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Abstract Groundwater recharge is a complex process
reflecting many interactions between climate, vegetation
and soils. Climate change will impact upon groundwater
recharge but it is not clear which climate variables have the
greatest influence over recharge. This study used a sensitivity
analysis of climate variables using a modified version of
WAVES, a soil-vegetation-atmosphere-transfer model (unsa-
turated zone), to determine the importance of each climate
variable in the change in groundwater recharge for three
points in Australia. This study found that change in recharge
is most sensitive to change in rainfall. Increases in temper-
ature and changes in rainfall intensity also led to significant
changes in recharge. Although not as significant as other
climate variables, some changes in recharge were observed
due to changes in solar radiation and carbon dioxide
concentration. When these variables were altered simulta-
neously, changes in recharge appeared to be closely related
to changes in rainfall; however, in nearly all cases, recharge
was greater than would have been predicted if only rainfall
had been considered. These findings have implications for
how recharge is projected to change due to climate change.
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Introduction

Diffuse groundwater recharge is an important process in
the replenishment of groundwater resources. Changes to
any of the variables that affect diffuse recharge (e.g.
climate, soil type, vegetation cover) may have an impact
on the amounts of water entering aquifers (Petheram et al.
2002). It is important to understand how climate change
may affect diffuse recharge as it may have implications to
the availability and management of groundwater resources.
This paper investigates the sensitivity of recharge to carbon
dioxide concentration, temperature, rainfall, vapour-pressure
deficit, solar radiation and rainfall intensity to understand
the potential impacts of climate change on recharge.

A wide range of methods have been implemented when
projecting the change in diffuse recharge due to climate
change. Some papers deal with recharge simply. Loaiciga
et al. (2000) used seven general circulation models (GCMs)
to determine impacts of climate change on the Edwards
Aquifer in central Texas, USA. The GCMs were used to
produce a climate that was representative of a doubling of
CO2 concentrations. Recharge was scaled based on changes
to rainfall and streamflow determined by the GCMs and by
using a water-balance technique to determine how this
would impact on recharge. It was found that changes to
rainfall and streamflow under such scenarios would result
in reduced groundwater levels in the aquifer even if
groundwater extraction was not increased. Kirshen (2002)
used a relationship between rainfall and potential evapo-
transpiration (PET) to determine recharge under possible
climate-change conditions in eastern Massachusetts, USA.
It was found that groundwater levels across the aquifer
could increase or decrease having implications on river
flows, wetlands and water-use potential due to the expected
changes in rainfall and potential evapotranspiration. Hsu
et al. (2007) used the water-table fluctuation method to
determine rainfall–recharge relationships, and extrapolated
current rainfall trends to estimate future climate impacts on
recharge on the Pingtung Plain in Taiwan. It was found that
reduction in groundwater levels may induce additional
seawater intrusion impacting groundwater quality. These
methods use simple relationships between recharge and
climate change. While this is advantageous in that less data
is required, it does not account for all the processes that
may change due to a changing climate.
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Other studies on the impacts of climate change on
groundwater use unsaturated zone models to assess
potential changes in recharge. Such models account for
climate variables and plant water use in addition to
unsaturated flow. Bouraoui et al. (1999) used temperature
and precipitation results from a downscaled GCM. Addi-
tionally, evapotranspiration was estimated by assuming a
relationship with temperature, which did not account for
plant-water-use changes associated with climate change.
The projected climate from a doubling of CO2 was applied
to a catchment model of the Bievre-Valloire Watershed in
France. It was found that although rainfall remained
similar, an increase in evaporative demand would result
in reduced recharge and a higher soil-water deficit. York
et al. (2002) used a coupled groundwater and atmospheric
model to investigate groundwater trends by extending a
1988 drought climate over 40 years in the Mill Creek
Watershed (Kansas, USA). This model allowed for the
groundwater system to provide feedbacks to the climate
generation process; however, the unsaturated zone was
simulated using a simple reservoir model. It was found
that under this climate scenario, groundwater levels were
projected to fall 15 m, mostly due to evapotranspiration
from groundwater. Brouyère et al. (2004) used GCM
scenarios to investigate the impacts of climate change in
the Geer Basin, Belgium. Temperature and precipitation
were altered on a monthly basis and used in conjunction
with an unsaturated zone model. It was found that both
played a role in determining changes to recharge. Allen
et al. (2004) used a simple unsaturated model to estimate
how changes in precipitation, temperature and evapo-
transpiration due to climate change would alter recharge
for a numerical groundwater model of the Grand Forks
aquifer, Canada. Recharge was modelled for four scenar-
ios: low temperature and low precipitation, high temper-
ature and high precipitation, high temperature low
precipitation, and low temperature and high precipitation.
(High temperature related to a 1–2°C increase, high
temperature related to a 3.5–7.0°C increase, low precip-
itation represents a 0–20% decrease and high precipitation
presented a 15–40% increase). It was found that these
scenarios resulted in changes in recharge of –5.6, 10, –9.5
and 25.7% respectively. Woldeamlak et al. (2007) used an
unsaturated zone model to determine changes in recharge
due to changes in precipitation and evapotranspiration for
the Grote-Nete Catchment in Belgium. Five scenarios
were modelled. The dry extreme (dry scenario) showed a
10% reduction in precipitation and a 10% increase in
evapotranspiration resulted in a 40% decrease in recharge.
The wet extreme (high wet scenario) showed that a 14%
increase in precipitation and a 13% increase in evapo-
transpiration resulted in a 14% increase in recharge.
Additional studies have also accounted for CO2 effects
when dealing with assessments of how climate change
will impact water resources. This assumes that an increase
in the concentration of atmospheric CO2 will have an
impact on plant growth and on plant-water-use character-
istics, altering water-balance characteristics. Rosenberg
et al. (1999) and Eckhardt and Ulbrich (2003) used SWAT

(Arnold et al. 1998), a hydrological model, to account for
vegetative feedbacks due to CO2 fertilisation in studies on
the impacts of climate change on water resources.
Rosenberg et al. (1999) presented results of three GCM
scenarios in theMissouri Basin and the Arkansas-White-Red
Basin (USA). Each GCM was modelled for 12 scenarios.
When CO2 concentration was altered independent of
temperature, results in the Missouri Basin indicated a
decrease in recharge, whereas the Arkansas-White-Red
Basin showed an increase in recharge with increasing CO2

concentration. Both basins showed a decrease in recharge
when temperature was increased independent of CO2

concentration. Eckhardt and Ulbrich (2003) modelled
changes in recharge due to changes in climate in the Dill
Catchment in Germany. In a low scenario, CO2 concen-
tration was increased by 50% and temperature was increased
1.5°C resulting in a 3% decrease in recharge. In a high
scenario, CO2 concentration was doubled, temperature was
increased by 4.5°C and rainfall was adjusted seasonally
resulting in a 7.5% decrease in recharge. These models that
account for unsaturated-zone processes provide a more
detailed description of the recharge process making them
potentially more advantageous. The disadvantage of these
more complex methods is the requirement of additional data
and computer processing time to determine recharge.

The most complex models are physically based models
that apply Richards’ equation to determine the effects of
climate change on recharge. Green et al. (2007) used
WAVES (Zhang and Dawes 1998), a soil-vegetation-
atmosphere-transfer (SVAT) model to investigate the
potential effects of climate change on groundwater
recharge in two locations: Gnangara Mound, Australia
and North Stradbroke Island, Australia. The authors used
physical variables coupled with the output of a single
GCM. They found that in a subtropical area (North
Stradbroke Island), recharge was significantly increased,
in some cases greater than the percentage increase in
rainfall. It was found that for a Mediterranean climate
(Gnangara Mound), changes in recharge were sensitive to
soil texture, with some areas showing an increase in
recharge and others showing a decrease. Crosbie et al.
(2010) used WAVES to model projected changes in
recharge due to climate change in the Murray Darling
Basin, Australia. The authors used three scenarios, applied
to 15 GCMs at 20 points. The authors accounted for
changes in rainfall, temperature, solar radiation, vapour-
pressure deficit and carbon dioxide concentration. When
upscaling, the results from point to basin scale, the authors
used a relationship between rainfall and recharge. They
found that recharge could increase even if rainfall decreased.

Models with different levels of complexity include
different processes in their conceptualisation. It has been
shown in the previous that there is some variation in how
the outputs of GCMs are used to determine changes in
groundwater recharge. It has not been determined explicitly
how individual climate variables are important in the impact
of climate change upon groundwater recharge. In this
paper, relationships between the changes in recharge due
to changes in carbon dioxide concentration, temperature,
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rainfall, vapour-pressure deficit, solar radiation and rainfall
intensity associated with climate-change projections will
be examined using a detailed sensitivity analysis. The
sensitivity analysis will be carried out using a numerical
unsaturated zone model to:

1. Determine the climate variables that are important to
the process of recharge and how they may be altered by
climate change

2. Give insight into what level of climate detail is required
from GCM outputs to determine changes in recharge.

Methods

Site selection/characteristics
To investigate a wide range of climate environments, three
sites were chosen to in three distinct parts of Australia: the
Namoi Catchment, the Howard East Catchment and the
Scottsdale Catchment (Fig. 1). The Namoi Catchment is a
well-established groundwater-management area located in
the northern part of the state of New South Wales. The
study site selected was one of 20 points modelled as part
of a broader coverage of the entire Murray-Darling Basin
(MDB; Crosbie et al. 2010). Berhane (2001) found
recharge to be 56 mm year–1 at a location within this
catchment. The Howard East Catchment is located in the

Northern Territory. Previous studies in this catchment have
included Cook et al. (1998) and Hutley et al. (2000). A
previous estimate of recharge was made by Cook et al.
(1998) to be 200 mm year–1. The Scottsdale Catchment is
located in Tasmania. This site was chosen as it has a sig-
nificantly different climate to other locations. Recharge esti-
mates at this location were previously made by Harrington
and Currie (2008) and ranged from 69 to 300 mm year–1.

For each site, a baseline 112-year historical daily
climate sequence of rainfall, temperature, solar radiation,
and vapour-pressure deficit was obtained from gridded
climate surfaces (Jeffrey et al. 2001). For the 112-year
period, the average annual rainfall was 800, 1,600 and
1,250 mm year–1 for Namoi, Howard East and Scottsdale,
respectively. Potential evapotranspiration (Smith et al.
1992) at the three sites was 1,300, 1,740 and 850 mm
year–1 for Namoi, Howard East and Scottsdale, respec-
tively. Additional information on soil and vegetation was
also required for the modelling. The soil at the inves-
tigation point was based on information contained in the
ASRIS 1 database (Johnston et al. 2003). The saturated
hydraulic conductivity and plant available water capacity
for all soil layers was available through this database.

WAVES code
The model selected for the investigation was WAVES;
however, the code required modification to allow for

Fig. 1 Locations of the three sites modelled in Australia
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carbon dioxide sensitivity to be undertaken. A detailed
description of the algorithms used in the WAVES code can
be found in Zhang and Dawes (1998). WAVES is a SVAT
model. SVAT models have the advantage of simulating
plant growth and routing water through the unsaturated
zone. In WAVES, there is equal complexity placed on
water, energy and carbon balances, and solute transport.
Waves has been shown to be capable of reproducing water
balances in the Murray-Darling Basin (Crosbie et al. 2008;
Slavich et al. 1999; Zhang et al. 1999), the rest of Australia
(Dawes et al. 2002; Salama et al. 1999; Xu et al. 2008)
and elsewhere (Wang et al. 2001; Yang et al. 2003; Zhang
et al. 1996).

As stated previously, the standard WAVES code does
not allow for the atmospheric concentration of CO2 to be
altered. When dealing with carbon assimilation, WAVES
uses an integrated rate methodology (IRM; Wu et al.
1994). Here, a potential growth rate is determined, and a
multiplier between zero and one is applied based on the
availability of nutrients, light and water. This factor
combines a number of biochemical and biophysical
processes in an empirical relationship, allowing for a
number of processes on which plant growth is dependant
upon to be dealt with simultaneously. The relative
assimilation factor has been modified from the standard
WAVES code to include CO2. The new equation for

relative carbon assimilation is the same as that used by
Hatton et al. (1992):

ri ¼ 1þWW þWN þWCO2
1

mTXP
þ WW

XW
þ WN

XN
þ WCO2

mVXCO2

ð1Þ

where ri is the relative carbon assimilation, Ww is the
weighting factor of water relative to light, WN is the
weighting factor of nutrients relative to light, WCO2 is
the weighting factor of CO2 relative to light, mT is the
temperature modifier, mV is the vapour-pressure modi-
fier, XP is the normalised photosynthetically available
radiation (PAR) availability, XW is the normalised water
availability, XN is the normalised nitrogen availability
and XCO2 is the normalised carbon dioxide availability
(values of weighting factors are presented in Table 1).
To determine the actual carbon assimilation rate, the
potential assimilation rate is multiplied by the relative
carbon assimilation. Once assimilated, carbon is parti-
tioned to the leaves, stems or roots. Carbon added to
leaves increases leaf area index (LAI) having implica-
tions for interception of rainfall as well as transpiration.

In addition to carbon assimilation, the stomatal
conductance and consequently the canopy resistance,
which in turn affects transpiration, is also affected by
changes in CO2 concentration. The stomatal conductance

Table 1 Parameters used to represent vegetation in WAVES (Dawes et al. 1998)

Location Units Namoi Howard East Scottsdale
Parameter Overstorey Understorey

Vegetation type – C3 Perennial
pasture

Eucalypt C4 Perennial
pasture

C3 Annual
pasture

1 minus albedo of the canopya – 0.85 0.8 0.9 0.85
1 minus albedo of the soilb – 0.85 0.85 0.9 0.85
Rainfall interception coefficient m d –1 LAI–1 0.001 0.001 0.001 0.0005
Light extinction coefficient – –0.65 –0.45 –0.9 –0.65
Maximum carbon assimilation rate kg C –2 d–1 0.02 0.03 0.04 0.025
Slope parameter for the conductance model (k) – 1 0.9 1.1 0.9
Maximum plant available water potential m –150 –150 –150 –150
IRM weighting of water (Ww) – 2.0 2.1 2.5 2
IRM weighting of nutrients (WN) – 0.5 0.3 1 0.5
IRM weighting of CO2 (WCO2) – 1.42 1.42 1.42 1.42
Ratio of stomatal to mesophyll conductance – 0.2 0.2 0.8 0.2
Temperature when growth is 1/2 of optimum °C 7 15 20 7
Temperature when growth is optimum °C 12 25 25 12
Julian day of germination d NA NA NA 120
Degree-daylight hours of growing season °C hr NA NA NA 16,000
Saturation light intensity μmoles –2 d–1 1,000 1,000 2,000 1,000
Maximum rooting depth m 1.5 3.9 1.5 1
Specific leaf area LAI kg C–1 24 10 20 24
Leaf respiration coefficient kg C kg C–1 0.001 0.001 0.0002 0.001
Stem respiration coefficient kg C kg C–1 NA 0.0006 NA NA
Root respiratiom coefficient kg C kg C–1 0.001 0.0001 0.0002 0.0002
Leaf mortality rate fraction of C d–1 0.005 0.0001 0.01 0.004
Above-ground partitioning factor – 0.3 0.4 0.3 0.4
Aerodynamic resistance s d–1 30.00 10 30 30
Crop harvest index – NA NA NA NA
Crop harvest factor – NA NA NA NA

aRefers to the fraction of radiation not reflected by the canopy
b Refers to the fraction of radiation not reflected by the soil
LAI leaf area index; IRM weighting weighting in the integrated rate methodology (Eq. 1); NA A parameter that is not defined for the
specific vegetation type
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model in WAVES is defined using the empirical model of
Ball et al. (1987) as modified by Leuning (1995) to give:

gs ¼ g0 þ g1A

cs � Gð Þ 1þ Dc
Dc0

� �h i ð2Þ

where gs is the leaf stomatal conductance, g0 is the
residual stomatal conductance, g1 is an empirical coef-
ficient, A is the carbon assimilation rate, cs is the CO2

mole fraction of the air at the canopy surface, Γ is the CO2

compensation point, Dc is the vapour-pressure deficit at
the canopy surface, and Dc0 is an empirical coefficient. To
determine the canopy resistance term used in the Penman-
Montieth equation for transpiration, the inverse of leaf
stomatal conductance is scaled from the leaf to canopy
level to obtain (Sellers et al. 1992):

rc ¼ gsLAI � g1ALAI � g1A

cs � Gð Þ 1þ Dc=Dc0ð Þ½ �
� �

1� e�kLAI
� �

k

� 	�1

ð3Þ
where rc is canopy resistance , LAI is leaf area index and k is
a constant. It is shown that an increase in stomatal
conductance results in a decrease in canopy resistance,
allowing for greater transpiration which could lead to a
decrease in recharge. As a change in atmospheric CO2

concentrations could have an impact on processes important
to the water balance, it is important to allow the model to
reflect this. To allow for changes in CO2 concentrations to be
modelled, the WAVES code was altered so that the variables
of CO2 concentration and WCO2 became parameters that
were fixed for the duration of the model run.

The CO2 concentration used for the 112-year historical
sequence was 378 parts per million (ppm), as measured in
2006 (IPCC 2007). The IRM weighting factor for CO2

(WCO2) used was 1.42 based on the work of Wong and
Dunin (1987) and previous modelling of Hatton et al.
(1992). Though this number was based on forest trees, it
was assumed to be valid for use with all vegetation types.

Model inputs
The WAVES model requires three data sets as inputs:
vegetation parameters, soil parameters, and climate vari-
ables on a daily time step. The vegetation was modelled to
be perennial pasture in Namoi, a savannah in Howard

East, and an annual crop in Scottsdale. The values used
for vegetation modelling are presented in Table 1 and are
based on parameters taken from the ranges specified in the
WAVES user manual for each specific vegetation type
(Dawes et al. 1998). The soil data required were obtained
using ASRIS 1 database (Johnston et al. 2003) and the
analytical model of Broadbridge and White (1988). The
parameters used in this model are presented in Table 2. All
parameters for vegetation and soil were kept constant at
each site for all model runs.

For the Namoi and Howard East sites, the soil profile was
modelled with a 0.2-m topsoil layer, and a subsoil layer
continuing to 4.0 m below ground level. At the Scottsdale
site, five soil layers were utilised. Layer 1 extended from the
surface to 0.2 m, layer 2 was 0.2–0.35 m, layer 3 was 0.35–
0.7 m, layer 4 was 0.7–1.0 m and layer 5 was 1.0–4.0 m. The
lower boundary condition of the model was set to be free
draining. Recharge was assumed to be equal to all water that
drained below the 4.0 m depth. This assumed that the water
table was not important to diffuse recharge (i.e. water table
deeper than 4 m). This boundary condition would not be
valid if the water table was shallow, as recharge would have a
shorter distance to travel through the unsaturated zone and
would likely be increased.

The baseline recharge scenario was determined by
running the model with the historical climate dataset. To
test the impacts of climate change on recharge, the climate
variables of the 112-year sequence were systematically
changed. The altered variables were: CO2 concentration,
temperature, rainfall, vapour-pressure deficit, solar radiation,
and rainfall intensity. This process allowed for a sensitivity
analysis of the individual climate variables and to determine
their relative effects on recharge.

The variables were changed over different ranges. CO2

concentration was varied between 300 and 1,100 ppm

Table 2 Parameters used to represent soils in the Broadbridge-White equation

Location Units Namoi Howard East Scottsdale
Parameter Topsoil Subsoil Topsoil Subsoil Layer 1 Layer 2 Layer 3 Layer 4 Layer 5

Saturated hydraulic
conductivity

m d –1 2.3 0.12 2.4 0.72 1.86 0.19 0.026 0.003 0.006

Inverse capillary length scale m 0.04 0.2 0.075 0.375 0.05 0.1 0.5 1 1
Empirical moisture content – 1.01 1.5 1.04 1.3 1.02 1.1 1.5 1.7 1.7
Saturated moisture content m3/m3 0.21 0.33 0.4 0.37 0.3 0.3 0.32 0.34 0.34
Residual moisture content m3/m3 0.07 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Table 3 Climate variables used tomodel multiple-variable sensitivity

Scenario [CO2]
(ppm)

Temperature
(°C)

Solar
radiation (%)

Rainfall
(%)

Low 455 +1 –1 –10
0
+10

Med 760 +3 +0.5 –10
0
+10

High 1,062 +5 +2 –10
0
+10
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compared to a baseline 2006 concentration of 378 ppm.
This covered a range of pre-industrial levels through to a
high emission prediction of the A1FI (a scenario that
assumes population growth with a continued dependence
on fossil fuels) scenario for 2100 of 1,062 ppm (IPCC
2007). Temperatures were increased from historical
records by up to 5°C to cover a range between historical
and the A1FI projection for 2100 (IPCC 2007). Rainfall
was varied between –25 and +25%. Projections for
Australia using the A1FI scenario suggest a change in
rainfall of between –30 and +20% by 2070 (CSIRO and
BOM 2007). Solar radiation in Australia is projected to
vary between –1 and +2% by 2030, with larger magni-
tudes by 2050 and 2070 (CSIRO and BOM 2007). A

range between –5 and +5% was modelled. Whilst values
for vapour-pressure deficit are not published, values for
relative humidity are available. Vapour-pressure deficit is
the saturated vapour pressure minus the actual vapour
pressure, whilst relative humidity is the actual vapour
pressure divided by the saturated vapour pressure. It is
estimated that by 2030, changes in relative humidity will
range from –2 to +0.5% (CSIRO and BOM 2007). A
range in vapour-pressure deficit of –10 to +10% was
modelled. Rainfall intensity was altered by applying
various scaling factors to the rainfall depending on the
magnitude. The scaling factor varied linearly according to
the rank of the daily rainfall amount in the 112-year time
series. Mean rainfall over the 112-year period was always

Table 4 Results of baseline model scenarios

Location Recharge (mm year–1) Evaporation (mm year–1) Transpiration (mm year–1) Leaf area index (m2 m–2)

Namoi 14 562 217 3.98
Howard East 281 706 598 1.36 (overstorey)

3.16 (understorey)
Scottsdale 233 307 652 2.79

Fig. 2 Responses of modelled a recharge, b evaporation, c transpiration and d leaf area index to changes in CO2 concentration with all
other variables unchanged. Changes presented (for Figs. 3–7 also) are based on daily averages of the 112-year time series
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preserved. For changes in first percentile rainfall greater
than 1, values greater than the median rainfall were
increased and values less than the median were decreased.
The opposite was true for decreases in the first percentile
of rainfall. The depths obtained from this were then scaled
to ensure that the total depth of rainfall remained the same
as for the baseline scenario, so the comparison was only
for daily rainfall intensity.

Multiple-variable sensitivity
As it is unrealistic to assume that climate change will only
alter individual variables, modelling was also undertaken
to determine the effects of changing multiple climate
variables simultaneously. These theoretical scenarios were
chosen based on the ranges discussed previously (see
section Model inputs). These ranges are presented in
Table 3. Although these scenarios were not based on a
specific GCM, they were selected based on the extremes
of individual parameter sensitivity to try and capture the
range of potential impacts of climate change on recharge.
In addition to the changes listed, vapour-pressure deficit
was also altered by recalculating the saturated vapour

pressure at higher temperatures and subtracting the
observed vapour pressure from the new value.

Results and discussion

Results are presented as a percentage change from the
112-year baseline average water balance from the histor-
ical climate series. The results for the baseline scenarios
are presented in Table 4. All results are presented as
annual averages for the 112-year period. Recharge
estimates in Namoi are lower than those predicted in a
previous study by Berhane (2001; 14 mm year–1 modelled
compared to 56 mm year–1); however, these estimates are
not from the exact location. It also notable that the
estimate made was for a single point in time and may not
be comparable to long-term averages. Estimates of
recharge in Howard East (281 mm year–1 modelled
compared to 200 mm year–1) were comparable to those
of Cook et al. (1998); however, this latter estimate was for
a single point in time also. Estimates of recharge at
Scottsdale were within the ranges specified by Harrington
and Currie (2008; 233 mm year–1 modelled compared to

Fig. 3 Responses of modelled a recharge, b evaporation, c transpiration and d leaf area index to increases in temperature with other
variables unchanged
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an estimated range between 69 and 300 mm year–1).
Specifically, recharge numbers were similar to estimates
made using a steady-state chloride mass balance of 150–
300 mm year–1. This method does predict time-averaged
recharge.

Carbon dioxide
When investigating the effects of an increased carbon
dioxide concentration on groundwater recharge, two key
processes occur. Firstly, an increased carbon dioxide
concentration increases leaf area, which may result in an
increase in transpiration. Secondly, a decrease in stomatal
conductance occurs resulting in a reduction in transpira-
tion. Figure 2 indicates that for all locations transpiration,
decreases as carbon dioxide increases. This is due to a
reduction in stomatal conductance. Additionally, at all
sites, excluding the understorey in Howard East, leaf area
increases at a high rate for CO2 concentrations less than
approximately 700 ppm before stabilising. The difference
with the understorey at Howard East is likely related to the
overstorey, in that as leaf area increases in the overstorey,
a significant amount of light is intercepted affecting the

understorey. The increase in leaf area also affects
evaporation in that an increased amount of water is
intercepted and subsequently evaporated by the vegeta-
tion. This also stabilises at CO2 concentrations greater
than 700 ppm consistent with LAI. All these factors are
reflected in recharge. For the Namoi, the increases in leaf
area index outweigh the effects of a reduction in stomatal
conductance for CO2 concentrations less than 700 ppm.
After this point, as LAI and evaporation effects stabilise
recharge increases. In Howard East, a similar trend is
observed at CO2 concentrations greater than 700 ppm;
however, at lower CO2 concentrations, recharge is also
increased. For Scottsdale, recharge appears to be insensi-
tive to CO2 concentrations less than 700 ppm; however,
increases are observed at higher concentrations. Overall, it
is shown that changes in CO2 concentrations independent
of other climate variables could impact groundwater
recharge. The increase in LAI and decrease in transpira-
tion due to increased CO2 concentration has been well
studied (Ghannoum et al. 2001; Long et al. 2006;
Pritchard et al. 1999; Ramírez and Finnerty 1996; Wand
et al. 1999; Wand et al. 2001). These studies have shown
that an increase in CO2 concentration may lead to a

Fig. 4 Responses of modelled a recharge, b evaporation, c transpiration and d leaf area index to changes in rainfall with all other variables
unchanged
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decrease in transpiration due to a reduction in stomatal
conductance; however, carbon assimilation is also
increased leading to an increase in LAI.

Temperature
Changes in temperature have a significant impact on most
aspects of the water balance (Fig. 3). All sites show an
increase in recharge with increasing temperature. This is
consistent with changes hypothesised by Cartwright and
Simmonds (2008). This is apparently due to decreases in
evaporation; however, this should be observed with
caution. Leaf area index of both the Howard East
overstorey and the pastures at Scottsdale show significant
reductions. While LAI did not reach 0 m2m–2 during the
model runs, it was severely reduced by implementing a
constant increase in temperature. Additionally, Scottsdale
results reflect both a decrease in leaf area index and the
number of growing days. For example, in the baseline
scenario, the average number of growth days per year is
172 as opposed to 117 for a 5°C increase. It is likely that
under such situations, some form of vegetation change

would occur. In Howard East, this may be due to natural
ecological succession. In Scottsdale, this would likely be
due to cropping changes driven by economics. It is not
within the scope of this study to investigate such
possibilities; however, this should be considered when
interpreting these results. Although these results suggest
that an increase in temperature would result in an increase
in recharge, it is sensible to think that vegetation may
change making this scenario unlikely at the extreme end.

Rainfall
Increases in rainfall result in increases in recharge at all
sites despite increases in evaporation and transpiration
(Fig. 4). Decreases in rainfall also result in decreases in
recharge, evaporation and transpiration. Leaf area index
follows the same trend but at different magnitudes in the
various locations. In Namoi and for the overstorey in
Howard East, changes are fairly significant, whereas for
Scottsdale and the Howard East understorey, changes are
quite mild.

Fig. 5 Responses of modelled a recharge, b evaporation, c transpiration and d leaf area index to changes in vapour-pressure deficit with
all other variables unchanged
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Vapour-pressure deficit
Changes in recharge due to changes in vapour-pressure
deficit are minimal when compared to other climate
factors (Fig. 5). A decrease in recharge occurs at all
locations for an increase in vapour-pressure deficit which
appears to be driven by an increase in transpiration.
Evaporation and leaf area index decrease with increasing
vapour-pressure deficit (this excludes the understorey in
Howard East, which is likely related to feedbacks from an
increase in overstorey LAI, as discussed in the previous).
It is likely that the two are related in that a reduced LAI
reduces the amount of water intercepted and subsequently
evaporated.

Solar radiation
Increases in solar radiation produce a decrease in recharge
at all locations (Fig. 6). Whilst changes in leaf area index
and transpiration are inconsistent between the sites, an
increase in evaporation is observed at all locations. This is
the likely cause of decreasing recharge. Of most interest is
Namoi, where transpiration shows an opposite trend to

other locations. Here, LAI is unchanged by the change in
solar radiation. It is shown that changes in solar radiation
could have an effect on recharge.

Changes in rainfall intensity
Changes in recharge due to changes in first percentile rainfall
show varied responses (Fig. 7). In all locations, both
evaporation and transpiration decrease, which would indi-
cate excess water for recharge. Recharge increases at both
the Namoi and Howard East sites. At Scottsdale, recharge
decreases by a small amount. It is believed that this is due to
runoff. WAVES simulates Hortonian runoff (when available
water exceeds infiltration capacity), which can lead to runoff
in duplex soils even with the free draining lower boundary
condition. Table 2 shows that there are significant changes in
hydraulic conductivity with depth which supports this. The
changes in recharge are quite significant in the other two
cases. This suggests that changes in the daily distribution of
rainfall can cause significant changes in recharge even if the
overall volume of rainfall is unchanged.

Fig. 6 Responses of modelled a recharge, b evaporation, c transpiration and d leaf area index due to changes in solar radiation with all
other variables unchanged
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Multiple-variable sensitivity
The results of changing multiple climate variables are
presented in Fig. 8. For scenarios that do not include
changes to rainfall, recharge appears to be higher than it
would be if only CO2 concentrations were altered.

Temperature increases appear to lead to increases in
recharge when rainfall is not altered. In Scottsdale and
Namoi, these changes appear to be less that what would
be expected if only temperatures were altered. At the
Howard East site, changes appear to be quite similar to
changes that would be observed if no other parameter
were varied. This may indicate that, in this location,
temperature is the control (this is likely due to changes in
vegetation at this site).

Recharge appears to increase with solar radiation,
which is inconsistent with results when solar radiation is
altered independently of other variables. It appears though
that the slight drop in recharge for Namoi between the low
and medium scenario could be due to changes in solar
radiation. Outside of this, the overall changes appear
uncorrelated to the changes that would be expected if only
solar radiation was changed.

A good correlation to altering only rainfall was
observed when altering multiple climate variables. Despite
a good correlation, it appears that recharge is nearly
always greater that would be expected just accounting for
rainfall. The exception to this is for low and medium
scenarios in Namoi. Of the three sites modelled, this
location has the highest discrepancy between annual
rainfall and potential evapotranspiration. This site may
be less sensitive to the other changes than to rainfall
due to water being a limiting factor in this environ-
ment. Also of interest is that for the high and medium
scenarios in Scottsdale, and the high scenario at
Howard East, recharge appears to increase even when
rainfall decreases. This is consistent with the findings
of Crosbie et al. (2010), who observed that modelled
recharge could increase even when rainfall projected
from a GCM decreased.

Relative importance of climate variables
With respect to the altering of single variables, rainfall,
temperature and rainfall intensity (with the exception of

Fig. 7 Responses of modelled a recharge, b evaporation, c transpiration and d leaf area index due to changes in 1st percentile rainfall with
all other variables unchanged
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Scottsdale) seem to have the largest impact on recharge.
Rainfall is consistently important but in Howard East and
Scottsdale, significant changes to vegetation due to
temperature have quite a large impact on recharge;
however, as stated previously, these scenarios would be
unlikely. Carbon dioxide concentration and solar radiation
also have some effect; however, the changes do not appear
as large. Changes in vapour-pressure deficit are quite
minor. When variables are altered simultaneously, differ-
ent sites show different trends.

For a climate where CO2 concentration, temperature
and solar radiation are altered and rainfall is left the same,
trends do not seem to follow those of any one variable
with the exception of temperature relationships in Howard
East. This would suggest that all variables contribute to
the observed changes. In general, recharge increases from
the low to high scenario. The exception to this is the
medium scenario for Namoi which suggests a slightly
lower recharge than for the low scenario. This could be

due to reductions in recharge due to increasing CO2

concentrations or solar radiation at this site, consistent
with single parameter results.

Of note is the importance of rainfall when altered with
other variables. The changes in recharge when all variables
are altered are well correlated to changes when only rainfall
is altered. This is consistent with the findings of individual
parameter testing that indicated that rainfall caused the most
significant change. The recharge expected due to rainfall,
however, is nearly always exceeded, which suggests that
other variables contribute to changes in recharge.

Implications for recharge estimates
It has been demonstrated that the process of diffuse
groundwater recharge is quite complex and affected by
multiple climate factors. Whilst it would be practical to
scale recharge with data available readily from GCMs, it
would appear that this may not be appropriate. For

Fig. 8 Responses of modelled recharge when altering variables from the 112-year historical scenario: a CO2, b temperature, c solar
radiation and d rainfall. Symbols represent the results of altering multiple variables. Solid symbols indicate scenarios where rainfall has not
been changed, hollow symbols indicate scenarios where rainfall has also been reduced and gray symbols represent scenarios where rainfall
has been increased. Lines represent the change that would occur if individual variables were altered
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example, if only changes in rainfall were considered, it is
likely that changes in recharge would be estimated
incorrectly. Additionally, if potential evapotranspiration
were used, this may not account for the full feedbacks of
the system (the results indicate that evaporation and
transpiration are affected in different ways). Ideally, all
the interactions between vegetation, soil and climate
would be modelled to account for how climate change
will affect groundwater recharge. This would provide a
much better estimate of how diffuse groundwater recharge
is projected to change under a changed climate.

Limitations
Whilst this study has investigated a number of climate
variables, there are some limitations to this work. The
impact of changes in seasonality has not been considered,
as all variables were augmented by the same fraction or
absolute value. Changes to variables related to plant
growing seasons would likely have some impact on plant
water use resulting in changes to recharge.

As stated in the previous, the issue of ecological
succession was not investigated. This has been inves-
tigated by Lasch et al. (2002). They found, through
simulations with a forestation model, that there was a shift
in natural vegetation composition to more drought tolerant
species. Changes in vegetation type due to changes in
climate in Australia were also investigated by Donohue et
al. (2009). It was observed that there has been a trend over
recent decades for more persistent vegetation and less
recurrent vegetation independent of rainfall. (This is
consistent with the findings of differing changes to leaf
area index for the understorey and overstorey at the
Howard East site.) It was speculated that this was due to
increasing CO2 concentrations. Different vegetation types
would have different water-use properties and, therefore,
predicting the effects on recharge due to this is not simple.
It is fair to reiterate, however, that for extreme scenarios,
where temperature is increased by more that two degrees,
the results reported here are unlikely to represent an actual
future climate as vegetation and crop types may change.

Although the effects of changing the magnitude of
events has been investigated, the effects of changing the
frequency of events (where the time between events is
altered) has not been investigated. This could have
significant impacts on both recharge and vegetation.

Additionally, changes using a one-dimensional model
have been simulated, better results would be obtained
from a holistic approach to simulating the water cycle.
Changes in runoff and groundwater levels will provide
important feedback to the recharge process, and on a more
important scale, water resources as a whole.

Conclusion

The unsaturated-zone-model WAVES was used to inves-
tigate how projected changes to climate variables based on

climate changemay impact on diffuse groundwater recharge.
Through altering individual variables it was found that:

– Increases in CO2 concentrations could result in changes
to recharge of the order of 10%.

– Increases in temperature are likely to result in substantial
increases to recharge; however, this may be negated by
land use change or ecological succession.

– A 1% change in rainfall results in approximately a 2%
change in recharge; however, this may be amplified in
water limited environments

– Changes in recharge due to changes in vapour-pressure
deficit are fairly minor, with a 10% increase only
decreasing recharge by 1%.

– Changes in recharge due to solar radiation show that
recharge decreases 1–2% for a 1% increase in solar
radiation.

– Changes in recharge due to changes in rainfall intensity
are specific to the environment being modelled.

When multiple climate variables are altered, changes in
recharge appear to follow trends in rainfall; however, the
predicted recharge appears to be always larger than would
be expected from just accounting for changes in rainfall.
The role of all climate variables should be considered
when projecting changes in recharge due to changes in
climate. This has implications for how GCM outputs are
used to project changes in diffuse groundwater recharge.
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