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Abstract. An adjoint model is applied to examine the bio- et al., 2002). The carbon uptake by the ocean is regulated
physical factors that control surface peid different ocean by a combination of physical, chemical, and biological dy-
regions. In the tropical Atlantic and Indian Oceans, the an-namics. Understanding and identifying these regional and
nual cycle of pCQ@in the model is highly dominated by tem- temporal physical as well as biogeochemical processes are
perature variability, whereas both the temperature and diseritical for predicting the response of global carbon cycle to
solved inorganic carbon (DIC) are important in the tropi- the anthropogenic loading of atmospheric @the future.

cal Pacific. In the high-latitude North Atlantic and South- Due to the non-linear characteristics of the marine carbon
ern Oceans, DIC variability mainly drives the annual cycle cycle dynamics, it can be problematic to determine whether
of surface pCQ. Phosphate addition significantly increases biological or physical processes are the dominant controls of
the carbon uptake in the tropical and subtropical regionsthe sea-to-air C®flux (Oschlies and Ehler, 2004). Differ-
whereas nitrate addition increases the carbon uptake in thent methods have been explored to assess the magnitude of
subarctic Pacific Ocean. The carbon uptake is also sensitivthese controlling processes. An empirical study by Takahashi
to changes in the physiological rate parameters in the ecosy®t al. (2002) used ocean pg@bservations to analyze its
tem model in the equatorial Pacific, North Pacific, North At- seasonal and geographical variability due to sea surface tem-
lantic, and the Southern Ocean. Zooplankton grazing playgerature (SST) and biological activity. diker et al. (2002)

a major role in carbon exchange, especially in the HNLC re-applied a box model to estimate how the atmospheric car-
gions. The grazing parameter regulates the phytoplanktofon uptake would likely be altered by the changes in future
biomass at the surface, thus controlling the biological pro-physical forcing and heat fluxes. Model studies with three-
duction and the carbon uptake by photosynthesis. In thalimensional, marine carbon cycle models (e.g. L&@wet
oligotrophic subtropical regions, the sea-to-air OIX is al., 2000; McKinley et al., 2004; Wetzel, 2004) used the ap-
sensitive to changes in the phytoplankton exudation rate byroximation of the linearized pG{formulation to estimate
altering the flux of regenerated nutrients essential for photothe different tendencies due to dissolved inorganic carbon,
synthesis. temperature, alkalinity, and salinity based on the Takahashi
et al. (1993) method. However, these model studies mainly
focused on interannual-to-decadal timescales rather than on
seasonal variability. Here we have used an adjoint model
to investigate the relative importance of different biophysical

The anthropogenic climate perturbations during the past cenPT0CesSSes in q<_atermining the seasonal va_riability of .surface
tury have altered global biogeochemistry and will have long-PCC2: In addition, we explored the physical and biogeo-
term influence on the earth radiative forcing. These change§hem|cal factors controlling the simulated seasonal variabil-
together with complex feedback processes may alter thdty of DIC.

strength and rate of carbon uptake by the ocean (Falkowski Both means by which carbon is taken up, redistributed,
and lost from the ocean, i.e., the solubility and biological

i pumps (Volk and Hoffert, 1985), are likely to be altered in the
Correspondence tal. F. Tjiputra future. The strength of solubility pump will be reduced by
BY (jerry.tjiputra@bjerknes.uib.no) the warming of SST (Weiss, 1974), thereby reducing uptake
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of atmospheric C@ (Maier-Reimer et al., 1996; Sarmiento the surface to 700 m in the deepest layer. Its components in-
et al., 1998; Matear and Hirst, 1999; Plattner et al., 2001;clude an intermediate NPZD-type ecosystem model (Six and
Mikolajewicz et al., 2007). Moreover, future changes in the Maier-Reimer, 1996; Aumont et al. 2003), marine carbon
ocean circulation will also influence ocean ecology and bio-chemistry (Heinze et al., 1999), a 12-layer sediment model,
geochemistry, which can feedback on the circulation (Man-a diffusive atmosphere layer, sea-to-air gas exchange bulk
izza et al., 2005; Wetzel et al., 2005; Winguth et al., 2005).formulation (Wanninkhof, 1992), and a parameterization of
Future climate-induced changes in ecosystem dynamics cainon-limited particulate organic carbon export (Howard et al.,
include shoaling of mixed layer depth due to increase of strat2006). The ecosystem model also accounts for atmospheric
ification (Denman and Pena, 2002; Wrona et al., 2006), in-nitrogen fixation by cyanobacteria, parameterized as a relax-
crease in aeolian iron flux (Bopp et al., 2003; Parekh et al. ation of surface-layer deviation of the N:P ratio to the stoi-
2006), as well as changes in planktonic physiological ratexchiometric Redfield ratio (Maier-Reimer et al., 2005). The
(Denman and Pena, 2002; Le §& et al., 2005). The sensi- geochemical tracers in the model are advected with a time
tivity of sea-to-air CQ flux to regional perturbations of sur- step of one month, while a shorter time step of three days
face iron concentration has been explored by several studieis used in the euphotic zone (i.e., in the upper two layers of
(Sarmiento and Orr, 1991; Bopp et al., 2003; Gnanadesikathe model) to resolve ecosystem and sea-to-air gas exchange
et al., 2003; Zeebe and Archer, 2005; Aumont and Bopp,processes.

2006; Dutkiewicz et al., 2006; Parekh et al., 2006). Except Here, the sea-to-air CCflux formulation is based on the
for Dutkiewicz et al. (2006), these sensitivity experiments study by Wanninkhof (1992)

were made with forward model perturbations. Here we ap-

plied an adjoint model to investigate the sensitivity of sea-to-Fco, = k(PCOxsea — PCOair) )

air CO, flux to changes in nutrient concentration and phys-

iological parameters in the marine ecosystem model. Rel_pCOZ(air) represent the partial pressure of £i0 the surface

ative to the multiple approximated sensitivities from a for- ocean and atmosphere, respectively. The biological produc-
ward, finite-differences approach, the adjoint method aHOWStion term in the model is composed of

us to simultaneously compute the exact sensitivity of the re-

where k is the gas transfer velocity, and pg&s, and

gional (grid-scale) carbon uptake to various biogeochemical, _ b N
tracers and parameters such as surface nutrient concentratio{ﬁ'o_ r(T.L)-F N+N, +R(CaCQ)
phytoplankton growth, phytoplankton exudation, zooplank- .
ton grazing, and zooplankton excretion rates. +g'z'8h?r'(l — zinges:
The main objectives of this study are (1) to apply an ad- (P — Pmin) - .DOC+1, - POC 2)
joint model to investigate the dominant seasonal and regional £ + Po N + kdoc
biophysical factors that regulate surface pG@riability and £(T)- f(L) Fe
(2) to quantitatively estimate the sensitivity of the sea-to-7(T, L) = - : )
: g : . VT2 + f(L)? (Fe+kre)
air CO flux to changes in regional nutrient concentrations
and marine gcqsys_tem parqmete_rs by mapping t_he grld—sgate(CaCQ) = A(Porgc — 0.5 Pgsj) )
sensitivity distributions. This estimated sensitivity analysis
was based on the effects of long-term (i..e., ten-year) nutri-f(T) —a. b7 (5)
ent and ecosystem parameter perturbations on atmospheric
carbon uptake by the ocean. f(L)=L-B-PAR (6)
All parameters in Egs. (2) to (6) are described in Ta-
2 Methods ble 1. The terms in Eqg. (2) represent primary production
(r), calcium carbonate production (P(Cag® and reminer-
2.1 Models alization of the following: non-assimilated zooplanktdf) (

grazing, dissolved organic carbon (DOC), and particulate or-
We used the off-line Hamburg Ocean Carbon Cycleganic carbon (POC). Primary production depends on region-
(HAMOCCS5) model, which is based on work by Maier- ally varying growth rates and nutrient concentratidéa: min
Reimer (1993), Six and Maier-Reimer (1996), Aumont et (POy, NO3-Rp.x ), WhereR p.y represents the phosphate-to-
al. (2003), and Gehlen et al. (2003). The HAMOCCS5 model nitrate Redfield ratio. The growth rate of phytoplankta?) (
was integrated offline for 10 000 years to reach a steady statis a function of light ), temperatureX’), and dissolved iron
using a climatological repeated annual cycle of physical forc-(Fe), as shown in Eq. (3). Calcium carbonate production is
ing generated by the Large Scale Geostrophic (LSG, Maiera function of organic and silicate production in the euphotic
Reimer et al., 1993) ocean general circulation model. Thdayer. In this model, the phytoplankton compartment con-
model has an approximately 3:63.5° horizontal resolution  sists of two functional groups, diatoms and calcifiers. The
and 22 vertical layers with thicknesses varying from 50 m atconcentration of both diatoms and calcifiers are determined
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Table 1. Description of ecosystem parameters.

617

Symbol Description Values/Unit

A Calcium carbonate production parameter 0.2

DOC Dissolved Organic Carbon nnol C/L]

Fe Dissolved iron [nmol FelL]

L Light (Incoming shortwave radiation) [WTif]

N Nutrient [umol C/L]

N, Nutrient half saturation constant 0.046mol P/L]
P Phytoplankton femol C/L]

Pmin Minimum concentration of phytoplankton 0.0irpol C/L]
P, Phytoplankton half saturation constant hjol C/L]
P,ec  Organic carbon production [CT? day 1]
Pgsi Biogenic silica parameter [Si nt day 1]
PAR Photosynthetically active radiation 0.4

POC Particulate Organic Carbon ol C/L]

Si Silicate 1.0 umol C/L]
T Temperature IC]

zZ Zooplankton kmol C/L]

a Maximum phytoplankton growth parameter 0.81 [ day

b Growth rate at 0C 1.066

c Temperature dependence of phytoplankton growth 1.0

dy Remineralization rate of DOC 0.005 [ da¥

g Zooplankton grazing rate 0.5[ day]

kdoc Half-saturation constant for DOC 0.pMol P/L]
kre Iron half saturation constant 0.01 [nmol Fe/L]
Kg; Silicate half saturation constant 0.01rhol C/L]
Iy POC remineralization rate 0.0033 [ u‘a&]
zinges Zooplankton assimilation efficiency 0.5 [dé]/

B Initial slope of P-I curve 0.005 [F(W day) 1]
Eher Herbivores ingestion parameter 0.8

g Phytoplankton growth rate parameter 1.0 [dé}/

as a function of simulated phytoplankton and silicate concen- For the experiment with the anthropogenic £forcing,

tration. the model is first integrated from year 1825 to 1995, off-

sdiatoms 9P Si line, with seasonally varying climatological fields (advective

TR m (7) flow fields, potential temperature, salinity, surface air tem-
perature, wind velocity, sea surface elevation, sea-ice dis-

dcalcifiers 9P Si tribution). The anthropogenic Corcing is taken from a

T ar " ot [ N M} (8) spline fit to ice core and Mauna Loa G@ata (Enting et

al., 1994; Wetzel et al., 2005). The adjoint sensitivity ex-

The model simulates the main characteristics of ocean bioperiments are conducted from 1995 through 2005 based on
geochemistry, such as the distribution of the major biochemsimilar forcings as above. In order to evaluate the simulated
ical tracers, |nC|Ud|ng phosphate, nitrate, iron, dissolved |n'seasona| Cyc|e and net annual Sea_to_aié ﬂm(, we com-
organic carbon, alkalinity, and radiocarbon. In addition, it re- pared those fields to global observations from Takahashi et
solves some of the High Nutrient-Low Chlorophyll (HNLC) 3|, (2002) pttp://www.Ideo.columbia.edu/res/pi/CQ2Aav-
regions in the world by implementing iron-limited produc- eraged both monthly and annually, and interpolated onto
tivity. Compared to a more computationally expensive, high-the model grid. The simulated seasonal cycle of the sea-
resolution ocean model, this model allows us to efficiently to-ajir CO, flux in different ocean locations (e.g. Bermuda
apply the adjoint technique in order to study the large-scaleatiantic Time-Series Study (BATS), Hawaii Ocean Time-
pattern of the biogeochemical state throughout the water colggries (HOTS) and Southern Ocean® S627% W) gener-
umn. Due to the relatively short, 10-year integration of the 5)1y follows the observations (Fig. 1), but there is a 2-month

Simulations, the sediment module is Slmpllfled by introduc- phase |ag in the Southern Ocean that may be attributed to
ing a sink-only sediment layer (see Tjiputra, 2007).

www.biogeosciences.net/5/615/2008/ Biogeosciences, 563052008
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x o 06 in the subpolar North Pacific, namely the Bering Sea, the
;g 03 model does not simulate the strong outgassing that is ob-
% ;5}»0 ; served. That artefact may be due to the low model resolution
3 5,0_61 s o] lsetemoen___At and shortc_om?ngs in the model seasonal mixed-layer depth
Monthe parameterization.
l — HAMOCC 4 Takahashi et al. (2002) l
90 - : s s s s 2.2 Adjoint sensitivity
601 Takahashi et al. (2002) analyzed the seasonal variability of
30+ surface pC@ due to different components and discussed
0l their relative significance in different regions based on their
30 gridded climatological data-based product. However, they
] differentiated only between thermal- and nonthermal-driven
560‘ variability, often referring to the latter as biological activ-
90 ity. In contrast, we use an intermediate complexity, adjoint,
. 155W \ carbon-cycle model to analyze the variability due to all ther-
015 B ”"'"*"'" I mal and nonthermal components (Sect. 3.1). .
60 1 I In the model, the total seasonal change of the partial pres-
304 sure of CQ in the surface ocean depends on its DIC concen-
N tration, sea surface temperature (SST), alkalinity (TALK),
and the salinity (S) (Le Qaré et al., 2000; Wetzel et al.,
304 2005)
SO dpCO, _ 9pCO, dDIC
0 3SE 8SE  145E  ISSW  O5SW  35W  25W ap(étoz dT aDggCO(jthALK 9pCO, dS
— + — 9)
(no data) 3.0 1.0 -50 -25 -05 05 25 .50 10 20 40 10. oT dt  9TALK  dt 9s  dt
[moles C/m2yr]

Here, the seasonal cycle of surface pGiDe to each com-
ponent in Eq. (9) is calculated separately. The adjoint model

Fig. 1. Simulated seasonal cycle of sea-to-air{x (moles CQ is applied to calculate the monthly partial derivative terms
m~2yr—1) at(a) Bermuda Atlantic Time-Series Study (BATSb) 9pCO, 3pCO, 9pCO, pCO,

Hawaii Ocean Time-Series (HOTS), afw) Southern Ocean (565, I.e., 3ot a7 % 3TALK: a5 -)- Additionally, the DIC
275 W) with observational estimates from Takahashi et al. (2002).component is further decomposed into different biophysical
Averaged sea-to-air CXlux for the year 1995 estimated frod) components. The contribution from each component is dis-
observations by Takahashi et al. (2002) dajifrom HAMOCC5 cussed in Sect. 3.2.
model simulation. Positive values represent outgassing to atmo- The adjoint model also provides an efficient means to es-
sphere, whereas negative values indicate uptake of @i the  timate the sensitivity of the simulated sea-to-air JCiix
atmosphere. The observations reveal Ipcal vari_ability, Which is Nty small perturbations in model input or control parameters.
reproduced by the model, perhaps owing to grid-resolution or ap-rys adioint sensitivity analysis is equivalent to thousands of
proximations in the equations of motions. forward perturbation runs, but it is made at only a fraction of
the computational expense by running one forward and one
adjoint model integration. Here, the adjoint codes have been
the location and timing of convective mixing in the model generated by the TAMC (Tangent linear and Adjoint Model
as well as the parameterization of the biogeochemistry inCompiler) (Giering and Kaminski, 1998;ww.fastopt.com
this region. Sparse pCGand wind-speed data in the South- and improved manually to be more computationally efficient.
ern Ocean also lead to substantial uncertainties in the gridThe accuracy of the adjoint code has been tested using a
ded data-based product of the sea-ain@0x in that region  finite-difference approximation. The cost function is defined
(Takahashi et al., 2002; Gloor et al., 2003). In addition, highas the global, area-integrated, sea-to-airoGDx (Fco,)
wind speeds observed in the Southern Ocean increase the uaver 1995-2005 denoted as
certainty in the CQ gas transfer rate (Sabine et al., 2004).
Figure 1 shows that the annual average sea-to-ay GQ Jrco2= / / Fco,dAdt (10)
map for 1995 simulated by the model follows the general ob-
served patterns, including outgassing in the equatorial oceanshere A represents the area of the specific model gridand
due to upwelling of colder, C@rich subsurface waters and represents time integration. The sensitivity map in this study
carbon uptake that is prominent in the subtropical westerris produced by applying the adjoint model to estimate the
boundary and high latitude convective mixing regions. Yet partial derivative of the cost function to a small perturbation

Biogeosciences, 5, 61630, 2008 www.biogeosciences.net/5/615/2008/
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Fig. 2. Seasonal cycle of the total change in oceanic p@@d corresponding contributions (Eq. 9) from changes in SST, DIC, alkalinity,
and salinity for different ocean regions. Ocean regions are defined as follows: high latitude Pacific (HP, nofthNftigh latitude
Atlantic (HA, north of 50 N), Southern Ocean (SOC, south of°&), subtropical (12N-50° N) North Indian (SNI), subtropical North
Pacific (SNP), subtropical North Atlantic (SNA), tropical (I¥4—14° S) Indian (TI), tropical Pacific (TP), tropical Atlantic (TA), subtropical
(14° S-50 S) South Indian (SSI), subtropical South Pacific (SSP), and subtropical South Atlantic (SSA). Units are in ppmtmonth

of a specific control variable, such that the sensitivity at periments. The perturbation is adjusted toward the Redfield
each model grid cell is represented &fcoz/dx(x,y) - ratio (N:P:Fe=16:1:3.810"3, for example, a perturbation of

. . ) o . 0.008 mol nitrate is assumed to be comparable with a pertur-

To investigate nutrient contributions to the sea-to-air pation of 0.0005 mol phosphate). This adjustment is crucial

CO; flux, the adjoint model is applied to estimate the re- gince 4 perturbation of a different magnitude could result in
gional sensitivity to perturbations of nutrient concentration yitterent sensitivities.

dJrco2/dN,y). Both the forward and the adjoint models
are integrated for ten years with a monthly input of surface
nitrate (0.008 mol N/rf), phosphate (0.0005 mol P#n and
iron (1.65xmol Fe/nf) concentrations in three separate ex-

www.biogeosciences.net/5/615/2008/ Biogeosciences, 563052008
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Table 2. Monthly correlation coefficienk computed over annual (one-year) and seasonal periods in 1995 betweerap@SST and
between pC@and DIC.

Annual JFM AMJ JAS OND

SST DIC SST DIC SST DIC SST DIC SST DIC

HA -0.110 0.898 | 0.670 | 0.999 | 00916 0.899 | -0.387 0.592 0.934 | 0.990
HP 0.667 0.496 | -0.887 | 0.992 | 0.935 0.953 0.995 0.404 0.983 | 0.960
SNA | 0.766 0.440 | -0.813 | 0.967 | 0.967 0.997 0.987 0.046 0.989 | 0.964
SNI 0.535 0.745 1 -0.999 | 0.999 | 00952 | -0.341 | -0.453 0.974 0.891 | -0.157
SNP 0.741 0.525 ] -0.993 | 0.999 | 0.966 0.997 0.987 | -0.633 0.983 | 0.977
TP 0.711 0.863 | 0991 | 0.992 | 0.936 0.568 0.328 0.021 0.106 | 0.933
TA 0974 -0.299 | 0933 ] -0.344 | 0.999 | -0.942 0.935 | -0.497 0.973 | -0.489
TI 0.876 | -0.255| 0.999 | 0972 | 0.876 | -0.461 0.999 | -0.991 0.999 | 0.948
SSP 0.412 0.607 | 0952 | 0.325| 0.905 0.999 | -0.439 0.938 0.740 | 0.688
SSA 0.745 0.114 | 0983 | -0.107 | 0.438 0.888 0.575 0.459 0.939 | -0.565
SSI -0.351 0.805 | 0.403 | 0.360 | 0.784 0.999 | -0.997 0989 | -0.127 | 0.744
SOC | -0.124 0.900 | 0.055| 0.871| 0.812 0.010 | -0.837 0.999 0.274 | 0.908

3 Results component dampens the DIC-driven p£@riability in all
northern high-latitude regions.

3.1 Seasonal variability of pG . .
y of pCO Table 2 summarizes one-year and seasonal correlation co-

Figure 2 shows the seasonal cycle of surface p@@e to effidcients behtween plcf?a”d SifT as W,e" as betwgebn deO
the variability of DIC, SST, alkalinity, and salinity in dif- 2"d DIC. The correlation coefficient is computed based on

ferent ocean regions following the approach of Takahashi e§pati(;il, within specifiedd regi(r)]ns, montrlﬂy c_or(;ela’ﬂon com-
al. (2002). The variability of the sum of all components has puted over one year and each seasonal period. The inner an-

been confirmed using the differential of monthly output of U@l variability of surface pCobserved at the Bermuda
the forward model. In general, the total change of pco Atlantic Time-series Study (BATS) station is mainly regu-
in Eq. (9) is mainly influenced by the temperature and DIC 'a_te‘?' by temperatl_Jre varlab|l_|ty (eg. _Tgkahasm etal., 2002).
terms. In the tropical regions (1A-14 S), the seasonal Similarly, the spatial correlation coefficieRt over one-year

variability is relatively small, with the exception of the In- period, between pCfand SST in the subtropical North At-

dian Ocean, perhaps owing to the Indian Ocean Monsoonl.amic region estimated by this study £&=0.766, compared

In the tropical Atlantic and Indian Oceans, the annual cy-to orly_R=(r)].44O f?‘r thi correlat.ion W]Eth DfIC. More dgtailed
cle of pCQ is mostly controlled by SST variability, whereas anaf ysis shows t atlt € Wgrrt;nng 0 SL:jr lace SST'Iln;:reE\seS
both DIC and SST variability control pCQannual cycle in surtace prA(? as ear%/ ash ebruary an a}sts '“Il_m' the E'
the tropical Pacific. In the subtropical Pacific and Atlantic, ginning of August, when there is a general cooling over the
where warm tropical water meets colder water from higherrest of the year. In contrast., DIC_vgrlablll_ty cont_rols surface
latitudes, the temperature terms are more important than thBCoz only by photosyqthet|c act|V|t.y during spring (Marc_h
DIC term. For example, during summer time, the warm ssTiO ng) and by upwelling of DIC-rich §ubsurface Water n
promotes high surface pGOwhich is affected by strong the winter (November to January) periods (see also Fig. 3,

stratification and lower solubility of warm water. In the fall NA).
and early winter, rapid cooling of SST increases,G0Iu- The observed annual cycle of pg@t Weather Station P in
bility and reduces surface pGO the North Pacific indicates that DIC variability reduces sur-

In the higher latitudes of the North Atlantic (north of face pCQ during both the early spring and summer. Further-
14° N) and Southern Ocean, the annual cycle of pG®©  more, the observed uptake during the early spring is much
largely controlled by the DIC term. The large variability of weaker than the summer time (Takahashi et al., 2002). Here,
DIC in these regions is due to the strong wintertime convec-the simulated reduction of springtime pg@ue to DIC in
tive mixing and rapid springtime biological drawdown. In the high latitude Pacific (HP in Fig. 2) is greater than that
the subarctic Pacific, where the model potentially underestiestimated by Takahashi et al. (2002). One explanation for
mates DIC variability, perhaps due to unresolved mixing pro-this discrepancy is that we consider a larger area, the entire
cesses near the Bering Strait, the SST variability dominatessubarctic Pacific region, which also encompasses the west-
During boreal summer months (July to September), the SSTern subarctic gyre known for its stronger convective mixing

Biogeosciences, 5, 61630, 2008 www.biogeosciences.net/5/615/2008/
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Fig. 3. Seasonal cycle of the total change of dissolved inorganic carbon (DIC) and the contributions to the total change (Eq. 11) from

advection, biology, fresh water flux, sea-to-air £fux, and convective mixing. Ocean regions are the same as in Fig. 2. Unitsareing C
—2yr—1

m=—4yr—-.

and seasonal variability (Chierici, et al., 2006). Such strong In the tropical Pacific, Table 2 shows that surface pCO
physical variability is generally not observed at Weather Sta-variability is highly correlated with SST during the boreal
tion P. The reduction of surface pG@uring spring is mainly  spring (R=0.936) whereas DIC variability mostly dominates
due to biological processes, which exploit high-nutrient con-in the fall (R=0.933). This result is also consistent with the
centration supplied by convective mixing. For instance, ob-study by Feely et al. (2006), which observes lower seawa-
served phosphorus in the western subarctic Pacific indicateter CG, fugacity in the boreal fall than in the spring in the
strong uptake begins as early as April (Conkright et al., 2002;equatorial Pacific. This difference is associated with fall up-
McKinley et al., 2006). In summer, stratification due to SST welling of carbon- and nutrient-rich water, which increases
warming reduced DIC uptake by biological activity. The spa- biological productivity. In contrast, strong warming of SST
tial seasonal correlation coefficients in Table 2 indicate thatin spring increases surface pg@Vang et al., 2006).

the variability of pCQ in the subarctic Pacific (NP) is mostly

dominated by the DIC in the spring months and by SST in the

summer months.
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901
N

more stratified. In the tropical regions, the advection term,

ol ' w N Py which is dominated by continuous upwelling, has the same
[ M 0.2 magnitude as the biological term, but both terms cancel one
301 o4 another nearly entirely. The equatorial Pacific region has
01 N : ‘ :8:2 the highest accumulated, biologically driven, net carbon loss
30/ s e Ly 10 (approximately 50 g C m? yr~1). In the mid latitudes, DIC
601 7 : 7; . I :}j variability is dominated by biological and convective mixing
S -1.6 terms. But the relative strength of biological activity is op-
90’2‘5E 855 145E  155W 95W 25W posite in sign and is roughly twice as large as the convective
90 : : ; ‘ " mixing term. At the end of spring in each hemisphere, the
N60, I gioo contribution from convective mixing drops to zero, as sum-
30. 80 mer stratification sets in.
g « -120 In the higher latitudes, DIC variability is generally dom-
01 : L I :;8:8 inated by biological activity. In late winter of both hemi-
30 : LN 240 spheres, strong convective mixing brings up subsurface DIC
280 and nutrients that increase surface DIC, followed immedi-

-36.0 ately by strong uptake of DIC by biological production. For
8SE  145E  155W 95W 35W 25w example, in the high-latitude North Atlantic (see Fig. 3, HA),
: : ; ; ; " the model has strong convective mixing from November to

N ?i;)z April. This strong mixing results in deepening of the mixed
-04 layer and increases DIC and nutrient fluxes from subsur-
:-gg face waters. Consequently, the biological production starts
10 to drawdown DIC in the early spring. Later in the summer,
-12 after nutrients are exhausted, there is strong reduction in bi-
::;g ological uptake. In situ observations by Olsen et al. (2007)
S -24 indicate similar characteristics for the convective mixing and
55E 85E  145E  155W  95W  35W  25W spring bloom, but they also indicate that biologically driven

uptake of surface DIC persists through summer, unlike in the
Fig. 4. Regional sensitivity of the acumulated global sea-to-aipCO model. This discrepancy may indicate that the model rem-
flux over a ten-year period (see Eq. 10) in terms of monthly pertur-ineralizes organic matter too slowly in this location. In addi-
bation of(a) nitrate units in Pg C/(mol N m?), (b) phosphate Pg  tion, the model does not explicitly include flagellates, which
C/(mol P nr2), and(c) iron Pg C/(mmol Fe rﬁz) Negative values  may also contribute to the misfit. In the North Atlantic, flag-
indicate that an increase in the_ nutrient W|I_I increase the upta_tke ofg|lates are known to be an important short-lived phytoplank-
CO;, from the atmosphere. Positive values indicate the opposite. 4, component during summer, which help transfer carbon
to higher trophic levels via DIC uptake (Richardson et al.,
2000; Schrum et al., in press). The ocean p@Bservations
also indicate that the sea-air @@ux is substantial only dur-
We further decomposed seasonal variability of surface DICING summer and fall when the water is more stratified, which
into different biophysical components. The change in sim-iS consistent with the model. The model's average biolog-
ulated DIC is separated into sources and sinks from transically driven carbon uptake in the North Atlantic is 34g C
port (advection and diffusion), biological activity, fresh wa- M “Yr =

3.2 Seasonal variability of DIC

q and Southern Ocean are comparable to changes in the high-
dapic ~ Jadd+ Jbio + Jiw + Jrco2+ Jeon (11) latitude North Atlantic. In the sgbargtic Norfth. Papific, the av-
dt erage net carbon loss due to biological activity is 34 g&m

Figure 3 shows the annual cycle of each component inyr—1. However, observations have indicated that biological
Eq. (11) for different ocean regions. In general, the freshuptake in this region varies greatly from 23 to 64g C%m
water flux and the sea-to-air G&lux components have only yr—! due to high physical variability between the western
minor contributions to the overall DIC variability. In almost and eastern gyres (Chierici et al., 2006). Relatively stronger
all regions, the biology term has stronger seasonal ampliuptake by biological activity is simulated in the Southern
tude than the other terms. The biological productivity dur- Ocean, 49g C m? yr—1. Overall, the biological uptake of
ing spring and summer periods reduces the surface DIC conBIC per n? is largest in the Southern Ocean, subtropical
centration. During winter periods in both hemispheres, thesouth Indian Ocean, and high-latitude North Atlantic Ocean.
strong convective mixing contributes to the strong outgassingMlaximum uptake reaches nearly 225g C%ryr~1 in the

of ocean CQ, whereas during summer the surface layers arespring period of each hemisphere.
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3.3 Sensitivity of sea-to-air C{flux to nutrients simulated circulation, which is a common problem in most
coarse-resolution model (McKinley et al., 2006).
The sensitivities of the sea-to-air G@ux to perturbations of
nitrate, phosphate, and iron are shown in Fig. 4. The globaB.4 Sensitivity of sea-to-air C&flux to ecosystem param-
sea-to-air CQflux is highly sensitive to nitrate perturbations eters
in the northeast Indian, the northeast Pacific, and the eastern
equatorial Pacific Oceans. There is moderate sensitivity inT0 assess how modelled plankton activity affects simulated
the Southern Ocean and low sensitivity for the other regionsSea-to-air C@ exchange, its regional sensitivity to ecosys-
Ocean carbon uptake is most sensitive toward phosphate agem parameters are estimated using the adjoint model. Ear-
dition in the equatorial and subtropical regions. The highestier regional and global adjoint sensitivity studies (e.g. Zhao
sensitivities are found just off the coast of northwest Africa €t al., 2005; Tjiputra et al., 2007) indicated that maxi-
followed by the west coast of Mexico, the western equato-mum phytoplankton growth, phytoplankton exudation, zoo-
rial Pacific Ocean, and the Indian Ocean. The sensitivityPlankton grazing, and zooplankton excretion are all sen-
map shows that monthly addition of one mol of phosphatesitive ecosystem parameters. Thus we analyzed the sen-
per n? over a model grid in the coast for northwest Africa Sitivity of the sea-to-air C@ flux to these control vari-
(i.e., 10-20° N, 2.5x10°Pkm?) over a period of ten years ables. All the control parameters are normalized to be ra-
would result in approximately 36 Pg of atmospheric carbontios between the a posteriori and the a priori control param-
uptake (i.e., 1.510%ton C/ton PQ montirl). To put this  eters (i.ea,=(a2P%"o2P""  Giering, 1989). The ad-
into context, this phosphate addition would require approx-joint model is applied to calculateJ/rcoz/day(, j), where
imately 3.6 times the total world production of phosphorus nrepresents the parameter type domain. Generally, the global
fertilizer in 2007 (0.387 Pg 405, FAO, 2008). The sensitiv- sea-to-air CQ flux is sensitive to these ecosystem parame-
ity maps show that the carbon uptakes have low sensitivityters in regions having large annual productivity, including the
toward phosphate in the high latitude. equatorial Pacific, the North Pacific western gyre, the North
The sensitivity of the sea-to-air G@ux toward regional  Atlantic, and the Southern Ocean.
iron fertilization indicates a remarkable response in the east- For the phytoplankton growth rate parameterirf Eq. 3),
ern equatorial Pacific, western North Pacific, and the Souththe carbon uptake is most sensitive in the equatorial Pacific,
ern Ocean. There is generally low sensitivity throughoutNorth Pacific, and North Atlantic (Fig. 5a). Continuous up-
the other ocean regions. These iron sensitivity results genwelling and strong convective mixing in these regions supply
erally compliment previous studies (de Baar et al., 1995;the essential nutrients to fuel phytoplankton growth. There-
Gnanadesikan et al., 2003; Zeebe and Archer, 2005; Aumorfore, increasing growth rate increases photosynthesis, which
and Bopp, 2006; Parekh et al., 2006). In a model grid inreduces the surface DIC concentration. In the subtropical
the eastern equatorial Pacific (i.ex B0° km?), the sensitiv-  Pacific and subtropical Atlantic regions, there are positive
ity results indicated an uptake of approximately 0.24 Pg Csensitivities of the sea-to-air GQlux to increases in phyto-
could result from monthly fertilization of one mmol Fe per plankton growth rate. In these oligotrophic regions, a higher
m2within ten years period (approximately x40*ton C/ton  phytoplankton growth rate will initially increase the produc-
Fe monthrl). In the Southern Ocean, the patchy sensitivity tivity and uptake of atmospheric carbon, but over longer pe-
regions are due to regional differences in timing and strengthriods (5 years), the phosphate will be depleted because there
of convective mixing. A recent study by Dutkiewicz et al. would be less supply of new nutrients from below the eu-
(2006) applied similar approach in determining the sensitiv-photic zone. Subsequently, this condition leads to reduction
ity of global sea-to-air flux to bioavailable iron with a simpli- in the overall biological productivity, and hence an increase
fied carbon cycle model without ecosystem dynamics. Ourin ocean outgassing.
study generally reproduced the regional sensitivity of their The exudation rate parameter controls the dissolved or-
study. However, Dutkiewicz et al. (2006) find a stronger sen-ganic carbon released by phytoplankton respiration. In most
sitivity of the global sea-to-air C&Oflux to iron in the equa- regions with a continuous supply of nutrients from below
torial Pacific, probably because of their lower simulated ironthe euphotic zone, the increase in the exudation rate leads
concentration in the equatorial Pacific Ocean. The lower ironto reduction in the phytoplankton concentration and biolog-
concentration in their model may also be related to their ironical production rate, both of which would increase the sur-
input function, which account only for dust deposition, but face pCQ and ocean C® outgassing. However, in the
not the sedimentary source (Aumont and Bopp, 2006). Ob-oligotrophic regions (e.g., the subtropical North Pacific and
servations of dissolved iron are sparsely distributed, makingsubtropical South Pacific), an increase in exudation rate in-
the model validation difficult (Parekh et al., 2005). In ad- creases the dissolved organic carbon (DOC) concentration at
dition, in the northeast subarctic Pacific Ocean, our adjointthe surface. Therefore, over longer time scales, it will en-
model shows little sensitivity of carbon uptake to iron fertil- hance regenerated nutrients, which increases photosynthesis
ization, whereas observation indicates otherwise (e.g. Boy&nd carbon uptake. Figure 5b shows that over the ten-year
et al., 1998). This discrepancy may be due to the unrealistiperiod, increasing phytoplankton exudation rate increases
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site (Carpenter et al., 2001). In this study, we show that in

00 regions where the sea-to-air @@ux is controlled by the
-0.005 biological component, the surface carbon fluxes are sensi-
s tive to the grazing parametgr(Eq. 2). Figure 5c illustrates
0020 that in regions with strong upwelling and convective mix-
ggzg ing, reducing the grazing rate would substantially increase
L0050 the uptake of atmospheric GOThe results agree with pre-
-0.060 vious sensitivity studies with one-dimensional forward mod-

els (Chai et al., 2002; Dugdale et al., 2002), which indicated

95W
‘ that in the equatorial Pacific the sea-to-air £fldx and sur-

35W

25E 85 145 155W

0020 face pCQ are sensitive to grazing parameters. Furthermore,
0015 the simulated sea-to-air GAluxes in the North Pacific and
0.010 .. . .

0.005 Southern Ocean also respond to variations in the grazing pa-
0.0 rameter. In these regions, reduced grazing increases phyto-

plankton biomass in the euphotic zone, thus increasing nu-

8812 trient and DIC uptake by photosynthesis. Figure 5c also
N shows strong sensitivity toward the grazing parameter at the
145E  155W  95W  35W  25W Bermuda Atlantic Time-series Study (BATS) site, because
N90' ; ‘ ‘ . ‘ — 1 0.060 the grazer community consumes most of the production at
‘ 0.050 this location, which is consistent with in situ measurements
88‘3‘8 from Lessard and Murrell (1998).
0025 Figure 5d shows that the regional sensitivity of carbon up-
ggi} take to zooplankton excretion parameters is nearly identical
0010 to that for grazing parameters, but with opposite signs. The
0.005 excretion rate parameter mainly controls the dissolved or-
S ‘ N ganic carbon released by zooplankton. Hence, it controls
85E  145E  155W  95W 35W  25W the balance between new and regenerated nutrients, which
N N " affect the biogeochemical cycle and carbon sequestration in
-0.005 the ecosystem. Contrary to the grazing rate parameter, a re-
oy duction in the excretion rate increases the zooplankton mass
-0.020 and hence increases the zooplankton grazing pressure. Con-
By sequently, the rate of photosynthesis and DIC uptake would
-0.040 be reduced. In addition, the concentration of DOC is reduced
K 8828 when the excretion rate is small, reducing the amount of or-
]l ‘ ‘ ‘ ‘ ‘ 1 ' ganic matter that is immediately recycled into nutrients in
25E  85E  145E  IS5W  95W  35W 25W the euphotic zone. In the oligotrophic subtropical regions,

. . o . . Popova et al. (2006) demonstrated that the zooplankton ex-
Fig. 5. Regional sensitivity map of the global sea-to-air£iDix in cretion rate regulates primary production by supplying regen-
terms of(a) phytoplankton maximum growth rath) phytoplank- o010 ytrients, especially when zooplankton concentration

tpn exudation(c) ;ooplankton grazing, and (d) ;ooplankton EXCTe- g high. However, the adjoint model indicates that the global
tion parameters integrated over ten years period. Negative values

indicate that an increase in the parameter will increase uptake Of:arboln uptake has little or no sensitivity to gxcretlon param-
CO, from the atmosphere. Units are in Pg C. eters in this region, perhaps due to the relatively low regional

zooplankton biomass throughout the year simulated by the
model.

carbon uptake in the subtropical, oligotrophic regions, but
decreases carbon uptake in the equatorial Pacific, Northwest piscussion
Pacific, North Atlantic, and the Southern Ocean.

Both in the ocean and lake ecosystems, zooplankton plajany studies (e.g. Maier-Reimer et al., 1996, Sarmiento et
an important role in controlling nutrient uptake (i.e. primary al., 1998; Cox et al., 2000; Fung et al., 2005; Leé@u
production) by phytoplankton (Moore et al., 2002; Pasquer etet al., 2005; Winguth et al., 2005; Friedlingstein et al.,
al., 2005; Schindler et al., 1997; Smetacek, 2001). For exam2006; Hood et al., 2006) have indicated that future climate
ple, in situ observations have shown that lakes with low zoo-change would influence the marine biological pump and
plankton biomass tend to take up atmospherigGfhereas  ecosystem dynamics. However, the current understanding
lakes with high zooplankton biomass tend to do the oppo-on how the marine biological community would respond and
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feedback on climate change is poorly constrained. Denmatayer depth) and increased temperature. In these regions, our
and Pena (2002) estimated an increase in planktonic physiadjoint sensitivity experiments indicate that an increase in
ological rates (e.g. phytoplankton growth, zooplankton graz-only the phytoplankton growth rate would increase the up-
ing, and mortality rate) due to warming. However, the mag-take of atmospheric C£) especially in the equatorial and
nitude, extent, and duration of these consequences remaimorthwestern Pacific Ocean. On the other hand, shoaling of
open questions and changes would likely vary regionally. Forthe MLD would decrease upwelling of nutrients (Cox et al.,
example, Wrona et al. (2006) projected that, in the Arctic 2000; Fung et al., 2005), which could compensate for this
region, permafrost thawing would increase the marine nu-enhanced carbon uptake. Despite the strong upwelling and
trient and carbon delivery to the ocean and could alter themixing in the Southern Ocean, the carbon uptake simulated
transformation and partitioning of carbon by marine ecosys-by the model is not sensitive to the phytoplankton growth
tem within this region. In high-latitude regions, Bopp et rate. This is likely due to the extremely low dissolved iron
al. (2001) demonstrated that phytoplankton growing seasomoncentration (i.e. approximately 0.1 nmotY) simulated
and export production increase in response to future climatdy the model in this location. The phytoplankton growth
change. To further assess how these processes may affect thermulation in the model also depends on the dissolved iron
feedback processes in the global carbon cycle, it is valuableoncentration as shown in Eq. (3). Therefore, low concentra-
to understand how the sea-to-air carbon flux would respondions of dissolved iron yield a lower phytoplankton growth
to changes in marine plankton dynamics. rate and thus lower biological carbon uptake than in other
In the subtropical North Atlantic gyre, the sensitivity anal- regions where iron is not limiting.
ysis of sea-to-air C®fluxes to changes in phosphate and The sensitivity map of sea-to-air GCflux to ecosys-
nitrate concentration shows that the carbon uptake is moréem parameters indicates that in the high-nutrient, low-
sensitive to perturbations of phosphate than those of nitratechlorophyll (HNLC) regions, such as the equatorial Pacific,
This greater response to changes in simulated phosphate céime subarctic North Pacific, and the Southern Ocean, car-
be linked to a phosphate-depleted environment, which is inbon uptake is sensitive to zooplankton grazing and excre-
duced by high phytoplankton growth stimulated by nitrogention parameters. The sensitivity of zooplankton grazing in
fixation (i.e. by cyanobacteria). In contrast, marine ecosysthese locations confirms earlier sensitivity studies with one-
tem models without nitrogen fixers indicate that the global dimensional forward models (Chai et al., 2002; Dugdale et
ocean is most likely to be nitrogen-limited with NP6 al., 2002) as well as observation in the equatorial Pacific
(Moore et al., 2004). Nitrogen fixation is particularly impor- Ocean (Landry et al., 2003; Price et al., 1994). In addition,
tant to maintain biological productivity when the N:P ratio our simulated sea-to-air GCllux in the North Pacific and
becomes too low (Tyrell, 1999). Most of the nitrogen fixa- Southern Ocean also responds to variations in the grazing pa-
tion by cyanobateria simulated by the model occurs in warmrameter, consistent with the available observations (Landry
(tropics and subtropics), and nitrate-depleted regions, suclket al., 2002; Saito et al., 2005). In these regions, an in-
as the Indian Ocean, subtropical North Pacific, subtropicakrease in the grazing rate suppresses phytoplankton mass in
North Atlantic, and subtropical South Pacific. These fea-the euphotic zone, thereby reducing nutrient and DIC up-
tures are consistent with observations and other model studake by photosynthesis. Druon and Le Fevre (1999) demon-
ies (Karl et al., 1997; Hoffmann, 1999; Wu et al., 2000; Boyd strated that increasing the zooplankton excretion rate in a
and Doney, 2002; Moore et al., 2004). Thus substantial ni-one-dimensional, coupled physical-biological model could
trogen fixation reduces phosphate concentration in the abovenhance the primary productivity in the North Atlantic. Since
regions, resulting in phosphate limitation (Figure 4b). Thethe zooplankton excretion rate regulates the zooplankton
high sensitivity in the North Atlantic is also attributed to its biomass, it would also help control the grazing pressure,
high dust input of iron, which allows more efficient macronu- hence biological production, over a longer period. Moreover,
trient uptake for phytoplankton growth (Berman-Frank et al., the excretion parameter regulates the flux of DOC that can
2001). be recycled into nutrients in the euphotic zone. For example,
The simulated regional sensitivity of atmospheric carbonstudy by Sarma et al. (2003) demonstrated that zooplankton
uptake to changes in physiological rate indicates that therexcretion is central in sustaining the high surface organic car-
are substantial regional variations. Uptake of atmospheridon demand, which cannot be met from supplies through cir-
CO, by biological activity is most sensitive to changes in culation in certain regions, such as the Arabian and Indian
the physiological rate in regions with a continuous supply Sea. Our sensitivity simulations show that an increase in
of nutrients from upwelling and convective mixing. In the zooplankton excretion rate reduces zooplankton concentra-
model, these regions include the equatorial Pacific, westtion (and therefore grazing pressure) and increases the flux of
ern North Pacific, North Atlantic, and the Southern Ocean.regenerated nutrients, both of which lead to increase in pri-
In the high latitudes, studies by Bopp et al. (2001), Den-mary production and carbon uptake in the equatorial Pacific,
man and Pena (2002), and Le && et al. (2005) simulated northwest Pacific, North Atlantic, Indian, and the Southern
an increase in phytoplankton growth rate in the future dueOcean.
to increased light availability (from shoaling of the mixed
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Despite the effectiveness of using an adjoint model to esability. In equatorial upwelling regions, primary production
timate the regional sensitivity, the variability of the sensitiv- is fueled by a continuous supply of upwelled nutrients, which
ity results are model-specific. Thus similar experiments withdecreases DIC concentrations in the surface layer. However,
different models may yield different solutions. For example, this nutrient-upwelling effect is compensated by simultane-
the adjoint sensitivity also depends on the initial values ofous upwelling of colder, DIC-rich water. In the subtrop-
most of the control parameters (e.g., parameters listed on Tdes, convective mixing during winter increases surface DIC.
ble 1) in the model, which generally varies from one model Later, during spring and summer, the strong uptake o CO
to another. These parameters are determined based on obsby biological activity controls most of the surface DIC vari-
vations and laboratory studies (e.g. Eppley, 1972; Amon andhbility. In the high latitudes, the seasonal amplitude of sur-
Benner, 1994), which do not necessarily represent the globaice DIC concentration is mostly determined by biological
marine ecosystem. Optimization techniques, such as the 4activity. Our decomposition analysis confirms previous stud-
DVAR method can provide more insight on how to better ies that the uptake of atmospheric £© sensitive to biolog-
constrain these parameters (Zhao et al., 2005; Tjiputra et alical processes in the high latitudes, e.g., in the North Pacific
2007). Moreover, other studies, such as Bopp et al. (2001jMcKinley et al., 2006), Southern Ocean (Metzl et al., 1999)
and Doney et al. (2004) demonstrate that physical properand in the nutrient-rich low latitudes, i.e., the equatorial Pa-
ties (e.g. surface forcing, convective mixing parameteriza-cific (Chai et al, 2002).
tion, vertical and horizontal resolutions) of biogeochemical This study, applying the adjoint model, also presents the
models can greatly alter carbon cycle model predictions. Furfirst comprehensive maps for the sensitivity of the global sea-
thermore, the current model used here does not consider irto-air CQ, flux to regional perturbations in nutrients and ma-
terannual variability in physical forcing. The parameteriza- rine ecosystem model parameters. In regions where nutrients
tion of the physical processes as well as model resolutiorare the limiting factor, nutrient addition increases carbon fix-
both still require improvement. Given the dependency of theation and will increase the uptake of atmosphericCow-
results of sensitivity analysis to the forward model, it would ever, this study shows that the amplitude of the outcome de-
be valuable to conduct a similar adjoint sensitivity study with pends on the structure within the regional ecosystem. For ex-
different carbon cycle models having different ecosystem paample, in the equatorial Atlantic, the adjoint sensitivity maps
rameterizations and physical flow fields. illustrate that phosphate is an essential limiting factor be-

cause there is sufficient light, temperature, and iron as needed
for phytoplankton growth. In addition, phosphate is highly

5 Conclusions depleted in these regions because nitrogen requirements are
met by nitrogen fixation of cyanobacteria.
In this study, the spatial variability of surface peg@ue The global sea-to-air COflux is sensitive to changes in

to changes in SST, DIC, alkalinity, and salinity were es- ecosystem parameters in regions with high annual-mean pro-
timated using an intermediate complexity, adjoint, global- ductivity, including the equatorial Pacific, the western part
scale, ocean carbon cycle model. In addition, we studiedbf North Pacific gyre, the North Atlantic, and the Southern
the biophysical factors that control regional DIC variability. Ocean. In all these regions, the sensitivity maps reveal high
Whereas other studies have focused on interannual variabikensitivities to changes in zooplankton dynamics, specifi-
ity (Le Quéré et al., 2005; Wetzel et al., 2005), we have fo- cally grazing and excretion parameters. An increase in zoo-
cused on the annual cycle. The formulation of surface pCO plankton grazing would reduce the phytoplankton concen-
and DIC variability in our model were decomposed into dif- tration and reduce DIC uptake because there would then be
ferent physical and biological components. The variability fewer phytoplankton to perform photosynthesis. In contrast,
of surface alkalinity and salinity at the surface has little in- increasing zooplankton excretion rate would reduce zoo-
fluence on the overall variability of seawater p£Qn the  plankton abundance and increase DOC concentration, both
equatorial regions, the SST variability is the main factor con-of which facilitate phytoplankton growth and enhance the
trolling the pCQ variability. In the subtropical regions, the upward flux of remineralized nutrient. Both changes also
seasonal variability of surface pG@s also dominated by help maintain a longer phytoplankton growth period. Our ad-
SST variation, especially during the summer and fall seasongoint sensitivity study suggests that increases phytoplankton
In the subpolar regions, it is the seasonal variability of sur-growth rate increases the carbon uptake in the equatorial and
face DIC that regulates most of pG@nnual cycle. Thesere- northwest Pacific. In the oligotrophic regions (e.g., subtrop-
sults confirm previous observational (Takahashi et al., 2002jcal North and South Pacific), an increase in the exudation
Watson and Orr, 2003), and modeling studies (McKinley etrate increases the dissolved organic carbon (DOC) surface
al., 2004; Pasquer et al., 2005; Wetzel et al., 2005), but theyoncentrations. Therefore, over longer time scales, increased
are derived from an independent adjoint modeling approachexudation would enhance regenerated nutrients, which would
The decomposition of DIC variability simulated by the increase photosynthesis and carbon uptake.
model has helped identify the biological and physical pro- Nevertheless, it is unlikely that a climate-associated
cesses that are the dominant controls of surface DIC varichange in one parameter does not affect or feedback on
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other ecosystem processes or parameters. For example,tial implications: A global model study, Geophys. Res. Let., 32,
Bopp et al. (2005) demonstrated that the diatom growing L19606, doi:10.1029/2005GL023653, 2005.

season in the high latitudes could potentially increase withBoyd, P. W., Wong, C. S., Merrill, J., Whitney, F., Snow, J., Harri-
global warming. Furthermore, increases in the stratifica- SON. P.J., and Gower, J.: Atmospheric iron supply and enhanced
tion from climate change may also lead to the broadening of vertical carbon flux in the NE subarctic Pacific: Is there a con-

. . - . o _nection?, Global Biogeochem. Cy., 12, 429-441, 1998.
oligotrophic areas, which could increase smaller-sized phy Boyd, P. W. and Doney, S. C.: Modeliing regional response by ma-

toplankton stock and reduce POC sinking speed, thus the rine pelagic ecosystems to global climate change, Geophys. Res.

overall biological pump and carbon uptake. On the other Let., 29(16), 53-1-53-4, doi:10.1029/2001GL014130, 2002.
hand, short-term manipulative experiments by Riebesell ecarpenter, S. R., Cole, J. J., Hodgson, J. R., Kitchell, J. F., Pace,

al. (2007) suggest that phytoplankton carbon uptake may in- . L., Bade, D., Cottingham, K. L., Essington, T. E., Houser, J.
crease with rising oceanic GQroncentration, thereby re- N., and Schindler, D. E.: Trophic Cascades, Nutrients, and Lake
sulting in higher organic carbon export. For the sensitivity  Productivity: Whole-Lake Experiments, Ecological Monograph,
of carbon uptake to regional nutrient addition, Aumont and 71, 163-186, 2001.

Bopp (2006) demonstrated that local iron fertilization could Chai, F., Dugdale, R. C., Peng, T. -H., Wilkerson, F. P., and Bar-
alter the surface ecosystem dynamics and deep ocean biogeo-Per. R. T.: One-dimensional ecosystem model of the equatorial

chemical tracer distribution, far from the fertilization sites. Pacific upwelling system. Part I: model development and silicon
and nitrogen cycle, Deep-Sea Res. Il, 49, 2713-2745, 2002.
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