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Abstract

Global environmental change is expected to alter the spatial and temporal distribution of
water resources but quantifying its effects on the terrestrial water balance remains a
challenge. Evapotranspiration (ET) is a key ecosystem variable linking water, energy and
carbon cycles, but although global aggregate ET is expected to increase in a warming
climate, regional changes in ET have remained particularly poorly constrained due in part to
the difficulty in measuring ET. The effects of vegetation and increasing atmospheric CO,
represent a further complication. Experiments have shown that elevated atmospheric CO,
affects vegetation productivity and water use, but it remains uncertain whether these
processes have led to detectable changes in ET or runoff at ecosystem scales. This thesis
aims to quantify large-scale variations in ET, and, in particular, to better constrain the effects
of elevated CO, on catchment-scale hydrology. The approach relies on observations to the
greatest extent possible, and the water-balance method (the difference of precipitation and
streamflow at the river catchment scale) is used to quantify ET throughout, as it remains the

most firmly observationally based measure of ET.

The first data chapter of the thesis attributes causes of water-balance ET trends globally by
considering all key drivers, including climate, land use and vegetation effects. The study
statistically accounts for ET trends in energy-limited “wet” and water-limited “dry” river
catchments and finds ET is primarily controlled by precipitation in both environments (with
precipitation explaining 45-55% and 80-95% of interannual variability and trends in ET in wet
and dry catchments, respectively). There is some evidence for vegetation effects based on
model simulations, but the detection and attribution of ET trends is hindered by uncertainties
in the data available for global analysis and the lack of direct observations of vegetation

properties covering the study period 1960-1999.

Making use of high quality streamflow observations for Australia, the second chapter
quantifies recent CO, effects on runoff, ET and vegetation cover across Australian river
catchments in varying climates. The CO, effect was quantified by concurrently analysing
vegetation cover (Normalised Difference Vegetation Index) and water-balance ET, relying
solely on observations. Contrary to common expectation, the analysis shows that vegetation
is not only greening, but also consuming more water in sub-humid and semi-arid climates,
leading to significant (24-28%) reductions in runoff over the period 1982-2010. The analysis
pointed to increased runoff in the wet and arid climates but the results were not statistically
significant and it was thus not possible to detect a CO;, effect in the wettest or driest climates

based on the measurements.

vii



Finally, future water resources in Australia are projected using bias-corrected, state-of-the-art
climate model projections to drive the Land Surface Processes and eXchanges dynamic
global vegetation model (LPX). LPX explicitly simulates vegetation CO, responses and is
shown to capture observed CO, effects on ET. LPX results are contrasted with projections
from the empirical Budyko framework, which accounts for only the climatic effects on ET.
Future precipitation patterns remain highly uncertain across much of Australia, but predicted
vegetation effects are robust. Vegetation is shown to buffer the effects of climate change,
alleviating water stress in highly populated regions with robust declines in precipitation due to
COz-induced water savings. In northern Australia, CO, fertilisation reduces runoff but is

accompanied by increased vegetation productivity.

The findings of this thesis highlight the importance of considering vegetation in studies of
water resources. Recent increases in atmospheric CO, are shown to have left a detectable
imprint on Australian ecosystems, and the impacts are projected to continue to the end of the

21% century and beyond.

viii



Acknowledgements

| would like to thank Macquarie University for giving me the opportunity to study such an
interesting topic and for supporting me through the international Macquarie University
Research Excellence scholarship during the past 3.5 years. | would also like to extend my
gratitude to the CSIRO Water for a Healthy Country Flagship, who supported me through a
top-up scholarship and a generous travel budget, which allowed me to attend international

conferences and overseas lab visits to meet leading scientists in my field.

But first and foremost, | want to thank my supervisors, particularly my principal supervisor
Colin Prentice. Colin is a leading scientist in the broad field of earth system science and over
the years has shared his incredible insights into so many topics. Colin has been an extremely
encouraging supervisor and has never judged me for asking plenty of silly questions. No
doubt I've ended up learning more about plants than | ever intended but it has been a great
adventure. My co-supervisor Trevor Keenan joined the team in late 2013 and has been
enormous help in the final stages of my PhD. With an eye for detail, Trevor has helped me
perfect my work and I've learnt lots about efficient scientific writing from him in the last few
months. | am also grateful to my adjunct supervisor Albert van Dijk at Australian National
University who has provided some very insightful comments about Australian hydrology.
Finally, | would like to thank my associate supervisor lan Wright, who has had to sign more
forms for me than either of us can remember but has always been there for me at difficult

times.

I've had the privilege to work with some great collaborators in Australia and overseas. In
particular, | would like to thank Ranga Myneni and his students at Boston University for
teaching me so much about remote sensing and their continuing encouragement and
support. | would also like to thank everyone I've met at CSIRO Land and Water, particularly
Neil Viney for providing pivotal datasets. Belinda Medlyn’s group at Macquarie University
have always looked after us PhDs and instilled a healthy dose of scepticism about vegetation

models on us modellers.

My research group, Biosphere and Climate Dynamics, has been very supportive throughout
and always looked after one another. | am eternally grateful to Doug Kelley and Rhys Whitley
for their enormous patience and help with computer programming and everything else, |
certainly would not have got through without them. I've spent some truly entertaining
moments with Kevin Willis, Annika Herbert, Ines Hessler and others during, often very

extended, lunch hours and in the pub over a drink or two.

ix



My family in Finland might still not really know what | have spent the last three years studying
but have nevertheless enthusiastically cheered me on the whole way through. My sister has
kept me entertained on Skype after long days at work and cheered me up with the
occasional treats from home that have unexpectedly arrived in the post. My “family-in-law” in
London and Australia have been more generous and supportive than I'll ever deserve and
took me under their wing when | first arrived in Sydney alone, having never visited Australia
before. Finally, | would like to thank my partner Ned and all the wonderful friends here in
Australia and back home. Ned took the big decision to give up his job in London and relocate
to Australia halfway through my studies (although being an Aussie it was about time he spent

some time in the country), and has supported me through to the chequered flag.



Chapter 1

Introduction



Chapter 1: Introduction

1.1. Global environmental change and hydrology

1.1.1. Introduction

Global environmental change is expected to change the spatial and temporal distribution of
water resources, with inevitable consequences for societies and ecosystems. Global
warming should accelerate the global hydrological cycle (Huntington, 2006) via increased
atmospheric water demand (Roderick et al., 2007; Sheffield et al., 2012), resulting in
increases in global evapotranspiration (ET hereafter) and precipitation over land and oceans
(Douville et al., 2013). Interactions between climate and land surface processes are
expected to lead to changes in the partitioning of precipitation into ET and runoff and adding
to this are dynamical vegetation responses to changing climate and CO,, with consequences

for hydrological processes.

There is already evidence that global land precipitation, ET and runoff have changed
(reviewed in Collins et al., 2013) but large uncertainties prevail due to interactions of
climatic, ecosystem and anthropogenic effects as well as inadequacies in global datasets
(Alkama et al., 2011; New et al., 2001). Superimposed on these effects are growing water
demand due to increasing global population (Vérésmarty, 2000) and spatially and temporally
uneven distribution of water resources. Much effort has been invested in detecting and
attributing recent changes in the global hydrological cycle but large uncertainties remain in

quantifying the spatial and temporal changes in all hydrological components.

ET is a key ecosystem variable linking energy, water and carbon cycles and results from
interactions among the atmosphere, soil and vegetation (Brutsaert, 1982). ET is the sum of
plant transpiration, interception and soil evaporation. Up to 60% of precipitation is evaporated
globally (Teuling et al., 2009), and 90% in Australia when averaged over the continent (Glenn
et al., 2011). Transpiration is the largest contributor to terrestrial ET (Dirmeyer et al., 2006;
Lawrence et al., 2007) and recent studies have estimated it accounts for up to 80-90% of
global ET (Jasechko et al., 2013; Miralles et al., 2011), although there are large differences

among estimates (Sutanto et al., 2014).

ET cannot be measured directly and global and regional ET trends have thus remained
poorly constrained due to a lack of suitable long-term observations (Douville et al., 2013).
Multiple methods have been employed to estimate actual and potential ET, including satellite
retrieval schemes (Courault et al., 2005; Glenn et al., 2011), land surface models (Douville et

al., 2013; Li and Mélders, 2008; Teuling et al., 2009), empirical formulations (Wang et al.,
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2010; Zeng et al., 2012; Zhang et al., 2004), pan evaporation (Brutsaert, 2013; Liu et al.,
2009; Roderick and Farquhar, 2002) and hydrometric (Nouri et al., 2013) and water balance
(Zhang et al., 2012) methods. Satellite retrieval schemes include thermal and vegetation
index based methods (reviewed in e.g. Glenn et al., 2011a) and, like land surface models
(LSM), generally rely on well-known theoretical formulations, including the Penman-Monteith
and Priestley-Taylor equations, to derive ET from land surface and meteorological variables
(Wang and Dickinson, 2012). LSMs and satellite retrieval models provide continuous spatial
fields of ET but there are large disagreements between different models due to specific
formulations and parameterisations (Wang and Dickinson, 2012). Hydrometric methods
include lysimeter, sapflow and eddy covariance measurements (amongst others reviewed in
Nouri et al., 2013). They remain the most direct measurements of ET but are restricted to
stand- to site-scales. In situ eddy covariance measurements of latent heat flux from flux
towers (e.g. Baldocchi et al., 2001) have been widely used for calibrating remotely sensed
ET products (Glenn et al., 2011) and to evaluate large-scale models and datasets (e.g. Jung
et al., 2009). Empirical and statistical formulations include the Budyko framework (Budyko,
1974; Zhang et al., 2004), which relies on the concept of energy and water availability and
can be applied to annual and longer time scales. Other statistical methods include e.g.
regression-based models (Zeng et al., 2012). Pan evaporation measurements have been
used to estimate potential ET (Roderick et al., 2009), but these only very indirectly relate to

actual ET, and are restricted to site scales.

At the ecosystem scale, the water balance method (the difference between observed
precipitation and runoff integrated over a river basin) remains the most firmly observationally
based estimator of ET. The method assumes no net changes in soil moisture and is thus
only applicable at annual or longer time scales when these changes can be assumed to be
relatively small. Soil moisture can in principle drive interannual variability in ET (as much as it
is a consequence of it) (Seneviratne et al., 2010) but studies have shown that soil moisture is
mainly controlled by precipitation (Sheffield and Wood, 2008), explicitly included in the water
balance method. Attempts to account for soil water changes have emerged to apply the
method to sub-annual time scales, notably the use of gravity field measurements from the
Gravity Recovery and Climate Experiment (GRACE) satellite mission to obtain monthly
changes in terrestrial soil water storage (e.g. Seoane et al.,, 2013; Zeng et al., 2012).
However, GRACE temporal coverage remains short (~13 years) and the spatial resolution
relatively coarse (1° x 1°; http://grace.jpl.nasa.gov) rendering it unsuitable for many long-term
catchment-scale studies (Werth and Giinther, 2010). Despite good availability of global
precipitation and runoff datasets, the water-balance method has not been widely employed to

explore historical trends in actual ET globally.
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1.1.2. Australian hydrology and ecosystems

Australia is the driest inhabited continent as measured by runoff per unit area (McMahon et
al., 1992). The majority of the country is arid or semi-arid with potential ET (PET) exceeding
precipitation, but in some coastal locations annual precipitation exceeds 3000 mm (Figure
1.1.). Precipitation over the continent is extremely variable year-to-year and interannual
runoff variability over the continent is twice that typical for the Northern Hemisphere (Chiew
and McMahon, 1993). Interannual variations in climate are strongly driven by coupled ocean-
atmosphere modes, particularly the El Nifio Southern Oscillation (ENSO; Risbey et al.,
2009). The continent is prone to climate extremes, including flooding and droughts
(Alexander and Arblaster, 2009); the “Millennium drought” over eastern Australia during
2001-2009 (van Dijk et al., 2013) and extensive flooding in Queensland during the strong
2010/2011 La Nifa (Bureau of Meteorology, 2012) are recent examples. Water resources in
Australia have been identified as particularly vulnerable to climate change effects (Preston
and Jones, 2008b), arising from the aridity of the continent, extreme climate variability and
increasing water demand by the growing population (Jones et al., 2008; Preston and Jones,
2008a), and the country has been identified as a likely hot spot for future water scarcity
(Prudhomme et al., 2014). The population is largely concentrated on coastal and inland
eastern and southwestern Australia, as are agricultural activities that typically rely on
irrigation and represent 65-70% of Australia’s water consumption

(http://www.irrigators.org.au/?page=facts).

a) Precipitation b) Potential ET c) Aridity Index

~

-~
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[ |
750 500 1000 3000 7000 1500 2000 >2250 m

Figure 1.1. a) Mean annual precipitation (P), b) Priestley-Taylor potential ET and c) climatological
aridity index (PET/P) across Australia. The data show the 1982-2010 mean derived from the
ANUCLIM climate archive (Xu and Hutchinson, 2013).
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Australia is characterised by a large variety of climate regimes and ecosystems. Central and
western Australia is arid and supports only sparse shrub- and grassland vegetation (Figure
1.2.). Precipitation arrives mainly in the form of infrequent storms (Risbey et al., 2009).
Northern Australia has a highly seasonal monsoonal climate with a distinct winter dry season
and summer wet season and is dominated by savanna ecosystems (Whitley et al., 2011).
Southwestern Australia has a Mediterranean climate with dominant winter rainfall and
interannual variations in climate are strongly influenced by the Southern Annular Mode
(Risbey et al., 2009, 2013). East coast Australia receives seasonally uniform rainfall and
vegetation varies from tropical evergreen forests in the north to temperate evergreen forests
in the south (Figure 1.2.). The effects of ENSO are particularly pronounced in eastern
Australia. Australian ecosystems are also characterised by frequent fire with ca. 6.4% of the
continent burning annually and around 91% of the area experiencing fire periodically

(Bradstock et al., 2012), with consequences for vegetation composition and hydrology.

High quality long-term records of runoff and climate are available the continent and, together
with a large variety of climatic and vegetation regimes represented in Australia, make it an
ideal study case for climate change effects on hydrology and vegetation. Previous studies
have also indicated the continent may play a regional to global role in controlling carbon
(Poulter et al., 2014) and water cycling (Jung et al., 2010) and changes to Australian

ecosystems and hydrology might thus have wider consequences.

a) Normalised Difference Vegetation Index b) Land cover

M non-vegetated [ sparse/scattered shrub

agricultural/pasture M open/closed shrub : %
s woody
open/closed herbaceous B open/closed woody

Figure 1.2. a) Mean annual Normalised Difference Vegetation Index. The data show the 1982-2010
mean derived from the GIMMS NDVI3g dataset (Pinzon and Tucker, 2014). b) Major land cover types

derived from the Dynamic Land Cover Dataset of Australia (Lymburner et al., 2011).
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1.2. Controls on evapotranspiration and runoff
1.2.1 Climate

Climate, above all precipitation, is the dominant driver of terrestrial ET and runoff globally
(e.g. Dai et al., 2009; Gerten et al., 2008; Milliman et al., 2008) and in Australia (van Dijk et
al.,, 2013; Glenn et al.,, 2011; Petrone et al.,, 2010). Energy and water availability are
considered the first-order drivers of ET and runoff (Robock and Li, 2006; Teuling et al., 2009)
and the relationship over annual to multi-annual time scales has widely been described using
the empirical Budyko framework (Budyko, 1974; Zhang et al., 2004). Many formulations of
the framework exist (e.g. Choudhury, 1999; Fu, 1981; Pike, 1964). The Fu-Zhang equation
(Zhang et al., 2004) predicts actual ET (E,) from precipitation (P) and PET using the climatic
aridity index (Al; PET/P) (Figure 1.3):

Ea=P[1+A1—(1+A1‘”)”‘“] (1)

where w is the framework parameter representing catchment properties such as soil,
topography and vegetation (Yang et al., 2007; Zhang et al., 2004). PET represents
atmospheric water demand and the capacity for ET when water is not limiting, and
(depending on the formulation) accounts for the effects of net radiation, air temperature and
wind speed. It is a useful indicator of ecosystem conditions together with P and determines
the upper limit for actual ET, which by definition never exceeds PET. In regions where
precipitation is greater than PET, actual ET is assumed to be limited by the amount of
available energy. Conversely, when PET exceeds precipitation, actual ET is limited by water
supply and regions become progressively more water-limited with increasing aridity. Several
studies have used the concept of demand and supply limitation to investigate the effects of
climate on ET and/or runoff (Donohue et al., 2011; Hickel and Zhang, 2006; Teuling et al.,
2009) and found a strong empirical fit between observed water-balance ET and the

framework, particularly in arid regions.
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Water limit

Evaporative Index (AET/P)

S,

B
§
Energy-limited Water-limited
region region
0 T 1
0 2 3

Aridity Index (PET/P)

Figure 1.3. lllustration of the Budyko framework. The red line represents the fitted Budyko relationship

using the Fu-Zhang formulation (Zhang et al., 2004) and a parameter value of 3.0.

In common with actual ET, many methods have been developed for estimating PET. Widely
used formulations include the Priestley-Taylor equation (Priestley and Taylor, 1972) and the
‘combination’ Penman (Penman, 1948) and Penman-Monteith (Monteith, 1965) equations.
The Priestley-Taylor equation determines PET as a function of net radiation (R,) and air

temperature (T,) (all equations as given in Fisher et al., 2011):

PET =2 R, 2)

A+y

where a is an empirical constant, usually taken to be 1.26, A is the slope of the saturation
vapour pressure curve (a function of T,), and y the psychrometric constant (0.066 kPa K™ at
sea level). Equilibrium evaporation (E,) denotes evaporation from a well-watered surface in
the absence of advection (Eichinger et al., 1996; Fisher et al., 2011), and depends only on
net radiation and temperature; the Priestley-Taylor PET is 1.26 E;. The Penman equation
extends Equation (2) to include atmospheric components D (vapour pressure deficit) and u

(wind speed):

A 426
A+y A+y

PET = DyAp(1+0.54u) (3)
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where A is the latent heat of vaporisation (2.448 MJ kg™') and p is air density (1.234 kg m™).
Monteith provided a variation on this equation with a stronger theoretical basis, including

resistance terms — this is the Penman-Monteith (P-M) equation

- (4)

where r, is aerodynamic resistance, rs stomatal resistance and ¢, the specific heat of air. The
P-M equation has a clear physical basis (Allen, 2005) and considers a comprehensive set of
drivers. However, the equation requires the estimation of stomatal and aerodynamic
resistance terms, which are difficult to measure, cannot be calculated from standard
meteorological data, and render the formulation strongly dependent on vegetation properties.
Furthermore, the equation is only applicable for estimation of PET when rs can be assumed
to be negligible, either over well-watered vegetation or open water (Fisher et al., 2011). The
so-called FAO P-M formulation (Allen et al., 1998) is a widely used derivation of the original
P-M equation used to estimate crop ‘reference ET’, but whilst it removes the need to
estimate resistance terms, it was specifically designed for low grass vegetation, and lacks

the physical basis of the original P-M equation.

There is no general agreement about the ‘correct’ formulation of PET. This thesis employs
the Priestley-Taylor formulation throughout, as it has been shown to be appropriate for
estimation of large-scale PET, and has minimal data requirements. Although Priestley-Taylor
began as an empirical approximation, Raupach (2000, 2001) provided a theoretical basis for
it. He demonstrated the suitability of Priestley-Taylor for large-scale PET whereby mean D
over a large area is a function of ET itself modified by convective boundary layer growth;
whereas P-M is appropriate for estimation of ET at a point, when D can be considered as an
external variable. The parameter a was obtained empirically (Priestley and Taylor, 1972) but
the value of 1.26 has been shown to agree with theoretical derivations (Eichinger et al.,
1996; Raupach, 2000, 2001) and is consistent with the observation that the E, term of
Equation (3) is generally larger than the second atmospheric term (commonly four to five
times; Penman, 1948; Shuttleworth, 1991). Furthermore, a accounts for advective processes
not considered in the Penman formulation, which is prone to underestimating PET in areas of
strong advection (Chang, 1968). Many other studies (e.g. van Dijk et al., 2012; Guerschman
et al., 2009; Potter and Zhang, 2009; Potter et al., 2005; Shao et al., 2012; Zhang et al.,

2004) have also adopted the Priestley-Taylor method for catchment-scale analysis.
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1.2.2. Vegetation and land use

1.2.2.1. CO,- and climate-induced vegetation processes

CO, effects on vegetation productivity and water use at the leaf-scale are relatively
understood well from experiments (Ainsworth and Long, 2004; Field et al., 1995; De Kauwe
et al., 2013; Leakey et al., 2009; Nowak et al., 2004; Wong et al., 1979). Elevated CO; allows
plants to close their stomata partially, whilst maintaining a similar influx of CO, for
photosynthesis. This increases water use efficiency, the amount of water required to produce
a unit of biomass, and reduces the transpiration flux. On the other hand, CO; is the substrate
for photosynthesis and elevated concentrations should stimulate carbon assimilation, in
principle leading to increased biomass and leaf cover (‘greening’). This CO, fertilisation
effect increases water use at the canopy scale, counteracting leaf-level water savings from
partial stomatal closure. Possible secondary effects of CO,-induced vegetation structural
changes include changes to interception evaporation due to increased canopy cover
whereas shading by increased foliage cover may decrease the amount of radiation reaching
the soil surface, reducing soil evaporation. The CO, effects are expected to vary with aridity
and vegetation type. They should manifest most strongly in water-limited environments,
where moisture is the main limitation on vegetation growth (Donohue et al., 2013).
Furthermore, both experiments and theory show that C; plants, typical in wetter, colder
climates, should show more pronounced responses to elevated CO, than C, plants, common

in hot, arid climates (Leakey et al., 2009).

Despite clear experimental evidence about the underlying processes, the magnitude of CO,-
induced greening and water savings at catchment to global scales, and the net effect on ET
and runoff, remain poorly constrained. Multiple attempts have appeared (Betts et al., 2007;
Gedney et al.,, 2006; Gerten et al., 2008; Piao et al., 2007) but have generally relied on
models, which have tended to disagree on the direction and magnitude of the CO, effect
(Alkama et al., 2011).

Furthermore, climate change may also have wider implications for vegetation composition
and function, with consequences for hydrology. Vegetation is very sensitive to changes in
climate, including precipitation and temperature, and changes in climatic conditions may alter
vegetation biomass, productivity and composition (Diffenbaugh and Field, 2013; Friend et al.,
2014). Higher temperatures may enhance plant growth in colder regions, but decrease
productivity in warmer regions through increased aridity. Increased CO; is likely to favour C;

plants, increasing the distribution of woody vegetation in regions currently dominated by
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mainly herbaceous C, plants. Moreover, changes in fire, an important landscape process in
Australia, may change vegetation composition and functioning (Kelley and Harrison, 2014).
The impact of these processes on, and their interactions with, hydrology remain poorly

understood.

1.2.2.2. Land use and land cover change

Humans have altered at least 40% of the Earth’s land surface (Sterling and Ducharne, 2008)
and greatly reduced the world’'s natural vegetation cover through clearing of woody
vegetation for the expansion of croplands and pasture (Sterling et al., 2012). Cleared lands
have actual ET rates a third lower than forests in a range of climates (Zhang et al., 2001) due
to decreased transpiration and interception losses as a result of deforestation (Bradshaw et
al., 2007; Gordon et al., 2005). Gordon et al. (2005) estimated deforestation has reduced
global terrestrial vapour flows by 4%, with the largest reductions in the tropics, central
Europe, eastern USA and China. This is in agreement with an estimate of 5% later proposed
by Sterling et al. (2012), with largest contributions from non-irrigated croplands (-3.5%) and
grazing land (-2.8%). The decreased ET should in principle increase runoff (Bosch and
Hewlett, 1982) if precipitation remains unchanged but deforestation may also lead to reduced
rainfall (D’Almeida et al., 2007). On the other hand, widespread irrigation in dry regions has
led to water withdrawals from rivers and increased water availability for ET, and whilst this
should decrease runoff, irrigation may also increase regional precipitation (Lo and Famiglietti,
2013). These interactions are further complicated by potential changes to albedo and surface
temperature, roughness and convective processes, and adding to the complexity of land
use/land cover change feedbacks with the hydrological cycle (Strengers et al., 2010). Land
cover processes may also contribute to climate extremes. Teuling et al. (2010) reported
higher initial evaporation over grasslands compared to forest ecosystems during the 2003
European heat wave and drought. This led to accelerated soil moisture depletion in
grasslands, and a subsequent shift from suppression of temperatures due to evaporative

cooling to increased heating, likely contributing to the extreme temperatures observed.
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1.3. Historical and future water resources

1.3.1. Historical changes

1.3.1.1. Precipitation

Precipitation is a key climatic variable and recent trends in global and regional land
precipitation have received much attention in the literature. It is generally agreed that rising
temperatures should increase global aggregate precipitation following the Clausius-
Clapyeron relationship on temperature and water vapour scaling. The latest IPCC
assessment report (AR5; Hartmann et al., 2013) compared four precipitation datasets for the
period 1901-2008 with three out of four datasets showing significant global upward trends
varying between 1.01 and 2.77 mm yr' per decade. This is in contrast to the fourth
assessment report (Trenberth et al., 2007), which found few significant global trends across
six land precipitation products during 1950-2005 (Trenberth et al., 2007). Whilst different
precipitation products generally agree on broad large-scale trends and spatial patterns, they
often show significant differences regionally (Fekete et al., 2004). The AR5 shows robust
increases in much of conterminal USA, southern South America and western Europe
throughout the 20™ century, and decreases in eastern Australia and the Mediterranean
region since the 1950s. More generally, decreases have occurred in subtropical and non-
monsoonal tropical regions and increases in high northern latitudes (Trenberth, 2011).
Furthermore, regional changes in precipitation intensity and frequency have been observed.
The AR5 concludes likely increases in precipitation intensity and frequency in Europe, North
and South America but trends remain unclear elsewhere (Collins et al., 2013). Changes to
seasonal distribution have also been observed with a tendency towards wetter wet seasons

in humid regions and drier dry seasons in more arid regions (Chou et al., 2013).

In Australia, precipitation changes have been mainly seasonal and vary regionally. A number
of recent studies have reported declines in autumn and winter precipitation over southern
and southwestern Australia since the 1950s (Hendon et al., 2007; Nicholls, 2006, 2010), due
to a reduction in extratropical storms consistent with the upward trend in the Southern
Annular Mode (Delworth and Zeng, 2014). These reductions have also translated to annual
scales due to the region’s dominant winter precipitation regime. Annual rainfall has increased
in the north due to increased wet season (summer) rainfall and decreased along the east
coast between 1950 and 2005, although the east coast trends are less robust and sensitive
to the choice of time period (Nicholls, 2006).
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The uncertainties in global and regional precipitation estimates arise from incomplete
observations and methodologies and have been extensively discussed in the literature (New
et al., 2001; Trenberth, 2011). Many global land precipitation products have been developed.
The most widely used gridded precipitation products (e.g. Harris et al., 2014; Schneider et
al., 2008) rely on interpolation of in situ rain gauge measurements, which measure
precipitation quantities directly but have variable spatial and temporal coverage and do not
necessarily capture spatial variability well particularly in areas of complex topography (Adam
et al., 2006). Precipitation gauges also suffer from systematic biases due to gauge
undercatch leading to underestimation of precipitation typically by 10% (Legates and
Willmott, 1990) and greater for snowfall (up to 100% for some events; Bogdanova et al.,
2002). Some precipitation products correct for these biases (e.g. Weedon et al., 2011) but it
is likely to remain a source of uncertainty particularly in snow-prone regions. Satellite
products have been developed to provide complete spatial coverage but do not offer
temporal coverage beyond 1974 (New et al., 2001). Furthermore, they only measure
instantaneous rates of precipitation and algorithms used to convert radiometric
measurements to precipitation at the surface remain uncertain (Krajewski et al., 2010;
Trenberth, 2011). Merged satellite-gauge products (e.g. the Global Precipitation Climatology
Project; Adler et al., 2003) have been developed to overcome limitations of each method but
discrepancies between different precipitation datasets persist, particularly in data-poor
regions including arid and tropical regions, hindering efforts to detect large-scale precipitation
trends (New et al., 2001).

1.3.1.2. Evapotranspiration

As ET cannot be measured directly, the detection of long-term ET trends has largely relied
on models or indirect evidence such as pan evaporation. Several studies have reported
decreasing pan evaporation in many parts of the world (Brutsaert, 2006; Roderick and
Farquhar, 2002); this has been attributed to reductions in solar radiation due to increased
aerosol loads and assumed to indicate decreased actual ET (Roderick and Farquhar, 2002).
The significance of pan evaporation as an indicator of actual ET has, however, remained
debated and Brutsaert (2006) showed decreasing pan evaporation was in fact consistent
with increasing actual ET and reported a global trend of 0.44 mm yr? during 1950-2000
based on pan evaporation and meteorological data. Elsewhere Zhang et al. (2012) reported
a significant global increasing trend of 1.09 mm yr? over land during 1983-2006 using the
Penman-Monteith (P-M) equation (Leuning et al., 2008) and 0.53 mm yr? using a model-tree

ensemble (Jung et al., 2009). They also illustrate the uncertainties in radiation products used
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to determine ET and using the P-M formulation and three alternative radiation datasets
calculate a global trend varying between 0.28 and 1.65 mm yr. Jung et al. (2010) showed a
positive trend in global land ET of 0.7 mm yr? between 1982 and 1997 but no trend 1998
onwards. The recent halt was attributed to decreased moisture availability in the Southern
Hemisphere (Jung et al., 2010) and a shift to El Nifio conditions (Miralles et al., 2013). Many
studies report global trends for the post-1982 satellite era and ET changes earlier in the 20™

century remain uncertain.

Whilst global estimates point to increasing ET, regional patterns remain poorly constrained
(Wang et al., 2010). Teuling et al. (2009) analysed water-balance ET trends in Europe and
North America. They report a decrease in Europe during 1958-1982 and subsequent
increases and attribute this to changing aerosol loads (the so-called “dimming and
brightening” phenomenon; Wild et al., 2005). They attribute mid-century increases and
subsequent decreases in North America mainly to precipitation. Zeng et al. (2012, 2014)
produced global ET datasets using a statistical and a model-tree ensemble method,
respectively, and report significant increases in much of sub-Saharan Africa, northern
Canada and Siberia, and eastern Europe. Contrary to Teuling et al. (2009), they do not
report significant trends in most of North America or Europe. In Australia, Roderick and
Farquhar (2004) reported decreasing pan evaporation trend of =4 mm yr? during 1970-2002
and argue it is due to decreased atmospheric demand resulting from reduced net radiation,
vapour pressure deficit and/or wind speed indicating the continent has become less arid.

However, they do not relate their findings to actual ET.

The discrepancies between different ET methods at catchment to global scales (Fisher et al.,
2011; Zhang et al.,, 2012) have resulted in large uncertainties in the recent evolution of
terrestrial ET. This has also hindered the attribution of ET changes to specific processes

(Douville et al., 2013). Historical ET trends thus remain a topic of further research.

1.3.1.3. Runoff

Several studies have reported global runoff trends based on observations and models.
Based on 221 river basins, Labat et al. (2004) reported a 4% increase in runoff per 1°C rise
in temperature globally, amounting to a 0.18 mm yr? increase during the 20" century
(Alkama et al., 2010). Their finding is in agreement with Piao et al. (2007) and Alkama et al.
(2010) who report a global trend of 0.17 mm yr? and 0.19 mm yr?, respectively, for the same

period using the ORCHIDEE land surface model (Krinner et al., 2005). However, the findings
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of Labat et al. (2004) have been brought into question due to the wavelet method used to
reconstruct runoff time series from limited observational records, and failure to account for
anthropogenic effects (Legates et al., 2005; Peel and McMahon, 2006). Their results have
not been reproduced in later studies. Dai et al. (2009) considered trends in the world’s
largest 925 river basins corresponding to 80% of global ocean-draining area and find
statistically significant trends in only a third of the 200 largest basins during 1948-2004, with
70% of those downward trends. Earlier studies support the lack of persistent trends in large
river basins (Cluis and Laberge, 2001; Lammers et al.,, 2001; Pekarova et al., 2003), but
robust regional increases have been reported over parts of the Americas (Dai et al., 2009;
Groisman et al., 2001; Lins and Slack, 1999; Milliman et al., 2008) including Mississippi and
Parana, and reductions in Southern Europe (Milliman et al., 2008). Other studies have
reported increased streamflow in arctic rivers (Peterson et al., 2002), possibly due to

increased snowmelt (Dai et al., 2009).

Most studies have shown the trends are primarily climate-driven (Dai et al., 2009; Gerten et
al., 2008; Milliman et al., 2008). Piao et al. (2007) attributed 53% of runoff variations
simulated using the ORCHIDEE model during the 20" century to climate and Gerten et al.
(2008) reported a value of 70% based on the LPJmL vegetation model (Rost et al., 2008).
More recently, Gedney et al. (2014) showed based on the JULES land surface model (Best
et al., 2011) that reduced shortwave radiation due to atmospheric aerosol loading decreased
runoff in the Northern Hemisphere up to 25% until the 1980s. Previously, based on the Labat
et al. (2004) streamflow dataset and the MOSES Il Land Surface Model (Essery et al., 2003),
Gedney et al. (2006) attributed the global increase to CO,-induced vegetation physiological
effect with a minimal contribution from climate; however, their study has been criticised for
the streamflow dataset used (Peel and McMahon, 2006) and for not considering potential
COs-induced increases in foliage cover which can counteract water savings from decreased
stomatal conductance (Piao et al., 2007). On the other hand, Piao et al. (2007) showed land
use change can explain 50% of historical runoff increases and is of comparable magnitude
with climate (see above). Their findings are supported by Sterling et al. (2012) who project a
6.8% increase in runoff during 1950-2000 due to land surface changes also using the
ORCHIDEE model.

In Australia, Chiew and McMahon (1993) investigated trends across 30 unimpaired
Australian basins during varying periods of at least 25 years and found significant trends in
only two basins. Later studies agree on significant reductions in runoff (ca. 10-20%) in
southwestern parts of the country since the 1970s (McFarlane et al., 2012; Petrone et al.,

2010). Runoff began declining in the 1970s in response to a step reduction in precipitation
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and despite no significant changes in precipitation since the early 1990s, runoff has
continued to decline to the 21% century. Petrone et al. (2010) suggest this may be due to
falling water tables and a shift from perennial to ephemeral streams, reducing runoff

generation.

Alkama et al. (2011) discuss reasons for the discrepancies in runoff trends and identify
observational and methodological uncertainties hindering the detection and attribution of
recent runoff trends. River discharge observations remain spatially scarce and the length and
quality of records is variable. Gaps in the data are typically filled using statistical methods or
simulated values (Dai et al., 2009; Labat et al., 2004), rendering time series uncertain when
large number of gaps are filled. Furthermore, streamflow is calculated from an empirical
relationship between measured river stage and discharge, and is prone to errors, particularly
in rivers with varying channel conditions (Alkama et al., 2011) and due to gauge bypass
during high flows (Wilby, 2006). Observational uncertainties are compounded by
discrepancies in hydrological models, which have been widely employed to attribute
observed trends and to create continuous fields of runoff where observations are not
available (Alkama et al., 2013; Dai et al., 2009; Gedney et al., 2006; Piao et al., 2007).
Furthermore, these models do not generally simulate human influences such as damming
and irrigation water withdrawals, but they may account for a large proportion of streamflow
and these effects must thus be carefully evaluated and removed from observations (Peel and
McMahon, 2006). Different studies have investigated trends over varying time periods
hindering comparison between studies and due to the relatively short observational period in

many river basins, the results are sensitive to the choice of time period (Dai et al., 2009).

1.3.1.4. Vegetation

Many studies have reported vegetation trends for the post-1981 satellite era relying on
remotely sensed vegetation indices, such as the Normalised Difference Vegetation Index
(NDVI). Global Advanced Very High Resolution Radiometer (AVHRR) NDVI records extend
to early 1980s and have been widely to investigate long-term changes in vegetation
properties, including foliage cover, productivity, biomass and structure (Beck et al., 2011 and
references therein). Other vegetation indices have since been developed, such as the
Enhanced Vegetation Index (EVI), to overcome some of the problems associated with NDVI,
including saturation at high foliage cover (Glenn et al., 2008), and are available at a much

finer spatial resolution than AVHRR NDVI. However, EVI records do not extend beyond 2000
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and AVHRR NDVI datasets thus remain the longest continual global record of vegetation for

investigating long-term climate change effects on vegetation.

Using AVHRR NDVI, Myneni et al. (1997) reported increased vegetation growth in high
northern latitudes between 1981 and 1991 in response to a lengthening of the growing
season. This was supported by an increased amplitude of seasonal atmospheric CO,
variations and earlier drawdown of CO, during spring. Lucht et al. (2002) attributed the high-
latitude greening to increasing temperatures using the LPJ dynamic global vegetation model,
with a temporary decline in the trend in the years following the Pinatubo eruption. In the
tropical regions, Zhou et al. (2014) reported a widespread decline in forest greenness in the
Congo basin since 2000 due to reduced water availability based on MODIS (MODerate
resolution Imaging Spectroradiometer) EVI and NDVI data. Earlier studies have shown
extensive, persistent declines in Amazonian forest greenness during the 2005 and 2010
droughts, demonstrating the vulnerability of tropical forests to climate disturbances (Saatchi
et al,, 2013; Xu et al., 2011; Zhou et al., 2014). Elsewhere, Beck et al. (2011) compared four
global NDVI datasets during 1982-1999 and reported consistent decreases in vegetation
cover in eastern Australia and increases in western Australia and the northern tundra belt.
The datasets only moderately agreed on increases in North America and decreases over
southeast Asia but were inconsistent over Europe and Africa. Los (2013) showed generally
increasing NDVI globally since 1982 and attributed this to a CO; fertilisation effect. Recently,
Donohue et al. (2013) reported an increase of 11% in foliage cover due to increased CO,
across world’s warm, arid regions where vegetation is predominantly water-limited. In
Australia, Donohue et al. (2009) showed a continent-wide increase in vegetation cover of 8%
over 1981-2006, most of which resulted from increased non-deciduous perennial vegetation.
They attributed the increase mainly to precipitation, which rose by 7% over the same time

period.

1.3.2. Projected future changes

1.3.2.1. Precipitation

Global climate models (GCM) project robust increases in air temperature and it is expected
global aggregate precipitation over land and oceans will also increase by 1-3% per 1°C
temperature rise (Collins et al., 2013; Li et al., 2013; Roderick et al., 2014). Models from the
latest CMIP5 model intercomparison project show precipitation sensitivity to temperature is

lower over land than oceans, and tropical land than extratropical land (Li et al., 2013).
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Precipitation changes will, however, vary regionally, with the contrast between wet and dry
regions and seasons projected to increase (Collins et al., 2013). Likely increases are
projected in high and moist mid-latitudes of the Northern Hemisphere, resulting from
increases particularly during autumn and winter and decreases in many dry mid-latitude
regions, leading to a general tendency of wet areas getting wetter and dry drier in the mid- to
high latitudes (Collins et al., 2013; Trenberth et al., 2007). Precipitation in subtropical arid
and semi-arid regions is projected to decline, strongly in southwestern Australia, South Africa
and the Mediterranean but less so over Asia (Trenberth, 2011), largely due to seasonal
reductions during winter and spring. Tropical precipitation increases are greatest in regions
that are already wet, with summer rainfall projected to increase more than winter (dry)
season rainfall (Li et al., 2013). However, despite recent advances in modelling techniques,
specific regional patterns remain poorly constrained, partly due to differences between
models but equally due to model internal variability. This is particularly true in regions where
small changes are projected (Deser et al., 2010, 2012). In Australia, reductions are projected
in southern and particularly southwestern Australia and arise from reductions in winter and
spring precipitation. Elsewhere, changes are uncertain or within the limits of current

interannual variability (Knutti and Sedlacek, 2012).

1.3.2.2. Evapotranspiration and runoff

GCMs predict robust increases in ET over oceans and similar patterns to precipitation over
land (Collins et al., 2013) with increases particularly in mid- and high northern latitudes.
However, GCMs suffer from systematic biases in their simulation of runoff and ET
(Hagemann et al., 2013) and cannot reproduce the fine-scale processes regulating terrestrial
hydrology (Hempel et al., 2013; Prudhomme et al., 2014) and it has thus been common
practice to project future water resources using hydrological models forced with GCM-
produced climatology. Using a set of hydrological and biome models from the Inter-sectoral
Impact Model Intercomparison Project (ISI-MIP), Davie et al. (2013) projected decreases in
runoff in central America, southern Australia and the Mediterranean and increases in
northern high latitudes and India from the model ensemble. However, they report a large
inter-model spread leading to significant uncertainties particularly in the tropics and parts of
northern mid-latitudes. The biome models, capable of simulating dynamic CO, effects and
vegetation functioning, tended to produced larger increases and smaller decreases in
regional runoff but the magnitude of the CO, effect was not consistent across all models. The
findings of Davie et al. (2013) are in general agreement with Hagemann et al. (2013) who

projected reductions in northern and southern subtropical zones, particularly southern Africa,
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Australia and China as well as the Mediterranean region based on eight hydrological models.
Hagemann et al. (2013) and Haddeland et al. (2013) also show the uncertainty resulting from
the choice of hydrological model is comparable to or larger than uncertainties arising from

GCMs in some regions.

Several studies have also investigated vegetation and hydrological responses in doubled
CO, experiments. All but the lowest emissions scenarios predict a doubling (or more) of
atmospheric CO; by the end of the 21 century (van Vuuren et al., 2011) and whilst doubled-
CO, experiments should not be considered as projections per se, they offer a useful method
for isolating future ecosystem responses to rising CO, from climate impacts (Leipprand and
Gerten, 2006). Such studies have generally pointed to decreased ET and increased runoff
globally (Betts et al., 2007; Kergoat et al., 2002; Leipprand and Gerten, 2006; Li and
Molders, 2008), but pronounced regional differences exist. In colder temperature-limited
regions, the tendency is towards decreased ET but in semi-arid regions simulated CO,
fertilisation tends to increase ET, though the responses are also seasonal in nature
(Leipprand and Gerten, 2006).

1.3.2.3. Vegetation

Future vegetation responses to changing climate and CO, remain highly uncertain in part
due to poorly quantified feedbacks between the biosphere and climate system (Friend et al.,
2014). Cramer et al. (2001) simulated future vegetation types and productivity based on six
global dynamic vegetation models (DGVM) and projected increased net ecosystem
productivity in mid- to high northern latitudes and decreases in the tropical regions, partly due
to expansion of grassland and savanna biomes. Sitch et al. (2008) compared five DGVMs,
which were shown to agree on increased global productivity during the 21 century mainly in
response to increased CO, but regional patterns in vegetation cover remained highly
uncertain between different models. The study also showed the models produce larger
discrepancies in their response to changing climate than CO,. Friend et al. (2014) similarly
reported CO.-induced increases in vegetation carbon globally but regional decreases
including southwestern Australia, southern Mediterranean regions and southwestern Africa
and large model discrepancies in areas including the Amazon and much of USA and
Australia. By contrast, Kelley and Harrison (2014) reported increased net primary productivity
in Australia mainly due to CO, fertilisation, accompanied by an increase of 10% in carbon

storage despite increased wildfire by the end of the 21 century.

18



Chapter 1: Introduction

Several studies have also investigated vegetation dynamics under doubled or quadrupled
CO,. Kergoat et al. (2002) simulated modest increases in global leaf area index under
doubling CO,, driven by significant increases in mid- and high northern latitudes mainly due
to increased temperature. This is in agreement with Notaro et al. (2007) who projected
increased grass and tree cover in the Northern Hemisphere (6.1% and 0.5%, respectively)
and increased tree cover in Southern Hemisphere (0.9%) over a 144 year simulation period
reaching quadrupled CO, concentration compared to the 1975 level of 335 ppm. In Australia
as well as Amazonia and South Africa, the study simulated decreased forest cover due to
soil drying. By contrast, O’Ishi et al. (2009) simulated increased vegetation cover in semi-arid
subtropical zones and expansion of woody vegetation into sparsely vegetated regions under
quadrupled CO,, leading to a 13% increase in global temperature due to reduced surface

albedo.

1.4. Thesis approach

This thesis aims to improve our understanding of water-vegetation interactions at regional
scales. In particular, it attempts to better constrain the effects of elevated CO; on catchment-
scale hydrology, which has remained poorly constrained due to model uncertainties. To
overcome this, the thesis relies on observations to the maximum extent possible, reflected in
the use of water-balance ET throughout. The thesis mainly concentrates on ET as studies of
ET trends have been far fewer than runoff and ET directly interacts with, and results from,
vegetation and climate processes. The thesis first investigates ET trends globally, before
concentrating on Australia to make use of high quality hydrological data available for the
continent. Each thesis chapter is written as a journal article, either published, in review or

submitted.

The first chapter statistically accounts for historical water-balance ET trends globally during
1961-1999. A comprehensive analysis of global water-balance ET trends has been lacking,
despite good availability of global runoff and precipitation datasets. Moreover, many studies
have investigated the controls on large-scale ET but often concentrating on a limited set of
potential drivers. This chapter simultaneously considers all key drivers of ET proposed in the
literature, derived from observations with the exception of vegetation information simulated
with the widely-used Land surface Processes and eXchanges (LPX) dynamic global

vegetation model.
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The second chapter quantifies the effects of rising CO, on vegetation and hydrology across
190 river catchments in Australia. To the authors’ knowledge the study represents the first
attempt to account for catchment-scale hydrological effects of elevated CO, based on
observations alone. It makes use of principles derived from a novel ecological framework and
simultaneously considers responses in vegetation and ET based on clear hypotheses about

underlying processes.

The third chapter presents projections of future water resources in Australia. The LPX model
was successfully evaluated against observed CO, effects from Chapter 2 and employed to
simulate future ET and runoff and evolution of CO, effects. LPX was contrasted with the
empirical Budyko framework, which captures climate effects on ET, to separate vegetation

and climatic impacts on hydrology.

The final chapter concludes the key findings arising from the thesis and discusses scope for

future work and caveats.

1.5. Candidate’s role

Chapter 2 Ukkola A.M. and Prentice I.C., A worldwide analysis of trends in water-balance
evapotranspiration, Hydrology and Earth System Sciences, 17, 4177-4187, 2013.

The work originated from discussions between A.U. and |.C.P. A.U. performed LPX model
runs, processed and acquired all datasets and performed statistical and graphical analyses.
A.U. and I.C.P. interpreted the data together. A.U. wrote the first draft and modified the paper

after comments from |.C.P. and anonymous reviewers.

Chapter 3 Ukkola A.M., Prentice I.C., Keenan T.F., van Dijk A.lLJ.M, Viney N.R., Myneni
R.B. and Bi J., Reduced streamflow in water-stressed climates consistent with CO, effects
on vegetation, Nature Climate Change (accepted).

The work originated from discussions between A.U., T.K. and |.C.P. |.C.P. developed the
underlying theory and main methods, with contributions from A.U. and T.K. A.U. performed
all statistical and graphical analyses and processed and acquired all datasets. R.M. and J.B.
provided the vegetation cover data and N.V. the runoff data used in this study. A.U., .C.P.
and T.K. interpreted the data, with assistance from all co-authors. A.U. wrote the first draft

and accommodated comments from all co-authors.
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Chapter 4 Ukkola A.M., Keenan T.F., Kelley D.I. and Prentice I.C., Vegetation buffers the
water-resource impacts of environmental change, Environmental Research Letters (in prep.).
The work arose from discussions between A.U., T.K. and I.C.P. A.U. performed all statistical
and graphical analyses and data processing, with programming assistance from D.K. A.U.
coded and performed Budyko model simulations and D.K. the LPX runs. A.U. wrote the first

draft and edited the manuscript based on comments from co-authors.
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Abstract. Climate change is expected to alter the global
hydrological cycle, with inevitable consequences for fresh-
water availability to people and ecosystems. But the attri-
bution of recent trends in the terrestrial water balance re-
mains disputed. This study attempts to account statistically
for both trends and interannual variability in water-balance
evapotranspiration (ET), estimated from the annual observed
streamflow in 109 river basins during “water years” 1961—
1999 and two gridded precipitation data sets. The basins were
chosen based on the availability of streamflow time-series
data in the Dai et al. (2009) synthesis. They were divided
into water-limited “dry” and energy-limited “wet” basins fol-
lowing the Budyko framework. We investigated the potential
roles of precipitation, aerosol-corrected solar radiation, land
use change, wind speed, air temperature, and atmospheric
CO;. Both trends and variability in ET show strong con-
trol by precipitation. There is some additional control of ET
trends by vegetation processes, but little evidence for con-
trol by other factors. Interannual variability in ET was over-
whelmingly dominated by precipitation, which accounted on
average for 54-55 % of the variation in wet basins (rang-
ing from O to 100 %) and 94-95 % in dry basins (ranging
from 69 to 100 %). Precipitation accounted for 45-46 % of
ET trends in wet basins and 80-84 % in dry basins. Net
atmospheric CO, effects on transpiration, estimated using
the Land-surface Processes and eXchanges (LPX) model,
did not contribute to observed trends in ET because declin-
ing stomatal conductance was counteracted by slightly but
significantly increasing foliage cover.

1 Introduction

Climate change is expected to alter the global hydrological
cycle (Huntington, 2006), shifting the timing and distribu-
tion of freshwater resources (Kundzewicz et al., 2008) and
changing the balance between precipitation, runoff and evap-
otranspiration (Zhang et al., 2012). Climatic effects may be
compounded by changes in vegetation, whether due to land
use/land cover change or vegetation physiological, compo-
sitional and structural responses caused by climate change
or increasing atmospheric CO,. Together these effects have
the potential to change the amount of water available to the
biosphere and for human use. Such changes have particular
significance in regions already suffering from water deficits.

Evapotranspiration (ET) is the sum of evaporation from
soil and open water, interception loss and plant transpiration.
It is a key ecosystem variable linking hydrological, energy
and carbon cycles and amounts to up to 60 % of global land
precipitation (Oki and Kanae, 2006; Teuling et al., 2009). Be-
cause ET cannot be measured directly, multiple methods for
estimating actual and potential ET have been employed, in-
cluding satellite retrieval methods based on air temperature,
net radiation and/or vegetation indices (Wang and Dickinson,
2012), eddy covariance measurements of latent heat flux (e.g.
Baldocchi et al., 2001), radiation-based calculations (Xu and
Singh, 2000), and pan evaporation measurements (Brutsaert,
2006; Roderick and Farquhar, 2002). There are few long-
term, large-scale observational data sets that can be used to
analyse variations in ET, and the situation is exacerbated by
disagreements among estimates of ET obtained by different
methods (Zhang et al.,2012). Many studies have attempted to
account for recent historical trends in the hydrological cycle,
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Fig. 1. Map of the study basins, classified into wet and dry accord-

ing to aridity index (Sect. 2.1). The basins indicated are those used
as examples in Fig. 4.

usually with runoff as the principal variable of interest (e.g.
Dai et al., 2009; Gedney et al., 2006; Gerten et al., 2008;
Labat et al., 2004; Piao et al., 2007), but no consensus on
causation has emerged (Alkama et al., 2011). The direction
of historical trends in runoff has also remained unclear, with
Dai et al. (2009) and Milliman et al. (2008) finding a predom-
inantly negative or non-existent trend across a large number
of river basins, in contrast to an increase in global runoff re-
ported by Labat et al. (2004). However, the data set of Labat
et al. (2004) has been criticised, particularly for the wavelet
method used to reconstruct the runoff time series (Legates et
al., 2005; Peel and McMahon, 2006).

Many studies have recognised the importance of cli-
mate variability and trends, particularly in precipitation (e.g.
Alkama et al., 2010; Dai et al., 2009; Gerten et al., 2008;
Milliman et al., 2008), as drivers of changes in ET and/or
runoff. Gerten et al. (2008) attributed 70 % of a simulated
runoff increase over the 20th century to climate (precipitation
and air temperature) based on the LPJmL vegetation model
(Bondeau et al., 2007; Rost et al., 2008; Sitch et al., 2003).
Piao et al. (2007) reported a value of 53 % using the OR-
CHIDEE biosphere model (Krinner et al., 2005). Other pos-
tulated climatic drivers of ET include solar shortwave radi-
ation (particularly global “dimming” and “brightening” due
to changes in aerosol loading; Roderick and Farquhar, 2002;
Wild et al., 2008) and wind speed (McVicar et al., 2012),
both of which influence evaporative demand and therefore
ET. Changes to land-surface properties have also been in-
voked to account for historical runoff trends (Gedney et al.,
2006; Piao et al., 2007). Deforestation decreases transpira-
tion and interception losses (Bradshaw et al., 2007; Gor-
don et al., 2005) and consequently increases runoff (Bosch
and Hewlett, 1982), if precipitation is unchanged. In dry ar-
eas, on the other hand, the expansion of croplands has been
made possible by widespread irrigation, which increases wa-
ter availability for ET and therefore tends to reduce runoff
(Gordon et al., 2005), if precipitation is unchanged (the qual-
ifications are important because deforestation can also lead to
reduced rainfall while irrigation can increase it; D’ Almeida
et al., 2007; Lo and Famiglietti, 2013). Piao et al. (2007)
concluded that land use change can account for about 50 %
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Fig. 2. The mean proportion of annual runoff (in %) due to con-
sumption in wet and dry basins.

of global reconstructed runoff trends, but this has been con-
tested (e.g. by Alkama et al., 2011). Rising atmospheric CO3
concentration also can indirectly change ET and runoff via
two opposing processes: partial stomatal closure which tends
to reduce transpiration (Gedney et al., 2006; Sellers et al.,
1996) and compensating increases in foliage cover, which
tend to increase it (Betts et al., 1997). The net effect of rising
atmospheric CO; on runoff trends is disputed (e.g. Alkama
et al., 2011; Gedney et al., 2006; Gerten et al., 2008; Piao et
al., 2007). It remains unclear, based on published analyses,
whether or not changes in vegetation structure and function
have left a detectable imprint on runoff. Studies focusing on
ET have variously relied on trends in pan evaporation (Brut-
saert, 2006; McVicar et al., 2012; Roderick and Farquhar,
2002, 2004), empirical equations (Wang et al., 2010; Zeng et
al., 2012; Zhang et al., 2012) or land surface models (Dou-
ville et al., 2012; Li and Molders, 2008; Teuling et al., 2009).
But pan measurements are only very indirectly related to ac-
tual ET, while model simulations and empirical calculations
are uncertain and produce a large range of estimates (Mueller
etal.,2011; Zhang et al., 2012).

This study aims to account for trends and interannual vari-
ability in ET during the period 1961-1999. Despite uncer-
tainties afflicting both precipitation and streamflow data, the
difference between these two variables (the “water balance
ET”) integrated over a catchment remains the most firmly
observationally based estimator of ET. We use the Dai et
al. (2009) synthesis for streamflow data, and two alterna-
tive gridded precipitation data sets in order to take some ac-
count of precipitation uncertainties. We consider all the pro-
posed drivers of annual ET, relying on observational data sets
where possible, but with transient foliage cover and stom-
atal conductance simulated by the Land Processes and eX-
changes Dynamic Global Vegetation Model (LPX DGVM)
(Prentice et al.,2011; Murray et al.,2011). In Sect. 2, we first
describe the data sets, the LPX DGVM and analysis meth-
ods. Section 3 investigates (i) the interannual variability and
(ii) trends in water balance ET and relates those to variability
in potential drivers of ET. Finally, conclusions are presented
in Sect. 4.
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Table 1. The proportion of interannual variability explained by all
predictor variables and precipitation only (expressed as R?%), and
the unique effect of meteorological and land surface variables as in-
ferred from variance partitioning (expressed as adj. R?%) across wet
and dry basins using CRU- and GPCC-based ET and precipitation,
respectively.

Wet Dry

Predictor CRU GPCC CRU GPCC

All variables 66 % 68% 96 % 96 %
Precipitation 54 % 5% 95% 94 %

Unique effect:

Meteorological 35 % 40% 51% 56 %

Land surface 2% 3% 1% 1%
2 Methods

2.1 Study basins

The study basins were chosen based on the availability of
monthly river discharge data from Dai et al. (2009) so that
spatial and temporal coverage could be maximised. Alto-
gether 109 basins were chosen, covering approximately 33 %
of the unglaciated land surface (Fig. 1). Only basins with
<10 missing months during 1961-1999 were included in
the analysis; gaps in the data were filled by linear interpo-
lation between the values for the same month in the year be-
fore and the year after the gap. Basin boundaries were ac-
quired from the Global Runoff Data Centre (GRDC; http:
//grdc.bafg.de/), Geoscience Australia National Catchment
Boundaries v.1.1.3. (http://www.ga.gov.au/), the US Geolog-
ical Survey HYDRO1k project (Peel et al., 2010) and the
European Environment Agency (http://www.eea.europa.eu/
data-and-maps/data/european-river-catchments- 1).

The basins were divided into “energy-limited” (wet) and
“water-limited” (dry) basins according to the Budyko frame-
work (Budyko, 1974; Donohue et al., 2007; Li et al., 2013)
(Fig. 1). This separation was achieved using the climatolog-
ical aridity index A (A = E,/P, where E, = annual mean
potential ET and P = annual mean precipitation), averaged
over the basin area. Basins with A < 1.5 were classified as
“wet” and those with A > 1.5 as “dry” (Zhang et al.,2012). A
value of A was calculated for each basin based on 1961-1999
mean values of precipitation in the Climatic Research Unit
(CRU) TS 3.1 archive at 0.5° resolution (Harris et al., 2013).
E,, for each basin was calculated using the Priestley—Taylor
method as in Gallego-Sala et al. (2010), using 1961-1999
mean values of cloud cover and air temperature from CRU
TS 3.1. The Priestley—Taylor method has been shown to be
appropriate for large-scale potential ET estimates (Raupach,
2000, 2001) and has been employed in other catchment-scale
studies (e.g. Guerschman et al., 2009; Zhang et al., 2004).
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Fig. 3. The proportion of interannual variability in water balance
ET explained by all predictor variables in each basin (A); and the
unique effect of meteorological (B) and land surface (C) variables
in controlling ET variability, determined by variance partitioning.
All values shown are based on CRU precipitation.

2.2 Data

Observed river discharge data (converted to runoff units)
were acquired from the Dai et al. (2009) data set, which in-
cludes monthly streamflow at the farthest downstream gaug-
ing stations for the world’s 925 largest river basins during
the period 1900-2006. The data were compiled by Dai et
al. (2009) mainly from Global Runoff Data Centre (GRDC),
University of New Hampshire (UNH) and National Center
for Atmospheric Research (NCAR) records. As the observed
streamflow records are likely to include changes due to hu-
man disturbances (dams and water withdrawals), monthly
water consumption estimates from the Global Water Use
(GWU) model nested in the WaterGAP-2 model (Alcamo et
al., 2003) were added to the observed runoff values. GWU
estimates consumption based on three submodels for agricul-
tural, industrial and domestic water use sectors at 0.5° spatial
resolution. The correction is minimal in the majority of wet
basins, with consumption accounting for 2 % of runoff on av-
erage (ranging from O to 29 %; Fig. 2). This leads to an aver-
age reduction of 2 % in annual water balance ET estimates. In
dry basins, the correction amounts to 37 % of annual runoff
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Fig. 4. Examples of interannual variability in water balance ET and
its relationship with precipitation, solar radiation, stomatal conduc-
tance, foliage cover, air temperature and wind speed. Three-year
block averages were used to smooth time series. Correlation coeffi-
cients for ET against precipitation (1) and the second plot variable
(rp) are shown. The location of each basin is indicated in Fig. 1.

on average (varying from O to 87 %; Fig. 2), but since runoff
generally only forms a small component of the water balance
in dry basins, a large relative change in runoff translates to a
much smaller change in ET estimates. As such, the correction
leads to an average reduction of 12 % in ET.

Water balance ET was calculated as the difference be-
tween observed annual precipitation and runoff. Water year
(October—September) totals were used to account for the ef-
fects of water storage in snowpacks during Northern Hemi-
sphere winter. The water balance method has the advan-
tage of being based on observations but assumes negligi-
ble changes in soil water storage. Two ET values were cal-
culated for each basin using two alternative precipitation
data sets from the CRU TS 3.1 archive (Harris et al., 2013)
and Global Precipitation Climatology Centre (GPCC) Full
Data Reanalysis Product v.4 (Rudolf et al., 1994; Schneider
et al., 2008; http://www.esrl.noaa.gov/psd/data/gridded/data.
gpcc.html). Both precipitation data sets are gridded at 0.5°
spatial resolution and were produced by three-dimensional
interpolation of station data from multiple sources. Neither
data set has been corrected for the possible effects of gauge
undercatch.

Gridded monthly air temperature data at 0.5° spatial reso-
lution were obtained from the CRU TS 3.1 archive. Monthly
near-surface (10 m) wind speed data were acquired from
National Centres for Environmental Prediction (NCEP) re-
analysis product (NOAA-CIRES Climate Diagnostics Cen-
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ter, Boulder, Colorado, http://www.cdc.noaa.gov/) regridded
to 0.5° from the original NCEP spatial resolution of 1.875°
using bilinear interpolation (Prentice et al., 2011).

Downwelling shortwave radiation data were obtained from
the EU WATCH Forcing Data archive (Weedon et al., 2011).
These data are based on European Centre for Medium-Range
Weather Forecasts reanalysis (ERA-40) data (Uppala et al.,
2005). They provide daily values for the period 1901-2009,
adjusted for observed cloud cover and modelled aerosol op-
tical depths (based on representations of sulfate, black car-
bon, mineral dust, sea salt, biomass burning and secondary
organic aerosols (Bellouin et al., 2007)).

Land use data were acquired from the HYDE v3.1
database of Klein Goldewijk (2001), which describes “pas-
ture” (including rangeland) and cropland extent at 0.5° spa-
tial resolution for the period 1700-2000 expressed as a frac-
tion of each grid cell. Pasture and cropland extent were de-
termined from historical data on agricultural activities us-
ing population density as a proxy for location (Klein Gold-
ewijk and Ramankutty, 2004). The data were linearly inter-
polated to annual timescale from the original decadal time
step (Prentice et al., 2011).

All daily or monthly data were converted to water year to-
tals. Basin-specific values were extracted from each gridded
variable using a point-based method, whereby cells with their
centres within the catchment boundaries were selected.

2.3 LPX model

Dynamic global vegetation models (DGVMs) can repre-
sent time-dependent variations in ecosystem composition (in
terms of plant functional types), structure (including height,
biomass, leaf area index and foliage projective cover) and
function (including gross and net primary production, ET and
runoff) (Murray et al., 2013; Prentice and Cowling, 2013).
The LPX DGVM (Prentice et al., 2011) is a development
of the Lund-Potsdam-Jena (LPJ) model (Sitch et al., 2003;
Gerten et al., 2004) with improved fire dynamics (Prentice
et al., 2011). The model makes use of a photosynthesis—
water balance scheme that explicitly couples CO, assimi-
lation with transpiration (Gerten et al., 2004) but does not
include nutrient constraints on assimilation. LPX has been
evaluated against global and local hydrological data (Gerten
et al., 2004; Murray et al., 2011; Ukkola and Murray, 2013)
as well as a comprehensive set of vegetational, atmospheric
and hydrological benchmarks (Kelley et al., 2012). The hy-
drological component is detailed in Gerten et al. (2004). A
full description of the vegetation and carbon dynamics can be
found in Sitch et al. (2003). Here we provide a brief discus-
sion on the processes directly influencing ET in the model.
Stomatal conductance (g.) is determined based on day-
time assimilation rate (Aq¢), ambient CO; concentration (c)
and a plant functional type (PFT) specific minimum canopy
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Fig. 5. Trends in observed CRU TS 3.1 precipitation, runoff, CRU-based water balance ET, solar radiation, wind speed, air temperature and
land cover, and modelled stomatal conductance and foliage cover. Basins with significant trends are shown shaded.

conductance (gmin):

1.6A
—d" 0
ca(1—21)
where A takes a maximum value of 0.8 for C3 and 0.4 for Cy4
plants. When soil water supply is limiting, g is reduced in

8¢ = &min +
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such a way as to be consistent with Monteith’s (1995) empir-
ical formulation of the relationship between ET and g.. The
fractional foliage projective cover (FPC) for PFT is calcu-
lated annually as a function of total crown area (CA), plant
population density (P) and the average individual FPC (Sitch
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Table 2. Attribution of water balance ET trends (in mm yr’z) in wet basins based on coefficients and p values from a multiple regression
analysis, using CRU- and GPCC-based ET and precipitation, respectively. Significant p values (< 0.05) and coefficients are in italics.

CRU GPCC CRU GPCC
Predictor Coefficient p value
Precipitation (mm yr_z) 049 0.51 0.000  0.000
Shortwave radiation (W m~2 yr—2) —0.97 002 0489 0991
Wind speed (ms~! yr=2) 7.98 —553 0671 0.764
Air temperature (°C yr’2) 1.62 340 0930 02851
Pasture 62.59 3849 0516 0.688
Cropland 9387  —2030 0413 0.859
LPX-simulated foliage cover 340.85 12548 0.040 0428
LPX-simulated stomatal conductance =~ —288.47 —232.18 0.658 0.718

(mol m2s~! yr’z)

Table 3. The proportion of ET trends explained by all predictor vari-
ables and precipitation only (expressed as R?) across wet and dry
basins, using CRU- and GPCC-based ET and precipitation, respec-
tively.

Wet Dry
CRU GPCC CRU GPCC

All variables 49 % 46% 94 % 95 %
Precipitation 45 % 46% 80 % 84 %

et al., 2003):
FPC =CA - P - FPCjyq. 2)

Total FPC, the measure used in this study, varies between 0
(bare ground) and 1. Annual average FPC has been found to
compare favourably against remotely sensed observations of
the fraction of absorbed photosynthetically active radiation
(fAPAR) (Kelley et al., 2012).

Both g. and FPC influence simulated actual ET. FPC de-
termines the amount of transpiring foliage, and controls in-
terception loss by altering canopy storage capacity. g. con-
trols plant transpiration rates by linking CO, and water avail-
abilities, so that transpiration is reduced at higher CO, con-
centrations and/or limited water supply and vice versa.

2.4 Model set-up

The model was spun up for 7000 yr using a repeating time
series of detrended climate variables and stable CO; at
280 ppm, until the 50 yr means of the slow carbon pools var-
ied by < 2 % (as detailed in Prentice et al., 2011). The model
was subsequently run in transient mode for the period 1850—
2006, forced with monthly gridded fields of mean, maximum
and minimum air temperature, precipitation and cloud cover
from the CRU TS 3.1 archive, wet day frequency from the
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CRU TS 3.0 archive and NCEP wind speed, together with
global annually varying CO» concentrations (Etheridge et al.,
1996; IPCC, 2001). Soil properties are prescribed based on
Zobler (1986).

2.5 Analysis

We investigated what controls interannual variability in ET
by comparing it to variability in precipitation, solar radiation,
air temperature, wind speed, land use and vegetation pro-
cesses by means of multiple regression. Seven river basins
(Anabar, Lagarfijot, Olenek, Santa Mariada, Skjern, Teno
and Yukon), mainly situated in high northern latitudes, were
excluded from this analysis as they have invariant (zero) pas-
ture and/or cropland extent, rendering the regression analysis
invalid. Coefficients of determination (R2) derived from the
multiple regression analysis were used to indicate the propor-
tion of variability in ET explained by the predictor variables.
Variance partitioning (Legendre, 2008) was
used to further attribute variability. Predictor variables were
assigned to one of two categories: meteorological vari-
ables (precipitation, solar radiation, air temperature and wind
speed) and land-surface variables (pasture and cropland ex-
tent, stomatal conductance and foliage cover). The method
makes it possible to estimate the unique effect of the two sets
of predictors. It partitions variance into four components: the
unique contributions of the two sets of predictors, the com-
mon contribution of the two sets (the results of correlations
among predictors) and residual (random) variation not ac-
counted for by the predictors. The unique effect of meteo-
rological predictors was estimated as the difference between
adjusted R? values derived from a multiple regression anal-
ysis using (i) both sets of predictors and (ii) land surface
variables only, and vice versa.

Trends were calculated using ordinary least-squares linear
regression based on annual values for water years (precipi-
tation, runoff, ET, solar radiation, wind speed, air tempera-
ture and stomatal conductance) or calendar years (cropland,
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Table 4. Attribution of water balance ET trends (in mm yr’z) in dry basins based on coefficients and p values from a multiple regression
analysis, using CRU- and GPCC-based ET and precipitation, respectively. Significant p values (< 0.05) and coefficients are in italics.

CRU GPCC CRU GPCC
Predictor Coefficient p value
Precipitation (mm yr’z) 0.87 088 0.000  0.000
Shortwave radiation (W m~2 yr—2) 145 166 0435 0361
Wind speed (ms~! yr=2) 15.15 2087 0398 0211
Air temperature (°C yr_z) —1.22 343 0931 0.809
Pasture 0.59 —-5.57 0991 0.923
Cropland 131.05 12561 0255 0276
LPX-simulated foliage cover 356.38 33135 0010 0016
LPX-simulated stomatal conductance ~ —221041 —2007.65 0.082  0.121

(mol m2s1 yr_z)

pasture and foliage cover) for the period 1961-1999. To
attribute trends in ET, a multiple regression of ET trends
against those in predictor variables was performed, and coef-
ficients and p values derived from the analysis were used to
indicate the sign and significance of the relationship between
ET and predictor trends, respectively.

3 Results and discussion
3.1 Interannual variability in water balance ET

Interannual variability in ET in both wet and dry basins was
found to be strongly controlled by variability in precipita-
tion. On average, we were able to explain 66—68 % of ET
variability in wet basins (ranging from 13 to 100 %), and
96 % in dry basins (ranging from 79 to 100 %) (Fig. 3a; Ta-
ble 1), with precipitation accounting for most of this (54-55
and 94-95 %, respectively). The relationship to precipitation
was particularly evident in the dry basins (see e.g. the Rio
Grande and Colorado basins in Fig. 4) and precipitation and
ET magnitudes are very similar (i.e. almost all precipitation
is evaporated and runoff is close to zero). In wet basins, pre-
cipitation plays a slightly weaker role in controlling ET vari-
ability, as hypothesised based on the Budyko framework. ET
nevertheless tracks changes in precipitation in the majority
of basins (see the Congo, Mezen and Sacramento basins in
Fig. 4), with the exception of some northern high-latitude
basins, which may be prone to larger than average precipi-
tation uncertainties due to snow undercatch.

Solar radiation might be expected to exert a strong control
on ET because it is the main determinant of the energy avail-
able for evaporation (Hobbins, 2004; Oliveira et al., 2011;
Teuling et al., 2009), particularly in “energy-limited” wet
basins. However, we found no strong positive correlations
between ET and solar radiation variability and conversely,
solar radiation was often found to correlate negatively with
ET, likely as a result of increased cloud cover being asso-
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ciated with wet years. This was particularly evident in dry
basins, where radiation was strongly reduced during years
of increased precipitation and vice versa (see the Colorado
Basin in Fig. 4).

Other climate variables showed significant correlations
with interannual variation in ET only in a minority of basins.
Air temperature variation was important in some cold north-
ern basins (see the Mezen Basin in Fig. 4). Wind speed
correlated with ET in some small coastal basins (see the
Sacramento Basin in Fig. 4). Stomatal conductance tracked
changes in ET in some mainly subtropical and tropical basins
(see Congo in Fig. 4), whereas FPC correlated with ET in
some (mainly dry) basins (see Yellow River in Fig. 4). Crop-
land and pasture extents change gradually and show no sig-
nificant effects on interannual variability in ET. Changes in
soil moisture could in principle drive interannual variability
in ET (as much as they are a consequence of it) (Seneviratne
et al., 2010) but were ignored in the water balance method.
However, we found no significant lags between precipitation
and ET on annual timescales (not shown), suggesting that
time-varying retention of water in soils did not compromise
the results.

Variance partitioning was used to further attribute interan-
nual variability in ET to establish the unique contributions
of meteorological and land-surface variables. Meteorologi-
cal variables were found to exert a strong unique control,
due to the overwhelming importance of precipitation vari-
ability (Fig. 3b). On average, meteorological variables ex-
plained 3540 and 51-56 % of ET variability in wet and dry
basins, respectively (Table 1). However, meteorological vari-
ables were less important in some temperate northern and
boreal regions, possibly as a result of greater precipitation
uncertainties. Land-surface variables were found to be im-
portant in some cold and tropical regions but generally show
a much weaker control on ET than meteorological variables
(Fig. 3c). On average, land-surface variables only account for
2-3 % of variability in wet and 1 % in dry basins (Table 1).

Hydrol. Earth Syst. Sci., 17, 4177-4187, 2013



Chapter 2: A worldwide analysis of trends in water-balance evapotranspiration

4184

The basins where land-surface variables are significant tend
to be forested, and some of them subject to wide-scale defor-
estation (e.g. Amazon and Congo) causing unusually large
changes in the land surface.

3.2 Trends in water balance ET

Both positive and negative trends are observed in the water
balance over the period 1961-1999 (Fig. 5). Precipitation, ET
and runoff generally increased in the Americas, with some
reductions in runoff in northern basins as a consequence of
increased ET. Conversely, runoff and ET show reductions in
Africa, likely as a result of a sharp decline in precipitation,
particularly in the Congo Basin. Elsewhere, water balance
trends are basin-dependent and where significant trends are
present, ET and runoff have often changed in opposite direc-
tions, such as in parts of Siberia, Europe and India. Short-
wave radiation decreased throughout the world, with the ex-
ception of Europe and parts of Africa (Fig. 5). No subse-
quent “brightening” was observed in North America, Aus-
tralia or Asia during the period up to 1999. Wind speed de-
creased on the western coast of the Americas and Southeast
Asia but changes elsewhere were slight. Air temperatures in-
creased everywhere except in tropical South America. Land
use changed almost throughout the world, with pasture ex-
panding everywhere except North America and Europe and
cropland expanding in most regions apart from Europe. Sim-
ulated FPC increased and stomatal conductance generally de-
creased, particularly in forested regions, as expected as a re-
sult of increasing atmospheric CO;.

In wet basins, observed trends in water balance ET are
generally explained by precipitation and to some extent in-
creased foliage cover (when CRU TS 3.1 based ET is used;
Table 2), pointing to a small but significant effect of in-
creased atmospheric CO;. Predictor variables can explain
4649 % of the ET trend, with precipitation alone account-
ing for 45-46 % of the ET trend (Table 3). Other variables,
including solar radiation, were not found to be significant
predictors of the trend.

A previous study by Zhang et al. (2012) reported R =9 %
for wet basins when water balance ET trends were compared
to precipitation trends. Our analysis explains more of the ET
trends than Zhang et al. (2012) but we are still only able to
account for around half of the ET trends in wet basins. ET
in wet basins may be inhibited by factors such as low vapour
pressure deficit reducing evaporative demand. Soil moisture
has been postulated as an important driver of ET (Jung et
al.,2010) but was ignored in this study. However, other stud-
ies have shown soil moisture to be mainly driven by precip-
itation (Sheffield and Wood, 2008), which is explicitly in-
cluded in our analysis. It is unlikely that not accounting for
soil moisture trends results in major uncertainty. Data qual-
ity issues may also hinder attribution of trends, especially
in sparsely populated tropical areas (Wohl et al., 2012). A
stronger disagreement was found between CRU TS 3.1 and
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GPCC precipitation trends in the tropics compared to the rest
of the world (not shown). Some wet basins also showed neg-
ative annual ET totals during some years as well as low ac-
tual/potential ET ratios and actual ET exceeding potential
ET, pointing to likely biases in the observations (Kauffeldt
et al., 2013). However, the results were found not to be sen-
sitive to these physically implausible data. Other predictor
variables also have inherent uncertainties, particularly land
use data for the pre-satellite era.

In dry basins, ET trends are mainly explained by precipita-
tion, which accounts for 80—84 % of the trend (Tables 3, 4).
This agrees well with findings of Zhang et al. (2012), who
reported R” =85 % for dry basins. In addition, increasing fo-
liage cover shows a significant positive effect on ET trends,
implying a net increase in transpiration and interception as a
result of increased atmospheric CO3. This is in line with find-
ings by Donohue et al. (2013) who reported a recent greening
trend across the world’s warm arid environments as a result
of the CO;, fertilisation effect. Together, all variables account
for 94-95 % of the ET trend (Table 3).

4 Conclusions

Both trends and interannual variability in water balance
ET are strongly controlled by precipitation. In the dry
“water-limited” basins precipitation explains 80-95 % of ET
changes, compared to 45-55 % in the wet basins. This con-
clusion was shown to be independent of the precipitation data
set used, and it is consistent with the expectation of strong
water limitation of ET in dry basins.

Vegetation processes were also found to influence ET. Fo-
liage cover was found to be a significant control of ET trends
in both wet and dry basins, and stomatal conductance varia-
tions correlated with the interannual variability of ET in some
basins. Both stomatal conductance and foliage cover are ex-
pected to respond strongly to increasing atmospheric CO;
concentrations (e.g. Betts et al., 1997, 2007; Gedney et al.,
2006; Sellers et al., 1996), but in opposite directions. With
large increases in CO» projected, it is likely that CO, effects
will become increasingly apparent, but the sign and regional
pattern of these effects over the longer term is not well con-
strained by the available evidence to date.

Solar shortwave radiation was generally not found to be
a significant predictor of ET variability. This is despite the
expectation that energy-limited basins, particularly, should
respond to changes in the driving force for ET. However,
persistent large differences among different, satellite-based
radiation data products (Zhang et al., 2012) may hinder the
attribution of ET to solar radiation changes. Land use change
effects on ET were not found to be significant.
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3.1. Main

Global environmental change has implications for the spatial and temporal distribution of
water resources, but quantifying its effects remains a challenge. The impact of vegetation
responses to increasing atmospheric CO, concentration on the hydrological cycle is
particularly poorly constrained'™. Here we combine remotely sensed normalized difference
vegetation index (NDVI) data and long-term water-balance evapotranspiration (ET)
measurements from 190 unimpaired river basins across Australia to show (a) that the
precipitation threshold for water limitation of vegetation cover has significantly declined
during the past three decades, while (b) sub-humid and semi-arid basins are not only
‘greening’ in response to increased atmospheric CO, but also consuming more water,
leading to significant (24—-28%) reductions in streamflow. In contrast, wet and arid basins
show small, non-significant changes in NDVI and reductions in ET. Our results suggest that
projected future decreases in precipitation* will likely be compounded by increased

vegetation water use, further reducing streamflow in water-stressed regions.

Experiments have shown that elevated atmospheric CO, affects vegetation productivity and
water use®. CO, is the substrate for photosynthesis and concentrations above current
ambient levels stimulate carbon assimilation by plants. This CO, fertilisation effect should in
principle lead to increased biomass and green vegetation cover (‘greening’). Simultaneously,
increasing CO, lowers stomatal conductance, reducing water loss through leaves. Reduced
stomatal conductance and/or stimulated photosynthesis lead to enhanced water use
efficiency, the amount of water required to produce a unit of biomass. The effect of CO, on
vegetation is commonly expected to manifest most strongly in water-limited environments®’,
where moisture is the main limitation on plant growth. However, not all studies show a strong
link between aridity and the strength of the CO, effect® and the magnitude of associated
greening and water savings are generally not well constrained across species and

ecosystems®"".

COs-induced structural and physiological changes in vegetation potentially have
consequences for water resources. CO, fertilisation and associated greening tends to
increase vegetation water consumption by increasing the amount of transpiring leaf area,
whereas reduced stomatal conductance tends to decrease transpiration per unit leaf area —
two effects with opposing consequences for streamflow?. Furthermore, increased vegetation
cover can change the partitioning of rainfall into rainfall interception, infiltration and runoff,
while shading by increased foliage cover may lead to reductions in soil evaporation by

decreasing the amount of radiation reaching the ground surface'®. It remains unresolved
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whether these various processes in combination have led to a detectable imprint in ET or
streamflow. At the global scale, both decreases and increases in ET due to CO, have been
reported”? and the results appear to be data- and model-dependent®. The direction and
magnitude of the CO, effect on ET and streamflow thus remains poorly understood at
catchment and regional scales. This situation is compounded by difficulties in estimating ET

at large scales™".

We investigated the correlates and potential causes of long-term changes in vegetation
across Australia using remotely sensed NDVI. NDVI has been found to relate to primary
productivity'®, foliage cover'® and biomass'’ and has been widely employed to quantify

61819 and processes®. We also examined long-term changes in ET and

vegetation trends
streamflow in unregulated, unimpaired Australian river basins in climates of varying aridity.
ET was assessed by the water balance method, which relies directly on observations of

precipitation and streamflow.

We first investigated the spatial distribution of long-term changes in NDVI across Australia.
Large areas of Australia have undergone greening during 1982-2010 (Figure 3.1a);
precipitation explained about 50% of these trends (calculated as the coefficient of
determination from a linear regression of NDVI and precipitation trends). Strong greening
was observed particularly in water-limited areas (marked by positive NDVI-precipitation
correlation; Figure 3.1b), where 65% of significant (P < 0.05) NDVI trends were positive

(excluding areas of significant precipitation increase).

Trend 1982-2010 (%) Correlation coefficient
-20 -10 0 10 20 9 03 06 08 1.0 @

Figure 3.1 | Spatial patterns of vegetation greening. a, Pixel-by-pixel linear trends in annual NDVI.
b, Areas of water-limited vegetation, determined as pixels with significant (P < 0.10) positive annual
NDVI-precipitation correlations. Non-significant or negative correlations were masked out from panel

b. Farmlands, irrigated areas and wetlands have been masked out from both panels.

51



—— Chapter 3: Reduced streamflow in water-stressed climates consistent with CO, effects on veg. —

We then quantified changes in the vegetation-precipitation relationship in areas of natural
and semi-natural vegetation across Australia. By examining temporal changes in the upper
95" percentile bound for the spatial relationship between annual precipitation and NDVI
(Figure 3.2, see Methods) we identified long-term changes in i) the maximum NDVI attainable
for a given amount of precipitation, and ii) the extent of vegetation water limitation. We found
that the maximum NDVI attainable for a given precipitation level has increased over time in
water-limited areas (Figure 3.3a) (P = 0.059). This implies that a given amount of precipitation
has sustained greater levels of plant production over time, which is consistent with CO,
fertilisation. In addition, the breakpoint marking the precipitation limit where vegetation
ceases to be water-limited decreased over time (P = 0.039) (Figure 3.3b). This trend indicates
a relaxation of vegetation water limitation, consistent with the increased water use efficiency

that is expected to accompany rising CO,.
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Figure 3.2 | lllustration of the breakpoint regression method. The first regression line represents
the maximum NDVI attainable for a given amount of precipitation, under water-limited conditions. The
breakpoint signifies the threshold where vegetation ceases to be water-limited. The data are the

running mean 1983-1987. The coloured bands show the different percentiles.
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Figure 3.3 | Trends in water limitation threshold characteristics. a, the initial slope of maximum
NDVI versus precipitation. b, the breakpoint (the precipitation level above which vegetation is no
longer water-limited). Error bars are 95% confidence intervals. The black dashed lines show fitted

linear trends.

To analyse long-term changes in vegetation and hydrology at the river basin scale, we
calculated CO, sensitivity coefficients for NDVI and ET across basins grouped into four
aridity categories (wet, sub-humid, semi-arid and arid), as theory would predict that a CO,
effect should differ systematically between the categories. The sensitivity coefficients
express the fractional change in ET and NDVI per unit fractional change in CO, concentration
(after correcting ET and NDVI for precipitation and potential evapotranspiration (PET)
variations, as detailed in Methods). A positive sensitivity coefficient of ET to CO, of
comparable magnitude to that of NDVI would indicate that a CO, stimulation of vegetation
cover dominates over a reduction in stomatal conductance with rising CO,, due to an
increased surface area of leaves for transpiration and rainfall interception. A negative
sensitivity coefficient of ET to CO, (which can be of magnitude up to -1 at high CO,
concentrations) indicates that the reduction in stomatal conductance with rising CO,
dominates over the CO, stimulation of vegetation cover. We predict theoretical sensitivities
around -0.6 in wet climates and -0.4 in arid climates due to the effect of a reduction in

stomatal conductance with rising CO, on ET (see Methods).

In sub-humid and semi-arid basins, the data show a significant positive sensitivity coefficient
of ET and NDVI to CO, (0.44 £ 0.14 and 0.18 £+ 0.08 for ET, 0.10 + 0.04 and 0.18 + 0.11 for
NDVI, respectively; Figure 4a). In sub-humid basins, the sensitivity coefficient of ET to CO, is

similar to the sensitivity coefficient of ET to precipitation (0.64 + 0.05, calculated from
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uncorrected data; Supplementary Figure S3.2a and Supplementary Table S3.2). In semi-arid
basins, the sensitivity coefficient of ET to CO, is about a fifth of its sensitivity coefficient to
precipitation (0.86 + 0.02). The CO, concentration increased by 48 ppm during the period
1982-2010. Based on the sensitivity coefficients the CO»-induced ET increases during this
time period amount to 43 mm in sub-humid and 14 mm in semi-arid basins, on average.
These translate to a 6% and 2% increase, respectively, in mean annual ET (Figure 3.4b). The
relative changes in mean annual ET due to CO, are similar to those due to precipitation (-6%
and 1%, respectively; Supplementary Figure S3.2b and Supplementary Table S3.5) and
significantly larger than those due to PET (-1% and 0%, respectively; Supplementary Figure
S3.2b and Supplementary Table S3.6). Together with significant positive NDVI sensitivity
coefficients to CO, (Figure 3.4a), this finding suggests an effect of rising CO, on both NDVI

and ET, and that the fertilisation effect dominates over stomatal closure.

In wet basins, the sensitivity coefficient of ET to CO, was found to be negative (-0.42),
consistent with theoretical predictions (see Methods), but this value was not statistically
distinguishable from zero (Figure 3.4a). No greening was detected. In wet environments,
vegetation cover is nearly complete and expected to be limited by light and nutrients rather
than water. Thus limited greening should occur, and the principal effect of CO, on ET would

be a decline due to reduced stomatal conductance.

We also found negative but non-significant CO, coefficients on ET (-0.33 = 0.55) and NDVI
(-0.11 £ 0.34) in arid basins (Figure 3.4a). This finding runs counter to the common
expectation that CO, effects should be most pronounced in the most strongly water-limited
environments. However, it is consistent with field experimental evidence showing no long-
term change in biomass or water use efficiency under elevated CO, in a desert
environment®. This lack of a detectable response has been attributed to a high frequency of
years with very low precipitation, inhibiting any sustained increase in vegetation biomass®.
Warm arid areas also tend to harbour a larger proportion of C, grasses, which we estimate to
cover 43% of the area in arid basins on average (further discussed in Supplementary Section
3.4.1). C4 plants show reduced stomatal conductance under elevated CO,, consistent with
the observed reduction in ET, but the stimulation of photosynthesis in C4 plants is limited

compared to C; plants that dominate in cooler and wetter regions®?'

and only occurs under
drought conditions®. The high proportion of C, vegetation may thus further contribute to the

lack of a CO,, fertilisation effect in arid basins.

54



—— Chapter 3: Reduced streamflow in water-stressed climates consistent with CO, effects on veg. —

057 m ET
= NDVI

0.0 ~

-0.5

Mean CO, sensitivity

-1.0

n=29 n=105 n=47 n=9
Wet Sub-humid Semi-arid Arid

10

= ET
B Runoff

ns ns

-10 1

—20 A

Mean % change 1982-2010

Wet Sub-humid Semi-arid Arid

Figure 3.4 | CO, effects on ET, NDVI and runoff. a, Mean CO, sensitivity coefficients for each group
of basins. The error bars are 95% confidence intervals. b, Relative change in ET and runoff due to

CO; increase during 1982-2010. Non-significant (ns) changes in wet and arid basins were not shown.

We investigated the implications of the long-term ET changes for streamflow. Where ET
exceeds streamflow, changes in ET are magnified in streamflow. This was apparent in sub-
humid and semi-arid basins, where a small (2-6%) increase in ET led to substantial
percentage reductions in streamflow. Calculated streamflow (factoring out precipitation
effects) declined during 1982-2010 by 24% in sub-humid basins and by 28% in semi-arid
basins (Figure 3.4b), which, considering the CO, sensitivities for these regions, is consistent
with a response to CO,. Given the actual observed declining trend in precipitation in the sub-
humid basins (-3 mm/yr?, P < 0.001; Supplementary Figure S3.4), increasing CO; is likely to
have aggravated the pressure on water resources in these basins. In arid basins, a 4%
decrease in ET would have led to a 132% increase in streamflow and in wet basins a 5% ET

decrease would have led to a 5% increase in streamflow. However, neither effect is
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statistically significant, so we cannot detect a CO, effect on streamflow in either the wettest

or the driest regions on the basis of these measurements.

Our results provide evidence that rising atmospheric CO, has led to observable changes in
terrestrial ecosystems and hydrology across a large part of Australia, with implications for
carbon and water cycling at regional to global scales. Terrestrial ecosystems worldwide
currently withdraw about a quarter of all anthropogenically emitted CO, when averaged over
a decade®. A recent study®® showed that semi-arid areas, particularly in Australia, play a
major regional and even global role in modulating interannual variations in the rate of
terrestrial carbon uptake. Increased carbon sequestration rates due to CO,-induced greening
in these semi-arid regions may lead to enhanced uptake of CO, from the atmosphere in the
future. Furthermore, the response to rising CO, has the potential to either magnify or
counteract future changes in precipitation. Precipitation is projected to decline in semi-arid
and arid Australia during the 21% century* and increasing CO, is thus likely to put further
pressure on water resources in already water-stressed regions. Our results may have similar
implications for other water-limited subtropical regions in the Mediterranean, southern Africa
and the Americas where precipitation is also projected to decline with increasing global
temperature®. We conclude that increasing atmospheric CO, has likely left a detectable
imprint on Australian ecosystems and hydrology, and such responses should be taken into

account in future projections of water resources.

3.2. Methods

3.2.1. Core datasets

Normalised Difference Vegetation Index. We obtained a time series of third-generation
NDVI (NDVI3g) from the Global Inventory Modelling and Mapping Studies (GIMMS)*. This
dataset is gridded at 0.083° spatial resolution and was averaged from biweekly to annual
time steps. The annual average for a given grid cell was determined only if >80% of biweekly
values were available and was set to missing otherwise. Similarly, pixel trends were only
calculated for pixels with annual time series >80% complete. Basin-specific NDVI values

were obtained by averaging gridded data over basin areas.

Climatic variables. Monthly climatic fields (precipitation, minimum and maximum air
temperature and shortwave radiation) were obtained from the ANUCLIM archive®. The

Australia-wide data are gridded at 0.05° spatial resolution and were produced by the
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ANUSPLIN software package®?® from meteorological station data using a thin-plate

smoothing spline.

Annual time series of atmospheric CO, concentrations was obtained from National Oceanic
& Atmospheric Administration Earth System Research Laboratory (NOAA ESRL;
www.esrl.noaa.gov/gmd/ccgg/trends/). The data report the mean annual CO, concentration
measured at Mauna Loa observatory in parts per million. We ignored latitudinal differences in

CO; concentration as these are small compared to the signal of interest.

Potential evapotranspiration (PET) was calculated using the Priestley-Taylor method as in
Gallego-Sala et al. (2010)¥, using inputs of shortwave radiation and the mean of minimum
and maximum air temperature from the ANUCLIM archive. The Priestley-Taylor method has
been shown to be appropriate for estimating large-scale PET?** and has been adopted in

other basin-scale studies'**%".

Water-balance evapotranspiration. Water-balance evapotranspiration was calculated as
the difference of observed annual precipitation and streamflow integrated over the river basin
area. The water-balance method remains the most firmly observationally-based estimator of
ET, but assumes negligible changes in soil water storage at annual to decadal time scales
(see Supplementary Section 3.4.1 for further discussion). Streamflow time series were
acquired from the Zhang et al. (2013)* streamflow collation for unregulated catchments
across Australia. Gaps in the water-balance ET time series (accounting for <5% of monthly
records) were filled using simulations from the Australian Water Availability Project®, further

detailed in Supplementary Section 3.4.1.

Study basins. The 190 study basins were chosen based on the completeness of streamflow
records (> 95%) and the extent of irrigated and farmed land (< 5% of basin area). The basins
were classified into wet, sub-humid, semi-arid and arid using the climatological aridity index
A (A = PETIP, where PET = annual mean potential ET and P = annual mean precipitation)
(see Supplementary Figure S3.1 for basin locations and aridity classification). River basins
with mean annual aridity index <1 were classified as wet, 1-2 as sub-humid, 2-5 as semi-arid
and >5 as arid (adapted from UNEP (1997)**). See Supplementary Section 3.4.1 for further

details on basin selection and classification criteria.
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3.2.2. Breakpoint regression

Five-year running mean NDVI values were binned according to their corresponding
precipitation values. Following Donohue et al. (2013)°, the 95" percentile value was
determined for each 20 mm wide precipitation bin separately for each running mean.
Breakpoint regression was applied to the 95" percentile values to calculate the first
regression slope marking the maximum NDVI attainable for a given precipitation and the
breakpoint where the vegetation-precipitation relationship plateaus and vegetation ceases to
be water-limited. We then constructed time series of the slopes and breakpoints (Figure 3)
and determined linear trends for both variables. As running means were used to construct
the time series, degrees of freedom were adjusted when determining the significance of
trends. Farmlands, irrigated areas and wetlands were excluded from this analysis using the

Dynamic Land Cover Dataset of Australia® (see Supplementary Section 3.4.1).

3.2.3. CO; sensitivity coefficients

Estimation of observed CO2 coefficients. Dimensionless CO; sensitivity coefficients were
calculated from NDVI and ET corrected for precipitation and PET (a function of temperature
and shortwave radiation). Precipitation and PET present the main climatic constraints on
plant growth® and are the two first-order controls on ET*". The effects of precipitation and
PET were removed using linear regression: separately for each basin, annual ET (E) and
NDVI were regressed against precipitation and PET and the annual corrected values were
calculated as the sum of regression residual and the 1982-2010 mean of the variable. The
corrected annual variables were then log-transformed and regressed against log-transformed
annual CO, concentrations (C,) to derive the CO; sensitivity coefficients ogr = dInE/dINC, and
onovi = AINNDVIIGINC,. The sensitivity coefficients represent the fractional change in the
relevant variable per unit fractional change in CO,, so that a change in ET (mm) due to CO,
is well approximated by AE/E = 0. AC,/C, for AE << E and AC, << C, (as in this study). ET
and NDVI sensitivities to precipitation were calculated from uncorrected data using the same

principles (further detailed in Supplementary Section 3.4.2).

Prediction of theoretical ET sensitivity to CO,. Theoretical sensitivity of ET (E) to CO,
concentration (C,) for C3; photosynthesis on a unit leaf area basis can be calculated by

writing the CO, assimilation rate (A) and E in the form of diffusion equations:

A=0:Ci(1-x) (1)
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and
E=169gsD (2)

where gs is the stomatal conductance to CO,, x is the ratio of internal CO, concentration (C))

38,39 and

to C,, and D is the vapour pressure deficit. x is a function of D and leaf temperature
typically takes values from 0.4-0.5 in arid climates to 0.8-0.9 in wet climates. Substitution of

gs from equation (1) into equation (2) yields

E = 1.6 (D/IC,) Al(1 = x) (3)
Differentiating with respect to C,, holding D and x constant, gives:

Oer = (CJ/E) 9EIOC, = oa—1 4)
where 0,4 is the sensitivity of A to C,:

oa = (C4lA) 0AIOC, (5)

Equation (4) implies that the sensitivity of E to C, approaches —1 as the CO, fertilization
effect on A saturates. However, so long as A is increasing with C,, the sensitivity is smaller in
magnitude than —1. The sensitivity of A to C, can be calculated conservatively by invoking
the co-ordination hypothesis (approximate equality of the carboxylation- and electron
transport-limited rates of photosynthesis under field conditions: see e.g. Maire et al
(2012)*°). With the further assumption that limitation by the maximum rate of electron
transport (Jnax) is not relevant in the field (because Rubisco limitation takes over at the

highest light levels), we can express the assimilation rate as
A = Qo labs (Ci = T1C,)/(C; + 2I*1C,) (6)

where @ is the intrinsic quantum efficiency of C; photosynthesis, I.,,s is the absorbed
photosynthetic photon flux density and ™ is the photorespiratory compensation point.

Differentiating A with respect to C,, holding x constant, gives:
oa = T1C [1(x — TC,) + 2/(x + 2/C,)] (7)

Evaluating equations (7) and then (4) at 25°C, C, = 370 ppm for illustration gives og = —-0.61
for x = 0.8 and —0.38 for x = 0.5.
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3.4. Supplementary Information

This Supplementary Information provides further details on the datasets and data processing

(Section 3.4.1.) and the calculation of CO; sensitivity coefficients (Section 3.4.2.).

3.4.1. Description of datasets

3.4.1.1. Study basins

The 190 study basins were selected from the Zhang et al. (2013)" streamflow collection
based on the completeness of streamflow records and land use within the basins. Basins
meeting the following criteria were included in the analysis:

* Intensive land use or irrigated land constituted less than 5% of the basin area

* Daily streamflow time series during 1982-2010 was >95% complete

* Fewer than 12 consecutive months had missing daily values present
Nested basins were only included if the larger host basins were excluded from the analysis.
Basin boundaries and the extent of irrigated and intensive land use were obtained from
Zhang et al. (2013)". Land use classification was based on the basin-scale land use dataset
of the Bureau of Rural Sciences (BRS, 2010)?, which was drawn from multiple sources
including fine-scale satellite imagery and various land registers and has a variable resolution
up to 12.5 m. The original streamflow dataset only includes unregulated basins where
irrigated or intensive land use accounts for <10% of land area, which we have further

restricted to <5%.

The selected basins were classified into wet, sub-humid, semi-arid and arid by adapting the
classification of the United Nations Environment Program (UNEP)® (Supplementary Figure
1). The climatic aridity index A was used to achieve this, defined as PET/P (where PET is
annual mean potential evapotranspiration and P is annual mean precipitation). The threshold
between wet and sub-humid classes was set to A = 1 where P and PET converge, the UNEP
classification was followed otherwise. There are 29 basins in the wet category, 105 in sub-

humid, 47 in semi-arid and 9 in the arid category.

Wet and sub-humid basins are dominated by closed and open woody vegetation, covering
on average 92% and 88% of basin area, respectively. Semi-arid basins have a combination
of herbaceous (25%) and mainly scarce or scattered woody vegetation (55%). Arid basins

are covered by herbaceous vegetation (43%) and sparse or scattered shrubland (53%).
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Using an empirical method*®, we estimate that nearly all herbaceous vegetation in the semi-
arid and arid basins consists of C, species that dominate in warm, arid environments with
high light availability*®’. Basin vegetation cover information was derived from the Dynamic

Land Cover Dataset of Australia, further described in section 3.4.1.3.

Aridity Index

<1 2 >5 I

Supplementary Figure S3.1 | Study basins and classification according to aridity index.

3.4.1.2. Water-balance evapotranspiration

Annual water-balance evapotranspiration was calculated as the difference of observed
annual precipitation and runoff integrated over the basin area. Basin precipitation estimates

were acquired by averaging gridded ANUCLIM annual precipitation over the basin areas.

The water-balance method remains the most firmly observationally based estimator of ET but
assumes negligible changes in soil water storage. We tested for lags in annual runoff relative
to annual precipitation. The Pearson linear correlation coefficient for non-lagged runoff and
precipitation was 0.81 across all basins. When runoff was lagged by one year relative to
precipitation, the correlation decreases to 0.15. As the correlation analysis points to no
significant lags and other studies have found soil moisture is mainly driven by precipitation®
(explicitly included in the water-balance method), we assumed water storage changes to be

negligible at annual to decadal time scales.
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Gaps in the water balance ET time series were filled using simulations from the Australian
Water Availability Project (AWAP)°. We used AWAP streamflow estimates to calculate
simulated “water-balance” ET (AWAP ET), estimated at monthly time scales as the
difference between observed ANUCLIM precipitation and simulated streamflow. We
evaluated the agreement between observed and AWAP ET in four basins with contrasting
rainfall regimes (wet, dry, summer-dominant and winter-dominant) during the whole study
period and separately for the driest and wettest years. The pattern of interannual variability
was found to agree well in each case but the magnitude of simulated ET was found to be
systematically higher than observations (evaluated from normalised mean squared errors™®
which varied between 0.07 — 1.12 when comparing annual totals and 0.07 — 0.42 for annual
deviations from the mean). To remove the bias prior to gap filling, simulated ET was re-
scaled so that the mean ET in each basin equalled that of observations. The re-scaled

monthly ET data were then used to fill missing months in observed ET time series.

3.4.1.3. Dynamic Land Cover Dataset

The Dynamic Land Cover Dataset of Australia' offers gridded land cover observations
across Australia at 250m resolution and was used to mask out areas of non-natural
vegetation. The data were re-gridded to the GIMMS NDVI3g resolution using nearest
neighbour resampling and farm- and wetlands, irrigated and non-vegetated bare or built
areas were identified using the dataset, corresponding to classes 1-11 in the original dataset.
Grid cells belonging to the above land use classes were then removed from the breakpoint

analysis and Figure 3.3.

3.4.1.4. Trend analysis

All trends in the study were calculated using ordinary least-squares linear regression. The
linear trends were compared with trends calculated using the non-parametric Mann-Kendall
Tau-b test with Sen’s slope estimates. The two estimates were found to be in good
agreement and the results were not found to depend on the trend test chosen. Where 5-year
running means were used, the degrees of freedom were adjusted before determining the

significance of trends by dividing the number of observations by 5.
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3.4.2. CO; sensitivity coefficients

We calculated CO, sensitivity coefficients separately for each basin and averaged them for
each basin class to derive mean sensitivity coefficients (Supplementary Table 1). Student’s t-
tests were used to determine whether the mean coefficients were distinguishable from zero
and to derive 95% confidence intervals. Using the mean sensitivity coefficients we could

calculate the absolute change in ET due to CO, increase (AEcoz) from

AECOQ/E = OfgT ACa/Ca (8)

where E and C, are the reference values defined as the mean of the variables during 1982-
1986; and similarly for NDVI (Supplementary Table 4). AC, is the change in CO;
concentration calculated as the difference between reference C, and the 2010 concentration.
Runoff changes were calculated as ARco, = [P — (E + AEco2)] — (P — E), where P is the

reference precipitation.

We also calculated precipitation and PET sensitivity coefficients for comparison using the
same principle: og(P) = dInE/dInP and onpwi(P) = dIn(NDVI)/dInP; and similarly for PET.
Precipitation sensitivity coefficients are detailed in Supplementary Table 2 and were
calculated from uncorrected annual ET and NDVI data. PET sensitivity coefficients are
shown in Supplementary Table 3 and were calculated from annual data corrected for
precipitation (the effect of precipitation was removed using regression residuals as in the
calculation of CO,; sensitivity coefficients, detailed in the main Methods). By substituting C,
with P (PET), equation (8) could be used to estimate the absolute change in ET due to
precipitation (PET) change (AEp) (and similarly for NDVI). Absolute changes in runoff were
calculated as ARp = [(P + AP) — (E + AEp)] — (P — E), where AP is the precipitation change
during 1982-2010 (Supplementary Table 5); and similarly for PET (Supplementary Table 6).
Precipitation and PET do not change smoothly like CO, and interannual variations
particularly in precipitation can be large. AP (APET) was therefore estimated by linear
regression of annual precipitation (PET) against time, then calculating the difference between
reference P (PET) and the fitted value for 2010.
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Supplementary Table S3.1 | Mean CO, sensitivity coefficients and 95% confidence intervals.

Basin class ET NDVI

Wet -0.42 £ 0.65 0.03 £ 0.08
Sub-humid 0.44 £ 0.14 0.10 £ 0.04
Semi-arid 0.18 £ 0.08 0.18 £ 0.11
Arid -0.33+£0.55 -0.11+£0.34

Supplementary Table S3.2 | Mean precipitation sensitivity coefficients and 95% confidence

intervals.

Basin class ET NDVI

Wet 0.54 + 0.09 -0.02 £ 0.01
Sub-humid 0.64 £ 0.05 0.05 £ 0.02
Semi-arid 0.86 + 0.03 0.12 £ 0.02
Arid 0.93+0.04 0.15+0.03

Supplementary Table S3.3 | Mean PET sensitivity coefficients and 95% confidence intervals.

Basin class ET NDVI

Wet 0.20 £ 0.54 -0.06 + 0.05
Sub-humid -0.42+0.13 -0.07 £ 0.04
Semi-arid -0.43 £ 0.14 -0.12 £ 0.07
Arid -0.06 £ 0.12 -0.12+0.14

Supplementary Table S3.4 | Mean absolute and relative changes in ET, runoff and NDVI due to
CO; increase during 1982-2010.

Basin class ET ET Runoff Runoff NDVI NDVI
(mm) (%) (mm) (%) (unitless) (%)
Wet -41 -5.5 41 5.2 0.003 0.4
Sub-humid 43 5.8 -43 -24.2 0.010 1.3
Semi-arid 14 24 -14 -28.5 0.013 24
Arid -12 -4.3 12 132.4 -0.004 -1.4
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Supplementary Table S3.5 | Mean absolute and relative changes in ET, runoff and NDVI due to

precipitation change during 1982-2010.

Basin class ET ET Runoff Runoff NDVI NDVI
(mm) (%) (mm) (%) (unitless) (%)
Wet =27 -3.7 -76 -9.7 0.001 0.1
Sub-humid -40 -5.4 -37 -21.1 -0.003 -0.4
Semi-arid 7 1.1 2 3.5 0.001 0.2
Arid 39 14.0 4 47.3 0.006 2.3

Supplementary Table S$3.6 | Mean absolute and relative changes in ET, runoff and NDVI due to
PET change during 1982-2010.

Basin class ET ET Runoff Runoff NDVI NDVI
(mm) (%) (mm) (%) (unitless) (%)
Wet 5 0.7 -5 -0.7 -0.002 -0.2
Sub-humid -7 -0.9 7 7.0 -0.001 -0.2
Semi-arid -1 -0.1 1 1.6 0.000 0.0
Arid 0 0.0 0 -0.6 0.000 0.0
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Supplementary Figure S3.2 | Contributions from precipitation, CO, and PET to ET change
during 1982-2010. a, Mean ET sensitivity coefficients to precipitation, CO, and PET for each group of
basins. The error bars are 95% confidence intervals. b, Relative change in ET due precipitation, CO,

and PET during 1982-2010. Non-significant (ns) changes were not shown.
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Supplementary Figure S3.3 | Contributions from precipitation, CO, and PET to NDVI change
during 1982-2010. a, Mean NDVI sensitivity coefficients to precipitation, CO, and PET for each group
of basins. The error bars are 95% confidence intervals. b, Relative change in NDVI due precipitation,

CO; and PET during 1982-2010. Non-significant (ns) changes were not shown.
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Supplementary Figure S3.4 | Basin-scale trends in hydrological, climatological and vegetation

variables.
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4.1. Main

Future environmental change is expected to modify the global hydrological cycle, with
consequences for the regional distribution of freshwater supplies. Regional precipitation
projections, however, differ largely between models, making future water resource
projections highly uncertain. Using two representative concentration pathways (RCP) (1) and
nine climate models, we estimate 21 century water resources across Australia, employing
both a process-based dynamic vegetation model (2) and a simple hydrological framework
commonly used in water resource studies (3). We show surprisingly robust, pathway-
independent regional patterns of change in water resources despite large uncertainties in
precipitation projections. Increasing plant water use efficiency (due to the changing
atmospheric CO;) and reduced green vegetation cover (due to the changing climate) relieves
pressure on water resources for the highly populated, humid coastal regions of Australia. In
semi-arid regions, by contrast, runoff declines are amplified by CO,-induced greening, which
leads to increased vegetation water use. Overall, vegetation acts as a buffer in regions with
robust declines in precipitation, but negatively affects water resources where precipitation
increases or remains uncertain. These findings highlight the importance of including
vegetation dynamics in future water resource projections, and suggest that future water

resource declines may be smaller than previously expected.

General circulation models (GCMs) from the newest generation of the Coupled Model
Intercomparison Project (4) (CMIP5) suggest consistent 21%' century temperature increases
and, on average, increasing precipitation globally (5). But changes in regional precipitation
patterns remain stubbornly uncertain, despite advances in modelling capability (5, 6). High
uncertainty has hindered robust projections of water resources, especially in regions with
naturally hypervariable climates. Australia is a continent with exceptionally high interannual
and inter-decadal climate variability, with runoff variability about twice that typical in the
Northern Hemisphere (7). Due to the general aridity of the continent its water resources are
vulnerable to future precipitation changes, and it has been identified as a likely hotspot for

future water scarcity (8).

Water resources are also dependent on vegetation state and function, both of which are
affected by environmental change. Elevated CO; is known to increase the efficiency with
which plants use water, and precipitation changes can also influence vegetation cover and
water use. Studies of historical and future runoff (9, 10) often point to increased runoff due to
CO,-induced increases in water use efficiency (in particular, stomatal closure allowing water

to be conserved), which can be observed both at the leaf (11) and ecosystem (12) scales.
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However, a recent analysis (13) showed these water savings do not necessarily lead to
increased runoff, due to changes in vegetation state and function. This is particularly true in
drier climates, where the net effect of elevated CO, is a reduction in runoff, due to the effect
of COz-induced vegetation greening (increase in foliage cover) (14). In intermediate climates,
the magnitude of CO, effects was found to be comparable to precipitation-driven changes in
runoff. These multi-factor interactions suggest that climate induced changes in vegetation
state and function may play a large, yet to date poorly constrained role in mediating future

water resources.

Here we examine potential future changes in water resources in Australia and evaluate the
role of long-term responses of vegetation state and function to environmental change. To do
so, we use two contrasting approaches, in combination with climate projections from nine
general circulation models. The first approach is the Fu-Zhang formulation of the simple
Budyko hydrological framework (3), a well-established empirical model widely employed in
studies of water resources (3, 15). It accounts for the joint effects of precipitation and
potential evapotranspiration (PET) on actual evapotranspiration (AET) and runoff. The
second is the process-oriented Land surface Processes and eXchanges Dynamic Global
Vegetation Model (LPX DGVM), a complex coupled water-carbon-vegetation model, which
successfully reproduces observed vegetation CO, effects on hydrology in Australia (16) (see
Methods for detailed model descriptions and evaluation). By contrasting results from the two
models, we separate the effects of vegetation processes from direct climate effects on future
runoff projections. We show that, despite widespread disagreement regarding precipitation
projections between GCMs and scenarios, vegetation acts to buffer the impacts of changes
in precipitation, serving to both protect Australia’s future water resources, and reduce

uncertainty in future water resource projections.

In agreement with previous studies (reviewed in ref. (5)), the nine GCMs included in this
study show large uncertainties in projected future precipitation patterns in large parts of
Australia, including key economic and agricultural areas in eastern Australia, where the
majority of the Australian population resides. The climate models project a robust decrease
in precipitation in south-western Australia, irrespective of the RCP (Figure 4.1) and are in
modest agreement on decreased precipitation along south-east and north-east coastal

regions and increased precipitation in parts of arid central Australia.
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Figure 4.1 | Projected future anomalies in precipitation and Budyko- and LPX-simulated runoff
under two projected climate scenarios. LPX-Budyko shows the difference between Budyko- and
LPX-simulated future ensemble runoff anomaly. Here stippling indicates where Budyko and LPX
simulations differ significantly, as determined from a two-tailed Student’s t-test (large stippling shows
where t-test p-value < 0.5 and small stippling where 0.5 < p-value < 1.0); elsewhere stippling indicates
the robustness of signal as measured by the standard deviation (sd) of the model results divided by
the ensemble mean (large stippling shows where sd < 0.5 and small stippling where 0.5 < sd < 1.0).
The anomalies were calculated as the difference between the 2070-2099 future ensemble mean and
the 1960-1990 historical mean of the variable.

Despite uncertainties in future precipitation, we project robust regional reductions in runoff
along much of coastal and inland eastern Australia (Figure 4.1). Some of these reductions
are precipitation-driven, particularly in south-western Australia, and exacerbated by
increasing PET (Supplementary Figure S4.1). However, a comparison of Budyko and LPX
projections shows the reductions in runoff in areas of declining precipitation are much larger
when excluding vegetation dynamics. A CO,-induced increase in water use efficiency, and
modest decreases in green vegetation cover, alleviate the runoff declines predicted (by the
Budyko approach) from direct climate effects. In contrast, in northern Australia where the
actual precipitation changes are highly uncertain, strong COs-induced greening leads to
increased actual evapotranspiration (ET) (Figure 4.2) and reduced runoff. These strong
reductions are not, or hardly, present under constant CO, (particularly under RCP8.5;
Supplementary Figures 4.2 and 4.3) with the LPX model or in the Budyko model projections.

The CO, effect is accompanied by increased dry season fuel moisture and a decrease in
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wind speed, which reduces fire risk and enables continued expansion of tree cover (woody

thickening) in savanna ecosystems (17), further increasing vegetation water use in the north.

Evapotranspiration Foliage cover
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RCP8.5
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Figure 4.2 | Future anomalies in LPX-simulated ET and foliage cover under RCP4.5 and RCP8.5.
The anomalies were calculated as the difference between the 2070-2099 future ensemble mean and
the 1960-1990 historical mean of the variable. Stippling indicates the robustness of signal as
measured by the standard deviation (sd) of the model results divided by the ensemble mean (large

stippling shows where sd < 0.5 and small stippling where 0.5 < sd < 1.0).

The largest deviations in hydrology and vegetation cover from historical levels are projected
to take place relatively soon, during the first half of the 21% century (Figure 4.3). Declines in
precipitation and runoff are projected from the LPX ensemble mean in wet and sub-humid
regions. These declines are accompanied by increasing AET and foliage cover (consistent
with a CO, fertilisation effect) in sub-humid climates, even though these regions are also
projected to become progressively more arid (as measured by the aridity index;

Supplementary Figure S4.4). Although large inter-model variations persist, the projected
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changes are largely independent of the RCP, despite strong divergence in projected
temperatures and PET under the two RCPs (Supplementary Figure S4.4). The global
greenhouse emissions trajectory therefore does not appear to be the most important

uncertainty for the prediction of future water resources.

Larger uncertainties are associated with the use of different climate models, and natural
variability as represented by the models. Interannual variability in runoff and precipitation is
expected, and projected, to remain large (Figure 4.3). The EI Nifio Southern Oscillation
(ENSO) is a major driver of climate in Australia, and brings extreme conditions including
droughts and floods particularly to the eastern parts of the continent (18). Although future
changes to the mean ENSO state remain uncertain (19), extreme El Nifio events are
projected to become more frequent (20). The Indian Ocean Dipole (IOD) is also prominent in
its effects on precipitation in central, southern and northern Australia, and its extreme phases
too are projected to increase in frequency in a warming world (21). The continuing high
interannual variability in Australia, together with more frequent extreme states of the two

principal variability modes, will inevitably pose challenges for water management.

Our results demonstrate the importance of including vegetation dynamics in projections of
water resources and the need to consider coupled water, carbon and vegetation effects on
AET and runoff. Despite large uncertainties in future precipitation projections, our analysis
suggests significant and coherent changes in runoff across large parts of the continent. In
northern Australia as well as parts of the Murray-Darling basin, the largest river system on
the continent and a key agricultural area accounting for 40% of the value of Australia’s
agricultural production (22), CO,-induced vegetation responses are projected to reduce
water resources but are accompanied by enhanced natural vegetation productivity. Despite
vegetation water savings due to reduced stomatal conductance under elevated CO,, parts of
highly populated coastal regions, along with agricultural areas in southwestern Australia, are
projected to suffer reductions in water resources. Independent of the assumed greenhouse
emissions scenario, large reductions in Australian water resources are projected to occur
within a few decades. The reductions are not as extreme, however, as they would be without

the influence of dynamic vegetation.
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Figure 4.3 | Historical and future time series of precipitation and LPX-simulated runoff, ET and
foliage cover in different aridity regimes. The solid black line shows the historical period (1960-
2005) and the dotted line the historical mean of the variable during 1960-1990. The coloured lines
show the future ensemble means and the coloured shading indicates model interquartile ranges for
each RCP. The grey shading shows the combined full model range of both RCPs. Aridity categories
were constructed as described in Supplementary Figure S4.5. The time series were subsequently

smoothed using 10-year running means.
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4.2. Methods

LPX Dynamic Global Vegetation Model. The Land surface Processes and eXchanges
Dynamic Global Vegetation Model (LPX DGVM) is a process-based model that simulates
interactions between terrestrial vegetation dynamics, and land-atmosphere carbon and water
cycles. The model explicitly simulates dynamic ecosystem structure and function, including
foliage cover, primary production and carbon allocation, evapotranspiration, competition and
disturbances, but in common with most other vegetation models does not include nutrient
constraints on CO, assimilation. LPX is based on a coupled photosynthesis-water balance
scheme that explicitly couples CO, assimilation with transpiration. The model has been
extensively evaluated for hydrology (16, 23—-25) and ecosystem dynamics (25-27). We use
the latest model version (LPX-Mv1) with improved fire-vegetation dynamics, benchmarked
specifically for Australia (2). Key model processes are further detailed in Supplementary
Section 4.4.1. LPX simulates AET directly but for consistency with historical observations, we

have defined AET as the difference between precipitation and runoff in this study.

We evaluated the model’s ability to capture observed water-balance AET and vegetation
sensitivities to precipitation and CO, across 190 Australian river basins (13) grouped by
aridity (see Supplementary section 4.4.1). This was achieved using sensitivity coefficients
(Oca = dInE/dInC, and op = dInE/dInP, where C, is ambient CO, concentration, E actual ET
and P precipitation), which represent the fractional change in E per unit fractional change in
C, or P (and similarly for foliage cover). oc, has a clear theoretical expectation in terms of
underlying processes (28) whereby a negative coefficient implies the CO, response is
dominated by stomatal closure reducing ET and a positive coefficient indicates CO,
fertilisation dominates over stomatal closure increasing ET (13). The effects of precipitation
(and PET in the case of AET) were removed from observed and simulated AET and foliage
cover prior to calculating CO, sensitivities, as detailed in Supplementary Section 4.4.1.
Despite spatial variability in the CO, response in both the model and observations, LPX
captures mean AET sensitivity to CO, and precipitation successfully across aridity gradients,
with the exception of slightly underestimating precipitation sensitivity in dry climates (Figure

4.4). Model evaluation for foliage cover is presented in Supplementary Figure S4.6.
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Figure 4.4 | Evaluation of the LPX DGVM for observed ET sensitivity to CO, and precipitation.
Comparison of LPX-predicted and observed a, CO, and b, precipitation sensitivity for river basins

grouped by aridity. The error bars show 95% confidence intervals.

Budyko framework. The Budyko framework is a widely employed empirical hydrological
model based on the premise of water and energy availability as the controls on
evapotranspiration and runoff. The model simulates AET (E,) from precipitation (P) and PET

(Ep), assuming no net change in soil water storage (3):
E.=E, [1+ Ml —(1+MI“)"™) (1)

where MI is the moisture index, P/E,. The model parameter w represents catchment
properties, including vegetation, soil and topography, and accounts for errors in precipitation
and PET (29). Although several studies have suggested that the model’s single parameter w
is in part a function of vegetation properties, there is no generally accepted way to account
for vegetation effects on w (29). The model was thus employed to represent the effects of
climate alone and the parameter was set to a constant value of 3.09. This value was derived
by non-linear optimisation against historical E, from 190 Australian river basins (13) and is
close to values used in previous studies (3, 15). Budyko-simulated runoff was calculated as

the difference between precipitation and simulated E,.

Historical simulations. LPX was forced using monthly fields of climate (maximum, minimum
and mean air temperature, precipitation, cloud cover, number of wet days and wind speed),

monthly lightning climatology and annual CO, concentrations. The Budyko model was driven

83



Chapter 4: Vegetation buffers the water-resource impacts of environmental change

with monthly precipitation and Priestley-Taylor PET calculated from cloud cover and mean air
temperature. Full model and spin-up protocols and input data sources are detailed in

Supplementary Section 4.4.2.

Future projections. Both models were forced from 2006 to 2099 with bias-corrected climate
projections at 0.5° spatial resolution from nine global climate models from the CMIP5 archive
(4) (see Supplementary Section 4.4.3) under two Representative Concentration Pathways (1)
(RCP4.5 and RCP8.5), leading to 18 projections for each model. RCP4.5 is an intermediate
scenario where radiative forcing (RF) stabilises at 4.5 W m? by 2100 and atmospheric CO;
concentration reaches 576 ppm (ensemble average) by 2080 after which it stabilises.
RCP8.5 is an extreme trajectory where RF reaches 8.5 W m? and atmospheric CO;
concentration 1231 ppm by 2100. The GCMs, bias correction and modelling protocols are

further discussed in Supplementary Section 4.4.3.
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4.4. Supplementary Information

This Supplementary Information further describes the LPX model (Section 4.4.1), and
historical (Section 4.4.2) and future modelling protocols, including the Global Climate Models

and bias correction methods (Section 4.4.3).

4.4.1. Description of the LPX DGVM

4.4.1.1. Overview

The Land surface Processes and eXchanges Dynamic Global Vegetation Model (LPX-
DGVM) (1, 2) is a process-based model that represents dynamic coupled vegetation-water-
carbon interactions. The LPX-DGVM is a development of the Lund-Potsdam-Jena (LPJ)
model (3, 4) with improved fire dynamics. The model simulates ecosystem processes based
on plant functional types (PFT), distinguished by life form, leaf type, phenology as well as
climatic range for trees and photosynthetic pathway for grasses (1). The model simulates
temporal variations in ecosystem structure (such as leaf area index, height and foliage
projective cover), composition (PFTs), and function (including productivity, ET and runoff) in
a modular framework at 0.5° spatial resolution. The model has been evaluated against global
and local hydrological data (4, 5) as well as vegetational, atmospheric and hydrological
benchmarks (1, 2, 6). The model and its predecessors have been widely employed in global
and regional studies of vegetation processes, carbon and water cycling, as well as fire
dynamics (2, 7-9). A detailed discussion of vegetation dynamics is provided in Sitch et al.
(2003) (3), hydrology in Gerten et al. (2004) (4) and fire dynamics in Kelley et al. (2014) (1)
and Prentice et al. (2011) (2). LPX CO, effects and fire dynamics are briefly detailed below.

4.4.1.2. CO, effects

LPX simulates CO; effects on vegetation and hydrology based on a coupled photosynthesis-
water balance scheme, which explicitly couples CO, assimilation with transpiration.
Atmospheric CO, regulates stomatal conductance (gc) rates required to sustain a given
photosynthetic rate. When water is not limiting, the potential maximum rate of stomatal
conductance (gcmax) is calculated from a PFT-specific minimum canopy conductance (gmin),
day-time net photosynthesis (Ag), ambient CO, concentration (C,) and the ratio of

intercellular to ambient CO, concentration (A) (4):
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gcmax = gcmin +1'6Ad /[Ca(l - A’)] (1)

A is set to 0.4 for C, plants and 0.8 for C;3 plants. Transpiration (D) under well-watered
conditions is calculated from gcmax, equilibrium evapotranspiration (Eg, evaporation from a well-
watered surface in the absence of advection(10, 11)) and the fraction of day-time when the

canopy is wet (w) following Monteith (1995) (4, 12):

D=(1-w)Eaa,/(1+gc,/gc,..) (2)

where a, is a maximum Priestley-Taylor coefficient (1.391) and gc, is the scaling
conductance (3.26 mm s™). If D is greater than available water supply (S; a function of soil
water content and soil properties), it is reduced in such a way to be consistent with an
empirical relationship between S and gc formulated by Monteith (1995) (4, 12). When D is
not limited by S and the plant experiences no water stress, plants respire and
photosynthesise at their maximum rate. When C, increases, gcnax is decreased for a given
Aq and the threshold where D becomes supply-limited is increased. Thus, under elevated
CO, maximum photosynthesis rates can occur at lower moisture availability, and higher
photosynthetic rates in moisture-stress conditions, leading to a CO, fertilisation effect
allowing increased productivity in drier conditions. The assimilated carbon (after accounting
for respiration and reproductive costs) is allocated to leaf, sapwood and root production using
fixed fractions. Therefore, increased photosynthesis leads to increases in foliage cover in the

model.

Secondary effects of COs-induced vegetation structural changes also include possible
changes to rainfall partitioning into interception, infiltration and surface runoff and the
efficiency of water uptake from deeper soil layers. In addition, increased foliage cover may
reduce the amount of radiation reaching the ground surface, thus reducing soil evaporation.

These processes are also explicitly simulated in the model.

FPC for each PFT is determined annually as a function of total crown area (CA), plant
population density (PD) and the average individual FPC (FPCi.4) (3):

FPC=CA-PD-FPC,, (3)

Total FPC, the measure used in this study, varies between 0 (bare ground) and 1. Runoff is
calculated daily as the residual of precipitation minus interception (/), transpiration from the

upper (0.5 m) and lower (1.0m) fixed-depth soil layers and surface evaporation from the top
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soil layer (Es) (8). Surface and subsurface runoff are diagnosed separately from water in
surplus to field capacity for each soil layer. Water percolating through the lower soil layer is
assumed to contribute to subsurface rate and is calculated as a function of soil texture,
moisture and depth (4, 8). Runoff used in this study is the sum of percolation, surface and
subsurface runoff. / is a function of precipitation, leaf area index, daily phenology and biome.
E; is determined as the multiple of E,, a Priestley-Taylor coefficient (set to 1.32 following
Hobbins et al. (2001) (13)), relative soil moisture of the top 0.2 m soil layer and the fraction of
grid cell not covered by vegetation (4). The model does not include a river routing scheme or

simulate lateral distribution of water between grid cells.

4.41.3. Fire dynamics

Fire is a major ecosystem process in Australia (7, 14), and is a major control on vegetation
and hydrology (15-17). We use the latest version of LPX (LPX-Mv1) with an improved
process-based fire model specifically designed to simulate Australian fire regimes and fire-
adapted vegetation (1). LPX-Mv1 implements changes to processes regulating fuel ignition,
decomposition and moisture content to improve the simulation of fire occurrence and spread.
LPX-Mv1 also includes adaptive bark thickness to better simulate fire resilience and new
resprouting tropical and temperate broadleaf tree PFTs to better simulate post-fire recovery.
The model was benchmarked specifically for Australia and was shown to better simulate
Australian fire regimes, vegetation composition and vegetation post-fire recovery compared

to previous model versions (1).

4.4.1.4. Evaluation of historical simulations

We evaluated LPX-DGVM for simulation of observed historical ET and vegetation sensitivity
to CO;, and precipitation across 190 Australian river basins during 1982-2006. Observed
vegetation sensitivities were determined from GIMMS3g Normalised Difference Vegetation
Index data (18) at 0.083° spatial resolution and ET from water-balance evapotranspiration
calculated from observed runoff (19) and gridded precipitation at 0.05° spatial resolution from
the ANUCLIM archive (20). These were compared to LXP-simulated values of ET and foliage
projective cover (FPC). All basin-specific values were extracted from gridded data using
areal weighting and the basins grouped by their 1982-2010 mean aridity index (A = PET/P)
as in Ukkola et al. (accepted) (21). River basins with A < 1 were classified as wet, 1-2 as

subhumid, 2-5 as semiarid and >5 as arid. The effects of precipitation (and PET for AET)
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were removed from observed and LPX-simulated AET and vegetation cover prior to
determining CO, sensitivities. This was achieved using linear regression: separately for each
basin, annual AET and FPC were regressed against precipitation (and PET in the case of
AET) and the annual corrected values were calculated as the sum of the regression residual
and the 1982-2006 mean of the variable. All variables were then log-transformed for

calculation of precipitation and CO, sensitivities.

Comparison of ET sensitivities is presented in the main paper. Simulated and observed FPC
sensitivities are shown in Supplementary Figure S4.6. The model captures observed mean
sensitivities successfully in subhumid and semiarid basins. However, in wet regions the
model fails to capture the positive CO, sensitivity and negative precipitation sensitivity. The
model also overestimated FPC sensitivity to precipitation in arid regions, whilst CO,
sensitivity in these regions is highly spatially variable. Whilst FPC changes in the wet and
arid areas should be interpreted cautiously, they do not undermine the findings from a water
resources perspective. The wet regions occupy only a small area (Supplementary Figure S4.5)
and mainly include the sparsely populated northeast Australia and western Tasmania. Arid
regions occupy much of central Australia but are largely uninhabited and have minimal

surface water resources.

4.4.2. Historical simulations

4.4.2.1. Budyko framework

The Budyko model was run on a monthly time step from 1901 to 2005 using observed
monthly climate from the CRU TS 3.1 archive. The model inputs include precipitation and
potential evapotranspiration, calculated from cloud cover and mean air temperature using the
Priestley-Taylor method as in Gallego-Sala et al. (2010) (22). The model parameter w was
set to 3.09, derived from non-linearly optimising the model for historical annual water-balance
evapotranspiration measurements from 190 Australian river basins for the period 1982-2010
(21).

4.4.2.2. LPXDGVM

The model was run at daily time step at 0.5° spatial resolution for Australia using monthly

inputs of climate (mean, maximum and minimum temperature, precipitation, cloud cover and
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number of wet days) from the CRU TS3.1 archive (23), monthly wind speed from the
National Center for Environmental Prediction (NCEP) reanalysis dataset (24), monthly
lightning climatology (http://gcmd.nasa.gov/ records/GCMD_lohrmc.html) and annual CO,
concentrations (a combination of ice core and atmospheric measurements from Mauna Loa
and South Pole (25) supplemented by data from NOAA-CDML (http://www.esrl.noaa.gov/
gmd/) global averaged concentrations for the period 1980-2006). The NCEP wind speed data
were interpolated to 0.5° from the original resolution of 1.82° using bilinear interpolation. Soil
properties were described using nine fixed soil texture classes (26). The monthly inputs

were stochastically disaggregated to daily values.

The model was initialised using detrended historical climate and constant CO, at 286 ppm
until the slow carbon pools were in equilibrium. The model was subsequently run for the
period 1850-2005 using transient CO,. Detrended climate was used until 1901 (and until
1947 for wind speed) and transient climate thereafter. Full details of input datasets and LPX

modelling protocols are provided in Kelley and Harrison (2014) (7).

4.4.3. Future simulations

4.4.3.1. Global Climate Models

We used projected future climate realisations from nine Global Climate Models (GCMs) from
the latest Coupled Model Intercomparison Project (CMIP5) (27) forced by two alternative
Representative Concentration Pathway (RCP) scenarios (28): RCP4.5 and RCP8.5. RCP4.5
is an intermediate radiative forcing (RF) scenario that stabilizes at 4.5 W m™ by 2100.
RCP8.5 is an extreme RF scenario where RF reaches 8.5 W m™ by 2100. Four of the GCMs
are coupled ocean-atmosphere models, the further five models also include a marine and
terrestrial carbon cycle. The models, their type and horizontal resolution are listed in

Supplementary Table S4.1.

4.4.3.2. Bias correction of GCM outputs

GCMs are known to include systematic biases in their representation of key variables, such
as precipitation, when compared to historical observations (29). To correct for these biases
and to allow for a smooth transition between historical and future model climate inputs, we
bias-corrected future GCM outputs using an anomaly-based method, which preserves the
interannual variability of each GCM. The bias-correction method is fully described in Kelley et
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al. (2014) (7), but will be briefly described here. We first calculated month-by-month
anomalies between the simulated RCP-driven future climate and the simulated historical
climate for the 1961-1990 baseline. As the GCM resolutions differ, the anomalies were
subsequently regridded to a common resolution of 0.5° for consistency with historical model
inputs using bilinear interpolation. The regridded monthly anomalies were then added to the

observed historical climate for the 1961-1990 baseline.

Supplementary Table S4.1 | GCMs used in this study. OA indicates a coupled ocean-atmosphere
model, OAC models also include a representation of marine and terrestrial carbon cycle. Model

resolutions have been rounded to one decimal point.

Model name Research centre Type Resolution
(latitude,
longitude)

CNRM-CM5 Centre National de Recherches Meterologique OA 1.4°,14°

GISS-CM5 NASA Goddard Institute for Space Studies OA 2.0°,25°

HadGEM2-CC Hadley Centre, UK Meteorological Centre OA 1.2°,1.9°

MRI-CGCM3 Meteorological Research Institute OA 1.2°,1.2°

BCC-CSM1-1 Beijing Climate Center OAC 2.8°,2.8°

HadGEM2-ES Hadley Centre, UK Meteorological Office OAC 1.2°,1.9°

IPSL-CM5a-LR Institut Pierre-Simon Laplace OAC 1.9°, 3.8°

MIROC-ESM Japan Agency for Marine-Earth Science and OAC 2.8°,2.8°

Technology
MPI-ESM-LR Max Planck Institute for Meteorology OAC 1.9°,1.9°

4.4.3.3. Budyko and LPX simulation protocols

Both models were run from 2006 to 2099 using the same monthly climate input variables as
for historical simulations (and annual CO, concentrations for LPX). The models were run
separately for the nine GCM realisations under each alternative RCP, resulting in 18

projections for each model.
We also performed an additional set of simulations with LPX holding CO2 concentration at

2006 levels (380.8 ppm) in order to separate the effects of future CO2 fertilisation from the

effects of climate.
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Supplementary Figure S4.1 | Projected future anomalies in mean temperature, potential ET and
aridity. The anomalies were calculated as the difference between the 2070-2099 future ensemble
mean and the 1960-1990 historical mean of the variable. Stippling indicates the robustness of signal
as measured by the standard deviation (sd) of the model results divided by the ensemble mean (large

stippling shows where sd < 0.5 and small stippling where 0.5 < sd < 1.0).
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Supplementary Figure S4.2 | Projected future anomalies in runoff under constant CO, and
comparison to transient CO, projections. a, LPX-simulated future runoff anomaly with constant
CO, at 380.8 ppm (2006 level) under RCP4.5 and RCP8.5. The anomalies were calculated as the
difference between the 2070-2099 future ensemble mean and the 1960-1990 historical mean of the
variable. Stippling indicates the robustness of signal as measured by the standard deviation (sd) of the
model results divided by the ensemble mean (large stippling shows where sd < 0.5 and small stippling
where 0.5 < sd < 1.0). b, difference between simulated future runoff anomaly under transient
(presented Figure 1) and constant CO,. Here stippling indicates where the two simulations differ
significantly, as determined from a two-tailed Student’s t-test (large stippling shows where t-test p-
value < 0.5 and small stippling where 0.5 < p-value < 1.0).
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Supplementary Figure S4.3 | Projected future anomalies in foliage cover under constant CO,
and comparison to transient CO, projections. a, LPX-simulated future foliage cover anomaly with
constant CO, at 380.8 ppm (2006 level) under RCP4.5 and RCP8.5. The anomalies were calculated
as the difference between the 2070-2099 future ensemble mean and the 1960-1990 historical mean of
the variable. Stippling indicates the robustness of signal as measured by the standard deviation (sd) of
the model results divided by the ensemble mean (large stippling shows where sd < 0.5 and small
stippling where 0.5 < sd < 1.0). b, difference between simulated future foliage cover anomaly under
transient (presented Figure 3) and constant CO,. Here stippling indicates where the two simulations
differ significantly, as determined from a two-tailed Student’s t-test (large stippling shows where t-test

p-value < 0.5 and small stippling where 0.5 < p-value < 1.0).
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Supplementary Figure S4.4 | Historical and future time series of mean temperature, potential
ET and aridity index in different aridity regimes. The solid black line shows the historical period
(1960-2005) and the dotted line the historical mean of the variable during 1960-1990. The coloured
lines show the future ensemble means and the coloured shading indicates model interquartile ranges
for each RCP. The grey shading shows the combined full model range of both RCPs. To construct the
time series, grid cells were grouped by their historical mean aridity into four categories (wet,
subhumid, semiarid and arid) and the mean of the variable was calculated annually across all grid
cells within each category (see Supplementary Figure 1 for spatial distribution of aridity categories).
The time series were subsequently smoothed using 10-year running means.
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Supplementary Figure S4.5 | Historical aridity. Grid cells were categorised according to their 1960-

1990 mean aridity index using the thresholds detailed in Section 1.
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Supplementary Figure S4.6 | Evaluation of the LPX-DGVM for observed FPC sensitivity to CO,
and precipitation. Comparison of LPX-predicted and observed sensitivity to a, CO, and b,

precipitation for river basins grouped by aridity. The error bars show 95% confidence intervals.
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5.1. Conclusions

This thesis has investigated historical evapotranspiration (ET) trends in Australia and
globally, and produced future projections of water resources in Australia based on alternative
models and climate scenarios. Trends in water-balance ET were first investigated across
river basins globally. Many studies have concentrated on detecting global runoff trends but
ET has received much less attention, in part due to the difficulty in measuring ET at large
scales. ET is a key ecosystem variable accounting for 60% of global land precipitation and
understanding historical ET changes is important for evaluating climate change impacts on

water, carbon and energy cycling (Douville et al., 2013).

Despite remaining the most observationally based method for determining basin-scale ET,
water-balance ET estimates have not been widely used to detect historical trends. But they
provide a very useful source of information on ET in basins where streamflow records are
available. Furthermore, previous studies have generally attributed ET trends based on a
limited set of drivers, focusing on specific attributes such as land use or CO, effects in
combination with climate (e.g. Gedney et al., 2006; Gordon et al., 2005). This study
considered all proposed drivers, relying on observations to the greatest extent possible.
Significant ET trends were identified only in a small minority of catchments, despite
widespread changes in precipitation and other drivers. Global terrestrial ET (and
precipitation) is expected to increase due to global warming resulting in intensification of the
hydrological cycle. Previous studies relying on water balance, pan evaporation and other
indirect evidence (reviewed in Huntington, 2006) have pointed to increased ET over different
continents, but the present study did not provide evidence of widespread increases in

terrestrial ET during the late 20" century.

The results confirmed the dominant role of precipitation in controlling ET. In dry environments
precipitation accounts for virtually all variability in ET and for as much as 50% even in wet
basins. Foliage cover was found to exert a secondary but significant control in both dry and
wet environments. However, based on LPX modelling, no CO, effects were detected in this
global analysis. The attribution of ET trends in wet basins remained difficult but was
improved compared to a previous study (Zhang et al., 2012), which could only account for
9% of ET trends based on precipitation. Wet environments show more complex interactions
between water, energy and vegetation processes and more widespread land use change
than dry regions; but these remain difficult to quantify from available data (Wohl et al., 2012).
This problem is compounded by data uncertainties in humid regions, particularly in the
tropics where both precipitation and streamflow data remain uncertain (Fekete et al., 2004).
Further work is thus required to better understand ET variations in wet environments.
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The water-balance method has limitations that were not quantified in the current study. In the
absence of suitable soil moisture observations, the study assumed negligible changes in soil
water storage at annual time scales. Remotely sensing techniques, such as the Gravity
Recovery and Climate Experiment (GRACE) and microwave products, now exist for the
recent satellite era and have been increasingly used to estimate soil water changes at
monthly time scales (Seneviratne et al., 2010; Seoane et al., 2013; Zeng et al., 2012). As the
present study analysed ET observations for the pre-satellite era, the use of such datasets
was not possible and soil water storage changes were thus ignored, although it was
demonstrated statistically that this was unlikely to compromise the results. For the same
reason, the water-balance method cannot be reliably applied to seasonal scales. In seasonal
or highly variable climates, runoff generation can be highly concentrated to specific seasons

or individual rainfall events; these dynamics may not be reflected in annual totals.

In common with previous studies, the global study relied on models to quantify CO, effects
on ET and runoff, resulting in large uncertainties in the magnitude and direction of CO,
effects. CO, effects on vegetation and hydrology across river basins in Australia during 1982-
2010 were next investigated, relying solely on high quality streamflow and climate
observations available for the Australian continent. The method used sensitivity coefficients
whose theoretically expected values could be derived from a novel ecophysiological
framework (Prentice et al., 2014). Contrary to a common expectation, the study reported
significant increases in plant water use, leading to runoff declines of 24-28% in sub-humid
and semi-arid climates, attributable to CO»-induced greening during the last three decades.
After accounting for concurrent decreases in precipitation, observed runoff has overall
declined by 30% in sub-humid Australian basins since 1982. Sub-humid zones in Australia
support substantial human populations and agriculture; the added pressure on water
resources due to climatic and CO; effects have important implications for the management of

water resources in these regions.

No CO, fertilisation effect on vegetation was detected in wet basins. Here increasing CO,
was shown to reduce ET on average, but the effect was not statistically significant. The
nature of CO; effects in arid environments also remained unclear, due to the limited number
of arid basins with available data (nine). Conceptual models predict that arid ecosystems
should be the most responsive to increased CO,, and a significant fertilisation effect has
been reported across the world’s warm, arid regions based on remotely sensed vegetation
data (Donohue et al., 2013). However, experimental evidence suggest increased plant
productivity cannot be sustained in the most arid environments due to the high frequency of

low precipitation years in which productivity is extremely limited (Newingham et al., 2013).
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The proportion of C, vegetation is also important for determining ecosystem responses to
elevated CO,. C, plants are favoured in warm, arid ecosystems due to their greater water
use efficiency and higher photosynthetic capacity in light-saturated conditions compared to
C; plants. C4 plants respond to elevated CO, very differently to C; plants, only benefiting
from atmospheric CO, concentrations beyond current ambient levels under drought
conditions through relieved water stress (Leakey et al., 2009). C, vegetation strongly
dominates in central and northern Australia (Still et al., 2003) and may thus contribute to the
lack of a CO; effect in arid basins. Arid ecosystems cover ca. 20% of the world’s land surface
(Smith et al., 2000) and present a large potential carbon sink under increased water
availability (Evans et al., 2014); further research is thus warranted to better understand the

impacts of elevated CO; in arid environments.

The study quantified the hydrological effects of elevated CO,. CO,-induced vegetation
changes also have important consequences for carbon storage and climate feedbacks.
Currently marine and terrestrial ecosystems take up around half of global greenhouse
emissions, curbing the growth of atmospheric CO, concentrations and consequently radiative
forcing (Ballantyne et al., 2012). This fraction has remained unchanged despite accelerating
emissions, pointing to increased uptake of carbon by ecosystems (Poulter et al., 2014; Le
Quéré et al., 2013). These reductions in radiative forcing may be offset by decreased surface
albedo and consequent warming due to increased absorption of incoming shortwave
radiation resulting from vegetation greening (Betts, 2000). This can counteract positive
effects of CO, fertilisation in water-limited regions where warming can aggravate water
stress, whereas it may further promote plant productivity in temperature-limited regions.
These are important qualifications for future climate change and ecosystem function but are
not yet well constrained in the future projections available today (Friend et al., 2014; Notaro
et al., 2007).

The future evolution of regional water resources and their interactions with vegetation and
climatic processes also remain highly uncertain. Projections of future water resources in
Australia were produced using alternative model-based climate scenarios driven by two of
the Representative Concentration Pathways (RCP) used by climate modelling groups for the
Intergovernmental Panel on Climate Change (IPCC). The process-based LPX model with full
vegetation dynamics was contrasted with the simple Budyko framework, which accounts for
climatic effects but not vegetation processes. By comparing the two models, direct climate
effects could be separated from the effects of vegetation processes on water resources. LPX
has been successfully benchmarked against hydrological and vegetational data sets. The

model version used incorporates a fire module specifically designed for Australian fire
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regimes (Kelley et al., 2013, 2014). This model was shown here to successfully reproduce
observed historical ET and vegetation sensitivities to CO, and precipitation, and thus offers a

suitable model for estimating future hydrological changes in Australia.

Precipitation forecasts remain a major source of uncertainty in future projections of water
resources. The nine climate models employed in this study simulated robust decreases in
precipitation in southwestern Australia but generally disagreed elsewhere. Despite large
uncertainties in projected precipitation, robust changes in runoff were shown. The projections
were largely independent of the choice of RCP, despite temperature and potential ET
diverging strongly. The study showed that future declines in runoff in the populated eastern
and southwestern regions of Australia are likely to be significantly overestimated unless
vegetation responses to changing climate and CO, concentrations are considered. In
northern Australia, vegetation greening (due to CO, fertilisation and decreased fire
occurrence) were projected to increase plant water use and consequently water stress, but

were accompanied by increased natural vegetation productivity.

LPX was shown to compare well against observations but does not account for some
potentially important soil and climate feedbacks. In common with most other vegetation
models, LPX does not currently consider potential nutrient constraints on CO, assimilation.
Nitrogen (N) and phosphorus (P) are the main nutrients limiting plant productivity and carbon
storage. Nitrogen ‘limitation’ is commonly considered to constrain warming- or CO,-induced
increases in plant productivity (Hungate et al., 2003), although experiments and theory
suggest that tropical forests and savanna, accounting for about half of global terrestrial
biomass and productivity, are largely phosphorus limited (Wang et al., 2010). The extent to
which the carbon costs of N and/or P acquisition constrain the CO, fertilization effect remains
controversial and in need of clarification, particularly as ‘carbon-water models such as LPX
do not overestimate terrestrial carbon uptake (Xu-Ri and Prentice, in revision). LPX projects
a strong fertilisation effect in arid regions, particularly under the high-end (‘business as
usual’) emissions scenario (RCP8.5); but this has a negligible effect on runoff, which is
mostly simulated to increase or to remain unchanged (though these changes were not robust
between different climate forcings). There are still many uncertain assumptions about water-
carbon interactions, which are represented differently among the available process-based
vegetation models and contribute significantly to uncertainties in simulated CO, effects (De
Kauwe et al., 2013). Furthermore, off-line simulations cannot account for climate-vegetation
feedbacks, such as changes in surface albedo and radiative forcing, which can only be

achieved through dynamic coupling of climate and vegetation models.
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The Budyko model, has been widely shown to capture climatic effects on ET but the physical
meaning of the model’s single parameter is poorly understood (Roderick and Farquhar,
2011). The parameter represents “catchment properties” including soil, topography and
vegetation but despite attempts to determine the parameter from soil and vegetation
variables (Donohue et al.,, 2012; Yang et al.,, 2007), a formulation relying on easily
observable attributes is lacking. Studies have argued the parameter should mainly relate to
vegetation as other catchment properties, such as topography, soil and geology remain
unchanged at decadal to centurial time scales (Donohue et al., 2010; Roderick and
Farquhar, 2011). An improved formulation of the parameter could, in principle, account for
CO,, effects as well as hydrological impacts of vegetation responses to other environmental
conditions such as climate and fire to provide a simple empirical approach for quantifying
vegetation and climate impacts on hydrology as a simple and transparent alternative to
process-based models. Here, however, the model’s principal use has been to indicate a

default outcome of climate changes, without taking vegetation effects into account.

This thesis has presented a comprehensive analysis of historical ET trends and related them
to specific climatic and vegetation processes, exploiting extensive observational datasets.
CO; effects on hydrology have remained particularly controversial in the literature due to
conflicting reports on the magnitude and direction of effects. Here, unambiguous results were
shown based on observations of water and vegetation in Australia. This analysis can be
extended to other continents and ecosystems, making use of widely available runoff
observations and global remotely sensed vegetation datasets. Finally, the potential role of
vegetation as a buffer for negative effects of climate change on water resources was
illustrated and the need to consider coupled vegetation and hydrological processes in

investigations of historical and future ET and runoff.
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