governed by the physical
changes in LAI. For the reforested regions SE and SW, the increase in LAI for all
scenarios has increased latent heat flux and has led to a reduction in the projected
warming in the SS land-cover scenario. The land clearing imposed on NE has
reduced LAI, which intensified the warming in the SS scenario via two different
mechanisms. The temperature increase due to LCC in 2050 is due to the reduction
in latent heat flux caused by the decrease in LAI. In the 2100A2 scenario, the
warming was caused by an increase in net radiation brought about by the decrease
in albedo due to the sharp decrease in LAI.

We isolated the impacts of LAI to explore the dominance of this structural
feedback over the physiological impact, that is, the reduction in stomatal conduc-
tance associated with higher CO2 concentrations (Betts et al. 1997; Betts et al.
2000; DeFries et al. 2002). Using the LCH land cover for the A2 scenarios of
2050 and 2100, we allowed LAI to respond to the increase in CO2 but kept the
CO2 sensed by the stomates to current values of 369 ppmv. Results show that
the simulated changes in temperature due to LAI in the isolation experiments
(Figures 13a and 13c) are very similar to the simulated changes in Figures 4e
and 4g. We calculated the temperature changes in Figures 4e and 4g that were
accounted for by the changes in LAI alone (i.e., %�100×(�temperature�LAI/
�temperature�LAI+�gs). Figures 13b and 13d show that changes in LAI account for
most of the impacts simulated in the LCC regions.
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