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Weak Northern and Strong Tropical
Land Carbon Uptake from Vertical
Profiles of Atmospheric CO,

Britton B. Stephens,™* Kevin R. Gurney,? Pieter P. Tans,®> Colm Sweeney,® Wouter Peters,?
Lori Bruhwiler,? Philippe Ciais,* Michel Ramonet,® Philippe Bousquet,* Takakiyo Nakazawa,’
Shuji Aoki,” Toshinobu Machida,® Gen Inoue,” Nikolay Vinnichenko,®t Jon Lloyd,’

Armin Jordan,'® Martin Heimann,'® Olga Shibistova,** Ray L. Langenfelds,? L. Paul Steele,*?

Roger ]. Francey,*? A. Scott Denning®?

Measurements of midday vertical atmospheric CO, distributions reveal annual-mean vertical CO,
gradients that are inconsistent with atmospheric models that estimate a large transfer of terrestrial
carbon from tropical to northern latitudes. The three models that most closely reproduce the
observed annual-mean vertical CO, gradients estimate weaker northern uptake of —1.5 petagrams
of carbon per year (Pg C year™) and weaker tropical emission of +0.1 Pg C year™* compared
with previous consensus estimates of —2.4 and +1.8 Pg C year *, respectively. This suggests

that northern terrestrial uptake of industrial CO, emissions plays a smaller role than previously
thought and that, after subtracting land-use emissions, tropical ecosystems may currently be

strong sinks for CO,.

ur ability to diagnose the fate of anthro-

pogenic carbon emissions depends criti-

cally on interpreting spatial and temporal
gradients of atmospheric CO, concentrations (/).
Studies using global atmospheric transport mod-
els to infer surface fluxes from boundary-layer
CO, concentration observations have generally
estimated the northern mid-latitudes to be a sink
of approximately 2 to 3.5 Pg C year ! (2-5).
Analyses of surface ocean partial pressure of CO,
(2), atmospheric carbon isotope (6), and atmo-
spheric oxygen (7) measurements have further
indicated that most of this northern sink must
reside on land. Tropical fluxes are not well con-
strained by the atmospheric observing network,
but global mass-balance requirements have led to
estimates of strong (1 to 2 Pg C year ') tropical
carbon sources (4, 5). Attribution of the Northern
Hemisphere terrestrial carbon sink (8—/3) and

reconciliation of estimates of land-use carbon
emissions and intact forest carbon uptake in the
tropics (/4—19) have motivated considerable re-
search, but these fluxes remain quantitatively un-
certain. The full range of results in a recent inverse
model comparison study (), and in independent
studies (3, 20, 21), spans budgets with northern
terrestrial uptake of 0.5 to 4 Pg C year ', and trop-
ical terrestrial emissions of —1 to +4 Pg C year .
Here, we analyzed observations of the vertical
distribution of CO, in the atmosphere that pro-
vide new constraints on the latitudinal distribu-
tion of carbon fluxes.

Previous inverse studies have used boundary-
layer data almost exclusively. Flask samples from
profiling aircraft have been collected and mea-
sured at a number of locations for up to several
decades (22-24), but efforts to compile these
observations from multiple institutions and to

compare them with predictions of global models
have been limited. Figure 1 shows average ver-
tical profiles of atmospheric CO, derived from
flask samples collected from aircraft during mid-
day at 12 global locations (fig. S1), with records
extending over periods from 4 to 27 years (table
S1 and fig. S2) (25). These seasonal and annual-
mean profiles reflect the combined influences of
surface fluxes and atmospheric mixing. During
the summer in the Northern Hemisphere, midday
atmospheric CO, concentrations are generally
lower near the surface than in the free tropo-
sphere, reflecting the greater impact of terrestrial
photosynthesis over industrial emissions at this
time. Sampling locations over or immediately
downwind of continents show larger gradients
than those over or downwind of ocean basins in
response to stronger land-based fluxes, and higher-
latitude locations show greater CO, drawdown at
high altitude. Conversely, during the winter, res-
piration and fossil-fuel sources lead to elevated
low-altitude atmospheric CO, concentrations at
northern locations. The gradients are comparable
in magnitude in both seasons, but the positive
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gradients persist for a greater portion of the year
and the annual-mean gradients also show higher
atmospheric CO, concentrations near the surface
than aloft. We estimated average Northern Hemi-
sphere profiles (thick black lines in Fig. 1) by
combining records from 10 sites (25). We found
average Northern Hemisphere midday differ-
ences between altitudes of 1 and 4 km of —2.2
parts per million (ppm) in summer, +2.6 ppm in
winter, and +0.7 ppm in annual mean. The two
Southern Hemisphere locations show relatively
constant CO, profiles in all seasons, with slightly
higher values in the free troposphere.

To assess the performance of global atmo-
spheric transport models used in CO, inverse

studies, we compared the model predictions to
our observations. We sampled the post-inversion
concentration fields from the 12 models partic-
ipating in the Transcom 3 Level 2 seasonal in-
version experiment (T3L2) (9) at the airborne
sampling locations in Fig. 1 and then fit and
averaged these model predictions in the same
manner as the observations (25). The models re-
produce the general features of depleted low-
altitude CO, during the summer and enhanced
low-altitude CO, during the winter, but with im-
portant systematic differences (Fig. 2). Most of
the models have gradients that are too small in
the summer (Fig. 2A), suggesting that these mod-
els ventilate too much of the CO, uptake signal at
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Fig. 1. Midday vertical CO, profiles measured at 12 global locations based on fits to samples binned by
altitude and averaged over different seasonal intervals. Northern Hemisphere sites include Briggsdale,
Colorado, United States (CAR); Estevan Point, British Columbia, Canada (ESP); Molokai Island, Hawaii,
United States (HAA); Harvard Forest, Massachusetts, United States (HFM); Park Falls, Wisconsin, United
States (LEF); Poker Flat, Alaska, United States (PFA); Orleans, France (ORL); Sendai/Fukuoka, Japan (SEN);
Surgut, Russia (SUR); and Zotino, Russia (ZOT). Southern Hemisphere sites include Rarotonga, Cook
Islands (RTA) and Bass Strait/Cape Grim, Australia (AIA). Profiles are averaged over Northern Hemisphere
summer (A), all months (B), and Northern Hemisphere winter (C). A smoothed deseasonalized record from
Mauna Loa has been subtracted from the observations at each site. Black lines in each panel represent
Northern Hemisphere average profiles (center) and uncertainties (width) for the same times (25). The
horizontal axis in (B) is zoomed by a factor of 2 relative to those in (A) and (C).
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Fig. 2. (A to C) Observed Northern Hemisphere average profiles compared with predictions of the
12 T3L2 models over the same seasonal intervals as in Fig. 1. Gray lines indicate the observed
average vertical CO, gradients (center) and uncertainties (width) from Fig. 1 (25). The model
output was processed in the same way as the observations at each site before averaging (25).
Symbols indicate 1- and 4-km values used for calculating the vertical gradients shown in Fig. 3.
The horizontal axis in (B) is zoomed by a factor of 2 relative to those in (A) and (Q).

REPORTS I

this time of year. In the winter, the models match
the observed gradients on average but include
cases where vertical mixing appears both under-
estimated and overestimated. The predicted
Northern Hemisphere annual-mean midday
gradients are considerably larger than observed
(Fig. 2B) and represent a substantial bias in the
models. This overprediction of the annual-mean
vertical gradients is also apparent when compar-
ing models and data at individual sampling lo-
cations and is most pronounced at sites over or
downwind of continents (fig. S6). The offset be-
tween the mean of the models and the observa-
tions at high-altitude in the summer (Fig. 2A)
appears to be related to lags in the timing of the
hemispheric CO, drawdown and to the fact that
the models were optimized to marine boundary-
layer stations, whereas the profile sites include
measurements over the continental interiors. We
focused only on the vertical gradients, which re-
spond more quickly than the column means and
are largely independent of where the models
were optimized.

Because the T3L2 models were primarily con-
strained by boundary-layer measurements, these
post-inversion vertical gradients reflect the verti-
cal mixing characteristics of the models [support-
ing online material (SOM) text]. Atmospheric
mixing, surface CO, fluxes, and CO, spatial gra-
dients are tightly linked in inverse calculations
such that any biases in mixing, horizontal or ver-
tical, will translate into biases in estimated fluxes.
Figure 3 shows the impact of the range of vertical
mixing behavior on northern and tropical land
fluxes estimated using these models. Models that
trap more CO, near the surface in the Northern
Hemisphere during the winter require relatively
weaker northern land emissions during this pe-
riod to match surface observations, with a high
degree of correlation (Fig. 3C). This vertical
gradient-flux correlation is not as clear in the
summer, probably because fossil-fuel burning and
photosynthesis have opposing effects on concen-
tration gradients, although there is a suggestion
that models that ventilate summer uptake signals
more efficiently require stronger northern land
uptake to match the boundary-layer observations.
These relationships are preserved when averaging
over the annual cycle, and models with seasonal
mixing characteristics that result in higher annual-
ly averaged CO, near the surface relative to aloft
in the Northern Hemisphere estimate substantial-
ly greater annual-mean northern land uptake.

Because global CO, mass-balance must be
maintained, and because the seasonally varying
interaction of atmospheric mixing and terrestrial
fluxes produces gradients primarily between
northern and tropical latitudes, the models esti-
mate compensating variations in tropical land
fluxes in all three cases (Fig. 3). Models that
estimate strong northern land uptake also esti-
mate strong tropical land emissions. The tropical
variations are larger and their correlations to the
vertical gradients better than for the northern
land fluxes, possibly because tropical fluxes are
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less constrained by atmospheric CO, measure-
ments and are consequently more susceptible to
influence from model transport biases. These
large across-model variations in northern and
tropical land fluxes are not random, but are sys-
tematically related to how the models distribute
CO, fluxes vertically in the Northern Hemi-
sphere in different seasons.

The gray bars in Fig. 3 indicate the cor-
responding observed mean 1- to 4-km gradients
and uncertainties (25) and reveal that most mod-
els overpredict the annual-mean midday vertical
gradients. We considered a number of potential
biases in comparing aircraft flask sample CO,
measurements to model output. These include
potential model biases related to diurnal flux varia-
tions and coarse grid resolution, and potential
observation biases related to diurnal concentra-
tion variations, measurement representativeness,
interannual variations, fair-weather flying condi-
tions, and interlaboratory offsets (SOM text,
tables S4 and S5, and figs. S8 and S9). Although
the fair-weather bias can be as large as 1 ppm at
individual sites, when averaging across the North-
ern Hemisphere, all of these potential biases ap-
pear to be smaller than 0.2 ppm or in the wrong
direction to explain the model-observation differ-
ences shown in Figs. 2 and 3.

These differences suggest that an average
taken across all models does not provide the most
robust estimate of northern versus tropical flux
partitioning. Furthermore, no single model cap-
tures both the seasonal and annual-mean ob-
served gradients accurately (table S3). Because
small seasonal flux errors of the same sign can
combine to result in larger annual-mean flux
biases, we used only annual-mean gradients to
evaluate the models’ annual-mean flux estimates.
The three models closest to the annual-mean
vertical gradients (models 4, 5, and C; tables S2
and S3) estimate average northern land uptake
and tropical land emission of —1.5 + 0.6 (£SD)

and +0.1 £ 0.8 Pg C year ', respectively. The
T3L2 12-model average northern and tropical
land results were considerably different at —2.4 +
1.1 and +1.8 £ 1.7 Pg C year ', respectively (5).
Models 4, 5, and C have concentration biases in
summer and winter that are substantial, but these
errors offset rather than compound as they do for
other models (table S3), which results in more
accurate annual-mean gradients and consequent-
ly implies more accurate annual-mean flux
estimates (SOM text).

Our results suggest less carbon uptake by
northern land ecosystems than previously
thought. Furthermore, because land-use changes
in the tropics are thought to cause strong carbon
emissions (/6—18), our results imply strong car-
bon uptake in undisturbed ecosystems. These
flux revisions are consistent with other lines of
evidence and may help to resolve several long-
standing conflicts in global carbon budgeting
(26). Terrestrial ecosystem models and invento-
ry studies have estimated northern terrestrial car-
bon uptake rates that are considerably weaker
than suggested by the T3L2 study and other
inverse models (8, 10, 17, 27, 28). In the tropics,
theoretical reasons to expect strong carbon up-
take fluxes in intact tropical forests (29) have
been at odds with the strong emissions estimated
in the T3L2 study. Tropical land carbon budgets
are uncertain because of high spatial and inter-
annual variability and a lack of comprehensive
measurements (30, 37), but a weak emission flux
resulting from a relatively weaker deforesta-
tion source combined with a relatively stron-
ger sink has support from bottom-up estimates
(14-16, 18, 19, 32). Notably, a repartitioning of
terrestrial fluxes between northern and tropical
regions as implied here does not conflict with
independent 13C and O,/N, constraints on the
global land-ocean flux partitioning.

A number of studies have stressed that
because of the large differences seen between
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Fig. 3. Northern land and tropical land carbon fluxes for the 1992 to 1996 time period estimated by the
12 T3L2 models plotted as a function of the models’ post-inversion predicted mean vertical CO, gradients
for the same seasonal intervals as Fig. 1. The vertical axis in each plot represents the estimated fluxes for
all northern land regions (red) and all tropical-land regions (blue) averaged over Northern Hemisphere
summer (A), all months (B), and Northern Hemisphere winter (C). The horizontal axis represents the
predicted Northern Hemisphere vertical CO, difference between 1- and 4-km altitude at these same times.
The plotted numbers (1 to 9) and letters (A to C) correspond to the 12 models listed in table S2. Gray bars
indicate the observed vertical CO, differences (center) from Fig. 2 and uncertainties (width) (25). The lines
in each plot are linear least-squares fits to the modeled values.

atmospheric inverse models, their estimated
spatial distribution of annual-mean fluxes should
be interpreted with great caution (3, 20, 33). Our
analysis of the vertical distribution of atmospher-
ic CO, suggests that these differences are sys-
tematic and open to validation. Other model
properties, such as horizontal mixing aloft and
seasonal timing of prior flux estimates, will have
different effects on estimated fluxes and should
also be investigated. The present airborne ob-
serving network is relatively sparse, and as more
data become available our results may be refined.
Also, we did not use interstation concentration
differences in our analyses, but if interlaborato-
ry calibration offsets are minimized, additional
model tests may be possible. Future atmospheric
inverse models with accurate seasonal mixing
behavior will result in improved estimates of
global carbon cycling. The continuation and ex-
pansion of airborne measurement programs for
CO; and related tracers, and advances in coupled
ecosystem-atmosphere modeling, including vali-
dation against discrete measurements, will greatly
advance this goal.
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Saturation of the Southern Ocean CO,
Sink Due to Recent Climate Change

Corinne Le Quéré,>3* Christian R6denbeck,® Erik T. Buitenhuis,>? Thomas ]. Conway,”
Ray Langenfelds,® Antony Gomez,® Casper Labuschagne,” Michel Ramonet,®
Takakiyo Nakazawa,® Nicolas Metzl,*° Nathan Gillett,* Martin Heimann*

Based on observed atmospheric carbon dioxide (CO,) concentration and an inverse method, we
estimate that the Southern Ocean sink of CO, has weakened between 1981 and 2004 by 0.08
petagrams of carbon per year per decade relative to the trend expected from the large increase in
atmospheric CO,. We attribute this weakening to the observed increase in Southern Ocean winds
resulting from human activities, which is projected to continue in the future. Consequences include
a reduction of the efficiency of the Southern Ocean sink of CO, in the short term (about 25 years)

and possibly a higher level of stabilization of atmospheric CO, on a multicentury time scale.

tmospheric CO, increases at only half

the rate of human-induced CO, emis-

sions because of the presence of large
CO; sinks in the ocean and on land (/). The sinks
are highly variable and sensitive to climate, yet
they are poorly constrained by observations. In
the ocean, only the large-scale variability and
trends in the equatorial and North Pacific have
been quantified (2, 3). In other regions, time-
series observations and repeated survey analysis
exist, but their extrapolation at the scale of a basin
is problematic because of the presence of large
regional variability (4-6). Data are particularly
sparse in the Southern Ocean, where the
magnitude of the CO, sink is heavily disputed
(7, 8), its interannual variability is unknown, and
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its control on atmospheric CO, during glaciations
is firmly established but still not understood or
quantified (9, 10).

We estimated the variability and trend in the
CO, sink of the Southern Ocean during 1981 to
2004 using the spatiotemporal evolution of
atmospheric CO, from up to 11 stations in the
Southern Ocean and 40 stations worldwide
(Fig. 1). We used an inverse method that esti-
mates the CO, flux distribution and time variabil-

ity that best matches the observed atmospheric
CO, concentrations (/7). The inversion uses
observed atmospheric CO, concentrations from
individual flask pair values and/or hourly values
from in situ analyzers, as available (12) (fig. S1).
The station set is kept constant throughout the
inversion to minimize spurious variability from
the inversion setup. We performed an identical
inversion over four time periods using (i) 40
atmospheric stations for 1996 to 2004 (9 years),
(if) 25 atmospheric stations for 1991 to 2004 (14
years), (iii) 17 atmospheric stations for 1986 to
2004 time period (19 years), and (iv) 11 at-
mospheric stations for 1981 to 2004 (24 years).
CO, fluxes and concentrations are linked by the
atmospheric transport model TM3, with resolu-
tion of ~4° by 5° and 19 vertical levels, driven by
interannual 6-hourly winds from National Cen-
ters for Environmental Prediction (NCEP) rean-
alysis (/3). The a priori information does not
involve any time-dependent elements. Although
we focus on the Southern Ocean (south of 45°S),
where the influence of the land is at its minimum,
the inversion is global.

The variability in integrated sea-air CO,
flux estimated by the inversions is £0.14 Pg C
year ! (14) over the Southern ocean (Fig. 2). The
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Fig. 1. Footprint of atmospheric CO, measurement stations. The footprint is defined here as the area
where CO, fluxes of 0.2 mol/m? year™* produce a concentration response of at least 1 ppm, on an annual
average. The darkest shading shows the region with largest influence on a given station. Stations are
Cape Grim (CGO; 40.7°S, 144.7°E); Macquarie Island (MQA; 54°S, 159°E); Baring Head (BHD; 41°S,
175°E); Tierra del Fuego (TDF; 54.9°S, 68.5°W); Palmer Station (PSA; 65.0°S, 64°W); Halley Bay (HBA;
75.7°S, 25.5°W); Cape Point (CPT; 34°S, 19°E); Syowa (SYO; 69°S, 39°E); Mawson (MAA; 68°S, 63°E);
Amsterdam Island (AMS; 38°S, 78°E); and South Pole (SPO; 90.0°S). The color coding refers to the
length of the station’s record used, with light gray stations used since 1981, green stations since 1986,
purple stations since 1991, and dark gray stations since 1996.
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