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Key points: 14 

1. Noble gas tracers can infer the rate of sea ice production in polynyas. 15 

2. Frazil ice in polynyas appears to block air-sea gas exchange mechanisms. 16 

3. The solubility pump is influenced by glacial ice melt and sea ice formation.  17 
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Abstract: 18 

Dense Shelf Water in the Ross Sea is a direct precursor to Antarctic Bottom Water, which fills the 19 

deep ocean, carrying gases in what composes the southern limb of the solubility pump.  Here we 20 

use late fall seawater noble gas concentrations, from two Ross Sea polynyas, to decompose the 21 

physical processes that determine the solubility properties for Dense Shelf Water (DSW).  This 22 

decomposition reveals 8-10 g/kg of glacial meltwater in DSW, and sea-ice production rates of up 23 

to 21 m/yr within the Terra Nova Bay polynya. Despite winds upwards of 35 m s-1, during the 24 

observations, air bubble injection had a minimal contribution to the gas solubility deficit, 25 

accounting for only 0.03 µmols/kg of argon in seawater, suggesting that the two-phase slurry of 26 

frazil ice and seawater in the surface ocean really limits air-sea exchange. Most noteworthy is the 27 

revelation that sea-ice formation and glacial melt inputs restored nearly 30% of the gas solubility 28 

deficit in DSW, or 0.4 µmols/kg in terms of argon.  These measurements reveal an unexpected 29 

cryogenic component of the solubility pump and demonstrate that while sea ice may block air-30 

sea exchange, sea ice formation and glacial melt offset this effect via addition of gases. While 31 

polynyas are a small surface area region within the Southern Ocean outcrop of the meridional 32 

overturning circulation, they represent the primary ventilation site for Antarctic Bottom Water, 33 

thus suggesting that ice processes both enhance and hinder the solubility pump. 34 

 35 

Plain language summary 36 

Previous scientific studies have demonstrated that the water which fills the deep sea is 37 

created in isolated regions of the surface ocean where wind, evaporation, heat loss, and 38 

sea ice formation can work in concert to make very cold salty seawater at the ocean 39 

surface, and when it sinks into the deep sea it can carry oxygen and carbon dioxide, as 40 

well as heat away from the atmosphere for nearly a millennium, suggesting the 41 

sequestration mechanism may impact earth’s climate and human climate change. This 42 

study sought to reveal how different types of sea ice and glacier ice might influence the 43 

gases that are dissolved in seawater and sequestered in the ocean.  We made 44 

measurements of the noble gases (helium, neon, argon, krypton, and xenon) in the Ross 45 

Sea in late fall of 2017, when the conditions are cold and windy, leading to lots of dense 46 

water production. The results reveal that sea ice interrupts the process of air-sea 47 
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exchange, which can slow down the uptake of human-generated carbon dioxide by dense 48 

water.  But our results also revealed that sea ice formation and glacial ice melt can both 49 

add gas to dense water during its creation.   50 

 51 

    52 

0.0 Introduction: 53 

 54 

Latent heat polynyas are veritable ice factories, producing a quantity of ice cover that is far out 55 

of proportion to their surface area, as much as 10% of the Antarctic ice pack is produced within 56 

an area that is ca. 1% of the seasonal maximum in ice extent  (Tamura et al. 2008). This 57 

disproportionate sea ice production rate makes these features an essential component to the 58 

ventilation of Antarctic Bottom Water (AABW) (Gordon et al. 2010; Silvano et al. 2018), which is 59 

a mixture of Circumpolar Deep Water (CDW) and the Dense Shelf Water (DSW) and originates 60 

within these polynyas. In the satellite era, there has been only one documented occurrence of a 61 

sensible heat polynya (de Lavergne et al. 2014; Cheon et al. 2015), suggesting Antarctic latent 62 

heat polynyas are the primary mechanism of DSW production and thus ventilation of the deep 63 

Southern limb of the meridional overturning circulation (MOC). 64 

 The importance of polynyas to the MOC also signifies that they play a disproportionate 65 

role in controlling the solubility of  carbon dioxide and oxygen, for example, in AABW (Ohshima 66 

et al. 2016).  Continental shelf processes that lead to upwelling, entrainment, and biogeochemical 67 

modifications, therefore help to set the properties for AABW and control the solubility pump 68 

(Jacobs and Giulivi 2010).  The role of sea-ice cover and the size of the outcropping region in 69 

models of the MOC are considered to be a key component of the solubility pump efficiency: as 70 

the area of the outcrop region shrinks (Toggweiler et al. 2003; Nicholson et al. 2010) or becomes 71 

ice-covered (Keeling 1993; Sigman et al. 2010), it enhances the ocean-atmosphere pCO2 72 

differential and weakens the solubility pump (Broecker et al. 1999; Toggweiler et al. 2003).  This 73 

phenomenon may also impact the ocean-atmosphere oxygen differential, which suggests a 74 

reinterpretation of the oxygen decrease during glacial periods (Cliff et al. 2021).  75 
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That insight from models suggests that deep water formation in polynyas, which are 76 

disproportionately small by surface area,  is perhaps the least efficient mechanism to support a 77 

robust solubility pump.  However, these studies have focused exclusively on the role of sea-ice 78 

cover in reducing or inhibiting air-sea exchange  (Keeling, 1993).  In this study we document the 79 

role of physical processes that take place within the polynya and over the continental shelf, and 80 

we assess how these processes contribute to setting the gas solubility properties of DSW.  We 81 

argue that ice processes – sea ice formation and glacier melt – act to restore a significant portion 82 

of the solubility deficit that arises as CDW upwells and is modified into DSW.  We use 83 

measurements of the five inert noble gases to constrain the impact of these physical processes, 84 

and develop a budget of dissolved argon to reveal how each process contributes to the ultimate 85 

gas solubility properties observed in DSW. 86 

 87 

 88 
Figure 1:  Map of the Terra Nova Bay (A)  and Ross Sea (B) Polynyas. Square symbols indicate the 89 

hydrographic station locations. The inset in panel B reveals the location of both polynyas within 90 

the Ross Sea. MODIS visible imagery shows surface conditions at the end of March, 2017 when 91 

light was still sufficient for visible imaging.  92 

 93 

 94 

0.1 Ross Sea Waters, the regional context and noble gas distributions:   95 
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Circumpolar Deep Water upwells latitudinally near 60 °S within the Antarctic Divergence Zone 96 

(Jenkins 2020), and the Ross Sea receives cross-shore inputs of modified CDW, which originates 97 

from the east within the Ross Gyre, and flows along the continental shelf break.  This shelf-98 

adjacent water mass is described as a 1000 m thick layer with temperature greater than 0.6 ℃ 99 

(Orsi and Wiederwohl 2009). The CDW in this region contributes significantly to the shelf break 100 

frontal system that moves intermittently onshore and offshore, releasing DSW in tidal pulses 101 

(Padman et al. 2009).  These tidal currents can reach speeds of 1 m s-1, particularly within the 102 

concentrated outflow regions found at the Drygalski, Joides, and Glomar Challenger Troughs in 103 

the Western Ross Sea.  It further appears that these dense outflows are connected to the onshore 104 

flow of CDW.  Morrison et al. (2020) used an eddy-resolving model to reveal inflows of CDW that 105 

coincide spatially and temporally with the pulsed outflow of DSW. 106 

 The Ross Sea has been experiencing a secular decrease in salinity (Jacobs et al. 2002), a 107 

process that has been associated with freshening of dense shelf water (Silvano et al., 2018), 108 

perhaps as a consequence of increased glacial melting in the Amundsen and eastern Ross Seas, 109 

which lie upstream along the Antarctic Coastal Current (Jacobs and Giulivi 2010).  In Prydz Bay, 110 

East Antarctica, inputs of submarine glacial meltwater into DSW have been shown to moderate 111 

dense water production in another region (Williams et al. 2016). A recent study has documented 112 

a rebound in the salinity of DSW (Silvano et al., 2018) revealing how winds and the rate of regional 113 

sea ice production are direct drivers of DSW production on a seasonal basis, but the trend of Ross 114 

Sea freshening appears to persist over decades to the present day (Jacobs et al. 2022).   115 

Collectively, these studies reinforce what we understand to be the fundamental connection 116 

between cryogenic processes and the MOC.    117 

 The measurements used in this study were collected during austral fall, between May 1 118 

and May 26, 2017 during the Polynyas and  Ice Production in the Ross Sea (PIPERS) expedition 119 

(Ackley et al. 2020). Individual CTD profiles and water-column samples were collected in the Terra 120 

Nova Bay Polynya (TNBP) and the Ross Ice Shelf Polynya (RSP) (Figure 1).  Conditions in the TNBP 121 

were significantly windier than in the RSP, with a mean wind speed of 20.3 m s-1 between April 122 

and October, as compared to  5.7 m s-1 as measured by Automated Weather Stations Manuela 123 
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(near TNBP) and Vito (near RSP).  These mean wind differences reveal themselves in the water 124 

column properties (as discussed below). 125 

The five stable noble gases - helium, neon, argon, krypton, xenon, as well as oxygen reveal 126 

the range of processes operating on dissolved gases in the actively-ventilated layers of the Ross 127 

Sea continental shelf. Some of these processes counter each other and the profiles in Fig. 2 reveal 128 

the net or accumulated effect.  Helium and neon, the lightest noble gases, exhibit low solubility 129 

in seawater, but elevated concentrations in glacial ice, which traps on average 110 g of air per kg 130 

of ice (Martinierie et al. 1992).  Against the background of air-sea exchange, glacial melt in the 131 

ocean produces large helium and neon excesses; up to 13% for helium in the Ross Sea (Figure 132 

2b).  Figure 2 depicts the dissolved gas saturation anomaly (Δi), where the gas concentration is 133 

expressed as the deviation from equilibrium saturation (Hamme and Severinghaus 2007); zero 134 

saturation anomaly reflects a water column in solubility equilibrium with the atmosphere. Panels 135 

A and B depict the conditions in the Ross Sea coastal polynyas during the PIPERS expedition, 136 

whereas panel C showcases Weddell Sea data from profiles along 57 °S, acquired further offshore 137 

in the Antarctic Circumpolar Current (ACC). These profiles from the Weddell Sea reveal the same 138 

general fractionation of noble gases based on atomic mass, but with an attenuated signal in the 139 

lighter gases, reflecting the distance from a coastal region that set the properties observed in the 140 

Ross Sea coastal polynyas. 141 
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 142 

Figure 2:  Saturation anomalies, , where Cobs is the observed gas 143 

concentration and Ceq is the concentration in equilibrium with the atmosphere, for He, Ne, Ar, 144 

Kr, Xe and O2.  145 

Krypton and xenon are heavier and increasingly more soluble noble gases; their 146 

temperature-dependent solubility and slower gas exchange rates produce water column deficits 147 

during the cooling period with restricted air-sea exchange (Hamme et al. 2019). The addition of 148 

melted glacial ice can also lead to a slight deficit in Kr and Xe (Loose and Jenkins 2014), which 149 

further helps to distinguish glacial melt from air bubble injection.  The deficits of Kr and Xe are 150 

most extreme in the RSP, with Xe extending below -6 %.  These deficits are similar to the more 151 

offshore values in the Weddell Sea. The Terra Nova Bay polynya shows deficits that are smaller 152 

than in the Ross Ice Shelf Polynya: TNBP vertical average of -5.0 as compared to -5.8 in RSP, which 153 

is consistent with a greater quantity of glacial meltwater in the RSP.  154 

In addition to air-sea disequilibrium and glacial meltwater, sea ice formation may alter 155 

the water column dissolved gas budgets under certain conditions (Top et al. 1988).  This is caused 156 

by solute exclusion and brine rejection from the sea ice crystal lattice during freezing (Namiot 157 

and Bukhgalter 1965; Hood et al. 1998). In coastal polynyas the exceedingly high rates of  sea ice 158 
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formation (Tamura et al. 2008; Ohshima et al. 2013) may be sufficient to influence the water 159 

column noble gas excesses (Loose et al., 2016).  Solute exclusion is more intensive for the heavier 160 

dissolved solutes.  This process can lead to greater exclusion of e.g. Kr and Xe during freezing as 161 

compared to Ne and He. 162 

 In contrast to the inert noble gases, the profile of dissolved oxygen reflects the remnants 163 

of oxygen depleted circumpolar deep waters, which are well below what can be produced from 164 

physical processes alone.  In the RSP, the saturation anomaly reaches ΔO2 = -25% at 300 m, while 165 

the oxygen budget is somewhat less-depleted in the TNBP with minimum values reaching  ΔO2 = 166 

-20 %.  Offshore of the continental shelf, the depletion in oxygen reaches its most extreme in the 167 

core of circumpolar deep water near 400 m depth, along 𝜎θ = 27.77. Data from 2011 along 67 °S 168 

in the CLIVAR s04p section in 2011 reveal oxygen deficits down to ΔO2 = -47%, which represents 169 

a depletion of 155 umol/kg in O2. 170 

 The noble gases can be used to reconstruct the impacts of solute inputs from sea ice 171 

production, freshening from glacial meltwater, and diffusive air-sea disequilibrium at the time of 172 

dense shelf water formation.  We use the noble gas paleothermometer inverse model (Stute and 173 

Schlosser 1993; Aeschbach-Hertig and Solomon 2013) to infer each of the contributions to shelf 174 

water in the Ross Sea and Terra Nova Bay polynyas.   175 

 176 

1.0 Methods: The noble gas paleothermometer 177 
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 178 

Figure 3:  Profiles of δ3He beyond the continental shelf along 170 °W, collected during the CLIVAR 179 

2011 s04p line, and within Terra Nova Bay polynya, during the 2017 PIPERS expedition.  The  δ3He 180 

traces the on-shore transport of circumpolar deep water and the ventilation process that takes 181 

place within the polynya. The schematic arrows depict the contributions of individual processes 182 

and water masses to the water column profiles in the polynya box, indicated by a dashed line. 183 

 184 

The noble gas paleothermometer (NGPT) attempts to distinguish the physical processes 185 

that establish dissolved gas and thermohaline properties of surface water as it is modified to 186 

become interior water.  The method was originally developed to quantify air entrainment during 187 

groundwater aquifer recharge (Stute and Schlosser 1993; Aeschbach-Hertig and Solomon 2013). 188 

In this study and in Loose et al., (2016) we have adapted the NGPT to infer the abundance and 189 

distribution of CDW and DSW in addition to diffusive air-sea gas exchange (driven mostly by rapid 190 

cooling of the water parcel), air bubble injection, glacial meltwater inclusion, and sea ice 191 

formation. The descriptive picture is that of a water mass being acted upon by strong winds and 192 

cold air temperatures which lead to extreme heat loss and in-situ formation of frazil ice (Figure 193 

3).  During the PIPERS expedition, frazil ice formation was extensive throughout the TNBP during 194 
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two katabatic wind events (Ackley et al. 2020; Tison et al. 2020). During the specific conditions 195 

when we observed frazil ice formation, temperature and salinity anomalies in the surface ocean 196 

were observable during repeated CTD profiles (Thompson et al. 2020). 197 

Referring to the schematic polynya box (dashed line in Fig. 3), the NGPT begins with a 198 

mass conservation statement, which also reveals how polynya processes lead to modifications of 199 

the individual water properties. The observed inert noble gas concentrations are used to 200 

constrain a mass balance of Shelf Water (SW), Circumpolar Deep Water (CDW), Glacial Meltwater 201 

(GMW), and the water lost to sea ice production, or Sea Ice Water (SIW): 202 

 203 

    (1) 204 

 205 

Sea Ice Water refers to the mass of water that has been removed from the box through sea ice 206 

formation and advection by surface winds, and Msiw is explicitly defined as a loss term.  We can 207 

simplify the conservation statement by first expressing the masses of each tracer as the product 208 

of the volume of seawater or sea ice (e.g. Vgmw is the volume of glacial meltwater), ⍴ is the density 209 

of water or ice, and C is the concentration in micromoles per kilogram of seawater. Note, we have 210 

made the approximation that the differences in density between the water masses are small 211 

enough to be neglected: 212 

 213 

    (2) 214 

 215 

In equation (2) we have explicitly defined tracer concentration in Shelf Water as: 216 

 217 

      (3) 218 

The two terms on the right of equation (3) represent the atmospheric gases in SW.  These are 219 

determined using the equilibrium solubility coefficient (𝝱) and the molar mixing ratio of each gas 220 

in air, (χ), which is constant for each of the noble gases. The mass of each gas injected through 221 

air bubbles is the product of the molar concentration of air dissolved in water (A) with χ, the 222 

molar mixing ratio.  223 
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Sea ice formation results in the partitioning of dissolved solutes between brine pockets 224 

that are included within the ice, and dissolved solutes that are immediately or eventually 225 

deposited in the water parcel beneath sea ice (Killawee et al. 1998).  This process of solute 226 

exclusion is complex and evolves through several phases that include near instantaneous 227 

segregation during formation of individual ice crystals as well as brine drainage, which happens 228 

over time as the individual brine pockets coalesce into brine channels (Wettlaufer 1992; Feltham 229 

et al. 2006).  Here, the treatment of brine drainage and solute exclusion is somewhat coarse, but 230 

is an adequate approximation given what residual solutes can be measured in the water column.  231 

The near-equilibrium partitioning between the concentration of solutes in ice (Csiw) can be related 232 

to the concentration of the same solute found in the ambient water (Ceq) in our case. 233 

 234 

       (3) 235 

 236 

The term, 𝜅iw is the ice-water partition coefficient (Garandet et al. 1994) and it has been 237 

estimated for a variety of solutes, including the noble gases and salt.  Here, dissolved helium is 238 

unique from the larger noble gases, because it appears to prefer incorporation into the sea ice 239 

lattice structure, producing a value of 𝜅iw > 1.    All other gases are preferentially excluded. The 240 

values of 𝜅iw are individually listed in the caption of Table 1. 241 

Because it is not practical to make direct measurements of Csiw the tracer concentration 242 

in the ice, equation (3) can be used to substitute Csiw for Ceq in equation (2).  This permits the 243 

expression of the mass of sea ice water removed in terms of the ambient tracer concentrations 244 

(Ceq):     By dividing the R.H.S. of equation (2) by Vtot, we obtain the water mass 245 

fractions that characterize the NGPT, e.g. .   Gathering the terms, equation (2) 246 

simplifies to: 247 

   248 
(4) 249 

Equation (4) expresses the observed concentration in terms of the unknown properties of 250 

interest: fsw, fsiw, fgmw, fcdw, A, and Ssw.   Respectively, these are the water mass fractions, the moles 251 
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of air per kg of seawater, and the salinity of shelf water.   The term Ssw is allowed to vary as a 252 

parameter in the model to reflect the likelihood that the gas is not in equilibrium with the 253 

atmosphere and will therefore lead to diffusive gas exchange (Loose et al., 2016).  As with Loose 254 

et al., (2016), we use a constant pressure value of 0.97 atmospheres to reflect the persistent low 255 

pressure over the latitudes of the Ross Sea (Allan and Ansell 2006; Costanza et al. 2016), rather 256 

than admitting atmospheric pressure as a free parameter in the NGPT.  During the PIPERS 257 

expedition, most of the water column in the TNBP and RSP was at or below the freezing point, so 258 

the temperature parameter space is restricted at the lower limit leading us to use the in-situ 259 

temperature and remove temperature as a free parameter from the model. Equation (4) requires 260 

a non-linear optimization technique to account for the changes in β, which are non-linearly 261 

dependent on Ssw.  Further details on the optimization can be found in Loose et al., (2016). 262 

In addition to equation (4), water continuity provides an additional constraint to ensure 263 

that all the water mass fractions sum to 1.   Equation (4) also takes a slightly different form for 264 

heat and salt conservation.  As with the other dissolved solutes, salt is excluded during the 265 

seawater freezing process: bulk sea ice salinity is typically ⅓ of the salinity found in the subnatant 266 

seawater (Thomas and Dieckmann 2010).  Therefore, we employ a partition coefficient of 𝜅iw = 267 

0.33 for salt.  Salinity is not a volatile solute, so it is neither affected by air-sea gas exchange nor 268 

air bubble injection.   269 

The argument for the heat budget is slightly different from the salt budget.  Heat transfer 270 

at the air-sea interface has many pathways, including latent, sensible, and radiative heat transfer.  271 

There is no known partitioning coefficient for heat exclusion from ice.  However, freezing is 272 

accompanied by a heat loss in the form of latent heat.  Away from the air-sea interface, we argue 273 

that all this heat transfer takes place between the liquid and solid phase of H2O (Gade 1979; 274 

Jenkins 1999).  This is the argument used to define the glacial meltwater end member.  Sea ice 275 

formation is not as straightforward, because much of the latent heat is likely lost to the 276 

atmosphere.  During PIPERS, Thompson et al., (2020) observed anomalies of heat and salt directly 277 

beneath the air-water interface in the intense periods of katabatic wind activity.  These anomalies 278 

were concluded to be the result of ice formation.  In their budget analyses, the mass of heat and 279 

salt were not proportionate.  Instead, the excess heat was about 25% of the excess salt.  As stated 280 
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above, long-term observations indicate that sea ice achieves an average salinity that is 281 

approximately 33% of the seawater salinity before freezing.  These suggest a 'partition 282 

coefficient' for heat that is 0.25*(1-0.33) = 16.7% of the initial heat content.   283 

To formulate the heat budget during sea ice formation, we first imagine that no heat is 284 

lost to the atmosphere, so the heat balance is: 285 

 286 

       (5) 287 

 288 

where  is the heat content of water tied up in sea ice and lost from the system, and  is 289 

the heat transferred by latent heat release.  Expanding the heat balance equation using  290 

 the density, specific heat capacity, temperature and volume gives: 291 

 292 

    (6) 293 

 294 

The heat budget for sea ice formation is next substituted into the heat conservation equation, 295 

which mirrors equation (4): 296 

 297 

     (7) 298 

 299 

Equation (7) can be expanded using the same terms, substituting for Qsiw with 300 

equation (6), and dividing through by   yields: 301 

 302 

  (8) 303 

Based upon the observational results of Thompson et al., (2020) the addition of latent heat during 304 

sea ice formation is diminished by the factor of 0.167.  305 

In summary, we can write versions of equation (4) for each of the five noble gases, as well 306 

as temperature and salinity.  The conservation of water provides one additional constraint 307 

yielding a total of 8 equations on 6 free parameters.  308 
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 309 

2.0 Results and Discussion: 310 

 311 

The properties used to define the individual water types in the NGPT model are listed in Table 1.  312 

The suitability of the NGPT solution to the data is evaluated by observing the residuals or model-313 

data misfit. Following (Tomczak, 1981; Tomczak & Large, 1989), a misfit of less than 5% between 314 

model and data is considered an acceptable solution. The reconstruction of neon and xenon show 315 

the greatest misfit between model and data; both range between +/- 2% total misfit (Figure S1).  316 

The reconstruction of water conservation, temperature and salinity are all less than 0.1% misfit, 317 

demonstrating that the model is able to reproduce all the input constraints.  318 

 319 

Table 1:  List of properties for each of the end member values and free parameters in the NGPT 320 

model.  The values for CDW were determined using offshore profiles from the Weddell and 321 

Amundsen Seas.  The values for GMW were derived using the average air content of glacial ice 322 

from Martiniere (1992), and the values for SIW were determined using the equilibrium partition 323 

coefficient defined in equation (3), for He: 1.33, Ne: 0.83, Ar: 0.49, Kr: 0.4, Xe: 0.5.  The N/I terms 324 

signify values that were ‘not included’ because the individual tracer (column) has no impact on 325 

the given process or water mass (row). 326 

 327 

 Heat  

(℃) 

Salt  

(gkg-1) 

He  

(µmol 

kg-1) 

Ne 

(µmol kg-1) 

Ar 

(µmol kg-1) 

Kr 

(µmol kg-1) 

Xe 

(µmol kg-1) 

SW Tobs Free param. 

of interest 

Free param. of interest:    

CDW 1.63 34.7 0.0019 0.008 16.25 0.0039 0.0006 

GMW -92 0 0.025 0.086 44.23 0.005 0.004 
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SIW   Free param. of interest:    

Ssw N/I Free param. 

of interest 

N/I N/I N/I N/I N/I 

Air N/I N/I Free param. of interest:   

 328 

Figure 4 depicts the five outputs from the NGPT model:  fsw, fcdw, fgmw, fsiw, Ssw, and Air 329 

injection together with the in-situ temperature and salinity.  Shelf Water is the predominant 330 

water property reflected in these late fall profiles; in the TNBP Shelf Water is vertically uniform 331 

near 90% of the water column by water mass composition. In the RSP, Shelf Water is ca. 85% 332 

with the exception of a broad region between 200 and 600 m, where the SW distribution 333 

decreases to a minimum of 70%.  This mid-depth region in the RSP is the primary area where the 334 

intrusion of modified CDW can still be identified.  CDW reaches a maximum of nearly 30% by 335 

mass at 300 m.  These intrusions of CDW between 300 and 600 m coincide with the lowest oxygen 336 

saturations in the water column (Fig. 2). 337 

The water properties revealed by the NGPT highlight the apparent differences between 338 

the two polynyas in 2017.  The water column in the RSP contained a broad distribution of glacial 339 

meltwater between 300 and 600 m (Fig. 4), and the remnants of a CDW intrusion were apparent 340 

along the potential density anomaly of 𝞼𝞱 = 27.76 (Fig. 5).  Overall the RSP was more stratified 341 

than the TNBP with density stratification reaching within 250 m from the ocean surface. The 342 

potential density contours reveal observably less buoyancy loss in the water column as compared 343 

to the Terra Nova Bay Polynya (Fig. 5);  potential density anomalies at the air-se interface within 344 

the open water section of the TNBP were also heavier as 𝞼𝞱 =27.92 as compared with 𝞼𝞱 = 27.76 345 

in the RSP. However, we did not observe mixed layers that extended to the ocean bottom in 346 

either polynya as they presumably would after a full season of DSW formation.  347 
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 348 

Figure 4:  Scatter plots of the NGPT model result in panels A-C and E-G within the Terra Nova Bay 349 

and Ross Ice Shelf Polynyas.   The solid lines indicate a 10-point vertical running average of the 350 

scatter points. 351 

 352 

 353 
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 354 

Figure 5: A spatial breakout of the CDW distribution in the Ross Sea and Terra Nova Bay polynyas. 355 

The gray shading and black contour lines are the potential density anomaly (𝞼𝞱), computed using 356 

absolute salinity and conservative temperature. 357 

 358 

2.1 Ssw and In-situ salinity   359 

The in-situ salinity and NGPT model output salinity (Ssw) are largely in agreement in both 360 

polynyas.   In-situ salinity is nearly isohaline above 600 m in TNBP.  In contrast, there is monotonic 361 

salinity decrease, reflecting persistent stratification in the Ross Ice Shelf Polynya. These same 362 

patterns are more or less reflected in Ssw, although Ssw is slightly greater than in-situ salinity in 363 

the RSP and overall slightly less than in-situ salinity in the TNBP. 364 

 365 

2.2 Glacial meltwater distributions: 366 

GMW in the RSP is broadly sourced from the melting of the Ross Ice Shelf, and associated with CDW 367 

intrusions. The intrusion of CDW near 300 m in the RSP (Fig. 4) is also associated with one of two 368 

extrusions of glacial meltwater (Fig. 6). The most prominent appears at 300 m, coinciding with 369 

the temperature maximum.  This feature of elevated meltwater is found near the dateline at 180° 370 

and is known as the furthest west extrusion of glacial meltwater from under the ice shelf (Loose 371 

et al., 2009; Smethie & Jacobs, 2005).  The extrusion of GMW between 500 and 600 m may be 372 

associated with DSW and the production of ice shelf water with temperatures below -2 ℃ 373 

(Smethie and Jacobs 2005; Loose et al. 2009).  In addition to the local production of GMW, the 374 
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RSP profiles likely also reflect meltwater import from upstream in the Amundsen and 375 

Bellingshausen seas, especially near the surface with transport via the Antarctic Coastal Current.  376 

 The meltwater distribution in TNBP is relatively more uniform with lower content than 377 

what is found in the RSP; the mean meltwater content in the RSP is 0.7% versus 0.6% in the TNBP.  378 

The meltwater content found in TNBP is likely associated with melting at the base and edges of 379 

the Drygalski Ice Tongue as well as from the Hells Gate and Nansen ice shelves (Frezzotti 1993). 380 

   381 

 382 

Figure 6: A spatial breakout of the glacial meltwater (GMW) distribution in the Ross Sea and Terra 383 

Nova Bay polynyas.  The highest meltwater concentrations in the RSP coincide with the highest 384 

quantity of CDW, near 300 m. The gray shading and black contour lines are the potential density 385 

anomaly (𝞼𝞱), computed using absolute salinity and conservative temperature. 386 

 387 

2.3 Sea ice water distributions   388 

The vertical distribution of sea ice water reveals the differences in seasonal evolution between 389 

the RSP and TNBP in 2017. As we reported in Section 0.1, the mixed-layer depth was significantly 390 

shallower in the Ross Sea - reaching an average depth of 250 m, compared to 650 m in the central 391 

part of the Terra Nova Bay polynya.  In this circumstance, we will interpret the SIW fractions 392 

separately from within and below the mixed-layer, because they effectively represent two 393 

different years.  The SIW fractions beneath the mixed layer are a remnant of the integrated sea 394 

ice melt from the 2016 freeze season, provided the polynya mixes to the bottom during winter.  395 
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By the same mechanism, the mixed-layer SIW fractions represent ice formation from the 2017 396 

freeze season. In the upper 250 m of the RSP, the average SIW fraction was 0.5%;  between 250 397 

m and the bottom of the RSP profiles at 800 m, the average SIW fraction was 0.7%.  In 398 

comparison, the average fraction of SIW within the mixed-layer of TNB was 1.04%. Below 650 m, 399 

this value increased to an average of 1.15%.   That is, the SIW percentages were more than 50% 400 

greater in TNBP mixed-layer in 2017, compared to the RSP mixed-layer.  This coincides with a big 401 

difference in wind speed for these two regions: In 2017, the automated weather station data 402 

(AWS) from the edge of the Ross Ice Shelf (Station Vito) showed a mean wind speed of 5.7 m s-1 403 

between April and October.  During the same period, the mean wind speed at the nearest AWS 404 

to Terra Nova Bay was 20.3 m s-1. 405 

In the Ross Ice Shelf Polynya during 2017/2016, ice production reached 1.35/5.52 meters 406 

of ice and in Terra Nova Bay polynya, ice production was 6.76/14.95 meters of ice.  To obtain the 407 

2017 estimates we multiplied the depth of the mixing column in 2017 by the fraction of SIW; to 408 

obtain the ice production in 2016, we multiplied the mean value of SIW found below the mixing 409 

column by the full depth of the water column - 800 m and 1300 m for the RSP and TNBP 410 

respectively.  This invokes the assumption that the values below the mixed-layer are a record of 411 

the entire water column SIW fractions during the previous winter, when the polynyas last mixed 412 

to the bottom. For comparison purposes, these annual ice production estimates can be 413 

converted to average daily ice production rates for the season of freezing. Remote sensing 414 

estimates of ice production use the period from March to October or 214 days to capture the 415 

freezing period (Ohshima et al. 2016), so we have divided the total ice production by this duration 416 

in the 2016 calculations.  For the 2017 calculations, PIPERS measurements occurred in the TNBP 417 

between May 1 and 11 or approximately 72 days into the freeze season, and between May 16 418 

and 21 in the RSP; 82 days into the freeze season.  This suggests an ice production rate of 1.5 cm 419 

d-1 for the RSP and 9.3 cm d-1 in the TNBP by mid-May in 2017 (Table 2). If the same rate of ice 420 

production persisted throughout the freezing season, it would be equivalent to 3.3 m of ice 421 

production in the RSP and 20.1 m ice production in the TNBP during 2017. 422 

 423 



20 

 424 

Figure 7: A spatial breakout of the percentage of seawater removed as sea ice or ‘sea ice water’ 425 

(SIW) within the Ross Sea and Terra Nova Bay polynyas.  The profiles reveal highest SIW 426 

concentrations in the deepest portion of the TNBP mixed layer, near 165 °E. The gray shading 427 

and black contour lines are the potential density anomaly (𝞼𝞱), computed using absolute salinity 428 

and conservative temperature. 429 

 430 

 431 

These values suggest that the seasonal ice production rate per unit area is 2.6 times 432 

greater in TNBP in 2016 and 6 times greater in 2017 than in the RSP (while noting that the water 433 

column values of SIW in 2017 only capture the first one third of the 2017 freezing season). Petrelli 434 

et al. (2008) report a production rate in TNBP that is 1.6 times that of the RSP.  In 2017, the wind 435 

speeds in TNBP were 3.5 times higher than in the RSP; when considering that heat loss is 436 

proportional to the square of the wind speed, it is perhaps not unreasonable to expect so much 437 

more sea ice production in Terra Nova Bay under these conditions in 2017. 438 

 439 

Table 2: Estimates of the annual ice production in meters, and the seasonal average ice 440 

production in cm d-1, for the RSP and TNBP using the mixed-layer depths and the vertical average 441 

of SIW within the mixed-layer for 2017 and beneath the mixed-layer for 2016.  In addition, Table 442 

2 lists the prior ice production estimates and their associated estimation methods. 443 

 444 
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This study fsiw 

(%) 

Column depth (m) Seasonal average 

(cm/d) 

Annual ice 

production (m) 

RSP, 2016  0.7 800 2.6 5.6 

RSP, 2017  0.5 250 1.5 3.3 

TNBP, 2016  1.15 1300 7.0 15 

TNBP, 2017  1.04 650 9.3 20.1 

Previous study Estimate type Seasonal average 

(cm/d) 

Annual ice 

production (m) 

TNBP, Shick (2018)  Heat budget – 27 

TNBP, Petrelli et al., (2008) Ocean model 7.7-11.0 – 

RSP, Petrelli et al., (2008) Ocean model 7.0 – 

TNBP, Ohshima et al., (2016) AMSR-E radiometer, thin 

ice algorithm 

3.9 – 

RSP, Ohshima et al., (2016) AMSR-E radiometer, thin 

ice algorithm 

3.5 – 

TNBP, Nakata, (2021) AMSR-E radiometer, thin 

ice algorithm with frazil ice 

– > 20 

 445 

 446 

These values fall within the range of previous estimates of annual ice growth in TNBP, 447 

although the estimates from the Ross Ice Shelf Polynya are lower than most previous estimates 448 

in the literature.   An analysis of ice production by Schick (2018) estimated the spatial gradient in 449 

air-sea heat fluxes along an upstream-downstream axis in the TNBP using a series of UAS flights 450 

collected in 2009 and 2012.  These spatial gradients were merged with 7 years of Automated 451 

Weather Station (AWS) data to develop a winter climatology of heat flux and ice production.  452 

Overall, these estimates reveal 3-5 m of ice production per month between April and October or 453 
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an average of 27 m in annual ice production, which is 20 to 45 % higher than our 2016 and 2017 454 

estimates. Petrelli et al. (2008) simulated a strong and a weak winter in TNB and a strong winter 455 

in RSP.  The strong and weak winters in TNB produced seasonal averages of 7.7 up to 11.0 cm d-456 
1, which are in accord with our estimates for 2016 and 2017 in TNBP.  In the RSP, a winter of 457 

intense ice formation yielded 7.0 cm d-1, which is 70-100% greater than what these water column 458 

estimates produced with 5.6 and 3.8 cm d-1. Previous remote sensing algorithms have shown the 459 

greatest discrepancies, when comparing with in-situ heat budget and our water column 460 

estimates. For example, Ohshima et al. (2016) produced mean estimates over 9 winters to yield 461 

3.5 cm d-1 for the RSP and 3.9 cm d-1 for the TNBP using the thin ice algorithm for AMSR-E 462 

developed by  Nihashi and Ohshima (2015). However, these algorithms have been modified to 463 

detect frazil ice formation and this change has significantly increased the estimates of annual ice 464 

production to greater than 20 m/yr, including in Terra Nova Bay (Nakata et al. 2021). Last, we 465 

note that two PIPERS-related studies of Terra Nova Bay polynya have invoked the potential for 466 

sea spray to enhance heat loss (Guest 2021) and sea ice production, perhaps by as much as 40% 467 

, at least within the open water areas of the polynya.  While there were no direct measurements 468 

of sea spray during PIPERS, wave buoy estimates of mean square slope suggest some waves were 469 

steep enough to experience breaking and production of sea spray (Ackley et al. 2022). It remains 470 

difficult to determine what portion of the polynya is open water and what portion is frazil ice-471 

covered water, during katabatic wind events;  results from Nakata et al., (2021) and the rapid 472 

decrease in atmospheric heat flux, suggest some open water may extend as far as 25-30 km from 473 

the coast in both the RSP and TNBP, which is a relatively narrow region compared to the overall 474 

polynya area.  475 

 These estimates represent some of the first estimates of ice production using water 476 

column measurements of dissolved gas tracers.  The results fall within the range of prior 477 

production estimates for these same polynyas, and reveal another method for estimating the 478 

integrated ice production over the course of a season or over the time period since the water 479 

column last mixed.  For our purposes, the agreement in ice seasonal production rates with other 480 

estimates adds circumstantial validation to the NGPT estimates of water column SIW fractions, 481 

supporting the further interpretation of the SIW fractions. 482 
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 483 

2.4 Air bubble injection  484 

The air content in both polynyas was lower than expected:  the average air content injected was 485 

2.7 umol kg-1 in TNBP and 1.1 umol kg-1 in RSP, although there is a high degree of variation in the 486 

individual estimates from the NGPT model: Most of the values are zero or negligible, but a subset 487 

of points in both polynyas yielded individual estimates approaching 25 umol kg-1. In the Ross Ice 488 

Shelf Polynya, these values are found below 400 m, perhaps reflecting the low winds and lack of 489 

surface turbulence in the RSP in 2017. In TNBP the air injection is also weighted toward deeper 490 

depths, but also exhibits some elevated air injection further up in the water column.   491 

There have been several model and data-based evaluations of air bubble injection in the 492 

ocean.  Several previous studies have computed bubble injection fluxes that translate to between 493 

1.2 and 2.5% excess Argon on average between 1000 and 5000 m  (Stanley et al. 2009; Nicholson 494 

et al. 2011; Liang et al. 2013).  Because air injection results in quantitative dissolution of gases at 495 

the mixing ratios for the atmosphere, these argon excesses translate to between 26 and 44 umol 496 

kg-1 of excess air from bubble injection.  Therefore, the air bubble content in the Ross Ice Shelf 497 

Polynyas is between 2.5 and 10% of the global estimates.  498 

These low values of air injection seem even less congruous when we consider the 499 

influence of katabatic winds ranging from 16 to 27 m s-1 during the period of PIPERS field data 500 

collection in Terra Nova Bay.  One LES model study of air bubble injection reveals that winds 501 

above 20 m s-1 resulted in excess argon saturation up to 6% (Fig. 3, Liang et al., 2013) or 105 umol 502 

kg-1 suggesting the estimated values of air bubble injection might be as small as 1% of the 503 

expected open ocean value for these forcing conditions.    504 

The explanation for such a strong limitation in air bubble injection is most likely tied to 505 

frazil ice production and accumulation of crystals in the surface layer.  Frazil ice, or disaggregated 506 

ice crystals in seawater can reach concentrations where the interactions between fluids and the 507 

suspended particles changes the rheology of the flow (Ayel et al. 2003; Matsumura and Ohshima 508 

2015).  These types of fluids are referred to as two-phase flows, analogous  to slurries composed 509 

of sediment and water.  Such were the conditions we found, particularly in the TNBP, which was 510 

extensively covered by frazil ice. Model studies of Matsumura and Ohshima (2015) reveal that 511 
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frazil ice concentrations of up to 100 g of ice per m3 can exist to depths of 30 m or greater in the 512 

surface ocean. These results match the observations of Thompson et al. (2020) who observed 513 

heat and salt anomalies between 10 and 50 m below the water surface during the PIPERS 514 

expedition. As turbulence is attenuated, the crystals will migrate buoyantly to the surface to 515 

become incorporated into a consolidated ice pack.  The visible imagery recorded in Terra Nova 516 

Bay during PIPERS shows that at the surface, the frazil ice is organized into wind rows, likely a 517 

consequence of Langmuir cells (Ackley et al. 2020; Thompson et al. 2020).   This can be explained 518 

in part by the increase in viscosity:  using the ice-dependent viscosity equation from Matsumura 519 

and Ohshima (2015), water viscosity increases by nearly 40% for every 10% increase in frazil ice 520 

fraction (see Figure S2).  These changes in viscosity also imply a decrease in the diffusive gas 521 

transfer velocity - with a reduction in gas transfer velocity (k) of 20% for every 10% increase in 522 

frazil ice; thus comparatively less gas will enter the water by turbulent diffusion. As the frazil 523 

crystals migrate buoyantly toward the surface ocean, they produce a surface layer that is elastic 524 

with respect to ocean waves, but with a significant increase in surface tension that limits breaking 525 

and bubble entrainment.   Lab and field studies by Martin and Kauffmann (1981) illustrate rapid 526 

decays in surface gravity wave amplitude, and the same phenomenon influences wave breaking 527 

as wave steepness is quickly attenuated (Ackley et al. 2022).  In this environment, all types of air-528 

sea gas exchange are suppressed; air bubble injection appears to be strongly limited because of 529 

its dependence on breakage of the water surface. 530 

While we assert that there are several lines of physical evidence to support a suppression 531 

in air bubble injection, it is worth recalling that we noted two other PIPERS studies in Section 532 

2.3m that suggest sea spray production by wave tearing may have been important to air-sea heat 533 

flux  (Guest 2021) and ice production. These are the sort of conditions often associated with air 534 

bubble injection, which appears to contradict our results.  While there were no direct 535 

measurements of sea spray during PIPERS, wave buoy estimates of mean square slope suggest 536 

some waves were steep enough to experience breaking and production of sea spray (Ackley et 537 

al. 2022). The net effect of open water bubble injection depends on the polynya surface area that 538 

free of frazil and consolidated ice. It remains difficult to determine what portion of the polynya 539 

is open water and what portion is frazil ice-covered water, during katabatic wind events; results 540 
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from Nakata et al., (2021) and the rapid decrease in atmospheric heat flux, suggest some open 541 

water may extend as far as 25-30 km from the coast in both the RSP and TNBP, which is a 542 

relatively narrow region compared to the overall polynya area. 543 

 544 

3.0 The physical processes setting deep water solubility conditions 545 

 546 
Figure 8: The contribution of ice processes to the ventilation of Circumpolar Deep Water, as it is 547 

transformed into Dense Shelf Water: The areas shaded by color represent the contribution of 548 

each process to the restoration of argon saturation within DSW, including glacial melt (magenta), 549 

sea ice brine (light blue), and air injection (dark blue).  The gray shaded area represents the 550 

remaining deficit, which we attribute to diffusive air-sea gas exchange. Panel A depicts the water 551 

column in the Ross Ice Shelf Polynya, Panel B reveals the same in the Terra Nova Bay Polynya. 552 

 553 

Referring back to the schematic model described in (Figure 3), the water in the Ross Sea 554 

is primarily composed of modified-CDW that crosses the continental shelf break and is modified 555 

via surface and ice processes.  This modified water mass receives inputs primarily from glacial 556 

and sea ice melt, although precipitation as snow may make a contribution in some coastal seas.    557 
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During the modification process, CDW cools and freshens, especially as it becomes modified 558 

during winter heat loss in polynyas, the temperature decreases to below the freezing point or -559 

1.95 ℃ as observed in the mixed-layer, during the PIPERS expedition.  This cooling increases the 560 

capacity of this water to absorb gas, and that is reflected in the saturation anomalies depicted in 561 

Figure 2.   562 

 To illustrate the role of the freshwater inputs and air-sea processes on the solubility pump 563 

on shelf water we recompose the budget of dissolved argon in the Ross and Terra Nova Bay 564 

polynyas (Figure 8), using the saturation anomaly, where in-situ conservative temperature and 565 

absolute salinity dictate the equilibrium solubility for argon in the water column. By convention, 566 

we have assumed 1 atmosphere of pressure in computing these argon saturation anomalies, as 567 

well as the anomalies found in Figure 2.  As noted in Section 1.0, the NGPT model assumes an 568 

ambient sea level pressure of 0.97 atm, but we do not adopt that value in presenting the 569 

saturation anomalies, so that they can be more globally comparable. 570 

 Old circumpolar water that is modified in the Ross Sea, begins with a dissolved argon 571 

content of 16.3 umol/kg, which represents a saturation anomaly of -6% compared to shelf 572 

waters. This value is taken as the average of argon in the core of CDW near 500 m offshore in the 573 

Weddell Sea (Loose et al. 2016), because we lack measurements of argon offshore of the Ross 574 

Sea.  Ice processes - glacial meltwater intrusion and sea ice formation- are both sources of 575 

dissolved argon to the water column:  Gmw restores 1.8% of the argon saturation anomaly in the 576 

RSP and 1.6% in TNB polyna, and SIW restores an additional 0.33% and 0.5% of the 6% deficit to 577 

each polynya respectively.  Even though sea ice formation removes both water and gas from the 578 

polynya water column, this addition of gases is associated with brine rejection so that the net 579 

effect on water column concentrations is to enhance the dissolved gases (and salt).   580 

 Comparatively, air bubble injection leads to the smallest total restoration of gas to the 581 

water column.  In the Ross Ice Shelf Polynya, air bubble injection restored 0.11% to the argon 582 

saturation anomaly and in the comparatively-windier Terra Nova Bay polynya that restoration 583 

was 0.18%.  Summing it all up, we observe that cryogenic processes restore 27.5% of the argon 584 

deficit in dense shelf water;  air bubble injection accounts for an additional 1.4%, and we infer 585 
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that the remainder (71%, gray shaded area in Fig. 8) is restored by mixing and air-sea gas 586 

exchange. 587 

 588 

4.0 Summary  589 

These results reveal how physical processes stack up to restore the gas solubility deficit 590 

in dense shelf water, as it forms during the extreme conditions that take place in latent heat 591 

polynyas during winter.  Previous studies evaluating the impact of ice on the solubility pump have 592 

focused solely on how the sea ice cover acts to restrict the rate of air-sea gas exchange (Keeling 593 

1993; Toggweiler et al. 2003; Nicholson et al. 2010; Sigman et al. 2010). In particular, Toggweiler 594 

et al., (2003) demonstrated how the reduction of the surface area of the southern outcrop of the 595 

MOC leads to an increase in the air-sea pCO2 differential and therefore a decrease in the solubility 596 

pump. This work reveals that the sole focus on inhibition of air-sea gas exchange overlooks the 597 

additional ice-associated processes that also influence the restoration of gases in actively forming 598 

dense shelf water, including sea-ice formation and glacial meltwater inputs.  As we consider the 599 

implications of these results from the NGPT model, they suggest that the transport of impurities 600 

during ice freeze and melt is of increasing significance while perhaps the particular mechanisms 601 

of gas exchange, such as bubble injection are less impactful. Therefore we need more detailed 602 

knowledge of how impurities in seawater behave when confronted with the freezing process. In 603 

this study, we have used the equilibrium partition coefficients for the noble gases to 604 

parameterize how gas is separated between ice and water, which have been developed for more 605 

mature ice conditions.  But in the polynya, it is becoming apparent that frazil ice is the ice type 606 

that may be most associated with DSW formation  (Tison et al. 2020; Thompson et al. 2020; 607 

Nakata et al. 2021) (Tison, Nakata, Thompson).  It is likely that as individual frazil ice crystals 608 

nucleate, the separation of gases is even more efficient than for mature columnar ice, favoring 609 

the deposition of impurities in the water column, but behavior of dissolved ions and gases under 610 

these conditions is unknown.   611 

Finally, this work can be extended to consider the influence of ice processes on the 612 

restoration of important biogenic gases like oxygen and carbon dioxide in DSW, however that 613 
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also requires the ability to distinguish between the biological and physical contributions, which 614 

we will leave to a forthcoming study. 615 

 616 
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Supplemental to: Sea ice formation, glacial melt and the solubility pump boundary conditions 
in the Ross Sea. 
 
 

 
Figure S1:  Model-data misfit for the PIPERS OMPA results. 
 
 



 
Figure S2.  The relationship between kinematic viscosity of seawater and the slurry fraction of 
frazil ice from Matsumura and Ohsima (2015).  The right axis shows the fractional reduction in 
diffusive air-sea gas exchange that results from the increase in kinematic viscosity. 
 
 
 
 
 
 
 
 



 
Figure S3.  Profiles of temperature, salinity, noble gas saturation anomalies, and the glacial 
meltwater content in percent at PIPERS CTD Station 30.  The geographic location was within 
the Terra Nova Bay polynya at 75.19 °S  and 176.13 °W. 
 
 



 
Figure S4.  Profiles of temperature, salinity, noble gas saturation anomalies, and the glacial 
meltwater content in percent at PIPERS CTD Station 41.  The geographic location was up 
against the Ross Ice Shelf at 77.72 °S  and 179.99 °W. 


