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ABSTRACT

Groundwater plays an integral role in land-atmosphere interactions by connecting the sub-surface storage of water to transpiration via interactions with the root
zone. The role of groundwater in moderating heatwave intensity has rarely been examined in coupled climate simulations, as many models overlook this key
component of the water cycle. We use a coupled land-atmosphere model with an explicit representation of groundwater dynamics to analyze three major heatwave
events in southeast Australia. Groundwater moistens and cools the land surface, with impacts extending to the top of the atmospheric boundary layer during
heatwaves. Associated with the cooling, an increase of net radiation and a reduction in the atmospheric boundary layer height occurred, primarily over areas with a
shallow water table depth and woody vegetation. The maximum air temperatures were reduced by up to 3 °C at the surface and up to 1 °C through the atmospheric
boundary layer. Our results point to an important influence of groundwater on heatwave intensity, implying the necessity of considering groundwater dynamics in

climate models in the future heatwave predications.

1. Introduction

Heatwaves that occur in Australian summers can severely disrupt
ecosystems (Bergstrom et al., 2021; Ruthrof et al., 2018), cause major
impacts to human societies (Borchers Arriagada et al., 2020; Zander
et al., 2015), and lead to human mortality (Coates et al., 2014). A trend
of increasing heatwave frequency and intensity in the southeast of
Australia over the last few decades (Perkins-Kirkpatrick and Gibson,
2017; Perkins-Kirkpatrick and Lewis, 2020) has been coincident with an
increase in the frequency of extremely high temperatures (Jyoteeshku-
mar reddy et al., 2021). For example, there were 33 days that the na-
tional daily average maximum temperatures exceeded 39 °C in 2019,
more than the total observed from 1960 to 2018 (24 days; Bureau of
Meteorology, 2020). Climate projections suggest this trend will continue
and that Australia needs to be prepared for more intense, frequent and
longer duration heatwaves (Lewis et al., 2017; Trancoso et al., 2020).
Heatwaves in Australia are commonly associated with a stationary high
pressure system which leads to an advection of hot and dry air from
continental interior to the southeast coast (Pezza et al., 2012; Purich
et al., 2014). While the generation of a heatwave is associated with the
synoptic situation (Parker et al., 2014; Pezza et al., 2012), and changes
in the frequency and duration of heatwaves are largely explained by
changes in synoptic systems and associated circulation patterns (Korn-
huber et al., 2020; Wehrli et al., 2019), the intensity of a heatwave can
be influenced by land surface processes (Herold et al., 2016; Hirsch
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et al., 2014a, 2014b; Merrifield et al., 2019; Wehrli et al., 2019).

The key influence of the land surface on heatwave intensity is related
to the partitioning of available energy between the sensible (Qx) and
latent heat (Q,) fluxes. A wet surface can cool and moisten the lower
atmosphere via evaporation, slowing the accumulation of heat in the
atmospheric boundary layer (ABL) and potentially suppressing heat-
wave intensity. In contrast, a dry soil will tend to lead to higher Q which
heats the ABL, and can intensify a heatwave. The increase of air tem-
perature also leads to an increase in the amount of water vapour that can
be held in the atmosphere, increasing the driving force for evaporation,
which in turn accelerates soil desiccation (Miralles et al., 2014, 2019).
Therefore, for specific heatwave events, the ability of vegetated and
non-vegetated surfaces to access water for evaporative cooling is
important, which depends on the topsoil water availability (Kala et al.,
2015a, 2015b), the root zone moisture (potentially influenced by the
shallow groundwater; Barlage et al., 2021; Martinez et al., 2016;
Miguez-Macho et al., 2007; Mu et al., 2021b), the nature of the vege-
tation (e.g. root characteristics; Evaristo and McDonnell, 2017), and
hydraulic redistribution (Luo et al., 2016).

The existence of groundwater is important for Australian ecosystems.
Approximately 34% of land areas have the potential for groundwater-
dependent ecosystems and 5% of these areas are heavily reliant on
groundwater (Doody et al., 2017). Previous uncoupled simulations using
the Community Atmosphere Biosphere Land Exchange (CABLE) land
surface model (LSM) has shown the presence of shallow groundwater
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influenced the surface energy balance and reduced forest canopy tem-
perature by up to 0.76 °C on average during heatwaves over south-
eastern (S.E.) Australia (Mu et al., 2021b). However, these uncoupled
simulations cannot show whether the land surface fluxes are large
enough, or sustained for long enough, to affect the atmosphere and
whether the land-atmosphere positive feedbacks act to increase the
heatwave intensity. While there is evidence that perturbing soil mois-
ture or using realistic initial soil moisture can influence heatwaves in S.
E. Australia (e.g. Kala et al., 2015a, 2015b; Hirsch et al., 2014a, 2014b)
this evidence focusses on perturbing soil moisture directly, not exam-
ining whether capturing the explicit dynamics of groundwater behav-
iour can influence Australian heatwaves.

Here, we examine the role of groundwater on heatwaves over S.E.
Australia by focusing on the three significant events that occurred in
2009, 2013 and 2019. We use a coupled modelling system to answer
three questions:

1. How does the existence of groundwater influence the water and
energy balance during heatwaves?

2. To what degree does groundwater influence the atmosphere during
heatwaves?

3. What are the key factors controlling the impact of groundwater on
heatwaves?

Most climate models still do not account for groundwater dynamics
and therefore the role played by the presence or absence of groundwater
on heat extremes has not been widely examined. While the study by
Keune et al. (2016) focused on the 2003 European heatwave, they
reinitialized their atmospheric model every day which precludes rep-
resentation of heat accumulation in the boundary layer over several
days. The other coupled studies (e.g. Barlage et al., 2021; Forrester and
Maxwell, 2020) mostly focused on the impact of groundwater on the
seasonal or longer term climate rather than extreme events (Furush-
o-Percot et al., 2022). Therefore, we seek to identify whether the lack of
groundwater processes in most climate models is potentially significant
and whether the impact is localized or widespread in heatwave events.

2. Methods
2.1. Heatwave case studies

We investigated three severe heatwaves that occurred in 2009, 2013
and 2019 in S.E. Australia (Table 1). The first example heatwave
occurred in late January and early February 2009 and affected S.E.
Australia, when this region was in the last year of Australian Millennia
Drought and land was relatively dry. The active monsoon trough and a
strong tropical low near the northwest coast of the continent combined
with a slow-moving high pressure system over the Tasman Sea that led a
hot northerly air flow over southern Australia (Climate Centre, 2009).
This event set new high temperature (e.g. 48.8 °C in Victoria and 42.2 °C
in Tasmania) and duration records in parts of southern New South Wales
and South Australia, Victoria, and northeastern Tasmania (Climate
Centre, 2009). It affected more than one million people, caused 420
casualties, and led to A$800 million of financial losses (Kiem et al.,
2010). The subsequent catastrophic Black Saturday bushfires (Engel

Table 1
Details of the three heatwaves examined in this paper.

Heatwave Heatwave peak days Simulation periods
periods
28 Jan-8 Feb 28-31 Jan and 5-8 Feb 18/19/20/21/22 Jan-13 Feb
2009 2009 2009
4-18 Jan 2013 4-8,12-13 and 17-18 Jan ~ 25/26/27/28/29 Dec 2012-23
2013 Jan 2013

14-26 Jan 2019 14-18 and 22-26 Jan 2019  4/5/6/7/8-31 Jan 2019
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et al., 2013) killed 173 people and caused more than $4 billion in eco-
nomic losses (Teague et al., 2010).

The second example, which influenced most of Australia in late
December 2012 and the first two weeks of January 2013 followed one of
the warmest springs on record (Bureau of Meteorology, 2013). This
heatwave started from December 25, 2012 in the southwest of Western
Australia. As the high pressure system over Great Australia Bight moved
eastward, northerly winds advected intense heat into S.E. Australia such
that 4th January was one of the hottest days recorded for southern
Tasmania and coastal Victoria and South Australia. On 11th January, a
second eastward-moving high pressure system led to further advection
of very hot air and caused the second phase of extreme heat over S.E.
Australia on 12-13th January. The north-westerly winds led the last
heatwave over the study region on 17-18th January (Bureau of Mete-
orology, 2013). This heatwave broke the high temperature records in
every state and territory, rendering January 2013 one of the hottest
months on record (Bureau of Meteorology, 2013). The national mean
maximum temperature of 40.3 °C on January 7, 2013 exceeded the
previous record of 39.8 °C on January 1, 1973.

The final heatwave began in early December 2018, and extended
through to January 2019 which was in the last year of the 2017-2019
drought. A series of intense heatwaves occurred across Australia leading
to nationally averaged mean maxima above 40 °C from the 12th to the
16th January and rendered the 2018/2019 summer the hottest experi-
enced for New South Wales, Victoria, Western Australia and the
Northern Territory (Bureau of Meteorology, 2019). There were three
distinct heatwave peaks, late December and early January, mid-January
and late January, which persisted over most of the continent for several
weeks. Due to the lack of thunderstorms and monsoonal activity,
sequential sunny days provided ideal conditions for heat accumulation.
As a high pressure system became established over the Tasman Sea, the
north to north-westerly air flow advected heat into S.E. Australia. The
heatwave was briefly interrupted by a trough passing through the study
region on 18-19th January but quickly returned and intensified from the
22nd January. In this study, we focus on the latter two phases of this
heatwave which particularly severely impacted S.E. Australia.

2.2. Model description

To carry out our simulations we used the WRF-LIS-CABLE modelling
system. This system includes the CABLE LSM and the National Aero-
nautics and Space Administration (NASA) Unified Weather Research
and Forecasting (NU-WRF) model version 9.2 (v9.2). NU-WRF v9.2 in-
cludes the Weather Research and Forecasting Model (WRF) atmospheric
model (version 3.9.1) and the Land Information System (LIS) model
framework (version 7.2), which is used to couple WRF with CABLE. To
force the model, we use the ERA interim data (Berrisford et al., 2011) as
boundary conditions for NU-WRF. We follow the WRF atmospheric
physics configurations used in Hirsch and King (2020) which includes
the New Tiedtke cumulus convection scheme, the WRF Single-Moment
5-class microphysics scheme, the Mellor-Yamada-Janjic boundary
layer and surface layer schemes, as well as the RRTMG shortwave and
longwave radiation schemes. This version was thoroughly evaluated by
Hirsch et al. (2019) with a focus on temperature and rainfall averages
and extremes. Their evaluation of this configuration shows good per-
formance in simulating extreme temperatures over S.E. Australia, in
particular for the summer season. The model is not perfect of course and
tends to simulate too narrow a range of temperature on diurnal scales by
underestimating daily maximum temperatures (by up to 4 °C in some
regions, their Fig. 4g) and overestimating daily minimum temperatures
during heat extremes.

The LSM used in this study is built from CABLE version 2.0, but in-
cludes improved hydrological modules described by Decker (2015) and
Decker et al. (2017) (hereafter CABLE-GW). These improvements
include a groundwater component with unconfined aquifer and sub-grid
runoff parameterizations. This version was evaluated by Decker (2015),
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Ukkola et al. (2016) and Mu et al. (2021a, 2021b) and demonstrated
good performance in simulating land water fluxes during climate ex-
tremes. The CABLE-GW was also shown to reproduce observed hydro-
logical data including the Gravity Recovery and Climate Experiment
(GRACE) well (Mu et al., 2021b).

2.3. Experimental design

We ran two experiments, one including groundwater (GW) and one
assuming free drainage (FD). To obtain the equilibrated initial state for
soil moisture, we first use the observation-based Australian Water
Availability Project (AWAP) dataset (Jones et al., 2009) to force the
CABLE LSM offline for 90 years by repeating the meteorology between
1970 and 1999. This off-line spin-up is designed to create a realistic
initial state while remaining computationally feasible. The AWAP
dataset used in the simulations has been resampled from daily to 3-hour-
ly temporal resolution via the weather generator developed by Haverd
et al. (2013), and re-gridded from 5 km to 10 km resolution. This
re-gridding balances the computing cost with the spatial representation
of soils and vegetation over S.E. Australia. Following the 90-year
spin-up, we then conduct the GW and FD experiments offline from
1970 to 2019 with time varying CO and saving the daily restart file over
the last 20 years. These restart files are then used to initialize the
coupled WRF-LIS-CABLE model. The overall offline spin-up processes
are the same as used by Mu et al. (2021b) but at 10 km resolution and for
the whole of Australia.

Following Ge et al. (2019) we initialize WRF-LIS-CABLE for 10, 9, 8,
7 and 6 days before the selected heatwaves (Table 1), and run the model
through the heatwave period ending five days after the event, on a
domain over S.E. Australia (Fig. 1a) at 25 km. These simulations provide
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five ensemble members and for each event and each experiment
(GW/FD). In the following spatial maps, we display the average of the
five ensembles but show the range of the ensembles in time-series
figures.

In all simulations, we use observationally-based land surface prop-
erties following Mu et al. (2021b). Land cover type is derived from the
National Dynamic Land Cover Data of Australia mapped on to CABLE
land cover types (see Mu et al. 2021b). The leaf area index (LAI) is
prescribed using the Copernicus Global Land Service product (Fuster
et al., 2020). Soil parameters are derived from SoilGrids (Hengl et al.,
2017) via the pedotransfer functions in Cosby et al. (1984) (note these
parameters do not vary with depth).

2.3.1. Groundwater experiment (GW)

The GW experiment uses the default CABLE-GW model which adopts
the modified Richards equation (Zeng and Decker, 2009) to solve the
vertical water movement among the soil column:
%:—%K%W—WQ—F @
where  (mm® mm2) is the soil volumetric water content, K (mm s His
the parameter of hydraulic conductivity, ¥ (mm) and ¥ (mm) are the
soil matric potential and the equilibrium soil matric potential, F (mm
s71) is the sum of subsurface runoff and transpiration, and t (s) and 2
(mm) are the time and the soil depth dimensions (Decker, 2015). An
unconfined groundwater aquifer is implemented as the lower boundary
condition to the soil column by solving a simple water balance model:
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where W, (mm) is the water mass of the aquifer but in the units of mm,
Qag,sup (Mm s71) is the subsurface runoff from the aquifer, and g, (mm
s™1) is the water flow between the bottom soil layer and the aquifer.
Specifically, a positive g, refers to the groundwater recharge from soil
column and a negative g, represents the groundwater discharge to the
upper soil column. The gy, is computed by the modified Darcy’s law:

Gre= (Kaq + Kbul) (Taq - 5yn) B (YIEM _YIEJI) (3)

re
2 Zwid — Zn

where Kqq (mm s™1) and Kpor (mm s~ 1) are the hydraulic conductivity in
the aquifer and the bottom soil layer. ¥4, (mm) and ¥, (mm) are the soil
matric potentials for the aquifer and the bottom soil layer, and ¥g
(mm) and ¥Yg, (mm) are the equilibrium soil matric potentials for the
aquifer and the bottom soil layer. 2,4 (mm) and 2, (mm) are the depth of
the water table and the lowest soil layer. A zero flux condition is
imposed at the base of the aquifer. The thickness of the aquifer depends
on the location of the bedrock and varies spatially. The subsurface runoff
(gswr, mm s~ 1) is topography-dependent and generated from the satu-
rated soil layers and the aquifer:

d
Gup = SIN—( € T
1

) (€3]

where ?1:7 is the mean subgrid-scale slope, G, (mm s71) is the maximum
subsurface drainage rate and f is the decay factor originally determined
by model calibration against the hydrograph recession curve (Niu et al.,
2005).

An important component of CABLE-GW is the soil water stress factor,
p, which is defined as:

Weather and Climate Extremes 37 (2022) 100479

- 0 — 0,
ﬂ: _froa.i% (5)
; 0. — 0

i= 3 wii

where 6; (mm?® mm3) is the volumetric soil moisture content, 6, ; (mm?
mm ) is the field capacity, 0y, (mm?® mm ) is the wilting point, froo; iS
the root mass fraction, and i refers to the i th soil layer. f reflects the
constraint of soil moisture availability, weighted by the fraction of roots
in each layer, on transpiration.

2.3.2. Free drainage experiment (FD)

The FD experiment design follows Mu et al. (2021b) by decoupling
the groundwater aquifer from the bottom soil layer. At the interface
between the bottom soil layer and the aquifer, soil water can only move
downwards as vertical drainage at the rate defined by the bottom soil
layer’s hydraulic conductivity:

Gre = Kpor (6)
This vertical drainage is directly added to the subsurface runoff flux:
Gsub = Gsub 1 Gre (7)

In the FD experiment, we assume a fixed water table depth (WTD) at
10 m to remove an artefact caused by the unrealistic WTD estimation
associated with the FD implementation.

3. Results
3.1. Groundwater impact on the surface water and energy balance
During heatwave periods, the addition of groundwater access leads

to a clear decrease in soil water stress (Equation (5)) by < 70% (Ap,
Fig. 2a) in regions of broadleaf evergreen forest (see Fig. 1a) of the
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eastern and southeastern parts of Australia. The presence of ground-
water, particularly shallow WTD (<5 m, Fig. 1c—e), moistens the soil
relative to the FD simulation. This greater soil moisture availability re-
sults in increased Q. (Fig. 2b) by up to 120 W m 2 relative to FD, largely
in those areas with broadleaf evergreen forest and shallow groundwater.
Quis reduced by up to 100 W m™2 (Fig. 2c). The reduction of Qy is caused
by the cooler land surface and due to energy balance constraints with a
higher Q.. There is also an increase in the net radiation at the surface
(2-20 W m™2, Fig. 3a) associated with an increase in the net longwave
flux (Fig. 3b). The increase in the net longwave flux is caused by a
reduction in the upwelling longwave flux (Fig. 3c) with negligible
changes in the downwelling longwave (Fig. 3d). Note there are few
changes in the solar radiation flux (Fig. 3e). The impacts of GW during
heatwaves therefore cools the maximum surface temperature (Tp;q,) not
only through evaporative cooling, but also to a lesser extent by altering
the upwelling longwave radiation. These changes in the surface energy
fluxes lead to a reduction in the heatwave intensity by up to 3 °C
(Fig. 2d) and an increase in the air humidity by up to 1 g kg™ ! (Fig. 2e).
Thus a cooler and moister atmosphere can result from the existence of
shallow groundwater during heatwaves.

The results for all three heatwaves are similar although note the
extent of the cooling in T, and its spatial pattern is different across the
three events. The impact of adding groundwater is larger in southeastern
Queensland in 2013 is smaller in comparison to 2009 or 2019. The
differences between these heatwaves are associated with the WTD dis-
tributions (Fig. 1c-e). In the 2013 heatwave, the WTD is shallower
overall than in 2009 and 2019 owing to both heatwaves in 2009 and
2019 occurring during multi-year droughts, while 2013’s heatwave is
relatively wet. The impact of groundwater is therefore more significant
in the heatwave of 2013 rather than during 2009 or 2019. However, in
all three heatwaves, the impact away from forested regions (Fig. 1a)

ARnet ALWnet

ALW,,
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with shallow groundwater is generally small (e.g. cooling of <0.5 °C).

3.2. Groundwater impact on the atmospheric boundary layer

Importantly, the changes in the partitioning of available energy be-
tween Q, and Qp, and the decrease in the upwelling longwave radiation
are large enough to affect the atmosphere (Fig. 4). We next examine a
transect at 36°S in the 2013 heatwave as an example (see the black
dashed line in Fig. 1). This transect was chosen to include a range of
vegetation types and a range of WTDs. The cooling in the maximum
potential temperature (6;,0x) €xtends to around 2 500 m (>1 °C, Fig. 4a)
during the daytime (note this cooling is largely constrained to within the
ABL). The reduction in Qj leads to a decline of daytime ABL height by
~100 m. These changes are largely restricted to the areas of broadleaf
evergreen forest with a higher LAI (Fig. 1a and b) and shallow WTD (see
blue-yellow insert on each panel) with a negligible impact west of
~147°E where croplands are associated with a deeper WTD (>5m). The
impact of groundwater is also larger during the day time associated with
higher transpiration. The impact at night on minimum potential tem-
peratures (0min) is small (<0.5 °C) but is not constrained to the night
time ABL. The heat difference above ABL has the potential to contribute
to the Opgy differences within the ABL during the next day (Miralles
etal., 2014). With an increase of Q,, more water vapour is transported to
the atmosphere, and the atmospheric specific humidity increases by ~1
g kg™! during the day (Fig. 4c) with much smaller changes at night
(Fig. 4d). The results shown in Fig. 4 are similar to those for 2009 (Fig. 5)
and 2019 (Fig. 6). However, since both 2009 and 2019 heatwaves occur
during multi-year droughts and the WTDs in the two heatwaves are
deeper than in 2013’s heatwave (Fig. 1c-e), the impact of groundwater
on ABL is more significant in the heatwave of 2013 than in 2009’s or
2019’s heatwave.
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of this article.)

To further examine the influence of shallow WTD on the diurnal
cycle, we select a representative region (148-149°E, 35.5-36.5°S) along
the transect in Figs. 4-6 to analyze the evolution of the 2 m air tem-
perature (Fig. 7a,c,e) and ABL height (Fig. 7b,d,f). We compared both
the diurnal cycle response to adding groundwater and to heatwave
conditions. Fig. 7a,c,e demonstrates that groundwater reduces the
daytime maximum temperature more than the minimum both before
and during the heatwaves. However, the inclusion of groundwater does
not impact the timing of the maximum or minimum temperature. The
differences between the ensemble members (shading) are negligible for
the 2013 heatwave, but are noticeable in the 2009 (Figs. 7c) and 2019
(Fig. 7e) heatwaves. For the ABL height, at this location, adding
groundwater reduces the simulated height by ~500 m (Fig. 5b,d,f). The
differences between the ensemble members are small relative to the
impact of groundwater or the simulated differences between pre- and
actual heatwave conditions.

3.3. Groundwater impact and vegetation types

To examine how the influence of groundwater varies across different
vegetation types we next focus (Fig. 8) on the connection between the
simulated WTD and the changes in ATy,;q, during heatwave days when
the observed daily maximum temperature exceeds the 90th percentile of
the 1970-2019 climatology on the corresponding day. In regions with
broadleaf evergreen forests (BEF, Fig. 8a), the impact of explicitly
simulating the groundwater depends on the WTD at point of the onset of
the heatwave. In locations with shallow WTD, the vegetation’s access to
groundwater (which causes a wetter root zone profile, see green dots at

bottom left of Fig. 8a) sustains higher evaporation and cooling of the air
temperature by up to 5 °C. Where the groundwater is relatively deep
(>5m) changes in ATy, range from +1.5 °C to -3 °C; as the depth to
groundwater increases the range in ATpg decreases and becomes
negligible at WTD >10 m. As the simulated WTD becomes deeper, the
groundwater becomes decoupled from the root zone soil moisture
(mostly <5 m depth) and does not affect transpiration. In contrast to the
BEFs, the impact of groundwater on A and ATy is less obvious in
cropland regions (Fig. 8b), shrubs (Fig. 8c) and grassland (Fig. 8d). In
these non-forest regions, the deeper simulated WTD (~7 m in crops,
shrubs; and grasses) limits the capacity of the groundwater to buffer the
soil moisture state meaning that evaporative cooling during heatwaves
is more closely tied to the state of the shallow soil moisture.

4. Discussion and conclusions

We investigated the impact of groundwater on three major heat-
waves that impacted S.E. Australia using the coupled WRF-LIS-CABLE
modelling system. Explicitly accounting for groundwater in simula-
tions of these heatwaves led to a cooler and wetter land surface, and a
cooler and more humid ABL. The surface maximum daily temperatures
during these heatwaves were reduced by up to 3 °C (Fig. 2) and by up to
1 °C through the ABL (Fig. 4). Associated with the cooling, a reduction in
the ABL height occurred over the shallow WTD areas. The areas of
cooling were largely associated with regions of shallow WTD and
evergreen broadleaf forests (Figs. 8 and 1).

The inclusion of groundwater moistened the soil which led to a
higher Q. and lower Q. These changes are generally comparable with
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Fig. 5. As Fig. 4, but for the 28 January—February 8, 2009 heatwave.

results from the United States (Anyah et al., 2008; Leung et al., 2011)
and Europe (Furusho-Percot et al., 2022; Keune et al., 2016). We note
little impact on the simulated precipitation or clouds, a result apparently
inconsistent with some earlier researches (Anyah et al., 2008; Jiang
et al., 2009; Martinez et al., 2016; Maxwell et al., 2011). However, our
simulations focused explicitly on heatwave events which in Australia are
associated with blocking high pressure systems, very high temperatures,
and a dry and low-cloud atmosphere. We therefore did not find evidence
that the increase in Q, was sufficient to trigger a clear change in rainfall
despite a small increase in the specific humidity through the ABL and a
slight increase of convective available potential energy (CAPE), which is
consistent with the study of 2003 European heatwave in Keune et al.
(2016).

Explicitly representing groundwater in a coupled model can there-
fore moderate the intensity of heatwaves. Three mechanisms influence
heatwave intensity. Firstly, groundwater sustains transpiration, which
reduces Q and the heat transported into the atmosphere. Secondly, as
noted by Miralles et al. (2014), heat stored in the ABL can be recycled
back to the surface on the next day with an amplification of the heat-
wave intensity. The lower Qp, in simulations with groundwater reduces
the potential for this amplification. Finally, the heat entrained from the
free atmosphere is proportional to the time variation of the ABL (Bonetti
et al., 2015). Due to the lower Qx, GW simulations have a lower ABL
height during the day but a similar height at night which will tend to
lead to less heat being entrained from the free atmosphere into the ABL.
These three mechanisms reduce the intensity of our simulated heat-
waves by up to 1 °C through the ABL in the shallow WTD regions.

Our analysis of the connections between WTD, soil moisture avail-
ability, vegetation type and cooling shows that the soil water stress is the
principal constraint on the cooling resulting from the inclusion of

groundwater. The presence of a shallow water table increases the root-
zone soil moisture availability, leading to higher Q. (Koirala et al., 2019;
Martinez et al., 2016; Maxwell and Kollet, 2008; Mu et al., 2021b; Zipper
et al., 2019). However, WTD that leads to a strong response varies be-
tween studies (<4 m in Zipper et al., 2019, 1-5 m in Kollet and Maxwell,
2008 or 2-5 m in Leung et al., 2011) depending on the root profile,
vegetation characteristics, soil characteristics and how these are
implemented in different LSMs. Unfortunately, there are few observa-
tions to guide how best to combine all of these elements in LSMs. Despite
this uncertainty, basic understanding of terrestrial processes suggests
denser vegetation (and/or a higher LAI) will tend to be associated with
higher transpiration and greater sensitivity to groundwater depth. This
greater sensitivity can be moderated or enhanced depending on the root
distribution pointing to the challenges associated with capturing spe-
cies’ dependent root properties, particularly where phreatophytic spe-
cies exhibit very deep roots (Canadell et al., 1996; Warren et al., 2015).

Another important factor is the plants’ sensitivity to high tempera-
tures and the associated vapour pressure gradient (VPD) which can lead
to stomatal closure during heatwave extremes. A key area for future
work remains to probe whether models accurately capture the thresh-
olds that induce stomatal closure during extremes. Eucalyptus species,
common in S.E. Australia, appear to have a greater tolerance of high
temperature (including the potential to acclimate; e.g. Aspinwall et al.,
2016) and VPD than is typically parameterized in LSMs (Drake et al.,
2017; Mu et al., 2021a; Yang et al., 2019). Applications of LSMs in
Australian environments may therefore underestimate the potential for
evaporative cooling during heatwaves.

We note some limitations in our study. The groundwater module we
implement only considers the vertical water movement between the soil
and groundwater aquifer and ignores lateral flows between grid cells.
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Omitting lateral flow means low elevations, where moisture would tend
to converge, will tend to simulate a deeper WTD while higher elevations
will tend to simulate a shallower WTD than the realistic situations
(Barlage et al., 2021; Forrester and Maxwell, 2020; Zeng et al., 2018).
However, due to the coarser spatial resolution adopted in our simula-
tions, the impact of topography on WTD distribution via lateral flow is
unlikely to significantly affect our conclusions. The root parameter-
isation we use is relatively simple and may underestimate the role of tree
species with deep root water access. We note that our experiments are
also dependent to a degree on the choice of the boundary layer, reso-
lution and other physical parameterisation used in WRF. The spatial
resolution chosen was a compromise between representing spatial pat-
terns, computational cost and availability of input data for soils and
vegetation. Future work that used a higher spatial resolution may lead to
regional-scale difference; however, we anticipate the broad conclusions
with respect to the influence of groundwater and the link to deep rooted
vegetation is robust. In terms of our experimental design, we perform a
long uncoupled simulation to reach equilibrium, followed by a further
30 years (1970-1999) to account for the recent climate experienced in
this region. Any biases in the simulation of groundwater dynamics, or
the coupling with the root zone, will tend to be amplified by this
approach due to lack of compensating feedbacks that occur in coupled
simulations, with consequences for the simulated WTD. The detailed
spatial patterns should therefore be interpreted with care (e.g. Fig. 2)
but we are confident that the overall direction of changes simulated are
robust (see evaluation against GRACE data in Mu et al., 2021b). The ABL
and land surface equilibrate much more quickly than the groundwater
and should be robust to this spin-up process.

The surface and ABL cooling induced by shallow groundwater
coincident with forests has implications for simulations of heatwave

intensity. For weather forecasting, over S.E. Australia, our results sug-
gest the need to include groundwater in spin-up simulations for initial
conditions else the soil profile will be too dry and excessively high
temperatures will be forecast. The Land Information System enables
different timescales of equilibration to be accounted for in creating
initial conditions for weather forecasting. For decadal prediction,
including groundwater will reduce the risk of extreme temperatures.
Climate projections suggest a high risk of worsening heatwaves over S.E.
Australian under global warming. Over most regions, groundwater is too
deep to influence these simulations, but in regions of shallow WTD,
failure to include these processes will lead to an overestimation of the
future risk of heatwaves. The influence of shallow groundwater is
spatially heterogeneous and influenced by the land cover type and
characteristics and we find no evidence that in sparsely vegetated re-
gions, or where the WTD is deep, the omission of groundwater in sim-
ulations will introduce systematic errors. Finally, we also note humans
are using groundwater unsustainably in some regions (Aeschbach-Hertig
and Gleeson, 2012; Bierkens and Wada, 2019; Stokstad, 2020; Wada
et al.,, 2012) and are deforesting regions for agriculture (Curtis et al.,
2018). Deforestation, where replaced by more shallow rooted crops, will
tend to decouple groundwater from the atmosphere. Similarly, unsus-
tainable use of groundwater will tend to deepen the groundwater and
tend to decouple the groundwater from the atmosphere (Barron et al.,
2014; Condon and Maxwell, 2019; Keune et al., 2018). In both cases, this
has the potential to increases the risk of more intense heatwaves.

We have shown that groundwater has important impacts on the
surface and the ABL, in particular where the groundwater is relatively
shallow and overlain by forests. It is difficult to speculate in detail on
how our results might translate to other regions of the world with
different meteorological conditions, different lengths of heatwave,
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different vegetation types and different hydrological environments.
However, the mechanisms we identify are likely to be generic implying
there would be value in a more widespread examination of the role of
groundwater in influencing land-atmosphere processes. There is, for
example, evidence for a strong role of groundwater over North America
(Barlage et al., 2021; Ferguson and Maxwell, 2010) and Europe (Fur-
usho-Percot et al., 2022; Keune et al., 2016; Martinez-de la Torre and
Miguez-Macho, 2019) in particular where the land was strongly coupled
to the atmosphere. Including shallow groundwater in these regions
improves the simulations in regional climate models (Barlage et al.,
2015; Furusho-Percot et al., 2022). Experiments of the kind we report in
regional model intercomparison projects (e.g. https://cordex.org) could
therefore be particularly useful. While there are multiple studies
focusing on the significance of groundwater on land-atmosphere systems
on a seasonal to decadal scales, the examination of the role of ground-
water on heatwaves is still rare. We also note that projections of future
heatwaves point to more common, and more extreme events. This sug-
gests attention to groundwater, and changes in groundwater, should be a
priority for future climate projections over Australia as well as other

parts of the world.
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Key points

o Shallow groundwater reduces heatwave intensity up to 3 °C,
particularly in forested areas

o Groundwater access cools and moistens atmospheric boundary layer
during heatwaves
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e Groundwater impacts on atmospheric variables are largely con-
strained to regions of shallow water table depth
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