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A Large Terrestrial Carbon Sink
in North America Implied by
Atmospheric and Oceanic Carbon
Dioxide Data and Models

S. Fan, M. Gloor, J. Mahlman, S. Pacala, J. Sarmiento,
T. Takahashi, P. Tans

Atmospheric carbon dioxide increased at a rate of 2.8 petagrams of carbon per
year (Pg C year™ ") during 1988 to 1992 (1 Pg = 10"® grams). Given estimates
of fossil carbon dioxide emissions, and net oceanic uptake, this implies a global
terrestrial uptake of 1.0 to 2.2 Pg C year . The spatial distribution of the
terrestrial carbon dioxide uptake is estimated by means of the observed spatial
patterns of the greatly increased atmospheric carbon dioxide data set available
from 1988 onward, together with two atmospheric transport models, two
estimates of the sea-air flux, and an estimate of the spatial distribution of fossil
carbon dioxide emissions. North America is the best constrained continent, with

a mean uptake of 1.7 = 0.5 Pg C year

-1

, mostly south of 51 degrees north.

Eurasia—North Africa is relatively weakly constrained, with a mean uptake of
0.1 = 0.6 Pg Cyear . The rest of the world’s land surface is poorly constrained,

with a mean source of 0.2 = 0.9 Pg C year™ .

A number of carbon cycle studies conducted
in the last decade have indicated that the
oceans and terrestrial ecosystems in the
Northern Hemisphere absorb atmospheric
CO, at a rate of about 3 Pg C year™' (/-3).
Atmospheric CO, concentrations in the
Northern Hemisphere are about 3 parts per
million (ppm, mole fraction in dry air) greater
than those in the Southern Hemisphere. Fos-
sil CO, is released predominantly at northern
latitudes (Table 1), which should result in a
north-to-south decrease of 4 to 5 ppm in the
concentration of atmospheric CO, (4). A
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1

Northern Hemisphere sink is implied because
the observed gradient is smaller than this. The
original studies disagreed on whether the sink
was predominantly oceanic (/) or terrestrial
(2). Recent studies with atmospheric '*C/!2C
ratios (5) and oxygen concentrations (6) con-
cluded that the sink is caused primarily by
terrestrial biosphere uptake. Other studies
demonstrated increased activity of sufficient
magnitude by the terrestrial biosphere in
northern latitudes: a longer growing season
observed in satellite measurements of surface
color (7) and an increase over time of the
amplitude of the annual cycle of atmospheric
CO, concentrations caused by terrestrial veg-
etation (38).

The partitioning of the Northern Hemi-
sphere terrestrial CO, sources and sinks be-
tween Eurasia and North America may be
estimated by using the west-to-east gradient
of atmospheric CO, across the continents.
The west-east signal is much smaller and
more difficult to detect than the north-south
signal for two reasons. First, the CO, distri-
bution is smoothed more by the relatively
rapid zonal atmospheric transport than by the
slower meridional transport (weeks instead of
~1 year for interhemispheric exchange). Sec-
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ond, atmospheric sampling stations have tra-
ditionally been located primarily offshore,
away from the largest terrestrial signals to
avoid the complexities associated with conti-
nental atmospheric boundary layers, the diur-
nal character of photosynthesis, local fossil
fuel emissions, and topography (Fig. 1).

To provide improved estimates of net an-
nual terrestrial sources and sinks, we have
developed an inverse model. Let O(x) be the
annual-average spatial pattern of atmospheric
CO, caused by atmospheric transport acting
on the sea-air CO, flux, and F(x) and R(x) be
the corresponding annual-average spatial pat-
terns associated with fossil fuel emissions
and the seasonal rectification, respectively
(where x is the spatial coordinate vector).
Seasonal rectification results from the corre-
lation between the seasonality of vertical
mixing in the atmosphere and the seasonality
of photosynthesis and respiration in the land
biosphere, which causes gradients in the
annual mean CO, concentration even when
the terrestrial biosphere has no net annual
emissions (9). Assuming a terrestrial bio-
sphere with no net emissions, the expected
annual average spatial pattern of atmo-
spheric CO, is O(x) + F(x) + R(x). We use
the difference between this expected spatial
pattern and the observed annual average
concentrations of atmospheric CO, at sam-
pling stations [S(x)) for a station located at
X;] to estimate the magnitude and spatial
distribution of terrestrial uptake.

We divide the land surface into N regions
and let b(x) be the global spatial pattern of
atmospheric CO, caused by atmospheric

REPORTS

transport acting on a standard annual terres-
trial uptake of 1 Pg C within the i™ region.
Then, the total spatial pattern caused by non-
zero terrestrial uptake is

N

B(x)= >, a,b,(x) (1)

i=1

where «, is the magnitude in Pg C year™' of
terrestrial uptake in the i™ region, and is
estimated by linear regression (/0).

We used two separate atmospheric trans-
port models of the Geophysical Fluid Dy-
namics Laboratory (GFDL) to calculate the
expected spatial pattern of atmospheric
CO,. A previous model comparison study
showed significant differences in predic-
tions of the fossil CO, distribution and
rectification effect (4). The use of two dif-
ferent models gives us some measure of the
sensitivity of the results to differences in
the transport model. The Global Chemical
Transport Model (GCTM) uses winds gen-
erated previously by an atmospheric gener-
al circulation model (//, 12). In contrast,
the SKYHI model (/2, 13) calculates tracer
transport at the same time it calculates the
winds and subgrid-scale mixing.

To calculate the O(x) function, we used
two different estimates of the global spa-
tiotemporal distribution of net sea-air CO,
flux. OBM is an annual mean sea-air flux
from a global ocean biogeochemistry mod-
el (14). T97 is a seasonally resolved sea-air
flux field based on estimates from the more
than 2.1 million measurements of the sea-
air difference of CO, partial pressure

Latitude
o

30°S

(<]
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90°S | | ‘ .

180°  120°W  60°W

(o}

0 60°E 120°E

Longitude

Fig. 1. A map of the atmospheric CO, sampling network. Sites are shown as solid diamonds. (The
Globalview labels for the Northern Hemisphere stations are given in the legend of Fig. 3). The tall tower
sites are shown as crosses. The thick horizontal lines divide the land surfaces into three regions where
terrestrial carbon uptake has been estimated: North America, Eurasia-North Africa, and Tropics and
Southern Hemisphere. The dotted contour lines show the difference between predicted surface CO,
concentrations (ppm) with estimated terrestrial uptake and with North American terrestrial uptake set
to zero (model results are shown for GCTM with the T97 sea-air fluxes).
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(pCO,) gathered over the last three decades
and interpolated by using annual mean
ocean currents from OBM (75, 16). Pacific
equatorial (10°N to 10°S) observations
made during El Nifio periods were exclud-
ed from the estimate. The data are normal-
ized to 1990. The total sea-air CO, flux is
larger in OBM than T97 (Table 1). A com-
parison of model simulations with observa-
tions of A'*C in the ocean favors the larger
uptake of OBM (/7).

The two atmospheric models and two pat-
terns of sea-air CO, flux gave us four possible
combinations. To calculate in each case, we ran
the atmospheric model with the prescribed pat-
tern of sea-air flux for five annual cycles until
the annual average spatial distribution of atmo-
spheric CO, reached a steady state.

To calculate O(x), we used data on nation-
al fossil fuel consumption distributed with the
same spatial distribution as population densi-
ty (/8). Using this pattern of release at the
surface, we ran each atmospheric model to its
steady state as above.

Finally, to calculate R(x) and the b,(x), a

4
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8 1

5

£

<0

L

5 ]
1 — I S PR R—

' 1 0 1 2 3

Eurasia — North Africa (Pg C year-1)

Fig. 2. Inversion uncertainties for North Amer-
ican terrestrial uptake versus Eurasia—North Af-
rican terrestrial uptake. Ellipses of 1, 2, and 3
SDs are shown.

Table 1. Regional distribution of fossil CO, emis-
sions and sea-air fluxes for 1990. T97 and OBM
are two different air-sea flux estimates (see text).

Fossil emissions

Region (Pg C year—1)
North America (>15°N) 1.6
Eurasia and North Africa (>24°N) 36
Tropics and Southern Hemisphere 0.7
Total 5.9

Ocean uptake
(Pg C year™")

T97 OBM

North Atlantic (>15°N) 0.55 0.51

North Pacific (>15°N) 0.29 0.70

Tropics and Southern 0.27 1.04
Hemisphere

Total 1.11 2.25
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model of the terrestrial biosphere is re-
quired. We chose the Carnegie-Ames-Stan-
ford Approach (CASA) model (/9), be-
cause it predicts ecosystem fluxes of CO,
with a relatively straightforward extrapola-
tion of global satellite imagery (normalized
difference vegetation index or NDVI mea-
surements on a 1° grid). We calculated R(x)
by running each atmospheric model with
surface fluxes from a version of the CASA
model (again until a steady state spatial
pattern was achieved). To calculate b,(x),
we ran the atmospheric model with no
sources or sinks of CO, except net primary
production (NPP) from the CASA model in
only the i™™ region. This NPP was first
rescaled until the annual total was 1 Pg C.
Thus, the spatiotemporal distribution of es-
timated carbon sinks within each terrestrial
region is assumed to be proportional to the
distribution of NPP, but this assumption
has little impact on the results (see below).
The atmospheric CO, data we used cover
the 1988 to 1992 period at a subset of 63
sampling stations (20) taken from the
GLOBALVIEW database (2/) compiled with
methods as described by Masarie and Tans
(22) (Fig. 1). Before 1988 there were fewer
sampling stations; a separate study indicates
that even with optimal placement, which the
present data set does not have, a minimum of
about 10 stations per region is necessary to
obtain estimates with useful accuracy (23).
We first defined three regions, North
America north of 15°N, Eurasia—North Afri-
ca north of 24°N, and all other land to the
south (Fig. 1). Subsequently, North America
was separated into temperate and boreal
zones at approximately the evergreen—broad-
leaf ecotone (51°N). Additional divisions
lead to prohibitively large estimation errors.

Table 2. Estimated terrestrial carbon uptake for 1988 to 1992. Positive
terrestrial carbon uptake is a flux out of the atmosphere. GCTM and SKYH! are
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In particular, there are insufficient atmo-
spheric stations in the Southern Hemisphere
to separate Africa from South America.

North America is constrained by the at-
mospheric observations on three sides of the
continent (Fig. 1); a large North American
terrestrial uptake is estimated in all four com-
binations of atmospheric models with sea-air
CO, flux data (Table 2). Most of the North
American terrestrial uptake (70 to 100%) is
estimated to be in the broadleaf region south
of 51°N. If the North American terrestrial
uptake were zero (that is, all of the Northern
Hemisphere’s net terrestrial uptake were in
Eurasia), the models would predict an aver-
age increase of atmospheric CO, of more
than 0.3 ppm from stations located between
10°N and 60°N in the North Pacific to those
in the North Atlantic. A North American
terrestrial sink is implied by the data because
the observed gradient shows a decrease from
North Pacific to North Atlantic of about 0.3
ppm.

We estimated standard deviations for the
estimates of terrestrial uptake by propagating
independent, identically distributed Gaussian
station errors (Table 2). The ellipses in Fig. 2
suggest that the total Northern Hemisphere sink
is well constrained, and that the partitioning
between North America and Eurasia—North Af-
rica is more weakly constrained. However, the
terrestrial carbon sink in North America is suf-
ficiently large to be detected with the present
observational and model constraints.

None of these error estimates include sys-
tematic errors such as differences between
GCTM and SKYHI and between T97 and
OBM. We use the differences between esti-
mates from the four models (Table 2) as an
admittedly limited assessment of the magni-
tude of systematic errors. The range of esti-

mates produced by the differences between
the models is small for North American up-
take and intermediate for Eurasian uptake.
Estimates of Eurasia—North African terrestri-
al uptake obtained with SKYHI are 0.7 to 0.9
Pg C year ! lower than those obtained with
GCTM. SKYHI has a more rapid vertical
mixing than GCTM and predicts lower fossil
CO, at stations in the mid-latitude Northern
Hemisphere, which implies a lower terrestrial
uptake in the region.

The systematic errors are especially large
for estimates of the terrestrial uptake in the
tropics and Southern Hemisphere, as evi-
denced by the large differences among the
estimates shown in Table 2. The wide range
of 2.0 Pg C year ! in these estimates is
caused by a combination of factors. Differ-
ences between OBM and T97 account for 1.3
Pg C year™! (Table 2). Differences between
SKYHI and GCTM account for 0.7 Pg C
year™ !,

An alternative four-region inversion, with
only one region in North America but two in
Eurasia—North Africa, yields marginal evi-
dence of a weak uptake in boreal Eurasia
(0.6 = 0.4 Pg C year™ ') with a more uncer-
tain, but generally compensating source in
temperate Eurasia (—0.5 = 0.7 Pg C year ™ !).
However, five-region inversions (with sepa-
rate temperate and boreal regions in both
North America and Eurasia—North Africa)
were unstable, with standard errors of esti-
mates as large as 1.4 Pg C year™!. The only
stable regions were temperate and boreal
North America and the union of temperate
and boreal Eurasia—North Africa, for which
terrestrial uptake estimates and errors similar
to those in Table 2 were obtained.

Detection of the terrestrial CO, uptake in
North America and in Eurasia can be improved

the two atmospheric GCM models and T97 and OBM are the two air-sea flux
estimates used in the inversions (see text).

Terrestrial uptake (Pg C year™")

SD of the Mean and Forest
Source region GCT™M SKYHI estimate* summary SET area
(Pg C year™") (Pg C year™") (10° ha)
T97 OBM T97 OBM
Three-region inversion
North America 1.6 1.7 1.7 1.7 *0.5 1.7+05 0.8
Eurasia and North Africa 0.5 0. —-0.4 -0.2 +0.5 0.1+0.7 1.2
Tropics and Southern Hemisphere 0.1 =11 0.9 —0.5 +0.1 —-02*0.9 2.1
Total 2.2 1.1 2.2 1.1 - - -
Four-region inversion
North America
Boreal 0.4 -0.1 0.5 0.1 +0.3 0.2 £04 ~0.4
Temperate 1.2 1.7 1.2 1.3 *0.4 1.4+0.5 ~0.4
Eurasia and North Africa 0.6 0.7 -0.4 0.0 +0.5 0.2 £0.7 1.2
Tropics and Southern Hemisphere 0.0 -13 0.9 -0.4 *0.1 -02*09 2.1
Total 2.2 11 2.2 1.1 - - -

*The SD of the estimate was found by assuming that the Gaussian variance equals x2/q (g = 63) (70), and that data errors from different stations are independent. SDs of estimates
obtained with T97 include the sampling uncertainty for oceanic CO, exchange (75), but those obtained with OBM include no oceanic uncertainty. However, the contribution of T97
error to the total uncertainty is small. FThis is the mean of the estimates from the four combinations of atmospheric and oceanic models. The SE is Va?+V?2, where o is the
SD from the adjacent column and V is the SD of the four estimates in the first four columns.
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with atmospheric measurements within or near
the continents. If the North American uptake
were zero, the CO, mixing ratios over eastern
North America should increase by over 2 ppm
(Fig. 1), which would make that the best place
to detect a source or sink proportional to NPP.
Data are available from two extremely tall tow-
ers (>400 m) within this region (crosses in Fig.
1) for a period later than the 1988 to 1992
interval considered here. Analyzed with a com-
pletely different method, these data are consis-
tent with the existence of a large sink in North
America (24).

A detailed summary of the present data that
constrain the North American sink (Fig. 3) il-
lustrates how near the limit of detection the
signal is. The fit of the model to the observa-
tions in the optimal case is better than 0.5 ppm
at most locations in both the Pacific and Atlan-
tic. Zeroing out the North American sink lowers
the Pacific model predictions and raises the
Atlantic, thereby reversing the west-to-east gra-
dient from —0.3 to +0.3 ppm (Fig. 3; note
particularly that the Atlantic predictions go
from being relatively well centered around the
observations to having five stations well above
the observations). Zeroing out Eurasia raises the
model predictions in the Pacific and lowers
them in the Atlantic.

We tested the sensitivity of the solutions to
individual stations by removing stations one at

Fig. 3. Comparison of

Pacific Stations
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a time. In all cases the removal of a station had
an impact of =0.3 Pg C year !, with most
being near zero. The exclusion of Sable Island
(44°N60°W) from the data set (20) does have a
substantial impact on the inversion results. In-
cluding it in the GCTM-T97 and -OBM inver-
sions reduces the North American terrestrial
uptake by 0.4 to 0.5 Pg C year™ ! and shifts it to
Eurasia—North Affica.

The estimate of North American terrestrial
uptake was found to be insensitive to large
changes in the North Pacific uptake, and only
weakly related to the Southern Ocean (south of
54°S) uptake. In contrast, for an incremental
change in the temperate North Atlantic sink, the
estimate of North American terrestrial uptake
changes by ~1.5 times as much in the opposite
direction. However, the temperate North Atlan-
tic sink had to be increased by about a factor of
5, from 0.3 to 1.4 Pg C year™ !, to eliminate the
North American sink (25).

A large North American terrestrial uptake
was estimated consistently for a range of
spatiotemporal patterns assumed for the ter-
restrial uptake (26), because subcontinental
terrestrial signals are sufficiently smoothed at
most of the air-sampling stations (Fig. 1).

Suppose that our mean estimate of the
North American terrestrial carbon sink were
distributed uniformly over the forest region
south of 51°N (Table 2) (27); then, the per

Atlantic Stations

model-predicted atmo- 6

spheric CO, concentra- . N American| uptake = 0
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Mace Head station (in
the Atlantic at 53.3°N)
is an outlier in all plots,

Latitude (°N)

it has little impact on the inversion estimates because predictions at this station are affected only
slightly by zeroing North American or Eurasian uptake. Data are shown for the following locations, with
their latitude (°N) and longitude (a negative sign indicates °W and a positive sign indicates °E) in
parentheses: AVI (17.75, —64.75), AZR (38.75, —27.08), BME (32.37, —64.65), BMW (32.27. —64.88),
CBA (55.20, —162.72), CMO (45.48, —123.97), CSJ (51.93, —131.02), GMI (13.43, 144.78), 1ZO (28.30,
—16.48), KEY (25.67, —80.20), KUM (19.52, —154.82), MHT (53.33, —9.90), MID (28.22, —177.37), RPB
(13.17, =59.43), SHM (52.72, 174.10), STP (50.00, —145.00), pocn15 (15.00, —160.00), pocn20 (20.00,
—158.00), pocn25 (25.00, —154.00), pocn30 (30.00, —148.00), pocn35 (35.00, —143.00), pocn40
(40.00, — 138.00), pocn45 (45.00, —131.00), scsn12 (12.00, 111.00), scsn15 (15.00, 113.00), scsn18

(18.00, 115.00), and scsn21 (21.00, 117.00).
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unit area forest uptake would be 3 to 4 t C
ha~! year™!. This is in the uppermost range
of some independent measurements at local
sites (28, 29). A lower estimate on the order
of 1 Pg C year! for the North American
terrestrial uptake, which is near the lower
error bound of 1 SD (Fig. 2), would be in
better agreement with the local measure-
ments. However, even our low estimate is
much larger than the 0.2 to 0.3 Pg C year™!
uptake estimated on the basis of forest in-
ventory data for North American forests
(30, 31), which did not take full account of
carbon storage in soils, wetlands, and lakes
(32).

The terrestrial uptake in North America is at
least partly due to regrowth on abandoned
farmland and previously logged forests (30,
31). Numerous field and laboratory studies
have suggested that terrestrial uptake is current-
ly enhanced by anthropogenic nitrogen deposi-
tion [0.2 to 2.0 Pg C year™ ! globally, with
much of this in the Northern Hemisphere (33,
34)], CO, fertilization [0.5 to 2.0 Pg C year™!
globally, with most of this in the tropics (33)],
and global warming [mostly in the north tem-
perate zone (8, 35)]. On the other hand, warm-
ing might also have reduced terrestrial uptake
by enhancing decomposition (29, 36).

Although the inversion results indicate that
the North American terrestrial uptake is large
enough to be detected with current data and
model constraints, its magnitude remains uncer-
tain and its cause unknown. Thus, the immedi-
ate implication of our results is the need for
additional constraints of four kinds: (i) intensive
atmospheric sampling and ecological field stud-
ies to indentify the location and cause of North
American terrestrial CO, uptake; (ii) new atmo-
spheric measurements to constrain estimates for
Eurasia, South America, Africa, and Australia;
(iii) studies to better characterize oceanic CO,
uptake, particularly in the Southern Hemi-
sphere; and (iv) reduced uncertainty in atmo-
spheric transport modeling.
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North Atlantic Oscillation
Dynamics Recorded in
Greenland Ice Cores

C. Appenzeller,* T. F. Stocker, M. Anklin

Carefully selected ice core data from Greenland can be used to reconstruct an
annual proxy North Atlantic oscillation (NAO) index. This index for the past 350
years indicates that the NAO is an intermittent climate oscillation with temporally
active (coherent) and passive (incoherent) phases. No indication for a single,
persistent, multiannual NAO frequency is found. In active phases, most of the
energy is located in the frequency band with periods less than about 15 years. In
addition, variability on time scales of 80 to 90 years has been observed since the

mid-19th century.

The North Atlantic oscillation (NAO) is one of
the Northern Hemisphere’s major multiannual
climate fluctuations and typically is described
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with an index based on the pressure difference
between Iceland and the Azores (/). On mul-
tiannual time scales, variations in the NAO
have a strong impact on North Atlantic and
European climate (2) and also on the recent
surface temperature warming trend in the
Northern Hemisphere (3). In recent decades the
winter index remained predominantly in a pos-
itive state, and there is evidence that during this
period the variability might have increased (4).
Analysis of various NAO indices (5) showed
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