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ABSTRACT

The Arctic Ocean plays a critical role in the global carbon cycle. It is believed
to be particularly sensitive to the effects of climate change, is already undergoing
dramatic changes, and is therefore important to study in that context. Most studies of
the inorganic carbon system in the Western Arctic focus on hydrographic datasets
from summer and/or fall (July-October), and do not consider the full response of the
system to the timing of ice retreat, organic matter production and remineralization, and
ice advance. Here we present the first dataset to investigate the spatial and temporal
controls on the inorganic carbon system from early spring (pre-phytoplankton), late
spring (initial phytoplankton bloom), summer (post-bloom), and fall in 2014. Our
results suggest that the timing of ice retreat has important implications for the length
of the phytoplankton growing season, and thus influences the magnitude of biological
carbon cycling. We extend our analysis to include high-resolution temporal estimates
of air-sea CO, flux, and estimate a total annual CO, uptake in the Chukchi Sea of ~7.7
Tg C. This is the first dataset to evaluate the importance of different seasonal
observations within one year on the annual uptake of CO, in the western Arctic Ocean.
Our results show that extrapolations from one observational dataset result in large

over- or underestimations of annual CO, flux.
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Chapter 1:

INTRODUCTION

The Arctic Ocean, which occupies only ~3% of the global ocean surface and
~1% of its volume, plays an important role in global ocean processes such as
intermediate and deep water formation (Aargaard et al., 1985; Tanhua et al., 2009),
and atmospheric CO, uptake (e.g. Semiletov et al., 2004; Bates, 2006; Evans et al.,
2015). Recently, the Arctic Ocean has experienced dramatic and widespread changes
owing to global climate change (Overpeck et al., 2005). Atmospheric warming in the
Arctic has occurred at approximately twice the rate of the global average, resulting in
a precipitous decline in the thickness and extent of sea-ice in the past several decades,
with 2012 exhibiting the lowest sea-ice volume on record (Serreze et al., 2003;
Stroeve et al., 2007; Jeffries et al., 2014). Decreased albedo in ice-free areas promotes
increased solar absorption, driving further melting and reduced wintertime ice
formation (Perovich et al., 2007; Schroder et al., 2014). A transition from thick, multi-
year ice to fragmented, mobile first-year ice has allowed for enhanced wind-driven
circulation and mixing in the surface ocean (Carmack & Chapman, 2003; Yang,
2009). Furthermore, changes to the freshwater content in the Arctic ocean due to
enhanced sea-ice melt and river discharge (Peterson et al., 2002; Yamamoto-Kawai et
al., 2009; Giles et al., 2012) affect surface ocean stability, which in turn affects
biological productivity and ocean circulation (Nishino et al., 2011). Circulation
changes, such as increased inflow of warm Pacific water (Woodgate et al., 2012) and

decreased transport of the Alaskan Coastal Current (Brugler et al., 2014) are changing



nutrient inputs, upper halocline ventilation, and seasonal ice cover in the central basin.

All of these changes have important implications for the future of the Arctic
Ocean carbon cycle. Several authors (e.g. Bates, 2006; Lepore et al., 2007) have
discussed the importance of the continental shelf pump as the main mechanism of
inorganic carbon storage in the Arctic, whereby carbon fixed into organic matter (OM)
is remineralized following the phytoplankton growing season and is supplied to and
thus stored in the Canada Basin. Recent changes in the timing and magnitude of
biological productivity have been linked to changes in ice retreat and advance (e.g.
Arrigo et al., 2008; Pabi et al., 2008; Arrigo & van Dijken, 2011) thus making early
spring (i.e. before or during ice retreat) and late fall (i.e. during or after ice advance)
observations important. Increased duration of open water area has resulted in an
increased importance of late season storms, which have been linked to both late season
phytoplankton blooms (Ardyna et al., 2014) and CO, outgassing as a result of vertical
mixing (Hauri et al., 2013; Evans et al., 2015).

Due to the difficult logistical nature of Arctic research, most Arctic inorganic
carbon cycle studies focus on data from either summer or fall, and use data from other
years to make assumptions about conditions outside of their observational window
within the year of interest. However, the highly variable ice conditions (e.g. timing of
retreat/freeze-up, extent, thickness, and concentration) between years could make such
comparisons unrealistic. Several studies (e.g. Arrigo et al., 2015) have described the
physical and biological transformations that occur between spring, summer, and fall
within a year, but few have explicitly focused on the inorganic carbon system.
Furthermore, only two field campaigns have characterized the carbonate system in

spring, both of which were limited in spatial extent.



Here we present new biogeochemical data from the Chukchi Sea shelf and
Canada Basin in spring, summer, and fall of 2014 and attempt to provide a synoptic
view of the spatial and temporal controls on the carbonate system within one full ice
melt season. Due to differences in the timing of the onset of ice melt between 2014
and earlier years, our work provides valuable insight into the importance of ice cover
in setting the timing and magnitude of biological carbon cycling in the Chukchi Sea
and Canada Basin. Furthermore, we evaluate air-sea CO, exchange between and
within seasons and draw comparisons to previously published estimates of annual CO,

uptake in the Arctic Ocean.



Chapter 2

STUDY AREA & METHODS

2.1 Cruise Data

Three research expeditions in 2014 (Figure 1) collected carbonate chemistry
data in the western Arctic Ocean and are detailed below. Hydrographic data were
collected in spring (15-May to 19-June) aboard USCG Icebreaker Healy during the
SUBICE expedition in the Chukchi Sea. Heavy ice cover restricted the spatial extent
of this cruise to a relatively small area of the Chukchi shelf. The CHINARE
expedition aboard R/V Xuelong in summer (22-July to 29-August) collected data from
the Bering Sea, Bering Strait, Chukchi Sea, Beaufort Sea, and Canada Basin. The R/V
Mirai expedition in fall (3-28 September) collected data in the Bering Strait, central
and northeast Chukchi Sea, and southeast Canada Basin. A fixed point observatory
(FPO) was occupied between 6 — 25 September, with CTD casts around noon and
midnight each day.

In spring, most of the 230 CTD stations were sampled for nutrients (NOs,
NO,, NH,', POy, Si(OH),), dissolved oxygen (DO), and chlorophyll a (chl a), while
dissolved inorganic carbon (DIC) and total alkalinity (TA) data were collected from
69 stations. DIC and TA samples were collected into 250 mL borosilicate glass
bottles, poisoned with 100 puL saturated HgCl, solution to prevent biological activity,
sealed with Apezion high-vacuum grease and later shipped to the University of
Southampton for analysis. DIC and TA samples were measured via coulometric and

potentiometric titration using a VINDTA 3C (Marianda), with a precision of + 2



umol/kg™”. Accuracy was verified using certified reference materials (CRMs) from
Scripps Institution of Oceanography (SIO). Nutrient concentrations were determined
using a Seal Analytical continuous-flow AutoAnalyzer 3 following a modified
procedure after Armstrong et al. (1967). DO was measured using a spectrophotometer
following the standard Winkler titration method, with a precision of +1 pmol/kg™. Chl
a measurements were made using a Turner 10-AU fluorometer (Turner Designs, Inc.)
following the methods of Holm-Hansen et al. (1965) and were calibrated against a
pure Chl a standard (Sigma). Nutrient, DO and chl a samples were measured onboard,
while DIC and TA samples were measured at the University of Southampton, UK.

The summer expedition collected approximately 700 samples for DIC and TA
from 74 stations using a 24-Niskin Seabird 911 CTD rosette. DIC and TA samples
were collected similarly to the spring cruise, and were measured at the University of
Delaware approximately four months after the end of the research expedition. DIC
samples were analyzed using a LiICOR LI 7000 infrared CO, detector coupled to an
automated DIC analyzer (Apollo SciTech, USA). TA samples were measured via
open-cell potentiometric titration at 22° C with 0.1 M HCI'. Precision of DIC & TA
samples was within 0.1% (£ 2 pmol/kg). Accuracy was verified using CRMs from
SIO. Nutrient data were measured onboard using a San' " automated continuous flow
autoanalyzer (SKALAR Inc.) following World Ocean Circulation Experiment
protocols with a precision of £0.03 umol/kg. Chl a samples were collected for most
stations and were measured following similar procedures to the spring expedition. DO
was measured onboard using the spectrophotometric method based on Winkler

titration with a precision of £1 pmol/kg™.



In fall, hydrographic data were collected from 21 stations using a 36-Niskin
Seabird 9plus CTD rosette. DIC and TA samples were collected following similar
procedures to both the spring and fall expeditions. DIC samples were measured using
an automated coulometric analyzer (Nippon ANS, Inc.) with a precision of + (.7
umol/kg”. TA samples were measured using a custom spectophotometric system
(Nippon ANS, Inc.) with a precision of +0.57 umol/kg™. Precision of DIC and TA
samples was verified using CRMs from SIO. DO was measured via the
spectrophotometric Winkler titration method (Kyoto Electronic Co. LTD), with a
precision of + 0.12 pmol/kg™. Chl a was measured using a fluorophotometer (Turner
Designs) after Welschmeyer et al. (1994). Unfortunately, nutrient data are not yet
available, so we consider the physical and biogeochemical controls on carbonate

cycling using DIC, TA, DO, and chl a data.

2.2 End-member mixing analysis

In order to correct for changes to carbonate chemistry due to the effects of
mixing between ice melt water, river water, and seawater, we employ a three end-
member mixing model to estimate the fractions of each water mass in each sample.
This method has been employed by several other investigators for similar studies in
the Arctic Ocean (e.g. Yamamoto-Kawai et al., 2008; Jones et al., 2008; Cai et al.,

2010) and is calculated as:

fim+ few + fsw = 1 (1)
fimSim + frwSrw + fswSsw = Sobs ()
fimTAm + frwTArw + fswTAsw = TAops (3)



Where f denotes fraction, IM denotes sea-ice meltwater, RW denotes river water, and
SW denotes seawater. Sqps and TAps are the measured values of salinity and TA,
respectively. We then extend this analysis to estimate quantify the contribution of

biological changes to DIC by removing the effects of mixing:

(fiuDICpy + frwDICryw + fswDICsy) + ADICoc + ADICgir—seq = DICy,s =
ADIC,i + ADICoe + ADICasr—gon @)

Rearranged to estimate the biological contribution to DIC in any sample,

ADICOC = (ADICObs - Achmix) - ADICair—sea (5)

The S (= 32.6 PSU), TA (= 2211 pmol/kg™") and DIC (2148 pmol/kg™") end-members
for seawater were selected from averaged values of upwelled Bering Sea slope water
during summer 2014 as this is the source of waters entering the Arctic Ocean through
the Bering strait. End-member values (S = 4 PSU; TA = 360 umol/kg™, DIC = 320
umol/kg™) for ice-melt are based on values reported by Rysgaard et al. (2007), while
end-member values for river water (S = 0; TA = 1300 umol/kg™”, DIC = 1350
umol/kg™) are similar to those reported by Cooper et al. (2008) for the flow-weighted
averages of the Yukon and Lena rivers, which most likely had the strongest influence

on our measurements due to their proximity to our study area.



2.3 Salinity Normalization

In order to compare our results between cruises, which encountered a wide
range of salinity values, we normalize our DIC and TA data as described by Friis et al.
(2003). Given the abundance of river inflow in our study area, we normalize using the

DIC, TA, and S concentrations of river water in our end-member mixing analysis:

DICops—DIC

nDIC = (ﬂsref )+ DICay (6)
TAops—TARW

nTA = (Tsref )R 7)

where nDIC and nTA are normalized DIC and TA, respectively; DICyps, TAgbs, and
Sobs are measured DIC, TA, and salinity, respectively. DICrw and TAgrw are the
chosen end-member values for river water in the Arctic, respectively. S.r refers to S =
33.1, which is representative of the core of the lower halocline layer (LHL) in the

western Arctic, which is usually found ~150 m.

2.4 Air-sea CO; fluxes

To calculate air-sea CO, fluxes, we used pCO2 calculated from measured DIC
and TA data combined with wind speeds from Point Barrow, AK measured by the
NOAA Earth System Research Laboratory (ESRL)
(http://www.esrl.noaa.gov/gmd/obop/brw/). Four different wind speeds were applied:
daily average for each sample collection date, seasonal (May — September) average,
seasonal minimum, and seasonal maximum. The sea-air flux of CO, (Fco2; in mmol

m™ d"') was calculated according to:



Fcop = ks(ApCO;) (8)

where £ is the gas transfer velocity of CO, (cm h™), s is the solubility of CO, (mol L™
atm™), and ApCO; is the difference between calculated seawater pCO, and measured
atmospheric pCO,. Negative F¢p; values indicate a flux of CO, from the atmosphere
into the surface ocean. We calculated k£ following the parameterization of Ho et al.

(2006):

k = 0.31u?(Sc/600)705 (9)

where u is wind speed (m sec) at 10 m and Sc is the Schmidt number, calculated
from sea surface temperature after Wanninkof et al. (1992). Daily average atmospheric
pCO; values were downloaded from NOAA ESRL
(http://www.esrl.noaa.gov/gmd/obop/brw/). Given that sea ice is known to be an
imperfect, but relevant barrier to gas transfer (Bates et al., 2014; Loose et al., 2011)
we apply a linear correction to all measurements where sea ice was present following
the methods of other studies (e.g Bates, 2006; Gao et al., 2012). For example, for a
station where 60% ice cover was present, we multiply the calculated air-sea pCO, flux
by 0.4.

In order to estimate total seasonal CO, uptake, we first take average flux
estimates for all stations during each study period and extrapolate them to the entire
595,000 km” Chukchi shelf. For gaps between observational periods (e.g. between the

end of spring measurements to the beginning of summer measurements), we assume a



linear surface pCO,, temperature, salinity, and ice concentration change between each
observation and calculate new air-sea fluxes using each different set of wind speeds
similarly to Jiang et al. (2008). We consider the end of the ice retreat/phytoplankton
growing season to be the date at which ice fully covered the Chukchi shelf, which we
set to 15-Dec. based on satellite ice concentration images obtained from
http://www.iup.uni-bremen.de/. Since no pCO, measurements are available from the
end of our fall observations to the date of 100% ice cover, we apply our linear
interpolation between average fall pCO, and average early spring pCO, measurements

under 100% ice cover.

2.5 Satellite ice concentration and primary productivity estimates

We use satellite estimates of ice concentration (%), chl  (mg m™), and daily
primary productivity (mg C m™ day™") as a supplement to interpret our in situ
measurements. Data were processed and shared by the Arrigo Ocean Biogeochemistry
lab at Stanford University. Ice concentration data are based on the SSM/I Sea Ice
Concentration NASATeam algorithm (see https://nsidc.org/data/docs/daac/nasateam/).
Chl a data are based on 8-day level 3 binned measurements from the MODIS
radiometer onboard NASA’s Aqua satellite. Primary productivity was estimated as
described in Pabi et al. (2008). Estimates are reported as Sx5km averages surrounding

the nearest hydrographic station location.
2.6 Data Reporting

Given the multitude of variables considered in this work, we mostly report

temperature, salinity, pCO,, ADIC, AOU, NOs" and chl a values in our discussion of

10



the spatial and temporal controls on carbonate chemistry between and within seasons.
The reader is referred to the referenced summary tables for consideration of other
important associated biogeochemical parameters. Values are mostly reported as mean
+ standard deviation, while ranges are left to summary tables. Associated carbonate
system variables in addition to measured DIC and TA were calculated with the
CO2SYS program using the constants of K, K, from Mehrbach et al., (1973) as refit
by Dickson and Millero (1987). For mixed layer estimations, we define the base of the
surface mixed layer as the depth at which density (o) is 0.05 kg m’ greater than

surface measurements.
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Chapter 3

RESULTS

3.1 Chukchi Shelf observations (Spring)

Ice melt in the spring study area was delayed compared to previous years due
to persistent northerly winds and a late season snowfall, resulting in cooler
temperatures and reduced light transmission to under ice water (SUBICE cruise
report). Most CTD stations were located between 70 — 73.3° N (hereafter referred to as
the study area) and were heavily ice-covered. Only 6 stations were occupied with ice
concentrations <65%, which were in the southern Chukchi Sea (<69.5° N; hereafter
referred to as S. Chukchi stations). These stations were warmer, fresher, and of lower
pCO;, (306 £ 85 patm) than the study area, indicating the presence of Pacific Summer
Water (PSW; a blend of Alaskan Coastal Water [ACW], Bering Sea Water [BSW],
and/or Anadyr Water; Table 1). Most stations in the study area were fully mixed, and
exhibited a narrow range of physical and biogeochemical water properties (Table 1).
Ice melt began in the southern portion of the study area around or after 5 June, as
evidenced by slight warming and freshening of surface samples. Due to differences in
physical and biogeochemical parameters that were apparent after 5 June, we divide our
analysis of the study area into early spring (15 May — 4 June) and late spring (5 — 19
June) periods. We also consider stations on the NE Chukchi slope separately due to
their closer resemblance to Beaufort Gyre/Canada Basin water.

In early spring, a substantial fraction of remnant Pacific Winter Water (PWW;

S>32.5 PSU, T<-1.6° C) was evident, as confirmed by negative fSIM values, which

12



indicate brine rejection during sea ice formation (Table 1). In general, a very narrow
range of temperature and salinity values were observed. Small differences between
surface and bottom water were evident, and salinity was slightly lower in the northern
study area, potentially due to advection of BSW (5<32.5 PSU; T>1.6° C; Figure 2a,b)
Lower salinity and warmer water was observed in both the eastern and western
extremes of the study area, which suggests the presence of inflowing ACW and BSW,
respectively. High pCO, (607 + 130 patm), AOU (42.8 + 17.3 pmol/kg™") and NO5”
(11.6 + 2.4 umol/kg™) values were observed (Table 1 and Figure 2c,d,f). Most early
spring stations had low chl a concentrations (~0.55 mg m™), but relatively high
concentrations (5-9 mg m™) were found in the southeast near the Alaskan coast on 18
May where the first signs of ice melt were evident (Figure 3e,h). High ADIC values
were found north of 71° (Figure 2g).

In late spring, warming and freshening occurred between ~69.5° — 71° N, with
T-S properties indicative of mixing between PWW, ice melt, and advected PSW
(Figure 3 a,b). Ice concentrations around ~70° N had decreased by 50-60%, while
little to no melting was evident in the majority of the study area (i.e north of 71°;
Figure 3h). Ice melt around 70° N correlated with a large expansion of the initial early
spring bloom, with chl a concentrations up to ~20 mg m™ and satellite productivity
estimates of ~269 mg C m™ day' (Figure 3¢). Preliminary data suggest that NO5™
uptake rates were highest here, whereas low rates were observed at stations under
heavy ice cover (SUBICE cruise report). Outside of this bloom, a patchy distribution
of elevated surface and subsurface chl a was observed in the central study area below
72° N, ranging from 0.9 — 14.8 mg m™ (Figure 3¢). However, in this area, a weak

relationship between chl a concentrations, DO production, and CO, and nutrient
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uptake is apparent. Outside of the bloom at 70° N, the dominant changes to the
carbonate system were mixing between PWW and upstream Bering Sea water, with
lower nutrient concentrations and pCO, due to earlier biological activity in the
southern ice-free region (Figure 3c,d,f). High ADIC values north of 72° were evident
where ice cover remained heavy (Figure 3g). In some cases, evidence for benthic
accumulation of chl a was found, with higher bottom concentrations than at the
surface. These accumulations were found where ice had melted in the later portion of
the cruise around 70° N. High concentrations of ice algae were observed at most
stations in the cruise (SUBICE cruise report), which could potentially explain the

benthic accumulations associated with ice melt.

3.2 Chukchi Shelf observations (Summer)

Spatial differences in carbonate system distributions during our summer
observations are summarized in Table 2. Between spring and summer, ice had melted
completely in the spring study area, and the ice edge was located around 73-75° N
(Figure 4h). Ice concentrations on the northern shelf ranged between 18-58%, with
heavy ice cover restricted to the Canada Basin. Mixed layer temperature and salinity
correlated with ice concentration on the shelf, with warmer and saltier water in the
southern ice-free study area, and colder and fresher water in the actively melting
northern study area (Figure 4a,b; Table 2). Average mixed layer depths were
shallower in the marginal ice zone (7 m) than the ice-free southern study area (15 m)
due to freshwater stratification from the addition of ice melt and river water in the

north.
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Between spring and summer, the widespread distribution of remnant PWW in
spring was mostly replaced by warmer, fresher, and lower pCO, PSW in summer. The
fully mixed water column representative of early spring conditions transitioned to a
shallow, warm, and fresh surface mixed layer above a sharp pycnocline (Figure 4a,b).
The largest changes to the carbonate system occurred in the ice-free shelf region,
where widespread reductions in pCO; occurred between spring and summer (Figure
4c¢). Satellite productivity estimates in this region ranged from 216 — 1260 mg C m™
day™', with decreasing productivity in the north, where the least amount of time had
elapsed since ice retreat. Surface pCO, showed a similar trend, but also increased to
near atmospheric values near the Alaskan Coast, where a higher f/RW demonstrated
the influence of high pCO; river water. NOs™ values were extremely low, and were
depleted throughout the entire water column on the central Chukchi shelf (Figure 4f).
Very low ADIC values (<250 umol/kg™") were observed in the southern Chukchi Sea,
(Figure 4g).

Subsurface samples at ice-free stations were slightly cooler and saltier, and had
slightly higher pCO, (256.1 + 92.6 patm) than mixed layer samples (Table 2; Figure
4c¢). Slightly higher average chl a concentrations (2.1 + 3.1 mg m™) were found
between 20-50 m depth, characteristic of the subsurface chlorophyll maximum (SCM)
that is commonly observed during summer (Martin et al., 2010). Further evidence of
the benthic accumulation of sinking biomass was observed, with high chl a
concentrations found on the benthos (up to 8.9 mg m™). ADIC values were slightly
lower than in the surface, while AOU values were slightly higher (Table 2).

Compared to ice-free stations, biological CO, uptake was restricted to <10 m

in the actively melting zone. Very low surface pCO, and AOU values (124 — 240
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patm; -140 to -113 pmol/kg™, respectively) in the melting zone were observed, but
increased rapidly corresponding to a shallow nutricline (Figure 4c,f). PWW, which
had disappeared from most of the shelf between spring and summer, remained present
at ice edge stations between 50-150 m. Both fSIM and fRW values increased between
spring and summer due to the retreat of sea ice and increased river discharge (Figure
4h). Surface ADIC was very low (-215 pmol/kg™) and correlated with high

concentrations of chlorophyll at the ice edge (Figure 4e,g,h).

3.3 Canada Basin Observations (Summer)

Unfortunately, a lack of spring measurements due to heavy ice cover in the
Canada Basin limits our comparison over the broad geographical range covered in
summer. A summary of the physical and biogeochemical distributions relevant to the
carbonate system can be found in Table 3. Between spring and summer, ice retreated
into the Canada Basin, with intermediate ice cover (15 — 56%) between 72 — 76° N,
and heavy ice cover (65 — 100%) between 76 — 81° N (Figure 5h). Mixed layer depths
increased with increasing ice cover, averaging 8.4 = 3.8 m between 72 — 76° N, and
14.6 £ 5.0 m between 76 — 81° N. No significant differences in physical and
biogeochemical parameters were evident between these two zones, nor were any
latitudinal or longitudinal trends observed in mixed layer pCO,. Mixed layer samples
in the Canada Basin were cold and fresh, with higher pCO; (290 + 26.7 patm) than
ice-free shelf stations (Figure 5a,b,c). Very low nutrients (NOs” <0.4 pmol/kg™) and
chl a concentrations (<0.2 mg m™) were observed at most stations (Figure 5e,f).
Average ADIC and AOU values (-38 + 16 and -12.5 + 18.4 pmol/kg™, respectively;

Table 3) were higher than the shelf, but lower than those observed under heavy ice
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cover in spring. fSIM and fRW values were high (0.09 = 0.02 and 0.07+ 0.01)
compared to spring values. In general, mixed layer samples in summer exhibited a
much smaller undersaturation in surface pCO; and nutrients than shelf stations.

The presence of PSW was evident at all stations of the Canada Basin,
evidenced by a local temperature maximum at a depth range of 30 — 58m (Table 3).
pCO; values in this water mass were similar to the surface mixed layer (291.5 £+ 30.8
patm), and the highest chl a concentrations among all basin samples were found in this
water mass (0.3 + 0.3 mg m™) due to the widespread occurrence of a SCM. Average
ADIC was lowest in this water mass (-72.0 + 20.6 umol/kg™), but AOU values were
similar to the mixed layer (-15.4 + 21.4 pmol/kg™; Table 3). Compared to spring
measurements, the depth of the nutricline in the Canada Basin had deepened, from ~25
m in May to as deep as 60 m in July. Between 60-100 m in both spring and summer,
pCO; increased rapidly, corresponding to the upper halocline layer as evidenced by
negative fSIM values due to the presence of remnant PWW. ADIC increased sharply,
and in some samples was positive, indicating that respiration was producing CO; in

the halocline.

3.4 2014 Fall Observations

We divide our description of this cruise into three main sections: Southern
Chukchi Sea (65.7° — 68° N), Chukchi shelf (69° — 74° N) and NE Chukchi
Sea/Canada Basin (74.4° — 75.1° N) (Figure 1). At this time, ice had retreated further
into the Canada Basin, with the marginal ice zone located around 76° N. A summary
of the physical and biogeochemical distributions relevant to the carbonate system can

be found in Table 4.
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3.4a Southern Chukchi Sea

Three stations in the southern Chukchi sea were occupied on 3-Sept. (hereafter
early fall), at the beginning of the cruise. The weak density stratification that was
apparent in early summer had strengthened by early fall, with a 20 m surface PML
separated from subsurface BSW. Chl a values increased in the upper 20 m from ~1.5 —
19 mg m™ in summer to 3.7 — 32 mg m” in early fall, which were the highest values
observed in the entire growing season. Satellite chl « measurements yielded
productivity estimates of 1436.8 + 282.3 mg C m™ day™'. However, pCO,, AOU and
ADIC values increased at nearly all sample depths between late July — early
September, while DO values decreased (Table 3; Figure 6 c¢,d,g). Both fSIM and fRW
were <0.04 and 0.001, respectively, during both observations.

When this area was revisited 25 days later, the high chl a present in early
September had essentially disappeared, as evidenced by reductions in chl a
concentrations and satellite-derived productivity estimates, which decreased from
1436.8 +282.3 mg C m™ day™' to 310.6 + 83 mg C m™ day™'. pCO, had increased in at

all depths except at 30 m.

3.4b Chukchi Shelf

Between summer and fall, slightly cooler and fresher water filled the upper
~30 m of the shelf between ~70 — 73° N (Figure 6a,b). Both fSIM and fRW values
were generally <0.06 on most of the shelf, but increased rapidly above 73° N (up to
0.16 and 0.09, respectively). Between 72.7 - 74° N, a distinct freshwater front
separated the PML from colder, fresher Canada Basin water, which shoaled the mixed

layer from 30 m in the south to <10 m in the north (Figure 6a,b). A strong pycnocline
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was present, which isolated the low pCO; (~240 patm) PML from higher pCO,
subsurface PSW (Figure 6¢). The ice-free areas of the shelf in summer had higher
pCO,, AOU and ADIC values in the fall (Tables 3,4; Figure 6¢,d,f). However, the
zone of low surface pCO; at the ice edge in summer (i.e between 73 — 74° N) had
deepened from <10 m in summer to ~30 m in fall (compare Figs. 4 and 6), with mild
increases in DO observed as deep as 50 m. Interestingly, the disappearance of the high
chl a concentrations associated with the ice edge in summer appears to correlate with a

strong increase in pCO;, between 75 — 100 m in fall (Figure 6¢).

3.4c NE Chukchi Sea/Canada Basin

Samples were collected twice daily between 6 - 25 September at a fixed point
on the NE Chukchi slope/SE Canada Basin, with bottom depths between 1077 — 2057
m (Figure 7). Strong surface stratification due to freshwater addition via ice-melt, river
input, and the influence of the Beaufort Gyre was prevalent throughout the observation
period (Figure 7). Over the course of sampling, the addition of ice-melt and river
water slightly decreased surface temperature and salinity, deepening the 6o = 23
isopycnal from ~10-15 m to 20 m (Figure 7a,b,). Mixed layer fSIM and fRW were
both high, and similar to summertime observations nearby (0.14 £ 0.02 and 0.05 +
0.02, respectively). This area was under intermediate ice cover in August, and showed
an increase in surface pCO, since then (319 + 15.1 patm), and a moderate increase
over the course of the sampling period (Figure 7c). In general, chl a concentrations
were low (~0.5 mg m™; Figure 7¢), but showed spatial differences during the study
period. In the first week of sampling, the highest mixed layer chl a concentrations

correlated with the lowest pCO; concentrations (Figure 7c,e). The lowest ADIC values
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were similarly observed during this time (Figure 7f). Between 11-17 Sept., elevated
chl a values were found beneath the mixed layer, and had reduced to <0.15 mg m™ in
the surface layer. During this time, surface pCO; peaked, reaching 362.9 patm, and
remained >294 patm for the remainder of the study (Figure 7¢c). Between 14 — 25
Sept., fRW increased steadily, from ~0.04 to 0.09, while fSIM peaked at 0.16 on 17 —
Sept. and decreased afterwards.

Between 20-55 m, a subsurface pCO, and AOU minimum was present,
corresponding to elevated chl a concentrations (0.08 — 0.99 mg m™; Figure 7c,d). The
pCO, minimum observed here persisted throughout the duration of the study, but was
only slightly lower than the mixed layer (299.5 + 13.9 umol/kg™). AOU values were
significantly lower than surface values (-26.8 + 6 pmol/kg™). This weakly productive
layer shrank in areal extent following the small surface chl a bloom that was present
on 10-11 September. Over the course of the study, no trend was apparent in either

subsurface pCO; or DO, suggesting that the activity of the SCM remained constant.

3.5 Air-sea CO; fluxes

Air-sea CO, fluxes calculated at each different wind speed for each study
period are summarized in Table 5, and we henceforth discuss our results using
seasonally averaged wind speeds (5.8 m sec™). The use of daily wind speeds can result
in large over- or underestimations of air-sea CO, flux due to the high sensitivity of
flux calculations to wind speed, which can be highly variable (Evans et al., 2015). The
Chukechi shelf acted as a sink for atmospheric CO; during all study periods except
early spring, and exhibited large variability depending on the time of observation. The

early spring study period exhibited the smallest average Fcoz, ranging from -9.0 to 4.4
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mmol m? d”', with the strongest uptake occurring in the ice-free southern Chukchi
shelf.

In late spring, the average strength of the Chukchi shelf Fico, uptake increased,
and ranged from -7.9 to 1.9 mmol m™ d”'. The strongest uptake during this time period
occurred at the ice edge, with Fo, values ranging from -2.8 to -5.7 mmol m2d'. As
ice melted further between late spring and summer, our linear interpolation of Fco»
results in a continued increase in the strength of the Chukchi shelf carbon sink at a rate
of -0.46 mmol m™ d".

Air-sea CO, flux was strongest during summer, ranging from -23.4 to -2.9
mmol m™ d”!. We observed the strongest Fcop in the ice-free southern Chukchi shelf
and in the marginal ice zone between 71 — 72° N, just south of the ice edge. Notably,
the weakest CO, uptake was observed on the central shelf between 68 — 70° N. Fco, at
ice covered (18 — 58%) stations was variable (-32.1 to -5.1 m™ d™"), with the strongest
sinks occurring at the ice edge. Between our summer and fall observations, our linear
interpolation shows a continued uptake of CO; on the shelf, but at a slower rate (-0.08
mmol m™ d") compared to between spring and summer.

During fall, the strong uptake rates were observed, with central shelf (67 —
72.8° N) values ranging from —18.0 to -12.7 mmol m™ d™'. At the location of the ice
edge during summer, Fco, had decreased to a range of -14.9 to -6.4 mmol m2d'.
During the ice advance period (i.e 28-Sept. to 15-Dec.), Fco, decreased at a rate of

0.15 mmol m>d™..
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Chapter 4

DISCUSSION

4.1 Shelf Ice edge vs. Under ice blooms

Our results demonstrate the importance of the timing of sea ice retreat in
controlling the distribution of carbonate parameters in spring and summer, and allow
us to draw conclusions about whether or not the biological controls on carbonate
distributions follow those of ice edge blooms or under ice blooms. Perette et al.,
(2011) describe the classic view of the seasonal evolution of Arctic biological
productivity as follows: as ice retreats from the Bering Strait towards the Canada
Basin, phytoplankton communities proliferate along the ice edge, consuming nutrients
due to the release of light limitation. These authors liken the evolution of the system to
a wave-like propagation, with the consumption of surface nutrients in the weeks
following ice retreat resulting in the migration of phytoplankton to deeper depths to
consume nutrients in the nutricline. Arrigo et al. (2015) suggest this longstanding
paradigm may need to be revised due to the discovery of massive concentrations of chl
a under heavy sea ice cover in 2010 and 2011 by Arrigo et al. (2012). Lowry et al.
(2014) discuss the distributions of these different blooms types (i.e ice edge vs. under
ice), and suggest that such under ice blooms are widespread, and constitute a much
larger areal fraction of primary productivity than the ice edge blooms described by
Perette et al. (2011). The purpose of the spring 2014 SUBICE cruise in spring was to
test the hypothesis that under ice blooms were the dominant feature of early season

primary productivity.
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Ice retreat began 1 — 2 months later in 2014 than in 2008, 2009 and 2012
(Perovich et al., 2012; Fujiwara et al., 2014; Figure S1), and was characterized by the
presence of thick, multi-year ice and heavy snow cover. In early spring, biological
CO, uptake was highest where sea ice had been absent for ~14 days (i.e S. Chukchi
Sea), and at the ice edge at ~ 70° N on the Chukchi shelf (Table 1). Where ice cover
remained high, reduced light transmission limited the onset of biological productivity,
as evidenced by low NOs™ uptake rates and the absense of chl a (Figure 2; SUBICE
cruise report). North of 71°, high ADIC confirm the absence of under-ice biological
CO; fixation (Figure 2). Between early and late spring, further ice melt to ~ 71.5° N
correlated with an expansion in the areal extent of biological pCO, uptake, with a
reduction of surface pCO, and NOj; to <255 patm and <0.05 pmol/ kg™ between the
two study periods (Figure 3c¢,f). Above 71.5° N, where ice cover remained high, pCO,
and NO;™ remained high (>570 patm and >13 pmol/ kg™, respectively). ADIC values
showed similar distributions, further suggesting that biological productivity was
restricted to the ice edge. Under heavy ice cover (i.e > 71.5° N), changes in pCO; and
NOj™ appeared to correlate more closely with changes in temperature and salinity
between early and late spring, suggesting that the advection of PW played a more
important role in setting carbonate distributions during this time. Therefore, biological
productivity played a role in CO; uptake only where ice cover retreated in both early
and late spring.

A comparison of representative station profiles from the southern Chukchi Sea,
central Chukchi shelf, and NE Chukchi Sea illustrates the influence of the timing on
sea ice retreat on biogeochemical cycling over the course of the growing season

(Figures 8-10). We observed the largest magnitude of changes to the carbonate system
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in the southern Chukchi Sea, which had been ice free for ~14 days at the start of
spring observations (Figure 8b,c,d). This region experienced the longest duration of
open water, and experienced a smaller influence of freshening due to ice melt as a
result of mixing via the persistently strong advection that occurs through Bering Strait.
Strong surface biological DIC removal between spring and summer was followed by
strong subsurface biological DIC addition between summer and fall due to
remineralization of OM produced earlier in the season (Figure 8c). This pattern is
consistent with several previous observations (e.g. Bates et al., 2009; Nishino et al.,
2015). However, when compared to data from 2012, distinct differences are apparent
between summer and fall 2012 pCO; values, with low pCO; (~185 patm) throughout a
well mixed water column in summer and extremely high pCO; (1972 patm) between
40 — 50 m in fall. We attribute these differences to a longer ice free period in 2012,
which allowed for an earlier accumulation and subsequent recycling of surface derived
OM.

Further north on the central shelf, we observed post-bloom conditions, with
widespread reductions in pCO,, nutrients, and chl a, consistent with other reports of
summer conditions on the Chukchi shelf (e.g. Bates et al., 2006; Pabi et al., 2008;
Forest et al., 2014). Here, low pCO, was observed as deep as 40 m in summer, which
had only increased slightly in the fall due to a shorter duration of ice free conditions
(Figure 9b). Between summer and fall, subsurface ADIC values increased by ~100
umol/kg™”, and pCO; increased from ~200 to 350 patm due to biological DIC addition.
In 2012, subsurface pCO, values >560 patm were already observed in this area at a
similar time due to the earlier retreat of sea ice and thus an earlier switch from net

biological removal to net addition of CO,.
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The very low surface pCO, we observed at the ice edge in summer around 73 —
75° N followed a seasonal trend characteristic of the ice edge blooms discussed by
Perette et al. (2011) and Hill and Cota (2005). In summer, low pCO, values were co-
located with high chl a values at the ice edge, but were restricted to <10 m (Figs. 4c,e,
10 b,f). Very low surface ADIC values (<215 pmol/kg™) confirm that biological
consumption of CO; at the ice edge was the dominant control (rather than freshwater
dilution) on pCO; undersaturation here (Fig. 10c). In the weeks following continued
ice retreat, strong surface stratification allowed for this zone of low pCO, to deepen to
~35 m (Figs 6¢, 10b). This stratification allowed the phytoplankton community to
consume the abundant nutrients available in summer, deepening the nutricline to >40
m in fall. In fall, a well-developed SCM was apparent below the mixed layer, which
had reduced pCO; and AOU significantly between summer and fall (Figure 10b,e).
The activity of the SCM on the Chukchi shelf is consistent with the findings of Brown
et al. (2015), who showed that the SCM actively consumes nutrients in the nutricline
following ice retreat. However, the SCM only showed signs of net productivity in the
north, where a minimal amount of time had elapsed between summer ice retreat and
our fall observations. Further south, higher subsurface pCO, and AOU values suggest
that any SCM productivity was balanced by subsurface OM remineralization.

The pCO, distributions we observed followed a wave-like propagation similar
to that described by Perette et al. (2011) for productivity at the ice edge (compare Figs.
4 and 6). In the southern Chukchi Sea, longer ice-free conditions allowed for the
earliest onset of summer biological production and subsequent fall subsurface OM
remineralization. On the central shelf, where only weeks had elapsed since ice retreat,

pCO; values remained undersaturated with respect to the atmosphere, and only
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minimal subsurface remineralization had begun to occur between summer and fall. At
the ice edge in summer, no remineralization signature was apparent; rather, the
depression of the nutricline into late fall after stratification is more representative of
the post-bloom conditions that were apparent further south in the summer. Arrigo et al.
(2015) suggest that under ice blooms reduce nutrients (and thus pCO,) in the upper
water column weeks before ice melt occurs. If that were the case, the zone of low
pCO; and nutrients should have been substantially deeper at the time of our summer
observations. Instead, we observed low pCO, and nutrients only in the upper ~10 m at
the ice edge, with high concentrations directly below (Figure 4). Furthermore, we
found no evidence of under ice blooms during spring, and found that biological
productivity was restricted to the location of the ice edge. The late spring snowfall that
occurred may be responsible for the lack of an under ice bloom, as Zhang et al. (2015)
showed that snowfall reduced light transmission through sea ice and can thus impact

nutrient availability in spring.

4.2 Canada Basin carbonate distributions

In the Canada Basin, our spring measurements suggest that the biogeochemical
starting conditions are vastly different from those on the shelf, owing to low bacterial
respiration during the winter (Wiebe et al., 1992). The minimal change in mixed layer
pCO;, we observed between spring and summer in the Canada Basin (Tables 1, 2;
Figure 5) is consistent with previous reports that ice retreat beyond the shelf break
results in only weak atmospheric CO, uptake due to persistently oligotrophic
conditions and strong freshwater stratification (Cai et al., 2010; Else et al., 2013).

Compared to summer 2008, when ice retreat had begun ~1-2 months earlier (Fujiwara

26



et al., 2014), we observed intermediate ice cover (15— 50%) at 72 — 76° N, whereas
this region was ice free in summer 2008. We observed lower pCO; (~290 patm) in this
region in 2014 compared to 2008 (~330 patm), which we attribute to atmospheric CO,
invasion following ice retreat in 2008. Interestingly, lower pCO, was found in the
northern region in 2008 (i.e > 76° N at the ice edge) than in 2014. Coupel et al. (2012)
report the presence of pelagic diatoms in this region in 2008, which were likely
associated with the marginal ice zone. Therefore, it is likely that the lower pCO,
values found in 2008 in the high latitudes were due to biological productivity
occurring farther north near the ice edge. The dominance of prasinophytes, rather than
diatoms, between 72 — 76° N in 2008 suggests that phytoplankton communities shift to
smaller celled, less productive cells following disappearance of the initial larger, more
productive cells after ice fully melts (Coupel et al., 2012; Fujiwara et al., 2014).
Therefore, as ice retreated beyond 76° N in late summer 2014, it is likely that some
further drawdown of atmospheric CO; occurred due to short-lived productivity
following the ice edge. However, the shorter duration of open water in 2014 compared
to 2008 would suggest that a smaller total uptake of atmospheric CO, would have
occurred.

Data from the FPO between 5 — 25 Sept. shows how only minimal biological
productivity occurs in the Canada Basin in fall, but does play a role in controlling
surface pCO, (Figure 7). The increase in pCO, following the disappearance of surface
chl a shows that the minimal early biological CO, uptake was balanced by
atmospheric CO; intrusion, and thus shows the Canada Basin acts as a weak CO; sink
even in fall. The distribution of chl a during this time is interesting given its apparent

migration below the mixed layer following the initial surface concentrations of ~0.9
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mg m™, and its subsequent reappearance in the surface towards the end of the study
period (Figure 7¢). The reappearance of surface chl a correlates with AOU and fRW,
both of which increased steadily in the upper 10 m after 11-Sept. Brown et al. (2015)
discuss the counterintuitive existence of surface chl ¢ where nutrients are exhausted,
and suggest that such a phenomenon could be due to the existence of small, slowly
sinking cells fueled by regenerated NH4". Such a scenario could plausibly explain our
measurements, and would suggest that small phytoplankton most likely play a key role
in maintaining slight, but undersaturated pCO; conditions in the basin following ice
retreat in the oligotrophic Canada Basin. Over the course of the FPO, we observed
persistently low subsurface pCO, beneath the mixed layer due to the presence of the
SCM. (Figure 7c). Average pCO; values (297.3 + 12.7 patm) were remarkably similar
to the SCM values observed in the Canada Basin during summer (293.6 + 40.2 patm),
but the depth of the SCM was slightly shallower in fall. Additionally, average pCO,
values at the SCM in summer 2014 were only slightly higher than in 2008 under low
ice cover (280.3 £+ 34.9 patm). This finding suggests that increased light transmission
following ice retreat in the basin had only minimal influence on the productivity of the
SCM. In both seasons, the co-location of the SCM at the beginning of the nutricline,
well below the mixed layer, is notable for two reasons. First, if the SCM is responsible
for a large fraction of the biological CO, fixation in the Canada Basin, its isolation
from the mixed layer means it is not an important contributor to atmospheric CO,
uptake. Second, if the SCM sets the upper limit for vertical nutrient diffusion (Martin
et al., 2010), then increased biological productivity in a future ice free Canada Basin
due to increased wind-induced vertical mixing could be subdued. More research into

the productivity of the SCM and its influence on CO; cycling is needed, but it is likely

28



that the SCM could have important implications for future carbon cycling in the
Canada Basin.
4.3 Seasonal air-sea CO; fluxes

Air-sea CO; flux rates during our observations demonstrated high spatial and
temporal variability (Table 5). During early spring, the Chukchi shelf acted as a net,
albeit weak source of CO, to the atmosphere. Other studies have reported similar
values for winter-spring CO; efflux (Semilitov et al., 2007; Evans et al., 2015) and
attribute this result to the dominance of net remineralization during winter causing
strong seawater pCO, supersaturation. In both early and late spring, the strongest air-
sea CO; fluxes correlated with ice-free or ice-edge areas where evidence of biological
productivity was observed. During summer, our results are consistent with the findings
of other authors (e.g. Pipko et al., 2002; Bates, 2006; Bates et al., 2012), who attribute
very strong air-sea CO, flux to strong seawater pCO; undersaturations owing to high
rates of biological productivity following ice retreat (Hill & Cota, 2005; Carmack &
Wassman, 2006). We observed very strong rates of air-sea CO; flux during all seasons
in the southern Chukchi sea, which is a persistent biological hotspot over the course of
the ice-free season due to the continuous supply of nutrient-rich Pacific water through
Bering Strait (Springer & McRoy, 1993; Nishino et al., 2015). We also observed
strong air-sea CO; flux at the ice edge in both spring and summer, which is consistent
with the pattern of biological productivity occurring at the ice edge as it retreats north
each season (Pipko et al., 2002; Perette et al., 2011).

Air-sea CO, flux rates demonstrate a wide variability between different studies
(Table 6; references therein) and result in uncertainties for a number of reasons. The

choice of wind speeds (e.g. instantaneous, daily/monthly/seasonally averaged) can
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result in a large variability in flux calculations, as well as the use of different wind
speed parameterizations (Evans et al., 2015). Most studies extrapolate their
measurements to an assumed ice-free season of 100 days (e.g. Bates, 2006; Gao et al.,
2012), but recent changes to both the timing and magnitude of ice retreat could add
uncertainty to such an assumption. Furthermore, the timing of observations could
result in measurements occurring before or after peak air-sea CO, exchange.
Additionally, the linear correction for gas exchange through ice may not be
representative of reality, as it is still unknown to what degree ice cover controls pCO,
flux (Rysgaard et al., 2011; Loose et al., 2012).

Our results highlight the importance of the timing of observations on
estimations of seasonal air-sea CO, exchange and therefore total seasonal CO; uptake.
The large variability in measured and predicted Fco, during each time period in Table
4 demonstrates the large range of seasonal CO; uptake estimates that would be
predicted if measurements were restricted to one particular observational period. Most
importantly, our results demonstrate the importance of using multiple seasonal
observations to estimate total CO, uptake. By combining our spring, summer, and fall
Fco, measurements with linearly interpolated estimates of air-sea CO; flux using
seasonally averaged wind speeds, we predict a total Chukchi Sea seasonal uptake of
7.7 Tg C (Tg = 10" g). Using the approach commonly employed in other published
literature, extrapolation of our summer or fall measurements to 100 ice-free days
would yield estimates 2.1 and 2.5 Tg C higher, respectively, than our full seasonal
cycle of Fcoy. Comparing our full seasonal uptake estimates to those calculated from
average published Fco; values extrapolated over 100 days results in seasonal CO,

uptake under- or overestimates of 3.4 and 21 Tg C, respectively (Table 6). However,
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we note that differences in the calculation of Fcor would result in differences between
our seasonal uptake estimates and those of other studies. For example, the use of the
wind speed parameterization of Wanninkof et al. (1992) results in an overall average
Fcon that is -0.19 mmol m> d”! smaller than our F, coz using Ho et al. (2006).

We note that our method for calculating total seasonal CO, uptake is subject to
several relevant uncertainties. First, our use of wind speeds from Pt. Barrow, AK
probably do not necessarily represent those of the entire Chukchi shelf. However,
these are currently the best estimate given that shipboard wind speeds are not yet
available. Furthermore, our linear interpolation between observational time periods is
subject to uncertainties due to the fact that changes to temperature, salinity, primary
productivity, and ice concentrations are not strictly known due to the lack of
observational data. Our results further demonstrate the importance of the use of
different wind speeds, which would result in different seasonal CO, uptake estimates
of up to three orders of magnitude (Table 5). Our study is the first of its kind to
include observations from early spring into fall to estimate CO, uptake. While our
calculation of air-sea CO, fluxes within and between seasons suffers from some
inherent uncertainties, we suggest that the consideration of multiple observations
reduces some of the uncertainty from extrapolating based on one set of observations

from one season.

Summary

We report the first description of the changes to the inorganic carbon system
during spring, summer and fall from within one ice melt and phytoplankton growing

season in the western Arctic Ocean. Our results suggest that the later onset of sea ice
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retreat had an important influence on the duration of the phytoplankton growing
season in both the Chukchi Sea and Canada Basin. The reduced transmission of light
through sea ice in June may have prevented the occurrence of the under ice blooms
described by Arrigo et al. (2012), and could have instead resulted in a dominance of
biological productivity following the ice edge. Areas exposed to longer ice-free
conditions (i.e S. Chukchi Sea) exhibited earlier biological uptake and subsequent
addition of CO, than areas where ice retreat had only recently occurred. The
distribution of biologically-related pCO, values in earlier ice retreat years (i.e 2008
and 2012) compared to 2014 lends support to this conclusion.

We also report total CO, uptake estimates for the Chukchi shelf in 2014 based
on a dataset spanning several important time periods in the ice retreat and
phytoplankton growing season. These estimates are in the range of those previously
published, but are potentially more accurate given their temporal coverage. Our results
demonstrate the importance of the timing of observational studies in the Arctic Ocean,
and could help improve the planning of future research expeditions. Given the
observational gaps for the carbonate system of the Arctic Ocean in late summer and
the potential for late season storms to cause outgassing of subsurface CO, and/or
secondary phytoplankton blooms, we suggest that future research expeditions target

late fall observational periods.
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FIGURES

[ ] Spring (15-May to 19-Jun.)
/ . ] Summer (22-Jul. to 29 Aug.)
65/ ) A Fall (3-28 Sept.)

70w 6som 160°w  155°W
Figure 1) Station locations for spring, summer and fall
hydrographic stations in 2014.
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Figure 2) Distribution of physical and biogeochemical parameters on the Chukchi
shelf in early spring. Note that DICbiol = ADIC in the main text.
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Figure 3) Distribution of physical and biogeochemical parameters on the Chukchi
shelf in late spring. Note that DICbiol = ADIC in the main text.
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Figure 4) Distribution of physical and biogeochemical parameters on the Chukchi
shelf in summer. Note that DICbiol = ADIC in the main text.
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Figure 5) Distribution of physical and biogeochemical parameters in the Canadian
Basin in summer. Note that DICbiol = ADIC in the main text.
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Figure 6) Distribution of physical and biogeochemical parameters in Chukchi Sea
in fall. Note that DICbiol = ADIC in the main text. NO3_ is absent due to data not

being available yet.
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Figure 7) Distribution of physical and biogeochemical parameters in Chukchi Sea
in fall at a fixed point observatory. Note that DICbiol = ADIC in the main text.

NO3_ is absent due to data not being available yet.
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