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Abstract. Surface ocean water §'°C measurements near Bermuda are examined in an attempt
to find the annual decrease caused by the addition of anthropogenic CO, to the atmosphere.

We refer to this trend as the surface ocean >C Suess effect. Interannual variability, which may
be related to the El Nifio - Southern Oscillation in the Atlantic Ocean, is apparent. We try to
correct the data for this variability so as to better determine the trend. The trend has implica-
tions for the uptake of anthropogenic CO, by the oceans. We employ a three-dimensional
model of ocean chemistry to relate the trend at Bermuda to the average ocean trend, then use
the average ocean trend to estimate the vertical diffusivity X in a one-dimensional ocean
model, and finally use this model to calculate the oceanic uptake of CO,. Uncertainties associ-
ated with the estimation of the Suess effect at Bermuda and in the analysis procedure preclude

a firm estimate of the oceanic uptake of CO,. Results are,

in general, consistent with the low .

side of the Intergovernmental Panel on Climate Control estimation of 2.0 + 0.8 GtC yr'. With
a longer record at Bermuda and 8'3C observations at additional locations, we believe this ap-

proach will lead to a useful estimate of oceanic uptake.

Introduction

The 3C Suess effect in the atmosphere, oceans, and land bio-
sphere has recently been much discussed because observation of
this effect has implications for the estimation of the uptake of
anthropogenic CO, by the oceans. The *C Suess effect refers
to the reduction in 83C in a reservoir due to the uptake of CO,
produced by combustion of fossil fuel and from land ¢learing
[Keeling, 1979]. Fossil fuel CO, is depleted in *C due to frac-
tionation in its formation through photosynthesis. The oceanic
uptake is open to question because the budget for CO, does not
quite balance: when the input of fossil fuel CO, is added to an
estimate of the input of CO, from land clearing and regrowth,
the result is larger than the observed change in atmospheric
storage and model calculated oceanic uptake. This so-called
"missing CO," is about 1.4'+ 1.5 GtC yr! [Houghton et al.,
1995]. There are at least two possible explanations: (1) the
estimated oceanic uptake is too small, and/or (2) carbon is being
stored in the biosphere because of fertilization due to increased
atmospheric CO, and/or increased available nitrogen from
anthropogenic sources.

An advantage in inferring the oceanic uptake of CO, from
the Suess effect in the oceans is that the time dependence of the
atmospheric input 8"°C signal is more similar to that of fossil
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fuel CO, than other tracers that have been used to calibrate
models, as has recently been pointed out by Heimann and
Maier-Reimer [1994). Fossil fuel CO, has approximately fol-
lowed an exponential increase; 8'*C has approximately followed
an exponential decrease with a similar time constant. Oceanic
carbon cycle models have most often been calibrated with 14C.
Nuclear bomb-produced !“C, however, is close to a spike cen-
tered in the mid-1960s, and natural “C has almost constant
recent atmospheric input and a decay time near 8000 years.

Current Methods for Estimating Oceanic Uptake
of CO, from '*C Data :

Quay et al. [1992] (hereafter referred to as QTW) have pro-
posed an apparently model independent method for estimating
the oceanic uptake of CO,. The method involves the measure-
ment of the rate of change of the entire *C inventory in the
oceans and atmosphere, and will be called the ""C inventory
method”. The measurement of the change in inventory in the
atmosphere is straight forward because the atmospher= is rela-
tively well mixed and measurements of its ‘*C increase are
ongoing. Determining the change in the oceanic inventory is,
however, more difficult. QTW extended the significance of
seven available profiles of change in 8'°C between 1970 and
1990 by relating the depth-integrated change in this tracer to the
corresponding change in AC, due to nuclear bombs, at nearby
locations as measured during the Geochemical Ocean Sections
Study (GEOSECS) program during the early 1970s. They then
used the total bomb AC change in the ocean as measured dur-
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ing the GEOSECS program to estimate an average oceanic
Suess effect between 1970 and 1990, and a corresponding oce-
anic uptake.

Broecker and Peng [1993] have critically examined the '*C
inventory method. They conclude that uncertainty in the size of
the exchange fluxes between the atmosphere and the land biota,
and between the atmosphere and the ocean, and uncertainty in
the effective size of the oceanic reservoir for 51°C, make the *C
inventory method estimate of oceanic CO, uptake too uncertain
to distinguish arhong carbon budgets currently being considered.
(The effective size of the ocean reservoir involves both the ratio
of the Suess effect in the surface ocean to that in the atmo-
sphere and the penetration depth of 3'3C into the oceans).

Tans et al. [1993] (hereafter referred to as TBK) also have
examined the QTW !3C inventory approach. They point out the
uricertainty introduced by (1) the 3C disequilibrium between the
atmosphere and the land biota associated with Suess effect in
the land biota (which is probably impossible to measure directly
because of the diversity of the biota and so must be modeled),
(2) possible calibration offsets between 1970 and 1990 (the
measurements were done by different people using different
instrumentation), and (3) *C transports within the ocean that
have no C analog (for example, transport associated with the
change in fractionation in ocean photosynthesis due to change in
dissolved CO, concentration [Rau et al., 1989; Jasper and Hays,
1990)).

TBK have suggested a second approach: the "air-sea C
disequilibrium method", which, they have shown, gives quite a
different estimate for oceanic uptake of CO,. The B3C inventory
method of QTW is based on a '*C and **C balance on the atmo-
sphere and ocean taken together; the air-sea BC disequilibrium
method is based on a similar balance but only for the atmo-
sphere. TBK point out that the air-sea disequilibrium method
has the advantage that measurements can all be made at one
time, but appropriate measurements would need to be very
extensive.

The most important term in TBK’s equation for oceanic CO,
uptake is the air-sea 1>C disequilibrium term:

Fma (8; - 8a) (1)
where

O = Oy /Olg + Oy — )]

Here F,, denotes the gross flux from the ocean to the atmo-
sphere, (O, /Ctz,) the temperature dependent equilibrium frac-
tionation factor for the atmosphere relative to the surface ocean,
8, the 83C of atmospheric CO,, and §,, the 8°C of dissolved
inorganic carbon in the surface oceans. (The above equations
are approximations that are valid because the o’s are near 1 and
the 8's are small compared to unity.) One must specify 8;, O,
and temperature everywhere over the surface oceans. Both §,
and §, vary seasonally and interannually, as will be shown
below for §,,. The uncertainty associated with the land biota
BC disequilibrium also contributes to the uncertainty in the esti-
mate of ocean uptake by this method.

Heimann and Maier-Reimer [1994] (hereifter referred to as
HMR) have reviewed both of the above methods and suggest a
third approach: the "dynamic constraint” method. This method
is based on the assumption that the penetration depth into the

ocean of 3CO, and stable carbon CO, (i.e., the sum of *CO,
and 12CO;) are essentially the same because the input time
dependence of the signals has been almost the same. The
method avoids the uncertainty caused by the Suess effect in the
land biota, and uses the average Suess effect in the oceans
between 1970 and 1990 found by QTW to estimate a more pre-
cise value for the oceanic uptake than with the *C inventory
method. HMR go on to show that the three methods discussed
above lead to a consistent composite oceanic uptake of 2.10
0.93 GtC yr~! if small adjustments to the carbon cycle parame-
ters are made, as indicated by a "total inversion” technique.

Another Method for Estimating Oceanic Uptake
from >C Data

We propose a fourth approach, based on observation of the
Suess effect in the ocean surface waters. This method requires
two ocean models: a three-dimensional model of the Suess
effect in the world surface oceans and a one-dimensional,
areally averaged, parameterized model of oceanic CO, uptake.
Both models need to be coupled to a model of the land biota.
The method also requires atmospheric CO; and fossil fuel input
records since the beginning of the fossil fuel era. The idea is to
use the three-dimensional model to infer the .average surface
ocean Suess effect from time series observations at particular
locations, and then to use this average surface Suess effect to
calibrate the one-dimensional model.

Our view is that the atmosphere is supplying CO, and §°C
to the surface ocean, and this signal is drained away by mixing
with deeper water in a similar way for both §C and CO,.
Thus 8'3C serves in place of dissolved inorganic carbon concen-
tration (DIC) as the tracer of CO, uptake. The problem with
using DIC itself is that the effective atmospheric exchange time
of about 8 years for >CO, is reduced to less than 1 year for
CO, by the chemical buffering of CO; by dissolved bicarbonate
and carbonate ions in seawater [Revelle and Suess, 1957], so
that the varation in DIC in surface water is constrained to
closely track the variation in atmospheric pCO,, and is conse-
quently insensitive to uptake of CO, by deeper water. Since
transport to deeper water is similar for both 8"°C and CO,, if
the one-dimensional model is adjusted to predict the observed
surface ocean Suess effect, it should also predict the uptake of
CO,, with good reliability.

For the three-dimensional model, we adopt a carbon cycle
‘model based on the circulation field from an oceanic general cir-
culation model (OGCM). With this model, we predict, to a first
approximation, the Suess effect in the global surface ocean.

For -the one-dimensional model, we use the box diffusion
model [Oeschger et al., 1975], in which transport is parameter-
ized by an eddy diffusivity, K, which specifies the transfer of
both isotopes of CO, from the surface water to deeper water.
We will examine how CO, uptake and the surface water Suess
effect vary with K, and find the value of X and range of uncer-
tainty consistent with the observed 8'*C time series data.

The box diffusion model employed here does not include the
ocean carbonate cycle, riverine inputs, or the effect of the ocean
biota. These effects are shown by TBK and HMR to have rela-
tively small influence on the estimate of CO, uptake by the
three methods previously discussed, and they can be included at
a later time, if found to contribute measurably to the result.
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We first discuss the determination of the Suess effect from
8C data in surface water near Bermuda. This discussion is
somewhat lengthy because of .the need to separate out the sea-
sonal cycle and the interannual variation. Having an estimate of
the long-term trend in the waters near Bermuda, we then present
three-dimensional model predictions of the Suess effect in the
world ocean surface waters, then estimate the average surface
ocean “C Suess effect, and finally discuss implications for the
oceanic uptake of fossil fuel CO, based on the box diffusion
model. Our objective is more to examine the methodology than
to come to a definitive conclusion about oceanic uptake. In
such a study, it is useful to confront real data. At present, Ber-
muda is the only location where suitable data are available, but
useful data from a station near Hawaii are anticipated in a few
years.

Bermuda 813C‘ Surface Water Observations

- Flask samples of -seawater were collected approximately
monthly at Station S (at 32°N, 6412°W) near Bermuda Island,
and analyzed at Groningen, The Netherlands, through August,
1990, and at' Scripps Institution of Oceanography (SIO)
thereafter (except for the October, 1990, sample, which was
analyzed at Groningen) (T. J. Lueker et al., Inorganic carbon
variations in surface ocean water near Bermuda, to be submitted
to the Journal of Marine Chemistry, 1996). Two flasks were
collected at each of two depths, approximately 2 m and 10 m.
Flask measurements at each depth were averaged, and then the
results at each depth were averaged together to make a daily
average. The daily averages were employed in subsequent
analysis. The program is ongoing; we will consider the first 10
years of the record, beginning with September, 1983, and
extending into 1993, '

Replicate flasks were used to estimate a standard error of
0.0199,, for the mean of the analyses of a pair of flasks at a sin-
gle depth (T. J. Lueker et al, 1996). Data for duplicate flask
samples at a particular depth were normally discarded if the
difference between them exceeded 0.057 7, (3 standard devia-
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Figure 1a. Daily aversges of §°C (7.) at Bermuda Starion 5,
At by a straight line to represent interannoal change, plus har-
monics of 12- and G-month period to represent the scasonal
cycle,
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Figure 1b. Daily averages of 83C at Bermuda Station S, sea-
sonally adjusted by the 12- and 6-month period harmonics from
the fit described above for Figure 1a. The curve is the straight
line part of the fit. The slope of the line (*3C Suess effect per
year) is -0.022 + 0.002 9, yr™l. '

tions of the mean). However, if only one measurement
disagreed with the three others collected during the same day
(including the pair at the other depth sampled), by more than
0.0579,, then only the single measurement was discarded. For
the 10-year record, 7 pairs and 14 single measurements were
discarded out of 207 measurements. s :

To measure a small change per year in 8'3C (the Suess effect
in the surface ocean is only about -0.029, yr™, see below), one
must be concerned about discontinuities in procedure and in
long-term drift of the mass spectrometer used in the -measure-
ments. The change between analysis at Groningen and at SIO
was examined by analyzing, at both Groningen and SIO, sam-
ples of three sodium carbonate solution standards with 81°C near
to that of air. The difference, SIO - Groningen, was +0.007 +
0.022 9, No correction has been made for this very small
difference. Drift stidies and N,O corrections for earlier data
analyzed at Groningen are discussed by Mook et al. [1983].
Similar studies are underway at SIO.

To find the Suess effect in the Bermuda data, the daily aver-
ages of §°C were fit sirhultaneously with a straight line in time,
to represent interannual change, and harmonics with periods of
12 and 6 months, to represent the seasonal cycle. The data and
fited curve are shown in Figure 1a. Note that the ordinate (8
axis) is plotted decreasing upward. This is done to correspond
to our convention for atmospheric §C, chosen so that an
increase in CQO, from either fossil fuel combustion, biota
respiration, or land clearing will produce an upward change in
8“C. Thus the CO, and 8'3C changes will be in the same
direction in the atmosphere when due to the above phenomena.

The straight line part of the fit has a slope, the average
annual C Suess effect, of -0.022 £ 0.002 %, yr'. However,
interannual varjability with a period of 3 to 5 years is apparent
in the seasonally adjusted data, Figure 1b. This variability
causes uncertainty in the determination of the average annual
Suess effect. The seasonally adjusted data points are not statist-
ically independent, as implicitly assumed in the fitting pro-
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cedure, so the error on the slope above is not valid. Indeed, this
interannual variability, if present generally, considerably compli-
cates the air-sea 1°C disequilibrium analysis of TBK.

The magnitude of the error plotted for each point is calcu-
lated from the reduced chisquared of the fit, as is also the error
on the slope given above. These errors thus include natural
variability as well as sampling and analysis error. They are
much larger than the sampling and analysis error alone, which is
ordinarily only about 0.0149, for each daily average, since flask
averages at two depths were combined to form the daily aver-
age. The analysis and sampling error bars would extend only a
little further than the plotting symbol.

Extracting the 3C Suess effect from surface water observa-
tions is reminiscent of the problem of determining the airborne
fraction from atmospheric measurements at Mauna Loa, Hawaii,
or the south pole. At these locations, atmospheric CO, shows
variability on a 3-to 5-year timescale that correlates with the El
Nifio - Southern Oscillation phenomena (ENSO) [Bacastow,
1976; Keeling et al., 1989]. We have not found a good way to
remove the effect of this variability in atmospheric: CO, concen-
tration; the irregular timing of the 3- to 5-year CO, variability
correlates well with the ENSO indices with which we are fami-
liar (based on atmospheric pressure differences across the
Pacific Ocean or sea surface temperatures in the central equa-
torial Pacific Ocean) [Keeling et al., 1989], but the magnitude of
the variations do not correlate well with the magnitude of the
indices. - Our solution for atmospheric data has been to measure
the airbore fraction between corresponding phases of the
ENSO. The uncertainty due to this variability declines as the
time series becomes longer.

With the Bermuda §'°C data, however, T. J. Lueker et al.
(1996) have shown that if they confine their analysis to the
values of 8'3C occurring at the minimum measured temperature
during the winter of each year, and regress these 313C values
against the minimum temperatures, the fit can be much
improved by adjusting each measurement by an estimate of the
Suess effect. The error in the Suess effect per year found by
this method is determined from the width of the assoc1ate‘d
likelihood function. The result is -0.018 + 0.005 5, yr’. In

SURFACE OCEAN TEMPERATURE

22 T ] T L | T T . | i 1 i [] 1 T 1 T
© af .
o
L
o e i
o
E 18 -
|
16 [ L ] — e S L PR ] Bt ol el e
B3 E-i Bs B 87 BB B9 80 91 &2 83 b4

YEAR

Figure 2. Yearly minimum temperatures at Station 8 (°C), fit
by & Reinsch-type spline with a wvery small error per poinl
(0,027,
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Figure 3a. All temperature measurements al Station S associ-
sted with 8°C measurements (°C), fit by a Reinsch-type spline
olus harmonics with 12- and 6-month periods. The emor per
point to produce this fit is 0.55°C.

trying to understand why this procedure seems to work so weli,
and attempting to improve it, we repeat- this analysis in a way
that can be extended to the data for all seasons.

We first fit a Reinsch-type spline [Reinsch, 1967] with very
small assigned error per point (0.02°C) to the annual minimum
temperatures versus time. This spline (Figure 2) reveals a varia-
tion with ENSO-like periodicity. We then fit all of the tempera-
ture measurements in surface water at Station S, associated with
measurements of §'3C, simultaneously by a Reinsch-type spline
and a seasonal cycle represented by 12- and 6-month harmonics

(Figure 3a). The procedure for the fit was approximately the

same as has been used for atmospheric CO, data {Keeling et al.,
1989]. In fitting a Reinsch-type spline, one may vary a parame-
ter that is equivalent to reduced chisquared, or alternately, set
the reduced chisquared parameter equal to the number of
degrees of freedom for the fit, and vary the value of the error
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Figure 3b. All temperature measurements al Station 5 associ-
sted with 8C measurements (°C), seasonally adjusted by the
12+ and G-month period harmonics from the fit described above
for Figure 3a, The curve is the spline part of the fit.
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Figure 4. Daily averages of 8'°C {9,) associated with the
minimum temperature measurement during the year, fit by a
straight line. The slope of the line is -0.015 £ 0.11 9 yr~..

per point, with all points assumed to have the same error. The
latter procedure was chosen, and the error per point varied to
obtain a spline with a stiffness that reasonably captures the non-
seasonal variability. The number of degrees of freedom associ-
ated with the spline was arbitrarily set to 3. The fit was
obtained by iteratively fitting the spline to the residuals of the
seasonal cycle fit, and then the seasonal cycle to the residuals of
the spline fit. Ten iterations were sufficient to produce an
essentially invariant fit. The spline found in this way, shown in
Figure 3b, represents the interannual variability in the tempera-
ture. It is very similar in shape to the spline fit to minimum
temperatures shown in Figure 2, except that the strong minimum
in late 1987 is somewhat suppressed.

Next, the winter time analysis of T. J. Lueker et al. (1996)
was repeated by fitting the §°C daily averages at minimum
measured yearly temperature with a straight line in time (Figure
4). The slope of this line, 0.015 + 0.110 T yr-l, is not
significantly different from zero owing to the scatter caused by
the interannual variability. Then the 8*C values were fit to a
straight line in time plus the temperature spline of Figure 2:

8Cri =a + bt + cT,, (1) ©)]

where ¢ is time (years), Ty (t) (°C) is the time dependent tem-
perature spline of Figure 2, and a, b, and ¢ are constants deter-
mined by the fitting procedure. The resulting fit (Figure 5a), in
which the constant coefficient of the temperature spline, ¢, is
negative, closely follows the observations. The slope of the
straight line part of the fit, b, in agreement with the analysis of
T. J. Lueker (1996) mentioned above, is -0.018 + 0.005 o YT L,
significantly different from zero (Figure 5b).

All of the daily averaged 8'°C values were then fit with a
straight line in time plus T,, the spline of .Figure 2, plus har-
monics with 12- and 6-month periods (Figure 6a). The tem-
perature spline follows quite well the interannual variability of
the surface ocean 8'*C measurements (Figure 6b). The slope of
the straight line (Figure 6¢) is -0.025 + 0.002 9, yr'\. The error
associated with this estimate, 0.002 9, yr™!, is considerably less
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Figure 5a. Daily averages of §C (7,) associated with the
minimum temperature measurement during the year, fit by a
constant times the spline of Figure 2 plus a straight line.

than the error associated with the fit to only the §"3C values at
annual minimum temperature, 0.005 7 yr.

In trying to understand the role of temperature in these
winter minimum and all seasonal fits, we hypothesize that year-
to-year variation in minimum-observed temperature represents
variation in the amount of deep water which is mixed into the
surface water, or the depth from which it comes. Deeper water
is tagged with lower temperature, more depleted 13C, and higher
nutrient concentrations. The nutrients mixed into surface water
from deeper water fuel photosynthesis, which tends to cancel
out that part of the §*C depletion associated with the nutrients,
leaving a deeper water Suess effect signal proportional to the
upwelling amount and thus to the yearly minimum temperature
variation.

Analysis of dissolved inorganic carbon (DIC) concentration
tends to support the explanation ahove. The DIC measurements
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Figure 5b. Daily averages of 8°°C () associated with the
minimum temperature measurement during the year, adjusted for
interannual variation by the spline part of the fit described above
for Figure 5a. The curve is the straight line part of the fit. The
slope of the line is -0.018 + 0.005 ¢ yr.
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Figure 6a. Daily averages of 8'°C (1), fit by a constant times
the temperature spline of Figure 2 plus a straight line plus har-
monics of 12- and 6-month period.

have been fit with a Reinsch-type spline and 12- and 6-month
harmonics (Figure 7a). Deeper, colder water has higher DIC
concentration than shallower water mainly because of remineral-
ization of organic carbon detritus. The nonseasonal, spline part
of the fit of DIC (Figure 7b) shows structure which resembles
the nonseasonal, spline part of the fit of 8'°C (Figure 6b). Since
the vertical axis of the 81°C plot is reversed, and since the §°*C
temperature effect is opposite to that for DIC, the pattemns
should comespond if due to variation in vertical mixing. Actu-
ally, the DIC spline more resembles the inverse of the spline in
the temperature fit to all of the data (upper curve in Figure Tb),
in that the peak in late 1987 in DIC and in inverse temperature
are both somewhat suppressed compared to 5°C (Figure 6b)
and minimum winter temperature (Figure 2).

One should not be surprised that there is variability in the
surface water and thermocline structure of the ocean near Ber-
muda. There is an ENSO signal in the Atlantic Ocean, delayed
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Figure 6b. Daily averages of 3°C (7). seasonally adjusted by
the 12- and 6-month period harmonics from the fit described
above for Figure 6a. The curve is the (fitted) constant times the
temperature spline of Figure 2 plus the straight line fit above.
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Figure 6¢c. Daily averages of 8%C (7,), seasonally adjusted by
the 12- and 6-month period harmonics described above for Fig-
ure 6a and adjusted for interannual variation by the (fitted) con-
stant times the temperature spline of Figure 2. The curve is the
straight line part of the fit. The slope of the line is -0.025 £
0.002 7, yr\. For convenience in plotting, the data and curve
were both adjusted so as to agree with Figure 6b at the year
1988.

from the Pacific ENSO by about 18 months {Tourre and White,
1995]. Since the equatorial warm surface water phase of the
ENSO corresponds to a reduction in or cessation of equatorial
upwelling, the midlatitude downwelling that supplies this upwel-
ling must also vary.

Tourre and White [1995] find an ENSO Index for the Atlan-
tic Ocean through a rotated empirical orthogonal function
analysis of a 13-year sea surface temperature record. Their
ENSO Index represents equatorial warm events, but at the iati-
tude of Bermuda, they find that sea surface temperature
anomalies tend to have the opposite phase (Tourre and White,
1995, their Figure 13]. If their index is inverted and delayed by
6 months (the higher latitude events then precede the equatorial
events), as shown in Figure 8, there are peaks which line up
with the warm events at Bermuda in 1986 and 1988-1989, as
indicated by the fit to the winter minimum temperatures.

The mixed-layer depth at Station S deepens in the winter and
early spring due to surface cooling and wind mixing, reaching a
maximum depth usually in February, according to hydrographic
data collected biweekly since 1954 [Menzel and Ryther, 1960].
The seasonal variation in the mixed-layer depth is large [Siegel
et al., 1995). A late summer mixed-layer depth in the neighbor-
hood of 20 m is followed by a winter mixed-layer depth that
may be greater than 200 m.

Estimates of new production, a measure of nutrients brought
into the surface water, usually from below, do not correlate well
with mixed-layer depth [Michaels et al., 1994]. The maximum
mixed-layer depth during 1989 was 230 m, but uew production
was estimated to be less than in 1990, when the maximum
mixed-layer depth did not exceed 160 m. However, sediment
trap data suggests that the period of high production was longer
in 1990 (February through May) than the corresponding period
during 1989 (only February), thus probably compensating for
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Figure 7a. Daily averages of dissolved inorganic carbon

(umol kg™), fit by a Reinsch-type spline plus harmonics with

12- and 6-month periods. The error per point to produce this fit
is 3.5 umol kg™,

the shallower mixing. The annual minimum temperatures plot-
ted in Figure 2 also do not correlate well with the annual max-
imum mixed-layer depths. Nevertheless, variability in minimum
temperature may better indicate total mixing from deeper water
than maximum mixed-layer depth because minimum temperature
should tend to represent the integral of the mixing process.

In summary, we find interannual variability in the time series
of 8°C observations at Bermuda which tends to obscure the
average annual 3C Suess effect. We employ an empirical
method to remove this variability, but we do not have complete
understanding of the cause of the variability or why the empiri-
cal method works as well as it does.

Predicted Surface Water 1>C Suess Effect

Our next task is to find the relation between the surface
ocean Suess effect at Bermuda and the average surface ocean
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Figure 7b, Daily averages of dissolved inorganic carbon
(Hmot kg™, seasonally adjusted by the 12- and 6-month period
harmonics from the fit described sbove for Figure 7o The
curve through the daily averages is the spline part of the fit.
The upper curve is the inverted spline from Figure 3h,
representing seasonally adjusted temperature verdation. The
temperature scale is indicated on the right side ordinate,
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Figure 8. ENSO Index for the Atlantic Ocean, found by
Tourre and White [1595] through a rotated empirical orthogonal
function analysis of the sea surface temperature field, invered
and given a delay of 6 months, drawn below the curve of Figure
2 50 85 to show the similarty. The units of the ENSO Index
are standard deviations.

Suess effect. We employ a three-dimensional carbon cycle
model which makes use of a seasonal average of the circulation
field from a 15-level ocean general circulation model (OGCM)
from the Max-Planck-Institut fiir Meteorologie, Hamburg, Ger-
many. Distributions of chemical species important to the carbon
cycle are similar to those presented by Maier-Reimer [1993],
who employed the seasonally varying circulation field from the
same OGCM. Our biota model [Bacastow and Maier-Reimer,
1990, 1991}, however, is somewhat simpler than Maier-
Reimer's [1993]. Also, in our model, the atmosphere is
represented by a single, well-mixed box, and the top two levels
of the ocean (50 m each) are combined to form a surface
mixed-layer 100 m deep, a little deeper than the annual average
depth, to represent the effect of winter mixing in a seasonally
averaged model. Convective mixing is parameterized by
diffusion, following a method used by Maier-Reimer and
Hasselmann [1987, and personal communication, Maier-Reimer,
1986]. Sea surface temperatures are assumed to have no
interannual variation, so are constant at the annual average of
values employed in the OGCM.

In both the three-dimensional model and the box diffusion
model, the transporl of stable carbon (*3C + 1°C) and 3C are
considered separately, and approximations are made that are
appropriate to this system [Keeling et al., 1989]. Fractionation
coefficients of 3C relative to stable carbon, rather than 2C,
differ by a small correction, and are labeled below with a
"prime" (*). Final results are converted to 8'°C, the departure
from unity in the ratio of 13C to '2C relative to this ratio in Pee
Dee belemite (PDB) standard. The !*C fractionation coefficient
between atmosphere and surface mixed layer of the ocean, Oz’
was assigned the value 0.9982198 [Keeling et al., 1989, Table
8], and the fractionation coefficient between the ocean and
atmosphere was calculated from an equilibrium relation due to
Mook [1974]:

Omg” = Oty (1.02389 — 9.483/T) )

where T denotes the surface ocean temperature in degrees Kel-
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Figure 9a. Predicted surface ocean Suess effect per year (9, yr™"), depth range O to 100 m, for time period
1983 to 1995, multiplied by -100. The model DIC was adjusted so that the preindustrial atmospheric CO; con-
centration was near 280 ppm. The location of Bermuda is indicated by an "X".

vin. The fractionation coefficient between the ocean surface
water and photosynthesized organic material, a,,;, is related to
the difference between 8'3C for the organic material, §'°C,,,,
and 8'3C for the dissolved inorganic carbon in the surface mixed
layer, §°C,,:

Uy = 1+ 81°C,,, ~ 8°C, (3)
For the 8°C,,,, we use a relation found by Rau et al. [1989]:
8C,rg = —~0.8[CO;] ~ 12.6 %4, (6

where [CO,] denotes the concentration in micromoles per kilo-
gram of dissolved CO, (including hydrated CO,). Because of
the uncertainly in the Rau relation above, we set Q" = O,p,
neglecting a small correction.

The land biota is modeled as one mixed-box initially contain-
ing 1477.44 GtC with a turnover time of 60 years [Keeling et
al., 1989, p. 186]. This is meant to represent long-term storage
of carbon in trees and humus; short-term storage, with a turn-

over time of a year or two, would have little effect and is not
included. The fractionation coefficient for land photosynthesis,
0O, , was assigned the constant value 0.9820696, and ay,’, the
fractionation coefficient for respiration, was assigned the value
1.0 [see Keeling et al., 1989, Table 8]. A fertilization flux to
the land biota, proportional to the atmospheric perturbation in
€0,, was included.

Two versions of the three-dimensional model, one with an
ocean biota and one without ocean biota, were "spun-up” for
2400 model years. The average ocean alkalinity was set to
approximately 2377 peqkg™l. The average ocean DIC was
adjusted so that the final atmospheric CO, concentration was
close to 280 ppm. The average ocean DIC required for the
models, with and without ocean biota, were 2248 umol kg™ and
2090 pwmol kg™, respectively. The models were run forward in
time in the deconvolution mode [Keeling et al., 1989, p. 195].
In this mode, the atmospheric CO, concentration increase is
constrained to follow the observed increase, found by
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Figure 9b. Predicted Suess effect per year (7, yr*), d:pth range 250 to 300 m, for time period 1983 to 1995,
multiplied by -100.
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differentiating a spline curve fit to observations. The spline
curve is an update of the curve shown in Figure 40 of Keeling
et al. [1989], and its construction is discussed there. Included at
each time step, so as to keep the model in balance, was an addi-
tional CO; flux between the atmosphere and the land biota, attri-
butable to the effect on the land biota of land clearing and
regrowth, and of climatic variation.

In the deconvolution mode, the fertilization flux mentioned
above has only a very small effect on atmospheric or oceanic
S81C. With the atmospheric CO, concentration and fossil fuel
CO, input specified, and oceanic exchange calculated by the
model, the net flux of CO, to or from the land biota is fixed
independently of the fertilization flux. Since the biota has
nearly the *C depletion that would be in dynamic equilibrium
with the atmosphere, a larger fertilization flux would be com-
pensated by a larger return from the land biota. (Note that the
fertilization flux is small compared to the gross flux between the
atmosphere and the land biota).

The predicted Suess effect in the surface ocean during the
years of the Bermuda data (Figure 9a) shows a pattern of spatial
variability about an average value of -0.0171 7, yr! that clearly
is related to upwelling and downwelling. The Suess effect is
reduced in magnitude in regions of strong upwelling, probably
because one then sees the smaller Suess effect prevailing in
deeper water (Figure 9b). '

In the absence of an ocean biota, the predicted Suess effect is’

larger in magnitude by about 0.0013 %, yr!, but otherwise, the
contour structure is very similar (Figure 10). The ratio of the
predicted Suess effect in Bermuda surface water to the global
average surface water effect is, with and without the ocean
biota, almost exactly the same.

The predicted uptake of anthropogenic CO, by the three-
dimensional model averages 1.4 GtC yr! between 1983 and
1995, as calculated in the deconvolution mode described above,
and 1.6 GtC yr! in a straight forward run with no land biota.
The difference is apparently due to a "pioneer" effect during
early years [Siegenthaler et al., 1978; Bacastow and Keeling,
1981} and to recent carbon storage in the land biota. Both of
these effects are forced by the deconvolution mode. In the
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deconvolution mode, the model land biota is a source to the
atmosphere until about 1936, and in the absence of fossil fuel
input, the atmospheric CO, concentration would be declining
during the 1983-1995 period. Also, during this period, the land
biota is taking up an annual average of about 1.2 GtC. Both
effects cause the atmospheric CO, concentration to increase
more slowly in the deconvolution mode than in the forward run

with no land biota, and, corsequently, the oceans take up less
CO.. .

We assume here that the variation of the surface ocean Suess
effect about its areal average is correct even if the CO, uptake
per year is not exactly correct. This assumption seems plausi-
ble; the modeled CO, uptake depends on deep water formation,
which is very sensitive to the modeling of heat fluxes at high
latitudes [Maier-Reimer et al., 1993}, and, consequently, some-
what uncertain. Regimes of upwelling and downwelling, how-
ever, are more directly related to the surface wind field, and
more likely to be correct. Fortunately, this assumption can be
checked by having data from several locations.

The predicted Suess effect near Station S from 1983 to 1995
is -0.0174 9, yr™, by happenstance, very close to the predicteq
global average surface Suess effect (-0.0171 9, yr!) during
those years. One can see in Figure 9a that Bermuda is located
in a region of high-spatial gradient in the north-south direction,
and this adds to the uncertainly in the ratio of the average Suess
effect to the Suess effect at Bermuda. In the following analysis
we will assume from the above model results that this ratio is
1.0, so that the average surface ocean Suess. effect per year is
the same as that measured at Bermuda. This approximation, of
course, would be replaced with a better one should more obser-
vations of 8'°C in seawater become available.

Implications for the Uptake of CO, by the
Oceans

To investigate the consequence on the surface water Suess
effect of variation of the model uptake of CO, by the oceans,
we employ the box diffusion model in the deconvolution mode,
coupled to the same model of the land biota as was employed
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Figure 10. Predicted Suess effect per year (7, yr™'), depth range 0 to 100 m, for time period 1983 to 1995 mul-
tiplied by -100, for model without an ocean biota. The model DIC was adjusted so that the pre-industrial atmos-

pheric CO; concentration was near 280 ppm.



344 BACASTOW ET AL.: THE 3C SUESS EFFECT IN THE WORLD SURFACE OCEANS

PREDICTED OCEAN UPTAKE

5, ™mrrTr""T""T"T 11§19 17 1,711+t 11
i
P N
‘T _,-’J;:! 28000
# P 4
T gl O
T i .._15\/1 30004 |
S 3 522 180
5] ‘J"' /+|:~:r:l:| ]
4 ’ "{L:r:-: -
: T A,/'C;Ij/
% e ADO0 ]
o '--'.::#J...
1} . A .
@/9‘”‘ 1000
500
K =250 m? yr1
P} AT IS SO S T SO S U SO S SO R
-.028 -.024 -.020 -.016 -012 -.008
AS13C/YR :

Figure 11. Predicted ocean uptake (GtC yr!) versus the
change in 8'°C (9, yr™)) during the period 1984 to 1993 for the
box diffusion model as the diffusivity K (m? yr™)) is varied.
The lower curve (labeled var. temp.) was obtained by varying
the ocean surface temperature according to data from Jones et
al. [1986a, 1986b, and personal communication, 1994]. The

crosses and solid circles indicate the labeled values of X

with the three-dimensional model discussed above. The
diffusivity K, which controls uptake by below-surface waters, is
varied to find the relationship between modeled oceanic uptake
and the surface water Suess effect. The biospheric
disequilibrium flux is thus included in the model in a consistent
way. We examine the sensitivity of our results to the biota
disequilibrium flux by varying the turnover time of the biota,
Tp, about a standard value of 60 years. The atmospheric
exchange time 1,, was set to 6.87 years, a value appropriate for
a model with K equal to 7685 m?® yr™' [Siegenthaler, 1983},
therefore in the middle of the expected range of K [see also
Keeling et al., 1989, Table 8]. The surface mixed-layer depth
was set to 100 m, matching the three-dimensional model depth.
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Figure 12. Atmospheric 8%C measurements at Mauna Loa,
Hawaii, and the south pole. The curve is a prediction from the
box diffusion model deseribe in the text with a diffusivity X of
4000 m® y7~! and no variation of surface water lemperature
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Figure 13. Atmospheric 5C measurements at Mauna Loa,
Hawail, and the south pole. The curve is & prediction from the
box diffusion model descnibe in the text with a diffusivity & of
4000 m® yr! and vadation of surface water temperature accord-
ing o data of Jomes ef al. [1986a, 1986b, and personal com-
munication, 1994]

*The resulting oceanic uptake versus 8'°C per year, Figure 11,
is given for a global average sea surface temperature invariant
with time, and one which varies with time according to data of
Jones et al. [1986a, 1986b, and personal communication,
1994). (These data include both land and oceanic observations,
but the land-sea differences on the relatively long timescales of
importance here are small.) As discussed below, the predicted
decrease in atmospheric 8'3C from 1978 to 1995 is different

depending on whether or not this temperature variation is

included in the calculation. The difference in predicted oceanic
uptake of CO, with and without variable oceanic sea surface
temperature is about 0.3 GtC yr™! for a mod=led uptake near 2.0
GiC yr'l, less for lower uptakes, and more for higher uptakes.

The model predictions appear to be more realistic if the
observed variation in global average temperature is taken into
account. Figure 12 shows this atmospheric §'’C trend for a
model with ocean surface temperature assumed constant in time
and K =4000 m? yr™!. The preindustrial atmospheric value of
8'3C was adjusted so that the model agrees with observations in
1978. Smaller values of K result in worse fits, larger values
result in similar fits. All overpredict the observed trend. The
trend is insensitive to variation of 15, the land biota turnover
time. With time variable temperature, however, the predicted
overall decrease from 1978 to near-present agrees reasonably
well with observations (Figure 13).

The atmospheric trend in 8'C predicted by the three-
dimensional model is similar to the trend predicted by the con-
stant temperature box diffusion model (Figure 11), but the mag-
nitude of the change between 1978 and 1995 is larger by a very
small amount (about 0.027,). The 313C prediction before 1978
for the three-dimensional model and the constant temperature
box diffusion model are close and in agreement with ice core
313C measurements, as is shown in Figure D.1 of Keeling et al.
[1989]. (The three-dimensional model employed for Figure D.1
was a 10-level model, but predicted atmospheric 8'3C is essen-
tially unchanged in the 15-level model). However, the box
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Figure 14, Predicted ocean uptake (GtC yr™) versus the
change in 8'°C (9, yr™") during the period 1987 to 1993 for the
box diffusion model as the diffusivity X (m? yr'}) is varied for
biota turnover times tz of 40 years, 60 years, and 80 years.
Temperature of the surface water was varied according to data
of Jones et al. [1896a, 1986b, and personal communication,
1994]. The middle curve is the same as the lower curve in Fig-
ure 11.
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diffusion model predictions with variable temperature are also in
agreement with the more scattered ice core §'°C measurements.

The box diffusion model predictions of oceanic uptake of
CO, compared to surface ocean 81°C are relatively insensitive to
the land biota turnover time, 15, as can be seen in Figure 14.
With the atmospheric CO, concentration constrained to follow
observations, the role of the land biota is of only limited
significance. .

The modeling results are also relatively insensitive to varia-
tion of the atmospheric exchange time T,,. An increase in 7,,
of 1 year, with X set so that the uptake is 2 GtC yr~), decreased
the oceanic uptake by only 0.1 GtC yr!, and less for smaller
uptakes.

We have two estimates of the trend in surface ocean 8“C:
(1) from the fit of all the daily averages by the temperature
spline plus a straight line in time plus harmonics (Figure 6),
which gives -0.025 % 0.002 7, yr™}, and (2) from the fit of only
the yearly observations at minimum observed temperatures by
the temperature spline plus a straight line in time (Figure 5),
which' gives -0.018 * 0.005 9, yr™!. Because of the large error
on the latter result, the mdlcated COz uptake spans values from
1 to 4 GtC yr™' (see Figure 11), less precise than the composite
BC estimate of 2.10 + 0.93 GtC yr! of HMR and the IPCC
estimate of 2.0 + 0.8 GtC yr'}, but in general agreement. The
former result, -0.025 + 0.002 9, yr!, suggests an oceanic
uptake of CO, of 0.8 £ 0.2 GtC yr!, less than the HMR and
IPCC estimates. The indicated errors on our estimates represent
only error due to uncertainty in the determination of the annual
Suess effect at Bermuda, and do not include uncertainty in relat-
ing this effect to the uptake of CO,.

There are obvious uncertainties in the determination of the
Suess effect in surface ocean water, mainly because of interan-
nual variability. Extending the record at Bermuda wotild clearly
help here, as would additional long-term measurements at other
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locations where the interannual variability might be less. Meas-
urements at other locations are also needed to check the spatial
variability of the modeling results. Improving the three-
dimensional modeling predictions of the surface water Suess
effect are important, particularly in the region near Bermuda,
where the spatial gradient of the Suess effect is large. Vertical
monthly profiles of 8*C through the thermocline at Bermuda
should help elucidate the cause of the interannual variability.

The advantage to estimating the oceanic uptake of CO; from
measurements of the surface ocean Suess effect relative to other
methods employing °C is that adequate and representative data
can probably be obtained with less effort. Of course, additional
work must go into understanding the interannual variability, but
other methods are not without similar problems. We have
argued that if the box diffusion model is adjusted to predict the
observed Suess effect in surface water, it should also predict the
uptake of CO,. However, with measurements in major ocean
regions, it may be possible to omit the box. diffusion modeling
step and directly constrain the three-dimensional model with the
surface ocean Suess effect observations. The uptake of CO; by
the oceans would then be determined directly from the three-
dimensional model.
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