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Abstract

associated with greening.

Climatology

Terrestrial ecosystems are fully coupled with the climate. The planet has been greening owing to the increased
vegetation growth in response to the changing atmosphere, which in turn has feedback on the climate. Greening has
slowed down the rise in global land-surface air temperature mainly through a coincident increase of evapotranspira-
tion and precipitation in wet regions. In dry regions, greening intensifies the decrease in soil moisture induced by
greening-enhanced transpiration. Uncertain, however, is how the climate effects of greening in semi-arid lands might
differ for variable wet and dry conditions. Here, we focus on the biosphere—atmosphere interactions in Australia by
modeling the perturbation of vegetation changes under various states of sea surface temperature (SST), including
the climatology mean, El Nifio, and La Nifa conditions. For the dry conditions of El Nifio, greening exacerbates water
stress and largely depletes the soil moisture, while for the wet conditions of La Nifa, greening-enhanced evapo-
transpiration and precipitation resupply the soil moisture. For the normal conditions using the climatology mean

SST, a small decrease in soil moisture occurs but with large spatial contrast because of heterogeneous changes of
evapotranspiration and precipitation induced by greening. We emphasize that the alternating dry and wet conditions
modulated by the large-scale climate variability are vital to understanding the response of climate to greening. Fur-
thermore, vegetation-based warming mitigation policies need to be cautious when inferring distinct climate effects

Keywords: Leaf Area Index, Earth system model, Evapotranspiration, Soil moisture, Atmospheric circulation,

Introduction

As much as one-quarter to one-half of the land surfaces
globally may have experienced greening, which is not
uniformly distributed worldwide as it is limited by water
and nutrient availability (Piao et al. 2020). Enhanced veg-
etation growth has been observed since the 1980s, known
as earth greening (Liu et al. 2010; Zhu et al. 2016). Green-
ing imposes changes on biosphere—atmosphere interac-
tions, affecting global hydrometeorological processes and
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the climate (Zeng et al. 2018a; Piao et al. 2020). Typically
represented as the increase in Leaf Area Index (LAI),
greening enhances evaporative cooling on land owing
to the increased efficiency of water vapor transfer to the
atmosphere (Chen et al. 2020). Greening also reduces
albedo inducing a warming effect (Thompson et al. 2022).
Consequentially, greening potentially provides negative
forcing that counters greenhouse gases-driven warm-
ing (Forzieri et al. 2017; Zeng et al. 2018b). Meanwhile,
increased evapotranspiration (ET) related to greening
tends to reduce soil moisture and intensify the global ter-
restrial hydrological cycle (Feng et al. 2021).

At subcontinental scales, the effect of greening on
biosphere—atmosphere processes produces highly
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heterogeneous patterns of precipitation. In Amazonia,
a recognized wet-climate greening hotspot (Spracklen
et al. 2012; Chen et al. 2019), enhanced ET supplies water
vapor to the atmosphere, thereby potentially increasing
precipitation via a process known as moisture recycling.
Simply, moisture recycling refers to local ET returning
moisture into the atmosphere which in turn becomes
precipitation (Trenberth 1999). Greening-enhanced pre-
cipitation may then recharge soil wetness, balancing the
losses in soil moisture triggered by the enhanced ET (Li
et al. 2018; van der Ent et al. 2010). In contrast, many
arid and semi-arid regions have experienced decreasing
trends in soil moisture over the past two decades that
correspond with the greening effect (Deng et al. 2020). To
date, limited work has addressed the biosphere—atmos-
phere interactions in arid and semi-arid regions where
wetness conditions may vary greatly in response to syn-
optic-scale meteorological forcing.

The Australian continent is an ideal location for
investigating the interplay of greening and biosphere—
atmosphere interactions. The relatively small human
interference and the isolation of the continent allow the
vegetation to respond naturally to distinct fluctuating
periods of ample and insufficient rainfall (Jiao et al. 2021).
From the early 1980s to the 2010s, greening in Australia
has increased vegetation cover by 9.3% (Additional file 1:
Table S1). Similarly, Winkler et al. (2021) report a 3.84%
per decade (1982-2017) increase in LAI for Australian
shrublands (cf. Poulter et al. 2014). Earlier, Donohue et al
(2009) reported observable greening of nearly 8% during
1981-2006 across Australia. Enhanced vegetation growth
mainly occurred in the northern, southern, and eastern
regions of Australia—among a variety of climate regimes
where annual precipitation ranges widely from less than
300 mm to more than 1500 mm (Fig. 1). CO, fertilization
is assumed to be the dominant factor driving the green-
ing, which overlaps spatially with many large agriculture
areas in Australia (Zhu et al. 2016; Piao et al. 2020; Chen
et al. 2019). For example, the Murray-Darling Basin in the
southeast region is a recognized greening hotspot (Chen
et al. 2019). The dry interior of Australia is particularly
relevant to this discussion because greening may affect
the naturally evolved ability of various arid and semi-arid
biomes to persist despite substantial climate variability
(Hill et al. 2006; Jiao et al. 2021).

In Australia as a whole, alternating wet and dry con-
ditions are mainly caused by variable weather systems
affected by coupled oceanic and atmospheric phenom-
ena. El Nifio and Southern Oscillation (ENSO), for
example, is one dominant system driving precipitation
variability in Australia (Liguori et al. 2022). ENSO is typi-
cally identified by varying warm and cold SST patterns in
the Pacific Ocean (Liguori et al. 2022; Risbey et al. 2011).
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Fig. 1 Observed change in LAl The spatial pattern of greening is
calculated as the difference between the mean LAl in the periods
2007-2011 and 1982-1986. The greening pattern is interpolated
to be consistent with the resolution of the model input. The cross
symbols show pixels where LAl changes are small (< 10th percentile)

During La Nifia, western Pacific waters are particularly
warm, promoting convection; during El Nifo, the warm-
ing shifts to the eastern Pacific Ocean, reducing convec-
tion in the vicinity of Australia where SSTs have cooled
(Fig. 2e, f). A prior modeling study found that with a
fixed mean SST, greening triggered a warm and dry trend
in Australia from 1982 to 2011 (Zeng et al. 2017). Char-
acteristics of this trend were reductions in soil moisture,
suppressed ET, and intensified water stress (Wu et al.
2022). The model-based findings are consistent with
those of an observation-based study (Deng et al. 2020).
However, when considering year-to-year SST variations,
greening produced an opposite wet and cooling trend
(Zeng et al. 2017). Such contrasting impacts are believed
to be associated with the influence of SST variation on
ocean—atmosphere circulations that influence moisture
transport pathways from the ocean, affecting precipita-
tion patterns inland (Yu et al. 2017; Li et al. 2018). Col-
lectively, the results of prior studies showing that altering
wet and dry conditions in Australia are closely associated
with SST extremes suggest that ENSO affects the influ-
ence of greening on biosphere—atmosphere interactions
in Australia.

Regional studies in Australia elaborate on the climate
impacts of greening. For example, observation-based
studies link LAI trends with changes in ecohydrologi-
cal variables (e.g., soil moisture, precipitation, and ET)
and emphasize the role of greening in exerting changes
in water availability (Hutley et al. 2001; Ellis and Hat-
ton 2008; Chen et al. 2014). However, works based on
statistical analyses struggle to isolate the mechanisms
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precipitation in Australia

by which greening affects the ecohydrological processes
(Donohue et al. 2009). The modeling study of Chen et al.
(2014) regarding climate variability and vegetation water
use showed the ability of savanna vegetation to greatly
reduce water recharge in the soil in dry years. However,
the simulation approach neglected the influence of the
ocean, thereby reducing the utility of the findings to
informing on biosphere—atmosphere interactions (Chen
et al. 2014). Another modeling study on vegetation feed-
back on the Asian-Australian Monsoon determined that
greening tends to enhance ET and increase precipitation
in Australia (Notaro et al. 2017). Though these studies
are informative, the previous conclusions on the climate
impacts of greening remain insufficient as they did not
consider the interplay between the hydrological feed-
back and the SST variations, for example, as influenced
by ENSO.

In addressing these research gaps, we perform diagnos-
tic simulations using coupled land—atmosphere global
climate model from the Institute Pierre Simon Laplace
Climate Model (IPSLCM) (Dufresne et al. 2013) to study
the effect of greening on key hydrological variables (pre-
cipitation, soil moisture, ET) in Australia. To study the

climate impacts of greening under the modulation of
ENSO, we employ three ocean SST states as boundary
forcings in the ocean model: (1) climatology mean SST;
(2) SST associated with strong El Nifio (El Nifio SST);
and (3) SST associated with strong La Nina events (La
Nifa SST). This approach allows us to investigate the role
of greening on modeled climate equilibria in a contained
region hallmarked by observable LAI increases, and both
brief wet periods and intensely dry periods. Details of the
experiment are shown below in “Methods”. By compar-
ing the simulations with the same greening forcing but
under three different SST patterns, we find three dis-
tinct equilibria of the regional climate. In the context of
greening, the patterns under different SSTs conditions,
the biosphere—atmosphere processes, and the underlying
mechanisms will be discussed in the following content.

Methods

Model

The coupled land—atmospheric model used is the
IPSLCM version 4 (Dufresne et al. 2013), which is
involved in phase 5 of the Coupled Model Intercom-
parison Project (CMIP5) (Taylor et al. 2012). IPSLCM
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contains the atmospheric component of the Labora-
toire de Météorologie Dynamique zoom model (LMDZ)
(Hourdin et al. 2006; Li 1999) and the land surface com-
ponent of the Organizing Carbon and Hydrology in
Dynamic Ecosystems (ORCHIDEE) (Krinner et al. 2005).
In detail, ORCHIDEE contains a hydrological module
SECHIBA (Ducoudré et al. 1993), a dynamic global vege-
tation model LP]J (Sitch et al. 2003), and a carbon module
STOMATE consisting of terrestrial carbon dynamics and
phenology (Krinner et al. 2005). Here only the SECHIBA
is activated to calculate the energy and water exchange
between the atmosphere and land and the soil water
budget (Krinner et al. 2005). Vegetation distribution and
LAI are prescribed using satellite observations in the
model. The atmosphere component LMDZ is coupled
with the surface component ORCHIDEE synchronously
(Marti et al. 2005). The coupling process is performed via
an interface model to couple the first atmospheric level
variables (i.e., dry static energy, specific humidity, and
wind speed) by the surface flux, which evolves over the
vertical levels and time steps (Polcher et al. 1998). The
atmosphere—biosphere coupled IPSLCM is shown to
produce satisfactory simulations of surface sensible and
latent fluxes (Krinner et al. 2005; Ngo-Duc et al. 2005).
For the hydrological processes, the ORCHIDEE com-
ponent includes the stream and two aquifer reservoirs:
a fast reservoir for short-term water storage and a slow
reservoir for long-term water storage (Marti et al. 2005).
However, these reservoirs are not connected to the deep
soil moisture and the groundwater simulation is absent
in the model (Marti et al. 2005). River routing processes
interact with surface processes through runoff and drain-
age, but the routing scheme in the model does not affect
the land surface processes, which means there is no
evaporation in the rivers (Marti et al. 2005). Despite the
challenging tasks of simulating the water storage in the
model, the simulated hydrological discharge in the model
is verified to present rather good results compared with
the observations (Hagemann and Dumenil 1997).

IPSLCM has been widely accepted in past efforts to
study greening-involved land—atmospheric processes
(Zeng et al. 2017, 2018a, b; Li et al. 2018; Lian et al. 2020).
Importantly, IPSLCM is confirmed to be proficient in
capturing the climate changes to the subtle perturbation
of vegetation, which can be reflected by the metric of the
ratio of plant transpiration (T) to total ET (T/ET) (Berg
and Sheffield 2019). The T/ET value computed from the
IPSLCM reaches 60%, which is near the value indicated
as the realistic global T/ET (Good et al. 2015). Further,
IPSLCM outperforms many other Earth System Models
in capturing the changes in land—atmospheric processes
when perturbing the vegetation (Berg and Sheffield
2019).
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Experiment design

The simulations are performed following the Atmos-
pheric Model Intercomparison Project (AMIP) frame-
work by coupling the land and atmosphere components
with the prescribed ocean. Prior to simulation, the model
was spun up from a cold start and ran for 60 years to
allow all diagnostic simulations to start with the same
reasonable initial states. We use the LAI3g global LAI
dataset to extract the evolution of greening patterns
over time and space (Zhu et al. 2013). To integrate the
satellite-derived LAI into the land component ORCHI-
DEE, we first interpolate the original LAI3g values (1/12
degree; 15 days) to match the 1.5° x 3.0° resolution of
other model inputs. According to the increasing trend
of satellite-derived LAI during 1982-2011 (Additional
file 1: Fig. S1), we then replaced the static LAI values with
monthly satellite-derived LAI for two periods of 1982—
1986 (1980s) and 2007-2011 (2010s) to represent low
and high LAI conditions (Table 1). This time-varying LAI
was applied for all model plant function types at the pixel
level (1.5°x 3.0°). We performed a suite of six diagnos-
tic simulations that were based on the three SST states
(see below) and the two time periods of satellite-derived
LAI (Table 1). All simulations start with the same ini-
tial condition but with different forcing of LAI and SST,
each running for another 60 years (Table 1). The results
are presented as the 60-year average for each simulation.
We prescribe greening in the model as the difference
between the satellite-derived LAI during the 2010s and
that during the 1980s (Fig. 1).

To consider the impacts of ENSO, three SST states
are applied in the ocean model as boundary forcings
(Table 1). The AMIP provides monthly maps of SST and
sea ice data. The El Nifio SST is derived from the monthly
data averaged for those years when El Nifio was moderate
to strong (1982, 1986, 1987, 1991, 1994, 1997, 2002, and
2009); and the La Nifa SST is averaged for moderate to
strong La Nifia years (1988, 1999, 2007, and 2010). The
climatology mean SST was determined for the average of
the whole period of 1982—-2011. The baseline simulations
used for comparison with wet and dry states are based on
the climatology mean SST forcing.

Accordingly, there are three experiments designed
from the six simulations (Table 1). The first experiment
is derived by the difference between SIM2 and SIM1
(SIM2-SIM1) to identify the greening under climatology
mean SST. SIM1 is forced by low LAI and climatology
mean SST, and SIM2 is forced by high LAI and clima-
tology mean SST. The second experiment (SIM4—-SIM3)
is designed to explore the greening under El Nifio SST.
SIM3 and SIM4 are forced by the same El Nifo SST low
(SIM3) and high (SIM4) LAL The third experiment refers
to the difference between SIM6 and SIM5 (SIM6-SIM5)
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Table 1 Simulations and experiment design with different forcings of LAl and SSTs

Simulations LAl SST

SIM1 The 1980s Climatology mean

SIM2 The 2010s Climatology mean

SIM3 The 1980s EI'Nifio

SIM4 The 2010s El Nifio

SIM5 The 1980s La Nina

SIM6 The 2010s La Nina

Experiment design Formula Purpose

EXP1 SIM2-SIM1 Greening under clima-
tology mean SST

EXP2 SIM4-SIM3 Greening under El Nifo

EXP3 SIM6-SIM5 Greening under La Nifa

The difference between SIM2 and SIM1 (SIM2-SIM1) is used to identify the greening under climatology mean SST. SIM4-SIM3 indicates the greening under El Nifio

and SIM6-SIM5 refers to greening under La Nifa

aimed to study the greening under La Nina SST. SIM5
and SIM6 are forced by the same La Nina SST and the
low and high LAI, respectively.

Validation

To validate the model results, we compared the modeled
precipitation and ET with observation-based datasets. To
validate the precipitation, we use the gridded (0.5° x 0.5°)
Climate Research Unit (CRU) Time-series (TS) version
4.05 dataset, provided by the University of East Anglia
Climate Research Unit (CRU et al. 2021). To validate the
ET, we used a global ET dataset with monthly values at
0.5° resolution provided by Jung et al. (2010). The ET data
are derived by integrating the in situ measurements at the
FLUXNET sites, satellite images of the fraction of pho-
tosynthetically active radiation absorbed by the canopy
(FAPAR), and surface meteorological data (Jung et al
2010). To compare with the model results, the observa-
tional-based precipitation and ET datasets are interpo-
lated linearly to 1.5° x 3.0° grids to match the model; and
annual means were computed for land-dominated grid
cells of the Australian continent.

A comparison of model results with these observa-
tional-based data indicates that the model is able to con-
struct the climatology mean patterns of precipitation
and ET, but the magnitude of precipitation and ET in the
coastal regions is underestimated (Additional file 1: Figs.
S2, S3). The underestimation is likely due to the model
being forced by the climatology mean SST, thus the inter-
annual variations are not considered. The model gener-
ally estimates dry and wet patterns under El Nifio and La
Nifa, despite discrepancies occurring in the magnitude
and patterns of precipitation and ET. The precipitation
change under ENSO is overestimated, but mainly in cen-
tral and western Australia (Additional file 1: Fig. S2). The

ET change is also overestimated in the model simulations
under ENSO (Additional file 1: Fig. S3). The discrepan-
cies between the model results and the observed pattern
may result because the model only couples the land com-
ponent and the atmosphere component. Such an AMIP
framework driven by the static SST and sea ice of the
model may be unable to reproduce some of the complex
ocean—atmospheric characteristics (Gates et al. 1999).
Additionally, the ENSO-related impacts are likely to have
a lag effect, thus the magnitude of observed precipitation
and ET change may be delayed to reach its maximum
after the ENSO active phases (Liguori et al. 2022).

Satellite-derived and reconstructed observational
data

To discuss the climate variabilities in Australia from 1982
to 2011, we use observation-based datasets of LAI, pre-
cipitation, and SST. LAI is again constructed from the
LAI3g dataset (see above). For monthly Australian mean
precipitation data, we use the gridded (0.5° x 0.5°) CRU
TS version 4.05 dataset (CRU et al. 2021). The precipita-
tion data required were interpolated to 1.5° x 3.0° grids
to match the model, and annual means were computed
for land-dominated grid cells of the Australian conti-
nent. For SST, we use the 2° x 2° gridded monthly NOAA
Extended Reconstructed Sea Surface Temperature V3b
dataset (Smith et al. 2008), which again was interpolated
to match the model grid spacing. We also use this SST
product to compute the Nifio 3.4 index, which allows for
examining the interactions between precipitation and

ENSO.
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Results

Relationship between SST and precipitation

Alternating spatially dry and wet patterns across Aus-
tralia are associated with the different SST forcings used
in the experiments. The simulated mean annual pre-
cipitation averaged over Australia using the climatology
mean SST is 307.8 mm. The highest precipitation con-
centrates in the northern and eastern coastal regions, and
especially in the southeastern area; precipitation is low-
est in the arid and semi-arid central regions (Fig. 2a). For
the La Nina SST simulations, Australia is wetter with an
increased mean annual precipitation of 403.9 mm. Pre-
cipitation is higher for the baseline simulations using the
mean climatology SST, particularly in the northwestern
and southeastern regions (Fig. 2b). In contrast, simulated
mean annual precipitation drops to 253.9 mm using the
El Nifio SST as forcing (Fig. 2c).

Multiple equilibria for the same greening

With the same forcing of greening integrated into the
model, we found that three different equilibria are
reached using the three different SST forcings (Fig. 2).
Over the whole Australian continent, greening-induced
changes of soil moisture were quite variable: +0.9 mm
under La Nifa SST forcing; — 1.9 mm using the climatol-
ogy mean SST forcing, and — 13.9 mm under El Nifio SST
(Additional file 1: Table S1). For the baseline case (cli-
matology mean SST forcing), the soil moisture changes
under greening are spatially heterogeneous (Fig. 3a).
Soil moisture declines in the eastern coastal regions, but
increases slightly in the western regions (Fig. 3a). In the
regions where LAI change is small (<10th percentile),
the soil moisture change is negligible (— 0.4+4.8 mm).
Then as LAI increases, based on linear regression, soil
moisture decreases 8.941.6 mm per m?> m~2 (Wald test
p<0.01; Fig. 3b).

For the wet La Nifa condition, many regions of the
continent experience a slight increase in soil moisture
(Fig. 3c). The small decrease mainly occurs in the north
or east, while the west generally experiences a slight
increase. The heterogeneity of the soil moisture change
is similar to the climatology mean SST case, but with a
smaller magnitude. Overall, soil moisture significantly
increases in the regions where LAI changes are slight
(2.24+1.2 mm, t-test p<0.01). The association (again lin-
ear regression) between soil moisture and LAI is also less
negative (— 6.1+0.8 mm per m?> m~% Wald test p<0.01;
Fig. 3d), implying that greening has a small effect on soil
moisture during La Nifia conditions when increases in
both rainfall and ET are somewhat in balance.

For the drier condition associated with El Nifio, soil
moisture decreases profoundly in response to greening
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throughout the continent, with a few exceptions along
the western coast (Fig. 3e). The linear association
between soil moisture and LAI during the El Nifio con-
dition is — 8.1£3.4 mm per m?> m~2 (R?=0.03, Wald
test p>0.01; Fig. 3f), which is similar to that under the
climatology mean SST forcing (Fig. 3b). However, soil
moisture depletion occurs in most regions, especially in
the central, northern, and southeastern parts of the con-
tinent (Fig. 3e). Despite drying occurring throughout
most of the continent, the association is spatially com-
plex. In regions where LAI change is subtle, soil mois-
ture decreases by 5.0+ 14.4 mm (t-test p>0.01). More
than half of the grids with decreasing soil moisture occur
simultaneously with the small increase in LAI (Fig. 3e)—
resulting in the low R? of the regression (Fig. 3f).

Changes in water yield under greening

Water yield, which reflects the available water supply is
defined as the difference between precipitation (P) and
ET, denoted as P-ET (Brown et al. 2005; Ellison et al.
2011). Greening shapes water yield, in part, through the
feedback involving ET and precipitation. Our simula-
tions show that these processes are modulated by ocean
SST forcings associated with the background of dry and
wet conditions in Australia, as discussed in the following
paragraphs for the three SST forcings considered. In Aus-
tralia, the magnitude of runoff change is relatively smaller
than ET and precipitation (Additional file 1: Table S1, Fig.
S4).

Using climatology mean SST forcing, greening results
in a small continental-wide decrease in soil moisture
(— 1.86 mm) despite annual increases in both precipita-
tion (+7.1 mm) and ET (+ 3.7 mm), as shown in Fig. 4a.
Regionally, precipitation and ET increase in the north-
ern, southeast and western parts of the country (Fig. 4b,
¢). These two variables decrease in the central-east and
central-west areas. However, the change tends to be more
intense for precipitation than ET. The result is heteroge-
neity in water yield throughout the country, with distinct
and large increases occurring in the north and the south,
and large declines occurring in the east-southeast region.
In this case, the limited water availability likely constrains
the soil moisture in the areas of the east-southeast region.

In the wetter condition associated with La Nifa, ET
increases by 15.5 mm per year, and the precipitation
increases by 24.4 mm per year, resulting in relatively
moist conditions compared with the climatology mean
SSTs baseline simulations just mentioned (Fig. 5a). The
change of ET and precipitation is relevant to the previ-
ous finding that moist condition enables the increase of
ET, which adds more precipitable water into the atmos-
phere (Forzieri et al. 2017). Spatially, ET increases largely
in the eastern coastal part of the country, consistent with
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the increase of transpiration by vegetation (Fig. 5b, Addi-
tional file 1: Fig. S5b). In these regions, the enhanced
evaporative cooling is coincident with the reduction in
sensible heat (Additional file 1: Fig. S6b). Meanwhile,
precipitation increases almost over the whole continent
(Fig. 5c). In explanation, the large increase in precipi-
tation is offset by a relatively large increase in ET, pro-
ducing little change in water yield over eastern regions
(Fig. 5d), which is consistent with the small decline in soil
moisture (discussed in the prior section). On the other

hand, the water yield is relatively greater in the north-
western part of the continent (Fig. 5d), suggesting that
the water is sufficient to replenish soil moisture. Mainly
due to the greater water yield, an increase in runoff
occurs in the northwestern region (Additional file 1: Fig.
S4b).

For the dry condition associated with El Nifo, mean
soil moisture decreases by 13.9 mm across the country
(Fig. 6a). Continental declines are simulated for both ET
(— 7.0 mm/year) and precipitation (— 9.8 mm/year). The
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decreases in both ET and precipitation promote a decline
in water yield in the northern, northwestern and south-
eastern regions (Fig. 6d). Under El Nifio SST forcing, LAI
increases associated with greening intensify water stress.
The decrease in ET is mainly due to the decrease in soil
evaporation (Additional file 1: Fig. S7c). The evapora-
tion is limited by the available water in Australia (Deng
et al. 2020). Under greening, the evaporation is further
depressed over the whole region, reflecting intensified
water stress (Additional file 1: Fig. S7c). Though the tran-
spiration shows an increase mainly in the eastern coastal
region due to greening, such an increase is much smaller
compared with the climatology mean and La Nifa SST
forcing conditions, suggesting that the available water for
transpiration is reduced (Additional file 1: Fig. S5). The
resulting large depletion of soil moisture is likely because
soil moisture is not sufficiently supplemented but, rather,
is consumed by ET over the simulation period (Addi-
tional file 1: Fig. S8b). As model results are averaged
over time, the soil moisture pattern reflects a substantial
reduction. Moreover, the suppressed ET could partially

decrease the precipitation as less moisture recycling
occurs, thereby exacerbating the dry conditions and con-
tributing to soil moisture depletion (Schumacher et al.
2022).

Large-scale moisture transport influenced

by greening

Given that the change in precipitation is larger than the
corresponding change in ET, the large-scale moisture
circulation pattern is disturbed as a result of greening
(Shukla et al. 1990). Here we further explore relevant pat-
terns of the large-scale atmospheric circulation in the
model (Fig. 7a—c). In the general case (climatology mean
SST simulation), the atmosphere is rich in water vapor
in tropical northern Australia as moisture is transported
from the western Pacific. Moisture in the southernmost
regions is transported from the Indian Ocean and South-
ern Oceans, but the contribution to precipitable water is
weak in these regions (Fig. 7a—c). These modeled patterns
of the large-scale atmospheric circulation are consist-
ent with observations that much precipitation originated
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from the tropical Pacific and Tasman Sea (Holgate et al.
2020).

In contrast, simulated precipitation patterns associated
with wet (La Nina SST) and dry (El Nino SST) conditions
in Australia are attributed to the anomalous advection
patterns that result from the different SST forcings con-
sidered. For the La Nifa SST forcing, increased precipi-
table water originates from moisture transported from
the tropical oceans (Additional file 1: Fig. S9). For the El
Nifio SST forcing, the atmosphere is drier because the
moisture from the tropical Pacific Ocean is suppressed,
reducing the precipitable water in northwestern Australia
in particular. Water vapor in this case is mainly trans-
ported from the Indian Ocean and Southern Oceans.
Consequently, the inland regions of the continent, which
are mostly arid and semi-arid, get even less atmospheric
moisture supplemented from the ocean (Additional file 1:
Fig. S9). Our simulations show that the changes induced
by greening on large-scale circulations in Australia are
discernable versus the pre-greening situation (com-
pare Fig. 7d—f with Fig. 7a—c), in line with the effect of a
previous study (Li et al. 2018). The changes in moisture

transport are the product of the remote influence of
land-based greening on circulation patterns (Li et al.
2018; Schumacher et al. 2022; van der Ent et al. 2010).
For example, under the climatology mean SST, mois-
ture is transported from the tropical Indian Ocean into
the northern land areas, contributing to the increase in
precipitation, compared with the case prior to greening
(Figs. 4b, 7a vs. 7d). The increase of LAI produces a small
decrease of albedo (Additional file 1: Fig. S10), yet the
reduction of downward shortwave radiation at the sur-
face in the northern and southern coastal regions implies
the convergence of moisture (Additional file 1: Fig. S10;
Li et al. 2018). Meanwhile, the depletion of precipita-
ble water in the central-east region can be attributed to
a greening-induced divergence of moisture, which is
implied by the increase of downward shortwave radiation
(Fig. 7a, d; Additional file 1: Fig. S10). As a result, precipi-
tation is likely to be further restricted (Fig. 4b).

Under La Nina SST forcing, greening amplifies wet-
ness as atmospheric water vapor increases over the whole
continent (Fig. 7e). Enhanced moisture is transported
from the Indian Ocean inland (Fig. 7e) where it tends to
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converge, as reflected by the reduction of surface short-
wave downward radiation (Additional file 1: Fig. S11).
The enhanced moisture transport is likely to increase
precipitation, which may increase soil moisture. Further,
ET is less constrained by soil moisture content in these
wetter conditions—a result that is in line with accelerated
moisture recycling that has been shown to be associated
with greening (Zeng et al. 2018a, b).

Under El Nifio SST forcing, greening exacerbates dry-
ness by decreasing precipitable water throughout much
of the continent (compare Fig. 7c versus 7f). The diver-
gence of moisture in the west hinders the moisture trans-
ported from the tropical Pacific Ocean into the interior
of the continent where the greatest desiccation occurs
(Fig. 7f; Additional file 1: Fig. S10). The deficit of atmos-
pheric moisture and reduced ET for dryer soil conditions
contribute to the profound decrease of precipitation in
the north and northwest regions (Figs. 6b, ¢ 7c, f). Mean-
while, the increasing moisture near the Tasman Sea and
the local greening-enhanced ET partially alleviate dry
conditions in the eastern coastal region (Fig. 7f). Never-
theless, greening-intensified drying tends to exacerbate
the soil moisture depletion throughout most of the conti-
nent under El Nifio SST forcing (Fig. 3d).

Discussion

The interpretation of our results may need caution due
to the limitations of the experiment design. We pre-
scribed the El Nino and La Nina SSTs by averaging data
from past ENSO events. This approach neglects certain
characteristics of the time-evolving ENSO. For exam-
ple, an ENSO event is likely to have a lag effect, mean-
ing the ENSO impact on precipitation and ET may be
delayed from the active ENSO phase (Liguori et al. 2022).
Moreover, ENSO events have intrinsic asymmetry. For
example, El Nifio generally has greater amplitudes and
produces stronger impacts than La Nina events (An and
Jin 2004). Thus, the model driven by the observed ENSO
SSTs patterns may reinforce this asymmetry (An and Jin
2004). Also, our simulation does not elucidate other cli-
mate modes affecting Australia, such as the Indian Ocean
Dipole and the Southern Annular Mode (McIntosh et al.
2009). These climate phenomena can either influence
Australian weather and ecosystems individually or they
may be superposed onto the responses to ENSO events
(Wang and Cai 2020). In addition, the model configura-
tion in this study does not consider the carbon and veg-
etation dynamics, future analyses are also expected to
replenish the results on carbon fluxes.

Additional to the soil moisture change, the change in
terrestrial water storage may need more attention when
evaluating the climate impacts of greening. The current
absence of groundwater and terrestrial water storage
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simulation in the model may affect the results. For exam-
ple, soil moisture can be resupplied in some topographic
locations by a number of processes (capillary rise, subsur-
face flow, return flow) that facilitate ET even in periods
of low rainfall (Wang et al. 2016). Moreover, in agricul-
tural areas such as southeastern Australia, irrigation may
intensify the evaporative cooling effects and modulate
the interannual precipitation patterns (Mahmood et al.
2014). Improvements in models are expected to repro-
duce more realistic processes.

Despite these limitations, the modeling results may
also provide insight into understanding the surface con-
ditions in Australia and the climatic precursors of wild-
fires. The observed variations of wet and dry conditions
are correlated with the ENSO cycle (Fig. 8). Enhanced
vegetation under wet conditions tends to increase ET
and reduce soil moisture. We could then anticipate that
the soil moisture is resupplied by the increased precipi-
tation, forming a delicate equilibrium. As the wet condi-
tion suddenly shifts to the dry condition, such as during
an El Nifio event, the enhanced vegetation is not likely to
perish simultaneously, but endures for a period of time
(Wang and Eltahir 1999). Accordingly, system feedbacks
during dry periods and greening tend to deplete soil
moisture, eventually leading to defoliation, which can act
as the fuel for wildfires (Abram et al. 2021). Therefore,
understanding the different climate impacts associated
with greening for wet and dry states may contribute to a
greater ability to predict and manage wildfires. For exam-
ple, the 2019-2020 wildfires in Australia coincided with
dry conditions of combined El Nino and positive Indian
Ocean Dipole (Wang and Cai 2020), but the prior year
was characterized by relatively wet La Nifa conditions
which were favorable for the growth of living forage. Veg-
etation-based mitigation policies to combat global warm-
ing may need to exercise caution in semi-arid regions to
avoid adverse effects.

Conclusion

Our simulations show that distinct climate equilib-
ria occur in Australia as a result of the interaction of
greening and ENSO-associated SST states. In the cli-
matology mean SST simulations, greening brings about
a reduction in soil moisture, and increases in precipita-
tion and ET, but the spatial patterns of these changes
are highly heterogeneous across the continent. In con-
trast, greening tends to increase soil moisture during
the wet conditions of La Nifa by enhancing moisture
recycling. However, in dry conditions of El Nifo, green-
ing intensifies the water stress and largely depletes the
soil moisture. Distinct modes of climate as results of
greening appear in both water availability and moisture
transport. These distinct modes spanning dry and wet
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climates in semi-arid land are largely attributed to dif-
ferences in large-scale ocean—atmospheric circulation
and different climate feedbacks.

In our previous study, the climate effects of green-
ing in Australia were divergent between two numerical
experiments using either observed variable SST or clima-
tological mean SST as forcing (Zeng et al. 2017). When
SSTs were updated year by year, the greening was found
to lead to a cooler and wetter climate in Australia; how-
ever, when SST was fixed as the climatology mean, the
simulated climate effect of the greening reversed and
caused a warmer and drier climate (Zeng et al. 2017). The
observed divergence can be explained by the finding in
this study: increasing La Nifna years during past decades
will trigger greening-induced wetter and cooler condi-
tions, and vice versa for El Nifo. A similar mechanism
associated with the interplay of greening and SST vari-
ation may also work for the different climate impacts of
greening in other hotspots, necessitating more in-depth
investigations.
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