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Abstract. The Arctic Ocean accounts for only 4% of the 1 Introduction

global ocean area, but it contributes significantly to the

global carbon cycle. Recent observations of seawater-CO

carbonate chemistry in shelf waters of the western ArcticThe release of anthropogenic carbon dioxide {£® the
Ocean, primarily in the Chukchi Sea, from 2009 to 2011 atmosphere and its uptake by the global ocean have signifi-
indicate that bottom waters are seasonally undersaturategant implications for ocean chemistry and marine organisms
with respect to calcium carbonate (CagQninerals, par- and ecosystems. While the global ocean remains generally
ticularly aragonite. Nearly 40 % of sampled bottom waters mildly alkaline at present, the uptake of anthropogenic, CO
on the shelf have saturation states less than one for aragonifeom the atmosphere into the ocean changes the chemical
(i.e., Qaragonite< 1.0), thereby exposing the benthos to poten-equilibria of the CQ-carbonate system of seawater, result-
tially corrosive water for CaC@secreting organisms, while ing in gradual acidification of seawater in a process termed
80 % of bottom waters present h&agonitevalues less than — ocean acidification (OA; Caldeira and Wickett 2003, 2005;
1.5. Our observations indicate seasonal reduction of saturdPoney et al., 2009; Feely et al., 2009). As the £n-

tion states Q) for calcite Qcalcite) and aragoniteSaragonita Nt Of seawater increases in response to uptake of anthro-
in the subsurface in the western Arctic by as much as 0.§0genic CQ, readjustment of seawater G@arbonate equi-
and 0.5, respectively. Such data indicate that bottom waterbria results in the reduction of pH, carbonate ion concen-
of the western Arctic shelves were already potentially corro-tration [CC;~] and saturation state) of calcium carbonate
sive for biogenic and sedimentary Cagfor several months  (CaCQ) minerals such as calcite (i.62calcite) and arago-
each year. Seasonal changesirare imparted by a vari- nite (i.e.,Qaragonitd- Such changes have been observed in the
ety of factors such as phytoplankton photosynthesis, respiopen ocean over the past thirty years, with the;@artial
ration/remineralization of organic matter and air-sea gas expressure gCO;) of surface seawater increasing 530 %,
change of C@. Combined, these processes either increasevhile pH has decreased by0.1 along with [CG~] and 2

or enhance in surface and subsurface waters, respectivelyalues for CaC@minerals (Bates and Peters, 2007; Santana-
These seasonal physical and biological processes also act feasiano et al., 2007; Dore et al., 2009; Gonzalez-Davila et
mitigate or enhance the impact of Anthropocene ocean acidal., 2010; Olafsson et al., 2009; Byrne et al., 2010; Bates
ification (OA) on € in surface and subsurface waters, re- €t al., 2012). In the open ocean of the North Pacific Ocean,
spectively. Future monitoring of the western Arctic shelves uptake of anthropogenic Ghas been shown to reduce the
is warranted to assess the present and future impact of oceg@@turation state of CaGQminerals, with the result that the
acidification and seasonal physico-biogeochemical processdgsocline depth (wher& = 1) has shoaled by up to 100m

on © values and Arctic marine ecosystems. (Feely et al., 2004). In the coastal ocean, upwelling 0b€O
rich subsurface waters has also been shown to bring low-pH
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and € waters onto adjacent shelves (e.g., Feely et al., 2008responses and feedbacks in response to change in the phys-
Fassbender et al., 2011; Mathis et al., 2012). ical properties (e.qg., circulation, warming, sea-ice loss) and
Assessment of the future impact of ocean acidificationbiogeochemical processes (e.g., nutrient supply, rates of pri-
on seawater C@carbonate chemistry such as pH aftd  mary production and respiration, ecological changes) within
values for CaC@ minerals, and its implication for cal- the region (Bates and Mathis, 2009). Field expeditions are
cifying marine organisms and ecosystems, remains highhdifficult to conduct in the Arctic, but, nonetheless, there is
uncertain at present. A growing number of experimentalgrowing evidence that low pH arfd (< 1) conditions existin
and field ocean acidification studies show a variety of re-the Arctic Ocean at present. In the Arctic Ocean, waters that
sponses of marine organisms to increagetiO, and re-  are undersaturated with respect to Ca@@nerals (i.e., low
duced pHQ/[COé‘] conditions, especially amongst those Q values< 1) have been observed in the subsurface halocline
taxa such as hard corals, echinoderms, bivalves and molayer of the central basin waters for both calcite and arag-
lusks that secrete biogenic Cag@s shells, skeletons or onite (Juttersttim and Anderson, 2005; Yamamoto-Kawai
framework structures (e.g., Buddemeier et al., 2004; Fabryet al., 2009; Chierici and Fransson, 2009). Similarly, low
et al., 2008; Doney et al., 2009; Smith, 2009jd&nbender Q values & 1) for both calcite and aragonite, and reduced
et al., 2011; Ries, 2011). There is much variability in re- buffering capacity of surface waters due to sea-ice melt wa-
sponse to OA even within individual taxa depending on life ter, have also been observed in the central basin during sum
stage and other physico-biogeochemical factors such as lighhertime (Yamamoto-Kawai et al., 2009). On the surrounding
and nutrient concentrations (e.g., Andersson et al., 2011polar shelves, lov2 waters that are potentially corrosive to
Ries, 2011). Seawater with low pH (e.g,7.7-7.9 in typ- CaCQ(i.e., 2 < 1) have been seasonally observed in sev-
ical seawater) and CaGGsaturation states less than one eral regions (during the sea-ice-free summertime), including
(i.e., 2 <1) is potentially corrosive to biogenic and sedi- (1) slope waters of the northern Chukchi Sea (e.g., Bates et
mentary forms of CaC®such as calcite, high-Mg calcite al., 2009) and Beaufort Sea (Mathis et al., 2012); (2) in out-
and aragonite. Ocean acidification thus increases the pdiow waters of the Arctic in the Canadian Arctic Archipelago
tential for dissolution of CaC® (Andersson et al., 2010) (Azetsu-Scott et al., 2010); and (3) as far south as the Bering
particularly in shallow shelf environments where dissolu- Sea shelf (Mathis et al., 2009, 20114, b).
tion of calcareous sediments can alter the buffer capac- In this study, we assess the present state of Gasa@ura-
ity of waters overlying such sediments. However, despitetion states, expressed gacite aNA2aragonitevalues, for sur-
the emergence of ocean acidification as a potential probface and subsurface waters across the western Arctic Ocean
lem of global significance, integrated studies of the inter-(Fig. 1). This includes the following regions: (1) the Pacific
action and feedbacks between ocean acidification, seawat@®cean-influenced “inflow” shelf of the Chukchi Sea (Car-
COp-carbonate chemistry, and natural/anthropogenically in-mack and Wassmann, 2006); (2) “interior” shelves of the
fluenced physico-biogeochemical processes are in their ineastern East Siberian Sea (ESS) and western Beaufort Sea
fancy, particularly in the coastal ocean. that are highly influenced by internal processes such as river
The Arctic Ocean - including the deep central basinfreshwater inputs; and (3) the southern region of the deep
and surrounding shallow shelf seas — has been identifie€€anada Basin (Fig. 1). We use data collected as part of the
as potentially vulnerable to the impacts of ocean acidifica-recent RUSALCA (Russian-American Long-Term Census of
tion (e.g., Orr et al., 2005; Yamamoto-Kawai et al., 2009; the Arctic) and ICESCAPE (Impacts of Climate on the Eco-
Steinacher et al., 2009; Bates and Mathis, 2009; Anderson ebystems and Chemistry of the Arctic Pacific Environment)
al., 2011). Recent observations, syntheses and model studiexpeditions to the western Arctic Ocean from 2009 to 2011.
indicate that naturally low temperatures, pH dhdalues of  These data are used to assess whether shelf bottom waters
surface waters in the Arctic Ocean are conducive to earlieiof the western Arctic are potentially seasonally corrosive to
onset of ocean acidification this century — especially givenCaCQ minerals. In the period of 2002-2004, repeat sea-
anticipated further release of anthropogenic,G®the at-  sonal observations during the Shelf—Basin Interactions (SBI)
mosphere and its uptake by the global ocean (Solomon eproject showed that pH values were lower than 8.0 and val-
al., 2007) —when compared to other open-ocean and coastales forQaragonitewere < 1 in subsurface waters on the north-
waters (e.g., Orr et al., 2005; Steinacher et al., 2009). Theern slope of the Chukchi Sea but not across the shelf region
impact of ocean acidification on the Arctic Ocean is also (Bates et al., 2009). Here, we examine using seawater CO
likely to be highly synergistic with environmental changes carbonate data whether bottom waters with low pH @rate
associated with warming, rapid sea-ice loss, changes in seg@resent across much of the shelf areas of the western Arctic
ice meltwater/freshwater inputs to the Arctic, and increasedOcean, thereby providing an assessment of the present-day
coastal erosion (e.g., ACIA, 2005; Serreze and Francis, 2006seasonal exposure of the seafloor benthos to bottom waters
Maslanik et al., 2007; McGuire et al., 2006, 2009; Arrigo et that are corrosive for CaC{hells and skeletons.
al., 2008; Pabi et al., 2008; Wang and Overland, 2009). Furthermore, we examine the interactions and feedbacks
Assessment of the present and future impact of ocean acidsetween seawater G&arbonate chemistry and physical, bi-
ification in the Arctic Ocean is complicated by contradictory ological and chemical processes in the western Arctic Ocean.
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Fig. 1. Map of the western Arctic Ocean showing the stations occupied during the cruises according to the cruise year: RUSALCA 2009
(4—29 September 2009; green); ICESCAPE 2010 (18 June to 16 July 2010; red symbol) and ICESCAPE 2011(28 June to 24 July 2011; blue
symbol). Approximate streamlines (bold dashed lines) of Alaskan Coastal Current (ACC), Bering Shelf Water (BSW) and Anadyr Water
(AW) are shown. The intermittent flow of the Siberian Coastal Current (SCC) through Long Strait into the Chukchi Sea is also shown.

While many studies have examined the impact of physicalthropogenic ocean acidification — resulting from uptake of
processes (e.g., warming/cooling, circulation) and the bi-anthropogenic C®from the atmosphere — in surface and
ological pump (e.g., production, respiration, calcification) subsurface waters, respectively, of the Arctic Ocean.

on dissolved inorganic carbon (DIC), total alkalinity (TA)

and pCOp, particularly in coastal environments, there have

been far fewer studies of impacts on pH and CaGa- 2 Methods

ration states. The Chukchi Sea has rare characteristics foi
a coastal shelf sea. Physiogeographically, it is an inflow™

shelf (sensu Carmack and Wassmann, 2006) with & primargeyera| thousand seawater carbonate chemistry samples were
ily unidirectional water flow northward towards the pole. qq|iected in total from three summertime cruises from 2009
It is highly _mfluenced by sefasonal sea-ice cover and rivelyy 2011 in the western Arctic Ocean from multiple CTD-
freshwater inputs and has high nutrient supply and rates ofyyqrocast stations across the shelves of the Chukchi Sea (in-
primary production during the seasonally sea-ice-free pe,qing Bering Strait), eastern East Siberian Sea, western
riod. In this region, multiple physico-biogeochemical pro- geayfort Sea, and deep Canada Basin (Fig. 1). The shipboard
cesses significantly impact seawater Grbonate chem- o, pegitions included the following cruises: (1) RUSALCA
istry (e.g.,pCO, pH and) and include the following: ma- 5009 (429 September 2009); (2) ICESCAPE 2010 (18 June
rine _ecosysterr_\ photos_yntheS|s a_nd resplratlon_ (or net comyy 16 July 2010); and (3) ICESCAPE 2011 (28 June to
munity production thatincludes primary production andrem-54 3,y 2011). At each CTD-hydrocast station, seawater sam-
ineralization of organic carbon), air-sea £gas exchange, pjes were collected for TA and DIC, as well as comple-
warming and sea-ice loss, and changes in the inputs of terregqeniary data (e.g., temperature, salinity, inorganic nutrients).

trial freshwater and organic carbon. When integrated, thes%amples for TA and DIC were collected according to Dick-
processes act to either mitigate or enhance the impact of ans,, ot 41. (2007).

1 Sampling

www.biogeosciences.net/10/5281/2013/ Biogeosciences, 10, 53882013
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2.2 Sample analyses ples (i.e., closest water to the seafloor in water depths less
than 200 m).

Samples from the RUSALCA 2009 cruise were analyzed Oc€an Data View 4 (ODV; Schlitzer, 2011) software was
at the Bermuda Institute of Ocean Sciences (BIOS), whileuSed to visualize the physical and seawater,&arbonate
ICESCAPE cruise samples were analyzed on board (TAchem|stry data from the three cruises. Both composite scat-
in 2010; TA and DIC in 2011). Replicate samples from €' and contour plots of 2009-2011 data are shown in ad-
the ICESCAPE cruises were also analyzed at BIOS. Tadition to cruise data from individual years. Surface data re-
and DIC analyses followed methods described by Dick-Ported in the paper represented the uppermost Niskin sam-
son et al. (2007). The TA of seawater samples was dep!gr trlpped at each CTD—hydroqast station, and reflect con-
termined by a highly precise<(1-1.5umolkg?l; ~0.05— ditions in the upper part of the mixed layer 0—10 m deep).
0.07 %) potentiometric titration (e.g., Bates et al., 1996; "€ bottom-water data represent samples typically within
Dickson et al., 2007) using a VINDTA instrumeitgrsatile 2™ Of the seafloor (deepest Niskin sampler tripped at each
Instrument forDetermination ofTitration Alkalinity; man- ~ CTD-hydrocast station) at shelf and slope stations with wa-
ufactured by Marianda Co, Kiel, Germany). The DIC of ter depths less than 200 m. On the western Arctic shelves, the
seawater samples was determined using a standard higRottom water was typically sampled at depths-00-70m,
precision & 0.6 pmolkg'; ~0.05%) coulometric method ~ lthough deeper samples up-tal80m were shown in the
using a VINDTA 3C system (Bates et al., 1996; Marianda slope waters north of the Chukchl Sea shelf (F|g_. 1).. Data
Co, Germany) where a known volume of sample is acid-from the 2002—2004 Shelf-Basin Interactions project in the

ified, converted to C@ with evolved CQ extracted from ~ Chukchi Sea (e.g., Bates et al.,, 2005a, b; Bates, 2006) were
the seawater sample using an inert gas (.e., uItra-highalSO examln_ed for comparison. Sea ice data were re_trleved
purity nitrogen), and detected coulometrically (Dickson et from the National Snow and I_ce Data Center (_Cayahen etal.,
al., 2007). On the ICESCAPE 2011 cruise, a small-volumel996, updated yearlyittp:/nsidc.org/data/seaice/ingex
(~1mL sample size) DIC analyzer was used to analyze

replicate DIC samples with a precision-efl—1.5 pmol kg*

(~0.05 %), with the instrument based on non-dispersive in-3 Results

frared (NDIR) detection (AIRICA; Marianda Co, Germany).

Both TA and DIC measurements were routinely calibrated3-1 General observations from the 2009-2011

using seawater Certified Reference Material (CRM; supplied ~ RUSALCA/ICESCAPE expeditions

by A. G. Dickson, Scripps Institute of Oceanography), and ] i . .

compared to well-characterized Sargasso Sea surface aﬁlaw physical and blochemlcal conditions of the western Arc-
deep water (Bates et al., 2012). Such CRM analyses prot_|c Oce_a_m are strongly influenced b;_/ northw_ard transport
vided quality assurance for these observations (Dickson ff Pacific Ocean water through Bering Strait (Cooper et

al., 2007) and ensured that the accuracy of TA and DIC com&/-» 1997; Woodgate and Aagaard, 2005; Woodgate et al.,
pared to CRM’s was within 0.1 % (2 pmol kg). 2005) and freshwater runoff from Arctic rivers onto the

shelves (e.g., Anderson et al., 2011). The inflow of Pacific
Ocean water 1 Sv during summer; 1S¢10fmd s 1)

from the Bering Sea into the Chukchi Sea through Bering
Strait is comprised of three different water sources associ-
Seawater C@carbonate system parameters, includingated with the Alaskan Coastal Current (ACC), Bering Sea
pCOy (Matm), Qaragonite aNd Qcalcite and pH (total scale), water (BSW) and Anadyr Current (AW) waters (Fig. 1). Out-
were computed using COZ2calc software (Robbins et al.flow of shelf water from the Chukchi Sea shelf predomi-
2011) and salinity ), temperature®), TA and DIC data.  nantly occurs through submarine canyons such as Herald
The carbonic acid dissociation constam&; and pK»> Valley and Barrow Canyon (Fig. 1), partly into the Canada
(Mehrbach et al., 1973, as refit by Dickson and Millero, Basin and partly eastward along the narrow Beaufort Sea
1997) were used for these computations. We estimated thehelf. There is also an episodic inflow (up to 0.1 Sv) into the
calculation error range fdRaragoniteaNdLcalcite to be+ 0.02 Chukchi Sea from the East Siberian Sea shelf through Long
(assuming a DIC and TA analytical error &2 pmol kg 1). Strait between Wrangel Island and the Siberian coast with the
The DIC/TA pair was also used to calculageC Oy, pH, Siberian Coastal Current (SCC; Weingartner, 1999). The res-
QaragoniteANdQcalcite for the 2002—-2004 SBI data reported by idence time of shelf water present on the Chukchi Sea shelf
Bates et al (2009). A total of 2103 samples provigezio,, is typically less than 6 months (computed from mean north-
PH, Qaragonite@nd QLcalcite Values, with 1657 from the shelf ward flow through Bering Strait of 1 Sv divided by volume
(i.e., seafloor less than 100 m deep), 186 from slope watersf the Chukchi Sea shelf of 2.5 x 1013 m?3).

(i.e., seafloor between 100 m and 200 m deep), and 260 from During the  2009-2011 RUSALCA/ICESCAPE
basin waters (i.e., seafloor from 200 m+®8000 m deep). Of  expeditions, shelf water temperatures varied frem.8
these, 389 were surface samples and 352 bottom-water sarnn +7.5°C, while salinity ranged from- 24 to 33.5 (mostly

2.3 Data computations and visualization

Biogeosciences, 10, 5283309 2013 www.biogeosciences.net/10/5281/2013/
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Fig. 2. Summertime scatter plots of depth and seawates-€&bonate chemistry superimposed on temperature versus salinity compiled for
years 2009-2011 in the western Arctic Ocean. The panels intA)diepth (m) — samples within the bold dashed line represent shelf waters;
samples from depths greater than 200 m are denoted as a uniform color (purple) and represent offshelf samples in the Canada Basin includin
halocline waters (HW) and Atlantic water (AW; Bates et al., 2005a). The approximate distribution of Canada Basin waters are shown within
the light dashed ling(B) dissolved inorganic carbon (DIC; pmolkd); (C) pCO, (patm);(D) pH; (E) Qcalcite and F) Qaragonite The TS

diagram shows the envelope of surface water in the western Afttie {.5 to 7.5°C; S: 24 to 33), while subsurface waters on the Chukchi

Sea were more confined with regard to physical properfies(1.5 to+1°C; S: 32—34). All panels also show the seawater@@rbonate

chemistry properties of the Atlantic Water (AW; Emery, 2003) observed in the Canada Basin (temperature® Q;Stditity: 34.7 to 34.9).
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from ~ 27 to 33; Fig. 2). Waters of the halocline and deeperSea and offshore in the Canada Basin (Fig. 2a). The lowest
layers of the Canada Basin had low temperatures {.8°C TA and DIC concentrations were generally observed in Long
in halocline waters te- +1.8°C in Atlantic layer water) and  Strait close to the coast of Siberia. These waters originate in
were saltier than shelf waters 83.5-34.5; Fig. 2a), similar the East Siberian Sea shelf and are carried eastward into the
to earlier observations in the western Arctic (e.g., observa-Chukchi Sea with the Siberian Coastal Current (Weingart-
tions from the SBI project 2002—-2004; Bates et al., 2005a;ner, 1999). The low TA and DIC contents of the SSC waters

Bates, 2006). result from considerable freshwater input from river runoff
into the East Siberian Sea shelf and sea-ice melt (Semile-

3.2 Seawater CQ-carbonate chemistry variability tov et al., 2004). Low TA and DIC concentrations were also
across the western Arctic observed on the western Beaufort Sea shelf, and likely re-

flect surface waters diluted with Mackenzie River freshwater
Seawater C@-carbonate chemistry was also highly vari- outflowing onto the shelf and into the Canada Basin (Mac-
able across this region. Seawater TA and DIC concendonald et al., 2002). Subsurface values on the shelves and
trations from the three expeditions generally varied be-in the halocline of the Canada Basin ranged between 2150
tween 1400 and 2300 umolk§ (Fig. 2b; DIC only shown and 2300 umolkg! for TA and 2050 and 2250 pmol kg
in the paper). Surface water values typically ranged fromfor DIC (Fig. 3a).
1850 to 2250 pmol kgt for TA and 1800 to 2200 umol kg
for DIC with higher values across the Chukchi Sea shelf
compared to the eastern East Siberian Sea, western Beaufort

Biogeosciences, 10, 5283309 2013 www.biogeosciences.net/10/5281/2013/
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Fig. 4. Summertime surface and bottom-water maps of seawd@€), (patm) for individual years in 2009, 2010 and 2011 in the western
Arctic Ocean (primarily Chukchi Sea but also eastern East Siberian Sea and western Beaufort Sea). Surface €&yt are plotted

in (A), (C) and(E), while bottom-water seawatg¢rCO, data are plotted in pane(B), (D) and(F). Sea ice data were retrieved from the
National Snow and Ice Data Center (Cavalieri et al., 1996, updated ya#gy/nsidc.org/daty/

3.3 SurfacepCO; and pH variability under-sea-ice phytoplankton bloom observed in the Chukchi
Sea shelf in 2010 and 2011 (Arrigo et al., 2012; Fig. 4c, €)

SeawatepCO;, and pH conditions across the western Arc- west of Hanna Shoals (Fig. 1). These values represent some
of the lowest seawatesCO, values observed anywhere in

tic were highly varlat_)le, ranging fror 100 to> 900 patm the global ocean. Seawater pH ranged from 8.2 to 8.4 in

and 7 to 8.5, respectively (Figs. 2c, d, 3b and 4). Surface wa- . )

ters hadpCO, values (- 150-300 patm) typically lower than most surface waters (Fig. 2d). The exceptions were waters
. with high pCO, (> 600 patm) and low pH (7 to 7.5) ob-

atmospheric values~(390-395 patm) across much of the ’ Lo

Chukchi Sea in the period of 2009-2011 (Fig. 4a, ¢, e) Theserved in thg East Siberian Sea north of Wrangel Island and

lowest seawatepCO; values were observed .clos’e ,;0 Her- in the Siberian Coastal Current outflowing from the East

ald Valley in the westernmost Chukchi Sea in 2009 (Fig. 4a:Slberlan Sea into the Chukchi Sea through Long Strait in

< 200 patm) and across the Chukchi Sea in 2010 and 201%009 (Flg_s. 2c, d.an(-j 3b). Similarly highCO, _has been
: . observed in the Siberian Coastal Current previously (Frans-
(Fig. 4c, e:< 200 patm). Even lower seawatgpCO, con-

centrations £« 80 patm) were observed in the region of the son et al., 2009). This finding is not surprising given the

www.biogeosciences.net/10/5281/2013/ Biogeosciences, 10, 538B8-2013
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Fig. 5.Composite (2009-2011) summertime maps of surface and bottom-Rigfe andQaragonitdn the western Arctic Ocean (primarily
Chukchi Sea but also eastern East Siberian Sea and western Beaufort Sea). The pane{d)sluie e cite (B) bottom-watei,cite
(C) surfaceQgragonite and(D) bottom-wate2aragonite

high seawatepCO, values ¢ 500 to~ 1500 patm) previ- 3.5 Saturation states 0faragonite aNd Rcalcite
ously observed in the near-shore bays and estuaries of the
East Siberian Sea (e.g., Tiksi Bay) and Kolyma River out-

flow (Semiletov et al., 1999, 2007; Pipko et al., 2011). The saturation states &fcalcite aNd<2aragoniteare useful indi-
cators of the status of ocean acidification on the western Arc-
3.4 SubsurfacgpCO», and pH variability tic shelves. The2 values were highly variable witkcaicite

and Qaragoniteranging from< 0.5 to 5.5 and< 0.5 to 4, re-
Subsurface  seawater pCO, had  higher values spectively (Figs. 2e, f and 3c, d). In surface waters across
(~350->900) and low pH values ~7.3-7.8) when the western ArcticQcaicite aNd QaragoniteValues were typi-
compared to surface waters (Figs. 2c, d, 3b, and 4b, d, f)cally greater than 1 (Fig. 5a, c). Across much of the Chukchi
Seawater C@-carbonate chemistry differences between Sea shelfQcacite and Qaragonitevalues ranged from 3.5 to 5
surface and bottom waters were as much as 600-800 patand 2 to 3, respectively (Fig. 5), with surface waters highly
for seawaterpCO, and 1 to 1.5 for pH, respectively. This oversaturated with respect to Cag@inerals. Elsewhere,
reflects strong physical stratification between the surfacen e and Qaragonitevalues were lower in the westernmost
mixed-layer and subsurface waters. High seaw@€0,  Chukchi Sea and eastern East Siberian Sea shelves, ranging
values greater than 400 patm were observed in bottom watefgom 2 to 3 and 1.5 to 2, respectively (Fig. 5), with lower
close to the seafloor across the southern Chukchi Sea anghlues in Long Strait. The 102¢acite and Qaragonitevalues
East Siberian Sea in 2009 (Fig. 4b), and in the northernobserved in the East Siberian Sea shelf were not unexpected
Chukchi Sea in 2010 and 2011 (Fig. 4d, f). Interestingly, low (Anderson et al., 2010, 2011) given that ESS surface waters
subsurfacepCO, values ¢~ 250-350 patm) were observed have high seawatgrCO; (and low pH) values. The high sea-
at Bering Strait and southern Chukchi Sea shelf, presumablyater pCO, of surface waters (and low pH ar@d values)
reflecting inflow of lowpCO, water from the Bering Sea have been attributed primarily to the remineralization of ter-
shelf (Bates et al., 2011a). restrial organic matter (introduced to the ESS from Siberian

rivers; e.g., Anderson et al., 1990, 2009; Cauwet and Sidorov,
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Fig. 6. Composite figure of meafaragonitevalues for shelf, slope and basin waters from the western Arctic Ocean (includes the Chukchi
Sea, eastern East Siberian Sea, western Beaufort Sea shelf and Canada Basin) as observed during the 2009-2011 RUSALCA/ICESCAP
expeditions. The panels inclu@&) meanQaragonitevalues for shelf (red symbol), slope and basin for different depth intervals. The standard
deviation of mean shef2aragoniteat €ach depth interval is shown in light red, and gives some indication of rarfgeaities. The standard
deviation of$2 values is also shown for slope (green lines) and basin (blue lines) waters. The vertical height of ea€hymamievalue

shows the depth interval (i.e., 05 m for uppermost depth interiB))the % of sampled water within the defin€dranges (i.e.< 1.0 is

shown as purple; 1.0-1.2 as deep blue, 1.2-1.5 light blue, 1.5-2.0 as light green2dhds dark green)C) as in panel B but for slope

waters; andD) as in(B) but for basin waters. As i(B), 2 values in(C) and(D) are differentiated by color (i.e< 1.0 is shown as purple;

1.0-1.2 as deep blue, 1.2-1.5 light blue, 1.5-2.0 as light green; @rélas dark green). I{B), (C), and(D), the number of samples (i.e.,

of sample within the depth horizon) that comprise each binned depth horizon is given in the right-hand corner of each depth bin, replicating
n values given in Table 1.

1996; Kattner et al., 1999), and marine-derived organic carern Chukchi Sea and East Siberian Sea (Fig. 7c). More than

bon back to CQ. 60 % of shelf surface samples h&fragonite Values of> 2
(Fig. 6b). In the slope regions (i.e., 100-200 m water depth)
3.5.1 Surface waters of the Chukchi Sea shelf, the mean surf&@gagonite Was

lower than shelf waters at 1.6+ 0.4, but these waters also

In Fig. 6, we show the variability af2aragoniteagainst depth exhibit a decrease if2aragoniteWith depth to< 1.2 (Fig. 6a).

for shelf and slope waters (i.e., bottom depth from 100 toCOMPpared to shelf waters, ony209% of slope water sam-
200m) of the Chukchi Sea, but also compared to waterd!€S NadQaragonitevalues of> 2, while there was a greater

sampled in the Canada Basin. For shelf waters, the meaR"OPOrtion 0ff2aragonitevalues less than 1.5 (Fig. 6¢). _
Qaragonite O Surface waters (i.e., 0-15m) was2.1+ 0.6 In contrast to the surface and slope waters of the Chukchi,

decreasing with depth te 1.2 below~ 40 m deep (Fig. 6a). East Siberian and western Beaufort shelves, surface/mixed-
Although not shown, a similar profile ocarcite €xhibits layer waterQ2 _values in the Canada Basin were close to 1
a similar vertical profile with values-0.6-0.8 higher. The (0 1.5 for calcite and even below 1 for aragonite. The mean

range of surfac&aragonitevalues was large, reflecting vari- Qaragonite O surface waters (i.e., 0-20m) was1.2+0.2
ability of QaragoniteBNd2calcite aCross the region (Fig. 7). For (Fig. 6a). Nearly 50% of polar mixed-layer watoers sam-
example, relatively high surfa®aragonitevalues ¢ 2) were pled hadaragonite values less than 1.2, and20% be-
evident in the central Chukchi Sea compared to the west!oW 1 (Fig. 6d). Unlike shelf and slope water@aragonite

www.biogeosciences.net/10/5281/2013/ Biogeosciences, 10, 53882013
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Table 1. Mean QgragoniteValues at different depth intervals for shelf, slope and basin waters in the western Arctic Ocean. The mean,
standard deviation and number of samples (bracketed) are given for summertime cruises in 2002 (SBI), 2004 (SBIl) and 2009-2011
(RUSALCA/ICESCAPE). The last column denotes the difference between 2009-2011 data and eafigig&liiedata. We note “similar”

if the mean of the 2009-20X25ragonitedata is within 10 % of one or more earlier yediglenotes this depth interval incorporated into mean

value above.

Depth interval 2002 2004 2009-2011 AQaragonite
MeanQaragonite MeanQaragonite MeaRaragonite difference
std dev andx) std dev andx) std dev andx)

SHELF 2002 2004 2009-2011

0-5m 2.0H-0.74 (22) 1.99+ 0.56 (16) 2.110.67 (339) similar

5-10m 2.140.62 (9) 2.28+0.62 (14) 2.02£0.50 (93) similar

10-15m 2.15:0.41 (13) 2.2%0.64 (6) 2.13:0.47 (169) similar
15-20m 2.2@:0.55 (11) 2.16+0.53 (6) 1.73t0.46 (169) (-) lower
20-25m 1.89-0.45 (15) 1.99+ 0.46 (6) 1.7#0.50 (129) (=) lower
25-30m 1.66:0.47 (6) 1.8Gt0.37 (3) 1.68+ 0.51 (227) similar
30-35m 1.88:0.56 (10) 1.7740.41 (5) 1.53t0.48 (98) (-) lower
35-40m 1.72:0.27 (3) 1.92£0.11 (3) 1.3A0.57 (97) (=) lower
40-45m 1.65:0.51 (9) 1.32£0.72 (3) (40-50m) 1.330.43 (95) similar
45-50m 1.42:0.20 (2) * 1.4140.57 (88) similar
50-55m 1.29-0.35 (5) (50-60 m) 1.620.47 (2) (50-60m) 1.240.43 (60) similar

55-60m * * 1.184+0.36 (26)

60—-65m 1.26:0.31 (5) 1.36£0.14 (2) (60-70m) 1.190.37 (24) similar

65-70m 1.25-0.40 (3) * 1.104+0.24 (14) (-) lower

70-75m 1.38:0.18 (3) 1.43t0.50 (2) (70-80m) 1.1F0.52(8) (-) lower
75-80m 1.110.19 (3) * 1.164+0.25 (11) similar
80-100m 1.2%0.19 (5) 1.570.01 (2) 1.26+£0.51 (11) similar

SLOPE 2002 2004 2009-2011

0-5m 1.48+0.63 (11) (0-10m) 1.98:0.37 (16) 1.63:0.38 (16) ?variable

5-10m * 2.56+0.93 (7) 1.67:0.42 (3) (-) lower

10-15m 1.94-0.41 (13) (10-20m) 2.220.75(7) (10-20m) 1.5 0.39 (13) (10-20m) (-) lower

15-20m * * *

20-25m 1.99: 0.45 (6) (20-30m) 1.6%0.22(4) (20-30m)  1.820.65 (13) similar

25-30m * * 1.63+0.36 (12)

30-35m 1.69:0.16 (4) (30-40m) 1.6&0.25(4) (30-40m) 1.3%0.18 (5) (-) lower

35-40m * * 1.19+0.27 (4)

40-50m 1.48£0.20 (5) 1.68t0.36(2) 1.25£0.25 (5) (-) lower

50-60m 1.58:0.19 (3) n/a 1.15-026 (14) (-) lower

60-70m 1.3G: 0.09 (6) 1.57:0.40 (3) n/a

70-80m 1.38:0.18 (3) 1.29:0.14 (3) 1.15- 024 (8) (-) lower

80-100m 1.22-0.21 (5) 1.18+0.01 (2) 1.0740.15 (4) similar

100-120m 1.14-0.15 (6) 1.26+0.33 (4) 1.1 0.31 (39) similar
120-140m 1.16-0.21(4) 1.29+0.05 (2) 1.25+0.32 (14) similar
140-160m 1.2%0.25(9) 1.14+0.05 (2) 1.02+0.16 (30) similar
160-200m 1.25%:-0.30(6) 1.470.07 (2) 1.29+0.38 (6) similar

BASIN 2002 2004 2009-2011

0-5m 1.43+0.43 (6) (0-10m) 1.680.28 (8) 1.210.31 (34) (-) lower

5-10m * 1.62+0.33 (5) 1.28:0.23 (2) (=) lower

10-15m 1.870.37 (3) (10-20m) 1.740.26 (6) (10-20m) 1.1&0.21 (24) (10-20m) (-) lower

15-20m * * *

20-25m 1.840.17 (2) (20-30m) 1.840.13 (6) (20-30m) 1.3& 0.25 (4) (20—-30m) (-) lower

25-30m * * 1.29+0.20 (24)

30-35m n/a 1.680.25 (5) (30-40m) 1.5%0.04 (2) (30—40m) (-) lower

35-40m n/a * *

40-50m 1.93:0.53 (2) 1.7G£ 0.43 (5) 1.4Gt 0.16 (10) (-) lower

50-60m 1.44 (1) n/a 1.580.53 (16) similar

Biogeosciences, 10, 5283309 2013
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Table 1.Continued.

Depth interval 2002 2004 2009-2011 AQaragonite
MeanQaragonite MeanQaragonite Mea2aragonite  difference
std dev andx) std dev andx) std dev andx)

60-70m 1.08:0.01 (2) (60-100 m) 1.380.72 (2) (60-80 m) 1.340.09 (17) similar

70-80m * * *

80-100m * 1.26+£0.37 (5) 1.35-0.08(5)  similar

100-120m 1.030.12 (2) (120-140m) 1.450.24 (4) (120-140m) 1.060.32(33) similar

120-140m * * n/a

140-160m 1.15-0.12 (2) 1.274-0.24 (5) (140-200m) 0.9%0.14 (24) (-) lower

160-200m 1.35(1) * 1.19+0.21(2) similar

200-250m 1.46:0.11 (6) n/a 1.180.21 (35) (-) lower
250-300m 1.5%0.06 (5) n/a 1.620.11(4)  similar
300-350m 1.66-0.06 (3) n/a 1.4%#0.13(17) (-) lower
350-400m 1.6%0.11 (4) n/a 1.74:0.40 (7) similar

values in the Canada Basin increased with depth, and halowards through the eastern section of Bering Strait had values
cline layer waters ha€aragonite0f > 1.5 at depths of- 40— of > 3 during summertime of 2009 to 2011.

100 m deep). Such low surface saturation states, especially In the Canada Basin, adjacent to the Chukchi Sea, low
for aragonite, observed from 2009 to 2011, confirm previ- Qaragonitevalues of< 1.2 (~ 80 % of samples; Fig. 6d) were
ous findings of low2 in summertime polar mixed-layer wa- observed in lower halocline waters-atL00 to 250 m deep.
ters of the Canada Basiniglerstrom and Anderson, 2010), Such low Qaragonite Values were observed during the SBI
which were ascribed to contributions of higft€O, and low-  2002-2004 expeditions (Bates et al., 2009), and earlier dur-
pH/Q2 sea-ice melt waters and freshwaters from the Mackening the 1990s (Jutterétm and Anderson, 2005), suggesting
Zie River. that this feature has persistence over the recent past.

3.5.3 Shelf and slope bottom waters
3.5.2 Subsurface waters
During the RUSALCA/ICESCAPE 2009 to 2011 expedi-

tions, > 300 samples of shelf and slope bottom water near-
The saturation states of calcite and aragonite in subsurfacgst the seafloor were collected. TRgragonitevalues for bot-
waters on the western Arctic shelves were much lower tharom water (Fig. 8) exhibited a similar vertical profile to that
surface water values (Figs. 6a and 7). Across much of thexs shown for shelf waters in Fig. 6a. Shallow bottom wa-
Chukchi Sea shelf2calcite andQaragonitevalues ranged from  ters hadaragonite0f > 1.5 (in SE Chukchi Sea and Kotzebue
1to 1.5 and<1 to 2, respectively (Figs. 5b, d and 7). In  Sound), while nearly 70 % of bottom-water samples deeper
many regions of the Chukchi Sea and East Siberian Sea, suljhan 20 m had2aragoniteOf < 1.2 (mostly East Siberian Sea
surface water hafcaicite Values that were close to values of and the majority of Chukchi Sea). Of these, 40 % of sam-
one whileS2aragonitewas often less than one. In shelf waters, ples hadaragonite0f < 1.0 (Fig. 8). These data suggest that
> 50-60 % of subsurface waters sampled deeper than 40 fhe shallow benth05<(20 m deep) and areas strong|y influ-
had values of less than 1.2-@0% less than 1; Fig. 6b). enced by the Alaskan Coastal Current (i.e., shallow Kotzebue
Subsurface waters of the East Siberian Sea shelf had lowound; Fig. 1) have relatively high values & 1.5), whereas
Qaragonitevalues (i.e., less than 1.2), and this is likely due to e|sewhere the deeper seafloor benthos is exposed to summer-
remineralization of organic carbon back to £(5emiletov  time undersaturation for aragonite. A caveat for interpreting
etal., 2007; Anderson et al., 2010). Similarly, in the northempotential area of the Chukchi Sea from Figs. 6 and 8 is that
Chukchi Sea shelf, the lof values were co-located in those they represent % samples with proscrilsedalues and thus
areas coincident with high rates of euphotic zone marine phydo not reflect a realistic areal estimate due to spatio-temporal
toplankton primary production and thus likely reflect subsur-variability. However, Fig. 5 is shown with approximate areas

face remineralization of vertically exported organic carbon of relatively high € > 1.2) or low (i.e..© < 1.2) values.
(Fig. 6). However, there were locations on the Chukchi Sea

shelf (particularly in the SW Chukchi Sea) where subsurface
waters had2aragonite0f > 2 (Figs. 6b, ¢ and 7; 20 % of sam-
ples > 1.5), presumably reflecting input of lowcO, and
high-pHK2 waters inflowing from the Bering Sea shelf. Sur-
face waters of the Alaskan Coastal Current that flows north-
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Fig. 7. Summertime maps of bottom-wat®|cite 2Nd Raragonitefor individual years in 2009, 2010 and 2011 in the western Arctic Ocean
(primarily Chukchi Sea but also eastern East Siberian Sea and western Beaufofeggad.data are plotted in pane(\), (C) and(E),
while Qaragonitedata are plotted iB), (D) and F).

4 Discussion increased to- 19 % and~ 14 %, respectively, for the 0-50 m
and 50-100 m depths.

The comparison between SBl and RUSALCA/ICESCAPE
data suggests that the occurrence of Rwagonite Wa-
ter has increased on the western Arctic shelf over the
last decade. The caveat is that these data represent re-
The 2009 to 2011 RUSALCA/ICESCAPE data revealed thatpeat summertime observations over just a few years and
a substantial percentage of shelf waters sampled had vathereby cannot represent time-series sampling. It should
ues of Qaragoniteless than 1 (Fig. 6) during the sea-ice-free also be noted that the 2002-2004 SBI sampled data pri-
summertime period. Nearly 70% of bottom water had marily from the eastern Chukchi Sea, whereas the 2009-
Qaragonite Values of less than 1.2 and40% less than 1 2011 RUSALCA/ICESCAPE expeditions sampled across
(Fig. 8). Previous observations in the period 2002-2004the region into Russian waters of the Chukchi Sea and East
showed undersaturated bottom waters present on the northegiberian Sea. Thus th®aragonite difference between years
slope of the Chukchi Sea (Bates et al., 2009) rather than omay relate to differences in sampling location and a bias to
the entire shelf as observed more recently. In 20021%  sampling waters more influenced by Alaskan Coastal Current
and~ 3 % of slope waters ha@aragonitevalues lower than 1 water (i.e., with highe€aragoniteas shown in Fig. 4) during
sampled at 0-50 m and 50-100 m, respectively. In 2004, thehe 2002—-2004 SBI project.
% of slope waters sampled wigBaragonitevalues lower than 1

4.1 Isthere any change over time in the of surface
and subsurface waters in the western Arctic?

Biogeosciences, 10, 5283309 2013 www.biogeosciences.net/10/5281/2013/
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Fig. 8. Composite figure of meafaragonitevalues for shelf bottom waters from the western Arctic Ocean (includes the Chukchi Sea, eastern
East Siberian Sea, western Beaufort Sea shelf) as observed during the 2009-2011 RUSALCA/ICESCAPE expeditions. Limited data from
2002 and 2004 SBI expeditions are also shown in the figure. The panels irf@lldeeanS2aragonitevalues for shelf (red symbol), slope

and basin for different depth intervals. The standard deviation of mean@hgHoniteat €ach depth interval is shown in light red, and gives

some indication of range «t values. The vertical height of each me@gragonitevalue shows the depth interval (i.e., 0-5m for uppermost

depth interval){B) the % of sampled water within the defin€dranges (i.e.< 1.0 is shown as purple; 1.0-1.2 as deep blue; 1.2-1.5 light

blue; 1.5-2.0 as light green; and2.0 as dark green. This color coding@fragonitevalues is identical to Fig. 6. Limited data from 2002 and

2004 SBI expeditions are also shown in the figure(Bh the number of samples (i.&.,0f sample within the depth horizon) that comprise

each binned depth horizon is given in the right-hand corner of each depth bin, replicadhges given in Table 1.

In Table 1, we compare medRyragonitevalues at different  Qaragonite Values in deeper waters observed over the last
depth intervals for shelf (i.e., Chukchi Sea and East Siberiardecade (100-200 m; Fig. 6; Table 1). In Canada Basin wa-
Sea), slope (i.e., Chukchi Sea) and basin waters (i.e. Canadars, a similarQaragonite decline of ~0.2-0.5 was also ob-
Basin) for the 2002 to 2011 period. It should be noted thatserved in the upper 50 m, with little apparent change deeper
there was a small sampling size for a substantial number oin the water column (i.e., 100-400 m; Fig. 6; Table 1). The
depth intervals for the 2002 and 2004 SBI expeditions. Forcaveat to such assessments is that relatively few data were
shelf water, the mean values in the upper 15m and belowcollected during the SBI expeditions and any comparison be-
50 m were similar. HoweveRaragonitevalues were generally  tween years likely reflects changes associated with different
lower by 0.1 to 0.4 in the 15-50m depth interval during sampling locations and seasonal timing of data collection, for
the period 2009—-2011. Although few bottom-water samplesexample.
were collected during the SBI expeditions, the mean bottom-
waterQaragonitels lower by> 0.1-0.2 during the later 2009— 4.2 Surface enhancement and subsurface suppression
2011 period (Fig. 8). This suggests that shelf bottom waters of CaCOg saturation states
and the benthos between20 and 50 m deep have been ex-

posed to IowQaragonitevalues (e.9.< 1.2) during the last few Previous observations in slope waters of the Chukchi Sea
years. shelf during the SBI project between 2002 and 2004 (Bates

The meanQaragonite Of Slope waters, primarily on the et al., 2009) showed a spring to summertime enhancement of
northern slope of the Chukchi Sea, also appears to hav& values in surface waters and reduction of subsurface wa-

decreased by~ 0.1-0.5 in the upper 100 m, with similar ter <, respectively, during the sea-ice-free period compared
to “winter/early-spring” conditions under sea-ice cover. The

www.biogeosciences.net/10/5281/2013/ Biogeosciences, 10, 538B8-2013
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seasonal divergence {avalues for summertime surface and the PhyCaSS treatment and use a simple mass balance model
subsurface waters of the western Arctic from winter/early-to include other physico-biogeochemical processes that can
spring conditions was suggested to result from changes inmpact seawater Cfcarbonate chemistry, including air-sea
seawater C@carbonate chemistry imparted by seasonal bi-CO, gas exchange, and sea-ice melt and freshening. Potential
ological processes such as primary production and respirachanges in physico-biogeochemical conditions are discussed
tion/remineralization of organic carbon, during the sea-icelater in light of the apparent expansion of the I6bottom
retreat period (Bates et al., 2009). Similar interactions andwater in the western Arctic during the last decade.
feedbacks between biological processes and seawatgr CO
carbonate chemistry have also been observed in other oped-2.1 Physico-biogeochemical processes that influence
ocean and coastal environments over different timescales Q
(e.g., diurnal to seasonal), including open-ocean waters of
the North Pacific (Feely et al., 1988), in subtropical coral As discussed above, physico-biogeochemical processes
reefs ecosystems due to Cagfroduction and dissolution directly impact seawater Ccarbonate equilibria, thereby
(Bates et al., 2010), and within anthropogenically perturbedmodifying such parameters as DIC, TACO,, pH and
estuaries (Feely et al., 2010), for example. Q (e.g., Zeebe and Wolf-Gladrow, 2002). Since this pa-
In the northern Chukchi Sea, the seasonal divergenceer is focused on seasonal changesinit is useful to
and perturbation from winter/early-spring conditions of sur- plot  (here Qaragonitd against DIC and TA to show the
face and subsurfac® was described as evidence for a relative direction of changes imparted by the dominant
phytoplankton—carbonate saturation state (“PhyCaSS”) inphysico-biogeochemical processes in the western Arc-
teraction (Bates et al., 2009). Similar seasonal interactiongic (Fig. 9). In Fig. 9, the range 0f2aragonite is shown
between biological processes and seawatep-Cfbonate against DIC and TA in the western Arctic with observed
chemistry have been observed on the Bering Sea shelf009-2011 RUSALCA/ICESCAPE data plotted within
(Mathis et al., 2010). In simple terms, the PhyCASS in-the dashed line on the figure. The directionsStfragonite
teraction is a variant model of the well-known biological change imparted by physico-biogeochemical processes
pump of carbon with a focus oft dynamics within a sea- are shown relative to winter/early-spring shelf water
ice-influenced shallow shelf rather than focused on DIC or(temperature- —0.41+ 1.72°C; salinity 32.38:0.96;
pCO, variability. In shelf and slope waters of the north- TA =2243.8+ 60.8 umol kg'®; DIC =2130umolkg?;
ern Chukchi Sea, very high rates of marine phytoplanktonsalinity=32.58; temperature —0.41°C; Table 2) with
primary production observed during the sea-ice-free periodhe caveat that the direction ORaragonite Change will
(e.g., Hill and Cota, 2005) results in reduction of seawateralter slightly depending on starting point of seawater
DIC andpCO; (e.g., Bates et al., 2005a, 2011; Pipko et al., COp-carbonate chemistry. The rationale for the choice of
2011) through uptake of COby phytoplankton photosyn- winter/early-spring condition is described later in Sect. 4.2.2.
thesis in surface waters. Seawater a@rbonate equilibria  QaragoniteChanges are shown in Fig. 9, btsicite changes
dictate that uptake of Cfvia phytoplankton photosynthesis could be similarly shown also. Another important caveat is
acts to increase the pH arse of surface waters, with this that the plot ok2 against DIC and TA shown in Fig. 9 cannot
process seasonally mitigating the long-term, cumulative resshow all of the changes imparted by physico-biogeochemical
duction of pH and? to the present day due to gradual ocean processes (e.g., temperature and changes in gaob
acidification on the slope waters of the Chukchi Sea (Batesubility with ionic strength), but these exceptions will be
et al., 2009). In the western Arctic, summertime high ratesdiscussed later.
of phytoplankton primary production also result in large ver- Those physico-biogeochemical processes that acieto
tical export of organic carbon to the subsurface and seafloocreaseDIC and pCO,, andincreasepH and<2 include the
(e.g., Moran et al., 2005) and horizontal transport of organicfollowing: (a) photosynthesis or primary production (i.e., net
carbon off the shelves into the deep Canada Basin (Bates eoommunity production, NCP); and (b) loss of gfom sur-
al., 2005b). In the PhyCASS interaction, remineralization of face waters due to air-sea gas exchange ofid@ose areas
organic matter back to CQwhich acts to decrease pH and that are sources of CQo the atmosphere (see Fig. 9a). This
Q) in subsurface waters of the northern shelf and slope waassumes that temperature and salinity remain constant and
ters was invoked to explain the seasonal subsurface reductiatnat the latter process (i.e., air—-sea §as exchange) does
of pH and in subsurface waters. On seasonal timescalesnot alter TA. The uptake of nitrate by phytoplankton pho-
this biological process augments the reduction of pH@nd tosynthesis increases TA (Brewer and Goldman, 1976) with
due to gradual ocean acidification with subsequent fall ho-the net result tha®aragonite(0r Lcalcite) increases slightly by
mogenization of the water column through mixing during the ~ 0.01 per 1 pmol kg nitrate uptake.
winter freeze-up “resetting” seawater g@arbonate chem- Those physico-biogeochemical processes that aab-to
istry to winter/early-spring conditions (Bates et al., 2009). In creaseDIC and pCO,, anddecreaseoH ands (i.e., assum-
this study, as explanation for our observations collected during that temperature and salinity remain constant) include
ing the RUSALCA and ICESCAPE projects, we expand onthe following: (c) respiration or remineralization of organic

Biogeosciences, 10, 5283309 2013 www.biogeosciences.net/10/5281/2013/
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Fig. 9. Contour plot ofQaragonitevariability for a range of DIC and TA values observed in the western Arctic Ocean (primarily Chukchi
Sea but also eastern East Siberian Sea and western Beaufort Sea) with the relative direction of changes imparted by the dominant physicc
biogeochemical drivers in the region (shown by arrows). Nearly all RUSALCA/ICESCRREgonitedata fall within the dashed line shown
(surface watersh, and subsurface seasonal chan@gsThe directions of25ragonitechange imparted by physico-biogeochemical processes
are shown for “typical” spring shelf water (TA 2200 pmol kg1; DIC = 2000 pmol kg'?; salinity= 33; temperature: —1°C) with the
caveat that the direction &aragonitechange will alter slightly depending on the starting point of seawater carbonate chefigtybnite
changes are shown in Fig. 7, Mt cite changes could be similarly shown also. Another important caveat is that the |Sioagéinst DIC

and TA does not show all of the changes imparted by physico-biogeochemical processes (e.g., temperature and changesolal@igZ O
with ionic strength), but these exceptions are discussed in the paper. The arrows denote diréetaraon§e due to individual/combined
processes, but arrow length does not denote magnitu@ebainge. Photosynthesis, primary production and loss off@&®n surface waters
due to gas exchange increa@eCalcification/dissolution of CaC§) warming and cooling, and freshening of the mixed layer have minor
impact on2. Respiration, remineralization of organic carbon toGd gain of CQ by surface waters due to gas exchange decr@ase
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Table 2. Mean remnant “winter/early-spring” physical conditions, nutrient concentrations and seawateza@Onate chemistry for
2002-2004 SBI data (May to early June) and 2009-2011 RUSALCA/ICESCAPE summer data. In B, the mean segweaebd@ate
chemistry of surface summertime and winter/early-spring water remnant of the shelf during summertime are compared.

Temp Salinity NG Oxygen DIC nDIC TA nTA Qaragonite
0 (umolkg™h)  (umolkg™h)  (umolkg™h)  (umolkg™)  (umolkgl)  (umolkgl)

A. Subsurface

Shelf subsurface winter water (30—60100 % sea-ice cover)

Spring 2002  —1.64+0.28 32.54£0.71 9.08:2.90 327.8:23.2 21584 44.6 2327.2t14.2 22884 42.6 2466.5:35.9 1.49+0.36
Spring 2004  —1.54+0.30 32.23t0.84 7.814+-4.38 347.132.3 2127.4£37.1 2310.4:30.4 2243.8625.0 2437.0:t31.9 1.370.29
Shelf subsurface summer water (30-60 m; 35-40 m only)

Summer 2002 —0.77+1.63 32.36t0.58 8.34:-5.36 317.9:39.4 21284629 2294.0:t52.3 2262.9-28.6 2442.1#23.6 1.53t0.51
Summer 2004 —0.02+2.44 32.29£0.62 7.63:556 336.3:t24.3 2098.2£58.8 2270.5£32.0 2227.0t22.9 2407.0£t22.6 1.470.46
Summer —0.41+1.72 3258:0.96 7.91+586 329.3:29.8 2130.0:92.1 2293.2:66.6 2243.8:60.8 2413.6:29.6 1.35-0.50
(2009-2011)

Bering Strait subsurface summer water (35-45m)

AW 2010 +0.28 32.38 10.13 n/a 2036.41 2201.1 2205.9 2384.2 1.82
ACC 2009 n/a n/a n/a n/a 1978.5 n/a 2180.3 n/a n/a

ACC 2010 +2.18 32.11 0.21 n/a 2005.5 2186.4 2216.0 2415.8 2.20
ACC 2011 +2.46 31.15 5.43 378.2 2015.1 2239.8 2207.3 2453.8 2.06

B. Comparison of subsurface and surface shelf water (0-15m; 35—-40 m only)

Surface +2.1442.39 3072163 053157 378.5:451 1951.6:74.9 2221.8:858 2154.5:90.5 2441.5:535 2.10:0.54
(2009-2011)
Subsurface  —0.41+1.72 32.58:0.96 7.91:5.86 329.3:29.8 2130.0:92.1 2293.2-66.6 2243.8-60.8 2413.6:29.6 1.35:0.50

carbon back to CQ and (d) gain of CQ@ in surface wa- biogeochemical processes that are likely controlfini the

ters due to air-sea gas exchange of,Q®those areas that shelf waters of the Chukchi Sea. It is not a detailed physical-
are oceanic sinks of COrom the atmosphere (Fig. 9a). In biological dynamic model assessment; both approaches have
the former process, regeneration of nitrate through reminertheir advantages and disadvantages. We also show the long-
alization of organic matter decreas@gagonite (Or Lcalcite) term influence or2 in surface and subsurface waters im-

by ~0.01 per 1 umol kg? nitrate released. parted by ocean acidification due to anthropogenic G
Other physico-biogeochemical processes can act in eitake (i.e.,.2QcanT). Thus, superimposed on gradual changes
ther direction, increasing/decreasing DI O,, pH ands. in 2, cumulative to the present day, caused by ocean acidifi-

These include the following: (e) freshening of the mixed cation, areseasonathanges influenced by the following.

layer due to sea-ice melt, precipitation, or riverine input In surface waters, the potential changes due to sea-
(Fig. 9a); and (f) vertical mixing and diffusion, as well as sonal forcing ort2 due to different physico-biogeochemical
horizontal mixing. Other physico-biogeochemical processegrocesses can be estimated by determining changes in
have relevance in the western Arctic but, as described lateDIC (ADICSYRFACE and Q values (AQSYRFACE from

are likely to have minor impacts ¢ (and pH). They include winter/early-spring to summertime conditions during the
(g) calcification and dissolution of CaG@nd (h) warming  sea-ice retreat. Here\DICSURFACEgnd A QSURFACEreflects

or cooling (for example, a 10C temperature change imparts the following:

a 0.1 change i, but since this does not change TA and DIC

no arrow can be shown in Fig. 9a). Calcification, in the ab- SURFACE MEAN M
sence of other physico-biogeochemical processes, decreases - DICs-40m —
TA:DIC in the ratio of 2: 1, thereby increasin@ slightly,

with dissolution of CaC@having the opposite effect.

EAN DIC0-20m Q)

SURFACE _MEAN _MEAN
4.2.2 Simple mass balance model for understanding AL - $(35-40m (0-20m, (2)

seasonal changes i®

whereMEANDIC 35 49m andMEANQ 35 401y are mean DIC
Here, we construct a simple mass balance model to examand Q values at 35-40m deep atfANDICo_o0m and
ine the primary causes for the short-term, seasonal perturbd®ANQ oo are mean DIC and2 values in the mixed
tion in seawater C&carbonate chemistry from winter/early- layer (Table 2; Fig. 11a). In Eq. (1) and those following,
spring to summertime conditions during sea-ice retreat. ADICSURFACE and other DIC terms reflect changes in DIC
It should be noted that this mass balance model examnormalized to a salinity of 32.58.
ines mean changes in seawater @farbonate chemistry to The physico-biogeochemical components that contribute
highlight the dominant and relative influence of physico- to ADICSURFACE gnd AQSURFACE gre expressed by the
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Fig. 10. Conceptual model of seasonal changes in seawaterda@honate chemistry on the western Arctic shelves. This hypothesized
paradigm shows impact of ocean acidification and biological/physical processesalunes for aragonite. It should be stressed thatthe
changes shown reflect “seasonal” changes only (&gjoL , $R2casex, andsQTemp), while TQcanT the cumulative change if2 due

to the emission of anthropogenic G@&om pre-industrial times to present (i.&£QcanT) IS shown for comparison. In all three panels,
bottom-axis J to D denotes January to December. The red or blue arrows denote increase or deeréA(dimual schematic of changes

in QaragoniteON shelf waters of the western Arctic Ocean. The sea-ice-free period is approximately 3—4 months. Shelf waters are well mixed
during the sea-ice-covered period, with mixed layer developing in late spring due to warming and sea-ice melt, and erosion of the mixed layer
in September—October due to convective mixing and homogenization of shelf waters during fall cooling and sea-ice advéafiggy, The
3Q2BIoL, 02cASEX andsQTemp terms are shown in the figure with general direction of forcing2o{B) Annual schematic changes in
Qaragonite0f surface waters. The red line denotes total change (ine., AQSYRFACE) while other terms are denoted as folloBQcanT

(vellow), QoL (dark green)§Qgasex (blue), andsQueLt (purple).(C) Annual schematic changes 2yragonite0f subsurface waters.

The red line denotes total changesin(i.e., AQSUBSURFACE '\yhile other terms are denoted as followSg oL (dark green).
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Fig. 11. Winter/early-spring to summertime changes in surface water RIDICSUYRFACE grey) andQ (AQSURFACE 4,0y) using mean
winter/early-spring to summertime changes in seawates-€4Pbonate chemistry values reported in Table 3. The imbalance in both terms
is shown in brown(A) This panel shows the mean impact on DIC as described in Eq. (@@g|oL (green),sDICNo, (light green),
éDICtemp (red), SDICsaLiNiTY (orange),sDICsgaice (purple), sDICmeLT (pink), SDICGasex (blue), SDICyeRTDIFF (Cyan), and
S3DICyveRrTMIXING (dark brown). ThesDICapyveEcTION Cannot be determined and likely contributes to the imbala(®p.This panel
shows the mean impact a2 as described in Eq. (4) af2gjoL, 62N0O,, SR2TEMP, SQSALINITY » SRSEAICE SMELT, SQ2VERTDIFF:
SQVERTMIXING » $2GASEX: and3QapvecTioN- The long-term change in DIC ar@ due to anthropogenic CQuptake is also shown
for reference to the short-term, seasonal chang&sdanT, yellow).

following equations:

ADICSURFACE= §DICg oL + 8DICNo; + SDICTEMP
+8DICsaLiNTY + 3DICsgaice+ 8DICvELT
+8DICgAsex + 8DICvERTDIFF + dDICVERTMIXING
+3DICaDVECTION

©)

AQSURFACE_ 5Qp101 + dQ2NO; + 02TEMP + S 2SALINITY
+8QseaicE+ §Q2MELT + 6Q2GASEX + SQ2VERTDIFF

(4)

+3QVERTMIXING + 6S2ADVECTION,

Biogeosciences, 10, 5283309 2013

where ADICSURFACE gnd AQSURFACE gre the changes in
DIC and 2 from winter to summertime, respectively. With
detailed explanations later in the text, the terms in Egs. (3)
and (4) reflect changes due to net community production
(i.e., 8DICg|oL), nitrate uptake/release(i.edDICno,),
temperature (i.edDICtgmp), salinity (i.e.,sDICsaLINTY),
sea-ice contributions (i.e.§DICsgaice), under-ice melt
contributions (i.e.8DICygLT), air—-sea CQ gas exchange
(i.e., sDICgasEx), Vvertical diffusion (i.e.,sDICvERTDIFF),
vertical mixing (i.e., §DICyerTMmIX), and advection
(i.e., DICapvECTION), respectively (Fig. 10). In Eq. (3),

www.biogeosciences.net/10/5281/2013/
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several of the DIC terms are helpful for determiniagerms ~ AQSUBSURFACE_ 50010 1+ 8QNo, + 8QvERTDIFF

in Eq. (4). Eurthermore IQUEEA(EE)' several terms are zero. FOr sQueeryvixinG + SS2ADVECTION- (9)
example, since thaDIC term and terms in Eq. (3) . _

reflect changes in DIC normalized to a salinity of 32.58, We thus compare and contrast changes in DIC@rid sur-
8DICsaLinTy =0. Furthermore, in Eqg. (3) processes such asface and subsurface waters to determine whether potentially
warming/cooling do not change DIGDICtemp = 0), while corrosive subsurface waters are a signal of the Anthropocene
changes in nitrate do not directly alter DIGX|Cno, = 0). (i.e., ocean acidification) that is compounded by natural

Thus, Eq. (3) can be abbreviated to physico-biogeochemical processes (Figs. 9, 10). Please note
that the contribution due to long-term changefir(or DIC)
ADICSURFACE_ §DICgo1 + 8DICsEAICE + 8DICKELT due to the uptake of anthropogenic £Q@.e., ZQcanT Of
+8DICcasex + 8DICVERTDIEE + S DICVERTMIXING 2 DICcanT) Superimposes its impact on short-term changes
+8DIC (5) irrespective of season, and represents the cumulative impact
ADVECTION-

on  or DIC due to uptake of anthropogenic €0p to the

The terms in Egs. (3) and (5) are expressed in pmotkg present day (see Sect. 4.2.6 for more detail). Many of the
while  terms have no units. terms in Eqgs. (3), (4), (5), (8) and (9) will also be relevant

As stated earlier thA DICSURFACEgnd AQSURFACEtarms  to the changes in chemical conditions from summertime to
reflect changes from winter/early-spring to summertime “winter/spring” that complete an annual cycle (Fig. 10).
conditions (i.e., DIGinter — DICsummer= ADICSURFACE— _ _ o
MEANDIC 35_40m — MEANDIC(g_20m). Here, we use 4.2.3 .Potentlgl physical and blologlqal factors
the seawater Cgcarbonate chemistry of shelf wa- influencing seasonal changes if in shelf surface
ter from 35 to 40m collected during the 2009-2011 waters

RUSALCMCESC.APE expedm(_)ns as th?.b.eSt representa—m shelf surface waters of the Chukchi Sea, eastern East
tive of remnant winter/early-spring water; it is cold (mean

of —0.43°C) and has a mean salinity 6f32.6 and nitrate igﬁ:@;ﬁ:@g&ﬁfﬁe&:iftfasg?ﬂtefz‘?’dmzrﬁf drge;nirie >
content of 7.9:1.0umolkg?® (Table 2). This remnant Y P

winter/early-spring water has physico-biogeochemical andt ervals (Table 1.) to deter-mme the terms n Egs. (4) and- ©)
seawater C@carbonate chemistry properties very similar to (Table 2). The difference in DIC between winter/early-spring

. : . values and summertime surface values wads80 umol kgt
winter water observed on the shelf during spring 2002_2004Table 3), and similar to previous observations during SBI

SBI cruises and summertime water present at 30—60 - .
deep during summertime SBI cruises (Bates et al., 2005a Bates et al., 2005a). However, the salinity-normalized DIC

Table 2). The spring SBI observations were generally(bhangeW‘EIS only 75.7 umol kg (Tables 2, 3). Thus, the total

; SURFACE ca[inity. ;
conducted under 90-100 % sea-ice cover and a WeII-mixe&hange of DIC (i.e.ADIC : salinity-normalized DIC

SURFAC ; —enri )
water column before substantial seasonal stratification. Thig hanges) an@ (AQ 5 from winter/early-spring val

. ) ) Ues to summertime values wag'5.7 pmol kg ! and+0.66
winter/early-spring remnant is also present as Anadyr Water, .
at Bering Strait. for Q for the mass balance model, respectively (Table 2).

In subsurface waters, theADICSUBSURFACE gnq The negative value fOADpSURFACE reflects loss of DIC
ASUBSURFACE(erms reflects the following: dyrmg the wmter/early—s_prlng to §ummert|me period (po§|-
tive value would be an increase in DIC). For the terms in
ADICSUBSURFACE_MEAN D)€ oc 161 —MEAN DIC(50_70 m) (6) Eq. (4) (and Eq. 9 that are discussed in Sect. 4.2.4;e.,
terms), we use mean observed DIC, TA, temperature and
SUBSURFACE MEAN MEAN salinity data to first calculat&® using COZ2calc (Robbins
AL = $2(35-40m — Q0-20m.  (7) et al, 2011) and then recalcula® using DIC or another
physico-biogeochemical “perturbation” relevant to each term
(i.e., 8DICgioL) in Eg. (5) (and Eq. 8 that is discussed in
Sect. 4.2.4).

whereMEANDIC 35 40 m andMEANQ 35_40m are mean DIC
and  values at 35-40m deep aMFANDIC50-70 m) and
MEAN (50-70 m) are mean DIC and2 values in the sub-
surface shelf layer (Table 2). The physico-biogeochemical
components that contribute taADICSUBSURFACE ‘and  Net community production and nitrate influences on2
AQSUBSURFACE given that air-sea COgas exchange, sea-
ice melt and temperature changes are less important for suliFhe §DICg|oL Or §Q2gjoL term is the largest contributor to
surface waters given the capping of the water column andDIC and 2 change in shelf surface waters. Marine phyto-
isolation from the mixed layer above, are expressed by thelankton primary production or net community production
following equations: (NCP) during the sea-ice-free growing season reduces DIC
i.e.,8DICg|oL in Eqg. 3) and increases values (i.e.fd 2gioL
ADICSUBSURFACE_ §DICg 01 + 8DICNO, + 8DICVERTDIFF i(n Eq. 4) (Fig. 10a,q b).)ln the Chukchi Sea, ve(ry high rates of
+8DICvERTMIXING + SDICADVECTION (8) marine phytoplankton primary production or net community

www.biogeosciences.net/10/5281/2013/ Biogeosciences, 10, 53882013
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Table 3. Physico-biogeochemical contributors to seasonal changes in DIQdreween winter/early-spring conditions and summertime

N. R. Bates et al.: Summertime calcium carbonate undersaturation in shelf waters

conditions during the 2009-2011 RUSALCA/ICESCAPE expeditions in the western Arctic Oceannotdetermined.

DIC Changes % of total Q Changes % of total
(umol kg™t

A. Surface waters
ADICSURFACE ~71.4+60 AQSURFACE +0.66:+£0.62
S8DICg|oL —44.3+ 48 +62.1% QoL +0.40+0.48 +60.6 %
3DICNo, n/a 0 3QNo; +0.07+£0.05 +11.2%
SDICTEMP n/a 0 4QTEMP +0.02+0.02 +<3%
SDICsALINITY n/a 0 4éQsaALINITY +0.024+0.02 +<2%
SDICsEAICE —27.9 +39.1 8QsEeaAICE +0.02+£0.02 <+15%
SDICMELT —-13+4 +12.6 SQMELT 4+0.07£0.03 +11.4%
SDICGASEX +8+2 —11.2 5QcASEX —0.07+£0.02 —-10.6%
SDICVERTDIFE +1.5+0.5 —1.4% SQVERTDIFF —0.02+£0.02 <—1%
SDICVERTMIXING <41 <—1% SQVERTMIX —0.01+£0.02 <-1%
SDICADVECTION nd nd(minor) 3SQ2ADVECTION nd nd(minor)
Imbalance —0.85 0.14
B. Subsurface waters
ADICSUBSURFACE 112 6410 AQSURFACE —0.13+0.09
8DICgIoL +11.6+4.4 +92.1% QoL —0.11+£0.03 +84.6%
SDICNo; n/a 0 38QNo, —0.02+£0.01 +154%
SDICTEMP n/a 0 38QTEMP <—-0.001 +<0.5%
SDICsaLINITY n/a 0 S8QsaALINITY <—0.001 +<2%
dDICsgAICE n/a 0 éQsgaice 0 0
SDICMELT n/a 0 SQmELT 0 0
SDICGASEX n/a 0 5QcASEX 0 0
SDICVERTDIEF —-1.0+0.3 —7.8% JSQVERTDIFF <+0.01+0.001 <—-3%
SDICVERTMIX <-05 <—=3% SQVERTMIX <+0.005+0.02 <—2%
8DICApvECTIONNd nd (minor) §QaApVECTION nd nd(minor)
Imbalance +1.0 0.009

production (0.8-1.2gCm?d~1 and greater than 4gCm summertime water (Table 2),4P0O4 of 0.8 pmol kg, was
d~1; Bates et al., 2005a, and references therein) have beemsed rather than nitrate, then tBBICgioL term would be
observed in 2002 to 2004 during the SBI project, and84.8 umolkg?! and the NCP rate estimated-aD.5g C nt?
similarly during the 2009 to 2011 RUSALCA/ICESCAPE d~1. ThesDICg|oL term is negative, reflecting negative NCP
expeditions (Arrigo et al., 2012) especially in the northern or net autotrophy within the surface waters of the western
areas of the Chukchi Sea shelf. Here, we compare meaArctic shelves (i.e., Chukchi Sea) similar to previous sum-
remnant winter/early-spring water nitrate and dissolved oxy-mertime observations (Bates, 2006). The compuétegd oL
gen concentrations with surface water (i.ANOSURFACE  term due tosDICgoL is +0.40 and has a standard devia-
and Ao§URFAC'5, Table 2) to determine NCP rates and the tion of +0.48 (Fig. 11b; Table 3) that reflects spatio-temporal
8DICgioL/8Q2s10L terms. Using Redfield elemental C : N sto- Vvariability in the rates of NCP on the shelf.

ichiometry of 6: 1 and photosynthetic quotient C >@atio The uptake of nitrate by phytoplankton photosynthesis has
of1:1.14, the meamNogURFACEandAQSURFACEChangeS an additional impact of since it increases TA (Brewer and
of 7.38 umol kgt and 49.25 umol kgt equate to mean DIC ~ Goldman, 1976) with the net result th@jragonite(Or Qcalcite)
changes of-44.3 umol kg ! and —43.2 umol kgL, respec-  increases slightly by-0.01 per 1 umol kg of nitrate taken
tively. This DIC change is equivalent to the rate of NCP on Up for photosynthesis. Thus given that thNO3VRFACE
the shelf 08DICgioL (Fig. 11a). Assuming an average grow- Value is 7.38 5.2 umolkg?, the nitrate uptake term in-
ing season of 60 days from wintertime to summertime obsercrease2aragoniteby ~ 0.07£0.05 (i.e.,6Qno,; Fig. 11; Ta-
vations, theSDICg oL term is equivalent to an NCP rate of ble 3). Combined, both thég oL, which reflects rates of
~0.3gCnr2d1, which is lower than NCP rates estimated shelf NCP, andQno, terms contribute to the impact of bio-
during the SBI project (Bates et al., 2005a). If the phosphatdogical processes of2.

difference between winter/early-spring water and surface
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Temperature and salinity influences on2 Bates, unpublished data from under-ice and above-ice melt
ponds in the Chukchi Sea). We thus estimate that dilution
Temperature and salinity had minor impact @n For ex-  of remnant winter water with 6% sea-ice melt would de-
ample, seasonal warming of surface waté€2gmp) during  crease TA but increase nTA by 27.9 umol kg't, similar to
sea-ice retreat is computed to incre@&gagoniteby ~0.01  the changes observed in surface shelf watePiGseaice;
per°C. Given that the mean temperature increase exhibitedig. 11; Table 3). Given that TA: DIC ratios of sea-ice melt
between winter/early-spring and summertime surface watewater are close to 11, we compute the mean changes in DIC
was 2.55+2.39°C (Table 2), we estimate that temperature due to sea-ice melt (i.e$DICsgaice) was —28 pmol kg L.
increased2 by ~0.02 £0.02 (Fig. 11b; Table 3). Com- Since sea-ice melt also impacts TA, we estimated the net im-
pared to remnant winter water, mean surface water salinpact onQ was minor at< 4+0.02 §Qsgaicg, Fig. 11; Ta-
ity was ~ 6% lower (Table 2), which would increase by ble 3). However, TA and DIC data sampled from under-ice
~0.024+0.02 (i.e., if surface water was diluted with rainwa- melt ponds during the 2011 ICESCAPE expedition indicate
ter with zero TA and DIC end-membefQsauinity) if we  that the TA:DIC ratios were significantly higher than the
estimate physicochemical change impartedohy salinity mixed layer beneath, and than the above-ice melt pond wa-
alone. ter (Bates et al., 2013). This reduction in DIC relative to TA
is most likely due to within-sea-ice primary production dur-
ing the early growing season. We estimate that the contri-
Sea-ice melt influences o bution of under-ice sea-ice melt to seawater,@@rbonate
chemistry (i.e.sDICygLT) Was equivalent to a loss of 9
We ascribe the observed changes in salinity to sea-ice metb 17 pmot® of DIC (134 0.04umolkg?; Fig. 11a; Ta-
rather than precipitation or river freshwater input. Mean ble 3) or~ 0.074+0.03 for Q (i.e., §QmeLT; Fig. 11b; Ta-
precipitation of~6cm (recorded at Barrow, Alaska) dur- ble 3). It has almost equivalent impact @as nitrate uptake
ing the summertime would contribute negligibly to salin- discussed earlier. Furthermore, reduction in ionic strength of
ity changes £ 0.2 %:; the dilution of DIC and TA by pre- seawater (and Ga) will slightly decrease CaCgsolubility
cipitation has minor impact 02aragonite i-€., iNncrease of and< at lower salinities £ 0.01) given the range of salini-
~0.06 per unit change in salinity), while the Chukchi Sea ties observed during the RUSALCA/ICESCAPE expeditions
does not receive significant direct river input. During the (e.g., Butler, 1982).
2009-2011 expeditions the 6 % reduction of surface salin- In contrast to shelf waters, as shown in Fig. 8d, the pres-
ity likely results primarily from sea-ice melt. Previous re- ence ofQaragonitevalues less than 1.24(20 % less than 1;
ports of % contribution of sea-ice melt to mixed-layer waters 50-55 % less than 1.2) in the upper 20 m of the Canada Basin
in the Chukchi Sea shelf, determined #4#O-salinity rela-  waters likely indicates proportionately greater influence of
tionships (e.g., Cooper et al., 1997), wet&—-10% in sur-  sea-ice melt waters on seawater £S€arbonate chemistry
face water during the 2002—-2004 SBI project (Bates, 2006)(Yamamoto-Kawai et al., 2009; Juttekstn and Anderson,
As described earlier, difference in observed DIC between2010) compared to shelf waters.
winter/early-spring values and summertime surface values
was~ 180 umol kg compared to salinity-normalized DIC
change of only 75.7 umol kg (Tables 2, 3). A 6% reduc- Gas exchange and mixing influences oft
tion in salinity should reduce DIC and TA by 120 and
130 umol kg1, respectively, which combined with salinity- There are, however, counteracting processes such as gas ex-
normalized DIC changes (120°5.7 =195.7 umolkg?) is change (i.e.§Q2casex), vertical diffusion (i.e.$QverTDIFF)
comparable to the mean observed change in surface DIC adnd mixing (i.e.,dQ2verTmix) that can act to decrease
~ 180 umol kg 1. However, the mass balance model (Egs. 1in shelf surface waters (Figs. 9-11). Previous estimates of
and 3) uses salinity-normalized DIC so the salinity only in- air—-sea C@ flux on the Chukchi Sea shelf ranged from
fluence is explicitly excluded. 10 to 40mmol C@m~2d~1, depending on the magnitude
Unfortunately,8180-salinity measurements were not con- and spatio-temporal variability of the air-sp&0, gradi-
ducted during the 2009-2011 RUSALCA/ICESCAPE expe-ent (Bates and Mathis, 2009, and references therein). The
ditions, but we can use TA as a proxy tracer for the contri-flux (F) of CO, between ocean and atmosphere can be es-
bution of sea-ice melt to seawater g€€arbonate chemistry timated from the difference ipCO, between air and sea
to the shelf water changes . Salinity-normalized alka- (i.e., ApCOy) and air-sea C®gas exchange parameter-
linity (i.e., nTA) values were~ 30 umol higher in surface izations  =aKApCOQOy; Wanninkhof, 1992, wherer is
water compared to below the mixed layer across the shelfsolubility of CO, in seawater and is the gas transfer
and we use it as a tracer for determining the contributionvelocity). Given seawater Ccarbonate chemistry of the
of sea-ice melt to changes in DIC atl (i.e., sDICvEeLT winter/early-spring remnant water (Table 2), we estimate
andsQmeLT). Sea-ice melt waters of the western Arctic have this water had a mean seawaeg2O, of ~ 360 patm, about
DIC and TA values betweer 400 and 800 pmol kgt (N.R. 20-25 patm lower than the atmosphep€O, observed at
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Point Barrow, Alaskawww.esrl.noaa.gov/gmd/obop/bw/  period during rapid winter freeze-up, and sea-ice formation
In contrast, surface summertime seawat€O, had a mean and brine rejection.
of 195 patm and a\pCO, of ~ 190 patm, which indicates
that the shelf waters have the strong potential to uptakg CO o
from the atmosphere. The mean wind speed in the regiorPther potential influences ong
(May to August) was 10.52m s 1, and we estimate air— . . . . .
sea CQ fluxes using CO2calc (Robbins et al., 2011). We Other poten'glal physmal and biological .fact.ors have a minor
. . r undetermined impact aR2. As shown in Fig. 7, calcifica-
used sea-ice maps produced by NASA to determine the %) : : . .
. o ion or dissolution of CaC@in surface waters was not likely
of open water during the 2009-2011 expeditions. There wa : L . o
. N . 0 contribute to changes ife given that pelagic calcifiers
~ 100 % seaice cover in mid-May with open water presentsuch as coccolithophorids (and Cagligh production) were
by mid-July on the shelf areas. We thus use a 60-day pe- P b

riod (with average 50 % open water) to compute air—sea CO not. observe_d in the weste.rn Arctic during the ICESCAPE
flux, which is estimated at 8.5+ 2 mmoles C@m-2d-1 cruises (Arrigo et al., 2012; W. M. Balch, personal commu-

at the beginning of sea-ice melt in mid-May to a mean Ofmcat|on, 2012). Pelagic pteropods, with aragonitic shells, are

S . present in the western Arctic, but it is not certain if they have
éz(ﬁ?jiEn?Iut:(yi;hﬁltgggall?:(ljn%vgfr :?r]uegbrlﬁit).(eAdST;yrglrng etha;(t)f::]a sufficient biomass and calcification rates to influence seawa-

. . ter CQ-carbonate chemistry. The shelly epi- and infauna,
dwegpg), rée;i::g;itel tg‘r’: %alssléaxchang; mclrf;SZﬂdglC including benthic foraminifera of the Chukchi Sea shelf ben-
= HMOIKG -~ (I.€., GASEX: T19. thos, clearly produce CaGQbut given summertime strong

by ~0.05-0.09 (i..§<2casex = 0.07+0.02; Fig. 11b; Ta- stratification, we assume that benthic calcification has mi-
ble 3). Please note that these terms reflect mean values an

they do not reflect the spatio-temporal variabilityppCO, n:_r ngact on surface? due to suppression of mixing
and F. The uncertainty of théQgasex term is likely to (Fig. 10a).
be higher than 0.02, but as with ti&pgoL term, interan-
nual variability is likely to impart greater variability in the |mbalance of mean surface®
SQ2GASEX term.
As shown in Fig. 11, our best estimates of terms in Egs. (3)
and (4) explain most of the winter/early-spring to summer-
time changes in seawater @@arbonate chemistry. The ma-
Vertical mixing and diffusion influences on jor terms that contribute te\ DICSURFACE gnd A QSURFACE
are due to NCP (i.e§Q2gjoL), nitrate uptake (i.e§2pioL),
Vertical mixing (i.e.,sDICvERTMIXING /8 Q2VERTMIXING) OF sea-ice melt contributions (i.e8Q2meLT), and gas exchange
diffusion of CQ (i.e., sDICveRrTDIFF /8 Q2vERTDIFF) INtO SUr- (i.e., 8Qcasex). For DIC, no imbalance in the terms was
face waters could act to reduc@yragonite Of surface wa-  found, but there was an imbalance farof 0.18 (Fig. 11,
ters, but, again, strong stratification induced by freshening;Table 3). The largest uncertainty appears associated with
sea-ice melt and warming would likely suppress any en-determination of NCP rate and hence determination of
trainment of highpCOg, low-pH/Q2 subsurface waters into SDICg |0 /6Q2gj0L terms. Year-to-year variability in NCP
the surface layer (Fig. 10). Vertical diffusivity flux of GO  would thus likely impart considerable variability in the ac-
(i.e.,8DICyERTDIFE /8 Q2vERTDIFE) Was estimated as the prod- tual §QgjoL term, but here we view th&2g oL term in the
uct of the vertical diffusion coefficientk,), DIC gradient mean or average sense. If we had used phosphate rather than
(6DIC/8Z) below the mixed layer (i.e., vertical gradient in nitrate to determine NCP, then th®ICg oL /82101 term
DIC below 30 m), and seawater density (Denman and Garwould have been much higher at 84.8 umotkgr +0.71,
gett, 1983) using an averagg, of 30cnfs ! (Bates etal., respectively, causing a much larger imbalance in terms of
2005a). We estimate that vertical diffusion across the bas®IC and Q2. During the SBI project, a transition from high
of the mixed layer increased DIC by 1-2 umol kg ! and C: N ratios to lower C: N ratios was observed in suspended
Q by < 0.02 (Table 3). As shown in Fig. 10, vertical mixing particulate organic matter (Bates et al., 2005b) that suggests
could also contribute DIC to surface waters, thereby lower-that the shelf waters were producing N-poor organic matter
ing . This term is difficult to estimate since there are insuf- by summertime. Thus thaNO3VRFAEterm used to deter-
ficient data on mixed-layer changes during the 2009—201Imine NCP andDICg|o. may underestimate both.
RUSALCA/ICESCAPE expeditions. However, it is likely The air-sea C®flux rates computed here were on the
that this term is minor given that the summertime is a periodlower end of previous ranges reported for the Chukchi Sea
of shoaling/detrainment and that the considerable density dif{up to 40 mmol C@m~—2d~1; Bates and Mathis, 2009). Us-
ference between surface and subsurface waters should haimy the higher rates of gas exchange reported (assuming that
suppressed mixing on the shelf. Rather, cooling and deepethe summertime observations are at the mid-point of the sea-
convective mixing beyond 25-30 m and homogenization ofsonal CQ influx during open water), th&Q2gasex term may
shelf waters occur later in the late-September to Novembebe higher by~ 0.06 to 0.1.
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The contribution of other water masses with dif- 4.2.5 Imbalance in thedDICgio. and §RgioL terms of
ferent seawater Cfcarbonate chemistry properties surface and subsurface waters and winter
(i.e., 8DICApvECTION/8S2ADVECTION) IS @an undetermined resetting
contributor to the mass balance model assessment. The
inflow of Alaskan Coastal Current (ACC) water appears to The mass balance model also suggests that there is an imbal-
bring high<€2 water through Bering Strait into the Chukchi ance of theSDICgjoL andsQ2gjoL term for surface and sub-
Sea 2 values of 2.2; Table 2), while inflow of Siberian surface waters of the western Arctic (i.e., Table 3). The dif-
Coastal Current (SCC) water likely brings Ig-waters  ferences between surface (0—20 m) and subsurface (50-80 m)
due to respiration and remineralization on the East SiberiadDICgjo. andsé2gjoL terms were 32.7 umol kgt and 0.29,
Sea shelf (e.g., Semiletov et al., 2007; Anderson et al.respectively. This imbalance is likely driven by unquantified
2010). However, as estimated in Sect. 3.1, the residencéerms such as the slow release of J&m shelf sediments
time of water on the Chukchi Sea shelf 16 months, (due to remineralization of sedimentary organic carbon and
and given the rapid (i.e.< 2 months) sea-ice retreat and benthic ecosystem respiration; e.g., Grebmeier et al., 2008)
biological responses (i.e., NCP) on the shelf, inflow of both and offshelf horizontal export of organic carbon (Bates et al.,
ACC and SCC is likely to impact the southern part of the 2005b). The former process is likely to redu@en bottom
Chukchi Sea rather than the entire shelf. This advectiorwaters during the wintertime sea-ice covered period when the
term may contribute to the imbalance of the mass balancavater column on the shelf is well mixed. For the latter pro-
(i.e., Table 3), but we cannot evaluate its quantitative impor-cess, previous studies have shown large plumes of suspended
tance here (including uncertainty that advection may alsoparticulate organic matter being transported off the Chukchi
contribute to changes in nitrate that were used to estimat&ea shelf into the halocline of the Canada Basin (e.g., Bates
the sDICg|oL/6QBI0L/2N0, tErms). et al., 2005b). The implication of these observations is that
the Q values of halocline waters in the Canada Basin are re-
4.2.4 Potential physical and biological factors influenc-  duced from remineralization of shelf-derived, allochthonous
ing seasonal changes i® in subsurface waters organic carbon.

] » The proceeding mass balance model for surface and sub-
During the SBI expedition, subsurface (50-100m) de- g rface waters of the western Arctic shelves (i.e. primar-
ggﬁ;g?eélntiogfrfggg ig?:rsb)EB%tless aer;daf).ogéorg)splicz\gerrlwmy Chukchi Sea) reflects seawater &@arbonate chem-

) - : istry changes associated with the winter-to-summertime sea-
parison, theADICSUPSURFACEand AQSUBSURFACEof sub- - 0oy fransition. While we cannot explicitly define terms for
surface waters gEqs. 6 and 7) below 50m deep increaseghq gypsequent season (i.e., summer to winter), it is likely
by 12.6 umolkg " and decreased by 0.13, respectively, dur-ihat strong mixing and water column homogenization dur-
ing the 2009-2011 RUSALCA-ICESCAPE expedition cOm- jnq the winter freeze-up and sea-ice advance (in October
pared to winter/early-spring water (Fig. 9b, Table 3). The 5nq November) blends late summer surface and subsurface
increase in subsurface DIC and reductlonmappeflzlrs physico-biogeochemical conditions. Winter freeze-up thus
primarily due to thesDICgioL (+11.6+4.4umolkg™) |ikely “resets” seasonally imparted changes in pH antb
and QpioL (—0.11+0.03) terms. These terms were «yinter” conditions during the sea-ice cover until the next

computed from the change in nitrate concentration be-gping/summertime sea-ice retreat (as conceptually shown in
tween winter/early-spring water and subsurface waters oﬁ:ig_ 10).

~1.944+1.55umolkg?’. The §QpoL term is positive,
which reflects a positive NCP value or net heterotrophy ing 5 ¢ The contribution of ocean acidification §20n) to
the subsurface waters of the shelf. There was also minor con-  changes in the western Arctic
tributions from vertical diffusion and mixing (Table 3), but
negligible/zero contributions from changes in temperature Ok estimate the present-day contribution of ocean acidifica-
contributions from sea-ice, sea-ice melt or gas exchange. A§yn, due to uptake of anthropogenic £Q.e., SQcanT) as
with surface waters, there is a small imbalance in the termsgq | ows. Recent estimates of the global ocean inventory of
with the largest uncertainty related to the standard deViaﬂorbnthropogenic Ceohave been reported to range fror.20
of the meansDICgioL andéS2gioL terms. In summary, the ¢ 160 pg C (Pg- 1015 C; Sabine et al., 2004; Khatiwala
decrease in subsurface appears related primarily to pro- ot 51 2009). In the Arctic Ocean, the inventory of anthro-
duction of CQ and DIC. This must result from a combi- ,5genic CQ has been estimated at approximately 2.5 to
nation of remineralization of sinking organic matter back to 5 5 PgC, or about 2% of the global ocean inventory (Tan-
COy, pelagic community respiration and benthic community b5 et a1, 2009). Pacific Ocean water entering the west-
respiration. ern Arctic has a reported anthropogenic a@ntent of 30—
40 umol kg! of DIC (Sabine et al., 2004), while the Tanhua
et al. (2009) estimate suggests a range @-50 pmol kgt
for anthropogenic C@content in upper waters of the Arctic
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(depending on water depth, residence time and Atlantic versuppression of2 values that tips the balance and redu@es
sus Pacific Ocean source of waters entering the Arctic revalues below a value of one (Fig. 7b). Such seasonal tran-
gion). Given the relatively short residence time of shelf wa- sitions in2 that are compounded by natural biological pro-
ters in the western Arctic~ 6 months; Sect. 3.1), we as- cesses have also been shown to occur in the Bering Sea shelf
sume that the anthropogenic g@ontent of western Arctic  (Mathis et al., 2009, 2011a, b) and in the East Siberian Sea
shelf water reflects conditions in the North Pacific Ocean.(Anderson et al., 2010).
Thus, we estimate that the anthropogenic,Gfntent of
the upper ocean of the western Arctic shelf waters is ap-4.2.7 Is there any change in the distribution of lowg2
proximately 30—-40 pmol kgt of DIC. Stated another way, bottom water in the western Arctic?
the mean DIC content of polar surface water is estimated
to be 30—-40 umol kgt greater at present compared to pre- The 2009 to 2011 RUSALCA/ICESCAPE data revealed
industrial times, with the consequence of reducing pH@nd large areas 0f2aragoniteUndersaturation across the Chukchi
Given salinity, temperature, DIC and TA values for surface Sea shelf (Fig. 5 shows that 70 % of bottom water had
to subsurface waters of the western Arctic shelves observe®aragonite Values less than 1.2). The sumn®gragonite vVal-
during summertime of 2009 to 2011, we estimate that oceames decreased to levels lower than observed in previous years
acidification due to anthropogenic GQptake has reduced during the SBI project from 2002 to 2004 (Bates et al.,
Q values by~ 0.4 to 0.6 forQcacite and ~0.3 to 0.4 for  2009). In the 2002—-2004 period, undersaturated bottom wa-
QaragoniteSince pre-industrial times up to the present day. Us-ters were only observed on the northern slope of the Chukchi
ing the range of observed seawater£G@rbonate chemistry, Sea rather than across the entire shelf as observed more re-
40 umol kg ! of anthropogenic C®is computed to decrease cently. Our observations from 2009 to 2011 suggest that low-
Qaragonitevalues from 0.33 to 0.39 (mean of 0.33.02; Ta- € bottom water has expanded across the shelves of the west-
ble 3). The uncertainty in th&QcanT term is likely to be  ern Arctic Ocean. Arrigo et al. (2008) have shown signifi-
~ 0.08 for Qcalcite and~ 0.05 for Qaragonitegiven the uncer-  cantincreases in rates of summertime phytoplankton primary
tainty in North Pacific Ocean anthropogenic £€&ntent. production (and a longer growing season) in surface waters
A schematic seasonal time series f@4agoniteis Shown  across the Arctic over the last two decades. Model studies
with §QcanT denoted by the dashed yellow line for both sur- also suggest that coastal shelf phytoplankton primary pro-
face and subsurface waters (Fig. 10b, c; a similar time seduction has increased over the last few decades (e.g., Man-
ries for Q¢aicite IS NOt shown but would be scaled by approx- izza et al., 2013). The ICESCAPE expeditions in 2010 and
imately 150 %). Superimposed on the long-term cumulative2011 found extensive blooms of phytoplankton under the sea
changes due to ocean acidification are chang@simparted  ice of the central Chukchi Sea (Arrigo et al., 2012), and some
by seasonal processes (ed§2gioL , $2casEx, ands 2TEmP) of the lowest seawater values of seawgt€lO, ever ob-
discussed in Sects. 4.2.3 and 4.2.4 (Fig. 10). A final caveat iserved in the global ocean (i.e:,100 patm) have been mea-
that while the long-term impact of ocean acidification can besured in this area (e.g., Bates et al., 2011). The implications
shown in Fig. 10, long-term changes in other factors such a®f these studies are that if rates of primary production are
salinity (changes in hydrology/freshwater input) and temper-higher in the western Arctic Ocean compared to other re-
ature (warming in the Arctic) are not shown but are likely to gions of the Arctic, then surface water enhancemers? i§
have longer-term effects dn. likely as well as concomitant reduction@fvalues in bottom
Compared to pre-industrial times, the me@rvalues of  waters present on the shelf. This presumably could be linked
bottom waters on the shelf appear to .35 lower at  toincreased vertical export of organic carbon and subsequent
the present time, with subsurface processes further reducinggenthic respiration and remineralization. Potentially counter-
Q by ~0.13 during the summertime sea-ice retreat. As de-acting this phenomena is the likelihood that a longer growing
scribed earlier in Sect. 3.5, nearly 70 % of bottom-water sam-season, lower surface seawgt€O, and expanded areas of
ples deeper than 20 m ha&ehragonite Of < 1.2 (Mostly East  seasonally sea-ice-free areas will enhance the uptake pf CO
Siberian Sea and the majority of Chukchi Sea), with 40 %from the atmosphere through air-seaf3fas exchange.
of samples havin@2aragonitevValues of< 1.0 (Fig. 8). If the In the central basin of the Arctic Ocean, increases in sur-
contribution ofs§ QcanT IS removed, it is likely that shelf bot-  face seawatepCO, — and presumably reduction {2 — due
tom waters were not undersaturated with respect to aragonit® enhanced air-sea G@as exchange since the major sea-
during pre-industrial times, with perhaps only 10-30% of ice loss event in 2007 have been determined to have reduced
bottom waters havin@aragonitevalues less than 1.5. Thus, it the sink of CQ into surface waters over the last few years
appears highly likely that the presence of corrosive waters or{Cai et al., 2010, 2013).
the western Arctic shelves is a recent phenomenon, a signal It is evident that the geographic distribution and sea-
of the Anthropocene. Furthermore, on seasonal timescalesonal timing of seawater C&arbonate chemistry, pH and
it seems that, while uptake of anthropogenicGdd ocean Q2 variability is rapidly changing in a transitioning Arctic
acidification has cumulatively reduced subsurface w&er Ocean. Ocean time-series stations show that the DIC con-
values close to a value of one, it is biologically mediatedtent of surface waters is increasing at a rate~09.7 to
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1.0pumolkg? year?® (e.g., Bates et al., 2012; Tanhua et the responses of calcifying organisms to ocean acidification
al., 2013). Given our observations that 70 % of shelf bottomand seasonally changir@ragoniteis Of great importance for
waters hadQaragoniteValues < 1.2, it is likely that at least the future (Orr et al., 2005; Walther et al., 2009; Comeau et
70 % of bottom waters will be undersaturated with respect toal., 2009; Smith, 2009; Lischka et al., 2011).
aragonite (i.e.Qaragonite< 1.0) for a few months each year
within 20 to 30 years, with the caveat that other synergistic
environmental impacts in the Arctic may enhance the mitiga-5 Conclusions
tion of this 2 reduction.
Previous models predict that undersaturation with respect
4.3 Potential impact on marine ecosystems to aragonite will occur in the polar mixed layer of the
Arctic by 2016, with the polar shelves transitioning later
Considering the fact tha®aragonite aNd Qcalcite are gener-  this century (Steinacher et al., 2009). Observations have
ally lower in the high-latitude regions (Doney et al., 2009), shown previously that the polar mixed layer in the Canada
gradual ocean acidification in the future may have an earBasin (Yamamoto-Kawai et al., 2009) and small areas of
lier impact on polar and subpolar benthic calcifying organ-the Chukchi Sea shelf (Bates et al., 2009) already exkubit
isms compared to temperate and tropical species (e.g., Donexalues less than one. In this study, we find tha40 % of
et al., 2009; Bates et al., 2009; Mathis et al., 2011a). Thebottom-water sampled had@ragonitevalues less than 1.0 and
seasonal presence of potentially corrosive bottom waters- 70 % less than 1.2. Thus large areas of the shelf in the west-
for CaCQ may have a variety of direct impacts on ju- ern Arctic are seasonally exposed to bottom waters that are
venile to adult benthic calcifying organisms, and their as-undersaturated with respect to Cag@inerals and thus po-
sociated ecosystems. For example, Ca@@Qdersaturation tentially corrosive for biogenic or sedimentary CagQur
can be harmful especially in early development stages ofesults suggest that the area of undersaturation for aragonite
calcifying organisms (Lischka et al., 2011). Rapid changesand even calcite has expanded to most of the western Arctic
in seawater C@carbonate chemistry of the Arctic Ocean shelf over the last decade, but sustained time-series observa-
might cause a decrease in diversity of calcifying organismgtions are needed to confirm this suggestion.
(both benthic and planktonic), with consequences for trophic The potential causes for these changes in seawater CO
flow/ecosystem structure (Walther, 2010). The most recentarbonate chemistry in the western Arctic relate to ocean
study on mineralogy of skeletons of bimineralic calcifiers acidification and seasonal biological/physical processes in
exposed to seawater high-g@onditions showed increases the region. Ocean acidification due to anthropogenig Q%
of the calcite-to-aragonite ratio (Ries, 2011), favoring cal- take is estimated to have reduc@dvalues by~ 0.4 to 0.6
citic organisms. Experimental calcification studies on Arc- for Qcajcite @nd~ 0.3 to 0.4 forQaragoniteSince pre-industrial
tic Ocean pteropods (which secrete aragonite shells) showetimes. However, superimposed on the ocean acidification in-
a 28 % decrease in calcification projected for 2100 low-pHfluence ort2 are seasonal physico-biogeochemical processes
conditions (Comeau et al., 2009). The increased solubilitythat drive 2 values in different directions for surface and
of aragonite compared to calcite makes this form of CaCO subsurface waters. As such, these processes mitigate and en-
mineral more vulnerable to dissolution in waters with low pH hance the impact of ocean acidification seasonally in sur-
values & 8.0) and lowel2 conditions (i.e.< 1). face and subsurface waters, respectively. Future changes in
As described in Sect. 3.5 and shown in Fig. 8, the deepef2 values on the western Arctic shelves appear unpredictable
benthos & 20 m deep) appears to be more vulnerable to thedue to uncertainties about the extent of sea-ice loss, warm-
impact of reduced2 brought about by ocean acidification ing, changes in marine phytoplankton production and air—
and summertime suppression @f In contrast, the shallow sea CQ gas exchange in the region. Expansion of the ar-
benthos of the western Arctic shelves may be more resilienteas that are sea ice free and have increased surface water
with summertime enhancement @foffsetting long-term2 warming and an increased growing season may synergisti-
reduction by ocean acidification. Given the relatively high cally facilitate future increases in marine phytoplankton pri-
Q of shallow water ¢ 2.0) on the western Arctic shelves, it mary production/NCP that in turn could exacerbate subsur-
may be more than a century before the shallow benthos exface suppression a2 values due to increased vertical ex-
periences undersaturated water conditions. Over the next feywort of organic carbon. Counteracting this may be increased
decades, a pronounced benthic community zonation with reair—-sea C@ gas exchange in the region (due to longer sea-
spect to depth an@ conditions is likely, as is deeper parts of ice-free periods and increased marine phytoplankton primary
the Chukchi Sea shelf exhibiting reduced calcification (andproduction/NCP) that would act to increaQevalues. Such
presence of shelly fauna) due to unfavorable seawater chempredictions are difficult to make given that air-sea-Gfas
cal conditions. Given that the seawater €arbonate chem- exchange rates appear to be rapidly changing in the Arc-
istry of the Arctic Ocean is controlled by complex physical tic Ocean (Bates and Mathis 2009). The deep Arctic Ocean
and biological processes that are vulnerable to future envibasins (Canada and Eurasian basins) and surrounding shal-
ronmental change (Kaltin and Anderson, 2005), quantifyinglow coastal seas (e.g., Barents, Laptev, Kara, East Siberian,
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Chukchi, and Beaufort seas, and Canadian Archipelago) con- continental shelf C@ pump and its impact on the degree of
stitute only~ 4 % of global ocean area (Pipko et al., 2011).  calcium carbonate solubility, Deep-Sea Res. Pt. |, 57, 869-879,
In the last couple of decades, the summertime retreat of sum- doi:10.1016/j.dsr.2010.03.012010.

mer sea ice from the Arctic polar shelves due to enhanced\nderson, L. G., Bjrk, G., Jutterstim, S., Pipko, I., Shakhova, N.,
melting has exposed surface waters to the atmosphere and Semiletov, I, and \eihistém, 1.: East Siberian Sea, an Arctic
allowed the shallow coastal seas of the Arctic Ocean such "¢9/o" of very high biogeochemical activity, Biogeosciences, 8,
as the Chukchi and Barents Sea (and Bering Sea) to becomg /o0 5% YOV LS U ET R © e o a mar
significant sinks for atmospheric GQ@Murata and Takizawa, gin: implication of ocean acidification on Mg-calcite, high lati-
2003; Bates, 2006; Chen and Borges, 2009). Such changes ,de and cold-water marine calcifiers, Mar. Ecol.-Prog. Ser., 373,
may have temporarily increased the ocean uptake of CO 25 273, 2010.

into the Arctic (Bates et al., 2006) such that the Arctic OceanAndersson, A. J., Mackenzie, F. T., and Gattuso, J.-P.: Effects of
now contributes approximately 5-14 % of the annual global ocean acidification on benthic processes, organisms, and ecosys-
CO; uptake (Bates and Mathis, 2009) and as a consequence tems, in: Ocean Acidification, edited by: Gattuso, J.-P. and Hans-
suppresse&® values on the shelves. However, since the ma- son, L., Oxford University Press, New York, 122-153, 2011.

jor sea-ice loss event in 2007, observations indicate that thé'mgo, K. R., van Dijken, G., and Pabi, S.: Impact of a shrinking
Arctic may have transitioned back to a smaller sink for,CO  Arctic ice cover on marine primary production, Geophys. Res.
(Cai et al., 2010, 2012) with potentially less impact @Qn Lett,, 35, 119603, dol0.1029/2008GL035022008.

illustrating the dynamic and rapidly changing nature of theAmgo‘ K. J., Perovich, D. K., Pickart, R. S., Brown, Z. W, van Di-
rating y pidly ging jken, G. L., Lowry, K. E., Mills, M. M., Palmer, M. A., Balch, W.
Arctic environment.

. . M., Bates, N. R., Benitez-Nelson, C., Brownlee, E., Ehn, J. K.,
In this study, we have not addressed any observed im- Frey, K. E., Garley, R., Laney, S. R. Mathis, J. T., Matsuoko, A.,
pact on benthic organisms or ecosystems, but it is clear that witchell, B. G., Moore, G. W. K., Ortega-Retuerta, E., Plasshen-
the combination of ocean acidification and seasonal physico- ski, C. M., Reynolds, R. A., and Swift, J. H.: Massive phyto-
biogeochemical processes combine to seasonally produce plankton blooms under Arctic sea-ice, Science, 336, 1408-14009,
conditions that are potentially unfavorable for calcifying or-  doi:10.1126/science.1215068012.
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