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Abstract. Climate change is expected to alter the global1l Introduction
hydrological cycle, with inevitable consequences for fresh-

water availability to people and ecosystems. But the attri-CI_ h . q | he alobal hvdrological
bution of recent trends in the terrestrial water balance re- imate change Is expected to alter the global hydrologica

mains disputed. This study attempts to account statisticall;f:_yCIe f(l:un:ington, 2006), shifﬂng (;che timing alndz%iggibu-d
for both trends and interannual variability in water-balancet'on Of freshwater resources (Kundzewicz et al., ) an

evapotranspiration (ET), estimated from the annual observe&h"’mgm.g the balance between preC|p|t.at|or_1, runoff and evap-
streamflow in 109 river basins during “water years” 1961— otranspiration (Zhang et al., 2012). Climatic effects may be

1999 and two gridded precipitation data sets. The basins Wergompounded by changes in vegetation, whether due to land

chosen based on the availability of streamflow time-seriesuse/ land cover change or vegetation physiological, compo-

data in the Dai et al. (2009) synthesis. They were dividedsm_Onal an_d structural responses caused by climate change
into water-limited “dry” and energy-limited “wet” basins fol- O 'ncreasing atmospheric GOTogether these effects have

lowing the Budyko framework. We investigated the potential the pcr:tentlal LO fcha;}nge the amoSunthof ;]N ater a\;]anable tq thle
roles of precipitation, aerosol-corrected solar radiation, Iancxb,IOSp ere and for human use. Such changes have particular

use change, wind speed, air temperature, and atmospher%gniﬁcance in regi_ons alreqdy suffering from Water_deficits.
CO,. Both trends and variability in ET show strong con- Evapotranspiration (ET) is the sum of evaporation from

trol by precipitation. There is some additional control of ET soil and open water, interception loss and plant transpiration.

trends by vegetation processes, but little evidence for con!t is a key ecosystem variable linking hydrological, energy

trol by other factors. Interannual variability in ET was over- 21d carbon cycles and amounts to up to 60 % of global land
whelmingly dominated by precipitation, which accounted on precipitation (Oki and Kanae, 200.6; Teuling e_t al., 2009). Be-

average for 54-55% of the variation in wet basins (rang-mqse ET cannot be measur_ed directly, multiple methods for
ing from O to 100 %) and 94-95% in dry basins (ranging esumatmg agtual ar_ld potential ET have been_ employed, in-
from 69 to 100 %). Precipitation accounted for 45-46 % of cludlng_ S"_"te"'te retrieval m(_atho_ds.based on ar tem_perature,
ET trends in wet basins and 80-84% in dry basins. Netnet radiation and/(_)r vegetation indices (Wang and Dickinson,

atmospheric C@ effects on transpiration, estimated using 2012), eddy covariance measurements of latent heat flux (e.qg.

the Land-surface Processes and eXchanges (LPX) mode?aldocchiet al., 2001), radiation-based calculations (Xu and

did not contribute to observed trends in ET because declin—S'ngh’ 2000), and pan evaporation measurements (Brutsaert,

ing stomatal conductance was counteracted by slightly bugOOG;lRodenckl ang Farql_Jhar,l 5002)' Thehre are fsw Iong—
significantly increasing foliage cover. 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- % runoft due to consumption % runoff due to consumption

ing to aridity index (Sect. 2.1). The basins indicated are those used ) )
as examples in Fig. 4. Fig. 2. The mean proportion of annual runoff (in %) due to con-

sumption in wet and dry basins.

Wet basins Dry basins

Number of basins

usually with runoff as the principal variable of interest (e.g. of global reconstructed runoff trends, but this has been con-
Dai et al., 2009; Gedney et al., 2006; Gerten et al., 2008tested (e.g. by Alkama et al., 2011). Rising atmospherig CO
Labat et al., 2004; Piao et al., 2007), but no consensus ogoncentration also can indirectly change ET and runoff via
causation has emerged (Alkama et al., 2011). The directionwo opposing processes: partial stomatal closure which tends
of historical trends in runoff has also remained unclear, withto reduce transpiration (Gedney et al., 2006; Sellers et al.,
Dai et al. (2009) and Milliman et al. (2008) finding a predom- 1996) and compensating increases in foliage cover, which
inantly negative or non-existent trend across a large numbetend to increase it (Betts et al., 1997). The net effect of rising
of river basins, in contrast to an increase in global runoff re-atmospheric C@on runoff trends is disputed (e.g. Alkama
ported by Labat et al. (2004). However, the data set of Labatt al., 2011; Gedney et al., 2006; Gerten et al., 2008; Piao et
et al. (2004) has been criticised, particularly for the waveletal., 2007). It remains unclear, based on published analyses,
method used to reconstruct the runoff time series (Legates athether or not changes in vegetation structure and function
al., 2005; Peel and McMahon, 2006). have left a detectable imprint on runoff. Studies focusing on
Many studies have recognised the importance of cli-ET have variously relied on trends in pan evaporation (Brut-
mate variability and trends, particularly in precipitation (e.g. saert, 2006; McVicar et al., 2012; Roderick and Farquhar,
Alkama et al., 2010; Dai et al., 2009; Gerten et al., 2008;2002, 2004), empirical equations (Wang et al., 2010; Zeng et
Milliman et al., 2008), as drivers of changes in ET and/or al., 2012; Zhang et al., 2012) or land surface models (Dou-
runoff. Gerten et al. (2008) attributed 70 % of a simulated ville et al., 2012; Li and Mdélders, 2008; Teuling et al., 2009).
runoffincrease over the 20th century to climate (precipitationBut pan measurements are only very indirectly related to ac-
and air temperature) based on the LPJmL vegetation modelial ET, while model simulations and empirical calculations
(Bondeau et al., 2007; Rost et al., 2008; Sitch et al., 2003)are uncertain and produce a large range of estimates (Mueller
Piao et al. (2007) reported a value of 53 % using the OR-et al., 2011; Zhang et al., 2012).
CHIDEE biosphere model (Krinner et al., 2005). Other pos-  This study aims to account for trends and interannual vari-
tulated climatic drivers of ET include solar shortwave radi- ability in ET during the period 1961-1999. Despite uncer-
ation (particularly global “dimming” and “brightening” due tainties afflicting both precipitation and streamflow data, the
to changes in aerosol loading; Roderick and Farquhar, 200Zjifference between these two variables (the “water balance
Wild et al., 2008) and wind speed (McVicar et al., 2012), ET”) integrated over a catchment remains the most firmly
both of which influence evaporative demand and thereforeobservationally based estimator of ET. We use the Dai et
ET. Changes to land-surface properties have also been iral. (2009) synthesis for streamflow data, and two alterna-
voked to account for historical runoff trends (Gedney et al., tive gridded precipitation data sets in order to take some ac-
2006; Piao et al., 2007). Deforestation decreases transpiraount of precipitation uncertainties. We consider all the pro-
tion and interception losses (Bradshaw et al., 2007; Gorposed drivers of annual ET, relying on observational data sets
don et al., 2005) and consequently increases runoff (Bosclivhere possible, but with transient foliage cover and stom-
and Hewlett, 1982), if precipitation is unchanged. In dry ar- atal conductance simulated by the Land Processes and eX-
eas, on the other hand, the expansion of croplands has beghanges Dynamic Global Vegetation Model (LPX DGVM)
made possible by widespread irrigation, which increases wa¢Prentice et al., 2011; Murray et al., 2011). In Sect. 2, we first
ter availability for ET and therefore tends to reduce runoff describe the data sets, the LPX DGVM and analysis meth-
(Gordon et al., 2005), if precipitation is unchanged (the qual-ods. Section 3 investigates (i) the interannual variability and
ifications are important because deforestation can also lead t@) trends in water balance ET and relates those to variability
reduced rainfall while irrigation can increase it; D’Almeida in potential drivers of ET. Finally, conclusions are presented
et al., 2007; Lo and Famiglietti, 2013). Piao et al. (2007) in Sect. 4.
concluded that land use change can account for about 50 %
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Table 1. The proportion of interannual variability explained by all A. All variables
predictor variables and precipitation only (expressed?%s and : s
the unique effect of meteorological and land surface variables as in- >
ferred from variance partitioning (expressed as &dj 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 % 55% 95% 94 %

Unique effect:
Meteorological 35% 40% 51% 56 %
Land surface 2% 3% 1% 1%

C. Land surface variables

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- JIRY
gether 109 basins were chosen, covering approximately 33 %

of the unglaciated land surface (Fig. 1). Only basins with _ ) ) o

<10 missing months during 1961-1999 were included inF'g' 3. The proportion of.lnteranr)ual vquablllty in water balance
the analysis; gaps in the data were filled by linear interpo—ET explained by all predictor variables in each bagi); and the

. . i ff f logi I f iabl
lation between the values for the same month in the year ber. " Iue € ect of meteorologicdB) and land surfaceC) variables

) . in controlling ET variability, determined by variance partitioning.

for_e and the year after the gap. Basin boundaries were acxj| yajues shown are based on CRU precipitation.

quired from the Global Runoff Data Centre (GRDRtp:

/lgrdc.bafg.de/ Geoscience Australia National Catchment

Boundaries v.1.1.3hftp://www.ga.gov.ay/ the US Geolog-

ical Survey HYDRO1k project (Peel et al., 2010) and the 2.2 Data

European Environment Agencyt{p://www.eea.europa.eu/

data-and-maps/data/european-river-catchments- 1 Observed river discharge data (converted to runoff units)
The basins were divided into “energy-limited” (wet) and were acquired from the Dai et al. (2009) data set, which in-

“water-limited” (dry) basins according to the Budyko frame- cludes monthly streamflow at the farthest downstream gaug-

work (Budyko, 1974; Donohue et al., 2007; Li et al., 2013) ing stations for the world’s 925 largest river basins during

(Fig. 1). This separation was achieved using the climatologthe period 1900-2006. The data were compiled by Dai et

ical aridity indexA (A = Ep/P, where E, = annual mean  al. (2009) mainly from Global Runoff Data Centre (GRDC),

potential ET andP = annual mean precipitation), averaged University of New Hampshire (UNH) and National Center

over the basin area. Basins with< 1.5 were classified as for Atmospheric Research (NCAR) records. As the observed

“wet” and those withA > 1.5 as “dry” (Zhang et al., 2012). A  streamflow records are likely to include changes due to hu-

value ofA was calculated for each basin based on 1961-1999nan disturbances (dams and water withdrawals), monthly

mean values of precipitation in the Climatic Research Unitwater consumption estimates from the Global Water Use

(CRU) TS 3.1 archive at 0°Fesolution (Harris et al., 2013). (GWU) model nested in the WaterGAP-2 model (Alcamo et

Ej,, for each basin was calculated using the Priestley—Taylorl., 2003) were added to the observed runoff values. GWU

method as in Gallego-Sala et al. (2010), using 1961-199%stimates consumption based on three submodels for agricul-

mean values of cloud cover and air temperature from CRUtural, industrial and domestic water use sectors &t€patial

TS 3.1. The Priestley—Taylor method has been shown to b&esolution. The correction is minimal in the majority of wet

appropriate for large-scale potential ET estimates (RaupacHasins, with consumption accounting for 2 % of runoff on av-

2000, 2001) and has been employed in other catchment-scafgrage (ranging from 0 to 29 %; Fig. 2). This leads to an aver-

studies (e.g. Guerschman et al., 2009; Zhang et al., 2004). 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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ter, Boulder, Coloraddttp://www.cdc.noaa.goyfegridded

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).
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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
H organic aerosols (Bellouin et al., 2007)).
£ Land use data were acquired from the HYDE v3.1
700 Hezen Russia (vep) 2w e s database of Klein Goldewijk (2001), which describes “pas-
, a ture” (including rangeland) and cropland extent atGpa-
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ZZZ =084 750.40 22w W\/\/\”N » termined from historical data on agricultural activities us-
1960 1o 1380 9%0 2000 1960 1o70 P80 1990 2000 ing population density as a proxy for location (Klein Gold-

] ) o ewijk and Ramankutty, 2004). The data were linearly inter-
Fig. 4. Examples of interannual variability in water balance ET and 5564 to annual timescale from the original decadal time
its relationship with precipitation, solar radiation, stomatal conduc- step (Prentice et al., 2011).

tance, foliage cover, air temperature and wind speed. Three-year .

block averages were used to smooth time series. Correlation coeffi- Al dall_y or mo_nthly data were converted to water yea_r to-
cients for ET against precipitation;() and the second plot variable talsj Basm'.SpeC'f'C. values were extracted from each Q”dd‘?d
(r») are shown. The location of each basin is indicated in Fig. 1. variable using a point-based method, whereby cells with their

centres within the catchment boundaries were selected.
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on average (varying from 0 to 87 %; Fig. 2), but since runoff 2.3 LPX model
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 correctioynamic global vegetation models (DGVMs) can repre-
leads to an average reduction of 12% in ET. sent time-dependent variations in ecosystem composition (in
Water balance ET was calculated as the difference beterms of plant functional types), structure (including height,
tween observed annual precipitation and runoff. Water yeabiomass, leaf area index and foliage projective cover) and
(October—September) totals were used to account for the effunction (including gross and net primary production, ET and
fects of water storage in snowpacks during Northern Hemi-runoff) (Murray et al., 2013; Prentice and Cowling, 2013).
sphere winter. The water balance method has the advarifhe LPX DGVM (Prentice et al., 2011) is a development
tage of being based on observations but assumes negligef the Lund-Potsdam-Jena (LPJ) model (Sitch et al., 2003;
ble changes in soil water storage. Two ET values were calGerten et al., 2004) with improved fire dynamics (Prentice
culated for each basin using two alternative precipitationet al., 2011). The model makes use of a photosynthesis—
data sets from the CRU TS 3.1 archive (Harris et al., 2013)water balance scheme that explicitly couples Csimi-
and Global Precipitation Climatology Centre (GPCC) Full lation with transpiration (Gerten et al., 2004) but does not
Data Reanalysis Product v.4 (Rudolf et al., 1994; Schneideinclude nutrient constraints on assimilation. LPX has been
et al., 2008http://www.esrl.noaa.gov/psd/data/gridded/data. evaluated against global and local hydrological data (Gerten
gpcc.htm). Both precipitation data sets are gridded at’0.5 et al., 2004; Murray et al., 2011; Ukkola and Murray, 2013)
spatial resolution and were produced by three-dimensionaas well as a comprehensive set of vegetational, atmospheric
interpolation of station data from multiple sources. Neither and hydrological benchmarks (Kelley et al., 2012). The hy-
data set has been corrected for the possible effects of gaugiological component is detailed in Gerten et al. (2004). A
undercatch. full description of the vegetation and carbon dynamics can be
Gridded monthly air temperature data at®0spatial reso-  found in Sitch et al. (2003). Here we provide a brief discus-
lution were obtained from the CRU TS 3.1 archive. Monthly sion on the processes directly influencing ET in the model.
near-surface (10m) wind speed data were acquired from Stomatal conductancgd) is determined based on day-
National Centres for Environmental Prediction (NCEP) re- time assimilation rate44;), ambient CQ concentrationdz)
analysis product (NOAA-CIRES Climate Diagnostics Cen- and a plant functional type (PFT) specific minimum canopy

Hydrol. Earth Syst. Sci., 17, 41774187 2013 www.hydrol-earth-syst-sci.net/17/4177/2013/
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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.

such a way as to be consistent with Monteith’s (1995) empir-
1644 ical formulation of the relationship between ET agid The
_ Q) fractional foliage projective cover (FPC) for PFT is calcu-
ca(l—2) lated annually as a function of total crown area (CA), plant
population density®) and the average individual FPC (Sitch

conductancegmin):

8c = &min+

wherea takes a maximum value of 0.8 fos@nd 0.4 for G
plants. When soil water supply is limiting. is reduced in
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Table 2. Attribution of water balance ET trends (in mnT¥) in wet basins based on coefficients gnatalues from a multiple regression
analysis, using CRU- and GPCC-based ET and precipitation, respectively. Signjficaloies  0.05) and coefficients are in italics.

CRU GPCC CRU GPCC

Predictor Coefficient p value
Precipitation (mmyr?2) 0.49 0.51 0.000 0.000
Shortwave radiation (W m? yr—2) —0.97 0.02 0.489 0.991
Wind speed (mslyr—2) 798 —553 0671 0.764
Air temperature{C yr—2) 1.62 340 0930 0.851
Pasture 62.59 38.49 0.516 0.688
Cropland 93.87 —-20.30 0.413 0.859
LPX-simulated foliage cover 340.85 12548 0.040 0.428

LPX-simulated stomatal conductance—288.47 —232.18 0.658 0.718
(molm=2s1yr=2)

Table 3.The proportion of ET trends explained by all predictor vari- CRU TS 3.0 archive and NCEP wind speed, together with
ables and precipitation only (expressedr®y across wet and dry global annually varying C&concentrations (Etheridge et al.,
basins, using CRU- and GPCC-based ET and precipitation, respect996; IPCC, 2001). Soil properties are prescribed based on
tively. Zobler (1986).

Wet Dry 2.5 Analysis
CRU GPCC CRU GPCC

We investigated what controls interannual variability in ET
Allvariables 49%  46% 94%  95% by comparing it to variability in precipitation, solar radiation,
Precipitation 45%  46% 80%  84% air temperature, wind speed, land use and vegetation pro-
cesses by means of multiple regression. Seven river basins
(Anabar, Lagarfljot, Olenek, Santa Mariada, Skjern, Teno
and Yukon), mainly situated in high northern latitudes, were
etal., 2003): excluded from this analysis as they have invariant (zero) pas-
ture and/or cropland extent, rendering the regression analysis
FPC=CA- P -FPGna. @ invalid. Coefficients of determinatiorRg) derived from the

Total FPC, the measure used in this study, varies between ultiple regression analysis were used to indicate the propor-
(bare ground) and 1. Annual average FPC has been found fion of var|ab|llty in ET explained by the predictor variables.
compare favourably against remotely sensed observations of Variance partitioning (Legendre and Legendre, 2012) was

the fraction of absorbed photosynthetically active radiationtsed to further attribute variability. Predictor variables were
(fAPAR) (Kelley et al., 2012). assigned to one of two categories: meteorological vari-

Both gc and FPC influence simulated actual ET. FPC de-ables (precipitation, solar rad.iation, air temperature and wind
termines the amount of transpiring foliage, and controls in-SP€€d) and land-surface variables (pasture and cropland ex-
terception loss by altering canopy storage capagiycon- tent, st(')matal' conductE}nce and'follage cover). The method
trols plant transpiration rates by linking G@nd water avail-  Makes it possible to estimate theiqueeffect of the two sets
abilities, so that transpiration is reduced at higher,@0n- of predictors. It partitions variance into four components: the

centrations and/or limited water supply and vice versa. unique contributions of the two sets of predictors, the com-
mon contribution of the two sets (the results of correlations

2.4 Model set-up among predictors) and residual (random) variation not ac-
counted for by the predictors. The unique effect of meteo-
The model was spun up for 7000 yr using a repeating timerological predictors was estimated as the difference between
series of detrended climate variables and stable @0  adjustedR? values derived from a multiple regression anal-
280 ppm, until the 50 yr means of the slow carbon pools var-ysis using (i) both sets of predictors and (ii) land surface
ied by < 2% (as detailed in Prentice et al., 2011). The modelvariables only, and vice versa.
was subsequently run in transient mode for the period 1850— Trends were calculated using ordinary least-squares linear
2006, forced with monthly gridded fields of mean, maximum regression based on annual values for water years (precipi-
and minimum air temperature, precipitation and cloud covertation, runoff, ET, solar radiation, wind speed, air tempera-
from the CRU TS 3.1 archive, wet day frequency from the ture and stomatal conductance) or calendar years (cropland,

Hydrol. Earth Syst. Sci., 17, 41774187 2013 www.hydrol-earth-syst-sci.net/17/4177/2013/
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Table 4. Attribution of water balance ET trends (in mnTy) in dry basins based on coefficients apdralues from a multiple regression
analysis, using CRU- and GPCC-based ET and precipitation, respectively. Signjficaloies  0.05) and coefficients are in italics.

CRU GPCC CRU GPCC

Predictor Coefficient p value
Precipitation (mmyr?2) 0.87 0.88 0.000 0.000
Shortwave radiation (W m? yr—2) 1.45 1.66 0.435 0.361
Wind speed (mslyr—2) 15.15 20.87 0.398 0.211
Air temperature{C yr—z) —-1.22 3.43 0931 0.809
Pasture 0.59 -5.57 0991 0.923
Cropland 131.05 125.61 0.255 0.276
LPX-simulated foliage cover 356.38 331.35 0.010 0.016

LPX-simulated stomatal conductance—2210.41 —2007.65 0.082 0.121
(mol m2s~1yr=2)

pasture and foliage cover) for the period 1961-1999. Tociated with wet years. This was particularly evident in dry

attribute trends in ET, a multiple regression of ET trendsbasins, where radiation was strongly reduced during years

against those in predictor variables was performed, and coefef increased precipitation and vice versa (see the Colorado

ficients andp values derived from the analysis were used to Basin in Fig. 4).

indicate the sign and significance of the relationship between Other climate variables showed significant correlations

ET and predictor trends, respectively. 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

3 Results and discussion correlated with ET in some small coastal basins (see the
o Sacramento Basin in Fig. 4). Stomatal conductance tracked
3.1 Interannual variability in water balance ET changes in ET in some mainly subtropical and tropical basins

see Congo in Fig. 4), whereas FPC correlated with ET in
Interannual variability in ET in both wet and dry basins was ( g g 4)

some (mainly dry) basins (see Yellow River in Fig. 4). Crop-
found to be strongly controlled by variability in precipita- ( y dry) ( 9-4) P

) bl lai % of land and pasture extents change gradually and show no sig-
tion. On average, we were able to explain 66-68 % of ETifjcant effects on interannual variability in ET. Changes in
variability in wet basins (ranging from 13 to 100 %), and

% in drv basi ) o ) _ soil moisture could in principle drive interannual variability
96% in dry basins (ranging from 79 to 100 %) (Fig. 3a; Ta- i, T (a5 much as they are a consequence of it) (Seneviratne
ble 1), with precipitation accounting for most of this (54-55

- X ; T~ et al., 2010) but were ignored in the water balance method.
and 94-95 %, respectively). The relationship to preCIpltatlo”However, we found no significant lags between precipitation

was particularly evident in_ the_z dry basins (see e.g. t_he Rio, nd ET on annual timescales (not shown), suggesting that
Grande and Colorado basins in Fig. 4) and precipitation an ime-varying retention of water in soils did not compromise

ET magnitudes are very similar (i.e. almost all precipitation the results
is evaporated and runoff is close to zero). In wet basins, pre- Variance partitioning was used to further attribute interan-

cipitation plays a slightly weaker role in controlling ET vari- nual variability in ET to establish the unique contributions

ability, as hypothesised based on the Budyko framework. ETof meteorological and land-surface variables. Meteorologi-

nfe\k/)ertheless trar::ks changes in preC|g|tat|on in the rt':alf)”ty_cal variables were found to exert a strong unique control,
of basins (see the Congo, Mezen and Sacramento basins Hle to the overwhelming importance of precipitation vari-

Fig. 4), with the exception of some northern high-latitude ;i (Fig. 3b). On average, meteorological variables ex-

?aazisc;?lsl;rleggir:?iz gﬁeptr:rs]ﬁ;\?v E";gg;gi?] average preclplblai_ned 35-40 :_:md 51-56 % of ET variability in wet and dry
o . : basins, respectively (Table 1). However, meteorological vari-
Solar radlat|o_n _rmght be _expected_to exert a strong Contr(_)lables were less important in some temperate northern and
oglE-If_ because it IS the mgg,‘ determm.anflof Fhe enelrgy ava'_lboreal regions, possibly as a result of greater precipitation
able for evaporation (Hobbins, 2004; Oliveira et al., 2011; uncertainties. Land-surface variables were found to be im-

Teuling et al., 2009), particularly in “energy-limited” wet ,.+20tin some cold and tropical regions but generally show

basins. However, we found no strong positive correlations, ;o weaker control on ET than meteorological variables

between ET and solar radiation variability and conversely, g 3¢y on average, land-surface variables only account for
solar radiation was often found to correlate negatively with 2-39% of variability in wet and 1% in dry basins (Table 1).
ET, likely as a result of increased cloud cover being asso-
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The basins where land-surface variables are significant ten@GPCC precipitation trends in the tropics compared to the rest
to be forested, and some of them subject to wide-scale deforef the world (not shown). Some wet basins also showed neg-
estation (e.g. Amazon and Congo) causing unusually largetive annual ET totals during some years as well as low ac-

changes in the land surface. tual/potential ET ratios and actual ET exceeding potential
ET, pointing to likely biases in the observations (Kauffeldt
3.2 Trends in water balance ET et al., 2013). However, the results were found not to be sen-

sitive to these physically implausible data. Other predictor
Both positive and negative trends are observed in the watevariables also have inherent uncertainties, particularly land
balance over the period 1961-1999 (Fig. 5). Precipitation, ETuse data for the pre-satellite era.
and runoff generally increased in the Americas, with some In dry basins, ET trends are mainly explained by precipita-
reductions in runoff in northern basins as a consequence dfion, which accounts for 80—-84 % of the trend (Tables 3, 4).
increased ET. Conversely, runoff and ET show reductions inThis agrees well with findings of Zhang et al. (2012), who
Africa, likely as a result of a sharp decline in precipitation, reportedR? =85 % for dry basins. In addition, increasing fo-
particularly in the Congo Basin. Elsewhere, water balanceliage cover shows a significant positive effect on ET trends,
trends are basin-dependent and where significant trends aimplying a net increase in transpiration and interception as a
present, ET and runoff have often changed in opposite direcresult of increased atmospheric €@his is in line with find-
tions, such as in parts of Siberia, Europe and India. Shortings by Donohue et al. (2013) who reported a recent greening
wave radiation decreased throughout the world, with the extrend across the world’s warm arid environments as a result
ception of Europe and parts of Africa (Fig. 5). No subse- of the CQ fertilisation effect. Together, all variables account
quent “brightening” was observed in North America, Aus- for 94-95 % of the ET trend (Table 3).
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 in4  €onclusions
creased everywhere except in tropical South Amenca. I‘andBoth trends and interannual variability in water balance
use changed almost throughout the world, with pasture ex- A
. . qET are strongly controlled by precipitation. In the dry
panding everywhere except North America and Europe an o ; A :
T . . “water-limited” basins precipitation explains 80-95 % of ET
cropland expanding in most regions apart from Europe. Sim- : . .
; changes, compared to 45-55 % in the wet basins. This con-
ulated FPC increased and stomatal conductance generally dg- . ; L
. . : clusion was shown to be independent of the precipitation data
creased, particularly in forested regions, as expected as a re- o . . !
: ) . Set used, and it is consistent with the expectation of strong
sult of increasing atmospheric GO T . .
: . water limitation of ET in dry basins.
In wet basins, observed trends in water balance ET are . :
. o . Vegetation processes were also found to influence ET. Fo-
generally explained by precipitation and to some extent in-

creased foliage cover (when CRU TS 3.1 based ET is usedjage cover was found to be a significant control of ET trends
Table 2) poignting to a small but signi;‘icant effect of in- Ih both wet and dry basins, and stomatal conductance varia-

. . X . tions correlated with the interannual variability of ET in some
creased atmospheric GOPredictor variables can explain basins. Both stomatal conductance and foliage cover are ex-
46-49 % of the ET trend, with precipitation alone account- ' 9

ing for 45-46 % of the ET trend (Table 3). Other variables, pected to TeSPO”d strongly to increasing atr.nospheng co
. . - o concentrations (e.g. Betts et al., 1997, 2007; Gedney et al.,
including solar radiation, were not found to be significant . . N .

. 2006; Sellers et al., 1996), but in opposite directions. With
predictors of the trend.

A previous study by Zhang et al. (2012) reporfedi=9 % large increases in C{projected, it is likely that CQeffects

for wet basins when water balance ET trends were comparewIII become increasingly apparent, but the sign and regional

L : . pattern of these effects over the longer term is not well con-
to precipitation trends. Our analysis explains more of the ET,_ . . )
. strained by the available evidence to date.
trends than Zhang et al. (2012) but we are still only able to -
. . Solar shortwave radiation was generally not found to be
account for around half of the ET trends in wet basins. ET_ .~ .. . o L .
. . S a significant predictor of ET variability. This is despite the
in wet basins may be inhibited by factors such as low vapour : - . .
- . . . . expectation that energy-limited basins, particularly, should
pressure deficit reducing evaporative demand. Soil moisture

has been postulated as an important driver of ET (Jung e[[espond to changes in the driving force for ET. However,

al., 2010) but was ignored in this study. However, other Stud_per_sis_tent large differences among different, satell?te-based
ieé have shown soil moisture to be mainly drivel% by precip—radla’[Ion data products (Zhang et al., 2012) may hinder the
itation (Sheffield and Wood, 2008), which is explicitly in- attribution of ET to solar radiation changes. Land use change

cluded in our analysis. It is unlikely that not accounting for effects on ET were not found to be significant.
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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