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ABSTRACT

Rising levels of carbon dioxide since the preindustrial era have likely contributed to an observed warming
of the global surface, and observations show global greening and an expansion of boreal forests. This study
reproduces observed climate and vegetation trends associated with rising CO, using a fully coupled atmo-
sphere—ocean-land surface GCM with dynamic vegetation and decomposes the effects into physiological
and radiative components. The simulated warming trend, strongest at high latitudes, was dominated by the
radiative effect, although the physiological effect of CO, on vegetation (CO, fertilization) contributed to
significant wintertime warming over northern Europe and central and eastern Asia. The net global greening
of the model was primarily due to the physiological effect of increasing CO,, while the radiative and
physiological effects combined to produce a poleward expansion of the boreal forests. Observed and
simulated trends in tree ring width are consistent with the enhancement of vegetation growth by the

physiological effect of rising CO,.

1. Introduction

Rising concentrations of atmospheric carbon dioxide
during the twentieth century have likely contributed
toward changes in both climate and vegetation. The
global mean surface air temperature has risen by an
estimated 0.4°-0.8°C since the late nineteenth century
(Houghton et al. 2001). The warming has been most
pronounced during winter and spring over the North-
ern Hemisphere mid- and high-latitude land, particu-
larly 40°-70°N (Hansen et al. 1999; Houghton et al.
2001).

Consistent with the high-latitude warming of the
twentieth century has been a poleward expansion of the
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Northern Hemisphere boreal forest (D’Arrigo et al.
1987). A greening trend in the boreal zone was identi-
fied in satellite data by Myneni et al. (1997a) and fur-
ther investigated by Zhou et al. (2001) and Lucht et al.
(2002). The increase in the normalized difference veg-
etation index (NDVI) during the 1980s and 1990s was
persistent, but not homogeneous, within 40°-70°N
across Eurasia and North America (Zhou et al. 2001;
Tucker et al. 2001). The mid- and high-latitude green-
ing trend is primarily a response to rising air tempera-
tures, according to Zhou et al. (2003) and Lucht et al.
(2002), and is characterized by an earlier snowmelt and
spring budburst, delayed autumn leaf fall, increase in
plant growth, and lengthening growing season (Myneni
et al. 1997a; McCarthy et al. 2001; Lucht et al. 2002;
Parmesan and Yohe 2003).

This study is the first to analyze global vegetation
changes due to rising CO, levels from preindustrial to
modern times using a fully coupled atmosphere—ocean—
land model with fully interactive dynamic vegetation.
Previously, Lucht et al. (2002) succeeded in reproduc-
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ing the high northern latitude greening trend of the
1980s-1990s using the offline Lund-Potsdam-Jena
(LPJ) dynamic global vegetation model (DGVM)
driven by observed climate data.

Numerous studies have simulated future changes in
vegetation and climate caused by the expected continu-
ing rise in CO,. Kicklighter et al. (1999) modeled the
effects of CO, fertilization on terrestrial carbon from
1765 to present, and into the future, using four bio-
sphere models. They found global increases in vegeta-
tion carbon and net primary productivity (NPP). Two
earth system models of intermediate complexity were
applied by Brovkin et al. (2003) to simulate rising CO,
levels from 1800 to 2055, with results suggesting that
notable atmospheric and vegetation responses to CO,
were mostly limited to the period after 1970. A pole-
ward expansion of the Northern Hemisphere boreal
forests under 2 X CO, conditions has been simulated in
several studies, using BIOME (Solomon et al. 1993;
Claussen 1994; Claussen and Esch 1994; Prentice and
Sykes 1995), BIOME4 (Kaplan et al. 2003), the fully
coupled GENESIS Integrated Biosphere Simulator
(IBIS) model (Levis et al. 2000), and the asynchronous-
ly coupled GENESIS Equilibrium Vegetation Ecology
(EVE) model (Bergengren et al. 2001).

In several modeling studies, the impact of future ris-
ing CO, levels on vegetation has been decomposed into
two components: radiative and physiological effects.
Levis et al. (2000) concluded that the radiative effect
produced higher temperatures and an intensified hy-
drological cycle, with soil moisture increasing in the
midlatitudes and decreasing in the Tropics. They also
found that direct physiological effects enhanced photo-
synthesis and weakened the hydrological cycle by re-
ducing stomatal conductance, decreasing transpiration
and precipitation, and increasing aridity in the Tropics
and midlatitudes, while producing a small additional
warming over the midlatitudes due to reduced evapo-
transpiration (Sellers et al. 1996; Betts et al. 1997,
Bounoua et al. 1999). Betts et al. (2004) studied the
radiative, physiological, and biogeophysical effects of
rising levels of CO, on Amazonian forest cover and
precipitation for 1860-2100 using the Hadley Centre
coupled climate—carbon cycle model with dynamic veg-
etation. Their study mainly emphasized the future im-
pacts of rising CO..

This study focuses on the preindustrial to modern
period and investigates the radiative and physiological
impacts of the increase in CO, on climate and vegeta-
tion. This period has received relatively little emphasis
in prior studies. Myneni et al. (1997a) concluded from
satellite data that photosynthetic activity increased
10%-12% between 45° and 70°N during 1981-91, pri-
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marily due to greater springtime warming. Fung (1997)
argued that the 4% increase in CO, levels during this
interval was insufficient to significantly enhance photo-
synthesis. Fung instead proposed that increasing tem-
peratures might have accelerated snowmelt and length-
ened the growing season, thereby enhancing photosyn-
thesis, while the melting of permafrost might have
released trapped nutrients. Lucht et al. (2002) con-
cluded that the direct physiological effect of increased
CO, contributed minimally toward the high-latitude
greening trend during the satellite period. However,
their simulation used the offline LPJ-DGVM driven by
observed climate and therefore did not consider the
possible role of biosphere—atmosphere feedbacks in
producing the observed climate. The present study uses
a fully coupled climate-vegetation model that allows
changes in stomatal conductance, albedo, and surface
roughness to influence the climate via their effects on
surface fluxes of heat, water, and momentum.

Tree ring records at globally scattered sites suggest
that tree growth rates have increased since the mid-
nineteenth century, even prior to the warming of the
twentieth century (Briffa et al. 1998). While the radia-
tive effect of increasing CO, likely dominated in the
twentieth century, it is also plausible that the direct
CO, fertilization may have played a role since the mid-
nineteenth century. Earlier smaller-scale studies of tree
ring data, such as LaMarche et al. (1984) and Graum-
lich (1991), have debated the role of CO, fertilization in
accounting for observed growth trends. The present
study investigates the possible role of CO, fertilization
during the nineteenth and twentieth centuries using ob-
served and modeled tree ring width trends.

Section 2 describes the model, datasets, and simula-
tions performed in this study. In section 3, the simu-
lated vegetation is assessed against satellite-based ob-
servations with regard to biome distribution, mean
vegetation cover, and seasonal cycle. Simulated and ob-
served changes in climate are described in section 4 and
vegetation in section 5, with particular focus on the
northern high latitudes.

2. Description of model and data

a. Model

The model used in this study is the fully coupled
global atmosphere—ocean-land Fast Ocean Atmo-
sphere Model (FOAM)-LPJ, developed through a col-
laboration between the Argonne National Laboratory,
the Max-Planck-Institute for Biogeochemistry, and the
University of Wisconsin—Madison Center for Climatic
Research (Gallimore et al. 2004, manuscript submitted
to Climate Dyn., hereafter GJK). The coupled atmo-
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TABLE 1. List of the nine plant function types used in
FOAM-LPJ.

Tropical broadleaved evergreen tree
Tropical broadleaved raingreen tree
Temperate needleleaved evergreen tree
Temperate broadleaved evergreen tree
Temperate broadleaved summergreen tree
Boreal needleleaved evergreen tree
Boreal summergreen tree

C3 grass

C4 grass
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spheric-oceanic component is FOAM, version 1.5, an
updated version of FOAM 1.0 (Jacob 1997). The
atmospheric component, Parallel Community Climate
Model Version 3 (PCCM3), is a parallel version of the
National Center for Atmospheric Research’s (NCAR’s)
Community Climate Model (CCM2; Drake et al. 1995),
which has been updated with CCM3.6 atmospheric
physics (Kiehl et al. 1998) and uses a horizontal reso-
lution of R15 and 18 vertical sigma levels. The oceanic
component, Ocean Model Version 3 (OM3), is a z-co-
ordinate ocean model with a horizontal resolution of
1.4° latitude X 2.8° longitude, 24 vertical levels, and an
explicit free surface. FOAM is highly efficient on par-
allel computing systems (Jacob et al. 2001), successfully
captures the key observed climate features (Jacob 1997,
Wu et al. 2003; Harrison et al. 2003), and produces a
steady long-term climate without use of flux adjustment
(Wu et al. 2003).

In FOAM-LPJ, FOAML1.5’s land surface model is
augmented with a modified version of the LPJ dynamic
vegetation model (Sitch 2000; Cramer et al. 2001;
McGuire et al. 2001; Sitch et al. 2003). The vegetation
component shares the same 1.4° X 2.8° grid as the
ocean component and therefore has a much higher
resolution than the coarse atmospheric component of
FOAM-LPJ. The specifications of the coupling of
FOAM and LPJ are presented by GJK. LPJ character-
izes vegetation cover per grid cell in terms of fractional
cover of nine plant functional types (e.g., tropical broa-
dleaved raingreen tree, boreal needleleaved evergreen
tree, and C3 grass; see Table 1). LPJ accounts for plant
competition for resources (light and water), biomass
allocation for roots/stems/leaves, establishment, mor-
tality, soil carbon and litter dynamics, and disturbances
(fire) and thus determines successional vegetation
changes and structure (e.g., shifts in forest/tundra and
grass/desert). Figure 1 is a schematic of subdaily, daily,
and annual processes in FOAM-LPJ.

b. Datasets

The mean vegetation patterns produced by FOAM-
LPJ were evaluated against the Global Potential Veg-
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etation dataset (Ramankutty and Foley 1999), consist-
ing of 15 major vegetation types on a 0.5° X 0.5° grid, as
part of the International Satellite Land Surface Clima-
tology Project Initiative IT (ISLSCP II). Potential natu-
ral vegetation represents the global vegetation cover as
expected in equilibrium with the current climate and
natural disturbances in the absence of human interfer-
ence. The vegetation was also evaluated using the
Global Continuous Fields of Vegetation Cover dataset
(DeFries et al. 1999, 2000) for 1992-93 on a 1° X 1°
ISLSCP 1II grid. This dataset gives percent coverage by
trees, subdivided based on leaf longevity (evergreen
and deciduous) and morphology (broadleaf and needle-
leaf), and grasses.

Monthly NDVI data on a 1° X 1° grid were retrieved
for 1981-2001 from the National Aeronautics and
Space Administration (NASA) Goddard Institute for
Space Studies (GISS) and also as Fourier-adjusted, sen-
sor and solar zenith angle corrected, interpolated, re-
constructed (FASIR) NDVI for 1982-90 from ISLSCP
1T (Los et al. 2000). Monthly Fraction of Photosynthetic
Active Radiation (FPAR) data, calculated based on
NDVI, was also used for model evaluation and vegeta-
tion trend analysis. The FPAR data for ISLSCP II (Los
et al. 2000) covered the period from 1982 to 1990 on a
1° X 1° grid, while Pathfinder Version 3 Advanced
Very High Resolution Radiometer (AVHRR) FPAR
data (Myneni et al. 1997b) extended from 1981 to 2001
on a 0.5° X 0.5° grid.

The History Database of the Global Environment
(HYDE) dataset of global historical land cover (Gold-
ewijk 2001; Goldewijk and Battjes 1997) for 1900 and
1990 on a 0.5° X 0.5° grid was used to identify regions
that have been anthropogenically altered by use as
croplands or pastures. To study vegetation trends prior
to the satellite era, time series of tree ring width were
produced from the International Tree Ring Data Bank
(NOAA 1997) maintained by the NOAA Paleoclima-
tology Program and the World Data Center for Paleo-
climatology. The data selected here covered 212 sites
during 1800-1999 (most to 1990) within the band of
45°~75°N and elevations under 500 m, standardized to
correct for the natural life stages of growth and decay in
trees.

The (National Centers for Environmental Predic-
tion) NCEP-NCAR reanalysis (Kalnay et al. 1996) was
used to provide monthly surface air temperature data.
Global air temperature trends for 1900-99 were ob-
tained from the NASA GISS land-ocean surface air
temperature anomalies dataset, which is based on a
dense meteorological station network (Hansen et al.
1999) and satellite-derived SSTs (Reynolds and Smith
1994; Smith et al. 1996). Gridded monthly air tempera-




























































