
teb201535/teb060 Tellus.cls June 10, 2003 15:19

Tellus (2003), 55B, 751–776 Copyright C© Blackwell Munksgaard, 2003
Printed in UK. All rights reserved TELLUS

ISSN 0280–6509

Carbon cycling in extratropical terrestrial ecosystems
of the Northern Hemisphere during the 20th century:

a modeling analysis of the influences of soil
thermal dynamics

By Q. ZHUANG1,2∗†, A. D. MCGUIRE3, J. M. MELILLO2, J. S. CLEIN4, R. J. DARGAVILLE5, D. W.
KICKLIGHTER2, R. B. MYNENI6, J. DONG7, V. E. ROMANOVSKY8, J. HARDEN9 and J. E. HOBBIE2,
1Department of Biology and Wildlife, University of Alaska Fairbanks, Fairbanks, AK 99775, USA; 2The Ecosys-
tems Center, Marine Biological Laboratory, 7 MBL Street, Woods Hole, MA 02543, USA; 3U.S. Geological
Survey, Alaska Cooperative Fish and Wildlife Research Unit, 214 Irving I Building, University of Alaska Fair-
banks, Fairbanks, AK 99775, USA; 4The Institute of Arctic Biology, University of Alaska Fairbanks, Fairbanks,
AK 99775, USA; 5Ecosystem Dynamics and the Atmosphere, NCAR, PO Box 3000, Boulder, CO 80305, USA;
6Department of Geography, Boston University, 675 Commonwealth Avenue, Boston, MA 02215, USA; 7NASA
Goddard Space Flight Center, Code 923, Greenbelt, MD 20771, USA; 8Geophysical Institute, University of

Alaska Fairbanks, AK 99775, USA; 9U.S. Geological Survey, ms 962, Menlo Park, CA, USA

(Manuscript received 15 August 2002; in final form 2 January 2003)

ABSTRACT

There is substantial evidence that soil thermal dynamics are changing in terrestrial ecosystems of the
Northern Hemisphere and that these dynamics have implications for the exchange of carbon between
terrestrial ecosystems and the atmosphere. To date, large-scale biogeochemical models have been slow
to incorporate the effects of soil thermal dynamics on processes that affect carbon exchange with the
atmosphere. In this study we incorporated a soil thermal module (STM), appropriate to both permafrost
and non-permafrost soils, into a large-scale ecosystem model, version 5.0 of the Terrestrial Ecosystem
Model (TEM). We then compared observed regional and seasonal patterns of atmospheric CO2 to
simulations of carbon dynamics for terrestrial ecosystems north of 30◦N between TEM 5.0 and an
earlier version of TEM (version 4.2) that lacked a STM. The timing of the draw-down of atmospheric
CO2 at the start of the growing season and the degree of draw-down during the growing season were
substantially improved by the consideration of soil thermal dynamics. Both versions of TEM indicate
that climate variability and change promoted the loss of carbon from temperate ecosystems during
the first half of the 20th century, and promoted carbon storage during the second half of the century.
The results of the simulations by TEM suggest that land-use change in temperate latitudes (30–60◦N)
plays a stronger role than climate change in driving trends for increased uptake of carbon in extratropical
terrestrial ecosystems (30–90◦N) during recent decades. In the 1980s the TEM 5.0 simulation estimated
that extratropical terrestrial ecosystems stored 0.55 Pg C yr−1, with 0.24 Pg C yr−1 in North America
and 0.31 Pg C yr−1 in northern Eurasia. From 1990 through 1995 the model simulated that these
ecosystems stored 0.90 Pg C yr−1, with 0.27 Pg C yr−1 stored in North America and 0.63 Pg C yr−1

stored in northern Eurasia. Thus, in comparison to the 1980s, simulated net carbon storage in the 1990s
was enhanced by an additional 0.35 Pg C yr−1 in extratropical terrestrial ecosystems, with most of
the additional storage in northern Eurasia. The carbon storage simulated by TEM 5.0 in the 1980s and
1990s was lower than estimates based on other methodologies, including estimates by atmospheric
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inversion models and remote sensing and inventory analyses. This suggests that other issues besides
the role of soil thermal dynamics may be responsible, in part, for the temporal and spatial dynamics of
carbon storage of extratropical terrestrial ecosystems. In conclusion, the consideration of soil thermal
dynamics and terrestrial cryospheric processes in modeling the global carbon cycle has helped to reduce
biases in the simulation of the seasonality of carbon dynamics of extratropical terrestrial ecosystems.
This progress should lead to an enhanced ability to clarify the role of other issues that influence carbon
dynamics in terrestrial regions that experience seasonal freezing and thawing of soil.

1. Introduction

Globally, terrestrial ecosystems occupy an area of
approximately 130 × 106 km2 (McGuire et al., 1995).
Approximately 50 million km2 of this area is affected
by the seasonal freezing and thawing of soils in the
Northern Hemisphere (Robinson et al., 1995; Kimball
et al., 2001; McGuire et al., 2002a, b; Overland et al.,
2002). Over the last several hundred years, permafrost
conditions in high latitudes have changed, and are
likely to continue changing (Lachenbruch et al., 1982;
Lachenbruch and Marshall, 1986; Overpeck et al.,
1997; Vitt et al., 2000). A growing body of evidence
indicates that extratropical terrestrial ecosystems are
undergoing substantial changes associated with warm-
ing that has been occurring during recent decades (Ser-
reze et al., 2000; McGuire et al., 2002b). Permafrost is
currently warming over a substantial part of the North-
ern Hemisphere (Osterkamp and Romanovsky, 1999;
Shender et al., 1999; Romanovsky and Osterkamp,
2001; Romanovsky et al. 2001a, b). Analyses of in
situ observations indicate that ice cover on lakes in
North America is generally thawing earlier (Magnuson
et al., 2000), which suggests that soils are also thawing
earlier.

It has been recognized for decades that soil ther-
mal dynamics affects the exchange of carbon between
terrestrial ecosystems and the atmosphere (e.g., Kel-
ley et al., 1968; Coyne and Kelley, 1974; Hillman,
1992; Vitt et al., 2000). A number of field-based stud-
ies over the last decade have documented both the
importance of winter decomposition and freeze–thaw
dynamics in the annual carbon budget of extratropical
terrestrial ecosystems (Oechel et al., 1997; Jones et al.,
1999; Goulden et al., 1998; Grogan and Chapin, 2000).
Modeling studies and analyses of satellite-based scat-
terometer data over the last decade also suggest that
soil thermal dynamics play an important role in the
dynamics of carbon exchange in extratropical terres-
trial ecosystems (Waelbroeck, 1993; Waelbroek and
Louis, 1995; Frolking et al., 1996; 1999; Waelbroek
et al., 1997; Running et al., 1999; Kimball et al., 2001;

McGuire et al., 2000a, b; Clein et al., 2000; 2002).
The response of soil carbon storage in high latitudes
to continued climate warming is of special concern, as
approximately 40% of the world’s soil carbon is stored
in high-latitude ecosystems (McGuire et al., 1995).

Although there is substantial evidence that soil ther-
mal dynamics are changing in terrestrial ecosystems
of the Northern Hemisphere and that these dynamics
have implications for the exchange of carbon between
terrestrial ecosystems and the atmosphere, large-scale
biogeochemical models have been slow to incorpo-
rate the effects of soil thermal dynamics on processes
that affect carbon dynamics. Most of these models
use monthly air temperature, in part, to drive the sea-
sonal dynamics of net primary production and decom-
position (e.g., see McGuire et al., 2001). An analy-
sis of changes in carbon storage simulated by four
global biogeochemical models in the 20th century has
identified that the responses to climate variability and
change among the models differ substantially in recent
decades. In this study we therefore took the logical
step of incorporating a soil thermal module appropri-
ate to both permafrost and non-permafrost soils into
a global terrestrial biogeochemical model and param-
eterized the new model based on data from several
intensively studied sites. In particular, we parameter-
ized the soil thermal module based on soil tempera-
ture measurements from several Long Term Ecolog-
ical Research (LTER) sites in the United States. We
then applied the model to simulate historical carbon
dynamics in terrestrial ecosystems above 30◦N, and
compared the results of the simulations with a control
version of the model to identify the implications of ex-
plicitly considering soil thermal dynamics for carbon
dynamics of extratropical terrestrial ecosystems. To
determine if the consideration of soil thermal dynam-
ics improved the simulation of carbon exchange with
the atmosphere, we also evaluated the results of the
simulations in the context of observed seasonal atmo-
spheric CO2 dynamics, and in the context of estimates
of carbon exchange based on inverse modeling and on
remote sensing and forest inventory analyses.
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2. Methods

2.1. Model description

To provide the capability to explicitly consider
the effects of soil thermal dynamics and terrestrial
cryospheric processes on large-scale carbon dynam-
ics of terrestrial ecosystems, we developed version 5.0
(Fig. 1a) of the Terrestrial Ecosystem Model (TEM)
by coupling version 4.2 of TEM (McGuire et al., 2001)
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Fig. 1. (a) The structure of TEM 5.0 includes (1) hydrological dynamics based on a Water Balance Model (WBM, Vorosmarty
et al., 1989), biogeochemistry dynamics based on the Terrestrial Ecosystem Model (TEM 4.2, McGuire et al., 2001), and
soil thermal dynamics based on the Soil Thermal Module (STM, Zhuang et al., 2001). Among the three components, the
STM receives vegetation characteristics from TEM, receives snow depth and snow properties from the WBM, and provides
simulated soil temperatures and freeze–thaw dynamics to TEM to drive ecosystem processes. (b) Overview of the simulation
protocol implemented by TEM 5.0 in this study to assess the concurrent effects of increasing atmospheric CO2, climate
variability, and cropland establishment and abandonment during the 20th century.

with a soil thermal module (STM, Zhuang et al., 2001);
TEM 4.2 is the control version of TEM used in this
study. The new version of TEM, like its predeces-
sors, is a highly aggregated large-scale biogeochem-
ical model that uses spatially referenced information
on climate, elevation, soils and vegetation to simu-
late carbon and nitrogen dynamics of global terres-
trial ecosystems (Fig. 1b). Data sets of historical CO2,
climate and cropland extent were used to drive the
models at 0.5◦ resolution (latitude by longitude). TEM
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estimates net primary production (NPP) and het-
erotrophic respiration (RH). The conversion flux is the
simulated release of CO2 associated with the clearing
of land for agriculture, i.e., the burning of slash and
fuel wood. Biomass harvested from land as a result of
conversion to agriculture or subsequent cultivation de-
cays to the atmosphere from three pools with different
residence times: a 1 yr product pool (decay of agricul-
tural products), a 10 yr product pool (paper and paper
products) and a 100 yr pool (lumber and long-lasting
products). The flux NCE is the net exchange of car-
bon between the ecosystem and the atmosphere where
NCE = RH − NPP + Conversion flux + Product de-
cay flux. The STM is based on the Goodrich model
(Goodrich 1976; 1978a, b), and has the capability of
representing soil thermal dynamics in both permafrost
and non-permafrost soils (Zhuang et al., 2001; 2002).
Our modifications of the STM included an improved
representation of the effects of snow depth on the soil
thermal regime. As part of coupling the two models,
we revised the calculations of heterotrophic respiration
(RH, i.e., decomposition) and net nitrogen mineraliza-
tion in TEM so that these important soil processes were
functions of soil temperature rather than air tempera-
ture. However, the model does not explicitly track or
consider the effects of the age of soil organic mat-
ter in estimating the decomposition of soil organic
matter. We also added calculations to better represent
the effects of freeze–thaw dynamics on gross primary
production.

2.1.1. Effects of snow characteristics on soil ther-
mal regime. Different types of snow cover have dif-
ferent thermal properties, which can influence the soil
thermal dynamics of terrestrial ecosystems. For ex-
ample, wind-packed high-density snow that is typical
of tundra regions has high thermal conductivity and
less insulative effects on the soil thermal regime in
comparison to snow cover in the boreal forest. In the
previous version of the STM (Zhuang et al., 2001), a
constant snow thermal conductivity was prescribed for
each vegetation type, and snow depth was estimated
through combining a simulated snow water equivalent
with a prescribed snow density. To better character-
ize the soil thermal regime of the terrestrial ecosys-
tems affected by seasonal snow cover, a snow clas-
sification system for seasonal snow cover (Sturm and
Holmgren, 1995) was implemented to dynamically es-
timate the snow depth and the snow thermal conduc-
tivity. The classification system includes snow cover
types for lowland tundra, alpine tundra, taiga forest,
maritime forest, prairie grasslands and for ecosys-

tems that experience ephemeral snow cover, where
each class was defined by a unique ensemble of textu-
ral and stratigraphic characteristics, including the se-
quence of snow layers, their thickness, density and the
crystal morphology and grain characteristics within
each layer. A variety of snow densities are associated
with different snow cover classifications (Liston and
Pielke, 2000). These snow densities were used to es-
timate the thermal conductivity, which was calculated
(Sturm et al., 1997) as follows:

ks = 10(2.650ρ−1.652) (1)

where ks is snow thermal conductivity (W m−1 K−1)
and ρ is snow density (g cm−3). Snow depth was esti-
mated as follows:

Ds = SWE/ρ (2)

where Ds is snow depth (m) and SWE is snow-water-
equivalent depth (m), which is simulated by the hydro-
logical dynamics module of TEM 5.0 (Fig. 1a).

2.1.2. Effects of freeze–thaw dynamics on gross
primary production. While soil thermal dynamics di-
rectly affect ecosystem processes like decomposition
of soil organic matter and the mineralization of soil
organic nitrogen, it is also important to consider the
effects of freeze–thaw dynamics on carbon uptake
at sub-monthly temporal resolution, because environ-
mental conditions change so rapidly during spring
thaw. The timing of spring thaw and the duration of the
growing season are strongly linked to the carbon bal-
ance of high-latitude ecosystems (Goulden et al., 1997;
Frolking et al., 1996; Frolking, 1997). We introduced
into TEM 5.0 an index of sub-monthly freeze–thaw,
which represents the proportion of a specific month
in which the ground is thawed, to better account for
the effects of freeze–thaw dynamics on carbon uptake
in terrestrial ecosystems (Table 1). Our previous ex-
perience with the STM for several major ecosystem
types in the Northern Hemisphere indicated that the
time of thaw at 10 cm showed good agreement with
the onset of photosynthesis. Therefore, we calculated
the freeze–thaw index, f (FT), based on simulated soil
temperatures at a depth of 10 cm. The index varies from
0.0 to 1.0 and influences the ability of the vegetation
to take up atmospheric CO2 through the calculation
of gross primary production (GPP) in the model. In
TEM 5.0 we incorporated the freeze–thaw index into
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Table 1. Formulae used in TEM 5.0 to calculate the freeze–thaw index in the present month

Conditions of three
Combinations consecutive months Formulae of freeze–thaw indexes

C1
a + + +b 1.0c

C2 + + − 1− [Tm/(Tm − Tm−1)]
C3 + − − 1− [Tm+1/(Tm+1 − Tm)]
C4 − − − 0.0
C5 − + − {1 − [Tm/(Tm − Tm−1)]} + [Tm/(Tm − Tm+1)]}/2.0
C6 − + + Tm/(Tm − Tm+1)
C7 − − + Tm−1/(Tm−1 − Tm)
C8 + − + ([Tm−1/(Tm−1 − Tm)] + {1 – (Tm+1/(Tm+1 − Tm)]})/2.0

aCirepresents a particular combination of freeze and thaw conditions during three consecutive months,
bPositive or negative symbol indicates the sign of previous, present, and the next monthly soil temperature, respectively
c Tm, Tm−1 and Tm+1 represent soil temperatures at 10 cm depth for present, previous and the next month, respectively. If the
same value of soil temperature is simulated in two consecutive months, we specify the soil temperature difference between
those two months to a non-zero value to keep the above formulae valid without losing biological meaning. Similarly, if soil
temperature is 0 ◦C for a specific month, the value is forced to 0.001 ◦C.

the calculation of GPP:

GPP = Cmax f (PAR) f (PHENOLOGY)

× f (FOLIAGE) f (T ) f (Ca, Gv) f (NA) f (FT)

(3)

where Cmax is the maximum rate of C assimila-
tion, PAR is photosynthetically active radiation, and
f (PHENOLOGY) is monthly leaf area relative to leaf
area during the month of maximum leaf area and de-
pends on monthly estimated evapotranspiration (Raich
et al., 1991). The function f(FOLIAGE) is a scalar
function that ranges from 0.0 to 1.0 and represents
the ratio of canopy leaf biomass relative to maximum
leaf biomass (Zhuang et al., 2002), T is monthly air
temperature, Ca is atmospheric CO2 concentration, Gv

is relative canopy conductance, and NA is nitrogen
availability. The effects of elevated atmospheric CO2

directly affect f (Ca, Gv) by altering the intercellular
CO2 of the canopy (McGuire et al., 1997; Pan et al.,
1998). The function f (NA) models the limiting effects
of plant nitrogen status on GPP (McGuire et al., 1992;
Pan et al., 1998). Compared to the control version of
TEM, the function f (FT) is the only new factor in the
GPP calculation of TEM 5.0. Additional details about
the calculation of GPP can be found in Tian et al.
(1999).

2.2. Model parameterization

The variables and parameters of the STM are de-
scribed in detail by Zhuang et al. (2001). We param-

eterized the soil thermal dynamics of TEM 5.0 for
several different vegetation types based on soil tem-
perature measurements at LTER sites in the United
States (Table 2). The parameterization was conducted
to minimize the differences between the simulated and
measured soil temperatures at different soil depths for
those sites (Fig. 2). The values of the parameters and
the depth steps within different soil layers used for
each of the sites are compiled in Table 3.

Parameters in TEM may be specific to different veg-
etation types, specific to different soil textures, or con-
stant for all vegetation types and soil textures. Most of
the parameters in TEM are assigned values derived
from the literature, but some parameters are calibrated
to the carbon and nitrogen pools and fluxes of inten-
sively studied sites (see Raich et al., 1991 and McGuire
et al., 1992 for more details). The calibration proce-
dure estimates the rate limiting parameters for gross
primary production [Cmax in eq. (3)], autotrophic res-
piration, heterotrophic respiration, plant nitrogen up-
take and soil nitrogen immobilization in the context of
other TEM parameters, which were not altered from
values used in previous versions of the model. Thus,
the new parameterization accounts for the effects of
using soil temperature instead of air temperature to
drive below-ground processes (heterotrophic respira-
tion and net nitrogen mineralization) and the effects of
incorporating freeze–thaw dynamics to constrain the
timing of carbon uptake through photosynthesis. Both
TEM 5.0 and the control version of TEM were pa-
rameterized with atmospheric CO2 concentration set
to 280 ppmv, which is approximately the level of CO2

Tellus 55B (2003), 3
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Fig. 2. Comparisons of monthly soil temperatures between observations and simulations by TEM 5.0. The temperatures were
compared at 20 cm soil depth for the Deadhorse, Bonanza Creek, Harvard Forest and the Toolik sites, at 5 cm soil depth for
the Jornada site, at 15 cm depth for the Luquillo site, and at 25 cm depth for the Konza site. For the descriptions of these sites
see Table 2.

that was used to initialize the model simulations in
this study. This differed from the parameterization of
TEM 4.2 used by McGuire et al. (2001), which was
parameterized for an atmospheric CO2 concentration
of 340 ppmv. The definition of parameters used in
TEM has been documented in a number of studies
(Raich et al., 1991; McGuire et al., 1992; Tian et al.,
1999).

2.3. Model application

2.3.1. Input datasets. To apply TEM 5.0 to make
spatially and temporally explicit estimates of ecosys-
tem processes in this study, we used the same input

data sets as were used to drive TEM 4.2 in McGuire
et al. (2001). These input data sets are important for di-
rectly affecting processes in the model (e.g., the effects
of soil temperature on heterotrophic respiration) and
for defining the parameters that are specific to vegeta-
tion types and soil textures. We used a potential vege-
tation data set similar to that described in Melillo et al.
(1993) to run the model to equilibrium prior to driv-
ing the model with transient changes in atmospheric
CO2, climate or land use. Soil texture, elevation and
cloudiness did not vary in any of the simulations. The
transient input data included historical atmospheric
CO2 concentrations (Etheridge et al., 1996; Keeling
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et al., 1995, updated). The data sets describing histor-
ical changes in monthly air temperature and precipi-
tation were gridded at 0.5◦ × 0.5◦ spatial resolution
based on data sets of Jones (1994, updated) and Hulme
(1995, updated). To represent historical land use in our
simulations, we used the same data sets for agricultural
establishment and abandonment and for relative agri-
cultural productivity as were used in McGuire et al.
(2001).

2.3.2. The simulations. To examine the relative
roles of CO2 fertilization, climate variability, and land
use change on terrestrial carbon dynamics with con-
sideration of soil thermal dynamics, as per McGuire
et al. (2001) we conducted three sets of simulations
from 1860 to 1995 with both TEM 5.0 and the control
version of TEM. The first simulation (S1) allowed at-
mospheric CO2 to change from year to year and treated
the climate as constant from year to year. The sec-
ond simulation (S2) is similar to the S1 simulation
except that historical transient temperature and pre-
cipitation were also used to drive the simulation. In
addition to changes in atmospheric CO2 and climate,
the third simulation (S3) used prescribed changes in
land cover associated with agricultural establishment
and abandonment, which allowed potential vegetation
to be converted to cropland and allowed cropland to
be converted to potential vegetation (McGuire et al.,
2001).

For each of the simulations, the model simulated
net primary production (NPP), heterotrophic respira-
tion (RH) and stocks of vegetation and soil carbon. In
the S3 simulation, TEM also simulates the emissions
associated with the conversion of potential vegetation
to agriculture (EC) and emissions associated with the
decay of agricultural, wood and fiber products (EP)
(Fig. 1b; see McGuire et al., 2001). In the S1 and S2
simulations, net carbon exchange (NCE) is calculated
as RH − NPP, while in the S3 simulation, NCE is calcu-
lated as the RH + EC + EP – NPP. Thus, a positive NCE
represents a source of CO2 from terrestrial ecosys-
tems to the atmosphere, while a negative NCE rep-
resents a CO2 sink from the atmosphere to terrestrial
ecosystems.

2.4. Model evaluation

2.4.1. Seasonal carbon exchange and effects on
atmospheric CO2 concentrations. To examine the
effects of soil thermal dynamics on seasonal carbon
dynamics, we compared the simulated seasonal dy-
namics of NCE, NPP and RH during the 1980s for
both temperate zone ecosystems (30–60◦N) and high-

latitude ecosystems (60–90◦N) between TEM 5.0 and
the application of control version of TEM. Similar to
Dargaville et al. (2002b), we used the results of the S2
simulations in this analysis. To simulate atmospheric
CO2 concentrations at various CO2 monitoring sta-
tions, we provided monthly estimates of NCE from
the S2 simulations for the period from 1982 through
1995 to the Model of Atmospheric Transport and
Chemistry (MATCH; Rasch et al., 1997; Mahowald
et al., 1997). Observed atmospheric CO2 concentra-
tions from the 15 Climate Monitoring and Diagnostic
Laboratory (CMDL) sites were compared with esti-
mated CO2 concentration based on the S2 simulations
of the different versions of TEM (see also Dargaville
et al., 2002b). To evaluate how well the TEM sim-
ulations reproduced the observed seasonal signal of
atmospheric CO2 at a monitoring station, we calcu-
lated the root mean-squared error (RMSE) between
the observed mean concentrations of CO2 from avail-
able data in the 1983–1992 period with the mean con-
centrations based on the S2 simulations.

2.4.2. Decadal changes in seasonal carbon dy-
namics. The analysis of the TEM 4.2 simulations
of McGuire et al. (2001) suggested that land use
change was more important than climate variability
and change in affecting seasonal carbon dynamics over
the last several decades. To evaluate the relative roles
of soil thermal dynamics and land use change in affect-
ing the seasonal dynamics of carbon exchange during
the last several decades, we compared the seasonal pat-
tern of cumulative NCE between the S2 and the S3 sim-
ulations of TEM 5.0 and the control version of TEM.
As EC and EP in the S3 simulations are simulated with
annual resolution, we evenly distributed these fluxes
over the months of the year to calculate cumulative
seasonal NCE for the S3 simulations. The appropri-
ateness of assuming that these fluxes are evenly dis-
tributed throughout the year is evaluated in a separate
study (Zhuang et al., in preparation). We focused our
analysis of cumulative NCE on the 1960s, 1970s, and
1980s and examined the timing of growing season and
the carbon sink and source activities in both temperate
and high-latitude regions.

2.4.3. Changes in carbon storage over the past cen-
tury and during the 1980s and 1990s. To evaluate how
the consideration of soil thermal dynamics influenced
carbon storage during the 20th century, we analyzed
how increasing atmospheric CO2, climate change and
variability, and land-use change contributed to sim-
ulated changes in carbon storage between the two
versions of TEM for three periods: 1920–1957,
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1958–1995 and 1980–1995. The contributions of CO2

fertilization, climate change and variability and land-
use change to changes in carbon storage were deter-
mined through use of the estimates of NCE simulated
among the S1, S2 and S3 for each version of TEM.
The effect of CO2 fertilization was defined as NCE of
the S1 simulations, the effect of climate variability and
change was approximated by the differences in NCE
between the S2 and the S1 simulations, and the effect
of land use change was approximated by the differ-
ence in NCE between the S3 and S2 simulations. Note
that this method of partitioning actually estimates the
marginal effects of climate variability and change and
the marginal effects of land use change (McGuire et al.,
2001). For example, the estimate of the effect of cli-
mate includes interactions between changes in atmo-
spheric CO2 and climate. We also split the 1980–1995
period into two sub-periods (1980–1989 and 1990–
1995) and analyzed differences in simulated changes
in carbon storage between North America and north-
ern Eurasia. We evaluated how soil thermal dynamics
might influence decadal variability between the 1980s
and 1990s and spatial patterns of carbon storage by
comparing the changes in carbon storage simulated
by the two versions of TEM with (1) analyses based
on an ensemble of simulation experiments among at-
mospheric inverse models (e.g., Prentice et al., 2001;
Schimel et al., 2001) and (2) analyses based on remote
sensing and inventory data (e.g., Myneni et al., 2001;
Goodale et al., 2002). For any analyses that reported
estimates in units of biomass instead of carbon, we
multiplied biomass by 0.475 to express the estimates
in units of carbon, a conversion factor that we routinely
use for this purpose (see Raich et al., 1991).

3. Results

3.1. Seasonal carbon exchange and effects on
atmospheric CO2 concentrations

The consideration of soil thermal dynamics in the
TEM 5.0 simulations substantially affected the mean
seasonality of carbon exchange between extratropical
terrestrial ecosystems and the atmosphere during the
1980s (Fig. 3). In comparison to the control version
of TEM, TEM 5.0 simulated that net uptake of car-
bon in the spring was depressed in temperate latitudes
during May (Fig. 3a) and in high latitudes during June
(Fig. 3b). In temperate latitudes, the combination of
a relative decrease in NPP (Fig. 3c) and a relative in-
crease in RH (Fig. 3e) was responsible for reduced

carbon uptake during May in the TEM 5.0 simula-
tion. In high latitudes, a similar relative decrease in
NPP (Fig. 3d) and RH (Fig. 3f) was responsible for
reduced carbon uptake during June in the TEM 5.0
simulation. While the net uptake of carbon was de-
pressed in the spring, the uptake of carbon during
the rest of summer was enhanced from June through
September in temperate latitudes (Fig. 3a) and dur-
ing July and August in high latitudes (Fig. 3b), with
a shift in peak carbon uptake from May to June in
temperate latitudes and from June to July in high
latitudes. In temperate latitudes, the combination of
a relative in increase in NPP (Fig. 3c) and a rel-
ative decrease in RH (Fig. 3e) was responsible for
the higher carbon uptake from June through Septem-
ber (Fig. 3a). In contrast, a relative increase in NPP
of high latitudes in July and August (Fig. 3d) was
primarily responsible for higher uptake (Fig. 3b), as
simulated RH was also higher during these months
(Fig. 3f). Thus, in temperate latitudes the effects of
soil thermal dynamics on both NPP and RH were
responsible for differences in the seasonal dynamics
of net carbon uptake between our simulations, while
in high latitudes the effects of soil thermal dynamics
on NPP were primarily responsible for differences.

The effects of soil thermal dynamics in TEM 5.0
on the simulated seasonal dynamics of carbon ex-
change between extratropical terrestrial ecosystems
and the atmosphere influenced the seasonality of
atmospheric CO2 concentrations throughout the
Northern Hemisphere (Fig. 4). In comparison to the
control version of TEM, the coupling of seasonal car-
bon exchange from TEM 5.0 with the atmospheric
transport model MATCH substantially improved the
simulated magnitude and timing of atmospheric CO2

draw down during the growing season for many of
the monitoring stations in the Northern Hemisphere
(Fig. 4); the root mean squared error between simu-
lated and observed was substantially reduced for all
of the Northern Hemisphere monitoring stations we
examined (STM through GMI in Table 4). For most
stations, the seasonal concentration anomalies of at-
mospheric CO2 derived from the TEM 5.0 simulations
were within one standard deviation of the observa-
tions during the Northern Hemisphere growing sea-
son (Fig. 4). While the late winter CO2 concentration
anomalies were overestimated for several stations in
the TEM 5.0 simulations (Fig. 4; e.g., see MBC, BRW,
STM, CMO and KEY), these biases were more than
compensated by improvements in simulating concen-
tration anomalies during the growing season. Among
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Fig. 3. Monthly simulated net carbon exchange (NCE, left panels) and monthly relative net primary production (NPP, center
panels) and heterotrophic respiration (RH, right panels) as estimated by TEM 5.0 and its control simulations for 30–60◦N
(top panels: a, c and e) and 60–90◦N (bottom panels: b, d and f). The simulations are from S2 simulations of the two versions
of TEM. The TEM 5.0 simulations are indicated with open bars, and control simulations with hatched bars.

the 15 stations we evaluated, the root mean squared
errors (RMSEs) derived from the TEM 5.0 simula-
tion were significantly reduced in comparison to those
from the control simulation at an alpha level of 0.10
(paired sample t-test: t = 1.89, P = 0.078, N = 15). For
six temperate and high-latitude stations (MBC, BRW,
STM, CBA, MLO and KUM) the root mean squared
error (RMSE) between simulations and observations
was significantly smaller for the TEM 5.0 simulation in
comparison to the control simulation. While the RM-
SEs of the TEM 5.0 simulations were not significantly
different from the control simulations for the remain-
ing stations we evaluated, they were generally smaller
except for the station at Cape Meares in Oregon (CMO)
and three Southern Hemisphere stations (SMO, PSA
and SPO).

3.2. Decadal changes in seasonal carbon dynamics

In comparison with the control S2 simulation, the S2
simulation by TEM 5.0 is characterized by a later zero

crossing point of positive carbon storage in both tem-
perate and high latitudes in all three decades (Figs. 5a
and 5b), which is consistent with the analyses of sec-
tion 3.1. Both versions of TEM indicate that there
was a very weak decadal-scale trend for an earlier
zero-crossing point of positive carbon gain during the
year that occurred primarily between the 1960s and
1970s in both temperate and high latitudes (Figs. 5a
and 5b). In contrast, both S3 simulations of TEM in-
dicate a substantial decadal-scale trend for an earlier
zero-crossing point in temperate latitudes (Fig. 5c),
with a stronger trend between the 1970s and 1980s
than between the 1960s and 1970s. Similar to the S2
simulations, both S3 simulations of TEM indicate that
the trends for an earlier crossing point in high lati-
tudes were weak and occurred primarily between the
1960s and the 1970s, with little difference between the
1970s and 1980s (Fig. 5d). These results simulated by
TEM suggest that land-use change in temperate lat-
itudes plays a stronger role than climate change in
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Fig. 4. Comparisons between the observed seasonal cycle of CO2 and simulated seasonal cycle for 15 monitoring stations
of the NOAA/CMDL network. The mean and standard deviation from 1982 to 1995 are shown for the observed data. The
simulated CO2 concentrations were estimated by providing the monthly NCE estimates of the TEM 5.0 simulation (soil
thermal effects, solid line) and the TEM 4.2 simulation (control, dashed line) to the Model of Atmosphere and Transport
Chemistry (MATCH). The first 6 months of each cycle are displayed twice to reveal the annual variation more clearly.

driving decadal-scale trends for increased uptake of
carbon in extratropical terrestrial ecosystems.

3.3. Changes in carbon storage over the past
century and during the 1980s and 1990s

Both applications of the control version of TEM and
TEM 5.0 indicate that extratropical terrestrial ecosys-
tems generally lost carbon between 1920 and 1957
(period 1; Table 5) and stored carbon from 1958 to
1995 (period 2; Table 5). Carbon losses in period 1
(Fig. 6a, Table 5) were primarily caused by changes
in land use that occurred in the temperate zone, while
carbon gains in period 2 (Fig. 6b, Table 5) were pri-
marily caused by increases in atmospheric CO2 and

changes in climate. Climate variability and change had
minor effects on net carbon storage in period 1, but
substantially enhanced carbon storage in period 2. In
comparison to the control simulation, TEM 5.0 simu-
lated slighter low carbon losses in period 1 (1.1 Pg C;
Table 5) and greater carbon uptake in period 2 (1.6 Pg
C, Table 5). While the consideration of soil thermal
dynamics had minor influences on changes in carbon
storage during the 20th century, it tended to depress
carbon losses and to enhance carbon gains.

From 1980 to 1995, both applications of TEM in-
dicate that extratropical terrestrial ecosystems stored
carbon (Table 6), with the largest areas of carbon se-
questration in northern Eurasia and the United States
(Fig. 6c). While both increasing atmospheric CO2 and
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Table 4. The root mean squared errors (RMSE) be-
tween simulations and observations of atmospheric
CO2 concentration at the monitoring stations of
NOAA/CMDL network

Monitoring Soil Thermal
stationsa effectsb Controlc

STM 1.5 1.9
BRW 1.7 2.4
CBA 1.8 2.3
MBC 1.4 2.1
CMO 1.8 1.2
NWR 1.0 1.1
KEY 1.0 1.0
MLO 0.6 0.9
KUM 0.5 0.9
AVI 1.0 1.2
GMI 0.6 0.9
ASC 0.4 0.4
SMO 0.6 0.5
PSA 0.8 0.6
SPO 0.2 0.1

aSee Fig. 4 for the full name of stations.
bRMSE is calculated between the simulated and observed
CO2 for each stations with 48 point CO2 data; for detailed
procedures, see Dargaville et al. (2002a). The simulated
CO2 with soil thermal effects was determined by coupling
carbon exchange simulated by TEM 5.0 to MATCH.
cRMSE is calculated between the simulated and observed
CO2 for each stations with 48 point CO2 data. The simulated
CO2 associated with the control column was determined
by coupling the carbon exchange simulated by TEM 4.2 to
MATCH.

climate variability and change led to carbon stor-
age in both temperate and high latitudes, land-use
change led to carbon storage in temperate latitudes
and had no net effect in high latitudes (Table 6).
From 1980 to 1995, the TEM 5.0 simulation indi-
cates that extratropical terrestrial ecosystems stored
0.68 Pg C yr−1, which is slightly greater than the stor-
age indicated by the control simulation (0.61 Pg C
yr−1). In the TEM 5.0 simulation CO2 fertilization,
climate variability and change, and land-use change
contributed approximately 60%, 25% and 15%, re-
spectively, to carbon sequestration from 1980 to 1995
(Table 6).

During the 1980s and 1990s TEM 5.0 estimated that
carbon storage in vegetation biomass was responsible
for 61% of the increased carbon storage, while soils
were responsible for 39% of the increase. To evaluate
the spatial patterns of simulated biomass change in ex-

tratropical terrestrial ecosystems from 1980 to 1995,
we compared changes in vegetation carbon estimated
by the TEM 5.0 simulations to analyses based on re-
mote sensing and inventory data. The changes in veg-
etation carbon simulated by TEM 5.0 between 1980
and 1995 (Fig. 7a) have a similar spatial distribution
in comparison with the changes estimated from the re-
mote sensing analysis of Myneni et al. (2001; Fig. 7b),
but the rate of sequestration is lower in the TEM simu-
lations (Table 7). In Canada and Alaska, the estimate of
carbon sequestration in vegetation simulated by TEM
5.0 is generally similar in magnitude, but somewhat
less than estimates by analyses based on remote sens-
ing and inventory data (compare biomass sink columns
in Table 7). In the United States and northern Eurasia,
the TEM 5.0 simulation and inventory-based studies
both estimate carbon sequestration, but the magnitude
of vegetation carbon storage simulated by TEM 5.0 is
on the low end of the other estimates (Table 7). Simi-
larly, the estimates of ecosystem carbon sequestration
in vegetation and soils of forests by TEM 5.0 (For-
est NCE in Table 7) are generally lower than other
inventory-based estimates (Table 7).

From 1990 through 1995, the TEM 5.0 simula-
tion indicates that extratropical terrestrial ecosystems
stored 5.4 Pg C (0.90 Pg C yr−1; Table 6), with 1.6
Pg C (0.27 Pg C yr−1) stored in North America and
3.8 Pg C (0.63 Pg C yr−1) stored in northern Eura-
sia. Compared to the 1980s, in which TEM 5.0 esti-
mated that extratropical terrestrial ecosystems stored
0.55 Pg C yr−1 (0.24 Pg C yr−1 in North America
and 0.31 Pg C yr−1 in northern Eurasia), simulated
net carbon storage was enhanced during the 1990s by
an additional 0.35 Pg C yr−1 in extratropical terrestrial
ecosystems (Table 6); in the control simulation, the ad-
ditional enhancement was slightly less (0.31 Pg C yr−1;
Table 6). The enhancement simulated by the TEM 5.0
simulation was located primarily in northern Eurasia
(an additional 0.32 Pg C yr−1). Of the additional car-
bon storage simulated by TEM 5.0 between the 1980s
and 1990s, 0.08, 0.12 and 0.15 Pg C yr−1 are at-
tributable to CO2 fertilization, climate variability and
change and land-use change, respectively. In the con-
trol simulation, the additional sequestration attributed
to CO2 fertilization (0.06 Pg C yr−1), climate variabil-
ity and change (0.10 Pg C yr−1), and land-use change
(0.15 Pg C yr−1). Thus, between the 1980s and the
1990s the effects of climate variability and land use
change on carbon storage as simulated by both ver-
sions of TEM were accelerating faster than the effects
of increasing atmospheric CO2.
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Fig. 5. The cumulative difference between NCE during the 1960s, 1970s and 1980s as estimated by the S2 simulations of
TEM 5.0 and TEM 4.2 (control) for terrestrial ecosystems (a) between 30 and 60◦ N and (b) between 60 and 90◦ N; and by
the S3 simulations of TEM 5.0 and TEM 4.2 for terrestrial ecosystems (c) between 30 and 60◦ N and (d) between 60 and
90◦ N. Lines with symbols indicate the results associated with soil thermal effects in TEM 5.0, and lines without symbols
indicate results of the control simulation.

4. Discussion

Many large-scale biogeochemical models use
monthly air temperature to drive the seasonal dynam-
ics of NPP and RH, and these models have been slow
to incorporate the effects of soil thermal dynamics on
processes that affect carbon dynamics. While it may
be possible to represent how soil temperature lags air
temperature in non-permafrost ecosystems, this ap-
proach is not appropriate for ecosystems affected by
permafrost, as it implicitly assumes that soil thermal
dynamics are determined by the movement of a single
freezing front, i.e., freezing downward from the soil
surface. The simulation of active layer dynamics in a
permafrost-dominated system requires the considera-

tion of two freezing fronts, i.e., freezing upward from
the permafrost boundary as well as downward from
the surface, as applications involving a single freez-
ing front will generally over-predict the rate of thaw
of the active layer by a factor of three in comparison
to applications involving two freezing fronts (Zhuang
et al., 2001; Romanovsky and Osterkamp, 1997). Also,
because the response of carbon uptake by vegetation
upon thaw can be characterized as an on–off switch
(Frolking et al., 1999), the representation of the in-
fluence of sub-monthly freeze–thaw dynamics on car-
bon exchange requires a scaling approach in models
that are driven by monthly temperature. In a previ-
ous study we evaluated how the incorporation of a
permafrost model into a large-scale ecosystem model
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Table 5. Partitioning of net carbon exchange (as Pg C per period)a in extratropical temperate and high-latitude
terrestrial ecosystems between 1920 and 1957 and 1958 and 1995 among effects attributable to changes in
increasing atmospheric CO2, climate variability and land use for both the TEM 5.0 simulation (soil thermal
effects) and the TEM 4.2 simulation (control)b

1920–1957 1958–1995

30–60◦ N 60–90◦ N 30–90◦ N 30–60◦ N 60–90◦ N 30–90◦ N

Soil thermal effects
CO2 −5.9 −1.2 −7.1 −10.0 −2.1 −12.1
Climate 2.2 −0.6 1.6 −5.6 −1.5 −7.1
Land use 16.7 0.4 17.1 7.5 0.4 7.9
Sub-total 13.0 −1.4 11.6 −8.1 −3.2 −11.3

Control
CO2 −5.7 −1.0 −6.7 −9.5 −1.7 −11.2
Climate 3.2 −0.4 2.8 −4.6 −1.4 −6.0
Land use 16.1 0.5 16.6 7.1 0.4 7.5
Sub-total 13.6 −0.9 12.7 −7.0 −2.7 −9.7

aPositive values indicate net releases to the atmosphere, and negative values indicate net storage in terrestrial ecosystems.
bThe partitioning is based on simulation S1 (CO2), the difference of S2 and S1 (climate), and the difference of S3 and S2
(land use).
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Fig. 6. The spatial distribution of NCE simulated by TEM 5.0 for the periods 1920–1957 (a), 1958–1995 (b) and 1980–1995
(c). Positive values of NCE represent sources of CO2 to the atmosphere, while negative values represent sinks of CO2 into
terrestrial ecosystems.
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Table 6. Partitioning of net carbon exchange (as Pg C yr−1)a in extratropical temperate and high latitudes
terrestrial ecosystems between 1980 and 1989, 1990 and 1995, and 1980 and 1995 among effects attributable
to changes in increasing atmospheric CO2, climate variability and land use for both the TEM 5.0 simulation
(soil thermal effects) and the TEM 4.2 simulation (control)

1980–1989 1990–1995 1980–1995

30–60◦ N 60–90◦ N 30–90◦ N 30–60◦ N 60–90◦ N 30–90◦ N 30–60◦ N 60–90◦ N 30–90◦ N

Soil thermal effects
CO2 −0.31 −0.07 −0.38 −0.38 −0.08 −0.46 −0.34 −0.07 −0.41
Climate −0.10 −0.02 −0.12 −0.20 −0.04 −0.24 −0.14 −0.03 −0.17
Land use −0.05 0.00 −0.05 −0.20 0.00 −0.20 −0.10 0.00 −0.10
Sub-total −0.46 −0.09 −0.55 −0.78 −0.12 −0.90 −0.58 −0.10 −0.68

Control
CO2 −0.30 −0.05 −0.35 −0.34 −0.07 −0.41 −0.31 −0.06 −0.37
Climate −0.07 −0.03 −0.10 −0.15 −0.05 −0.20 −0.10 −0.04 −0.14
Land use −0.05 0.00 −0.05 −0.20 0.00 −0.20 −0.10 0.00 −0.10
Sub-total −0.42 −0.08 −0.50 −0.69 −0.12 −0.81 −0.51 −0.10 −0.61

aPositive values indicate net releases to the atmosphere, and negative values indicate net storage in terrestrial ecosystems.

influenced the temporal and spatial dynamics of sim-
ulated soil thermal dynamics in extratropical ecosys-
tems (Zhuang et al., 2001). In this study we took the
next logical step of scaling freeze–thaw dynamics in a
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Fig. 7. A comparison of the spatial patterns of estimated annual changes in vegetation carbon storage during the 1980s and
1990s between (a) the TEM 5.0 S3 simulation and (b) the analysis of Myneni et al. (2001) based on remote sensing data.
The TEM 5.0 estimates are based on differences that occurred from 1980 through 1995. The remote sensing estimates are
aggregated into 0.5◦ × 0.5◦ resolution based on 0.25◦ × 0.25◦ resolution data (Myneni et al., 2001) to compare to the TEM
estimates and represent differences in vegetation carbon storage between the period from 1980 to 1982 period and the period
from 1995 to 1999. For easy of comparison, the color scheme used in this figure is similar to the one used in Myneni et al.
(2001). Positive values in the plot represent sources of CO2 to the atmosphere, while negative values represent sinks of CO2
into terrestrial ecosystems.

large-scale ecosystem model and evaluating how the
consideration of soil thermal dynamics influences the
simulated dynamics of carbon exchange between ex-
tratropical terrestrial ecosystems and the atmosphere.
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Table 7. Comparisons of estimates of biomass sink and forested net carbon exchange for Canada, Russia and
the United States

TEM 5.0 simulation Inventory and other estimates

Biomass Forested Biomass Net Change of
Areaa Sinkb NCEb Area Sinkb Forest-sector

Country (Mha) (Pg C yr–1) (Pg C yr–1) (Mha) (Pg C yr–1) Carbon Poolsb

Canada 370.2 −0.0569 −0.0500 239.5c −0.0731c 0.04f

244.6d −0.093d

404f −0.085e

Russia 687.4 −0.0685 −0.0790 642.2c −0.2836c −0.15f

816.5d −0.429d

763.5g −0.058g

887f

770.8h

United States
Conterminous US 256.5 −0.0770 −0.0764 215.5c −0.1415c −0.28f

217.3d −0.167d

247.0k −0.063i

246f −0.098j

−0.020l

−0.011– −15k

Alaska 65.2 −0.0039 −0.0042 52f −0.0023– −0.0097m

aForested area includes boreal forest, forested boreal wetlands, mixed temperate forests, temperate coniferous forest,
temperate deciduous forest, temperate forested wetlands, temperate forested floodplains, and temperate broad-leaved
evergreen forests (modified from Melillo et al., 1993).
bNegative values in indicate the carbon is sequestered into ecosystems.
cMyneni et al. (2001), Remote sensing estimates; Area is the total of forests and woodland, as defined by the distribution
of broad leaf forests, needle leaf forests, mixed forests, and woody savannas (Myneni et al., 2001). Woody Biomass pool
consists of wood, bark, branches, twigs, stumps, and roots of live trees, shrubs, and bushes (Myneni et al., 2001).
dTBFRA-2000 (Liski and Kauppi, 2000); estimates for early to mid-1990s.
eFrom inventory data (Canadian Forest Service, 1993); for 1982–1991.
fGoodale et al., 2002; Pool size includes above- and belowground components of trees as well as understory vegetation in
1990; the biomass sink represents the entire forest-sector balance.
gNilsson et al. (2000), for 1990.
hAlexyev and Birdsey (1998).
iTurner et al. (1995); for the 1980s.
jBirdsey and Heath (1995); for the 1980s.
kPacala et al. (2001); for 1980–1990; forest trees in coterminous United States only.
lHoughton et al. (1999); for the 1980s; land-use study.
mYarie and Billings (2002); for recent decades; −0.0097 for climate and no fire, −0.0023 for climate and fire.

Here we discuss the implications of the results of our
simulations for carbon dynamics of extratropical ter-
restrial ecosystems.

4.1. Seasonal dynamics of carbon exchange

Heimann et al. (1998), McGuire et al. (2000a) and
Dargaville et al. (2002a) compared the performance
of several global biogeochemical models by using
monthly estimates of CO2 exchange by the models

to simulate the seasonal cycle of atmospheric CO2 at
a number of CO2 monitoring stations located through-
out the globe. In comparison to models in which
NPP is prescribed by remote-sensing data, models that
used prognostic algorithms for defining the season-
ality of carbon uptake generally predicted the early
draw-down of CO2 during the growing season, under-
estimated the degree to which atmospheric CO2 was
drawn down during the growing season, and underes-
timated the concentrations of atmospheric CO2 during
the non-growing season. The modeling experiments
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of McGuire et al. (2000a) identified that the simula-
tion of atmospheric CO2 concentrations during the late
growing season and during the non-growing season
could be improved by a simple algorithm that rep-
resented the insulative effects of snowpack in global
biogeochemical models.

In our study, the timing of the draw down of CO2

at the start of the growing season and the degree of
draw-down during the growing season were substan-
tially improved by the consideration of soil thermal dy-
namics. Interactions between thaw dynamics and the
uptake of carbon by the canopy were primarily respon-
sible for the delay in the draw down of atmospheric
CO2. In high latitudes the delay in uptake resulted in
relatively higher NPP during July and August that was
responsible for the degree of draw-down in high lati-
tudes, while the combination of relatively higher NPP
and lower RH during the growing season was primarily
responsible for greater uptake in temperate latitudes.
In the control version of TEM the high-latitude bias
of early carbon uptake and depressed mid-summer up-
take was caused by stored nitrogen in the vegetation
that was used up in the production of new tissue dur-
ing spring in high latitudes when air temperature and
photosynthetically active radiation were favorable for
photosynthesis, but when soils were frozen. The use
of this nitrogen early in the growing season resulted in
less nitrogen available to support production later in
the growing season when temperature conditions may
be more favorable for carbon uptake. The consider-
ation of freeze–thaw dynamics in TEM 5.0 caused a
delay in carbon uptake in high latitudes that allowed
stored nitrogen to be available for supporting addi-
tional production during July and August. The July
peak of carbon uptake simulated by TEM 5.0 in high
latitudes is consistent with observations of the seasonal
timing of carbon exchange in high-latitude ecosystems
(Vourlitis and Oechel 1997; 1999). Heterotrophic res-
piration simulated by TEM 5.0 was relatively lower
during the growing season in temperate latitudes be-
cause the dynamics of decomposition were driven by
soil temperature instead of air temperature.

In comparison to the control version of TEM that
used the simple algorithm of McGuire et al. (2000a) for
considering the insulative effects of snowpack during
the non-growing season, the concentrations of atmo-
spheric CO2 simulated by TEM 5.0 tended to be over-
estimated late in the non-growing season. Therefore, it
is important to better understand controls over decom-
position during the non-growing season and during the
transition from the non-growing season to the grow-

ing season. A number of studies have examined how
microbial activity is influenced by low temperature
(Mazur, 1980; Coxson and Parkinson, 1987; Zimov
et al., 1993; 1996; Brooks et al., 1995; 1996; 1997;
Clein and Schimel, 1995), how freeze–thaw processes
affect biogeochemical processes (Schimel and Clein,
1996; Oechel et al., 1997; Coyne and Kelley, 1971;
Goulden et al., 1998; Eriksson et al., 2001), and how
soil carbon and nitrogen dynamics interact in cold soils
(Mitchell et al., 2001; Groffman et al., 2001; Fitzhugh
et al., 2001). Recent evidence indicates that the nature
of temperature control over heterotrophic respiration
qualitatively changes across the freeze/thaw boundary
(Michaelson and Ping, 2002). In future studies we need
to evaluate how consideration of this new understand-
ing influences the simulated temporal dynamics of de-
composition at large spatial scales. Overall, our results
indicate that an explicit consideration of soil thermal
dynamics in global biogeochemical models can sub-
stantially reduce biases in the seasonal exchange of
CO2 that were identified by Heimann et al. (1998);
McGuire et al. (2000a) and Dargaville et al. (2002a).

4.2. Long term and recent changes
in carbon storage

The estimates of carbon storage simulated by TEM
5.0 and the control version of the model during the
1980s for extratropical terrestrial ecosystems (0.5–
0.6 Pg C yr−1) and from 1990 through 1995 (0.8–
0.9 Pg C yr−1) are at the low end of estimates based
on atmospheric inverse models of 0.6–2.3 Pg C yr−1

during the 1980s and 0.7–1.8 Pg C yr−1 from 1990
through 1996 (Prentice et al., 2001). Similarly, the spa-
tial patterns of carbon storage simulated by the two
versions of TEM from 1990 through 1995 between
North America (0.20–0.27 Pg C yr−1) and northern
Eurasia (0.60–0.63 Pg C yr−1), are somewhat less than
estimates based on atmospheric inverse models of 0.8
Pg C yr−1 in North America (range of 0.1 Pg C yr−1

loss to 2.1.Pg C yr−1 storage) and 1.7 Pg C yr−1 in
northern Eurasia (0.2–2.5 Pg C yr−1 storage) from
1990 through 1994 (Schimel et al., 2001). The esti-
mates of carbon sequestration in vegetation by TEM
5.0 also have similar spatial patterns in comparison to
analyses based on remote sensing and inventory data,
but are lower in magnitude. Thus, although the carbon
sinks simulated by TEM 5.0 in the 1980s and 1990s
were lower in comparison to estimates based on other
methodologies, they are consistent with the decadal
variability between the 1980s and 1990s and the

Tellus 55B (2003), 3



teb201535/teb060 Tellus.cls June 10, 2003 15:19

CARBON CYCLING AND SOIL THERMAL DYNAMICS 769

spatial variability between North America and north-
ern Eurasia estimated by the other methodologies. In
addition, our simulations with TEM indicate that in
comparison to the 1980s, sink activity during the first
half of the 1990s is accelerating faster in northern
Eurasia than in North America.

Several recent studies argue that the start of the
growing season is occurring progressively earlier in
extratropical terrestrial ecosystems over the last sev-
eral decades, and that the earlier growing season is as-
sociated with climatic warming (Keeling et al., 1996;
Myneni et al., 1997; Keyser et al., 2000; Zhou et al.,
2001). A modeling analysis by Randerson et al. (1999)
indicates that enhanced uptake of carbon by terrestrial
ecosystems in the early part of the Northern Hemi-
sphere growing season explains recent changes in sea-
sonal cycle of atmospheric CO2 concentrations that
have been observed at some high latitude monitoring
stations, i.e., an increase in the peak to peak amplitude
over the annual cycle. Analyses of carbon exchange
measured by eddy covariance techniques indicate that
the annual net carbon uptake or loss of extratropical
terrestrial ecosystems primarily depends on the timing
of the start of the growing season (Frolking et al., 1996;
Goulden et al., 1998; Baldocchi et al., 2001). Among
eddy covariance studies in temperate broadleaf forests,
the net storage of carbon increases by about 5.7 g C
m−2 d−1 for each additional day that the growing sea-
son is extended (Baldocchi et al., 2001). Thus, there
is an emerging body of evidence that associates trends
for increased carbon storage of extratropical terrestrial
ecosystems over the last several decades with an ear-
lier growing season. Our a priori expectations were
that explicit consideration of soil thermal dynamics
would promote carbon storage through the effects of
climate warming on the start of the growing season.

Both versions of TEM indicate that climate variabil-
ity and change promoted the loss of carbon from tem-
perate ecosystems during the first half of the 20th cen-
tury, and promoted carbon storage during second half
of the century. In both versions of the model, warming
in the second half of the century tends to increase ni-
trogen availability in soils of extratropical ecosystems
by enhancing decomposition (Fig. 8a). While there
are differences in the depth of snow cover between the
first half and the second half of the 20th century, the
differences do not explain the increasing net nitrogen
mineralization rates simulated in the second half of the
century (Fig. 8a). The uptake of this nitrogen by the
vegetation transfers nitrogen from the soil to the veg-
etation and allows that nitrogen to be used to enhance

the uptake of carbon (McGuire et al., 1992; Melillo
et al., 1993; see also Shaver et al., 1992 and Vukicevic
et al., 2001). While the consideration of soil thermal
dynamics consistently reduced carbon losses or en-
hanced carbon storage, the magnitudes of the effects
were not as strong as our a priori expectations, since
the simulated effect of climate change and variability
on promoting the earlier uptake of carbon was very
modest and occurred primarily between the 1960s and
the 1970s. In contrast, our analysis indicates that land
use change in the temperate zone has a strong effect
in promoting earlier carbon uptake (Figs. 5 and 8b).
We have identified two mechanisms by which this can
occur. First, if agricultural abandonment has led to the
growth of forests that store more carbon than agricul-
tural systems throughout the growing season, then it is
possible to have an earlier zero-crossing point of posi-
tive carbon gain. Second, in comparison to agricultural
systems managed as summer cropping systems, native
vegetation and forests begin production several weeks
earlier. Thus, cropland abandonment has the potential
to cause an earlier growing season because of pheno-
logical differences between agricultural systems and
natural vegetation. We believe that the mechanism of
the first explanation is better represented in our simula-
tions than the mechanisms of the second explanation,
as the implementation of agriculture in TEM is rather
simple. Thus, our simulations may be underestimat-
ing the effects of agricultural abandonment on both
changes in the seasonality and the annual magnitude
of carbon uptake in recent decades if the second ex-
planation is important.

4.3. Summary

Our analyses in this study indicate that soil ther-
mal dynamics substantially influence the seasonal-
ity of carbon exchange of extratropical terrestrial
ecosystems with the atmosphere through the effects of
freeze–thaw dynamics on carbon uptake and decom-
position. The consideration of soil thermal dynamics
reduced biases in the seasonal exchange of carbon with
the atmosphere that not only are found in the control
version of TEM, but that also occur in other global bio-
geochemical models (Heimann et al., 1998; McGuire
et al., 2000a; Dargaville et al., 2002b). While our study
represents a major advance in representing soil ther-
mal dynamics and terrestrial cryospheric processes in
modeling the global carbon cycle, the spatial speci-
fication of lower boundary conditions for permafrost
in our study did not reflect the discontinuous nature
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Fig. 8. Anomaly of air temperature, simulated snow pack, soil temperature and net nitrogen mineralization (NETNMIN) with
TEM 5.0; the annual values were normalized to the range 0–1 and the data shown as 10 yr running mean (a) and land use
(cropland) areas in extraotropics of the Northern Hemisphere from 1920 to 1995 (b).

of permafrost across the boreal forest. The develop-
ment of spatially resolved data sets that describe the
distribution of permafrost in extratropical ecosystems
is necessary to facilitate additional progress in accu-
rately representing the role of soil thermal dynamics
and cryospheric processes in the carbon dynamics of
extratropical terrestrial ecosystems.

In comparison to estimates based on inverse mod-
els and on remote sensing and inventory analyses, the
simulations of carbon sequestration by TEM 5.0 are
lower. This suggests that other issues besides the role
of soil thermal dynamics may be responsible, in part,
for the temporal and spatial dynamics of carbon stor-

age of extratropical terrestrial ecosystems. Besides the
issue of phenological differences between agricultural
systems and natural vegetation, other important issues
that we did not consider in this study include the role
of nitrogen deposition and fire disturbance in the car-
bon dynamics of extratropical terrestrial ecosystems.
Anthropogenic nitrogen deposition may be contribut-
ing ∼0.2–0.5 Pg C yr−1 to carbon storage (Townsend
et al., 1996; Holland et al., 1997; Nadelhoffer et al.,
1999; Lloyd, 1999; Schimel et al., 1996). We are cur-
rently conducting a study with TEM 5.0 to evaluate the
role of nitrogen deposition in the context of increas-
ing atmospheric CO2, climate, soil thermal dynamics
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and land use (Kicklighter et al., in preparation). Fire
is an important issue that influences carbon dynam-
ics of extratropical terrestrial ecosystems (McGuire
et al., 2002a), and an inverse analysis by Dargaville
et al. (2002b) suggests that fire likely plays a role
in the inter-annual variability of carbon dynamics of
extratropical terrestrial ecosystems at continental and
sub-continental scales. Soil thermal dynamics are sub-
stantially affected by fire in permafrost dominated
ecosystems because of the removal of moss and or-
ganic soil (Zhuang et al., 2002). The fire cycle has been
documented to be changing in recent decades in north-
west North America, where the annual area burned
has doubled since 1980 compared to decades prior to
1980 (Stocks et al., 2000; Podur et al., 2002). Also,
reduced fire frequency in temperate North America
may be affecting carbon storage at continental scales
(Houghton et al., 1999; Schimel et al., 2000). We are
currently conducting a study focused on Alaska and
Canada with TEM 5.0 to explicitly include fire in our
modeling analyses so that we can consider interactions
between the fire cycle and soil thermal dynamics in
extratropical terrestrial ecosystems (McGuire et al., in
preparation). In conclusion, we have made substantial
progress in this study to reduce biases in the simu-

lation of carbon dynamics of extratropical terrestrial
ecosystems by explicitly considering the role of soil
thermal dynamics and cryospheric processes in mod-
eling the global carbon cycle. This progress will allow
us to better consider the role of additional issues that
influence carbon dynamics in terrestrial regions that
experience seasonal freezing and thawing of soil.
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