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[1] The Budyko framework elegantly reduces the complex spatial patterns of actual

evapotranspiration and runoff to a general function of two variables: mean annual
precipitation (MAP) and net radiation. While the methodology has ﬁrst-order skill,
departures from a globally averaged curve can be signiﬁcant and may be usefully attributed
to additional controls such as vegetation type. This paper explores the magnitude of such
departures as detected from ﬂux tower measurements of ecosystem-scale evapotranspiration,
and investigates their attribution to site characteristics (biome, seasonal rainfall distribution,
and frozen precipitation). The global synthesis (based on 167 sites with 764 tower-years)
shows smooth transition from water-limited to energy-limited control, broadly consistent with
catchment-scale relations and explaining 62% of the across site variation in evaporative index
(the fraction of MAP consumed by evapotranspiration). Climate and vegetation types act as
additional controls, combining to explain an additional 13% of the variation in evaporative
index. Warm temperate winter wet sites (Mediterranean) exhibit a reduced evaporative index,
9% lower than the average value expected based on dryness index, implying elevated runoff.
Seasonal hydrologic surplus explains a small but signiﬁcant fraction of variance in departures
of evaporative index from that expected for a given dryness index. Surprisingly, grasslands on
average have a higher evaporative index than forested landscapes, with 9% more annual
precipitation consumed by annual evapotranspiration compared to forests. In sum, the simple
framework of supply- or demand-limited evapotranspiration is supported by global FLUXNET
observations but climate type and vegetation type are seen to exert sizeable additional controls.
Citation: Williams, C. A., et al. (2012), Climate and vegetation controls on the surface water balance: Synthesis of evapotranspiration
measured across a global network of flux towers, Water Resour. Res., 48, W06523, doi:10.1029/2011WR011586.

1.

Introduction

[2] One of the central challenges in the ﬁeld of ecohydrology is to understand what controls the surface water
1

Graduate School of Geography, Clark University, Worcester, Massachusetts, USA.
2
Max Planck Institute for Biogeochemistry, Jena, Germany.
3
ETH Zurich, Zurich, Switzerland.
4
Environmental Science, Policy, and Management, University of California-Berkeley, Berkeley, California, USA.
5
Institute of Ecology, University of Innsbruck, Innsbruck, Austria.
6
Institute of Hydrology and Meteorology, Technische Universität Dresden, Dresden, Germany.
7
Department of Micrometeorology, University of Bayreuth, Bayreuth,
Germany.
8
Department for Innovation in Biological, Agro-food and Forestry, University of Tuscia, Viterbo, Italy.
9
National Snow and Ice Data Center, University of Colorado, Boulder,
Colorado, USA.
Corresponding author: C. A. Williams, Graduate School of Geography,
Clark University, 950 Main St., Worcester, MA 01610, USA.
(cwilliams@clarku.edu)
©2012. American Geophysical Union. All Rights Reserved.
0043-1397/12/2011WR011586

balance, principally the partitioning of precipitation into
evapotranspiration and runoff processes. Though land
cover and climate are recognized to be important controls
(along with topography, soils, etc.), observations are still
needed to describe the precise nature of their controls
across broad geographic domains.
[3] The typical approach to this challenge involves comparative analysis of river discharge across many catchments
to infer land cover or other controls [e.g., Choudhury, 1999;
Donohue et al., 2007; Milly, 1994; Peel et al., 2010; Potter
et al., 2005; Zhang et al., 2001]. While revealing, attribution to drivers can remain ambiguous because of the typical
heterogeneity in surface characteristics upstream of gauging
stations. This paper explores a novel alternative with analysis of ecosystem-scale (order 1 km2) evapotranspiration
measurements from eddy covariance stations around the
world. These FLUXNET micrometeorological stations
[Baldocchi et al., 2001] are located across a wide range of
land cover and climate settings with well over 150 stations
reporting multiyear data sets that span a diverse set of ecohydrologic conditions [Baldocchi and Ryu, 2011]. The combined data set offers an unprecedented opportunity to
advance the hydrological sciences, witnessed by a host of
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recent syntheses documenting ecosystem carbon cycle sensitivity to drought [Schwalm et al., 2010b; Schwalm et al.,
2011a; Schwalm et al., 2011b], controls on evapotranspiration [Teuling et al., 2009], growing supply limitation of the
terrestrial water cycle in parts of the world [Jung et al.,
2010], ecosystem scale couplings between water and carbon
dioxide exchanges [Beer et al., 2007; Beer et al., 2009],
and testing and reﬁning land surface models [e.g., Schwalm
et al., 2010a; Wang et al., 2006; Williams et al., 2009]. In
an early ﬂux tower synthesis of data from 27 sites, Wilson
et al. [2002b] examined warm season data only and reported
strong radiation and vapor pressure deﬁcit controls on the
Bowen ratio (ratio of sensible to latent heat ﬂuxes) as well
as sizable control by surface resistance and associated water
limitation. They noted that deciduous forests and agricultural sites had the lowest surface resistances and Bowen
ratios, both higher in coniferous forests as well as for sites
with a summer dry, winter wet (Mediterranean type) climate
[Wilson et al., 2002b]. In this work we continue this line of
exploration by examining what the expanded FLUXNET
network of observations tells us about how climate and surface characteristics inﬂuence the terrestrial surface water
balance.
[4] To synthesize data across many sites for this purpose
it becomes important to normalize observations so the effects
of land cover and climate type can be isolated. For this purpose we adopt the nondimensional framework of Budyko
[1974]. This simple and elegant framework (Figure 1)
reduces climate to a radiative dryness index (DI ¼ Ep/P,
where Ep is potential evapotranspiration and P is precipitation) and the surface water balance to an evaporative index

Figure 1. Illustration of the Budyko space, composed of
mean annual evaporative index (evapotranspiration/precipitation ¼ E/P) versus mean annual dryness index (potential
evapotranspiration/precipitation ¼ Ep/P). Dashed lines
indicate logical limits from demand or supply, the solid
line indicates an expected value of evaporative index for a
given dryness index, dots represents different sites or different years at a site, and the length of vertical arrows
indicates the magnitude and sign of departure from the
expected value, or the magnitude of the runoff ratio (runoff/
precipitation).
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(EI ¼ E/P, where E is evapotranspiration), where these
variables are represented at a climatology time scale
(annual) by averaging across years. Importantly, the
framework assumes steady state conditions as discussed in
section 2.1. The two dimensionless quantities provide a
nondimensional space that can aid exploration of the controls of radiation and moisture on annual evapotranspiration
and runoff. Dryness index (DI) represents the ratio of
demand to supply for which values exceeding one imply a
water deﬁcit at an annual time scale. Potential evapotranspiration was originally deﬁned by net radiation (Rn) alone
because of limited information available regarding additional terms relevant to evaporative demand, such as
ground heat ﬂux (G) and changes in energy storage, or
additional, demand-side control from vapor pressure deﬁcit. The evaporative index (EI) is the fraction of available
water consumed by the evapotranspiration process and the
residual (1 – E/P) can be inferred as the fraction consumed
by runoff or deep drainage assuming no change in local
storage. As such, the Budyko space has two fundamental
upper bounds. The demand limit states that actual evapotranspiration cannot exceed potential evapotranspiration,
and traces a 1:1 line corresponding to E/Ep ¼ 1. The supply
limit states that actual evapotranspiration cannot exceed
water supply, requiring EI  1 except where runon or phreatic water sources offer sizable contributions.
[5] The Budyko framework has inspired powerful
insights regarding climate and land cover controls of the
surface water balance, primarily with analysis of catchment
scale discharge records or with modeling exercises [e.g.,
Choudhury, 1999; Donohue et al., 2007; Eagleson, 1978;
Milly, 1994; Potter et al., 2005; Zhang et al., 2001]. Such
analyses have documented the importance of climate seasonality and variability, vegetation type, rooting depth,
plant phenology, and soil type [e.g., Donohue et al., 2007;
Zhang et al., 2001]. For example, with dimensional analysis and the Pi theorem, Milly [1993] and Porporato et al.
[2004] both showed how for steady state conditions, EI is a
function of DI and surface storage capacity. Another work
by Milly [1994] introduced a theoretical framework building on Budyko’s and demonstrated how reduced soil water
storage capacity, out of phase seasonality between P and
Ep, and greater precipitation intensity all contribute to
increased runoff. Some of the most insightful applications
of this framework examine departures of EI from an
expected value given DI and seek to attribute them to sitespeciﬁc characteristics such as vegetation type or abundance [e.g., Donohue et al., 2010; Dooge et al., 1999].
With data from 1508 catchments across France, Sweden,
the United States, Australia, and Great Britain, Oudin et al.
[2008] found that land cover type explains some of the sitelevel departures in expected EI for a given DI. Similarly,
Donohue et al. [2010] found that sites with a larger
intra-annual range in satellite-based fractional absorption
of photosynthetically active radiation (fAPAR) exhibit
greater EI after accounting for both DI and a negative relationship with the phase offset between P and Ep. If such
patterns lead to empirical ﬁts with predictive skill, the
Budyko framework could be improved, thus advancing a
tool already valuable for land and water resource management applications such as estimation of water yield or
recharge.
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[6] In this work we employ the Budyko framework, but
unlike previous studies, we analyze direct measurements of
evapotranspiration, and apply it at a smaller scale (of order
1 km2) for which land cover and climate type are more
clearly deﬁned. In particular, we explore to what degree
site-speciﬁc land cover and climate characteristics can
explain departures from an average curve ﬁt through data
from all of the sites. Four central hypotheses are examined:
[7] Hypothesis 1: Climate types and vegetation types
explain a signiﬁcant fraction of variation in evaporative
index after accounting for effects of dryness index. This is
our most general hypothesis and offers the most comprehensive analysis spanning the full range of FLUXNET
sites. It asks if vegetation or climate types act as additional
controls on evaporative index, either increasing it or
decreasing it relative to the expected value based on dryness index.
[8] Hypothesis 2: The evaporative index realized at a
particular dryness is lower for sites with a larger seasonal
hydrologic surplus (deﬁned below, equation (2)), particularly at sites with a winter wet (Mediterranean) climate,
compared to summer wet sites of the same dryness (Ep/P).
Increased seasonal surplus can be expected to elevate
drainage and runoff because of increased frequency of saturation overland ﬂow and gravity drainage processes. The
Mediterranean case examines a speciﬁc kind of seasonal
surplus—one caused by the seasonal phase shift between
rainfall and evaporative demand in winter wet climates.
While this is a commonly held view and has been examined
in the past, this study offers the ﬁrst explicit examination of
this hypothesis with a large data set of evapotranspiration
at the ecosystem level.
[9] Hypothesis 3: Grasslands have a lower evaporative
index (E/P) compared to forests of the same dryness index.
This is expected because grasses are generally thought to
have shallower root systems that lack access to the full storage of water in the vadose zone (unsaturated and saturated),
and grasslands tend to have lower leaf area and associated
interception capacity, and hence less direct evaporation of
intercepted water.
[10] Hypothesis 4: Sites with a larger fraction of frozen
precipitation have a lower evaporative index (E/P) for a
given dryness index. This derives from an expectation of
potentially rapid, rain-on-snow driven runoff that might
elevate losses during a time of year when vegetation is less
actively drawing moisture from the root zone because of
cool or cold temperatures.

2.

Methods

2.1. Data Treatment and Use
[11] The key observations explored in this study are evapotranspiration (E), precipitation (P), and observationally
derived potential evapotranspiration [Priestley and Taylor,
1972]
Ep ¼

48 
X
i¼1

Qi


i

;
i þ  i i

(1)

where  (¼1.26) is the Priestley-Taylor coefﬁcient
accounting for effects of advection and large-scale entrainment that may elevate potential evapotranspiration above
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that due to radiation supply, Q is the available energy
(W m2 averaged for a half hour period),  (kPa K1) is
the psychrometric constant,  (kPa K1) is the slope of the
saturation vapor pressure curve evaluated at the measured
air temperature (Ta,  C),  (¼2.5  106 – 2.3668  Ta,
J kg1) is the latent heat of vaporization, and  (¼1800) is
the number of seconds per half hour [Brutsaert, 1982;
Campbell and Norman, 1998]. The summation in equation
(1) is over 48 half hourly values in a day and thus yields a
daily Ep. The analysis relies principally on the annual sum
of mean daily E, P, and Ep for each site. Available energy
Q is approximated in three ways: (1) with measured Rn, (2)
with measured Rn minus G, and (3) from the sum of sensible and latent heat ﬂuxes (H and E), which effectively
assumes that the lack of energy balance closure can be fully
attributed to overestimation of available energy. Though
the third method is not well supported by current understanding [e.g., Foken, 2008b], it is used here to test the
robustness of ﬁndings when we force greater consistency
between Ep and E. We also examine how results change
when we force energy balance closure by increasing the
measured turbulent ﬂuxes to balance available energy
(Rn – G) while preserving the measured Bowen ratio (H/E)
as by Twine et al. [2000]. Interpretations and conclusions are
unaltered by this adjustment (EP bounded; see Text S2).1
[12] The steady state assumption is important for use of
the Budyko framework and we separate its discussion for
the present application into two conditions. The ﬁrst is a
formal assumption that there is a negligible change in storage, here at the spatial scale of the ﬂux tower and at the
mean annual temporal scale. For nearly all of the sites used
in this analysis the only water storage reservoir of consequence is ﬁeld-scale soil moisture, possibly also snowpack.
Of greatest relevance is the difference between soil water
or snow storages at the beginning compared to the end of
ﬂux tower records and these are expected to be much
smaller than annual ﬂuxes. Canopy interception storage
and changes in vegetation water content are expected to be
negligible. Because data are not available to assess the
magnitude of possible changes in soil or snow storages the
only way to reduce their possible effects is to average data
from many years of record. Flux tower records tend to be
shorter than desired, with the current database having a median of 4, mean of 4.5, and range of 1 to 16 years. The second condition, somewhat related to the steady state
assumption, is that net runon and net phreatic water sources
are negligible, both of which could otherwise contribute
additional inputs (or outputs) inﬂuencing E but not
expressed in the locally measured P. These assumptions are
commonly and safely adopted for catchment scale analyses,
where surface runon is zero by deﬁnition and where groundwater inputs are often small and negligible, however the situation can be somewhat different for ﬂux towers. At the
ﬂux-tower ﬁeld scale, it is possible that net surface runon
occurs or net subsurface lateral inputs as well, both of which
could contribute to increased evapotranspiration (or conversely runoff and outputs to reduced E). Runon and subsurface ﬂows are not measured at ﬂux tower sites so we cannot

1

Auxiliary materials are available in the HTML. doi:10.1029/
2011WR011586.
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provide a quantitative examination of this issue, however
both are expected to be much smaller than annual ﬂuxes.
[13] Only trusted half hourly data are used with the remainder treated as missing. Trusted data, as deﬁned according to the La Thuile synthesis methods, are original data or
those empirically modeled with a high degree of conﬁdence
(quality control ﬂag ‘‘fqcOK’’ ¼ 1, see www.ﬂuxdata.org
for details and deﬁnition, and Reichstein et al. [2005, Appendix A]). We then calculate daily E, Ep, and P averaged
across years but only using data when fewer than 10% of a
day’s half hourly data are missing. Figure 2 provides the
resulting mean seasonal curve for a particular site. Only
sites with gapless mean seasonal curves are analyzed,
deﬁned as those that had no more than 2 consecutive days
of missing mean daily data.
[14] Of the 245 sites in the database authorized for use in
this synthesis, 198 satisﬁed the data continuity requirements. We omit nine sites that have particularly poor
energy balance closure (<0.5) deﬁned here by the annual
sum of sensible plus latent heat ﬂuxes divided by net radiation. Four more sites are omitted due to having a ratio that
exceeds reasonable bounds for the supply or demand limits.
We adopt a demand limit of E/Ep < 1.05, retaining six sites
with 1 < E/Ep < 1.05 because of the limited precision of
each estimate. We adopt a supply limit of E/P < 1.5,
assuming that E/P > 1.5 is indicative of possible sitespeciﬁc unit errors or data reporting problems, but also
recognizing that underestimation of P or additional runon
or phreatic water sources are possible particularly at the
ﬁeld scale of ﬂux tower observations. Importantly, we note
that adopting a stricter supply limit of E/P < 1.05 does not
alter the interpretations or conclusions in this manuscript
(ET bounded; see Text S2). Of the remaining 185 sites,

18 more are removed because of known irrigation or recent,
high intensity disturbance, meaning here stand-altering ﬁre
or forest harvest, but not mowing or grazing. This leaves
data from 167 sites with 764 site-years in the full analysis
(see Text S1, Table S1, for site-speciﬁc details). The median record length is 4 years, the mean is 4.5 years, and the
range is 1 to 16 years. Because of concerns about violation
of the steady state assumption particularly for sites with
short records, we examine how results change if we exclude
sites with fewer than 3 years of record. Interpretations and
conclusions are unaltered by this exclusion (N years ﬁltered; Text S2).
[15] Net radiation was not reported for six sites so it is
estimated as 80% of global radiation. In addition, ten sites
miss one or two months of mean seasonal precipitation,
which we ﬁll based on monthly Global Precipitation Climatology Product data in the nearest 1  1 degree grid cell
[GPCC, 2011]. These 16 sites were retained in the analysis
but omitting them does not alter any of the major ﬁndings
and conclusions of this paper.
[16] We obtain an approximation of the total annual precipitation arriving in a frozen form (snow, sleet, hail, graupel, etc.) at each site from the sum of precipitation in
months with an average air temperature below 0 C. The
climate of each site is taken from the Köppen-Geiger (K-G)
climate classiﬁcation [Kottek, 2006] and grouped as noted
in Table 2. Vegetation type is classiﬁed according to the
International Geosphere-Biosphere Program (IGBP) land
cover type classiﬁcation [Loveland et al., 2001] and reﬁned
by site principal investigator reports or from review of the
literature. Maximum leaf area index (L, m2 leaf per m2
ground) and local precipitation are obtained from the sitespeciﬁc ancillary data when available in the supporting
documents contributed to the La Thuile Synthesis Collection (see www.ﬂuxdata.org).
[17] For the hydrologic surplus analyses we examine
three different kinds of surpluses always relying on the
climatologically averaged curves. The ﬁrst is the simple
annual hydrologic surplus for which we calculate annual P
minus annual Ep. We also calculate the maximum accumulated monthly surplus (MAMS) at each site. For this we
ﬁrst calculate P – Ep for each month of the climatological
series. We calculate the cumulative sum of these monthly
values for each month of the year and starting in any month
of the year yielding a 12  12 matrix of accumulated surpluses/deﬁcits. This can be expressed as
j;k

"
#
k
Xjþ11 X
¼
ðPi  Epi Þ ;
k¼j
i¼j

Figure 2. Example seasonal curves from one of the sites
used in this analysis including evapotranspiration (E),
potential evapotranspiration (Ep), air temperature (Ta), air
vapor pressure deﬁcit (Da), and precipitation (P).
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(2)

k

where subscript j is an index indicating the starting month
(i.e., 1 ¼ January, 2 ¼ February, . . ., 12 ¼ December), subscript k is an index indicating the number of months after
the starting month ranging from 0 to 11 after j, and  is a
12  12 matrix of accumulated monthly surpluses/deﬁcits.
We then select the maximum from the matrix j,k and
deﬁne this as a maximum accumulated monthly surplus for
a particular site. This is similar to an approach applied by
Arag~ao et al. [2007] in an analysis of Amazonian drought.
Lastly, we introduce another surplus index that emphasizes
seasonal surpluses caused by an out-of-phase arrival of
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precipitation relative to losses from evaporative demand.
For this we deﬁne a seasonal surplus index (SSI) by subtracting the annual hydrologic surplus (annual P minus annual Ep) from the maximum accumulated monthly surplus,
with the important effect of isolating the seasonal phasing
component by removing the annual total water surplus.
2.2. Analysis
[18] We solve for the best-ﬁt curve through mean annual
data for all sites to describe the mean tendency of evaporative index (E/P) as it varies with dryness (Ep/P), adopting
the functional form of Pike [1964] because of its similarity
to the original Budyko curve but with Choudhury’s [1999]
addition of an adjustable parameter n as
E
¼
P 

1
1 þ ðP=Ep Þn

1=n :

(3)

We then calculate site-speciﬁc departures of E/P from the
expected value for each site’s dryness index (Ep/P) according to the ﬁtted curve.
[19] Site departures are grouped into sample populations
appropriate for evaluating each hypothesis. In general we
use analysis of variance (ANOVA) to assess signiﬁcance
of vegetation and climate type main effects, as well as
population departures from the average departure (zero)
(one-sample t tests with unequal variances) or among data
populations (two-sample t tests with unequal variances). For
two contrasts of particular interest, forests versus grasslands
and warm-temperate summer wet versus warm-temperate
summer dry, we test the sensitivity of t-test results to three
different methods of estimating available energy (Rn, Rn  G,
and H þ E). In addition, for the ﬁrst two of those cases
(those involving Rn), site-speciﬁc departures of E/P have a
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weak linear increase with dryness index (r2 < 0.06, P value
< 0.01, slope 0.06, intercept 0.08) so we also examine how the removal of this trend inﬂuences results. Furthermore, for these particular contrasts we also examine
how leaf area index and energy balance closure may differ
between the populations.
[20] In our examination of potential inﬂuence from
seasonal hydrologic surpluses we perform an extensive empirical model ﬁtting exercise to assess if DI, EI, or E/P
departures are a function of (a) the maximum accumulated
monthly surplus, or (b) the seasonal surplus index. Using
the CurveFinder function of the program CurveExpert 1.5
we examined 35 possible functional forms with two or
three parameters and select the top models according to the
coefﬁcient of determination. Lastly, we perform a least
squares linear regression to examine if E/P departures are a
function of the fraction of precipitation that is frozen.

3.

Results

[21] The synthesis data set covers a wide range of ecohydrologic settings as illustrated by the E, Ep, and P distributions shown in Figure 3. Figure 4 presents each site’s
location in the Budyko space (evaporative index versus
dryness index) along with the best-ﬁt curve (n ¼ 1.49 with
Q in equation (1) from Rn). The ﬁtted Choudhury [1999]
model explains more than half of the across-site variation
in E/P (r2 ¼ 0.62, P value < 0.0001, standard error of
0.10). The best-ﬁt curve has a curvature parameter n ¼
1.49, notably lower than those obtained from global syntheses of catchment-scale observations (ranging 1.8 to 2.6) by
Choudhury [1999] and Pike [1964] and also lower than the
value 1.9 that reproduces the original Budyko curve [Donohue et al., 2011]. If we force energy balance closure by
increasing the measured sensible and latent heat ﬂuxes to

Figure 3. Scatter and frequency distributions of mean annual evapotranspiration with mean annual
potential evapotranspiration or mean annual precipitation across the 167 ﬂux tower sites analyzed in this
synthesis.
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or greater (Figure 4). These particular cases might indicate
that precipitation is more strongly underestimated than evapotranspiration, plausible because installation and use of
gauges at FLUXNET sites do not usually follow guidelines
of the World Meteorological Organization [WMO, 2008] and
lack correction for associated wind and evaporation errors
causing low bias of 5% to 20% [Foken, 2008a]. Correspondingly, the 1deg  1deg Global Precipitation Climatology
Project data set [GPCC, 2011] always recorded more precipitation than that measured at these particular FLUXNET sites
(not shown). It is also possible that evapotranspiration
exceeds precipitation because of lateral or upward water
ﬂows and uptake not measured with precipitation gauges
(e.g., runon, subsurface hydrologic convergence, or phreatic
water uptake). Since the largest deviations are limited to
more arid climates (DI > 2), where E is typically small, they
could also indicate a relatively large contribution of storage
to E, i.e., the effect of violation of the steady state assumption. Nonetheless, 93% of the sites lie at or below the
demand and supply limits, lending conﬁdence to the use of
these data for examining basic ecohydrologic hypotheses.
Most importantly, the exclusion of these 12 sites from consideration in this analysis does not alter the interpretations or
conclusions of this work (Text S2).

Figure 4. Evaporative index (E/P) versus dryness index
(Ep/P) for all FLUXNET sites used in the analysis (one
symbol for each) based on annual climatologies. Available
energy for calculating Ep was estimated from net radiation.
Labels correspond to (A) climate types, and (B) biome
types (DBF ¼ deciduous broadleaf, EBF ¼ evergreen
broadleaf, ENF ¼ evergreen needleleaf, MF ¼ mixed forest, SAV ¼ savanna including woody savanna, CSH ¼
closed shrubland, OSH ¼ open shrubland, GRA ¼ grassland, CRO ¼ cropland, WET ¼ wetland). Also shown are
demand and supply limits (dashed straight lines), the original Budyko [1974] curve (dashed curve), and the best-ﬁt
curve through data for all sites (solid curve).
balance available energy while preserving the measured
Bowen ratio (H/E), we obtain a slightly higher curvature
parameter (n ¼ 1.58, see Text S2), still lower than previous
catchment scale studies. The relatively low curvature parameter in this work could derive from site-local climate
and vegetation details, but could also indicate violation of
the framework’s assumptions such as that of steady state
conditions and negligible contributions from water sources
other than precipitation (runon or phreatic uptake). Sitespeciﬁc excursions above the demand line (E ¼ Ep) are
negligible (i.e., <10 mm y1). However there are large
excursions above the supply line (E  P) at 12 sites (of
167) for which evapotranspiration was 1.1 times precipitation

3.1. Main Effects of Climate and Vegetation
[22] We ﬁrst test for signiﬁcant effects of vegetation and
climate on E/P departures using an analysis of variance
(Table 1, two-way, unbalanced, with interaction). Both the
climate and vegetation  climate interaction effects are
signiﬁcant (P value < 0.024) (Table 1), and the vegetation
effect was nearly signiﬁcant (P value ¼ 0.088). The full
model explained about 34% of the variance in E/P departures from the expectation (r2 ¼ 1 – sum of squares for
error/sum of squares total ¼ 1 – 2.975/4.495), which
amounts to an additional 13% of total across-site variation
in E/P (¼34% of the remaining 38% of unexplained variance). Thus, the combination of dryness index, vegetation
type, and climate type explains 75% (¼62% þ 13%) of the
geographic variation in climatologically averaged E/P
observed at the FLUXNET sites examined in this study.
This broad ﬁnding suggests that climate and vegetation
type are both important determinants of E/P, supporting
hypothesis 1. Thus multiple comparisons among major
climate zones (Table 2) and vegetation types (Table 3) are
explored next, noting still the importance of the interaction
term.
Table 1. Results of a Two-Way, Unbalanced Analysis of Variance (ANOVA) Testing Effects of Vegetation, Climate and Their
Interaction on Departures of E/P Relative to the Average Value
Expected Based on Dryness Index, Using Q in Equation (1) From
Rn, and Measured Ea
Source

SS

df

MS

F

Prob. > F

Vegetation
Climate
Veg.  Clim.
Error
Total

0.379
0.342
0.798
2.975
4.495

10
6
18
133
167

0.0379
0.0570
0.0444
0.0224

1.70
2.55
1.98

0.088
0.023
0.015

a
Veg. ¼ vegetation; Clim. ¼ climate; SS ¼ sum squares; df ¼ degrees
of freedom; MS ¼ mean squares; F ¼ F statistic; Prob. ¼ probability.
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Table 2. Top Three Rows: Mean E/P, and Mean and SD of E/P Departures (Dep.) for Each Climate Type Where Bold, Italicized
Values Have Signiﬁcant Departures From Zero According to a One-Sample, One-Tailed t Test With P Value  0.05; Lowest Seven
Rows: P Values From Two-Sample, Two-Tailed t Tests With Unequal Variances Between Climate Types, Where Bold Values Indicate
Signiﬁcance at P Value  0.05. Results Were Obtained Using Q in Equation (1) from Rn

Mean E/P
Mean E/P Dep.
SD E/P Dep.
Na
Warm temp.
Medit.
Equat.
Snow
Polar
Hot arid
Cold arid

Warm Temp.

Medit.

Equat.

Snow

Polar

Hot Arid

Cold Arid

0.59
0.02
0.15
74
1
0.01
0.90
0.28
0.17
0.05
0.75

0.66
20.09
0.21
21
0.01
1
0.12
0.10
0.98
0.05
0.24

0.63
0.02
0.14
11
0.90
0.12
1
0.47
0.15
0.11
0.80

0.65
0.01
0.15
51
0.28
0.10
0.47
1
0.32
0.03
0.48

0.63
0.09
0.10
4
0.17
0.98
0.15
0.32
1
0.11
0.06

1.19
0.24
0.32
2
0.05
0.05
0.11
0.03
0.11
1
0.24

0.90
0.04
0.05
4
0.75
0.24
0.80
0.48
0.06
0.24
1

a

N ¼ number of sites; Warm Temp. ¼ warm temperate summer wet (Cw, Cf); Medit. ¼ Mediterranean or warm temperate winter wet (Cs); Equat. ¼
Equatorial (Af, Am, As, Aw); Snow (D); Polar (E); Hot Arid (BSh, BWh); Cold Arid (BSk, BWk). These codes in parentheses identify the corresponding
Köppen-Geiger classes.

[23] Regarding climate types, Mediterranean (K-G class
Cs) sites tend to have a relatively low evaporative index
(E/P) compared to other climates, with signiﬁcant negative
departures relative to warm temperate sites in particular
(Table 2). Only the Mediterranean class has signiﬁcant average departure from zero (one-sided t test with unequal
variance, Table 2), with E/P reduced by about 9% relative
to the average across all sites. Hot arid sites have a particularly high E/P, though there are only two sites contributing
to this population, one of which rests on a ﬂoodplain and
also records about half as much annual precipitation compared to that reported in a 1 deg  1 deg Global Precipitation Climatology Product [GPCC, 2011].
[24] Turning to vegetation’s inﬂuence on the surface
water balance, Table 3 shows results for multiple comparisons across IGBP cover classes. A general pattern emerges
with forests (deciduous broadleaf and evergreen needleleaf)
tending to have negative departures while grasslands, open
shrublands, croplands, and wetlands all tend to have positive departures. Mixed forests, savannas, closed shrublands,

and evergreen broadleaf forests are intermediate, having no
signiﬁcant differences with other vegetation types, though
we note the large spread within the savanna population in
particular. Only the cropland and evergreen needleleaf types
have signiﬁcant average departures from zero (Table 3).
3.2. Effects of Seasonal Hydrologic Surplus and
a Mediterranean Climate
[25] Hypothesis 2 anticipates lower E/P with greater seasonal hydrologic surplus after controlling for dependence
on dryness index. Before inspecting seasonal surpluses, we
ﬁrst note relationships with the maximum accumulated
monthly surplus (MAMS). Recall that this surplus reﬂects
the annual maximum of accumulated monthly surpluses in
the climatological monthly water balance P – Ep. Thus,
even if annual Ep exceeds P, the MAMS index may exceed
0 because of the possibility of seasonal surpluses during
part of the year. This index shares a fundamental negative,
nonlinear relationship with dryness index (Figure 5a). Correspondingly, we ﬁnd a clear negative, nonlinear

Table 3. Top Three Rows: Mean E/P, and Mean and SD of E/P Departures (Dep.) for Each Vegetation Type Where Bold, Italicized
Values Have Signiﬁcant Departures From Zero According to a One-Sample, One-Tailed t Test With P Value  0.05; Lowest Ten
Rows: P Values From Two-Sample, Two-Tailed t Tests With Unequal Variances Between Vegetation Types, Where Bold Values Indicate Signiﬁcance at P Value  0.05. Results Were Obtained Using Q in Equation (1) from Rn

Mean E/P
Mean dep.
Stdev dep.
Na
DBF
EBF
ENF
MF
SAV
CSH
OSH
GRA
CRO
WET

DBF

EBF

ENF

MF

SAV

CSH

OSH

GRA

CRO

WET

0.57
0.05
0.15
22
1
0.15
0.95
0.63
0.90
0.91
0.05
0.04
0.03
0.20

0.65
0.03
0.18
14
0.15
1
0.11
0.36
0.44
0.52
0.41
0.91
0.72
0.83

0.61
20.05
0.15
42
0.95
0.11
1
0.63
0.91
0.93
0.04
0.02
0.02
0.20

0.55
0.02
0.16
16
0.63
0.36
0.63
1
0.86
0.88
0.12
0.18
0.12
0.37

0.79
0.04
0.28
10
0.90
0.44
0.91
0.86
1
1.00
0.29
0.25
0.24
0.53

0.64
0.04
0.12
3
0.91
0.52
0.93
0.88
1.00
1
0.28
0.39
0.24
0.38

0.87
0.11
0.20
5
0.05
0.41
0.04
0.12
0.29
0.28
1
0.33
0.41
0.63

0.64
0.04
0.15
32
0.04
0.91
0.02
0.18
0.25
0.39
0.33
1
0.74
0.84

0.69
0.05
0.12
17
0.03
0.72
0.02
0.12
0.24
0.24
0.41
0.74
1
0.98

0.51
0.06
0.14
4
0.20
0.83
0.20
0.37
0.53
0.38
0.63
0.84
0.98
1

a

N ¼ number of sites; DBF ¼ deciduous broadleaf, EBF ¼ evergreen broadleaf, ENF ¼ evergreen needleleaf, MF ¼ mixed forest, SAV ¼ savanna
including woody savanna, CSH ¼ closed shrubland, OSH ¼ open shrubland, GRA ¼ grassland, CRO ¼ cropland, WET ¼ wetland.
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Figure 5. Relations of (a) and (b) dryness index, (c) and (d) evaporative index, and (e) and (f) departures of evaporative index relative to the expected value from the best-ﬁt relationship to the (a), (c), and
(e) maximum annual hydrologic surplus or the (b), (d), and (f) maximum seasonal hydrologic surplus.
Solid lines indicate regressions for the models reported in Appendix A.
relationship between E/P and MAMS though notably with
less skill compared to relationship with DI (Figure 5c, Appendix A). However, E/P departures from the mean for a
given dryness index are only weakly linearly related to
additional control described by the maximum accumulated
monthly hydrologic surplus index (Figure 5e).
[26] To more speciﬁcally examine the possible water
balance effects of seasonal surpluses we sought to isolate
the seasonal component of annual surpluses with the seasonal hydrologic surplus index (SSI). The seasonal surplus
index involves subtraction of the annual water balance surplus (annual P minus annual Ep) from the annual maximum
of accumulated monthly surpluses described above. This
seasonal surplus index is also a weak but signiﬁcant determinant of E/P departures (Figure 5f, Appendix A). When
collectively analyzing data from all sites, we ﬁnd a weak
general tendency for a decline in E/P departures with
increasing seasonal surplus (0.025% mm1 H2O surplus,
or 14% over the range of surpluses across sites up to
575 mm). When we stratify the analysis to examine trends
within climate groups, we ﬁnd that this pattern is largely
owing to warm temperate sites, particularly the Mediterranean class where the largest seasonal surpluses occur. For
the Mediterranean-climate sites, the seasonal surplus index
explains 16% of within-class variation (Table 4). Taken together, there is evidence for reduced evaporative index
with greater accumulated monthly (or seasonal) hydrologic
surplus, supporting hypothesis 2 and broadly consistent
with the theoretical analysis of Milly [1994].
[27] The Mediterranean-type climate is known to have a
strong seasonal hydrologic surplus owing to a seasonal
phase shift between precipitation and warm-season evaporative demand. Findings above already note signiﬁcant

inﬂuence on E/P, but in Table 5 we examine their robustness with statistical analysis using three different methods
of estimating available energy (Q) used in calculating dryness index (methods A to C). In addition, we test sensitivity
to the slight positive relationship of E/P departures with
dryness index found with two of the four methods (see
adjusted versus unadjusted in methods A and B).
[28] For all ﬁve approaches we ﬁnd that Mediterranean
sites (warm temperate winter wet climate) have lower E/P
compared to warm temperate summer wet sites of the
same dryness index, with approximately 11% less annual
precipitation consumed by evapotranspiration on average
(Table 5, P value < 0.04), supporting hypothesis 2. Mediterranean sites also tend to have a lower leaf area on
Table 4. Results From E/P Departures Linearly Regressed on the
Maximum Seasonal Hydrologic Surplus by Climate Zone Reporting Number of Sites (N), Coefﬁcient of Determination (R2), P
Value of the Regression, Slope [Departure in the % of Precipitation Consumed by Evapotranspiration mm1 H2O Surplus], Intercept [Departure in the % of Precipitation Consumed by
Evapotranspiration], and the 90th Percentile of the Maximum Seasonal Surplus Within Each Climate Zone Population [mm H2O
Surplus] a

Warm Temperate
Mediterranean
Equatorial
Snow
Polar

N

r2

P Value

Slope

Intercept

S90

70
21
10
45
3

0.09
0.16
0.05
0.02
0.62

0.01
0.07
0.54
0.30
0.42

0.043
0.050
–
–
–

0.082
0.057
–
–
–

65
489
78
109
87

a
Results were obtained using Q in equation (1) from Rn, and measured
E. Arid sites are not shown because they lack surpluses.
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Table 5. Statistics From Independent Contrasts of Site-Speciﬁc
Departures (E/P  f(Ep/P)) (Un)adjusted for a Linear Trend of
E/P Departures With Ep/Pa
Unadjusted

Adjusted

Table 7. Annual Energy Balance Closure Statistics for Climate
and Vegetation Contrasts Calculated With Available Energy From
Rn as Well as Rn  G Where Reported Plus P Values From TwoSample, Two-Tailed t Tests With Unequal Variances
(H þ E)/Rn

N Mean St. Dev. P Value Mean St. Dev. P Value
A. Q from Rn
Mediterranean
Warm temperate
Forests
Grasslands
B. Q from Rn  G
Mediterranean
Warm temperate
Forests
Grasslands
C. Q from H þ LE
Mediterranean
Warm temperate
Forests
Grasslands

(H þ E)/ (RnG)

Mean St. Dev. P Value Mean St. Dev. P Value
21
74
48
23

0.09
0.02
0.03
0.05

0.21
0.15
0.17
0.16

18
62
41
20

0.10
0.01
0.05
0.05

0.15
0.16
0.17
0.16

21
72
46
23

0.11
0.02
0.03
0.04

0.20
0.12
0.13
0.15

0.01
0.07
0.01
0.03

0.12
0.04
0.01
0.07

0.19
0.15
0.16
0.15

0.13
0.03
0.03
0.08

0.12
0.15
0.15
0.14

0.00
0.03

Mediterranean
Warm Temperate
Forests
Grasslands

0.80
0.80
0.80
0.84

0.14
0.15
0.15
0.14

0.89
0.23

0.85
0.81
0.80
0.86

0.13
0.15
0.15
0.14

0.41
0.13

0.00
0.01

0.00
0.05

a
Contrasts are drawn between Mediterannean versus warm temperate,
and forest versus grassland populations. Reported are number of sites (N),
mean, and SD for sample populations, plus P values from two-sided t tests
with unequal variances and using three different methods (A, B, and C) of
estimating available energy for Ep.

average (Table 6, P value ¼ 0.09), likely to be at least
partly the result of rather than driver of reduced evaporative index. This ﬁnding is not due to a difference in
energy balance closure (Table 7, P value > 0.40).
3.3. Grassland-Forest Contrast
[29] The somewhat surprising result of relatively high
E/P in grasslands compared to forests as already noted in
Table 3 would also beneﬁt from a more restricted set of
sites that removes possible interaction with climate type, as
well as evaluation of this ﬁnding’s robustness by using a
variety of methods for calculating DI and EI. In Table 5 we
report statistics for analysis including only those sites with
a warm temperate climate and with a forested population
that combines deciduous broadleaf, evergreen needleleaf,
and mixed forest types that were found to be statistically
indistinguishable (Table 3). As above, statistical analysis is
presented for three methods of estimating available energy,
as well as when controlling for the slight positive relationship of E/P departures with dryness index. Conclusions are
consistent across these approaches as well as for additional
data treatments and site exclusions explored in Text S2.
[30] Results robustly indicate that on average forests
have approximately 8% less annual precipitation consumed
by evapotranspiration compared to grasslands of the same
Table 6. Mean and SD of Growing Season Maximum Leaf Area
Index for Climate and Vegetation Contrasts Plus P Values From
Two-Sample, Two-Tailed t Tests With Unequal Variances
Leaf Area Index

Mediterranean
Warm temperate
Forests
Grasslands

W06523

Mean

St. Dev.

P Value

3.20
4.20
4.61
3.63

2.20
2.19
2.15
2.54

0.09
0.14

dryness index (Table 5, P value < 0.03 for ﬁve of six
approaches). Pairwise comparisons (Table 3) point to deciduous broadleaf forests (DBF) and evergreen needleleaf
forests (ENF) as being lower than grasslands (GRA). The
difference cannot be attributed to leaf area, as forests tend
to have higher not lower leaf area on average, though this
is not statistically signiﬁcant across the FLUXNET sites
being studied (Table 6, P value ¼ 0.14). Furthermore,
energy balance closure does not differ between forested
and grassland sites (Table 7, P value  0.13), agreeing
with studies that report similarly good closure over a range
of forest and grassland sites [Scott, 2010; Wilson et al.,
2001].
3.4. Effect of Frozen Precipitation
[31] Our last analysis examines if sites with a larger fraction of frozen precipitation have a lower evaporative index
(E/P) for a given dryness owing to snowmelt runoff. A contrast between snow and warm temperate (non-Mediterranean) climates provides an indirect evaluation. Though the
evaporative index in the snow compared to warm temperate
climate is slightly lower on average (3%), this difference
is negligible and not statistically signiﬁcant (Table 2, P
value ¼ 0.28). There is a suggestion that polar sites might
have lower E/P for a given dryness compared to the warm
temperate class, but again the results are not signiﬁcant
(Table 2, P value ¼ 0.17).
[32] An alternative, possibly stronger method of evaluating the snowmelt runoff hypothesis is through regression of
E/P departures on the fraction of annual precipitation that
arrives when the surface air temperature is below freezing.
We ﬁnd no relationship between E/P departures and the
fraction of frozen precipitation (r2 ¼ 0.01, P value ¼ 0.28).
Taken together there is no evidence that sites with a larger
fraction of frozen precipitation have negative E/P departures (hypothesis 4).

4.

Discussion

[33] The climate and vegetation controls reported here
are broadly robust to a wide range of data treatments, with
sample sizes sufﬁciently large (i.e., >15 sites per stratum)
to detect signiﬁcant differences between ecoclimatic groupings despite often wide within-sample spread. Still, it is
appropriate to again discuss some of the potential limitations of the data set however unprecedented. First, precipitation and evapotranspiration are both likely undersampled
because of undercatch and energy balance closure issues
[e.g., Aubinet et al., 2000; Foken, 2008a, 2008b; Wilson
et al., 2002a] and it is unclear by how much. Furthermore,
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evapotranspirative demand is sure to deviate in space and
time from the Priestley-Taylor potential (Ep) rate adopted
here with a ﬁxed  parameter [Brutsaert, 1982; Hasler and
Avissar, 2007]. Nonetheless, undersampling or poor parameterization might be expected to be a random factor across
sample populations (e.g., forest and grassland) and that
even if they produce a systematic adjustment to the mean
curve itself, the departures from the mean curve would not
necessarily exhibit a strong bias for well-sampled betweenpopulation analyses.
[34] Among the major ﬁndings reported here we found
that increased seasonal hydrologic surplus generally
increases runoff (decreases E/P) after accounting for a
site’s dryness index. This is especially true for the Mediterranean climate type where the phase shift between atmospheric demand and water supply leads to elevated losses to
runoff or deep drainage as inferred from low E/P. This pattern has long been established and is not surprising but it is
reassuring that it is detected with direct, ecosystem-scale
observations of evapotranspiration. In general this points to
a limited capacity for hydrologic storage. For the Mediterranean case speciﬁcally, it indicates that storage is insufﬁcient to fully carry over winter precipitation for summer
evapotranspiration.
[35] In contrast, rejection of the snow hypothesis suggests the presence of such a carry-over, one in the form of
frozen storage of winter precipitation made available only
when evaporative demand is seasonally high, consistent
with the pattern expected by Milly [1994]. Precipitation
stored in the snowpack as well as frozen in cold soils
becomes available to satisfy atmospheric demand when
ecosystems experience increased irradiance, warm, and
have elevated Ep often rising from near zero. We note that
our analysis is limited by the necessity of working with a
coarse approximation of frozen precipitation, estimated
based on that falling in months with a mean temperature
below 0 C. One could expect snowfall in some months
with T > 0 C which also remains frozen on ground because
ground T < 0 C as in spring, and the opposite may be true
in autumn when the snow might be melted during a few
days which are warm and with ground T > 0 C, though
such effects are likely to be negligible for the annual water
balance. Even so, if frozen precipitation was a strong control on EI, we would expect its signature to emerge despite
the somewhat crude approximation. The absence of such
control indicates that on a mean annual scale ecosystems
lose a similar fraction of precipitation to evapotranspiration
regardless of whether it arrives in a frozen or unfrozen
form.
[36] While the above ﬁndings conform to expectations
regarding climate-type controls, higher E/P in grasslands
compared to forests goes against the canonical perception
of many. Forests, with their higher interception [Calder,
1990; Kelliher et al., 1993], deeper and more extensive
root systems [Jackson et al., 1996], and higher leaf area are
generally expected to evapotranspire a larger fraction of annual precipitation. Furthermore, forest canopies have often
been characterized as being better coupled to the overlying
atmosphere with higher aerodynamic conductances enabling greater ventilation of canopy air and more sustained
supply of dry air from the overlying atmosphere, which
would tend to impose higher evaporative demand and

W06523

enhance evapotranspiration rates given the same radiation
and temperature conditions [Jarvis and McNaughton,
1986; Jones, 1992; Kelliher et al., 1993; McNaughton and
Jarvis, 1983]. Consistent with this canonical expectation,
catchment-scale analyses show convincing evidence of
reduced runoff from forested catchments compared to adjacent nonforested counterparts [Brown et al., 2005; Marc
and Robinson, 2007; Zhang et al., 2001], though the difference declines as forests age [Marc and Robinson, 2007].
Similarly, in a global synthesis of afforested sites, Farley
et al. [2005] reported large average reductions in annual
runoff with grassland or shrubland conversion to forests
(44%, 31%, respectively). And some studies measuring
evapotranspiration from adjacent forest and grassland sites
indicate elevated water use by forests [e.g., Stoy et al.,
2006].
[37] Such ﬁndings are, however, not universal. A review
article by Stednick [1996] analyzed changes in annual
water yield across paired forested and deforested catchments, indicating no detectable change in water yield for
harvests smaller than 20% of catchment area, true even for
some catchments that were completely deforested. In a
recent example, Wilcox and Huang [2010] reported that
woodland expansion replacing degraded grasslands caused
increased, not decreased, river baseﬂows. In fact, wide scatter in EI for a given DI across forested catchments was
reported by Oudin et al. [2008], showing little improvement in Budyko predictions by stratifying catchments into
forest and nonforest. Across catchments of China, Yang
et al. [2009] found that neither forest coverage nor total
vegetation cover (inferred from normalized difference vegetation index) reliably explains E/P departures.
[38] Also contrary to the notion of greater water use by
forests, well-established ecohydrology frameworks commonly treat grasses as having higher, not lower, transpiration rates compared to woody vegetation [Rodriguez-Iturbe
and Porporato, 2004]. This is supported by many reports
of daily mean or maximal transpiration being similar or
even higher for grasses and grasslands compared to trees and
forests [Kelliher et al., 1993; Larcher, 1995; RodriguezIturbe et al., 2001; Scholes and Walker, 1993; Scholes and
Archer, 1997; Scholes et al., 2002; Teuling et al., 2010;
Wolf et al., 2011]. It is also consistent with the idea that
grasses adopt a less conservative water use strategy
compared to trees [Jones, 1992; Porporato et al., 2001;
Porporato et al., 2003; Rodriguez-Iturbe et al., 2001]. A
recent study also based on FLUXNET data showed that
grasslands evapotranspire as much or more than neighboring forests, even during the early part of a heat wave when
grasslands experience increased evapotranspiration along
with the increased potential rate of evapotranspiration, in
contrast with forests that experience increased sensible heat
ﬂux [Teuling et al., 2010]. Lastly, the grasslands being
studied within FLUXNET may differ markedly from those
that develop after a recent forest clearing, and may instead
be well adapted to their respective climate settings which
may readily support and sustain grasses even if they have a
shallower maximum rooting depth. Many of the forest and
grassland sites under examination are in relatively mesic
environments so it would be worthwhile to carefully examine if our ﬁnding extends toward regions of greater dryness
where soil water limitation is more severe and deep roots
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Table A1. Results of Empirical Model Fitting Between Independent and Dependent Variables for Statistically Signiﬁcant Models
(P Value < 0.05) With Two or Three Parameters (See Figure 5) a
Independent

Modelb

a

b

c

S.E.

r2

Dryness index

Annual surplus

Evaporative index

Annual surplus

Farazdaghi-Harris
Bleasdale
Logistic
Bleasdale
Farazdghi-Harris
Logistic
Linear
Logistic
Bleasdale
Farazdghi-Harris
Linear
Linear

2.790E1
4.924E2
6.181E1
9.503E1
9.476E1
3.173E-1
3.600E2
1.104E0
1.506E3
2.983E1
7.039E1
4.200E2

1.398E0
3.139E0
8.087E1
8.756E0
1.764E0
6.859E1
1.102E1
6.724E1
3.463E0
1.011E0
3.717E1
2.445E1

5.722E1
2.439E0
2.843E0
2.303E0
6.818E-1
1.455E0
–
3.928E1
5.383E0
2.937E1
–
–

0.589
0.596
0.603
0.177
0.177
0.177
0.162
0.783
0.788
0.792
0.254
0.165

0.605
0.596
0.586
0.534
0.534
0.534
0.056
0.323
0.314
0.306
0.047
0.050

Dependent

Departure
Dryness index

Annual surplus
Seasonal surplus

Evaporative index
Departure

Seasonal surplus
Seasonal surplus

a
Functional forms were selected from examination of 35 possibilities explored with the CurveFinder function of the program CurveExpert 1.5. Those
selected as top models (according to coefﬁcient of determination r2) are shown below, where y is the independent variable (dimensionless) and x is the dependent variable (m H2O). S.E. refers to SE of the model.
b
Model forms are: Linear: y ¼ a þ bx; Farazdghi-Harris: y ¼ 1/(a þ bxc); Bleasdale: y ¼ (a þ bx)1/c ; logistic: y ¼ a/(1 þ becx).

would become more important for maintaining high rates
of evapotranspiration. Equal or higher E/P in grasslands
compared to forests suggests that roots in grasslands are in
fact sufﬁciently deep and widely spread to be capable of
accessing a soil volume similar in extent to that accessed
by trees, a result consistent with at least some ecosystem
scale observations of rooting proﬁles [e.g., Jackson et al.,
1996; Schenk and Jackson, 2002; Williams and Albertson,
2004].

5.

Conclusions

[39] Global synthesis of ecosystem-scale evapotranspiration conﬁrms broad patterns of energy (radiative dryness)
and water (precipitation) limitations, and their combined
inﬂuence on the surface water balance, explaining roughly
62% of the across-site variation in evaporative index (the
fraction of precipitation consumed by evapotranspiration).
Climate type and vegetation type are both found to be important additional controls (þ13%), modulating the ﬁrstorder effects of mean annual water supply and demand.
Surprisingly, forests are not found to evapotranspire a
larger fraction of annual precipitation than grasslands, calling into question this common expectation.
[40] Future analyses should explore possible inﬂuences
of soil characteristics, topography, and precipitation intensity, as well as seek to address measurement errors or
biases in precipitation and evapotranspiration estimates or
groundwater uptake as an additional water source. Because
of a lack of data, this study was not able to explore possible
dependence on soil physical properties despite their known
inﬂuence on storage capacity and soil water retention and
delivery to the soil-atmosphere, and soil-root interfaces. It
would also be valuable to utilize the extensive FLUXNET
database to explore how interannual relationships between
evaporative index and dryness index may vary by climate
type or vegetation types. Such examinations would extend
this ﬁrst integrative analysis across the eddy covariance
network that documents support for the essential Budyko
framework of surface water balance predictions, conﬁrms
sensitivity to climate seasonality and land cover type, and
also challenges classical notions of water use by vegetation
types.

Appendix A: Parametric Statistics for Empirical
Models of Dryness or Evaporative Indexes With
Surplus Indices
[41] Parametric statistics for empirical models of DI or EI
with surplus indices (Table A1).
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