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Abstract A satellite-based water balance method is developed to model global evapotranspiration (ET)
through coupling a water balance (WB) model with a machine-learning algorithm (the model tree ensemble,
MTE) (hereafter WB-MTE). The WB-MTE algorithm was firstly trained by combining monthly WB-estimated basin ET
with the potential drivers (e.g., radiation, temperature, precipitation, wind speed, and vegetation index) across 95
large river basins (5824 basin-months) and then applied to establish global monthly ET maps at a spatial resolution
of 0.5° from 1982 to 2009. The global land ET estimated from WB-MTE has an annual mean of 593 + 17 mm for
1982-2009, with a spatial distribution consistent with previous studies in all latitudes but the tropics. The ET
estimated by WB-MTE also shows significant linear trends in both annual and seasonal global ET during
1982-2009, though the trends seem to have stalled after 1998. Moreover, our study presents a striking
difference from the previous ones primarily in the magnitude of ET estimates during the wet season
particularly in the tropics, where ET is highly uncertain due to lack of direct measurements. This may be tied
to their lack of proper consideration to solar radiation and/or the rainfall interception process. By contrast,
in the dry season, our estimate of ET compares well with the previous ones, both for the mean state and the
variability. If we are to reduce the uncertainties in estimating ET, these results emphasize the necessity of
deploying more observations during the wet season, particularly in the tropics.

1. Introduction

Evapotranspiration (ET) is the flux of water transferred from the land surface to the atmosphere; it plays
a central role in driving the climate system [Trenberth et al., 2009]. ET is controlled by a combination of
atmospheric evaporative demand, the energy available at the surface, and the soil moisture [Wang et al.,
2010]. With sufficient soil moisture, most of the net radiation at the surface is converted into latent heat
(ET), controlling the surface temperature. Atmospheric evaporative demand is expected to increase with
increasing temperature [Monteith, 1981; Roderick et al., 2007; Sheffield et al., 2012]. Thus, in response to
global warming, one should expect an intensification (or acceleration) of the global hydrological cycle
[Huntington, 2006], with an increase in both ET and precipitation [Douville et al, 2013]. Indeed, an
increase in global annual land ET over the last two decades of the twentieth century has been
documented by several studies [Jung et al, 2010; Zeng et al., 2012; Zhang et al., 2012]. However, this
global ET increase may have ceased or slowed down during the past decade [Jung et al., 2010; Vinukollu
et al, 2011; Zeng et al., 2012; Mueller et al., 2013]. One mechanism proposed to explain this phenomenon
is the increasingly widespread limitation of ET by soil moisture deficit [Jung et al., 2010]. Yet, both how
ET has varied over the past decades and what may have caused any variation is still quite uncertain
[Wang et al.,, 2010].

Using satellite and ground-based observations, several approaches have been used to estimate global ET over the
past three decades. Among them, only the eddy-covariance (EC) method provides a direct but local in situ
measurement of ET [Baldocchi et al., 2001; Wang and Dickinson, 2012]. Eddy-covariance measurements can be used
to generate ET data sets on a global grid, either by applying statistical models such as machine-learning interpo-
lation algorithms [Jung et al., 2009, 2010], or in process-oriented satellite algorithms, such as the Penman-Monteith
equation [Mu et al., 2011], the modified Penman-Monteith equation, and the Priestley-Taylor equation [Zhang
et al,, 2010]. Using a machine-learning algorithm (a set of linear regressions), Jung et al. [2010] (hereafter JUN10)
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drew up monthly gridded maps of global land ET from 1982 to 2008, by integrating EC measurements from a
global network of 198 flux towers (FLUXNET) with geospatial information from meteorological (precipitation,
temperature, and potential radiation) and satellite observations (Fraction of Absorbed Photosynthetically Active
Radiation). In addition, eddy-covariance ET measurements have also been employed to parameterize mechanism-
based algorithms using satellite data, which were then used to produce ET maps for the period 1983-2006 [Zhang
et al,, 2010] (hereafter ZHA10). However, ET measured using the eddy-covariance method must be treated with
caution. First, a lack of energy balance closure is often observed at EC sites, i.e,, the sum of the turbulent fluxes of
sensible and latent heat and heat storage falls short of the measured available energy at the surface [Wilson et al,,
2002; Foken, 2008]. Second, the EC measurements span a relatively short period and have a sparse spatial
coverage, particularly in the Southern Hemisphere and the tropics. These factors create uncertainty when
long-term global estimates of ET are produced from short-tern EC records [Wang and Dickinson, 2012] with
space for time extrapolation biases.

Currently, satellite-based energy balance approaches are frequently used to estimate monthly ET on both
regional and global scales [Fisher et al., 2009; Jung et al., 2010; Zhang et al., 2010; Mu et al., 2011; Vinukollu
etal,2011; Yan et al, 2012]. However, there is a significant challenge for these satellite-based energy balance
methods, using current remotely sensed radiation as model input to detect ET and its trend over wet regions
[Zhang et al., 2012]. An alternative is to estimate regional-average ET from the terrestrial water balance; ET is
then calculated as the residual between total precipitation and the sum of river discharge and terrestrial
water storage change [Rodell et al.,, 2004]. This water balance method (WB) was implemented by Zeng et al. [2012]
to estimate annual mean ET over large river basins from total precipitation, in situ discharge measurements, and
GRACE (Gravity Recovery and Climate Experiment) satellite-based measurements of the change in terrestrial water
storage change [Tapley et al., 2004]. The recent release of 10 day resolution observations for GRACE satellites
[Bruinsma et al., 2010] now provides us with the data to estimate basin-scale ET on a monthly time step. In this
study, we estimate global monthly ET on a grid of 0.5° resolution by downscaling monthly basin-scale ET using the
same machine-learning algorithm (the model tree ensemble, MTE) as Jung et al. [2010]. Previous work has shown
that empirical and statistical methods can be more accurate at estimating ET than complex physical and analytical
methods [Kalma et al., 2008], since these former approaches are data driven and less dependent on any rigid
theoretical assumptions [Jung et al., 2010]. The objectives of this study are to (1) evaluate the performance of a new
model that produces ET maps by combining the water balance (WB) approach with a model tree ensemble
(hereafter WB-MTE) to estimate ET at the basin level, (2) estimate the spatial distribution of annual and seasonal ET
from the WB-MTE algorithm on a global scale, and (3) investigate the trends of global ET at both annual and
seasonal timescales from 1982 to 2009.

2. Methods and Data Sets

2.1. Estimate of Basin ET From Surface Water Balance

The CNES/GRGS (Centre National d’Etudes Spatiales/Groupe de Recherches de Géodésie Spatiale) 10 day
gravity field models (release 2) provide a global distribution of terrestrial water storage anomaly (TWSA) by
recalculating GRACE measurements of geopotential solutions at 10 day intervals, based on an improved data
editing and solution-regulation procedure [Bruinsma et al., 2010]. For a given river basin, the monthly terrestrial
water storage change (TWSC) is calculated as the difference between the final 10 day TWSA of the month and the
first 10 day TWSA of the month at the same location. At a large river basin scale, one can safely assume that the
boundary of the surface drainage watershed coincides with the boundary of the groundwater flow [Rodell et al.,
2004] so that we can ignore the possibility of groundwater being diverted to another basin. Therefore, the monthly
basin water balance equation can be expressed as follows:

ET(n) = P(n) — Q(n) — (TWSAEnd(n) - TWSAFim(n)) M

where n is the month; ET, P, and Q are ET (mm per month), precipitation (mm per month), and discharge (mm
per month), respectively; TWSAgng (n) (TWSAgirst(n)) is the final (first) 10 day TWSA of the month at the location
(mm). On a monthly time step, TWSC cannot be neglected since it is in the same order of magnitude as ET,
especially for those basins with relatively low ET values [see Zeng et al., 2012]. Equation (1) is used to calculate
monthly basin ET between 2002 and 2009, using precipitation from rain gauge stations, river discharge from
hydrological stations, and TWSA from GRACE data. Monthly ET is set to zero if the calculated ET from equation (1)
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Table 1. List of Explanatory Variables Used for Training the Model Tree Ensembles (MTE)®

Variable Type Type of Variability Source
Temperature Regression Monthly CRU
Precipitation (Pre) Regression Monthly CRU
Incoming radiation (Rad) Regression Monthly CRU-NCEP
Pressure Regression Monthly CRU-NCEP
Vapor pressure Regression Monthly CRU
Wind speed Regression Monthly CRU-NCEP
Wet day frequency Regression Monthly CRU
Frost day frequency Regression Monthly CRU
Normalized Difference Vegetation Index (NDVI) Regression Monthly AVHRR
Mean annual NDVI (ANDVI) Split Static AVHRR
Mean monthly NDVI (MNDVI) Split Monthly but static over years AVHRR
Mean annual precipitation (AP) Split Static CRU
Mean annual radiation (AR) Split Static CRU-NCEP
Mean monthly precipitation (MP) Split Monthly but static over years CRU
Mean monthly radiation (MR) Split Monthly but static over years CRU-NCEP
Dry season length Split Static CRU
IGBP vegetation type Split Static MODIS
NDVI X Pre Split and regression Monthly

NDVI x Rad Split and regression Monthly

NDVIx Pre x Rad Split and regression Monthly

ANDVI x AP Split Static

ANDVIx AR Split Static

ANDVI x AP x AR Split Static

MNDVI x MP Split Monthly but static over years

MNDVI x MR Split Monthly but static over years

MNDVI x MP x MR Split Monthly but static over years

%In “Type” column, “Regression” denotes the variable used for regression, and “Spilt” represents the variable used for data stratifica-
tion. In “Type of variability” column, “Monthly” variables are continuously updated for each month, and “static” variables remain the
constant across all months and years. “Monthly but static over years” variables change monthly, but the monthly values are repeatedly
used across all years.

is less than zero or if maximum temperature of that month is lower than 0°C. This filter might underestimate basin ET
because it neglects snow sublimation and evapotranspiration from subregions where the temperature is below
freezing (see Figure 3d). In addition, we also exclude monthly basin ET, if it is higher than the highest monthly ET
inferred from the water balance equation on the three tropical rainforest basins in this study (Amazon, Tocantins,
and Rio Parnaiba).

2.2. Estimate of Global ET

We use the same MTE algorithm as Jung et al. [2009, 2010] to estimate gridded land ET on a monthly time
step. The MTE was first trained with monthly basin-average ET estimated from the surface water balance (WB)
as the independent variable and the set of ET explanatory variables listed in Table 1 as inputs. We then
extended the trained MTE (i.e,, WB-MTE) developed for our basins (see Figure 1) to a global domain. For each
vegetated land pixel (0.5° in our case), monthly ET is estimated from the trained MTE based on monthly
climate and satellite remote sensing data (Table 1) during the period from 1982 to 2009. In addition, the
pixels where WB-MTE estimated ET was higher than the highest WB-estimated monthly basin ET (about 0.5%
of global domain) were also excluded from the analysis. The MTE technique is an efficient method to upscale
carbon and water fluxes from the site level to the regional (or global) level and performs better than a single
tree in terms of extrapolation (see Jung et al. [2009, 2010] for detailed description of MTE). In this study, the
estimate of ET at the pixel level is achieved by downscaling WB-estimated basin ET; this is in contrast to the
previous study which used an upscaling method to derive gridded ET from point EC measurements [Jung
et al., 2010]. To evaluate the capability of the downscaling approach, WB-MTE simulated ET aggregated from
the pixels within each basin was compared to WB-estimated basin ET (see Figures 2a and 3). In this study, the
trends of ET are estimated by nonparametric Mann-Kendall test, as used for detection of monotonic trends in
environmental time series [Jung et al., 2010; Dorigo et al., 2012].

2.3. Data

The monthly basin-average ET is calculated as the difference between total precipitation and the sum of river
discharge and basin-averaged TWSC. Precipitation data is from the Climatic Research Unit (CRU) TS 3.1 data
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Figure 1. Map of basins used in this study. The color refers to the number of months at each basin that has passed the quality control and
been included in the analysis.

[Mitchell and Jones, 2005]. Both the digital map of world river basins and discharge data during the period

2002-2009 are from the Global Runoff Data Centre [GRDC, 2007]. Since 2008, CNES/GRGS has provided 10 day
TWSA data with a spatial resolution of 1°x 1°, i.e., the version 2 of the CNES/GRGS time-variable gravity
field models based on the GRACE data (GRACE/LAGEOQS, http://grgs.obs-mip.fr/grace/variable-models-

grace-lageos/grace-solutions-release-02) [Bruinsma et al.,, 2010]. These gridded TWSA data are used to
obtain monthly basin TWSC. River basins were excluded from this study if their area is less than 10,000 km?
(a pixel of about of 1°x 1°) or if GRDC [GRDC, 2007] lacks their discharge data for the period 2002-2009. In
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Figure 2. Comparison of modeled and WB-estimated monthly evapotranspiration (ET) at the basin level (n =5824 basin x months): (a) WB-
MTE ET, (b) JUN10 ET, (c) ZHA10 ET, and (d) MOD16 ET.
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Figure 3. (a) The locations of the three basins. The monthly time series com-
parison of WB-estimated ET and four ET estimates (WB-MTE, JUN10, ZHA10,
and MOD16) at three representative basins: (b) Tocantins basin at low latitude,
(c) Danube basin at middle latitude, and (d) Mackenzie River basin at high lat-
itude. Also shown are precipitation and discharge at the basin level.

total, 95 large basins (a total of 5824 basin-
months) were retained for the analysis
(Figure 1); this covers 50% of the global
land basin area and 45% of the precipita-
tion falling on that land.

Meteorological variables were interpolated
from weather station data from CRU TS3.1
[Mitchell and Jones, 2005] and the CRU-
NCEP product (http://dods.extra.cea.fr/
data/p529viov/cruncep); these were used
to construct the MTE for the estimation of
monthly gridded land ET. These variables
include temperature, precipitation, radia-
tion, pressure, vapor pressure, wind speed,
wet day frequency, and frost day frequency
(see Table 1) [Penman, 1948; Thornthwaite,
1948; Roderick et al., 2007; Teuling et al.,
2009; Jung et al., 2010; Fisher et al., 2011;
McVicar et al., 2012; Sheffield et al., 2012].
CRU-NCEP is a climate data set generated
by adding to the CRU TS3.1 monthly climate
data from the submonthly normalized vari-
ability of the NCEP reanalysis [Kanamitsu

et al., 2002]. Solar radiation is a key variable
driving ET, especially in regions where soil
moisture is nonlimiting [Hutyra et al., 2007;
Fisher et al., 2009; Costa et al., 2010]. Given
that solar radiation is not provided in CRU
TS3.1, we used solar radiation from CRU-
NCEP instead. Vegetation type has been
suggested as an important determinant for
ET [Piao et al., 2007], and normalized differ-
ence vegetation index (NDVI) is used as a
proxy for the physiological and structural
characteristics of vegetation [Myneni et al.,
1998]. NDVI data with a spatial resolution of
8 km during the period 1982-2009 are
generated from the Global Inventory
Modeling and Mapping Studies (GIMMS)
group at NASA GSFC [Tucker et al., 2005].
The dry season length for a given pixel is
calculated as the sum of those continuous
months with multiyear average precipita-
tion <30% of multiyear mean total annual

precipitation [Staver et al., 2011]. The vegetation type is derived from the Moderate Resolution Imaging
Spectroradiometer (MODIS) land cover type product (version 5 of MCD12Q1) [Cohen et al., 2006], and it is
assumed to remain constant during the period of analysis.

Three published global monthly ET products, i.e., JUN10, ZHA10, and MODIS ET [Mu et al., 2011] (hereafter
MOD16), were used for comparison in this study. As described above, Jung et al. [2010] provided a global ET
product at a 0.5° resolution from 1982 to 2008 by combining EC measurements, meteorological and satellite
observations, and a machine-learning algorithm (MTE). Both ZHA10 and MOD16 ET products were derived
from Numerical Terradynamic Simulation Group (NTSG; www.ntsg.umt.edu/). ZHA10 is a global ET product at
8 km resolution from 1983 to 2006. The global ET algorithm used by ZHA10 estimates plant transpiration and
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soil evaporation using a modified Penman-Monteith approach with an NDVI-based canopy conductance
model, which is parameterized using regional EC measurements [Zhang et al., 2010]. This algorithm also
quantifies open water evaporation using a Priestley-Taylor approach [Zhang et al., 2010]. MOD16 is a regular
1km? ET data set for vegetated areas across the globe at 8 day intervals from 2000 to 2010. The MODIS ET
algorithm uses a Penman-Monteith approach driven by MODIS derived albedo, land cover, leaf area index,
enhanced vegetation index, and daily meteorological inputs including incoming solar radiation, surface air
temperature, air pressure, and air humidity from NASA’s Global Modeling and Assimilation Office [Mu et al.,
2011]. The MODIS ET algorithm is also parameterized using tower EC measurements [Mu et al., 2011]. To
compare the capability of these algorithms at capturing the magnitude and variability of WB-estimated basin
ET, we compared our WB-estimated ET with modeled ET at basin scale for our WB-MTE algorithm and the
three ET products (see Figures 2 and 3). Note that the main objective of the intercomparison of different ET
products is not to demonstrate which product is more accurate but rather to find out when and where the
discrepancies occur across different products (see Figures 7 and 8).

3. Results
3.1. Evaluation of WB-MTE Performance in Estimating Basin ET

In this study, the monthly basin ET derived from the water balance approach (equation (1)) (hereafter WB-esti-
mated basin ET) can be regarded as reliable since rain gauge station data for precipitation, in situ river discharge,
and satellite-based TWSC are used as inputs [Zeng et al.,, 2012]. At the monthly timescale, our analysis shows that
the WB-MTE-based ET reconstruction is comparable to WB-estimated ET across all 5824 basin-months, with a
nearly zero mean bias (—0.03 mm per month) and a root mean square error (RMSE) of 26.7 mm per

month (Figure 2a).

A statistical comparison of WB-estimated and modeled basin ET for the WB-MTE algorithm and three other
published ET products (JUN10, ZHA10, and MOD16) indicates that the WB-MTE algorithm is the most accu-
rate at reproducing WB-estimated basin ET, in terms of correlation coefficient (R) and RMSE. Our WB-MTE
product has a higher R (0.78) and lower RMSE (26.7 mm per month) (Figure 2a) than the other three data
products (R=0.63 ~0.67; RMSE = 33.01 ~ 34.32 mm per month, Figures 2b, 2¢, and 2d). More importantly, the
WB-MTE algorithm works better for basins with high ET values, where ET tends to be underestimated by the
three other products (see Figure 2).

To further illustrate the performance of the WB-MTE algorithm, the monthly variations of ET from 2002 to
2009 are shown for three representative basins, spanning latitudes from tropical to Arctic: the Tocantins,
Danube, and Mackenzie River basins (Figures 3b-3d). As shown in Figure 3, the monthly variations of ET over
these three basins are well captured by the WB-MTE algorithm, with RMSE ranging from 14.6 to 28.6 mm per
month and R from 0.71 to 0.78. This comparison reveals that in terms of R and RMSE the WB-MTE algorithm
and the other three ET data products are more consistent between each other for the Danube and Mackenzie
River basins (Figures 3c and 3d) than for the Tocantins one (Figure 3b). For the Tocantins basin, if we consider
as an index of variability the standard deviation of monthly ET, it follows that the “true” ET variability from the
WB approach is 43.9 mm per month, which is underestimated by JUN10, ZHA10, and MOD16 (range

16.0 ~ 22.8 mm per month), whereas the WB-MTE result provides a closer approximation (33.9 mm per
month). The reason for this is that the WB-MTE algorithm can better reproduce the WB-estimated ET during
December to March when precipitation is greatest. For example, the WB-estimated ET over the Tocantins
basin can be as high as 150 ~ 200 mm per month from December to March, which is well captured by the WB-MTE
algorithm but underestimated by the other reconstructions (100 ~ 120 mm per month).

3.2. Spatially Averaged ET

Using the MTE trained with WB-estimated basin mean ET and geospatial within-basin information from sat-
ellite remote sensing and climate data, we estimated global monthly gridded ET at a spatial resolution of
0.5° from 1982 to 2009. The multiyear (1982-2009) average global annual land ET weighted by area is
593+ 17mmyr ' (a total volume of 71.1 £ 2.1 x 10> km?>). This is almost the same value as was obtained with a
WB-based approach (604 + 46 mmyr~') [Zeng et al,, 2012] but higher than JUN10 (65 +3 x 10> km®yr~" during
1982-2008), ZHA10 (539 +9 mm yr’1 during 1982-2006), and MOD16 (552 +4 mm yr’1 during 2000-2010).
Moreover, the multiyear-average global annual ET from this study amounts to 581+ 14mmyr ' during
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1989-1995, a value that falls within the range (511 ~ 650 mm year’1) estimated from 30 diagnostic ET data
sets from observations and 11 data sets from land surface models [Mueller et al., 2011].

On the seasonal timescale, the multiyear (1982-2009) average global land ET during MAM (March, April, and
May), JJA (June, July, and August), SON (September, October, and November), and DJF (December, January,
and February) are 47.4, 61.4, 46.9, and 40.5 mm per month, respectively. This seasonality is similar in phase
and amplitude but higher in magnitude than the other three data sets. For example, during JJA and DJF, their
estimates are within the range of 55~ 61 and 32 ~36 mm per month, respectively.

3.3. Mean Spatial Pattern of ET

3.3.1. Annual

Both the multiyear (1982-2009) average annual ET spatial distribution and its zonal average are shown in
Figure 4a. We find that ET varies among regions and latitudes, yet with a maximum between 23°S and 23°N.
Highest annual ET occurs in the tropics and lowest values in the Arctic. This is because at high latitudes ET is
limited by low solar radiation and freezing temperatures over much of the year. As shown in Figure 4a, the
latitudinal distribution of ET from our MTE-WB estimate agrees with those of JUN10 and ZHA10. Nevertheless,
our ET estimate is higher than that from JUN10 and ZHA10 particularly in the tropics (Figure 4a).

3.3.2. Seasonal

Figures 4b—4e displays multiyear (1982-2009) seasonal patterns of global land ET. Distinct seasonal cycles of
ET can be found north of 30°. For example in the Northern Hemisphere, mean monthly ET from WB-MTE is
higher during JJA when air temperature, solar radiation, and NDVI (as a surrogate of active transpiring
canopies) are maximal (data not shown). During SON and DJF, monthly ET rates are smaller, reflecting plant
dormancy because of decreasing air temperatures and low solar energy. By contrast, ET around the equator is
high throughout the whole year. High ET is also found in South America, Africa, and Southeast Asia, where
tropical rainforests prevail.

We also found that the locations where peak ET rates occur differ among the four seasons (Figures 4b-4e). For
example, during MAM and SON, peak ET occurs around the equator (Figures 4b and 4d). Peak ET then moves
northward to the Tropic of Cancer during JJA (Figure 4c) and southward to the Tropic of Capricorn during DJF
(Figure 4e). The seasonal variation in locations where peak ET occurs coincides with the development and the
movement of the Intertropical Convergence Zone, where higher precipitation generally occurs.

We obtain a similar latitudinal distribution of ET between our estimate and the previous two approaches
(JUN10 and ZHA10) across the four seasons (Figures 4b-4e). However, the seasonal change in the locations
where peak ET rates occur (within 23°S and 23°N) is not obvious in the previous two estimates. Moreover, our
ET estimate is obviously higher than those from JUN10 and ZHA10 in the locations where peak ET rates occur,
particularly during JJA and DJF (Figures 4c and 4e).

3.4. Characteristics of ET Trends

3.4.1. Annual

As shown in Figure 53, the global annual land ET increased from 1982 to 2009 with a linear fit having a slope
of 1.5mmyr 2 (p < 0.001). This increase of global annual land ET mainly occurred between 1982 and 1998,
with a linear trend of 2.2 mmyr~2 (p < 0.01). Such an increase in annual ET is consistent with the expected
acceleration of the global terrestrial hydrological cycle in response to global warming [Huntington, 2006;
Douville et al., 2013]. However, since 1998, the increase in global annual ET appears to have stalled (p =0.45),
with a 95% confidence interval trend in the range —1.3 ~2.0 mmyr 2. This stabilization of ET seems to be
driven by trend changes in the Southern Hemisphere (SH) more than in the Northern Hemisphere (NH). In the
SH, the ET time slope is found to have changed from positive (20.0 mmyr~' per decade) during 1982-1998
(pre-1998) to negative (—3.8 mmyr ' per decade) during 1998-2009 (post-1998) (Figure 5a). In the NH, a
significant ET increase in the pre-1998 period (19.2 mmyr ' per decade, p < 0.01) has become nonsignificant
in the post-1998 period (11.7 mmyr~' per decade, p=0.15).

3.4.2. Seasonal

Figures 5b-5e shows interannual variations of global land ET for the four seasons (DJF, MAM, JJA, and SON).
We found significant ET increases at a rate of 0.10, 0.13, 0.13, and 0.14 mm month™ ' yr~' from 1982 to 2009
for DJF, MAM, JJA, and SON, respectively. All periods except MAM show a significant positive trend (p < 0.1)
before 1998, but these positive trends cease (p > 0.1) after 1998 (Figures 5b-5e). For example, in JJA, global
ET significantly increased at a rate of 0.2 mm month™ ' yr ™' between 1982 and 1998 (p < 0.05), but there is no
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Figure 4. (left) Spatial patterns of multiyear average global land ET from the WB-MTE algorithm and (right) mean latitudinal distribution
from 1982 to 2009: (a) Annual; (b) March, April, and May (MAM); (c) June, July, and August (JJA); (d) September, October, and November
(SON); and (e) December, January, and February (DJF). The shaded area denotes 1 standard deviation of WB-MTE-simulated ET. Also shown
are mean latitudinal ET from JUN10 and ZHA10.
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Figure 5. (left) Interannual variability of global land ET from 1982 to 2009 and (right) ET changes averaged over the globe, Northern
Hemisphere, and Southern Hemisphere: (a) Annual; (b) March, April, and May (MAM); (c) June, July, and August (JJA); (d) September,
October, and November (SON); and (e) December, January, and February (DJF). The numbers in parentheses are 95% confidence levels for
trends based on Mann-Kendall test. The range of bars denotes the 95% confidence interval. Significance levels are indicated in 3 stars, 2
stars, and n.s. representing p < 0.01, p < 0.05, and p > 0.05, respectively.
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of the difference in ET trend between periods 1982-1998 and 1998-2009: (a) Annual; (b) March, April, and May (MAM); (c) June, July, and August (JJA); (d) September, October, and
November (SON); and (e) December, January, and February (DJF). The inset panels show the area where the ET trend is statistically significant (p < 0.05), and the blue stands for significant
increase and the red for significant decrease.

significant positive trend after 1998 (0.1 mm month™"yr™', p=0.54). In DJF, global ET increased at a rate of
0.2mm month™'yr ! before 1998 (p < 0.05), whereas the trend becomes negative and nonsignificant after
1998 (—0.01 mmmonth™'yr~', p=0.63).

A seasonal comparison of changes in ET trend before versus after 1998 indicates that the magnitudes of the
ET trend changes during JJA and DJF are higher than in MAM and SON (Figures 5b-5e). Moreover, the sum of
the changes in ET trend between pre-1998 and post-1998 periods during both JJA and DJF can account for
61% of the total annual ET trend change (Figures 5b-5e). Further, as seen in Figures 5c and 5e, the ET trend
changes diagnosed during JJA mainly occur in the Northern Hemisphere (NH), whereas those during DJF occur in
the Southern Hemisphere (SH). These patterns indicate that the trend changes in global ET (Figure 5a) mainly
originate from the summer seasons in each hemisphere.

3.5. Spatial Patterns of ET Trend Changes

3.5.1. Annual

Figure 6a1 shows the spatial distribution of ET trends from 1982 to 2009. Eighty-five percent of the pixels
show an increasing trend in ET (45% with a significant trend). The largest ET increases occurred in South
America, Africa, and Southeast Asia (Figure 6a1), where annual ET is also the highest, as shown in Figure 4a. In
addition, we diagnose a significant and widespread ET increase in the boreal region (Figure 6a1).

Over most of the globe, the overall increase in annual ET from 1982 to 2009 can largely be attributed to an
increase that occurred before 1998 (Figure 6a2). After 1998, only a few regions still show this increasing ET
trend: eastern Southern America, the rainforest of the Congo basin, and part of the Southeast Asian rainforest
(Figure 6a3). Comparing annual ET trends for the periods before and after 1998, more and more pixels ex-

perienced a decreasing trend during the post-1998 period. This is particularly evident for Australia, southern
Africa, southern South America, northern Amazonia, boreal North America, southern China, and the Korean
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Peninsula and Japan (Figure 6a4). The spatial pattern of the difference in ET trends for each grid cell between
the two time periods indicates a likelihood that the increase of annual ET has ceased, or even reversed, after

1998 (Figure 6a4) over 65% of the vegetated land surface, defined as NDVI > 0.1.
3.5.2. Seasonal

Figures 6b-6e show the spatial distribution of ET trends from 1982 to 2009 for each of the four seasons. The
regions where maximum positive ET trends are reconstructed differ among the four seasons: areas with the
highest positive ET trends are located around the equator during MAM and SON (Figures 6b and 6d), around
the Tropic of Cancer in JJA (Figure 6c), and the Tropic of Capricorn in DJF (Figure 6e). During MAM and SON,
ET increases significantly over the globe (22% and 27% of grid points with significant positive trends, respectively)
(p < 0.05), especially in Eurasia. A large and significant trend is also found in the summer seasons in each
hemisphere (JJA and DJF). Over tropical rainforest regions, increasing ET is found during each of the four seasons.
By contrast, in some areas, e.g., eastern China, ET decreased in one season (SON) but increased in some other
seasons (e.g.,, MAM).

We also analyzed changes in seasonal ET trends before and after 1998 and found that the spatial pattern
of the change in ET trend has a strong seasonality (Figures 6b4, 6c4, 6d4, and 6e4). In JJA, the ET trend
changes mainly occur over the NH, where more than 65% of pixels experienced a negative change of
trend (Figure 6c4). In DJF, such negative trend changes mainly occurred in the SH, with 62% of pixels
being affected (Figure 6e4). By contrast, during both MAM and SON, ET trend changes mainly occurred
around the equator (~ 30°S to 30°N) (Figures 6b4 and 6d4). In general, the seasonal patterns of the ET
trend changes after 1998 are similar to those of annual ET (see Figure 6a4). By comparing the spatial

distributions of annual ET trend changes with those of seasonal trend changes, it can be seen that the
annual ET trend change in the NH mainly originates from a change that happened in JJA, and the an-
nual ET trend change in the SH mainly stems from a trend change during DJF (Figures 6c4 and 6e4). We
should note that the trend change in the tropics is much more complex. For example, in Amazonia, the
trend changes in the eastern and the western parts of the basin are completely different among the four
seasons (Figure 6).

4, Discussion and Conclusion
4.1. Comparison With EC-Based ET Estimates

According to our WB-MTE reconstruction, ET and its trends are higher than the estimates from the MTE
reconstruction based upon eddy-covariance measurements (JUN10), particularly in wet tropical regions (e.g.,
Figures 3b and 4). The discrepancies between the two methods can be further analyzed by splitting the
whole year into dry and wet seasons. We define the dry season as having continuous months with multiyear
averaged precipitation less than 30% of multiyear averaged annual precipitation and the other months as the
wet season [Staver et al., 2011] (see Figures 7a and 7b). During the dry season, the latitudinal distributions of
the WB-MTE and JUN10 ET agree well with each other (R=0.96, p < 0.001) (Figure 7c). On the interannual
timescale, the ET variability from WB-MTE is roughly consistent with JUN10 if the period 1991-1994 is
excluded (Figure 8b). By contrast, during the wet season, WB-MTE ET is obviously higher (19 mm per month)
than JUN10 ET over the tropics (23°S ~ 23°N) by on average 19% (Figure 7d). Moreover, WB-MTE ET has a much
large interannual variability during the wet season than the JUN10 product (Figure 8c). Thus, the observed
discrepancies between our WB-MTE and the eddy-covariance based JUN10 reconstruction (e.g., Figures 3b and 4)
are driven primarily by their differences in the wet season. It is the same for the discrepancies between the
WB-MTE and ZHA10, which is a satellite-based energy balance method parameterized using eddy-covariance
measurements. Causes for these differences are discussed below.

First, solar radiation is recognized to be a key variable in determining ET especially in wet season regions
where soil moisture is not limiting ET (e.g., wet tropics) [Hutyra et al., 2007; Fisher et al., 2009; Costa et al., 2010;
Wang and Dickinson, 2012]. However, MTE in JUN10 did not include solar radiation as a predictor and ZHA10
used remotely sensed radiation input data with insufficient accuracy [Yan et al., 2012; Zhang et al., 2012].
Evidence for this can be found during the Pinatubo volcano eruption of 1991. The consequent reduction in
solar radiation from 1991 to 1992 (decreased by 2.2 W m ™2 globally) leads to a divergence between JUN10 and
WB-MTE for this period (gray-shaded area in Figure 8). The abrupt decrease of ET is also confirmed by most other
ET products from observation-based algorithms, land surface model simulations, and atmospheric reanalysis [see
Mueller et al,, 2013]. This difference in methodology is even more pronounced if only the wet season is considered
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Figure 7. Spatial distributions of (a) the beginning of the dry season and (b) the length of dry season. Spatial distribution of (c) dry season
averaged ET and (d) wet season averaged ET and mean latitudinal ET estimated from three different methods (WB-MTE, JUN10, and ZHA10).
The shaded area denotes 1 standard deviation of ET from WB-MTE.

(Figure 8). This leads to a limitation in the capacity of the two EC-based methods to simulate interannual or decadal
variations in ET, a conclusion that has also been drawn by previous studies [Yan et al, 2012; Zhang et al,, 2012].
Second, forest rainfall interception loss is an important component of ET under wet canopy conditions (e.g., wet
tropical rainforest). The low aerodynamic resistance and the water supply unrestrained by stomatal control result
in high evaporation rates from wet canopies [Gash, 1979; Miralles et al., 2010, 2011]. This process could result in a
higher ET during the wet season [Schellekens et al., 1999]. For example, at a Bornean tropical rainforest station, the
ET was found to be as high as 129 mm per month that is similar to the WB-MTE ET during the wet season
(Figure 7d), and its canopy rainfall interception loss up to 30% of the transpiration and 23% of total ET [Kumagai
et al,, 2005]. However, eddy-covariance measurements may underestimate wet canopy evaporation (rainfall in-
terception loss) over the tropics due to the intermittency of the strong turbulence during rainfall [Holwerda et al.,
2012]. Moreover, the canopy interception loss process is not considered in the global ET algorithm of ZHA10. This
might be an important reason for the striking difference between the water balance ET and the EC-based ET for
the wet tropics.

Third, we should note that other factors also contribute to uncertainties in ET trend or variability reconstructed by
both JUN10 and ZHA10. In particular, the MTE method of JUN10 was trained with data from EC sites with an
average duration of only 2 years [Jung et al,, 2010; Zhang et al., 2012], and it thus relies on spatial (current) gradients
to reconstruct temporal trends. In contrast, the WB-estimated basin ET applied to train MTE spans the period of
GRACE data, beginning in 2002. While this period is much longer than that used by JUN10, it still suffers from the
assumptions in a “space-for-time” substitution. In addition, the ET underestimation by EC-based approaches in the
tropics, which is also documented in a recent modeling study [Shi et al,, 2013], might also stem from the fact that
FLUXNET has a relatively sparse spatial coverage of EC sites in the tropics [Wang and Dickinson, 2012].

Finally, we should note that the WB-estimated basin ET is a whole basin average, which includes evaporation
from lakes and river as well. Water bodies account for nearly 2% of the area across all 95 basins used in this
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study. Our MTE method trained with WB basin ET measurements might thus be expected to overestimate ET
on a global scale. However, this seems unlikely, because the WB-MTE-based ET is only higher than other
approaches over the tropics during the wet season (see Figures 3, 4, and 7).

4.2. Change in Global Land ET Trends

The WB-MTE reconstruction confirms previous findings that global annual land ET has increased during the
last two decades of the twentieth century [Jung et al., 2010; Zhang et al., 2012] and that this trend has ceased
over the past decade [Jung et al., 2010; Vinukollu et al., 2011; Mueller et al., 2013]. Jung et al. [2010] proposed
that the change in trend is the result of an increasingly widespread limitation of ET by lack of soil moisture.

In this study, we employ two soil moisture data sets: total soil moisture content (in the depth of soil down to 2.89 m)
from ERA-Interim reanalysis [Dee et al., 2011] and top soil moisture (in the top ~20 mm) from the ESA-CCl SM
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1998-2009 in (c) CRU precipitation. Small trend changes are shown in gray to enhance clarity.

data set; the latter obtained by a fusion of passive and active satellite observations [Dorigo et al., 2012]. We find a

strong spatial correlation between the trend changes of WB-MTE ET and the trend changes of the two soil

moisture data sets, particularly in the SH (p < 0.001; Figures 9a and 9b). This is also documented by Jung et al.
[2010]. In the NH, spatial consistency is also found between WB-MTEET trend changes and soil moisture trend

changes from ERA-Interim (Figures 6a4 and 9a) but not for surface soil moisture from remote sensing

(Figures 6a4 and 9b). This discrepancy may result from the different depths of soil moisture in the two data sets,
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since the satellite approach only detects moisture in the top ~20 mm of soil. For example, there is more deep-
rooted (>20 mm) vegetation in the NH [Jackson et al., 1996], particularly in boreal forest, than in the SH, and
because vegetation can extract water from the whole layer of soil, it is possible that ET in the NH is more reg-
ulated by the total soil moisture. On the other hand, our results show that the cessation of the positive ET trend
since 1998 mainly occurs over the summer hemispheres (Figures 5b-5e) when the energy supply is relatively
abundant. This implies that soil moisture rather than energy supply may become the limiting control on ET and
be responsible for the changes in ET trends [Fischer et al., 2007; Teuling et al., 2009; Jung et al., 2010].

We also find a strong spatial coherence between precipitation trend changes and ET trend changes (R=0.82,
p < 0.001) over the past three decades (Figures 6a4 and 9c¢). This coherence may be explained by the fact that
less precipitation leads to lower soil moisture (also see Figures 9a and 9b), which in turn limits ET (see
Figure 6a4). In addition, ET can also feedback positively on precipitation since the precipitated water in the
atmosphere is partly formed from water evaporated from the land surface, although the strength of this
impact is still not clear [Eltahir and Bras, 1994; Koster et al., 2003, 2004; Seneviratne et al., 2010; Findell et al.,
2011]. If this impact were very strong, a reduced ET due to limiting soil moisture would decrease the pre-
cipitation, which should further reduce soil moisture [Koster et al., 2004; Seneviratne et al., 2010]. This is the
mechanism for a positive feedback between ET and soil moisture, implying that both ET and soil moisture
might continue to decline once a deficit in soil moisture is established. This feedback process could provide a
mechanism that would attenuate acceleration of the global hydrological cycle due to recent global warming
[Koster et al., 2003; Jung et al., 2010; Teuling et al., 2013]. On the other hand, the feedback of ET on precipitation may
not be so large [Seneviratne et al., 2010], for example, a recent study showed that the stalled increase in the trend of
increasing global land precipitation since the late 1990s is mainly due to the increasing levels of stratospheric
aerosols [Fyfe et al.,, 2013]. If this is true, then a positive feedback between soil moisture and ET is perhaps of less
importance, and the recent ET decline may then not trigger a permanent “braking effect” on the terrestrial
hydrological cycle. However, this issue is still not clear and needs further investigation [see also Salvucci et al,, 2002;
Koster et al,, 2003, 2004; Jung et al., 2010; Seneviratne et al., 2010].

To summarize, we have developed a water balance approach (WB) in a machine-learning algorithm (MTE)
(referred to as WB-MTE) to estimate basin ET at the monthly timescale. We then provided an estimate of
global ET over the past three decades by integrating satellite remote sensing, surface meteorological observations,
and the WB-MTE algorithm. A strength of this data-driven approach in modeling ET is that it does not require any
model assumptions. However, we note that because the WB-MTE algorithm is a statistical tool, the relative im-
portance of different variables or processes in determining ET cannot be readily disentangled. Thus, process-based
models including the main drivers of ET are also needed to understand the relative contributions of the different
factors (e.g., climate, atmospheric CO, concentration, nitrogen deposition, aerosol deposition, and land use
change) influencing the spatial and temporal variations in ET at different timescales [e.g., Koster et al,, 2004; Teuling
et al,, 2009; Shi et al., 2013].
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