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Abstract. We present estimates of mixed-layer net com-1 Introduction

munity oxygen productionN) and gross oxygen produc-

tion (G) of the Bellingshausen Sea in March and April

2007.N was derived from oxygen-to-argon £@v) ratios; ~ 1he Bellingshausen Sea is one of the less explored regions
G was derived using the dual-delta method from triple oxy- in Antarctica. It is located in the West Antarctic Peninsula
gen isotope measurements. In addition p@ofiles were col-  (WAP) region and includes one of the major shelf areas in the
lected at 253 CTD stationsV is often approximated by ~Southern Ocean (SO), characterized by high phytoplankton
the biological oxygen air—sea exchange flu%;§) based Piomass and high concentrations of chloropfaytnd iron

on the Q/Ar supersaturation, assuming that significant hor- in surface waters (Holm-Hansen et al., 2005). Factors such
izontal or vertical fluxes are absent. Here we show thatdS Water column stability, irradiance and nutrient input are
the effect of vertical fluxes alone can account g, val- responsible for the high biomass and complex phytoplankton
ues <0 in large parts of the Bellingshausen Sea towardsCOmmunity in the region (Boyd et al., 1995; Garibotti et al.,
the end of the productive season, which could otherwise?003; Smith and Comiso, 2008; Vernet et al., 2008).

be mistaken to represent net heterotrophy. Thus, improved During the last decade, the waters of the WAP have ex-
estimates of mixed-layeN can be derived from the sum Perienced a mean increase of 8C5in the top 100 m of the

of Fyio, Fe (entrainment from the upper thermocline dur- Water column with the largest changes in winter (Holland et
ing mixed-layer deepening) ang, (diapycnal eddy dif- @l 2010; Meredith and King, 2005; Meredith et al., 2010;
fusion across the base of the mixed layer). In the win-Montes-Hugo et al., 2010). Particularly, the Bellingshausen
ter sea ice zone (WSIZ), the corresponding correction re-Sea has been affected by this rapid oceanic and atmospheric
sults in a small change ofpio = (304 17)mmolnT2d-1  warming; both of which have had consequences on its ice
to N =(34+17)mmolnT2d-1. However, in the perma- Shelves, such as Wilkins Ice Shelf (Graham et al., 2011). The
nent open ocean zone (POOZ), the origial, value of  invasion of relatively warm circumpolar deep water (CDW)
(—17+10)mmol nT2d-1 gives a corrected value fav of onto the continental shelf is likely to be the main driver for
(-2 4 18) mmol nT2d~1. We hypothesize that in the WSIz, ice shelf thinning and sea ice melting in the region (Jacobs et
enhanced water column stability due to the release of fresh@l-, 1996; Jenkins and Jacobs, 2008). Furthermore, climate
water and nutrients from sea ice melt may account for thechange in the SO may have led to increased wind speeds
higher N value. These results stress the importance of ac{Le QUeré et al., 2007) with implications for sea ice forma-

counting for physical biases when estimating mixed-layertion and persistence (Cook et al., 2005). A stronger mixing
marine productivity from in situ @Ar ratios. regime can affect the structure of the water column, nutri-

ent supply by upwelling, as well as phytoplankton abundance
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and community composition (Arrigo et al., 2008). Warming apycnhal eddy diffusion across the base of the mixed layer on

can also drive deoxygenation, to which the Southern Ocearnthe mixed-layer @ mass balance. The influence of horizontal

is particularly susceptible (Keeling and Garcia, 2002; Mateartransport is neglected because strong currents and fronts and

et al., 2000). associated gradients are absent in the interior of the Belling-
Because of the fast changes occurring in waters of theshausen Sea, with the only prominent front centered @667

WAP, it is important to evaluate the current state of the and 83 W off our study area (Pollard et al., 1995). Although

marine communities in the region, particularly changes inthe derivation ofG using the oxygen triple isotope technique

marine productivity. Previous estimates of marine biologi- may be affected by the same physical processes (Hendricks et

cal production in the Bellingshausen Sea were based on disal., 2005), here we only investigate their influencenoriwe

crete measurements §fC assimilation, chlorophyl: con-  also investigate variations iAo in relation to the marginal

centrations, seasonal inorganic nutrient deficits and phytoice zone (MIZ) and the stability of the water column. Finally,

plankton abundance (i.e., Boyd et al., 1995; Garibotti etwe compare our results to previous productivity estimates in

al., 2003; Serebrennikova and Fanning, 2004; Turner andhe region.

Owens, 1995; Vernet et al., 2008). Marine production from

remotely sensed ocean color in the Southern Ocean has been

also performed (Arrigo et al., 2008). 2 Area of study

Here we present estimates of mixed-layer average neﬁ'he present study was carried out during 38 days (3 March

community oxygen production() and gross oxygen pro- to 9 April 2007) onboard RRSames Clark Roswithin the

duction () in the Bellingshausen Sea during the period of ¢ 0 of the British Antarctic Survey’s ACES-FOCAS
February to April 2007, based on continuous ship measure-

: : -~ “project Antarctic Climate and theEarth System¥orcing
irzgtrg;eosf Q/Ar ratios and discrete samples for oxygen triple from theOceansClouds,Atmosphere an8ea-ice). The sur-

The Qy/Ar and oxygen triple isotope technigues have beenveyed section in the Bellingshausen Sea lies betwetartd
applied before in the SO (Cassar et al., 2007, 201 Eg@an 73° S and between 6Gnd 93 W. It is the southernmost limit

and Tortell, 2008; Reuer et al., 2007; Tortell and Long, 2009),?;32?{?;;"';2?&I?;t;rsﬁ)e(tlfez?'er;?( ti?] t{;}i r\ﬁ;g][e(rgut::ilgzv
including the Bellingshausen Sea (Hendricks et al., 2004, P

Huang et al., 2012). PAr only has been used in the Ross et al., 2007). The sampling period coincided with the transi-

Sea (Tortell et al., 2011) and Amundsen Sea (Tortell et al.tlon frqm summer to autumn, late melting winter ice and the
formation of new ice.

2012). Hendricks’ productivity estimates were based on dis- The Bellingshausen Sea is located in the Antarctic Zone

crete samplm'g away from the contlpental shelf, but did nOt(AZ), in a transition region between the Antarctic continental
resolve the direct influence of sea ice along the shelf. The -
study area of Huang et al. (2012) was located in the Palmefhelf' the shelf break and the open ocean, often delimited by
Long-Term Ecological Research (LTER) region, north of our he 3000 m isobath (Fig. 1). Two zones can be distinguished

; ; .within the AZ: the sea ice zone, which is predominantly sea-
area of study, and comprised a coarser grid of hydrographic . : .

i ) . . Sonal with about 80 % of the first-year ice that melts back
stations than the present study, mainly outside the sea icé i
zone €ach summer (Sturm and Masson, 2010); and the permanent

The Gy/Ar approach is used to measure the biological Oxy_open ocean zone (POOZ), where seaice is absent year-round.

. . - In this work we will refer to the sea ice zone as the winter sea
gen air—sea exchange flukyio. Neglecting the influence of . . . e
. X . ice zone (WSIZ) hereinafter in order to refer specifically to
vertical and horizontal transport on the mixed-layerrftass

balance N is approximated by, (Kaiser et al., 2005). Pre- aregion that is ice covered in winter only and mostly free of
ice during summer.

vious studies in the Southern Ocean did not try to establish The MIZ separates the WSIZ and POOZ (Hiraike and

yvhether the observed negatiig, values were due to mix- Ikeda, 2009; Vernet et al., 2008). In the Bellingshausen Sea,
ing with undersaturated waters or whether they reflected ac;

) the MIZ can normally be found betweene5 and 70 S and
tual heterotrophy (Hendr!cks etal., 2005; Reuer et al., 2007)between 8OW and 8¥fW (Turner and Owens, 1995), about
Recent observatpns n other worlld s oceans have €ON3 00 km offshore during summer and 200 km offshore during
cluded that the consideration of physical effects, such as en inter
trainme_nt_ of su_bsurface waters into the mixed layer, in the The. hydrography of the Bellingshausen Sea is influenced
E;Ogl:((:m%oezggﬁﬁf (iuglna;xé?:ﬂgeéizggﬁcgorgg StLu by bottom topography, coastlines and sea ice seasonality. The

Y ’ ' ntarctic Circumpolar Current (ACC), flowing around the

and Barkan, 2009; Nicholson et al., 2012). Mixing and en- . : . . .
X ; ntarctic continent, supplies CDW to the shelf in this region.
trainment processes at the base of the mixed layer can lead . .
e formation and transport of surface water masses varies

underestimation ol by the G budgetby as much as 80 % in easonally, and is dependent mainly on the freshwater input
the subtropical gyres (Nicholson et al., 2012). In the presenf Y. P y P

study we explore the influence of entrainment of water from rom melting ice and vertical mixing.
the upper thermocline during mixed-layer deepening and di-
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65° [ iz 030307 ‘ ‘ " A During the peak grpwing season in summer (January),
660 |— iz 10000107 W3 1. I . chlorophylla, carbon biomass and phytoplankton abundance
; ,E%z{%gg [ are highly variable (Garibotti et al., 2005a; Smith et al., 2008;
67° & 1 200 Vernet et al., 2008). At this stage, blooms persist for several
S 68 MB2 Mr ) weeks and diatom communities dominate the shelf waters of
S - MBI I AR %Y the Bellingshausen Sea (Garibotti et al., 2005a, 2003; Mura
§ ‘43°°° f2 . v ) L 1 1000 et al., 1995; Smith et al., 2008).
T 70° [SeTert 't 4 o . As the growing season evolves, silicate and nitrate become
R CT - i = g 3 ks ] 2 depleted. Iron concentration also decrease®.( nM), fur-
0 : 13‘;1‘1;14.&‘ :55 Yal B 3000 ther limiting phytoplankton growth (Smith et al., 2000). By
L o £ March, seasonal heating and mixing due to wind stress fur-
730 —200’-'_ =7 ESB . ‘,RE I 4000 ther erode the WW replaced by the AASW. This is especially
740 al RP 5000 the case in the POOZ.
95°  90°  85° 80°  75°  70°  65° From November to March (late spring to summer) MW
Longitude / (S) dominates close to the coast. During these months, weaker

: . . . winds and the stratified water column result in shallow sum-
Fig. 1. Area of study for cruise JR165 in the Bellingshausen Sea .
during summer 2007. Black dots indicate the location of the CTD mer mixed layers £ 50 m) (lem_Hansen etal., 2005). In
stations occupied during the cruise. The location of the marginalthe WSIZ, MW replaces WW in th.e mI.XGd layer, but leaves a
ice zone (MIZ) from AMSR-E satellite images is also shown at the femnant of WW underneath (Garibotti et al., 2003; Vernet et
beginning and end of the cruise. Main coastal features (from wes@l., 2008), storing the properties of the upper water column
to east): FP, Fletcher Peninsula; AP, Allison Peninsula; EB, Eltaninof the preceding winter. This has been observed previously
Bay; RP, Rydberg Peninsula; RE, Ronne Entrance; BP, Beethovein the WAP (Serebrennikova and Fanning, 2004) and in the
Peninsula; KGVI, King George VI Sound; Chl, Charcot Island; MIZ of the Australian sector of the SO, where elevated nutri-

All, Alexander Island; MT, Marguerite Trough; Al, Adelaide Is-  ent content reflects remnant winter mixed layer (Ishii et al.,
land. Stations in the WSIZ are outlined by dashed-line rectangles:zooz)_

WIS, Wilkins Ice Shelf and MB1, Marguerite Bay 1; stations in the
permanent open ocean zone (POOZ) by solid line rectangles: BT,
Belgica Trough; MB2, Marguerite Bay 2 and WAI, west of Ade- 3 Methods
laide Island.
3.1 Hydrographic stations and underway

. . . . measurements
The interaction between glacial water, sea ice melt wa-

ter (MW) and oceanic waters in the Bellingshausen Sea afyetical profiles of temperaturé), salinity (5) and dissolved
fects the biological pr_oductmty distribution. In the B_elllng- oxygen concentratior:(O,)) were obtained at 253 CTD sta-
shausen Sea, the main water masses are the f°"0"‘f'n95 CDWons (Fig. 1).5 was measured with two conductivity sensors
entering the shelf as an extension of the ACC; AASW cjjiprated against discrete samples analyzed onboard with
(Antarctic surface water), f|II|ng. the upper 200m 'durlng. a Guildline Autosal 8400B6 and ¢ (O,) were measured
summer and autumn and extending from the Antarctic contiyith high-precision digital reversing thermometers (Sea-Bird
nent to the Antarctic Polar Front (APF); WW (winter water), SBE35) and two @sensors (CTD-@ Sea-Bird SBE43), re-
formed during winter below the packed ice and dominatingspectively, mounted on the rosette. Thes@nsors responded
the deep mixed layer (i.e= 100 m) until early spring, when  ess rapidly than the temperature and conductivity CTD sen-
it is replaced by AASW; and MW released during summer ¢s Sensor lags for the two,@ensors were 8s and 9s,
from the coast and shelf areas covered with ice. Its releasgsgpectively, and were established by finding the lag time
stabilizes the water column during the peak of the grow-hat minimized the root-mean-squared differences between
ing season (Serebrennikova and Fanning, 2004; Smith et alyowncast and upcast. One of the €ensors proved to be
1999). _ o _ _more stable and was selected for calibration. fofiles
Through Ilg'ht ava|lab|I|t¥ and nutrient release, sea icej, deep castsx 1000 m) have been reported to be affected
affects biological community composition and abundancepy pressure hysteresis (Sea-Bird Electronics, 2010). How-
(Garibotti et al., 2005a; Serebrennikova and Fanning, 2004gyer, we observed little hysteresis on 38 of our CTD pro-
Vernet et al., 2008). During early spring, iron and algae arefjjes which reached depths greater than 1000 m. A correction
released from the melting sea ice (Hopkinson et al., 2007)pa4 to be applied to the pressure sensor, which amounted
This process, and the presence at the surface of nutrient-ricy e following values: stations 0-2%:1.21 dbar; 22-85:
WW in a stratifying water column, is believed to lead to the _q 71 dbar- 86—164-1.05 dbar: 165—253-0.80 dbar. All

spring phytoplankton blooms (Boyd et al., 2000; Martin et measurements were vertically averaged in steps of 2 dbar.
al., 1991) especially near the MIZ.

www.biogeosciences.net/10/2273/2013/ Biogeosciences, 10, 22832013
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A total of 276 discrete seawater samples from the CTDshort-term (2 min) repeatability of 0.05%. Our continuous
profiles (and 186 from the continuous underway supply, seéhigh-frequency @Ar measurements allow us to identify ma-
below) were collected for @sensor calibration and ana- rine productivity gradients and large variability at high spa-
lyzed onboard using whole-bottle Winkler titration (Dickson, tial (1 km) and temporal (3 min) resolution.

1996) with photometric end-point detection. The calibration For calibration of the @Ar measurements, discrete sam-
was made using the upcast CTD values at the density levples were drawn into evacuated bottles. After the cruise,
els where the bottles were closed. We obtained a repeatdiquid and gas phase had equilibrated. Most of the wa-
bility of 0.29 pmol kg* for 76 duplicate samples. The aver- ter was drained and water vaporp Mnd CQ were re-
age difference between non-calibrated CTRaDd Winkler  moved using an extraction line comprising cryogenic and
data was 43.94 3.2) umol kg 't, and after calibration was gas-chromatographic purification steps. The remaining O
(+1.143.9) umol kg ™. and Ar mixture was analyzed by isotope ratio mass spec-

Supporting physical variables were also measured usingrometry (IRMS) (Thermo Finnigan MAT 252) for ion beam
the underway seawater sampling system, which has an inintensities atn/z 32 and 40 using peak jumping (Luz and
take at a nominal depth of 6 m near the bow of the ship.Barkan, 2000). To derive gross photosynthetigo@bduction
Sea surface temperaturéy) was measured directly at the from oxygen triple isotopes, the same samples were used to
intake; sea surface salinitd) and G concentrations were measure the relativ’0/20 and'®0/1%0 isotope ratio dif-
recorded further downstream, using a Sea-Bird Electronicderences between dissolved @nd air @ (1’5 and18s).

(SBE) thermosalinograph and arp ©ptode (Model 3835,

Aanderaa Instruments AS, Bergen, Norway), respectively3-2 Sea-to-air Q flux (Fg) calculation

The delay from the sample intake to the measurement point , .
for salinity and oxygen was 2 min. This was corroborated byThe supersaturation ofDA(Qy) is given by

the change in temperature recorded in the optode from warmA(O )= c(0p) 1 1)
(above 10C) to close to seawater freezing poirtl.8°C) 2 ceq(O2)
g  ransiton of no undenway water low 1o low restora. "ere<(02) i the meastred SZoncentration anckq(On s
tiogn at a time recorded by the fIZWmeter located at the under-the < conqent_ration atequilibrium .W.ith the atmosphere, cal-.
way intake. The delay caused a warming of (0i68.1)°C. culated at in situ temperature, salinity and pressure (Garcia

So was calibrated using discrete samples analyzed onboar?nd Gordon, 1992, 1993)\(0) can be negative, in which

; ase it represents an oxygen undersaturation.
in the same way as for the CTD sensor. A constant off- The flux of oxygen through the air—sea interfad@y)(is
set of 0.0337 was added in order to correct the underway

- calculated from
salinity record. The underway Omeasurements were cal-
ibrated against discrete samples collected from the underfg = kwceq(O2)A(Oy), (2)
way system. The latter were analyzed onboard by Winkle

titration, in the same way as for the CTchaahbraugn. es represent a net flux from the ocean to the atmosphere.
The qugen_concentratlon from the optode was calibrate , was parameterized in terms of wind speed following
following .Kalser et al. (2005). The average difference be'Sweeney et al. (2007), averaged for 60 days prior to sam-
twge{l V;hgkler dla:;[alanddnofncal|bra':jed uFt()jeryvay H\m(sjf pling using the method suggested by Reuer et al. (2007),
]S_ Ax2. )pmdo gd,an(}&tgr optolkecla;:ratmr;]t €dl andthe mixed-layer depth defined by the vertical distribution
erence was reguce 0 (GH0.6) umo g~ Fromthe me- 0O, following Castro-Morales and Kaiser (2012). Wind
teorological station onboard, we obtained barometric PreS5peeds were obtained from the European Centre for Medium-
sure (P) and wind speed. The latter was corrected to 10 mRange Weather Forecasts (ECMWF, 6 h resolution, opera-
above sea levelio) (Qohn_son, 1999). . tional analysis, 1 x 1°) and varied during the cruise from 1
To calculate the biological oxygen air—sea exchange fluxto 27msL, with a mean of 8 msL. The root-mean-squared

and to estimate net community production, we continuouslydifference between ship windsig) and ECMWF winds
measured gJAr ratios in the underway sampling system by was 2.5m 5. The absolute difference between the ECMWF

membrane inlet mass spectrometry (MIMS) (Kaiser et aI.,Wind product andizowas (0.8 2.4) ms'L. Considering the

2005; Kana et al., 1994, Tortell, 2005). Seawater from themixed-layer depths and gas exchange coefficients, the resi-

ship’s underway system was pumped through a chamber withy | - time of @in the upper mixed layer was on average
a Teflon AF membrane (Random Technologies). The mem-,g days

brane was connected to the vacuum of a quadrupole mass

spectrometer (Pfeiffer Vacuum Prisma). Temperature effectg 3  Biological O, flux (Fpio) determination from O o/Ar

and water vapor pressure variations in the measurements  ratios

were reduced by keeping the membrane in a water bath at

a constant temperature ofG. O, (m/z 32) to Ar (n/z 40) The G/Ar method to estimate net community production ex-
ion current ratio measurements were made every 6 s with gloits the similar solubility characteristics of these two gases.

rwherekw is the @ gas exchange coefficient. Positig val-
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Basically, it “corrects” the @ supersaturation for physi- where the partial derivative is the gradient of oxygen in
cal effects due to temperature, salinity or pressure changethe oxycline, and\zmix = zmix, 1 — zmix, 0 iS the thickness of
and bubble effects. The biological oxygen supersaturationthe entrained water column. For practical reasons we chose
A(Oo/Ar), is defined as the relative deviation of the/@r Zmix, 0 to correspond to 30 days before the cruiggy, 1 cor-

ratio in the sample to the £DAr ratio at equilibrium with the  responds to the mixed layer at the sampling time (t:gix)-
atmosphere (Craig and Hayward, 1987; Emerson et al., 199%Rositive Azmix values represent deeper mixed layers than

Kaiser et al., 2005; Spitzer and Jenkins, 1989), 30 days before our sampling time. Negative;mix val-
¢(Op) /e(Ar) ues (mixed-layer shoaling) are ignored because they do not
A(Oy/An)= , (3)  change the @concentration. Positiv&, values represent a

ceq(O2)/ceq(AT) decrease of mixed-layer @oncentration due to entrainment
where ceq(O2) and ceq(Ar) are calculated as a function of  of low-oxygenated waters.

temperature and salinity (Garcia and Gordon, 1992, 1993; The depth of the mixed layer 30 days before sampling

Hamme and Emerson, 2004). _ _ was estimated from the monthly climatology of de Boyer
The biological oxygen air-sea exchange flux is defined asmontéegut et al. (2004). To correct for the difference between
Fhio = kwCeq(02) A(O/AT). (4) climatological and observed mixed-layer depths, 8 m were

subtracted from the climatological values (Castro-Morales
A positive Fpio value corresponds to outgassing of biologi- and Kaiser, 2012).

cally produced @from the mixed layer.
To estimate the standard error in our measurements, w8.5 Diapycnal eddy diffusion &) across the
measured aliquots of air-saturated water prepared and ana-  base of the mixed layer
lyzed in the laboratory in the same way as the seawater sam- _ _ - _
ples. A total of 11 air-saturated water measurements gave &v is calculated from Fick’s first law of diffusion following:
standard error im\(Oo/Ar) of 0.05 %, which does not con- e
tribute significantly to the overall uncertainty Hpjo. The un- Fy,=-K, c(©) .
certainty in Fpjo is mainly due to the wind-speed-dependent 92 loxy
paramgtenzaﬂon of the gas transfer coefficidnt( which For K, (eddy diffusivity coefficient) we used a mean value
according to Sweeney et al. (2007) solely accounts for 15 %. 5 5 1
. o . of <1.0x 10 m-s + based on the study of Howard et
At steady state and in the absence of mixiAgy is inter-

preted as biological net community productitaveraged aGIioEJZa?()EL?o;n S’i?;gge;';%izy r%urrlgr% Eg?_ Osgétch;rr?a(agj en?;]
over the residence time of water in the mixed layer, but this y y Prog

. o . . —and winter 2001. The selecteki, value is in close agree-
does not account for physical mixing process interpretation. . < )
phy gp b ent to mean effective value of 1410 m?s~1 derived

We h i I f th imat- .
yve here quantify at east' part of these processes by estima y Law et al. (2003) during the SFracer release Southern
ing the influence of entrainment of thermocline waters when

the mixed layer deepens (Sect. 3.4) and vertical eddy diﬁu-(l)gcggnnliﬁg En;'tizﬂin;ei)t(gfgmﬁgt S(go(ll_zEEétlgl suznag;r
sion as a result of the oxygen concentration gradient of oxy-_l_he n;inimumuand Imaximum wind speed \glues .r'ecorde('j
gen across the base of the mixed layer (Sect. 3.5). P

To calculate net community production in terms of carbon Sggnr%?o?ézgigri?\m gut? Clrigé) f\;\(l)er;e:'én L?rggﬁth?r\g'
(N(C)), N was divided by the photosynthetic quotient of 1.4 9 ( - s
for nitrate-based production (i.elN =1.4x N(C)) (Laws, Sq“;’f‘re 20f the buoyancy frequenofx during SOIREEzvyas
1991). 14C net primary productionG(14C) (or N (}4C)) 10-3s72 for the seasonal pycnocline and up to"2872 in

. T 14 . the mixed layer towards the end of the experiment. Dur-
vl\\//lzfrgeg\égg)assummq =2.7N(*C) (Bender et al,, 1999; ing GLOBEC, the buoyancy frequency?) was< 10~*s 2.

The latter is consistent with? ~ 10~* s~2 found in this study
3.4 Entrainment of Oo(F¢) due to changes in the depth  (Sect. 4.4). Our estimates 6f have an overall error of 20 %,
of the mixed layer which is mainly given by th&, (Law et al., 2003).

Depth profiles of Q/Ar are not available for our cruise.
Previous approaches to estimaig(Emerson, 1987; Emer- Oo/Ar ratios should be used for the calculation Bf and
son et al., 2008) have used the concentration differenceé”e associated with biological £fluxes. However, the error
between thermocline and mixed layer. However, it is un-made by using @concentrations instead ofo@\r is likely
clear how this concentration difference should be computedto be small, given that the vertical gradients in Ar saturation
Therefore, we derive the corresponding entrainment figx (  are probably small (Hamme and Severinghaus, 2007).

in Appendix A, based on the £concentration gradient be- )
low the mixed layer: 3.6 Mixed-layer oxygen mass balance

(6)

1 (Azmix)® 9¢(0y)
2 At 0z

In this work we evaluate the influence of vertical fluxes

Fe= . L )
€ on marine productivity estimates based on the lbdget

(5)

)
oxy

www.biogeosciences.net/10/2273/2013/ Biogeosciences, 10, 22832013
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approach. The mixed-layersnass balance, as described by A current disagreement in the literature regarding the iso-
Emerson et al. (2008), and considering steady state, can h@pe ratio difference between seawater and aiskbws val-

rewritten as ues betweeh’s,, = —11.888 %o#83,, = —23.324 %o (Barkan

3¢(02) and Luz, 2011) and’s,, =—12.107 %38,, = —23.647 %o

Zmix ca 2 _G_-R- Fy+ Fy + Fe, 7 (Kaiser and Abe, 2012). Thus, we calculated twb
t

values G1 and G») based on the two different sets

whereG — R = N and refers to the gross photosynthetig O Of oXxygen isotopic signatures resulting from photosyn-
production minus the consumption oxygen by autotrophicthetic activity ¢’sp and *8p values) taken from Table 3
and heterotrophic organisms present in the community. Tows 6m ¢7sp=—9.761%0*%p=—19.301%0) and 7m
is approximated fromFpio. In this O balance budgetfyo ('8P =—9.980 %o!85p = —19.625 %) in Kaiser and Abe
is used to account for physical effects insteadrgf When ~ (2012).

the mass balance is expressed in terms gf\@) the first- The 170 isotope excess!{4) of dissolved oxygen
order time derivative term on the left-hand side of Eq. (7)is also calculated according to the simplified form:
is not present (Kaiser et al., 2005). We also do not considef'A =16 —0.5179'85 (Eq. 4 in Kaiser, 2011). Although we
the air-sea flux of @by bubbles as determining productiv- no longer usé’A to calculateG (Kaiser, 2011), we report
ity from Oo/Ar ratios removes the need to quantify by this our results for presentational purposes.

effect (Hamme and Emerson, 2006). Thus, Eq. (7) yields to  The standard error in odf A values is 3 ppm, with a pop-

N=G—-R+ F,+ Fe. ulation standard deviation of 9 ppm for the 11 aliquots of air-
saturated water analyzed in the laboratory. The uncertainty

3.7 Estimates of gross photosynthetic @production in G estimated from the dual-delta method is partly due to
(G) the gas transfer coefficient, which is about 15 % for typical

oceanic mixed-layer conditions, and partly due to uncertainty
The method used here for estimates®fhas been thor-  in the isotope measurements.
oughly presented and discussed recently by Juranek and pue to the lack of oxygen triple isotope measurements in
Quay (2013). Fundamentallg; was constrained from the waters below the mixed layer, corrections By and Fe are
relative 170/*%0 and*80/*®0 isotope ratio differences be- not applied here to thé estimates. Furthermore, since respi-
tween dissolved @and air Q (*’5 and8s), measured on  ration in waters below the mixed layer has little effect on the
the same discrete samples as used for th@iCcalibration  calculation of gross oxygen production using oxygen triple

(Luz and Barkan, 2000). isotopes, we exped to be less affected by entrainment than
The calculation follows the dual-delta method of Kaiser .

(2011), which assumes isotopic steady state and neglects hor-

izontal and vertical mixing:
4 Results

175_17,

175, 185_18,
A+ o)~ — YR(L+8 o8) s + A0 (Mee—yiPee)

G = kwceg Top T 55 15 - (8)  We present the results separately for WSIZ and POOZ. The
H e WSIZ comprised two areas: (1) the coast of Wilkins Ice Shelf
whereeg is the kinetic isotope fractionation duringp@va- (WIS, CTD stations 1 to 36) south of the entrance to Mar-
sion, deq is the relative isotope ratio difference between guerite Bay, and (2) Marguerite Bay 1 (MB1, CTD stations
O3 in equilibrium with the atmosphere and ainOjp is 178 to0 198) close to the coast of Alexander Island. The POOZ
the relative isotope ratio difference between photosyntheticcomprised three areas: (1) Belgica Trough (BT, CTD stations
O, and air @, andyr = 7er/18r = 0.5179 is the ratio of 90 to 135), (2) Marguerite Bay 2 (MB2, CTD stations 199
the 170/1%0 to the 180/180 respiratory fractionation (Luz to 213) in the northern part of the entrance to Marguerite
and Barkan, 2005). For¥cg we use—2.8%o (Knox et al.,  Bay and towards the coast of Adelaide Island, and (3) west
1992) and assumé’eg = (1+ 18e£)0%16 1= _1.446%. of Adelaide Island (WAI, CTD stations 214 to 252) in the
Temperature dependendeq values are calculated as northernmost part of the sampling area. The Marguerite Bay
185eq= e~0-0007295%0426967/K 1 (Benson et al., 1979) region was divided into two areas due to the contrasting dis-
and 78eq= (1 + 185¢c)0518(0.80/°C+18pPm _ 1 (Luz and tributions of the measured variables (Fig. 1).
Barkan, 2009). The isotopic composition of photosynthetic ~Locations of the main water masses over depth in the area
O, is based on that of Vienna Standard Mean Ocean Watepf study were identified with a T-S diagram (Fig. 2). Most
(VSMOW) (Barkan and Luz, 2011; Kaiser and Abe, 2012), of the water column contained AASW, followed by the more
the relativel’0/A80 difference between seawater and VS- oxygenated MW. We also evaluated the relationship between
MOW of —5ppm (Luz and Barkan, 2010) and measure-thec(O2) andd (in the entire water column, Fig. 4a; and only
ments of the mean isotopic fractionation during photosynthedn the mixed layer Fig. 4c) andl (Fig. 4b and d).
sis by marine species &fep = 1.773 %o and8¢p = 3.389 %o
(Eisenstadt et al., 2010).
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Fig. 3. Sea-to-air Q flux (Fy, left panel) and biological @flux
(Fhio, right panel), along the cruise track in the Bellingshausen
Sea. The MIZ at the beginning (solid black contour) and at the endther advance of the MIZ towards the shelf break during the
(dashed black contour) of the JR165 cruise are shown. beginning of autumn.
During the cruise we made visual observations of the sea
ice cover. Most of the stations located within the WSIZ pre-
4.1 Variation of A (O2/Ar) in relation to the MIZ sented open water conditions, with most of the first-year
ice melted away towards the end of summer, and sparse ice
The approximate location of the MIZ is shown in Fig. 1, and floes can be seen. The only exception was station 22, located
it was defined by a threshold sea ice concentration of 30 %southwest of Charcot Island, where the ocean was covered
Sea ice concentrations were obtained from 1 km resolutiorpredominantly by fast ice. The underway system onboard
ENVISAT ASAR-E/ESA imagestitp://www.seaice.dkat ~ was shut down during this station and no dissolved gas data
the beginning (3 March 2007) and end (4 April 2007) of were acquired.
the cruise. The change of the MIZ position betweeh & The spatial distribution of © and Q/Ar supersatura-
87° W and 76 and 68 W was almost negligible. In contrast, tions in the WSIZ and POOZ was heterogeneous and clearly
a sea ice advance of about 215 km was observed in the cerassociated with the location of the MIZ. In the WSIZ,
tral part of the area of study betweer?#hd 87 W, fromthe  A(O2) and A(O2/Ar) were (2.44+3.0) % and (5.% 3.4) %,
coast of Fletcher Peninsula, Allison Peninsula and Eltaninrespectively (average 1o and hereafter). In the POOZ, un-
Bay towards the shelf break in Belgica Trough (Fig. 1). The dersaturation prevailed, wittt(O2) =(—2.0£0.9)% and
rate of sea ice advance during the sampling period was about(O2/Ar) = (—1.6+ 0.9) %. In the MB1 area)(O2/Ar) was
5.6 kmd-L. This shows the formation of new ice with a fur- positive at (5.3t 2.9) %. In contrastA(Oo/Ar) in MB2 was
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Table 1. Average 1 standard deviation) of the main measured and calculated variables in the mixed layer for cruise JR165 (summer
2007, Bellingshausen Sea). Results are categorized by area: WIS, Wilkins Ice Shelf; MB1, Marguerite Bay 1; BT, Belgica Trough; MB2,
Marguerite Bay 2 and WAI, west of Adelaide Island (CTD stations in between the ones presented here are not incpgleid)the change

in mixed-layer depth oveAr =30 days prior to sampling. Positive values indicate a deepening of the mixedi&ysithe Brunt-\Aisala
frequency based on the density change in the top 50 m of the water column.

Area  CTD e S c(0p)/ AO)I%  AOAN%  kp/(Md™L)  Azmixdm  zmixd/m  (AzmidAr) ] 10%02
stations (umol kgl (md™1 (s

Winter sea ice zone (WSIZ)

WIS 1-36 —0.9+0.6 325-04 367+ 18 2.9+3.6 6.2+3.9 1.6£0.4 —-10+4  14+5 -0.3 1.5+0.5
MB1 178-198 —-1.1+0.2 33.0+0.2 352+7 1.9+£25 5.3+29 1.2+0.3 4+7 18+7 0.1 1.2+0.3

Permanent open ocean zone (POOZ)

BT 90-135 -1.44+04 33.3+0.2 33%+5 —-294+06 —-22+10 2.0£0.2 8+7 28+7 0.3 0.8:0.3
MB2 199-213 -0.1+0.1 33.5:0.1 329+ 4 -14+11 -1.2+0.9 2.8+£0.5 18+10 34+11 0.6 0.2£0.1
WAI  214-252 0.4:0.2 33.8£0.1 3237 —-18+12 -1.5+1.0 3.7£0.4 21+12 51+14 0.7 0.04£0.2

negative at{1.240.9) %. During the sampling period, the of the horizontal advection of sea ice MW mainly from the
MIZ at the entrance of Marguerite Bay remained close tocoast of Charcot Island. Less MW influence was observed
Alexander Island and towards George VI ice shelf (Fig. 1).for Latady Island and Beethoven Peninsula, in the western
Its location coincides with the contrasting(O2/Ar) distri- and southern parts of WIS, respectively, and for Alexander
bution between MB1 and MB2. Island in the north. AASW dominated the top 180 m near the

Fpio reflects the observed heterogeneity #(O2/Ar) coasts of Latady Island, Beethoven Peninsula and Alexander
(Fig. 3). High biological @ fluxes were observed in the Island.

WSIZ, on average (2%14)mmolnT2d-1. In contrast, No remnant WW was found in the upper 100 m; this was
Oo/Ar undersaturations caused negatifig, in the POOZ, expected as WW is replaced by AASW and MW during the
on average{16+9) mmolnr2d-1 (Table 2). summer. AASW was lying above modified upper circumpo-

In the following sections, the properties of the upper lar deep water (MUCDW, Fig. 2), with the latter located be-
200m are presented for the WSIZ (Sect. 4.2) and for thelow 180 m and characterized by being warmer (0.5t6G8
POOZ (Sect. 4.3). The stability of the water column is dis- saltier (§ > 34) and undersaturated in®y as much as 40 %.
cussed (Sect. 4.4) and estimatesFpfand Fe are shown in In the MB1 area, MW in the mixed layer appeared to orig-
Sect. 4.5. Gross oxygen production estimates are shown imate from sea ice melt close to Alexander Island. MW ex-
Sect. 4.6, along with corresponditfgatios based on oxygen tended horizontally and towards the northeast up to 31 km
(f = NIG). Average values for various properties are sum-(from stations 194 to 199), and vertically up to 100 m depth.

marized in Tables 1 and 2. In the MB2 area between stations 199 and 201, MW pene-
trated as deep as 150 m. AASW dominated the mixed layer
4.2 Winter sea ice zone (WSIZ) for the rest of the section towards Adelaide Island.

The monthly mean wind direction showed predominant

In the WSIZ, the WIS area was sampled at the beginning ofSoutherly winds over the WIS and MB areas during Febru-
the survey during late summer (3 to 8 March 2007), while &Y: March and April 2007. The weighted gas exchange co-
the MB1 area was sampled 28 days later representing earl§fficient &.) (Reuer et al., 2007; Sweeney et al., 2007) was
autumn (31 March to 2 April 2007). Despite the different 2 times lower in the WSIZ at (14 0.3)md* than in the
sampling periods, the characteristics of the water column re-POOZ. Z?‘t (2.8:0.3)md . ]
mained similar. In the WSIZ, MW dominated the top 80m, Positive net zseal-to-alr O fluxes of (14£7) and
including the mixed layer. MW was characterized by colder (6+10)mmolm<d™" were observed for WIS and
(—1.8°C), fresher § <31.8) and more @supersaturated MB1, respectively. —The czorrespondlnngio val-
water (A(O,) up to 12%) than the waters below (Fig. 4c U€s Wwere (38:222)mmoInT d-t  for WIS and
and d). Underneath, the water column was dominated by thé21+ 11) mmol d~* for MB1 (Table 2 and Fig. 3).
saltier (33.5 to 34) and colder portior-{.8 to—1.0°C) of
AASW.

The mixed-layer depthzfhix) was generally shallow with
a mean of (1& 6) m. In the WIS, temperature inversions oc-
curred in the upper 50 m. The average change of temperatur€he observed MIZ advance towards the shelf break by the
within the inversions ranged from1 to 1°C over afewtens end of our cruise affected mainly the BT area, which was not
of meters. It is possible that the inversions were the resulfully sampled for underway ©and Q/Ar (see Fig. 3), while

4.3 Permanent open ocean zone (POO2Z)
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Table 2. Mixed-layer net and gross oxygen production and related variables. Pd&jtivey, Fe and Fyjo values mean a net loss of oxygen
from the mixed layer. Net community production is calculatedas Fijo + Fv + Fe.

Area Fyl Fpiol Fl Fel NI 17, Gyl Gol fi= o= N(C)/ G4cy f=N(©)

(mmolm2d~1)  (mmolm2d~1) (mmolm2d-1) (mmolm2d-1) (mmolm2d-1) ppm (mmolnt2d-Ha  (mmolm-2d-1)  N/G; NIG, (mmolm2d~1) (mmolm-2d-1) G(*4c)
Seaice zone (SIZ)
WIS 1447 38+22 15+1.1 0 39+ 22 56+ 25 231+99 161+£58 017  0.24 28 73 0.39
MB1 6110 21+11 3.1+3.4 5+6 29+13 58+9 181+41 130+ 29 0.16 0.22 21 58 0.37
Permanent open ocean zone (POOZ)

BT —23+4 —18+7 1.0+0.9 6+5 —12+9 28+9 139+ 56 103+40 (<0) (<0) (-8) 45 (<0)

MB2 —13+£10 —12+11 1.1+19 15+22 4+25 25+7 157+31 118+23 0.02 0.03 3 51 0.05

WAI —23+15 —20+£12 1.6+3.3 22+15 4420 24+10 157+61 118+45 0.02 0.03 3 51 0.05

a Calculated using”sp = —9.761 %o and'85p = —19.301 %o (Barkan and Luz, 2011; taken from Table 3 row 6 m in Kaiser and Abe, 2012).
b Calculated using’sp = —9.980 %o and8sp = —19.625 %. (Kaiser and Abe, 2012; taken from Table 3 row 7 m in Kaiser and Abe, 2012).

the WAI and MB2 areas remained open during the sampling Potential temperature / (°C)
per‘iod_ 0 207 226 225 224 223 222 221 220 M9 218 27 M6 215 214

In agreement with Vernet et al. (2008), we found that the
mixed-layer depth increased with distance from the coast
in the WAP region. The mixed-layer depth in the POOZ
was on average 20 m deeper than in the WSIZ. Deeper anc
more variable mixed layers were observed in the WAI area
(514 14 m), while shallower mixed layers were found in the
MB2 (34+ 11 m) and the BT (2& 7 m) areas. This could be
due to the stronger influence of northerly winds in the WAI
area. The wind stress was weaker towards the coast, in theg -
more topographically protected areas and towards the centra®
part of the Bellingshausen Sea in the BT area during March
and April. Salinity

The areas away from the coast had less influence of MW ofz e e A
from the ice shelves, coastline and glaciers. The vertical pro-
files of temperature, salinity and dissolved oxygen indicate
that the mixed layer was dominated by AASW. The latter
is characterized by a wide range of temperatures (from the
coldest at-1.4°C in the BT away from the MW influence,
followed by the MB2 with O C, and finally WAI with 0.4 C)
(Fig. 4c). A consistent range of potential density betweenFig. 5. Vertical sections showing the distribution of water masses
1026.6 to 1027.2 kg M was observed as a result of well- for stations 214 to 227 in the west of the Adelaide Island area. The
mixed upper water in this zone. AASW extended down to dashed horizontal line represents the bottom of the mixed layer as
180 m depth, above MUCDW. In agreement with Garibotti define_d by the distr_ibution of dissolve_d oxygen. AAS_V\_/ dominates
et al. (2003), the remnant of the WW was present betweeﬁhe mixed layer, with WW beneath it and MCDW filling depths
50 and 100 m below the mixed layer and the seasonal pycnf-Irom 150m.
ocline, where @ undersaturation levels up to 30 % were ob-
served. A transect across the WAI showed WW beneath the 1 a5 transfer coefficient was on average two times
mixed layer defined by the surface distribution ef Big. 5). higher in the POOZ than in the WSIZ. The averafg

In Fhe I_DOOZ, total @ was undersaturated, as was was (~20-10) mmolnT2d-%, and the averagéhi, was
the biologically produced Q The averageA(Oy) was (—17- 10y mmol nr2d-1 (Table 2 and Fig. 3).
(—2.0£0.9)%, corresponding to an JOconcentration
between 310 to 350pmolkg, and (-1.6+0.9)% for 44 stability of the water column
A(O2/Ar) (Table 1). The @ concentration in the AASW was
mainly close to saturation; however, it was slightly under- As a measure of water column stability, the square of the
saturated at the higher temperature and salinity limifC(1  puoyancy frequency (Bruntaisala frequency) was calcu-
and 33.7; Serebrennikova and Fanning, 2004). The lowested aszE—g/,O dpldz, Whereg is the acceleration due
mixed-layerA(O2) was—4 % in the WAI area. The negative to gravity (9.81 m32) and p the average seawater density
A(O2/Ar) values indicated net heterotrophy and/or mixing in the top 50 m of the water column; these are multiplied by
with undersaturated waters. the change in density over the same depth rangéitl We

identified 50 m as the upper limit of the WW, consistent with

S1400 1200 -100 -80 -60 -40 =20 0
Oxygen / (umol kg't)
27 226 225 224 223 220 221 230 219 218 AT 216 215 214

h / (dbar)

200

35

34

33

32

Distance along the transect / (km)
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Fig. 6. Correlation between the square of the Brur@tisdla fre- with corresponding error bars representing the error after quantifi-

quency (16 v2) and the biological oxygen fluxFgio): dark and  cation of physical effects.
light blue circles represent the stations located in the WIS and MB1
areas (WSIZ); squares in orange, green and red are the stations for
the BT, MB2 and WA\ areas, respectively, in the POOZ. mixed layer deepens. With, = 1.5 mmolnr2d-1, vertical
mixing is negligible in the WIS an& =39 mmoln2d-1
is almost equal toFhio=38mmolnT2d~1. In contrast,
Garibotti et al. (2003). The upper 50 m of the water columnthe mixed layer in the MB1 area may have deepened
in the continental shelf of the WAP experience the largesthy 5m to 19m. Fe and F, in this area are (&6) and
spatial variability due to local environmental processes (Hof-(3.1+ 3.4) mmol nt2d—1, respectively, suggesting,Qoss
mann and Klinck, 1998). from the mixed layerN would therefore be about 1/3 higher
v2 in the POOZ was four times lower than in the WSIZ than the observed, value of 21 mmolm2d-1 and equal
(Table 1).02 averaged 1.5 10*s2and 1.2 10%s72in o approximately 29 mmolm?d-1. Thus, the WSIZ is
WIS and MB1, compared to 0810~%s72,0.2x 107*s?  characterized by net autotrophy during the sampling period.
and 0.04x 10~4s~2, in BT, MB2 and WAI, respectively. A F, was similar in all areas of the POOZ:
positive correlation betweerf and Fyjo was observed in the (1.040.9) mmol mr2d—1 for BT, (1.1+ 1.9) mmol nT2d~1
WSIZ areas g?=0.61 for WIS, andR?=0.63 for MB1)  for MB2 and (1.6t 3.3) mmolnt2d-1 for WAI (Table 2).
(Fig. 6), consistent with previous observations of higher bio- According to the climatological datanx was deeper at
logical production associated with higher water column sta-the time of sampling than 30 days before (Table 1) and
bility (i.e., Garibotti et al., 2003, 2005b; Smith et al., 1998; the deepening occurred mainly within the extension of

Vernet et al., 2008). the AASW down into the water column in the BT and
_ MB2 areas. However, in the WAI area where the deeper
4.5 Calculation ofN corrected by Fy and Fe mixed layers during the sampling period were observed,

] . ) the estimated deepening of the mixed layer by 4 m would
Often, Fpio is assumed to equal mixed-layar (Hendricks  reach the extension of the WW, corrected forF, and
et al., 2004; Reuer et al., 2007). However, as the values forFe, was therefore 4 mmol?d— in MB2 and WAI. Only
Fy and Fe in Table 2 show, vertical mixing cannot be dis- {1e BT area, which is the furthest offshore, may have
regarded in the calculation of mixed-lay®rin this region.  ghown actual heterotrophy in the mixed layer with of
Here we estimat#&/’ as the sum ofyjo, Fe andFy, neglecting (—12+9)mmol nr2d-1.
horizontal fluxes and assuming steady state. Itisimportantto The MB2 and WAI areas, rather than being net het-
note that in all vertical profiles, the oxygen concentration be‘erotrophic, may actually have been neutral or slightly au-
low the mixed layer was consistently lower than in Surfacetotrophic. In fact, the BT area may be the only net het-
waters. erotrophic region after correcting for the physical effects.

I the WSIZ areas, | Fy was on aver-  The advection of subsurface waters by entrainment appeared

age  (1.5-1.1) r721m_01Im‘ d for WIS and {5 have a higher effect oV in the MB2 and WAI than in
(3.1+3.4)mmolnr<d™ for MB1. The positive Fv BT py mixing and diluting mixed-layer waters with low-

values mean that there is a net loss of f@m the mixed  oyygenated subsurface waters (Table 2). The total fluxes for
layer to the upper thermocline below. For the calculation ofgach area are depicted in Fig. 7.

Fe, We estimated changes in mixed-layer depth from clima-

tological data (de Boyer Moégut et al., 2004). According 4.6 G and 170 excess in dissolved ®

to these data, the WIS mixed layer may have been 10m

deeper 30 days prior to the occupation of this cruise sectionThe highest’A values in the area of study were found in the
Thus, Fe is zero because entrainment only occurs when theNIS and MB1 area, ranging between 31 to 81 ppm (Table 2).
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Fig. 8.Linear correlation Rz =0.29) between potential density and
mixed-layer averagé.

On average, th&’ A values were two times smaller in POOZ

at (26+ 9) ppm than in WSIZ at (5% 17) ppm. _ 14 .
G is calculated from oxygen triple isotope measurements.f(OZ) =1.4N(C)/2.7G (**C)). For WIS thef (O2) ratio was

From the two G values(s to G given in Table 2) calcu- on average 0.19 and for MB1 of 0.16. These values are no-

lated using two different pairs 3 and 18sp (Kaiser and tably higher than the ratio in the areas of the POOZ (0.02 for

. B2 and 0.01 for WAI). In terms of carbon, thé ratio for
Abe, 2012), those based on Kaiser and Abe (2012) are abo%ﬁe areas in the WSIZ corresponded to 0.37 and 0.30 for the

o i

?gig@ Q)'g::]grr ttrrl]:r;)3?5022(230?33?3igguigircl)(r?r\;v:nudsle;ltﬁe(fnoela IS and the MB1, respectively, while for the POOZ it was
-5 8.04 and 0.02 for MB2 and WAI.

of these twaG values.

The mean of the G values is higher in
WSIZ (176+70mmoln2d-1) than in POOZ
(13249 mmolm2d-1). Sea ice melt water may have
delivered enough nutrients to maintain higher productivity 5.1  Influence of physical effects oN and G in the
levels in the WSIZ areas, and at the same time contributed to Bellingshausen Sea
increase the stratification of the water column. To evaluate
this, mixed-layer potential density was compared Go Inthe WSIZ, the presence of shallow mixed layers in a shel-
(Fig. 8). A negative correlationR? =0.29) indicated that tered geographical location less exposed to the wind stress is
low potential densities (from 1025.7 to 1026.8 kg related to the stable water column and may support biological
generally corresponded with high mixed-layér values.  growth after the peak of the growing season. In the POOZ,
This is more evident in the WSIZ areas where the waterthe combination of stronger winds and the lesser influence
column is more stable, with shalloysix and thus more light  of freshwater by lateral advection from ice shelves may ex-
availability. plain a less stable water column. Perissinotto et al. (1990)

N and G were recalculated in carbon units. In WIS and suggested that local physical processes in the WAP control
MB1, N(C) was equal to 28 and 21mmolthd 1, the accumulation and dissipation of phytoplankton commu-
respectively; while G(**C) was equal to 73 and nities, being a more important process for marine production
58 mmolnT?2d-1, respectively. For the POOZN(C) than in situ growth.

5 Discussion

was equal to 3mmolmfd-1 for MB2 and WAI, while The effect of physical processes on tfi@ndG estimated
G14C) corresponded to 45mmoltAd~—! in BT and using the @ budget approach in the Bellingshausen Sea can-
51 mgnT2d-1in MB2 and WAI (Table 2). not be neglected. In the POOZ, thA values were on aver-

From the previous estimates, we calculafg@.) ratios  age two times smaller than in the WSIZ. In the BT an appar-
as f = N/G (Table 2). This fraction is similar to th¢ ratio ent net heterotrophy is observed from ffievalues; however,
proposed by Eppley and Peterson (1979). Theatio was  thel’O excess suggests the opposite with values well above
defined by the authors based on nitrate assimilation rates rethe value in equilibrium with the atmospheric air (Fig. 9).
ative to the total assimilation of nitrogen. Theratio is an ~ This can be the result of the entrainment of waters below the
indicator of the ability of an ecosystem to retain or recycle mixed layer enriched iA’A.
organic matter by estimating the relative uptake of new ver- Similar observations were drawn from Hendricks et
sus total nitrogen (Eppley and Peterson, 1979D,) ratio is al. (2004): the authors suggested that the entrainment of
expected to be about half theratio in terms of carbon since  oxygen-undersaturated waters does not have a large impact
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on the uppert’A because the Ocontent in the entrained Serebrennikova and Fanning (2004) observed during sum-
waters has already been low. The authors assumed that thmer a high nutrient utilization away from the shore in Mar-
17 A of the added @is probably not far from the equilibrium  guerite Bay. In this region we observed a declin&/ofvhich
value. Nevertheless, the results shown here suggest a possibigight have occurred towards early autumn and after the con-
incorporation oft’A from below the mixed layer as a result sumption of nutrients. Meredith et al. (2010) described the
of the mixed-layer deepening. Despite théO,) below the  circulation pattern inside Marguerite Bay from observations
mixed layer during our sampling period being undersaturatecf a time series 06180(H,0) measurements for seawater
due to respiration, th¥ A in dissolved oxygen is not affected in order to trace the sea ice melt input to the ocean and the
by this process (Luz and Barkan, 2000, 2009). freshwater input from glacial and meteoric water in a site

High 17 A in waters below the mixed layer can result from located in Marguerite Bay. The authors corroborated the het-
diapycnal mixing or autogenic photosynthesis with limited erogeneity of water properties in the bay with a higher influ-
loss of signal. During austral summer, the euphotic zoneence of meteoric water during summer in northern MB (here
in the Southern Ocean can be deeper than the mixed layeMB2), compared with a contrasting oceanic influence due
Huang et al. (2012) observed that the depth of the euphotito the dominance of sea ice melt in the southern MB (here
zone during summer was up to 37 m deeper than the mixed1B1). Our observations are in good agreement with Mered-
layer. Thus, photosynthetic Qcan accumulate underneath ith et al. (2010) and Serebrennikova and Fanning.
the shallow summer mixed layer due to the attenuation of
vertical mixing. Evidence of this process in nutrient content5.2 Role of upwelling and lateral advection in the
has been observed previously in the WAP (Serebrennikova Bellingshausen Sea
and Fanning, 2004) and in the MIZ of the Australian sector
of the Southern Ocean where nutrients remain stored belovstrength and direction of the wind play an important role
the summer mixed layer from the preceding winter mixedin coastal upwelling, sea ice distributions and the resulting
layer (Ishii et al., 2002). biological communities and distribution of2OAs a conse-

As the season progresses and the mixed layer gets deepguence of the predominant winds during our study, wind-
towards autumn, th& A excess of previously stored biolog- driven coastal upwelling was most likely negligible during
ical Oy entrains into upper waters. Luz and Barkan (2009)the sampling period. Smith et al. (2008) suggested that the
observed!’ A values above equilibrium with respect to air dynamics in coastal waters of Marguerite Bay might have
in samples from the Bermuda-Atlantic Time Series (BATS) a strong influence on the marine productivity of this region
station with the maximum production &fA in the thermo- by upward transport of CDW to the shelf from late summer
cline. The authors suggested that the higih must have to autumn. High levels of pigment biomass were encoun-
been stored below the mixed layer before being delivered tdered during the seasonal transition (Smith et al., 2008). This
waters above. Although in a different oceanic regime, similarperiod is coincident with the sampling dates of the present
processes might explain the higfO excess observed in the study. Wallace et al. (2008) suggested that upwelling is inter-
Bellingshausen Sea. However, due to the lack’of data  mittent in Marguerite Bay. From observations collected dur-
below the mixed layer in our study, this hypothesis cannoting the same time as cruise JR165 by a mooring located in
be corroborated. To our knowledge, no depth profile¥ af the entrance of Marguerite Bay, the authors concluded that
in the Southern Ocean have been published in the literaturepwelling was only evident in March 2007, but not during
(Juranek and Quay, 2013). the previous two months.

Entrainment of waters below the mixed layer and vertical The strength and periodicity of upwelling at the continen-
diffusion can bias the mixed-layer productivity determination tal shelf of the Bellingshausen Sea is unclear. Studies from
not only in the Bellingshausen Sea. Hamme and Emersomoorings or tracers with high spatial resolution, such as oxy-
(2006), at the Hawaii Ocean Time-series station ALOHA, gen, can help to elucidatex®udget (andV) of the Belling-
used the @ mass balance approach and concluded that vertishausen Sea.
cal mixing below the mixed layer can lead to underestimating Lateral advection is another important process that may
the N by up to 70 % at high mixing rates due to loss of O affect the marine productivity in upper waters of the Belling-
from the mixed layer. Nicholson et al. (2012) evaluated theshausen Sea. Temperature inversions close to Charcot Island
contribution of entrainment (considered by the authors as upsuggest lateral contribution of melt water from the coast into
welling, diapycnal mixing and mixed-layer depth changes)the mixed layer, which cannot be quantified based on our
in the subtropical gyres contributed to deliverance of ther-measurements.
mocline water with hight’A content into the mixed layer.

The authors concluded that neglecting the entrainment pro5.3 Effect of ice on air—sea gas exchange

cesses on productivity estimates can lead to overestimates by

60 to 80 % of annually averaged primary production in the Sea ice might limit the air—sea gas exchange. Only sparse
subtropical gyre using the £budget approach on a steady laboratory and field measurements have been performed so
state. far in order to understand how sea ice affects the gas flux
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between the ocean and the atmosphere (Fanning and Torrdsave shown autotrophy without the correction we made due
1991; Loose et al., 2009; Loose and Schlosser, 2011). Resulte entrainment.
of these experiments show an average moderate gas trans-A comparison of net community production estimates
fer reduction of about 25% in the presence of up to 70 %based on other methods, such4€ incubations, must be
ice cover and surface freshwater lenses with salinities beinterpreted with caution (Juranek and Quay, 2013; Robinson
tween 10 and 33 (Fanning and Torres, 1991). It is uncleaet al., 2009). Our measurements represent net commugity O
how the reduction of gas exchange scales with air—-sea exproduction, integrated over the mixed layer and thegas
change (Loose and Schlosser, 2011) and there is currentlgxchange time. In contrast, productivity derived from incu-
no parameterization available fbin regions affected by sea bations approximates primary productivity integrated to the
ice. During our cruise the WSIZ was mainly characterized bydepth of the euphotic zone. Furthermore, net productivity es-
open water with the presence of sparse ice floes — a typicdimated from satellite data represents only the top few cen-
condition towards the end of the melt season in this regiontimeters of the water column and is integrated by numerical
We encountered complete fast ice cover close to Charcot Isalgorithms to the euphotic zone.
land; however, the underway system onboard was shut down Vernet et al. (2008) estimated an integrated euphotic
and no sampling for @Ar and O» was done. The results pre- zone primary production for January of 745mg#had—1
sented here were taken at the end of the productive seaso(62 mmolnt2d=—1) by averaging 12yr of4C bottle
when sea ice was just starting to increase again. Since our gascubations in the sea ice zone west of the Antarctic Penin-
exchange flux calculations were weighted over the 60 daysula. The data showed a maximum of 1788 mgfuf L
prior to sampling, when sea ice cover would have been everf149 mmolm2d-1) in 2006 and a minimum of
less than we observed during the cruise, we do not consider 248 mgnr2d-1 (21 mmolnr2d-1) in 1999. An onshore-
correction of air—-sea exchange for sea ice to be appropriateoffshore gradient of the estimated rates of net primary
production was observed, particularly in the Marguerite
5.4 Comparison with previous marine production Bay region, with the highest values at the mouth of the
estimates bay. TheN values presented here for the WSIZ (mean of
24mmolm2d-1) are closer to the minimum value; this
To our knowledge the only published in vitro net commu- is probably due to our measurements being performed in
nity production measurements in the Bellingshausen Sea arklarch to April, well after the peak of the growing season
those of Boyd et al. (1995). The authors derived depth-(January).
integratedN from dissolved oxygen changes in bottle in-  For the shelf areas of the Bellingshausen and Amund-
cubations during November/December in 1993 at stationsen seas, Arrigo et al. (2008) estimated the highest mean
along 83 W and between 705 and 67.5S. Sampling sea- daily primary production over a 9yr period (1997 to 2006)
son (late spring to beginning of summer compared to ouras 316 mgm?d-1 (158 mmolnr2d~1). Their results are
sampling during the period of the end of summer to begin-based on remotely sensed ocean color, sea surface temper-
ning of autumn) and geographical location (nearly 100 kmature and sea ice concentration data. Their estimates are the
north of our northernmost stations) differ from our study. highest for this area compared to the pelagic and MIZ zones
Boyd et al. (1995) observed a retreat of the ice margin,and the results presented here are in close agreement.
whereas during our cruise the sea ice was advancing. We High primary production (PP) in inshore regions of the
therefore limit the comparison with our results to the re- WAP, compared to the ones beyond the shelf break have
gion that remained ice free during our sampling period (i.e.,also been observed by others (i.e., Smith et al., 1998; Gari-
west of Adelaide Island, between%@nd 66 S and 70 to botti et al., 2003; Serebrennikova and Fanning, 2004; Menge-
74 W). Boyd et al. (1995) reported a high chlorophyll fea- sha et al., 2008). Aguisand Duarte (2005) confirmed that
ture at 6730 S that was associated with a hydrographic front about 2 mmolm3d—1 is a threshold for gross primary pro-
and not the retreating ice edge. This area with high rates ofiuction (GPP) to delineate the presence of net heterotrophic
plankton metabolism was characterized by deep mixed-layecommunities (i.e., wher&R > GPP) in the SO from &
depths (up to 70m) and a shallow euphaotic layer (30 m) inmeasurements in a mesocosm experiment. For an average
station K, while a similar mixed-layer depth and euphotic mixed-layer depth of 50 m, this value is equivalent to 100
zone were observed in stationJ 50 m). From the data in mmolm2d~1, which is in close agreement to oGr esti-
their Table 3, we derived mixed-layat values of (181 36) mates in the POOZ (110 mmoltAd—1) (Agusf and Duarte,
mmol m—2d~1and (46+ 22) mmol nr2d—1 (station K). Our  2005) Due to differences in the methods to estimate marine
N values of (4t 20) mmol nT2d~1 in the WAI area are con-  productivity so far applied in the WAP, the comparison to
siderably lower than the values from Boyd et al., and this isprevious values oV andG in the Bellingshausen Sea is lim-
possibly due to the latter being obtained towards the peak ofted to results from the same approach used here. Hendricks
the growing season in contrast to our case. Despite the difet al. (2004) published results 8f and G for samples col-
ference of our values, the biological oxygen flux in the WAI lected in the Bellingshausen Sea during March in 2000. The
region of (-20+ 12) mmolnm2d—1 on its own would not  authors show a decrease in tGevalues towards the south
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Fig. 10. Longitudinal distribution of G (average ofGi and

G>). Comparison to results obtained by Hendricks et al. (2004)

(HO4) during March 2000 usind’A and recalculated values
(HO4_dualdelta) usind’s and8s.

(70° S) and west (98W). The average5 values shown by
Hendricks et al. are about 25 mmotd—1, 5 times smaller
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From the observations made by Huang et al. (2012), it was
not possible to recalculaté using the dual-delta method
due to the lack oft’s, 185 and ¢(O,) data in the supple-
mentary material. Despite the different approach for calcu-
lation, and although the area of study by Huang et al. (2012)
was located north of our area of study and mainly in the
POOZ, thel’A values for the only overlapping section to
our area of study and where data are available (i.e., in Huang
et al. (2012) study transect line 200 consisting of 11 dis-
crete data points off Marguerite Bay) are in close agreement
with our results. The averag€A in Huang et al. (2012)
is comparable ((2% 22) ppm) to the meah’A values ob-
tained in this study for the WAI area ((2410) ppm). In
contrast to the results presented here, Huang et al. (2012)
used1’A to estimateG; thus, it is not possible to com-
pare directly their results with ouf; estimates. In order
to make an approximate comparison @oestimates, here
we increased the&; values from Huang et al. (2012) by
30%, based on the observed difference fréf G and
dual-deltaG values reported previously (Kaiser and Abe,

than the values presented here. This difference is due to th2012). Thus, th& values from Huang et al. (2012) following
17 Aeq value used foiG calculation. The authors considered the dual-delta approach would correspond approximately to

the standard value 6f16 ppm (following Luz and Barkan,
2000), while here we estimated théAeq independently for

(1504 90) mmol nT2 d—1, while for the present study we ob-
tained an average of (14254) mmolnr2d1 for the WAI

each sample, depending on their corresponding sea surfag@fea. In contrast, Huang reported th&{O,/Ar) remained

temperature.

low but positive ((1.Gt 0.8) %), whereas we observed neg-

For better comparison to this work, we have recalculatedative A(Oz/Ar) in the WAI area ((2.440.9) %). This dif-

Hendricks’ valuesG was obtained, as in this work, from the
dual-delta method following Eg. (8), along with tH&seq
parameterization by Benson et al. (1979) alﬁd\eq from

ference is probably due to the sampling time between both
studies. While Huang’s study occurred during the peak of
the growing season, the present study occurred towards the

Luz and Barkan (2009). In their supplementary material pre-beginning of autumn.

sented by Reuer et al. (2007), thé& values were not re-
ported, but were calculated from the givet’” and'8s val-

Several estimates fof (O) ratios have been published
and are compiled recently in Juranek and Quay (2013). Hen-

ues. The concentration of oxygen was also not provided irdricks et al. in 2005 reported values for the equatorial Pacific
the supplementary material; therefore, we calculated thenwith a mean of 0.06. Reuer et al. (2007) obtained an aver-

from the A(O2/Ar) and csa(O2) provided. For this we as-
sumed that(Ar) equalsceq(Ar); thus,

9)

The comparison ofG between our results with the ones
by Hendricks et al. (2004) following the traditional calcu-
lation based ort’O excess and the recalculatédvalues

¢(Oz)=ceq(O2) x (A(Oz/Ar) +1).

age value forf(O,) ratios equal to 0.13 in some regions of
the Southern Ocean during summer. Luz and Barkan (2009)
obtained values of 0.08 to 0.21 from samples collected at
the BATS site in the Atlantic Ocean during May to October,
2000. Recently, Huang et al. (2012), reportg@D,) values

for the WAP from—0.04 to 0.43, while Hamme et al. (2012)
presented mean values between 0.08 and 0.12 in the Pacific
sector of the Southern Ocean. Our results, with values from

from the dual-delta method, are depicted in. Fig. 10. Theg 02 at the POOZ and 0.2 at the WSIZ, are in agreement
recalculated values for gross oxygen production from Hen-yjth the previous observations in the Southern Ocean and in
dricks et al. are from only 11 discrete points distributed gther oceanic regions. This agreement is expected due to the

in the POOZ of the Bellingshausen Sea. Our results fromarge range of values reported so far in different regions of
discrete points distributed in the same zone (average ofne global ocean (Hamme et al., 2012)

(1564 65) mmol nT2d~1), are in good agreement with the

re calculatedG values (average 15484) mmolnr2d-1).

In all cases, theV values from Hendricks et al. (2004) were g ~onclusions and outlook
negative (average of25 mmolnt2d-1), which is in close

agreement with ouFjjo values (before correction by physi- \ve presented high spatiotemporal resolution net commu-

cal effects) with an average ef16.8 mmolnt2d-1 for the
POOZ.

Biogeosciences, 10, 2273291, 2013

nity production from oxygen measurements in the Belling-
shausen Sea. The distribution 8fwas found to be related
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to the location of the marginal ice zone and water column Expressing the change in 20 concentration as
stability. Diapycnal flux by diffusivity £,) is less important  Ac=c1 — co, EQ. (A2) can be written as

than (Fe), particularly in the POOZ. Net heterotrophy was

restricted to offshore areas during the time frame that thetmix, 1A¢ = Azmix(cT — co). (A3)
mixed-layerN estimates represent in this work. ) ) ) )

The results presented here are estimates of mixed-layer ASSUMIng a concentration gradieft(O2)/dz |oxy in the
productivity as a snapshot for the seasonal transition fronPXycline, the average concentration of the entrained water is
summer to autumn in 2007 integrated over the residence time
of oxygen in the mixed layer. Despite the high uncertainty c1 = = <c0+c0+ AZmix )
in the N estimates, the method used here was successful at oxy

dc(Oo)

identifying the high heterogeneity in marine productivity in 1 9c(0y)

the Bellingshausen Sea. Our results also highlight the impor- = €0 + QAZ’“‘X Tz | (Ad4)

tance of correcting for physical processes in regions where el

they have a large influence on the surfagebDdget. Other ~ Thus,

processes, such as upwelling and lateral advection, should

also be considered in the;@nass balance. Zmix, 1A¢ = = (Azmix)? 9c(0) , (A5)
A predicted rise in temperatures and ice melting, as well 2 92 loxy

as a delay of sea ice formation by strengthening of winds, . L

can lead to an increase of the primary productivity along the?Nd the entrainment flux is given by

coast in the Bellingshausen Sea. Lengthening the growing 2

season towards autumn thanks to increased light availabilitye = ziniz |£ = }M M (A6)

At 2 At 9z loxy

may also extend the growing season.

A decrease of @with depth leads to a decreasecoiih the
mixed layer during mixing, corresponding to a negative sign
for Fe. The approach relies on the assumption that the O
gradient in the oxycline at the time of sampling is the same
as before the mixing event.

Appendix A

In this Appendix we derive Eq. (6) used to estimate the in-
fluence of vertical mixing during entrainment of thermocline
waters {e) when the mixed layer deepens.

Emerson et al. (2008) represented the entrainment flux du
to a change of mixed-layer depth over the tinte; §ix/Ar)
as

Supplementary material related to this article is
vailable online at: http://www.biogeosciences.net/10/
273/2013/bg-10-2273-2013-supplement.pdf

AzZmix
At

Fe= (c1 —co) , (A1)
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