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Abstract. The seasonal variability of the partial pressure to suggest that the ocean and the atmosphere entirely share
of CO, (pCOy) has been investigated in the North Sea, athe storage of the anthropogenic &Qvhile the terrestrial
northwest European shelf sea. Based on a seasonal and hiiosphere seems to play a neutral role (Thomas et al., 2001;
spatial resolution data set the main controlling factors — bio-Sabine et al., 2004). Sabine et al. (2004) relied their ob-
logical processes and temperature - have been identified argkrvational approach on a global data set, obtained in the
quantified. In the central and northern parts being -CO framework of large national and international research efforts
sink all year round, the biological control dominates the tem-during the past decade such as the World Ocean Circulation
perature control. In the southern part, the temperature conExperiment (WOCE) or the Joint Global Ocean Flux Study
trol dominates the biological control at an annual scale, sincdJGOFS). Complementarily to this refinement of the open
the shallow water column prevents stronger net@noval  ocean assessment intense research campaigns have been ini-
from the surface layer due to the absence of seasonal stratiated during the last years in the coastal oceans, of which
ification. The consequence is a reversal of the,(3®a-  carbon cycle was investigated only barely before. Carbon
to-air flux during the spring bloom period, the only time, fluxes have been investigated in several coastal regions (Liu
when CQ is taken up from the atmosphere in the south- et al., 2000a, b; Chen et al., 2003). In order to achieve an
ern region. Net community production in the mixed layer integrative global assessment, the available information yet
has been estimated to 4 mol CAyr—! with higher values  appears to be too sparse and more site studies are required
(4.3molCnT2yr~1 in the northern part and lower values (Borges, 2005; Borges et al., 2005).

in the southern part (2.6 mol CrAyr—1).
Coastal and marginal seas host a disproportionately large

fraction of ocean productivity, in part fueled by terrestrial,
anthropogenic or oceanic nutrient inputs. Coastal seas con-
stitute the major link between the terrestrial and the open

During the recent years many research efforts have been d&S€an environments and buffer terrestrial impacts before af-

voted to the understanding and quantification of the ocea ecting tE.e hoc(;aa?lic syséems. The highl biological dactivity
carbon cycle, which plays a key role in the global carbon cy-CaESes '% th Dfluxes between CO‘?.StaI oc;ean ag_ atmot-h
cle and thus in controlling climate on earth (IPCC, 2001). spnere and the open ocean, respectively. Depending on the

The world ocean and the atmosphere have been identifieEp_/qmdynamiC and topog_raphi_c conditions the b?ologically
as the major sinks for anthropogenic £Qvhile the role Initiated CQ-drawdown might finally supply theontinental

of the terrestrial biosphere remains uncertain (IPCC, 2001,5’:“5’If pu;np(ngnqgsu (tert1 al., 1999),a mech?qltsm tl;?r}Sfeng
Sarmiento and Gruber, 2002). Part of this uncertainty can bé& n:ozpllerlc f@'n Ot | € open Ic:)cean eXp IOI I?I'? 10 oglca tal
attributed to the uncertainty in the assessment of the oceaff'€'alolism of coastal seas. For example, the continenta

: - - helf pump seems to be very efficient in the East China
sink for anthropogenic C® Recent studies however seem >
Pog 3 Sea (Tsunogai et al., 1999) or the North Sea (Thomas et

Correspondence tad. Thomas al., 2004), while in the Baltic Sea it works less efficiently
(helmuth.thomas@dal.ca) (Thomas et al., 2003, 2005).

1 Introduction
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The North Sea has been subject to intense investigationstration, respectively. The DIC measurements were cali-
for the last decades and the foundation for carbon cycle inbrated against certified reference material provided by Prof.
vestigations here was probably laid in the late 1980s by aDickson, Scripps Institution of Oceanography, La Jolla, CA,
basin-wide study (Pegler and Kempe, 1988; Kempe and PeUSA. The uncertainty of the DIC is 1-+2molkg~. The un-
gler, 1991). A variety of rather regional or local studies certainty of Ar was determined to 2-8mol kg1,
have been conducted in the following years (e.g. Bakker et
al., 1996; Frankignoulle et al., 1996; Borges and Frankig-2.2 Calculations
noulle, 1999, 2002, 2003; Frankignoulle and Borges, 2001) ) .
most notably providing insight in near shore carbon ang CO 2-2-1  Temperature vs. biological control
fluxes. Recently a basin-wide field study has been carried oufn order to identify and quantify the main factors control-
focusing on the understanding and quantification of internallmg the variability of pCQ in the North Sea, we applied
and cross-boundary carbon (and related nutrient) fluxes i '
the North S(_ea. F.'rSt |nvest|gat|ons palanced thgz(a@ which assumes the pGQo be controlled solely by temper-
sea fluxes, investigated the functioning of tbentinental iological COdrawdown. Other processes gov-
shelf pumpat a seasonal scale (Thomas et al., 2004; Bozegture and bio ogmi h n. et pi gd
et al., 2005a) or reported on an initial 1-box carbon budget,ernlng to pCQ such as changes inrAriverine inputs, sed-

(Thomas et al., 2005). The North Sea has been shown to a%ngzn;/;/;ztgr I(;?:Itlcja r(rjn; |nttheigacrt;ocréglrj]ge t:r? da;rr:Z?tr(iet;(uctg?ﬂgﬁe?f
as a sink for atmospheric GOmost of which is exported g y P

: ) ntl he biological signal. Accordingly, the temperatur
to the North Atlantic Ocean. In detail, the smaller southern® tly to the bio ogical signal. Acco dingly, the temperature
5 1 and biological signals can be unraveled using the observed
part releases C£xo the atmosphere{0.2 mol C n<yr™-), .
. 2 71 pCQO; and temperature data. In brief, the temperature effect
while the northern areas absorb £€Q.7 molC nT<yr—). L
. . . . can be removed by normalizing all pG@ata to an average
Here, we investigate the variability of the partial pres-

) ; ) . temperature for all seasons:
sure of CQ (pCQy) in detail, which governs the GLair- P u
sea fluxes. Temperature effects will be unraveled from thepCOy at TeamrPCO at Topsk €X0.0423 Tnear— Tobs) ], (1)

biological processes controlling the pg@pplying the ap- .
proagh prcF))posed by Takahasﬁi et :EI. (2%%;).9The c%nsewhere TmeanS the mean annual temperature angsTs the

quences for the seasonal variability of the Cr-sea fluxes in-situ temperature at the time and location of the observa-

are discussed. Finally, an estimate of the corresponding biot-'on' The remaining variability of the pGQis then con-

logical CO, draw-down, which is a measure for net commu- :rolled b¥ the vgnatllons Ot]; Dliﬁssg?mg atﬁonstam Ahe |
nity production (NCP), will be provided. emperature signal can be obtained from the average annual

pCQ, and the difference betweerygs and Tmean

"the calculation scheme proposed by Takahashi et al. (2002),

pCQO; at Tops=annual mean pC& exp0.0423Tops— Tmean -
2 Material and methods 2)

2.1 Data The changes in the pGQelated to biological ApCO;, bio)

and to temperatureApCQ;, temp) effects, respectively, fol-
The data have been obtained during 4 cruises in the Northow then as:
Sea covering all seasons in a consecutive order (18.8.2001—
13.9.2001, 6.11.2001-29.11.2001, 11.2.2002-5.3.2002 anftPC®2 bio=(PCO; at Tmeanmax—(PCO2 at Tmeanmin, (3)
§.5.2002—26.5.2002). The pG®as been determined con- APCOy, temp=(PCO, at Topdmax—(PCO2 at Topdmin,  (4)
tinuously in one-minute intervals from the surface waters
using a continuous flow system as described liytkinger  with the subscripts “max” and “min” indicating the annual
et al. (1996). The water was pumped from approximatelymaximum and minimum values.
3m below the sea surface at a rate of 60Lmin The In order to compare the magnitude of both temperature (T)
main water flow through the equilibrator was 2-3Lmin  and biological effects (B) either the ratio or the difference of
and the difference between in-situ and equilibrator temperthe expressionapCQ,, hic andApCO;, temp Can be applied:
ature was typically less than 0G. The atmospheric pCO
has been determined every 2 h and the system was calibrated B~ (APCQ2. temp)—(APCOy bio) (5a)
against standards provided by the National Oceanic and Att /p— )
mospheric Administration (NOAA). Temperature and salin- T/B=(APCQ,. temp)/(APCO,. bio) (5b)
ity have been determined continuously from the surface wain areas with high seasonal variability of the biological ac-
ter in one-minute intervals. From 97 stations per cruise, distivity the ratio (T/B) would be less than 1 or the difference
solved inorganic carbon (DIC) and total alkalinity(phave  (T-B) negative. In regions with weaker or annually rather
been determined using the coulometric method according t@onstant biology, the (T/B) ratio would be larger than one or
Johnson et al. (1993) and a Gran potentiometric open celthe difference positive, respectively.

Biogeosciences, 2, 32334, 2005 www.biogeosciences.net/bg/2/323/



H. Thomas et al.

1 pC®in the North Sea

400

pCO, [patm]

200

0 5

10 15
Temperature [°C]

20

2400

2300 H

pumol kg™']

& 2200

2100

1900

2000 2100
DIC [umol kg™']

2200

Ar [umol k']

DIC [pmol kg™']

2400

2300

2200

2100

2200

2100

2000

1900

A

¥ *=Feb|
4+ s« =May
- =Aug.
b) e = Nov.
200 300 400
pCO, [patm]

200 300

pCO, [patm]

400

325

Fig. 1. Seasonal variability of the relationship between different surface water propéajipartial pressure of CQ(pC0O,) vs. Temperature.

(b) Total alkalinity (At) vs. pCQ. (c) At vs. dissolved inorganic carbon (DIQx) DIC vs. pCGQ. The green stars indicate February
(winter) data, the purple triangles May (spring) data, the black crosses the August (summer) data and the blue circle November (autumn)
data, respectively. See inset in (b). The colors apply also to a) with the lighter colors indicating data soGtN einB4the darker colors

data north of 54N, respectively. All data have been projected onto the same grid.

2.2.2 Biological DIC uptake (net community production)

www.biogeosciences.net/bg/2/323/

tekkot, 2001; Thomas et al., 2001). This procedure, origi-
nally proposed for the determination of anthropogenic,CO
The aboveApCO;, bio can be employed for the determination in the water column, is applied for the present purposes to ob-
of the biological DIC uptake, i.e., the Net Community Pro- tain the biological DIC drawdownDICyo) as a function of
duction (NCP). Recently a procedure has been implementedpCQO; po, salinity (S) and temperature (T, itC):
to calculate any change in DIC as a function of a change
in the pCQ and temperature and salinity (Thomas and It- ADICpjp=—1996+ 0.89% § + 0.42% T + 0.6 * (ApCQy, pio + 276.8)

Biogeosciences, 2,33232005
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5 10 15 20 much more severe seasonal variations than @learly, the
maximum DIC draw-down is observed in summer, this in
contrast to pC@ that shows minimal values during spring
(Fig. 1a, d). The most pronounced seasonal and also regional
signals can be observed in the p£dstributions with high-
est values during summer in the southern region (Fig. 1a, d)
L 400 and lowest values in May throughout the North Sea. During
all seasons the southern region shows higher pGflues
than the northern and central parts, and in summer opposing
directions of the C@air-sea flux are observed.

500 - 500

400

- 300

pCOz, Tmean [Uatm]

3.2 Biological versus temperature controls

In order to give a brief overview, on how the method works,
we compare the pCfvalues observed at the mean temper-
ature with the values corrected to the mean temperature. In
5 10 15 20 Fig. 2 the average pGQO(339u atm) observed at the mean
temperature (11.0%) is shown as well as the observed max-
imum (387x atm) and minimum (232 atm) at that temper-
ature. The deviation from the average here can be seen as the
variability of the biological effects on the pGGt (uncor-

200 - 200

observed Temperature [°C]

Fig. 2. pCO;, values normalized to the average temperature of all

observations (11.0%) shown as function of their observational ted t t b fi Appl th
temperature. The lines indicate the observational, i.e., not nor- rected) mean temperature observations. Applying the cor-

malized pCQ values at that temperature. The bold line shows rection according to (1) to all data then provides the variabil-

the averaged observed pe®@r the temperature range 11.045- ity of the biological effects for all seasons. Obviously the
11.055C, with the dotted lines showing the corresponding maxi- autumn and notably the winter data show an increase of the

mum and minimum values of that range, respectively. The remainpCCO, because of DIC release to the water column by rem-

ing variability is attributed to biological changes. ineralization processes, while the spring and summer values
show decreased pGQ@alues as a consequence of biological
DIC uptake, i.e., production of organic matter. The max-
imum values up to 330 atm of the biologically induced

For the calculations, an average salinity of 34 was assumecfcoZ changes 4pCO0;, bio), which reflects the net signal

In order to assess the corresponding NCP, an average de
of the mixed layer of 30 m was assumetipCQy, pjo is ob-
tained as the difference between the maximum and minimum
pCQ; at the annual mean temperature (3). The correspondm&
ADICyjo (6) allows us to compute NCP during the productive
period February to August.

om production and respiration processes, are observed in
e northern and central parts of the North Sea (Fig. 3a).

Weaker effects oApCO;, pio are observed in the southern
art. The shallow (Fig. 3c), well mixed water column does
ot allow the spatial separation of organic carbon production
in the surface waters from the degradation of organic carbon
in the bottom waters that occurs in the stratified northern and
central regions. The net biological signal is stronger in the

3 Results northern region than in the southern region. The North-Sea-
wide average biological Cdraw-down ApCQy, pio) iS ap-
3.1 Surface properties proximately 16Q: atm indicating the North Sea as a highly

productive area. This value is within the range observed in
The surface water properties of the North Sea (Fig. 1) duringopen oceanic waters from b0atm in the oligotrophic ar-
winter show a relatively homogenous behavior. The pCO eas of the subtropics and tropics to 28atm in the highly
versus temperature relationship (Fig. 1a) reveals pC- productive upwelling regions of the Eastern equatorial Pa-
ues between 360 atm and 40w atm throughout the entire  cific (Takahashi et al., 2002). Temperature (Fig. 3b) shows a
North Sea. The temperatures range betwedh &d 10C stronger control on pC®in the southern and coastal, i.e.,
with slightly higher temperatures in the southern region of shallower regions. The shallow water column warms up
the North Sea. A (Fig. 1b, c) shows homogenous behav- faster and furthermore is not affected by the continuous in-
ior throughout the full annual cycle and only minor changesputs of large quantities of colder water from the North At-
can be identified during spring, most likely as a consequencdantic Ocean (Thomas et al., 2005). Temperature increases
of fresh water inputs. In contrast, DIC shows a clear seathe pCQ in the northern region by approximately 10@tm,
sonal signal with highest values in winter and lowest valueswhile in the south an increase of 2Q@&tm can be observed.
in summer (Fig. 1c, d). It is obvious that DIC undergoes The basin-wide maximum is approximately 2@0@tm with

Biogeosciences, 2, 32334, 2005 www.biogeosciences.net/bg/2/323/
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55°N

50°N
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max. ApCO, y;, [Hatm] max. ApCO,, e [Watm] Depth [m]

Fig. 3. Maximum changes il\pCO;, pip (&) and ApCO,, temp (b) calculated according to Takahashi et al. (2042).Bottom topography
of the North Sea using the ETOPO2 data set (National Geophysical Data Cememgdc.noaa.ggv The grid structure is according to
Thomas et al. (2004).

an average of 13@atm. This value is above the average lier establishment of the thermocline and thus a longer ex-
of 80 watm observed in the open ocean at mid-latitudes,port pathway for the newly produced organic matter out of
where maximum values of 220atm are only observed in the surface layer leading to a higher biological signal com-
the confluence areas of the warm Kuroshio with the cold Oy-pared to the northern region. The consequence is that the
ashio current waters in the northwestern Pacific and of thebiological control is highest in the central region, while it
warm Gulf Stream with the cold Labrador Current waters inis somewhat weaker in the northern areas, since the export
the northwestern Atlantic (Takahashi et al., 2002). of organic matter out of the surface layer is reduced com-
pared to the central part because of the later onset of primary

. A more detailed _anaIyS|s allows us to |d_e_nt|fy and quan- production and of the later rise of the thermocline. The strat-
tify the relevant regional features characterizing theG%- .~ . . o .
ification prevents the remineralization of the organic matter

tem in the North Sea. Three key areas are discussed: th% the surface layer, which is the primary condition for the
deeper northern part of the North Sea (Fig. 4a), the centra) yer, P y

part (Fig. 4b), which still is stratified during summer, and the development of the biological net G@irawdown over the

. . . entire productive period. This contrasted behavior is clearly
shallow continuously mixed southern part (Fig. 4c). visible by the summer maxima afpCO; pio in the north-

The northern region (Fig. 4a) shows the weakest temperern and central region, since the stratification maintains the
ature control, which is out competed by the biological LCO “accumulation” of the C@ drawdown until production de-
draw-down: 6Qu atm vs.—150u atm, respectively. The an- ceases in later summer. In contrast, the absence of strati-
nual cycle reveals lowest values in spring and summer, adication in the south prevents this “accumulation”, showing
expected for a high latitude sea. The opposite situation ighe strongesApCO;, pio only at its peak period during the
found for the southern region, where the overall system apbloom as compared to the other regions with the strongest
pears to be temperature controlled with an observed pCO ApCQ;, i at the accumulated maximum of the drawdown
maximum in summer (PCOremp Up to 1354 atm, pCQ, vio in late summer.
max: —100u atm). Only during a very short period in spring
the biological control dominates and causes a net reduction The consequences of the different controls on the &6
of the pCQ compared to the winter values. The highest sea fluxes become evident when considering the seasonally
seasonal pC®amplitude in the North Sea, observed in the resolved fluxes (Fig. 5). During winter (Fig. 5a) the North
central region, is generated by a synergistic coincidence of &ea appears to be a rather equilibrated system with regard
somewhat lower temperature control compared to the southto the CQ fluxes. With the onset of the spring bloom,
ern region and of the presence of a thermocline, which perall areas act as sinks for atmospheric £®ven the shal-
mits the remineralization of the freshly produced and sunkedower southern part, where the biological control out com-
organic matter below the surface layer. In the central regionpetes the temperature control as indicated in Fig. 4c. In
the more rapid temperature rise during spring induces an easummer, the central and northern parts continue absorbing

www.biogeosciences.net/bg/2/323/ Biogeosciences, 2,33232005
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CO, from the atmosphere, but the increasing temperature
and the remineralization of organic matter cause a flux rever-
sal in the southern part that then emits 3@the atmosphere
(Fig. 5¢). In autumn (Fig. 5d), primary production deceases
in the North Sea enhancing the g@lease in the southern
area; the northern area remains undersaturated, since the or-
ganic matter has been remineralized in bottom waters that
are advected to the North Atlantic Ocean, which is subjected
to water mass exchange with the Atlantic Ocean (Thomas et
al., 2004). The decreasing temperature (Fig. 4a, b) and the
weaker return of DIC into the surface layer due to destratifi-
cation maintain the absorption of atmospheric,CO

At an annual scale, the ratio between the maximum ef-
fects of temperature and biological activities or their respec-
tive difference indicate, which of the two processes is domi-
nant (Fig. 6a, b). The southern part is clearly dominated by
the temperature effects with an increase of p@Osummer,
while the northern part is clearly dominated by the biological
processes with a summer decrease of p@Q@ical for mid
and high latitude waters.

3.3 ADICpjp and Net community production

The biological CQ drawdown ADICy,), which has been
computed from Egs. (3) and (6), shows North-Sea-wide
average of 10@molkg~!. The maximum values of
200umolkg~1 ADICpio have been obtained for the Ger-
man Bight area and the minimum values of 450l kgt
ADICypjo for the southern North Sea. The regional gradi-
ent of ADICpj, with high values in the central part, lower
values in the northern part and lowest values in the south-
ern part have already been discussed before (Fig. 4). As-
suming a 30 m depth of the mixed layer, NCP amounts
to 2.9mol C nT2yr—1 from February to August with higher
values in the northern areas than in the southern area (Ta-
ble 1). Since the air-sea exchange of Cdlso alters pC@
values next to the temperature and biological effects, the
CO, uptake by the North Sea during the productive pe-
riod needs to be considered. The £@ir-sea fluxes for
the period from February to August have been taken from
Thomas et al. (2004) in order to establish a corrected term
for NCP (NCRgr). NCPorr in the mixed layer amounts to

4 mol Cnm2yr~1in the whole North Sea during the produc-
tive period, with values of 4.3 mol C nf yr—1 in the north-

ern area and 2.6 mol CTyr—1in the southern area, respec-
tively.

4 Discussion and summary

4.1 Methodological aspects

Obviously, the procedure by Takahashi et al. (2002), which
has been developed to unravel the variability of the p@O
open ocean regimes, attributes all non-temperature changes
to biological processes. Several processes have been ignored

www.biogeosciences.net/bg/2/323/
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Fig. 5. Seasonal variability of the C{air-sea fluxes. The monthly fluxes are taken from Thomas et al. (2004) and are shown for the months
February(a), May (b), August(c) and Novembe(d). The “zero” contour line has been indicated. The same color scale has been applied to

all plots. The grid structure is according to Thomas et al. (2004).
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60°N 60°'N 60°N 60°N

55'N 55'N 55°N 55°N
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Fig. 6. Biological vs. temperature control of the pgQ(a) shows (T-B) andb) shows (T/B) according to Fig. 3. The “0” (a) and “1” (b)
contour lines are indicated, respectively, where both controls balance each other. The grid structure is according to Thomas et al. (2004).

Table 1. Seasonal and annual GQir-sea fluxes, and net community production (NCP, in morGyr—1) from February until August

in the North Sea. Positive values indicate a flux into the marine area, i.e., an increase of the DIC pogJr N&tes the NCP, which

has been corrected for the G@ir-sea flux. See text for details\DICpjg and ADICpjo, corr represent the DIC loss because of biological
activity, i.e., NCP. Negativé\DICy;, corresponds to positive NCP. For convenience, also the air-sea fluxes for the autumn period and the
entire year have been given. The grid structure is according to Thomas et al. (2004): The Southern North Sea comprises the grid boxes 2—4
the Northern North Sea the grid boxes 5-13 and the entire North Sea grid boxes 2—13, respectively.

[mol Cm-2yr—1] Feb.=Aug. Sep.>Jan. Annual
ADICbio COZ Achbio, corr COZ COZ
[=—NCP] air-sea flux [=NCPcorf] air-sea flux air-sea flux
(uncorr.) (flux corr.)

Southern North Sea —2.36 0.19 —2.55 —-0.41 —0.22

Northern North Sea -3.12 1.18 —4.30 0.47 1.64

Entire North Sea —2.94 1.04 —3.98 0.34 1.38

by this attribution, notably the air-sea exchange ob,CThe  Accordingly, in the North Sea the GQiir-sea flux substan-
consideration of this process, intimately related to the biolog-tially counteracts theADICyj, by 10-30%, which implies

ical DIC uptake, requires the consideration of factors suchthat these fluxes need to be considered in order to achieve
as wind speed and temporal development of the biologicah reliable estimate of NCP when applying the Takahashi et
DIC uptake and brought this rather straight forward approachal. (2002) approach. The good agreement with the indepen-
closer to a modeling approach. In awareness of this complident assessment of NCP by Bozec et al. (20bSbpport the
cation, we have considered the g@ir-sea fluxes reported results presented here.

by Thomas et al. (2004) in order to correct the later es-
timate of NCP (Table 1). This correction in turn can also  ‘Bozec, Y., Thomas, H., Schiettecatte, L.-S., Borges, A. V., EI-
be used to show the contribution of the £@ir-sea flux to kalay, K., and de Baar, H.: Assessment of the processes controlling

the variability of the pC@, at least on a seasonal time scale the seasonal variations of dissolved inorganic carbon in the North
' " Sea, Limnol. Oceanogr., under revision, 2005b.

Biogeosciences, 2, 32334, 2005 www.biogeosciences.net/bg/2/323/
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Fig. 7. Biological DIC uptake ADICyj) calculated from Fig. 3a  Fig. 8.  Difference between the seasonal pCQariations
according to Thomas et al. (2001). An average salinity of 34 and apPCO,, FePCO, aug) from observations and the calculated ac-
average water column depth of 30 m were used for the calculationscording to Egs. (3) and (4): ApCOy, temp—APCO;, pio) for the
The grid structure is according to Thomas et al. (2004). period from February to August.

Our approach here relies on the assumption that the obation requires further information, mainly on the hydrody-
served field data cover the maximum amplitudes of the seanamics. We have chosen here to apply the rather straightfor-
sonal variations both in temperature and pC@ur stud-  ward approach of Takahashi et al. (2002), which considers
ies here relies on a data set with seasonal resolution, whichather static snapshots of the North Sea. Obviously, above
was designed to cover both maximum amplitudes, whichprocesses, which have been ignored here, contribute to the
can be assumed to occur for temperature between wintevariability of pCQ, notably for near coast and the southern
and summer (February and August) and for p@®tween  areas. These considerations also hold true for the assessment
February and August or February and May, respectively. Inof the NCP, which might be seen as a lower bound, since ad-
highly variable system such as coastal systems, however iitional carbon sources besides the atmosphere (e.g. rivers)
might be possible that on smaller spatial scales the pCO have not been taken into account. In order to provide an es-
minimum occurs at a different time. If this was the case, timate of the uncertainty related to the neglect of the above
our approach was subject to some uncertainty. However, inmentioned processes, the seasonal p@iference between
basinwide studies, which show higher spatial variability, this February and August from observation has been compared
problem is hardly to solve unless one would increase tempowith that from the calculations according to Egs. (3) and (4)
ral coverage of a smaller region at the expense of the spatiglFig. 8). The difference between both provides a quantitative
coverage of the overall study. estimate of the corresponding uncertainty. The average dif-

Moreover, for the North Sea as a coastal area further proference over all data points is2 u atm, however it appears
cesses such as inputs from rivers or the Baltic Sea, advedo be a systematic pattern. Note the similarity in the pattern
tion of water masses and interactions with the sediment aref the zero line in Fig. 8 and the 50 m depth contour shown in
partly responsible for the variability of the pGO These  Fig. 3c. The shallower southern region, except for the areas
processes have been investigated for example by Thomas etose to English Channel, reveals a positive difference point-
al. (2005) and Bozec et al. (2005a), however their considering toward a slight underestimation afDICpip, and in turn
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the computed NCP, or in other words, there are processe4.2 Net community production vs. gross primary produc-
active in this region increasing the pg@ summer other tion

than temperature. Prime candidates for this were riverine in-

puts with high DIC concentrations for European continental Although it is generally assumed that the southern North Sea
rivers, which have been reported by Thomas et al. (2005)reveals highegrossprimary productivity (see for example
The neglect of these DIC inputs tends to underestimate NCRIoint and Pomroy, 1993@sch and Radach, 199gtcom-
since additional NCP was required to provide the corre-munity production is lower here than in the central and north-
sponding pC@ drawdown. Alkalinity release from the sed- €rn areas because of the competing gross primary production
iment surface or rivers would in contrast decrease the pCOand community respiration in the annually well mixed water
during this time of the year, however here we can only statecolumn of the south. This finding is in good agreement with
that these processes are not dominant compared to the afe results of the sophisticated DIC mass balance approach
parent increase in DIC. In the northern region the predicteddy Bozec et al. (20058) Gazeau et al. (2004) reported a
pCO; decrease is less than the observed p@écrease im- Mean gross primary production (GPP) in the North Sea of
plying further processes, which decrease the pCPrime  approximately 18 mol Cm?yr—*, which appears to be on
candidates here were the inputs of lower DIC water froma similar order of magnitude as the values given layseh

the Baltic Sea and Scandinavian Peninsula during spring an@nd Radach (1997). The reverse spatial gradient of the GGP
summer, which apparently cause a “dilution” of the DIC and data by Rtsch and Radach (1997) and our NCP data can
pCO; in the northern area. The consequence here would b&€ explained by the different bottom topographical settings,
an overestimation oA DICpj, and in turn the computed NCP. discussed above. The separation of production and respira-
The uncertainty of the NCP estimate related to the p@®  tion processes into upper and lower water column permits
viation (Fig. 8) could be assessed with regard to the averag8igher net carbon fixation in the surface layer of the north-
deviation of—2 4 atm, which corresponds to approximately €rn region, while the shallower mixed water column prevents
1Mmo| kg—l ADICpjo, Which would most ||ke|y be too low, hlgher NCP values despite of hlgher GGP. A more detailed
since both tend to cancel out each other. A more realistic dediscussion of the relation between GPP and NCP in the North
scription of the uncertainty can be obtained, when assessingea is given by Bozec et al. (2005pyvhich employ an al-

the pCQ deviation individually for the shallower and deeper ternative, more sophisticated approach with higher temporal
regions. Both regions show an average deviationobn,  and spatial resolution.

which leads under consideration of (6) to an error of approx-

imately 10% onADICyjo and NCP, respectively. -3 Summary

The computation of NCP relies on the multiparameter lin- Based on pC@observations with high spatial and seasonal

- L resolution, the approach by Takahashi et al. (2002) has been
earization of the complex carbonate system equilibrium re- . . o
applied to evaluate the processes governing the variability of

aCt'Ons (T.honjas.et al., 2001; Thomas and Ittekkpt, 2(.)01)6'0002 in the North Sea. The analysis focuses on temperature
The linearization is based on an open-ocean relationship be-

tween Ay and salinity according to Millero et al. (1998). It and biology as t.he MaJor Processes control_llng @Glosqr .
face waters, while other processes influencing the variability
has been argued (Thomas and Ittekkot, 2001) that the com-
: . of the pCQ have been neglected. The northern area shows
putation of the DIC-change shows only a negligible depen- ; . . . : .
. : a typical mid to high latitude behavior characterized by the
dence on the absolute values of /since the multiparame- . . .
. N . . . strong seasonality of the biological processes. The southern
ter linearization has been established from differences. Still

. . ; Fart is a rather temperature controlled system, where biolog-
in the near coastal areas the seasonal and regional variabil-

o i . . “Ical net effects are vanished through near balanced produc-
lty in Ar and salinity might become a source of uncertainty. tion and respiration processes in the one-layered compart-
The averageADICy, obtained here is 98mol kg—1 (max.: P P y P

200umol kgL, min.: 45molkg-2) and according to (6) a ment. '_I'he highest seasonal amplitude of the p@Oob- 3

S . served in the central part as a consequence of early stratifi-

change of salinity of 1 would approximately cause a change__.. . . . .
in ADICy;, of 1 zmol kg cat|.on and h|gh b|plog|cal activity. The North Sea reveals
0 ' a high NCP with higher values for the northern and central

parts. Limitations of the approach proposed by Takahashi et

A more c_ieta|led consw_ieratlon of these features goes be'I. (2002), when applied in coastal areas, are mainly related
yond the aim and capacity of the work presented here antﬁi

. e o0 additional DIC and A sinks and sources, which cannot be
would require more sophisticated tools such as coupled hybaptured
drodynamic ecosystem models, which on the other hand arée '
subject to other uncertainties. Still, the good agreement with
a sophisticated DIC mass balance by Bozec et al. (2605b)
shows that our straightforward approach does have the po-
tential to reliably assess NCP and to identify and unravel the
major controlling processes of the @8ystem.
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