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ABSTRACT

A global ocean general circulation model, called LASG/IAP Climate system ocean model (LICOM),
is employed to study the influence of climate change on the uptake and storage of anthropogenic COz in
the global ocean. Two simulations were made: the control run (RUN1) with the climatological daily mean
forcing data, and the climate change run (RUN2) with the interannually varying daily mean forcing data
from the NCEP (National Centers for Environmental Prediction) of the US. The results show that the
simulated distributions and storages of anthropogenic dissolved inorganic carbon (anDIC) from both runs
are consistent with the data-based results. Compared with the data-based results, the simulations generate
higher anDIC concentrations in the upper layer and lower storage amount of anDIC between the subsurface
and 1000-m depth, especially in RUN1. A comparison of the two runs shows that the interannually varying
forcing can enhance the transport of main water masses, so the rate of interior transport of anDIC is
increased. The higher transfer rate of anDIC in RUN2 decreases its high concentration in the upper layer
and increases its storage amount below the subsurface, which leads to closer distributions of anDIC in RUN2
to the data-based results than in RUN1. The higher transfer rate in RUN2 also induces larger exchange
flux than in RUNI1. It is estimated that the global oceanic anthropogenic CO2 uptake was 1.83 and 2.16 Pg
C yr~! in the two runs in 1995, respectively, and as of 1994, the global ocean contained 99 Pg C in RUN1
and 107 Pg C in RUN2 of anDIC, indicating that the model under the interannually varying forcing could
take up 8.1% more anthropogenic carbon than the model under the climatological forcing. These values are
within the range of other estimates based on observation and model simulation, while the estimates in RUN1
are near the low bound of other works. It is estimated that the variability of root mean square of the global
air-sea anthropogenic carbon flux from the simulated monthly mean results of RUN2 with its seasonal cycle
and long-term trend removed is 0.1 Pg C yr~!. The most distinct anomalies appear to be in the tropical
Pacific Ocean and the Southern Ocean.
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1. Introduction

Since preindustrial times, a great amount of car-
bon dioxide (COg2) has been released into the atmo-
sphere due to human activities, about half of which
has remained in the atmosphere and the rest has been

taken up by the ocean and land, so the content of at-

mospheric COs has increased by over 100 ppmv. The
COgz emitted by human resources is man-made COq,
Sundquist (1993)
pointed out that anthropogenic COs is a biogeochem-

often called anthropogenic COs.

ical perturbation of truly geologic proportions. It has
been estimated that the oceans have absorbed over

40% of anthropogenic COs from the fossil fuel comb-
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ustion and cement production (Sabine et al., 2004;
Solomon et al., 2007). However, the precise estimate
of distributions and storage of anthropogenic CO5 in
the ocean is still controversial.

Although anthropogenic COgy cannot be directly
measured, it can be estimated through certain ap-
proaches. Basically, there are two categories of ap-
proaches for estimating the inventory and uptake of
anthropogenic COg: the data-based and model-based
estimates. Using the measurements of partial pressure
of COz (pCO3) in the surface water and air, the air-
sea CO5 exchange flux can be calculated, from which
the uptake of anthropogenic CO4 can be derived if the
exchange flux of natural CO; is known. A typical es-
timate can be found in Takahashi et al. (2002), who
obtained a CO, exchange flux of 1.54 Pg C yr~! in
1995.

Using the observed dissolved inorganic carbon
(DIC), anthropogenic COy can be derived from the
DIC concentration difference between current and
preindustrial conditions, which is often called the AC*
method (Gruber et al., 1996). Another approach us-
ing the observed DIC is called multiple linear regres-
sion analysis, which is used to estimate the temporal
change of anthropogenic COs (Levine et al., 2008).
Using the DIC and DI14C (dissolved inorganic radio-
carbon) data as well as results of OGCMs (ocean gen-
eral circulation models), Sweeney et al. (2007) ob-
tained the 1995 CO, flux of 1.340.5 Pg C yr—!, which
is less than the estimate of 1.740.4 Pg C yr—! by
Gruber et al. (2009) using the inversion method of
Gloor et al. (2003) based on observed DIC data. Re-
cently, Khatiwala and Hall (2009) used a new inversion
method to reconstruct the history of anthropogenic
CO; concentrations in the global ocean exclusive of
the Arctic Ocean. They obtained the inventory esti-
mate of 114422 Pg C for the year 1994, which is close
to the estimate of 106421 Pg C in the ocean south of
65°N by the AC* method (Sabine et al., 2004).

In addition to the estimations based on the ma-
rine observations, there are estimations based on the
atmospheric observations, including the inversion of
atmospheric Oz /N3 (Bender et al., 2005; Manning and
Keeling, 2006) and atmospheric COy concentrations

(Gurney et al., 2004). Using the air-sea disequilib-
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rium of COy isotopic (DIC §'3C), Gruber and Keeling
(2001) obtained an annual oceanic anthropogenic COq
uptake of 1.5+£0.9 Pg C, which is 0.5 Pg C smaller than
the estimate of 2.0 Pg C by Joos et al. (1999) using
atmospheric §'3C and CO, data of the same period
1985-1995.

The other category of approaches for estimat-
ing anthropogenic COq is to directly use the ocean
carbon-cycle model. Maier-Reimer and Hasselmann
(1987) first employed an OGCM to study the inor-
ganic carbon cycle. The improvement to the carbon-
cycle model is related to the inclusion of biological
processes (Bacastow and Maier-Reimer, 1990; Six and
Maier-Reimer, 1996). Many studies using the three-
dimensional ocean carbon-cycle models have been car-
ried out. Sarmiento et al. (1992) proposed a spe-
cial model of anthropogenic COs with the perturba-
tion method, which provides a direct simulation of the
uptake and storage of anthropogenic COy. The sim-
ulated results are quite useful for the comparison of
OGCMs. The first phase of the Ocean Carbon Model
Intercomparison Project (OCMIP) indicates that the
simulated uptake of anthropogenic CO5 from the four
OGCMs deviates within +£19% (Orr et al., 2001). In
the comparison of 13 OGCMs participating in the sec-
ond phase of OCMIP, Doney et al. (2004) found that
a large difference substantial in biogeochemical fields
among the models is caused by the errors in model
physics. It is seen that different physical parameter-
ization schemes and numerical procedures are one of
the main causes for the large differences of simulated
results between the models (Solomon et al., 2007).

Currently, many researchers are paying more at-
tention to interannual variability of the oceanic uptake
of atmospheric CO5 using primitive equation OGCM
with biogeochemical processes (Le Quéré et al., 2000;
Obata and Kitamura, 2003; McKinley et al., 2004;
Wetzel et al., 2005; Wang et al., 2006; Rodgers et al.,
2008). However, reports have not been seen about the
direct simulation of the influence of climate change on
the uptake of anthropogenic COs.

Many Chinese scientists have been working on the
scientific issues of ocean carbon cycle, and have de-
veloped different models in one to three dimensions.

Dong et al. (1994) and Pu and Wang (2001) con-
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ducted offline runs of two-dimensional carbon cycle
models with biological processes in the Atlantic and
Indian oceans, respectively. The physical fields were
obtained from the Institute of Atmospheric Physics
(IAP) OGCM with four vertical levels. Xing (2000)
studied the influence of biological processes on the car-
bon cycle in a global OGCM. Using MOM2 (Modular
Ocean Model version 2), Jin and Shi (2001) investi-
gated the uptake and storage of anthropogenic COq
in the global carbon-cycle model with biological pro-
cesses. Xu and Li (2009) estimated the storage of an-
thropogenic carbon in the IAP global OGCM named
L30T63, and found that although the simulated re-
sult of inventories is within the range estimated by
other researchers, it is smaller than the data-based es-
timate. In their study, climatological monthly mean
forcing was used to drive the OGCM.

The objective of this work is to use a new gen-
eration OGCM developed by IAP to estimate the up-
take and storage of anthropogenic COs in the world
ocean with two sets of different forcing data, the cli-
matological daily mean forcing, and the interannually
varying daily mean forcing. The perturbation method
is employed to study how climate change affects the
uptake and storage of anthropogenic COs in different
regions, and to explore the temporal variation in the
response of anthropogenic COs to climate change. In
the following text, the observed data of anthropogenic
carbon were provided by the Global Ocean Data Anal-
ysis Project (GLODAP) (Key et al., 2004) and ob-
tained from the Carbon Dioxide Information Analy-
sis Center (CDIAC, http://cdiac.ornl.gov). The data
were mainly collected between 1985 and 1999. Some
data from the Geochemical Ocean Sections Program
(GEOSECS) carried out during the 1970s were also
included.

2. Model description

2.1 Ocean general circulation model

The global OGCM named LICOM (LASG/IAP
Climate system Ocean Model; LASG/IAP stands for
State Key Laboratory of Numerical Modeling for At-
mospheric Sciences and Geophysical Fluid Dynam-
ics/Institute of Atmospheric Physics) is adopted in
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this work. A detailed description of the model can
be found in Liu et al. (2004). The model domain is
78°S5-90°N, 0°-360°E with a horizontal resolution of
2°x2°. There are 30 vertical levels, among which the
upper 15 levels are equally spaced and the other 15
levels are unequally spaced. The top level is 10 m in
depth, and the maximum depth is 5600 m.

The main features of the model include the
free surface, n-vertical coordinates, the Arakawa B-
grid scheme, the penetration of solar radiation, the
Richardson number-dependent turbulent mixing pro-
cess in the tropical ocean, the isopycnal mixing scheme
(often called GM90) with an eddy-induced transport
velocity by Gent and McWilliams (1990) and Gent et
al. (1995), etc. Both isopycnal and thickness (skew)
diffusivities in GM90 are taken to be 1.0x10% m? s~ 1.
The vertical diffusion coefficient is set to be a con-
stant of 0.3x10* m? s~'.

observations that these diffusion coefficients have a

It is estimated from the

large range (McWilliams et al., 1983; Danabasoglu
and McWilliams, 1995). In the current OGCMs, the
GM90 diffusivities are generally set to 103 m? s—!,
and the vertical diffusivity is set to 0.3 (or 0.5)x1074
m? s~! (Danabasoglu and McWilliams, 1995; England
and Hirst, 1997; Duffy et al., 1997).

The OGCM is driven at the surface by climatolog-
ical daily mean boundary conditions of thermal fluxes,
sea surface temperature (SST), and wind stress, which
are 62-yr mean over the period 1948-2009 from the
NCEP/NCAR reanalysis project. The climatological
monthly mean sea-surface salinity (SSS) from WOA98
(http://www.nodc.noaa.gov/) is adopted because of
the absence of the daily mean data. All simulations
presented here were initialized from the observed an-
nual mean climatological temperature and salinity of
the Levitus data (Levitus and Boyer, 1994; Levitus et
al., 1994). The model was integrated for over 2000
years. For the simulation of oceanic anthropogenic
carbon uptake, we restarted the model from the above
equilibrated ocean circulation of the OGCM, and in-
cluded an additional passive tracer for anthropogenic
COs.

2.2 Anthropogenic CO; model

The equation proposed by Sarmiento et al. (1992)
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is used to relate partial pressure of anthropogenic CO2
to anthropogenic dissolved inorganic carbon (anDIC)
in the ocean. Based on this perturbation method,
we solve the advection-diffusion equation of anthro-
pogenic COq in the ocean. The ocean surface layer
exchanges anthropogenic COs with the atmosphere,
while the atmosphere is treated as a well-mixed box.
The flux of air-sea anthropogenic carbon can be writ-
ten as:

Flux = Sg(1 — Yice) (0pCO24 — 6pCO2,), (1)

where ;e is the fraction of sea ice cover, dpCO4, and
dpCOy, indicate the perturbations of the partial pres-
sure of COy in the atmosphere and the ocean, rela-
tive to their preindustrial values. Here, the year of
1800 is defined as the beginning of industrial revolu-
tion. The concentration of anthropogenic carbon in
both the ocean and atmosphere is defined as zero at
the beginning of the simulation (time 0), which is con-
sidered as the year 1800.

The exchange coefficient (Sg) of CO5 at the air-
sea interface is the product of transfer velocity and
solubility of COs.
ninkhof’s (1992) equation is a function of wind speed

The transfer velocity from Wan-

and sea water temperature. The daily mean data of
wind speed are also from NCEP. The time history of
atmospheric pCO5 is prescribed by using the values
at the beginning and middle of each year, which is
taken from Enting et al. (1994), with some supple-
ment from the recently observed data from CDIAC
(http://cdiac.ornl.gov). Then, the atmospheric COq
values are linearly interpolated into each time step.

2.3 Numerical experiment design

After 2000-yr integration of LICOM, the an-
thropogenic carbon model was incorporated into this
OGCM. Two numerical experiments were conducted:
a control run (RUN1) and a climate change run
(RUN2). RUN1 was integrated for a total of 210 yr
from 1800 to 2009 under the forcing of the same cli-
matological daily mean data and the above prescribed
atmospheric pCO, data. RUN2 was initiated from the
results of RUN1 at the end of 1947 and integrated for
62 yr from 1948 to 2009 under the forcing of interan-
nually varying daily mean forcing data and the same
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time series of atmospheric CO5. The wind speed for
the calculation of the air-sea anthropogenic CO5 flux
used in both runs is from NCEP. RUN1 uses the cli-
matological daily mean wind speed while RUN2 uses
the interannually varying daily mean wind speed.

3. Results and discussion

3.1 Distributions of anthropogenic CO; under

different forcings

The simulated and data-based anDIC concentra-
tions at 50 m in the 1990s are shown in Fig. 1. If not
stated otherwise, in the following text, all simulated
results are the 1990s average in order to correspond
to the observation data period. The concentration of
anDIC at 50 m is attributed to the strength of local
uptake and ocean interior transport. The data-based
results show that low anDIC concentrations occur in
the equatorial and high-latitude regions, especially in
the equatorial Pacific and the Southern Ocean. The
upwelling in the equatorial region, especially the equa-
torial Pacific Ocean, leads to the low anDIC concen-
tration because the anthropogenic COs-poor deep wa-
ter is brought up to the surface. The strong vertical
exchange of water mass in the Southern Ocean trans-
ports the absorbed anthropogenic COs into the deep
water quickly, so the upper water contains low concen-
trations of anDIC. With the weak vertical movement
and diffusion, the subtropical region has high concen-
trations of anDIC after its long contact with the at-
mosphere and the transport by the wind-driven circu-
lations from both the north and south. The simulated
distribution characteristics are in good agreement with
the data-based results from WOCE (World Ocean Cir-
culation Experiment), although the simulated values
are larger than the data-based estimates because of
the weak mixing process in the upper ocean. The dif-
ference (Fig. 1c) between the two runs shows that
the overestimate of anDIC concentrations in RUNT is
reduced in RUN2 with the interannually varying forc-
ing, with the largest difference over 6 umol kg~! in
the eastern equatorial Pacific Ocean.

The column inventory of anDIC is shown in Fig.
2. Because of the formation of ocean water mass and
interior transport, the main storage areas of passive
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Fig. 1. Distributions of anthropogenic carbon concentrations (umol kg™') at 50 m in the 1990s. (a) RUNI, (b) RUN2,
(c) difference between RUN1 and RUN2 (RUN2-RUNT1), and (d) data-based results. Contour intervals are 3 pmol kg™

in (a, b, d), and 1 pmol kg™! in (c).

tracers are located in the subtropical regions of dif-
ferent ocean basins, while due to the formation of
the North Atlantic Deep Water (NADW), the west-
ern North Atlantic is the area with the largest anDIC
column inventory of over 80 mol m~2. The simulated
results are basically consistent with the data-based
estimates on these features. The main difference is
that in the western equatorial Pacific, the data-based
estimates show the minimum values that are proba-
bly caused by the shallow isopycnal surfaces (Key et
al., 2004). However, like other models (Orr et al.,
2001), the LICOM model does not give this feature
yet. Compared with GFDL, Hadley, and MPIM mod-
els, in which strong vertical movement generates un-
realistic column inventory of over 60 mol m~2 in the
Southern Ocean (Orr et al., 2001), our results are more
reasonable.

The anDIC column inventory in RUN2 is dis-
tinctly larger than that in RUN1 in most regions (Fig.
2c), especially in Northwest Atlantic and the western

tropical Pacific. The difference of the column inven-

tory between the two runs illustrates that the physi-
cal fields caused by the different physical forcings pro-
duce different uptake rates and transport strengths of
anDIC in these regions. Because climatological means
of the two forcing datasets are identical, the difference
in ocean circulation must result from nonlinear pro-
cesses such as advection, convection, etc. For exam-
ple, the largest difference in anthropogenic carbon col-
umn inventroy between the two runs occurs in North-
west Atlantic, where in RUN2 the mixed depth shows
strong interannual and interdecadal variations, which
are very significant during the climate events such
as ENSO, AMO (Atlantic Multidecadal Oscillation),
etc. However, there is little variability on the inter-
annual and decadal timescales in mixed layer depth
in RUN1. Thus, when the mixed layer is deep (figure
omitted), more anthropogenic carbon is transported
into the deep water quickly, leading to the enhance-
ment of penetration depth of anthropogenic carbon.
Furthermore,
Sabine et al. (2004) estimated that the global ocean

according to the observations,



NO.3

120°E 1éo

120 W 6
90°NT= -
S0 AN Y o
60 e //q;\i/g
7%% \/%
30 o/ 4,
/\(\ @“\/ vv} < \A 0.2,
EQ Y ¢ ° ' 87 4
0 | K )%/L\W { ti@;%? g‘) P
5; >
\} \,\qg\z'
60°S 1 LMS v !
0 60 120°F 1é0 7 120°W 60 T

Fig. 2. Distributions of anthropogenic CO2 column inventory (mol m~
difference between RUN1 and RUN2 (RUN2-RUN1), and (d) data-based results. Contour intervals are 5 mol m™?2

b, d), and 2 mol m~2 in (c).

contained 118+19 Pg C of anthropogenic carbon as of
1994. Waugh et al. (2006) used the observed CFC-
12 data and simulated anthropogenic carbon results
to obtain a global ocean storage of 94-121 Pg C as
of 1994. Our simulations estimate that the global
ocean contained 99 (RUN1) and 107 Pg C (RUN2)
anthropogenic carbon, which is within the range of
the data-based estimates. It seems that the estimate
from RUNT1 is closer to the low bound of data-based
estimates.

The lower concentration and larger column inven-
tory in RUN2 indicate that the interior transport is
stronger in RUN2 than in RUN1. As a result, the dif-
ference of the column inventory between the two runs
in the tropical ocean is attributed to the deeper pen-
etration depth of anDIC in RUN2. The zonal mean
vertical distributions of anDIC in the Pacific and In-
dian Oceans are shown in Fig. 3. The smallest pene-
tration occurs in the tropical ocean and the high lat-
itudes in the data-based results and our simulations

because of the shallow isopycnal surface. As a result,
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2) in the 1990s. (a) RUN1, (b) RUNZ2, (c)

in (a,

vertical distributions of anDIC in the Pacific and In-
dian Oceans form the same “W” shape as other tracers
such as temperature, CFC-11, etc. Compared with the
data-based estimate, the carbon storage amount from
the two runs between the subsurface and the 1000-
m depth is not sufficient since the penetration depths
of isolines are shallower than those of the data-based
ones. Compared with RUN1, the penetration depth in
RUN?2 is deeper. For example, the largest penetration
of the 5 pmol kg=! contour in RUN2 is over 200 m
deeper than that in RUN1 in both the Southern and
Northern Hemispheres, even though for the shallowest
penetration at 10°N the difference is near 250 m. It is
known from the simulated zonally averaged isopycnals
shown in Fig. 3 that the main storage region of anDIC
is consistent with that of deep isopycnals. This is in
agreement with the data-based results by Sabine et al.
(2004).

butions of isopycnals from the two runs are relatively

Nevertheless, although the simulated distri-

consistent, the 27.504 isopycnal is slightly shallower
in RUN2 than in RUN1. This is not consistent with
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the fact that the penetration depth of anDIC is larger
in RUN2 than in RUN1. This demonstrates that the
main difference in anDIC penetration between the two
runs, particularly in the equatorial region, is not due
to interior isopycnal diffusion but due to advection or
vertical diffusion.

The vertical distributions of salinity along 180°E
are illustrated in Fig. 4, which clearly shows that the
fresh water is transported from the high latitudes to
the tropical Pacific, and forms the water mass named
the North Pacific Intermediate Water (NPIW). The
simulation is consistent with the observation (Fig. 4c),
and the simulated salinity along the pathway of NPIW
is smaller in RUN2 than in RUN1. This indicates that
the transport of NPIW is strengthened in RUN2. The
formation and transport of mode and intermediate wa-
ters is the primary mechanism for moving anDIC to
intermediate depths (Sabine et al., 2004). As a result,
more anDIC absorbed in the high latitudes is trans-
ported to the tropical Pacific by the NPIW. Based on
this, the column inventory of anDIC in the tropical
Pacific is increased in RUN2.

60 40 20°S EQ

22 23 24 25
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The zonal mean vertical distribution of anDIC in
the Atlantic Ocean is shown in Fig. 5. Because of the
transport of NADW, the penetration depth of anDIC
in the North Atlantic Ocean is deeper than that in the
North Pacific Ocean and the Southern Hemisphere.
The data-based estimates show that the 5 ymol kg~*
contour can reach the deepest of 3500 m. Because
of the influences of southward transport of NADW,

1

the 5 pmol kg™ contour can reach the 2000-m depth

in the equatorial region. Our simulated results are
basically in agreement with the data-based estimates.
The deepest penetration of the 5 ymol kg™! contour is
about 3500 and 4000 m in RUN1 and RUN2, respec-
tively. It can be seen from the difference in meridional
stream-function between the two runs (RUN2-RUN1)
that the deeper penetration of anDIC in the higher lat-
itudes of North Atlantic in RUN2 is probably associ-
ated with the stronger NADW, which is due to the in-
terannual change of the mixing processes in Northwest
Atlantic. The largest strength of NADW obtained un-
der the forcing of climatological data (RUN1) is 2 Sv
smaller than that under the forcing of interannually

2005
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18001

Depth (m)

2000

(=)

0 40 20°S

EQ 20°N 40 60

Fig. 3. Zonal mean vertical distributions of anthropogenic CO2 (umol kg™!) in the Pacific and Indian Oceans. (a)
RUN1, (b) RUN2, and (c) data-based results. Corresponding distributions of oy are represented in color in (a) and (b).
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varying data. Therefore, in the lower latitudes of
North Atlantic, the penetration of anDIC is obviously
shallower in RUN1 than in RUN2. Near the equator,
the penetration of the 5 pmol kg~! contour in RUN1

is 200 m smaller than that in RUN2.
3.2 Uptake rates of anthropogenic CO-

The difference in interior transport between the
two runs affects the difference in surface anDIC con-
centrations (Fig. 1c), which can result in the differ-
ence in the air-sea anthropogenic carbon flux. Fig-
ure 6 shows the distribution of 10-yr averaged air-sea
anthropogenic CO2 flux in the 1990s. The main up-
take areas are located in the equatorial Pacific Ocean,
Northwest Pacific, Northwest Atlantic, and Southern
Ocean. These areas all present strong vertical move-
ment. These are the regions with large air-sea anthro-
pogenic COs fluxes and low surface anDIC concentra-
The main difference in the flux for the 1990s

between the two runs is that in these main absorb-

tions.

ing regions, the flux from RUNZ2 is slightly larger than
that from RUNI, especially in the equatorial Pacific

and the Southern Ocean.
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It can be clearly seen from Fig. 7a that the air-
sea anthropogenic carbon flux in RUN2 is larger than
in RUN1. The results from the two runs indicate that
the 1995 global air-sea anthropogenic carbon flux is
1.83 Pg C yr~! in RUNI and 2.16 Pg C yr~! in RUN2,
which are consistent with the data-based estimate and
the inversion method result (Takahashi et al., 2002,
Sweeny et al., 2007, Mikaloff Fletcher et al., 2006).
The difference of the flux between the two runs in-
creases with time. The slope of the regression line for
the flux against time from RUN1 is 0.032 Pg C yr—2,
while the slope from RUN2 can reach 0.038 PgC yr—2.
Under the same forcing of atmospheric CO5 and ice
(1) that the
difference in the flux between the two runs is proba-

distributions, it can be seen from Eq.

bly caused by the differences in COs solubility, wind
speed at 10 m above sea level, and surface anDIC con-
centration. The COs solubility is a function of surface
temperature and salinity. Figure 7b shows the global
area-averaged SST. It is known that before 1977, ex-
cept for some individual years, the SST from RUN1
is generally higher than that from RUN2, while after
1977 the situation goes opposite. Under almost the
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Fig. 6. Ten-year averaged distributions of air-sea anthropogenic carbon fluxes (mol m™2 yr™') in the 1990s. (a) RUN1,
(b) RUN2, and (c) RUN2-RUN1. Contour intervals are 0.3 mol m~2 yr~! in (a, b) and 0.05 mol m~2 yr~! in (c).
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Fig. 7. Time series of (a) simulated air-sea exchange flux of anthropogenic CO2 (Pg C yr™') and the annual increment
of atmospheric CO2 (ppm), and (b) area-averaged annual mean SST in RUN1 and RUN2.

same condition of salinity, SST becomes a sole factor
for the difference of CO5 solubility between the two
runs. Hence, before 1977, the solubility from RUN1
was lower than that from RUN2. Small differences in
surface anDIC occurred in the early period between
the two runs, which is probably one of the reasons for
the lower flux in RUN1. As time went on, particu-
larly after 1977, with the lower solubility in RUN2,
the flux from RUN2 was still higher than that from
RUN1, which is probably related to the lower surface
anDIC concentrations in RUN2. This demonstrates
that the vertical transport rate of physical fields plays
an important role in the adjustment of surface anDIC
concentration and the uptake of anthropogenic COs.

The anthropogenic CO4 fluxes from both runs in-
crease with time, but with some fluctuations. This is
related to strong interannual variations of atmospheric
COs. As shown in Fig. 7a, the annual increment
of atmospheric CO5y concentrations reveals an obvi-

ous fluctuation in the 1990s. Under the equilibrium
status of ocean physical fields, temporal variability of
the annual increment of atmospheric CO5 concentra-
tions determines the variability of the flux. Thus, the
anthropogenic CO5 flux in RUN1 has an obvious fluc-
tuation in the 1990s. On the basis of this fluctuation,
the results from RUN2 are affected by the interannual
variations of ocean physical fields; thus, in addition to
the similar fluctuation to RUN1 in the 1990s, the flux
in RUN2 also exhibits obvious fluctuations in other
time periods. Compared with interannual variations
of total carbon (anthropogenic carbon + natural car-
bon), which have been relatively much studied, the
influence of interannual variations of physical fields on
the anthropogenic carbon flux is relatively weak. In
the main regions where there are strong interannual
variations, such as the equatorial Pacific, the influ-
ences of interannual variations of physical fields on the
natural carbon flux and on the anthropogenic carbon
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flux are anti-phased. When vertical movement of wa-
ter is constrained, the outgassing of natural carbon
will be weakened, which means that both the nat-
ural carbon emissions and the anthropogenic carbon
uptake will be restrained. Although the interannual
variability of global carbon (natural + anthropogenic)
fluxes from the model simulations, which is often rep-
resented by RMS (root mean square or o), is different
due to different models and different time periods in
different studies, the RMS wvariability of global car-
bon fluxes obtained by different researchers from the
monthly mean results is greater than or equal to 0.25
Pg C yr~!. For example, McKinley et al. (2004) indi-
cated that during the period 1980-1998, the RMS of
global carbon fluxes is 0.28 Pg C yr~=! (10). The result
from Doney et al. (2009) shows that during the period
1979-2004, the RMS is 0.34 Pg C yr~! (10). Wetzel
et al. (2005) analyzed the simulated results of 1979—
2004, and gave a RMS of 0.50 Pg C yr=! (20). We
compared our simulation results of anthropogenic car-
bon for the period 1950-2008 with that used in Wetzel
et al. (2005). Using the monthly mean results, after
removing the long-term trend and seasonal variations,
we obtained the RMS of global anthropogenic carbon
fluxes of about 0.1 Pg C yr= ! (10).

In order to examine the differences between re-
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gions, we divide the global ocean into 10 regions (Fig.
8), in which the regional boundary is quite similar to
that in Gruber et al. (2009). The numbers in Fig.
8 show the 1995 annual mean anthropogenic carbon
flux and the RMS values (in parenthesis) for the pe-
riod 1950-2008 from RUN2. Our results for the year
1995 are relatively consistent with those by Gruber et
al. (2009) using the inversion method. The Southern
Ocean has the largest uptake flux, and the tropical Pa-
cific follows, while the subtropical South Atlantic has
the smallest value. Specifically, the annual exchange
flux reaches 1.01 Pg C yr=! in the Southern Ocean,
which is much larger than the fluxes in other regions
and also larger than the estimate of 0.75 Pg C yr~! by
Gruber et al. (2009). The flux in the tropical Pacific is
0.40 Pg C yr—!, which is larger than that in the trop-
ical Indian Ocean and Atlantic. This is quite close to
the estimate by Gruber et al. (2009). The region with
large differences relative to the inversion method in-
cludes the subtropical Indian Ocean but excludes the
Southern Ocean. The inversion method gives a flux
of 0.24 Pg C yr~!, which is much larger than our
estimate of 0.12 Pg C yr~!. The regions where there
is a large difference in the anthropogenic carbon flux
between our simulation and the inversion method are
also the regions in which there is a large difference in
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Fig. 8. Air-sea anthropogenic carbon fluxes (Pg C yr™ ') in different regions of the global ocean for the year 1995 and
the RMS variability of the flux from 19502008 (numbers in parenthesis).
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the total carbon flux between the inversion method
and the ApCOs-based method (Gruber et al., 2009).
Therefore, the estimate of the anthropogenic carbon
flux in the Southern Hemisphere needs to be further
studied with more methods.

A comparison of regional results indicates that
the variability of anthropogenic carbon fluxes in the
Southern Ocean is the largest, with a RMS of 0.074
Pg C yr~!. However, taking the area size, total fluxes,
and other factors into consideration, the variability of
anthropogenic carbon fluxes in the tropical Pacific be-
comes more significant. This is associated with the
strongest annual fluctuation signals of physical fields
in the tropical Pacific. According to the simulated
results, Le Quéré et al. (2000) pointed out that be-
cause of the ENSO events, interannual variability of
tropical Pacific air-sea carbon fluxes accounts for 70%
of the interannual variability of global air-sea carbon
fluxes. McKinley et al. (2004) obtained a RMS of
0.17 Pg C yr—! for the tropical Pacific (15°S-15°N)
air-sea carbon flux. Thus, it can be inferred that the
RMS variability in the anthropogenic carbon flux is
obviously smaller than that in the total carbon flux.
Furthermore, because of the impact of the large an-
thropogenic carbon flux in the western North Pacific
and western North Atlantic, the RMS variability of the
anthropogenic carbon flux in the northern subtropical
region is slightly larger than that in the same latitu-
dinal bands of the Southern Hemisphere.

4. Conclusions

A global ocean general circulation model LICOM
with a horizontal resolution of 2°x2° has been em-
ployed to estimate the influence of the climate change
on the uptake and storage of anthropogenic COs in
the global ocean. The perturbation method for the
calculation of air-sea anthropogenic CO- fluxes by
Sarmiento et al. (1992) was adopted. Two numerical
experiments were conducted: the control run (RUNI)
with the climatological daily mean forcing data and
the climate change run (RUN2) with the interannu-
ally varying daily mean forcing data from NCEP. The
simulated distributions of anthropogenic carbon from
both runs are consistent with the data-based esti-
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mates, indicating that the perturbation method is ap-
propriate for the estimation of anthropogenic carbon.

A comparison of the two simulations shows that
with the interannual variations of the forcing, the
transport of the main water masses is enhanced be-
cause of the interannual change of the mixing pro-
cesses. The physical ventilation rate is larger in RUN2
than in RUN1; the largest strength of NADW in RUN2
is 2 Sv larger than in RUN1. This is also confirmed
by the difference in the interior transport of anthro-
pogenic carbon between the two runs. Although the
air-sea anthropogenic carbon flux from RUN2 is larger
than that from RUN1, anthropogenic carbon concen-
trations in the upper ocean in RUN2 are smaller than
those in RUN1 and are closer to the data-based es-
timates. The difference in the large-scale circulation
results in the obviously deeper penetration of anthro-
pogenic carbon in RUN2 than in RUN1. Even below
the 1000-m depth, penetration of the simulated 5 pmol
kg~! contour is deeper than the data-based estimate,
which leads to the larger anthropogenic carbon inven-
tory in most regions in RUN2 than in RUNT.

The low surface anDIC concentration in RUN2
enhances the oceanic uptake of anthropogenic carbon.
From 1950 to 2008, the air-sea anthropogenic carbon
flux was higher in RUN2 than in RUN1, even during
the 1990s when the SST was higher in RUN2 than in
RUNI1. Our simulations show that the global oceanic
uptake of anthropogenic carbon was 1.83 and 2.16 Pg
C yr~!' in RUN1 and RUN2 for 1995, respectively,
which are within the range of the estimates using the
data and the inversion method. Meanwhile, our simu-
lation results indicate that as of 1994, the global ocean
contained 99 and 107 Pg C of anthropogenic carbon in
RUN1 and RUNZ2, respectively, which are also within
the range of the data-based estimates.

In the 10 regions of the global ocean, both annual
uptake of anthropogenic carbon and its RMS variabil-
ity in the regions south of 45°S are much larger than
those in other regions. When the area size, flux mag-
nitude, and other factors are taken into account, the
RMS variability of the air-sea anthropogenic carbon
flux in the tropical Pacific is more significant. Accord-
ing to the simulated monthly mean results, the RMS
variability of global air-sea anthropogenic carbon flux
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is 0.1 Pg C yr~! during 1950-2008, about one third
of the RMS variability of the global total carbon flux.
However, the anthropogenic carbon flux and total car-
bon flux are not in phase. The relationship between
the two needs a further examination.
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