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Abstract

General circulation models (GCMs) forecast higher global vapor pressure deﬁcit (VPD) but
unchanged global relative humidity (RH) in future climates. A literature survey revealed that 50% of Earth
system models and land surface models embedded within GCMs employ RH as an atmospheric aridity index
when describing stomatal conductance (gs), whereas the remaining 50% employ VPD. The consequences of
using RH or VPD in gs models for water cycling and vegetation productivity in future climates on large spatial
and temporal scales remain to be explored. Process-based global dynamic vegetation model runs, changes in
the hydrological cycle, and concomitant vegetation productivity for the 21st century projected climate were
conducted by altering only gs responses to VPD or RH and not changing any other formulations. In the
simulations of the African continent under a 21st century warming trend, both stomatal functions of VPD and
RH resulted in similar geographic patterns in gross primary production (GPP). However, continental total GPP
was larger for the VPD response than that for the RH response. Transpiration rates were lower, resulting in a 13%
increase in water-use efﬁciency for the VPD response compared with its RH counterpart.
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Plants take up CO2 through stomata to satisfy their carbon needs but inevitably lose water during the process
[Lambers et al., 1998]. The ability of stomata to exert rapid control of their aperture to minimize such water
loss while maintaining CO2 uptake is one of the primary evolutionary mechanisms that has allowed
terrestrial plants to survive and spread in an otherwise desiccating atmosphere. The precise signaling and
concomitant regulatory mechanisms responsible for stomatal opening in response to environmental
factors, however, are not fully understood [see, e.g., Buckley, 2005]. Not surprisingly, semiempirical
approaches have been employed to formulate the responses of stomatal conductance (gs) to
environmental and physiological factors. One of the semiempirical approaches to gs focuses on regulation
through environmental factors (e.g., absorbed shortwave radiation, leaf temperature, humidity, and
atmospheric CO2), assuming that these environmental factors operate independently [Jarvis, 1976].
Another approach focuses on both environmental parameters and a commonly observed positive
correlation between gs and the photosynthetic rate [e.g., Ball et al., 1987; Collatz et al., 1991; Leuning, 1995].
All of the above formulations contain an atmospheric humidity index as an independent driver but differ in
their assumption as to whether relative humidity (RH) or vapor pressure deﬁcit (VPD) best reﬂects the effects
of such a humidity index on gs. Using VPD or RH as a driver of gs is an issue of primary signiﬁcance in climate
science given that this mechanism couples the carbon and water cycles. This issue arises because a warmer
climate has minor effects on RH but increases VPD exponentially at the global scale, although regional
variations are expected and in some regions both RH and VPD can increase [Held and Soden, 2000].
In observations of stomatal conductance and carbon uptake for plants under a variety of atmospheric CO2
and air temperature, models with VPD for regulating gs performed better than models with RH [Nijs et al.,
1997; Way et al., 2011]. As well, carbon-water economic theories for leaf-gas exchange, which assume
transpiration is minimized for a given gain in photosynthesis, suggest that VPD0.5 must be the
appropriate control of gs [Damour et al., 2010; Katul et al., 2009, 2010; Medlyn et al., 2011; Prentice et al.,
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2014] irrespective of the precise parameterization of the biochemical demand for CO2. However, about half of
the current Earth system models (ESMs) and land surface models (LSMs) employ RH in their representation of
gs (Appendix S3 in the supporting information). The majority of them use the gs representation of Ball et al.
[1987] and Collatz et al. [1991], where RH is employed, or the gs representation of Leuning [1995] where VPD is
employed. For the former representation, which has a longer history than the latter, it is less strenuous to
gather model parameters from existing studies. Such situation would partly explain the persistent RH
formulation for gs in ESMs and LSMs.
The signiﬁcance of these differences in the humidity index responses of gs to RH or VPD in ecosystem-scale carbon
and water cycling studies is rarely disputed and has been recognized for quite some time [Kumagai et al., 2004].
What may be disputed is the signiﬁcance of these differences in gs responses to RH or VPD at much larger spatial
(e.g., continental) and temporal (i.e., scales pertinent to vegetation biomass dynamics) scales. It is precisely this
issue that motivates this study. Speciﬁcally, changes in water cycling and vegetation productivity arising from
these two representations of gs (i.e., as functions of RH or VPD) are explored for the future climate scenario
projected for the African continent. The African continent was deemed as an appropriate case study because
the geographic distribution of vegetation biomass is primarily controlled by aridity, and aridity is projected to
signiﬁcantly change in space and time across that continent by the end of the 21st century.

2. Methods
2.1. The Model
All model runs were conducted with the spatially explicit individual-based dynamic global vegetation model
(SEIB-DGVM) [Sato et al., 2007]. The modiﬁcations described by Sato and Ise [2012] were used, including new
empirical rules of allometry, allocation, water stress function, and phenology developed for plant-functional
types (PFTs) of African woody species, and a revised wildﬁre submodel “trained” and “validated” for the
African continent. Following these modiﬁcations, Sato and Ise [2012] demonstrated that the model reproduced
geographical distributions of the continent’s biomes, annual gross primary productivity (GPP), and biomass
under current climatic conditions. The modiﬁed model is available online (http://seib-dgvm.com/).
A rectangular area bound by 40–S55°N and 20–E55°W was used to enclose the African continent (Figure 1).
This domain was divided into 0.5 × 0.5 grid cells, and each grid cell was represented by a 30 × 30 m spatially
explicit virtual forest, in which individual trees establish, compete, and die. Three PFTs exist in the modiﬁed
model: tropical evergreen woody, tropical rain-green woody, and C4 grass species. Establishment of these
PFTs assume inﬁnite seed dispersal; all PFTs had the capacity to establish under a given climatic condition
and had the same chance to establish, regardless of whether they already existed in a grid cell. A previous
study suggested that such an assumption promotes a more “adaptive” vegetation distribution that results in
higher vegetation productivity under changing environmental conditions, as discussed elsewhere [Sato and Ise,
2012]. Hence, the changes in biomass are expected to serve as “upper limit” envelopes on productivity changes.
The SEIB-DGVM employs a semiempirical model [Leuning, 1995] for computing single-leaf stomatal
conductance or gs (mol H2O m–2 s–1), given as
gs ¼ GSb1 þ

GSb2 p
1
;
ca  Γ 1 þ ðVPD=GSb3 Þ

(1)

where p is the leaf photosynthesis (μmol CO2 m–2 s–1), VPD is the vapor pressure deﬁcit (hPa), and ca is the
atmospheric CO2 concentration (ppmv). GSb1 and GSb3 are the constants across all PFTs, set here at
0.01 (mol H2O m–2 s–1) and 50.0 (hPa), respectively. GSb2 is a dimensionless constant. Finally, Γ is the
CO2 compensation point (ppmv), which increases with air temperature (ta in celsius) for C3 PFTs
[Brooks and Farquhar, 1985].
h
i
Γ ¼ 35 1:0 þ 0:0451ðta  20:0Þ þ 0:000347ðta  20Þ2
ðfor C3 PFTsÞ:
(2)
Γ¼5

ðfor C4 PFTÞ:

(3)

Note that this method of adjusting the CO2 compensation point reduces the CO2 fertilization effect for C3
PFTs under a warming climate.
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Figure 1. Comparisons of average (top) vapor pressure deﬁcit and (bottom) relative humidity (RH) of the forcing data for
current and projected climates. Daily data are averages for the last 10 years of the (left) 20th and (middle) 21st centuries.
(right) Fractional changes during the 21st century. The vertical axes indicate latitude, and the horizontal axes on the left and
middle columns indicate longitude. Values for the 20th century are observation-based data, whereas data on changes
during the 21st century were taken from the output of an atmospheric general circulation model, which was simulated
using the A1B IPCC CO2 emission scenario. VPD generally increased throughout the continent, but changes in RH were
negligible (consistent with prior expectations for the global climate system). We conducted separate analysis for the areas
within squared boxes in Figure 1, where deviated pattern appeared (see main text for detail).

To address the study objectives, equation (1) was replaced by the other widely used formulation in ESMs and
LSMs given by Ball et al. [1987] and Collatz et al. [1991] as
gs ¼ GSb1 þ

GSb4 p
RH;
ca  Γ

(4)

where RH is the relative humidity (fraction) and GSb4 is a dimensionless constant with typical values in LSMs
of 9.0 for C3 PFTs and 4.0 for the C4 PFT [Collatz et al., 1992, 1991; Sellers et al., 1996]. This formulation was
modiﬁed here by including Γ, so that any difference in model results arising from the use of equations (1)
and (4) can only be attributed to the difference in the representation of humidity (i.e., VPD versus RH).
We also conducted simulations without considering the effect of Γ for evaluating how the original form of the
widely used stomatal conductance model changes the prediction:
gs ¼ GSb1 þ

GSb4 p
RH:
ca

(5)

Hereafter, equations (1), (4), and (5) in the SEIB-DGVM will be referred to as the “VPD formulation,” “RH
modiﬁed formulation,” and “RH original formulation” respectively. We employed the common set of values
for the parameters GSb2 and GSb4 (i.e., 9.0 for C3 plants and 4.0 for C4 plants). With these parameter values,
and with change of a calibration parameter LAmax (maximum leaf area per canopy surface of woody PFTs
in m2 m–2) from 4.0 to 3.0, all formulations roughly agree on the continental-scale GPP over the last
10 year period of the 20th century (i.e., 1991–2000); by repeating a 1100 year simulation period composed
of 1000 years for spin-up and 100 years for the 20th century (see Simulation procedure section for details),
the VPD, the RH modiﬁed, and the RH original formulations yielded 0.691, 0.683, and 0.690 (kg C m–2 yr–1),
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respectively, for GPP when averaged over the entire simulation area during the last 10 year period of the
simulation. These values are comparable to an estimate for current GPP over the simulation area
(0.713 kg C m–2 yr–1), which is based on observations and bottom-up upscaling reported by Beer et al. [2010].
Conventional equations describing Fickian diffusion of CO2 from the atmosphere into leaves (reﬂecting
atmospheric CO2 supply; see equations (9) and (10) in the discussion for detail) and the classic
photosynthetic model (reﬂecting atmospheric CO2 demand) were used to compute p in equations (1),
(4), and (5). The classic photosynthetic model is a Michaelis-type function of the intensity of
photosynthetically active radiation [Ito and Oikawa, 2002], linking p to intercellular CO2 (= ci) for lightsaturated photosynthesis (reﬂecting CO2 demand). Hence, this system of three equations can be
recursively solved for the three unknowns, gs, p, and ci. This computational method is further
described elsewhere [Sato et al., 2007]. The addition of water-stress functions is also explained
elsewhere [Sato and Ise, 2012].

2.2. Climate Data
The models for the 20th century runs were driven by measured annual means of global atmospheric CO2
concentrations and the Climate Research Unit (CRU) observation-based climatic data [Mitchell and Jones,
2005]. The models for the 21st century runs were driven by the A1B scenario of rising CO2 taken from the
Intergovernmental Panel on Climate Change (IPCC) Special Report on Emission Scenarios and the Model
for Interdisciplinary Research on Climate (MIROC) 3.2(medres) atmospheric general circulation model
output [Emori et al., 2005; K-1-Model-Developers, 2004].
All of the 21st century runs were conducted after completing the 20th century runs, which served as the
initial states for each of the three gs model variants. The following steps were taken to provide consistency
between data sets across centuries; the average MIROC output for 1991 to 2000 were subtracted from the
MIROC 21st century projections for each climatic variable in each month and in each grid cell, and the
1991–2000 averages of the CRU were added. Both the CRU and MIROC data were provided on a monthly
basis, and diurnal variability within each month was supplemented using the National Center for
Environmental Prediction/National Center for Atmospheric Research (NCEP-NCAR) daily climate data
[Kalnay et al., 1996]. Appendix A8 in Sato and Ise [2012] presents the detailed procedure for processing
these data sets.
Figure 1 compares distributions of mean VPD and RH averaged over the last 10 years of the 20th and 21st
centuries. VPD generally increased throughout the continent, but changes in RH were negligible
(consistent with prior expectations for the global climate system). An exception to this general continental
trend was found for the eastern part (areas within squared boxes in Figure 1), where both VPD and RH
indicate a moistening trend. Appendix S1 in the supporting information shows the distribution of mean air
temperature and precipitation averaged over the last 10 years of the 20th century and its changes until
the last 10 years of the 21st century. Mean annual air temperature during the 21st century increased
throughout the study area, with drier subtropical regions warming more than their moist tropical
counterparts. Annual precipitation increased in the eastern part of the continent and the sub-Sahel but
decreased in western, southern, and northern parts. The increasing trend of precipitation in the eastern
part of the continent corresponds to the wetting trend of the air.

2.3. Simulation Protocols
A 1000 year spin-up run starting from bare ground was conducted for each gs model variant by repeatedly
inputting climate data for 1901–1930 and inputting 306 ppm atmospheric CO2, which is the global
1900 year mean. A 1000 year spin-up was deemed sufﬁcient for the slow carbon pools (e.g., woody
biomass) to reach equilibrium. Simulations for 1901–2100 were conducted for each gs model variant after
the spin-up period.
SEIB-DGVM requires hundreds of years until the vegetation structure attains equilibrium under new climatic
conditions. This slow convergence to equilibrium is not surprising because a series of processes related to
plant population dynamics, such as competition against existing plants, must be allowed to progress. An
additional 1000 year period was appended to the end of the 21st century to obtain the equilibrium state
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of the vegetation in relation to the environment at the end of the 21st century as a way to survey the effects
of the possible time lag. Climate data for 2091–2100 were inputted repeatedly for these additional years, and
the CO2 concentration was held constant at expected levels for the year 2100.
Intuitive analysis of the aforementioned mentioned simulation (referred by control run hereafter) was
hindered by several factors, including (1) wildﬁres, whose frequency and intensity may change with
climatic conditions; (2) concurrent changes in climatic conditions and atmospheric CO2; and (3) dynamic
vegetation features, which change vegetation composition with climatic conditions. Hence, “no-ﬁre,”
“no-ﬁre/ﬁxed-CO2,” and “no-ﬁre/no-tree” experiments were conducted to provide a baseline reference.
Wildﬁres in the no-ﬁre experiment were suppressed artiﬁcially. Wildﬁres in the no-ﬁre/ﬁxed-CO2
experiment were suppressed artiﬁcially, and further changes in CO2 were suppressed from 2001 onward.
Wildﬁres in the no-ﬁre/no-tree experiment were suppressed artiﬁcially, and only the C4 grass PFT was
allowed to establish. These reference experiments were conducted for each of the three gs formulations
with the climatic and atmospheric CO2 data for the 20th and 21st centuries.

3. Results
Using the aforementioned climate projections for the 21st century, the GPP of the control run generally
increased over a wide range of vegetated areas (Figure 2). The most conspicuous increases in GPP
occurred in the eastern part of the African continent (areas within square boxes in the Figure 2), where
precipitation increased signiﬁcantly (Appendix S1 in the supporting information). In contrast, a slight
decrease in the GPP occurred around the marginal regions of vegetation zones. The variant models
exhibited nearly identical geographic patterns in the GPP changes (Figure 2). The no-ﬁre experiment also
showed a nearly identical geographic pattern in the GPP changes, whereas the no-ﬁre/ﬁxed-CO2
experiment indicated nearly identical but evenly reduced geographic distribution in the GPP changes
(Appendix S2 in the supporting information).
Although consistent changes were noted for the continental-scale averaged GPP trajectory during the 21st
century (Figure 3), the VPD formulation showed upward changes compared to the RH formulations. In the
control run, averaged GPP for the VPD, RH modiﬁed, and RH original formulations increased by 15.6, 15.0,
and 14.7 (%), respectively (Table 1). The no-ﬁre experiment revealed nearly identical GPP trajectory, while it
was always higher by about 0.05 (kg C m–2 yr–1) compared to the control run. Although the no-ﬁre/ﬁxed-CO2
experiment indicated a decreasing trend, the VPD formulation showed a less decrease than the RH
formulations; the continental-averaged GPP for the VPD, RH modiﬁed, and RH original formulations changed
by 5.4, 6.5, and 6.3 (%), respectively (Appendix S5 in the supporting information). Note that
continental-scale average GPPs attained a quasi-equilibrium state with their climatic conditions for all gs
model formulations (Figure 3).
Although the VPD formulation showed upward changes in the averaged GPP, relative to its RH counterparts,
the opposite trend was found for transpiration rates. In the control run, the continental-scale transpiration
rates during the 21st century changed by 4.7, 2.4, and 1.9 (%), respectively, for the VPD, RH modiﬁed,
and RH original formulations (Table 1). As a result of this opposite change, the water-use efﬁciency (WUE)
of carbon uptake became higher for the VPD formulation than for the RH formulations by the end of the
21st century (26.9, 22.0, and 21.2%, respectively, for the VPD, RH modiﬁed, and RH original formulations).
The no-ﬁre experiment indicated the same pattern of changes in the transpiration rate and WUE
(Appendix S4 in the supporting information). The no-ﬁre/ﬁxed-CO2 experiment showed a concurrent trend
of changes in terms of a higher GPP, lower transpiration, and higher WUE for the VPD formulation than for
the RH formulations (Appendix S5 in the supporting information).
The variant models in the no-ﬁre/no-tree simulations showed opposite patterns of change for the end of
the 21st century. All variant models displayed decreasing trends in the GPP throughout the continent
except for the eastern part (Appendix S2 in the supporting information), where the largest precipitation
increase during the 21st century was simulated (Appendix S1 in the supporting information). The
magnitude of the decrease was about 3 times larger for the VPD formulation compared to that for the RH
formulation: the continental-scale GPP changed by 8.9, 3.1, and 2.8 (%) until 2091–2100 for the VPD,
RH modiﬁed, and RH original formulations, respectively (Appendix S6 in the supporting information). A
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Figure 2. Comparison of the modeled gross primary production (GPP) for the three stomatal conductance model variants.
Daily output were averaged over the last 10 years of the (left) 20th century, and its changes during the (middle) 21st
century are presented. (right) Difference in the GPP changes during the 21st century between the model variants (changes
of TH variant models were subtracted by the change of the VPD variant model). Distribution maps in the top, middle, and
bottom plots were obtained with different stomatal conductance formulations. All variant models showed nearly identical
geographic patterns in the GPP changes. Geographical locations of square boxes correspond to these in Figure 1.

decreasing trend was also found for the transpiration rates, in which the continental-scale transpiration
changed by 7.5, 4.4, and 5.4 (%) until 2091–2100 for the VPD, RH modiﬁed, and RH original
formulations, respectively (Appendix S6 in the supporting information). WUE increased in all conductance
formulations (by 9.5, 10.3, and 11.9%, respectively, for the VPD, RH modiﬁed, and RH original formulations),
but the extent of the increase was much lower than that for the control run (Table 1; 26.9, 22.0, and 21.2%,
respectively, for the VPD, RH modiﬁed, and RH original formulations) and the no-ﬁre experiment (Appendix
S4 in the supporting information; 28.6, 22.5, and 21.9%, respectively, for the VPD, RH modiﬁed, and RH
original formulations).
The eastern part of the African continent (areas within squared boxes in Figure 1) shows moistening trend of
near-surface air during the 21st century in both VPD and RH (Figure 1) in contrast to the drying trend over the
entire continent. Irrespective of such intercontinent climate differences, concurrent differences between the
stomata formulations were signiﬁcant: higher GPP and WUE were computed under the changing climate of
the 21st century for the VPD formulation when compared to the RH formulations (Table 2).
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Figure 3. Trajectory lines showing the 10 year running means of the modeled annual gross primary production (GPP)
during 1950–2100. The arrows on the right indicate mean values for the last 10 years of an additional 1000 year simulation
with no further changes in climate and CO2 level from 2100 onward. (a) Results of the control run. (b) Results of the no-ﬁre
experiment in which wildﬁres were suppressed. (c) Results of the no-ﬁre/ﬁxed-CO2 experiment in which wildﬁres were
suppressed and further changes in CO2 were suppressed from 2001 onward. (d) Results of the no-ﬁre/no-tree experiment in
which only the C4 grass plant functional type was established and wildﬁres were suppressed.

4. Discussion
The CO2 fertilization effect was most responsible for the increasing trend in the GPP observed during the 21st
century in the control run and the no-ﬁre experiment (Figure 3). This is because a comparison of the GPP
trajectory lines between the control run and the no-ﬁre experiment (Figures 3a and 3b) suggested that
wildﬁres depressed annual GPP by nearly the same extent throughout the 21st century and the no-ﬁre/
ﬁxed-CO2 experiment showed a decreasing GPP trend (Figure 3c). The no-ﬁre/no-tree experiment also
simulates a decreasing GPP trend during the 21st century (Figure 3d). The latter result can be explained by
the fact that this experiment allowed plant establishment only for the C4 grass PFT, which has a much
lower CO2 fertilization effect than other C3 PFTs [Sato et al., 2007].
For the continental-averaged GPP, the VPD formulation showed upward responses compared to its RH
counterpart under a 21st century warming trend, while the continental-averaged transpiration rate
showed the opposite trend, resulting in a higher increase in WUE for the VPD formulation than for the
RH formulations.
This result may have been foreshadowed by the leaf-level equations. The basic equations for leaf-level CO2
and water vapor ﬂuxes across stomata are given by
gs
p¼
ðca  ci Þ
(6)
1:6
tr ¼ gsðei  ea Þ≈ gs VPD;
(7)
where p is the photosynthetic rate, tr is the transpiration rate, ci is the intercellular CO2 concentration, ei is the
intercellular vapor pressure, ea is the atmospheric vapor pressure, and the coefﬁcient 1.6 is the relative
diffusivity of water vapor with respect to CO2. In equation (7), the difference in vapor pressure between
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Table 1. Results for Each of the Three Model Variants in the Control Experiment Averaged Over the Whole Continental Area
Averages for 1991–2000

2

1

GPP (kg C m yr )
2 1
NPP (kg C m yr )
1
Runoff (mm yr )
1
Evapotranspiration (mm yr )
1
Foliage interception (mm yr )
1
Evaporation from bare ground (mm yr )
1
Transpiration (mm yr )
2
1
WUE (g C m mm )

10.1002/2014JG002838

a

Changes Until 2091–2100 (%)

VPD
Formulation

RH Modiﬁed
Formulation

RH Original
Formulation

VPD
Formulation

RH Modiﬁed
Formulation

RH Original
Formulation

0.69
0.34
243.4
365.2
63.0
156.2
146.0
33.2

0.68
0.34
236.4
372.2
63.0
155.7
153.5
30.3

0.69
0.34
238.9
369.7
63.2
155.6
150.8
31.3

15.6
10.1
24.1
1.2
2.4
6.2
4.7
26.9

15.0
9.4
23.6
2.0
3.0
5.8
2.4
22.0

14.7
8.9
23.1
2.1
2.7
5.9
1.9
21.2

a

Ten-year averages at the end of the 20th century are presented along with their changes for the next 100 years. Bolded values show breakdown of the immediate
upper row.

the inside and outside of stomata (i.e., ei  ea) is approximated by VPD because ei is nearly saturated at a given
air temperature and because boundary layer conductance is assumed to be much greater than stomatal
conductance. Leaf-level WUE from equations (6) and (7) is deﬁned as the ratio of p to tr and is given as


ca 1  ccai
WUE ¼
(8)
1:6 VPD
By ignoring residual conductance (GSb1) and the compensation point (Γ), both of which have much smaller
values than other variables in equations (1) and (4), the fraction of intercellular and atmospheric CO2
concentrations (ci/ca) can be approximated for each conductance formulation. Equations (1) and (6) for the
VPD formulation yield


ci
1:6
VPD
;
(9)
≈1 
1þ
GSb2
GSb3
ca
whereas equations (4) and (6) for the RH formulation yield
ci
1:6
≈1
:
GSb4 RH
ca

(10)

Because RH is roughly invariant across climatic shifts between the present and the 21st century, as shown
earlier, WUE does not markedly change. However, increasing VPD leads to a decrease in ci/ca, an increase
in 1ci/ca, and thus a higher WUE.
Higher WUE in the VPD formulation would explain its higher GPP. Increasing VPD and stable RH during the
21st century would result in relatively lower gs for the VPD formulation than for the RH-modiﬁed
formulation (refer to equations (1) and (4)). As lower gs directly results in a lower photosynthesis rate p
according to equation (6), it contradicts the intuitive understanding for the simulation results that the
annual GPP at the end of the 21st century becomes higher for the VPD formulation than for the RH
formulations. This would be explained by the negative feedback through the soil water content because
higher gs intensiﬁes the transpiration rate, resulting in lower soil water content. For the area where
vegetation productivity is distinctly limited by soil water content, WUE and not the immediate response of
gs would largely control the averaged GPP. A supportive evidence for the above discussion was obtained
in the changes of the continental-averaged green day, which is deﬁned as the days in a year with leaf area
index more than 0.1 (m2 m–2). At the end of the 20th century (averaged for the years during 1991 to 2000),
the green day was 172.7, 172.1, and 172.7 (d yr–1), respectively, for the VPD, RH-modiﬁed, and RH-original
formulations. At the end of the 21st century (averaged for the years during 2091 to 2100), the green days
are extended by 3.4, 2.2, and 2.1 (d yr–1), respectively.
The eastern part of the African continent (areas within squared boxes in Figure 1) also shows higher GPP and
WUE for the VPD formulation when referenced to the RH formulation under changing climate of the 21st
century (Table 2). As VPD decreases during the 21st century in this region (Figure 1), the above
explanation cannot be applied. This conserved response of the model can be explained by the
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a

Table 2. Results for Each of the Three Model Variants in the Control Experiment Averaged Over Eastern Part of the Continent (Areas Within Squared Box in Figure 1)
Averages for 1991–2000

2

1

GPP (kg C m yr )
2 1
NPP (kg C m yr )
1
Runoff (mm yr )
1
Evapotranspiration (mm yr )
1
Foliage interception (mm yr )
1
Evaporation from bare ground (mm yr )
1
Transpiration (mm yr )
2
1
WUE (g C m mm )

Changes Until 2091–2100 (%)

VPD
Formulation

RH Modiﬁed
Formulation

RH Original
Formulation

VPD
Formulation

RH Modiﬁed
Formulation

RH Original
Formulation

0.08
0.04
272.3
577.5
96.5
259.2
221.7
50.7

0.08
0.04
263.3
586.5
96.2
258.5
231.8
44.8

0.08
0.04
265.6
584.2
97.3
256.2
230.7
46.6

82.2
75.8
114.0
21.5
39.7
7.9
48.0
40.3

79.2
72.9
113.5
23.2
40.6
8.7
51.5
35.6

74.1
67.2
113.9
22.6
37.8
6.6
48.5
34.8

a

Ten-year averages at the end of the 20th century are presented along with their changes for the next 100 years. Bolded values show breakdown of the immediate
upper row.

counterbalance of concurrent increase of RH, which is only apparent for this region. Anyhow, this conserved
response would demonstrate robustness of the different behavior of VPD and RH formulations under
warming trends.
In contrast, the annual average GPP at the end of 21st century in the no-ﬁre/no-tree experiment was lower for
the VPD formulation than it was for the RH-modiﬁed formulation by about 0.033 (kg C m–2 yr–1) (Figure 3d).
This experiment only allowed the establishment of the C4 grass PFT, which has much higher WUE than
other the PFTs [Sato et al., 2007]. Accordingly, its annual transpiration (Appendix S6 in the supporting
information) at the end of the 20th and 21st centuries was only about half those of the control and other
runs (Table 1 and Appendices S4 and S5 in the supporting information), of which a large part of the GPP
gains was by C3 woody PFTs. Such a circumstance should relax the photosynthetic limitations imposed by
soil water in the no-ﬁre/no-tree experiment. Actually, changes in the geographical distribution of GPP
during the 21st century (Appendix S2 in the supporting information) in this experiment were less
correlated with changes in precipitation (Appendix S1 in the supporting information) compared to those
for the control (and other) runs.
In all experiments, the RH formulations showed same trends of difference to the VPD formulation in the
continental averages of GPP, the transpiration rate, and WUE until the end of the 21st century. Hence, our
analysis would be valid irrespective of whether the CO2 compensation point is included in the gs function.
In the no-ﬁre/no-tree experiment, RH formulations showed nearly identical results in all simulated items
(Figure 3d and Appendix S6 in the supporting information). This can be explained by the fact that the
experiment only allowed the establishment of the C4 grass PFT, whose CO2 competition point is negligible
(equation (3)). Hence, differences between the RH formulations are also minor.
Difference in GPP delivers cumulative effects in time on carbon pools in the form of biomass and soil organic
carbon. In the control experiments, difference in carbon pools during the 21st century is larger for the VPD
formulation than for the RH modiﬁed formulation by 4.9 (as biomass 3.8, as soil organic carbon 1.1) (PgC)
and larger than for the RH original formulation by 3.3 (as biomass 2.6, as soil organic carbon 0.6) (PgC).
These differences are comparable to the global anthropogenic carbon emission due to fossil fuel and
cement production (5.5 ± 0.4 Pg C yr–1), which is an annual estimate average over years 1980 to 1989
[Intergovernmental Panel on Climate Change, 2013].
4.1. Implication of the Findings
A wide variety of GCMs forecast a RH distribution that is largely insensitive to changes in climate [Held and
Soden, 2000; Ingram, 2002; Manabe and Wetherald, 1975]. For example, in an analysis using an existing
model archive of 21st century climate change experiments performed for the IPCC Fourth Assessment, it is
shown that the water vapor feedback in GCMs is close to that which would result from a climate-invariant
distribution of RH [Soden and Held, 2006]. This ﬁnding is also supported by long-term satellite
measurements [Allan et al., 2003]. This ﬁnding is now well supported by current GCMs [Ingram, 2002] and
long-term satellite measurements [Allan et al., 2003]. Despite large differences in forecasted changes in
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VPD and minor changes in RH, and despite evidence that VPD is a more appropriate control for transpiration
efﬁciency than RH [e.g., Aphalo and Jarvis, 1991; Nijs et al., 1997; Way et al., 2011], RH remains widely
employed in ESMs and LSMs when stomatal conductance is computed (Appendix S3 in the supporting
information). Our analysis suggests biases when employing the RH formulation for stomatal conductance
under a current warming trend that can lead to underestimating the GPP and overestimating the
transpiration rate, resulting in an underestimate of WUE. Note that for the carbon cycle, we mainly
analyzed the difference in the annual GPP, but this difference leads to cumulative effects in time on carbon
pools as biomass and soil organic carbon.
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