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Abstract Solute exclusion during sea ice formation is a potentially important contributor to the Arctic
Ocean inorganic carbon cycle that could increase as ice cover diminishes. When ice forms, solutes are
excluded from the ice matrix, creating a brine that includes dissolved inorganic carbon (DIC) and total
alkalinity (At). The brine sinks, potentially exporting DIC and At to deeper water. This phenomenon has
rarely been observed, however. In this manuscript, we examine a ~1 year pCO, mooring time series where a
~35-patm increase in pCO, was observed in the mixed layer during the ice formation period, corresponding
to a simultaneous increase in salinity from 27.2 to 28.5. Using salinity and ice based mass balances, we
show that most of the observed increases can be attributed to solute exclusion during ice formation. The
resulting pCO, is sensitive to the ratio of At and DIC retained in the ice and the mixed layer depth, which
controls dilution of the ice-derived At and DIC. In the Canada Basin, of the ~92 umol/kg increase in DIC,
17 umol/kg was taken up by biological production and the remainder was trapped between the halocline
and the summer stratified surface layer. Although not observed before the mooring was recovered, this
inorganic carbon was likely later entrained with surface water, increasing the pCO, at the surface. It is
probable that inorganic carbon exclusion during ice formation will have an increasingly important influence
on DIC and pCO, in the surface of the Arctic Ocean as seasonal ice production and wind-driven mixing
increase with diminishing ice cover.

Plain Language Summary When sea ice forms, the dissolved solutes are squeezed out of the ice
matrix, forming a dense brine that can sink into deeper water. This process has a potentially important
role in the inorganic carbon cycle because dissolved inorganic carbon can sink with the brine, exporting it
from the surface ocean and increasing the sea surface CO, partial pressure (pCO,). We deployed a pCO,
sensor at 30-m depth in the Canada Basin, the largest of the Arctic Ocean subbasins, that documented an
increase in pCO,, during the fall to winter ice formation period. This increase correlated with an increase in
salinity over the same time period. A simple model calculation supports that the increase in pCO, and
inorganic carbon is primarily due to ice formation. This finding has important implications for the future
inorganic carbon cycle as seasonal ice formation increases due to loss of perennial ice cover in the Arctic.

1. Introduction

The Arctic Ocean (AO) carbon cycle is changing. With diminishing ice cover, the air-sea exchange of heat,
momentum, and mass have increased in the AO, all of which are important regulators of the ocean carbon
cycle. Loss of sea ice has increased air-sea CO, fluxes (Bates et al., 2006; Jutterstrom & Anderson, 2010;
Yasunaka et al., 2016) by exposure to high CO, levels in the atmosphere and increased turbulent exchange
from winds and waves. While the AO is an overall sink of atmospheric CO,, warming is reducing the uptake
by increasing pCO, in the sea surface (Cai et al., 2010; DeGrandpre et al., 2019; Else et al., 2013). Exposure of
the AO surface water to high anthropogenic atmospheric CO, levels has accelerated ocean acidification
(Robbins et al., 2013; Yamamoto-Kawai et al., 2011). Biological production is also changing with complex tra-
deoffs between increased light penetration and reduced nutrient fluxes. Satellite data reveal a steady increase
in primary production (Arrigo & van Dijken, 2015), while other studies have shown a decrease due to fresh-
water stratification (Bergeron & Tremblay, 2014). How these changes in biological production are affecting
carbon uptake and export, that is, the biological pump, remain unknown (Anderson & Macdonald, 2015).
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Ice formation is another process that could potentially alter the AO car-
bon cycle. Specifically, salt and other solutes are excluded from the crystal
lattice when seawater freezes, a process called “ice exclusion” or “solute
exclusion” (Petrich & Eicken, 2010). The cold, dense brine that forms from
this process is an important mechanism for deep mixing in widespread
areas of the oceans (Shcherbina et al., 2003). Ice exclusion can increase
dissolved O, (Timmermans et al., 2010) and dissolved inorganic carbon
(DIC) in the surface mixed layer (Rysgaard et al., 2007, 2011). The freezing
process can also lead to the formation of ikaite, an abiotic form of calcium
carbonate (Dieckmann et al., 2008; Rysgaard et al., 2012). Exclusion of
inorganic carbon has been verified in both laboratory (Geilfus et al.,
2016) and field studies of sea ice formation (Fransson et al., 2013;
Rysgaard et al., 2007). In a study in the Amundsen Gulf, a seasonal

—

Figure 1. Beaufort Gyre Observing System mooring locations in the Canada ~ increase in both sea surface pCO, and salinity was attributed to brine
Basin (A, B, D). This study is focused on a pCO record collected at ~30-m  exclusion during ice formation (Else et al., 2012). Entrainment of DIC

depth on Mooring B (78.01°N, 150.00°W, 3,830-m total water depth). The  and total alkalinity (Ar) in dense brines might have contributed signifi-

mooring was deployed on 9 October 2014 and recovered on 29 September

2015 (collecting data for 356 days).

cantly to inorganic carbon export and atmospheric CO, drawdown during
the last glacial period (Bouttes et al., 2010). Models of contemporary ice
formation estimate a small net export of DIC and Ay to depth for all polar
regions but with a high degree of uncertainty (Moreau et al., 2016). Stratification is the main factor that lim-
its export. Rysgaard et al. (2011) assumed the DIC would be entrained below the mixed layer, whereas
Moreau et al. (2016) found that the DIC does not penetrate sufficiently deep to be sequestered.
Dissolution of ikaite during ice melt is thought to lower sea surface pCO, in the AO (Rysgaard et al.,
2013). It could, however, also sink below the mixed layer and export DIC and At more efficiently but this
has never been verified (Geilfus et al., 2016). As larger areas of the AO become ice free in summer, these
sea ice related inorganic carbon fluxes and exports are no longer limited to coastal areas, but also become
enhanced over the deep basins of the AO. Thus, it is important to better understand this potentially impor-
tant process. There have been few direct observations of the inorganic carbon flux from brine exclusion,
however, because inorganic measurements are rarely made in the fall and winter when sea ice growth
is maximal.

To address this sampling gap, we have been deploying pCO, and pH sensors on year-round moorings and
ice-tethered profilers (ITPs; Krishfield et al., 2008; Toole et al., 2011) in the Canada Basin since 2012
(Islam et al., 2016, 2017). This study focuses on a pCO, time series recorded on a subsurface mooring
at ~30-m depth from October 2014 to September 2015 in the northwest Canada Basin (Figure 1). We
use mass balance models based on both changes in salinity and ice thickness to predict changes in
DIC and At. The modeled pCO, and DIC support that the observed increase in mixed layer pCO, is
due to ice formation.

2. Methods

2.1. Mooring and Instrument Descriptions

The Canada Basin has been the focus of repeated hydrographic cruises since 2003 as part of the U.S. Beaufort
Gyre Exploration Project on the Canadian icebreaker CCGS Louis S. St. Laurent (Proshutinsky et al., 2009;
http://www.whoi.edu/beaufortgyre/). Originally four and now three moorings along with ITPs have been
deployed annually during these cruises (Figure 1; Krishfield et al., 2008, 2014). The standard mooring con-
figuration consists of a subsurface float with integrated 420-kHz upward looking sonar (ULS; IPS4, ASL
Environmental Sciences) and 600-kHz upward looking acoustic Doppler current profiler (ADCP;
Workhorse, RD Instruments), a profiler (McLane Moored Profiler, MMP), dual acoustic releases, and a bot-
tom pressure recorder (SBE-16plus BPR, Seabird Electronics, Inc.) immediately above the anchor. The MMP
records currents and hydrographic data from 40 to 50 m down to 1,500- to 2,050-m depth depending on the
mooring configuration. Mooring B was also equipped with a conductivity-temperature-depth (CTD) sensor
(SeaBird MicroCAT) located 1 m below the subsurface float and a partial pressure of CO, (pCO,) sensor
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(Submersible Autonomous Moored Instruments-CO,, Sunburst Sensors; DeGrandpre et al., 1995) directly
below the CTD at 30 m.

The Submersible Autonomous Moored Instruments sensor recorded pCO, and temperature at 2-hr intervals.
Before deployment, the sensor was calibrated at ~1 °C over the expected pCO, range (200-450 patm). The
calibration was corrected to the in situ temperature as described in DeGrandpre et al. (1995). The pCO, data
were quality controlled using shipboard underway pCO, or samples collected before and after deployment
(see below). Ice draft was quantified to within +10 cm using the ULS data and converted to ice thickness
using the scaling factor of 1.123 (Krishfield et al., 2014). Unfortunately, the MMP did not function during
the 2014 deployment.

2.2. Other Supporting Data

The CO, species can be quantified using two inorganic carbon parameters. In this study only pCO, was mea-
sured but others have shown that Ay is closely correlated with salinity in the Canada Basin (Yamamoto-
Kawai et al., 2005). A linear correlation between At and salinity (S) was obtained using CCGS Louis S. St.
Laurent shipboard measurements from 41 stations in the Canada Basin between 2013 and 2017 (depth range
0-50 m, salinity range ~25.5-30.5). The total alkalinity (Arsain) Was then estimated using this correlation
(r2 = 0.88, n = 284, residual standard deviation +38 umol/kg):

Argatin = 60.268XS + 333.64 o)

Importantly, based on this correlation salinity captures the major variability in At found in the seasonal pyc-
nocline and mixed layer (0-50 m) and any trend in fall/winter salinity would therefore be expected to be mir-
rored by At. The +38 umol/kg scatter in the linear fit, some of which might originate from erroneous At
data, does not result in similar uncertainty in Arsain. DIC and other inorganic carbon parameters were cal-
culated using pCO,, Arsalin, temperature, and salinity in the equilibrium program CO2SYS (Pierrot et al.,
2006) with the Mehrbach et al. (1973) constants refit by Dickson and Millero (1987). Evans et al. (2015) found
that these constants estimate pCO, in AO surface waters to within +10 patm of the measured value when
using At and DIC, comparable to other equilibrium constants. Nutrients that contribute to total alkalinity
were assumed to be negligible in the CO2SYS calculations.

2.3. Modeling

Different mass balances based on salinity and sea ice thickness were used to estimate contributions of ice
formation to mixed layer pCO, variability. In the salinity balance, we assume that when brine sinks it mixes
with the surrounding water until density between the brine and surrounding seawater are equal. Under
growing sea ice away from polynya regions, brine is rejected in insufficient volumes to penetrate the base
of the mixed layer after entraining the less dense ambient water (Moreau et al., 2016). The general picture
is one of an increasingly salty mixed layer over the course of winter and fall, where a portion of the excess
salt results from sea ice growth. Thus, salinity can be used as a conservative tracer to quantify the amount
of At and DIC that concentrates in the mixed layer during ice formation, neglecting lateral advection and
vertical entrainment of salinity from below the base of the mixed layer (discussed below). The S, At, and
DIC mass balances are, respectively,

Vipy St = Visw Psw Ssw + Vice Pice Sice 2
Vipi Att = Visw Psw ATsw + Vice Pice Atice ©)
Vi Pt DIC[ =Vsw Psw DICsw + Vice Pice DICice (4)

where V'is volume, p is density and the subscripts ¢, sw, and ice are the total, seawater, and ice values, respec-
tively. The total values are the initial measured (S;) or calculated (At and DICy) values at the 30-m sensor
depth at the beginning of the time series. Ice density (o) is assumed to be 900 kg/m?® (Timco &
Frederking, 1996) and seawater (os,,) and total density (o) of the seawater and ice are assumed to equal
1,020 kg/ m? (<0.7% error). These equations relate the total mass of S, At, and DIC to the mass of S, Ar,
and DIC in each of the seawater and ice components. Volumes can be eliminated by substituting equation (2)
into equations (3) and (4) and using conservation of mass V; oy = Viw Psw + Vice Pice, t0 yield
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pCO, (measured) Sew—S
o | At = A+ G2 ) ®
A, (Equation 1)
DIC, = DIC, 4 S5t (DIC;—DIC;c.) (6)
Salinity mass St—Sice

A, (Equation 5)

—>| CO25YS |—'| PCO, (calc) | balance values

In these equations, Sgy, the salinity time series, is used as a tracer for the
Ar and DIC. One can see in equation (5) that if S;.. and Ar;ce are zero, A,
—— changes proportionally to the change in salinity (Sg — Sp) and equiva-

i

Ay Equation 3) —+— co2svs |—| pco, calo |

Sq (Equation 2)

Figure 2. Flow chart of the CO2SYS and model calculations. The colors

balance values lently for DIC (equation (6)), whereas during ice formation if some salt,

Ar or DIC are retained in the ice, the changes in Arg, and DICg, are
reduced. If ice retains the same concentrations as seawater, then there
would be no change in At or DIC with ice formation. Note also that equa-

correspond to values that are compared in the model evaluation with tion (5) will exactly predict Arsaiin (quation (1)) for a specific Arjce and
“actual” (measured or directly calculated) values at top, salinity mass Sice» as discussed below.
balance values in the middle, and ice mass balance values at bottom.

In contrast, the ice mass balances use equations (3) and (4) directly with

ice thickness determined by the ULS. Actual ice volume is not needed
because volume ratios, that is, Vice/Vsw and Vi/Vgy, are used which are equivalent to Hj../Hgy and Hy/
Hy,, the ratios of the thicknesses of the ice, seawater, and total (seawater + ice) layers where Hg,, is mixed
layer depth (MLD), above which all water properties are well mixed (constant). The MLD is defined here as
the depth at which the density is 0.1 kg/m? or greater than the density at the surface.

For both the salinity and ice thickness based mass balances, we used Sice, ATice, and DIC;¢. values of 4.7, 415,
and 330 pmol/kg, respectively, reported in Else et al. (2013) similar to the mean values found in first-year sea
ice in Rysgaard et al. (2007). The sensitivity to these choices is evaluated below. We also assume that DIC is
conserved between the ice and mixed layer and that no CO, is lost to the atmosphere. While some studies
have shown significant efflux of CO, during ice formation based on eddy correlation (e.g., Miller et al.,
2011), recently improved techniques have found no enhancement in air-ice fluxes during ice formation
and fluxes decrease linearly with increasing ice coverage (Butterworth & Miller, 2016; Prytherch et al.,
2017). The salinity and ice mass balance model results are evaluated by comparing the modeled Arg,, and
DICy,, with the directly computed values (Arg,)in and DICcoasys; Figure 2). In addition, the pCO, calculated
from Arsw and DICyg,, for each model is compared to the measured pCO,. The closeness of the predictions is
examined by computing the slopes and correlation coefficients of the linear fit between DICco,sys and the
modeled DIC through the period of ice formation (mid-April). The model results are focused on DIC rather
than At because the results are very similar.

3. Results
3.1. Ship and Mooring Data

Ship CTD profiles obtained during mooring deployment and recovery are shown in Figure 3. The surface
MLD was ~32 m at the beginning and 21 m at the end of the deployment. The temperature maximum at
~50- to 55-m depth is Pacific Summer Water (Aagaard et al., 1981; Toole et al., 2011). The shallower tempera-
ture peak evident during the mooring recovery is a characteristic of the near surface temperature maximum.
It is observed in the summer and early fall and is due to the penetration of solar radiation (Jackson
et al., 2011).

The mooring B time series data that are the focus of this study are shown in Figure 4. The pCO, sensor func-
tioned successfully over the full mooring deployment making nearly 4,300 measurements. The pCO, was off-
set to match the initial pCO, measured by the ship's underway pCO, system during deployment. The pCO,
measured on ITP 85, which drifted near the mooring in late December 2014, was 10 patm lower than the
mooring pCO,. The pCO, calculated from At and DIC bottle samples upon recovery was 7 patm lower than
the mooring pCO,. There was no indication of drift based on the instrument diagnostic data (Lai et al., 2018).
Biofouling was also minimal.

The pressure recorded by the CTD sensor indicates that the mooring was periodically pushed down by eddies
(Figure 4 depth record). We see mooring drawdown events in November, February and April that would
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Figure 3. CTD salinity and temperature profiles obtained on deployment (9 October 2014; red) and recovery

(29 September 2015; black) at the mooring B deployment location (Figure 1). The mean depth of the CTD, located just
below the subsurface float, was 28.5 m, placing the pCO, sensor at ~30 m (horizontal dashed line). An increase in salinity
and temperature were observed over the annual period (Figure 4).

appear to be associated with warm-core eddies consisting of water of Pacific origins via the Chukchi shelf
where the pCO, is drawn down by biological production (Bates et al., 2014). The eddy event at the end of
the record (late September) was more intense, pulling the sensors down hundreds of meters. In this case,
the cooler, saltier, and higher pCO, water was likely a middepth eddy with its core at the base of the
halocline formed at the front to the west of mooring B separating Eurasian and Canadian basin water
types (Carpenter & Timmermans, 2012; Zhao & Timmermans, 2015). Notably, after the eddies departed,
the time series resumed their pre-eddy trend.
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Figure 4. Mooring B time series collected from 9 October 2014 to 29 September 2015. The pCO, sensor was deployed at
30 m. Temperature and salinity were recorded by the CTD sensor at 28.5 m (see depth record in the fourth panel). Ice
draft data are daily averages computed from the upward looking sonar located at 25 m. The sensor depth increased
periodically due to strong eddy currents. Note that some of the sensor values are plotted off scale during these periods. The
depth record has a split axis to better show the shallow depth excursions.
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Figure 5. MLD (m) computed from CTD profiles from ITP 85 that drifted in
the Canada Basin in a roughly northwest to southeast track. The ITP was

Ignoring these eddy periods, the pCO, steadily increased from ~315 to
350 patm from the fall through winter, leveled off in late April and then
returned close to its October 2014 value by late September. Salinity and
ice draft show similar upward trends, slowly climbing then leveling off
with maxima in late spring. Salinity and ice draft are correlated with
pCO, through mid-April (* = 0.77 and 0.62, respectively, not shown)
omitting the eddy periods. Later in the period, however, pCO, and ice
draft decreased, but salinity remained near its seasonal maximum until
mooring recovery in September. This higher salinity water can also be
seen in the CTD profile obtained during the mooring recovery
(Figure 3). Temperature, omitting the eddy periods, tracked the freezing
point dropping from —1.49 °C to —1.57 °C as the salinity increased until

Mixed Layer Depth (m)

deployed in the northwestern Canada Basin on 9 October 2014, to the mid-June when solar warming began. Temperature increased by ~0.5 °C
northwest of Mooring B (location marked), and sampled until 1 September by the end of the deployment.

2015; this is approximately the time window of the Mooring B time series . o . .
(Figure 4). MLD was calculated based on the first value with depth in the The ULS record represents the daily average distribution of ice draft as ice

CTD profile to exceed a density difference of 0.1 kg/m" from the top value. ~ moves over the mooring location (Figure 4). Based on the ITP 85 positions,
MLD ranged from around 30-40 m in the vicinity of Mooring B and to which drifted to within +2° latitude and longitude of mooring B through

the northwest, increased to around 50 m when the ITP was in the central
basin in winter (2014-15) then decreased to around 12-14 m in the
southwestern-most part of the drift in summer 2015. Although there is some

early January (Figure 5), it was not uncommon for ice in this area to drift
up to 30 cm/s, which is 26 km/day. The ULS record is highly variable

spatial variability, the general temporal trend is broadly consistent with because of nonuniform ice surfaces, that is, flat ice, ridges, and rafts, that

past analyses of MLD in this region.

passed over the mooring location. The 2014-2015 ULS record is typical of

this location based on data analyzed from mooring B over a 9-year period

(2003-2012; Krishfield et al., 2014). This study found mean maximum and
minimum sea ice thickness of ~2.2 m in late spring and 0.5 m during summer, respectively. Sea ice typically
increases slowly through the fall, winter and spring and then has a steep decline during summer.

3.2. Mixed Layer Depth

Knowledge of the MLD is important to determine the ratio of volumes used in equations (2)-(4) for the ice
mass balance and to determine if the pCO, and CTD sensors were recording data in the mixed layer during
the period of ice formation. Moreover, an increase in MLD could indicate entrainment at the base of the
mixed layer, which would alter the salinity mass balance. As shown in Figure 3, the CTD and pCO, sensors
were initially near the base of the mixed layer (32 m) and were within the pycnocline by the end of the
deployment when the MLD was 20 m. ITP 85, which recorded T and S data up to ~9 m below the ice, indi-
cates that the mixed layer ranged from ~30 to 34 m during the period when the ITP was near the mooring
(through early January, Figure 5). Short-term variability of the pCO,, T, and S records began to increase
in mid-June, corresponding to the beginning of increasing temperature (Figure 4), suggesting that the sen-
sors were in the pycnocline. Time series analysis of the pCO,, T, and S records further supports increasing
short-term variability in June. A 0.5-day period mooring motion shows up in the time-series as the sensors
move up and down through the halocline (not shown). This 0.5-day period appears in the pCO, time series
around 10 June 2015, supporting that the mixed layer had shoaled to less than 30 m. The mixed layer con-
tinued to shoal based on velocity sheer determined by the mooring ADCP (not shown). The mixed layer
was deeper than the ADCP depth (~25 m) until approximately July 7 when it shoaled to ~10 m and then
slowly increased to ~20 m by the end of the deployment. These observations are consistent with previous
mixed layer depth records. In an analysis of 5,800 ITP profiles from 2003 to 2012 in the central Canada
Basin, Toole et al. (2010) found that the mixed layer progressively deepened through early fall to reach its
seasonal maximum of ~25 + 10 m. The base of the mixed layer typically remained near this level through
the winter but sometimes shoaled for brief periods due to processes such as water column heaving, lateral
advection, and eddies. The mixed layer then more strongly shoaled in early summer commonly to less than
10 m between June and July. These combined observations support that the pCO, and CTD sensors were in
the mixed layer through the ice formation period, judged to be through approximately mid-April based on
the ice draft record. For the mass balance, we used the mean MLD recorded by ITP 85 through early
January (34 + 3 m). The sensitivity to this value is discussed below.
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Figure 6. Time series of calculated Arg,in and DICco2sys. ATsalin Was calculated using the salinity alkalinity
relationship in equation (1). DICo,sys Was calculated from Agajin and the measured pCO,, using the in situ temperature
and salinity (Figure 2 flowchart; Figure 4 data). Values are plotted off-scale during some periods when the mooring
was drawn deeper by passing eddies (see text).

3.3. Directly Calculated and Modeled Parameters

As stated in section 2, Arg,1in Was calculated with the relationship in equation (1). DIC was then calculated in
CO2SYS using Arsalin, the measured pCO,, temperature, and salinity (DICcoasys, Figure 2). The resulting
Arsatin and DICcoasys time series are shown in Figure 6. The initial Argain and DICco,sys values were
within 10 umol/kg of the 22-m bottle samples taken during the deployment. Upon mooring recovery, bottle
samples were collected at 22- and 43-m depth that bracketed the sensor depth (which was below the mixed
layer depth at this time as shown in Figure 3 and discussed above). The Argain and DICco,sys fell between
these values, that is for Ar, the 22 m, 30-m mooring, and 43-m values are 1,987, 2,110, 2,143 umol/kg, respec-
tively, and for DIC are 1,905, 2,005, and 2,036 umol/kg, respectively. Thus, Argain and DICco,sys are con-
sistent with directly measured values.

In Figure 6, it is seen that Arg,i, increased from 1,976 to 2,115 umol/kg and DICco,sys from 1,893 to
2,010 umol/kg between deployment and recovery. The DIC did not decrease in late spring like the pCO,
(Figure 4) because most of the DIC increase came from the increase in Arg,in. The drop in DIC due to
pCO, alone was 17 umol/kg based on comparing the DIC computed with a constant pCO, with DICcoasys.

The correlations between pCO,, S, and ice draft suggest that ice formation could be driving the increase in
pCO,. This process was investigated using the mass balance methodology described above. The parameters
used in the models and resulting statistics are shown in Table 1. The salinity mass balance, using the values
from Else et al. (2013), initially closely follows the trend of rising DIC but overpredicts the DIC over the
course of the ice formation period (Figure 7, Case 1 in Table 1). No retention of S, A, or DIC in ice, that
is, setting all ice values to 0, does not significantly change the mass balance from Case 1 (Case 2, Table 1).

Table 1

Parameters Used in the Mass Balances

Parameter Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9
MLD (m) >30 >30 >30 >30 34 34 30 40 34
Shes 4.7 0 4.7 4.7 4.7 0 4.7 4.7 4.7
Arjce (Mmol/kg) 415 0 640 415 415 0 415 415 640
DICjce (umol/kg) 330 0 580 300 330 0 330 330 580
Aice:DIC;ce 1.25 NA 1.1 1.38 1.25 NA 1.38 1.38 1.1
slope, r~ for DIC 1.17, 0.96 1.17, 0.96 0.98, 0.96 1.19, 0.96 0.70, 0.78 0.83,0.78 0.80, 0.78 0.60, 0.78 0.69, 0.78
slope, #* for pCO, 0.89, 0.77 0.58, 0.77 0.68, 0.77 1.05, 0.77 0.73, 0.71 0.49, 0.74 0.79, 0.71 0.66, 0.72 0.52,0.74

Note. The shaded headers are the salinity-based mass balances (equations (5) and (6)). The clear headers are the ice-based mass balances (equations (2)-(4)) using
the upward looking sonar data. Correlations are for the ice formation period (October to mid-April). See section 2 for a detailed description. Results are plotted for
some cases in Figure 7. NA = not applicable.
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Figure 7. Mass balance model results for DIC (top) and pCO, (bottom) for different parameter settings (Case 1-9,
Table 1). The pCO, was calculated from the DIC and At mass balances. Some cases are omitted because they closely
overlay other cases. Data are cutoff after the mixed layer shoaled in early July during ice melt. Model-data comparisons
(bottom of Table 1) only include data between October 2014 and mid-April 2015. Periods when the mooring was drawn
down by eddies are also excluded.

We also optimized the least squares fit by varying Arjce assuming a ratio of Arjce:DIC;ce of 1.1 (Rysgaard
et al., 2007) and keeping Sjce = 4.7 (Case 3). This fit estimates Arjc. and DIC;¢, to be 640 and 580 umol/kg,
respectively and closely follows DICco,sys (Figure 7 and Table 1) and Argain (not shown). In this case,
the fit converges on an Ari, value close to the endmember value that would be predicted from
Equation (1) (617 umol/kg for S = 4.7). It is not exactly equal to the Equation (1) value because of the
Arice:DIC;c constraint. Cases 2 and 4 (discussed below) essentially overlap Case 1 and are therefore not
shown in Figure 7.

The ice draft mass balance using the Else et al. (2013) parameters also follows the general upward trend of
DIC during the ice formation period (Case 5, Figure 7, and Table 1). The variability is much larger than the
salinity mass balance because of the large short-term changes recorded by the ULS. Unlike the salinity mass
balance, the ice mass balance underpredicts the rise in DIC comparing Case 1 and Case 5 that have the same
ice values (Table 1). Assuming ice values are 0 (100% excluded, Case 6) brings the prediction closer
(slope = 0.83, Table 1, not shown in Figure 7 for clarity). The least squares fit of Arjce, as done for Case 3
in the salinity mass balance, converges on Arjce = DIC;c. = 0 because these values give the highest predicted
value of DIC and At (Case 6). Decreasing the mean MLD increases the predicted DIC because it concentrates
the excluded solutes in a smaller volume—with a MLD of 30 m the slope = 0.80 (Case 7). Conversely, the
values further underpredict DIC if a 40-m MLD is used (Case 8). Using the least squares fit values from
the salinity mass balance (Case 3), further underpredicts the ice mass balance because more DIC is retained
in the ice (Case 9).

The salinity and ice mass balances both follow the observed trend of rising inorganic carbon through the ice
formation period. The results are sensitive to the amount of inorganic carbon that is retained in the ice, com-
paring Case 1 and Case 3 salinity mass balances (Figure 7 and Table 1 slope and r* for DIC) or Case 5 and
Case 9 ice mass balances (Table 1), but the reasonably good DIC predictions for the two independent mass
balance approaches support that ice exclusion significantly increased DIC (and A, not shown) concentra-
tions in the sea surface. It is also important to determine if the mass balance modeled At and DIC can predict
the observed fall to winter increase in pCO, (Figure 4), as evaluated in the following paragraph.

The mass balance-modeled DIC and At and measured T and S were used to compute the pCO, for all of the
cases shown in Table 1. All of the modeled DIC and At combinations predict an increase in pCO, through
the ice formation period, a few examples of which are shown in Figure 7. There is an early November step
change in the measured pCO, that is not predicted by the mass balances, but the different models all indicate
arise in pCO, through the winter and spring. The pCO, prediction is, however, sensitive to the Arjce:DICjce
ratio. Case 1, with an Ar.:DIC;c ratio of 1.25, predicts a pCO, that increases at a similar rate to that
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Figure 8. Acoustic Doppler current profiler (ADCP) backscatter record (relative scale with blue being the lowest and red
being the highest relative intensity) from Mooring B during the 2014-2015 deployment. ADCP echo intensity was
corrected for sound absorption and beam attenuation to generate relative backscatter as described in Klevjer et al. (2012).
The ADCP depth was ~25 m.

observed (Figure 7). Although Case 3 with higher At and DIC;., gave an excellent prediction of DIC, the
pCO, computed from this pair significantly underestimates the pCO, likely because of its 1ow Arjce:DICice
ratio (1.1). A higher Arjce:DIC;c ratio (Case 4, 1.38) compared to Case 1 and Case 3 gave a more rapid
increase in pCO, than that observed. The Ar:DIC ratio of 1.8 reported in Rysgaard et al. (2009) would
further over predict the pCO, and therefore does not appear representative of the ice conditions in this
study. No increase in pCO, occurs if Arjc:DICi ratio is 0.8, although ratios less than 1 are rarely
observed (Rysgaard et al., 2007). It is evident that the observed increase in pCO, can result from ice
exclusion and that the magnitude is primarily dependent upon the ratio of At and DIC retained in the ice
rather than the amount of DIC in the ice. If less DIC is retained in the ice relative to Ar, a larger increase
in pCO, is predicted because the DIC will increase more in the mixed layer relative to At. Importantly,
however, the increase in pCO, still occurs if 100% of the At and DIC are excluded (Case 2), essentially
equivalent to the process of evaporation in open water environments.

3.4. Post Ice Formation Period

The pCO, began to decline in late April (Figure 4). The beginning of this decrease is coincident with a level-
ing off of salinity and ice draft. In mid-May, the ADCP record shows that particle backscatter began to
increase (transition of relative backscatter from blue to light green), presumably due to zooplankton
responding to a phytoplankton bloom (Figure 8; Flagg & Smith, 1989). The pCO, continued to decrease until
mid-July after the zooplankton signal had been at a high level for a couple of weeks and remained high
through mid-August. While ikaite particles from melting ice might be large enough (Rysgaard et al., 2013)
to also have a backscatter signal, the pCO, began to decrease well before significant ice melt occurred where
ikaite could dissolve and reduce the pCO,. Warming of the surface ocean also began in early summer with an
increase of ~0.5 °C by the end of the deployment. This warming would increase the pCO, by ~7 patm. Based
on inorganic carbon calculations, the calculated pCO, drawdown (~40 patm including correction for warm-
ing) corresponds to a DIC loss of ~17 umol/kg, as noted previously. These observations suggest that the
drawdown in pCO, was regulated by biological production and grazing prior to and during the ice melt per-
iod. The loss of DIC corresponds to a net community production (NCP) of 7 + 3 mmol m™2 day ™" assuming a
mean MLD of 25 m and a 60-day drawdown period from mid-May to mid-July where the uncertainty
(=3 mmol «m ™2+ day ™) is based on the range of MLD from 20 to 30 m and drawdown from 60 to 90 days.
There are almost no reports of NCP that overlap this region during winter and spring. NCP was
2-4 mmole m™2e day_1 in late summer 2015 when the mooring was recovered (Ji et al., 2019). The low
salinity surface waters in the Canada Basin are generally without measurable nitrate during the summer
(Brown et al., 2015). There was no nitrate above 40 m based on bottle samples collected during the
deployment and recovery. The observed spring and summer new production might be sustained by reduced
forms of nitrogen (Varela et al., 2013).

4. Discussion and Conclusions

During the ice formation period, At and DIC increased by 75 and 74 umol/kg, respectively, the pCO,
increased by ~35 patm (Figures 4 and 6) and salinity increased from 27.2 to 28.5. The mass balance
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models support that these increases can be primarily attributed to exclusion from growth of ~1.0-1.5 m of ice
(Figure 4) during the fall to winter of 2014-2015. Using different parameters in the mass balances shows that
the increase in mixed layer DIC is somewhat sensitive to the amount of DIC retained in the ice and is sensi-
tive to the mixed layer depth. The pCO, that results depends strongly on the ratio of Ay and DIC in the ice.
Similar monotonic increases in salinity have been attributed to sea ice formation (Shcherbina et al., 2003).
Other ITP and mooring data that we have collected often show increases in pCO, and S during the ice for-
mation period (e.g., pCO, and S measured by ITP 85 increased by 30 patm and 0.2, respectively, from late
October to late December 2014). The observation of ice exclusion is often obscured when the sensors are
deployed deeper than the mixed layer, as has been the case for most of our Canada Basin deployments
since 2014.

Other mechanisms that could increase DIC include net respiration, entrainment of high DIC and At water
from the base of the mixed layer and lateral advection of higher DIC water. Respiration could play a small
role in modifying the observed change in DIC, but this cannot explain the increase in salinity and the pro-
portional increase in At that comes with it. At cannot be altered significantly by respiration because the
release of CO, adds neither an acid nor a base. Entrainment alone could not increase salinity nor inorganic
carbon as much as observed. A mixed layer deepening from 30 to 40 m would result in a 0.3 unit salinity
change, using the profile data from the deployment (Figure 3), corresponding to about 23% of the observed
salinity increase and, therefore, only a 23% increase in Ar would be possible. Entrainment might, however,
explain why the ULS data (e.g., using Case 5) underestimate the At and DIC increase. It will be insightful to
account for entrainment in future studies where direct mixed layer observations are available. Lateral advec-
tion was also not accounted for here. Although the estimated 1-D balances would seem to suggest that the
influences of lateral advection are secondary, there remains the possibility that surface Ekman processes
(see Proshutinsky et al., 2009) transport anomalous At and DIC into the region. Efforts to quantify this
would also be useful extensions of the 1-D study presented here.

The ultimate fate of the At and DIC is not clear. The small portion of DIC (~15%) taken up by biological
production might find its way to deeper waters through sinking particles and zooplankton migration.
During the fall, the mixed layer should deepen and mix the low-density ice melt water with this
higher-density, high DIC water, further lowering the pCO, (Rysgaard et al., 2007) and increasing air-
sea uptake of CO,. Unfortunately, we did not deploy a CO, sensor on Mooring B in 2015 to observe this
transition. The Canada Basin is not like the Atlantic sector of the AO where brine and inorganic carbon
can sink deep into the water column because strong stratification is not present (Maksym, 2019; Rysgaard
et al., 2007, 2011, 2009). Lateral export of the surface water, for example, through Fram Strait, could lead
to conditions where deep water formation and inorganic carbon export are possible. Right now, it appears
that in the perennially ice-covered central AO the DIC and A is seasonally trapped above the pycnocline.
However, export of inorganic carbon deeper into the water column is likely to increase with the loss of
perennial ice cover in the AO. Expanding regions of open water in summer (Barnhart et al., 2016) due
to melting and increased ice export (Maksym, 2019) will lead to more seasonal ice production
(Shcherbina et al., 2003) and wind energy input into the upper ocean, which can increase pycnocline mix-
ing and export of CO, to deeper waters. Thus, like most other physical and biogeochemical processes in
the AO, the inorganic carbon cycle will be changing, posing major challenges for characterizing and
understanding these processes in the years ahead.
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