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Abstract. We evaluate three estimates of the atmosphere-
biosphere exchange against total column CO2 observations
from the Total Carbon Column Observing Network (TC-
CON). Using the GEOS-Chem transport model, we pro-
duce forward simulations of atmospheric CO2 concentrations
for the 2006–2010 time period using the Carnegie-Ames-
Stanford Approach (CASA), the Simple Biosphere (SiB) and
the GBiome-BGC models. Large differences in the CO2 sim-
ulations result from the choice of the atmosphere-biosphere
model. We evaluate the seasonal cycle phase, amplitude and
shape of the simulations. The version of CASA currently
used as the a priori model by the GEOS-Chem carbon cy-
cle community poorly represents the season cycle in total
column CO2. Consistent with earlier studies, enhancing the
CO2 uptake in the boreal forest and shifting the onset of the
growing season earlier significantly improve the simulated
seasonal CO2 cycle using CASA estimates. The SiB model
gives a better representation of the seasonal cycle dynamics.
The difference in the seasonality of net ecosystem exchange
(NEE) between these models is not the absolute gross pri-
mary productivity (GPP), but rather the differential phasing
of ecosystem respiration (RE) with respect to GPP between
these models.

1 Introduction

An accurate estimation of carbon fluxes is a central goal of
the carbon cycle community. Such estimates have been de-
rived on small spatial scales using direct measures of the

fluxes via eddy-covariance (e.g.,FLUXNET, 2013) and by
carbon stock analysis (e.g.,Gaudinski et al., 2000; Goodale
et al., 2002). On larger spatial scales, inverse methods have
been attempted using measurements of the spatial and tempo-
ral variations in atmospheric CO2 concentrations (e.g.,Baker
et al., 2006; Peters et al., 2007; Michalak et al., 2004).

Traditionally, atmospheric inverse modeling has used ob-
servations from a global network of in situ boundary layer
measurement stations. However, the substantial impact of
synoptic scale weather systems (e.g., 3–10 days) in driving
local variability in atmospheric CO2 has been illustrated in
recent studies (e.g.,Keppel-Aleks et al., 2011; Parazoo et al.,
2008). Meridional advection produces significant local vari-
ability in atmospheric CO2 during summertime in the North-
ern Hemisphere, when there are strong north–south gradients
in CO2. Hence, large-scale errors in the a priori flux distribu-
tion can alias into errors at local scales, generally yielding
local/regional flux variability that is too large.

Total column measurements are expected to provide im-
proved large-scale constraints on carbon cycle processes
(Rayner and O’Brien, 2001; Yang et al., 2007) because vari-
ations in total column are dominated by hemispheric-scale
flux rather than local and regional fluxes (Keppel-Aleks et al.,
2012). Hence, total column measurements act as an exten-
sion of the in situ continental boundary layer network, which
provides excellent constraints at local and regional scales.
Keppel-Aleks et al.(2012) estimated the north–south CO2
gradient using total column measurements from the TCCON
by correlating the CO2 abundances to the mid-tropospheric
potential temperature, which serves as a dynamical tracer
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5104 J. Messerschmidt et al.: Atmosphere–biosphere exchange estimations with TCCON measurements

Table 1. Fluxes used in the GEOS-Chem CO2 simulation. The inventories, a short description and references are listed as in
Nassar et al.(2010).

Flux Inventory Description References

Fossil fuel emissions CDIAC (Carbon Dioxide Information Analysis Cen-
ter), Year-specific monthly averaged fossil fuel
emissions, 2008–2010 scaled with CDIAC
2007 data

Andres et al. (1996);
Boden et al. (2009);
Le Quere et al.(2009)

Fire emissions GFED
(v.2)

(Global Fire Emissions Database), 8-day data
(2001–2007)

Biofuel emissions Yevich and Logan(2003)

Balanced ecosystem
exchange

CASA 3-hourly Net Ecosystem Production (NEP),
(balanced – no net annual flux)

Potter et al. (1993);
Olsen and Randerson
(2004)

Net ecosystem uptake TransCom
climatol-
ogy

−5.29 PgC yr−1 (adjusted for biomass/biofuel
burning)

Baker et al.(2006)

Ocean exchange Monthly ocean flux climatology of non-El Nino
years

Takahashi et al.(2009)

Ship emissions ICOADS (International Comprehensive Ocean Atmo-
sphere Data Set), International ship CO2 emis-
sions with monthly variability scaled to annual
values for 1985–2006

Corbett and Koehler
(2003, 2004); Wang et al.
(2007); Endresen et al.
(2007)

Plane emissions SAGE (System for assessing Aviations Global Emis-
sions), Aviation emission 3-D distribution from
fuel burning, scaled to annual CO2 values for
1985–2002 and estimates for 2002–2009.

Sausen and Schumann
(2000); Kim et al. (2005,
2007); Wilkerson et al.
(2010)

for synoptic-scale dynamics. Consistent with the findings of
Randerson et al.(1997), the authors showed that the seasonal
CO2 cycle seen at four Northern Hemisphere TCCON sites
is dominated by the NEE in the boreal forest and the tempo-
ral phase of the uptake. The CO2 fields were simulated with
a general circulation model (GCM) and the NEE was esti-
mated by the CASA model. Increasing the NEE by 40 % be-
tween 45–65◦ N and initiating the growing season one month
earlier in the model significantly improved the CO2 seasonal
cycle.

Here, we evaluate three a priori NEE flux distributions
with total column measurements using the GEOS-Chem
global three-dimensional (3-D) chemical transport model
(CTM) driven by year-specific meteorological input data.
The NEE is defined in this work as follows: a net CO2 flux
from the ecosystem to the atmosphere is positive and re-
ferred to as net CO2 release. A net CO2 flux from the atmo-
sphere to the ecosystem is negative and referred to as net CO2
uptake. We analyze the following atmosphere-biosphere ex-
change inventories: the Carnegie-Ames-Stanford Approach
(CASA, Olsen and Randerson, 2004, described in Sect.3),
the Simple Biosphere model (SiB,Baker et al., 2003,
described in Sect.4) and the GBiome-BGC model
(Trusilova and Churkina, 2008, described in Sect.5). The
CO2 total column abundances from these model runs
are compared with measured columns from the TCCON

(Sect.7). The GEOS-Chem model and TCCON observations
are described in Sects.2 and 6, respectively. Additionally,
we investigate a simulation with CASA, but with uptake en-
hanced in the boreal forest and with the onset of the grow-
ing season shifted according toKeppel-Aleks et al.(2012)
(Sect.7). Dynamic NEE in SiB is evaluated in Sect.7.3.

2 GEOS-Chem CO2 simulation

GEOS-Chem is a global 3-D chemical transport model for at-
mospheric composition driven by meteorological input data
from the Goddard Earth Observing System (GEOS) of the
NASA Global Modeling and Assimilation Office to simulate
global atmospheric composition, including CO2 (Bey et al.,
2001). Estimates of CO2 fluxes due to fossil fuel emissions,
ocean-atmosphere exchange and biosphere–atmosphere ex-
change are provided by inventories and atmospheric in-
verse models. In the standard version of the GEOS-Chem
CO2 simulation, described byNassar et al.(2010), clima-
tological NEE from the CASA model are used to estimate
the balanced atmosphere-biosphere exchange (Olsen and
Randerson, 2004).

In this study, we use GEOS-Chem version v9-01-01 with
the GEOS-5 fields, and a spatial resolution of 2◦

× 2.5◦ (lat-
itude× longitude) with 47 vertical layers. The CO2 simula-
tion relies on the inventories listed in Table1 and the trend in
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CO2 is determined by the sum of these sources and sinks. The
CO2 simulations were started with restart files provided by
the GEOS-Chem team (starting on the 1st of January 2005),
allowing one year spin-up for the time period 2006–2010.

In GEOS-Chem, the NEE consists of two compo-
nents: the first component is the total net yearly uptake,
based on the TransCom climatology and approximated by
−5.29 PgC yr−1 (Baker et al., 2006) (Table1: “Net ecosys-
tem uptake”). The second component is the NEE without
the net yearly CO2 uptake: the balanced NEE, which drives
the seasonal CO2 cycle (Table1: “Balanced ecosystem ex-
change”). This balanced NEE is the focus of this study and
in the following sections referred to as NEE. The three NEE
models examined in this study are described in the following
sections.

3 CASA

The CASA model is the standard biosphere model input to
the GEOS-Chem CO2 simulations. Even though, CASA was
designed to have interannually varying fluxes, it is imple-
mented as climatological NEE within GEOS-Chem. Clima-
tological (year 2000) three hourly NEE fields are computed
from the difference between GPP and RE. Monthly GPP data
with a 1◦

× 1◦ spatial resolution are defined as two times the
net primary production (NPP) derived with the CASA model
and scaled to 5.5◦ × 5.5◦ grid boxes. The monthly GPP val-
ues are distributed with shortwave radiation flux data from
the National Center for Environmental Prediction (NCEP,
Kalnay et al., 1996) data assimilation model for the year
2000 to three hourly values. Monthly respiration data are
calculated with NCEP temperature data for the year 2000 at
5.5◦

× 5.5◦ grid boxes and also interpolated to 3 h intervals
(Olsen and Randerson, 2004; Potter et al., 1993). The GEOS-
Chem CO2 simulation uses the CASA NEE interpolated to
the 2◦ × 2.5◦ GEOS-Chem grid. Hence, the standard NEE is
based on data derived for the year 2000, and GEOS-Chem a
priori biosphere fluxes do not have interannual variability.

4 SiB

The SiB model parameterizes land surface biophysical pro-
cesses and ecosystem metabolism (Sellers et al., 1986, 1996;
Denning et al., 1996). We use three hourly reanalysis data
of air temperature, pressure, humidity, wind speed, radiation
and precipitation from the Modern-Era Retrospective anal-
ysis for Research Applications (MERRA) (Rienecker et al.,
2011) to drive the model for years 2006 through 2010. Fire
emissions are accounted for by using GFED2 (Global Fire
Emissions Database) data (e.g.,Baker et al., 2010). Model
parameters are determined using a combination of satellite
data, literature values and standard SiB parameters (Sell-
ers et al., 1996). The SiB surface fluxes are calculated at
1◦

× 1.25◦ spatial resolution, saved as three hourly averages

and scaled to the 2◦ × 2.5◦ GEOS-Chem grid. The SiB NEE
estimations are nearly balanced (net yearly uptake of about
−0.07 Pg yr−1). In this study, we use both climatological
(year 2009) and dynamical fluxes driven by both surface
temperature changes and changes in phenology. Further de-
tails on the SiB NEE simulations are given inParazoo et al.
(2008).

5 GBiome-BGC

GBiome-BGC (version 1) is based on the BIOME-BGC nu-
merical ecosystem model (v. 4.1.1), but is designed for global
simulations (Trusilova and Churkina, 2008). BIOME-BGC
is a numerical model designed for point studies in forests.
It simulates water storage and fluxes, and carbon and nitro-
gen storage. It is parameterized for seven different types of
ecosystems. The Numerical Terradynamic Simulation Group
(NTSG) at the University of Montana, USA, stores and up-
dates code versions of BIOME-BGC for public release (http:
//www.ntsg.umt.edu/).

Daily averaged meteorological fields from the NCEP are
used to derive year-specific NEE data with a 1◦

× 1◦ spa-
tial resolution. To modulate a diurnal CO2 cycle, 3-hourly
balanced NEE data are derived by distributing the daily
GPP output per grid cell according to the solar zenith angle,
whereas the respiration is linearly interpolated (Rödenbeck,
2005). Here, we use climatological fluxes (year 2009), scaled
to the 2◦ × 2.5◦ GEOS-Chem grid. The GBiome-BGC NEE
estimations are not balanced, and have a net yearly uptake
of −0.705 Pg yr−1. Therefore, the GEOS-Chem CO2 simula-
tions using the GBiome-BGC NEE estimations are detrended
to compensate for the net yearly uptake.

6 TCCON

The TCCON is a worldwide network of ground-based
Fourier transform spectrometers (FTSs) that was founded in
2004 (Washenfelder et al., 2006). TCCON data products are
column-averaged dry-air mole fractions, e.g., XCO2, XCH4,
XN2O, XCO (Wunch et al., 2011a). TCCON has been largely
used as a calibration and validation resource for satellite mea-
surements (e.g.,Buchwitz et al., 2006; Barkley et al., 2007;
Butz et al., 2011; Morino et al., 2011; Reuter et al., 2011;
Wunch et al., 2011b; Schneising et al., 2012) and provided
insights into carbon cycle science (e.g.,Yang et al., 2007;
Chevallier et al., 2011; Keppel-Aleks et al., 2012). The in-
dividual TCCON sites are operated by various institutions
around the world (e.g.,Washenfelder et al., 2006; Deutscher
et al., 2010; Geibel et al., 2010; Messerschmidt et al., 2011;
Wunch et al., 2011a). Here, TCCON XCO2 data (version
GGG2009) are used to analyze the influence of the three
different NEE estimations on the GEOS-Chem CO2 simu-
lation. The TCCON XCO2 data have a precision better than
0.25 % (∼ 1 ppm) (1σ ) (Wunch et al., 2011a), under clear
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Table 2.TCCON sites (latitude, longitude and altitude). The data record time period and references are listed.

Site Lat. Long. Alt. Data record References
[
◦N] [

◦E] [m a.s.l.] [date]

Białystok, Poland 53.23 23.03 180 since March 2009Messerschmidt et al.(2012)
Bremen, Germany 53.10 8.85 5 since March 2005
Lamont, Oklahoma 36.60 −97.49 320 since July 2008
Park Falls, Wisconsin 45.95 −90.27 442 since April 2004 Washenfelder et al.(2006)

sky conditions, though 0.1 % (1-σ ) precision can be achieved
(Washenfelder et al., 2006; Deutscher et al., 2010; Messer-
schmidt et al., 2010). Here, XCO2 measurements at Bre-
men (Germany), Białystok (Poland), Lamont (Oklahoma)
and Park Falls (Wisconsin) are used. The Park Falls and Bre-
men sites have the longest data records, covering the whole
time period from 2006 to 2010. Measurements at Lamont
started in July 2008 and in Białystok in March 2009. The data
density is dependent on whether the TCCON instrument per-
forms measurements automatically (Park Falls, Lamont and
Białystok) and on the weather conditions at the site. Long
time periods without measurements indicate major instru-
ment failures. The numbers of days averaged in the analyses
are given in Table S1 in the Supplement. All sites were cal-
ibrated to World Metereological Organization (WMO) stan-
dards through high altitude aircraft campaigns (Wunch et al.,
2010; Messerschmidt et al., 2011) and are further introduced
in Table2.

To compare the GEOS-Chem CO2 profile data with the
TCCON data, we integrate the profiles to yield column-
averaged CO2 dry-air mole fractions. For each TCCON mea-
surement, the daily averaged GEOS-Chem CO2 simulation
profile for the same day was smoothed with the averaging
kernel and a priori profile from the TCCON measurement
and integrated to column averaged XCO2,model. For the inte-
gration, we use the NCEP pressure, altitude, temperature and
H2O profile, interpolated to the location of the TCCON sta-
tion and to local noon (Wunch et al., 2011a).

7 GEOS-Chem CO2 simulations with different NEE
estimations

The NEE estimations of the three models, CASA, GBiome-
BGC (both climatological) and SiB (year-specific), are
shown in Fig.1. In the upper panel, the latitudinal NEE dis-
tributions, integrated for the months May to August, are de-
picted. The large seasonally varying NEE in boreal forests
(between 45◦ and 65◦ N) is evident in all three models. The
largest difference between the models can also be found in
this region. Both SiB and GBiome-BGC exhibit a larger sink
during summer than CASA by up to 40 %.

In the bottom panel of Fig.1, the time series of the monthly
NEE integrated over all grid points between 30◦ N and 90◦ N
are compared. The time series reflect the differences al-

ready seen in the latitudinal NEE distributions: the more pro-
nounced summer sink in both SiB and GBiome-BGC leads
to a larger seasonal cycle amplitude than in CASA. The win-
ter NEE peak is different in all three models: in January,
CASA shows a dip, in contrast to the maximum in GBiome-
BGC and the slightly earlier maximum in SiB. The CO2
drawdown starts in April in GBiome-BGC and SiB, and is
shifted one month later in CASA. The autumn release oc-
curs simultaneously in SiB and CASA, and about a month
earlier in GBiome-BGC. These differences lead to a broader
seasonal cycle minimum in SiB compared with CASA and
GBiome-BGC.

7.1 Evaluating GEOS-Chem CO2 simulations with
TCCON measurements

The differences in the CO2 simulations using these different
NEE inputs are illustrated in Fig.2 (The CO2 simulation us-
ing manipulated CASA NEE (CASA earlyi40) is discussed
in Sect.7.2). The monthly averages are compared to the mean
of the monthly averages of the XCO2 time series at the four
TCCON sites. The amplitude and phase of the simulated sea-
sonal CO2 cycle is dominated by the differences in the NEE
estimations (Fig.1). The drawdown starts about a month ear-
lier using SiB or GBiome-BGC, compared with the CASA
input. The largest drawdown is found for the SiB NEE and
the smallest using the CASA NEE. The period when CO2
declines is longest for SiB and shortest for CASA. The com-
parison with the TCCON measurements reveals an underes-
timation of the seasonal amplitude for the simulations using
GBiome-BGC and CASA and an overestimation by SiB. Us-
ing CASA, the start of the growing season is delayed for all
years. The start of the growing season in SiB and GBiome-
BGC is in relatively good agreement with the TCCON data.

In order to analyze the general patterns, the monthly means
of the five years were averaged to give a mean seasonal cycle
for each NEE input as well as for the TCCON data (Fig.3).
The start of the CO2 drawdown in spring and the start of the
CO2 release in autumn are estimated by the zero crossing
times of the seasonal CO2 cycle, indicated by dots in Fig.3.
(The seasonal CO2 cycles are shifted to have a mean of zero).
The delay of the onset and the end of the growing season are
calculated by the time lag between the zero crossing times
of the simulated seasonal CO2 cycle and the zero cross-
ing times of the TCCON time series. For the GEOS-Chem

Atmos. Chem. Phys., 13, 5103–5115, 2013 www.atmos-chem-phys.net/13/5103/2013/
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Table 3. Analysis of the GEOS-Chem CO2 simulations using different NEE estimations. Correlation coefficients for GEOS-Chem CO2
simulations with TCCON measurements for the CASA inventory (standard/manipulated), year-specific SiB fluxes and SiB climatology.

CASA SiB GBiome- manipulated SiB
BGC CASA 2009

NEE

CO2 drawdown time delay[days] 10± 1 −6± 1 −16± 1 −1± 1 –

CO2 release time delay[days] −3± 1 9± 1 9± 1 2± 1 –

cross correlation between
the seasonal cycles[days] −4± 1 0± 1 4± 1 0± 1 –

scaling factor fitting the
seasonal amplitude[a.u.] 0.85 1.09 0.88 1.20 –

correlation coefficient 0.954 0.971 – 0.963 0.970

Fig. 1.Upper panel: latitudinal NEE distributions integrated for May until August. The sink between 45◦ and 65◦ N reflects the CO2 uptake
in the boreal forest in all three models and the biggest differences between the models are found here as well. CASA has a less distinct sink
than SiB and GBiome-BGC. Bottom panel: the time series of monthly NEE integrated between 30–90◦ N. The SiB NEE estimates include
dynamical fluxes while the CASA and GBiome-BGC fluxes used here are climatological.

CO2 simulation using SiB or GBiome-BGC, the CO2 draw-
down starts too early (with a lag of−6 days± 1 day and
−16 days± 1 day, respectively), whereas the standard CASA
NEE inventory leads to a delay in the CO2 drawdown (by
+10 days± 1 day). In contrast, the CO2 release is estimated
to be too early using the CASA inventory (by−3 days± 1
day), but is delayed using SiB or GBiome-BGC NEE inputs
(by +9 days± 1 day for both models). The time lags in days
are given in Table3 as well.

This estimation of the CO2 drawdown and release relies
only on the zero crossing times. The entire seasonal cycle
shape can be evaluated in a cross correlation of the modeled
XCO2 and the measured TCCON XCO2. The cross correlation
is a measure of the similarity of two waveform patterns as a
function of a time shift applied to one waveform. The cross
correlation of the GEOS-Chem CO2 simulation infers a time
shift of −4 days± 1 day for CASA and+4 days± 1 day for
GBiome-BGC. The simulation using SiB is optimized with-
out shifting. The time shifts in days are also listed in Table3.

www.atmos-chem-phys.net/13/5103/2013/ Atmos. Chem. Phys., 13, 5103–5115, 2013
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Fig. 2. The time series of the monthly averages of column averaged XCO2. The black line shows the mean for the TCCON measurements
in Białystok (Poland), Bremen (Germany), Lamont (Oklahoma) and Park Falls (Wisconsin). The colored lines show the smoothed column
averaged CO2 for the three models (CASA, SiB, GBiome-BGC) and the manipulated CASA model (Sect.7.2). The trend in the simulations
is determined by the sum of the sources and sinks listed in Table1. For the comparison the daily averaged GEOS-Chem CO2 simulation
profile for the same day was smoothed with the averaging kernel and a priori profile from the TCCON measurement and integrated to
column averaged XCO2. In comparison with the TCCON measurements, the GEOS-Chem CO2 simulation with the SiB NEE input most
closely simulates the seasonal cycle and the manipulated CASA model improves significantly the comparison. The variability of the TCCON
time series in the winter of 2007–2008 is due to the few measurements averaged (Table S1 in the Supplement).

The seasonal amplitude differences are estimated by tak-
ing the ratio of the amplitude from the GEOS-Chem CO2
simulations and the amplitude measured by the TCCON in-
struments. The amplitude is calculated by the difference be-
tween the maximum and the minimum XCO2 in the seasonal
cycle curve. Both CASA and GBiome-BGC simulate ampli-
tudes that are too small by 15 and 12 %, respectively and the
SiB simulation has a seasonal cycle that is too large by 9 %
(Table3).

The GEOS-Chem CO2 simulation using the SiB model
provides the best match to the measured seasonal cycle. The
time delay in the CO2 drawdown is the shortest, at−6± 1
days, and the cross correlation is maximized for the unshifted
simulated seasonal cycle. The time delay of the CO2 release
reveals a seasonal cycle minimum that is slightly too wide,
but overall the seasonal amplitude matches the measurements
well.

7.2 GEOS-Chem CO2 simulation using manipulated
CASA NEE estimations

The comparison of the GEOS-Chem CO2 simulation using
CASA NEE estimations with the TCCON measurements re-
vealed a delay in the start of the growing season and a sea-
sonal amplitude that was too small (Fig.3). Here, the CASA
NEE was amplified by 40 % between 45◦ N and 65◦ N and
the onset of the growing season was shifted earlier by adding

the NEE in July to the NEE in May between 50◦ N and
6◦ N, analogous toKeppel-Aleks et al.(2012). The resulting
GEOS-Chem CO2 simulation was detrended by 1.081 Pg y−1

to account for the increased NEE uptake.
Figure2 shows the monthly averages of the GEOS-Chem

CO2 simulation using the manipulated CASA NEE estima-
tions (CASA earlyi40). The seasonal amplitude increased
significantly and even overestimates the seasonal cycle am-
plitude measured by the TCCON sites. The onset of the
growing season seems to be in agreement with the TCCON
measurements. In order to quantify the changes, the data are
analyzed in an analogous fashion to the analysis in Sect.7.1
(Fig. 3). The seasonal amplitude is overestimated by a factor
of 1.20. The onset and the time period of the growing sea-
son are estimated accurately, and the cross-correlation opti-
mization yields an unchanged CO2 seasonal cycle. The cal-
culation of the correlation coefficient improved from 0.954
to 0.963 for the manipulated CASA NEE input (Table3).

These results are consistent with the findings ofRander-
son et al.(1997) and Keppel-Aleks et al.(2011): the NEE
in the boreal forest has a large impact on the seasonal CO2
cycle amplitude and the onset time of the growing sea-
son determines the seasonal cycle phase at the four TC-
CON sites. Changes in these quantities significantly influ-
ence the seasonal cycle measured at single locations in the
Northern Hemisphere. The TCCON data suggest that the

Atmos. Chem. Phys., 13, 5103–5115, 2013 www.atmos-chem-phys.net/13/5103/2013/
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Fig. 3. Averaged seasonal cycles, derived with the averages of the monthly means, shown in Fig.2. The emerging patterns reveal the
characteristics already seen in the NEE inputs. The simulated CO2 drawdown using SiB or GBiome-BGC starts too early compared to the
TCCON measurements and too late using CASA inputs. The seasonal amplitude is slightly overestimated with SiB and underestimated
using GBiome-BGC and CASA. The simulated CO2 release starts too early using CASA and too late using SiB or GBiome-BGC. The zero
crossings indicated with dots give an estimate of the delays in the CO2 drawdown and release (Table3). The manipulated NEE CASA input
leads to a significant improvement of the simulated CO2 cycle. Even though the seasonal amplitude is overestimated, the timing of the CO2
drawdown and CO2 release is estimated accurately (Sect.7.2).

NEE distribution on large scales drives local variability in
atmospheric total column CO2.

7.3 Evaluation of dynamic NEE in SiB

In order to quantify the difference between the year-specific
NEE and the static SiB NEE, a simulation for 2006 through
2010 was calculated using the SiB NEE estimation for the
year 2009. This approach gives a measure of the difference
between the climatology and year-specific fluxes.

Figure4 shows the spatial distribution of anomalies in the
growing season net flux (average NEE from May–August)
relative to the five-year climatological average. Interannual
variability is clearly evident throughout North America, Eu-
rope, and Boreal Asia, with anomalies representing 10 %
or less of the climatological average. Figure5 shows the
monthly averages of the GEOS-Chem CO2 simulation using
year-specific NEE estimations, as already depicted in Fig.2,
and the GEOS-Chem CO2 simulation using SiB 2009 NEE
estimations for the entire time period. Despite interannual
variability in the spatial distribution of NEE, the anomalies
tend to be weak or are canceled in the spatial average such
that differences in seasonal cycles aggregated over high lat-
itudes is small. The correlation coefficient between the sim-
ulations and the TCCON data are given with 0.971 for year-
specific SiB NEE estimates and 0.970 for SiB 2009 NEE es-
timations (Table3). This finding shows that the year-specific
NEE only slightly improves the agreement with the measured
seasonal cycle, suggesting that the modeled CO2 seasonal cy-
cle is mainly driven by the spatial flux distribution and vari-

ability in atmospheric dynamics. A further analysis of the
interannual dynamics will be forthcoming.

GEOS-Chem CO2 simulations using year-specific SiB
NEE estimations or only SiB 2009 NEE estimations are a sig-
nificant improvement compared to simulations with the stan-
dard CASA climatology, currently used within the GEOS-
Chem simulation. To illustrate the differences between the
standard CASA climatology and the SiB yearly values, we
compare the GEOS-Chem CO2 simulations to the individual
TCCON time series. In Fig.6 the weekly averaged TCCON
XCO2 time series at the four TCCON sites used in this study,
Park Falls (Wisconsin), Lamont (Oklahoma), Bremen (Ger-
many), and Białystok (Poland) are compared with the weekly
averaged GEOS-Chem CO2 simulations using CASA and
SiB NEE. The seasonal cycle of the GEOS-Chem CO2 sim-
ulations using SiB estimations fits the data best when com-
paring the measured and modeled seasonal cycle amplitude
and phase. The GEOS-Chem CO2 simulations using CASA
inputs tend to underestimate the CO2 abundance, especially
in the seasonal cycle minimum, and the seasonal cycle phase
is often delayed compared to the TCCON measurements.

7.4 Analysis of the differences between CASA and SiB
NEE estimates

Here, we examine possible causes of delayed drawdown in
CASA. On monthly time scales, NEE represents a small dif-
ference in large but opposing carbon fluxes. Fluxes to the
atmosphere are caused by heterotrophic respiration (RH) in
the soil and autotrophic respiration (RA) by vegetation; these
fluxes can by lumped together and defined as RE. Fluxes
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Fig. 4.Spatial distribution of annual anomalies in growing season net flux (average SiB NEE from May–August), representing the difference
of annual mean GSNF from the five-year climatological average for(a) 2006,(b) 2007,(c) 2008,(d) 2009, and(e) 2010. Interannual vari-
ability is clearly evident throughout North America, Europe, and Boreal Asia, with anomalies representing 10 % or less of the climatological
average.

Fig. 5.The same as in Fig.2, showing the monthly mean XCO2 for the GEOS-Chem CO2 simulation using year-specific SiB fluxes and using
only SiB 2009 NEE estimations for the whole time period. The differences between these GEOS-Chem CO2 simulations give a measure of
the impact of year-specific SiB NEE fluxes in contrast to the climatology, showing only slight differences. The variability of the TCCON
time series in the winter of 2007–2008 is due to the few measurements averaged (Table S1 in the Supplement).

from the atmosphere are caused by gross photosynthetic up-
take by canopy vegetation, and is typically referred to as GPP.
NEE can then be defined as RE− GPP. In high latitude re-
gions such as boreal forests, RE tends to exceed GPP during
winter months, causing a net flux to the atmosphere, while

GPP exceeds RE during the summer, causing net carbon flux
into the terrestrial biosphere. The amplitude of seasonal NEE
is therefore determined by differences in the magnitudes of
GPP and RE, while the timing of drawdown is determined
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Fig. 6. Weekly averaged GEOS-Chem CO2 simulations using CASA NEE estimations (red dots) and SiB NEE inputs (green dots) in
comparison with weekly averaged TCCON measurements at four sites: Park Falls (Wisconsin), Lamont (Oklahoma), Bremen (Germany),
Białystok (Poland).

by phase differences. We can therefore use GPP and RE to
understand why the drawdown is delayed in CASA.

Unfortunately, GPP and RE are not available for the cli-
matological CASA fluxes typically used as the GEOS-Chem
prior (Olsen and Randerson, 2004). For the purpose of exam-
ining delayed drawdown in this section, we therefore exam-
ine CASA-GFED3 as a proxy for CASA. CASA-GFED3 is
described invan der Werf(2010). Both versions of CASA are
light use efficiency models in which NPP, which represents
GPP− RA, is calculated from satellite-derived estimates of
the fraction of available photosynthetically active radiation
(fAPAR). The primary difference is that CASA-GFED3 uses
MODIS radiative transfer algorithms for calculating fAPAR
while CASA uses NDVI observations from AVHRR. Both
versions also use similar models to predict heterotrophic
respiration from soil carbon pools, where living biomass is
transferred to litter pools and subsequently decomposed at
rates depending on temperature and soil moisture.

NPP and RH data were collected from the database (www.
globalfiredata.org/Data/index.html) on 24 October 2012.
NPP and RH need to be converted to GPP and RE, respec-
tively, for comparison to SiB, which estimates GPP directly
and solves for RE as a function of soil moisture and temper-
ature, scaled to balance GPP annually. For CASA-GFED3
we assume GPP can be approximated as 2× NPP (Prentice,
2001), and then solve for RE as NEE+ GPP. All available
carbon fluxes for SiB, CASA and CASA-GFED3 are shown
in Fig.7, where SiB and CASA-GFED3 are 5 yr averages and
CASA is 1 yr. CASA and CASA-GFED3 have very similar
timing and comparable amplitudes of seasonal NEE, with a
smaller CASA-GFED3 NEE amplitude than CASA.

SiB and CASA-GFED3 have very similar patterns of GPP,
including phase and amplitude. This is likely due to the fact
that both models are driven by MODIS phenology. Patterns

Fig. 7. Seasonal cycles of NEE (solid), gross primary production
(GPP, dashed, positive represents influx into the plant canopy), and
ecosystem respiration (RE, dotted, positive represents influx into the
atmosphere) aggregated from 30–75◦ N and averaged from 2006–
2010. Flux estimates are for SIB (green), CASA (red, NEE only)
and CASA-GFED3 (black). The timing and magnitude of GPP is
approximately the same for both models, which means the differ-
ence in the timing of drawdown is likely due to RE, which is de-
layed by roughly one month in SIB relative to CASA-GFED3.

of RE are, however, different, with SiB shifted later in time
(≈ 1 month) relative to CASA-GFED3. Peak fluxes due to
RE and GPP therefore tend to be more in phase in CASA-
GFED3 and out of phase in SiB. As a result of delayed RE,
the greatest imbalance between RE and GPP occurs early
in the growing season, causing early spring drawdown and
slightly earlier leaf senescence in SiB. This finding is consis-
tent with the improvement seen for the simulation using the
shifted onset of the growing season in CASA in Sect.7.2.
The delayed drawdown by one month seen in the comparison
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with the TCCON data are like caused by the early onset of
the RE.

Flux tower measurements of seasonal carbon exchange
tend to support SiB, with RE delayed relative to GPP in tem-
perate deciduous and boreal coniferous forests (Falge, 2002).
Seasonal patterns of RE are mainly controlled by temperature
(Griffis, 2004, and references therein) while GPP is strongly
dependent on light. Over the season light and temperature are
out of phase, with peak temperature delayed relative to peak
radiation yielding the out-of-phase relationship between GPP
and RE at high latitudes.

8 Conclusions

We evaluated three estimations of biosphere fluxes within the
chemical transport model GEOS-Chem. Errors in the global
CO2 distribution are evaluated through comparison with TC-
CON measurements. The standard GEOS-Chem CO2 simu-
lation (Nassar et al., 2010) uses climatological CASA NEE
to estimate the balanced atmosphere–biosphere exchange.
However, we show that the estimate of the CO2 uptake in
the growing season in the boreal forest is underestimated and
that the onset of the growing season is delayed using this es-
timate of biospheric fluxes. By enhancing the CO2 uptake in
the boreal forest and shifting the onset of the growing season
earlier, the comparison with TCCON data is significantly im-
proved. Similar to CASA, GBiome-BGC also underestimates
the CO2 uptake in the growing season. SiB shows reasonably
good agreement in comparison with the TCCON data, pri-
marily derived from the phasing of respiration with respect
to gross primary production.

Large-scale errors in the estimates are identified through a
comparison with TCCON data and the CO2 simulations are
highly dependent on the choice of the atmosphere-biosphere
model. We show that an accurate estimation of carbon fluxes
is crucial for the correct simulation of the seasonal carbon
cycle. In general, this means that large-scale errors must be
carefully evaluated before retrieving local fluxes. Variations
in the total column are an useful validation resource for di-
agnosing errors on hemispheric scale.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/13/
5103/2013/acp-13-5103-2013-supplement.pdf.
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Rödenbeck, C.: Estimating CO2 sources and sinks from atmo-
spheric mixing ratio measurements using a global inversion of
atmospheric transport, Technical report 6, Max Planck Institute
for Biogeochemistry, Jena, 2005.

Sausen, R. and Schumann, U.: Estimates of the Climate Response
to Aircraft CO2 and NOx Emissions Scenarios, Climatic Change,
44, 27–58, 2000.

Schneising, O., Bergamaschi, P., Bovensmann, H., Buchwitz, M.,
Burrows, J. P., Deutscher, N. M., Griffith, D. W. T., Heymann,
J., Macatangay, R., Messerschmidt, J., Notholt, J., Rettinger,
M., Reuter, M., Sussmann, R., Velazco, V. A., Warneke, T.,
Wennberg, P. O., and Wunch, D.: Atmospheric greenhouse gases
retrieved from S CIAMACHY: comparison to ground-based
FTS measurements and model results, Atmos. Chem. Phys., 12,
1527–1540,doi:10.5194/acp-12-1527-2012, 2012.

Sellers, P. J., Mintz, Y., Sud, Y. C., and Dalcher, A.: A simple bio-
sphere model (sib) for use within general circulation models, J.
Atmos. Sci., 43, 505–531, 1986.

Sellers, P. J., Randall, D. A., Collatz, G. J., Berry, J. A., Field,
C. B., Dazlich, D. A., Zhang, C., Colello, G. D., and Bounoua, L.:
A revised land surface parameterization (SiB2) for atmospheric
GCMs, Part I: Model formulation, J. Climate, 9, 676–705, 1996.

Takahashi, T., Sutherland, S. C., Wanninkhof, R., Sweeney, C.,
Feely, R. A., Chipman, D. W., Hales, B., Friederich, G., Chavez,
F., Sabine, C., Watson, A., Bakker, D. C., Schuster, U., Metzl,
N., Yoshikawa-Inoue, H., Ishii, M., Midorikawa, T., Nojiri, Y.,
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