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ABSTRACT

Changes in vegetation cover are known to influence the climate system by modifying the radiative, momentum,
and hydrologic balance of the land surface. To explore the interactions between terrestrial vegetation and the
atmosphere for doubled atmospheric CO2 concentrations, the newly developed fully coupled GENESIS–IBIS
climate–vegetation model is used. The simulated climatic response to the radiative and physiological effects of
elevated CO2 concentrations, as well as to ensuing simulated shifts in global vegetation patterns is investigated.

The radiative effects of elevated CO2 concentrations raise temperatures and intensify the hydrologic cycle on
the global scale. In response, soil moisture increases in the mid- and high latitudes by 4% and 5%, respectively.
Tropical soil moisture, however, decreases by 5% due to a decrease in precipitation minus evapotranspiration.

The direct, physiological response of plants to elevated CO2 generally acts to weaken the earth’s hydrologic
cycle by lowering transpiration rates across the globe. Lowering transpiration alone would tend to enhance soil
moisture. However, reduced recirculation of water in the atmosphere, which lowers precipitation, leads to more
arid conditions overall (simulated global soil moisture decreases by 1%), particularly in the Tropics and mid-
latitudes.

Allowing structural changes in the vegetation cover (in response to changes in climate and CO2 concentrations)
overrides the direct physiological effects of CO2 on vegetation in many regions. For example, increased simulated
forest cover in the Tropics enhances canopy evapotranspiration overall, offsetting the decreased transpiration
due to lower leaf conductance. As a result of increased circulation of moisture through the hydrologic cycle,
precipitation increases and soil moisture returns to the value simulated with just the radiative effects of elevated
CO2. However, in the highly continental midlatitudes, changes in vegetation cover cause soil moisture to decline
by an additional 2%. Here, precipitation does not respond sufficiently to increased plant-water uptake, due to
a limited source of external moisture into the region.

These results illustrate that vegetation feedbacks may operate differently according to regional characteristics
of the climate and vegetation cover. In particular, it is found 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. This is in direct contrast to the view that CO2 fertilization
will enhance soil moisture and runoff across the globe: a view that neglects changes in vegetation structure and
local climatic feedbacks.

1. Introduction

The potential climatic and societal impacts of in-
creased atmospheric CO2 concentrations has concerned
the scientific community for over a century (e.g., Ar-
rhenius 1896). Numerous simulations performed with
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global climate models (GCMs), as compiled in the 1995
Intergovernmental Panel on Climate Change report,
concur that doubling the concentration of atmospheric
CO2 (but neglecting the impact of increasing aerosols)
results in a global average warming at the earth’s surface
of between 1.58 and 4.58C (Kattenberg et al. 1996). In
most simulations, the warming is accompanied by an
intensified global hydrologic cycle. Also, all these sim-
ulations show pronounced changes in regional climate.
For example, many models show a decline in midcon-
tinental soil moisture, due to an overall decrease in the
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precipitation minus evapotranspiration (e.g., Manabe
and Wetherald 1986; Rind 1988; Wetherald and Manabe
1995; Gregory et al. 1997).

It has been hypothesized that CO2-induced climate
changes could be modified by changes in the earth’s
vegetation cover. Several modeling studies have already
illustrated that altered vegetation patterns, whether due
to changes in climate or to human activities, may result
in significant regional and possibly global climatic feed-
backs. These studies include work on tropical (e.g., Lean
et al. 1996; Manzi and Planton 1996; Lean and Rown-
tree 1997), temperate (e.g., Bonan 1995), and boreal
deforestation (e.g., Bonan et al. 1992); the onset of gla-
cial climates (e.g., de Noblet et al. 1996; Gallimore and
Kutzbach 1996); the Holocene expansion of boreal for-
ests (e.g., Foley et al. 1994); and the Holocene greening
of the Sahel (e.g., Kutzbach et al. 1996; Texier et al.
1997).

Other studies of climate–vegetation interactions have
focused on the physiological response of plants to in-
creased atmospheric CO2 concentrations. Laboratory
and field observations have shown that increased CO2

concentrations can stimulate net photosynthesis (espe-
cially in C3 plants) and increase the water use efficiency
(i.e., moles of CO2 fixed through photosynthesis per
moles of H2O lost through transpiration) of most plants.
This ‘‘CO2 fertilization effect’’ is thought to generally
reduce the water vapor conductance (and transpiration
through stomata) of plant canopies (e.g., Polley et al.
1993; Field et al. 1995; Curtis 1996). Climate modeling
studies by Costa and Foley (1999), Sellers et al. (1996),
Henderson-Sellers et al. (1995), and Pollard and Thomp-
son (1995) have shown that lowered stomatal conduc-
tance leads to general decreases in evapotranspiration
(with associated increases in sensible heat flux and run-
off ). These decreases in evapotranspiration (latent heat-
ing) and increases in sensible heat flux can act to weaken
the hydrologic cycle overall, and raise surface temper-
atures slightly.

Here we consider the combined effects of changes in
vegetation cover and canopy conductance on a CO2-
warmed climate (Betts et al. 1997; Levis et al. 1999a).
In particular, we use a fully coupled climate–vegetation
model to examine the regional characteristics of vege-
tation feedbacks on the climate system. We isolate the
climate sensitivity to radiative and physiological effects
of elevated CO2, as well as to the altered global dis-
tribution of vegetation cover. Our purpose is to inves-
tigate how vegetation feedbacks affect climate, through
changes in vegetation cover and/or changes in canopy
conductance in different environments. In this way, we
wish to examine, in greater spatial and temporal detail
than has been previously documented (Betts et al. 1997),
the impacts of vegetation feedbacks on CO2-induced
climate change.

2. Model description and methods
Growing interest in exploring the bidirectional inter-

actions of climate and vegetation has led modelers to

couple simple equilibrium vegetation models with
GCMs (Henderson-Sellers 1993; Claussen 1994; Hen-
derson-Sellers and McGuffie 1995; de Noblet et al.
1996; Claussen 1997; Claussen and Gayler 1997; Betts
et al. 1997; Texier et al. 1997; Kubatzki and Claussen
1998; Claussen 1998; Claussen et al. 1998). The pre-
ferred coupling scheme involves a series of GCM sim-
ulations (of one to several years) interrupted by periodic
updates of ‘‘equilibrium’’ vegetation cover within the
GCM until steady-state conditions are attained. This is
commonly termed iterative coupling.

Foley et al. (1998) recently developed a new tech-
nique for the synchronous coupling of climate and veg-
etation models, to overcome some of the limitations of
the iterative technique. According to the synchronous
scheme, coupled models should share a common de-
scription of the surface energy and water balance, in
order to maintain physical consistency between joint
climate and ecosystem processes. Also, by definition,
synchronously coupled models should simulate transient
changes in the vegetation cover, rather than discrete
‘‘equilibrium’’ vegetation conditions, in order to rep-
resent vegetation dynamics as an integral part of the
climate system.

Foley et al. (1998) incorporated the Integrated Bio-
sphere Simulator (IBIS) biosphere model (Foley et al.
1996) within the GENESIS GCM (version 2; Thompson
and Pollard 1997). In the coupled model, GENESIS, a
three-dimensional GCM, simulates the physics and gen-
eral circulation of the atmosphere, while IBIS predicts
transient changes in the vegetation structure. GENESIS
and IBIS operate in tandem (with the same time step)
around a common treatment of land surface and eco-
physiological processes [based on the LSX land surface
package of Pollard and Thompson (1995)] to calculate
the energy, water, carbon, and momentum fluxes be-
tween vegetation, soils, and the atmosphere.

The coupled GENESIS–IBIS model was shown to
simulate the basic global-scale patterns of climate and
vegetation successfully. However, in a few regions, the
coupled model exhibits relatively large climate biases,
which result in vegetation patterns that are not consistent
with observations (see Foley et al. 1998). For reference,
IBIS output compares well against observations, when
driven with observed climate data (Foley et al. 1996;
Costa and Foley 1997).

In the present study, we employ the coupled GEN-
ESIS–IBIS model at R15 spectral horizontal resolution
(;4.58 lat 3 7.58 long), with 16 layers in the vertical,
and a 45-min time step. This resolution allows us to
perform long model integrations without great com-
putational expense. For illustrating climate–vegetation
interactions at large scales, low resolutions have proven
sufficient in previous work with this model (Levis et al.
1999a,b). We have found that, while increased horizon-
tal resolution improves the simulation regionally, on the
whole it does not justify the added computational ex-
pense for exploratory investigations such as this.



1 APRIL 2000 1315L E V I S E T A L .

a. GENESIS: The atmosphere

The GENESIS GCM has been documented (Pollard
and Thompson 1994; Pollard and Thompson 1995;
Thompson and Pollard 1995a,b; Thompson and Pollard
1997; Pollard and Thompson 1997) and tested in a wide
variety of climate simulations (e.g., Bonan et al. 1992;
Barron et al. 1993; Crowley et al. 1993; Foley et al.
1994; Pollard et al. 1998; Foley et al. 1998) and in the
Atmospheric Modelling Intercomparison Project effort
(Gates 1992). In general, GENESIS version 2 (Thomp-
son and Pollard 1997) simulates a better climate than
version 1.02 (Thompson and Pollard 1995a) when com-
pared with observations. However, both versions of the
model produce a cold wintertime bias over the Hima-
layan plateau and China, possibly due to dynamical ef-
fects of Himalayan orography. Also, much of continen-
tal Antarctica and Greenland are warmer than observed.
Zonally averaged precipitation agrees well with obser-
vations. Compared with other models of this complex-
ity, GENESIS simulates satisfactory global climate pat-
terns for use in the investigation of bidirectional cli-
mate–vegetation interactions.

GENESIS includes the effects of several greenhouse
trace gases (CO2, CH4, N2O, CFC11, and CFC12) ex-
plicitly, assuming globally uniform mixing ratios (Wang
et al. 1991). The radiative effects of tropospheric aero-
sols are included, assuming a uniform aerosol column
over all nonice land points, with a prescribed exponen-
tial decrease with height. In our climate change simu-
lations, only the concentration of CO2 is doubled; other
trace gas and aerosol concentrations are not changed.

In this study, sea surface temperatures are simulated
using a simple thermodynamic mixed-layer represen-
tation of the upper ocean (;50 m). Sea ice is simulated
using a three-layer thermodynamic model and is free to
flow with prescribed ocean currents and simulated at-
mospheric winds.

b. IBIS: Vegetation and the land surface

IBIS belongs to a new generation of Dynamic Global
Vegetation Models (Foley et al. 1996; Friend et al. 1997;
Beerling et al. 1997). IBIS in particular integrates bio-
physical, physiological, ecological, and hydrological
processes in one model framework (Foley et al. 1996).
The model’s land surface package (biophysical and hy-
drological processes; Pollard and Thompson 1995) was
evaluated against other land surface models (the PILPS
effort of Henderson-Sellers et al. 1996) and against ob-
servations (Levis et al. 1996). The complete model has
been evaluated at global (Foley et al. 1996) and regional
(Costa and Foley 1997) scales, as well as at individual
sites (Delire and Foley 1999).

Vegetation is described in IBIS as an upper and a
lower canopy (trees and grasses) that captures light,
intercepts water, and fixes carbon. Vegetation structure
is characterized foremost by the leaf area index (LAI)

and fractional cover, but also by the amount of biomass.
The structure and composition of the vegetation cover
changes in response to the vegetation’s annual carbon
budget, and the changing competitive balance for light
and soil moisture between nine plant functional types.
A simple phenology model allows for the distinction
between evergreen and deciduous plant types (Foley et
al. 1996).

As simulated by IBIS, the physiological (i.e., pho-
tosynthesis and stomatal conductance) effects of mod-
ified atmospheric CO2 concentrations do not consider
changes in whole-plant allocation or altered nutrient cy-
cling patterns. In addition, IBIS does not account for
observed nutrient availability and its consequences on
plant growth. In the field under elevated CO2, whole-
plant processes and nutrient limitations are often found
to reduce the CO2-induced enhancement of productivity
(Field et al. 1995).

There are six soil layers of varying thickness down
to a depth of 4 m. Water may infiltrate into the soil or
run off at the surface. If not frozen, soil moisture can
evaporate from the top or drain out of the bottom soil
layer, and it may transpire through the vegetation. Fi-
nally, snow is represented by three layers of varying
thickness and fractional cover.

c. The simulations

We consider three forcing mechanisms on the coupled
climate–vegetation system: radiative effects of in-
creased CO2 (R), physiological effects of increased CO2

(P), and changes in vegetation cover (V). For this pur-
pose, we conduct four coupled model simulations:

R Modern climate and vegetation (control)
R Doubled CO2 climate (R)
R Doubled CO2 climate, where canopy physiology re-

sponds to elevated CO2 (RP)
R Doubled CO2 climate, where canopy physiology re-

sponds to elevated CO2 and vegetation cover responds
to elevated CO2 and to changes in climate (RPV)

All simulations are performed for equilibrium con-
ditions; transient changes in CO2 concentrations and
their effects on climate are not considered in this study.
In the control we prescribe atmospheric CO2 concen-
trations at 345 ppmv; in R, RP, and RPV, CO2 concen-
trations are set to 690 ppmv.

The Control and RPV are 70-yr simulations (starting
from a previous 50-yr equilibrium simulation of the
modern climate), in which the vegetation cover is al-
lowed to roughly equilibrate with the simulated climate.
Here R and RP are 20-yr simulations with prescribed
vegetation cover obtained from the control.

3. Results

Due to our interest in land surface feedbacks, we
examine model output averaged over ice-free continen-
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tal regions for the last 10 years of each simulation. In
presenting the model results, we follow a stepwise ap-
proach (the control, R, RP, and RPV), in order to isolate
the selected forcing mechanisms (R, P, and V).

We report temperatures and fluxes from the lowest
GCM level (;50 m above the surface). Simulated
evapotranspiration includes contributions from land sur-
faces as well as fractional open water (lakes, wetlands,
and coastal waters) in every model grid cell. Such water
bodies are treated as unlimited sources of water and,
therefore, do not permit the hydrologic cycle to balance
exactly. Also, a model assumption in IBIS causes sto-
matal conductance (and, therefore, transpiration) to re-
main infinitesimally, yet not negligibly, above zero even
when soils are dry. This leads to slightly overestimated
transpiration values.

a. Present-day climate

We briefly evaluate the present-day hydrologic cycle
and climate simulation against observations averaged
globally and zonally over ice-free continental regions.

The simulated global average precipitation rate is 2.12
mm day21, which is less than the observational estimates
of 2.37 mm day21 (UNESCO 1978), 2.21 mm day21

(Baumgartner and Reichel 1975), 2.38 mm day21 (Le-
gates and Willmott 1990), and 2.24 mm day21 (Leemans
and Cramer 1990; W. P. Cramer 1996, personal com-
munication). The simulated temperature of 14.98C is
somewhat warmer than the observational estimates of
13.98C (Legates and Willmott 1990) and 13.38C (Lee-
mans and Cramer 1990; W. P. Cramer 1996, personal
communication).

The model generally reproduces the observed zonal
features of these variables (Figs. 1a,b). However, runoff
(Fig. 1c) appears underestimated due to a systematic
overestimation in the simulated evapotranspiration. In
particular, a model assumption (in IBIS) that causes sto-
matal conductance (and transpiration) to remain nonzero
even when soils are dry, leads to slightly (on the order
of 1%) overestimated evapotranspiration values.

b. Doubled CO2 climate: Global average results

Doubling the atmospheric concentration of CO2 re-
sults in a global (land plus ocean) average 2.58C warm-
ing of the surface air temperature in simulation R com-
pared to the control. This result falls within the 1.58–
4.58C warming reported by IPCC 1995 as simulated by
equilibrium models without aerosol cooling (Kattenberg
et al. 1996). This change is accompanied by an overall
intensification of the hydrologic cycle, including a 0.11
mm day21 increase in both precipitation and evapotrans-
piration over ice-free continental regions (Table 1), in
agreement with past work (Kattenberg et al. 1996). A
more complete analysis of the GENESIS model’s dou-
bled-CO2 sensitivity is presented by Thompson and Pol-
lard (1997).

In simulation RP, IBIS allows stomatal conductance
and photosynthesis to respond to the doubled atmo-
spheric CO2 concentration. As a result, globally aver-
aged canopy conductance decreases by about 12% (sim-
ulation RP minus R; Table 1). Simulated canopy con-
ductance is proportional to the net photosynthesis and
inversely proportional to atmospheric CO2 concentra-
tions. Increased CO2 concentrations cause photosynthe-
sis rates (as measured by canopy net primary produc-
tivity, NPP) to increase by 62%, primarily due to the
CO2 fertilization effect on C3 photosynthesis. This pro-
ductivity increase largely offsets the decrease in canopy
conductance due directly to the increase in CO2. Over-
all, the decrease in canopy conductance causes a de-
crease in transpiration (evapotranspiration) of 0.03 mm
day21 (0.02 mm day21) on the global mean. In response,
precipitation decreases by 0.07 mm day21 and the tem-
perature rises by 0.28C. These results qualitatively agree
with the results of Sellers et al. (1996).

Simulation RPV includes all three forcing factors:
radiative forcing from increasing CO2 (R), physiological
impacts of increasing CO2 (P), and the consequent
changes in simulated vegetation cover (V). In RPV, the
global average LAI increases from 4.3 to 6.4 m2 m22.
This increase is associated with an expansion of forest
cover at the expense of grasses, and can be explained
in part by the differential impact of CO2 fertilization on
C3 plant types (including all trees and cool grasses) and
C4 plant types (tropical grasses) (Idso and Kimball
1993). In RPV, we find no significant additional change
in temperature compared to RP. However, continental
precipitation and evapotranspiration both increase by
0.06 mm day21. The increase in evapotranspiration is
associated with a 0.08 mm day21 rise in transpiration,
which, in turn, is attributed to the 2.1 m2 m22 increase
in canopy density (i.e., LAI) across the globe. Therefore,
on a global scale, changes in the vegetation cover appear
to partially offset the effects of reduced canopy con-
ductance (Table 1), in overall agreement with Betts et
al. (1997).

c. Northern high latitudes (608–908N)

1) SIMULATION R MINUS CONTROL

The annual average high-latitude warming of 3.98C
in simulation R compared to the control (Table 2) is
greatest during fall, winter, and spring (January maxi-
mum of ;78C; Fig. 2a), consistent with numerous other
GCM simulations (Kattenberg et al. 1996). The cold-
season peak in the warming suggests the presence of
positive feedbacks caused by reduced snow cover on
the land and reduced sea ice on the Arctic Ocean (e.g.,
Dickinson et al. 1987; Harvey 1988; Curry et al. 1995;
Rind et al. 1995; Kattenberg et al. 1996).

Precipitation increases throughout the year by 0.15
mm day21 (Table 2) and follows a similar seasonal cycle
as the temperature (Fig. 2b), illustrating 1) the direct
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FIG. 1. Zonally averaged (a) temperature, (b) precipitation, and (c) runoff over ice-free continents (simulated vs observed). We report
observed temperature and precipitation from Legates and Willmott (1990) and run off from Cogley (1991).

TABLE 1. Globally averaged near-surface environmental variables over ice-free continental regions for the control simulation. Also, globally
averaged differences of the same variables between simulations R and the control, RP and R, and RPV and RP. For reference, we show the
globally averaged (land plus ocean) temperature and its differences.

Control R-Control RP–R RPV–RP

Global temperature (8C)
Temperature (8C)
Sensible heat (W m22)
Precipitation (mm day21)
Evapotranspiration (mm day21)
Transpiration (mm day21)
Soil water (m in 4-m column)
Canopy conductance (mm s21)
Leaf area index (m2 m22)

14.5
14.9
27.0
2.12
1.75
0.81
0.85
0.59
4.3

12.5
12.7

10.8 (13%)
10.11 (15%)
10.11 (16%)
10.05 (16%)
20.01 (21%)
20.01 (22%)

Unchanged

10.1
10.2

10.6 (12%)
20.07 (23%)
20.02 (21%)
20.03 (23%)
20.01 (21%)
20.07 (212%)

Unchanged

0.0
0.0

21.1 (24%)
10.06 (13%)
10.06 (13%)
10.08 (110%)

0.00 (0%)
10.13 (125%)

12.1

connection between temperature and the water holding
capacity of air, and 2) an unrestricted source of water
vapor (from increasingly ice-free Arctic Ocean waters
and from increased moisture storage in the soils).

With the warmer and wetter conditions, evapotrans-

piration increases year-round by 0.09 mm day21 (Table
2), with a peak in summer (Fig. 2c). Soil moisture in-
creases year-round by 5% (Table 2), due to more pre-
cipitation and less frozen soils, which allow for more
infiltration and percolation.
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TABLE 2. As in Table 1 but averaged over ice-free continents of the northern high latitudes (608–908N). We show simulated surface
albedo for this region, as well as simulated sea ice cover for water bodies north of 608N.

Control R–Control RP–R RPV–RP

Temperature (8C)
Sensible heat (W m22)
Precipitation (mm day21)
Evapotranspiration (mm day21)
Transpiration (mm day21)
Soil water (m in 4-m column)
Canopy conductance (mm s21)
Leaf area index (m2 m22)
Surface albedo (fraction)
Sea ice cover (fraction)

26.7
4.0
0.76
0.35
0.15
0.99
0.28
2.5
0.38
0.48

13.9
10.5 (113%)
10.15 (120%)
10.09 (126%)
10.03 (120%)
10.05 (15%)
10.02 (17%)

Unchanged
20.03
20.11

10.6
0.00 (0%)

10.02 (12%)
0.00 (0%)

20.02 (211%)
10.02 (12%)
20.06 (220%)

Unchanged
0.00

20.02

0.0
11.3 (129%)
10.02 (12%)
10.05 (111%)
10.11 (169%)
10.01 (11%)
10.18 (175%)

13.0
20.06
10.01

FIG. 2. Ice-free continental regions of the northern high latitudes (608–908N). Monthly average differences in simulated (a) temperature,
(b) precipitation, (c) evapotranspiration, and (d) net radiation. Blue line: changes due to CO2 radiative forcing (R 2 control); red line:
changes due to CO2 radiative and physiological forcing (RP 2 control); green line: changes due to CO2 radiative and physiological forcing
with vegetation feedbacks (RPV 2 control). Statistically significant changes of RP 2 R and RPV 2 RP (at the 95% confidence level, using
a Student’s t-test) are shown with open circles. Here R 2 control is always significant; therefore, circles are omitted. We report temperature
and fluxes from the lowest GCM level (;50 m above the surface).
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TABLE 3. As in Table 2 but averaged over midlatitude continents (308–608N).

Control R–Control RP–R RPV–RP

Temperature (8C)
Sensible heat (W m22)
Precipitation (mm day21)
Evapotranspiration (mm day21)
Transpiration (mm day21)
Soil water (m in 4-m column)
Canopy conductance (mm s21)
Leaf area index (m2 m22)
Surface albedo (fraction)

6.9
22.6
1.51
1.16
0.55
0.84
0.57
5.0
0.17

12.7
20.9 (24%)
10.19 (113%)
10.14 (112%)
10.07 (113%)
10.03 (14%)
10.03 (15%)

Unchanged
20.01

10.3
11.1 (15%)
20.07 (24%)
20.03 (22%)
20.03 (25%)
20.01 (21%)
20.09 (215%)

Unchanged
0.00

0.0
21.1 (25%)
10.05 (13%)
10.07 (16%)
10.11 (119%)
20.02 (22%)
10.18 (137%)

12.4
20.01

2) SIMULATION RP MINUS R

In simulation RP compared to R, we find an additional
high-latitude warming of 0.68C (Table 2 and Fig. 2a)
due to a decrease in evapotranspiration in late summer
(Fig. 2c) and the resultant positive feedback of dimin-
ishing sea ice on the Arctic Ocean. This oceanic feed-
back explains the seasonality in the warming of this
region, as described for simulation R.

Annual-average transpiration decreases in RP by 0.02
mm day21 with a peak in summer, that is, during the
growing season, in direct response to the physiological
effects of elevated CO2 on leaf stomata (Table 2).
Evapotranspiration (Fig. 2c) does not change apprecia-
bly, because increases in evaporation from the ground
and canopy (not shown) compensate for the decrease in
transpiration. This implies ample water availability,
which can be attributed to the 0.02 mm day21 annual
increase in precipitation (Fig. 2b) and the 2% increase
in soil moisture (Table 2).

The physiological effects of elevated CO2 on high-
latitude temperature and precipitation appear similar to
(and generally amplify) the radiative feedbacks (R mi-
nus Control), leading to progressively warmer and wet-
ter conditions.

3) SIMULATION RPV MINUS RP

In simulation RPV, the vegetation cover responds to
the extension of the growing season in the high latitudes,
in addition to the physiological effects of doubled CO2

concentrations. As a result, the LAI increases greatly,
from 2.5 m2m22 (in control) to 5.5 m2m22 (in RPV; Table
2), in qualitative agreement with previous projections
of increased high-latitude forest density and extent
(Prentice et al. 1991; Neilson and Marks 1994; Starfield
and Chapin 1996).

The climate-induced changes in vegetation cover en-
hance the high-latitude continental warming by 1.68C
and 0.58C in spring and summer, respectively (Fig. 2a).
This positive feedback results from the decrease in sur-
face albedo (Table 2) between expanded boreal forests
and retreating snow-covered tundra regions (Laine and
Heikinheimo 1996; Robinson and Kukla 1985; Sharratt
1998). The same process has been shown to apply in
simulations of the warmer mid-Holocene (Foley et al.

1994; Ganopolski et al. 1998) as well as, in reverse,
under boreal deforestation conditions (e.g., Bonan et al.
1992).

Conversely, the changes in vegetation cover appear
to cool the high latitudes in fall and winter by 0.38C
and 1.78C, respectively (relative to RP; Figure 2a). This
negative feedback is attributed to greater surface emis-
sivity and, therefore, greater heat loss by terrestrial ra-
diation (net solar minus terrestrial shown in Fig. 2d) in
regions with increased forest canopy cover (Kurvonen
et al. 1998). In fall and winter, the changes in surface
albedo have little effect on this region’s energy balance,
because insolation drops to a minimum. The cooling
extends into the lower atmosphere, in part because of
a slight decrease in the negative sensible heat flux as a
direct result of the greater surface roughness in regions
of denser vegetation (Bonan et al. 1995; Levis et al.
1999a) (note: sensible heat is usually negative during
high-latitude winters). The infrared heat loss (and cool-
ing) is amplified by enhanced atmospheric stability in
the region (enhanced subsidence), which results in de-
creased cloudiness (not shown). Further observational
evidence may help verify the potential for this negative
feedback mechanism on high-latitude greenhouse
warming.

The warming feedback in spring and summer is ac-
companied by an increase in precipitation (Fig. 2b),
evapotranspiration (Fig. 2c), and snowmelt. The cooling
in winter is accompanied by a decrease in the precipi-
tation. These results emphasize the importance of the
relationship between temperature and the water holding
capacity of air in the high latitudes. Finally, soil mois-
ture increases year-round, because warmer spring and
summer temperatures facilitate water infiltration into
less frozen soils (Table 2).

d. Northern midlatitudes (308–608N)

1) SIMULATION R MINUS CONTROL

In the midlatitudes, the radiative warming (R minus
the control) is weaker (2.78C; Table 3) and has a nar-
rower seasonal range than in the high latitudes (Fig. 3a).
This is partly due to a smaller change in snow and sea
ice cover between simulations R and the control in this
region.
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FIG. 3. As in Figs. 2a–c but for continental regions of the midlatitudes (308–608N). For better resolution, the temperature scale is half
that in Fig. 2.

Precipitation (Fig. 3b) and evapotranspiration (Fig.
3c) increase year round by 0.19 mm day21 and 0.14 mm
day21, respectively, leading to increases in the soil mois-
ture (4%; Table 3). As in the high latitudes, the hydro-
logic cycle intensifies in response to the greater water
holding capacity of warmer air and the large increase
of oceanic evaporation rates. However, zonal-average
changes in the hydrologic cycle mask the significant
drying that appears in large parts of continental Asia
(not shown), in qualitative agreement with much of the
climate change literature discussing midcontinental
aridity as an effect of global warming (e.g., Manabe and
Wetherald 1986; Rind 1988; Wetherald and Manabe
1995; Gregory et al. 1997).

2) SIMULATION RP MINUS R

The physiological effects of doubled CO2 concentra-
tions generate an additional year-round warming in the

midlatitudes (on average 0.38C, relative to R) in re-
sponse to a 0.03 mm day21 reduction in evapotranspi-
ration. Precipitation decreases by 0.07 mm day21 and
soil moisture by 1% year-round (Table 3 and Fig. 3).

The physiological impacts of doubled CO2 influence
the hydrologic cycle of this region in two ways, with
opposite effects on the soil moisture: 1) transpiration is
reduced by improved plant water-use efficiency, but, as
a result 2) less water is recycled through the atmosphere
for precipitation. Ultimately, soil moisture is depleted,
because the second mechanism prevails. A positive soil
moisture feedback (see Eltahir 1998) potentially con-
tributes to the drier water balance, by reducing moist
static energy in the boundary layer and inhibiting pre-
cipitation.

Midlatitude climate shows stronger direct sensitivity
to changes in plant transpiration than high-latitude cli-
mates. This is partly due to the longer growing season
in the midlatitudes, which, through photosynthesis,
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makes transpiration a more significant component of the
hydrologic cycle. In addition, greater overall continen-
tality increases the sensitivity of the hydrologic cycle
to local recirculation of soil moisture. Therefore, a larger
fraction of the precipitation in this region relies on the
recycling of water through evapotranspiration (Del-
worth and Manabe 1989).

3) SIMULATION RPV MINUS RP

In simulation RPV, where the structure of the vege-
tation cover responds to changes in climate and CO2

concentrations, LAI values increase throughout the mid-
latitudes, including in semi-arid regions (LAI increases
from 5.0 to 7.4 m2 m22 on average; Table 3). We find
increases in the LAI primarily of temperate deciduous
trees (United States and western Europe) and of mid-
continental grasses (Eurasia). Evergreen tree LAIs in-
crease in East Asia and in limited parts of the United
States.

Midlatitude spring and fall are slightly warmer in
RPV than in RP (Fig. 3a), in response to the increase
in vegetation cover and the resultant decrease in the
surface albedo. In December, there is a slight, yet re-
gionally statistically significant cooling, due to in-
creased emissivity of denser vegetation (as shown for
the high latitudes). Finally in July, there is a small, yet
regionally statistically significant cooling, due to the
increase in LAI and the enhanced evapotranspiration
rates (Table 3), which result in increased latent (at the
expense of sensible) heat flux into the atmosphere.

The significant increase in evapotranspiration
throughout the growing season (annually 0.07 mm
day21) results in spring and summer increases in the
precipitation (Fig. 3b). Although precipitation increases
by 0.05 mm day21 annually, soil moisture decreases by
2%, due to the increased water uptake by plants (Table
3). This response reinforces the hypothesis that a large
fraction of the precipitation in this region depends on
local recycling of the water reserves through evapo-
transpiration (Delworth and Manabe 1989).

e. Tropics (158S–158N)

1) SIMULATION R MINUS CONTROL

There is a simulated 2.18C warming in the continental
Tropics (Fig. 4a), due to the radiative effects of elevated
CO2. Precipitation increases in the intertropical con-
vergence zone (ITCZ) and decreases elsewhere (annual
average increase of 0.12 mm day21). Evapotranspiration
increases everywhere by 0.17 mm day21, primarily due
to the warming. Soil moisture increases in the ITCZ but
on average decreases in the Tropics by 5% (Table 4).

2) SIMULATION RP MINUS R

There is an additional slight warming of 0.18C in the
Tropics due to the physiological effects of elevated CO2.

Precipitation and soil moisture decrease year-round by
0.17 mm day21 and 2%, respectively (Fig. 4b and Table
4). Evapotranspiration and transpiration do not change
appreciably, despite improved plant water-use efficien-
cy, due to the offsetting effect of CO2 fertilization on
plant productivity.

As in the midlatitudes, the physiological feedback of
narrower stomatal openings opposes the radiative effects
of elevated CO2 on the hydrologic cycle, in agreement
with Costa and Foley (1999). In particular, the decrease
in precipitation is linked partly to a small decrease in
evapotranspiration and partly to a positive soil moisture
feedback mechanism, by which drier soils and reduced
evapotranspiration decrease the moist static energy of
the boundary layer and, thus, inhibit precipitation (El-
tahir 1998).

3) SIMULATION RPV MINUS RP

In RPV, LAI values increase throughout the Tropics.
Both evergreen and deciduous trees increase their pro-
ductivity (average tree LAIs change from 4.5 to 6.9 m2

m22), at the expense of tropical grasses (herbaceous
LAIs change from 0.7 to 0.5 m2 m22; Table 4). The
large increase in plant biomass (respiring tissue) causes
NPP to decline slightly relative to simulation RP.

The changes in vegetation cover appear to nullify the
physiological feedbacks shown in RP. In particular,
evapotranspiration increases by 0.17 mm day21 (com-
pared to RP), which contributes to year-round cooling
of 0.18C, as well as to increases in the precipitation (0.20
mm day21) and soil moisture (2%; Table 4 and Fig. 4).
In contrast to the midlatitudes, the tropical hydrologic
cycle is enhanced without further depletion of the soil
water reserves.

4. Conclusions

We use a fully coupled model of climate and vege-
tation to examine how the climate system responds to
three forcing mechanisms: radiative effects of elevated
CO2, physiological effects of elevated CO2, and the
ensuing changes in vegetation cover. The simulated cli-
matic response to the radiative effects of elevated CO2

is in general agreement with previous simulations of its
kind.

In our model, plant photosynthesis and conductance
respond nonlinearly to rising CO2 concentrations lead-
ing, in general, to increases in vegetation canopy density
and extent on the land surface. Increased vegetation
cover is shown to enhance evapotranspiration and
strengthen the hydrologic cycle, while decreased canopy
conductance weakens it. The net effect of the two op-
posing processes depends on regional moisture avail-
ability, the fraction of precipitation that originates from
local recycling, and the sensitivity of the atmosphere to
changes in the hydrologic cycle.

In tropical regions, the atmosphere and soils provide
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FIG. 4. As in Figs. 3a–c but for continental regions of the Tropics (158S–158N). For better resolution, the temperature scale is one-third
that in Fig. 3. The precipitation scale is double that in Fig. 3.

TABLE 4. As in Table 3 but averaged over tropical continents (158S–158N).

Control R–Control RP–R RPV–RP

Temperature (8C)
Sensible heat (W m22)
Precipitation (mm day21)
Evapotranspiration (mm day21)
Transpiration (mm day21)
Soil water (m in 4-m column)
Canopy conductance (mm s21)
Leaf area index (m2 m22)

26.6
30.7
5.22
3.50
1.92
1.29
1.04
5.2

12.1
12.8 (19%)
10.12 (12%)
10.17 (15%)
10.06 (13%)
20.07 (25%)
20.06 (26%)

Unchanged

10.1
11.0 (13%)
20.17 (23%)
20.02 (21%)
20.02 (21%)
20.03 (22%)
20.09 (29%)

Unchanged

20.1
25.2 (215%)
10.20 (14%)
10.17 (15%)
10.15 (18%)
10.02 (12%)
10.24 (127%)

12.2

copious amounts of moisture. Also, from an atmospheric
dynamics perspective, the region is known for a highly
unstable troposphere with a propensity for large-scale
convection. As a result, increased vegetation cover en-
hances transpiration more than decreased stomatal con-
ductance weakens it and triggers a positive feedback
throughout the hydrologic cycle, which leads to in-
creased precipitation and wetter soils.

In the highly continental midlatitudes, much of the
precipitation originates from local recirculation of soil
moisture. In addition, the midlatitude troposphere is
characterized by comparatively stable conditions, es-
pecially over midcontinental regions. Therefore, the
limited supply of moisture in the atmosphere and soils
is accelerated through the hydrologic cycle by the in-
creased plant-water uptake, and soil moisture and run
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off (not shown) are reduced. In other words, evapo-
transpiration increases more than precipitation.

In this study, we have made significant progress in
capturing a wide range of interacting nonlinear pro-
cesses within the climate system. Our intention is to
improve our understanding of the Earth System and its
potential responses to anthropogenic environmental
change. On one hand, our model results agree with pro-
jections for a ‘‘greener’’ Earth through CO2 fertilization
effects and improved plant water-use efficiency (e.g.,
Drake et al. 1997; Idso and Idso 1994; Graybill and Idso
1993). From water budget considerations, however, our
results do not appear as optimistic as Idso and Brazel
(1984) or Aston (1984), who suggest that plant physi-
ological responses to elevated CO2 will conserve water
and increase stream flow in certain parts of the world.

Despite this progress, our model has room for de-
velopment:

R The physiological effects of increasing CO2 concen-
trations simulated here do not consider changes in
whole-plant allocation or nutrient cycling patterns,
which may act to reduce the CO2-induced enhance-
ment of productivity (Field et al. 1995). Therefore,
the ‘‘greening’’ (in simulation RPV of this study) may
be considered a high estimate of the biosphere’s re-
sponse to doubled CO2.

R Milly (1997) has shown that continental aridity may
depend in part on plant rooting characteristics. GEN-
ESIS–IBIS does not simulate explicitly the response
of plant-water uptake to changes in below ground bio-
mass (i.e., root volume).

R GENESIS–IBIS does not account for changes in nat-
ural disturbances, such as fires. Warmer and drier con-
ditions in certain parts of the world may increase the
frequency of fires (Overpeck et al. 1990; Ryan 1991),
thereby curbing the potential biospheric enhancement
under elevated CO2.

R To examine the potential climatic feedback mecha-
nisms presented in this study at finer scales (e.g., for
the application in climate change policy) we need to
operate fully coupled ocean–atmosphere–biosphere
models. With a synchronously coupled model, such
as GENESIS–IBIS, we may begin to simulate pro-
cesses of climate–vegetation change due to transient
trends in CO2. Here, the model is not coupled to a
dynamic ocean model.

R We must begin to examine the effects of human land
use as another interactive component of the climate
system.
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