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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 CO; level, 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. For contemporary climate with 315 ppmv COp, TEM estimated that global NPP is
47.9 PgClyr and global total carbon storage is 1659 PgC, including 909 PgC of vegetation
carbon and 750 PgC of reactive soil organic carbon. For climate change with 522 ppmv
CO» (corresponding to a climate change due to an effective CO2 doubling), the responses
of global NPP are +17.8% (8.6 PgCl/yr) for the MIT L-O climate, +18.5% (8.9 PgClyr) for
the GFDL-qg climate and +20.6% (9.9 PgClyr) for the GISS climate. The responses of
global total carbon storage are +17.3% (157 PgC) for the MIT L-O climate, +18.3%
(166 PgC) for GFDL-q climate and +19.5% (178 PgC) for the GISS climate. Among the
three climate change predictions, distributions of cumulative NPP and total carbon storage
along the 0.5° resolution latitudina bands vary dlightly, and there are only minor
differences in cumulative NPP and total carbon storage for each of 18 biomes. Relatively
large differences in NPP and total carbon storage among the three climate change
predictions occur in individual grid cells at high latitudes of the northern hemisphere.

The results demonstrate that the 2-D climate model is appropriate and useful for impact
assessment and uncertainty analysis within an integrated assessment framework at global
and biome scales, given the compromise between computational efficiency in the 2-D
climate model and more detailed spatial representation of climate fields in the 3-D GCMs.

1. INTRODUCTION

Atmospheric CO, concentration has increased since the pre-industrial erafrom 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 to 3.2 GtClyr,
approximately 50% of total anthropogenic CO, emission (ibid.). There are large uncertainties
about the path and magnitude of future anthropogenic emission of greenhouse gases, because of
uncertainty in population growth, economic growth, technology development and other factors.
These uncertainties, combined with uncertaintiesin natural biogeochemical cycles, lead to
guestions about the rate and magnitude of changes of concentrations of greenhouse gases
(especially COy) in the atmosphere.



Increases in CO, and other greenhouse gases in the atmosphere will increase radiative
forcing of climate. The resultant climate change combined with the increase of atmospheric CO»
concentration may in turn have significant impacts on the structure and biogeochemistry of
terrestrial ecosystems (Gates, 1985; Houghton and Woodwell, 1989; Mdlillo et a., 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 ecosystems and managed ecosystems. One approach was to apply +1 °C, +2 °C or
+4 °C temperature increase and/or +10%, +20% change of precipitation uniformly over a study
area (Esser, 1987, 1990; Buol et al., 1990; Zhang, 1993; Potter et al., 1993; McGuire et a., 1993,
1995; Schimel et al., 1994; Médlillo et a., 1995). This simple approach ignores potential
differencesin both latitudinal and longitudinal variations in temperature and precipitation. Another
approach used climate outputs from 3-dimensional (3-D) atmospheric general circulation models
(GCMs) for doubled CO, scenarios (Mélillo et d., 1993; VEMAP Members, 1995; Parton et dl.,
1995; Rosenzweig and Parry, 1994). Outputs from these 3-D GCMs are commonly 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 mostly equilibrium climate
for doubled CO» scenarios.

Various climate change scenarios, resulting from different scenarios of anthropogenic
emission of greenhouse gases and the corresponding atmospheric CO, concentrations, need to be
explored in order to quantify impact and uncertainty of global climate change relative to policy and
decision making (Jacoby and Prinn, 1994). The potentia to apply 3-D GCMs in uncertainty
analysis and impact assessment of climate change is limited, because of the substantial
computational requirements of 3-D GCMs. By observing that latitudina variations play a stronger
role than longitudinal variations in determining climate, and that transport by large-scale 3-D eddies
can be parameterized by using dynamical theory, a 2-dimensiona climate model has been
incorporated into the integrated assessment framework for climate change at the M assachusetts
Institute of Technology (2-D MIT L-O climate model; see Y ao and Stone, 1987; Stone and Y ao,
1987, 1990; Sokolov and Stone, 1995). The 2-D MIT L-O climate model simulates the zonally
averaged climate separately over land and ocean as afunction of latitude and height. The model has
23 latitudinal bands, corresponding to aresolution of 7.826°, and 9 levelsin the vertical
dimension. The structure and parameterization have much in common with the 3-D GISS climate
model (Hansen et al., 1983), however, 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’ x 5°
resolution. These short run times of the 2-D model are an important characteristic for uncertainty
analysis.

In this study, we ran anew version of 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
objectives were: (1) to report the responses of primary production and carbon storage to climate
change associated with an effective doubling of CO, for the new version of TEM; and (2) to
examine the ecological consegquences of climate change as represented by a 2-D climate model
rather than a3-D GCM. We examined the similarities and differences in the responses of net



primary production (NPP) and total carbon storage to different climate change predictions from the
2-D climate model and 3-D GCM s across various spatial scales (i.e., globe, latitudinal gradient,
biome, grid cells, economic regions).

2. THE TERRESTRIAL ECOSYSTEM MODEL (TEM)

The TEM (Raich et a., 1991; McGuireet a., 1992; McGuire et al., 1993; McGuireet d.,
1995) is a process-based ecosystem model that ssimulates important carbon and nitrogen fluxes and
poolsfor various terrestrial ecosystems (Figure 1). It runs at a monthly time step. Driving variables
include monthly climate (precipitation, mean temperature and mean cloudiness), soil texture (sand,
clay and silt proportion), elevation, vegetation and water availability. The water balance model of
Vorosmarty et al. (1988) is used to generate hydrological input (e.g., PET, soil moisture) for
TEM. For global extrapolation, TEM uses spatially-explicit data sets that are gridded at aresolution
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 (Cramer, personal communication), potential vegetation
(Mélillo et al., 1993), soil texture (FAO/CSRC/MBL, undated) 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 used TEM version 4, which has a number of modificationsto version 3
(Mé€lillo et d., 1993). The TEM version 3 has been used to examine the response of NPP and
carbon storage to changes in climate and atmospheric CO, concentration (McGuire et al., 1993;
Mélillo et al., 1993, 1994). The detailed descriptions of these TEM modifications are presented
elsewhere (McGuire et a., 1995). Mg or modifications include changesin the algorithms
describing: temperature effects on gross primary production, moisture effects on nitrogen uptake
by plants and microbes, decomposition of soil organic matter, and the factors influencing the
carbon to nitrogen ratio of vegetation in grasslands. In TEM version 4, soil textureistreated asa
continuous variable based on proportion of silt plus clay, rather than a categorical variable with five
classes (sand, sand loam, loam, clay loam, and clay). More model parameters now depend on soil
texture, including the carbon and nitrogen uptake capacity of vegetation, the decomposition and
immobilization capacity of microbes. Plant rooting depth, porosity, field capacity and wilting point
are also dependent upon soil texture.

In this study, we focused 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. NPP is calculated as the difference between gross primary productivity (GPP) and
plant respiration (Ra). The flux Ra, which includes both maintenance respiration and construction
respiration, is calculated at each monthly time step as a function of temperature and vegetation
carbon. The flux GPP is calculated at each monthly time step asfollows:

GPP =Cmax f(PAR) f(LEAF) f(T) f(CO2, H20) f(NA)



where Cmax is the maximum rate of C assimilation, PAR is photosynthetically active radiation,
LEAF isleaf arearelative to maximum annual leaf area, T istemperature, CO, is atmospheric CO,
concentration, H,O iswater availability, and NA is nitrogen availability (Raich et al., 1991).

3. CLIMATE CHANGE SCENARIOS AND ATMOSPHERIC CO, CONCENTRATION

We used climate outputs for 1 x CO, and 2 x CO, simulations from two 3-D GCMs, i.e.,
GISS (Hansen et dl., 1983), GFDL-q (Wetherald and Manabe, 1988); and the 2-D MIT L-O
climate model (Sokolov and Stone, 1995). The spatial resolution (longitudex latitude) is 10.0° x
7.826° for GISSand 7.5° x 4.44° for GFDL-g. 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 absolute difference in
temperature between 2 x CO, and 1 x CO, simulations to the contemporary temperature data;

(2) multiplying the ratio in precipitation between 2 x CO, and 1 x CO, simulations to the
contemporary precipitation data; and (3) multiplying the ratio in cloudiness between 2 x CO, and
1 x CO, simulations to the contemporary cloudiness data. For the 2-D MIT L-O climate, the
absolute differences in temperature and the ratios of precipitation and cloudiness between the

2 x CO, and 1 x CO, simulations were calculated for each latitudinal band. We then applied the
zonally averaged datato al the 0.5° x 0.5° grid cells within the latitudinal band. By generating
“future climate” in this way, we have assumed that genera patterns of climate within alatitudinal
band will remain unchanged. For the contemporary climate, the long-term monthly average data of
precipitation, temperature and cloudiness from the Cramer and Leemans CLIMATE database
(Cramer, personal comm.) were used. The Cramer and Leemans climate data are an improvement
of the Leemans and Cramer (1990) climate data set, as the Cramer and Leemans climate data sets
have many more weather stations and a new algorithm for spatial interpolation is used.

The GISS GCM and MIT L-O climate model ssimulated climate conditions for both “ current”
CO; (1 x COy, 315 ppmv) and doubled “current” CO, (2 x CO,, 630 ppmv). Projected changesin
global mean annual temperature vary little among the three climate models; +4.2 °C for GISS, +4.0
°Cfor GFDL-q, and +4.2 °C for MIT L-O. Change of global annual precipitation ranges from
+8.3% for GFDL-q, +11.0% for GISS, to +11.5% for MIT L-O. Projected decrease of global
annual mean cloudiness are largest (—3.4%) for GISS, intermediate (—2.6%) for MIT L-O, and
lowest (—0.7%) for GFDL-q. Figure 2 compares the zonal mean climate changes predicted by the
2-D MIT L-O model and 3-D GCMs. The GCM s outputs were also averaged over the same
latitudinal bands as the those of the 2-D MIT L-O modé. All three models predicted that increases
of annual mean temperature are small in low latitudes but large in high latitudes (Figure 2a). As
functions of latitude, there are large variations in percent changes of annual precipitation and annual
mean cloudinessin the climate models (Figure 2b, 2c).

Atmospheric CO, concentration has increased since the pre-industrial period from about
280 ppmv in 1800, to 315 ppmv in 1957, and to 356 ppmv in 1993. The additional radiative
forcing due to this CO, increaseis 1.56 W/m2, accounting for approximately 63% of the total
additional radiative forcing by the long-lived greenhouse gases (CO,, CH4, N>O and halocarbons)
(IPCC, 1994, 1995). Atmospheric concentrations of other greenhouse gases (e.g., CH4, N2O,
halocarbons) are aso increasing. An “effective CO, doubling” has been defined as the combined
radiative forcing of al greenhouse gases having the same forcing as doubled CO, (Rosenzweig



and Parry, 1994). According to the emission scenarios projected by the economic-emission model
inthe MIT integrated assessment framework, the radiative forcing from CO, accounts for about
76% of the total additional radiative forcing equivaent to a doubling of atmospheric CO,
concentration (from 315 ppmv to 630 ppmv). Therefore, we used 522 ppmv CO; as the CO,
change corresponding to an effective CO, doubling, instead of using 630 ppmv CO, to drive
TEM.

Similarly, other studies have a so projected that CO, is still the dominant long-lived
greenhouse gas in the next century and that its added radiative forcing contributes between 76%
and 84% of the total additional radiative forcing (IPCC, 1995). A number of experimental studies
have shown that photosynthesis and water use efficiency of plants are enhanced under elevated
CO; levels (Kimball, 1975; 1dso and Kimball, 1993; Owensby et al., 1993; Polley et a., 1993,
Idso and Idso, 1994). The results from a simulation of the TEM model have also shown that
doubling atmospheric CO, aone can potentially increase global NPP and carbon storage (Mélillo et
al., 1993, 1995). The interaction between CO, and climate change also affects the responses of
NPP and carbon storage (M€lillo et a., 1993, 1995). Therefore, it is more appropriate to use an
effective doubling of CO, when examining the responses of terrestrial ecosystemsto changesin
climate and atmospheric CO, concentration.

To determine responses to climate change with elevated CO,, we ran TEM under: (1)
contemporary climate with 315 ppmv CO», and (2) climate change with 522 ppmv CO,. The TEM
simulation driven by contemporary climate with 315 ppmv CO, is the baseline or reference. We
ran TEM to its equilibrium state, i.e., all carbon and nitrogen fluxes are balanced within an
ecosystems. Therefore, its estimates of carbon and nitrogen fluxes and pool sizes apply only to
mature, undisturbed vegetation and ecosystems. Effects of land use and management on carbon
and nitrogen dynamics were not considered.

4. RESULTS
4.1 NPP and total carbon storage under contemporary climate and 315 ppmv CO»

For the contemporary climate with 315 ppmv CO,, TEM estimated global annual NPP to be
47.9 PgClyr (Table 1). Cumulative NPP in tropical regionsis estimated to be as much as two times
higher than cumulative NPP in temperate regions (Figure 3a). Tropica evergreen forests account
for 34% of global NPP, although its areais 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 NPPis low
in high latitude ecosystemsin the northern hemisphere (Figure 3a), where NPP is primarily limited
by low temperature and consequently low net nitrogen mineralization. Polar desert/al pine tundra
and moist tundra ecosystems occur over 8% of the global land area but account for only 2% (0.9
PgClyr) 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% (3.9 PgClyr) of global NPP. In
arid regions (arid shrubland and desert), NPP is limited by water availability. Cumulative NPPin



arid regions accounts for 4% of global NPP, although the area of arid regionsis about 20% of the
global land area.

Table 1. Resonse of annua net primary production and total carbon storage to changesin climate
and atmospheric CO, concentration.

Annual Net Primary Production Total Carbon Storage
CO, level: 315 ppmv 522 ppmv 315 522 ppmv
ppmv

Climate Scenarios: ~ Contemp  MITL-0  GISS  GFDL-q Contemp  MITL-0  GISS  GFDL
Vegetation type grid # area (km?) (P C/yr) (%) (%) (%) (Pg C) (%) (%) (%)
Polar desert/alpinetundra 3,578 5.3E+6 0.3 255 307 29.7 36 -25 23 16
Wet/moist tundra 4,207 5.2E+6 0.5 253 317 305 63 -57 08 -03
Boredl forest 7,577 1.2E+8 2.8 201 250 268 251 48 110 112
Borea woodland 4,545 6.5E+6 1.0 206 29.7 293 101 -39 78 71

Temperate mixed forest 2,320 5.2E+6 3.0 205 216 201 114 11.7 122 10.2
Temperate coniferousforest 1,126 2.5E+6 1.0 226 210 220 43 119 93 101
Temperate deciduousforest 1,666 3.7E+6 2.4 211 230 226 92 123 133 124

Tdl grasdand 1,567 3.6E+6 12 215 280 240 18 05 15 -07
Short grassland 2,067 4.7E+6 1.0 241 290 277 20 16 13 -03
Tropical savanna 4,666 1.4E+7 5.7 147 211 150 124 6.8 83 59
Arid shrubland 5784 1.5E+7 15 30.1 335 253 33 84 65 08

Tropical evergreen forest 5868 1.8E+7 16.3 142 155 136 467 94 87 90
Tropicd deciduousforest 1,607 4.7E+6 2.8 127 150 137 82 71 74 80

Xeromorphic forest 2,387 6.9E+6 2.4 214 237 195 49 7.7 48 48
Desert 4,170 1.2E+7 0.4 36,5 415 28.0 7 16.0 152 4.2
Temperate savanna 2,921 6.8E+6 24 215 250 237 74 9.7 111 88
Mediterranean shrubland 575 1.5E+6 0.4 229 273 220 11 58 70 24

Temperate broadlesf ever- 1,268 3.3E+6 2.8 174 16.7 20.3 74 105 7.8 119
green forest

Total 57,899 13E+8 479 178 206 185 1,659 69 87 82

The TEM estimated total terrestrial carbon storage (vegetation carbon plus reactive soil organic
carbon) of the globe to be 1659 PgC (Table 1), including 909 PgC of vegetation carbon and
750 PgC of reactive soil organic carbon. Tota carbon storage has a bimodal distribution across
latitude with the highest storage in both tropical zone in the southern hemisphere and high latitudes
in the northern hemisphere (Figure 3b). About 43% of global total carbon storage occursin 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 tundrais 100 PgC, about 6% of global
total carbon storage. Boreal forest and boreal woodlands account for about 21% (351 PgC) of
global total carbon storage. A large proportion of carbon in high latitudes is stored as soil organic
carbon. Because of low temperatures in temperate and high latitudes, soil organic matter
decomposes slowly and has accumulated over centuries.



4.2 Response of NPP to climate change and elevated CO,

The TEM estimated 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 PgClyr) 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). Along the 0.5° resolution latitudinal gradient, the response of cumulative NPP
has abimodal distribution with the largest increases in both tropical forest regions and the
temperate ecosystemsin the northern hemisphere (Figure 4a). Generally, the latitudinal distribution
of NPP change under the MIT L-O climateis similar to those under the GISS and GFDL-q climate,
except for relatively large differences within the 50.5 °N to 58.5 °N and 66.5 °N to 74 °N bands
(Figure 44). The projected change in annual cloudiness within the 50.5 °N to 58.5 °N band is over
20% higher inthe MIT L-O predictions than in the GISS and GFDL-q predictions (Figure 2c).
Higher cloudiness reduces photosynthetic active radiation, which in turn results in reduced gross
primary productivity. Projected changes in mean annual cloudiness and mean annual temperature
by the MIT L-O model were over 10% and 2 °C higher than those by the GISS and GFDL-q
models within the 66.5 °N to 74 °N band.

Cumulative NPP for each of the 18 biomes increases considerably (Table 1). Percent NPP
increaseis higher in arid ecosystems than in temperate and tropical forest ecosystems. The NPP of
arid ecosystemsis primarily limited by water. Elevated atmospheric CO, concentration would
enhance water use efficiency of plants. Temperate and high latitude ecosystems are generally
nutrient-limiting systems. Increased temperature and precipitation would result in a higher rate of
decomposition of soil organic matter. As aresult, more nitrogen is released from the soil to be
available for plant uptake.

Cumulative NPP for most of the 18 biomes varies only dightly among the three climate
change predictions (Table 1). The NPP responses in the high latitude regions (boreal forest, boreal
woodland, wet/moist tundra, polar desert/alpine tundra) under the MIT L-O climate are 4 to 9%
lower than those under the GISS and GFDL -q climate. Thisis mostly attributable to the relatively
larger increases of temperature and cloudiness in the high latitude regions, as projected by the MIT
L-O modd (Figure 2a).

At the grid cell scale, the means of annual NPP for each of the 18 biomesincrease
consderably, but vary little among the three climate change predictions (Table 2). The differences
in means of annual NPP between the 2-D MIT L-O climate and the 3-D GISS and GFDL-q climate
range from £(7 to 8)% for boreal woodland to (4 to 6)% for tundra and boreal forest to within
+1% for the other biomes. Also, the standard deviations of annual NPP for each of the 18 biomes
vary little among the three climate change predictions (Table 2).

4.3 Response of total carbon storage to climate change and elevated CO»

For climate change with 522 ppmv CO,, TEM estimated that the increase of global total
carbon storage varies from +6.9% (115 PgC) for the MIT L-O climate, to +8.2% (137 PgC) for
the GFDL-q climate, to +8.7% (144 PgC) for the GISS climate (Table 1). The responses
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% (178 PgC) for the GISS climate. In contrast, the pool of
reactive soil organic carbon decreases moderately, i.e., —5.6% (42 PgC) for the MIT L-O climate,
—-4.4% (33 PgC) for the GISS climate, and —4.0% (30 PgC) for the GFDL-q climate.

Table 2. Mean and standard deviation of annual net primary production under various climate
scenarios and CO», levels.

CO, level: 315 ppmv 522 ppmv
Climate Scenarios.  Contemporary MIT L-O GISS GFDL-g

mean' stddev mean stddev mean stddev mean stddev
V egetation type (oC/m2hyr) (oC/mAy) (gC/m2lyr) (gC/m2/yr)
Polar desert/alpine tundra 62 24 77 27 81 29 80 28
Wet/moist tundra 103 29 129 32 135 31 134 33
Boredl forest 228 36 274 48 285 41 389 43
Borea woodland 157 31 189 38 204 37 203 34
Temperate mixed forest 570 117 686 127 693 133 684 135
Temperate coniferous forest 397 126 487 138 481 129 484 142
Temperate deciduous forest 661 108 800 116 812 126 810 130
Tdl grasdand 330 166 401 192 423 207 409 186
Short grassland 221 71 274 84 284 89 281 80
Tropicd savanna 411 183 472 206 498 217 473 207
Arid shrubland 99 41 128 53 132 52 124 50
Tropical evergreen forest 916 183 1046 224 1059 217 1041 219
Tropical deciduous forest 588 209 663 238 676 236 669 230
Xeromorphic forest 354 182 430 209 438 208 423 208
Desert 34 28 47 36 49 38 44 34
Temperate savanna 348 131 423 156 435 154 430 154
Mediterranean shrubland 304 130 373 158 386 155 370 151
Temperate broadleaf evergreenforest 828 235 973 243 966 244 996 248
Globe 368 292 434 334 444 336 436 333

" mean: average NPP, weighed by area of pixels; stddev: standard deviation

Along the 0.5’ resolution latitudinal gradient, the response of total carbon storage has a
bimodal distribution with the largest increase in the northern temperate regions and tropical regions
(Figure 4b). The response of total carbon storage under the MIT L-O climateis similar to the
responses of total carbon storage under the GISS and GFDL -q climate, except for the large
difference within the 50.5 °N to 58 .5 °N and 66.5 °N to 74.0 °N bands. Within these two
latitudinal bands, the MIT L-O modéd projects relatively higher temperature and cloudiness than the
GISS and GFDL-q models. Higher temperature increases |oss of soil organic carbon, while higher
cloudiness results in a decrease in the response of vegetation carbon due to lower annual NPP.

Responses of total carbon storage for most of the 18 biomes are similar among the three
climate change predictions. For the GISS climate, total carbon storage increases from 0.5%in
wet/moist tundrato 15.2% in desert (Table 1). For the MIT L-O climate, the response of total
carbon storage ranges from a decrease of 6.0% in wet/moist tundrato an increase of 16.0% in
desert. For the GFDL-q climate, the increase of total carbon storage ranges from 0.8% in arid



shrubland to 4.2% in desert, which is a much lower range than those for the GISS and MIT L-O
climate.

At the grid cell scale, the means of total carbon storage for each of the 18 biomes vary to some
degree among the three climate change predictions (Table 3). The differencesin the means of total
carbon storage between the 2-D MIT L-O climate model and the 3-D GCMs climate models range
from £(11 to 12)% for boreal woodland, to £(5 to 7)% for tundra and boreal forest, to within +2%
for the other biomes. Also, the standard deviations of total carbon storage for each of the 18
biomes vary little among the three climate change predictions (Table 3).

Table 3. Mean and standard deviation of total carbon storage under various climate scenarios and
COs levels.

CO; level: 315 ppmv 522 ppmv
Climate Scenarios.  Contemporary MIT L-O GISS GFDL-q
mean’ stddev mean  stddev mean  stddev mean  stddev

V egetation type (gC/m2fyr) (aC/m2fyr) (gC/m2fyr) (gC/m2Ayr))

Polar desert/alpine tundra 6,890 2,042 6,711 1,987 7,041 2,087 6,995 2,093
Wet/moist tundra 12,112 2,299 11,388 2,231 12,178 2,109 12,043 2,095
Boredl forest 20,096 2,487 21,050 3,683 22,299 2501 22,341 2,799
Borea woodland 15597 2,296 14,995 2,874 16,816 2,485 16,710 2,306
Temperate mixed forest 21,636 3,211 24,174 3,539 24266 3,519 23,851 3,781
Temperate coniferous forest 17,412 3,905 19,466 4,143 19,008 3,984 19,159 4,349
Temperate deciduous forest 25,122 3,417 28,223 3,641 28,463 3,755 28,243 4,033
Tdl grasdand 4,962 1,542 4,985 1,506 5,036 1,503 4,929 1,457
Short grassland 4,339 1,170 4,397 1,160 4,381 1,169 4313 1,185
Tropica savanna 8,942 3,672 9,554 3,877 9,685 3,867 9,467 3,857
Arid shrubland 2272 1,431 2,463 1,504 2,421 1,476 2,291 1,426
Tropical evergreen forest 26,267 5,121 28,745 6,007 28,559 5,713 28,625 5,904
Tropical deciduous forest 17,402 6,441 18,644 6,970 18,683 6,696 18,790 6,736
Xeromorphic forest 7,129 4,022 7,680 4,121 7,468 3,957 7,468 4,068
Desart 577 647 669 687 664 693 601 637
Temperate savanna 10,792 4,331 11,834 4,612 11,991 4595 11,738 4,730
Mediterranean shrubland 7,401 3,365 7,833 3,530 7,916 3,406 7,577 3,393
Temperate broadleaf evergreenforest 22,302 5,195 24,634 5,142 24,049 5,007 24,967 5,203
Globe 12,728 8,779 13,609 9,651 13,835 9,681 13,777 9,773

' mean: average carbon storage, weighed by area of pixels; stddev: standard deviation

5. DISCUSSION
5.1 Contemporary climate, NPP and total carbon storage

A number of studies have estimated global NPP under contemporary climate, using either
extrapolation of field data or modeling approaches. For the thirteen estimates of global NPP
summarized by Médlillo (1994), global NPP has amean of 57 PgC/yr and a standard deviation of
17.4 PgClyr. Our estimate of global NPP (47.9 PgC/yr) under contemporary climate with 315



ppmv CO; isvery close to the estimate (48.2 PgC/yr) by Whittaker and Likens (1973). Potter et al.
(1993) estimated 48 PgClyr of global NPP, using remote sensing datain 1987 and climate data.

The globa NPP estimate (47.9 PgClyr) in this study is dlightly lower than the estimate
(51.0 PgClyr) in one earlier study (Méelillo et a., 1993), which used TEM version 3, precipitation
and temperature data from Legates and Willmott (1988), and cloudiness datafrom Hahn et al.
(1988). In general, the Cramer and L eemans climate data used in this study represent a cooler,
drier and sunnier world than data from Legates and Willmott (1988) and Hahn et al. (1988). For
the Cramer and Leemans climate dataset, global average annual mean temperature, annual
precipitation and cloudiness over lands are 12.8 °C, 795 mm, and 46%, respectively. The Legates
and Willmott dataset has a global mean annual temperature 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 L eemans dataset and
Legates and Willmott dataset are relatively small in tropical regions but large in temperate and high
latitudes.

The estimate of global total carbon storage (1659 PgC) in this study is also lower than the
estimate (1810.5 PgC) in an earlier study using TEM version 3 (Mé€lillo et al., 1995). 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, aswell as 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 soilsin temperate and high latitude areas.

5.2 Futureclimate, NPP and total carbon storage

The responses of global NPP to climate change with 522 ppmv CO» in this study are dightly
lower than those in an earlier study (Mé€lillo et a., 1993), in which global NPP response was
estimated to be +25.1% for the GFDL-q climate, and 25.9% for the GISS climate. The difference
ismainly due to the larger increase of CO, concentration (from 312.5 ppmv to 625 ppmv) used in
the earlier study (Mélillo et al., 1993). The responses of NPP and total carbon storage to climate
change with 522 ppmv CO, have a bimodal distributions along the 0.5° resolution latitudinal
gradient. This suggests that tropical regions and northern temperate regions may be the two net
sinks of terrestrial carbon storage with respect to ecosystem metabolism. The tropical sink of
carbon may offset to some degree the carbon loss caused by land use change in tropical regions,
e.g., deforestation.

The ssimulation results showed that TEM-estimated NPP and total carbon storage responses
for the 2-D MIT L-O and the 3-D GCMs (GISS and GFDL-q) climate change calculations are quite
similar to each other on the biome and globe scales. TEM-estimated carbon flux and storage for the
2-D MIT L-O climate are dightly 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 differencesin estimates of responses of NPP and total carbon storage between the 2-D
MIT L-O and the 3-D GCMs climate change predictions are much smaller than the responses of
NPP and total carbon storage to climate change and elevated atmospheric CO, concentration.
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Therefore, use of the climate change predictions by the 2-D MIT L-O climate model for impact
assessment and uncertainty analysis would generally provide amost equally useful information on
the responses of terrestrial primary production and carbon storage on the global and biome scales
asthe 3-D GCMs provide.

The largest differences in estimates of NPP and total carbon storage between the 2-D MIT L-O
climate and the 3-D GISS and GFDL-q climate occur in high latitudes in the northern hemisphere,
where vegetation is dominated by tundra and boreal forest and woodland. Global warming is very
likely to result in shrinkage of tundra and northward expansion of boreal and temperate ecosystems
(Emanuél et al., 1985; Woodward and McKee, 1991; Cramer and Leemans, 1993). The
predictions of climate changesin high latitudes are sensitive to the representation of the ocean and
seaice, and in particular, thereis considerable uncertainty as to what is the correct way to
parameterize seaicein climate models. Further work is underway to modify the 2-D MIT L-O
climate model for improving its projection of climate changein high latitudesin the northern
hemisphere.

At the scale of grid cells, maps of annual NPP and total carbon storage showed that spatial
distributions of NPP and total carbon storage under the 2-D MIT L-O and 3-D GISS and GFDL-q
climate change predictions disagree to some degree, particularly in high latitude regions. In simple
linear regressions for each of the 18 hiomes, the regression coefficients (r2, dope, and intercept)
for percent responses of NPP between the 2-D MIT L-O climate and either of the two 3-D GCMs
climate are similar to the regression coefficients between the two 3-D GCMs climate. The Situation
isthe samefor total carbon storage. The 2-D climate model should not be applied for regiona
studies, asit represents only the zonal average climate over land or ocean and has no longitudinal
variations. For studies with objectives of examining responses of NPP and total carbon storage to
climate change on regional and grid cell scales, 3-D climate models are more appropriate.

5.3 Policy making, NPP and carbon storage

In relation to policy making, spatial aggregations of NPP and carbon storage responses for the
economic regions would provide an important linkage between the projection of anthropogenic
emission of trace gases, their impacts on terrestrial ecosystems and the subsequent feedback on
economic performance. The economic-emission model in the MIT Integrated Framework, which is
based on the OECD Genera Equilibrium Environmental model (see OECD, 1992), dividesthe
world into 12 economic regions. The model projects economic devel opment and associated
anthropogenic emissions of greenhouse gases in the 12 economic regions.

Annua NPP increases substantially for each of the 12 economic regions and varieslittle
among the three climate change predictions (Table 4). For most economic regions, the responses of
annua NPP are dightly smaller under the MIT L-O climate than under the GISS and GFDL -q
climate. 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 responses of
annual NPP. Similarly, the responses of total carbon storage are also close to each other among the
three climate change predictions for most economic regions. An exception is the former Soviet
Union economic region, where total carbon storage decreases dightly (=0.6%) under the 2-D MIT
L-O climate, but increase 8.0% under the GFDL-q climate and 9.0% under the GISS climate
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(Table 4). Asdescribed earlier, this difference is caused by the higher temperature and cloudiness
in the high latitudesin the MIT L-O climate. These comparisons indicate that the 2-D MIT L-O
climate modél is also appropriate for impact assessment at the scale of the economic regions.

Table 4. Economic regional responses of annual net primary production and total carbon storage to
changes in climate and atmospheric CO, concentrations.

Annual Net Primary Production Total Carbon Storage

CO; level: 315 ppmv 522 ppmy 315 ppmv 522 ppmv
Climate Scenarios: ~ Contemp MIT L-O GISS GFDL-g  Contemp  MIT L-0 GISS  GFDL-q
Economic regions grid # area (km?)  (Pg CAr) %) %) (Pg ) % %) (%)
USA 4,322 9.1E+6 3.2 226 23.3 200 118 91 92 56
Japan 163 4.0E+5 0.3 21.7 20.4 28.6 9 125 122 174
India 1,089 3.1E+6 1.2 11.6 153 17.6 35 6.0 8.0 104
China 3,807 9.4E+6 3.6 179 18.6 231 131 88 7.7 116
Brazil 2,726 8.2E+6 6.3 159 16.9 148 6 159 16.9 148
EEC (European Community) 1,109 2.4E+6 1.3 236 235 226 45 135 132 112
EET (Eastern European Countries) 552 1.1E+6 0.6 246 24.4 20.8 22 138 131 9.7
DAE (Dynamic Asia Economic) 330 9.6E+5 0.8 11.2 114 125 22 6.7 59 81
OOE (Other OECD Countries) 10,841 2.0E+7 4.7 232 251 227 231 71 86 80
FSU (Former Soviet Union) 13,467 2.1E+7 4.2 20.8 28.0 281 296 -06 9.0 8.0

EEX (Energy Exporting Countries) 7,847 2.2E+7 9.4 159 19.2 157 255 91 94 87
ROW (The Rest of the World) 11,646 3.2E+7 124 16.0 19.8 157 330 76 79 6.6

The good agreement in the estimates of NPP and total carbon storage responses between the
2-D MIT L-O climate and the 3-D GISS and GFDL-q climate may be attributed in part to the
concept and formulation of TEM model and in part to the magnitude of changes in temperature,
precipitation and cloudiness projected by these three climate models. In arecent ecosystemn model
comparison study, TEM, CENTURY (Parton et al., 1987; Parton et al., 1988; Parton et al., 1993)
and Biome-BGC (Running and Coughlan, 1988; Running and Gower, 1991) gave quite different
estimates of responses of NPP and total carbon storage for the conterminous United States, driven
by the same data sets for climate change and elevated CO, levels (VEMAP Members, 1995). For
climate change with 710 ppmv CO, (GFDL R30), responses of total NPP in the conterminous
U.S. is +20.2% for Biome-BGC, +22.1% for CENTURY/, and +30.5% for TEM. In contrast, the
response of total carbon storage varies considerably: —11.0% for Biome-BGC, +6.1% for
CENTURY, and 14.6% for TEM (VEMAP Members, 1995). These ecosystem models have
different sengitivities to changesin temperature, precipitation, cloudiness and CO, level.

In astudy using alternative input datasets of climate, solar radiation and soil texture for the
conterminous U.S. to drive TEM, the results shows that NPP estimates are sengitive to the
different input datasets, partly dependent upon the magnitude of differences among the data sets
(Pan et a., 1995). What are the relative roles of projected changes in temperature, precipitation and
cloudinessto the overall responses of NPP and total carbon storage to climate change? We have
completed amodd sensitivity exercise with the aim of determining the relative contributions of
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elevated CO, and projected changes of temperature, precipitation and cloudiness, using TEM. The
results will be presented in afollowing paper.
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Figure 1. The Terrestrial Ecosystem Model (TEM). The state variables are: carbon, structural nitrogen, and labile
nitrogen in vegetation; organic carbon and organic nitrogen in soils and detritus; and available soil inorganic
nitrogen. Arrows show carbon and nitrogen fluxes: gross primary productivity; autotrophic and heterotrophic
respiration; litterfall production; uptake into, and exchange between, the structural and labile nitrogen pools of the
vegetation; resorption from decaying tissue into the labile nitrogen pool of the vegetation; net mineralization of soil
organic nitrogen; nitrogen inputs from outside of the ecosystem; and nitrogen loss from the ecosystem. (From

Mélillo et al., 1993.)
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Figure 2. The zonal mean changes 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. (The latitudinal bands are from the 2-D MIT L-O climate model.)

Figure 3. Latitudinal distributions of annual net primary production (NPP), reactive soil organic carbon (SOC), and
total carbon storage (TOC) for the contemporary climate with 315 ppmv CO,, and land area along the 0.5°
resolution latitudinal bands. V egetation carbon is the difference between total carbon storage and reactive soil organic
carbon.

Figure 4. Latitudina distributions of the projected changes in annual net primary production (NPP) and total carbon
storage for the 2-D MIT L-O climate and the 3-D GISS and GFDL-q climate with 522 ppmv CO, along the 0.5°
resolution latitudinal bands.

18



