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Summary

Canopy conductance (Gc) is a key process in earth system models as it governs the transfer of

carbon and water between the land surface and the lower atmosphere. Stomata themselves are

sensitive to changes in environmental conditions and various approaches have been developed that

aim for a robust yet simple representation of stomatal regulation applicable at the global scale.

These models often di�er in their response to atmospheric humidity which serves to induce stomatal

closure to avoid excessive transpirational water losses in a dry atmosphere. In this study, the widely

used "Ball-Berry" and "Leuning" type photosynthesis-stomatal conductance models are compared

to a baseline model version which lacks a stomatal response to atmospheric humidity, as well as to

alternative process representations based on the stomatal optimization theory and on the concept

of transpiration supply and demand. All model variants were embedded in JSBACH, the land

surface scheme of the MPI Earth system model. Model results of evapotranspiration (ET), gross

primary productivity (GPP), and water use e�ciency (WUE) were evaluated against eddy covari-

ance measurements from 58 stations across multiple biomes and climatic conditions. Compared

to the baseline model, all model versions showed signi�cant improvements for ET and GPP for

almost all plant functional types under conditions of non-limiting soil water availability, whereas

WUE was generally overestimated. Model improvements occurred regardless of mean growing

season VPD. Interestingly, di�erences of carbon and water �uxes between the alternative models

were negligible for all plant functional types at the ecosystem scale. Thus, while the inclusion of a

physiological response mechanism to atmospheric humidity is indispensable for all ecosystems, the

functional type of such a response is of less importance for annual to decadal simulations at the

global scale, despite regional and latitudinal di�erences. The outcome further suggests that current

stomatal models could be improved by relating model parameters to environmental conditions or

plant functional traits.
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1 Introduction

Stomata play a major regulating role in terrestrial water and carbon �uxes, as they control the ex-

change of both water vapor and carbon dioxide between the land surface and the atmosphere. High

stomatal conductance (gs) favors high photosynthetic rates and therefore gross primary produc-

tivity (GPP), but it is also accompanied by increased transpirational water losses under otherwise

equal atmospheric conditions. An ampli�ed water �ux towards the atmosphere has consequences

for the energy partitioning on the land surface as it increases the latent heat �ux at the expense

of the sensible heat �ux. This e�ect lowers the Bowen ratio and surface temperature (Dirks and

Hensen, 1999) with possible implications for mesoscale circulations in the atmospheric boundary

layer (Mascart et al., 1991). Stomata themselves are sensitive to changes in their abiotic environ-

ment. A common observation is that stomata close under rising atmospheric CO2 concentrations

(Field et al., 1995). Under such conditions, leaf internal CO2 concentrations and therefore photo-

synthesis can be maintained at the same level even if gs decreases, while transpiration is reduced

(Keenan et al., 2013). This leads to an increase in water use e�ciency (WUE), a quantity describ-

ing the ratio of water loss to carbon gain, and a key ecosystem characteristic which links carbon

and water cycling (Niu et al., 2011). In general, small changes in stomatal conductance are believed

to have large e�ects on carbon and water �uxes, which feedbacks again with climate (Berry et al.,

2010). This notion was con�rmed by modeling studies using land surface models (LSMs) coupled

to general circulation models (GCMs). Such model simulations have proposed that under doubled

atmospheric CO2 concentrations the e�ect of stomatal closure on temperature and precipitation

would be similar in magnitude to the e�ects of CO2 on radiation (Sellers et al., 1996). Reduced

gs and subsequently reduced transpiration rates have further been shown to be in accordance with

an increase in continental runo� in the twentieth century (Gedney et al., 2006).

Although the focus of current research lies on the response of stomata to elevated atmospheric

CO2 concentrations and temperatures, stomata are known to respond to further environmental

stimuli such as radiation, vapor pressure de�cit (VPD), and soil water (e.g. Jarvis, 1976; Schulze,

1986), which makes the prediction of carbon and water �uxes under altered climate conditions

more complex. Soil water availability for instance is already considered to be the main limiting

factor for global plant growth (Nemani et al., 2003; Zhao and Running, 2010), and projections of

climate change suggest an aggravation of the limiting role of droughts, as changes in precipitation

patterns as well as an increase in air temperature are expected (Dai, 2011; Hartmann et al., 2013).

Especially in subtropical regions, climate projections indicate a decrease in precipitation along

with a decrease in soil moisture (Dai, 2011). However, droughts are not solely characterized by

a de�cit in atmospheric water supply (i.e. precipitation) but are further accompanied by changes

in atmospheric demand (i.e. potential evapotranspiration) which is likely to increase along with

temperature (Rind et al., 1990). Both soil and atmospheric drought impose limitations on plant

growth by inducing decreases in stomatal conductance and photosynthesis (Zhou et al., 2013).

Understanding the interplay between the response of photosynthesis and stomatal conductance

to the combined e�ects of atmospheric and soil drought therefore remains a pressing challenge in

climate and ecosystem models (Tuzet et al., 2003), especially since such models have been found

to perform comparatively poor in regions characterized by seasonal water scarcity (Morales et al.,

2005; Jung et al., 2007).

The predicted changes in environmental factors governing stomatal conductance in combination

with the high sensitivity of global climate simulations to stomatal processes have emphasized the
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need to include accurate process representations of canopy conductance in state of the art climate

models (Berry et al., 2010). The vast majority of these models use empirical representations of

stomatal conductance, which are based on the long-standing observation that gs correlates with

photosynthesis (Wong et al., 1979). One of the most popular representative of those models is the

"Ball-Berry" model (Ball et al., 1987), which has proven very successful in large scale modeling

approaches due to its simplicity (i.e. low number of free parameters) and its capability of giv-

ing accurate predictions of gs at large spatial scales and under varying environmental conditions

(Buckley and Mott, 2013). The model relates gs to net assimilation rate (An), the leaf surface

concentration of CO2, and relative humidity. The original Ball-Berry model was modi�ed several

times (Leuning, 1990; Collatz et al., 1991; Aphalo and Jarvis, 1993; Leuning, 1995), and further

empirical approaches have been proposed (Friend and Kiang, 2005), all of which di�er with re-

gard to the measure of atmospheric humidity employed and the mathematical function describing

stomatal closure in response to a decrease in atmospheric humidity (Section 2.3).

One major drawback of empirical models, however, is that their parameters have no theoretical

foundation, which hinders their prediction and interpretation across vegetation types or environ-

mental conditions and restricts the model's predictive capability under changing environmental

conditions (Gao et al., 2002; Medlyn et al., 2011). In this respect, modeling approaches using

process-based formulations would be desirable, but remain unfeasible especially on regional and

larger spatial scales due to an incomplete understanding of the underlying mechanisms (Damour

et al., 2010; Buckley and Mott, 2013). Nevertheless, a promising alternative towards a more

mechanistic representation of stomatal behavior are models which relate gs to water �ow in the

soil-plant-atmosphere continuum. Such models make use of the concept of plant hydraulic archi-

tecture (Tyree and Ewers, 1991) and simulate water �ow in dependence on the water potential

di�erence between the soil and the leaf as well as the hydraulic conductance in its pathway (Damour

et al., 2010). The resistance to water �ow is primarily a function of plant characteristics such as

path lengths and properties of water-conducting tissues (Zimmermann, 1978), and therefore re-

quires detailed knowledge about plant hydraulic traits (Tyree and Ewers, 1991). Such an approach

was implemented for a dynamic global vegetation model by Hickler et al. (2006), who modeled

water �ow based on resistances in the roots, xylem, and leaves and parameterized the formula-

tions based on collected plant functional type-speci�c values extracted from the literature. Even

though the model gave acceptable results, the formulations used in this model as well as in many

other hydraulic models (e.g. Sperry et al., 1998; Tuzet et al., 2003), are comparatively complex

and require much input information. A similar, but simpli�ed process description (Knorr, 2000)

represents plant hydraulic properties as a single parameter, which can be thought of as the maxi-

mum whole-plant hydraulic conductance. The model then simulates plant water loss as the lesser

of a transpiration supply and demand rate (Federer, 1982), with the former being dependent on

whole-plant water conductivity as well as soil moisture availability and the latter on atmospheric

demand (Knorr, 2000). This approach is simple, but still su�ers from parameter uncertainties,

since information on plant hydraulic properties in the appropriate unit and for large spatial scales

is rare.

A third major model family for stomatal conductance goes back to the theory of optimal stomatal

behavior by Cowan and Farquhar (1977), who hypothesized that plants regulate stomatal aperture

in such a way as to minimize water loss and maximize carbon gain over a given time interval, i.e.

minimize the expression (E − λAn), where An is net assimilation, E is transpiration, and λ is the

marginal water cost of carbon to the plant. This theory has experienced increased popularity in

recent years (Katul et al., 2009; Katul et al., 2010; Medlyn et al., 2011; Manzoni et al., 2011).
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Based on the optimization theory, Katul et al. (2009) derived an expression of gs which depends

on the inverse square root of VPD, and showed that this expression appears consistent with the

observed behavior of gs with respect to VPD. Similarly, Medlyn et al. (2011) derived an equation,

which they termed "the uni�ed stomatal model", by combining the optimization theory with the

Farquhar photosynthesis model (Farquhar et al., 1980). These approaches contain the marginal

water cost of carbon (λ) as a parameter component, which o�ers new opportunities for explaining

stomatal behavior to environmental stimuli. In contrast to the parameters in the Ball-Berry type

models, λ is not an empirically �tted constant, but a biologically meaningful quantity, which is

assumed to vary across plant functional types and environmental conditions (Manzoni et al., 2011;

Medlyn et al., 2011). Since the derived equations remained simple, but include a predictable pa-

rameter, stomatal models based on the optimization theory appear to be a promising alternative

to well-established and widely used empirical photosynthesis-stomatal conductance models for use

in LSMs.

For this study, several stomatal conductance models were evaluated: (1) the Ball-Berry and (2) Le-

uning model, both empirical and widely used coupled photosynthesis-stomatal conductance models,

(3) an alternative empirical model proposed by Friend and Kiang (2005), (4) a model combining

empirical approaches with the stomatal optimization theory, the uni�ed stomatal model (USM)

(Medlyn et al., 2011), and (5) an approach based on plant hydraulic properties combined with the

concept of transpiration supply and demand (Knorr, 2000). The main focus lied on the model

performance under varying conditions of atmospheric drought, expressed as VPD, while water-

stressed conditions were excluded. For that purpose, all models were implemented in JSBACH,

the land surface scheme of the MPI Earth system model (Reick et al., 2013), which currently

lacks a stomatal response to atmospheric dryness and thereby provides a baseline model. Models

were evaluated against eddy covariance data from 58 stations covering multiple climate zones and

biomes. Sites were aggregated into plant functional types according to the phenotype, photosyn-

thetic pathway, and growth form of the vegetation. Site level runs were conducted for which LAI

and photosynthetic capacity were adjusted to site conditions, and halfhourly model outputs of Gc,

GPP, and ET were evaluated for di�erent conditions of VPD. In a �nal step, global simulations

were conducted to reveal spatial and latitudinal di�erences between the models. The study aims at

assessing di�erent process representations of stomatal conductance with regard to their capability

of simulating observed �uxes of carbon and water �uxes for di�erent ecosystems under varying

conditions of atmospheric drought.
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2 Materials and methods

2.1 The land surface model JSBACH

JSBACH (Raddatz et al., 2007; Reick et al., 2013; Schneck et al., 2013) is the land component of

the Max Planck Institute Earth system model (MPI-ESM) (Giorgetta et al., 2013). Land physics

components (surface radiation, energy balance, and heat transport) are inherited from the atmo-

sphere model ECHAM5 (Roeckner et al., 2003). The biogeochemical components of JSBACH

are in large parts based on the biosphere model BETHY (Biosphere-Energy-Transfer-Hydrology

model) (Knorr, 2000). Soil hydrology is simulated with a �ve layer scheme (Hagemann and Stacke,

2014). The spatial units in the model are grid cells, which are again split into tiles to account

for subgrid scale heterogeneity of vegetation cover (Reick et al., 2013). Each tile is associated

with one plant functional type (PFT). JSBACH distinguishes 20 PFTs, which di�er in their bio-

chemical (e.g. maximum carboxylation rate, maximum electron transport rate, photosynthetic

pathway), phenological (e.g. maximum LAI), and biogeophysical (e.g. vegetation height, albedo,

surface roughness) attributes (Raddatz et al., 2007; Reick et al., 2013) (Tab. 1). The initial global

distribution of vegetation types is prescribed on the basis of global land cover maps, but changes

dynamically as vegetation in the model is subject to natural and anthropogenic land cover change

(Reick et al., 2013). LAI is calculated with the phenology model LoGro-P (Raddatz et al., 2007),

in which temperature and moisture dependent growth and shedding rates determine the annual

course of LAI, which is constrained by a PFT-speci�c maximum value.

Tab. 1. PFT-speci�c parameter values

PFTa Vcmax

[µmol m−2s−1]b
Jmax

[µmol m−2s−1]c
vegetation
height [m]

max. LAI
[m2m−2]

Tmax

[mmol m−2s−1]d
g0

[mol m−2s−1]e
g1
[−]f

TrEF 39.0 74.1 30 7 3.22 0.01 9.3
TrDF 31.0 58.9 30 7 3.22 0.01 9.3
TeBEF 61.4 116.7 15 5 1.29 0.01 9.3
TeBDF 57.7 109.7 15 6 2.57 0.01 9.3
CEF 62.5 118.8 15 5 1.93 0.01 9.3
TrH 30.0 300.0 0.3 3 3.86 0.08 3.0
TeH 78.2 148.6 0.3 3 3.86 0.01 9.3
a Plant functional type (TrEF = Tropical evergreen forest, TrDF = Tropical deciduous forest, TeBEF = Temperate broadleaf evergreen
forest, TeBDF = Temperate broadleaf deciduous forest, CEF = Coniferous evergreen forest, TrH = C4 grassland, TeH = C3 grassland).
bVpmax for C4 plants (TrH).

c value for C4 plants (TrH) represents ks in mmol m−2 s−1 (Eq.A.2).

d values are based on Hickler et al. (2006).

e value for TrH from Collatz et al. (1992), all others from Ball et al. (1987).

f value for TrH from Collatz et al. (1992), all others from Ball et al. (1987). Values shown are the ones used for the Ball-Berry model;
values were adjusted for the other model versions (section 2.3.6).

2.2 Current implementation of photosynthesis and stomatal conduc-

tance in JSBACH

In the current version of JSBACH (Version 2.0), Gc is insensitive towards changes in atmospheric

humidity. This structural model de�ciency was corrected by the implementation and evaluation

of several models for stomatal conductance. While these model versions are based on the same

photosynthesis model (section 2.2.1), the representation of stomatal conductance di�ers for each

model.
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2.2.1 Photosynthesis models

Net assimilation rate (An) is based on the photosynthesis models of Farquhar et al. (1980) for

C3 plants and Collatz et al. (1992) for C4 plants. The Farquhar scheme simulates photosynthesis

as limited by one of the two following biochemical processes: carboxylation rate limited by the

activity of Rubisco (Jc), or carboxylation rate limited by the RuBP regeneration rate (Je), which

depends on the electron transport rate. An is given by the lesser of these two rates minus dark

respiration (Rd):

An = min(Jc; Je)−Rd (1)

with

Jc = Vcmax
Ci − Γ∗

Ci +Kc(1 +Oi/Ko)
(2)

Je = J
Ci − Γ∗

4(Ci + 2Γ∗)
(3)

where Vcmax is the maximum carboxylation rate, Ci is the intercellular CO2 concentration, Γ∗ is the

CO2 compensation point in the absence of dark respiration, Kc and Ko are the Michaelis-Menten

constants for CO2 and O2, Oi is the intercellular O2 concentration, J is the electron transport rate,

which depends on the rate of absorbed photosynthetic active radiation (Farquhar et al., 1980). Rd

at 25◦C is assumed to be proportional to Vcmax at 25◦C. The temperature dependence of Rd is of

the same form as Eq.B.1.

The temperature response function of Γ∗ was changed from a linear to an exponential form, and the

Rubisco kinetic parameters for the temperature responses of Kc and Ko were revised according to

Bernacchi et al. (2001)(Appendix B). The values of Vcmax and Jmax at the reference temperature

of 25◦C are prescribed for each PFT (Tab. 1). The temperature dependence of the two rates has the

same form as those for the Michaelis-Menten constants (Eq.B.1, B.2), but includes an additional

nitrogen scaling which accounts for variations of Vcmax and Jmax within the canopy. Values for

photosynthetic capacity of C4 plants (Vpmax and ks at the reference temperature of 25◦C) were

changed according to Simioni et al. (2004).

2.2.2 Stomatal conductance

In the current version of JSBACH, net assimilation rate and stomatal conductance are �rst calcu-

lated for unstressed, i.e. non-water-limited conditions. The unstressed net assimilation rate An,0 is

calculated from Eqs. 1-3 for C3 plants and from Eqs.A.1-A.3 for C4 plants, respectively. For that

purpose, a prescribed intercellular CO2 concentration Ci is used, which is set to Ci,0 = 0.87Ca

for C3 plants and Ci,0 = 0.67Ca for C4 plants (Knorr, 2000), where Ca is the atmospheric CO2

concentration and the subscript 0 denotes unstressed conditions with respect to soil moisture. The

unstressed stomatal conductance gs,0 can then be determined by solving the di�usion equation:

gs,0 =
1.6An,0

Ca − Ci,0
(4)

where the factor 1.6 accounts for the higher di�usivity of the lighter water molecules compared to

carbon dioxide. Under water stressed conditions, stomatal conductance gs is derived by scaling

the unstressed conductance from Eq. 4 with a water stress factor β, which is a simple function of
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soil water content (section 4.4). Solving Eq. 4 for Ci and combining it with Eq. 2 and 3 gives two

quadratic equations for Jc and Je. An is then �nally given by the minimum of the respective lesser

solution of those quadratic equations (Knorr, 1997). All the calculations are conducted for three

canopy layers. In all model versions, rates of An, Rd, and gs at the canopy scale are calculated as

the integral over the leaf area. Thus, canopy conductance Gc is given by:

Gc =

∫ Λ

0

gs(l) dl (5)

where Λ denotes the leaf area index (LAI) of the canopy, and dl its di�erential element.

2.3 Alternative stomatal conductance models implemented in JSBACH

2.3.1 The BETHY approach

This approach goes back to the stomatal conductance model as applied in the biosphere model

BETHY by Knorr (2000) and to the work of Federer (1982). In this scheme, transpiration rate is

assumed to be either limited by atmospheric demand (demand function) or by the supply of water

and the hydraulic conductivity of plants (supply function) (Cowan, 1965; Federer, 1982). When the

demand function exceeds the supply function, which occurs mostly under conditions of soil water

scarcity or in a dry atmosphere, Gc is reduced by the ratio of the two functions (Fig. 12). The

demand function is represented by the potential transpiration rate Tpot, which is here de�ned as the

transpiration rate under given meteorological conditions, unlimited water supply, and maximum

canopy conductance (Gc,0) as calculated from Eq. 4. Tpot strongly depends on the aerodynamic

conductance (Ga), Gc, and on the saturation de�cit of water in the air:

Tpot = ρ
qsat(T, p)− q

1
Ga

+ 1
Gc,0

(6)

where ρ is air density, q is speci�c humidity and qsat is saturation speci�c humidity at temperature

T and pressure p. Ga in the model is calculated according to Eq. E.6. The supply function Tsupply

depends on the available soil water content in the root zone and on the maximum hydraulic

conductivity (Tmax) of vegetation and is computed as follows:

Tsupply = β · Tmax (7)

where β is a dimensionless soil stress factor as calculated in Eq. 15, and Tmax is a PFT-speci�c

maximum instantaneous transpiration rate, which represents the whole-plant hydraulic conduc-

tivity in this study, and which does not change with environmental conditions. Tsupply however

changes with soil moisture (Eq. 7). For this study, PFT-speci�c Tmax values were determined based

on values from the literature collected by Hickler et al. (2006) (Tab. 1). Gc is then given by:

Gc =


0 Tsupply = 0

Gc,0 · (Tsupply/Tpot) 0 < Tsupply < Tpot

Gc,0 Tsupply > Tpot

(8)

where Gc,0 is the unstressed canopy conductance as calculated in Eq. 4. An and Ci are calculated

as in the standard model (section 2.2.2).
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Fig. 1. Graphical representation of the BETHY model. Gc is lowered according to the ratio of Tsupply to
Tpot if transpiration is limited by Tpot. Tsupply equals the maximum transpiration rate Tmax if no soil
water stress occurs, otherwise it is lowered by a water stress factor (Eq. 7). The situation as shown
represents conditions of constant soil moisture throughout the day.

2.3.2 The Ball-Berry model

This approach is based on the observation that gs is strongly correlated with An. Based on

measurements of An and gs under varying conditions of light, CO2 concentration, temperature,

and air humidity in a gas-exchange cuvette, Ball et al. (1987) derived the following formula for

stomatal conductance:

gs = g0 + g1
Anhs
Ca

(9)

where An is net assimilation rate, hs is relative humidity at the leaf surface, and Ca is the mole

fraction of CO2 at the leaf surface. This equation describes a linear relationship between gs and An,

CO2 concentration, and relative humidity (Ball et al., 1987), where g0 is the residual conductance

as An approaches 0, and g1 is the slope of the function, which is in this study assumed to be

constant in the absence of water stress.

The Ball-Berry model has often been criticized for its assumption that stomata respond to relative

humidity. In fact, later studies suggested that stomata rather sense transpiration (Mott and

Parkhurst, 1991) or its driving force VPD (Aphalo and Jarvis, 1991). Despite all criticism, the

Ball-Berry model is widely used in GCMs (Buckley and Mott, 2013).

2.3.3 The Leuning model

Leuning (1995) developed a modi�ed version of the Ball-Berry model, which is again based on a

series of gas-exchange measurements on individual leaves and data extracted from the literature.
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He replaced Ca with (Ca − Γ) (Leuning, 1990) and the relative humidity term with an inverse

hyperbolic response function of the leaf-to-surface vapor pressure de�cit (Ds), which goes back to

Lohammar et al. (1980). The revised model is given by:

gs = g0 + g1
An

(Ca − Γ)(1 +Ds/D0)
(10)

where Γ is the CO2 compensation point, and D0 is an empirically �tted parameter which represents

the sensitivity of stomata to changes in Ds. In this study, all models were applied at the canopy

scale. Therefore, the vapor pressure de�cit measured near the leaf surface (Ds) was replaced by

the one measured in the free air stream (VPD).

2.3.4 The Friend model

Stomatal response to increasing atmospheric demand is accompanied by a linear decline in Ci/Ca

(Leuning, 1995). For use in a GCM, Friend and Kiang (2005) parameterized the response of stom-

atal conductance to speci�c humidity de�cit ∆ = (qsat−q) such that Ci/Ca declined approximately

linearly over a normal range of �eld ∆ values, and proposed the following function:

f∆ = 2.8 exp (−80∆) (11)

where f∆ is relative canopy conductance. In this study, Eq. 11 was incorporated into the equation

of the Ball-Berry model. Thus, the �nal model as tested and evaluated in this study is given by

the following equation:

gs = g0 + g1
An 2.8 exp (−80∆)

Ca
(12)

2.3.5 The uni�ed stomatal model

This approach developed by Medlyn et al. (2011) is a combination of the optimal stomatal con-

ductance model by Cowan and Farquhar (1977) and the photosynthesis model from Farquhar et

al. (1980). The combination of the optimal stomatal control model with the equation describing

photosynthetic rate limited by RuBP regeneration (Eq. 3) gives the following approximation for

the optimal stomatal conductance, hereinafter called the uni�ed stomatal model (USM):

gs ≈ g0 +

(
1 +

g1√
Ds

)
An

Ca
(13)

As claimed by Medlyn et al. (2011), this expression is closely analogous to the empirical models

described in sections 2.3.2 and 2.3.3, with the di�erence that the slope parameter g1 has now a

theoretical underpinning. It was shown that g1 can be brought into relation with Γ∗ and λ in the

following way:

g1 ∝
√

Γ∗λ (14)

where λ is the marginal water cost of plant carbon uptake.

2.3.6 Model parameterization and calculation methods

Under well watered conditions, the slope parameter g1 is assumed to be constant, but it is likely to

vary with environmental conditions or vegetation properties (section 4.3). Since no su�cient infor-
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Fig. 2. Functions describing the response of Gc to an increase in VPD for the models evaluated in this
study. Relative humidity hs in the Ball-Berry model and speci�c humidity q in the Friend model were
converted to VPD for a temperature of 25◦C. All functions are bounded between 0 and 1. Functions were
multiplied by their speci�c slope relative to the Ball-Berry slope (Leuning: 1.18, Friend: 1.12, USM: 0.54)
to allow better comparability. The dashed lines illustrate the e�ect of soil water stress (β = 0.5) on the
functions applied to the Ball-Berry and Leuning model. The BETHY function shown is based on a Tmax

of 3 mmol m−2 s−1 and an in�nite Ga. Note that the simulated value for stomatal conductance in the
models also depends on Ca and An and changes with the parameters g0 and g1.

mation is available on how this and other parameters vary with plant functional types regionally,

parameters are treated as global constants. g1 in the Ball-Berry model is set to 9.3 for C3 plants as

determined by Ball et al. (1987) and to 3.0 for C4 plants according to Collatz et al. (1992). For the

other models, g1 was changed in a way that a similar slope was obtained when plotting gs against

the stomatal response function of the USM (Eq. 13) at a relative humidity range of 40-80%. The

values of g1 used here are: Leuning: 11.0, Friend: 10.4, USM: 5.0. Consequently, the models have

similar Ci/Ca responses to increasing VPD. In all models, g1 responds only to water stress accord-

ing to Eq. 15. The VPD-sensitivity parameter D0 in the Leuning model is set to 1 kPa according

to estimates for various data sets by Leuning (1995). The residual conductance parameter g0 is set

to 0.01 mol m−2 s−1 for C3 plants according to Leuning (1990) and to 0.08 mol m−2 s−1 for C4

plants according to Collatz et al. (1992). The source of the Tmax parameter in the BETHY-model

is described in section 2.3.1. In contrast to the standard model, no potential rates are calculated.

Instead, Ci, An, and gs are solved iteratively. An is calculated from the Farquhar photosynthesis
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scheme (Eq. 1), gs from the respective stomatal conductance model (Eqs. 9,10,12,13), and Ci is

obtained by solving the di�usion equation (Eq. 4). This procedure worked well under well-watered

conditions, but became numerically unstable under conditions of soil water stress.

2.4 Representation of soil water stress

Except for the BETHY model, all models considered in this study are developed for conditions of

unlimited water supply. The response of stomata to soil water stress is therefore usually accounted

for by adding a water stress term to the functions. In this study, this was achieved by applying

the following normalized soil moisture dependent function to stomatal conductance:

β =


1 Θ ≥ Θcrit

Θ−Θwilt

Θcrit−Θwilt
Θwilt < Θ < Θcrit

0 Θ ≤ Θwilt

(15)

where Θ is volumetric soil water content, Θcrit is the critical soil moisture content, above which

plants are considered to be una�ected by water stress, and Θwilt represents the permanent wilting

point, below which water stress is at its maximum. At a soil moisture content between Θcrit and

Θwilt, β declines linearly with declining soil moisture. The function ranges from 0 to 1, with 0

representing maximum soil moisture stress. The �nal stomatal conductance is then given by:

gs = β · fgs (16)

where fgs stands for the respective stomatal model formulation considered (Eqs. 9,10,12,13). It is

worth to mention that Eq. 16 is equivalent to a reduction of the slope parameter g1 by the factor

β.

2.5 JSBACH model runs

JSBACH (Version 2.0) was run at site level for all 58 sites and forced with meteorological mea-

surements from the �ux towers. The vegetation in the immediate environment of the tower was

assigned to one or several of the PFT-types implemented in JSBACH (Tab. 1). Since not all

FLUXNET sites have a homogeneous vegetation cover, two new classes were formed: Temperate

open woodland with C3 grass (TeS = TeBEF + TeH) and Savanna with C4 grass (TrS = TrDF +

TrH). The assignment was based on land cover information derived from the MODIS land cover

product (MCD12Q1), which is mapped using the IGBP land cover classi�cation system (Friedl

et al., 2010), and on the climate zone according to the Koeppen-Geiger climate classi�cation. If

necessary, the PFT assignment was corrected according to site-speci�c information from the lit-

erature. The modeled maximum LAI and vegetation height were adjusted to the observed values

as reported in the FLUXNET ancillary database. Photosynthetic capacity was adjusted to site

conditions using light response curves of GPP under favorable atmospheric conditions for photo-

synthesis and in the absence of soil water stress (Appendix C). Default values as well as adjusted

parameter values for all sites can be found in Tab. 2. In most cases, both photosynthetic capacity

and LAI were lowered for the site-level runs compared to the default values.

Global JSBACH simulations were conducted for the 30-year time period 1979-2008 for each model

version at TM3vfg spatial resolution (approx. 1.875◦). The model was not coupled to the MPI-ESM

atmosphere component ECHAM6 but forced with the global atmospheric reanalysis ERA-Interim
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Fig. 3. Distribution of �ux tower sites considered in this study (a) in the temperature-precipitation space
and (b) geographically. Symbols represent PFTs (TrEF=Tropical evergreen forest, TeBEF=Temperate
broadleaf evergreen forest, TeBDF=Temperate broadleaf deciduous forest, CEF=Coniferous evergreen
forest, TrS=Savanna with C4 grass, TeS=Temperate open woodland with C3 grass, TeH=C3 grassland).

produced by the ECMWF (Dee et al., 2011). ERA-Interim provides a wide variety of gridded data

products, of which atmospheric CO2, precipitation, speci�c humidity, wind speed, air temperature,

shortwave and longwave radiation were used at daily resolution to force the model. PFT-speci�c

vegetation properties were set to the default values as shown in Tab. 1.

2.6 Eddy covariance �ux data

2.6.1 Eddy covariance measurements

Model results at site level were evaluated against carbon and water �ux measurements from the

FLUXNET network (Baldocchi et al., 2001). FLUXNET is a worldwide network of micrometeo-

rological �ux measurement sites that measure the exchange of carbon dioxide, water vapor, and

energy between the land surface and the atmosphere on a continuous and long-term basis (Bal-

docchi et al., 2001). Measurements are based on the eddy covariance method, which is a direct

micrometeorological measurement technique for turbulent mass and energy �uxes. It is based on

high frequency (10 - 20 Hz) measurements of wind speed and direction using three-dimensional

sonic anemometors as well as CO2 and H2O concentrations using infrared gas analyzers. The mean

covariance between vertical wind velocity and the respective scalar �uctuation is proportional to

the �ux density. These measurements are usually integrated over periods of half an hour and thus

form the basis to calculate �uxes of daily to annual timescales (Baldocchi et al., 2001). Measure-

ments based on the eddy covariance technique represent exchange processes at the ecosystem scale.

The �ux source area or footprint of a single site typically has longitudinal length scales of several

hundred meters (e.g. Rebmann et al., 2005).

2.6.2 Flux data processing

Eddy covariance measurements are subject to missing or unreliable data due to instrument failure

or bias or unfavorable micrometeorological conditions which make data gap �lling necessary before

use (Papale, 2012). Bad quality �ux data were gap-�lled according to the methodology described in

Reichstein et al. (2005), where both the covariation of �uxes with meteorological variables as well

as their temporal autocorrelation is taken into account. Daily averages were only used if at least

80% of the respective half-hourly data were original or gap-�lled with high con�dence according to
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Reichstein et al. (2005). Further preprocessing included the correction of the storage component

of the carbon �ux and the removal of spikes in the half-hourly data as documented by Papale et al.

(2006). Since conditions of low atmospheric turbulence can lead to non-negligible advective CO2

�uxes not detected by the sensor, periods of low turbulent mixing were discarded and gap-�lled

based on a site-speci�c friction velocity (u∗) threshold according to Papale et al. (2006).

GPP is not directly measured by the eddy-covariance technique, but derived from net ecosystem

exchange (NEE) measurements via a �ux partitioning algorithm, which serves to separate NEE

into its two components GPP and ecosystem respiration (Reco). In this study, GPP is derived

from NEE using the method described by Reichstein et al. (2005), where nighttime ecosystem

respiration is extrapolated to daytime using a temperature response function which takes the

short-term temperature sensitivity of Reco into account. After the determination of Reco, GPP

was calculated as the di�erence between NEE and Reco (Reichstein et al., 2005).

ET was inferred from the measured latent heat �ux. For the separation of transpirational (i.e.

physiologically controlled) from non-transpirational water �uxes, days with rainfall and the two

subsequent days were excluded if precipitation exceeded 0.2 mm (day with rainfall), 0.5 mm (day

before), or 1 mm (two days before). For the remaining days, transpiration was calculated as the

average of ET values at daytime, under the assumption that interception storage is largely depleted

two days after rain events (Grelle et al., 1997) and soil evaporation is either negligible on sites with

a closed canopy or a minor constituent of the total water �ux after two dry days (Choudhury and

Monteith, 1988). To distinguish between water-stressed and non-water-stressed conditions and

therefore separate atmospheric e�ects on plant physiology from those of soil moisture, site-speci�c

soil moisture thresholds were determined based on derived GPP data (Appendix D.2). All data

exceeding the threshold were considered unstressed with regard to water availability.

WUE in this study was calculated as the ratio of daily averages of GPP and ET. Only days

within the growing season and time periods when interception and soil evaporation were regarded

negligible were considered. Further �ltering steps were applied to remove days when mean daily LE

< 20 Wm−2, global radiation < 150 Wm−2, and mean air temperature < 0◦C, following Kuglitsch

et al. (2008). Inherent water use e�ciency (IWUE) was calculated as GPP ·V PD
ET , where VPD

represents mean daylight VPD in this case (Beer et al., 2009).

Aerodynamic conductance Ga was calculated as demonstrated in Appendix E. If Ga is known,

the canopy conductance Gc can be derived from the inversion of the Penman-Monteith equation

(Monteith, 1965):

Gc =
γλwET Ga

εRn + ρCp VPDGa − λw(ε+ γ)ET
(17)

where γ is the psychrometric constant, λw is the latent heat of vaporization, ε is the change of

latent heat content relative to the change of sensible heat content of saturated air, Rn is net

radiation, and Cp is the speci�c heat of air. The soil heat �ux was neglected. The unit for ET in

this case is mol m−2 s−1. Throughout the analysis, only data within the growing season were used.

Growing season was delineated based on smoothed time series of GPP as described in Appendix

D.1. Particularly grassland sites were subject to anthropogenically induced disturbances such as

mowing or grazing, which are not accounted for in the model runs. Thus, time periods obviously

a�ected by mowing events were removed. The e�ect of grazing was accounted for by adjusting LAI

to the observed values.

A tabular description of the 58 sites used in this study can be found in Tab. 2. The sites are
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distributed around the globe covering a wide range of climatic conditions and biomes (Fig. 3).

2.7 Model evaluation

Analyses were focused on the evaluation of multi-year and multi-site JSBACH runs with eddy

covariance data. Flux data were processed and �ltered as described in section 2.6.2, and sites were

assigned to PFT-classes as shown in Tab. 2. PFT-classes and their major attributes are summarized

in Tab. 1. For each FLUXNET site, half-hourly model outputs of Gc, ET, and GPP at daylight

within the growing season and under periods of absent to weak soil water stress were split into

VPD groups. For each VPD bin, medians of the variables were calculated, provided a su�cient

number of data points in the respective bin. Data were then aggregated into PFT-groups and

medians and standard errors were calculated based on medians of all sites of the same PFT. The

results are shown in Fig. 5-7. Since days with rainfall and preceding days were removed (section

2.6.2), ET was assumed to be dominated by transpiration. Two statistical measures were used to

evaluate model performance at site level: the normalized root mean square error (NRMSE) and

percent bias (PBIAS). The NRMSE is here calculated as the root mean square error normalized

by the mean of the observations (Janssen and Heuberger, 1995):

NRMSE =

√
1
N ·

N∑
i=1

(Simi −Obsi)2

Obs
(18)

where Obs are measured or derived �ux data, Sim are simulated values, and Obs denotes the mean

of all �ux data. PBIAS is given by:

PBIAS =

N∑
i=1

(Simi −Obsi)

N∑
i=1

Obsi

· 100 (19)

Both measures were calculated based on the medians of the VPD-binned data for the whole VPD

range (bin width = 0.1 kPa). The NRMSE values were compared using a one-way ANOVA and a

Tukey HSD post-hoc analysis for homoscedastic data. In case of a heteroscedastic data distribution

within groups, a Welch-ANOVA and the Games-Howell post-hoc test were applied. Homoscedas-

ticity was tested using the Bartlett-test. ANOVA-tests further assume that data follow a normal

distribution, which was tested by the Shapiro-Wilk test. For some groups, this assumption was

violated, but since studies have shown that ANOVA is robust against violations of the normality

assumption (Schmider et al., 2010), the test was applied for all PFTs. The signi�cance level for

all tests applied was p<0.05. To evaluate the overall model performance (i.e. under water-stressed

and unstressed conditions) for all model versions, NRMSE and PBIAS were calculated for daily

ET and GPP values for all sites (Tab. 4). All statistical analyses were conducted in R (Version

3.02) (R Core Team, 2013).

Global model simulations were compared to upscaled FLUXNET observations from Jung et al.

(2011), hereinafter named MTE-product. For this product, GPP and latent heat �ux were pre-

dicted using a machine learning method ("model tree ensembles" (MTE)) based on remote sensing

indices, climate and meteorological data, and land use information. The generated �ux �elds span

the time period from 1982 to 2008 at monthly resolution. Global means of annual GPP were

compared to the results of Beer et al. (2010), who provide a observation-based estimate of annual
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GPP based on eddy covariance data and diagnostic models. Likewise, global annual mean values

of ET were compared to the global land ET synthesis product by Müller et al. (2013), which is

based on various global diagnostic data sets of ET as well as on results from LSMs for the time

period 1989-2005.

Carbon uptake was highly overestimated in arid regions, probably due to a missing process com-

ponent in the plant drought response (section 4.4). Therefore, regions with less than 150 mm

precipitation per year were masked out in the global maps, but considered for the latitudinal plots

and the calculation of global mean values.
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Tab. 2. Characteristics of �ux tower sites used in this study

Sitea Lat Long Climateb PFTc default

LAId
default

Vcmaxe
adjusted

LAId
adjusted

Vcmaxe
Reference

1 AT-Neu 47.12 11.32 Cfb TeH 2.3 78.2 6.5 39.6 Wohlfahrt et al. (2008b)

2 AU-How -12.49 131.15 Aw TeBEF 4.0 45.7 2.4 27.0 Beringer et al. (2011)

3 AU-Tum -35.66 148.15 Cfb TeBEF 5.5 62.2 2.4 51.3 Cleugh et al. (2007)

4 AU-Wac -37.43 145.19 Cfb TeBEF 5.5 62.2 5.5 43.2 Martin et al. (2007)

5 BE-Bra 51.31 4.52 Cfb TeBDF 4.5 61.0 2.8 38.1 Carrara et al. (2004)

6 BR-Ma2 -2.61 -60.21 Af TrEF 6.8 39.0 5.2 41.6 Araújo et al. (2002)

7 BW-Ma1 -19.92 23.56 BSh TrS 5.9 30.8 1.3 245.6 Veenendaal et al. (2004)

8 CA-Man 55.88 -98.48 Dfc CEF 4.4 64.1 4.2 26.0 Dunn et al. (2007)

9 CA-Qfo 49.69 -74.34 Dfc CEF 4.4 64.1 3.7 25.4 Bergeron et al. (2007)

10 CA-SF3 54.09 -106.00 Dfc CEF 4.4 64.1 1.1 40.0 Mkhabela et al. (2009)

11 CH-Oe1 47.29 7.73 Cfb TeH 2.3 78.2 4.8 41.0 Ammann et al. (2007)

12 DE-Bay 50.14 11.87 Cfb CEF 4.4 64.1 5.3 34.4 Rebmann et al. (2004)

13 DE-Hai 51.08 10.45 Cfb TeBDF 4.5 58.7 6.1 44.8 Kutsch et al. (2008)

14 DE-Meh 51.28 10.66 Cfb TeH 2.3 78.2 2.8 34.6 Scherer-Lorenzen et al. (2007)

15 DE-Tha 50.96 13.57 Cfb CEF 4.4 64.1 8.0 35.4 Grünwald and Bernhofer (2007)

16 DK-Lva 55.68 12.08 Cfb TeH 2.3 78.2 6.9 34.7 Gilmanov et al. (2007)

17 DK-Sor 55.49 11.65 Cfb TeBDF 4.5 58.7 5.0 57.0 Lagergren et al. (2008)

18 ES-ES1 39.35 -0.32 Csa CEF 4.4 64.1 2.6 33.0 Sanz et al. (2004)

19 ES-LMa 39.94 -5.77 Csa TeS 3.3 73.2 2.0 44.3 Vargas et al. (2013)

20 FI-Hyy 61.85 24.29 Dfc CEF 4.4 64.1 6.7 24.8 Suni et al. (2003)

21 FR-Hes 48.67 7.06 Cfb TeBDF 4.5 58.7 6.7 42.5 Granier et al. (2000)

22 FR-LBr 44.72 -0.77 Cfb CEF 4.4 64.1 3.5 52.3 Berbigier et al. (2001)

23 FR-Pue 43.74 3.60 Csa TeBEF 5.5 62.2 2.9 37.7 Keenan et al. (2010)

24 ID-Pag 2.35 114.04 Af TrEF 6.8 39.0 5.6 32.8 Hirano et al. (2007)

25 IL-Yat 31.34 35.05 BSh CEF 4.4 64.1 2.5 28.6 Grünzweig et al. (2003)

26 IT-Amp 41.90 13.61 Cfa TeH 2.3 78.2 2.4 47.3 Wohlfahrt et al. (2008a)

27 IT-Cpz 41.71 12.38 Csa TeBEF 5.5 62.2 3.5 34.1 Tirone et al. (2003)

28 IT-Lav 45.96 11.28 Cfb CEF 4.6 61.8 8.1 32.0 Marcolla et al. (2003)

29 IT-MBo 46.02 11.05 Cfb TeH 2.3 78.2 2.9 43.8 Wohlfahrt et al. (2008a)

30 IT-PT1 45.20 9.06 Cfa TeBDF 4.5 58.7 2.0 84.6 Migliavacca et al. (2009)

31 IT-Ro2 42.39 11.92 Csa TeBDF 4.5 58.7 3.9 37.7 Tedeschi et al. (2006)

32 IT-SRo 43.73 10.28 Csa CEF 4.4 64.1 4.2 31.8 Chiesi et al. (2005)

33 NL-Ca1 51.97 4.93 Cfb TeH 2.3 78.2 11.3 14.5 Jacobs et al. (2007)

34 NL-Hor 52.03 5.07 Cfb TeH 2.3 78.2 3.3 24.1 Jacobs et al. (2007)

35 NL-Loo 52.17 5.74 Cfb CEF 4.4 64.1 2.0 64.5 Dolman et al. (2002)

36 PT-Esp 38.64 -8.60 Csa TeBEF 5.5 62.2 2.8 45.6 Pereira et al. (2007)

37 PT-Mi1 38.54 -8.00 Csa TeS 4.0 69.8 0.7 262.9 Pereira et al. (2007)

38 PT-Mi2 38.48 -8.02 Csa TeH 2.3 78.2 1.6 34.4 Pereira et al. (2007)

39 SE-Fla 64.11 19.46 Dfc CEF 4.4 64.1 3.4 27.0 Lindroth et al. (2008)

40 SE-Nor 60.09 17.48 Dfb CEF 4.4 64.1 4.8 43.8 Lagergren et al. (2008)

41 US-Blo 38.90 -120.63 Csa CEF 4.4 64.1 4.6 25.0 Goldstein et al. (2000)

42 US-FPe 48.31 -105.10 BSk TeH 2.3 73.4 2.5 12.5 Wilson and Meyers (2007)

43 US-Goo 34.25 -89.87 Cfa TeH 2.3 58.9 2.0 48.4 Wilson and Meyers (2007)

44 US-Ha1 42.54 -72.17 Dfb TeBDF 4.5 58.7 5.4 38.4 Urbanski et al. (2007)

45 US-Ho1 45.20 -68.74 Dfb CEF 4.4 64.1 6.5 33.5 Hollinger et al. (1999)

46 US-Los 46.08 -89.98 Dfb TeBDF 4.5 58.7 4.2 26.7 Sulman et al. (2009)

47 US-Me4 44.50 -121.62 Csb CEF 4.4 64.1 2.1 30.4 Law et al. (2001)

48 US-MMS 39.32 -86.41 Cfa TeBDF 4.5 58.7 4.8 31.5 Schmid et al. (2000)

49 US-MOz 38.74 -92.20 Cfa TeBDF 4.5 58.7 4.2 39.0 Gu et al. (2006)

50 US-PFa 45.95 -90.27 Dfb TeBDF 4.5 60.0 4.4 33.4 Davis et al. (2003)

51 US-SP3 29.75 -82.16 Cfa CEF 4.4 64.1 6.4 23.7 Clark et al. (1999)

52 US-SRM 31.82 -110.87 BSk TrS 4.0 45.7 0.5 79.2 Scott et al. (2009)

53 US-Syv 46.24 -89.35 Dfb TeBDF 4.5 61.0 7.5 28.2 Desai et al. (2005)

54 US-Ton 38.43 -120.97 Csa TeS 3.7 65.9 1.3 69.7 Ma et al. (2007)

55 US-Var 38.41 -120.95 Csa TeH 2.3 78.2 2.4 40.9 Ma et al. (2007)

56 US-WCr 45.81 -90.08 Dfb TeBDF 4.5 58.7 5.4 45.4 Cook et al. (2004)

57 VU-Coc -15.44 167.19 Af TrEF 6.8 39.0 5.7 40.4 Roupsard et al. (2006)

58 ZA-Kru -25.02 31.50 Cwa TrS 3.7 30.3 1.7 29.1 Archibald et al. (2010)

a Station IDs consist of two characters describing the country and three characters as abbreviation for the site name (cf. http:

//www.fluxnet.ornl.gov/site_status).

b Koeppen-Geiger climate zone (Af = equatorial, rainforest; Aw = equatorial, monsoonal; BSh = hot arid steppe; BSk = cold arid

steppe; Cfa = humid, warm temperate, hot summer; Cfb = humid, warm temperate, warm summer; Csa = summer dry, warm

temperate, hot summer; Csb = summer dry, warm temperate, warm summer; Cwa = winter dry, warm temperate, hot summer; Dfb

= Cold, humid, warm summer; Dfc = Cold, humid, cold summer).

c Plant functional type (TrEF = Tropical evergreen forest, TeBEF = Temperate broadleaf evergreen forest, TeBDF = Temperate

broadleaf deciduous forest, CEF = Coniferous evergreen forest, TrS = Savanna with C4 grass, TeS = Temperate open woodland with

C3 grass, TeH = C3 grassland).

d maximum LAI in the growing season.

e at the reference temperature of 25◦C.
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3 Results

3.1 Mean daily courses

Mean diurnal courses of three sunny days without water stress for a temperate deciduous forest

are shown in Fig. 4. For all models, Gc is considerably reduced throughout the day compared to

the standard version, and is therefore closer to the values as inverted from the Penman-Monteith

equation. The response of stomata to atmospheric drought becomes apparent as Gc decreases

during the day along with an increase in VPD. Di�erences between the alternative model versions

re�ect the di�erent sensitivities to atmospheric humidity (Fig. 2). In general, di�erences between

the models are relatively low compared to the standard version, only the BETHY model shows a

di�erent behavior such as higher Gc in the morning and lower Gc in the afternoon. The reduced

Gc leads to lower ET rates. As ET depends on VPD, clear di�erences between the models only

occur at times when VPD is high. Since the model versions are based on the close correlation

between GPP and Gc, both variables show a similar behavior throughout the day, with the largest

decrease in the evening, at times when VPD is highest. This leads to a better model performance,

both qualitatively and quantitatively.

3.2 Model performance with respect to atmospheric dryness

Model performance of Gc split into classes of VPD (bin width = 0.4 kPa) is shown in Fig. 5.

Model performance is expressed as relative bias (i.e. relative deviation) to the derived �ux data.

Compared to the standard model, which highly overestimates Gc particularly under conditions of

high VPD, the alternative models give better results and are in general close to the derived values

from the �ux data. Di�erences between models are not clearly recognizable. An exception is the

BETHY model, which overestimates Gc for savanna-like ecosystems and grasslands, resulting in

only slight improvements for these ecosystems. The changes in Gc are re�ected in ET (Fig. 6),

which is persistently too high in the standard model under dry atmospheric conditions and is sig-

ni�cantly lower in the alternative models. However, the alternative models reduce ET less strongly

than Gc. Again only minor di�erences between the model versions can be observed, except for

the BETHY model, which overestimates ET for grasslands and savanna-like ecosystems. Under

conditions of low VPD, all model versions underestimate ET. GPP (Fig. 7) is a�ected by a decline

in Gc similarly to ET. All models show similar deviations under low VPD as photosynthetic capac-

ity was adjusted to site conditions (Appendix C). Despite this adjustment, simulated GPP in the

standard model is overestimated under conditions of high VPD, except for savannas (Fig. 5). The

alternative models show again lower deviations compared to the standard model, but generally

overestimate GPP for grasslands.

Calculated NRMSEs for all PFTs are shown in Fig. 8. For Gc, di�erences between the standard

model and the alternative models based on a photosynthesis-stomatal conductance scheme (Ball-

Berry, Leuning, Friend, USM) are statistically signi�cant for all forest ecosystems but not for

savanna-like sites and grasslands. For the savanna-like ecosystems, this may be due to the low

sample size (n=3). Regardless of statistical signi�cance, all model variants show considerable im-

provements. One exception is again the BETHY model for ecosystems with a high fraction of

grasslands. The reason for this might be the parameterization of the model (section 4.1). Apart

from that, no signi�cant di�erences occur between the alternative models. Same holds true for ET,
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Fig. 4. Mean diurnal course (1st - 3rd July 2005) of meteorological variables and Gc, ET, and GPP for
the di�erent model versions for a broadleaf deciduous forest (station FR-Hes) in the absence of water
stress. No rainfall occurred on the two preceding days, therefore ET is assumed to be dominated by
transpiration.
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Fig. 5. Relative deviation between the di�erent models and the derived �ux data (dashed line) for Gc.
Values represent PFT-medians based on half-hourly model outputs of Gc under optimal conditions
(values are based on half-hourly data at daylight, within the growing season and in the absence of soil
water stress). Error bars represent standard errors of the median. PFT-abbreviations: TrEF = tropical
evergreen forest, TeBEF = temperate broadleaf evergreen forest, TeBDF = temperate broadleaf
deciduous forest, CEF = coniferous evergreen forest, TrS = Savanna with C4 grass, TeS = Temperate
open woodland with C3 grass, TeH = C3 grassland.

where the inclusion of the stomatal response to atmospheric humidity leads to improved model per-

formance for all PFTs, even though this is not statistically signi�cant in most cases. The clearest

e�ects can be observed for forested ecosystems, while improvements for grasslands and open wood-

lands are less pronounced and the NRMSE decreases only slightly compared to the standard model

in these ecosystems. The situation is similar for GPP, however, no improvements are achieved for

savanna sites. This is most likely due to a single site, where GPP is highly underestimated (US-

SRM), probably due to an erroneous maximum LAI value. Di�erences in NRMSE between the

standard model and the Ball-Berry model (NRMSEBall-Berry - NRMSEStandard) are calculated for

all sites and plotted against the mean growing season VPD. The results (Fig. 9) demonstrate that

both ET and GPP show improved performance for most of the sites, independent of the local mean

growing season VPD. Linear regression yields a weak positive slope, which is due to the very high,

and most likely erroneous, VPD values measured at one site. After removing the site from the

analysis, no statistically signi�cant slope (p<0.05) is observed for neither ET nor GPP.
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Fig. 6. Relative deviation between the models and the observed �ux data (dashed line) for ET. Values
represent PFT-medians based on half-hourly model outputs of ET under optimal conditions (values are
based on half-hourly data at daylight, within the growing season and in the absence of soil water stress).
Error bars represent standard errors of the median. PFT-abbreviations as in Fig. 5.

3.3 Overall model performance

Mean growing season WUE (Fig. 10) is generally overestimated. This is the case for both WUE

and IWUE. The latter was calculated to account for the confounding e�ect of VPD on transpi-

ration and therefore WUE. The standard model WUE is closer to the observed values for almost

all PFTs. Di�erences between PFTs are low, IWUE is mostly in the range of 2-3 gC kg−1H2O

kPa. Savanna-like ecosystems show higher IWUE, the skewed distribution for tropical savannas,

however, is due to an outlier and must be interpreted with care. Considerably high or low values

occur also in other PFTs, most likely due to bad quality of the VPD-data. Interestingly, WUE

and IWUE vary consistently between the models, except for the BETHY scheme. The USM model

for instance predicts the highest and the Friend model the lowest IWUE values for almost all PFTs.

Performance measures for the di�erent models are shown in Tab. 4. The statistics were calculated

on a daily basis for all time periods, including water stressed conditions. Model performance does

not or only slightly improve for tropical rainforests and savannas, but remarkable improvements

are made for all other forested ecosystems, especially for ET. Grasslands show slight, but consistent

improvements for all models. Di�erences between models are again low, however, the Ball-Berry

approach shows the best results for many PFTs, especially for ET. If all sites are considered,
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Fig. 7. Relative deviation between the models and the derived �ux data (dashed line) for GPP. Values
represent PFT-medians based on half-hourly model outputs of GPP under optimal conditions (values are
based on half-hourly data at daylight, within the growing season and in the absence of soil water stress).
Error bars represent standard errors of the median. PFT-abbreviations as in Fig. 5.

substantial improvements of both NRMSE and PBIAS occur for ET (e.g. NRMSE declines from

0.91 to 0.79 for the Ball-Berry version) and slight improvements for GPP. Since the results include

water stressed periods, further improvements can be expected when soil moisture is adequately

represented in the model (section 4.4).

3.4 Global simulations

All models show reductions of ET in northern latitudes and in the tropics (Fig. 11b-f). ET remains

constant in dry regions such as large parts of Africa and Australia, as well as in Central Asia and

Central North America. Large-scale increases occur only over the Tibetan Plateau. The Ball-

Berry model shows the largest reductions in boreal regions. In the tropics, the largest decreases

occur in simulations with the Friend model. The BETHY model shows much lower decreases in all

parts of the world though spatial patterns are similar to the other models. GPP shows a distinct

behavior in all models. Large reductions of up to 50% occur in humid regions of the world and

large increases in areas characterized by low annual precipitation. The high dependency of GPP

on water availability in the global simulations, however, is most likely due to numerical instabilities

resulting from an inappropriate process representation of photosynthesis under conditions of water

stress. An ecological explanation for the high productivity in context with the stomatal response
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Fig. 8. Normalized root mean square error calculated for (a) Gc, (b) ET, and (c) GPP based on
half-hourly model outputs aggregated into bins of VPD (bin width = 0.1 kPa). Shown are PFT-means
(± standard errors). Letters indicate di�erences between means (normal font = Tuckey HSD test,
p<0.05; italic = Games-Howell test, p<0.05). PFT-abbreviations as in Fig. 5.

Fig. 9. Di�erence in normalized root mean square error between the standard and Ball-Berry model for
ET and GPP for all sites. Negative values indicate improved model performance compared to the
standard version.
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Fig. 10. (upper panel) Mean growing season WUE and (lower panel) mean growing season IWUE as
calculated from FLUXNET data for the di�erent model versions and plant functional types.
PFT-abbreviations as in Fig. 5.

to VPD does not exist.

The comparison with the MTE-product illustrates the large discrepancies between upscaled �ux

data and JSBACH model simulations (Ball-Berry version). What catches the eye �rst is the

extreme overestimation of GPP in the Ball-Berry model, despite the large reductions achieved. The

new model versions are therefore likely to be an improvement over the standard model. Relative

deviations from the MTE-product are comparatively low in the tropics, but high in boreal and arid

regions. Results are less uniform for ET, where JSBACH predicts much higher �uxes (up to 100%

in boreal regions of North America and Eurasia), but lower values for sub-humid and monsoonal

regions in Africa and Asia.

Such di�erences are emphasized by plots showing latitudinal patterns of ET and GPP (Fig. 13),

which reveal remarkable latitudinal di�erences between the models. ET is consistently lower for

all model versions compared to the standard model, whereby the Friend model shows the largest

reductions in the tropics and Ball-Berry in latitudes north of 40◦. Relative changes are in the order

of a few percent, therefore considerable absolute changes occur only in the tropics. The picture is

di�erent for GPP, where signi�cant decreases in the tropics stand in contrast to considerable in-

creases in the subtropics, especially in the northern hemisphere. The models show similar patterns

but di�erent relative changes in GPP for particular latitudinal bands. The Friend model shows the

largest decrease of around 25% in the tropics while the Ball-Berry model reduces GPP by about

15% around the equator. This di�erence is partly o�set by a stronger decrease in the temperate

zones of both hemispheres in the Ball-Berry version. The BETHY model again shows a dissimilar
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Fig. 11. Mean annual values of (a) ET and (g) GPP of the standard model version and relative
deviations of the alternative models from the standard model for (b-e) ET and (h-l) GPP for the time
period 1979-2008. Red colors indicate reductions compared to the standard model.
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Fig. 12. Absolute and relative di�erences of (a,c) ET and (b,d) GPP between the Ball-Berry model and
the global ET- and GPP-products based on upscaled FLUXNET data by Jung et al. (2011). Red colors
indicate lower simulated values compared to the MTE-product.

behavior compared to the other models. Reductions in the tropics and temperate zones are much

lower (less than 5%) and no signi�cant overestimation occurs in dry regions. The models evaluated

in this study show remarkable absolute decreases of GPP in the tropics, which, to a small extent,

are o�set by an increase in arid regions of the world. Globally, this leads to a decline in annual

GPP by 2 - 18 Gt yr−1. The reduction is mainly a consequence of reduced GPP in the tropics.

In comparison to the global means of annual GPP as determined by Beer et al. (2010), JSBACH

shows much higher values in all model variants, but the new versions reduce this o�set (Tab. 3).

Compared to the ET-synthesis product provided by (Müller et al., 2013), global mean annual ET

is underestimated by all model versions.
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Fig. 13. Latitudinal patterns (1.875◦ bands) and relative deviations from the standard model shown for
zonally averaged annual values of (a,c) ET and (b,d) GPP. Negative values in panels c) and d) indicate
lower simulated �uxes compared to the standard model.

Tab. 3. Global mean values of ET and global sums of GPP for the di�erent model versions

ET [mm yr−1] GPP [Gt yr−1]

Standard 474 202
Ball-Berry 459 191
Leuning 461 188
Friend 459 184
USM 460 190
BETHY 469 200
Reference 493a 123 (8)b

a Müller et al. (2013)
b Beer et al. (2010), standard deviation shown in brackets
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4 Discussion

4.1 Model performance

The inclusion of a stomatal response mechanism to atmospheric humidity leads to signi�cant im-

provements in model performance. Interestingly, while the inclusion of the VPD response causes

substantial changes in water and carbon �uxes for almost all sites, di�erences between the model

versions which are based on a coupled photosynthesis-stomatal conductance scheme are rather low.

The di�erent response functions embedded in JSBACH show di�erent sensitivities of stomatal clo-

sure to an increase in VPD. This constitutes a great di�erence in Gc between the alternative models

and the standard model; however, di�erences between the alternative models are marginal over a

wide range of VPD values (Fig. 2). Only the BETHY model shows signi�cant deviations for Gc

compared to the other models. Since the model shows weak performance in ecosystems with a

signi�cant fraction of grasslands, poor parameterization might be seen as a reason, since param-

eter values assigned to C3 and C4 grasses are probably too high (Tab. 1). Additionally, observed

di�erences between models under certain conditions (e.g. low VPD) are often compensated by the

opposite pattern under contrasting conditions (e.g. high VPD). The USM for instance consistently

predicts lower gs under low VPD-conditions but also gives higher predictions under high VPD com-

pared to the other models, while for the Friend model the opposite is the case (Fig. 5). A similar

behavior can also be observed for daily (Fig. 4), and annual (Fig.H1) time series. Consequently,

this leads to small total di�erences (Fig. 8). Since VPD varies signi�cantly over the course of a day

and between seasons, such compensating e�ects are likely to blur di�erences that exist at particular

conditions. Indeed, signi�cant variations between the model versions can not be detected if sites

are grouped into climate groups (results not shown). The results indicate a clear improvement for

all climate zones as model performance improves regardless of the mean growing season VPD, a

quantity calculated to describe the in�uence of atmospheric demand on plant physiology (Fig. 9).

The results demonstrate that the e�ect of stomatal closure in response to atmospheric humidity is

important for all ecosystems, and plays a decisive role even under conditions of low or intermediate

atmospheric drought.

One further possible reason for the low variability between the models can be seen in the limitations

of the �ux data. Eddy covariance measurements are subject to random and systematic errors, and

therefore show high uncertainties as well as noise (Williams et al., 2009; Richardson et al., 2012).

While the e�ect of random errors might be low for conditions of low VPD where many data are

available, larger e�ects might occur under conditions of high VPD, were data availability is scarce.

GPP and Gc further represent derived data that are again based on models, which adds further

uncertainties. Gc for instance is based on the inversion of the Penman-Monteith equation, which

assumes a closed energy balance and which requires an estimation of Ga, which is again based

on meteorological data (Appendix E). Considering all possible uncertainties, the interpretation of

minor di�erences between the models appears inappropriate. Moreover, some PFTs in this study

are represented by a small number of stations, which are unlikely to adequately represent an entire

biome. In general, the embedded process representations improve model performance with regard

to ET and GPP for almost all PFTs. Obviously, larger di�erences occur in the global simulations,

however a PFT-speci�c analysis for the global simulations was not conducted.

In this study, conditions of severe soil water stress are excluded (Appendix D.2), but minor e�ects

from soil moisture are still possible, especially since soil moisture �lters are only applied to the

�ux data, not to the modeled �uxes. Hence, under certain circumstances the model simulates

soil water stress and thus reduced gs even for periods considered as non-water-stressed in this
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study. However, since soil moisture stress is likely to a�ect all models in a similar way, possible

e�ects should have minor consequences for the results. An exception to this might be ecosystems

characterized by seasonal water stress, like savannas or temperate broadleaf forests. For example,

a highly overestimated net assimilation during summer drought possibly a�ects conditions sev-

eral months later due to higher water use in the dry period. Therefore, an adequate treatment of

soil water stress is necessary to exclude possible confounding e�ects from soil moisture (section 4.4).

4.2 The role of coupling to the atmosphere

The models evaluated in this study were developed and tested primarily by means of gas exchange

experiments at the leaf level, where environmental factors are well controlled (Ball et al., 1987;

Leuning, 1995). Stomatal aperture is then modeled in response to the environment close to the

leaf surface, and leaf boundary layer conductance is held large. Under such conditions, leaves can

be considered well coupled to the surrounding air, and both transpiration and photosynthesis can

be assumed to be almost entirely controlled by stomata (Jarvis, 1986). In this study, �uxes are

simulated at the ecosystem scale, and meteorological variables serving as model inputs such as

atmospheric humidity and temperature are measured some distance above the canopy. However,

meteorological conditions near the leaf surface can deviate largely from those in the free air stream

(McNaughton and Jarvis, 1991). Grantz and Meinzer (1990) for instance found that VPD at the

leaf surface may deviate from that in the atmosphere above by more than 1 kPa in croplands. The

strength of this deviation depends on the degree of coupling between the vegetation and the atmo-

sphere, which again is determined by the ratio of Gc to Ga (AppendixF), where Ga is dependent

on wind speed, atmospheric stability, but also on plant structural properties such as vegetation

height or density (Kelliher et al., 1993). The models applied in this study were not adjusted for

application at the canopy scale, which means that stomata in the model respond to the VPD

measured some meters away from the canopy, whereas the "true" driving force for transpiration

is the VPD in the immediate surrounding of the leaf. In the study by Launiainen et al. (2011),

the Ball-Berry and Leuning models have been shown to respond well to changes in VPD at the

canopy scale, for both with and without adjustment of VPD to leaf conditions. However, the

study was conducted in a coniferous forest, which is in most cases well coupled to the atmosphere

(McNaughton and Jarvis, 1991). A similar study conducted in croplands emphasized the need to

correct the measured VPD in the free atmosphere for the e�ect of decoupling (Grantz and Meinzer,

1990).

The e�ect of coupling has been shown to in�uence the Gc - ET relation considerably. This e�ect

might cause a poor representation of water �uxes, even if Gc is accurately modeled. McNaughton

and Jarvis (1991) for instance proposed negative feedbacks at the leaf and canopy scale in case of a

low Ga. Low Ga and therefore high humidity and temperatures in the immediate surroundings of

the leaf compared to the free air stream reduce transpiration. This e�ect diminishes the sensitivity

of transpiration to changes in gs, since even high gs does not increase transpiration if humidity

near the leaf surface is high. Indeed, studies have shown that vegetation types characterized by

a high degree of coupling (e.g. coniferous forests) show higher sensitivities of ET to changes in

Gc than ecosystems with a high decoupling (e.g. grasslands) (Kelliher et al., 1993). Computed

coupling coe�cients for di�erent PFTs in this study (Fig. F1) illustrate the di�erences between

vegetation types. The mentioned reduced sensitivity of ET to changes in Gc becomes apparent as

even large changes in Gc between the standard model and the alternative models does not lead

to comparable changes in the transpiration �ux for PFTs characterized by poor coupling to the
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atmosphere, such as grasslands or tropical rainforests. For example, a comparable reduction in Gc

compared to the standard model for tropical rainforests and coniferous forests does not result in

the same degree of reduction in ET for both ecosystems. Instead, ET is much more sensitive to

changes in Gc in coniferous forests than in tropical rainforests. The e�ect is even more pronounced

for grasslands (Figs. 5,6). Such negative feedbacks were considered to strengthen with an increase

in scale by Jarvis (1986), so that stomatal processes were supposed to play only a marginal role in

the water �ux over continents. Later modeling studies (Friend and Cox, 1995; Friend and Kiang,

2005), however, indicated that stomatal control has a major impact on regional transpiration,

since positive feedbacks with atmospheric humidity compensate the negative feedback mechanisms

described beforehand. According to Friend and Kiang (2005), reduced transpiration due to de-

coupling e�ects would increase the humidity de�cit in the atmosphere and consequently increase

transpiration. In this study, global simulations were run o�ine (i.e. vegetation is decoupled from

the atmosphere), and vegetation-climate feedbacks are therefore largely neglected, which hinders

a detailed investigation of the role of stomatal regulation for regional water �uxes.

In any case, while at the leaf level the accurate modeling of stomatal conductance depends on the

speci�c functional relationship deployed (e.g. Leuning, 1995) as well as on the measure for atmo-

spheric humidity (Aphalo and Jarvis, 1991) those factors seem to be less relevant at large spatial

scales, even though Gc has been shown to be sensitive to changes in atmospheric humidity (Grantz

and Meinzer, 1990; Launiainen et al., 2011). Additional confounding factors such as radiation and

vegetation-atmosphere feedback mechanisms lead to a less clear relation between Gc and the ex-

change of water and CO2 at the canopy scale (McNaughton and Jarvis, 1991). Besides confounding

physical e�ects, physiological variations between species have to be considered at the canopy scale.

The synthesis study by Oren et al. (1999) revealed high intra- and interspeci�c variations of the

stomatal sensitivity to increasing VPD. The consideration of such di�erences and its translation

into mathematical representations applicable in global climate models, however, constitutes a big

challenge.

4.3 Model parameterization

The results did not clearly support any of the models, neither for particular ecosystems, nor at the

global scale. However, all models might bene�t from an improved model parameterization. The

common parameter for photosynthesis-stomatal conductance models is the slope parameter g1,

which represents stomatal sensitivity to the combined factors of An, Ca and atmospheric humidity

(Ball et al., 1987). In this study, g1 was treated as a global constant, which varies with water

stress, but not with climatic conditions or plant functional traits. The original Ball-Berry model

was indeed developed for a wide range of conditions (Ball et al., 1987) and gave accurate results

for di�erent environments (Buckley and Mott, 2013). Further studies (Xu and Baldocchi, 2003)

found a constant slope under extremely high air temperatures and severe water stress as well as

for di�erent leaf ages. This proposed conservative behavior of g1 across environmental conditions

is contentious, since other studies found considerable variations with environment such as growth

temperature or light conditions (Bunce, 1998) or over the course of the growing season (Valentini

et al., 1995; Launiainen et al., 2011). In any case, it is well known that the slope parameter

varies between species (Ball et al., 1987). However, the Ball-Berry-type models fail to account

for such behavioral di�erences between individuals and species, unless a correct parameterization

is achieved (Gao et al., 2002), which appears to be unfeasible at larger scales. In current global

models, possible parameter variations based on plant properties can only be accounted for if they

di�er between PFTs, the highest aggregation level employed in LSMs. It is still unclear if param-
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eter variations can be attributed to di�erences in plant properties, on which the PFT-concept is

based on, though �rst studies revealed di�erences between PFTs (Manzoni et al., 2011). Parameter

values estimated from �ux data in this study showed di�erences across PFTs (Fig.G2), but any

conclusions remain specious until a sound relation between plant functional traits and parameter

values can be established, which is additionally reconcilable with the PFT-concept. The latter

point seems unclear. Fig.G2 shows high variations within PFTs, which can be partly attributed

to the noise in the �ux data (Fig.G1 shows high scatter and a low R2 despite the application

of a data �ltering procedure), but which also re�ect large di�erences between sites representing

the same ecosystem type. Large variations for related species were also found by (Bowden and

Bauerle, 2008), who determined species-speci�c g1 values that di�ered by the factor of 3 for decidu-

ous broadleaf trees. Consequently, parameter estimation on a PFT-basis might not be a promising

approach for current global climate models, but further investigations are needed.

Those di�culties in model parameterization are mainly due to the empirical nature of stomatal

conductance-photosynthesis models. g1 comes without a theoretical explanation, which hinders

the understanding of how parameters vary with climate or species (Medlyn et al., 2011). The

uni�ed stomatal model (USM) was developed to overcome this drawback (Medlyn et al., 2011).

The USM provides a theoretical underpinning of the slope parameter, such that it is proportional

to the marginal water cost of plant carbon uptake λ and to Γ∗, quantities that are known to vary

with environmental conditions. While Γ∗ is known to increase with growth temperature (Bernac-

chi et al., 2001), the variation of λ among species and growth conditions is not yet clear (Medlyn

et al., 2011) and subject of current and future research. Theory suggests that species in sub-humid

regions which have to endure unfavorable climatic periods require more carbon investments in

cavitation-resistant tissues or xerophytic leaves and consequently show lower values for λ and g1

(Héroult et al., 2013). In fact, soil moisture de�cit seems to play an important role for the value of

λ due to the above mentioned reasons, and determined values for λ were lower for species in dry

than in humid environments (Manzoni et al., 2011; Héroult et al., 2013). To summarize, the USM

has the capability of overcoming di�culties in parameterization by the provision of a theoretical

framework for stomatal modeling. Due to its analogy to the Ball-Berry type models (Medlyn et

al., 2011) which was con�rmed in this study (Fig.G2: estimated slopes across PFTs varied in the

same manner for both the Ball-Berry and the USM), insights gained from the USM also be used

for empirical stomatal models and ultimately provide parameter distributions in space and time,

provided that stomata operate optimally as predicted by the USM, which is still under debate

(Medlyn et al., 2013).

The parameter g1 is further inversely proportional to the intrinsic WUE at the leaf level (Héroult

et al., 2013). This relation could be useful to improve the representation of water-carbon interac-

tions in LSMs, if WUE at the canopy scale changes in proportion to g1 as theory suggests. The

slopes estimated in this study (Fig.G2) were in most cases larger than the default value in the

model. According to theory, model runs with higher g1 parameters would consequently lead to

reduced WUE, which would be an improvement for most, but not all PFTs.

Model parameterization was also the main limitation for the application of the BETHY model. In

principle, the approach has the great advantage of modeling the stomatal response to variations

of atmospheric drought and soil water stress simultaneously. The model further appears to be

suitable for use in GCMs due to its simplicity. Only one parameter, representing the whole-plant

hydraulic conductivity (Knorr, 2000), is required. However, information about plant hydraulic

properties at the PFT-level is sparse or not available in the required unit (Hickler et al., 2006),

which hampers the use of the BETHY model in LSMs. Hence, further investigations are needed
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which relate plant functional properties to transpiration. One promising approach in this direction

is given by Santiago et al. (2004) or Brodribb et al. (2005) who investigated the relation between

photosynthesis, stomatal conductance, and hydraulic conductivity in leaves, a concept which ap-

pears to be applicable in LSMs. However, since this approach is not widely tested, its validity has

�rst to be con�rmed by e.g. experimental studies at di�erent scales.

The Ball-Berry and Leuning approach did not show large di�erences in this study, but represent

stomatal response to atmospheric humidity with a di�erent degree of complexity. The Leun-

ing model includes a third parameter D0, which adjusts the stomatal sensitivity to changes in

VPD (Leuning, 1995). Since the determined values of D0 vary largely between species (Leuning,

1995; Medlyn et al., 2011; Héroult et al., 2013), the spatial variability of this parameter cannot

be accounted for in current LSMs. Therefore, the additional complexity is of no use for global

simulations, unless spatial parameter estimates are available.

4.4 E�ects of soil water stress

The poor model performance in arid and semiarid ecosystems underlines the importance of accu-

rately representing the e�ect of soil water stress in coupled photosynthesis-stomatal conductance

models (Egea et al., 2011). Applying a normalized soil moisture dependent stress function solely to

gs and thus reducing the slope parameter g1 in the models proved to be insu�cient for capturing

the response of water and carbon �uxes to soil water scarcity at the ecosystem level. This �nding

is consistent with outcomes of modeling studies at the leaf (Misson et al., 2010; Egea et al., 2011;

Zhou et al., 2013) and ecosystem scale (Keenan et al., 2009; Keenan et al., 2010). In fact, these

studies have shown that non-stomatal limitations to An need to be included when modeling the

e�ects of drought on photosynthesis and transpiration. Proposed non-stomatal mechanisms oper-

ate either directly on leaf biochemistry (via reduced Vcmax and/or Jmax (e.g. Parry et al., 2002))

or through a decrease in mesophyll conductance along with a decrease in soil water de�cit (Flexas

et al., 2012). Both processes ultimately lead to a reduction in carboxylation capacity (Vcmax),

either directly or indirectly (Zhou et al., 2013). The relative importance of these processes for

di�erent degrees of soil water stress is still under debate (Grassi and Magnani, 2005; Misson et al.,

2010; Egea et al., 2011) and remains a subject for future research. Regardless of the underlying

mechanism, the necessity of reducing photosynthetic capacity in periods of drought was underlined

in this study by the fact that solely reducing the slope parameter g1 leads to a severe overpro-

duction in arid and semi-arid regions of the world (Figs. 11,13). This erroneous model behavior

is most likely due to the numerical instability of the applied algorithm resulting from the missing

process component described above.

One further aspect to investigate with regard to soil moisture is how gs, photosynthetic capacity,

and mesophyll conductance respond to a decline in soil moisture. In JSBACH, a linear decline of

gs is presupposed (Eqs. 15,16), however studies have indicated that the sensitivity to soil moisture

is not linear in its functional form (Misson et al., 2010), or di�ers between stomatal and non-

stomatal processes, as well as across PFTs (Zhou et al., 2013). Another mechanism which might

serve as an explanation for the enhanced productivity in seasonally dry regions is a seasonal shift

in the growing season as a consequence of stomatal closure. This leads to reduced transpiration

in the early growing season and consequently to a prolonged vegetation activity resulting from

the higher water availability in the dry period. Even though this mechanism is likely to e�ect

the seasonal dynamics of plant productivity, especially in Mediterranean ecosystems (Fig.H1), it

appears highly unlikely that the large increase in productivity as observed in the global simulations

can be attributed solely to shifts in the seasonal cycle.
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5 Conclusions

The e�ect of atmospheric humidity on stomatal conductance has signi�cant consequences for carbon

and water �uxes, not only at the leaf level, but also for simulations at the ecosystem and global

scale. The stomatal response to atmospheric humidity is therefore a process which needs to be

considered in global climate models. Canopy conductance is sensitive to changes in VPD regardless

of climatic conditions and plant functional types. The response of transpiration, however, di�ers

among PFTs, most likely due to the e�ect of decoupling between the vegetation and the atmosphere.

The negligible di�erences between the model versions at the ecosystem scale support the use of

simple stomatal conductance schemes in LSMs. Hence, due to its simplicity and its capability

of showing good results for all PFTs, the Ball-Berry model can be considered as the best option

for climate models as long as no detailed knowledge on model parameters is available. Estimated

parameter values from �ux data showed high variability between sites and considerable variations

from the values currently used in the models. Since parameters were treated as global constants

and possible variations with growth conditions or plant traits could not be accounted for, model

parameterization can be considered as a major restriction to model performance. Certainly, an

advanced knowledge on the spatial distribution and temporal dynamics of parameter values would

help to achieve an improved representation of carbon and water interactions in global models. The

interplay between stomatal conductance and photosynthesis critically depends on how the e�ect

of soil moisture on plant physiology is considered in the model.
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A C4 photosynthesis

For C4 photosynthesis, Eqs. 1-3 are replaced by the following (Collatz et al., 1992):

An = min(Jc; Je)−Rd (A.1)

Jc = ks Ci (A.2)

Je =
1

2Θs

(
Vpmax + Ji −

√
(Vpmax + Ji)2 − 4ΘsVpmaxJi

)
(A.3)

where ks represents the PEPcase CO2 speci�city, Θs is a curvature parameter for Je, and Vpmax

is the maximum PEP carboxylation rate. The light limited assimilation rate Ji depends on pho-

tosynthetically active radiation. For details see Collatz et al. (1992).

B Temperature response of photosynthesis

As the temperature functions in the original photosynthesis model of Farquhar et al. (1980) are

based on in vitro measurements over a limited temperature range (Farquhar et al., 1980; Bernacchi

et al., 2001), temperature functions of the Michaelis-Menten constants for CO2 (Kc) and O2 (Ko)

were revised according to Bernacchi et al. (2001), who estimated Rubisco kinetic properties in

vivo over a wide range of temperatures, CO2, and O2 concentrations. The formulations of the

temperature response functions for Kc and Ko remain unaltered, but the parameter values were

revised (Tab.B1):

Kc = Kc,0 exp

(
Ec(Tv − 298.15)

RTv298.15

)
(B.1)

Ko = Ko,0 exp

(
Eo(Tv − 298.15)

RTv298.15

)
(B.2)

where Kc,0 and Ko,0 are the corresponding Michaelis-Menten values for CO2 and O2, respectively,

at the reference temperature of 25◦C, Ec is the activation energy for Kc, Eo is the activation energy

for Ko, and Tv is the vegetation temperature. The revised parameter values and corresponding

units can be extracted from Tab.B1.

In previous model versions, the temperature response of the CO2 compensation point in the absence

of dark respiration (Γ∗) was assumed to be linear (Farquhar, 1988), but Bernacchi et al. (2001)

proposed an exponential increase with temperature:

Γ∗ = Γ∗0 exp

(
Eg(Tv − 298.15)

RTv298.15

)
(B.3)

where Γ∗0 is the value of Γ∗ at the reference temperature of 25◦C, and Eg is the activation energy

for Γ∗. The previous and revised response functions are shown in Fig. B1.
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Fig. B1. Revised temperature responses of (a) Ko, (b) Kc, and (c) Γ∗ from Bernacchi et al. (2001)
(solid line) compared to the original functions from Farquhar et al. (1980)(dashed line).

Tab. B1. Previous and revised parameter values for Kc, Ko, and Γ∗

Value at 25◦C activation energy [kJ mol�1]

Parameter previousa revisedb previousa revisedb

Kc[µmol mol
−1] 460.00 404.90 59.36 79.43

Ko[mmol mol−1] 330.00 278.40 35.95 36.38

Γ∗[µmol mol−1] - 42.75 - 37.83

a according to Farquhar et al. (1980)
b according to Bernacchi et al. (2001)
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C Adjustment of photosynthetic capacity

For the site-level runs, photosynthetic capacity was adjusted to conditions at the respective FLUXNET

site. Since the di�erent model versions presume di�erent Ci/Ca ratios with e�ects on productivity,

the adjustment was performed for each model version. The adjustment was based on light-response

curves (Fig. C1). Half-hourly GPP-data derived from eddy-covariance measurements and simulated

net assimilation values under favorable conditions for photosynthesis (VPD < 1 kPa, Temperature

> 15◦C, no soil water stress) were plotted against radiation, and the median was calculated for

both observed and simulated values > 1500 µmol m−2 s−1. Vcmax was then changed according

to the ratio of the two medians. Jmax was changed proportionally to Vcmax assuming a constant

relation Jmax = 1.9Vcmax for C3 plants and ks = 10Vpmax for C4 plants.

Fig. C1. Light response curves for the station DE-Tha, a coniferous evergreen forest (a) before and (b)
after the adjustment of Vcmax and Jmax, shown for the Ball-Berry model version.

D Flux data �ltering

D.1 Growing season �lter

Growing season was delineated based on derived GPP-�ux data. A site-speci�c GPP threshold

was calculated as 20% of the 95th percentile of all daily GPP-values. Time series of daily GPP

values was then smoothed using a standard moving average �lter (window width = 11 days). Days

of the smoothed GPP series exceeding this threshold were considered to be in the growing season

if a certain number of adjacent values also exceeded the threshold (Fig.D1).

The method turned out to be robust as it considers site-speci�c abiotic and biotic conditions such

as climate, vegetation structure and LAI, and furthermore ignores short-term variations in GPP.

Thus, no adjustment was necessary for individual sites.
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Fig. D1. Time series of smoothed daily GPP values for (a) a temperate broadleaf deciduous site
(Koeppen-Geiger climate: Cfb), (b) a savanna site (Cwa), and (c) a coniferous broadleaf evergreen site
(Cfa). Green lines depict time periods in the growing season, and brown lines represent time periods
outside the growing season. The blue dashed line indicates the GPP-threshold calculated as 20% of the
95th percentile of the daily GPP values.

D.2 Soil water stress �lter

Since in this study the focus lied on non-water-stressed conditions, �ux data recorded under water

stressed conditions were excluded for most parts of the analyses. The underlying assumption for

the �ltering procedure described in this section was that the e�ect of soil moisture stress becomes

apparent in the derived GPP data. For the �ltering, the quality �ltered GPP data set is split into

15 soil moisture classes of equal width and for each class the median is calculated. The threshold

is de�ned as the �rst soil moisture class in which the median exceeds 95% of the mean of all higher

soil moisture classes. All values exceeding the threshold were considered as unstressed with respect

to soil moisture.

Fig. D2. GPP plotted against soil moisture for a Mediterranean station (FR-Pue). The red line
indicates the threshold below which values were considered as water-stressed.
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E Derivation of aerodynamic conductance and intercellular CO2 con-

centration

The derivation of aerodynamic conductance Ga in this study requires the transfer coe�cients for

heat (Ch) and momentum (drag coe�cient CD). Ga is then related to Ch as shown in Eq. E.6.

Transfer coe�cients were calculated based on the Monin-Obukhov similarity theory, which states

that the mean vertical gradient of a scalar is, if appropriately scaled, a unique function of a stability

parameter (Bonan, 2008, p.208). Besides atmospheric stability, transfer coe�cients depend on

surface roughness. The drag coe�cient for neutral stability (CDN ) is given by:

CDN =
k2

ln((zs − d)/z0)2
(E.1)

where k = 0.41 is the von-Kármán constant, zs is the vegetation height, d is the zero-plane

displacement height, and z0 is the roughness length, which was assumed to be proportional to

the vegetation height with z0 = 0.125zs. Vegetation height was either reported for individual

FLUXNET sites in the ancillary database or set to a PFT-speci�c default value (Tab. 1). The

zero-plane displacement height is calculated from the logarithmic wind pro�le equation:

d = zs − z0 exp(uk/u∗) (E.2)

where u is horizontal wind velocity, and u∗ is friction velocity. To determine the strati�cation in

the atmosphere, the bulk Richardson number was calculated:

Rib =
g(zs − d)(Ts − Tg)

Tgu2
(E.3)

where g is gravitational acceleration, Ts is potential air temperature at canopy height, and Tg is

potential ground temperature. The dimensionless heat transfer coe�cient Ch is calculated using

analytic approximations according to Hansen et al. (1983):

DM =

√
(1− aRib)(1− bRib)

1− cRib
CD = DM · CDN (E.4)

Ch = CD1.35

√
(1− dRib)
(1− f Rib)

in case of an unstable strati�cation (i.e. Rib < 0) and as

DM =
1

1 + (11.2 + 90Rib)Rib

CD = DM · CDN (E.5)

Ch = CD1.35/(1 + 1.93Rib)

in case of a stable strati�cation (i.e. Rib > 0). DM gives the variation of drag coe�cient in

conditions of non-neutral stability. The coe�cients in Eq. E.4 are taken from Hansen et al. (1983).

Aerodynamic conductance is �nally given by:

Ga = Chu (E.6)
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The canopy-scale intercellular CO2 concentration Ci is given by:

Ci = Ca −GPP
1.42

Gc
+

1.65

Ga
(E.7)

where the two constants serve to convert resistance units from water to CO2 according to Monteith

(1973).

F Decoupling coe�cient Ω

The decoupling coe�cient Ω (Jarvis, 1986) describes the similarity between meteorological condi-

tions at the vegetation surface and in the free atmosphere. Ω ranges between 0 and 1. Values near

0 indicate well coupled conditions and high physiological control of water and carbon �uxes. The

coe�cient is given by (Jarvis, 1986):

Ω =
ε+ 1

ε+ 1 +Ga/Gs
(F.1)

where ε is the change of latent heat content relative to the change of sensible heat content of satu-

rated air, and Ga is the aerodynamic conductance as calculated in Appendix E. Ω was calculated

based on daylight values for all sites on a half-hourly basis.
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Fig. F1. Decoupling coe�cient Ω calculated for di�erent PFTs. Shown are box plots of site medians
which were calculated based on half-hourly values.
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G Estimation of the slope parameter g1 from �ux data

The slope parameter g1 in the Ball-Berry model and the USM was estimated from eddy covariance

data. The slope was obtained from linear least square regression, i.e. derivedGc data were regressed

against GPP ·h
Ca

for the Ball-Berry model and against GPP
Ca

√
V PD

for the USM. Prior to the regression

procedure, GPP data were aggregated to 3-hourly means, and values were removed when mean air

temperature < 10◦C and VPD < 0.2 kPa. Moreover, only daytime GPP data within the growing

season and in the absence of soil water stress were used.

Fig. G1. Example of a linear least square regression to estimate intercept (representing g0) and slope
(representing g1) from eddy covariance data for the Ball-Berry model. Data are shown for the station
BE-Bra, a mixed forest in Western Europe.
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Fig. G2. Estimated slopes (representing parameter g1 for the Ball-Berry model and the USM). Colored
lines indicate the parameter values currently used in the model (Ball-Berry: 9.3, USM: 5.0).

50



H Mean annual course of ET and GPP for a Mediterranean site

The annual course of GPP and ET of a Mediterranean station (FR-Pue) subject to summer drought

is depicted in Fig.H1. The station illustrates the di�erences between the models over the course

of a year. Higher water use due to higher Gc in the spring leads to lower transpiration and GPP

in the summer in the standard model, whereas lower Gc in the early growing season enhances

transpiration and productivity during the summer drought in the alternative models.
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Fig. H1. Mean annual course of (a) GPP and (b) ET for a Mediterranean station, averaged over the
time period 2001-2006. Shown are daily means smoothed by a moving average �lter (window width = 11
days).
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