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ABSTRACT

The radiative and physiological effects of doubled atmospheric carbon dioxide (CO,) on climate are inves-
tigated using a coupled biosphere—atmosphere model. Five 30-yr climate simulations, designed to assess the
radiative and physiological effects of doubled CO,, were compared to a 30-yr control run.

When the CO, concentration was doubled for the vegetation physiological calculations only assuming no
changes in vegetation biochemistry, the mean temperature increase over land was rather small (0.3 K) and was
associated with a slight decrease in precipitation (—0.3%). In a second case, the vegetation was assumed to
have adapted its biochemistry to a doubled CO, (2 X CO,) atmosphere and this down regulation caused a 35%
decrease in stomatal conductance and a0.7-K increase in land surface temperature. The response of the terrestrial
biosphere to radiative forcing alone—that is, a conventional greenhouse warming effect—revealed important
interactions between the climate and the vegetation. Although the global mean photosynthesis exhibited no
change, a slight stimulation was observed in the tropical regions, whereas in the northern latitudes photosynthesis
and canopy conductance decreased as a result of high temperature stress during the growing season. This was
associated with a temperature increase of more than 2 K greater in the northern latitudes than in the Tropics
(4.0 K vs 1.7 K). These interactions also resulted in an asymmetry in the diurnal temperature cycle, especially
in the Tropics where the nighttime temperature increase due to radiative forcing was about twice that of the
daytime, an effect not discernible in the daily mean temperatures. The radiative forcing resulted in a mean
temperature increase over land of 2.6 K and 7% increase in precipitation with the least effect in the Tropics.
As the physiological effects were imposed along with the radiative effects, the overall temperature increase over
land was 2.7 K but with asmaller difference (0.7 K) between the northern latitudes and the Tropics. The radiative
forcing resulted in an increase in available energy at the earth’s surface and, in the absence of physiological
effects, the evapotranspiration increased. However, changes in the physiological control of evapotranspiration
due to increased CO, largely compensated for the radiative effects and reduced the evapotranspiration approx-
imately to its control value.
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There is good evidence that human activity has re-
sulted in the increasein the atmospheric content of many
so-called greenhouse gases (e.g., Boden et al. 1994),
which are capabl e of absorbing longwave radiation from
the earth’s surface, causing warming of the lower at-
mosphere. Among long-lasting anthropogenic green-
house gases, carbon dioxide is expected to have the
largest direct effect on the earth—atmosphere radiative
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balance. The atmospheric carbon dioxide (CO,) con-
centration has increased from about 280 ppm in pre-
industrial times to the current level of about 350 ppm
and is increasing at the rate of about 1.5 ppm yr—*
(Houghton et al. 1996).

During the last decade, CO,-induced climate change
has been a subject of interest for many climate modelers
(e.g., Bryan and Spelman 1985; Washington and Meehl
1989; Stouffer et al. 1989; Murphy 1995; Murphy and
Mitchell 1995). A recent assessment of the responses
generated by different general circulation models to an
increase in atmospheric CO, shows that the global sur-
face air temperature average could increase by 1.5°—
4.5°C (Houghton et al. 1990; Houghton et al. 1996). In
all these studies, however, the impacts of increasing CO,
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were associated only with changes in radiative prop-
erties of the atmosphere; the potential interactions be-
tween CO,, vegetation, and climate were not consid-
ered. GCM sensitivity studies that have focused on the
impact of vegetation on climate [i.e.,, Amazon defor-
estation (Nobre et al. 1991) and boreal deforestation
(Bonan et a. 1992)] have shown that significant feed-
back on simulated climate can occur due to altering the
vegetation characteristics. It is therefore plausible that
vegetation responses to elevated atmospheric CO,, if
strong enough, may significantly influence the overall
climate system response. Recently, Henderson-Sellers
et al. (1995) imposed a global doubling of the canopy
resistance to water vapor flux in order to approximate
the physiological response of vegetation to doubled at-
mospheric CO, and found greater warming than when
radiative forcing alone wasimposed. To understand how
CO, might affect land surface—climate interactions, it
is necessary to consider how vegetation might respond
to CO, directly and how this response may influence
the water and energy balance of vegetated land surfaces.

Leaves of terrestrial vegetation take up CO, from the
atmosphere as a part of photosynthesis. As CO,, diffuses
into the leaf, water vapor from the leaf is lost to the
atmosphere through transpiration. Plants control the dif-
fusion of CO, and water vapor by adjusting the size of
small openings in the leaf surface called stomata. Sto-
mata seem to adjust in response to environmental and
physiological conditionsin amanner that maximizesthe
amount of carbon gained for agiven rateto transpiration
(Cowan 1977). Thus, leaf stomatal conductance to water
vapor diffusion appears to be sensitive to variations in
the net carbon assimilation rate, which in turn depends
on light intensity, air temperature, soil-water content,
and atmospheric CO, concentration, as well as on
changes in humidity. Leaf-scale models of net photo-
synthetic assimilation and stomatal conductance have
been formulated to describe these relations (e.g., Cowan
and Farquhar 1977; Collatz et a. 1991; Collatz et al.
1992).

The physiological responses to increased atmospheric
CO, concentration that have potential consequences for
climate result mainly from the dependence of photo-
synthesis and stomatal conductance on CO,, partial pres-
sure as shown by the theoretical models (Collatz et al.
1991, Collatz et al. 1992) in Fig. 1. Two different pho-
tosynthetic physiol ogies are considered here, C3 and C4.
The C3 type occurs in most woody plants and temperate
herbaceous plants and the C4 type is dominant in trop-
ical and subtropical herbaceous vegetation such as sa-
vannas. These two types are distinguished by their dif-
ferent responses to temperature and CO,, partial pressure
(Fig. 14). Short-term exposure of C3 plantsto adoubling
of CO, concentration stimulates photosynthesis (Figs.
1a,b) and decreases the stomatal conductance (Fig. 1c)
from C[control (1 X CO,)] to P[physiological response
to CO, doubling (2 X CO,)]. After along-term exposure
to increased CO, concentration, some plants have been
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Fic. 1. Leaf photosynthesis and conductance response to atmo-
spheric CO, concentration for light-saturated conditions based on
leaf-scale model and including a constant leaf boundary layer. (a)
Dependence of |eaf-scale photosynthesis for C, and C, vegetation on
externa CO, concentration. (b) The C3 photosynthesis curves for
unadjusted (C and P) and down-regulated (PV) physiology. (c) De-
pendence of stomatal conductance on CO, concentration for the un-
adjusted and down-regulated cases.

observed to reduce their maximum photosynthesis ca-
pacity to maintain about the same rate of photosynthesis
as under normal (1 X CO,) conditions (see Field et al.
1992; Tissue et al. 1993). The extent of this ““down
regulation” of physiological capacity depends on spe-
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cies, nutrient availability, and environmental stress
(Field et al. 1991; Gunderson and Wullschleger 1994).
The modeled response of photosynthesis for the case of
down regulation at 2 X CO, isindicated by PV in Figs.
1b,c. These calculations, made at constant temperature,
high shortwave radiation, and unstressed conditions,
show that doubling CO, causes reductions in stomatal
conductance of about 25% in the P case, and 50% in
the PV case, which are within the range observed for
trees and herbaceous species (Morison 1987; Field et
al. 1995). Analyses of stomatal densities in fossilized
or otherwise preserved leaf surfaces have shown that
leaf stomatal conductance is negatively correlated with
past changes in atmospheric CO, concentration (\Wood-
ward 1987; Penuelas and Matamala 1990; Beerling and
Woodward 1996). The line segments linking the P and
PV points in Figs. 1b,c thus describe the likely range
of leaf-scale physiological responses to doubling of at-
mospheric CO, concentration in the absence of other
climate effects. Photosynthesis could increase signifi-
cantly, with an associated small reduction in stomatal
conductance (P case), or it might remain more or less
constant with alarger reduction in stomatal conductance
and consequently transpiration (PV case). The actual
responses probably lie between these two cases.

In this paper we use a physiological model coupled
to aglobal land—ocean—atmosphere model to investigate
the potential for additional warming over the continents
resulting from the physiological response of vegetation
to an equilibrium doubling of atmospheric CO, con-
centration and to assess its effect on climate. Results
from this study were summarized by Sellers et al.
(19964).

2. Model description and experimental design
a. The coupled model

This investigation was carried out using the Colorado
State University General Circulation Model (CSU
GCM; Randall et al. 1996) coupled to the improved
Simple Biosphere Land Surface Model (SiB2; Sellers
et a. 1996b). The CSU GCM uses the solar and ter-
restrial radiation parameterization (Harshvardhan et al.
1987), which includes the heating effects due to water
vapor, carbon dioxide, and ozone. The solar radiation
description includes Rayleigh scattering as well as ab-
sorption by water vapor and ozone, and it simulates both
the diurnal and seasonal cycles. The radiative transfer
calculations are performed every hour. The model uses
an improved Arakawa—Schubert cumulus parameteriza-
tion scheme as discussed by Randall and Pan (1993)
and includes a detailed cloud microphysics parameter-
ization (Fowler et a. 1996; Fowler and Randall
1996a,b).

The governing equations are solved using finite dif-
ferences with highly conservative schemes (Arakawa
and Lamb 1977, 1981). The vertical discretization of
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the GCM is based on a modified sigma coordinate in
which the planetary boundary layer top is a coordinate
surface, so that the boundary layer isidentified with the
lowest model level (Suarez et al. 1983). The CSU GCM
also incorporates a simple ““slab” upper-ocean model,
using a flux adjustment technique, and a sea-ice model
(Jensen et al. 1995; Hansen et al. 1984, 1988). A more
detailed description of the CSU GCM is given in Rand-
al et a. (1996).

SiB2 incorporates a coupled photosynthesis—conduc-
tance parameterization to describe the simultaneous
transfers of CO, and water vapor in and out of the |eaf,
respectively (Collatz et al. 1991; Collatz et al. 1992;
Sellers et al. 1992; Sellers et al. 1996b). Stomatal con-
ductance (g) controls the transpiration flux and the CO,,
flux between the leaf and the atmosphere. It is expressed
in the model as a function of the photosynthesis rate
(A), leaf surface relative humidity (h,), and CO, partial
pressure (C,) as

g = mMAhC.t + b, (1)

where m and b are treated as vegetation-dependent pa-
rameters that set the sensitivity of leaf conductance to
physiological and environmental conditions and mini-
mum conductance, respectively. Equation (1) is scaled
from individual leaf to grid cell canopy according to
Sellers et al. (1992).

SiB2 has 11 prognostic state variables: three tem-
peratures describing the canopy, the ground surface, and
the deep soil; two water stores and two snow/ice stores,
representing the interception by the canopy and the soil
surface; three soil moisture stores; and a prognostic sto-
matal conductance. The canopy evapotranspiration has
two components. the evaporation of snow/ice or water
intercepted by the canopy and the transpiration of soil
water extracted from the root zone and lost to the at-
mosphere from dry leaf surfaces. Similarly, evaporation
from the soil consists of aloss from snow/ice and water
held on the ground surface and evaporation of water
from the top soil layer. A parameterization of subgrid-
scale canopy and soil interception of convective pre-
cipitation is used to produce amorerealistic partitioning
of energy among the latent heat flux components. The
fluxes of heat, water, and CO, are described in terms
of electrical analogs (Sellers et a. 1996b) with three
potential differences expressed as temperatures, vapor
pressures, and CO, partial pressures, respectively. The
resistances are equivalent to the inverse conductances
integrated over the path of the potential difference end-
points.

SiB2 recognizes 12 vegetation classes as described
in Sellers et al. (1996¢). Satellite remote sensing data
are used to prescribe the vegetation type and phenol ogy.
Monthly fields of the fraction of photosynthetically ac-
tive radiation absorbed by the canopy (FPAR), the total
leaf areaindex (LALI), and the canopy greeness fraction
are derived from specially processed Advanced Very
High Resolution Radiometer data (Sellers et al. 1996c).
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FiG. 2. Sequence and type of numerical simulations performed with
the biosphere—atmosphere—ocean model (see text for details).

FPAR is used in the photosynthesis—conductance model
to scale the stomatal conductance and the leaf photo-
synthesis to the canopy level, and the LAI is used in
the turbulent and radiative transfer calculations.

The incorporation of a realistic canopy photosynthe-
sis—conductance model and the use of satellite datamake
this global climate model unique among those used to
simulate the effects of increased atmospheric CO, con-
centration on the physical climate. The coupled SiB2—
GCM produces plausible fields of evapotranspiration,
carbon assimilation, and the components of the surface
energy balance, in addition to realistic climate simula-
tions. Randall et al. (1996) showed that the coupled
SiB2-GCM, tested in multidecade simulations, pro-
duced results that are in fair agreement with observa-
tions. In addition to improving the simulation of the
surface air temperature and the hydrological cycle, the
introduction of SiB2 in the CSU GCM has also allowed
quantification of the rate of carbon assimilation by the
land surface vegetation. Results from simulations pro-
duced by this coupled global climate model have been
used in other biosphere-atmosphere studies (e.g., Ciais
et al. 1995a; Denning et al. 1995; Ciais et al. 1995b;
Denning et al. 1996a,b).

b. The experimental design

Six long-term equilibrium climate simulations were
performed with the coupled SiB2-GCM (Fig. 2). The
runs were conducted at 7.2° lat X 9.0° long horizontal
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resolution with nine layers. Because these runs were
performed at rather low resolution, the simulated cli-
mate is less realistic than that obtained in runs of the
same model at higher resolution (Randall et al. 1996).
Implied ocean heat tranports (Hansen et al. 1984; Jensen
et al. 1995) and initial conditions were obtained from
a preliminary 10-yr run driven by observed climatol og-
ical sea surface temperatures and current atmospheric
CO, concentration. This was followed by the six 30-yr
simulations in which sea surface temperature and sea
ice were allowed to evolve with time.

1) Thefirst run is the control (C) simulation. The cou-
pled model was integrated for 30 yr using the current
atmospheric CO, concentration for both the radiative
transfers code in the GCM and the vegetation model.

2) The second simulation was aimed at evaluating the
physiological response to doubled CO, and its im-
pact on climate. This “physiology-only” (P) run
consisted of operating the radiative transfers under
1 X CO, whereasthe CO, concentration in the phys-
iological model was instantaneously doubled to 700
ppm, thus directly influencing the photosynthesis—
conductance model (Figs. 1a,c). In this simulation,
the biome-dependent physiological parameter con-
trolling the maximum photosynthetic rate, V,,, was
the same as the “‘unadjusted’” control run.

3) The third experiment (PV) simulated the case where
the plant’s physiological activity is down regulated
as a result of long-term exposure to an elevated at-
mospheric CO,, concentration. The assimilation rates
calculated for each grid point for the last 10 yr of
the C and P simulations were time averaged, and
ratios were obtained (C/P) for each land grid point.
These ratios were used to down regulate the pho-
tosynthetic activity by proportionally reducing the
V.. Values at every grid point. The expected result
is that, at 2 X CO,, the assimilation rates in this
experiment should approach those of the C case (Fig.
1b) and stomatal conductance to water vapor should
be substantialy reduced (Fig. 1c). The P and PV
simulations show the sensitivity of climate to de-
creasing conductance in the absence of radiative
forcing.

4) The fourth run, radiation-only (R) case, is a con-
ventional 2 X CO, experiment in which only the
atmospheric radiative fluxes are affected by the 2 X
CO, atmosphere, whereastheland surfacevegetation
model ““sees’ only 1 X CO,. This experiment is
useful to assess the impact of physical climate
change on the vegetation physiological activity and
to compare our results to those produced by other
GCMs.

5) The radiation and physiology (RP) run is a combi-
nation of the R and P treatments; both the atmo-
spheric radiation and the unadjusted physiology op-
erate under 2 X CO,. This case illustrates the effect
of doubled CO, on unscaled physiology in conjunc-
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Fic. 3. Three-month running mean temperature difference (PV-C: green), (R-C: red), (RPV-C: orange)
for (a) land points and (b) land and ocean points.

tion with conventional *“ greenhouse’” radiative forc-
ing.

The response of down-regulated physiology and ra-
diative forcing is addressed in the RPV run. The
assimilation fields obtained from the last 10 yr of
the RP and C experiments were averaged and their
ratios were applied to scale down V,,, in the same
way as in the PV case. The RPV experiment was
then run forward with down-regulated physiology
and 2 X CO, for both the atmospheric GCM and
the vegetation model.

For all six experiments, global satellite data for 1987
were used to define land surface parameters at monthly
intervals (Sellers et al. 1996c¢; Randall et al. 1996).

6)

3. Results and discussion
a. Model response

Figure 3 shows the mean monthly surface air tem-
perature response to increased CO, for selected exper-
iments: results for the PV, R, and RPV cases are dis-
played as differences from C. The temperature increase
due to the doubling of CO, for the vegetation only (PV)
is initially slow and shows almost no warming on the
global scale during the first 6 yr of integration. A sig-
nificant warming observed over the tropical land was
offset by a cooling in the middle and high northern
latitudes regions during the same period, apparently re-

lated to the model adjustment. After that, the land sur-
face air temperature increased relatively fast to reach
an equilibrium around year 20. The response of the
global (land and ocean) surface air temperature paral-
leled the warming over land, although the globally av-
eraged warming was weaker as a result of the oceanic
thermal inertia. In both the R and RPV simulations, the
mean temperature’s response to the impulsively doubled
CO, concentration was almost instantaneous. The
warming proceeded rapidly during the first 15 yr of the
simulations, then it increased more slowly, and finally
approached an equilibrium around year 20. The ten-
dency for PV to be warmer than C, and RPV to be
warmer than R, isevident in Fig. 3 and will be discussed
below. It is interesting to note at this point that inter-
annual variability in the simulated air temperature is
large enough at times to obscure the physiological ef-
fects.

b. Diurnal cycle response

Hourly time series of physiological and climate vari-
ables for selected locations were saved for the last 10
yr of the C, R, RR, and RPV simulations and 10-yr
composite diurnal cycles were constructed using values
over 310 cycles. Four grid cells have been chosen for
discussion: one in the Amazon Basin representing a
tropical forest in January (Fig. 4), asecond in the North
American temperate forest representing a mix of broad-
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FiG. 4. Diurnal cycle composite (last 10 yr of runs) for the Am-
azonian evergreen forest point in January: (a) canopy conductance
(mm s %), (b) canopy net assimilation (umoles m=2 s1), and (c)
canopy temperature (°C).

leaf and needleleaf trees in July (Fig. 5), a third in the
North American boreal needleleaf forest region in July
(Fig. 6), and finally a grid cell representing the Sahelian
region with C4 vegetation in July (Fig. 7). (See Table
1 for exact geographical locations.) For each of these
sites we show the net carbon assimilation, the canopy
conductance, and the canopy temperature during the
peak of the growing season, for the four experiments
mentioned above.

Diurnal cycles were not saved for the P and PV cases
and so cannot be discussed here. To alarge extent, how-
ever, their behavior can be inferred from the RP and
RPV cases as compared to run R.

For run C, the peak photosynthetic rate of the canopy
dependsin large part (nearly proportionally) on the frac-
tion of photosynthetically active radiation absorbed by
the canopy (FPAR) and on the physiological capacity
(Vmax) Of the leaves in the canopy. The tropical forest
has approximately twice the FPAR of the boreal forest
point (0.93 vs 0.48) and about two-thirds more photo-
synthetic capacity per leaf. This results in peak pho-
tosynthetic rates three times greater in tropical versus
needleleaf forests. The peak rate for the boreal forest
point did not occur at midday as it did for the tropical
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°C).

forest, because midday temperatures in the former were
high enough to cause physiological stress. The C4 grid
point has half the FPAR (0.42) of the tropical forest but
produces a similar rate of photosynthesis because of
greater stimulation of C4 photosynthesis by warm tem-
peratures, as described in Collatz et al. (1992). Upon
doubling CO,, peak photosynthesis increased for C3
biomes by 61% in thetropical forest, 53% in midlatitude
mixed evergreen—deciduous forest, and 23% in the bo-
real forest. Warmer regions tended to show larger CO,
stimulation. The Sahel point showed only 10% increase
since C4 plants are relatively insensitive to external at-
mospheric CO, concentration as expected from the the-
oretical calculations (Fig. 1a). Down regulation caused
photosynthesis to decrease to close to the control rate
for C3 hiomes. The small stimulation of the C4 grid
cell by the CO, increase resulted in little down-regu-
lation response. The plateau and depression of photo-
synthesis at midday for the mixed and boreal forest
points is a result of a reduction in the photosynthetic
capacity (V... in response to temperature and soil mois-
ture stress.

Canopy conductance also followed what was ex-
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Fic. 6. Same as Fig. 5 except for the northeastern United States
mixed forest point.

pected from the model structure (Fig. 1c) with a pattern
of decreasing values as high CO, and down regulation
were imposed. The RP case resulted in about a 20%
reduction whereas the RPV case produced about 30%—
45% decrease in peak canopy conductance for all C3
points. For the C4 point, conductance fell by about half
in the RP case and was not affected by the scaling pro-
cedure. Since conductance is a linear function of net
photosynthesis as shown in Eq. (1), stresses that limit
photosynthesis are reflected in conductance.

Canopy temperatures are determined by the climate,
the physiological state of the vegetation, and the feed-
back between them. In general, radiative forcing alone
(R) increased both day and night temperatures. Canopy
conductance decreased in response to CO, doubling (RP,
RPV), causing transpirational cooling to decrease and
daytime canopy temperature to increase for all four grid
cells. Thus local responses of 2 X CO, induced phys-
iological and radiative forcing tend to determine the
local temperature patterns. The extent to which tem-
peratures increased, however, depended on the location
and time of day. For the tropical forest and C4 short
vegetation points, photosynthesis and conductance were
slightly affected by the radiative forcing-induced in-
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Fic. 7. Same as Fig. 5 except for the Sahelian shrubs with
ground cover point.

crease in temperature. On the other hand, the middle-
latitude and boreal forest points showed a decrease in
physiological activity, especially at midday, resulting
from a combination of high temperature, low humidity,
and water stress. The effect of R on the diurnal response
of canopy temperature for these sites depended upon
the degree of high-temperature stress. Figure 8 shows
the July daytime and nighttime canopy temperature dif-
ferences between the R and C experiments (Fig. 8a), as
well as the high-temperature stress level during the R
and C cases (Fig. 8h), for the four selected locations.
The high-temperature stress function represents the de-
gree to which the photosynthetic capacity (V,.) IS
scaled down due to high-temperature stress effects on
photosynthesis. The high-temperature stress function
depends on canopy temperature and biome-dependent
parameters and varies between 0 (maximum stress) and

TaBLE 1. Locations of the selected grid cells.

Name Latitude  Longitude
Amazonian evergreen forest 3.6°S 63.0°W
Northeastern U.S. mixed forest 46.8°N 72.0°W
Canadian evergreen needleleaf 54.0°N 99.0°W
Sahelian shrubs with ground cover (C,) 10.8°N 09.0°E
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1 (no stress) (Sellers et a. 1996c). In locations where
the vegetation was stressed (boreal and temperate forest
points), the canopy temperature difference between R
and C was larger during the day than at night. For these
points, the daytime temperatures inhibited photosynthe-
sis resulting in stomatal closure, and consequently in-
creasing the temperature over and above that caused by
radiative forcing. On the other hand, in areas that ex-
perienced little or no stress, the temperature difference
between the R and C cases was substantially smaller
during the day than during the night, especially in the
tropical forest where the nighttime temperature differ-
ence was about twice that of the daytime (Fig. 8a), an
effect not discernable in the daily mean temperatures.
For example, the daily mean temperature increase be-
tween the C and R cases in the tropical forest is about

JOURNAL OF CLIMATE

VOLUME 12

1.16°C, but while the nightime differenceis 1.56°C, the
daytime difference is only 0.76°C. This indicates that
vegetation is a central element in the modulation of the
diurnal temperature cycle in an enhanced CO, environ-
ment and may play an important role in the determi-
nation of regional climates. Observational dataindicate
that over the last 40 yr, minimum diurnal temperatures
have increased over land while the maximum have not,
leading to a mean reduction in the diurnal temperature
range (Karl et al. 1993). Our results show that the di-
urnal temperature range could decrease under green-
house forcing as a result of increased evaporative cool-
ing during the day when physiology is active, but not
at night when stomata are closed (Fig. 4). The reverse
is predicted, however, if vegetation is stressed causing
greater reductions in latent heat flux during the day and
an increase in the diurnal temperature range (Fig. 5).

In general, the temperature dependence of photosyn-
thesis is consistent with the temperature experienced
during the growing season (Berry and Bjorkman 1980).
In other words, the photosynthetic apparatus of warm
climate vegetation can tolerate high temperatures more
readily than can that of cool climate vegetation. The
reverse is true for low temperatures. In SiB2 the high-
temperature stress parameters are set to be consistent
with the current observed climate for various biomes.
For example, the high-temperature stress factor will
cause photosynthesis to be 50% inhibited at 30°C for
needleleaf forests. Therefore midday maximum tem-
peratures of around 34°C for the boreal grid point in
the R case (Fig. 6a) produced substantial inhibition of
photosythesis and associated reductionsin conductance.
High levels of temperature stress during the growing
season indicate that the prescribed vegetation cover is
not consistent with the simulated greenhouse climate.
If changesin the climate asaresult of greenhouse warm-
ing were slow enough, we would expect that the tem-
perature tolerance of the vegetation would adjust either
through acclimation or through species change so that
the growing season stress is minimized. If, however,
warming occurs faster than the vegetation response, then
the increased stress predicted in these simulations is
more plausible.

¢. Monthly response

This section describes monthly mean differences,
over the last 10 simulated years, between the five ex-
periments and the control, aggregated, during the grow-
ing season, for three biome groupings: tropical forests
(Fig. 9), tropical short vegetation (Fig. 10), evergreen
needleleaf forests (Fig. 11), and finally for all vegetated
land points (Fig. 12). The biome average change in the
photosynthetic rate as a result of physiological and ra-
diative responses to 2 X CO, are as expected from the
diurnal responses and theoretical discussion; large stim-
ulation in the physiology cases (P, RP), positive but
smaller increases for the down-regulated cases (PV,
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9. (far left) Annual-mean difference (experiment minus control, last 10 yr of runs) averaged over al tropical evergreen forest points

for (a) canopy net assimilation (wmoles m=2 s-1), (b) canopy conductance (mm s-1), (c) canopy transpiration (W m~-2), (d) total evaporation
(W m~2), and (e) canopy temperature (°C). Values in boxes are control means. FiG. 10 (center left) July mean difference (experiment minus
control, last 10 yr of runs) averaged over al short vegetation-C, points for (a) canopy net assimilation (wmoles m-2 s-1), (b) canopy
conductance (mm s71), (c) canopy transpiration (W m=2), (d) total evaporation (W m~2), and (e) canopy temperature (°C). Values in boxes
are control means. Fic. 11 (center right) Same as in Fig. 10 except for needleleaf evergreen forest. FiG. 12 (far right) Same as in Fig. 10

except for all vegetated land points.

RPV), and small inhibition dueto radiativeforcing alone
(R), especially for northern evergreen forests (Fig. 11a).
The doubling of the CO, concentration led to a mean
stimulation of about 53% for the tropical forest, versus
42% for the northern needleleaf forest and 22% for the
C4 vegetation. Similarly, canopy conductance decreased
relative to the control for al three biome types and over
al land points, with the strongest reductions in the
down-regulated cases. Since canopy conductance di-
rectly controls the transpiration, which is a major com-
ponent of the total latent heat flux from vegetated sur-
faces, the reduction in conductance is mirrored in the
transpiration and total latent heat flux. Radiative forcing
alone (R) caused transpiration and total evapotranspi-
ration to increase, whereas physiological responses
more than compensated for these increases leading to
reductions to below the control for all biomes except

for the C4 vegetation where the total evapotranspiration
is slightly above the control value in the RPV case. As
expected, reduced latent heat flux from the canopy is
associated with increased canopy temperature. A strik-
ing result, however, is that the R case caused the tem-
perature to increase by about 2.9 K over the control in
the northern forest (Fig. 11€), that is about 1.2 K more
than its effect in the tropical forest. This larger heating
in the north seems to be related to a higher temperature
stress, which resulted in an inhibition of photosynthesis
(Fig. 11a) and consequently decreased canopy conduc-
tance. This has limited the increase in transpiration and
forced more of the available energy to be shunted into
sensible heat flux. On the other hand, when compared
to the R case the tropical forest showed greater warming
in response to the combination of radiative and physi-
ological (RPV) forcing than the needleleaf evergreen
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Fic. 13. Mean temperature difference (°C) (RPV-R, last 10 yr of runs). Contour from —1.3 to 1.0 by 0.1.

forest (0.7 K vs 0.3 K), athough with respect to the
control the northern forest responded with alarger tem-
perature increase. This is because the R run produced
more warming in the boreal forest than in the tropical
forest. Furthermore, the responses of temperature to
physiological and radiative forcings were almost addi-
tive for the tropical forest (R + PV = 2.7 K vs RPV
= 2.7 K) and the C4 biome (R + PV = 2.3 K vs RPV
= 2.2 K), whereas this was not the case for the northern
forest (R + PV = 4.3 K vs RPV = 3.2 K).

The (RPV-R) temperature difference distribution dur-
ing the growing season shows the land vegetated regions
as major heat sources (Fig. 13). The entire landmass
underwent a warming over and above the radiative ef-
fect except for the western European region where the
large-scale climate overwhelmed local vegetation ef-
fects.

Thusit can be seen from the hourly and monthly data
that the response characteristics of the physiological
model tend to dominate during the growing season. This
is not necessarily the case outside the growing season
when the physiology does not play a strong role in the
local climate. Comparing January temperatures for a

A : Tropical latitudes B: Nénhern latitudes
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Fic. 14. January mean temperature difference (last 10 yr of runs)
for (@) tropical latitude band (14.4°S-14.4°N) and (b) northern latitude
band (50.4°-70.0°N). Values in boxes are control means.

tropical latitude band (14.4°N-14.4°S) with that for a
high northern latitude band (50.4°-~70°N) shows some
unexpected results. During the winter, when the northern
vegetation is not physiologically active, the tropical
regions continue to warm as a response to high CO,
and down regulation, but a cooling occurs in the north-
ern latitudes between the R, RRP, and RPV cases as can
be seen in Figs. 14a,b. The perturbation in the tropical
forest canopy conductance far away from this region
has caused local temperatures to decrease. Obviously,
such results cannot be explained by physiological re-
sponses alone but must take in consideration the global
atmospheric circulation. We intend to investigate this
further using high-resolution runs currently under way.

d. Annual response

The effects of radiative and physiological responses
to CO, on the annual mean state of the physiology and
the climate are discussed in this section. Annual means
are, generally, consistent with the conclusions of the
preceding analysis, but contain less information about
the the underlying processes. Table 2 shows the annual-
mean values and changes relative to the control, over
the last 10 yr of each experiment, for the assimilation,
canopy conductance, evapotranspiration, precipitation,
and surface air temperature, averaged for selected lat-
itudinal bands as well as over all land points and over
the entire globe.

The impact of the purely radiative (R) perturbation
on assimilation was small at global scale, although some
inhibition of photosynthetic rates was observed in mid-
dle and high northern latitudes. The needleleaf ever-
green biome type, which is a major component in the
northern latitude band (50°-72°N), experienced in-
creased high-temperature stress in the middle of the
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TABLE 2. Summary of results from the six experiments described in test: C-control (1 X CO, for radiation and physiology); P (1 X CO,
for radiation, 2 X CO, for physiology); PV (1 X CO, for radiation, 2 X CO, for down-regulated physiology); R (2 X CO, for radiation,
1 X CO, for physiology); RP (2 X CO, for radiation, 2 X CO, for physiology); RPV (2 X CO, for radiation, 2 X CO, for down-regulated
physiology). Values in table are means for the last 10 yr of the 30-yr simulations. The values in parentheses are the percent differences from
C except in the case of surface air temperature, which are the differences from C.

Location
Tropics Midlatitudes North latitudes Global
Experiment 14.4°S-14.4°N 28.8-50.4°N 50.4-72.0°N All land points land + ocean
Assimilation (umol m=2 s1)

C 6.04 1.77 1.67 2.65

P 7.96 (31.7) 2.62 (48.3) 2.26 (35.6) 3.59 (35.3)

PV 6.87 (13.8) 1.96 (10.8) 1.76 (6.0) 2.93 (10.6)

R 6.08 (0.6) 1.72 (—2.5) 1.63 (—2.0) 2.65 (0.0

RP 8.10 (35.1) 2.53 (43.4) 2.25 (35.0) 3.59 (35.5)

RPV 6.71 (11.0) 2.02 (14.1) 1.81 (8.9) 2.94 (11.0)

Canopy conductance (mm st)

C 2.79 0.79 0.92 121

P 2.06 (—26.1) 0.61 (—23.4) 0.68 (—25.9) 0.90 (—25.1)

PV 1.82 (—34.8) 0.49 (—38.3) 0.59 (—35.7) 0.78 (—35.2)

R 2.81 (0.6) 0.79 (—0.9) 0.91 (—0.6) 1.21 (0.2)

RP 212 (—24.1) 0.61 (—23.8) 0.69 (—24.5) 0.92 (—23.8)

RPV 1.79 (—35.9) 0.51 (—35.9) 0.62 (—32.4) 0.79 (—34.1)

Evapotranspiration (W m—2)

C 100.8 49.6 38.6 58.9 96.0

P 96.7 (—4.0) 49.3 (—0.6) 37.7 (-2.2) 57.6 (—2.3) 95.8 (—0.2)

PV 96.5 (—4.2) 48.1 (—3.1) 37.0 (—4.1) 56.9 (—3.5) 96.0 (0.1)

R 105.9 (5.1) 52.3 (5.4) 41.2 (6.8) 62.3 (5.8) 100.1 (4.2)

RP 102.6 (1.9) 51.5 (3.8) 39.9 (34) 60.9 (3.3) 99.9 (4.0

RPV 100.0 (—0.8) 50.4 (1.6) 39.0 (1.0) 59.1 (0.3) 99.1 (3.3

Precipitation (mm day 1)

C 4.36 2.70 2.35 2.90 3.29

P 4.34 (—0.4) 2.69 (—0.2) 233 (—1.1) 2.89 (—0.3) 3.28 (—0.2)

PV 435 (—0.2) 2.78 (3.0 2.34 (—0.6) 2.94 (1.3) 3.29 (0.1)

R 4.58 (5.0) 291 (7.7) 2.54 (7.8) 3.10 (7.0) 343 (4.2)

RP 4.58 (5.0) 2.89 (6.8) 2.49 (5.8) 3.09 (6.5) 3.42 (4.0

RPV 445 (2.1) 2.79 (3.1) 2.43 (3.4) 2.99 (3.0) 3.40 (3.3

Surface air temperature (°C)

C 28.1 17.4 4.8 19.6 18.5

P 285 (0.4) 17.7 (0.3 5.1 (0.3) 19.8 (0.3 18.7 (0.1)

PV 28.8 (0.7) 17.9 (0.5) 59 (1.1) 20.2 (0.7) 18.9 (0.3)

R 29.8 (1.7) 20.0 (2.6) 8.8 (4.0) 22.2 (2.6) 20.4 (1.9)

RP 30.2 (2.1) 20.3 (2.9) 8.7 (3.9 224 (2.8) 20.5 (1.9

RPV 30.6 (2.6) 20.0 (2.6) 8.1(3.3) 222 (2.7) 20.4 (1.8)

growing season as a result of warming due to radiative
forcing at 2 X CO, (see also Figs. 6 and 11). On the
annual mean, however, the warming in spring and fall
resulted in less low-temperature stress (not shown) and,
therefore, compensated for much of the mid—growing
season high-temperature inhibition of assimilation and
conductance. The assimilation fields resulting from the
C and R cases were almost identical for the tropical
regions where no significant temperature stress occurred
(Figs. 4, 7, 9, and 10). The P and RP cases had signif-
icantly higher assimilation values than did their 1 X
CO, counterparts, the C and R cases, respectively. The
mean relative differences in assimilations for the P and
RP cases in the tropical band appear smaller than their
corresponding values in the middie and high latitudes.
Thisis due in part to the presence of C4 biomes in this
zone, which exhibit relatively slight responses to 2 X

CO,. The down regulation of carbon assimilation is
dlightly higher (10%) than the control indicating that
the scaling in the PV and RPV treatments was not com-
plete, mainly because assimilation is enhanced at ele-
vated CO, concentrations in C3 plants at low solar ra-
diation intensity (e.g., in the mornings and evenings)
when V.., isnot limiting. The overall effect of the down
regulation of the physiology was to reduce the stomatal
conductance by about 35% relative to the control,
whereas the unadjusted treatments resulted in reductions
of the order of 25%. This range of responsesisin good
agreement with some laboratory and field 2 X CO,
experiments (see, e.g., Field et al. 1992; Morison 1987).
There is a small difference between the stomatal con-
ductance values in the C and R experiments, which is
consistent with the annual mean assimilation rate. Can-
opy conductance and assimilation generally decrease
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away from the equator, following the environmental and
vegetation density gradients. Thus we expected and ob-
tained the largest physiological impacts of 2 X CO, on
evapotranspiration rates in the Tropics. The physiolog-
ical effects of P and PV act to reduce the evapotrans-
piration rates as the stomates close, whereas in the R
run, theincrease in the net radiation at the earth’s surface
boosted evapotranspiration. The evapotranspiration was
then progressively reduced from R to RP and to RPV
so that ultimately its global mean over land returned
approximately to the control value. The additional avail-
able energy resulting from the radiative response to 2
X CO, was released as sensible heat, causing a further
increase in air temperature in the absence of nonlocal
effects. Thisis an important result that could otherwise
not have been seen in conventional greenhouse simu-
lations that do not include the vegetation physiological
effects.

For all parts of the earth the physiological effects (P,
PV) on precipitation were small compared to those of
the radiative treatments. Precipitation increased signif-
icantly in the R case, in line with most other GCM-
doubled CO, studies, then fell off dlightly in the RP
case, and was further reduced in the RPV case. A global
increase of the precipitation rate of about 3%, with re-
spect to the control, was obtained in the RPV case.

The annual-mean surface temperature increased ev-
erywhere as CO, fertilization and down regulation were
imposed (P, PV). The effects of physiology (P, PV) were
generally small compared to those of the radiative forc-
ing alone (R run) and are consistent with the reduction
in conductance and evapotranspiration. The maximum
temperature increase in the R run is obtained in the
northern latitudes, which isin line with previous green-
house studies. In the Tropics, where local effects are
dominant, the annual-mean surface temperature mir-
rored the responses seen in the diurnal and monthly
results; that is, an additional warming was obtained as
the physiology was acting along with the radiative forc-
ing. In the northern latitudes, however, although phys-
iological responsesto 2 X CO, had the expected impact
during the growing season, the boreal winter climate
change induced by nonlocal physiological responses
caused the RPV case to be cooler than the R case. The
overall effect on the annual-mean temperature over that
region is a cooling of about 0.7 K in response to global
down regulation of conductance.

A Student’s t-test was performed on the time series
of the globally averaged annual-mean surface temper-
ature to determine whether the temperature differences
obtained between each experiment and the control could
be accounted for by the natural variability of the coupled
model. The various t values obtained for each experi-
ment versus the control are summarized in Table 3. The
limiting t value for a 95% confidence level is 1.67 for
time series with 30 values as was the case for each
simulation. For all cases, thet valueislarger than 1.67,
which indicates that the temperature anomalies obtained

JOURNAL OF CLIMATE

VOLUME 12
TABLE 3. Student t-tests values.
Experiment P-C PV-C R-C RP-C RPV-C
t value 3.94 8.27 18.54 20.51 22.8

for each simulation cannot be attributed to random vari-
ability. We also tested the statistical significance of the
temperature changes due to the physiological impact
over and above the radiative effect (RPV vs R). Stu-
dent’s t-tests were applied to the annual-mean air tem-
perature series averaged over the tropical band (14.4°N—
14.4°S) and the middle high-latitude band (43.2°~72°N)
for the last 10 yr of each experiment. For the number
of degrees of freedom, (f = 18), the calculations RPV
versus R in the Tropics and middle to high latitudes
yielded t values of 3.7 and 6.4, respectively, whereas
the limiting value at 95% confidence level is 2.10.

4. Comparison to other studies

Some recently published simulations of climate re-
sponse to radiative and physiological forcing have also
used advanced land surface model s[Pollard and Thomp-
son 1995 (PT95); Thompson and Pollard 1995 (TP95);
Henderson-Sellers et al. 1995 (HS95)]. These models
treat stomatal conductance empirically and do not in-
clude photosynthesis. Vegetation attributes used in these
models were specified from datasets derived from the
extrapolation of a few ground-based point measure-
ments to global land surfaces (e.g., Dorman and Sellers
1989) in contrast to satellite-based global observations
used here. TP95 reported on the impact on climate of
doubling atmospheric CO, alone, whereas HS95 and
PT95 considered the sensitivity of simulated climate to
aprescribed global reduction (50%) in the stomatal con-
ductance, which may be compared with the reductions
of between 25% (P and RP cases) and 35% (PV and
RPV cases) calculated in our study. HS95 also included
combinatorial consideration of radiative forcing so that
their treatments were somewhat analogousto our C, PV,
R, and RPV experiments. All these simulations were,
however, integrated for periods much shorter than ours,
which may explain some of the differences between
these studies and results presented here.

Our resultsfor the effect of physiological forcing only
(PV) generdly lie between those of PT95 and HS95.
Over land HS95 found that a 50% reduction in stomatal
conductance alone resulted in an increase of 0.4 K in
annual mean temperature. Changes were larger in July
when the Northern Hemisphere vegetation ismost active
(0.8 K). Here we observed that a mean reduction in
conductance of 35% (PV) caused somewhat larger in-
creases of 0.7 K in the annual mean temperature and
about 1 K in July (Fig. 12). PT95 did not report land
mean values, but did report changes during the growing
season. Their results were generally larger than those
obtained in this study. For example, they obtained a 4-
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K increase in temperature associated with a 20 W m=2
decrease in evapotranspiration in the tropical forest as
compared to our results of 1 K and 8 W m=2 (Fig. 9).
They also show a 2-K temperature increase and 7 W
m~2 decrease in evapotranspiration for boreal forest,
which may be compared to 1.5 K and 5 W m~2 obtained
here for the same region (see Fig. 11). HS95 found
greater differences in warming and evapotranspiration
in boreal than in tropical forest regions. Increases in
global annual-mean temperature and precipitation
caused by radiative forcing varied somewhat between
TPO5 (2.1 K, 3.3%), HS95 (2.7 K, 7.73%), and results
reported here (1.9 K, 4.2%). In contrast to our results,
the HS95 simulations showed that the addition of ra-
diativeforcing to physiological forcing during the grow-
ing season cause much greater warming in boreal than
in tropical forest regions. This difference may arise be-
cause their model distributes convective precipitation
evenly over land grid squares, resulting in an overes-
timation of canopy interception loss.

Other GCM studies have shown that large-scale
changes in the land surface can interact with the at-
mosphere causing climate to change. As in the defor-
estation scenarios (e.g., Charney 1975; Nobre et al.
1991; Bonan et al. 1992), our physiologically based
senarios involved altering a climatologically important
property of vegetation, the stomatal conductance. The
2.7-K increase in temperature for tropical forests indi-
cated in our study (RPV) is on the same order of mag-
nitude as that simulated by GCMs for a complete de-
forestation of Amazonia (e.g., Nobre et al. 1991). The
atmospheric CO,, however, is more likely to double
before the Amazon forest is completely gone. A com-
parison of changes in global assimilation and surface
air temperature resulting from the different modeling
assumptions shows the importance of the radiative and
the physiological forcing and their interactions (Fig. 15).
The vectors (R) and (PV), corresponding to cases R and
PV, show the separate effects of radiation and physi-
ology, respectively. Although relatively small, the effect
of radiation acts in opposite directions in the Tropics
and the northern latitudes. While the radiative forcing
appears to stimulate the carbon assimilation rate in the
Tropics, its impact on the boreal vegetation resulted in
asdlight inhibition. Thetotal responseto 2 X CO, should
lie somewhere along the RP and RPV axesfor al cases.
The RP and RPV results (Fig. 15) can be compared
with the sum of vectors representing the results of sep-
arate R, RR, and V treatments. We have constructed
analogs to the RP and RPV vectors using (R + P) and
(R + PV) vectors, respectively. A comparison of RP
with (R + P), and RPV with (R + PV) indicates that
the interactions between the radiative and physiological
effects can be nonadditive, depending on the geographic
location; that isthe two vectors cannot always be treated
independently because of the climate-vegetation feed-
back and nonlocal influences, particularly in the north-
ern middle and high latitudes (Fig. 15b). In the Tropics,
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Fic. 15. Mean changes (last 10 yr of runs) in canopy net assimi-
lation plotted against changes in surface temperatures for all exper-
iments for (a) tropical latitude band (14.4°S-14.4°N); (b) northern
latitude band (50.4°-70°N); and (c) all land points. The dotted line
joining the *‘constructed” vectors (R + P) and (R + PV) is the
analog of the vector (RPV-RP).

however, the results suggest that these effects are ap-
proximately additive, presumably because loca pro-
cesses dominate there. It is projected that the value of
the assimilation rate for the tropical terrestrial biosphere
is inversely related to changes in temperature under 2
X CO, conditions (see the RPV-RP axisin Fig. 153).
For the northern latitudes, this is true for the growing
season (not shown); however, because of the lower win-
ter temperatures associated with the RPV case, the mean
annual assimilation and temperature values appear to be
correlated (Fig. 15b). For the globe, the net result is
that total assimilation varies widely for little variation
in the global mean temperature. The response of assim-
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FiG. 16. Mean changes (last 10 yr of runs) in water stress (di-
mensionless) plotted against changes in high-temperature stress (di-
mensionless) during the month of July. Both temperature and water
stresses are multiplied by 100 for (a) tropical latitude band (14.4°S-
14.4°N) (Ts = 0.13, Ws = 0.29), (b) northern latitude band (50.4°—
70°N) (Ts = 0.26, Ws = 0.05), and (c) al land points (Ts = 0.29,
Ws = 0.19). Values in parentheses represent the control means for
high-temperature stress and water stress, respectively.

ilation to temperature reflects the climate-vegetation in-
teractions as shown in the water and high-temperature
stress factors (Fig. 16). In fact, during the growing sea-
son the water stress resulting from the radiative forcing
alone is about the same in the Tropics and the northern
latitudes (Figs. 16a,b), whereas the high-temperature
stressis about three times more in the northern | atitudes.
On the other hand, the down regulation of the physi-
ology (PV) strongly reduced the water stressin the Trop-
ics with no temperature stress and in the northern lat-
itudes it resulted in high-temperature stress that is about
half that of the R case with no significant variation in
the water stress. This suggests that tropical vegetation
is more sensitive to soil water than temperature, and the
northern latitudes vegetation appears mostly controlled
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by temperature. When the physiological and radiative
effects are combined (RPV), the reduction of the sto-
matal conductance largely compensated for the water
stress created by the radiative forcing but at the same
timeit limited the transpiration rate and resulted in more
heating. Thisled to an increased high-temperature stress
over and above that resulting from the R case. In the
northern latitudes, this combination resulted mainly in
increasing the high-temperature stress since there was
little water stress. If the responses of assimilation and
temperature resulting from these two experiments were
linearly added, they would have led to less heating in
the Tropics (see RPV and R + PV vectors) and more
heating in the northern latitudes.

Thisresultisrelevant to field studieswhere vegetation
canopies are exposed to enriched CO,,. Our resultsimply
that these studies, which generally focus on the carbon
budget, should aso include energy budget (radiation,
water, and heat fluxes) measurements. It will be nec-
essary to combine the results from these studies with
anticipated changes in the energy and water balances
from GCM investigationsin order for acomplete picture
of the total response to increased CO, to emerge.

5. Concluding remarks

The continuous increase of the atmospheric CO,, con-
centration and its impact on the earth’s climate has at-
tracted the attention of scientists and policy makers.
Several modeling studies have assessed global climate
responses to an increase in the concentration of atmo-
spheric CO,, but only a few have addressed the inter-
action between CO,, vegetation, and climate. Defor-
estation studies have suggested that significant climate
feedback could result from the perturbation of the ter-
restrial vegetation characteristics.

In this study, the potential for an additional warming
over the continental land, resulting from the vegetation’s
physiological response to an increase in atmospheric
CO, concentration, has been investigated using a cou-
pled climate-biosphere model. Five perturbation ex-
periments, designed to assess the radiative and physi-
ological effects of doubled CO, on climate were com-
pared to a control after equilibrium runs of 30 yr each.
The physiological component of our study consisted of
altering the capacity of the vegetation to take up CO,
through photosynthesis and lose water through transpi-
ration. These perturbations were combined with the ra-
diative forcing to obtain a complete picture of the ra-
diative and physiological responses to an equilibrium
atmospheric CO, increase. Although many studies have
attempted to simulate the 2 X CO, climate, the results
presented here are the first from a global climate model
that includes a stomatal conductance—photosynthesis
model that responds directly to atmospheric CO, con-
centration, and also has its vegetation distribution and
vigor defined from satellite observations.

When the CO, concentration was doubled for the
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physiology aone, photosynthesis increased by about
35%. The mean canopy conductance decreased by about
25% and gave a decrease in evapotranspiration and pre-
cipitation over land. The mean temperatureincreasewas
rather small (+0.3 K). The imposition of down regu-
lation of photosynthesis caused a 35% decrease in sto-
matal conductance and a 0.7-K increase in land surface
temperature. In general similar physiological responses
were observed when the radiative forcing was included.

Changes induced by radiative forcing alone revealed
important interactions between climate and vegetation.
Although the global mean photosynthesis was not af-
fected by the radiative forcing, a slight stimulation was
observed in the tropical regions, whereas in northern
latitudes photosynthesis and canopy conductance de-
creased because of increased high-temperature stressin
summer. This was associated with a temperature in-
crease of more than 2 K greater in the northern latitudes
band than in the tropical band (see Table 2). The im-
plications are twofold: on the one hand our results sug-
gest that rapid changes in climate can cause vegetation
to be stressed, and that this can feed back on climate.
On the other hand, high levels of temperature stress
during the growing season indicate that the vegetation
is not in equilibrium with the simulated climate. In the
real world, vegetation is expected to adjust to temper-
ature increases either through acclimation or species
change (Berry and Bjorkman 1980). Furthermore, for
nonstressed vegetation, the temperature increase due to
radiative forcing alone was substantially smaller during
the day when the vegetation is active, than during the
night. This indicates that the vegetation can modulate
the diurnal temperature cycle in a greenhouse environ-
ment and may play a role in the determination of re-
giona climates. Combining the radiative and physio-
logical forcing sometimes produced results that were
not predicted from simulations involving the forcings
separately. This result was most evident in the strongly
seasonal climates in the Northern Hemisphere. During
the growing season in thisregion, the combined forcings
tended to produce less heating than the sum of the sep-
arate forcings. This trend was even stronger in winter
when the Northern Hemisphere physiology isnot active.
During the Northern Hemisphere winter the combina-
tion of radiative and down-regulated physiological forc-
ing caused surface temperatures to be cooler in that
region than radiative forcing alone. This result implies
that nonlocal effects associated with strong year-round
physiological responses in the Tropics can affect high-
latitude climate.
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