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ABSTRACT / We simulated the variability in natural ecosystem
carbon storage under historical conditions (1895–1994) in six
regions of the conterminous USA as delineated for the US-
GCRP National Assessment (2001). The largest simulated
variations in carbon fluxes occurred in the Midwest, where
large fire events (1937, 1988) decreased vegetation biomass
and soil carbon pools. The Southeast showed decadal-type

trends and alternated between a carbon source (1920s,
1940s, 1970s) and a sink (1910s, 1930s, 1950s) in response
to climate variations. The drought of the 1930s was most ob-
vious in the creation of a large carbon source in the Midwest
and the Great Plains, depleting soil carbon reserves. The
Northeast shows the smallest amplitudes in the variation of its
carbon stocks. Western regions release large annual carbon
fluxes from their naturally fire-prone grassland- and shrubland-
dominated areas, which respond quickly to chronic fire distur-
bance, thus reducing temporal variations in carbon stocks.
However, their carbon dynamics reflect the impacts of pro-
longed drought periods as well as regional increases in rainfall
from ocean-atmosphere climate regime shifts, most evident in
the 1970s. Projections into the future by using the warm
CGCM1 climate scenario show the Northeast becoming
mostly a carbon source, the Southeast becoming the largest
carbon source in the 21st century, and the two western-most
regions becoming carbon sinks in the second half of the 21st
century. Similar if more moderate trends are observed by us-
ing the more moderately warm HADCM2SUL scenario.

The size of terrestrial carbon sinks and the interac-
tion of these sinks with anthropogenic emissions of
CO2 have proved controversial. The existence and the
size of a sink in the continental USA is difficult to
estimate. Attempts to define sinks at the regional level
are full of uncertainties and contradictions. Using in-
verse-modeling techniques based on atmospheric and
oceanic data and models, Fan and others (1998) calcu-
lated a continental United States carbon sink for the
early 1990s of 0.81 Pg C y�1 (1.7 Pg C y�1 for the entire
North American continent), whereas Bousquet and
others (2000), using similar techniques, estimated the
sink to be as much as 2 Pg C y�1 during the early 1990s
for the entire North American continent. Observations
of atmospheric gas concentrations and atmospheric
transport models have also suggested a Northern Hemi-
sphere mid-latitude terrestrial sink of 1–3 Pg C y�1. On
the other hand, Schimel and others (2000) and Potter
and Klooster (1999), using biogeochemical models,
published values around 0.2 Pg C y�1. Similarly, forest
inventory data (Birdsey and others 1993, Birdsey and

Heath 1995, Turner and others 1995, Brown and Schr-
oeder 1999) have generated carbon sequestration rates
by North American forest ecosystems between 0.08 and
0.28 Pg C y�1. By including anthropogenic effects, such
as changes in agricultural soils due to management
practices (e.g. conservation tillage), woody encroach-
ment in the western U.S., and fire suppression, Hough-
ton and others (1999) estimated the upper limit for
carbon sequestration in the United States at 0.35 Pg C
y�1.

Most of the uncertainty among these various esti-
mates arises from the lack of integration of information
rather than the lack of knowledge (Falkowski and oth-
ers 2000). The combined effects of increasing CO2

concentrations (Keeling and others 1989), warmer
night-time temperatures (Easterling and others 1997),
climatic fluctuations (Easterling and others 2000), and
anthropogenic impacts such as pollution, land conver-
sion, water diversion combine to complicate the issue.
Attempts to resolve this situation are continuing. For
example, Pacala and others (2001) summarized and
reconciled the results from all these studies and came
up with a carbon sink estimate of 0.30 to 0.58 Pg C y�1
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Reports on carbon pools at global or continental
scales do not reveal regional differences that are impor-
tant to land-use managers and economists. We present
results from the Vegetation Ecosystem Modeling Anal-
ysis Project (VEMAP) for each of the six regions in the
U.S. Global Climate Change National Assessment Re-
port (NAST 2000). We report only on areas with ’nat-
ural’ vegetation. Although we masked out cultivated
areas, it is important to note that we do not incorporate
any past human influences on the �natural’ vegetation
that we simulate, such as forest harvest and fire suppres-
sion practices. At least some of the present carbon sink
in the U.S. is being attributed to the recovery of forests
from widespread harvest over the past two centuries,
abandonment of agricultural lands, and the suppres-
sion of fires in the West, allowing the expansion of
woody vegetation (Pacala and others 2001). Neverthe-
less, even though virtually all ecosystems have been
influenced by humans, ecosystems must still function
within the constraints of the natural climate and its
interannual, interdecadal, and regional variability.

We analyzed the regional and interdecadal variabil-
ity of carbon source-sink dynamics over the contermi-
nous U.S. for the past 100 years, using the MC1 dy-
namic vegetation model (DVM) to further understand
the contributions of regional and temporal variation in
climate to the overall U.S. carbon source-sink debate.
In addition, we used two future climate scenarios to
project what each region might face in the 21st century:
a moderately warm scenario from the Hadley Climate
Center and a much warmer scenario from the Cana-
dian Climate Center. Both include sulfate aerosols and
assume a gradual CO2 increase. Rather than predicting
accurate levels of carbon sequestration or losses, this
study highlights the areas that are most sensitive to
small changes in predicted rainfall and temperature. It
offers reasonable outcomes to projected changes in
climate from current knowledge and assumptions, and
offers options to be considered by land-use managers of
forest and rangelands.

Methods

Dynamic Vegetation Model MC1

MC1 (Daly and others 2000, Bachelet and others
2001a) is a dynamic vegetation model (DVM) that sim-
ulates lifeform mixtures and vegetation types; fluxes of
carbon, nitrogen, and water; and fire disturbance
(Lenihan and others 1998). MC1 is routinely imple-
mented (Daly and others 2000, Bachelet and others
2000, 2001b, Aber and others 2001) on spatial data
grids of varying resolution (i.e., grid cell sizes ranging

from 4 km2 to 0.5 degree latitude/longitude) where the
model is run separately for each grid cell (i.e., there is
no exchange of information across cells). The model
reads climate data at a monthly time-step to run inter-
acting modules that simulate biogeography, biogeo-
chemistry, and fire disturbance.

The biogeography module simulates the potential
lifeform mixture of evergreen needleleaf, evergreen
broadleaf, and deciduous broadleaf trees, and C3 and
C4 grasses. The tree lifeform mixture is determined at
each annual time-step by locating the grid cell on a
two-dimensional gradient of annual minimum temper-
ature and growing season precipitation. Lifeform dom-
inance is arrayed along the minimum temperature gra-
dient from evergreen needleleaf dominance at
relatively low temperatures, to deciduous broadleaf
dominance at intermediate temperatures, to broadleaf
evergreen dominance at relatively high temperatures.
Growing season precipitation (GSP) is used to modu-
late the relative dominance of deciduous broadleaved
trees, which is gradually reduced to zero towards low
values of GSP. Mixtures of C3 and C4 grasses are deter-
mined by calculating their relative potential productiv-
ity during the summer months as a function of soil
temperature. The tree and grass lifeform mixtures to-
gether with leaf biomass simulated by the biogeochem-
istry module are used in a set of rules to determine
which of 22 possible potential vegetation types occurs at
a grid cell each year. The MC1 biogeography rules were
developed by using MAPSS (Neilson 1995) as a tem-
plate.

The biogeochemistry module is a modified version
of the CENTURY model (Parton and others 1987,
1994). It simulates plant productivity, organic matter
decomposition, and water and nutrient cycling. Plant
productivity is constrained by temperature, effective
moisture (i.e., a function of soil moisture and potential
evapotranspiration), and nutrient availability. The sim-
ulated effect of increasing atmospheric CO2 is to in-
crease maximum potential production and to decrease
transpiration (thus reducing the constraint of effective
moisture on productivity). Trees compete with grasses
for soil moisture, light, and nutrients. Competition for
water is structured by root depth. Trees and grasses
compete for soil moisture in the upper soil layers where
both lifeforms are rooted, while the deeper-rooted
trees have sole access to moisture in deeper layers.
Grass productivity is constrained by light availability in
the understory, which is reduced as a function of tree
leaf biomass. Parameterization of the tree and grass
growth processes in the model is based on the current
lifeform mixture, which is updated annually by the
biogeography module. For example, an increase in
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annual minimum temperature that shifts the domi-
nance of evergreen needle-leaved trees to co-domi-
nance with evergreen broadleaved trees will trigger an
adjustment of tree growth parameters (e.g., the opti-
mum growth temperature) that will, in turn, produce a
different tree growth rate.

The MC1 fire module (Lenihan and others 1998)
simulates the occurrence, behavior and effects of fire.
The module consists of several mechanistic fire behav-
ior and effect functions (Rothermel 1972, Peterson and
Ryan 1986, van Wagner 1993, Keane and others 1997)
embedded in a structure that provides two-way interac-
tions with the biogeography and biogeochemistry mod-
ules. Thresholds of fire spread, fine fuel flammability,
and coarse woody fuel moisture trigger a fire event
given a constraint of just one fire event per year. The
thresholds were calibrated to limit the occurrence of
simulated fires to only the most extreme events. Large
and severe fires account for a very large fraction of the
annual area burned historically in the western U.S.
(Strauss and others 1989). These events are also likely
to be least constrained by heterogeneities in topogra-
phy and by fuel moisture and loading that are poorly
represented by relatively coarse-scale input data grids
(Turner and Romme 1994). The direct effect of fire in
the model is the consumption and mortality of dead
and live vegetation carbon that is removed from (or
transferred to) the appropriate carbon pools in the
biogeochemistry module. The fraction of the cell
burned depends on the simulated rate of fire spread
and the time since the last fire event relative to the
current fire return interval simulated for the cell.
Higher rates of spread and longer intervals between
fires generally produce more extensive fire events in
the model. Live carbon mortality and consumption
within the area burned are functions of fire intensity
and tree canopy structure (i.e., crown height, crown
length, and bark thickness). Dead biomass consump-
tion is simulated with functions of fire intensity and fuel
moisture that are fuel-class specific.

Climate Data

The climate data consist of monthly time-series for
all the necessary variables (i.e., precipitation, minimum
and maximum temperature, and vapor pressure defi-
cit) distributed on a 0.5 degree latitude/longitude (ca.
50 km � 50 km resolution) data grid for the contermi-
nous United States (Kittel and others, 2000, 2003).
Spatially distributed monthly time-series data for histor-
ical (1895–1993) precipitation, temperature, and vapor
pressure were generated from observed station data
interpolated to the data grid by the PRISM model (Daly
and others, personal communication). Vapor pressure

deficit was estimated by subtracting vapor pressure
from the saturated vapor pressure estimated from the
monthly minimum temperature. The data were pro-
vided by the Data Analysis Group from the National
Center for Atmospheric Research (NCAR), Boulder,
Colorado (Kittel and others, 2000, 2003).

Spatially distributed future climate time-series
(1994–2100) were constructed by using coarse-scale
monthly output generated by two general circulation
models (GCMs): a moderately warm scenario from the
Hadley Climate Center model (HADCM2SUL) with up
to a 2.8°C increase in average annual U.S. temperature
in 2100 (Johns and others,1997; Mitchell and Johns,
1997), and a warmer scenario from the Canadian Cli-
mate Center model (CGCM1) with up to a 5.8°C in-
crease in average annual U.S. temperature in 2100
(Boer and others, 1999a, b; Flato and others, 1999).
Both GCMs include the influence of dynamic oceans
and aerosol forcing on the atmosphere. Both GCMs use
IPCC projections of gradual (1% y�1) greenhouse gas
concentrations (IS92a) (Kattenberg and others 1996)
in the future such that the CO2 atmospheric concen-
tration reaches 712 ppm in year 2100. These scenarios
were also provided by NCAR.

Protocol to Run MC1

Equilibrium mode: initialization phase. The MAPSS
equilibrium biogeography model (Neilson 1995) is first
run (stand-alone mode) with mean 1895–1994 monthly
climate data and soil information to produce an initial
potential vegetation map. The MC1 biogeochemistry
module is then initialized with this vegetation map and
run with the same mean climate to calculate corre-
sponding initial carbon and nitrogen pools. The run
terminates when the slow soil organic matter pool
reaches steady state, which may require up to 3000
simulation years for certain vegetation types (Daly and
others 2000). This phase corresponds to the initializa-
tion of all MC1 variables. Because MC1’s fire module
cannot be run meaningfully on a mean climate, fire
frequency is prescribed for each vegetation type in this
equilibrium phase.

Transient mode with spin-up phase. Once the slow-turn-
over soil carbon pools have equilibrated, MC1 is run in
transient mode by using a climate time series. This time
series is created by linking the spin-up climate time
series (100 years) provided by NCAR and the transient
climate of interest (historical followed by future, 200
years total). The MC1 fire module is used only in
transient mode and requires the spin-up phase to attain
a spatially variable fire frequency and an overall dy-
namic equilibrium in net ecosystem carbon exchange
with variable ecosystem age classes.

Regional Differences in Carbon Source-Sink Potential S25



Model Output

The data presented in this paper correspond to the
cumulative change in total ecosystem and soil carbon
since 1895. These changes were calculated as the dif-
ference between the carbon pool at year y and the
carbon pool at year 1895. We assumed that the carbon
pools in 1895 just following the spinup period corre-
sponded to a reasonably stable historical average.

We also calculated 10-year running averages for the
annual changes in live-plant carbon and soil carbon
(including litter). The annual change in a carbon pool
was calculated as the difference between the pool size at
year y and that at year y-1. We chose a ten-year running
average to smooth out the year-to-year variability and
better display decadal trends since carbon budgets are
often reported as decadal averages in the recent liter-

ature. The change in total ecosystem carbon pool, also
called net biological production, is also presented as a
decadal average. It includes losses by fire.

“Biomass consumed by fire” represents carbon re-
leased to the atmosphere, but does not include the
biomass that is killed without being consumed by fire.
Biomass killed but not consumed by fires is added to
the litter pools, from which it is released slowly through
decomposition. This is an important point as other
DGVMs do not include the inputs of dead biomass to
soil carbon pools after a fire (Bachelet and others.
2003).

The model was run only for the area of natural
vegetation in the conterminous United States. An agri-
cultural mask (Schimel and others 2000) was overlaid
on the regional map of the U.S. (Figure 1), including

Figure 1. Map of the U.S. GCRP regions (NAST 2000) with the VEMAP agricultural mask overlaid. White represent 100%
agricultural land-use, grey areas represent mixed (50% agricultural-50% natural) land-use. Each region natural area is repre-
sented by a different color: navy for the Northwest, green for the Midwest, blue for the Northeast, red for the West, yellow for
the Great Plains, and purple for the Southeast. Pie charts show the fraction of each region that is natural, agricultural (white),
or mixed land-use (grey). The model was not run for agricultural areas.
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three categories of land: 100% agricultural, 50% agri-
cultural and 50% natural vegetation, 100% natural veg-
etation. The model was run on all the grid cells that
supported the natural vegetation and on half of each
grid cell that was described as mixed agricultural and
natural vegetation. The model was not run for agricul-
tural areas, since the vegetation types simulated by MC1
do not include crop species and since a time series of
agricultural inputs (fertilizer levels and irrigation
schedules) for historical and future periods would have
been difficult, if possible at all, to obtain for each grid
cell. The delineation of the regions (Figure 1) was
defined in the U.S. Global Climate Change Program
National Assessment Report (2000).

Results

Changes in Carbon Pool Sizes during the Historical
Period from the 1895 Levels

When one compares the size of the total ecosystem
carbon pool to the 1895 value, regional differences
appear (Figure 2): the West, the Great Plains, the
Northeast, and the Southeast regions show an increase
in total carbon from the 1895 level between the begin-
ning and the end of the 20th century. In the Great
Plains region, the model simulates a decrease in total
carbon following the drought of the 1930s. The model
simulates both the Midwest (up to 1 Pg C) and the
Northwest (up to 0.8 Pg C) regions as losing carbon in

Figure 2. Annual change in total ecosys-
tem carbon (10-year average) relative to
the 1895 level for the 6 U.S. GCRP re-
gions as simulated by MC1 from 1895 to
1993 and using (1) HADCM2SUL and
(2) CGCM1 future climate change sce-
narios from 1994 to 2100.
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the 20th century compared with the 1895 levels. Aver-
aged over the entire country, the total carbon stocks
evolve from losing carbon (up to �2 Pg C) in the 1st

half of the 20th century to gaining carbon (up to 2 Pg
C) in the 2nd half of the century (Fig 2.1 and 2.2G).

Changes in soil carbon levels since 1895 follow sim-
ilar patterns (Figure 3). The Midwest and the North-
west exhibit the largest declines in soil carbon (about
�0.5 Pg C). In the Southeast, the model simulates
declines in soil carbon for most of the 20th century
(Figure 3E) even though total system carbon increases
steadily (Figure 2.1E). Soil carbon increases only from
the 1970s until the end of the 20th century. For the
country as a whole, soil carbon decreases from 1895

until the mid-1970s (up to �1 Pg C), but increases
thereafter (Fig 3.1 and 3.2G).

Future Climatic Trends (1994–2100)

We did not simulate the climate, but feel it is impor-
tant to document the climatic trends that drove our
model to simulate vegetation response to future cli-
mate. Both future climate scenarios show an increase in
annual temperature relative to the historical base pe-
riod (1895–1993), but the increase is greater for the
CGCM1 scenario (Figure 4 A and B). Both scenarios
simulate a nearly 22% increase in precipitation over the
conterminous U.S. by the end of the 21st century, al-
though CGCM1 shows a decrease of about 4% by the

Figure 2. Continued.
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mid-2030s before issuing a dramatic increase up to the
end of the century. However, regional differences are
pronounced (Figure 4 C and D). The HADCM2SUL
scenario is generally wetter across all regions, while the
CGCM1 scenario is wetter in the West, the Northwest,
and the Midwest, and drier in the Southeast.

A change in the seasonal trend of temperature and
precipitation may have as much or more impact on
ecosystem properties as changes in annual trends.
CGCM1 shows a greater increase than HADCM2SUL in
minimum winter temperature by the end of the 21st

century in all regions (Figure 5 A and B). Summer
precipitation is projected to increase in the Midwest,
Southeast, and Northeast regions under HADCM2SUL,
whereas it decreases in the Southeast and the Great
Plains under CGCM1 (Figure 5 C and D).

Changes in Carbon Pool Sizes from the 1895 Levels
with Future Climate Change Scenarios

When one compares the projected size of the total
ecosystem carbon pool in the 21st century with the 1895
value, regional differences remain (Figures 2.1 and
2.2). The West and the Great Plains regions continue to
show an increase in total carbon from the 1895 level
throughout the 21st century under both scenarios (Fig-
ures 2.1 A and F, and 2.2 A and F). The model simulates
the Midwest region as gaining carbon with regards to
the 1895 levels in the 21st century with the
HADCM2SUL scenario (Figure 2.1B), while continuing
to lose carbon with the warmer CGCM1 scenario (Fig-
ure 2.2B). Projections for the Northwest region are the
exact opposite, as the region continues to lose carbon

Figure 3. Annual change in soil carbon
(10-year average) relative to the 1895 level
for the six U.S. GCRP regions as simu-
lated by MC1 from 1895 to 1993 and us-
ing (1) HADCM2SUL and (2) CGCM1
future climate change scenarios from
1994 to 2100.
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with the HADCM2SUL scenario (Figure 2.1D) but
starts gaining carbon with regards to the 1895 levels by
the end of the 21st century with the regionally wetter
CGCM1 scenario (Figure 2.2D). Both the Northeast
and Southeast regions switch from carbon gains to
carbon losses early in the 21st century under the
CGCM1 scenario (Figure 2.2C and E). This does not
happen with the milder HADCM2SUL scenario (Figure
2.1C and E). Averaged over the entire country, the total
carbon stocks with regards to 1895 levels increase sig-
nificantly (near 10 Pg C) by the end of the 21st century
with the HADCM2SUL scenario, whereas they start de-
creasing again and showing losses (near �2.5 Pg C)
early in the 21st century with the CGCM1 scenario.

Projected changes in soil carbon levels since 1895
follow similar patterns (Figures 3.1 and 3.2). The West
and Great Plains regions accumulate carbon from 1895
to the end of the 21st century with both climate scenar-
ios. The Midwest region recovers from losing carbon
with regards to 1895 levels with the HADCM2SUL sce-
nario (Figure 3.1B), but not the CGCM1 (Figure 3.2B),
whereas the Northwest region gains carbon with
CGCM1 (Figure 3.2D). In the Southeast and the North-
east regions, the model simulates losses in soil carbon
in the second half of the 21st century with the CGCM1
scenario (Figure 3.2C and E) but not with the milder
HADCM2SUL scenario (Figure 3.1C and E). For the
country as a whole, soil carbon gains with regards to

Figure 3. Continued.
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1895 levels increase to near 6 Pg with the HADCM2SUL
scenario, whereas they decline and are replaced by
losses by mid 21st century with the CGCM1 scenario.

Interannual Changes in Regional Source-Sink
Strength

In the Great Plains (Figure 6.A), the drought of the
1930s is characterized by a decrease in live plant bio-
mass (up to 50 Tg C y�1) and a small decrease in soil
carbon. During the next decade, the region becomes a
carbon sink of similar magnitude, with increases in live
plant biomass. Smaller decreases in live vegetation bio-
mass occur during the drought of the 1950s and in the
1990s. Because grasslands dominate the Great Plains,
the fuel load is large and fires are frequent, with an
average biomass of 80 Tg C y�1 consumed in the 20th

century. Increases in carbon stocks in the 21st century
under CGCM1 correspond mostly to increases in soil
carbon except in the 2090s, when increases in live
biomass exceed those in soil carbon. Around 2035 and

2085, the biomass consumed by fire increases (125 Tg C
y�1), and the region becomes a source of carbon. Both
periods correspond to decreases in annual precipita-
tion. Under HADCM2SUL, the region remains a signif-
icant carbon sink throughout the century.

The Midwest region (which includes the Prairie Pen-
insula area) is simulated as a source of carbon until the
1940s and at the end of the 20th century (up to 100 Tg
C y�1). Increases in live vegetation biomass are simu-
lated (up to 40 Tg C y�1) in the 1920s when they are
accompanied by losses in soil carbon, in the early 1940s
and in the 1960s (Figure 6.B). Biomass consumption by
fire matches the periods when the region is losing
carbon. A probable cause is that summer precipitation
is on average lower between 1905 and 1940 (274mm)
than between 1940 and 1980 (293mm) and shows a
decrease from the early 1900s that peaks during the
1930s drought (Figure 5C) and corresponds to a large
decrease in both vegetation and soil carbon. In the 21st

century under CGCM1, the model simulates this region

Figure 4. GCM-simulated mean annual temperature and mean annual rainfall (10-year running average between 1895 and
2100) by using HADCM2SUL (A and C) and CGCM1 (B and D) for the six U.S. GCRP regions.
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as alternating between becoming a carbon source (up
to 50 Tg C y�1) with significant decreases in soil carbon,
or a carbon sink (up to 60 Tg C y�1). Increases in
biomass consumed by fire coincide with carbon source
strength. Under HADCM2SUL, the region is mostly a
carbon sink (up to 80 Tg C y�1) except from the
mid-2050s to 2080, when a source is simulated corre-
sponding to higher biomass consumption by fire, prob-
ably owing to a decrease in summer precipitation (Fig-
ure 5.C).

The Northeast region (Figure 6.C) is a carbon sink
at the end of the historical period. In the 1930s and the
1960s, the region is simulated as a source of carbon
corresponding to a few fire events. During the 21st

century under CGCM1, the model simulates the region
as mostly a source of carbon (up to 50 Tg C y�1 in the
2030s) with significant losses in soil carbon in the 2nd

half of the century not necessarily matched with fire
events. Under HADCM2SUL, the region is simulated as
a source of carbon (30 Tg C y�1) for only about 20 years
(2050–2070), and as a sink for carbon throughout the

rest of the century with virtually no fires as this scenario
simulates milder conditions for the region.

The Northwest region is simulated as a source of
carbon until the mid-1930s, when for a decade or so its
vegetation becomes a sink before the region turns into
another carbon source in the 1960s and 70s (Figure 6
D). The 1970s are characterized by a large sink (40 Tg
C y�1) in live biomass, followed by increases in soil
carbon. During the 21st century under CGCM1, the
model simulates mostly a carbon sink potential except
in the 2060s. Under HADCM2SUL, the model simu-
lates a greater potential for carbon release throughout
the 21st century as temperatures increase, but summer
precipitation remains constant throughout the 21st cen-
tury (Figures 4.A and 5.C). Because much of the region
is dominated by grasses and shrubs (interior), the total
biomass consumed by fire is large (100 Tg C y�1) and
increases towards the end of the 21st century (up to 160
Tg C y�1 under CGCM1).

The Southeast region is simulated as a sink (up to
100 Tg C y�1) during the historical period and as a

Figure 5. GCM-simulated winter minimum temperature and mean summer rainfall (10-year running average between 1895 and
2100) by using HADCM2SUL (A and C) and CGCM1(B and D) for the six U.S. GCRP regions.
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large source in the 21st century (250 Tg C y�1) under
CGCM1 with an increase in biomass consumed by fire
(Figure 6.E). Annual precipitation under CGCM1
drops rapidly by almost 17% in the future projections
(Figure 4.D). Under HADCM2SUL, decadal trends in
the carbon sequestration potential are clearly visible
with the region becoming a source of carbon around
2005, 2025, and 2055. These decadal trends correspond
closely with those observed in the 10-year average sum-
mer precipitation (Figure 5.C).

The West is simulated as a small sink for carbon
during the historical period and a larger one during
the 21st century under CGCM1 and, to a lesser extent,
under HADCM2SUL (Figure 6.F). This is due mostly to
increased annual precipitation which doubles under
CGCM1 between the beginning and the end of the 21st

century (Figure 4.D) while summer precipitation in-

creases only slightly. Winter rains contribute to the
replenishment of the soil water resources and allow for
tree establishment. The level of biomass consumed by
fire is high, since a large fraction of the region is
dominated by shrublands and grasslands, which are
more prone to fire than forests. Under HADCM2SUL,
summer precipitation drops to a low of 54 mm in 2045
(Figure 5.C) before increasing until the end of the
century. This decrease in summer precipitation in the
first half of the century is probably responsible for the
release of carbon as a response to drought stress in the
region.

Associated Changes in Vegetation Cover

The spatial distribution and abundance of vegeta-
tion are important because vegetation regulates many
ecosystem processes and variables, including soil chem-

Figure 6. Simulated interannual variation in total ecosystem carbon during the historical period (1895–1993), and under
HADCM2SUL and CGCM1 future climate scenarios (10-year running average). Carbon gains in live vegetation (green) and soil
(blue), carbon losses from live vegetation (red) and soil (orange), and biomass consumed by fire, for the six U.S. GCRP regions.
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istry, water infiltration, water use, soil development,
sediment transport, microclimate, wildfire frequency,
and food/habitat availability. The forest area is fairly
constant throughout the 20th century in most regions
except the Midwest, where an increase in total forest
area starts in the 1940s and reaches its peak around
1988, when fires in the corn belt or Prairie Peninsula
region (not shown) dramatically reduce it (Figure 7.B).
In the 21st century, the forested area in the Midwest
increases again with both climate change scenarios.
However, while the deciduous forests are expanding,
the evergreen forests remain low and disappear by 2100
(not shown), as they migrate north into Canada. Both
the Northeast and Southeast regions lose a fraction of
their forest area (Fig 7C and E) owing to a drought
around the 2030–40s simulated under CGCM1 (Figure
4.D) that corresponds to large decreases in total carbon
(Figure 6.C and 6.E). The forested area in both the

West and the Northwest regions increases by the end of
the century under CGCM1 (Figure 7F and D) owing a
large increase in annual rainfall (Figure 4.D), which
favors evergreen forests. The forested area in the Great
Plains region increases under HADCM2SUL as the east-
ern deciduous forest expands westward (Fig 7A). This
switch to a woodier vegetation cover can explain much
of the increase in sink-potential for both the Great
Plains and the West (Figure 6.A and 6.F).

Limitations and Uncertainties

Model results depend first on the quality of the
climate data that are used. The VEMAP dataset (Kittel
and others 2000) provides “the best possible long-term
and wall-to-wall representation of historical climate vari-
ability and change for use as inputs to ecological model
simulation” (Kittel and others 2003). The uncertainty
associated with future climate change scenarios has

Figure 6. Continued.
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been discussed at length in the appropriate literature
and will not be elaborated on here. Our simulations do
not include biospheric feedbacks to climate (Bachelet
and others 2003).

MC1 simulates potential vegetation and assumes that
neither pests nor pathogens affect plant growth, al-
though drought effects, often associated with pests and
pathogens, are simulated. No grazing and no human
impacts such as agriculture, plantation, pollution, or
fire suppression are included in the simulations. Except
for droughts and ensuing fires, no extreme events, such
as blowdowns, ice storms, or floods, are simulated. It is
assumed that all vegetation types are available to grow
wherever and whenever the climate permits and that
fertile soils are always available. These assumptions
were necessitated by the lack of digital gridded time-
series of historical management and disturbance pat-
terns at the continental scale as well as a similar lack of

nitrogen and pollution deposition data and natural
nitrogen fixation rates. The responses of simulated veg-
etation to atmospheric CO2 increases are discussed in
detail in Bachelet and others (2003).

MC1 does not simulate fire suppression. It simulates
the fraction of a grid cell that is burned by large fires by
using biomass and moisture characteristics that are ho-
mogeneous in the cell. Observed large wildfires are
usually the result of extreme events and depend greatly
on local topography. Simulated monthly climate mutes
the impact of extreme events of less than a month’s
duration, and the VEMAP scale is too coarse to repre-
sent the complex topography of the western regions.
Consequently, the accuracy of fire location and timing
in our simulations is limited. It is meant to indicate
broad patterns of fire and should not be interpreted as
a reliable prediction.

Figure 6. Continued.
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Validation efforts have been presented in Bachelet
and others (2001 and 2003). Site-level comparisons
with eddy-covariance data show reasonable temporal
dynamics of net primary production but an overestima-
tion of average NPP owing to the lack of nutrient
limitations (unpublished data). Regional results based
on observed satellite information (e.g., Hicke and oth-
ers 2002) are difficult to use for comparison, since they
include errors associated with averaging natural and
human impacted areas at the regional scale.

Discussion

Regional simulations illustrate the large spatial vari-
ability in the dynamics of the carbon pools in natural
vegetation across the conterminous U.S. Most regions
(especially in the Great Plains and the Midwest) be-
came a source of carbon during the drought of the

1930s. Simulations also showed that the Northwest (Fig-
ure 6.D) was a source of carbon in the 1970s (up to 40
Tg), and during the 1990s (up to 100 Tg). Notably,
Midwest and Northwest were the only two regions that
lost carbon when 1895 carbon levels are used as a
baseline (Figure 2.1B and D). The Southeast became a
carbon sink early in the 20th century (Figure 2.1E), but
gained soil carbon only after 1970 (Figure 3.1E).

Under future climate change scenarios, MC1 contin-
ues to simulate large differences between the various
regions. Under the moderate climate scenario
(HADCM2SUL), the model shows increasingly large
sinks in the Great Plains and the Midwest (at least in the
first half of the 21st century). These regions lose carbon
under the warmer climate scenario (CGCM1) (Figure
6.A and B). Both scenarios suggest increases in temper-
ature; thus, the differences likely result from a decrease
in summer rainfall under CGCM1 (Figure 5.D). Since

Figure 6. Continued.
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the regions are dominated by summer rains, their losses
would be significant. Also, under CGCM1, winter tem-
peratures increase in the continental interior, which
would result in increased decomposition (Figure 6.B).
Under the more extreme CGCM1 scenario, the West
(Figure 6.F) is a larger sink for carbon (up to 95 Tg)
than under HADCM2SUL. Again, as temperature in-
creases under both scenarios, the difference between
them results from larger increases in rainfall under the
CGCM1 scenario that compensates for higher evapo-
transpiration (Figure 5.D). Under CGCM1, both the
Northeast and the Southeast become large carbon
sources (up to 250 Tg C in the Southeast) during most
of the 21st century (Figure 6.C and E) because precip-
itation decreases (Figures 4.D and 5.D). Under
HADCM2SUL, both the Northeast and the Southeast
become carbon sources in the 2050s (Figure 6.C and E)
because of a large decrease in annual and summer

precipitation (Figures 4.C and 5.C). The Northwest
alternates as either a source or a sink of carbon (Figure
6.D) with HADCM2SUL, whereas it is mostly a sink for
carbon with CGCM1 except in the 2010s and the 2060s,
when up to 40 Tg C are released to the atmosphere.
Again, both scenarios show large temperature in-
creases, but precipitation under CGCM1 increases
slightly more than under HADCM2SUL.

It is important when we look at the national num-
bers (Figure 8.B) to also examine the underlying re-
gional patterns (Figure 8.A). While the standard devi-
ation associated with the simulated countrywide net
biological production quantifies some of its uncertain-
ty; the underlying contributions of the various regions
responsible for this uncertainty become undetectable.
For example, the large carbon losses due to wildfires in
the Midwest from 1900 to 1940, and in 1988, overcome
the gains in other regions and contribute to the coun-

Figure 6. Continued.
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trywide signal for these periods as a carbon source.
Similarly, carbon losses in the Southeast in the 1950s
dominate the signal so that the country is simulated as
a carbon source. The size of the sources and sinks is
relatively similar between regions (Figure 8.A) with
similar standard deviations (about 0.1 Pg, not shown
here) except in the Northeast, where the standard de-
viation values are smaller (0.02 Pg). The largest carbon
sources come from the Midwest (15% of the contermi-
nous U.S. area with 57% under agricultural land use),
where drought-induced fires reduce both biomass and
soil carbon pools. The largest historical carbon sinks (�
0.05 Pg y�1) are associated with the Great Plains (27%
of the conterminous U.S. area with 31% of its area
under agricultural land use) and the Southeast (19% of
the conterminous U.S. area with 29% under agricul-
tural land use). The Great Plains region is dominated
by grasses that are responsible for continuous soil car-

bon sequestration (Figures 3.1A and 3.2A), and the
Southeast is dominated by forests thriving under mild
climate conditions (Figures 2.E and 3.E). The climate-
driven carbon gains in the Plains, Southeast, and even
in the Midwest regions from the 1940s through the
1970s undoubtedly contributed significantly to the
’green revolution’, which is traditionally attributed en-
tirely to gains in agricultural technology.

From a management point of view, regionally rele-
vant policies will vary greatly across the country. For
example in the Northeast (7% of the conterminous
U.S. area with 42% under agricultural land use), where
the historical carbon sink/source strength is limited
(smallest decadal signal in Figure 8.A) and losses to
fires are minimal (Figure 9), attention to human im-
pacts such as pollution, nitrogen deposition, urbaniza-
tion, and other land use changes is more relevant in the
short term. Future climatic trends (Figure 6.C) could

Figure 6. Continued.

S38 D. Bachelet et al.



increase the impacts of drought on the vegetation and
call for more attention given to climatic variability and
fire danger. However, the contribution of the natural
vegetation to the national carbon budget will remain
limited. On the other hand, even though carbon losses
due to wildfires are large across the entire western U.S.
(Figure 9), fire management will be important in the
Midwest where simulated fire-caused carbon losses are
the largest (Figure 8.A), albeit fragmented owing to the
predominance of agriculture. This region includes the
Prairie Peninsula area, which constitutes an ecotone
between the eastern deciduous forest and the Plains
grasslands, and where climatic variability is large. The

success of carbon sequestration efforts in this region
through either maintaining a healthy forest or healthy
grasslands accumulating soil carbon will require local
managers to deal with the ecotonal climatic variability,
which will be greatly affected by future climate.

Regional simulations also illustrate the large tempo-
ral variability in the size and sign of the carbon fluxes
that ultimately depend on the climate data used as
input for the model. In Figure 8.A, three decades stand
out when all regions have same-sign carbon fluxes. (1)
The period of drought of the 1930s with all negative
carbon fluxes was particularly obvious in the Great
Plains and the Midwest region (Figures 2.1A, 2.2A,

Figure 7. Simulated change in forest area
for the 6 U.S. GCRP regions, as a percent-
age of the total region area in 1895, under
historical conditions (1895–1993) and under
HADCM2SUL (grey) and CGCM1 (black)
future climate scenarios.
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8.A). (2) The recovery and regrowth in the 1940s cor-
responds to a period of increased precipitation in
North America (Karl 1998). (Note that the following
drought period of the 1950s had a much smaller effect
than that of the 1930s.) (3) The decade of the 1970s,
when all carbon fluxes are positive, has been identified
as the time of a climate shift (Nicholls and others 1996)
and is characterized here by the switch from source to
sink in the U.S. total ecosystem carbon budget using
the 1895 baseline (Figures 2.1G and 2.2G). This shift
was driven by large changes in the Southeast region and
in the Northeast and the Northwest, where carbon
fluxes all change sign (Figures 6.B, 6.C, 6.D, and 8.A).

Interdecadal climate variability is now being increas-
ingly associated with interdecadal variations in oceanic
conditions or oscillations, such as the Pacific Decadal
Oscillation (PDO, Mantua and Hare 2002). For exam-
ple, global temperatures shifted from warming to cool-
ing around 1940–47 and back to warming around
1972–77. These two large-scale atmospheric circulation

shifts correspond to shifts in the PDO and are evident
in the regional carbon sequestration patterns revealed
by the simulations (Figures 2.1G and 3.1G). The Great
Plains, Midwest, Northwest, and Southeast all switched
from source to sink (Figure 6.A, B, D, and E) with the
PDO shift at about 1940. Although the 1950s drought
terminated those gains in the Northwest and Southeast,
both regions responded with dramatic carbon gains
with the PDO shift in the 1970s (Figure 6D and E), as
did the Northeast and the West (Figure 6.C and F). The
PDO shift in the 1970s may have initiated a whole new
cohort of woody vegetation over much of the interior
West and possibly increased the current risk of cata-
strophic fires in the region (Swetnam and Betancourt
1998). Therefore, the regional responses to the PDO
variations appear to have driven a nation-wide shift
from carbon source to carbon sink in the 1970s, which
would certainly have contributed to the gains deter-
mined from direct measurement, but which have been
largely attributed to ecosystem responses to past man-

Figure 8. Simulated net biological production decadal averages in Pg C year�1 for (A) the 6 U.S. GCRP regions and (B) the
conterminous U.S. with their standard deviation (white) over the 10-year period.
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agement practices and elevated CO2 concentrations
(Pacala and others 2001).

Pacala and others (2001) calculated that the size of
the U.S. carbon sink between 1980 and 1990 varied
between 0.26 and 0.43 Pg C y�1 owing to changes in
forests and non-cropland areas. Our study shows an
average value during the 1980s of �0.074 Pg C y�1 with
high regional variation ranging from �0.1 in the Mid-
west to �0.025 in the Southeast for natural vegetation
(i.e., not including agricultural lands). The decade of
the 1980s is driven in our model simulation by the large
simulated wildfires that occurred in the Midwest (Fig-
ure 6.B) and the Great Plains. Because of enforced fire
suppression since the 1950s that is not simulated in the
model, our projections of carbon losses due to fire are
overestimated. Moreover, the model simulates vegeta-
tion dynamics after fire that include successive replace-
ment of burned forest by grasslands, then woodlands,
before canopy closure is simulated (e.g., a decrease in
forest area following the simulated 1988 fires; Figure
7.B). Despite this overestimation of fire impacts, MC1
simulates the timing and location of catastrophic fires
accurately (Lenihan, pers. comm.). In 1988, for exam-

ple, the Yellowstone fires contributed to significant car-
bon losses in the Great Plains region. It is notable that
the Yellowstone fire was accurately simulated even
though the model contains no historical fire suppres-
sion with attendant fuel buildup, thus indicating a dom-
inant climate forcing of those regional fires.

The fire-induced source of carbon in 1988 is missed
by other studies such as Schimel and others. (2000),
who used simulation models that either prescribe fires
at fixed intervals or include a constant fraction of bio-
mass burned each year. They simulate a carbon sink of
�0.08 Pg C y�1 between 1980 and 1993 by using pre-
scribed fire regimes and also adding to the regional
carbon budgets crop yields that are dependent on irri-
gation and fertilization and only partially on climatic
variations.

The discrepancy between our simulation and the
published carbon sink strength can thus be explained
by our lack of simulation of agricultural areas and of
fire suppression. However, we believe that all dryland
agriculture and other land-use must survive within en-
vironmental constraints and that our model results cap-
ture the sensitivity of the natural vegetation in each

Figure 9. Simulated 10-year average vegetation biomass consumed by wildfires in Pg C year�1 for the six U.S. GCRP regions.
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region to those constraints. An accurate database of
human impacts on the conterminous U.S. is at best
scant for the 20th century, and projections of future
impacts are only educated guesses, although historical
databases are being assembled (Ramankutty and others
2002). Our results pertain directly to the 73% of the
conterminous U.S., which is not agricultural, industrial,
nor urban, and indirectly to all other areas, given that
all areas are subject to climatic constraints. Fire sup-
pression has modified ecosystem responses to climate
variability, but most of the observed large wildfires re-
sult from extreme events, which are controlled with
difficulty. Our model results emphasize the crucial role
of the interactions between fire and climate in regulat-
ing long-term dynamics in regional carbon fluxes.

Carbon sequestration in ecosystems is an important
policy tool for offsetting some carbon emissions from
fossil fuel combustion, at least in the short term. How-
ever, it will be important to attribute carbon gains or
losses in ecosystems directly to human management
practices to properly account for fossil fuel offset cred-
its. Our results clearly demonstrate the strong role that
climate plays in regional carbon balance and the inher-
ent difficulty in separating the role of human manage-
ment practices from natural climatic variability. If
global warming itself enhances regional and temporal
climatic variability (Delworth and others 2002), then
identifying the causes of carbon sequestration or loss
will be even more difficult.
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