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Abstract. This study introduces for the first time th&Cpc

seasonality in the North Atlantic subpolar gyre (NASPG) 13¢

using §13Cpc data obtained in 2005-2006 and 2010-2012 ,, (W:)sample

with dissolved inorganic carbon (DIC) and nutrient obser- = 7By 1] x 1000 @)
vations. On the seasonal scale, the NASPG is characterized (_C>reference

by highers13Cp,c values during summer than during win-

! . The mean annual large-scale distribution of this tracer is
ter, with a seasonal amplitude between Gt 10 %o (Au-

h . now relatively well documented at the sea surface and at
gu;t '2010'—Marc .2011) and 0.#0.07 /‘?° (20.05_2.006)' depth. Values range typically between 0.5 %o and 2.5 %o in
This is mainly attributed to photosynthetic activity in sum- the modern surface ocean (Gruber et al., 1999). Regular ob-

mer and to a deep remineralization process during Wint€leeyations conducted since the 1970s—1980s at a few time

cont\)/ ection, sometlmﬁs mﬂuer;ced by ocean gynamlc_:s é},”@eries stations or repetitive tracks were used to describe and
carbonate pumps. There Is also a strong and negative lingyohret its temporal variability. In subtropical oceanic re-

. . 3 .
ear relationship bet\llvee&h; Coic anld DIC dur|ng§é%!l S€3- gions, the season&t3C amplitude of 0.2—0.3 %o at the BATS
sons. Winter data also showed a large decreaseOpic Bermuda Atlantic Time series) station and of 0.1 %o at the

associated with an increase in DIC betweoen 21006 anca| OHA station (Pacific time series north of Hawaii) reflect
2011-2012, but the observed time rated04 % yr-and  yho |ocal balance between air-sea O€xchange, biologi-

)
+1.7 umol kg™ yr=) are much larger than the expected an- .5 activity and vertical mixing (Gruber et al., 1998, 1999;

thropogenic signal. Gruber and Keeling, 1999; Quay and Stutsman, 2003). This
is also observed in the Southern Indian Ocean, with a sea-
sonal §13C amplitude of 0.3%. in the western part of the
1 Introduction basin (Racapé et al., 2010), whereas it reaches 0.45 %o south
of Tasmania (McNeil and Tilbrook, 2009). Studies have also
The stable isotopic composition of dissolved inorganic car-highlighted a significant decrease 8%°Cp,c, attributed to
bon (DIC) in the ocean is a useful semi-conservative tracethe anthropogenic CQuptake in the ocean. This results from
for various oceanic analysis (e.g., water masses, palechuman-induced perturbations that reduce&h0; in the
circulation) and global carbon studies (constraint for theatmosphere with a time rate of change-d.024 %o yr! (es-
global carbon budget, interpreting anthropogenic carbon)timate for the 1985-2008 period with the Alert station data
This is reported relative to the reference V-PDB (Vienna—Peeset; Keeling et al., 2010), as the combustion of the organic
Dee Belemnite) in terms @f-3C in %o (Craig, 1957): carbon pool produces GQyas that is strongly depleted in
the heavy carbon isotopé3C). This signal, known as the
oceanic'®C Suess effect, provides an additional constraint
to estimate the anthropogenic carbon uptake in the ocean.

Published by Copernicus Publications on behalf of the European Geosciences Union.



1684 V. Racapé et al.83Cpc seasonality in NASPG

This has been estimated as less th&1007 %o yr ! in polar =
regions (McNeil et al., 2001; Olsen et al., 2006; Sonnerupﬁswf
and Quay, 2012) and as large-a8.025 %o yr ! in subtropi- k‘__
cal regions (Bacastow et al., 1996; Gruber et al., 1999; Son o
nerup and Quay, 2012). The high latitudes of the North At- * K
lantic Ocean are considered to be one of the strongest anthr®™ |, -
pogenic CQ sinks, a consequence of the large heat loss anc
deep convection during winter as well as strong biological
activity during spring and summer. In this region, the tempo-55~
ral variability (seasonal to decadal) of hCp)c still needs
to be investigated. The winter—summer difference is expectel
to be as large as 1 %o (Gruber et al., 1999), which could po-seen
tentially mask the oceantC Suess effect in surface water
(McNeil et al., 2001). In this context, this study introduces
for the first time theé13Cp,c seasonality in the North Atlantic
subpolar gyre using'Cp,c surface data obtained in 2005—
2006 and 2010-2012 from merchant vesstkegafosend  Fig. 1. Cruises track wher&l3Cp,c was sampled in 2005-2006 and
Reykjafos$14 cruises) along with DIC and nutrient measure- 2010-2012 (red dots). Dashed lines indicate schematically surface
ments. Driving processes will be identified from isotopic datamain currents in the North Atlantic Ocean. The interior of the North
and from the semi-quantitative tracexd*3Cp;o) of Gruber  Atlantic subpolar gyre (NASPG, 8N-62°N), our study area, is
etal. (1999), which enables us to isolate the biological contri-delimited by the black box.
bution to the seasonal amplitude from the physical contribu-
tions (e.g., air—sea gas exchange fractionation, ocean dynam-
ics). The time rate of change M3Cp)c will be investigated  +0.02 %o for 823Cp)c based on a helium stripping tech-
over the short period of 5 to 7 years and compared to othenique adapted from the one used by Kroopnick (1974) and
regions. +5umolkg ! for DIC, based on a comparison to coulo-
metric DIC values and to the Certified Reference Material
(CRM) provided by Prof. A. Dickson (Scripps Institution of

, Greenland

North Atlantic Ocean

Ocean Data View

50°w 40°w 30°w 20°w -

2 Materials and methods Oceanography, San Diego, USA). Over the 2010-2012 pe-
riod during the SURATLANT cruises§13Cpic were mea-
2.1 Data collection sured via an acid CPextraction method in a vacuum sys-

tem developed by Kroopnick (1974), whereas DIC were de-

Data used in this study were collected in the North Atlantic termined at the same time as total alkalinity (Alk) by a po-
subpolar gyre, mostly from merchant vessekbgafosand  tentiometric titration derived from the method developed by
Reykjafosdetween Iceland and Newfoundland (Fig. 1) over Edmond (1970) using a closed cell and a CRM calibration.
two periods in 2005-2006 and 2010-2012. This is part ofFurther details on the sampling methods and analytical tech-
sampling efforts carried from vessels of opportunity within niques are provided in Racapé et al. (2010, 2013)f€pic
the SURATLANT project initiated in 1993. The sampling and in Corbiére et al. (2007) for DIC. Both parameters were
periods for each cruise and vessel are summarized in Table hnalyzed at the LOCEAN-IPSL Laboratory (Paris, France).

During all cruises, seawater was pumped from a depth oB613Cp,c values have a precision &f 0.01 %o (Vangriesheim
~ 3-5m, depending on the ship. Sea surface salinity (SSSgt al., 2009) and a reproducibility &f 0.02 %o, whereas DIC
was from discrete salinity samples. Sea surface temperatureoncentrations have an accuracy4e8 pmolkg 2. Finally,
(SST) was either from the continuously recording ThermoS-nutrient concentrations were measured for all cruises with
alinoGraph (TSG seabird Electronics, Inc. USA, model 21) standard colorometric methods at the Marine Research Insti-
corrected for an average bias to sea surface temperature, tute (Reykjavik, Iceland). The analytical procedure and the
from nearly simultaneous XBT temperature profiles (at 3 m).quality control for the nutrient analyses have been described
SST and SSS accuracies were estimated é&t@and 0.01, in detail in Olafsson et al. (2010), where the long-term ac-
respectivelys13Cp,c, DIC and nitrate concentrations (N®  curacy has been estimated-8€.2 umol L1 for nitrate and
were also obtained from discrete samples collected evergilicate, andt 0.03 pmol L= for phosphate.
4 h and analyzed later in land laboratories. Over the 2005—
2006 period, DIC concentrations were estimated manometri2.2  A$3Cpj, and §13Cppys estimation
cally during the acid C@extraction procedure fai'3Cp,c
measurements from the helium stripping technique. This anTo determine the major process driving the seasétélpc
alytical method has been described previously by Quay etistribution ¢1 — ), we used two isotopic and semi-
al. (1992, 2003). These measurements have an accuracy gtiantitative tracers, noteds'3Cpio and A§*3Cpnys, Which

Biogeosciences, 11, 1688692 2014 www.biogeosciences.net/11/1683/2014/
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Table 1. Summary of sampling periods conducted on board the merchant v&ismiafossind Reykjafosdetween Reykjavik (64N,

Iceland) and Newfoundland (8N, Canada) over the 2005—2006 and 2010-2012 periods, respectively. The average \E&Q@g@t DIC

and salinity normalized DIC (nDIC) as well as their standard deviation (SD) were estimated for the interior of the North Atlantic subpolar
gyre (NASPG 53 N-62° N). The number of dataz] used to calculate these mean values are indicated in the last column.

NASPG (53 N-62° N)

Date Mears13Cpc=SD MeanDICESD MeannDIGESD n
(%o) (umol kg~1) (umol kg~1)
23 to 27 Jul 2005 1.6%0.10 2077.4£10.0 2093.6:5.3 15
17 to 24 Sep 2005 1.460.11 2089.9:9.3 2107.9:4.3 8
12 to 16 Nov 2005 1.060.07 2120.2-10.6 2137.29.7 16
M/V Skogafoss 7 to 11 Feb 2006 0.8%0.05 2142.4-45 2144.147.3 20
18 to 28 Apr 2006 0.98-0.09 2137.785 12
25 to 27 Jun 2006 1.640.08 2058.7-8.4 2094.9:9.1 4
11 to 15 Nov 2006 0.990.12 2114.3:11.6 2118.6:10.3 13
21 to 25 Aug 2010 1.360.11 2054.4£9.9 2074.0:9.2 21
15 to 19 Dec 2010 0.920.10 2114.6:7.6 2131.2:5.3 11
13 to 18 Mar 2011 0.66:0.08 2149.4£5.9 2150.8:6.3 15
M/V Reykjafoss 16 to 20 Dec 2011 0.620.05 2150.6- 4.1 2151.0:6.9 23
11 to 13 Mar 2012 0.620.04 2152.5:2.4 2152.149.5 16
30 Jun to 4 Jul 2012 1.280.09 2089.7:9.1 2100.4-17.2 11
21t0 25 Sep 2012 1.380.12 2095.713.5 2115.6:5.0 13

reveal the biological and physical signatures, respectively, as As thes3C variation associated with the carbonate pump
shown by Egs.Z) and @). (< 0.02%0 of the measurement error) does not contribute

T A3t much to the biological signature, this mechanism will be af-
DIC™(5°Cgjc) = DIC™ (6 Cpc) terwards neglected.
+[ADIC(813C)]I%_”2+ [ADIC(813C)]M_M2 @) According to Eq. 8), the physical processes contribu-

bio phys tion (air—sea C@exchange fractionations and ocean dynam-
DIC" 13 ics; A8T3Cpnye corresponds to the difference between the
W(‘S Coic) §13Cpc atr, and the expectedf3Cpc if biological activity
+ A813C£1i0—>t2 + A513C£>1h_y)stz' 3) was the only process controlling theto 7> distribution. This
is expressed in Eq5J.
Described by Gruber et al. (1999), the biological pro-

cesses contributionA$13Cpio) results from the combined As13Ci~%2 —

. " : o phys
photosynthesis, respiration and remineralization processes DIC!
(D|cf2

13~12
8 CDIC_

(the soft-tissue pump) as well as the formation—dissolutions*>C}, —

6"3CE o) + A513c§)1i:’2> : (5)
of the calcium carbonate shells (the carbonate pump). In
this study, theAs13Cy;o will be expressed according to ob-

served biogeochemical conditions from one month or sea

son (1) to another onerf) by Eq. @), with the stoichio- DIC concentration observed in the surface water of this re-

metric carbon'—nitrate ratiOrL(,,)sof 117:16 from Ander- gion (between 2050 and 2150 umofg, we assume that
son and Sarmiento (1994), t&3C value of the carbonate DIC'!/DIC™2 equals 1.

(813Ccarp) of 2%o like Gruber et al. (1999), and th#3C

value of organic matters¢3Corg) 0f —24 %o from Goericke

and Fry (1994). This last value depicts the average for the3 Results and discussion
northern North Atlantic where sea surface temperature is

around 10C in summer. 3.1 Surfaces3Cpc distribution

As 11 to r» DIC change due to physical and biological
processes (up to 100 umolkY is lower than the mean

7 (5
<N032 —N031> During each transect, surfacd3Cp,c is distributed ac-
DIC"2 cording to a north—south gradient, with an amplitude be-
tween 0.2 %0 and 0.4 % depending on the season and with
to 1 o 71
Alk? — Alk™ + NO3 NO3) @) higher values close to the Newfoundland coast (up to 1.8 %;
2DIC"2 Fig. 2, bottom panel). This is opposite to the DIC distribution

A(Slgclt)]i:tz =Fen X 813Corg X

+ 313Ccarb X

www.biogeosciences.net/11/1683/2014/ Biogeosciences, 11, 16322014
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Fig. 2. Surface distribution of salinity (top panel), dissolved inorganic carbon concentration (DIC, middle panéf3@mgc (bottom

panel) between Reykjavik (Iceland, M) and Newfoundland (Canada, 4NX) over the periods 2005—-2006 (left panel) and 2010-2012
(right panel). The interior of the North Atlantic subpolar gyre (NASPG,H362 N), our study area, is delimited by the light grey box. Any
salinity measurements are realized in April 2006. August 2010 (full red square) distinguishes itself by a lower DIC concentration observed
over both periods but without highé?‘3CD|C values.

(variation up to 100 pmol kgt'; Fig. 2, middle panel), which  2010-2012, Fig. 2, bottom panel and Table 1). Compared
increases northward as observed previously by Corbiére eb 2005-2006§13Cp ¢ values collected in 2010-2012 are
al. (2007). These authors have also shown that the area soutbwer, suggesting a potential impact of anthropogenic carbon
of 53> N was characterized by large spatial variability in SSS uptake. This would then require the correctionséfCpc

(Fig. 2, top panel), SST, DIC (Fig. 2, bottom panel) and nutri- observations by this anthropogenic signal to compose the
ent concentrations when crossing the Labrador Current antclimatological” seasonal cycle. If this change s43Cpc
approaching the Newfoundland coast (Fig. 1). Influence of(decrease) represents the ocedd@ Suess effect only, this
coastal waters was also identified north of 62near Iceland  should also be observed on DIC, with an expected theoretical
and ons13Cpc distribution (Fig. 2, bottom panel). Thus, we increase of 5-7 pmol kg in winter (Corbiére et al., 2007;
selected a region where both hydrological and carbon propMetzl et al., 2010).

erties (includings*3Cp,c) are much more homogeneous be-

tween 53 N and 62 N, which corresponds to the interior of 3.2 8**Cpic versus DIC in NASPG

the North Atlantic subpolar gyre, denoted NASPG, west of o S
the Reykjanes Ridge. Figure 3a highlights a strong and negative link between

In the NASPG, the13Cpic meridional gradient is weaker 8-Cpic and DIC concentration in the NASPG over both
(close to 0.1 %.). Highest values were observed during sums"’_‘mp['ng periods. LOW€513.CDIC in winter are associated
mer (up to 1.65 0.10 %o in 20052006 and 1.360.11 %o with higher DIC concentrations, conversely for summer. Ac-
in 2010—2012), while minima were measured during wintercording to this figure, August 2010 is clearly outside the gen-

(down to 0.87 0.05 %o in 2005-2006 and 0.610.04%.in  €ral trend observed here. This is a linear relationship from
winter to winter, nevertheless with a difference in the values

Biogeosciences, 11, 1688692 2014 www.biogeosciences.net/11/1683/2014/



V. Racapé et al.:83Cpic seasonality in NASPG 1687

20 Jul-05

i Sep-05
18 1 ° N:li-m
— 7 [ ] [} Y 5
o 16 -
[a) 16 7 u Ben ® +Feb-06
T 14 | o X'x )‘X < Apr-06
> i 'S  Jun-06
2 12 - u b 3
- ANov-06
S 1 o A X
= 1.0 - % §%)j“‘ <O = Aug-10
g 0.8 1 X ++.|$%F xDec-10
g 1] X X < X e March-11
© 06 - R | o Dec-11
04 ] -= —March-12
1 a) © June-12
0.2 | | | | | Sep-12
2030 2050 2070 2090 2110 2130 2150
20
1.8 -
. 16
o a
g 14 - --
> 12 -
-
£ 10
o
5 08 -
&
- 06
04 -
b)
0.2 T T T T T T
2030 2050 2070 2090 2110 2130 2150

DIC concentration (umol kg )

Fig. 3. (a, b)s13Cp)c versus dissolved inorganic carbon (DIC) concentration collected in the surface waters of the North Atlantic subpolar
gyre (NASPG, 53N-62° N) in 2005-2006 and 2010-201¢h) Dark grey squares represent the 2005-2006 data set, light grey squares
symbolize the 2010-2012 data set and colored symbols (like the Fig. 3a legend) show mean values (and standard de&?i%(ﬂgr@ of

and DIC concentration for each sampling period, but without June 2006 because only four data were sampled in the south of the transect.
The linear regressions indicated with dark lines were estimated for the periods from July 2005 to June 2006 and from March 2011 to
September 2012 (from the bottom up:= 0.0108 +23.81, 72 = 0.95 andy = —0.0108¢ + 24.10,-2 = 0.94), and with dashed lines were
estimated for the period from August 2010 to March 2014 0.007x + 16.58,r2 = 0.94).

detected between all data collected in 2005-2006, except fasignal only. In addition, the mixed layer depth time series de-
November 2006 and those sampled in 2010-2012. If we fopicted in Fig. 4b reveals two winter episodes, with the deep-
cus on the winter data set (February—March) like Corbiéreest layers between 2005 and 2012, which should be asso-
et al. (2007) and Metzl et al. (2010), we notice an increaseciated with a higher B£C input of subsurface water, thus
in DIC by 7 to 10 umolkg? over the 5- to 6-year period. contributing to thes?3Cp,c decrease during this period (and
This is much larger than those expected from the anthroDIC increase). As we suspect a large impact of the natural
pogenic effect £ 5-7 pmolkg ). To remove natural vari- variability that we cannot estimate, observations are not cor-
ation due to a potential salinity anomaly (Fig. 2, top panel), rected for an anthropogenic signal and the m#d@p,c sea-

we evaluated the trend for salinity normalized DIC (nDIC sonal cycle will be composed for each detected period.
reported in Table 1) of 1.3 umol kg yr—! during this period Study of the relationships betwe&HCp,c and DIC over
(the 5- to 6-year period). This suggests a significant addiboth sampling periods reveals, in fact, another important sig-
tional contribution of the natural variability, thus masking the nal to compose and interpret tt8é3Cp,c seasonal cycle.
impact of the anthropogenic carbon uptake in the NASPG reAccording to Fig. 3b, observations are actually distributed
gion. This comment is supported by the observed time ratesvithin three periods: from July 2005 to June 2006, Au-
of change id13Cpc (—0.04 %o yr 1) that are much larger gust 2010 to March 2011 and from March 2011 to Septem-
than those observed by Quay et al. (2007) in the NASPGber 2012. These are characterized by the following linear re-
(—0.017 %o yr ! over the 1993—-2007 period), Sonnerup and gressions (Egs. 6 to 8):

Quay (2012) in the Labrador Sea.014 %o yr ! over the From July 2005 to June 2006,

1970-1995 period), Olsen et al. (2006) in the Nordic seas (UP ;5 50052006

to —0.024 %o yr* over the 19812003 period) and by Keel- ¢~ Cbic = —0.0108x [DIC] +24.10;

ing et al. (2010) in the atmosphereq.024 %.yr ! overthe 2 =0.94; slope erroe= 3.3 x 10°*. (6)
1985-2008 period). As the residence time of the surface wa-

ter (~ 1yr) is shorter than the time needed for £ reach From August 2010 to March 2011,

isotopic equilibrium with the atmosphere (L0 yr; Broecker _
isotopic equilibrium wi phere (0 yr; §13CAugUSt 2010-March 2011 374, [DIC] + 1658

and Peng, 1974; Lynch-Stieglitz et al., 1995), this large de-
crease ins13Cpc cannot be attributed to the anthropogenic r?=0.94 slope erroe= 3.1 x 1074, @)

www.biogeosciences.net/11/1683/2014/ Biogeosciences, 11, 16322014
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From March 2011 to September 2012 A813Cphys) might be clarified to interpret this peculiar situa-
§13¢20U-2012_ _0,0108x [DIC] + 2381 tion.
r?=0.95 slope erroe=2.9x 107%. (8) 3.3 813Cpc seasonal cycle and driving processes in
NASPG

Based on a Student's test and its associated error,
there is no significant difference between the slopes of re- .
gression 1 (Eq. 6) and 3 (Eq. 8). These are also equivas-3-1 The period July 2005-June 2006

lent to those expected if the soft-tissue pump (photosynthe- o ]
sis/respiration/remineralization) were the only mechanismBased on satellite information (the monthly SST compos-

affecting DIC and13Cp,c seasonal distributions{0.011 %o ite of MODIS Aqua 9 km,disc.sci.gsfc.nasa.gov/giovapni
(umol kg~ H~1 with 513Corg of —24%0 andr,.,, of 117: 16). the SURATLANT data set (N© and DIC) and Eqg. (6), we
As a result, the slope of regression 2 (Eq. 7), estimated fronPuilt the climatological seasonal cycle of SST, NCDIC
August 2010 to March 2011, is significantly different from ands3Cpc for 2005-2006 (Fig. 5). Because DIC concen-
the other two £0.007 %o (umolkg1)~1). This is influenced  trations have slightly changed during this period (by less than
by the August 2010 DIC values that are the lowest concenthe climatological cycle standard deviation; Corbiére et al.,
trations reported in this study (Table 1, as well as for nDIC) 2007; Ullman et al., 2009), we chose to consider the avail-
but are not associated with the higheSCp,c as expected. able DIC (and NQ) data set sampled between 2001 and
Indeed, high productivity recorded in the whole region dur- 2006, which is much more complete for composing the sea-
ing the summer of 2010 (Fig. 4a) would explain the low sonality. The observations collected on board Mkogafoss
DIC values (2054.48-9.92 pmol kg1, Table 1) but, accord-  during this period fit well within this climatology (Fig. 5b
ing to previous results, an enhanced photosynthetic activityand c).

would increases3Cpc linearly with a ratio of—0.011 %o Figure 5 thus reveals the mean seasonal cyclé'f€pc
(umol kg1~ to reach a maximum value. This suggests thatin 2005-2006, with an amplitude of 0.770.07 %o, in
additional processes also contribute to DIC &MCpic sea- phase with SST (8C) and in opposite phase with NO
sonal distributions during this period, thus changing their re-(9 pmolkg™1) and DIC (70 umolkg?l). Minima are ob-
lationship. The estimate of the isotopic tracexs {3Cpj, and served in February—March, whereas maxima are estimated
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1 q) meridional gradient reported previously. Positt&3Cpio
ol : & is associated with phytoplankton activity, which preferen-
§ ----- N tially uses the light carbon isotope during the photosyn-

O 10 i thetic mechanismANOY'~S < 0pmolkg™L, nutrient con-

7. ; sumption), whereas negatives3Cy, highlights the rem-

% i ‘ i ineralization process, which releases much moré20l
5 e ! (ANOY=S > 0, nutrient input). Based on 20052006 values

. (Fig. 5), we estimate a\§3Cpj, of 0.74:0.12 %o for the

winter to summer amplitude of 0.7470.07 %.. During this

b)%I I . period, thes13Cp,c seasonality observed in the NASPG sur-
’ 9 [ 12 face waters is largely controlled by biological activity, which
%% 10 gn increaseds13Cp,c values during summer (photosynthesis)
. 5 (&g and decreased them during winter (remineralization). These
T T 6 = high concentrations of ND and DIC related to remineral-
1 % 1 ba 2 ization are attributed to the winter entrainment of subsurface
' -2 water (Takahashi et al., 1993).
—_— 0 According to the previous section, data from Novem-
e 9 ber 2006 do not get into line with other data collected
2150 i ! } L] in 2005—-2006. Results obtained from isotopic tracers indi-
a0 -7 § cate that physical processes also contribute to controlling
e % % the §13Cp|c and DIC distributions from summer to Novem-
2 o0 I I ber 2006 A§*3Cpnys= —0.23+0.15%0; Table 2). As no
S fi;f anomaly was detected in November 2006 (e.g., SST, MLD),
A 2070 ; + this is difficult to assess further.
2050
2030 3.3.2 The period August 2010-March 2011
d) 18
Ei % e There were only three cruises conducted between Au-
T + e gust 2010 and March 2011 (Table 1), B&##Cpc were mea-
. L DS sured during winter and summer, when maximal and mini-
h 3 i * {‘ 10 i mal values are expected. According to this comment, we can-
T 7 os ;f not compose the meah3Cp,c seasonal cycle for this period

0.6

- ' but, we can evaluate a seasonal amplitude of &.00L0 %o
7 F M A M J 7 A's o xpd ™ for §13Cpic and of 92.9 5.9 pmolkg?® for DIC concen-

_ tration. The biological and physical3Cpc signature es-
Fig. 5. Mean seasonal cycle ¢&) sea surface temperature (SST), timated from summer 2010 to winter 2011 is much higher
(b) nitrate (NGy), (c) dissolved inorganic carbon (DIC), ard)  (_0.9740.06 %o and 0.2 0.13 %., respectively; Table 2)
513Cpjc in the surface waters of the NASPG (88-62° N). Light  than those obtained from the 2005-2006 data set. This is in

grey squares (and standard deviation) symbolize the 2010_201agreement with the hypothesis of high productivity that is
data set, whereas dark grey squares (and standard deviation) repiasked by additional processes

resent the 2005-2006 data set. Black dashed curves and their stan-_l_he extensive winter mixed layer observed in 2009
dard deviation were established frqa) the MODIS-aqua data set .
@ . (Fig. 4b) could have lowered'3Cp,c at the sea surface

recorded in 2005-2006 (monthly composite with a spatial resolu . e
tion of 9km, generated by NASAs Giovanndjsc.sci.gsfc.nasa. and persisted through to August 2010. The lackoCpic

gov/giovannj, b and c¢) both NG; and DIC measurements col- measurements in the winter of 2010 precludes estimating
lected during SURATLANT cruises between 2002 and 2006 andA813Cpnys directly. If photosynthesis were the only pro-
(c) from the 2005-200613Cp,c—DIC relationship presented in cess controlling the seasonal amplitude, as was observed
Fig. 3b. Anomalies are identified by colored symbols following the during the 2005-2006 cycle, th&'3Cpc values of the

legend of Fig. 3a. winter of 2010 would be around 0.36 %Blf‘C'STgUSt 2019,
ASI3C ~AU9uSt 2010_ 1 36-1.00). However, such low val-

ues have not yet been observed in the NASPG (Quay et al.,
in August during the summer bloom (Antoine et al., 2005; 2007; Racapé et al., 2013) and are unlikely.
Corbiére et al., 2007). Based on Egé) &nd 5), processes The NASPG also experienced a significant anomalous
controlling this seasonality could be identified. Table 2 sum-warming ¢2°C) during 2010. According to Zhang et
marizes the results. The standard deviation displays thel. (1995), a warming of 2C would decreasé'3Cp,c by
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Table 2. Seasonalz{ to 1) amplitude ofs13Cpc (A513Cp)c) and their standard deviation (SD). The biological and physical contributions
(A813Chio andA813CphyS respectively) for the 2005-2006 and 2010-2012 periods estimated fromiEgad(6).

n to 19 AS13Cpic £SD (%)  A8Y3Chio£SD (%)  A813CphysE SD (%)

2005-2006 period

MeanFeb to  mean Aug 0.#0.07 0.74+0.12 0.03-0.14

of black dashed curves in Fig. 5

Mean Aug to Nov 2006 —0.65+£0.14 —0.42+0.10 —0.23£0.15
2010-2012 period

Mar 2010 to Aug 2010 NA 1.06:0.10 NA

Aug 2010 to Dec 2010 —0.44+£0.09 —-0.61+0.11 0.18t0.11

Aug 2010 to Mar 2011 —0.70+£0.10 —0.97+0.06 0.240.13

Mar 2012 to Jun 2012 0.680.14 0.76£0.11 —0.08+0.12

0.2 %o at the isotopic equilibrium conditions, thus masking 3.3.3 The period March 2011-September 2012

the biological signal 0d13Cpc. In the subpolar region, the

surfaces13Cp,c is never in isotopic equilibrium with the at- In2011-2012, the seasonal minimum was sampled two times

mospherics13CO, (Quay et al., 2003). Nevertheless, if we but the seasonal maximum was never reached (Table 1).

assume that change in SST affetSCpc substantially at ~As all DIC data collected in the NASPG region between

the seasonal scale in this region, this is in opposite effect tdlarch 2011 and September 2012 are presented in this study,

the uptake of3C poor CQ in surface water. Data collected it is impossible to complete the seasonal DIC cycle like in

in December 2010 are relatively highersitFCpic and lower ~ 2005-2006 and to deduce that &#fCpic (Fig. 5). Based

in DIC than those sampled in December 2011. This suggest@n 2012 values (from March 2012 to June 2012; Fig. 5),

either that the impact due to the change in SST in 2010 igve can nevertheless observe a seasétlpic amplitude

dominated by the C@uptake effect, or that additional phys- of at least 0.68:0.14 %o, with a biological contribution of

ical driving processes, like horizontal transport, influenced0.76+0.11%. (Table 2). These results are comparable to

the §13Cp,c and DIC seasonal distributions in 2010. those observed in 2005—-2006, suggesting that the soft-tissue
In the subpolar region, phytoplanktonic bloom is regularly PUmp was the major driving process&fCpic seasonality

dominated by the coccolithophore species, which are proin the NASPG region.

moted by specific environmental conditions like high SST

and shallow MLD (Fig. 4b; Raitsos et al., 2006) observed4 Conclusions

during this period. Coccolithophores are photosynthetic cal-

%fy'”g algal species. As we mentioned in Sect. 3.2, a small, his study, we present new sea surface observations of
C fractionation occurs during the formation of the calcium 513Cpic and associated hydrological and biogeochemical

carbonate coccoliths so that it is insignificant for #88Cp,c properties (DIC, NQ) in the NASPG (53N-62 N) based

variation. Coccolithophores bloom starts generally in Juney, 14 transects conducted in 2005-2006 and 2010—2012.
and would induce by their soft-tissue pump a winter to SUM-p ring gl transects, we observe a positive north-south gra-

mer increase id**Cpic and decrease in DIC according t0 @ gient coherent with model studies of Gruber et al. (1999)
ratio of —0.011 %o umol kg and by their carbonate pump, . Tagliabue and Bopp (2008), and opposite to DIC gra-
an additional decrease in DIC without changestiCoic  gients (high DIC in the north, low in the south). We also
(conversely from summer to winter), thus impacting the sea-yatect a very large range 6t3Cpic depending on the pe-
sonal relationships observed between these both parameters, g Couplings13Cpc—DIC observations enables to re-
over the perlolg August 2010-March 2011. There is N in-yeq strong parallel relationships in 2005-2006 and in 2011~
formation ong™*Cpic in the spring of 2010, and the cloudy 5012 For hoth tracers and for winter (February—March) the
conditions during summer precluded observations with Satel'change from 2005—2006 to 2011—2012 is coherent with an-

lite image.ry, so that it is.difficult to confirm this hypothesis. thropogenic carbon uptake (increase in DIC, decrease in
According to regression slope 2 (Eq. 7), the lowest DIC s13c, )yt with a time rate of change much larger than the

. . 3 . -
valuless assouateldg with l08*°Cpc alr;d the isotopic tracers  heoretical value due to anthropogenic effect. Deeper winter
(A87Chio andAS=*Cphys), DIC ands=*Cpic seasonal distri-  ixing recorded in the winter of 2008-2009 and in the win-

butions may be controlled by these combined processes.  iar of 2011-2012 most likely contributed to redud8Cpjc
and increase DIC, thus masking the anthropogenic signal.
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