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ABSTRACT

We used the terrestrial ecosystem model (TEM, version 4.0) to estimate global responses of
annual net primary production (NPP) and total carbon storage to changes in climate and
atmospheric CO,, driven by the climate outputs from the 2-dimensional MIT L-O climate
model and the 3-dimensional GISS and GFDL-q atmospheric general circulation models
(GCMs). For contemporary climate with 315 ppmv CO,, TEM estimates that global NPP is
47.9 PgC/yr and global total carbon storage is 1658 PgC: 908 PgC of vegetation carbon and
750 PgC of reactive soil organic carbon. For climate change associated with a doubling of
radiative forcing and an atmospheric level of 522 ppmv CO, , the responses of global NPP are
+17.8% for the MIT L-O climate, +18.5% for the GFDL-q climate and +20.6% for the
GISS climate. The responses of global total carbon storage are +6.9% for the MIT L-O climate,
+8.3% for GFDL-q climate and +8.7% for the GISS climate. Among the three climate change
predictions, the changes in latitudinal distributions of cumulative NPP and total carbon storage
along 0.5° latitudinal bands vary slightly, except in high latitudes. There are generally minor
differences in cumulative NPP and total carbon storage for most of the 18 biomes, except for
the responses of total carbon storage in boreal biomes for the 2-D MIT L-O climate change.
The results demonstrate that the linkage between the TEM and the 2-D climate model is useful
for impact assessment and uncertainty analysis within an integrated assessment framework at
the scales of the globe, economic regions and biomes, given the compromise between computa-
tional efficiency in the 2-D climate model and more detailed spatial representation of climate
fields in 3-D GCMs.

1. Introduction to 3.2 PgC/yr, approximately 50% of total anthro-
pogenic CO, emission (IPCC, 1994, 1995). There
are large uncertainties about the path and magni-
tude of future anthropogenic emission of green-
house gases, because of uncertainty in population
growth, economic growth, technology develop-
ment and other factors. These uncertainties, com-
bined with uncertainties in natural biogeochemical
cycles, lead to questions about the rate and magni-

Atmospheric CO, concentration has increased
since the pre-industrial era from about 280 ppmv
to 356 ppmv (IPCC, 1994, 1995). The average rate
of CO, concentration increase during the 1980s
was 0.4% or 1.5 ppmv per year, which is equivalent
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tude of changes of concentrations of greenhouse
gases (especially CO,) in the atmosphere.
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Increases in CO, and other greenhouse gases in
the atmosphere will increase the radiative forcing
of climate. The resultant climate change combined
with the increase of atmospheric CO, concentra-
tion may in turn have significant impacts on the
structure and biogeochemistry of terrestrial eco-
systems (Gates, 1985; Houghton and Woodwell,
1989; Melillo et al., 1990; Jenkinson et al., 1991).
At the global and continental scales, a number of
studies have investigated the potential impact of
climate change and elevated CO, on primary
production and carbon storage of natural eco-
systems and managed ecosystems. One approach
has applied +1°C, +2°C or +4°C temperature
increase and/or +10%, +20% change of precip-
itation uniformly over a study area (Esser, 1987,
1990; Buol et al.,, 1990; Zhang, 1993; Potter et al.,
1993; McGuire et al.,, 1993, 1995; Schimel et al.,
1994; Melillo et al., 1995). This simple approach
ignores potential differences in both latitudinal
and longitudinal variations in temperature and
precipitation. Another approach uses climate out-
puts from 3-dimensional atmospheric general cir-
culation models (3-D GCMs) for doubled CO,
scenarios (Melillo et al., 1993; VEMAP Members,
1995; Parton et al.,, 1995; Rosenzweig and Parry,
1994). Outputs from these 3-D GCMs are com-
monly used: Goddard Institute for Space Studies
(GISS ; Hansen et al., 1983, 1984), Geophysical
Fluid Dynamic Laboratory (GFDL; Manabe and
Wetherald, 1987, Wetherald and Manabe, 1988),
Oregon State University (OSU, Schlesinger and
Zhao, 1989), and United Kingdom Meteorological
Office (UKMO, Wilson and Mitchell, 1987). These
climate outputs represent equilibrium climate for
doubled concentrations of atmospheric CO,.

A significant number of climate change simula-
tions (including transient climate change) associ-
ated with different scenarios of anthropogenic
emissions of greenhouse gases need to be explored
in order to quantify uncertainties and impacts of
global climate change that are relevant to policy
and decision making (Jacoby and Prinn, 1994).
Because 3-D GCMs require substantial computa-
tional resources, the application of 3-D GCMs in
uncertainty analysis and impact assessment of
climate change is at present limited. By observing
that latitudinal variations play a stronger role
than longitudinal variations in determining cli-
mate, and that transport by large-scale 3-D eddies
can be parameterized by using dynamical theory,
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a 2-dimensional climate model has been used to
study climate change (Land-Ocean climate model,
namely as 2-D MIT L-O climate model, see Yao
and Stone, 1987; Stone and Yao, 1987, 1990;
Sokolov and Stone, 1995). The 2-D MIT L-O
climate model simulates the zonally averaged cli-
mate separately over land and ocean as a function
of latitude and height. The 2-D model runs 23
times faster than the GISS GCM with 8°
(latitude) x 10° (longitude) resolution and 115
times faster than the GISS GCM with 4°x5°
resolution. The 2-D model takes a few days for
an equilibrium simulation and is capable of simu-
lating many more long-term (100-150 years) tran-
sient climate change scenarios within a reasonable
time than a 3-D GCM, therefore it is potentially
very useful for uncertainty analysis and impact
analysis at large spatial scales, e.g., the globe.
The 2-D L-O climate model is at the heart of
the integrated assessment framework for climate
change at the Massachusetts Institute of
Technology (MIT), which includes a set of coupled
models and is shown schematically in Fig. 1.
Human activity leads to emissions of chemically
and radiatively important trace gases. The com-
bined anthropogenic and natural emissions are
the driving forces for the coupled atmospheric
chemistry and the 2-D L-O climate model. The
climate model outputs drive a terrestrial ecosystem
model that predicts terrestrial biogeochemical
cycles, including land CO, fluxes. The outputs
from the terrestrial ecosystem model feed back to
the climate model, atmospheric chemistry model,
natural emissions model and economic model.
The coupling of the Terrestrial Ecosystem Model
(TEM) in the framework allows us to study the
role of biogeochemistry in the context of inter-
actions among climate, biology and economics.
In this study, we use a new version of the
Terrestrial Ecosystem Model (McGuire et al,
1995), driven by climate outputs from two 3-D
GCMs and the 2-D MIT L-O climate model. Our
objective is to compare the ecological con-
sequences of climate changes as simulated by the
2-D climate model and 3-D GCMs. We are prim-
arily interested in the impacts of climate change
at highly aggregated spatial scales (globe, latitud-
inal bands, economic regions and biomes). Thus,
we examine the similarities and differences in the
responses of NPP and total carbon storage to
different climate change predictions from the 2-D
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Fig. 1. The component models of the integrated assessment framework at Massachusetts Institute of Technology.
Linkage and feedbacks between the component models which are currently included or under development for future
inclusion are shown as solid lines and dashed lines, respectively.

climate model and the 3-D GCMs for an effective
doubling of CO,.

2. Description of the terrestrial ecosystem
model (TEM)

The TEM (Raich et al,, 1991; McGuire et al.,
1992, 1993, 1995) is a process-based ecosystem
model that simulates important carbon and nitro-
gen fluxes and pools for various terrestrial eco-
systems (Fig. 2). It runs at a monthly time step.
Driving variables include monthly climate (precip-
itation, mean temperature and mean cloudiness),
soil texture (proportion of sand, clay and silt),
elevation, vegetation and water availability. The
water balance model of Vorosmarty et al. (1989)
is used to generate hydrological inputs (e.g., PET,
soil moisture) for TEM. For global extrapolation,
TEM uses spatially explicit data sets that are

gridded at a resolution of 0.5° latitude by 0.5°
longitude (about 55 km x 55 km at the equator).
The global data sets include long-term average
climate data (Wolfgang Cramer, personal com-
munication), potential vegetation (Melillo et al.,
1993), soil texture (FAO/CSRC/MBL, 1974) and
elevation (NCAR/Navy, 1984). These data sets
contain 62,483 land grid cells, including 3,059 ice
grid cells and 1,525 wetland grid cells.
Geographically, the global data sets cover land
areas between 56°S and 83°N.

In this study, we use TEM version 4.0, which
was modified from TEM version 3 to improve
patterns of soil carbon storage along gradients of
temperature, moisture and soil texture (see
McGuire et al., 1995; VEMAP Members 1995,
Pan et al., 1996). Version 3 of TEM has been used
to examine the response of NPP and carbon
storage to changes in climate and atmospheric
CO, concentration (McGuire et al., 1993; Melillo

Tellus 49B (1997), 1
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Fig. 2. The terrestrial ecosystem model (TEM). The
state variables are: carbon in vegetation (Cy); structural
nitrogen in vegetation (Nys); labile nitrogen in vegetation
(Nvy); organic carbon in soils and detritus (Cg); organic
nitrogen in soils and detritus (Ng); and available soil
inorganic nitrogen (N,vy). Arrows show carbon and
nitrogen fluxes: GPP, gross primary productivity; R,,
autotrophic respiration; Ry, heterotrophic respiration;
L, litterfall carbon; Ly, litterfall nitrogen; NUPTAKE;,
N uptake into the structural N pool of the vegetation;
NUPTAKE,, N uptake into the labile N pool of the
vegetation; NRESORB, N resorption from dying tissue
into the labile N pool of the vegetation, NMOBIL, N
mobilized between the structural and labile N pools of
the vegetation; NETNMIN, net N mineralization of soil
organic N; NINPUT, N inputs from the outside of the
ecosystem; and NLOST, N loss from the ecosystem.
(From Melillo et al., 1993, reprinted with permission
from Nature 363, 234-240, © 1993 MacMillan
Magazines Limited.)

et al, 1993, 1994, 1995). The primary difference
between the two versions of TEM is how the pool
of soil organic matter is defined. The version 4.0
of TEM defines a reactive soil carbon pool that
excludes biologically unreactive soil organic
matter. Thus, the pool only considers soil carbon
that is potentially responsible to climate change.
Globally, the reactive soil carbon pool estimated
by version 4.0 is approximately 1/2 of the total
soil carbon estimated by version 3 of TEM (see
Melillo et al., 1995 and McGuire et al, 1995).
Other modifications in TEM 4.0 include changes
in the algorithms describing: (1) temperature
effects on gross primary production, (2) moisture
effects on nitrogen uptake by plants and microbes,
(3) decomposition of soil organic matter, and (4)
the factors influencing the carbon to nitrogen ratio
of vegetation in grasslands. In TEM 4.0, soil
texture is treated as a continuous variable based
on the proportion of silt plus clay, rather than a
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categorical variable with 5 classes (i.e., sand, sand
loam, loam, clay loam, and clay). More model
parameters now depend on soil texture, including
the carbon and nitrogen uptake capacity of vegeta-
tion and the decomposition and immobilization
capacity of microbes. Plant rooting depth, poros-
ity, field capacity and wilting point are also
dependent upon a continuous soil texture variable.
In this study, we focus on NPP and total carbon
storage, which are two important variables in
impact assessment. Total carbon storage is the
sum of vegetation carbon and reactive soil organic
carbon. Net primary production (NPP) is calcu-
lated as the difference between gross primary
production (GPP) and plant respiration (R, ). The
flux R, which includes both maintenance respira-
tion and construction respiration, is calculated at
each monthly time step as a function of temper-
ature and vegetation carbon. The flux GPP is
calculated at each monthly time step as follows:

GPP=C,,,f(PAR)f(LEAF)f(T)
Xf(COZa HZO)f(NA)’

where C,,,, is the maximum rate of C assimilation,
PAR is photosynthetically active radiation, LEAF
is leaf area relative to maximum annual leaf area,
T is temperature, CO, is atmospheric CO, concen-
tration, H,O is water availability, and NA is
nitrogen availability (Raich et al., 1991; McGuire
et al, 1992).

3. Description of the 2-D atmospheric model

The atmospheric model used in this study is a
modified version of the two-dimensional (zonally
averaged) statistical-dynamical model developed
by Yao and Stone (see Yao and Stone, 1987; Stone
and Yao, 1987, 1990). The grid used in the model
consists of 24 points in latitude, corresponding to
a resolution of 7.826°; and nine layers in the
vertical: two in the planetary boundary layer, five
in the troposphere, and two in the stratosphere.
The original version of the 2-D model was
developed from the GISS GCM. Thus, the model’s
algorithms and parameterizations of physical pro-
cesses, such as radiation, convection, and so on,
are similar to those described in Hansen et al
(1983).

The main difference between the original model
and the modified version of the 2-D model used
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here is the treatment of the lower boundary. In
the original model the entire earth’s surface was
defined as ocean, while in the modified version
the real land/ocean distribution is taken into
account. The modified version of the 2-D model,
as well as the GISS GCM, allows up to four
different kinds of surfaces to exist in the same grid
cell: open ocean, ocean-ice, land and land-ice. The
surface characteristics, such as temperature and
soil moisture, as well as turbulent surface fluxes
are calculated separately for each kind of surface.
At the same time, the atmosphere is assumed to
be well mixed zonally, that is, air temperature,
humidity and so on are the same throughout a
latitudinal band. As a result, the model gives the
same values of precipitation and clouds for land
and ocean at each latitude. A detailed description
of the modified model is given in Sokolov and
Stone (1995). The results of the present climate
simulations performed with this version of the 2-D
model have been compared with observational
data and with the results of analogous simulations
with the GISS GCM (Sokolov and Stone, 1995).
The comparisons show that the MIT 2-D model
reasonably reproduces the zonally averaged char-
acteristics of the present climate.

For the simulation of climate change associated
with a doubling of atmospheric CO, concentra-
tion, the atmospheric model has been coupled
with a mixed layer ocean model. The latter
includes the so called Q-flux (or heat flux) correc-
tion term which represents the horizontal oceanic
heat transport and heat exchange between the
mixed layer and the deep ocean, but can also
compensate for deficiencies in the atmospheric
model. The values of the Q-flux were calculated
from the results of a present-day climate simula-
tion with climatological sea surface temperature
and sea-ice distribution (see Russell et al., 1985).
The same values of the Q-flux term are used in
the simulations with both present and doubled
CO, concentration, which means that no ocean
heat transport feedback is permitted. Sea-ice distri-
bution (depth and cover) have been calculated by
the simple thermodynamical model described in
Hansen et al. (1984). The same approach for sea
surface temperature and sea-ice calculation was
also used in the doubled CO, climate change
simulations with the GISS and GFDL-q GCM:s.

Despite the use of a Q-flux in the mixed layer
ocean model, there are some differences between

prescribed values of sea surface temperature, sea
ice cover and sea ice depth and those calculated
in the present climate simulation with the coupled
model. A detailed analysis of climate feedbacks
has shown that the surface albedo feedback, associ-
ated mainly with changes of snow and sea ice
cover, produced by the 2D model is twice as large
as that for the GISS GCM (Sokolov and Stone,
1994). The strong sea ice feedback is caused, in
part, by the above mentioned differences in the
sea ice simulation. Consequently, surface temper-
ature changes produced by this version of the 2-D
model in high latitudes are larger than those in
the simulations with the GISS and GFDL GCMs
(Fig. 3a). However, the global average values and
latitudinal distributions (except high latitudes) of
climate variables of the 2-D model’s responses to
doubled atmospheric CO, concentration are
within the range produced by the GCMs (see
Fig. 3).

4. Climate change scenarios and
atmospheric CO, concentration

We used climate outputs for 1xCO, and
2xCO, simulations from two 3-D GCMs, ie.,
GISS (Hansen et al., 1983), GFDL-q (Wetherald
and Manabe, 1988); and the 2-D MIT L-O climate
model (Sokolov and Stone, 1995). The spatial
resolution (longitude x latitude) is 10.0° x 7.826°
for GISS and 7.5°x444° for GFDL-q.
Atmospheric models and terrestrial ecosystem
models operate at very different temporal and
spatial scales (Aber, 1992). The structure of the
terrestrial biosphere is enormously heterogeneous
in space, because of topography, elevation, soils
and climate. Therefore, the climate outputs from
GISS and GFDL-q were interpolated to 0.5° x 0.5°
grid cells by applying a spherical interpolation
routine to the data (Willmott et al, 1985). We
generated “future climate” by (1) adding the abso-
lute difference in monthly temperature between
2x CO, and 1 x CO, simulations to the contem-
porary monthly temperature data; (2) multiplying
the ratio in monthly precipitation between 2 x CO,
and 1xCO, simulations to the contemporary
monthly precipitation data; and (3) multiplying
the ratio in monthly cloudiness between 2 x CO,
and 1xCO, simulations to the contemporary
monthly cloudiness data. For the 2-D MIT L-O
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Fig. 3. The zonal mean changes over land of annual mean temperature, annual precipitation and annual mean
cloudiness between 1 x CO, and 2 x CO, simulations by the 2-D MIT L-O climate model and the 3-D GISS and
GFDL-q GCMs along the latitudinal bands as defined by the 2-D MIT L-O climate model. The GCMs outputs
are averaged over the same latitudinal bands as those of the 2-D MIT L-O climate model.

climate model, the absolute differences in monthly
temperature and the ratios of monthly precipita-
tion and monthly cloudiness between the 2 x CO,
and 1 x CO, simulations were calculated for each
latitudinal band. We then applied the zonally
averaged data over land to all the 0.5° x 0.5° grid
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cells within the latitudinal band. By generating
“future climate” in this way, we have assumed that
general patterns of climate within a latitudinal
band will remain unchanged. For the contempor-
ary climate, we used the long-term monthly aver-
age data of precipitation, temperature and
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cloudiness from the Cramer and Leemans
CLIMATE database (Cramer, personal commun-
ication). The Cramer and Leemans climate data-
base is an update of the Leemans and Cramer
(1991) climate database, and has been developed
using more weather stations and a new algorithm
for spatial interpolation.

The GISS GCM and MIT L-O climate model
simulated climate conditions for “current” CO,
(1 x CO,, 315 ppmv) and doubled “current” CO,
(2xCO,, 630 ppmv), respectively. The GFDL-q
GCM used 300 ppmv CO, as the 1 xCO, and
600 ppmv CO?2 as the 2 x CO,_ Projected changes
in global mean annual temperature vary little
among the three climate models: +4.0°C for
GFDL-q, +4.2°C for GISS and +4.2°C for MIT
L-O. Global annual precipitation increases by
+83% for GFDL-q, +11.0% for GISS and
+11.5% for MIT L-O. Projected decrease of
global annual mean cloudiness is largest (—3.4%)
for GISS, intermediate (—2.6%) for MIT L-O and
lowest (—0.7%) for GFDL-q. All three models
predict small increases of annual mean temper-
ature at low latitudes and larger increase at high
latitudes (Fig. 3a). There are large latitudinal vari-
ations in annual precipitation and annual mean
cloudiness for each of the climate models
(Fig. 3b, 3c).

Atmospheric CO, concentration has increased
since the pre-industrial period from about
280 ppmv in 1800 to 356 ppmv in 1993. The
additional radiative forcing due to this CO,
increase is 1.56 W/m?, accounting for approxi-
mately 63% of the total additional radiative for-
cing by the long-lived greenhouse gases (CO,,
CH,, N,O and halocarbons) (IPCC, 1994, 1995).
Atmospheric concentrations of other greenhouse
gases (e.g., CH,, N,O, halocarbons) are also
increasing. According to the emission scenarios
projected by the economic-emission model in the
MIT integrated assessment framework, the radiat-
ive forcing from CO, accounts for about 76% of
the total additional radiative forcing equivalent to
a doubling of atmospheric CO, concentration
(from 315 ppmv to 630 ppmv). Similarly, other
studies have also projected that CO, is still the
dominant long-lived greenhouse gas in the next
century and that its added radiative forcing con-
tributes between 76% and 84% of the total addi-
tional radiative forcing (IPCC, 1995). An “effective
CO, doubling” has been defined as the combined

radiative forcing of all greenhouse gases having
the same forcing as doubled CO, (Rosenzweig &
Parry, 1994). Therefore, we used 522 ppmv CO,
in the simulations with TEM as the physiologically
relevant CO, level that corresponds to an effective
CO, doubling.

Unlike CH, and N,O, CO, has a direct effect
on carbon uptake and accumulation in terrestrial
ecosystems. A number of experimental studies
have shown that photosynthesis and water use
efficiency of plants are enhanced under elevated
CO, levels (Kimball, 1975; Idso and Kimball,
1993; Owensby et al., 1993; Polley et al, 1993;
Idso and Idso, 1994). Previous simulations with
TEM indicate that doubling atmospheric CO,
concentration alone can potentially increase
global NPP and carbon storage (Melillo et al.,
1993, 1995; McGuire et al., 1995). The interaction
between CO, and climate change also affects the
responses of NPP and carbon storage, as modeled
in TEM (Melillo et al., 1993, 1995; McGuire et al.,
1993, 1995). Therefore, it is more appropriate to
use an effective doubling of CO,, when examining
the responses of terrestrial ecosystems to changes
in climate and atmospheric CO, concentration.

To determine responses of the terrestrial bio-
sphere to climate change with elevated CO,, we
ran TEM for (1) contemporary climate with
315ppmv CO,; and (2) climate change with
522 ppmv CO,. The TEM simulation driven by
contemporary climate with 315 ppmv CO, (corres-
ponding to atmospheric CO, concentration in
1957) is the baseline or reference. We ran TEM
to its equilibrium state, i.e., all annual carbon and
nitrogen fluxes of an ecosystem are balanced
within each grid cell. Therefore, the estimates of
carbon and nitrogen fluxes and pool sizes apply
only to mature, undisturbed vegetation and eco-
systems. In this study, we have not considered the
effects of land use and management on carbon
and nitrogen dynamics.

5. Results

5.1. NPP and total carbon storage under
contemporary climate and 315 ppmv CO,

For contemporary climate with 315 ppmv CO,,
TEM estimates global terrestrial annual net prim-
ary production (NPP) to be 47.9PgC/yr.
Cumulative NPP in tropical regions is estimated

Tellus 49B (1997), 1
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to be as much as two times higher than cumulative
NPP in temperate regions (Fig. 4a). Tropical ever-
green forests account for 34% of global NPP,
although its area is about 14% of the global land
area used in the simulations (Table 1). Tropical
ecosystems (tropical evergreen forest, tropical
deciduous forest, xeromorphic forest and tropical
savanna) account for 57% of global NPP.
Cumulative NPP is low in high latitude eco-
systems in the northern hemisphere (Fig. 4a),

where NPP is primarily limited by low temper-
ature and consequently low nitrogen availability.
Polar desert/alpine tundra and moist tundra eco-
systems occur over 8% of the global land area
but account for only 2% (0.8 PgC/yr) of global
NPP (Table 1). Together, boreal forests and boreal
woodlands account for 14.5% of the global land
area and their annual NPP is about 8%
(3.8 PgC/yr) of global NPP. In arid regions (arid
shrubland and desert), NPP is limited by water
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Fig. 4. Latitudinal distributions (0.5° resolution) of (a) annual net primary production (NPP), (b) reactive soil organic
carbon (SOC) and total carbon storage (TOC) for contemporary climate with 315 ppmv atmospheric CO, concentra-
tion. Carbon storage in vegetation is the difference between total carbon storage and reactive soil organic carbon.
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availability. Cumulative NPP in arid regions
accounts for 4% of global NPP, although the area
of arid regions is about 20% of the global land
area.

The TEM estimates total terrestrial carbon stor-
age (vegetation carbon plus reactive soil organic
carbon) of the globe to be 1658 PgC: 908 PgC in
vegetation carbon and 750 PgC in soils; the estim-
ate of vegetation carbon does not consider the
conversion of forests to agriculture and the estim-
ate of soil organic carbon excludes inert soil
organic matter. Total carbon storage has a
bimodal distribution across latitude with highest
storage in the tropical and boreal regions (Fig. 4b).
About 43% of global total carbon storage occurs
in tropical ecosystems, where most of the carbon
is stored in vegetation. Of the 18 biomes, tropical
evergreen forest accounts for the largest portion
(about 28%) of global total carbon storage
(Table 1). Total carbon storage of polar desert/
alpine tundra and moist/wet tundra is 99 PgC,
about 6% of global total carbon storage. Boreal
forest and boreal woodlands account for about
21% (352 PgC) of global total carbon storage. A
large proportion of the carbon in the northern
high latitudes is stored as soil organic carbon
(Fig. 4b). Because of low temperature in temperate
and high latitudes, soil organic matter decomposes
slowly and has accumulated over centuries.

5.2, Response of NPP to climate change and
elevated CO,

The TEM estimates that global NPP increases
substantially for climate change with 522 ppmv
CO, but varies little among the three climate
change predictions: +17.8% (8.6 PgC/yr) for the
MIT L-O climate, +18.5% (8.9 PgC) for the
GFDL-q climate and +20.6% (9.9 PgC) for the
GISS climate (Table 1). At the 0.5° resolution,
the latitudinal response of cumulative NPP has a
bimodal distribution with the largest increases in
both tropical forest regions and the temperate
ecosystems of the Northern hemisphere (Fig. 5a).
Generally, the latitudinal distribution of changes
in NPP under the MIT L-O climate is similar to
those under the GISS and GFDL-q climate, except
for relatively large differences within the
50.5°N-58.5°N and 66.5°N-74.0°N  bands
(Fig. 5a). In the 50.5°N-58.5°N band, the differ-
ence in NPP response is caused by the difference

Tellus 49B (1997), 1

in the projected change in annual mean cloudiness
which is over 20% higher in the MIT L-O predic-
tions than in the GISS and GFDL-q predictions
(Fig. 3c). Higher cloudiness reduces photosyn-
thetically active radiation, which causes reduced
gross primary production. In the 66.5°N-74°N
band, projected changes in mean annual cloudi-
ness and mean annual temperature by the MIT
L-O model are over 10% and 2°C higher than
those by the GISS and GFDL-q models (Fig. 3a,c).
Higher temperature tends to increase decomposi-
tion of soil organic matter in these regions, which
releases more N from soils for plant uptake, and
thus NPP may increase (see Melillo et al.,, 1993).
Higher temperature also increases evapotranspir-
ation, which reduces soil moisture, and thus NPP
may decrease because of water stress to vegetation.
The lower NPP responses in these high latitude
regions appear to be caused by both stronger
water stress and lower photosynthetically active
radiation.

Cumulative NPP for each of the 18 biomes
increases between 13% and 42% (Table 1). The
percent NPP increase is higher in arid ecosystems
than in temperate and tropical forest ecosystems
(Table 1). The NPP of arid ecosystems is primarily
limited by water. In TEM, a direct effect of
elevated CO, is to increase the intercellular CO,
concentration within a canopy, which potentially
increases GPP via a Michaclis-Menton (hyper-
bolic) relationship. Elevated CO, significantly
increases water use efficiency of arid ecosystems.
Tropical ecosystems are not limited by nitrogen
availability because of high rate of net nitrogen
mineralization. Elevated CO, results in consider-
able increase of NPP in tropical ecosystems. In
contrast, NPP of moist temperate and high latit-
ude ecosystems is primarily limited by nitrogen
availability. Climate change affects NPP in a
number of ways. Higher temperature enhances
plant respiration and potential evapotranspiration
(PET). Higher PET reduces soil moisture and
thus causes water stress to plants, so that NPP
decreases. Increased temperature and precipitation
may also enhance decomposition of soil organic
matter to release more nitrogen from the soils for
plant uptake, so that NPP increases (McGuire
et al,, 1992, 1993). It is the balance among the
effects of CO,, climate and nitrogen that deter-
mines the various response of NPP in different
ecosystems.
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Fig. 5. Latitudinal distributions (0.5° resolution) of the projected changes in (a) annual net primary production
(NPP) and (b) total carbon storage for the 2-D MIT L-O climate and the 3-D GISS and GFDL-q climates with

522 ppmv CO,.

Cumulative NPP for most of the 18 biomes
varies only slightly among the three climate change
predictions (Table 1). The NPP responses in the
high latitude regions (boreal forest, boreal wood-
land, wet/moist tundra, polar desert/alpine tundra)
are exceptions, where the responses under the
MIT L-O climate are 4% to 9% lower than those
under the GISS and GFDL-q climates. This is
mostly attributable to the relatively larger
increases of temperature and cloudiness in the

high-latitude regions, as projected by the MIT
L-O model (Fig. 3a,c).

The mean biome NPP increases considerably
for each of the 18 biomes, but varies little (within
+1%) among the three climate change predictions
for most of the biomes (Table 2). The differences
in mean biome NPP between the 2-D MIT L-O
climate and the 3-D GISS and GFDL-q climates
reflect the differences in cumulative NPP, as the
mean biome NPP estimated under the 2-D MIT

Tellus 49B (1997), 1
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L-O climate are within 4-6% for tundra and
boreal forest, and 7-8% for boreal woodland less
than the corresponding estimates under the GISS
and GFDL-q climates. Also, the standard devi-
ations of annual NPP for each of the 18 biomes
vary little among the three climate change predic-
tions (Table 2). This indicates that the variability
of NPP responses for grid cells within a biome is
similar among the three climate change predictions.

5.3. Response of total carbon storage to climate
change and elevated CO,

For climate change with 522 ppmv CO,, TEM
estimates that total carbon storage of the globe
increases moderately: +6.9% (115 PgC) for the
MIT L-O climate, +8.3% (137 PgC) for the
GFDL-q climate and +8.7% (144 PgC) for the
GISS climate. The responses of vegetation carbon
and soil organic carbon differ significantly from
each other. Global vegetation carbon increases
substantially: +17.3% (157 PgC) for the MIT
L-O climate, +18.3% (166 PgC) for the GFDL-q
climate and +19.5% (177 PgC) for the GISS
climate. In contrast, the pool of reactive soil
organic carbon decreases moderately, ie., —5.6%
(42 PgC) for the MIT L-O climate, —4.4%
(33 PgC) for the GISS climate and —3.9%
(29 PgC) for the GFDL-q climate.

At the 0.5° resolution, the latitudinal response
of total carbon storage to climate change has a
bimodal distribution with the largest increase in
the northern temperate regions and tropical
regions (Fig. 5b). The response of total carbon
storage under the MIT L-O climate is similar to
the responses of total carbon storage under the
GISS and GFDL-q climates, except for the large
differences within  the 50.5°N-58.5°N  and
66.5°N—74.0°N bands (Fig. 5b). Within these two
latitudinal bands, the MIT L-O model projects
relatively higher temperature and cloudiness than
the GISS and GFDL-q models. Higher temper-
ature increases the loss of soil organic carbon,
while higher cloudiness causes a decrease in the
response of vegetation carbon because of lower
annual NPP.

The response of total carbon storage varies
substantially among the 18 biomes (Table 1). For
the MIT L-O climate, the response of total carbon
storage ranges from a decrease of 5.7% in
wet/moist tundra to an increase of 16.0% in desert.

For the GISS climate, total carbon storage
increases from 0.8% in wet/moist tundra to 15.2%
in desert. For the GFDL-q climate, total carbon
storage ranges from a decrease of 0.7% in tall
grassland to an increase of 12.4% in temperate
deciduous forest (Table 1). Responses of total
carbon storage for most of the 18 biomes are
similar among the three climate change predictions
(Table 1). The largest difference in the response of
total carbon storage among the climate change
predicitons occurs in boreal forest. The TEM
estimates that total carbon storage of boreal forest
has a decrease of 9.8 PgC (3.9%) for the MIT L-O
climate but an increase of 17.8 PgC (7.1%) for the
GFDL-q climate and 19.6 PgC (7.8%) for the
GISS climate. As described earlier, the different
responses of total carbon storage of boreal forest
are attributable to the higher temperature and
cloudiness increases projected by the 2-D MIT
L-O climate model at high latitudes.

The mean total carbon storage varies little
(within +2%) among the three climate change
predictions for most of the biomes (Table 3).
Again, the differences in the mean total carbon
storage between the 2-D MIT L-O climate and
the 3-D GCMs climates are large for the biomes
in the northern high latitude: within +(5-7)% for
tundra and boreal forest and +(11-12)% for
boreal woodland. Also, the standard deviations of
total carbon storage for each of the 18 biomes
vary little among the three climate change predic-
tions (Table 3). This again indicates that the vari-
ability of the grid cell response of total carbon
storage within a biomes is similar among the three
climate change predictions.

6. Discussion

6.1. Contemporary climate, NPP and total

carbon storage

A number of studies have estimated global NPP
under contemporary climate, by either extrapolat-
ing field data or using modeling approaches.
For the 13 estimates of global NPP summarized
by Melillo (1994), global NPP has a mean
of 57PgC/yr and a standard deviation of
17.4 PgC/yr. Our estimate of global NPP
(47.9 PgC/yr) under contemporary climate with
315ppmv CO, is very close to the estimate
(482 PgC/yr) by Whittaker and Likens (1973).
Potter et al. (1993) estimated 48 PgC/yr of global

Tellus 49B (1997), 1



31

LINKING ECOSYSTEM AND CLIMATE MODELS

€LL6 LLLEY 189°6 SERET 159°6 609°€T 6LL'S 8TLTT 2qo[3
$06°9 ST9°8C €IL'S 655°8C L009 SYL'8T 1TI's L9T'9T 150105 U0aI81043 [eotdony
9¢L’9 06L°81 9699 £89°81 0L6%9 Pr9'81 9 0P'LT 18010§ snonpioap [eddory
890 89¥°L LS6'E 89%°L ¥4 87 089°L F44134 6CTL 1sa10§ orydIoworex
LS8E LIY'6 L98°¢ $89°6 LLSE 1239 L9 W68 euueaes [eordon
£6€°C LLS'L 90¥'c 916°L 0£5°e £€8°L S9¢‘E 10t°L pue[qnlys uesuBLI}Ipaw
€0T°S L96%T LOO'S 6¥0'vC wi's YE9'YT S61°S T0€TT 15010§ UQRI5I10A0 Jed[peOIq djereduwio)
18L°€ 168°€T 615°¢ 99T 6£S°E PLIYT 112°e 9€9°1¢T 18210§ paxiur djeradurd)
€€0Y £PT8T SSLE £97°'8C 179°€ £2T'8T LI¥'E TTsT 18910 snonploap sjeroduws)
0ELY 8ELTT S6SYy 16611 9% PESTT 1€€Y T6L01 euueAes ajeredwo)
LS¥T 626 €05°T 9€0°S 905‘T $86% sl 96 pue[sseis [[e
S8T°T eIEY 691°1 18€% 091°1 L6EY 0LTT 6EEY pue[ssed 11o0ys
9T 162°C 9LYT 1T 051 €9Y°T 1e'T TLTT pue[qniys pue
LE9 109 £69 99 L89 699 LY9 LLS Hssop
6vE'Y 65161 $86°¢ 800°61 13484 99%°61 S06°€ CILT }5910§ SNOIAJUOD dyeradwo}
66L°T TvETT 105°T 667°TC £89°¢ 0S0°'1C L8YT 960°0C 1s210j TeR10q
90£°C 01,91 S8Y'T 91891 PL8T S661 967C L6SST pug[pooA [ealoq
$60°C €P0TT 601°C 8LI‘TI 1€ 83¢°TT 667°C 41441 BIpUN) ISTOW/JoM
£60°C $669 L80°T oL L86'T T1L°9 woT 0689 expun} suidje/i1esap rejod
A3ppIS (;w/D3) A9pp3S (zw/D8) ASDPPIS (;w/D3) ASpPPIS (;w/08) 2d£) uonejadop
ueow ueour ueaw ueow
b-1a40 SSID O-1 LIN ayewnp £rerodurdiuo)

0D awdd 77 ¢ 1 SoLDUaOS 23UDYd 23DUD
ua.affip puv 109D awdd ¢1¢ W apun)d Liviodwa1u0d 10f 280.103S UOGADD [DI0) fo (AdPPIS) UONDIAZP PIVPUDIS PUD UDAW PIIYSI2M-DaLy ¢ S[qe],

Tellus 49B (1997), 1



32 X. XIAO ET AL.

NPP, using remote sensing data from 1987 and
climate data.

The global NPP estimate (47.9 PgC/yr) in this
study is slightly lower than the estimate
(51.0 PgCl/yr) in an earlier study (Melillo et al,
1993), which used version 3 of TEM, precipitation
and temperature data from Legates and Willmott
(1988), and cloudiness data from Hahn et al.
(1988). In general, the Cramer and Leemans cli-
mate data used in this study represent a cooler,
drier and sunnier world than the data from Legates
and Willmott (1988) and Hahn et al. (1988). For
the Cramer and Leemans climate dataset, global
average annual mean temperature, annual precip-
itation and cloudiness over land are 12.8°C,
795 mm and 46%, respectively. The Legates and
Willmott dataset has a global mean annual tem-
perature of 13.8°C and global average annual
precipitation of 845 mm, while the Hahn dataset
has a global average annual cloudiness of 56%.
The differences in temperature and precipitation
between the Cramer and Leemans dataset and the
Legates and Willmott dataset are relatively small
in tropical regions but large in temperate and
high latitudes.

The estimate of total carbon storage (1658 PgC)
of the terrestrial biosphere in this study is also
lower than the estimate (2279 PgC) in an earlier
study using TEM version 3 (Melillo et al., 1995),
in which the estimate of soil carbon pool includes
inert soil organic matter. In previous studies TEM
estimates that the unreactive soil organic matter
pool is between 400 and 500 PgC (Melillo et al.,
1995) and that land use reduces vegetation carbon
stock between 150 and 200 PgC (D.W. Kicklighter,
unpublished). Global reactive soil organic carbon
estimated by TEM (750 PgC) in this study is about
50% of the approximately 1500 PgC estimated by
several inventories of soil organic carbon to 1-meter
depth (Schlesinger, 1977; Post et al.,, 1982; Eswaran
et al., 1993). Because of the latitudinal distributions
of vegetation carbon and reactive soil organic
carbon, and the latitudinal gradients of temperature
change, the response of total carbon storage to
climate change may be dominated by vegetation in
tropical regions but by soils in temperate and high
latitude areas.

6.2. Future climate, NPP and total carbon
storage

In an earlier study, TEM estimated global NPP
responses to climate change with a doubling of

CO, to be +25.1% for the GFDL-q climate and
25.9% for the GISS climate (Melillo et al.,, 1993),
which are slightly higher than the responses of
global NPP to climate change with 522 ppmv
CO, in this study. The difference is mainly due to
the larger increase of CO, concentration (from
312.5 ppmv to 625 ppmv) used in the earlier study
(Melillo et al., 1993). The responses of NPP and
total carbon storage to climate change with
522 ppmv CO, have bimodal distributions along
the 0.5° resolution latitudinal gradient. This sug-
gests that tropical regions and northern temperate
regions may be two net sinks of terrestrial carbon
storage with respect to ecosystem metabolism. The
tropical sink of carbon storage may partially offset
the carbon loss caused by land use change in
tropical regions, e.g., deforestation.

The TEM results show that the responses of
NPP and total carbon storage for the 2-D MIT
L-O model and the 3-D GCM (GISS and
GFDL-q) climate change calculations are similar
to each other at the global, latitude and biome
scales, except in high latitudes. The NPP responses
for the 2-D MIT L-O climate are slightly closer
to those for the GFDL-q climate than to those
for the GISS climate, although the 2-D MIT L-O
climate model was developed from the 3-D GISS
climate model. The differences in estimates of NPP
responses between the 2-D MIT L-O and the 3-D
GCM climate change predictions are much smaller
than the responses of NPP to climate change and
elevated atmospheric CO, concentration.

There are relatively large differences in estimates
of responses of NPP and total carbon storage
between the 2-D MIT L-O climate and the 3-D
GISS and GFDL-q climate at high latitudes in
the northern hemisphere, where vegetation is dom-
inated by tundra and boreal forest and woodland.
These large differences highlight that NPP and
total carbon storage in high latitudes are very
sensitive to the changes in climate, particularly to
the changes in temperature. Other studies have
suggested that global warming is very likely to
result in shrinkage of tundra and northward
expansion of boreal and temperate ecosystems
(Emanuel et al., 1985, Woodward and McKee,
1991; Cramer and Leemans, 1993). If forests move
into the areas once occupied by tundra, carbon
storage may increase in these areas because boreal
and temperate forests store more carbon than
tundra.
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However, there is still large uncertainty about
the magnitude of climate change at high latitudes.
The effect of aerosols on radiative forcing of the
atmosphere was not considered in the simulations
of the 3-D GCMs and the 2-D L-O climate model.
The predictions of climate changes at high latit-
udes are sensitive to the representation of the
ocean and sea ice, and there is considerable uncer-
tainty as to what is the correct way to parameterize
sea-ice in climate models (Rind et al., 1995). Work
is continuing to improve the 2-D MIT L-O climate
model. Preliminary results have indicated that the
2-D climate model will estimate smaller changes
in temperature at high latitudes, if the radiative
fluxes and their impacts on surface temperature
are calculated separately for the land (including
snow) and ocean (including sea ice) fractions of a
latitudinal band. The resultant changes in annual
mean temperature at the high latitudes of the
northern hemisphere for doubled CO, are about
2-3°C lower than the results of the 2-D climate
model presented in this study (Fig. 3a). Thus, the
discrepancy in temperature changes at the high
latitudes between the 2-D climate model and the
3-D GCMs, as shown in Fig. 3, may be signific-
antly reduced in future versions of the 2-D climate
model. The 2-D climate model is also being
coupled to an atmospheric chemistry model
(Fig. 1). The combined chemistry/climate model
is able to dynamically simulate the effect of aero-
sols on radiative forcing of the atmosphere
(Ronald G. Prinn, personal communication).

6.3. Policy making, NPP and carbon storage

The Emissions Prediction and Policy Analysis
model (EPPA in Fig 1) in the MIT integrated
framework, which is a significantly modified and
improved version of the General Equilibrium
Environmental (GREEN) model developed ori-
ginally by the Organization for Economic
Cooperation and Development (see OECD, 1992),
divides the world into 12 economic regions. The
EPPA model projects economic development and
associated anthropogenic emissions of greenhouse
gases in the 12 economic regions. Agriculture is
one of the eight production sectors in the EPPA
model. Further effort is needed to desegregate the
agricultural sector, so that EPPA could handle a
variety of crops and management options.

Aggregations of NPP and carbon storage

Tellus 49B (1997), 1

responses to climate change over the 12 economic
regions can provide an important linkage between
ecosystems and the economy, which may have
important implications to policy and decision
making. We used potential vegetation in this study,
which is our first step in coupling the TEM and
the 2-D climate model. To examine the responses
of NPP and carbon storage for potential vegeta-
tion and ecosystems provides a basis for us to
investigate the impact of changes in land use and
land cover on terrestrial ecosystems, including
agro-ecosystems. At present, TEM has no estim-
ates for net primary production and yields of
cultivated lands. Development of a simplified crop
model, which has a similar structure to TEM’s
and simulates carbon and nitrogen dynamics of a
few major crops, is critically needed in the integ-
rated assessment framework. Agricultural produc-
tion in Fig. 1 includes livestock, forestry and crop
productions. Properties of natural ecosystems
have been taken into consideration in use and
management of renewable natural resources.
Stocking rate of livestock in rangelands is deter-
mined by NPP of rangelands. The dynamics of
NPP and vegetation carbon are important in
forestry production and management. Soil fertility,
which is related to soil organic matter content
and net nitrogen mineralization rate, influences
yields and requirements for fertilizer applications
of cultivated lands. In addition, biomass may play
an increasing and significant role in global energy
use in the next century (IPCC Working
Group 11, 1996).

Annual NPP for each of the 12 economic
regions increases between 11% and 29%, and
varies little among the three climate change predic-
tions except for the former Soviet Union (Table 4).
India, the Dynamic Asian Countries (e.g., South
Korea, Thailand, Singapore) and Energy
Exporting Countries (e.g., Egypt, Congo, Mexico,
Iran, Iraq) have relatively smaller increase of
annual NPP than the other economic regions. For
most economic regions, the responses of annual
NPP are slightly smaller under the MIT L-O
climate than under the GISS and GFDL-q climate.

Similarly, the responses of total carbon storage
are also close to each other among the three
climate change predictions for all the economic
regions except the former Soviet Union which has
large areas of boreal forest and boreal woodland
(Table 4). Total carbon storage in the former
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Soviet Union decreases slightly (—0.6%) under
the 2-D MIT L-O climate, but increases 8.0%
under the GFDL-q climate and 9.0% under the
GISS climate. As described earlier, this difference
is caused by the larger increase of temperature
and cloudiness at high latitudes of the MIT L-O
climate.

7. Conclusions

Our analysis indicates that the 2-D MIT L-O
climate model linked to a terrestrial ecosystem
model such as TEM can provide very useful
information on the responses of terrestrial primary
production and carbon storage at large spatial
scales, i.e., at scales of the globe, economic regions,
and biomes. The differences in the responses of
global NPP and total carbon storage between the
linkage of TEM and the 2-D L-O climate model
and the linkage of TEM and the 3-D GCMs are
small and do not qualitatively affect the estimates
of the impacts of climate change on biogeochem-
ical cycles of the terrestrial biosphere at the global
scale. At this stage of the 2-D climate model
development, caution should be taken in assessing
the impacts of climate change on NPP and total
carbon storage at high latitudes of the northern
hemisphere, because of the relatively large discrep-
ancy in temperature changes for doubled CO, at

high latitudes between the 2-D MIT L-O climate
model and the 3-D GCMs.

Relative to 3-D GCMs, the 2-D L-O climate
model is very computationally efficient, which
means that the 2-D L-O climate model will allow
many scenarios to be analyzed within the integ-
rated assessment context. We can explore both
economic and environmental consequences effi-
ciently with the 2-D L-O climate model in the
integrated assessment framework. The linkage
between the 2-D L-O climate model and TEM
will also enable us to efficiently explore the poten-
tial for the terrestrial biosphere to stabilize or
destabilize the concentration of atmospheric CO,
in transient experiments.
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