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Impact of Fraserdale CO2 observations on annual flux
inversion of the North American boreal region
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S. Maksyutov, B. Pak, P. Peylin, M. Prather, P. Rayner, J. Sarmiento, S. Taguchi, T. Takahashi
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ABSTRACT
In TransCom-3 (Level 1), atmospheric CO2 measurements from 76 monitoring stations for the period 1992–1996 and
16 atmospheric transport models were used to constrain annual mean CO2 fluxes over 11 land and 11 ocean regions.
The tower measurements of atmospheric CO2 from Fraserdale, a continental site in northern Ontario, Canada are now
available and processed for use in the TransCom-3 inverse modelling framework. In this short study, we show that by
including this set of continental CO2 data, the estimated flux for the North American boreal region becomes nearly zero,
a reduction of about 0.26 Pg C yr−1 from the previous estimate. The uncertainty of the estimated flux for this region
is also reduced by ∼30%. All transport models show negative changes for boreal North America, with the strongest
responses (∼ −0.5 Pg C yr−1) shown by NIRE, NIES, CSU and SKYHI. Furthermore, models showing a strong response
in boreal North America tend to show strong sensitivity in middle- and high-latitude Asian regions.

1. Introduction

Recent studies on the carbon budget of Canadian boreal forests
using different approaches show inconclusive results on the net
exchange of carbon between the terrestrial biosphere and the
atmosphere. A forest inventory study by Kurz and Apps (1999)
indicates Canada’s forests to be a weak source (∼0.08 Pg C
yr−1) during the 1980s. On the other hand, ecosystem modelling
by Chen et al. (2000, 2003) identifies this region as a weak
sink (∼0.05 Pg C yr−1) in the last two decades. Global annual
carbon flux inversions with atmospheric tracer transport models
also yield moderate flux sensitivity over Canada’s forests. A
source of 0.26 Pg C yr−1during 1992–1996, was estimated in the
TransCom-3 (Level 1) experiment (Gurney et al., 2002) while
Fan et al. (1998) found it to be a sink of 0.2 Pg C yr−1 during
1988–1992.

In these inverse modelling studies, Canadian continental CO2

observations were not available to constrain the estimated flux
over the North American boreal region. Despite having high
variability due to spatio-temporal biospheric fluxes, mixing and
synoptic transports, however, atmospheric CO2 data at conti-
nental sites exhibit strong (less diluted) signals of the regional
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terrestrial fluxes that can be used to constrain inverse continental
flux estimates. Gloor et al. (2000) and Patra et al. (2003) have
demonstrated the advantage of adding a Canadian continental
station for reducing the uncertainty in the North America boreal
forest flux estimate.

Continuous atmospheric CO2concentration measurements at
the top of a 40 m tower at Fraserdale (49.9◦N, 81.6◦W) in the
remote northern Ontario boreal forest (see Fig. 1) from early
1990 to late 1996 (Higuchi et al., 2003) are now available to be
used as an additional constraint in the annual inverse calculation.
The Fraserdale data cover almost the same period (1992–1996)
as GLOBALVIEW-CO2 (2000) data used in the annual flux in-
version intercomparison of the TransCom-3 (Level 1) experi-
ment (hereafter, referred to as TransCom-3). In this study, the
TransCom-3 work is supplemented by including the Fraserdale
data to investigate the impact on the annual regional biogenic flux
estimates, with emphasis on boreal North America. A number of
papers (Gurney et al., 2002, 2003; Law et al., 2003; Maksyutov
et al., 2003; Patra et al., 2003) have been published on the results
of TransCom-3 and should be referred to for details.

In TransCom-3, annual surface CO2 fluxes for 11 land and
11 ocean regions (Fig. 1) are deduced using the Bayesian syn-
thesis inversion method (Enting, 2002). In this study we fol-
low the calculation procedure described in Gurney et al. (2002),
using results from 16 global atmospheric transport models:
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Fig 1. TransCom-3: 22 terrestrial and oceanic basis function regions. The location of Fraserdale is marked by the black solid square.

CSU, UCB, UCI, UCIs, UCIb, JMA, MATCH-CCM3, MATCH-
NCEP, MATCH-MACCM2, NIES, NIRE, RPN, SKYHI, TM2,
TM3 and GCTM.

2. Fraserdale 40 m tower data

The salient characteristics of the Fraserdale 40 m tower CO2

data have been described by Higuchi et al. (2003). Here, only
a brief summary is presented. Fraserdale is remotely located in
the northern Ontario boreal forest, with prevailing winds from
the western half. Hourly CO2 values indicate strong summer-
time diurnal cycles, due to diurnally changing surface biogenic
processes and boundary layer mixing, and are typical of other
vegetated mid-latitude continental measurements (Bakwin et al.,
1998). Seasonal variations, computed from afternoon data, show
(1) a stronger seasonal amplitude of about 20 ppm (parts per
million), (2) earlier spring draw-down; (3) a lower and earlier
appearance of the summer minimum and (4) higher concentra-
tions during winter and autumn, as compared with a remote site
such as Alert (Higuchi et al., 2003). Despite being measured
at a relatively low height compared with other continental tall
towers (496 m at North Carolina and 396 m at Wisconsin), the
Fraserdale afternoon data reflect the site’s influence by regional
biospheric activities, which should be resolvable by the relatively
coarse resolution of global transport models used in TransCom-3.
Therefore, annual mean and data variability at Fraserdale, re-
quired inputs from each site to the inversion, will be derived
from afternoon values to maximize regional biotic influence and
minimize bias towards diurnal signals.

In TransCom-3, annual mean CO2 concentration data and
variability at 76 selected sites during the period 1992–1996
are obtained from the GLOBALVIEW-2000 dataset. The

Table 1. Annual mean CO2 concentration and data variability at
Fraserdale and at the three Siberian sites

Site Annual mean Data variability
CO2 conc. (ppm) (ppm)

Fraserdale 359.63 1.05
Surgut (61◦N, 73◦E) 359.55 0.74
Yakutsk (62◦N, 130◦E) 360.09 0.78
Novosibirsk (55◦N, 83◦E) 359.34 0.92

hourly Fraserdale data are available from 8 February 1990 to
4 December 1996. The proxy daily averages are computed as
the means of hourly afternoon data from 15:00 to 18:00 local
sidereal time (LST). There are 2385 daily mean values and 105
missing data points in the time-series. The longest internal gap is
a 34 d break in early 1995. Consistent with the GLOBALVIEW-
2000 data, the Fraserdale time-series is smoothed, filled-in and
extended to the end of 1996, using the curve fitting and data
extension (latitude reference method) techniques described in
Masarie and Tans (1995) and GLOBALVIEW-2000. The curve
fitting software was downloaded from the Climate Monitor-
ing and Diagnostics Laboratory NOAA World Wide Web site
(http://www.cmdl.noaa.gov/ccg/sw/ccgvu/overview.html).

The annual mean CO2 concentration for the period 1992–1996
is calculated to be 359.63 ppm (Table 1). The data variability is
estimated as the residual standard deviation (RSD) of the mea-
surements about the smoothed curve fitted to the observation. Its
magnitude is found to be 2.87 ppm and is within the range of
RSD (1–6 ppm) at other continental sites (Gloor et al., 2000). To
prevent over-fitting the station data, the RSD is then scaled by
the square root of 8P where P is the fraction of the observed data

Tellus 57B (2005), 3



FRASERDALE OBSERVATIONS AND FLUX INVERSION OF BOREAL NORTH AMERICA 205

in the 5 yr period (Gurney et al., 2002). The scaled variability
at Fraserdale is found to be 1.046 ppm (Table 1), near the lower
end of those for the four other continental stations (ITN, BAL,
SCH and HUN) included in TransCom-3 (1.057–2.232 ppm).

3. Mean model sensitivity

We will focus the discussion on the inverse estimates of fluxes
for the northern middle- and high-latitude regions where the
strongest sensitivity is found. The TransCom-3 annual mean in-
version results (Gurney et al., 2002) are referred to as the control
case.

3.1. Posterior flux

With the inclusion of the Fraserdale data (case Frd in Fig. 2),
it is not unexpected to find that the largest impact is over bo-
real North America where the weak source (0.26 Pg C yr−1) in
the control case becomes a very weak sink (−0.003 Pg C yr−1).
This change, however, is still within the flux variability of the
control case. Meanwhile, the boreal Asian sink is affected in the
opposite way, weakening from −0.52 Pg C yr−1 in the control
case to −0.31 Pg C yr−1. Thus, the northern boreal region as
a whole remains as a sink, increasing slightly in strength. Thus
the disappearance of the North American boreal source is es-
sentially counterbalanced by the weakening of the sink in boreal
Asia, resulting from the fact that these two regions, connected by
the west-to-east atmospheric transport (Gloor et al., 1999; Patra

Fig 2. Mean estimated annual average flux (bars) and within-model uncertainty (error bars) over eight selected land and ocean regions for the
following four inversion cases: (1) TransCom-3 control case, (2) inclusion of Fraserdale data, (3) inclusion of Siberian data and (4) inclusion of
Fraserdale and Siberian data.

et al., 2003), are weakly constrained due to a relative lack of ob-
servations. It is also interesting to note that the temperate Asian
sink is enhanced slightly by about 0.12 Pg C yr−1to −0.74 Pg C
yr−1. Since the global background fluxes are tightly constrained,
there are counteracting responses between neighbouring regions
to maintain the observed global concentration growth rate.

Maksyutov et al. (2003) included aircraft data over eastern
Siberia in the control inversion and found opposite responses in
each boreal region, relative to the Fraserdale case. With differ-
ent measurement levels of the three aircraft profiles regarded as
individual sites, a total of 18 more stations were used. However,
collocated measurements are coupled, and using them without
adjustment violates the assumption of uncorrelated data. Indeed,
by just adding the 1 km height Siberian data (Table 1) to the con-
trol inversion, similar results to those shown by Maksyutov et al.
(2003) are obtained (case Sib in Fig. 2). Correlated data add no
real additional constraint to an inverse estimate, and our results
give a clear demonstration of this fact. With both Fraserdale and
Siberian data (case Frd+Sib), either site’s influence on its im-
mediate region still dominates over the opposing effect of the
other boreal sites. As a result, the North American boreal region
remains a much weaker source (0.08 Pg C yr−1) than the control
while the Asian boreal sink is barely changed. Because of the
see-saw compensatory effect of carbon flux allocation between
boreal Asia and boreal North America, it is important that both
regions are equally constrained. Inclusion of the tower measure-
ments of CO2 at Berezorechka in western Siberia obtained by

Tellus 57B (2005), 3
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the National Institute of Environmental Studies (Machida, per-
sonal communication) should improve boreal flux estimates in
the future.

3.2. Flux uncertainty

Adding Fraserdale to the control network of observational
sites also produces the largest reduction in flux uncertainty
(∼0.11 Pg C yr−1) over boreal North America, a 28% decrease
from the control value of 0.39 Pg C yr−1 (Fig. 2). This implies
a moderate constraint by the additional measurements on the
flux estimate. The Asian boreal region also experiences a sec-
ondary (8%) decrease of 0.04 Pg C yr−1. We also find that the
Siberian aircraft data alone (case Sib) lead to a significant re-
duction (15%) in the posterior flux uncertainty in boreal North
America, in addition to its strongest impact on the Asian boreal
flux. Under the combined constraints of both boreal data sets
(case Frd+Sib), uncertainty in the boreal flux estimate is further
reduced. Nevertheless, individual sites still exert the strongest
impact on their immediate region. The present results ascertain
the correlation in the responses of the two boreal regions when
new observations in either region are included in the inversion.

3.3. Standard deviations of flux estimates

Standard deviations of the flux estimates obtained with dif-
ferent transport models (or between-model flux uncertainties)
are shown in Fig. 3 for the selected northern regions. Includ-
ing the Fraserdale data in the inversion seems only to have a
weak impact on the model spread of estimated fluxes. Temperate
North America has the largest change, which still only amounts
to a 16% decrease to 0.36 Pg C yr−1. The between-model
flux uncertainty over boreal North America remains at about

Fig 3. Between-model uncertainty over
eight selected land and ocean regions for the
following four inversion cases: (1)
TransCom-3 control case, (2) inclusion of
Fraserdale data, (3) inclusion of Siberian
data and (4) inclusion of Fraserdale and
Siberian data.

0.28 Pg C yr−1. When the case Frd inversion is conducted with-
out the background seasonal terrestrial flux there is only a weak
decrease in model spread (∼ 7%) over boreal North America.
This test indicates that the differences in rectifier effects among
models may only be moderate over the boreal North American
region. In comparison, there is a relatively strong sensitivity on
model spread over temperate Asia, partially due to rectifier ef-
fects, when Mount Waliguan data are included in the control
case (Law et al., 2003). In contrast to the control case, the pos-
terior flux uncertainty over boreal North America (case Frd) has
decreased to about the same value as the standard deviation.
This indicates that additional observations are beneficial and the
model-to-model differences are not critical in estimating flux in
this region. As was found in Maksyutov et al. (2003), adding
the Siberian data reduces the model spread significantly over the
Asian boreal and temperate regions while moderately increas-
ing it in boreal North America. However, this adverse effect in
the North American region is neutralized if both boreal data are
included in the inversion.

4. Individual model sensitivity

4.1. Data mismatch

All models show positive data mismatches (modelled−
observed) at Fraserdale. The mean value is 0.98 ppm and is
about the same magnitude as the data uncertainty at Fraserdale
(1.046 ppm), indicating that the Fraserdale data constrain the
estimated flux reasonably well. As stated by Law et al. (2003), if
the data mismatch is noticeably larger than the data uncertainty
at a site (in this case Fraserdale), then a “potential problem is im-
plied”. A positive bias implies that a larger sink would be needed
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Fig 4. Change in posterior flux from the control case over the northern boreal and temperate regions for individual models in the Fraserdale case.

to fit the observations. As pointed out by Law (personal commu-
nication), all models give positive data mismatches at Fraserdale,
indicating that other sites need to become smaller sinks or larger
sources. Indeed, the positive mismatch at Fraserdale could in-
dicate that the Fraserdale region is a stronger sink than other
parts of the boreal North American region. The standard devi-
ation of data mismatch across the models is 0.59 ppm with the
largest two values (∼2.2 ppm) simulated by UCB and GCTM
and the smallest two (∼0.35 ppm) by TM3 and TM2, and all
others giving values around 0.9 ppm.

4.2. Posterior flux change

The individual flux changes (Frd−Control) for the four northern
boreal and temperate regions that yield the largest sensitivities
to the inclusion of the Fraserdale data are displayed in Fig. 4.
All models have negative changes in the boreal North American
region. The strongest effects (∼ −0.5 Pg C yr−1) are associated
with NIRE, NIES, CSU and SKYHI, while MATCH-CCM3,
UCI and UCIb show the weakest effects. Six models (NIRE,
NIES, SKYHI, MATCH-NCEP, GTCM, RPN) have flux changes
larger than the uncertainty. In the control case, only four models
(UCIs and three MATCH models) simulate a very weak sink in
boreal North America while six more models (CSU, UCB, JMA,
NIRE, SKYHI, TM3) fall into this category when the Fraserdale
data are included.

In temperate North America, the standard deviation of the
changes among different models (0.14 Pg C yr−1) is about the
same as in the neighbouring boreal region (0.18 Pg C yr−1). How-
ever, here, the changes scatter around zero, resulting in a weak

mean sensitivity. In general, models with strong (weak) sensi-
tivity in the boreal region have positive (negative) flux change in
the temperate region, which remains as a sink for all models.

With the exception of MATCH-CCM3, all other models show
positive flux changes over the Asian boreal region, while showing
negative flux changes over the neighbouring temperate Asia.
MATCH-CCM3 shows an opposite change in flux from other
models, giving a negative value for boreal Asia and a positive
value for temperate Asia. It is also interesting to note that this
opposite behaviour by MATCH-CCM3 is also displayed in both
North American and Asian boreal regions. In general, models
showing strong responses in boreal North America also show
strong sensitivity in middle- and high-latitude Asian regions.

4.3. Flux uncertainty reduction

Reduction in flux uncertainty (Frd−Control) simulated by dif-
ferent models is shown in Fig. 5 for the same four most re-
sponsive regions as in Fig. 4. In general, most models show the
strongest decrease over boreal North America. The maximum
is about −0.3 Pg C yr−1. The interrelationships between the
two boreal regions are also evident. The four highest sensitiv-
ities are displayed by CSU, TM3, NIRE and SKYHI, in broad
agreement with their stronger simulated responses to the boreal
North American source at Fraserdale (not shown). These models
also produce strong flux decreases over boreal North America.
The three least sensitive models are MATCH-CCM3, UCI and
UCIb. The behaviour of UCI and UCIb can be explained by
their weak simulated response. However, MATCH-CCM3 has
a relatively moderate response but still yields little reduction.

Tellus 57B (2005), 3
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Fig 5. Change in flux uncertainty from the control case over the northern boreal and temperate regions for individual models in the Fraserdale case.

Patra et al. (2003) also noticed that MATCH-CCM3, UCI and
UCIb did not pick a Canadian continental site among the first 14
stations selected in an optimal extension of the CO2 observation
network.

5. Conclusions

In this study, we have investigated the constraint of atmospheric
CO2 concentration measurements at Fraserdale, Canada, on the
inverse estimate of average annual biotic flux over the North
American boreal region for the period 1992 to 1996. This work
provides additional results to those of the annual flux inver-
sion intercomparison project (TransCom-3, Gurney et al., 2002)
by including continental afternoon atmospheric CO2 data from
Fraserdale.

We have demonstrated that the largest flux sensitivity is over
boreal North America, with a secondary offsetting impact over
boreal Asia. The weak mean boreal North American source
across the models (0.26 ± 0.39 Pg C yr−1) in the control case
turns into a very weak sink of −0.003 ± 0.28 Pg C yr−1. This
flux difference still lies within the flux uncertainty for that region
estimated in the control case. There is a 28% reduction in poste-
rior flux uncertainty, and little effect on the model spread of the
estimated fluxes (0.28 Pg C yr−1). The implication is that new
observations are important in this region. Further observational
constraints are demonstrated with the inclusion of Siberian air-
craft data, but the effects of the Fraserdale data still dominate
over boreal North America.

In addition to the Fraserdale site, high-precision atmospheric
CO2 concentration measurements were initiated recently on a
30 m tower at a black spruce site in the BERMS (Boreal Ecosys-
tem Research and Monitoring Sites) network of CO2 flux sites
in northern Saskatchewan, Canada. The possible addition of two
more continental atmospheric CO2 measurement sites is being
planned under the auspices of Fluxnet Canada. The results of the
present study indicate that inclusion of these continental CO2

concentration data, as well as the tower measurements of CO2

at Berezorechka in western Siberia, in future inverse calcula-
tions should provide an additional constraint to the calculations
and reduce uncertainties in the flux estimate over boreal North
America and Asia.
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