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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.
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1. Introduction

[2] One of the central challenges in the field of ecohy-
drology is to understand what controls the surface water

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 com-

parative 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, attribu-
tion to drivers can remain ambiguous because of the typical
heterogeneity in surface characteristics upstream of gauging
stations. This paper explores a novel alternative with analy-
sis 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 eco-
hydrologic conditions [Baldocchi and Ryu, 2011]. The com-
bined 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 sen-
sitivity to drought [Schwalm et al., 2010b; Schwalm et al.,
2011a; Schwalm et al., 2011b], controls on evapotranspira-
tion [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 agricul-
tural 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 sur-
face 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 pur-
pose 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 precipita-
tion) and the surface water balance to an evaporative index

(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 con-
trols 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 evapotrans-
piration was originally defined by net radiation (Rn) alone
because of limited information available regarding addi-
tional terms relevant to evaporative demand, such as
ground heat flux (G) and changes in energy storage, or
additional, demand-side control from vapor pressure defi-
cit. 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 evapo-
transpiration 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 phre-
atic 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 sea-
sonality 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 analy-
sis 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 build-
ing 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 site-
specific characteristics such as vegetation type or abun-
dance [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 site-
level 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 rela-
tionship 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 manage-
ment applications such as estimation of water yield or
recharge.

Figure 1. Illustration of the Budyko space, composed of
mean annual evaporative index (evapotranspiration/precipi-
tation 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 dif-
ferent 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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[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 compre-
hensive 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 dry-
ness 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)), particu-
larly 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 satu-
ration 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 stor-
age 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 evap-
otranspiration (E), precipitation (P), and observationally
derived potential evapotranspiration [Priestley and Taylor,
1972]

Ep ¼
X

48

i¼1

�Qi
�i

�i þ �i

� �

�

�i
; (1)

where � (¼1.26) is the Priestley-Taylor coefficient
accounting for effects of advection and large-scale entrain-
ment that may elevate potential evapotranspiration above

that due to radiation supply, Q is the available energy
(W m�2 averaged for a half hour period), � (kPa K�1) is
the psychrometric constant, � (kPa K�1) is the slope of the
saturation vapor pressure curve evaluated at the measured
air temperature (Ta,

�C), � (¼2.5 � 106 – 2.3668 � Ta,
J kg�1) 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 sensi-
ble 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 under-
standing [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 stor-
age, 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 conse-
quence 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 me-
dian of 4, mean of 4.5, and range of 1 to 16 years. The sec-
ond 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 ground-
water inputs are often small and negligible, however the sit-
uation 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 con-
versely runoff and outputs to reduced E). Runon and subsur-
face flows are not measured at flux tower sites so we cannot

1Auxiliary 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 re-

mainder treated as missing. Trusted data, as defined accord-
ing 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, Ap-
pendix 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 require-
ments. 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 radia-
tion. 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 site-
specific 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 me-
dian 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 fil-
tered; 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 Clima-
tology 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 pre-

cipitation arriving in a frozen form (snow, sleet, hail, grau-
pel, 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 site-
specific ancillary data when available in the supporting
documents contributed to the La Thuile Synthesis Collec-
tion (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 accumu-
lated 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 sur-
pluses/deficits. This can be expressed as

�j;k ¼
Xjþ11

k¼j

X

k

i¼j

ðPi � EpiÞ

" #

k

; (2)

where subscript j is an index indicating the starting month
(i.e., 1 ¼ January, 2 ¼ February, . . ., 12 ¼ December), sub-
script 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

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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precipitation relative to losses from evaporative demand.
For this we define a seasonal surplus index (SSI) by sub-
tracting the annual hydrologic surplus (annual P minus an-
nual 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 evapora-
tive 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

P
¼

1
�

1þ ðP=EpÞ
n
�1=n

:
(3)

We then calculate site-specific departures of E/P from the
expected value for each site’s dryness index (Ep/P) accord-
ing 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

weak linear increase with dryness index (r2 < 0.06, P value
< 0.01, slope �0.06, intercept ��0.08) so we also exam-
ine how the removal of this trend influences results. Fur-
thermore, 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 em-
pirical 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 ecohy-
drologic settings as illustrated by the E, Ep, and P distribu-
tions 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 synthe-
ses 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 [Dono-
hue 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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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 pa-
rameter 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). Site-
specific excursions above the demand line (E ¼ Ep) are
negligible (i.e., <10 mm y�1). However there are large
excursions above the supply line (E � P) at 12 sites (of
167) for which evapotranspiration was 1.1 times precipitation

or greater (Figure 4). These particular cases might indicate
that precipitation is more strongly underestimated than evap-
otranspiration, 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]. Correspond-
ingly, the 1deg � 1deg Global Precipitation Climatology
Project data set [GPCC, 2011] always recorded more precipi-
tation 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 assump-
tion. 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 con-
sideration in this analysis does not alter the interpretations or
conclusions of this work (Text S2).

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 depar-
tures 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 var-
iance). 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.

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 for-
est, SAV ¼ savanna including woody savanna, CSH ¼
closed shrubland, OSH ¼ open shrubland, GRA ¼ grass-
land, CRO ¼ cropland, WET ¼ wetland). Also shown are
demand and supply limits (dashed straight lines), the origi-
nal Budyko [1974] curve (dashed curve), and the best-fit
curve through data for all sites (solid curve).

Table 1. Results of a Two-Way, Unbalanced Analysis of Var-

iance (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 E
a

Source SS df MS F Prob. > F

Vegetation 0.379 10 0.0379 1.70 0.088
Climate 0.342 6 0.0570 2.55 0.023
Veg. � Clim. 0.798 18 0.0444 1.98 0.015
Error 2.975 133 0.0224
Total 4.495 167

aVeg. 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.

W06523 WILLIAMS ET AL.: CLIMATE AND VEGETATION CONTROLS ON SURFACE WATER BALANCE W06523

6 of 13



[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 av-
erage 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 particu-
larly 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 com-
pared to that reported in a 1 deg � 1 deg Global Precipita-
tion Climatology Product [GPCC, 2011].
[24] Turning to vegetation’s influence on the surface

water balance, Table 3 shows results for multiple compari-
sons 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 posi-
tive 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 sea-
sonal 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). Cor-
respondingly, we find a clear negative, nonlinear

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

Warm Temp. Medit. Equat. Snow Polar Hot Arid Cold Arid

Mean E/P 0.59 0.66 0.63 0.65 0.63 1.19 0.90
Mean E/P Dep. 0.02 20.09 0.02 �0.01 �0.09 0.24 0.04
SD E/P Dep. 0.15 0.21 0.14 0.15 0.10 0.32 0.05
Na 74 21 11 51 4 2 4
Warm temp. 1 0.01 0.90 0.28 0.17 0.05 0.75
Medit. 0.01 1 0.12 0.10 0.98 0.05 0.24
Equat. 0.90 0.12 1 0.47 0.15 0.11 0.80
Snow 0.28 0.10 0.47 1 0.32 0.03 0.48
Polar 0.17 0.98 0.15 0.32 1 0.11 0.06
Hot arid 0.05 0.05 0.11 0.03 0.11 1 0.24
Cold arid 0.75 0.24 0.80 0.48 0.06 0.24 1

aN 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.

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 Indi-

cate Significance at P Value � 0.05. Results Were Obtained Using Q in Equation (1) from Rn

DBF EBF ENF MF SAV CSH OSH GRA CRO WET

Mean E/P 0.57 0.65 0.61 0.55 0.79 0.64 0.87 0.64 0.69 0.51
Mean dep. �0.05 0.03 20.05 �0.02 �0.04 �0.04 0.11 0.04 0.05 0.06
Stdev dep. 0.15 0.18 0.15 0.16 0.28 0.12 0.20 0.15 0.12 0.14
Na 22 14 42 16 10 3 5 32 17 4
DBF 1 0.15 0.95 0.63 0.90 0.91 0.05 0.04 0.03 0.20
EBF 0.15 1 0.11 0.36 0.44 0.52 0.41 0.91 0.72 0.83
ENF 0.95 0.11 1 0.63 0.91 0.93 0.04 0.02 0.02 0.20
MF 0.63 0.36 0.63 1 0.86 0.88 0.12 0.18 0.12 0.37
SAV 0.90 0.44 0.91 0.86 1 1.00 0.29 0.25 0.24 0.53
CSH 0.91 0.52 0.93 0.88 1.00 1 0.28 0.39 0.24 0.38
OSH 0.05 0.41 0.04 0.12 0.29 0.28 1 0.33 0.41 0.63
GRA 0.04 0.91 0.02 0.18 0.25 0.39 0.33 1 0.74 0.84
CRO 0.03 0.72 0.02 0.12 0.24 0.24 0.41 0.74 1 0.98
WET 0.20 0.83 0.20 0.37 0.53 0.38 0.63 0.84 0.98 1

aN 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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relationship between E/P and MAMS though notably with
less skill compared to relationship with DI (Figure 5c, Ap-
pendix 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 sea-
sonal hydrologic surplus index (SSI). The seasonal surplus
index involves subtraction of the annual water balance sur-
plus (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 deter-
minant 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% mm�1 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 Mediterra-
nean 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 to-
gether, 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 ofMilly [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 evapo-
rative demand. Findings above already note significant

influence on E/P, but in Table 5 we examine their robust-
ness with statistical analysis using three different methods
of estimating available energy (Q) used in calculating dry-
ness 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. Medi-
terranean sites also tend to have a lower leaf area on

Figure 5. Relations of (a) and (b) dryness index, (c) and (d) evaporative index, and (e) and (f) depar-
tures 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.

Table 4. Results From E/P Departures Linearly Regressed on the

Maximum Seasonal Hydrologic Surplus by Climate Zone Report-

ing Number of Sites (N), Coefficient of Determination (R2), P

Value of the Regression, Slope [Departure in the % of Precipita-

tion Consumed by Evapotranspiration mm�1 H2O Surplus], Inter-

cept [Departure in the % of Precipitation Consumed by

Evapotranspiration], and the 90th Percentile of the Maximum Sea-

sonal Surplus Within Each Climate Zone Population [mm H2O

Surplus] a

N r2 P Value Slope Intercept S90

Warm Temperate 70 0.09 0.01 �0.043 0.082 65
Mediterranean 21 0.16 0.07 �0.050 0.057 489
Equatorial 10 0.05 0.54 – – 78
Snow 45 0.02 0.30 – – 109
Polar 3 0.62 0.42 – – 87

aResults 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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average (Table 6, P value ¼ 0.09), likely to be at least
partly the result of rather than driver of reduced evapora-
tive 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 relation-
ship 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

dryness index (Table 5, P value < 0.03 for five of six
approaches). Pairwise comparisons (Table 3) point to de-
ciduous 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 frac-
tion of frozen precipitation have a lower evaporative index
(E/P) for a given dryness owing to snowmelt runoff. A con-
trast between snow and warm temperate (non-Mediterra-
nean) 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 evaluat-

ing 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 depar-
tures (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 group-
ings despite often wide within-sample spread. Still, it is
appropriate to again discuss some of the potential limita-
tions of the data set however unprecedented. First, precipi-
tation 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,

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

Mean St. Dev. P Value

Mediterranean 3.20 2.20 0.09
Warm temperate 4.20 2.19
Forests 4.61 2.15 0.14
Grasslands 3.63 2.54

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 Two-
Sample, Two-Tailed t Tests With Unequal Variances

(H þ �E)/Rn (H þ �E)/ (Rn�G)

Mean St. Dev. P Value Mean St. Dev. P Value

Mediterranean 0.80 0.14 0.89 0.85 0.13 0.41
Warm Temperate 0.80 0.15 0.81 0.15
Forests 0.80 0.15 0.23 0.80 0.15 0.13
Grasslands 0.84 0.14 0.86 0.14

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/P
a

N

Unadjusted Adjusted

Mean St. Dev. P Value Mean St. Dev. P Value

A. Q from Rn
Mediterranean 21 �0.09 0.21 0.01 �0.12 0.19 0.00
Warm temperate 74 0.02 0.15 0.04 0.15
Forests 48 �0.03 0.17 0.07 �0.01 0.16 0.03
Grasslands 23 0.05 0.16 0.07 0.15
B. Q from Rn�G
Mediterranean 18 �0.10 0.15 0.01 �0.13 0.12 0.00
Warm temperate 62 0.01 0.16 0.03 0.15
Forests 41 �0.05 0.17 0.03 �0.03 0.15 0.01
Grasslands 20 0.05 0.16 0.08 0.14
C. Q from H þ LE
Mediterranean 21 �0.11 0.20 0.00
Warm temperate 72 0.02 0.12
Forests 46 �0.03 0.13 0.05
Grasslands 23 0.04 0.15

aContrasts 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.
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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 param-
eterization 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 between-
population 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 Mediter-
ranean climate type where the phase shift between atmos-
pheric demand and water supply leads to elevated losses to
runoff or deep drainage as inferred from low E/P. This pat-
tern 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 Mediter-
ranean case specifically, it indicates that storage is insuffi-
cient to fully carry over winter precipitation for summer
evapotranspiration.
[35] In contrast, rejection of the snow hypothesis sug-

gests 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 con-
trol 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 an-
nual precipitation. Furthermore, forest canopies have often
been characterized as being better coupled to the overlying
atmosphere with higher aerodynamic conductances ena-
bling 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

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 adja-
cent nonforested counterparts [Brown et al., 2005; Marc
and Robinson, 2007; Zhang et al., 2001], though the differ-
ence 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 catch-
ments, 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 scat-
ter in EI for a given DI across forested catchments was
reported by Oudin et al. [2008], showing little improve-
ment 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 veg-
etation index) reliably explains E/P departures.
[38] Also contrary to the notion of greater water use by

forests, well-established ecohydrology frameworks com-
monly treat grasses as having higher, not lower, transpira-
tion 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; Rodriguez-
Iturbe 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 neighbor-
ing 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 exam-
ine if our finding extends toward regions of greater dryness
where soil water limitation is more severe and deep roots
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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 evapotranspira-
tion 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 im-
portant additional controls (þ13%), modulating the first-
order effects of mean annual water supply and demand.
Surprisingly, forests are not found to evapotranspire a
larger fraction of annual precipitation than grasslands, call-
ing into question this common expectation.
[40] Future analyses should explore possible influences

of soil characteristics, topography, and precipitation inten-
sity, 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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selected as top models (according to coefficient of determination r2) are shown below, where y is the independent variable (dimensionless) and x is the de-
pendent variable (m H2O). S.E. refers to SE of the model.
bModel 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 be�cx).
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Text S1. Site-specific data 

 

Table S.1. Site-specific data reporting IGBP biome type (Biome), Koeppen-Geiger climate type, 

mean annual precipitation (MAP), mean annual evapotranspiration (MAE), mean annual 

potential evapotranspiration (Q from Rn), dryness index (DI), evaporative index (EI), maximum 

annual accumulated monthly surpluses (Annual Surplus), the seasonal surplus index (Seasonal 

Surplus), and the number of years of record.  Site codes correspond to those reported at 

www.fluxnetdata.org.  

Site Biome Climate MAP MAE MAPE DI EI 

Annual 

Surplus 

Seasonal 

Surplus N Years 

-- -- -- mm a
-1

 mm a
-1

 mm a
-1

 -- -- mm a
-1

 mm a
-1

 years 

AT-Neu GRA Cfb 1284 506 530 0.41 0.39 754 0 5 

AU-Fog SAV Aw 1673 1688 2041 1.22 1.01 754 754 2 

AU-How WSA Aw 1912 1115 1812 0.95 0.58 841 741 6 

AU-Tum EBF Cfb 1249 726 972 0.78 0.58 660 383 6 

AU-Wac EBF Cfb 992 682 745 0.75 0.69 272 24 3 

BE-Bra MF Cfb 828 270 619 0.75 0.33 348 139 8 

BE-Jal MF Cfb 1633 387 386 0.24 0.24 1316 68 1 

BE-Lon CRO Cfb 669 469 635 0.95 0.7 198 164 3 

BE-Vie MF Cfb 860 276 715 0.83 0.32 417 272 11 

BR-Cax EBF Af 1543 957 2099 1.36 0.62 324 324 5 

BR-Ji1 GRA Aw 1791 814 1738 0.97 0.45  --    -- 1 

BR-Ji2 EBF Aw 1647 1123 1771 1.08 0.68 506 506 3 

BR-Ma2 EBF Af 3253 1090 1760 0.54 0.34 1598 105 7 

BR-Sa1 EBF Am 1593 1116 1598 1 0.7 537 537 3 

BR-Sp1 WSA Aw 953 925 1650 1.73 0.97 52 52 2 

BW-Ma1 WSA BSh 269 383 1706 6.35 1.42 0 0 3 

CA-Ca1 ENF Cfb 1330 393 720 0.54 0.3 896 285 9 

CA-Ca2 ENF Cfb 1175 261 622 0.53 0.22 817 264 6 

CA-Ca3 ENF Cfb 1547 384 679 0.44 0.25 1205 337 5 

CA-Gro MF Dfb 707 419 705 1 0.59 278 276 3 

CA-Let GRA Dfb 349 309 770 2.21 0.89 20 20 8 

CA-Man ENF Dfc 323 263 697 2.16 0.82 9 9 9 

CA-Mer OSH Dfb 863 481 736 0.85 0.56 183    -- 8 

CA-NS1 ENF Dfc 286 253 714 2.5 0.88 8 8 4 

CA-NS2 ENF Dfc 319 227 668 2.09 0.71 13 13 5 

CA-NS3 ENF Dfc 219 243 630 2.87 1.11 23 23 5 

CA-NS4 ENF Dfc 179 150 585 3.27 0.84 17 17 3 

CA-Oas DBF Dfc 443 337 596 1.34 0.76 89 89 9 

CA-Obs ENF Dfc 471 297 681 1.45 0.63 75 75 7 

CA-Ojp ENF Dfc 460 231 633 1.37 0.5 83 83 7 

CA-Qfo ENF Dfc 908 291 667 0.73 0.32 279 38 4 

http://www.fluxnetdata.org/


Site Biome Climate MAP MAE MAPE DI EI 

Annual 

Surplus 

Seasonal 

Surplus N Years 

CA-SF1 ENF Dfc 412 430 684 1.66 1.05 52 52 3 

CA-SJ3 ENF Dfc 624 217 597 0.96 0.35 154 -- 2 

CA-TP3 ENF Dfb 1037 370 829 0.8 0.36 --    -- 3 

CA-TP4 ENF Dfb 1104 364 887 0.8 0.33 415 199 3 

CA-WP1 MF Dfc 358 336 675 1.89 0.94 48 48 3 

CH-Oe1 GRA Cfb 1207 607 639 0.53 0.5 662 95 5 

CH-Oe2 CRO Cfb 1310 639 680 0.52 0.49     --    -- 1 

CN-Anh DBF Cwa 2667 972 1019 0.38 0.36 1665 18 2 

CN-Cha MF Dwb 505 454 722 1.43 0.9 64 64 1 

CN-Do1 GRA Cfa 1957 619 998 0.51 0.32 1112 154 1 

CN-Do2 GRA Cfa 1593 622 704 0.44 0.39 965 77 1 

CN-Do3 GRA Cfa 1593 762 1087 0.68 0.48 732 226 1 

CN-Du1 CRO Dwb 312 361 1146 3.67 1.15 1 1 2 

CN-HaM GRA ET 579 337 778 1.35 0.58 35 35 3 

CN-Hny DBF Cfa 2540 876 864 0.34 0.34 1697 20 2 

DE-Geb CRO Cfb 486 355 527 1.08 0.73 123 123 3 

DE-Hai DBF Cfb 772 271 577 0.75 0.35 336 141 7 

DE-Har ENF Cfb 619 572 858 1.39 0.92 118 118 2 

DE-Kli CRO Cfb 606 325 508 0.84 0.54 192 94 3 

DE-Meh MF Cfb 495 298 525 1.06 0.6 171 171 4 

DE-Tha ENF Cfb 853 420 634 0.74 0.49 363 144 11 

DE-Wet ENF Cfb 1021 335 679 0.67 0.33 534 192 5 

DK-Lva GRA Cfb 1001 372 465 0.46 0.37 618 83 2 

DK-Ris CRO Cfb 480 362 582 1.21 0.75 224 224 2 

DK-Sor DBF Cfb 916 398 434 0.47 0.43 521 40 11 

ES-ES1 ENF Csa 559 565 1287 2.3 1.01 83 83 8 

ES-LMa SAV Csa 691 517 964 1.39 0.75 359 359 3 

ES-VDA GRA Cfb 891 449 643 0.72 0.5 362 114 3 

FI-Hyy ENF Dfc 505 281 557 1.1 0.56 166 166 11 

FI-Kaa WET Dfc 466 235 232 0.5 0.5 278 43 7 

FI-Sii GRA Dfc 530 312 362 0.68 0.59 285 117 2 

FI-Sod ENF Dfc 436 248 372 0.85 0.57 193 129 7 

FR-Fon DBF Cfb 612 515 762 1.25 0.84 170 170 2 

FR-Gri CRO Cfb 501 461 589 1.18 0.92 216 216 2 

FR-Hes DBF Cfb 956 337 739 0.77 0.35 416 199 10 

FR-LBr ENF Cfb 927 576 1024 1.1 0.62 413 413 8 

FR-Pue EBF Csa 930 381 978 1.05 0.41 460 460 7 

GF-Guy EBF Af 3111 1328 1803 0.58 0.43 1803 495 3 

HU-Bug GRA Cfb 501 457 782 1.56 0.91 117 117 5 

HU-Mat GRA Cfb 469 432 606 1.29 0.92 87 87 3 



Site Biome Climate MAP MAE MAPE DI EI 

Annual 

Surplus 

Seasonal 

Surplus N Years 

ID-Pag EBF Af 2072 1269 1878 0.91 0.61 717 522 2 

IE-Ca1 CRO Cfb 680 106 348 0.51 0.16 465 133 3 

IE-Dri GRA Cfb 1271 421 502 0.4 0.33 786 17 3 

IL-Yat ENF BSh 263 252 1386 5.27 0.96 89 89 6 

IT-Amp GRA Cfa 811 618 906 1.12 0.76 406 406 5 

IT-BCi CRO Csa 1424 664 1050 0.74 0.47 913 538 3 

IT-Col DBF Cfa 1144 300 962 0.84 0.26 537 355 11 

IT-Cpz EBF Csa 794 432 1249 1.57 0.54 266 266 8 

IT-LMa DBF Cfb 702 462 1030 1.47 0.66 163 163 4 

IT-Lav ENF Cfb 947 448 860 0.91 0.47 380 293 5 

IT-Lec EBF Cfa 421 564 1019 2.42 1.34 58 58 2 

IT-MBo GRA Cfb 818 439 500 0.61 0.54 393 76 4 

IT-Mal GRA Cfb 1174 383 615 0.52 0.33 620 60 4 

IT-Noe CSH Csa 521 491 1235 2.37 0.94 141 141 3 

IT-Non DBF Cfa 852 411 882 1.04 0.48 233 233 4 

IT-PT1 DBF Cfa 743 509 951 1.28 0.69 320 320 3 

IT-Pia OSH Csa 378 525 1643 4.35 1.39 43 43 4 

IT-Ren ENF Cfb 967 497 774 0.8 0.51 242 49 8 

IT-Ro1 DBF Csa 847 434 1132 1.34 0.51 309 309 7 

IT-Ro2 DBF Csa 862 477 1117 1.3 0.55 301 301 5 

IT-SRo ENF Csa 785 445 1229 1.57 0.57 329 329 8 

JP-Mas CRO Cfa 1228 780 949 0.77 0.64 300 21 2 

JP-Tef MF Dfb 883 246 580 0.66 0.28 399 96 4 

JP-Tom MF Dfb 1043 531 754 0.72 0.51 440 151 3 

JP-Tsu GRA Cfa 1228 780 949 0.77 0.64 300 21 1 

KR-Kw1 MF Dwa 1485 273 794 0.53 0.18 765 75 4 

NL-Ca1 GRA Cfb 688 519 614 0.89 0.75 291 217 4 

NL-Ca2 CRO Cfb 844 532 953 1.13 0.63 223 223 1 

NL-Haa GRA Cfb 805 623 597 0.74 0.77 339    -- 2 

NL-Lan CRO Cfb 761 532 647 0.85 0.7 300 186 2 

NL-Loo ENF Cfb 943 488 735 0.78 0.52 410 202 11 

PL-wet WET Cfb 507 453 614 1.21 0.89 171 171 2 

PT-Esp EBF Csa 660 614 1278 1.94 0.93 221 221 4 

PT-Mi1 WSA Csa 479 167 1226 2.56 0.35 105 105 3 

PT-Mi2 GRA Csa 579 369 1014 1.75 0.64 233 233 3 

RU-Fyo ENF Dfb 603 303 663 1.1 0.5 180 180 9 

SE-Deg WET Dfc 478 232 271 0.57 0.48 236 30 5 

SE-Fla ENF Dfc 671 213 517 0.77 0.32 112    -- 6 

SE-Nor ENF Dfb 593 327 554 0.93 0.55 142    -- 6 

SE-Sk1 ENF Dfb 650 293 365 0.56 0.45     -- -- 1 



Site Biome Climate MAP MAE MAPE DI EI 

Annual 

Surplus 

Seasonal 

Surplus N Years 

UK-AMo WET Cfb 897 163 304 0.34 0.18 614 21 1 

UK-Gri ENF Cfc 954 477 476 0.5 0.5 660 182 6 

UK-PL3 DBF Cfb 556 506 660 1.19 0.91 251 251 2 

US-ARM CRO Cfa 629 452 911 1.45 0.72 66 66 4 

US-ARb GRA Cfa 556 649 1086 1.95 1.17 0 0 2 

US-ARc GRA Cfa 590 711 1127 1.91 1.2 0 0 2 

US-Atq SNO ET 167 133 325 1.95 0.8 36 36 6 

US-Aud GRA BSk 342 276 756 2.21 0.81 8 8 5 

US-Bar DBF Dfb 1157 313 863 0.75 0.27 408 114 2 

US-Bkg GRA Dfa 893 823 825 0.92 0.92 320 251 3 

US-Blo ENF Csa 1444 704 1187 0.82 0.49 964 707 10 

US-Bn1 ENF Dsc 249 226 590 2.37 0.91 18 18 1 

US-Bn2 DBF Dsc 249 236 475 1.91 0.95 41 41 1 

US-Bn3 OSH Dsc 249 198 492 1.97 0.79 37 37 1 

US-Bo1 CRO Dfa 782 601 895 1.14 0.77 162 162 12 

US-Bo2 CRO Dfa 981 616 1110 1.13 0.63 204 204 3 

US-Brw SNO ET 165 129 291 1.76 0.78 1    -- 5 

US-CaV GRA Cfb 1357 379 691 0.51 0.28 763 97 2 

US-Dk1 GRA Cfa 1062 667 1056 0.99 0.63 263 256 5 

US-Dk2 MF Cfa 1091 787 1081 0.99 0.72 231 221 3 

US-Dk3 MF Cfa 1060 833 1144 1.08 0.79 252 252 5 

US-FPe GRA BSk 395 310 551 1.4 0.79 120 120 7 

US-FR2 WSA Cfa 909 676 1412 1.55 0.74     --    -- 3 

US-Fuf ENF Csb 386 434 1122 2.91 1.12 0 0 2 

US-Goo GRA Cfa 1573 681 1064 0.68 0.43 700 191 5 

US-Ha1 DBF Dfb 1139 417 704 0.62 0.37 507 72 16 

US-Ho1 ENF Dfb 817 369 766 0.94 0.45 264 213 9 

US-Ho2 MF Dfb 787 367 922 1.17 0.47 183 183 6 

US-IB1 CRO Dfa 635 569 946 1.49 0.9 186 186 3 

US-IB2 GRA Dfa 1080 570 949 0.88 0.53 362 231 3 

US-Ivo SNO ET 312 109 256 0.82 0.35 142 87 4 

US-KS2 CSH Cfa 1768 814 1575 0.89 0.46 675 482 7 

US-Los CSH Dfb 690 364 640 0.93 0.53 168 118 5 

US-MMS DBF Cfa 1054 534 951 0.9 0.51 293 190 7 

US-MOz DBF Cfa 789 712 1166 1.48 0.9 184 184 3 

US-Me4 ENF Csb 638 361 1061 1.66 0.57 333 333 5 

US-NC1 OSH Cfa 1093 800 1135 1.04 0.73 98 98 2 

US-NC2 ENF Cfa 1398 987 1273 0.91 0.71 270 144 2 

US-NR1 ENF Dfc 631 583 798 1.26 0.92 130 130 4 

US-Ne3 CRO Dfa 753 618 939 1.25 0.82 31 31 5 



Site Biome Climate MAP MAE MAPE DI EI 

Annual 

Surplus 

Seasonal 

Surplus N Years 

US-Oho DBF Dfa 673 596 927 1.38 0.88 169 169 2 

US-PFa MF Dfb 820 427 621 0.76 0.52 277 77 6 

US-SO2 WSA Csa 788 477 1294 1.64 0.61 242 242 6 

US-SO3 WSA Csa 866 431 1302 1.5 0.5 374 374 6 

US-SP1 ENF Cfa 781 552 1505 1.93 0.71 65 65 3 

US-SP3 ENF Cfa 992 942 1320 1.33 0.95 94 94 6 

US-SRM WSA BSk 303 298 1176 3.88 0.98 0 0 3 

US-Syv MF Dfb 399 340 663 1.66 0.85 68 68 5 

US-Ton WSA Csa 571 394 1214 2.13 0.69 273 273 6 

US-UMB DBF Dfb 616 537 774 1.26 0.87 109 109 5 

US-Var GRA Csa 561 297 879 1.57 0.53 315 315 6 

US-WBW DBF Cfa 1201 572 1043 0.87 0.48     --    -- 5 

US-WCr DBF Dfb 752 361 746 0.99 0.48 147 142 8 

US-Wkg GRA BSk 219 220 932 4.26 1 0 0 3 

US-Wrc ENF Csb 1858 447 955 0.51 0.24 1392 489 8 

VU-Coc EBF Af 2238 1179 1406 0.63 0.53 909 78 4 

ZA-Kru SAV Cwa 383 327 1854 4.85 0.85 0 0 3 

 



 

Text S2. Key Results for a Range of Data Treatments 

 

This supplement presents key results of the manuscript for a more extensive range of data 

treatments and approaches that impose even more stringent restrictions on site inclusion and/or 

assumptions about energy balance closure.  In Table S.2.1 we show results from t-tests of E/P 

departures from the expected value contrasting: a) Mediterranean and other Warm Temperature 

climates, as well as b) forests and grasslands.  In Table S.2.2 we show the corresponding t-tests 

of site-level annual energy balance closure (H+λE)/Q.  In Table S.2.3 we show the curvature 

parameter derived from an empirical fit of equation 3 to the data.  In Table S.2.4 we show results 

of 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. 

 

The first three approaches to data treatment and site filtering were already fully described and 

presented in the main manuscript but results are included here for completeness.  This includes 

two additional uses of the same sites but adjusting departures based on a weak trend with DI.  

We also show results for the following additional data and site exclusion treatments: 

 Because of concerns over the common lack of energy balance closure with eddy 

covariance measurements of turbulent energy fluxes 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) (“E from (Rn-G)*LE/(LE+H)” in cases D, 
I, and J below).   

 Because of concerns about unmeasured water sources available to evapotranspiration we 

adopt a more strict supply limit of E/P < 1.05 and exclude sites that do not satisfy this 

criterion (“EP Bounded” in cases E, G, and J below). 

 Because of concerns about violation of the steady-state assumption particularly for sites 

with short records, we exclude sites with fewer than 3 years of record (“Nyrs Filtered” in 
cases F, H, I, and J below). 

 

With regard to the Mediterranean versus Warm Temperate contrast, 11 of 12 tests indicate 

significantly lower E/P departures for Mediterranean climates (P-value < 0.05) and the last test is 

nearly significant (P-value = 0.12).  With regard to the forest versus grassland contrast, 10 of 12 

tests indicate significantly lower E/P departures for forests (P-value ≤ 0.07) and the other two 
tests are nearly significant (P-value ≤ 0.12).   All but 2 of the 12 ANOVA tests indicate 

significant effects of vegetation and climate types, where the 2 that did not involved site 

exclusion based on a strict water supply limit (E/P< 1.05).  However, when the same water 

supply limit was applied simultaneously with the removal of sites with short records and the 

adjustment of turbulent fluxes to close the energy balance (case J), both vegetation and climate 

types were found to have significant influences as well as their interactions.  With respect to 

energy balance closure, only one of these contrasts suggests possible bias in this respect (Q from 

Rn-G for forests versus grasslands, P-value = 0.13).  Considering the extensive testing and 

overwhelming tendencies that emerge we conclude that the major interpretations and findings 

presented in the core manuscript are robust to data treatment and site filtering concerns. 



Table S.2.1. Statistics from independent contrasts of site-specific departures (E/P – f(Ep/P)) 

unadjusted for a linear trend of E/P departures with Ep/P.  Contrasts are drawn between 

Mediterranean versus Warm Temperate, and Forest versus Grassland populations.  Reported are 

number of sites (N), mean, and standard deviation for sample populations, plus P-values from 

two-sided t-tests with unequal variances using various methods of data treatment and site 

exclusion. 
 

A. Q from Rn 

  
Unadjusted 

   
Adjusted 

 

 

N Mean StDev P-Value 

 

Mean StDev P-Value 

Mediterranean 21 -0.09 0.21 0.01 

 

-0.12 0.19 0.00 

Warm Temperate 74 0.02 0.15 

  

0.04 0.15 

 

         Forests 48 -0.03 0.17 0.07 

 

-0.01 0.16 0.03 

Grasslands 23 0.05 0.16 

  

0.07 0.15 

 

         B. Q from Rn-G 

  
Unadjusted 

   
Adjusted 

 

 

N Mean StDev P-Value 

 

Mean StDev P-Value 

Mediterranean 18 -0.10 0.15 0.01 

 

-0.13 0.12 0.00 

Warm Temperate 62 0.01 0.16 

  

0.03 0.15 

 

         Forests 41 -0.05 0.17 0.03 

 

-0.03 0.15 0.01 

Grasslands 20 0.05 0.16 

  

0.08 0.14 

 

         C. Q from H+LE 

        

 

N Mean StDev P-Value 

    Mediterranean 21 -0.11 0.20 0.00 

    Warm Temperate 72 0.02 0.12 

     

         Forests 46 -0.03 0.13 0.05 

    Grasslands 23 0.04 0.15 

     

         D. E from (Rn-G)*LE/(LE+H) 

       

 

N Mean StDev P-Value 

    Mediterranean 18 -0.10 0.11 0.00 

    Warm Temperate 62 0.03 0.15 

     

         Forests 41 -0.03 0.14 0.12 

    Grasslands 20 0.03 0.14 

     

         E. Q from Rn, EP Bounded 

       

 

N Mean StDev P-Value 

    Mediterranean 19 -0.12 0.16 0.00 

    Warm Temperate 71 0.02 0.13 

     

         Forests 46 -0.03 0.15 0.11 

    Grasslands 21 0.03 0.12 

     

         



 
F. Q from Rn, Nyrs Filtered 

       

 

N Mean StDev P-Value 

    Mediterranean 20 -0.07 0.20 0.12 

    Warm Temperate 46 0.00 0.13 

     

         Forests 39 -0.04 0.14 0.04 

    Grasslands 14 0.05 0.13 

     

         G. Q from Rn-G, EP Bounded 

       

 

N Mean StDev P-Value 

    Mediterranean 17 -0.10 0.12 0.00 

    Warm Temperate 59 0.00 0.13 

     

         Forests 39 -0.05 0.14 0.04 

    Grasslands 18 0.03 0.12 

     

         H. Q from Rn-G, Nyrs Filtered 

      

 

N Mean StDev P-Value 

    Mediterranean 17 -0.08 0.12 0.04 

    Warm Temperate 43 0.00 0.14 

     

         Forests 36 -0.05 0.13 0.01 

    Grasslands 13 0.07 0.13 

     

         I. E from (Rn-G)*LE/(LE+H), Q from Rn-G, Nyrs Filtered 

    

 

N Mean StDev P-Value 

    Mediterranean 17 -0.07 0.11 0.01 

    Warm Temperate 43 0.04 0.15 

     

         Forests 36 -0.01 0.13 0.05 

    Grasslands 13 0.07 0.14 

     

         

         J. E from (Rn-G)*LE/(LE+H), Q from Rn-G, Nyrs Filtered, EP Bounded 
   

 

N Mean StDev P-Value 

    Mediterranean 17 -0.07 0.11 0.01 

    Warm Temperate 43 0.04 0.15 

     

         Forests 36 -0.01 0.13 0.05 

    Grasslands 13 0.07 0.14 

      



Table S.2.2. Statistics from independent contrasts of annual energy balance closure, (H+λE)/Q.  

Contrasts are drawn between Mediterranean versus Warm Temperate, and Forest versus 

Grassland populations.  Reported are number of sites (N), mean, and standard deviation for 

sample populations, plus P-values from two-sided t-tests with unequal variances using various 

methods of data treatment and site exclusion. 

 
A. Q from Rn 

    

 

N Mean StDev P-Value 

Mediterranean 21 0.80 0.14 0.89 

Warm Temperate 74 0.80 0.15 

 

     Forests 48 0.80 0.15 0.23 

Grasslands 23 0.84 0.14 

 

     B. Q from Rn-G 

    

 

N Mean StDev P-Value 

Mediterranean 18 0.85 0.13 0.41 

Warm Temperate 62 0.81 0.15 

 

     Forests 41 0.80 0.15 0.13 

Grasslands 20 0.86 0.14 

 

     C. Q from H+LE 

    

 

N Mean StDev P-Value 

Mediterranean 21 1.00 0.00 1.00 

Warm Temperate 72 1.00 0.00 

 

     Forests 46 1.00 0.00 1.00 

Grasslands 23 1.00 0.00 

 

     D. E from (Rn-G)*LE/(LE+H) 

   

 

N Mean StDev P-Value 

Mediterranean 18 1.00 0.00 1.00 

Warm Temperate 62 1.00 0.00 

 

     Forests 41 1.00 0.00 1.00 

Grasslands 20 1.00 0.00 

 

     E. Q from Rn, EP Bounded 

   

 

N Mean StDev P-Value 

Mediterranean 19 0.81 0.13 0.77 

Warm Temperate 71 0.80 0.15 

 

     Forests 46 0.79 0.15 0.40 

Grasslands 21 0.82 0.13 

 

     



 
F. Q from Rn, Nyrs Filtered 

   

 

N Mean StDev P-Value 

Mediterranean 20 0.79 0.14 0.69 

Warm Temperate 46 0.78 0.14 

 

     Forests 39 0.78 0.15 0.83 

Grasslands 14 0.79 0.07 

 

     G. Q from Rn-G, EP Bounded 

   

 

N Mean StDev P-Value 

Mediterranean 17 0.84 0.14 0.34 

Warm Temperate 59 0.80 0.15 

 

     Forests 39 0.79 0.15 0.24 

Grasslands 18 0.84 0.14 

 

     H. Q from Rn-G, Nyrs Filtered 

   

 

N Mean StDev P-Value 

Mediterranean 17 0.84 0.14 0.20 

Warm Temperate 43 0.79 0.15 

 

     Forests 36 0.78 0.15 0.37 

Grasslands 13 0.82 0.09 

 

     I. E from (Rn-G)*LE/(LE+H), Q from Rn-G, Nyrs Filtered 

 

N Mean StDev P-Value 

Mediterranean 17 1.00 0.00 1.00 

Warm Temperate 43 1.00 0.00 

 

     Forests 36 1.00 0.00 1.00 

Grasslands 13 1.00 0.00 

 

     J. E from (Rn-G)*LE/(LE+H), Q from Rn-G, Nyrs Filtered, EP Bounded 

 

N Mean StDev P-Value 

Mediterranean 17 1.00 0.00 1.00 

Warm Temperate 43 1.00 0.00 

 

     Forests 36 1.00 0.00 1.00 

Grasslands 13 1.00 0.00 

  

 



 

Table S.2.3.  Curvature parameter derived from an empirical fit of equation 3 to the data using 

various methods of data treatment and site exclusion. 

Curvature Parameter n 

A. Q from Rn 1.49 

B. Q from Rn-G 1.48 

C. Q from H+LE 2.09 

D. E from (Rn-G) * LE / (LE+H) 1.58 

E. Q from Rn, EP Bounded 1.40 

F. Q from Rn, N Years Filter 1.33 

G. Q from Rn-G, EP Bounded 1.39 

H. Q from Rn-G, N Years Filter 1.29 

I. E from (Rn-G) * LE / (LE+H), Q from Rn-G, N Years Filter 1.38 

J. E from (Rn-G) * LE / (LE+H), Q from Rn-G, N Years Filter, EP Bounded 1.38 

 



 

Table S.2.4. 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 various methods of data treatment and site exclusion. 

Abbreviations correspond to: Veg.=vegetation; Clim.=climate; SS=sum squares; df=degrees of 

freedom; MS=mean squares; F=F-statistic; Prob.=probability. 

A. Q from Rn 

     Source SS df MS F Prob.>F 

Vegetation 0.3793 10 0.03793 1.6959 0.087883 

Climate 0.3422 6 0.057034 2.55 0.022749 

Veg. X Clim. 0.79842 18 0.044357 1.9832 0.014657 

Error 2.9747 133 0.022366 

  Total 4.4946 167 

   

      B. Q from Rn-G 

     Source SS df MS F Prob.>F 

Vegetation 0.3597 10 0.03597 1.7473 0.081137 

Climate 0.35355 6 0.058925 2.8624 0.013112 

Veg. X Clim. 0.59261 15 0.039507 1.9191 0.03023 

Error 1.9762 96 0.020586 

  Total 3.2821 127 

   

      C. Q from H+LE 

     Source SS df MS F Prob.>F 

Vegetation 0.40542 10 0.040542 2.9338 0.002367 

Climate 0.3859 6 0.064316 4.6542 0.000254 

Veg. X Clim. 0.67561 18 0.037534 2.7161 0.000579 

Error 1.8103 131 0.013819 

  Total 3.2772 165 

   

      D. E from (Rn-G)*LE/(LE+H) 
   Source SS df MS F Prob.>F 

Vegetation 0.39276 10 0.039276 2.1251 0.029595 

Climate 0.38011 6 0.063351 3.4278 0.004164 

Veg. X Clim. 0.41373 14 0.029552 1.599 0.093432 

Error 1.7558 95 0.018482 

  Total 2.9424 125 

   

      



 

E. Q from Rn, EP Bounded 

    Source SS df MS F Prob.>F 

Vegetation 0.27038 10 0.027038 1.365 0.20387 

Climate 0.23894 6 0.039823 2.0105 0.068932 

Veg. X Clim. 0.30293 16 0.018933 0.95583 0.50861 

Error 2.5156 127 0.019808 

  Total 3.3279 159 

   

      F. Q from Rn, Nyrs Filtered 

    Source SS df MS F Prob.>F 

Vegetation 0.33434 10 0.033434 1.6762 0.098369 

Climate 0.30817 6 0.051361 2.575 0.023811 

Veg. X Clim. 0.47707 15 0.031805 1.5945 0.090702 

Error 1.8151 91 0.019946 

  Total 2.9347 122 

   

      G. Q from Rn-G, EP Bounded 

   Source SS df MS F Prob.>F 

Vegetation 0.23543 10 0.023543 1.3549 0.21415 

Climate 0.24154 6 0.040256 2.3167 0.039752 

Veg. X Clim. 0.31298 14 0.022356 1.2865 0.23118 

Error 1.5813 91 0.017376 

  Total 2.3712 121 

   

      H. Q from Rn-G, Nyrs Filtered 
   Source SS df MS F Prob.>F 

Vegetation 0.29568 9 0.032853 1.9907 0.053707 

Climate 0.28761 6 0.047935 2.9046 0.013979 

Veg. X Clim. 0.32999 14 0.023571 1.4283 0.16438 

Error 1.1222 68 0.016503 

  Total 2.0355 97 

   

      I. E from (Rn-G)*LE/(LE+H), Q from Rn-G, Nyrs Filtered 

 Source SS df MS F Prob.>F 

Vegetation 0.26135 9 0.029039 1.899 0.066747 

Climate 0.18879 6 0.031465 2.0576 0.069745 

Veg. X Clim. 0.38269 13 0.029438 1.9251 0.042181 

Error 1.0399 68 0.015292 

  Total 1.8727 96 

   

      



 

J. E from (Rn-G)*LE/(LE+H), Q from Rn-G, Nyrs Filtered, EP Bounded 

Source SS df MS F Prob.>F 

Vegetation 0.26135 9 0.029039 1.899 0.066747 

Climate 0.18879 6 0.031465 2.0576 0.069745 

Veg. X Clim. 0.38269 13 0.029438 1.9251 0.042181 

Error 1.0399 68 0.015292 

  Total 1.8727 96 

   

       


