
RESEARCH ARTICLE
10.1002/2013WR015044

Interannual variability of evapotranspiration and vegetation
productivity
Simone Fatichi1 and Valeriy Y. Ivanov1,2

1Institute of Environmental Engineering, ETH Zurich, Z€urich, Switzerland, 2Department of Civil and Environmental
Engineering, University of Michigan, Ann Arbor, Michigan, USA

Abstract Interannual variability of precipitation can influence components of the hydrological budget,
affecting them directly and indirectly through adjustments in vegetation structure and function. We investi-
gate the effects of fluctuations of annual precipitation on ecohydrological dynamics. Specifically, we use the
advanced weather generator, AWE-GEN, to simulate 200 years of hourly meteorological forcing obtained by
imposing four types of precipitation annual process with identical long-term mean. The generated time
series force a mechanistic ecohydrological model, Tethys-Chloris. Simulations with perturbed precipitation
variability are performed for four locations characterized by different vegetation cover and climate. The
results indicate that long-term transpiration (T) and evapotranspiration (ET) fluxes as well as vegetation pro-
ductivity expressed as Gross Primary Production (GPP) and Aboveground Net Primary Production (ANPP)
are essentially unaffected by the imposed climate fluctuations. This finding supports the hypothesis of a rel-
ative insensitivity, except for water-limited environments, of interannual evapotranspiration and vegetation
productivity to annual climatic fluctuations, which are mostly reflected in the fluxes of deep leakage and
runoff. The occurrence of short periods of favorable meteorological conditions randomly taking place within
the year was found to be a better explanatory variable for interannual variability of ET and ANPP than aver-
age annual or growing season conditions. The results indicated that local, single-site sensitivities are consid-
erably smaller than those observed across climatic and vegetation spatial gradients and thus an important
role of ecosystem reorganization in modifying ANPP and ET sensitivity in a changing climate is recognized.

1. Introduction

Climatic fluctuations at different temporal scales, from hourly to multiannual, significantly affect energy,
water, and carbon fluxes at the land surface [e.g., Wilson and Baldocchi, 2000; Baldocchi, 2008; Urbanski et al.,
2007; Bonan, 2008]. In the range of temporal scales, the controls exerted by the interannual climate variabili-
ty have been shown to provide rather different responses in terms of hydrological and vegetation dynamics.
Previous studies have demonstrated responses ranging from a strong control of annual precipitation on car-
bon and water fluxes [Williams and Albertson, 2005; Yang et al., 2008] to insensitivity of annual transpiration
and/or evapotranspiration to variability of annual precipitation [Roberts, 1983; Phillips and Oren, 2001; Oishi
et al., 2010]. Mixed responses relative to vegetation type have been also found [Holmgren et al., 2013], even
for similar climatic and soil conditions [Stoy et al., 2006]. As follows, these results do not always match an a
priori expectation that with increasing aridity, the annual variability of precipitation should exert a progres-
sively larger control on annual evapotranspiration and vegetation productivity [e.g., Br�eda et al., 2006; Koster
and Suarez, 1999]. Concurrently, the capability of plants to use available water in drier years or sites more
efficiently was also reported [Troch et al., 2009; Brooks et al., 2011] and expressed through a negative corre-
lation of the Horton index (the ratio between total evapotranspiration and precipitation minus fast runoff)
with the humidity index (the ratio between precipitation and potential evapotranspiration).

In terms of carbon cycle, when global-scale, multisite relationships were analyzed, the Aboveground Net Pri-
mary Production (ANPP) was found to be significantly correlated with annual or growing season precipita-
tion. However, a much lower sensitivity was observed locally, at the scale of a single site [Sala et al., 1988;
Lauenroth and Sala, 1992; Knapp and Smith, 2001; Huxman et al., 2004; Guo et al., 2012; Hsu et al., 2012], with
few exceptions [Fang et al., 2001].

Previous studies on hydrological and ecological response to annual climate variability have been generally
limited by the short records of available data, the difficulties of designing manipulation experiments with
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imposed interannual precipita-
tion variability (but see Knapp
et al. [2001] and Collins et al.
[2012] for exceptions), and tech-
nical capabilities to measure
quantities suitable for character-
izing all relevant hydrological
and ecological state variables. In
order to overcome some of the
above limitations and character-
ize the response of different eco-
systems to changes in
interannual variability of precipi-
tation, we constructed a set of
numerical experiments that are
based on two advanced tools: an
hourly weather generator, AWE-
GEN [Ivanov et al., 2007; Fatichi

et al., 2011], and a mechanistic ecohydrological model, Tethys-Chloris [Fatichi et al., 2012a, 2012b]. The
weather generator is a stochastic simulator designed to produce hourly time series of weather variables for
a given stationary climate. AWE-GEN is capable of reproducing statistical characteristics of meteorological
variables across a wide range of temporal scales, from the high-frequency hourly values to the low-
frequency interannual variability, a feature that is specifically crucial for this study. The mechanistic ecohy-
drological model, Tethys-Chloris, simulates all essential components of the hydrological cycle, resolving the
mass and energy budgets at the hourly scale, and includes vegetation dynamics in an explicit prognostic
framework, although longer time scale processes, such as species competition and forest successional
dynamics, are not simulated.

The weather generator, AWE-GEN, is used to simulate several long-term scenarios of hourly climate time
series, imposing different modes of interannual precipitation variability. Changes in interannual variability
are obtained modifying the long memory of annual precipitation as well as its variance (as described later)
for four locations characterized by different climates and dominant vegetation types. After having been
tested for these locations, the ecohydrological model, Tethys-Chloris (T-C), is used to simulate energy, water,
and carbon dynamics over the duration of the synthetic climate time series. The analysis of the designed
scenarios identifies on the relative importance of climatic conditions at different temporal scales in control-
ling annual variability of evapotranspiration (ET) and vegetation productivity. Additionally, the analysis
reveals how changes in interannual variability of precipitation affect a number of representative variables,
following a conceptual scheme after Jensen [1906] and Hsu et al. [2012] (Figure 1). Three possible cases are
identified as a consequence of a change in annual precipitation variability at the level of a vegetation stand.
In the first case, the annual value of the dependent variable (e.g., ET or ANPP of the stand) with the mean �V
is linearly related to precipitation Pr (with the mean Pr ). Consequently, a change in the annual variability of
Pr leads to a change in the variance of the dependent variable but not to a change in its mean. In the sec-
ond case, a nonlinear relationship exists between the dependent variable and Pr; therefore, a change in the
variance of Pr leads to a change in both the mean and the variance of the dependent variable. In the third
case, the dependent variable is insensitive to Pr. As such, changes in the variance of Pr affect neither the
mean �V , nor the variance of the dependent variable.

Using the designed numerical experiments, we address the following questions: (i) Are vegetation produc-
tivity (Gross Primary Production (GPP) and ANPP) and evapotranspiration sensitive to changes in the mean
and variance of annual precipitation? (ii) If they are insensitive, what other time scales control the variability
of annual ET, GPP, and ANPP, given a certain long-term climate?, (iii) Is there a role of precipitation long-
term persistence (memory) in controlling annual ET, GPP, and ANPP?, (iv) Are there significant differences
across a range of climates and vegetation types? Answering the above questions can help enhancing the
understanding of sensitivity of ecosystems to climate variability. A possibly more important scope is to con-
sider these questions in the context of climate change, which has the capacity to modify not only the long-
term mean precipitation but also its interannual variability [e.g., Rowell, 2005].
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Figure 1. A conceptual diagram of possible responses of a dependent variable (such as
ET or ANPP) with mean �V to changes in the second-order moment properties of annual
precipitation, where Pr is the mean annual precipitation. (a) If the relationship between
the two variables is linear, a change in the precipitation variance does not affect the
mean of the dependent variable but only the variance. (b) In the case when a nonlinear,
concave down relationship exists, a change in the precipitation variance skews the distri-
bution of the dependent variable such that the changed mean �V C will decrease relative
to the present mean �V . Also affected is the variance of the dependent variable. (c) In the
third case, when the two variables are independent neither the mean nor the variance of
the dependent variable is affected by changes in the precipitation variance.
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2. Materials and Methods

2.1. Case Studies
Four locations characterized by different vegetation types and climatic conditions were used in the follow-
ing numerical experiments. These are represented by a deciduous forest in the northern lower peninsula of
Michigan (UMBS), a seasonally dry grassland in California (Vaira Ranch), a semiarid shrub ecosystem in the
Walnut Gulch experimental watershed in south Arizona (Lucky-Hills), and a wet grassland in central Switzer-
land (Z€urich). Since only a few (<10) years of meteorological data were available from the experimental
sites, in two out of the four locations, the long-term climatic series from nearby meteorological stations
were used to identify the parameters of the weather generator and thus to define the baseline climates for
the subsequent numerical experiments.

2.1.1. The University of Michigan Biological Station (UMBS), MI, USA
The model T-C was confirmed using almost 12 years (January 1999 to October 2010) of eddy covariance
flux measurements collected in a deciduous forest in the north of the lower Michigan peninsula, near the
University of Michigan Biological Station, UMBS (84.71�W, 45.55�N; elevation 234 m a:s :l :). The dominant
canopy species include Populus grandidentata Michx. (bigtooth aspen) and Populus tremuloides Michx. (trem-
bling aspen), which together comprise over 40% of the basal area. The other species are Quercus rubra L.
(northern red oak), Betula papyrifera Marsh. (paper birch), Fagus grandifolia Ehrh. (American beech), Acer sac-
charum Marsh. (sugar maple), Acer rubrum L. (red maple), and Pinus strobus L. (white pine). The understory
vegetation primarily consists of bracken fern and saplings of the canopy species. The mean annual tempera-
ture and precipitation in the analyzed period are 7.1 �C and 873 mm , respectively. In combination with
eddy covariance flux measurements, Leaf Area Index (LAI), soil temperature, and soil moisture have been
also collected and were used for model confirmation. Annual estimates of fine root biomass, leaf litter, and
aboveground biomass increments are also available. For a full description of the site and observation meth-
odologies, the reader is referred to Bovard et al. [2005], Curtis et al. [2005], Gough et al. [2007, 2009, 2013],
and He et al. [2013, 2014].

A column of soil 3 m deep is assumed in the simulation with a free drainage condition at the bottom; the
root depth (defined as the depth which includes 95% of fine root biomass) is assumed to be 80 cm accord-
ing to local observations [He et al., 2013]. Soil hydraulic properties are also assigned based on local observa-
tions [He et al., 2013].

2.1.2. Vaira Ranch—San Francisco, CA, USA
We used a data set corresponding to the flux tower near the Vaira Ranch (120.95�W, 38.41�N; elevation 129
m a:s :l :) located in the lower foothills of the Sierra Nevada Mountains, near Ione, California. The ecosystem
is classified as a ‘‘California, annual grassland.’’ The open grassland is dominated by C3 annual species,
including Brachypodium distachyon L., Hypochaeris glabra L., Trifolium dubium Sibth., Trifolium hirtum All.,
Dichelostemma volubile A., and Erodium botrys Cav. [Ma et al., 2007]. The climate at Vaira Ranch can be classi-
fied as Mediterranean type, with dry, hot summers and wet, mild winters. The long-term mean annual tem-
perature and precipitation are 16.9 �C and 565 mm, respectively [Ryu et al., 2008]. For a detailed description
of the site including climate, soil, and vegetation characteristics, the reader is referred to Baldocchi et al.
[2004], Xu and Baldocchi [2004], Ma et al. [2007], and Ryu et al. [2008]. T-C was tested for a period of nearly 9
years (November 2000 to December 2009). The simulation plot is considered to be flat and fully occupied
by a C3 grass. A soil column 1 m deep and a root depth of 30 cm were assumed in the simulation. Homoge-
nous soil hydraulic properties were derived from pedotransfer functions using a 0.30 fraction of sand, 0.13
of clay, and 0.0139 of soil organic material.

Thirty years of hourly meteorological data from the station of San Francisco airport were used to calculate
all of the parameters required by AWE-GEN. The location has a mean climate close to that characteristic of
Vaira Ranch, with the mean annual temperature and precipitation of 13.3 �C and 538 mm, respectively.

2.1.3. Lucky Hills—Tucson, AZ, USA
The Lucky Hills experimental site (110.30�W, 31.44�N; elevation 1372 m a:s :l :) located within the Walnut
Gulch Experimental Watershed, near Tombstone in the south-east Arizona, was used as a test case for T-C
for a shrubland ecosystem. A flux tower has been measuring mass and energy exchanges since 1996
[Emmerich and Verdugo, 2008]. The flux tower footprint is composed of a sparse shrub community, mainly
represented by evergreen shrubs, such as creosotebush (Larrea tridentata) and tarbush (Flourensia cernua),
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and deciduous shrubs, such as whitethorn acacia (Acacia constricta) [King et al., 2008; Skirvin et al., 2008].
The mean annual temperature is 17.2 �C and the mean annual precipitation is �333 mm [Keefer et al.,
2008]. A more detailed description of site characteristics can be found in [Fatichi et al., 2012a, 2012b] and
references therein. T-C was tested for a period of 13.5 years (July 1996 to December 2009). We considered a
flat, plot-scale representation of surface composed of 0.25 fraction of whitethorn acacia and 0.10 fraction of
creosotebush [Weltz et al., 1994]. A 2 m soil column depth is assumed in the simulations. The soil hydraulic
properties are derived from pedotransfer functions, and the saturated hydraulic conductivity is assumed to
decline exponentially with depth [Fatichi et al., 2012a]. A root depth of 90 cm was assumed on the basis of
local observations [Cox et al., 1986].

2.1.4. Z€urich, Switzerland
The performance of T-C for Swiss grasslands was tested using data from three flux tower sites located in a
grassland region in the north-central part of Switzerland [Fatichi et al., 2014]. These are the experimental
facilities of Chamau (47.21�N, 8.41�E; 393 m a.s.l.), Oensingen (47.28�N, 7.73�E; 452 m a.s.l.), and Fr€ueb€uel
(47.11�N, 8.53�E; 982 m a.s.l.). The data were available for several years, 2006–2008, 2002–2003, and 2006–
2008, respectively. During the observational period, the three sites had annual precipitation totals of 1156,
1187, and 1690 mm yr 21 and average annual air temperatures of 9.6, 9.6, and 7.6 �C. A soil column of 1.5 m
and a root depth of 25 cm were adopted for all of the locations. Soil properties were estimated from pedo-
transfer functions [Fatichi et al., 2014]. We consider a flat, plot-scale representation of surface fully covered
by grassland, vegetation cover fraction Ccrown51. A full description of the locations with species composi-
tion can be found in Ammann et al. [2007, 2009], Lazzarotto et al. [2009], Gilgen [2009], Gilgen and Buchmann
[2009], and Zeeman et al. [2010]. A detailed description of T-C simulations and model confirmation for these
sites is reported in Fatichi et al. [2014].

Thirty years of hourly meteorological data from the station of Z€urich, Fluntern were used to estimate the
parameters of AWE-GEN. The station location corresponds to climate representative of the Swiss-plateau
with the mean annual temperature and precipitation of 9.4 �C and 1126 mm, respectively.

2.2. Weather Generator and Experimental Design
AWE-GEN is a stochastic generator designed to produce hourly time series of weather variables for a given
stationary climate and thus can produce theoretically infinitely long series. In situ, point-scale observations
are required for estimation of its parameters [Fatichi, 2010; Fatichi et al., 2011, 2013]. The weather generator
is capable of reproducing statistical characteristics of meteorological variables across a wide range of tem-
poral scales, including interannual variability. Interannual dynamics are imposed by simulating annual pre-
cipitation through an autoregressive order-one model (AR1) or an autoregressive, fractionally integrated
moving average (ARFIMA) model [Montanari et al., 1997; Koutsoyiannis, 2003; Fatichi et al., 2011]. The
ARFIMA model is used to simulate the time series with long memory, i.e., where statistical dependence
decays more slowly than an exponential decay, using a noninteger value of the long-memory (differencing)
parameter d larger than zero [Beran, 1994]. The generator simulates seven meteorological variables: precipi-
tation, cloudiness, air temperature, vapor pressure, wind speed, atmospheric pressure, and shortwave
incoming radiation partitioned into diffuse and direct beam types and into two wavelength bands. AWE-
GEN theoretical framework and parameter estimation can be found in Fatichi et al. [2011]. A technical refer-
ence of AWE-GEN is available online (http://www-personal.umich.edu/ivanov/HYDROWIT/Models.html).

For each of the selected locations, we stochastically generated 200-year long time series of hourly meteoro-
logical variables using the weather generator AWE-GEN. Four scenarios characterized by different interan-
nual variabilities of precipitation were designed. We characterized the interannual variability of
precipitation using five statistics of annual precipitation process: the mean Pr , the coefficient of variation CV,
the skewness c, the lag-1 correlation q1, and the long-memory parameter d, which is related to the Hurst
coefficient Hu, through d5Hu20:5 [Fatichi et al., 2012c]. Their derived values for the four analyzed locations
are presented in Table 1, along with other climatic information. Note that the precipitation statistics in Table
1 computed from long-term monthly time series are slightly different from the statistics of the hourly time
series derived from the flux tower observations (section 2.1). The parameter d is not reported since its esti-
mation for a single site is not robust, given the short duration of observed climate time series. However, a
global-scale analysis points to a value of d � 0:16, which is significantly different from zero [Fatichi et al.,
2012c].
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The four selected scenarios of interannual variability are represented by (i) a reference scenario, in which
annual precipitation is simulated with an AR1 model, with the skewness modified through the Wilson-
Hilferty transformation (AR case); (ii) a scenario in which annual precipitation is simulated with an ARFIMA
model with d50:35, which intentionally exaggerates the natural long memory of the time series (ARFIMA
case); (iii) a scenario in which the annual precipitation is simulated with an AR1 model but the variance of
annual precipitation is changed with respect to the reference scenario, so as to increase the coefficient of
variation CV by 10.1 (ARp01 case); and (iv) a scenario in which annual precipitation is also simulated with an
AR1 model but the coefficient of variation CV is decreased by 0.1, with respect to the reference scenario,
changing again the variance of the process (ARm01 case). These four scenarios, the reference (AR), the long
memory (ARFIMA), the increased (ARp01), and the decreased (ARm01) precipitation interannual variability
permit testing the response of ecohydrological system to changes in interannual variability, since in all of
the scenarios the long-term mean precipitation is the same. Note that the applied changes in CV of 60:1
should be considered as a rather drastic modification, with the typical worldwide range of CV corresponding
to 0.15–0.5 [Fatichi et al., 2012c; D’Odorico and Bhattachan, 2012]. Imposing such a large change in CV, as
well as a strong intensity of the long memory, has the objective of amplifying the simulated responses of
the studied ecosystems.

Further, note that while the annual perturbation scenarios target only the process of precipitation, due to
the causal and statistical linkages of precipitation with most of the other meteorological variables simulated
by AWE-GEN [Fatichi et al., 2011, 2013], we expect that the latter variables will exhibit fluctuations consistent
with that of precipitation.

The 200 years of generated hourly meteorological variables for the four scenarios of interannual variability
are used as input to the ecohydrological model T-C.

2.3. Ecohydrological Model
The mechanistic ecohydrological model, Tethys-Chloris (T-C), simulates all essential components of the
hydrological cycle, resolving the mass and energy budgets at the hourly scale. It includes energy and mass
exchanges in the surface boundary layer, using a detailed resistance analogy scheme [e.g., Sellers et al.,
1997], a module of saturated and unsaturated soil water dynamics, up to two layers of vegetation, and a
snowpack evolution module. The dynamics of water content in the soil profile are resolved using the one-
dimensional (1-D) Richards equation for vertical flow and the kinematic wave formulation for lateral subsur-
face flow. Vegetation dynamics are represented and include all essential plant life-cycle processes, i.e., pho-
tosynthesis, phenology, carbon allocation and translocation, and tissue turnover [Fatichi et al., 2012a,
2012b]. The version of T-C used in this study includes modifications introduced in Fatichi and Leuzinger
[2013] and Fatichi et al. [2014]. Specifically, the soil heat flux is computed solving the heat diffusion equa-
tion, water ponding on surface is included as an option, ‘‘two big-leaves’’ scheme is introduced, where sunlit
and shaded leaves are treated separately for computing net assimilation and stomatal resistance, standing
dead biomass and fruit-flower carbon pools are explicitly simulated, and, lastly, grassland management

Table 1. Site Characteristics as Inferred From Observed Dataa

UMBS Vaira Lucky Hills Z€urich

Number of years 31 155 49 30
Pr ðmm yr 21Þ 814 539 354 1126
CV (–) 0.14 0.30 0.24 0.15
c (–) 20.16 0.38 0.28 0.60
q1ð2Þ 0.007 0.075 0.293 0.081
Ta ð�CÞ 7.9 13.3 17.2 9.4
Rsw ðWm22Þ 157 182 236 128
Rn ðWm22Þ 81 92 105 63
Epot ðmm yr 21Þ 1043 1185 1356 812
DI (–) 1.28 2.19 3.83 0.72

aThe quantities Pr ðmm yr 21Þ, CV (–), c (–), and q1ð2Þ are the mean, coefficient of variation, skewness, and lag-1 autocorrelation of
annual precipitation, respectively. Other site variables are long-term averages of air temperature Ta ð�CÞ, shortwave radiation Rsw

ðW m22Þ, net radiation Rn, potential evaporation (computed from Penman-Monteith equation as in Shuttleworth [1993]) Epot ðmm yr 21Þ,
and the dryness index DI5Epot=Prð2Þ.
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practices (grazing, cutting) can be also represented by the model. A detailed description of the model is
provided in Fatichi [2010] and Fatichi et al. [2012a, 2012b].

While the model can resolve ecohydrological dynamics over complex topography of a watershed and
explicitly consider spatial variability of meteorological fields and the role of topography in controlling
incoming radiation and water lateral transfers, in this study, each domain was assumed to be flat without
lateral effects of mass and energy exchange and without an explicit areal dimension. All computed one-
dimensional fluxes and storages are obtained per unit ground area.

Vegetation in T-C is dynamic as all of the simulated carbon pools evolve in time, responding to climatic
inputs and boundary conditions. However, the model assumes vegetation in a mature state, without simu-
lating further ecosystem processes such as forest growth, species competition and successional dynamics.
Vegetation also does not age, seeds are not dispersed, and recruitment does not occur. Mortality events
can occur only because of carbon starvation, when mobile nonstructural carbohydrate reserves are entirely
depleted (no mortality episodes were observed in the presented simulations). Therefore, persistent effects
of severe droughts on forest composition and structure due to mortality caused by hydraulic failure or
biotic agents cannot be accounted for. Nutrient dynamics are also neglected in the model that assumes
vegetation to be in equilibrium with its nutritional environment.

The above assumptions are certainly critical for analyzing long-term energy, water, and carbon fluxes. How-
ever, mechanistic modeling of processes such as seed dispersal, recruitment, forest successional dynamics,
or plant mortality is particularly challenging. Due to the current lack of commonly accepted approaches,
their representations would require numerous assumptions and parameterizations that would remain
untested using only flux tower data, and difficult to test even with forest inventories or remote sensing data
[Medlyn et al., 2005]. Similar issues impact a numerical representation of nutrient dynamics. Therefore, the
design of this study had a specific focus on the investigation of responses of ‘‘established ecosystems’’ to
annual variability of precipitation. We omit the effects of transient processes of forest demography, nutrient
controls, and the impacts of abrupt changes due to mortality in extreme years from our simulations. The
implications of these limiting assumptions are further discussed in section 4.

2.4. Sensitivities and Indexes
In order to analyze the effect of perturbing the annual precipitation process on ET, GPP, and ANPP, we com-
pute ‘‘normalized sensitivities’’ to mean annual precipitation and to the second-order moment property of
precipitation process. In the former case, the sensitivity is computed for each of the four interannual vari-
ability scenarios; a single sensitivity is estimated in the latter case, using the difference between the long-
term means of variables of interest in the scenarios ARp01 and ARm01.

Specifically, the normalized sensitivity to mean annual precipitation Sl;l is computed from the slope b of
the linear relationship (the linear least squares fit) between a prognostic variable at the annual scale V (e.g.,
ET, GPP, or ANPP) and annual precipitation Pr multiplied by the ratio of mean precipitation Pr to the mean
of V, �V , Sl;l5b � Pr=�V [Hsu et al., 2012]. The normalized sensitivity to the second-order moment property of
annual precipitation Sl;r is computed as Sl;r5D�V=DrPr � rPr=Vpm , where D�V and DrPr are the differences of
the means �V and of the standard deviations rPr of annual precipitation corresponding to the ARp01 and
ARm01 scenarios. The variables Vpm and rPr are the means of the two values obtained for the ARp01 and
ARm01 scenarios. Finally, the sensitivity of a second-order moment property of a variable V to the second-
order moment property of annual precipitation is computed as Sr;r5DrV=DrPr � rPr=rV , where, as above,
the differences and the means of rV and rPr are computed using the values obtained for the ARp01 and
ARm01 scenarios. The normalized sensitivities are useful metrics because they conveniently express the
magnitude of a relative expected change in one variable, given a relative change in the other. For instance,
Sl;l51 implies that a change of 1% in the precipitation mean leads to a 1% change in the mean of the
dependent variable V (e.g., ET).

Additionally, we compute an index that expresses a combination of climatic and vegetation controls during
the growing season. Specifically, Stoy et al. [2006] identified a growing season index GSp, computed as the
product of four variables representing the growing season: precipitation (integrated), vapor pressure deficit,
stomatal conductance, and Leaf Area Index (all averaged). This index was found to provide a good explana-
tory power for growing season and annual variability of evapotranspiration.
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Finally, in this study we define two metrics ‘‘good days,’’ GD, and ‘‘good hours,’’ GH, as the number of days
and hours within a year, where the simulated ET is larger than the 95th percentile of the simulated daily or
hourly ET in the observational period. Such metrics are intended to capture hours/days where a combina-
tion of favorable temperature, fully developed canopy, high soil moisture, favorable vapor pressure deficit,
and wind speed conditions lead to very high magnitudes of ET (and, supposedly, GPP). The choice of the
95th percentile is arbitrary but it affects the results only marginally, and similar results are obtained using
the 85th and 90th percentiles, as discussed in the following.

3. Results

3.1. Model Confirmation
In this section, we present confirmation of T-C performance only for the locations of the UMBS and Vaira
Ranch. We compare multiyear hourly simulations of energy, water, and carbon fluxes with detailed meas-
urements available for the respective flux towers. The T-C simulation for the location of Lucky Hills is
described in Fatichi et al. [2012a]. Simulations for three flux towers representative of grassland in Switzer-
land are described in Fatichi et al. [2014]. They all show satisfactory results. The updated version of T-C,
especially the two big-leaves parameterization, allows us to obtain even better results for long-term carbon
fluxes at Lucky Hills, as compared to Fatichi et al. [2012a]. This improved performance is reported in the sup-
porting information (Figure S1).

3.1.1. UMBS
The mean daily cycles of energy fluxes at the UMBS are reproduced with a high degree of accuracy by T-C
as testified by the determination coefficients R2 for the entire simulation period: R250:98 for net radiation
Rn, R250:83 for sensible heat H, and R250:73 for latent heat kE, computed at the hourly scale (Figure 2).
Latent heat is overestimated by 9.2% by the model, when compared to the flux tower data. However, the
energy budget is closed only in the model simulations and is not satisfied in the flux data. This result is sup-
ported by previous studies showing that nonclosure of the energy budget at UMBS is mainly attributed to
an underestimation of latent heat in the flux tower measurements [Schmid et al., 2000; Su et al., 2004].

Figure 2. A comparison between the observed (OBS) and simulated (SIM) average daily cycles of net radiation, latent heat, and sensible
heat for the location of the UMBS. The triangles represent the standard deviations. The scatterplots with correlation coefficients R are
shown for observations at the hourly scale.
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The temporal dynamics of soil moisture are compared to observations at various depths for a monitoring
period of less than 2 years, 2009–2010 (supporting information, Figure S2). The model is capable of simulat-
ing well soil moisture dynamics at 5, 15, 30, and 60 cm depth, with small underestimation (30 cm) or overes-
timation (15 cm). Model performance of soil moisture dynamics at 100 and 200 cm is considerably lower,
where the simulated range of variability overestimates observations. At 200 cm, the model also systemati-
cally predicts larger soil moisture contents, while the simulated kE is also larger.

The simulated GPP at the daily time scale is compared to GPP calculated from the observed Net Ecosystem
Exchange (NEE, the net exchange of carbon fluxes in the vertical direction) and estimated ecosystem respi-
ration (Figure 3). The results show a very good match in terms of temporal dynamics (R250:92), testifying
appropriate simulation of site phenology and intra-annual variability (not discernible in the figure). The total
annual GPP from simulations and that derived from observations are 1243 and 1210 gC m22 ground yr 21,
respectively. Despite such a good result at the daily scale, the performance in reproducing the annual GPP
is inferior with R250:33. Note that given the relatively small standard deviation of the annual GPP at the
UMBS 91 gC m 22 ground yr 21, it is difficult to verify how much of the model versus data difference in
annual values can be attributed to a model deficiency and how much can be related to uncertainties in
annual flux tower estimates.

Finally, the ground observations of Leaf Area Index (LAI) are compared with T-C simulations (supporting
information, Figure S3). The model exhibits the capability to capture the phenology of leaf onset quite well,
although 5–7 days of delay in model simulations can be detected. The same applies to the timing of leaf
senescence. Summer peaks of LAI are well reproduced with small differences detectable in the first 3 years
of the simulation. Remote sensing products, i.e., Moderate Resolution Imaging Spectroradiometer (MODIS)
data, give considerably higher peaks of LAI with respect to the ground observations (not shown).
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Figure 3. A comparison between the observed (OBS) and simulated (SIM) (a) daily and (c) annual GPP for the location of the UMBS. The scatterplots with the correlation coefficients R
are shown for (b) daily and (d) annual GPP.
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3.1.2. Vaira Ranch
The model also satisfactorily reproduces the mean daily cycles of net radiation Rn, sensible heat H, and
latent heat kE, and their corresponding standard deviations for the location of Vaira Ranch (supporting
information, Figure S4). Non-negligible overestimation of Rn and H can be appreciated during midday hours.
The mismatch is mainly limited to the period from March through June and can be the result of two com-
bined effects: an underestimation of the surface albedo and a misrepresentation of the surface temperature.
The determination coefficients for the entire simulation computed at the hourly scale are R250:96 for Rn, R2

50:88 for H, R250:71 for kE, and R250:72 for ground heat flux G. The model thus explains most of the vari-
ability in the hourly energy fluxes during the 9 years of the simulation.

The simulated time series of soil moisture at three depths are compared with the observations in Figure 4.
T-C captures the dynamics of soil moisture and reproduces the dissipation of soil moisture pulses quite well
at different time scales. The determination coefficients computed at the hourly scale are high (R250:78 at 2
cm depth, R250:76 at 10 cm depth, and R250:77 at a depth of 20 cm) and comparable among the three
depths. The Root Mean Square Error (RMSE) of hourly soil moisture is also similar across the three depths
and in the range of 0.043–0.057 (–). This underlines the consistency of the model performance for deeper
layers and a substantial reliability of the pedotransfer function used to estimate the soil hydraulic
properties.

The time series of simulated daily GPP are similar to that calculated from the observed Net Ecosystem
Exchange (NEE) and estimated ecosystem respiration (Figure 5a). The coefficient of determination at the
daily scale is R250:71 showing that more than two thirds of the variability in daily GPP is captured by the
model. Annual GPP is evaluated by integrating fluxes over hydrological years (November to October)
instead of calendar years [Ma et al., 2007]. The T-C simulated average annual GPP of 810 gC m22 ground
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Figure 4. A comparison between the observed (OBS) and simulated (SIM) soil water content at different depths: (a) 2 cm, (b) 10 cm, and
(c) 20 cm, measured near the Vaira Ranch flux tower.
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yr 21 compares favorably with the value obtained from observations (NEE and ecosystem respiration) of 850
gC m22 ground yr 21 (Figure 5b). The determination coefficient between the simulated and estimated
annual GPP is relatively high, R250:77 demonstrating that the model is capable of capturing the integrated
annual effect of climate on vegetation production.

A comparison between the simulated versus ground-inferred and remotely inferred Leaf Area Index (LAI)
illustrates that the model preserves the main features of the annual cycle of LAI and reproduces the annual
peaks well (supporting information, Figure S5). There is however a seasonal delay in the aboveground bio-
mass growth in the simulated time series, as compared to both ground observations and remote sensing
estimates. Note that the remote sensing observations show an enduring leaf cover late in the growing sea-
son not supported by the ground observations. Model simulations support the presence of dead standing
grass during late summer and fall, which probably leads to a reflectance typical of low LAI.

3.2. Results of Interannual Variability Scenarios
The imposed interannual variability scenarios ARp01 and ARm01 result in a substantial modification of the
variance of annual precipitation that can be appreciated from a boxplot representation (Figure 6). The
impact of introducing a long-term persistence scenario, i.e., the ARFIMA case, is not apparent in this repre-
sentation for precipitation but expected to be appreciable through changes in other statistics. As seen, the
variability in annual precipitation does not lead to any strongly pronounced effects in properties of several
ecohydrological metrics, such as GPP, ET, and transpiration T, for at least three of the four locations (UMBS,
Vaira Ranch, and Z€urich). Transpiration is the metric most insensitive to the imposed precipitation scenarios:
the mean, the variance, and the interquartile range are almost identical, regardless of the interannual
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Figure 5. A comparison between the observed (OBS) and simulated (SIM) (a) daily and (c) annual GPP for the location of Vaira Ranch. The scatterplots with the correlation coefficients R
are shown for (b) daily and (d) annual GPP.
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variability scenario. Only for the location of Lucky Hills, the interannual variability of precipitation, especially
the ARp01 and ARm01 cases, leaves a signature in the ET and GPP statistics. For all of the other locations,
the variability in precipitation is mostly translated into the variability of deep leakage (Lk), suggesting a gen-
eral insensitivity of annual ET fluxes to the annual climate variability.

In order to explore this effect further, we analyzed the normalized sensitivities of ET, GPP, and ANPP (section
2.4). The results of normalized sensitivities for ET, GPP, and ANPP for all of the cases are reported in Table 2.
Normalized sensitivities to the mean, Sl;l for ET, GPP, and ANPP are always smaller than 1 and typically
smaller than 0.5. Sensitivities are larger for the location of Lucky Hills, which is the driest location. The
obtained values of Sl;l are larger for ET than for ANPP or GPP, testifying that coupling of ET with precipita-
tion is stronger than that for vegetation productivity. For instance, Vaira Ranch and the UMBS exhibit Sl;l

almost equal to zero for GPP and ANPP. The magnitudes of Sl;l for ANPP are generally larger than for GPP,
with the exception of the Vaira Ranch, testifying a response of the carbon allocation component to changes
in precipitation.

The scenarios of interannual variability impact Sl;l mostly for the sites of Lucky Hills and Z€urich, as also
shown by the larger sensitivities of the variance to change in the precipitation variance Sr;r. The normal-
ized sensitivities of the mean to the variance Sl;r are always negative (case II in the conceptual model of
Figure 1), but their absolute values are typically 20–40 times smaller than Sl;l. This behavior is similar to
the conceptual case I (Figure 1) for Lucky Hills, and case III for the Vaira Ranch and the UMBS. A mix of the
cases I and III appears to reflect the response characteristics of Z€urich. The sensitivities of the variance of
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Figure 6. Boxplot representation of interannual variation of precipitation (Pr), Gross Primary Production (GPP), evapotranspiration (ET),
transpiration (T), and deep leakage (Lk) for the four study locations and for the four scenarios of interannual variability: AR1, ARFIMA,
ARp01, and ARm01. The black dot on the left of each plot represents the long-term mean from the observations (Pr) or simulations (GPP,
ET, T, and Lk) during the observational periods. Note that for Vaira Ranch and Z€urich hydrometeorological data of nearby meteorological
stations with long-term data were used for generation of 200 years of hourly time series. Hydrometeorological data observed at the flux
tower were used for simulations during the observational periods.
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ET, GPP, and ANPP to changes in precipitation variance Sr;r have a magnitude comparable to Sl;l for all of
the locations.

As seen in Figure 6, imposing a long-term memory (the ARFIMA scenario) has minimal effects on the annual
fluxes. This result is largely confirmed by analyzing the autocorrelation functions of GPP and ET, which
exhibit filtering of the strong correlation in annual precipitation (Figure 7). The autocorrelation structure is

Table 2. The Normalized Sensitivities Sl;l of Annual Evapotranspiration (ET), Transpiration (T), Aboveground Net Primary Production
(ANPP), and Gross Primary Production (GPP) to Changes in Annual Precipitation for the Four Interannual Variability Scenarios, Normal-
ized Sensitivities Sl;r of Changes in Means of the Above Variables to Changes in Annual Precipitation Standard Deviation, and Normal-
ized Sensitivities Sr;r of Changes in Annual Standard Deviation of the Above Variables to Changes in the Annual Standard Deviation of
Precipitation

Sl,l

Normalized Sensitivity AR1 ARFIMA ARp01 ARm01 Sl,r Sr,r

UMBS ET 0.292 0.314 0.333 0.422 20.010 0.308
T 0.110 0.101 0.181 0.196 20.016 0.113
ANPP 0.083 0.043 0.156 0.087 20.011 0.160
GPP 0.047 0.021 0.109 0.049 20.009 0.006

Vaira Ranch ET 0.183 0.188 0.235 0.209 20.024 0.132
T 0.062 0.041 0.130 0.066 20.015 20.071
ANPP 20.062 20.092 0.065 20.105 0.000 20.058
GPP 0.063 0.004 0.142 0.092 20.008 20.066

Lucky Hills ET 0.764 0.822 0.667 0.711 20.006 0.722
T 0.771 0.866 0.629 0.784 0.000 0.515
ANPP 0.613 0.684 0.541 0.504 20.044 0.627
GPP 0.491 0.549 0.441 0.407 20.039 0.638

Z€urich ET 0.336 0.332 0.280 0.231 20.022 0.420
T 0.268 0.249 0.221 0.173 20.023 0.338
ANPP 0.496 0.505 0.407 0.291 20.037 0.412
GPP 0.451 0.435 0.374 0.294 20.025 0418
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assuming that the series are Gaussian white noise, indicated by the dashed lines.
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preserved in ET and GPP only for the location of Lucky Hills. It can be also seen that annual GPP and ET for
Vaira Ranch show a significantly positive lag-1 correlation for the reference scenario AR1, even in the
absence of correlation in annual precipitation. Such a correlation is induced by memory in the belowground
carbon pools of vegetation, which is an important component of the functioning of such a Mediterranean
seasonal ecosystem.

The relative insensitivity of annual GPP and ET to annual precipitation variability demands for additional
explanations on the controls underlying the year-to-year variability of these variables and points to the
need of investigation at the intra-annual scales. We analyzed multiple linear and nonlinear correlations
among meteorological and vegetation variables computed for different months and at the growing season
scale to identify best possible statistical predictors of annual ET and GPP variability. As a result, the predictor
proposed by Stoy et al. [2006], the growing season index GSp, showed among the highest predictor skill for
all the scenarios and locations. The growing season index was able to explain between 0.63 and 0.87 of
growing season ET variability, depending on the location and case. Such a good (but not extraordinary)
result further pointed to a role played by the higher-frequency dynamics occurring at temporal scales in the
order of few days or even hours in explaining the interannual variability of ET and GPP.

We therefore hypothesized that a random occurrence of favorable conditions defined here as ‘‘good days,’’
GD, and ‘‘good hours,’’ GH (section 2.4), within a year could be a more suitable explanatory metric of annual
ET and GPP than average conditions over a month, a growing season, or the entire year. Both the empirical
data and the simulation results support this assertion (Figure 8), even though the short record available and
gaps hamper the possibility of robust statistical inferences based only on flux tower data. The random
occurrence of these favorable intervals within a year appears to exert a strong control on the interannual
variability of, at the least, ET flux. The explanatory power is considerably higher than that for the growing
season index GSp or of growing season and annual precipitation. This is also demonstrated using boxplots
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Figure 8. Scatterplots between the number of ‘‘good days’’ or ‘‘good hours’’ and the total annual evapotranspiration (ET) or Gross Primary
Production (GPP) for the four analyzed locations. The different symbols and colors correspond to the four scenarios of interannual variabili-
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of the determination coefficients between the
annual or growing season ET and the different
explanatory variables for the sixteen cases
(four interannual variability scenarios per four
locations) in Figure 9. The annual contribution
of good days and good hours to the total
annual ET ranges from 6–30% for GD to 26–
41% for GH, underlining that fluxes occurring
over just 5% of the year time can contribute
more than one third of annual ET. The num-
bers of GH and GD have been found to be
uncorrelated to the annual average energy
forcing expressed both as shortwave radiation
and net radiation.

4. Discussion

4.1. Sensitivity of Local-Scale Water and
Carbon Fluxes
This study supports the hypothesis of a gen-

eral insensitivity of the long-term, local-scale ET and vegetation productivity to precipitation interannual
variability [Knapp and Smith, 2001; Huxman et al., 2004; Hsu et al., 2012; Oishi et al., 2010]. Sensitivities of the
simulated means to a change in annual precipitation variance Sl;r are 20–40 times smaller than the sensitiv-
ities to changes in mean precipitation Sl;l. Concurrently, sensitivities of variance of ET and vegetation pro-
ductivity to precipitation variance Sr;r are comparable to Sl;l but considerably smaller than 1. These
sensitivities are representative for established mature ecosystems and for specific locations at the ‘‘stand
scale’’; therefore, they cannot be extended in space along energy and water availability gradients as dis-
cussed below.

As far as vegetation productivity is concerned, the most xeric location, Lucky Hills, and, partially, the wet
grassland of Z€urich exhibit a behavior that is more similar to the conceptual case I of Figure 1, with small
sensitivities to mean precipitation and a relative insensitivity to changes in the variance. The case studies of
the UMBS and Vaira Ranch show a behavior similar to the conceptual case III, with a substantial lack of sen-
sitivity of GPP and ANPP to changes in annual precipitation mean and variance. The somehow surprising
sensitivity of ANPP to precipitation in the wet climate of Z€urich is mostly related to the scenario with
increased interannual variability ARp01, which creates conditions for the occurrence of repeated dry periods
during summer (the wettest season in Z€urich). These unusual periods decrease the productivity of the short
rooted grassland and therefore its annual ANPP. Note however that the sensitivities of vegetation produc-
tivity to precipitation are obtained without imposing any nutrient limitation effect on the ecosystem func-
tioning. In relatively wet and nutrient-poor ecosystems, GPP and ANPP are expected to be even less
sensitive to precipitation variability because nutrient limitation [Oren et al., 2001] tends to accentuate the
nonlinearity of relationship between carbon uptake and transpiration.

The normalized sensitivity Sl;l of ET is generally higher than for vegetation productivity but still much
smaller than unity, pointing to a combination of the conceptual cases I and III in Figure 1. Climate fluctua-
tions are mostly filtered by vegetation-related processes, which results in rather conservative ranges of
annual ET and T (Figure 6). The coefficients of variation of annual ET and T are indeed smaller than the coef-
ficients of variation of annual precipitation in all of the cases but ARm01. In this latter case, ET and T pre-
serve the coefficients of variation of the base scenario AR1, which are larger than the coefficient of variation
of annual precipitation in the ARm01 case. This underlines that ET and T annual variations are not necessar-
ily always smaller than variability of precipitation (vegetation filters variability) but can be larger in particular
conditions (vegetation enhances variability). The most logical explanation of this observation is that
changes in precipitation interannual variability do not significantly affect the random occurrence of meteor-
ological conditions conducive to high ET flux (i.e., ‘‘good hours’’). This applies to nonlimiting conditions in
terms of soil water. The frequency distribution of ‘‘good hours’’ is affected when soil control on vapor flux
becomes progressively pronounced. This was demonstrated for the driest location, the Lucky Hills site.
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Figure 9. Boxplots representing the coefficients of determination
between the annual evapotranspiration ETyr and (1) ‘‘good hours,’’ (2)
‘‘good days,’’ (3) coefficients of determination between growing season
evapotranspiration ETGS and the growing season index, GSp, as computed
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As a consequence of previous results, deep leakage (Lk) or runoff are the most affected variables of
the hydrological budget due to changes in precipitation interannual variability, as also expected from
theoretical considerations [Koster and Suarez, 1999]. In this regard, we need to underline that all of the
analyzed locations are not groundwater-dependent ecosystems. While a temporary water table may
occur in the simulated soil columns, we do not explicitly simulate the effects of interannual variability in
aquifers. Given the expected consequences of precipitation variability on deep leakage, it is likely that
groundwater-fed ecosystems will experience a stronger sensitivity to changes in interannual variability
[e.g., Dunn et al., 2007] than found by our one-dimensional analysis, with no account for groundwater
feedbacks.

4.2. Comparison With Global-Scale Relationships
In order to frame the study findings in a broader context, we compare our simulations with the global-scale
relationship between ANPP and Pr (Figure 10a). Our results fit rather well for three out of the four locations.
The productivity of UMBS is larger than expected from global-scale relationships but similar to other decidu-
ous North American forests [Knapp and Smith, 2001; Litton et al., 2007] and is well substantiated by empirical
data [Gough et al., 2008, 2009, 2013]. In addition, we report normalized local (single site) sensitivity for two
global databases of multiannual ANPP [Huxman et al., 2004; Hsu et al., 2012] and compare these estimates
with results of our simulations and the normalized sensitivity of multisite, global-scale relationships (Figure
10b). Our simulations are well within the variability obtained with empirical data at different sites world-
wide. We suggest that at least five regions can be identified in the diagram of Figure 10b: (i) a region char-
acterized by low-to-medium precipitation and low sensitivity, (ii) a region characterized by low-to-medium
precipitation and intermediate sensitivity, (iii) a region characterized by low precipitation and high sensitiv-
ity, (iv) a region with medium-to-high precipitation and intermediate sensitivity, and (v) a region with
medium-to-high precipitation and low sensitivity. The locations of the UMBS and Z€urich tend to be repre-
sented by regions (iv) and (v), Vaira Ranch by region (i), and Lucky Hills by (ii). We note that for almost all of
the locations, the local-scale sensitivity is significantly smaller than what would be expected from the multi-
site global-scale relationship. Only a few points in the region (iii) (corresponding to grasslands in Mongolia
and Sevilleta, New Mexico) exhibit sensitivities stronger than the global-scale relationship. This result, while
detected previously, although not in the present form, for vegetation productivity [Lauenroth and Sala,
1992; Goward and Prince, 1995; Knapp and Smith, 2001; Huxman et al., 2004; Hu et al., 2010] and also species

Figure 10. (a) Global-scale relationships [Sala et al., 1988; Knapp and Smith, 2001; Huxman et al., 2004] between the mean aboveground net primary production ANPP and mean precipi-
tation Pr , including empirical observations from Knapp and Smith [2001], Huxman et al. [2004], and Hsu et al. [2012] and model simulations carried out in this study (simulations). (b) Nor-
malized local (single site) sensitivity of ANPP to changes in mean precipitation from the two databases of multiannual ANPP [Huxman et al., 2004; Hsu et al., 2012] and normalized
sensitivity of multisite global-scale relationships compared with the model simulations carried out in this study (simulations).
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richness [Cleland et al., 2013], has important consequences in terms of predicting trajectories of changes
using the computed sensitivities as a basis.

Specifically, it demonstrates that sensitivity of ecosystem productivity to a shift in precipitation at a given
location can increase significantly, when the ecosystem has sufficient time and possibility to evolve from its
current established condition to a new mature state. In other words, the time/space derivative of the global
relationship reflecting a change in the vegetation composition and/or structure and/or form (i.e., either due
to a transient evolution at a site or due to a ‘‘leap’’ in space) is much larger than the derivative obtained for
a mature ecosystem in a dynamic steady state. This conclusion has important implications for interpretation
of results obtained from manipulation studies lasting few years. Short experiments are likely to underesti-
mate the sensitivity, if the ecosystem is in a dynamic steady state rather than in a transitional state [see also
Knapp et al., 2012]. Note also that ecosystem shifts do not necessarily imply drastic ecosystem changes (e.g.,
from grassland to forest). Subtler changes in species composition or forest structure may also lead to new
states with appreciable differences in water and carbon fluxes as demonstrated by factual observations
[Urbanski et al., 2007; Knapp et al., 2012; Hardiman et al., 2013].

A similar analysis of local versus global sensitivities of evapotranspiration (ET) is relevant but hampered by
the lack of independent annual ET observations. While computing long-term ET as precipitation less dis-
charge is rather straightforward [Roderick and Farquhar, 2011; Gentine et al., 2012], the annual ET is more dif-
ficult to estimate because of the soil, groundwater, and snow storage effects. A possibility to overcome
such a limitation is represented by direct measurement of latent heat flux from FLUXNET sites [Baldocchi
et al., 2001; Williams et al., 2012]. However, the short record of observations available so far as well as the
measurement issues [Wilson et al., 2002; Leuning et al., 2012] limit this possibility. Therefore, we use the
Budyko relationship in the one-parameter form of Fu [1981] [see also Zhang et al., 2004] to infer global-
scale sensitivities and compare them with the local-scale sensitivities computed in our simulations. The
global-scale relationships of ET versus Pr depend on the Budyko’s curve parameter x and, most impor-
tantly, on the potential evapotranspiration (Table 1). The relationships are therefore different for each site
(Figure 11). In order to account for the uncertainty in the x parameter we used a wide range of x51:523:3
[Yang et al., 2007; Roderick and Farquhar, 2011], which is roughly 635% of the reference value of 2.6 of the
original Budyko’s curve (Figure 11).

The normalized local sensitivities for the four analyzed locations are lower than the global sensitivity
expected from Budyko’s relationship, with two exceptions represented by the scenario ARp01 in Z€urich and
Lucky Hills (Figure 11). Although this result still requires local observations of annual ET to be properly vali-
dated, a conclusion similar to the one obtained for ANPP is proposed: ET sensitivity to changes in mean pre-
cipitation will considerably increase when the ecosystem undergoes a transition from a mature steady state
toward a new equilibrium, with important consequences for long-term predictions of hydrological and
energy fluxes.

The smaller sensitivity of the local-scale, as compared to the global-scale, relationships can be explained by
the short-term controls of ET and GPP variability at the annual scale. These are mostly dictated by the
repeated occurrence (or lack of thereof) of very favorable conditions within the year, e.g., ‘‘good hours.’’
From our analysis, these controls appear to be primary contributors to annual fluxes in a mature established
ecosystem. If a substantial species shift or a structural transition takes place, the sensitivity of ET and GPP to
precipitation will increase until a new steady state is reached. This observation also has important implica-
tions in terms of predictability of changes. For short-term scales, predicting changes in the occurrence of
‘‘very favorable’’ conditions within a year is a more challenging task than predicting changes in seasonality
or mean annual quantities. For long-term scales, changes in ET and GPP are more sensitive to changes in
the mean climatic conditions but are mediated by shifts in ecosystem type and/or structure, which are also
very difficult to predict. We remark that in combination to the noticeable importance of the short-term con-
trols, we also found for all of the locations a dependence between the Horton index and the humidity index
(supporting information, Figure S6), as suggested by previous literature. This underlines that the fraction of
available water used as ET increases under drier conditions [Troch et al., 2009; Brooks et al., 2011].

4.3. Limits of Interpretation
We caution the reader that the presented results were obtained from numerical simulations and that the
precipitation scenarios were designed to affect the ecohydrologic processes either through the linkages of
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wetting regime with other meteorological variables (e.g., air temperature, humidity, radiation, etc.) or
through the impacts on soil water availability. As results testify, the effects of the former are relatively minor;
while there are more appreciable impacts of the latter for the driest (Lucky Hills) and grassland sites (Z€urich),
T-C incorporates a rather simple soil water stress control on stomatal dynamics [Fatichi et al., 2012a]. Very
severe or extreme droughts in addition to physiological (reversible) responses can lead to tree mortality
because of hydraulic failure [McDowell et al., 2011; McDowell, 2011; Hoffmann et al., 2011] or drought-
related infestation (e.g., pine beetles [Clinton et al., 1993; Kurz et al., 2008]), imposing structural and compo-
sitional (irreversible) changes [e.g., Allen et al., 2010] and long-term carry-over effects in the system [e.g.,
Leuzinger et al., 2005; Blackman et al., 2009]. These effects are neglected or poorly simulated in T-C but have
been shown to have important consequences on ecosystem carbon and water fluxes when ecosystems are
strongly solicited by climate conditions [Reichstein et al., 2002, 2007; Granier et al., 2007]. Therefore, T-C likely
overestimates ecosystem resilience to extreme droughts and interpretations are thus applicable to the
mildly dry to wet range of water availabilities. However, extreme droughts can also trigger ecosystem shifts
and thus support the notion of significantly higher sensitivities of global relationships that integrate space/
time changes.

5. Conclusions

We simulated the response of four different ecosystems to four scenarios of interannual variability of precip-
itation using two advanced numerical tools, AWE-GEN and T-C, and a numerical experimentation approach.
We found that sensitivities of ET and GPP to changes in the precipitation mean for specific locations and
established ecosystems are 1–2 orders of magnitude larger than their sensitivities to changes in precipita-
tion variance or long-memory of the process. As a result, an increase or decrease of the coefficient of varia-
tion of annual precipitation or an increase in its long-memory characteristics are mostly filtered and not

Figure 11. (top) Relationships between mean evapotranspiration ET and precipitation Pr , as derived from the Budyko’s curve in the one-
parameter form [Fu, 1981], with the x parameter assuming values in the range of x51:523:3. Since the curve depends on potential evap-
otranspiration, a different plot is obtained for each of the analyzed location. The simulated site-specific values are reported with the col-
ored markers. (bottom) The normalized local sensitivity of evapotranspiration to changes in mean precipitation for the four analyzed
locations from simulations (the colored markers) compared with the sensitivity obtained from the family of curves derived from the Budy-
ko’s relationship.
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discernable in ET, T, and vegetation productivity but are expressed in variations of deep leakage and runoff.
Short temporal scales, i.e., the occurrence of ‘‘good hours’’ was found to be the best explanatory variable for
interannual variability of ET and ANPP for these ecosystems that were modeled to be in a dynamic steady
state. As such, changes in precipitation interannual variability did not significantly affect the occurrence of
‘‘good hours,’’ even though their frequency distribution starts being affected when soil control on water/car-
bon fluxes becomes progressively pronounced.

Local, single-site ET, and ANPP sensitivities to changes in precipitation mean are significantly smaller than
sensitivities to precipitation gradients across climatic regions and vegetation communities, underlining a
fundamental role of ecosystem reorganization through species shifts and/or structural modifications. These
shifts might be also forced by extreme droughts, whose impacts are likely to be underestimated in this
study because of the modeling assumptions. Fundamentally, the sensitivity of ET and ANPP to precipitation
is altered and increased in the transitional stage, when an ecosystem undergoes reorganization (e.g., suc-
cessional and invasion processes, shifts in composition). The results are obtained analyzing four ecosystems
only but are well comprised within global relationships and are likely to be sufficiently general for other cli-
mates and vegetation types.
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