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ABSTRACT

Seasonal and inter-annual variations of atmospheric CO2 for the period from 1961 to 1997 have been
simulated using a global tracer transport model driven by a new version of the Biome BioGeochemical
Cycle model (Biome-BGC). Biome-BGC was forced by daily temperature and precipitation from the
NCEP reanalysis dataset, and the calculated monthly-averaged CO2 fluxes were used as input to the
global transport model. Results from an inter-comparison with the Carnegie–Ames–Stanford Approach
model (CASA) and the Simulation model of Carbon cYCle in Land Ecosystems (Sim-CYCLE) model
are also reported. The phase of the seasonal cycle in the Northern Hemisphere was reproduced generally
well by Biome-BGC, although the amplitude was smaller compared to the observations and to the
other biosphere models. The CO2 time series simulated by Biome-BGC were compared to the global
CO2 concentration anomalies from the observations at Mauna Loa and the South Pole. The modeled
concentration anomalies matched the phase of the inter-annual variations in the atmospheric CO2
observations; however, the modeled amplitude was lower than the observed value in several cases.
The result suggests that a significant part of the inter-annual variability in the global carbon cycle can
be accounted for by the terrestrial biosphere models. Simulations performed with another climate-
based model, Sim-CYCLE, produced a larger amplitude of inter-annual variability in atmospheric
CO2, making the amplitude closer to the observed range, but with a more visible phase mismatch in a
number of time periods. This may indicate the need to increase the Biome-BGC model sensitivity to
seasonal and inter-annual changes in temperature and precipitation.

1. Introduction

Measurements of atmospheric CO2 show that about
half of CO2 emissions from fossil-fuel burning remain
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in the atmosphere, and that there is substantial inter-
annual variability in the rate of atmospheric CO2 accu-
mulation, due to changes in the CO2 exchange between
the atmosphere and the other main carbon reservoirs of
the terrestrial biosphere and the oceans. To study such
observed variability, a number of investigations have
been carried out. For example, inverse calculations us-
ing atmospheric CO2 measurements and correspond-
ing isotope ratios enable us to separate the uptake of
anthropogenic CO2 between the terrestrial biosphere
and the oceans (Keeling et al., 1995; Francey et al.,
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1995; Morimoto et al., 2000), but they can not explain
the underlying mechanisms and processes which cause
the anomalies of carbon fluxes.

As a result of those inverse modeling studies, the
terrestrial biosphere has been recognized to play an
important role in the variability and future levels of
atmospheric CO2 concentration as affected by cli-
matic variability and other environmental changes.
This recognition has encouraged the development of
terrestrial biosphere models (TBM) to elucidate the
processes of terrestrial ecosystems related to the ob-
served anomalies of atmospheric CO2 concentration,
as shown by some recent studies (e.g., Heimann et al.,
1998). Each ecosystem model has been developed
for a specific purpose, with different formulations of
plant physiological processes. Existing models are di-
verse with respect to structure and characteristics, but
they can be categorized mainly into two main types.
One type is driven by satellite vegetation data, i.e.,
the normalized difference vegetation index (NDVI)
from the Advanced Very High Resolution Radiome-
ter (AVHRR). These models range from simple mod-
els with no physiological mechanics (e.g. Fung et al.,
1987) to more comprehensive models with a number
of parameterized mechanistic formulations (e.g. Ran-
derson et al., 1997). NDVI-based models have an ad-
vantage of reflecting the observed temporal and spatial
patterns of biospheric activities, but their application
is limited only to the recent period when satellite data
are available. The other type is a process-based model,
which uses only climatic data and other environmental
parameters, and has mechanistic functions of phenol-
ogy responding to the environment. The main advan-
tage of this type of model is that it can be used for
predicting the atmospheric CO2 level in the past and
the future, as long as the necessary environmental data
are provided.

The objective of this paper is to investigate the
extent to which climate-driven anomalies in simu-
lated terrestrial biospheric CO2 fluxes can explain
the observed inter-annual variations in atmospheric
CO2. For this purpose, we implemented a single
point process-based ecosystem model, Biome-BGC
(Thornton, 1998; Thornton et al., 2002) for a global
terrestrial carbon cycle simulation. Firstly, to evalu-
ate the model performance of Biome-BGC, we simu-
lated the atmospheric seasonal CO2 cycle by an off-
line coupling of Biome-BGC to a three-dimensional
atmospheric tracer transport model. The results were
then compared with the observed atmospheric CO2

and two other global net ecosystem production (NEP)

datasets obtained by the Simulation model of Car-
bon cYCle in Land Ecosystems (Sim-CYCLE, Ito and
Oikawa, 2000) and the Carnegie–Ames–Stanford Ap-
proach model (CASA, Randerson et al., 1996). Sim-
CYCLE is another process-based model driven by en-
vironmental parameters. On the other hand, CASA is
a satellite-based model. Hunt et al. (1996) conducted a
global simulation using a previous version of Biome-
BGC. A major improvement in the present version of
the model is that it does not require satellite obser-
vations. Inter-comparison results have been reported
by Nemry et al. (1999), in which Biome-BGC was
driven by climatological monthly data, while the daily
data from the NCEP reanalysis were used to drive
Biome-BGC in the present study. Secondly, we es-
timated inter-annual variability in NEP for the period
from 1961 to 1997 by Biome-BGC, and compared the
predicted global anomalies of atmospheric CO2 with
those obtained from historical observation records and
from the other modeled fluxes by Sim-CYCLE. The
Carbon Cycle Model Linkage Project (CCMLP) con-
ducted long-term global simulations of four process-
based biosphere models, taking into account the at-
mospheric CO2 increase and cropland usage, along
with climate variability. Focusing on the conjunct ef-
fects of these three factors on the terrestrial carbon
storage between 1920 and 1992, their model analyses
indicated that the long-term climate variations have a
much smaller effect on terrestrial carbon storage than
the increasing atmospheric CO2, but the sensitivity of
carbon storage to climate variability is still one of the
main uncertainties (McGuire et al., 2001). In this study
we forced the calculation on the climate-driven inter-
annual anomalies of carbon exchange between the at-
mosphere and the terrestrial biosphere with the daily
climate dataset.

2. Model and data descriptions

2.1. Terrestrial biospheric CO2 fluxes

We employed Biome-BGC for estimating global
NEP. Also we examined two other model estimates
of net biospheric CO2 fluxes for comparison with
those of Biome-BGC: Sim-CYCLE (Ito and Oikawa,
2000), and CASA (Randerson et al., 1996). Biome-
BGC and Sim-CYCLE are both process-based models
that rely upon empirical phonological patterns driven
by seasonal changes in temperature and precipitation,
while CASA uses satellite data to do so. The detailed
descriptions of all three models have been presented

Tellus 55B (2003), 2



532 D. FUJITA ET AL.

elsewhere (Thornton, 1998; Running and Hunt, 1993;
Ito and Oikawa, 2000; Potter et al., 1993; Randerson
et al., 1996). In the following subsections, we briefly
describe the global simulation with Biome-BGC and
each of the three model structures.

2.1.1. Biome-BGC. The Biome-BGC model was
originally developed as a single-point model,
FOREST-BGC (Running and Coughlan, 1988;
Running and Hunt, 1993), to simulate a forest ecosys-
tem development. It has been improved by validation
with different ecosystems and now includes nitrogen
cycling and hydrological processes (Nemani and Run-
ning, 1989; Running, 1994). We used the Biome-BGC
model version 4.1.1 (Thornton, 1998; Thornton et al.,
2002)for a global terrestrial biosphere simulation, fol-
lowing the approach of Hunt et al. (1996). The latter
study used an earlier model version that relies on NDVI
to estimate leaf area index (LAI), and focused on sim-
ulating the seasonal cycle of CO2 fluxes using meteo-
rological data for one year. The version 4.1.1 used in
this study utilizes daily climate data, vegetation, plant
functional type, soil and terrain conditions, and does
not require satellite-NDVI data. Thus this version en-
ables us to calculate the terrestrial carbon fluxes for
a longer time period whenever daily meteorological
data are available. The meteorological data required
by Biome-BGC are preprocessed using MT-CLIM
(Mountain Climate Simulator, Thornton and Running,
1999; Thornton et al., 2000), from the temperature and
precipitation data provided by the 6-hourly NCEP (Na-
tional Center for Environmental Prediction) reanalysis
dataset (Kalnay et al., 1996). Biome-BGC estimates
gross primary production (GPP) based on the models
of Farquhar et al. (1980) and Leuning (1990) that em-
ploy estimates of leaf conductance, leaf nitrogen, inter-
cellular CO2 concentration, air temperature, incident
solar radiation and LAI. CO2 is released from carbon
compartments through maintenance respiration (MR),

Table 1. Input dataset for MTCLIM version 4.3

Data Reference

Daily maximum/ NCEP/NCAR reanalysis data, Kalnay et al. (1996)
minimum 2 m above ground
temperature Horizontal: T62, time step: 6 h

Daily total NCEP/NCAR reanalysis data, Kalnay et al. (1996)
precipitation Horizontal: T62, time step: 6 h

Elevation FNOC elevation data Cuming and Hawkins (1981)
Aspect FNOC elevation data Cuming and Hawkins (1981)
Slope Surface slope data Staub and Rosenzweig (1986)

growth respiration (GR) and heterotrophic respiration
(HR) as prescribed algorithms that include controls
by temperature and water. Thus, net primary produc-
tion (NPP) is obtained as NPP = GPP−MR−GR, and
NEP then is obtained as NEP = NPP−HR. Since we
focused our study on the variations of NEP attributed
to climate change, we ignored the CO2 fertilization ef-
fect by keeping atmospheric CO2 constant at 350 and
340 ppmv in simulating the seasonal cycle at a steady
state and long-term trend for the period from 1961 to
1997, respectively. We also ignored nitrogen loading
changes.

The input data for MT-CLIM (a preprocessor for
climate data) and Biome-BGC are summarized in Ta-
bles 1 and 2 and Tables 3 and 4, respectively. MT-
CLIM requires data for aspect, slope and horizon at
each site as input information. It is difficult to pro-
vide accurate values of these parameters at each 1◦

× 1◦ grid, and there are some uncertainties. There-
fore, to check the sensitivity of MT-CLIM to the un-
certainties of these geographical parameter values, we
performed calculations using values ranging ±50% of
aspect, ±180◦ of slope and 1◦–10◦ of horizon from
the standard case shown in Tables 1 and 2, at four se-
lected sites: needle leaf forest in Siberia, grassland in
North America (C3 grassland), grassland in Africa (C4
grassland) and evergreen forest in Amazon. Among
the output values, vapor pressure deficit and shortwave

Table 2. Parameters for MTCLIM (globally constant)

Parameter Value

Base annual precipitation isohyet 1.0 cm
Site east/west horizon 0.0◦/0.0◦
Maximum temperature lapse rate −6.0◦C km−1

Minimum temperature lapse rate −3.0◦C km−1
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Table 3. Input dataset for Biome-BGC version 4.1.1

Data Description Reference

Daily meteorological data Daily maximum and minimum Kalnay et al. (1996)
temperature data

Daily total precipitation
(The following parameters are see text

generated by MT-CLIM)
Daylight average temperature
Daylight average partial pressure of

water vapor
Daylight average short-wave radiant flux density

Land cover type Daylight Global potential vegetation map Matthews (1983)
Soil texture Sand/silt/clay percentage by volume Webb et al. (1991)

Depth : 30 cm (globally constant)
Elevation FNOC elevation data Cuming and Hawkins (1981)
Short-wave albedo Matthews seasonal albedo Matthews (1983)

radiant flux density showed the most significant devi-
ations from the standard run with the parameter values
listed in Tables 3 and 4, but the overall deviations were
less than 1% of annually averaged values. The results
indicate that Biome-BGC is not significantly sensitive
to the uncertainties in the values of the geographical
parameters.

Before we started to calculate NEP variations over
37 yr, Biome-BGC was integrated for each 1◦ × 1◦ grid
point iteratively using the climate data for the pe-
riod from 1961 to 1997 until the ecosystem at that
point reached a steady state in which the annual NPP
balanced the annual HR (Law et al., 2001; Thornton
et al., 2002). To obtain CO2 fluxes for model inter-
comparison of seasonal CO2 simulation, the 1990 cli-
mate data was used, because the monthly NEP of
CASA was calculated using the 1990 satellite-NDVI
data as described later in section 2.1.3.

Table 4. Parameters for Biome-BGC (globally
constant)

Parameter Value

Atmospheric CO2 350 ppmv for seasonal
concentration simulation

340 ppmv for inter-annual simulation
Effective soil depth 1.0 m
Nitrogen deposition 0.0001 kg m−2 yr−1

(atmospheric)
Nitrogen fixation 0.0008 kg m−2 yr−1

Industrial nitrogen 0.0001 kg m−2 yr−1

deposition

2.1.2. Sim-CYCLE. The Sim-CYCLE is an ecosys-
tem model that is based on the dry-matter produc-
tion theory (Monsi and Saeki, 1953) and was ex-
panded for simulating the terrestrial carbon dynamics
on a global scale (Ito and Oikawa, 2000). Using the
monthly NCEP reanalysis data as input, Sim-CYCLE
calculates monthly carbon fluxes between the atmo-
sphere and the vegetation and soil/litter pools. Com-
pared to Biome-BGC, Sim-CYCLE uses input data
of lower temporal resolution; Biome-BGC calculates
daily ecosystem cycles of carbon, nitrogen and wa-
ter using daily climate data. In this study, the assess-
ment of inter-annual variability among the ecosystem
models and the observation was conducted using the
time series of monthly NEP obtained from the model
runs for the period 1961–1998. For the assessment of
the seasonal CO2 cycle, monthly NEP fluxes calcu-
lated for a year under averaged climatic conditions of
1961–1998 were used.

2.1.3. CASA. CASA relies on both satellite data
and a mechanistic plant and soil carbon model to sim-
ulate a flow of carbon through terrestrial ecosystems.
It applies a light-use efficiency to determine NPP at
the global scale, using absorbed photosynthetically ac-
tive radiation (APAR) from satellite data (Potter et al.,
1993; Field et al., 1995). Carbon turnover is calculated
mechanistically through a process-based plant and soil
carbon cycling model. The monthly NEP fluxes we
used for the seasonal model simulation were the same
ones used in the TransCom-3 project (Gurney et al.,
2002). The fluxes are calculated using NDVI of 1990
NOAA/NASA Pathfinder dataset and averaged tem-
perature and precipitation over 1950–1980 (Randerson
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et al., 1997), and are in equilibrium such that the an-
nual flux at each point is zero.

2.2. Other CO2 sources and sinks

Monthly net CO2 fluxes between the atmosphere
and the oceans were obtained from Takahashi et al.
(2002). These net oceanic fluxes are based on about 2.5
million �pCO2 measurements since 1960, and only
non-El Niño conditions are selected to provide clima-
tological monthly fields for a year. The ocean fluxes
are seasonally changing, and the estimate of annual
net global oceanic CO2 uptake is about 2.2 GtC yr−1.
Since we focused only on the anomalies in terrestrial
biospheric CO2 flux in this study, the same monthly
oceanic CO2 fluxes without year-to-year change were
used repeatedly over the computation period.

We used global fossil-fuel consumption data up to
1996 that were compiled by Marland et al. (1999),
and the 1997 emission rate was assumed to be the
same as in 1996. Brenkert (1998) reported the spatial
distribution of fossil fuel usage on a 1◦ × 1◦ grid for
1995, and the distribution was assumed not to change
for the computation period. In order to quantify the
seasonal cycle of fossil fuel emissions, Rotty (1987)
investigated monthly emission rates of fossil fuels for
21 countries that consumed approximately 87% of the
global total, mostly in the Northern Hemisphere. On
average, the maximum appears in January and the min-
imum in August. This indicates that the heating us-
age in winter is the major contributor to the seasonal
cycle of fossil-fuel emission in the Northern Hemi-
sphere. Since other countries that are not included in
Rotty (1987) are mostly in the tropical region with
relatively small fossil fuel emissions characterized by
very little seasonality, they are not expected to have a
significant effect on the model results. Therefore we
assumed no seasonality in fossil fuel emission in those
countries.

The anthropogenic CO2 flux due to land-use change,
such as biomass burning and deforestation, was also
included. Up to 1990, the annual emission rate and its
geographical distribution compiled by Houghton and
Hackler (2001) were used; in the model integration for
years after 1990, the 1990 emission data were used. We
did not include the CO2 flux from biomass burning for
seasonal cycle simulation because the seasonality of
biomass burning is statistically uncertain, and it would
produce a minimal effect mostly in the tropical region
(Hao and Liu, 1994; Iacobellis et al., 1994; Randerson
et al., 1997).

2.3. Atmospheric transport model

A three-dimensional atmospheric transport model
(Maksyutov and Inoue, 2000) was used in the present
study. The model has a horizontal resolution of 2.5◦ ×
2.5◦, 14 layers in the vertical dimension, and a numer-
ical time step of about 15 min. The mass conservation
in semi-Lagrangian advection is enforced by a mass
fixer. The cumulus convection and planetary boundary
layer (PBL) mixing are parameterized. Climatologi-
cal PBL height at 2◦ × 2.5◦ resolution is derived from
the 3-hourly NASA GEOS-1 reanalysis data (Schubert
et al., 1993). The model is driven by the analyzed wind
field obtained from the European Center for Medium-
Range Weather Forecasts (ECMWF, 1999). For this
study, we used the ECMWF operational analyses for
1997. The transport model was run with the 1997 wind
field repeatedly throughout the computation period. In
other words, inter-annual variability in the CO2 con-
centration due to atmospheric transport was ignored.
Although this assumption appears to contradict the re-
sults obtained by Higuchi et al. (2002) and Dargaville
et al. (2000), our investigation shows that the use of a
non-interannually varying wind field introduces only
about half of a ppmv bias in interannual variability of
global atmospheric CO2 in our study.

2.4. Atmospheric CO2 observations

2.4.1. Seasonal cycle. For the observation against
which the modeled atmospheric CO2 seasonal cy-
cles are to be compared, we used the background
measurement data provided by NOAA/CMDL (Na-
tional Oceanographic and Atmospheric Administra-
tion/Climate Monitoring and Diagnosis Laboratory,
USA) (Conway et al., 1994), WMO/WDCGG (World
Meteorological Organization/World Data Center for
Greenhouse Gases) (WMO WDCGG, 2000) and To-
hoku University (Nakazawa et al., 1993). Most of
the NOAA/CMDL monitoring stations are located
at coastal sites. Since atmospheric CO2 signals at
inland sites are strongly influenced by regional bio-
spheric activities, the observation and modelling stud-
ies over continents are necessary to improve under-
standing of the terrestrial processes. As an example of
continental observations, we used the station data at
Monte Cimone, Italy (44◦11′N, 10◦42′E) and at Mt.
Waliguan, P. R. of China (36◦17′N, 100◦54′E) (WMO
WDCGG, 2000). Also, to examine model performance
in simulating seasonal cycles of atmospheric CO2

above the atmospheric boundary layer, we used the
aircraft measurements of atmospheric CO2 over Japan
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Table 5. Monitoring sites selected for this study to compare mean seasonal cycle

Site code Site Country Latitude Longitude Altitude

ALTa,b Alert, North West Territories Canada 87◦27′N 62◦31′W 210 m
BRWa,b Pt. Barrow, Alaska U.S.A. 71◦19′N 156◦36′W 11 m
SHMa Shemya Island U.S.A. 52◦43′N 174◦06′E 40 m
CMNc Monte Cimone Italy 44◦11′N 10◦42′E 2165 m
RYOc Ryori Japan 39◦02′N 141◦50′E 230 m
WLGb,c Mt. Waliguan P.R. China 36◦17′N 100◦54′E 3810 m
JP46b,d Sendai–Fukuoka Japan 33–37◦N 130–140◦E 4–6 km
MNMc Minamitorishima Japan 24◦18′N 153◦58′E 8 m
MLOa,b Mauna Loa, Hawaii U.S.A. 19◦32′N 155◦35′W 3397 m
KUMa Cape Kumikahi, Hawaii U.S.A. 19◦31′N 154◦49′W 3 m
SEYa Seychelles (Mahe Island) U.S.A. 4◦40′S 55◦10′E 3 m
SMOa,b American Samoa U.S.A. 14◦15′S 170◦34′W 30 m
CGOa,b Cape Grim, Tasmania Australia 40◦41′S 144◦41′E 94 m
SYOa Syowa Station Antarctica 69◦00′S 39◦35′E 11 m
SPOa,b South Pole Antarctica 89◦59′S 24◦48′W 2810 m

aNOAA/CMDL (Conway et al., 1994).
bSelected sites shown in Fig. 3.
cWMO/WDGCC (2000).
dTohoku University (Nakazawa et al., 1993).

by Tohoku University (Nakazawa et al., 1993). A total
of 15 ground and aircraft measurement locations used
in this study for comparison with the model output
are listed in Table 5, and their locations are shown in
Fig. 1.

The time periods of observational data vary among
sites. The shortest period is 6 yr at Mt. Waliguan; how-
ever, 6 yr would be long enough to derive a mean sea-
sonal cycle. All the observational data were decom-
posed into seasonal and long-term components using
a curve-fitting technique (Nakazawa et al., 1997a). For
the present study, we used mean seasonal cycles, which
are composed of the first two harmonics.

2.4.2. Inter-annual variations. As an indicator of
global atmospheric CO2 level, we used a combi-
nation of the observations at Mauna Loa, Hawaii
(19◦N) and the South Pole (90◦S) (Keeling and Whorf,
2000). To obtain concentration anomalies caused by
climate-related imbalance in CO2 exchange between
the atmosphere and the other carbon reservoirs, we
first removed seasonal components from the observed
CO2 records by the same curve-fitting technique
(Nakazawa et al., 1997a) employed for the seasonal
cycle in section 2.4.1. From the resulting averaged de-
seasonalized global CO2, we then subtracted a long-
term trend obtained by smoothing with a Reinsch-
type cubic spline having a cut-off period of 15 yr.
The smoothed trend was regarded as a result of con-
tributions by continuous anthropogenic CO2 emis-

sion to the atmosphere, by biospheric response to
constantly changing environmental conditions, such
as increasing CO2 concentration, and by oceanic
CO2 uptake due to increasing atmospheric CO2

loading.

3. Methods

After being interpolated to monthly value fluxes on
a 2.5◦ × 2.5◦ grid, all the CO2 sources from the sur-
face are used as an input to the atmospheric transport
model. For the seasonal simulation experiments, the
atmospheric transport model was run with all the CO2

fluxes, first for 2 yr as a spin-up, and then for 1 yr more
for analysis. The annual total fossil-fuel emission for
1997 was used corresponding to the year 1997 trans-
port. Each of NEP estimated at a steady state by the
three TBMs was input in into the transport model. For
the inter-annual simulations, the transport model was
integrated first with the 1961 CO2 fluxes for 2 yr and
then for 37 yr more with the time-dependent monthly
CO2 fluxes.

3.1. Seasonal cycle

To compare the mean seasonal cycle of atmospheric
CO2 between the three simulation results and the
observations at the monitoring sites listed in
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Fig. 1. Monitoring sites used for comparisons in this study. The site information is listed in Table 5. •, NOAA/CMDL network
stations; �, WMO/WDCGG; �, Tohoku University.

Table 5, seasonal components of the simulated atmo-
spheric CO2 concentrations were derived using the
same curve-fitting procedure applied to the observa-
tional data. To evaluate how well Biome-BGC and
the other ecosystem models simulated the observed
seasonal signal of atmospheric CO2 at each moni-
toring site k, we calculated the amplitude (Ak) and
phase (Pk) parameters defined in the following way,
similar to the footprint analysis by Randerson et al.
(1997):

Ak =

12∑
m=1

|Ck(m)|
12∑

m=1

|Cobs,k(m)|
(1)

where Cobs,k(m) and Ck(m) are the observed and calcu-
lated atmospheric CO2, respectively, for each month
(m = 1, 2, . . . , 12) at each monitoring site k. For the
phase variable, we have

Pk =

12∑
m=1

Cobs,k(m) × Ck(m)

√√√√ 12∑
m=1

[Cobs,k(m)]2 ×
12∑

m=1

[Ck(m)]2

. (2)

The phase parameter Pk varies between 1 and –1, as the
calculated seasonal cycle changes from completely in
phase to completely out of phase with the observation.

3.2. Inter-annual variations

NEP is affected by changes in climate parameters
such as air temperature and precipitation. This results
in monthly deviations in NEP from a steady state. The
deviations are small relative to monthly gross CO2

fluxes between the biosphere and the atmosphere, but
large enough to affect global CO2 trends.

Firstly, we investigated the global anomaly of mod-
eled NEP. The NEP anomaly [Anom(t)m] is defined as
the difference between global NEP in a given month
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of a given year and the multi-year averaged monthly
NEP over the entire period:

Anom(t)m = NEP(t)m − NEPAVE,m (3)

where m denotes the mth month of a year, NEP(t)m

is the global NEP at time of t, and NEPAVE,m is the
multi-year average of NEP of the mth month over the
period from 1961 to 1997.

Secondly, global CO2 concentration anomalies in
the model simulations were obtained by the same
curve-fitting technique mentioned in section 2.4.2 ap-
plied to the simulated atmospheric CO2 at Mauna Loa
and the South Pole individually, and then averaged for
comparison with the observed values. The same curve-
fitting technique was applied because the simulated at-
mospheric CO2 also contained both seasonal and inter-
annual variations, as well as long-term trends. With the
model results of Biome-BGC and Sim-CYCLE, linear
correlations between both simulated and observed val-
ues were obtained for model inter-comparison.

4. Results and discussions

4.1. Net ecosystem production predicted by TBMs

To obtain a comparative overview of the net seasonal
CO2 fluxes between the atmosphere and the biosphere
produced by Biome-BGC, the seasonal cycle of zon-
ally averaged NEP by Biome-BGC is plotted in Fig. 2,
along with those obtained by Sim-CYCLE and CASA.

In Fig. 2, all the model estimates show that the
middle–high northern latitudes (north of 30◦N) act
as strong CO2 sink from May to August, and as a
source from October to March. However, to the south
of the equator, regions in middle southern latitudes
(30◦–60◦S) act as a CO2 source from September to
February. As seen in Fig. 2, all the models have some
similarities, but the timing, magnitude and regions of
CO2 source and sink differ to some degree, depending
on the differences in approach taken for calculating
CO2 fluxes, ecosystem types and meteorological data.

Overall, the seasonal pattern of NEP produced by
Biome-BGC is similar to the one produced by CASA.
Both of them have positive peaks from June to July
over northern middle and high latitudes, but the source
strength estimated by Biome-BGC is about half of
that simulated by CASA, and the positive NEP ap-
pears earlier and persists longer by about 2 months
than CASA. This longer positive duration indicates
that Biome-BGC produces a longer growing season.

Fig. 2. Seasonal cycles of zonally averaged net ecosys-
tem production (NEP) for each of TBMs. Units are (g C
month −1m−2) of land area. Positive values mean net CO2
uptake by the ecosystems from the atmosphere, while neg-
ative mean net CO2 release from the ecosystems to the at-
mosphere. It is noted that the zonal averages are plotted, as
interpolated along January to December from monthly net
fluxes, on the assumption that each monthly flux is the value
on the middle day of each month.

Both Biome-BGC and CASA show approximately op-
posite seasonal patterns in the northern and southern
lower latitudes. In regions north of 50◦N, Sim-CYCLE
produces a strong net accumulation from the end of
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May to early June, and a strong CO2 release from
September to November. The positive NEP duration
from April to September estimated by Sim-CYCLE
is similar to the Biome-BGC estimate, but an early
strong accumulation peak and intensive CO2 release
just after the growing season are characteristic of the
Sim-CYCLE model and not apparent in Biome-BGC.
Another distinctive difference of Sim-CYCLE from
the other TBMs is that almost no seasonality in bio-
spheric activities in the tropical region is produced.

The comparison of the flux seasonality suggests that
both process-based, climate-only driven models like
Biome-BGC and Sim-CYCLE have a longer period of
biogenic activity in mid to high latitudes in the North-
ern Hemisphere, as compared to the CASA model,
which is constrained by the NDVI greenness.

4.2. Comparisons of mean seasonal cycles
to the observations

Values of Ak and Pk calculated using eqs. (1) and (2)
for each of the terrestrial ecosystem models at various
monitoring sites are summarized in Tables 6 and 7,
respectively.

As seen in Tables 6 and 7, Biome-BGC reproduced
well the observed phases of the seasonal cycles at all

Table 6. Comparisons of mean seasonal amplitude be-
tween modeled estimate and observation

Site Biome-BGC Sim-CYCLE CASA

ALT 0.73 0.97 0.84
BRW 0.82 1.23 0.96
SHM 0.65 1.23 0.73
CMN 0.65 0.52 0.57
RYO 0.94 0.62 1.16
JP46 0.83 0.65 0.95
MNM 0.92 0.79 0.89
WLG 0.91 1.33 2.10
MLO 0.73 0.62 0.85
KUM 0.73 1.10 0.85
SEY 0.69 1.11 1.03
SMO 1.43 3.78 2.31
CGO 1.52 2.39 1.12
SYO 1.57 1.48 1.76
SPO 1.57 1.49 1.76

Average
Northern 0.79 0.91 0.99

Hemisphere
Southern 1.35 2.05 1.60

Hemisphere

Table 7. Comparisons mean seasonal phase between
modeled estimate and observation

Site Biome-BGC Sim-CYCLE CASA

ALT 0.97 0.77 0.98
BRW 0.94 0.75 0.95
SHM 0.90 0.78 0.99
CMN 0.93 0.98 0.97
RYO 0.90 0.86 0.98
JP46 0.98 0.99 0.98
MNM 0.94 0.91 0.99
WLG 0.98 0.32 0.94
MLO 0.96 0.91 0.99
KUM 0.96 0.61 0.98
SEY 0.95 0.93 0.97
SMO 0.87 -0.14 0.94
CGO 0.96 0.70 0.52
SYO 0.99 0.80 0.90
SPO 0.99 0.83 0.92

Average
Northern 0.95 0.79 0.98

Hemisphere
Southern 0.95 0.63 0.85

Hemisphere

sites. The averaged value of Pk over all the northern
sites considered in this study is 0.95, close to that
of CASA, which showed the best performance in the
Northern Hemisphere in terms of phase. On the other
hand, the simulated amplitudes by Biome-BGC in the
Northern Hemisphere were small compared to the ob-
servations and to the other models simulations. These
smaller amplitudes mainly result from the underesti-
mation of NEP strengths in middle and high northern
latitudes, as is shown in Fig. 2.

In order to assess the ability of Biome-BGC in sim-
ulating the observed latitudinal variation of the sea-
sonal cycle, we chose eight monitoring sites as rep-
resentatives of the low, middle and high latitudes of
each hemisphere. For each of the selected sites, Fig. 3
shows the simulated mean seasonal cycle by each of
the ecosystem models, as well as the observation from
the site for comparison.

At Alert (ALT: 87◦27′N, 62◦31′W) and Pt. Barrow
(BRW: 71◦19′N, 156◦36′W) in the northern higher lat-
itudes, the seasonal maximum simulated with Biome-
BGC appears one month earlier than the observation
(Figs. 3a and 3b). This tendency is also seen over Japan
(JP46: 33–37◦N, 130–140◦E, 4–6 km) in middle lat-
itudes (Fig. 3d) and at Mauna Loa, Hawaii (MLO:
19◦32′N, 155◦35′W) in low latitudes (Fig. 3e). The
seasonal minima simulated with Biome-BGC appear
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Fig. 3. Comparison of the observed seasonal cycle of atmospheric CO2 concentration at eight selected monitoring stations
with the simulated seasonal cycle with the monthly estimates of NEP by three TBMs: Biome-BGC, Sim-CYCLE and CASA:
(a) ALT (Alert), (b) BRW (Pt. Barrow), (c) JP46 (Japan troposphere, at altitude of 4–6 km), (d) WLG (Mt. Waliguan), (e) MLO
(Mauna Loa), (f) SMO (American Samoa), (g) CGO (Cape Grim), (h) SPO (South Pole). Error bars are standard deviations.
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slightly later than the observation at ALT and BRW,
but the timing at JP46 and MLO are reproduced well
with Biome-BGC; however, the CO2 recovery after
the minimum is slow, compared with the other mod-
els and the observation. In the Northern Hemisphere,
the seasonal cycles of atmospheric CO2 are controlled
mostly by the CO2 exchange with the terrestrial bio-
sphere (e.g., Fung et al., 1983; Keeling et al., 1989;
Nakazawa et al., 1997b). The early drawdown of CO2

simulated with Biome-BGC results from the early start
of the growing season, as mentioned already with re-
gard to NEP. The slow CO2 recovery by Biome-BGC
indicates that the moderate soil decomposition takes
place throughout the winter season as illustrated in
Fig. 2a, in contrast to a stronger decomposition in au-
tumn by Sim-CYCLE.

Mt. Waliguan (WLG: 36◦17′N, 100◦54′E) is lo-
cated at the north-east edge of the Tibetan Plateau.
The observed seasonal phase at WLG is similar to
JP46, which is located almost in the same latitude
band, but higher in altitude by 1–2 km. Biome-BGC
shows the best performance at WLG (Pk = 0.98, Ak =
0.91); however, matching the seasonal amplitudes is
dependent on the validity of the transport model, which
may overestimate vertical mixing over mountains. The
timing of the seasonal minimum and maximum simu-
lated by CASA is slightly delayed. Sim-CYCLE shows
the least agreement with the observed phase at WLG.
Both CASA and Sim-CYCLE produce larger ampli-
tudes than the observation. WGL is surrounded by
semi-arid grassland and desert, and there is no large
local CO2 source. The observed CO2 concentration
therefore likely reflects the ′background′ characteris-
tics over Northern China. Compared to Biome-BGC,
the other TBMs suggest stronger seasonal biospheric
CO2 fluxes over the mountainous area and inland
China.

All of the modeled estimates show relatively good
agreement with the observed phase in 4–6 km of
altitude over Japan (Fig. 3d). The estimated phase
delays in the troposphere are less than half of a
month. It is notable that Sim-CYCLE underestimates
the seasonal amplitude in the free atmosphere over
Japan, as well as at ground stations, Ryori, Japan
(RYO: 39◦02′N, 141◦50′E, 230 m) and Minami-
torishima, Japan (MNM: 24◦18′N, 153◦58′E, 8 m)
(Table 6). However, Sim-CYCLE approximately
matches the amplitudes in the higher latitudes (ALT,
BRW). Since the biospheric signal over Asia has a sig-
nificant influence on the seasonal cycle over Japan, the
smaller amplitude simulated there with Sim-CYCLE

would indicate a weaker seasonality of CO2 fluxes
estimated over China and other parts of temperate
Asia.

In the tropics, the contribution through atmospheric
transport to the observed seasonal cycle by the fos-
sil fuel emission in the Northern Hemisphere is com-
parable to the contributions from the local oceanic
and bisopheric sources. At American Samoa (SMO:
14◦15′S, 170◦34′W), all the TBMs overestimate the
seasonal amplitude, but Biome-BGC and CASA re-
produce the phase of the observed seasonal cycle rel-
atively well. The simulation with Sim-CYCLE does
not capture the phase of the seasonal cycle, and the
predicted amplitude is about twice as large as Biome-
BGC and CASA. As long as the seasonality of the
estimated NEP by Sim-CYCLE in the tropical regions
is weak, the atmospheric seasonal cycle in the tropics
is determined largely by the CO2 signals from higher-
latitude regions in the Northern Hemisphere through
seasonally changing atmospheric transport.

At Cape Grim (CGO: 40◦41′S, 144◦41′E) and the
South Pole (SPO: 89◦59′S, 24◦48′W), Biome-BGC
shows the best agreement with the observed phase.
However, it overestimates the seasonal amplitudes
at these locations, like the other TBMs do. As the
biospheric flux diminishes poleward in the Southern
Hemisphere, contributions from the oceanic CO2 ex-
change and the atmospheric transport become more
significant. The results (not shown) suggest that the
oceanic CO2 signal on the seasonal cycle has a simi-
lar phase and comparable amplitude to the biospheric
signal, thus enhancing the simulated seasonal ampli-
tude. Therefore, the discrepancy in the seasonal cy-
cle between the modeled estimate and the observa-
tion could be due to an improper estimate of oceanic
CO2 seasonality in the southern oceans. However,
there is still a great deal of uncertainty in the esti-
mation of oceanic fluxes, mainly due to limited field
measurements. Another possible factor is an inaccu-
rate atmospheric transport of CO2 from the Northern
Hemisphere.

Another issue in matching the seasonal cycle at
CGO is that of ′background′ selection of data (Law,
1996; Ramonet and Monfray, 1996). Law (1996)
showed that moving the CGO model grid point off-
shore can improve the data and model comparison in
both phase and amplitude. In the present study, the
nearest model grid point to CGO located off the coast
of Tasmania (41◦15′S, 143◦45′E) was used. Sampling
at points to the west and to the southwest of the CGO
model grid point reduced the short-term variability but

Tellus 55B (2003), 2



SIMULATED VARIABILITY OF ATMOSPHERIC CO2 541

led to only a little change in the amplitude of the sea-
sonal cycle.

To summarize the overall performances of the three
TBMs:

(1) Biome-BGC agrees well with the observed
phases at all the selected sites over the globe. Biome-
BGC tends to underestimate the amplitude of seasonal
signals in the Northern Hemisphere, while it overesti-
mates it in the Southern Hemisphere.

(2) CASA shows a good overall performance, espe-
cially in the Northern Hemisphere.

(3) Sim-CYCLE reproduces the observed amplitude
in the higher northern latitudes, but its seasonal max-
imum and minimum are likely to appear earlier than
the observed values by one month.

All the model simulations with respective TBMs
show poor performance to some extent in the Southern
Hemisphere where the seasonality of biospheric flux
is much less pronounced than in the Northern Hemi-
sphere. To explain the discrepancy between the model
simulations and the observations, it is necessary to ex-
amine the uncertainty associated with the exchange of
oceanic CO2 with the atmosphere and to quantify the
influence of the atmospheric transport.

Using the previous version of Biome-BGC, Hunt
et al. (1996) demonstrated larger NEP and better agree-
ment with the observation especially in the Northern
Hemisphere. One of the possible causes in the differ-
ence between their results and ours could be in the way
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Fig. 4. Calculated global NEP anomalies. Shaded areas indicate El Niño events as identified by JMA SST index.

the LAI, which directly controls the canopy processes,
is treated in the two versions of the model. The previ-
ous version used LAI estimated from the annual max-
imum NDVI for each grid to minimize the problems
such as atmospheric conditions (Nemani and Running,
1996). On the other hand, the present version predicts
LAI on a daily time step using environmental param-
eters, and the annual maximum LAI, on average, is
underestimated in comparison with the previous ver-
sion. Although the satellite-retrieved LAI depends on
an empirical formulation of the NDVI–LAI relation-
ship (e.g., Hunt et al., 1996; Myneni et al., 1997), it
could be helpful to validate the Biome-BGC-produced
LAI by comparing it with the satellite-retrieved LAI.

4.3. Interannual variability in net
ecosystem production

The anomalies in global annually averaged NEP
simulated by Biome-BGC and Sim-CYCLE are shown
in Fig. 4, along with El Niño periods. Except for the
period from 1991 to 1993, the calculated NEP shows
positive anomalies during the El Niño events, during
which net anomalous CO2 is released from the terres-
trial biosphere.

NEP is defined as net primary production (NPP) mi-
nus heterotrophic respiration (HR). The NEP anomaly
calculated by Biome-BGC shows a much closer cor-
relation with NPP (R = 0.803) than with HR (R =
0.048). This indicates that a change in photosynthetic
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activity caused by climate change is a significant fac-
tor in the NEP anomaly. However, the simulated neg-
ative NEP anomaly over the period from 1991 to 1993
is attributable mainly to HR decrease. During that
period, the effect of a relatively weak El Niño was
masked by a strong air temperature decrease caused
by the Mt. Pinatubo eruption in 1991 (Hansen, et al.,
1992). This decrease in temperature lowered the over-
all soil respiration, allowing net uptake of CO2 by the
land biosphere. The NEP anomalies by Biome-BGC
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Fig. 5. Global anomaly in CO2 concentration. Solid lines are the calculated anomalies with NEP by (a) Biome-BGC and
(b) Sim-CYCLE. Dotted lines are anomalies obtained from the observations at Mauna Loa and the South Pole. Shaded areas
indicate El Niño events.

show a similar phase to those by Sim-CYCLE, espe-
cially after 1975. On the other hand, Biome-BGC has
a smaller variability of ±1 Gt C yr−1, as compared to
Sim-CYCLE with ±2 Gt C yr−1.

4.4. Comparison of global anomalis in atmospheric
CO2 concentration

Figures 5a and 5b show the simulated globally av-
eraged CO2 concentration anomalies, along with the
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observation (obtained by averaging data from Mauna
Loa and the South Pole). El Niño events are also indi-
cated. Except for the El Niño event in the early 1990s,
it is obvious from Fig. 5a that the observed CO2 in-
creased either during the onset year of, or soon after
each El Niño event. The simulated anomaly by Biome-
BGC matches the phase of the observed anomaly, but
the modeled amplitude of the inter-annual variation
is smaller than the observed one (Fig. 5a). This com-
parison result suggests that a significant part of the
inter-annual variability in the global carbon cycle can
be attributed to an imbalance of the CO2 exchange be-
tween the terrestrial biosphere and the atmosphere, as
the oceanic inter-annual variability was not taken into
account in this study. Our result therefore agrees with
those of the most recent studies (e.g. Bousquet et al.,
2000).

During an El Niño event, the upwelling of CO2-
rich deep water is suppressed in the equatorial
Eastern Pacific, resulting in reduced oceanic CO2

fluxes to the atmosphere (Feely et al., 1999). An El
Niño event is also associated with temperature and
precipitation anomalies worldwide. Increased temper-
ature and reduced rainfall over land cause a reduction
of photosynthesis and an increase in respiration and
occurrences of wild fires (e.g., Keeling et al., 1995).
Consistent with the above concept, Rayner et al. (1999)
analyzed the correlation of tropical CO2 sources with
El Niño-Southern Oscillation (ENSO) events for the
period 1980–1995 and found some indication of initial
negative CO2 anomaly response to the oceanic change
due to ENSO, followed by anomalous positive CO2 re-
sponse to the subsequent terrestrial biospheric change
in the tropical region. Therefore, had we included the
effect of the oceanic CO2 flux change in this study, it
would have enhanced the magnitude of the negative
CO2 anomaly at the onset of an ENSO event, but it
might have had less influence on the phasing of the
simulated CO2 anomalies.

As for the Pinatubo anomaly, when significant slow-
down of the atmospheric CO2 increase was observed
globally, many studies have shown an increase in net
biospheric uptake, as well as in oceanic uptake (e.g.,
Francey et al., 1995; Keeling et al., 1995). The model
simulation with Biome-BGC reproduced a negative
CO2 anomaly due to the net biospheric uptake during
the period 1991–1993, but did not capture the magni-
tude of the dip. One could suggest that the discrepancy
is caused by the neglect of oceanic CO2 flux change.
Feely et al. (1999) estimated that the decrease of the
release of oceanic CO2 flux to the atmosphere over

the equatorial pacific region during the 1991–1994
El Niño period amounted to 0.8–1.2 Gt C. This es-
timated reduction is comparable to the difference
between the simulated and observed data in our
study.

The simulations performed with predicted bio-
spheric CO2 fluxes by Sim-CYCLE showed larger
magnitudes of inter-annual variability in atmospheric
CO2, which is closer to the observed range, but with
more visible phase mismatches at a number of ex-
treme anomalous events (Fig. 5b). The linear corre-
lation coefficient between the Sim-CYCLE modeled
anomaly and the observed anomaly was 0.37, while
that with Biome-BGC was 0.67. These results show
that Biome-BGC has a better performance in repro-
ducing the phase of the long-term variability than Sim-
CYCLE.

Similar differences between the two models are
seen in the simulations of the atmospheric CO2 sea-
sonal cycle. Generally, Biome-BGC reproduced well
the timing of the seasonal cycle, but its predicted sea-
sonal amplitude was relatively small in the northern
high latitudes, compared to the observation and to
Sim-CYCLE and CASA. These weaker atmospheric
CO2 signals predicted by Biome-BGC may indicate a
need for enhancement in the sensitivity of Biome-BGC
modeled fluxes to seasonal and inter-annual changes
in temperature and precipitation.

4.5. Effects of uncertainties in Biome-BGC
model assumptions

During the simulation period from 1961 to 1997,
we assumed a constant atmospheric CO2 level at
340 ppmv, to ignore the CO2 fertilization effect on the
inter-annual simulation. To test the effect of a chang-
ing CO2 concentration, we performed model experi-
ments with several different CO2 concentration levels,
ranging from 290 to 360 ppmv. The result is that the
deviation of the global NEP caused by prescribing dif-
ferent levels of atmospheric CO2 is only less than 10%
from the standard case and the effect on the anomalous
NEP is a few percent in the amplitude. When the nitro-
gen deposition from the atmosphere and fixation were
changed by ±10%, the change in the global NEP was
less than 1%. These CO2 and nitrogen fertilization ef-
fects on NEP could gradually increase in a long term.
Therefore, these effects might have an impact on the
seasonal and inter-annual variations of NEP, but with
low sensitivity.
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5. Summary

In order to investigate the seasonal and inter-annual
variability of the global atmospheric CO2 concen-
tration during the period 1961–1997, we drove an
atmospheric transport model with CO2 fluxes calcu-
lated by a terrestrial biosphere model Biome-BGC.
The simulated CO2 concentration anomalies matched
the phase of the observed inter-annual CO2 variabil-
ity, even without taking into account the inter-annual
variability of the atmospheric transport and oceanic
flux. The result therefore suggests that a significant
part of the inter-annual variability in the global car-
bon cycle can be attributed to changes in the terrestrial
biosphere.

For model validation, we examined the simulated
seasonal CO2 signals by comparing them to the ob-
servations. Biome-BGC reproduced well the timing
of the seasonal cycle of atmospheric CO2, but under-
estimated the amplitude in the Northern Hemisphere,
where the biospheric CO2 signal is dominant. A simi-
larity in model-to-model difference was found in terms
of sensitivities to climate variations, both in the short
term (seasonal cycle amplitude) and long term (ampli-
tude of the inter-annual variations). Biome-BGC better

reproduced phases of both seasonal and inter-annual
variability than Sim-CYCLE, while it showed weaker
amplitudes of inter-annual variability and seasonal cy-
cles of atmospheric CO2, except in the northern mid-
dle latitudes. This may indicate a need for further im-
provement of Biome-BGC model sensitivity to climate
parameters.

The present analysis of inter-annual variability fo-
cused only on a global scale. The next step will include
examination at a regional scale to identify areas that
make significant contributions to the inter-annual vari-
ability of atmospheric CO2.
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