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Abstract

Terrestrial biosphere models/land surface models are routinely used to study the effects of CO2 doubling and climate change. The
objective of this study is to show that the biological response associated with CO2 doubling is important, and that the effects intrinsically
depend on the soil moisture state. Therefore, using a coupled biosphere–atmosphere model, we tested the hypothesis that the biological
effects of CO2 changes in biosphere models are significantly coupled to the hydrological feedback via soil moisture availability in a
terrestrial biosphere/land surface model. The results from a 15-day simulation of a photosynthesis-based land surface model,
dynamically coupled to an atmospheric boundary layer and surface energy balance scheme, were analyzed to test the hypothesis. The
objective was to analyze the biological effects of CO2 doubling under high as well as limiting soil moisture conditions for prescribed
changes to the vegetation/land use type. The approachwas to analyze the results from a coupled land surface-atmospheremodel obtained
by changing the biome type for each run. Sensitivity for all of the nine global vegetation type changes, as defined through the Simple
Biosphere Model ver. 2 (SiB2) land cover classification, were analyzed for evapotranspiration and net carbon assimilation. The results
indicated that: (i) the soil moisture (and its interaction with CO2) has a direct (first-order) effect on the biological effects of CO2 changes
and the terrestrial ecosystem response; (ii) the biological impacts associated with CO2 changes in a biospheric model should be
interpreted in consideration of the soil moisture status; and droughts or high soil moisture availability can enhance or completely balance
or even reverse the effects associated with CO2 changes; (iii) for each vegetation type, the model results indicated a different response to
soil moisture and CO2 changes; and resolving the direct and indirect effects explicitly, both C3 and C4 vegetation, appeared to be
significantly affected by the biological effects of CO2 changes, and (iv) the explicit coupling between soilmoisture/hydrological state and
the CO2 changes need to be explicitly considered in projecting climate change impacts. The study results also indicated that feedback
pathways can be efficiently determined by dissociating the direct and the interactive effects of CO2 impacts.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Though a consensus exists that atmospheric CO2 levels
have been rising since the pre-industrial revolution, the
effects of these changes are still under investigation. For
example, Diffenbaugh et al. (2005) used a coupled
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regional climate model and showed that an increase in
CO2 levels can affect the severity of extreme precipitation
and temperature patterns. Curtis and Wang (1998) per-
formed a comprehensivemeta-analysis of over 500 reports
of elevated CO2 impacts on plant response and concluded
that enhanced CO2 levels led to a significant increase in
total biomass and plant net carbon assimilation rates. Levis
et al. (2000) used a dynamic vegetation model to simulate
climatic response to the radiative and biological effects of
elevated CO2 concentrations and associated simulated
shifts in global vegetation patterns. Eastman et al. (2001)
developed a regional-scale sensitivity study and conclud-
ed that the landuse land cover changes outweigh the CO2

impacts and that biological impacts due to CO2 changes
are important and possibly even more dominant than the
radiative effects of CO2 changes in modulating the surface
meteorology/regional climate.

Thus, the Levis et al. (2000) and Eastman et al. (2001)
results suggest that the biological effects of CO2 changes
have a dominant impact on the terrestrial biosphere and
should be considered in future regional climate studies. In
this study, we further extend these analyses by testing the
hypothesis that the simulated biological effects of the CO2

changes are significant for different vegetation types used
in land surfacemodels and that the impact of CO2 changes
is intrinsically coupled with the hydrology via soil mois-
ture availability. This assessment is important because the
Curtis and Wang (1998) meta-analysis concluded that
interacting stress, such as drought, had no effect on the
magnitude of plant response under enhanced CO2 con-
ditions, while the Levis et al. (2000) results indicated that
CO2 fertilization can cause either an increase or a decrease
in available soil moisture, depending on the associated
changes in vegetation cover and the ability of the regional
climate to recirculate water vapor. Thus, assessing the
impact that soil moisture status can have on the modeled
biological effects of CO2 enhancement under different
landuse/land cover conditions is the focus of this paper.

An analysis of field experiments and chamber studies
also indicates that the effects of soil moisture availability
on the impact due to CO2 doubling are still uncertain. Data
from experimental plots (Nie et al., 1992; Owensby et al.,
1993; Clark et al., 1999) suggest that the photosynthesis
response to the terrestrial ecosystem possibly correlates to
soil moisture availability. Whereas some of the reported
productivity assessments, such as Kimball's (1985), which
evaluated 18 studies on enhanced CO2 effects, concluded
that on average, productivity is a function of soil moisture
stress rather than free availability conditions. Studies such
as Field et al. (1995) also suggested that a feedback exists
between an increase in CO2 and an increase in the soil
moisture availability. This feature has been recorded in
some follow-up field experiments (Hungate et al., 1997;
Niklaus et al., 1998; Jackson et al., 1998). Curtis andWang
(1998) speculated that increased CO2 can lead to some
reduction in the evapotranspiration and an increase in the
photosynthesis. Such a combination can increase the water
use efficiency (WUE) of the vegetated surface. Better
WUE can increase the soil moisture storage for the vegeta-
ted surface (as seen in the field observations). However,
higher soil moisture availability can often lead to higher
evapotranspiration and eventually deplete itself through a
feed forward loss mechanism. These observations suggest
that soil moisture availability (and change) may affect the
biological impacts of CO2 changes on vegetation/bio-
sphere response.

In controlling the biological effects on the terrestrial
biosphere, leaf stomata occupy a central position in mo-
deling and understanding the interactions (Jones, 1998).
Therefore, CO2-based biophysical models which consider
explicit photosynthesis (stomatal conductance relations),
dynamically coupledwith the surface hydrology, provide a
useful tool for addressing the issue of terrestrial responses
toCO2 doubling (Niyogi, 2000; Eastman et al., 2001; Zhan
et al., 2003). In this study, we will use a coupled model to
investigate the direct as well as the interactive effects of the
soil moisture changes on the biological effects of CO2

doubling for different landuse/vegetation types.

2. Experimental design

The experimental design considerations and tasks are
as follows. The experiment should lead to a delineation of
feedback processes that can be tested or compared with
field or chamber-based observations; and the model re-
sults should maintain the impact or memory of the initial
conditions on the coupled system. The approach involves
the development of a hydrodynamically consistent model
configuration followed by an alteration of the vegetation/
biome type (as is done, for instance, in studies such as
Copeland et al., 1996; Marshall et al., 2004).

We analyzed variations in the evapotranspiration (Etr)
and net carbon assimilation (An) rates using a coupled land
surface model. The biophysical module is as such generic
to the photosynthesis-based schemes coupled to land
surface models and is similar to the parameterizations and
scaling discussed in SiB2-Simple Biosphere Model,
version 2; (Sellers et al., 1996a,b). The biophysical mo-
dule was dynamically coupled with a prognostic two-soil
layered soil moisture/soil temperature scheme (Noilhan
and Planton, 1989), and an atmospheric boundary layer/
meteorological model (Alapaty et al., 1997).

The vegetation module is based on the Ball–Woo-
drow–Berry stomatal model (Ball et al., 1987; Niyogi and
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Raman, 1997) and the Collatz et al. (1991, 1992) photo-
synthesis scheme. The stomatal conductance (gs) (inverse
of stomatal resistance, Rs) is estimated as

gs ¼ md
Andrhs
Cs

þ b

whereAn is the net carbon assimilation (photosynthesis)
rate, rhs is the relative humidity, andCs is the CO2 concen-
tration at the leaf surface. The termsm and b are constants
based on gas-exchange considerations (Ball et al., 1987) as
a function of C3 or C4 vegetation and land use (Sellers
et al., 1996a). The physiological variables such as An, Cs,
and rhs at the leaf surface are estimated using transpiration/
photosynthesis relationships at the leaf scale.

Photosynthesis or carbon assimilation is taken as the
residue of gross carbon assimilation (Ag) and loss due to
respiration (Rd). Following Farquhar et al. (1980) and
Collatz et al. (1991, 1992), Ag is taken as the minimum of
three limiting rates: Wc, We, and Ws, which describe the
assimilation rates as limited by the photosynthetic (Rubis-
co) enzyme efficiency, the amount of photosynthetically
active radiation (PAR) captured by the leaf chlorophyll and
the leaf capacity to transport or adopt the photosynthetic
outcome.

The carbon assimilation limiting rates are estimated as
a function of photosynthesis pathway. For C3 vegetation,

Wc ¼ Vm
Ci−C

Ci þ Kcd ð1þ O2=K0Þ
� �

Ws ¼ 0:5 Vm; and We ¼ PARd edð1−xkÞd ½ðCi−CÞ=ðCi þ 2CÞ�

while for C4 vegetation,

Wc ¼ Vm ; We ¼ PARd ed ð1−xkÞ;

Ws ¼ 20; 000dVmdCi

P

In the above, Vm is the maximum catalytic Rubisco
capacity for the leaf;Ci is the carbon dioxide concentration
in the leaf intercellular spaces; Γ is the CO2 compensation
point (Collatz et al., 1992); O2 is oxygen availability for
the leaf;Kc andKo are theMichaelis–Menten constant and
the oxygen inhibition constant, respectively; PAR is the
component of the total radiation available for photosyn-
thetic activities; ε is the efficiency for carbon dioxide
uptake; ωπ is the leaf-scattering coefficient for PAR
(Sellers et al., 1996b); and P is the atmospheric pressure.

In the above,Ci is obtained through an iterative solution
that includes net assimilation (An) and stomatal conduc-
tance (gs). The respiration loss Rd is estimated following
Calvet et al. (1998) as, Rd=0.11 Am where Am is the
maximum assimilation rate (Schulze et al., 1994) limited
by mesophyllic conductance (gm) as,

Am ¼ Am;maxd
1−exp½−gmd ðCi−CÞ�

Am;max

� �

The mesophyllic conductance is related to the exchange
potential for the ambient CO2, and it also provides a link
between available soil moisture and evapotranspiration
and their control on carbon assimilation. Thus gm is para-
meterized as (Calvet et al., 1998),

gm ¼ gm;maxd 2
Qt d

1þ expð0:3ðTc−S2ÞÞ
1þ expð0:3ðS1−TcÞÞ d

ðw2−wwiltÞ
ðwsat−wwiltÞ

where gm,max is typically 17.5×10−3 ms−1, Qt is the ‘Q-
10 term’ temperature-modulation of the biosphysical cha-
racteristics, Tc is the surface temperature, S1 and S2 are
land-use-based coefficients as described in Sellers et al.
(1996a,b), and w2, wwilt, and wsat are the deep (∼ root-
level) soil moisture and the wilting and saturation capacity
of the soil, respectively. For the CO2 concentration at the
leaf surface (Cs) we use Cs=Ca− (An ·Rb) where, Ca is the
ambient CO2 concentration. For closure, using an ap-
proach similar to that of Collatz et al. (1991), Ci is esti-
mated asCi=Cs− (1.6 ·An ·P ·Rb). The scaling from leaf to
canopy follows Sellers et al. (1996a) and considers
calculations for sunlit and shaded leaves with an expo-
nential extinction and solar zenith angle based variation.

The atmospheric core and the surface models are si-
milar to those described in Alapaty et al. (1997) and
Alapaty et al. (2001). The only changes to the model are
(a) those related to the programming enhancement that
were necessary for adding the photosynthesis and CO2

effects, (b) to correct for the deep soil moisture and gra-
vitational corrections to the force-restore method follow-
ing Boone et al. (1999), and (c) the Jarvis-type stomatal
model calculationswere overridden by the photosynthesis
scheme calculations within the land surface model. To
achieve a fully coupled two-way interaction between the
surface and the atmosphere, the photosynthesis module is
linked to a detailed PBL and land surface process model
(Noilhan and Planton, 1989; Alapaty et al., 1997). Five
prognostic equations model the topsoil (0.1 m) and deep-
soil (1 m) temperature (Tg1, Tg2) and moisture (Wg1,Wg2),
and rainfall interception (Wr):

ATg1
At

¼ CTðRn−Shf−Lhf Þ− 2k
s
ðTg1−Tg2ÞATg2

At

¼ ðTg1−Tg2Þ
s

AWg1

At
¼ C1

qwd1
ðPg−EgÞ−C2

s
ðWg1−WgeqÞAWg2

At

¼ ðPg−Eg−EtrÞ
qwd2

AWr

At
¼ ðVcPrÞ−Er



Fig. 1. Typical observed and modeled biophysical responses. The
observations are from a field experiment and the model was run with
default configurations as used in this study. (a) Observed (dashed line)
and model estimated (solid line) net carbon assimilation (An, micro
mol/m2/s). (b) Modeled (solid line) and observed (dashed lines)
stomatal resistances for the same case. Rs-brach and Rs-pot refer to the
stomatal resistance observations for two dominant vegetation (same
biome type) species; Brachypodium sp, and Potentilla reptans over
the study site. (Figure adapted from Niyogi, 2000).
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In the above, CT is the thermal transfer coefficient,
whileC1 andC2 are the soil moisture coefficients (Noilhan
and Planton, 1989); Rn, Shf and Lhf are the net radiation,
sensible heat, and latent heat fluxes at the surface, τ is the
total seconds in a day, ρw is the density of liquid water, d1
and d2 are the thicknesses of the two soil layers, Pg is the
flux of liquid water reaching the soil surface, Eg is the
evaporation at the soil surface,Wgeq is the topsoil moisture
when gravity balances the capillary forces, Etr is the
transpiration rate, Vc is the fractional vegetation cover, Pr
is the precipitation rate at the top of the vegetation, and Er
is the evaporation rate from the wet parts of the canopy.
Total evaporation from the surface is taken as the sum of
Eg, Etr, and Er, and provides a surface boundary condition
to the atmospheric model. In the atmospheric model, net
radiation at the surface is the sum of incoming solar ra-
diation (a function of solar zenith angle, surface albedo,
and atmospheric turbidity), atmospheric longwave back-
scattering radiation, and outgoing longwave surface radia-
tion (Anthes et al., 1987). Upward and downward long-
wave radiative fluxes are calculated as functions of soil
emissivity, ground temperature, atmospheric longwave
emissivity, and atmospheric temperatures. Additionally,
the PBL model uses surface layer similarity relationships
with a turbulent kinetic energy (TKE) approach for the
mixed-layer parameterization. More details regarding
these submodels can be found in Alapaty et al. (2001).

This model has been tested over various landscapes
(agricultural, fallow, and forest) and the results have been
typically 10 to 15% of the observations (Niyogi, 2000).
Fig. 1 shows the model performance over a grassland site
in France as part of theMUREX study site. As can be seen,
both the transpiration and the photosynthesis values in a
coupled model setup (identical to the one been used here)
are in good agreement with the field measurements. Over-
all, when themodel has been applied as a coupled, column
model, the typical results indicate errors on the order of
10% for surface fluxes, 2 K for temperature, 20% for
humidity, and about 100 m for convective boundary layer
heights under “clear sky” conditions. The errors are much
more significant for “cloudy” conditions and are depen-
dent on the timing and occurrence of the modeled and the
observed clouds. Another good measure of the model's
stomatal (canopy) resistance module is its application
within a dry deposition velocity model (since the canopy
resistance term is the dominant term). Niyogi et al. (2003,
2006) found that the model typically provided deposition
values within 20% of measurements. The model has also
been coupled within a 3D weather forecast modeling
system by Holt et al. (2006) and Niyogi et al. (2002) to
develop realistic simulations of convective precipitation
events over the Great Plains.

2.1. Simulation setup

Using the coupled modeling system, we designed the
experiment to test the sensitivity of soil moisture under
current and doubled CO2 levels on the terrestrial response
of each of the nine SiB2 vegetation types. The description
of each vegetation type is presented in Table 1. In the
model, the changes in the vegetation type are obtained by
altering biophysical and environmental control variables
such as the maximum carboxylation rate, assimilation and
respiration efficiency for carbon exchange, water use
efficiency, optimum temperature and radiation functional
ranges, leaf and canopy geometry, ‘Q-10 coefficients’, and
radiative properties such as albedo and emissivity. All the
biophysical aswell as the soil parameters used in themodel
are based on SiB2 (Sellers et al., 1996a,b). The model was
run in a forecast mode, and the time step (typically 30 s)



Table 1
Summary of the nine Vegetation Types (VTYP) used in the study
(following Sellers et al., 1996b)

Vegetation Type Description

1 Broadleaf–evergreen trees
2 Broadleaf–deciduous trees
3 Broadleaf–Needleleaf mixed trees
4 Needleleaf–evergreen trees
5 Needleleaf–deciduous trees
6 C4 grassland
7 Shrubs with bare soil
8 Dwarf trees and shrubs
9 Agriculture or C3 grassland
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was constrained by the convergence for CO2 equilibrium
as part of the iterative stomatal conductance-photosynthe-
sis scheme coupled within the two layers of soil and single
layer vegetation model. Four sets of simulations were
performed for each landuse/vegetation type (Table 2). In
the first, the soil moisturewas prescribed as limiting (water
stressed, within 10% ofwilting point). Simulation twowas
identical to simulation one except for a CO2 doubling
(68 Pa) scenario. For simulations three and four, the model
configuration in tasks one and two was repeated, but with
the soil moisture not limiting. For this, the initial soil
moisture was prescribed within 10% of the field capacity
for both the present day and the doubling of CO2 con-
ditions. In all the simulations, other biophysical and sur-
face conditions were identical (cf. Eastman et al., 2001).
The atmospheric boundary condition was provided by the
Eta data assimilation system (EDAS), with three hourly
updates and a single sounding initialization representative
of a mid-latitude site for a non-advective, high-pressure
boundary layer following Alapaty et al. (1997). The do-
main and sounding corresponded to the summer, mid-
latitudinal region (Southern Great Plains). Thus, the simu-
lations for the changes in the vegetation type/landuse type
are similar to the approach generally taken by various
regional modeling studies in which the landuse is altered
for the same domain (Gero et al., 2006-this issue).

The simulated net carbon assimilation (An) and eva-
potranspiration (Etr) with respect to the changes in the
prescribed soil moisture availability and atmospheric CO2
Table 2
Model simulations performed for each of the nine SiB2 vegetation types (Sell
change

Simulation set CO2 levels

I Present day (34 Pa
II Doubling (68 Pa)
III Present day (34 Pa
IV Doubling (68 Pa)

Typically the near wilting and near field capacity soil moisture was 0.23 m3
for varying landuse/vegetation were evaluated. The model
results were analyzed by plotting the outcome and de-
ducing feedback relations in terms of the soil moisture and
CO2 availability. To extract the direct effect (due to CO2

change or soil moisture change alone) and the interactive
or indirect (due to CO2 and soil moisture change together)
effects, the model outcome was analyzed further using a
statistical interaction explicit technique called Factor Sepa-
ration Analysis (Stein and Alpert, 1993; Niyogi et al.,
1998; Eastman et al., 2001).

In the factor separation technique, we analyzed the
four combinations for two factors (soil moisture and
carbon dioxide) at two levels (soil moisture limiting, and
abundant; and present day and doubled CO2 availabil-
ity) corresponding to the various landuse/vegetation
combinations to extract the main effects (fCO2 and fMoist)
and their synergistic interaction (fMoist:CO2). We assign,

f0 ¼ F0

F0uðCO−
2 ;Moist−Þ ð1aÞ

f1 ¼ fCO2 ¼ F1−F0

F1uðCOþ
2 ;Moist−Þ ð1bÞ

f2 ¼ fMoist ¼ F2−F0

F2uðCO−
2 ;MoistþÞ ð1cÞ

f1;2 ¼ fMoist:CO2 ¼ F1;2−ðF1 þ F2Þ þ F0

F1;2uðCOþ
2 ;MoistþÞ ð1dÞ

In the above, CO2
+ and CO2

− refer to the scenario with
doubling (68 Pa) and the present day (34 Pa) climatolog-
ical values of ambient carbon dioxide concentrations (e.g.,
Houghton et al., 1996); and Moist+, Moist−, refer to the
model setup for near-field capacity, or near-wilting soil
moisture, respectively, for different landuse/vegetation
types.

In the following section, we discuss the results cor-
responding to different landuse/vegetation types.

3. Results

Though each of the landuse/vegetation types is unique
in terms of its biological response and characteristics, they
ers et al., 1996a) to study the interactive effect of CO2 and soil moisture

Soil moisture state

) Limiting (near wilting)
Limiting (near wilting)

) High (near field capacity)
High (near field capacity)

m−3 and 0.3 m3 m−3, respectively.

http://dx.doi.org/10.1016/j.gloplacha.2006.05.003
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exhibit some broad similarities by which the various types
can be grouped for the presentation of our results. We
clustered the nine biome types into four categories: Broad-
leaf Trees (SiB2 Vegetation Types 1, 2, and 3), Needleleaf
Trees (SiB2 Vegetation Types 4 and 5), C4 Grass (SiB2
Vegetation Type 6), and C3 Grass and Shrubs (SiB2 Ve-
getation Types 7, 8, and 9). The results pertaining to these
four groups of vegetation changes made within the model
configuration are discussed below. For each vegetation
type category, we will present two sets of plots: one pro-
viding the typical daytime variations for the four soil
moisture and CO2 combinations, and the second corres-
ponding to the direct and interactive effects of the soil
Fig. 2. Model predicted changes in (a) evapotranspiration (Etr,Wm−2),
and (b) net carbon assimilation (An, mol m−2 s−1) for Vegetation Type 1
(Broadleaf–evergreen trees). The high and low settings of the soil
moisture and CO2 values in the model initial conditions are represented
by SM+, SM−, CO2

+, and CO2
−, respectively. Soil moisture has a

dominant effect on ETR, while CO2 changes are more important for An.
moisture and biological CO2 impacts for different ve-
getation types.

3.1. Broadleaf trees

This section represents model results when the vege-
tation type was changed to the three Broadleaf tree biome
types: Broadleaf–evergreens, Broadleaf–deciduous, and
Broadleaf–Needleleaf mixed trees.

Fig. 2a–b shows the average daytime variations in the
simulated evapotranspiration (Etr) and net carbon assim-
ilation or photosynthesis (An) for Vegetation Type 1. Soil
moisture dominated the Etr changes, while the CO2 chan-
ges had a relatively small effect. Interestingly, the CO2

impact on the Etr increased as soil moisture became limi-
ted.An variations were dominated by CO2 levels (Fig. 2b),
with higher CO2 leading to higher An under abundant soil
moisture availability. When soil moisture was limiting, An
saturated around mid-day with the dip in the An curve
generally corresponding to peak radiation values.

Themodel results showed different responses resulting
from both CO2 and soil moisture changes. This variability
in the simulated outcome is due to both the direct effect as
well as the interaction of CO2 and soil moisture changes.
Fig. 3a–b gives the relative contribution of the direct
changes in CO2 and soil moisture, and their interactive
feedback on modeled Etr and An. In the figure, the first
box-plot shows the direct biological effect of CO2

changes, the middle corresponds to the direct effect of
soil moisture changes, while the third corresponds to the
interaction between soil moisture and CO2. For Etr, some
CO2-based modulation was evident under limited soil
moisture conditions. The corresponding factor separation
results (Fig. 3a) suggest that the effect of doubling the
CO2 led to a reduction in Etr as a cumulative effect
(interacting with soil moisture changes). Overall, the Etr
changes were dominated by soil moisture availability, but
the soil moisture–CO2 interaction was antagonistic (i.e.,
opposite in sign as compared to the direct effects). The
combined effects of soil moisture and CO2 changes
therefore suggest an overall reduction of the combined
effect due to CO2 rise and higher soil moisture avai-
lability. Themagnitude of the interaction term is small, yet
the reduction of the Etr due to the CO2 increase (which is
also seen in field studies, e.g., Owensby et al., 1997) is in
response to the water use change and soil moisture effect
rather than the CO2 effect alone. Considering the An

response (Fig. 3b), the effect of CO2 levels on carbon
assimilation is clearly demonstrated (about ten timesmore
effective than soil moisture). Again, for this case, the
interaction term is antagonistic and suggests that, for the
Broadleaf Evergreen trees, the impact of soil moisture



Fig. 4. Same as Fig. 2 except for Vegetation Type 4 (Needleleaf–
evergreen trees).

Fig. 3. Box plots for factor separated direct effects and interactions for
(a) evapotranspiration (Etr, W m−2), and (b) net carbon assimilation
(An, mol m−2 s−1) corresponding to Fig. 2. The SM:CO2 term
corresponds to the interaction effect.
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availability on the net primary productivity or evapo-
transpiration reduces as CO2 levels increase.

The sensitivity of the soil moisture–CO2 changes ob-
tained for the SiB2 Vegetation Type 1 (Broadleaf–ever-
green trees) is similarly seen for Vegetation Types 2 and 3
(Broadleaf deciduous trees, and Broadleaf and Needleleaf
mixed trees). In general, changing from Vegetation Type 1
to 2, both the Etr and An values (not shown) were about
25% less. Also, for low soil moisture cases, the An showed
a more pronounced mid-day dip, which can be related to
the increase in the afternoon stomatal resistance. The
factor-separated results for Etr, and An over Vegetation
Type 2 were similar to those for Vegetation Type 1 biome.
One notable difference was that the CO2 dominance on An
seen for Vegetation Type 1 decreased (by about 33%), and
the soil moisture feedback became more pronounced (by
about 25% as per the factor separation results).

ForVegetation Type 3 (Broadleaf andNeedleleafmixed
trees), similar to Vegetation Types 1 and 2, soil moisture
regulated evapotranspiration. However, a significant direct
effect of CO2 changes on Etr (larger than that realized for
Vegetation Types 1 and 2) also occurred. The enhanced
interaction between soil moisture and CO2 was also more
apparent for An. Though the CO2 doubling scenario led to
increased An, the response was noticeably modulated by
soil moisture availability. Overall, An values showed about
a 50% difference depending on the soil moisture avai-
lability (with lower values under soil moisture limiting
conditions).

The factor separation results for Vegetation Type 3 also
suggest that the Broadleaf/Needleleaf mixed vegetation
was more responsive to changes in both soil moisture and
CO2, rather than the relatively singular soil moisture or
CO2-based dominance seen for the Broadleaf trees (Vege-
tation Types 1 and 2). Soil moisture changes were three
times as effective as CO2 doubling for changing the Etr,
while forAn, the CO2 changes were about three timesmore
effective than the soil moisture changes. The interaction
term between soil moisture and CO2 was also significant
and had about the same order of magnitude as the non-
dominant term. Thus, an active synergistic interaction



Fig. 6. Same as Fig. 2 except for Vegetation Type 6 (C4 grassland).

Fig. 5. Same as Fig. 3 except for Vegetation Type 4 (Needleleaf–
evergreen trees).
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between soilmoisture andCO2 availability for themodeled
biological effects took place.

3.2. Needleleaf trees

We tested the model response for two vegetation
types in this group: SiB2 Vegetation Types 4 (Needle-
leaf evergreens), and 5 (Needleleaf deciduous).

Fig. 4a–b shows the evapotranspiration and net carbon
assimilation rates for the Needleleaf evergreen trees (SiB2
Vegetation Type 4). Both the Etr and An values were
relatively small as compared to the Broadleaf plants (dis-
cussed in the previous section). This reduction could be
largely attributed to the change in the leaf geometry, with
the Broadleaf trees generally offering a better opportunity
for water vapor and carbon exchange under similar envi-
ronmental conditions (e.g., Nikolov et al., 1995). Despite
the differences in themagnitudes, the change inmodel land
use from Broadleaf to Needleaf trees did not lead to very
different CO2 and soil moisture responses. Overall, an
increase in soil moisture and high CO2 values yielded both
a higher Etr and a larger An. These results are consistent
with various observational data for Needleleaf trees (Sun
et al., 1995; Murthy et al., 1996; Roberntz and Stockfors,
1998; Laitjnen et al., 2000).

Fig. 5a–b shows the factor separation results for Etr
and An, respectively. The results are generally similar to
those for the Broadleaf tree cases discussed earlier. Over-
all, the soil moisture and CO2 interaction effect showed a
relative increase for the Needleleaf trees compared to the
results obtained for the Broadleaf trees. Additionally, the
soil moisture–CO2 change interaction was synergistic as
against the antagonistic interactions obtained for the
Broadleaf trees. Thus, for the Needleleaf An rates, the
effect of CO2 doubling appears to be four times more
dominant than the soil moisture change. Also, similar to
the Broadleaf trees, the interaction term was comparable
to the less-dominant main effect. The reduction in the
respiration loss due to increasing CO2 and soil moisture
changes discussed in Amthor (2000) and the enhanced
biochemical interactions in the Needleleaves could aid An
(Roberntz and Stockfors, 1998). Thus, for the model
Needleleaf vegetation type, Etr was directly controlled by
soil moisture availability. The effects of CO2 changes
were prominent under low soil moisture conditions.
Overall, a CO2 increase led to a positive impact on pho-
tosynthesis rates (or NPP) for the Needleleaf trees, and the
soil moisture availability (non-limiting) aided the bio-
spheric response.



102 D. Niyogi, Y. Xue / Global and Planetary Change 54 (2006) 94–108
3.3. C4 grass

Studies by Owensby et al. (1997), Morgan et al.
(1998), and Collatz et al. (1998) have yielded variable
results regarding the effect of CO2 doubling on C4
vegetation. Hence, studying the model response for this
landuse/vegetation type to assess the biological impacts
of CO2 change with soil moisture change is of additional
interest. The photosynthesis pathway for this vegetation
type is known to be more conservative to CO2 changes
and is not expected to be affected significantly (Collatz
et al., 1992).

Fig. 6a–b shows the modeled Etr and An for the C4
grasslands. Both soil moisture and CO2 changes signif-
icantly modulateAn and Etr. Increasing CO2 decreased Etr
and increased An. There was also strong interaction bet-
ween CO2 and soil moisture availability. In the factor
separation results (Fig. 7a–b), the modeled Etr results
indicated that a rise in CO2 has a negative effect on
evapotranspiration. Nie et al. (1992), Hungate et al.
(1997), and Morgan et al. (1998) found a similar negative
correlation in field studies with C4 vegetation. This con-
servative strategy is thus similar to the resource allocation
optimization that the modeled landscape attains for equi-
librium as discussed in Cowan (1982), Buckley et al.
(2003), and Niyogi et al. (2002). The soil moisture–CO2
Fig. 7. Same as Fig. 3 except for Vegetation Type 6 (C4 grassland).

Fig. 8. Same as Fig. 2 except for Vegetation Type 7 (C3 shrubs with
bare soil).
interaction is synergistic and relatively small for Etr but
significantly active for An. Thus, soil moisture availability
can contribute to differences in the modeled biological
effects under doubled CO2 levels for C4 vegetation. For
example, as seen in Fig. 6b, the increase in CO2 led to
larger An, but an increase in soil moisture could also lead
to an increase in An (Kirkham et al., 1991). Again, the
interaction term is of nearly equal prominence and can
modulate the model response of C4 vegetation as a source
or sink for carbon. Note that unless the direct and
interactive effects are explicitly obtained from the coupled
outcomes, the combined effect can be dampened and
could yield, in the model, the spurious conclusion that
CO2 changes do not affect C4 vegetation responses.

3.4. C3 grass, shrubs and crops

In this group, we included three biome types: SiB2
VegetationType 7 (shrubswith bare soil), SiB2Vegetation

http://dx.doi.org/10.1046/j.13652003.01094.x
http://dx.doi.org/10.1046/j.13652003.01094.x


Fig. 9. Same as Fig. 3 except for Vegetation Type 7 (C3 shrubs with
bare soil).

Fig. 10. Same as Fig. 2 except for Vegetation Type 9 (C3 agriculture or
grassland).
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Type 8 (dwarf trees and shrubs), and SiB2 Vegetation
Type 9 (agricultural or C3 grasslands).

Fig. 8a–b shows the model response for Vegetation
Type 7. The results are somewhat similar to those obtained
for C3 trees but almost opposite to those seen for C4 grass
(Vegetation Type 6). For example, unlike C4 vegetation,
Vegetation Type 7 resulted in higher Etr under high CO2

availability. Further, in the case of C3 trees (Vegetation
types 1 through 5), evapotranspiration was dominated by
soil moisture availability, while for the C3 shrubs and bare
ground, CO2 availability was an equally important factor.
Under low CO2 conditions, soil moisture availability
controlled theEtr rate (with larger Etr values for higher soil
moisture availability). Under highCO2 conditions, the soil
moisture dominance was replaced by increasing CO2

interactions. The model also yielded higher An for in-
creasing CO2 and limiting soil moisture conditions (cf.
Idso and Idso, 1994). On the other hand, for low CO2

cases, higher soil moisture availability was conducive to
relatively larger modeled An.

Fig. 9a–b summarizes the factor separation results for
Etr and An for Vegetation Type 7. CO2 doubling has a
dominant effect both on An and Etr. The interaction term
shows an antagonistic response for the soil moisture
changes (which was opposite to the feature seen for C4
vegetation). TheAn results are similar to those obtained for
C3 trees (particularly Vegetation Type 1). Themain effects
of CO2 and soil moisture (to some extent) aid photosyn-
thesis, but the interaction term assists respiration. This
antagonistic interaction indicates that, unlike the C4
vegetation, the effect of soil moisture status may not
significantly modulate the assimilative capacities for Ve-
getation Type 7 under elevated CO2 conditions. Further,
low CO2–high soil moisture and high CO2–low soil
moisture combinations led to large differences in the
model results. The variability reduced with increasing
CO2 as the effects of other variable changes were damped.
Overall, CO2 changes appear to stimulate a larger response
for the Vegetation Type 7 (C3 shrubs and bare ground)
than for C4 grass or C3 woody trees. This feature of the
model response is in agreement with the discussion
presented in the meta-analysis for the CO2 doubling
effects presented in Curtis and Wang (1998).

The model results for mixed C3 dwarf trees and shrubs
(Vegetation Type 8, not shown), were generally similar to
those seen forVegetation Type 3 (Broadleaf andNeedleleaf
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mixed trees). The Etr response was soil moisture dom-
inated, while An was responsive to both soil moisture and
CO2 changes. Considering that these two vegetation types
have biophysical characteristics that are for somewhat
similar geographical regions in the SiB2 global landuse
characteristics database (Sellers et al., 1996b), this
similarity is not surprising. Typically, higher soil moisture
and higher CO2 conditions resulted in higher Etr values.
The factor separation results for Etr and An indicate that a
CO2 increase affects both the variables. The soil moisture
and the interaction term are almost similar and synergistic.
Thus, the increase of CO2 could have a stronger influence
on the model results under high soil moisture conditions.

The Etr and An results for C3 agricultural crops (Vege-
tation Type 9) are shown in Fig. 10a–b. Similar to Vege-
tation Type 7, these results are somewhat opposite to the
C4 grassland case and generally similar to the woody C3
Vegetation Types discussed earlier. Both soil moisture and
CO2 changes control evapotranspiration, and higher
evapotranspiration rates were obtained for higher soil
moisture and CO2 scenarios. An was dominated by and
proportional to CO2 values. The An response increased
with higher soil moisture availability.

The factor-separated interactions between soil moisture
and CO2 are shown in Fig. 11a–b. For Etr, both CO2 and
Fig. 11. Same as Fig. 3 except for Vegetation Type 9 (C3 agriculture or
soil moisture increase showed a positive response. The
interaction term, on the other hand, is antagonistic, and its
impact on the combined model result would be to reduce
the effect by about 25% (as also discussed in Dugas et al.,
1997). ForAn, both CO2 and soil moisture show a positive
correlation and the interaction term could introduce a
larger variability. In general, the effect of CO2 doubling
was about four times as effective in enhancing An than
increasing soil moisture from near-wilting to near-field
capacity.

Thus, the effect of simultaneous CO2 and soil moisture
change is significantly uncertain (variable) and will affect
the model response for C3 agricultural grasslands depen-
ding on ambient CO2 levels. Also, because of the opposite
signs of the direct and the indirect effect, the response will
be buffered and not as dramatic as expected through the
one-at-a-time sensitivity analysis cited in studies such as
Martin et al. (1989).

4. Discussion

In this study, we tested whether model response for
the biological effect of CO2 change in different biomes
is interactively linked with soil moisture availability.
The results for all the nine global biomes, as defined
through the SiB2 land cover classification (Sellers et al.,
1996b), were analyzed for terrestrial responses such as
evapotranspiration, and net carbon assimilation rates.

The model results were compared with findings re-
ported in field studies to assist in developing better
assessment of the biological impacts of CO2 changes that
can be obtained in the coupled model response. Indeed,
these results should be tested and analyzed using a detailed
regional scale ensemblemodeling analysis that considers a
number of soil moisture stress settings and landscape
heterogeneities. Some broad results that should be tested
further are discussed below.

For the model Broadleaf tree group (SiB2 Vegetation
Types 1, 2, and 3), doubling of CO2 increased An. This is
generally consistent with the findings of Ceulemans and
Mousseau (1994) and Carswell et al. (2000) Similarly, the
numerical results for the Needleleaf trees (SiB2 Vegetation
Types 4 and 5) are consistent with the observations of
Murthy et al. (1996), Idso and Idso (1994), and Clark et al.
(1999). Our results suggest a strong interaction between
CO2 and soil moisture changes that can generally act to
modulate the changes due to the lesser dominant CO2 or
soil moisture direct effect. The magnitude of the indirect
effect term was typically similar to the magnitude of the
lesser dominant term. The results indicate that, for soil
moisture limiting conditions, Etr would decrease (as a
response to the increase in stomatal resistance), irrespective
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of the CO2 levels. The higher soil moisture availability
could assist An, but the CO2 effect appears to be dominant.
Generally, as the model vegetation characteristics changed
from Broadleaf to Narrowleaf, the interaction term bet-
ween soil moisture and CO2 became larger.

Despite the generalities, each vegetation type showed a
unique response to the doubling of CO2 (Lovelock et al.,
1998). For example, Etr changes for Broadleaf–evergreen
trees were dominated by soil moisture availability, while
CO2 changes controlled An with no significant feedback
from soil moisture change (also see Ward et al., 2000).

For theNeedleleaf trees, themodel response reaffirmed
the previous results where low CO2 availability led to
lower stomatal response and a lowered carbon assimila-
tion value (Woodward, 1997). For Etr, the results suggest a
high correlation with CO2. The factor separation results
suggest increasing CO2 enhanced An as a direct effect (cf.
Clark et al., 1999, for C3 trees). In themodel response, the
interaction effect was of smaller magnitude, but of a
positive nature. Overall, the results indicate that the soil
moisture effect might assist carbon loss due to respiration
(Jackson et al., 1998). In summary, for the coupled bio-
spheric/land surface model, many of the general features
of Broadleaf and Needleleaf trees, with simultaneous
changes in soil moisture and CO2, appear to be similar.

In general, the model results for the C3 and C4
vegetation were opposite for similar changes in soil
moisture and CO2 levels. For C4 vegetation, soil moisture
availability could be a critical factor affecting plant
assimilative capacity, and respiration losses were high
under high soil moisture conditions (Ham et al., 1995; Nie
et al., 1992; Amthor, 2000). In the modeling framework,
the C4 vegetation could be unique in its association with
regards to the soil moisture and CO2 doubling scenario
(Collatz et al., 1992). In our model results, the WUE
increase appears to be due to CO2 enhancement rather than
soil moisture changes. Yet, consistent with the results for
the C3 trees, due to an increase in ambient CO2 levels, the
C4 vegetation also exhibited a strong coupling between
CO2 and soil moisture interactions. The interpretation of
model representations regarding biological changes and
scaling should consider hydrological status in their results.

As reviewed by Mayeux et al. (1991), and discussed
in Polley et al. (1997), C3 shrubs have shown a domi-
nant increase globally in areas that were predominantly
C4 grasslands. Everything else being constant, for CO2

doubling, C3 shrubs can show more biological assimi-
lative capacity over C4 grass (cf. Ehleringer et al., 1997)
with high soil moisture availability. However, this ad-
vantage could decrease with increased drought-like
conditions (lower soil moisture availability; cf. Clark
et al., 1999). Since the major drying and wetting cycles
are a conspicuous feature of pasturelands (Greer et al.,
1995; Clark et al., 1999), the interaction and the com-
petition between C3 and C4 vegetation, particularly
with increased CO2 levels, could be uncertain and de-
pend on the soil moisture status in coupled models
(Owensby et al., 1993, 1997). Thus, surface hydrology
and carbon assimilation as well as competitive ecology
appear to be coupled. Therefore, future studies that
consider a longer time period of model simulations (e.g.,
seasonal to years) should assess the role of soil moisture
on CO2 doubling impacts.

Thus, our findings highlight the potential importance of
soil moisture and the role of land–atmosphere interactions
in modulating the biological effects of CO2 changes. Se-
veral of the variable changes simulated in the biospheric
models appear to be consistent with the CO2 doubling
based experimental results presented in the literature. For
instance, Kimball et al. (1999) suggested that the effects of
CO2 changes on evapotranspiration seem to be uncertain,
which they attributed to the partial stomatal closure that
reduces the water vapor exchange. Our results indicated
that this uncertainty is also largely due to the active inter-
action effect between soil moisture availability and CO2

changes and should be studied further, with particular
reference to stomatal resistance (cf. Curtis and Wang,
1998).

5. Study limitations

This is an initial study to provide an additional pers-
pective on the response of the biological impact of CO2

changes in a coupled biosphere–atmosphere model. As
such, the model setup is designed to help integrate the
results where land use change (vegetation type) experi-
ments are performed for a similar synoptic setup. The
model has a single climate (meteorological) forcing, repre-
senting a single region (Southern Great Plains). The diffe-
rent biomes considered are represented by coefficients in a
simple biospheremodel and do not account for intra-specie
heterogeneities or soil heterogeneity. Themodel results can
be considered valid for summertime mid-latitude condi-
tions, and the feedback will change depending on the
model used, the period to be simulated, and the study
domain. Themodelwas run for a twoweek period to avoid
seasonality and to retain soil moisture memory. The
radiative effects of CO2 changes are relatively minor, and
in amore comprehensive long term future assessment, they
could also become significant. The study results cannot be
linearly applied to assess the implications of global or
regional landuse change, and the impact of land surface
heterogeneities will be an important consideration for
future studies. Yet, the central conclusions that the effects
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of CO2 changes within the model are significantly
dependent and coupled to the surface hydrology and
more specifically, soil moisture in this study, are valid. The
biological effects of CO2 changes are often the same order
of magnitude as soil moisture effects, and this forcing
causes important feedbacks in the coupled system. The soil
moisture–CO2 interactions stressed in this study do not
implicate causality; rather, they suggest possible empirical
mechanisms that the models may be adopting (e.g., by
modifying the carboxylation rate estimates, Wilson et al.,
2000). Future studies should review this question using
detailed regional and globalmodels to study the interaction
between the CO2 biological and radiative effects and the
soil moisture feedbacks and their combined impact on
transpiration and coupled land–atmosphere processes. This
study lays the framework for interpreting the one-at-a-time
response due to land use change, a frameworkwhich can be
used to design and clarify the complex responses in re-
gional and global-scale models. Future studies can also
attempt to identify specific feedbacks associated with both
biological and radiative changes due to CO2 doubling
experiments in climate change studies.

6. Conclusion

We hypothesized that the biological effect of CO2

changes simulated by a coupled atmosphere biospheric
land surface model is intrinsically linked with soil mois-
ture-based surface forcing and resulting land–atmosphere
interactions. This hypothesis was reviewed using a pho-
tosynthesis-based land surface modeling system coupled
to an atmospheric boundary layer model and tested for
different SiB2-based landuse/vegetation types. Our anal-
ysis suggests, resolving the interactions explicitly, that
both the C3 and the C4 vegetation responses are affected
by the biological effects of CO2 changes in the models.
The study highlights the role of the interaction effect
between soil moisture and CO2 as a potentially significant
term for understanding the trajectory of the response.
Overall, the response of the changes in CO2 concentrations
under high and low soil moisture availability varied for the
biome type and the effect under study. The effects analyzed
in this study, evapotranspiration and net carbon assimi-
lation, are generally coupled with each other, yet they
showed significant variations in their individual responses.
Thus, a major conclusion from the study is that biological
impacts associated with CO2 changes in a coupled bio-
spheric model should be interpreted in consideration of the
soil moisture status. It is possible that the model results for
drought or high soil moisture availability can enhance,
completely balance, or even reverse the effects associated
with CO2 changes and need to be explicitly considered in
climate change assessments. When applying the biospher-
ic models for regional or global terrestrial carbon cycle
studies, the effects of land surface processes, particularly
those of soil moisture, need to be explicitly considered for
interpreting and scaling the results. Such studies also need
to recognize that the effects of CO2 changes are highly
correlated to soil moisture changes. This can cause con-
founding in interpreting the results in the coupled studies.
The CO2 doubling impacts should explicitly consider soil
moisture status in interpreting and attributing the effects
due to CO2 changes and soil moisture changes.
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