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1.  Introduction
Latent heat polynyas are veritable ice factories, producing a quantity of ice cover that is far out of proportion 
to their surface area: As much as 10% of the Antarctic ice pack is produced within an area that is ca. 1% of the 
seasonal maximum in ice extent (Tamura et al., 2008). This disproportionate sea ice production rate makes these 
features an essential component to the ventilation of Antarctic Bottom Water (AABW) (Gordon et al., 2010; 
Silvano et al., 2020), which is a mixture of Circumpolar Deep Water (CDW), the warmest water mass in the 
Southern Ocean, and the Dense Shelf Water (DSW), the cold, salty precursor to AABW, and originates within 
these polynyas. In the satellite era, there has been only one documented occurrence of a sensible heat polynya, 
which are driven by upwelling of ocean sensible heat (Cheon et al., 2015; de Lavergne et al., 2014), suggesting 
Antarctic latent heat polynyas, which are maintained by katabatic winds, are the primary mechanism of DSW 
production and thus ventilation of the deep Southern limb of the meridional overturning circulation (MOC).

Abstract  Seasonal formation of Dense Shelf Water (DSW) in the Ross Sea is a direct precursor to Antarctic 
Bottom Water, which fills the deep ocean with atmospheric gases in what composes the southern limb of 
the solubility pump. Measurements of seawater noble gas concentrations during katabatic wind events in 
two Ross Sea polynyas reveal the physical processes that determine the boundary value properties for DSW. 
This decomposition reveals 5–6 g kg −1 of glacial meltwater in DSW and sea-ice production rates of up to 
14 m yr −1 within the Terra Nova Bay polynya. Despite winds upwards of 35 m s −1 during the observations, 
air bubble injection had a minimal contribution to gas exchange, accounting for less than 0.01 μmols kg −1 of 
argon in seawater. This suggests the slurry of frazil ice and seawater at the polynya surface inhibits air-sea 
exchange. Most noteworthy is the revelation that sea-ice formation and glacial melt contribute significantly to 
the ventilation of DSW, restoring 10% of the gas deficit for krypton, 24% for argon, and 131% for neon, while 
diffusive gas exchange contributes the remainder. These measurements reveal a cryogenic component to the 
solubility pump and demonstrate that while sea ice blocks air-sea exchange, sea ice formation and glacial melt 
partially offset this effect via addition of gases. While polynyas are a small surface area, they represent an 
important ventilation site within the southern-overturning cell, suggesting that ice processes both enhance and 
hinder the solubility pump.

Plain Language Summary  Previous scientific studies have demonstrated that the water which 
fills the deep sea is created in isolated regions of the surface ocean where wind, evaporation, heat loss, and sea 
ice formation can work in concert to make very cold salty seawater at the ocean surface. As this water leaves 
the surface it can carry oxygen and carbon dioxide, as well as heat away from the atmosphere for nearly a 
millennium, suggesting the sequestration mechanism may impact earth's climate and human climate change. 
This study sought to reveal how different types of sea ice and glacier ice might influence the gases that are 
dissolved in seawater and sequestered in the ocean. We made measurements of the noble gases (helium, neon, 
argon, krypton, and xenon) in the Ross Sea in late fall of 2017, when the conditions are cold and windy, leading 
to lots of dense water production. The results reveal that sea ice interrupts the process of air-sea exchange of 
gases, which can slow down the uptake of human-generated carbon dioxide by dense water. But our results also 
revealed that sea ice formation and glacial ice melt can both add gas to dense water during its creation.
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The importance of polynyas to the MOC also signifies that they play a disproportionate role in controlling the 
dissolution of carbon dioxide and oxygen, for example, in AABW (Ohshima et  al.,  2016). Continental shelf 
processes that lead to upwelling, entrainment, and biogeochemical modifications therefore help to set the prop-
erties for AABW and control the solubility pump (Jacobs & Giulivi, 2010). The role of sea-ice cover and the 
size of the outcropping region in models of the MOC are considered to be a key component of the solubility 
pump efficiency: as the area of the outcrop region shrinks (Nicholson et al., 2010; Toggweiler et al., 2003) or 
becomes ice-covered (Sigman et al., 2010; Stephens & Keeling, 2000), it enhances the ocean-atmosphere pCO2 
differential and weakens the solubility pump (Broecker et al., 1999; Toggweiler et al., 2003). This phenome-
non may also impact the ocean-atmosphere oxygen differential, which suggests a reinterpretation of the oxygen 
decreases during glacial periods, because the oxygen content in newly formed deep water is overestimated (Cliff 
et al., 2021).

That insight from models suggests that deep water formation in polynyas, which are disproportionately small by 
surface area, is perhaps the least efficient mechanism to support a robust solubility pump. However, these studies 
have focused exclusively on the role of sea-ice cover in reducing or inhibiting air-sea exchange (e.g., Stephens & 
Keeling, 2000). In this study we document the role of physical processes that take place within the polynya and 
over the continental shelf, and we assess how these processes contribute to setting the gas solubility properties of 
DSW. We argue that ice processes—sea ice formation and glacier melt—act to restore a significant portion of the 
solubility deficit that arises as CDW upwells and is modified into DSW. We use measurements of the five inert 
noble gases to constrain the impact of these physical processes and we develop a budget closure for three noble 
gases with unique sources and solubilities to reveal how each process contributes to the ultimate gas solubility 
properties observed in DSW.

1.1.  Ross Sea Waters, the Regional Context and Noble Gas Distributions

Circumpolar Deep Water upwells latitudinally near 60°S within the Antarctic Divergence Zone (Jenkins, 2020), 
and the Ross Sea receives cross-shore inputs of modified CDW, which originates from the east within the Ross 
Gyre, and flows along the continental shelf break. This shelf-adjacent water mass is described as a 1,000 m 
thick layer with temperature greater than 0.6°C (Orsi & Wiederwohl, 2009). The CDW in this region contributes 
significantly to the shelf break frontal system that moves intermittently onshore and offshore, releasing DSW 
in tidal pulses (Padman et al., 2009). These tidal currents can reach speeds of 1 m s −1, particularly within the 
concentrated outflow regions found at the Drygalski, Joides, and Glomar Challenger Troughs in the Western 
Ross Sea. It further appears that these dense outflows are connected to the onshore flow of CDW. Morrison 
et al. (2020) used an eddy-resolving model to reveal inflows of CDW that coincide spatially and temporally with 
the pulsed outflow of DSW.

The Ross Sea has been experiencing a secular decrease in salinity (Jacobs et al., 2002), a process that has been 
associated with freshening of DSW (Silvano et al., 2020), perhaps as a consequence of increased glacial melt-
ing in the Amundsen and eastern Ross Seas, which lie upstream along the Antarctic Coastal Current (Jacobs 
& Giulivi,  2010). In Prydz Bay, East Antarctica, inputs of submarine Glacial Meltwater (GMW) into DSW 
have been shown to moderate dense water production (Williams et al., 2016). A recent study has documented 
a rebound in the salinity of DSW (Silvano et al., 2018), revealing how winds and the rate of regional sea ice 
production are direct drivers of DSW production on a seasonal basis, but the trend of Ross Sea freshening appears 
to persist over decades to the present day (Jacobs et al., 2022). Collectively, these studies reinforce that there is a 
complex and fundamental connection between the Antarctic ice processes and the MOC.

The five stable noble gases—helium, neon, argon, krypton, xenon, reveal the range of processes operating on 
dissolved gases in the actively ventilated layers of the Ross Sea continental shelf. Helium and neon, the lightest 
noble gases, exhibit low solubility in seawater, but elevated concentrations in glacial ice, which traps on average 
110 ml of air per kg of ice (Martinerie et al., 1992).

Krypton and xenon are heavier and increasingly more soluble noble gases; their temperature-dependent solubility 
and slower gas exchange rates produce water column deficits during the cooling period with restricted air-sea 
exchange (Hamme et al., 2019), revealing that noble gas isotope and elemental ratios may be able to constrain 
net air-sea exchange (Seltzer et al., 2019). The addition of melted glacial ice can also lead to a slight deficit in 
Kr and Xe (Loose & Jenkins, 2014), which further helps to distinguish glacial melt from air bubble injection. In 
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addition to air-sea disequilibrium and GMW, sea ice formation may alter the water column dissolved gas budgets 
under certain conditions (Top et al., 1988). This is caused by solute exclusion and brine rejection from the sea ice 
crystal lattice during freezing (Hood et al., 1998; Namiot & Bukhgalter, 1965). In coastal polynyas the exceed-
ingly high rates of sea ice formation (Ohshima et al., 2013; Tamura et al., 2008) may be sufficient to influence the 
water column noble gas excesses (Loose et al., 2016). Solute exclusion is more intensive for the heavier dissolved 
solutes (Killawee et al., 1998). This process can lead to greater exclusion of for example, Kr and Xe during freez-
ing as compared to Ne and He.

The noble gases can be used to reconstruct the impacts of solute inputs from sea ice production, freshening from 
GMW, and diffusive air-sea disequilibrium at the time of DSW formation. We use the noble gas paleothermom-
eter (NGPT) inverse model (Aeschbach-Hertig & Solomon, 2013; Stute & Schlosser, 1993) to infer each of the 
contributions to shelf water (SW) in the Ross Ice Shelf polynya (RSP) and the Terra Nova Bay polynya (TNBP).

2.  Methods
2.1.  PIPERS Field Campaign

The measurements used in this study were collected during austral fall, between 1 May and 26 May 2017 during 
the Polynyas and Ice Production in the Ross Sea (PIPERS) expedition (Ackley et al., 2020). Individual conduc-
tivity temperature depth sensor (CTD) profiles and water-column samples were collected in the TNBP and the 
RSP (Figure 1). Conditions in the TNBP were significantly windier than in the RSP, with a mean wind speed of 
20.3 m s −1 between April and October, as compared to 5.7 m s −1 as measured by Automated Weather Stations 
Manuela (near TNBP) and Vito (near RSP). These mean wind differences reveal themselves in the water column 
properties (as discussed below).

Noble gas samples were collected from a 24-bottle 20L Niskin rosette using the copper tube cold-weld method 
(Loose et al., 2016). Extracted gas samples are measured using an automated dual mass spectrometric system and 

Figure 1.  Map of the Terra Nova Bay (a) and Ross Sea (b) Polynyas. Square symbols indicate the hydrographic station locations. The inset in panel B reveals the 
location of both polynyas within the Ross Sea. Moderate Resolution Imaging Spectroradiometer visible imagery shows surface conditions at the end of March 2017 
when light was still sufficient for visible imaging. The light blue colors are either ice or the limited cloud cover, and the dark blue colors represent thin ice or open 
water.
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analyzed for δ 3He, He, Ne, Ar, Kr, and Xe (Stanley, Baschek, et al., 2009). Precision was determined by extract-
ing and analyzing N = 9 duplicate copper tubes as 0.25%, 0.22%, 0.14%, 0.14%, 0.26%, and 0.35% for δ 3He, He, 
Ne, Ar, Kr, and Xe respectively.

2.2.  The Noble Gas Paleothermometer

The NGPT attempts to distinguish the physical processes that establish dissolved gas and thermohaline properties 
of surface water as it is modified to become interior water. The method was originally developed to quantify air 
entrainment during groundwater aquifer recharge (Aeschbach-Hertig & Solomon, 2013; Stute & Schlosser, 1993). 
In this study and in Loose et al. (2016) we have adapted the NGPT to observe the transformation of CDW into 
DSW through diffusive air-sea gas exchange (driven mostly by rapid cooling of the water parcel), air bubble 
injection, GMW inclusion, and sea ice formation. Unlike the original NGPT, this model does not reconstruct 
water temperature, so it represents a modified-NGPT or mNGPT. The descriptive picture of CDW crossing the 
shelf break to be being acted upon by strong winds and cold air temperatures which lead to extreme heat loss 
and in-situ formation of frazil ice, can be seen from the δ 3He tracer fields in Figure 2. Helium-3 labels CDW and 
illustrates the remnant properties of CDW that can be found on the continental shelf, in spite of the intense water 
mass ventilation processes. During the PIPERS expedition, frazil ice formation was extensive throughout the 
TNBP during two katabatic wind events (Ackley et al., 2020; Tison et al., 2020). During the specific conditions 
when we observed frazil ice formation, temperature and salinity anomalies in the surface ocean were observable 
during repeated CTD profiles (Thompson et al., 2020).

Referring to the schematic polynya box (dashed line in Figure 2), the mNGPT begins with a mass conservation 
statement, which also reveals how polynya processes lead to modifications of the individual water properties. The 

Figure 2.  Profiles of δ 3He beyond the continental shelf along 170°W, collected during the Climate Variability and Predictability Program 2011 s04p line, and within 
Terra Nova Bay polynya, during the 2017 Polynyas and Ice Production in the Ross Sea expedition. The δ 3He traces the on-shore transport of circumpolar deep water 
and the ventilation process that takes place within the polynya. The black contours are lines of seawater potential density anomaly. The gray filled area represents the 
bottom topography. The schematic arrows depict the contributions of individual processes and water masses to the water column profiles in the polynya box, indicated 
by a dashed line.
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observed inert noble gas concentrations are used to constrain a gas molar mass balance within SW, CDW, GMW, 
and the gas lost to sea ice (Ice):

𝑀𝑀obs = 𝑀𝑀sw −𝑀𝑀ice +𝑀𝑀gmw +𝑀𝑀cdw� (1)

Mice refers to the moles of gas that have been removed during sea ice formation and advection by surface winds, 
and is explicitly defined as a loss term. We can simplify the conservation statement by first expressing the masses 
of each tracer as the product of the volume of seawater or sea ice (e.g., Vgmw is the volume of GMW), ⍴ is the 
density of water or ice, Pslp is the sea level pressure, and C is the concentration in micromoles per kilogram of 
seawater. Note, we have made the approximation that the differences in density between the water masses are 
small enough to be neglected:

𝐶𝐶obs𝑉𝑉tot𝜌𝜌𝑤𝑤 =

[

𝛽𝛽
(

𝑆𝑆𝑆 𝑆𝑆 𝑆 𝑆𝑆slp

)

𝜒𝜒 + 𝐴𝐴𝐴𝐴
]

𝑉𝑉sw𝜌𝜌𝑤𝑤 − 𝜌𝜌ice𝐶𝐶ice𝑉𝑉ice + 𝑉𝑉gmw𝐶𝐶gmw𝜌𝜌𝑤𝑤 + 𝑉𝑉cdw𝐶𝐶cdw𝜌𝜌𝑤𝑤� (2)

In Equation 2 we have explicitly defined tracer concentration in SW as:

𝐶𝐶sw =

[

𝛽𝛽
(

𝑆𝑆𝑆 𝑆𝑆 𝑆 𝑆𝑆slp

)

𝜒𝜒 + 𝐴𝐴𝐴𝐴
]

� (3)

The two terms on the right of Equation 3 represent the atmospheric gases in SW. These are determined using 
the equilibrium solubility coefficient (β, Jenkins et al., 2019) and the molar mixing ratio of each gas in air, (χ), 
which is constant for each of the noble gases. The mass of each gas injected through air bubbles is the product of 
the molar concentration of air dissolved in water (A) with χ, the molar mixing ratio. A cannot be less than zero.

Sea ice formation results in the partitioning of dissolved solutes between brine pockets that are included within 
the ice, and dissolved solutes that are immediately or eventually deposited in the water parcel beneath sea ice 
(Killawee et al., 1998). This process of solute exclusion is complex and evolves through several phases that include 
near instantaneous segregation during formation of individual ice crystals as well as the nucleation of bubbles at 
the freezing interface (Crabeck et al., 2015), and brine drainage, which happens over time as the individual brine 
pockets coalesce into brine channels (Feltham et al., 2006; Wettlaufer, 1992). Here, the treatment of brine drainage 
and solute exclusion is somewhat coarse, but is an adequate approximation given what residual solutes can be 
measured in the water column. The near-equilibrium partitioning between the concentration of solutes in ice (Cice) 
can be related to the concentration of the same solute found in the ambient water (Ceq) in our case.

𝜅𝜅iw =
𝐶𝐶ice

𝐶𝐶eq
� (4)

The term 𝜅iw is the ice-water partition coefficient (Garandet et al., 1994) and it has been estimated for a variety of 
solutes, including the noble gases and salt. Here, dissolved helium is unique from the larger noble gases, because 
it appears to prefer incorporation into the sea ice lattice structure, producing a value of κiw > 1. All other gases are 
preferentially excluded. The values of 𝜅iw are individually listed in the caption of Table 1.

Heat (°C) 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: [𝛽i(Ssw,T)𝜒i + A𝜒i]fsw

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

ICE𝐴𝐴 Tobs + 0.167𝑓𝑓siw

𝐿𝐿𝑓𝑓

𝐶𝐶𝑝𝑝𝑝sw

  0.33Ssw Free param. of interest: 𝛽i(Ssw,T)𝜒i𝜅iw

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: A𝜒i

Note. The values for CDW were determined using off-shelf profiles from the Weddell and Amundsen Seas (Biddle 
et al., 2019; Loose et al., 2016). The values for GMW were derived using the average air content of glacial ice from Martinerie 
et al. (1992), and the values for fice were determined using the equilibrium partition 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 signify values that were “not included” because the individual tracer 
(column) has no impact on the given process or water mass (row).

Table 1 
List of Properties for Each of the End Member Values and Free Parameters in the Noble Gas Paleothermometer Model
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Because it is not practical to make direct measurements of Cice the tracer concentration in the ice, Equation 3 can 
be used to substitute Cice for Ceq in Equation 2. This permits the expression of the mass of sea ice water removed 
in terms of the ambient tracer concentrations (Ceq): Cice = κiwCeq By dividing the R.H.S. of Equation 2 by Vtot, 
we obtain the water mass fractions that characterize the mNGPT, for example, 𝐴𝐴 𝐴𝐴gmw =

𝑉𝑉gmw

𝑉𝑉tot

 . Gathering the terms, 
Equation 2 simplifies to:

𝐶𝐶obs =

[

𝛽𝛽
(

𝑆𝑆sw, 𝑇𝑇 𝑇 𝑇𝑇slp

)

𝜒𝜒 + 𝐴𝐴𝐴𝐴
]

(𝑓𝑓sw) − 𝜅𝜅iw𝛽𝛽(𝑆𝑆sw, 𝑇𝑇 )sw𝜒𝜒
𝜌𝜌ice

𝜌𝜌sw
𝑓𝑓ice + 𝑓𝑓gmw𝐶𝐶gmw + 𝑓𝑓cdw𝐶𝐶cdw� (5)

Equation 4 expresses the observed concentration in terms of the unknown properties of interest: fsw, fice, fgmw, 
fcdw, A, and Ssw. Respectively, these are the water mass fractions, the moles of air per kg of seawater, and the 
salinity of SW. The term Ssw is allowed to vary as a parameter in the model to reflect the likelihood that the 
gas in SW is not in equilibrium with the atmosphere and will therefore lead to diffusive gas exchange (Loose 
et al., 2016). As with Loose et al. (2016), we use a constant pressure value. The long-term average of sea level 
pressure is 0.9719 ± 0.0036 atm reflecting the persistent low pressure over the latitudes of the Ross Sea (Allan & 
Ansell, 2006; Costanza et al., 2016). Given the results from automated weather station data, this is a reasonable 
approximation and reduces the ambiguities in the NGPT model that can result from the non-linear terms. During 
the PIPERS expedition, most of the water column in the TNBP and RSP was at or below the freezing point, so 
the temperature parameter space is restricted at the lower limit leading us to use the observed temperature and 
remove temperature as a free parameter from the model. Equation 5 requires a non-linear optimization technique 
to account for the changes in ꞵ, which are non-linearly dependent on Ssw. Further details on the optimization can 
be found in Loose et al. (2016).

In addition to Equation 5, water continuity provides an additional constraint to ensure that all the water mass frac-
tions sum to 1 (Equation S1 in Supporting Information S1). Equation 5 is nearly identical for salt conservation. 
As with the other dissolved solutes, salt is excluded during the seawater freezing process: bulk sea ice salinity is 
typically ⅓ of the salinity found in the subnatant seawater (Thomas & Dieckmann, 2010). Therefore, we employ 
a partition coefficient of κiw = 0.33 for salt. Salinity is not a volatile solute, so it is neither affected by air-sea gas 
exchange nor air bubble injection (Equation S2 in Supporting Information S1).

The argument for the heat budget is slightly different from the salt budget. Heat transfer at the air-sea interface has 
many pathways, including latent, sensible, and radiative heat transfer. There is no known partitioning coefficient 
for heat exclusion from sea ice. However, freezing is accompanied by a heat loss in the form of latent heat. Away 
from the air-sea interface, we argue that all this heat transfer takes place between the liquid and solid phase of 
H2O (Gade, 1979; Jenkins, 1999). This is the argument used to define the GMW end member. Sea ice forma-
tion is not as straightforward, because much of the latent heat is likely lost to the atmosphere. During PIPERS, 
Thompson et al. (2020) observed anomalies, or bulges in the otherwise vertical profiles of heat and salt directly 
beneath the air-water interface in the intense periods of katabatic wind activity. These anomalies were concluded 
to be the result of ice formation. In their budget analyses, the mass of heat and salt were not proportionate. 
Instead,  the  excess heat was about 25% of the excess salt. As stated above, long-term observations indicate that 
sea ice achieves an average salinity that is approximately 33% of the seawater salinity before freezing. These 
suggest a “partition coefficient” for heat that is 0.25 × (1 − 0.33) = 16.7% of the initial heat content.

To formulate the heat budget during sea ice formation, we first imagine that no heat is lost to the atmosphere, so 
the heat balance is:

𝑄𝑄𝑤𝑤 = 𝑄𝑄ice +𝑄𝑄𝑙𝑙𝑙𝑙� (6)

where Qw is the heat content of water being converted to sea ice, and Qlf is the heat transferred by latent heat 
release. Expanding the heat balance equation using ρ, cp, T, V the density, specific heat capacity, temperature and 
volume gives:

𝜌𝜌𝑤𝑤𝑉𝑉𝑤𝑤𝑐𝑐𝑝𝑝𝑝sw𝑇𝑇𝑤𝑤 = 𝜌𝜌ice𝑉𝑉ice𝑐𝑐𝑝𝑝𝑝ice𝑇𝑇ice + 𝜌𝜌ice𝑉𝑉ice𝐿𝐿𝑓𝑓� (7)

The term Lf is the latent heat of fusion in Joules per kg of water. The heat budget for sea ice formation is next 
substituted into the heat conservation equation, which mirrors Equation 5:

𝑄𝑄obs = 𝑄𝑄sw −𝑄𝑄ice +𝑄𝑄cdw +𝑄𝑄gmw� (8)

 21699291, 2023, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JC

019322 by O
ld D

om
inion U

niversity, W
iley O

nline L
ibrary on [04/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

AGU 
ADVANCING EARTH 

AND SPACE SCIENCES 



Journal of Geophysical Research: Oceans

LOOSE ET AL.

10.1029/2022JC019322

7 of 19

Equation 8 can be expanded using the same terms as above. Qice in Equation 8 is substituted by rearranging Equa-
tion 7 and recognizing that ρwVw = ρiceVice in Equation 7. Dividing through by ρwVwcp,sw yields:

𝑇𝑇obs = 𝑓𝑓sw𝑇𝑇sw −
𝜌𝜌ice

𝜌𝜌𝑤𝑤
𝑓𝑓ice𝑇𝑇sw + 0.167

𝜌𝜌ice

𝜌𝜌𝑤𝑤
𝑓𝑓ice

𝐿𝐿𝑓𝑓

𝑐𝑐𝑝𝑝𝑝sw
+ 𝑓𝑓cdw𝑇𝑇cdw + 𝑓𝑓gmw𝑇𝑇gmw� (9)

Based upon the observational results of Thompson et al. (2020) the addition of latent heat during sea ice forma-
tion is diminished by the factor of 0.167.

In summary, we can write versions of Equation 5 for each of the five noble gases, as well as temperature and 
salinity. The conservation of water provides one additional constraint yielding a total of 8 equations on 6 free 
parameters. The properties used to define the individual water types in the NGPT model are listed in Table 1. 
To estimate the uncertainty on model outputs, we used a Monte Carlo analysis (Press et al., 2007) to sample 
the distribution of input parameters to the mNGPT model, which in-turn was used to generate a non-parametric 
distribution of each fit parameter for each noble gas sample. The noble gas duplicate precision and CTD instru-
ment precision were used to perturb the mNGPT model parameters (Beaird et al., 2015; Loose et al., 2016). The 
average and 95% confidence intervals of each fit parameter from the Monte Carlo analysis are found in Table 2.

3.  Results and Discussion
3.1.  Noble Gas Saturation Anomalies

Figure 3 depicts the dissolved gas saturation anomaly (Δi), where the gas concentration is expressed as the deviation 
from equilibrium saturation (Hamme & Severinghaus, 2007); zero saturation anomaly reflects a water column in 
solubility equilibrium with the atmosphere, assuming 1 atm of sea level pressure for consistency with other studies. 
Against the background of air-sea exchange, glacial melt in the ocean produces large helium and neon excesses; up to 
10.3% for helium in the Ross Sea (Figure 3b). Panels a and b depict the conditions in the Ross Sea coastal polynyas 
during the PIPERS expedition, whereas panel c showcases Weddell Sea data from profiles along 57°S, acquired 
further offshore in the Antarctic Circumpolar Current (Loose et al., 2016). These profiles from the Weddell Sea 
reveal the same general fractionation of noble gases based on atomic mass, but with an attenuated signal in the lighter 
gases, reflecting the distance from a coastal region that set the properties observed in the Ross Sea coastal polynyas.

The deficits of Kr and Xe are most extreme in the RSP as compared with the TNBP, with Xe extending below 
−6%. The vertical average of Xe is −5.2% ± 0.3% in TNBP as compared to −6.0% ± 0.4% in RSP, which is 
consistent with a greater quantity of GMW in the RSP.

3.2.  mNGPT Results

The average uncertainty on the mNGPT solution over the entire PIPERS noble gas data set is presented in Table 2. 
The 95% confidence intervals on each sample are graphed in Figure S1 of the Supporting Information S1, and 
an example distribution of the Monte Carlo resampling of the mNGPT solution with 1,000 iterations is shown in 
Figure S2 of the Supporting Information S1. The water mass fractions fsw, fcdw, and fgmw as well as Ssw show very 
little variation within their confidence intervals; fice and A show considerably greater variation—with the fraction 
of water lost to sea ice, showing mean confidence intervals ranging between 0.2% and 0.9%. Likewise, excess air 
was nearly zero on average, but the mean confidence intervals ranged between 0 and 5.7 μmol kg −1 (Figure S1 in 
Supporting Information S1).

Two additional sources of uncertainty in the model solution can arise from uncertainty in the values of 𝜅iw, the ice-water 
partition coefficient, and through uncertainty in the value of sea level pressure. A table of literature values for 𝜅iw can 
be found in Table S1 of the Supporting Information S1. Aside from Top et al. (1988), we found no estimates of 𝜅iw 
for krypton and xenon. Lacking an alternative, and recognizing that Top et al. (1988) determined similar values of 𝜅iw 
of Ar, Kr, and Xe, we used the ratio between 𝜅iw for Ar determined by Top and by Postlethwaite (2002) to downscale 

fsw (%) fcdw (%) fgmw (%) fice (%) Ssw (g kg −1) A (μmol kg −1)

Bootstrap Avg. 84 15 0.61 0.57 35.01 0.82

Bootstrap 95% CI [82, 87] [13, 17] [0.5, 0.7] [0.2, 0.9] [34.9, 35.2] [0.0, 5.7]

Table 2 
Estimates of the Average and 95% Confidence Intervals From Monte Carlo Resampling of the mNGPT Model Solution
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the 𝜅iw values for Kr and Xe from those initially determined by Top. The reported values from Postlethwaite (2002) 
and the downscaled estimates for Kr and Xe are 1.22, 0.64, 0.15, 0.12, and 0.15 for He through Xe, respectively. 
When these are used in the mNGPT solution, the mean values of each parameter listed in Table 2 changed by less 
than 4% except A which decreased by two thirds to 0.26 μmol kg −1 and fice, which increased by roughly 10%–0.63%.

In Section 2.2 we reported sea level pressure as 0.9719 ± 0.0036 atm. If this standard deviation is incorporated into 
the solution, it has a similar magnitude change as 𝜅iw: The mean of parameters from the NGPT change by less than 2%, 
with greatest sensitivity manifesting in a 15% decrease in A and a 15% decrease in fice from the corresponding increase 
in sea level pressure. This sensitivity in A and fice is consistent with the results from the Monte Carlo analysis, but also 
well within the confidence envelopes that were described by that analysis (Figure S1 in Supporting Information S1).

Figure 4 depicts the six outputs from the NGPT model: fsw, fcdw, fgmw, fice, Ssw, and Air injection together with the 
in-situ temperature and salinity. The profile plots in Figure 4, capture an appreciable amount of scatter in model 
outputs at each depth; much of this scatter can be attributed to real horizontal variations in the model parame-
ter, which can be observed within the section plots in Figures 5–7. For example, Figure 5 shows that the purest 
remnant of CDW is found along the 27.76 isopcynal, between 175 and 177°E, and the largest concentrations of fice 
are found in the center of the TNBP near 165°E, but the values of fice diminish at stations adjacent to the Drygalski 
ice tongue (Figure 1), and further north in the polynya. Shelf Water is the predominant water property reflected 
in these late fall profiles; in the TNBP SW is vertically uniform near 87% of the water column. In the RSP, SW  is 
ca. 82%, with the exception of a broad region between 200 and 600 m, where the SW distribution decreases to a 
minimum of 69%. This mid-depth region in the RSP is the primary area where the intrusion of modified CDW 
can still be identified. CDW reaches a maximum of nearly 30% by mass at 300 m.

The water properties revealed by the NGPT highlight the apparent differences between the two polynyas in 2017. 
The water column in the RSP contained a broad distribution of GMW between 300 and 600 m (Figure 4), and the 
remnants of a CDW intrusion were apparent along the potential density anomaly of σ𝞱 = 27.76 (Figure 5). Over-
all the RSP was more stratified than the TNBP with density stratification reaching within 250 m from the ocean 
surface. The potential density contours reveal observably less buoyancy loss in the water column as compared 

Figure 3.  Saturation anomalies, Δi = (Cobs/Ceq − 1) × 100, where Cobs is the observed gas concentration and Ceq is the concentration in equilibrium with the 
atmosphere, for He, Ne, Ar, Kr, and Xe. Equilibrium solubility was determined using the solubility functions of Jenkins et al. (2019). Lines represent the 10-point 
rolling average of the individual anomalies for each gas. Saturation anomalies have been computed relative to 1 atm to make them comparable with anomalies from 
other studies and regions of the ocean.
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to the TNBP (Figure 5); potential density anomalies at the air-sea interface within the open water section of the 
TNBP were also heavier as σ𝞱 = 27.92 as compared with σ𝞱 = 27.76 in the RSP. However, we did not observe 
mixed layers that extended to the ocean bottom in either polynya as they presumably would after a full season of 
DSW formation. Figures S3 and S4 in Supporting Information S1 show individual noble gas profiles from the 
TNBP and RSP, together with the profile of in situ T and S and GMW, which reveal the mixed layers and stratified 
layers, as well as the interaction between the noble gas profiles and the resulting GMW profiles.

3.3.  Glacial Meltwater Distributions

GMW in the RSP is sourced from the melting of the Ross Ice Shelf, and associated with CDW intrusions, but is 
known to exit the ice shelf cavity as confined outflows (Loose et al., 2009; Smethie & Jacobs, 2005). The intrusion 

Figure 4.  Scatter plots of the noble gas paleothermometer model result in panels (a–c) and (e–g) within the Terra Nova Bay and Ross Ice Shelf Polynyas. The solid 
lines indicate a 10-point vertical running average of the scatter points.
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of CDW near 300 m in the RSP (Figure 5) is also associated with one of two extrusions of GMW (Figure 6). The 
most prominent appears at 300 m, coinciding with the temperature maximum. This feature of elevated meltwater 
is found near the dateline at 180° and is known as the furthest west extrusion of GMW from under the ice shelf. 
The extrusion of GMW between 500 and 600 m may be associated with DSW and the production of ice SW with 
temperatures below −2°C (Loose et al., 2009; Smethie & Jacobs, 2005). In addition to the local production of 
GMW, the RSP profiles likely also reflect meltwater import from upstream in the Amundsen and Bellingshausen 
seas, especially near the surface with transport via the Antarctic Coastal Current.

The meltwater distribution in TNBP is relatively more uniform with lower content than what is found in the RSP; 
the mean meltwater content in the RSP is 0.64% versus 0.57% in the TNBP, although these differences are within 
the 1σ uncertainty of each other. The meltwater content found in TNBP is likely associated with melting at the base 
and edges of the Drygalski Ice Tongue as well as from the Hells Gate and Nansen ice shelves (Frezzotti, 1993).

3.4.  Sea Ice Fraction Distributions

The vertical distribution of fice reveals the differences in seasonal evolution between the RSP and TNBP in 2017 
(Figure 7). As we reported in Section 3.2 the mixed-layer depth was significantly shallower in the Ross Sea—reaching 

Figure 5.  A spatial breakout of the Circumpolar Deep Water distribution in the Ross Sea and Terra Nova Bay polynyas. The gray shading and black contour lines are 
the potential density anomaly (𝞼𝞱), computed using absolute salinity and conservative temperature.

Figure 6.  A spatial breakout of the Glacial Meltwater distribution in the Ross Sea and Terra Nova Bay polynyas. The highest meltwater concentrations in the Ross Ice 
Shelf Polynya coincide with the highest quantity of Circumpolar Deep Water, near 300 m. The gray shading and black contour lines are the potential density anomaly 
(𝞼𝞱), computed using absolute salinity and conservative temperature.
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an average depth of 250 m, compared to 650 m in the central part of the TNBP. In this circumstance, we will interpret 
the values of fice separately from within and below the mixed-layer, because they effectively represent two different 
years. The fice values beneath the mixed layer are a remnant of the integrated sea ice melt from the 2016 freeze season, 
provided the polynya mixes to the bottom during winter. By the same mechanism, the mixed-layer fice values represent 
ice formation from the 2017 freeze season. In the upper 250 m of the RSP, the average fice was 0.37%; between 250 m 
and the bottom of the RSP profiles at 800 m, the average fice was 0.75% (Table 3). In comparison, the average of fice 
within the mixed-layer of TNB was 0.72%. Below 650 m, this value increased to an average of 0.89%. That is, the 
values of fice were more than 50% less in RSP mixed-layer in 2017 compared to the TNBP mixed-layer. This coincides 
with a big difference in wind speed for these two regions: In 2017, the automated weather station data from the edge 
of the Ross Ice Shelf (Station Vito) showed a mean wind speed of 5.7 m s −1 between April and October. During the 
same period, the mean wind speed at the nearest automated weather station Terra Nova Bay (TNB) was 20.3 m s −1.

In the RSP during 2017/2016, ice production reached 0.9/6.0 m of ice and in TNBP, ice production was 4.7/11.6 m 
of ice. To obtain the 2017 estimates we multiplied the depth of the mixing column in 2017 by fice; to obtain the ice 
production in 2016, we multiplied the mean value of fice found below the mixing column by the full depth of the 
water column—800 and 1,300 m for the RSP and TNBP respectively. This invokes the assumption that the values 
below the mixed-layer are a record of the entire water column fice fractions during the previous winter, when 

Figure 7.  A spatial breakout of the percentage of seawater removed as sea ice (fice) within the Ross Sea and Terra Nova Bay polynyas. The profiles reveal highest fice 
concentrations in the deepest portion of the TNBP mixed layer, near 165°E. The gray shading and black contour lines are the potential density anomaly (𝞼𝞱), computed 
using absolute salinity and conservative temperature.

This study fice (%) Column depth (m) Seasonal average (cm d −1) Annual ice producton (m)

RSP, this study, 2016 0.75 ± 0.23 800 2.8 ± 0.87 6.0 ± 1.9

RSP, this study, 2017 0.37 ± 0.11 250 1.1 ± 0.35 2.35 ± 0.72

RSP, Ohshima et al. (2016) AMSR-E radiometer, thin ice algorithm 3.5 –

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

TNBP, this study, 2016 0.89 ± 0.28 1,300 5.4 ± 1.7 11.6 ± 3.6

TNBP, this study, 2017 0.72 ± 0.22 650 6.5 ± 2.0 13.9 ± 4.3

TNBP, Schick (2018) Heat budget – 27

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

TNBP, Ohshima et al. (2016) AMSR-E radiometer, thin ice algorithm 3.9 –

Note. The uncertainty was determined as 1σ of the fice population from bootstrap resampling. In addition, Table 2 lists the prior ice production estimates and their 
associated estimation methods.

Table 3 
Estimates of the Annual Ice Production in Meters, and the Seasonal Average Ice Production in cm d −1, for the Ross Ice Shelf Polynya and Terra Nova Bay Polynya 
Using the Mixed-Layer Depths and the Vertical Average of fice Within the Mixed-Layer for 2017 and Beneath the Mixed-Layer for 2016
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the polynyas last mixed to the bottom. For comparison purposes, these annual ice production estimates can be 
converted to average daily ice production rates for the season of freezing. Remote sensing estimates of ice produc-
tion use the period from March to October or 214 days to capture the freezing period (Ohshima et al., 2016), so 
we have divided the total ice production by this duration in the 2016 calculations. For the 2017 calculations, 
PIPERS measurements occurred in the TNBP between 1 and 11 May or approximately 72 days into the freeze 
season, and between 16 and 21 May in the RSP, 82 days into the freeze season. This suggests an ice production 
rate of 1.1 cm d −1 for the RSP and 6.5 cm d −1 in the TNBP by mid-May in 2017 (Table 2). If the same rate of 
ice production persisted throughout the freezing season, it would be equivalent to 2.4 m of ice production in the 
RSP and 13.9 m ice production in the TNBP during 2017. Because these measurements likely took place during 
the seasonal progression of mixed-layer deepening, convection may have the effect of mixing the previous year's 
noble gas fingerprint into the mixed layer where it is not entirely re-equilibrated. In that regard, the estimates of 
ice production made for 2017 are not entirely independent of the remnant from prior years.

These values suggest that the seasonal ice production rate per unit area is 1.9 times greater in TNBP in 2016 and 
5.8 times greater in 2017 than in the RSP (while noting that the water column values of fice in 2017 only capture 
the first one third of the 2017 freezing season). Petrelli et al. (2008) report a production rate in TNBP that is 1.6 
times that of the RSP. In 2017, the wind speeds in TNBP were 3.5 times higher than in the RSP; when consider-
ing  that heat loss is proportional to the square of the wind speed, it is perhaps not unreasonable to expect so much 
more sea ice production in TNB under these conditions in 2017.

The values of ice production fall at the low end of the range of previous estimates of annual ice growth in TNBP, 
although the estimates of ice growth from 2017 for the RSP are lower than most previous estimates in the litera-
ture. An analysis of ice production by Schick (2018) estimated the spatial gradient in air-sea heat fluxes along an 
upstream-downstream axis in the TNBP using a series of unmanned aerial system flights collected in 2009 and 2012. 
These spatial gradients were merged with 7 years of Automated Weather Station data to develop a winter climatology 
of heat flux and ice production. Overall, these estimates reveal 3–5 m of ice production per month between April and 
October or an average of 27 m in annual ice production, which is larger by a factor of 1.9–2.3x than our 2016 and 
2017 estimates. Petrelli et al. (2008) simulated a strong and a weak winter in TNB and a strong winter in RSP. The 
strong and weak winters in TNB produced seasonal averages of 7.7 up to 11.0 cm d −1, which are greater than our 
estimates for 2016 and 2017 in TNBP. In the RSP, a winter of intense ice formation yielded 7.0 cm d −1, which is 
2.5–7x greater than what these water column estimates produced (Table 3). Remote sensing algorithms, for example, 
Ohshima et al. (2016) produced mean estimates over 9 winters to yield 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 developed by Nihashi and Ohshima (2015). These are closest to our 
estimates in the RSP, but are only about 50%–70% of our estimates of in TNBP. However, these algorithms have been 
modified to detect frazil ice formation and this change has significantly increased the estimates of annual ice produc-
tion to greater than 20 m yr −1, including in TNB (Nakata et al., 2021). Last, we note that two PIPERS-related studies 
of TNBP have invoked the potential for sea spray to enhance heat loss (Guest, 2021) and sea ice production, perhaps 
by as much as 40%, at least within the open water areas of the polynya. While there were no direct measurements of 
sea spray during PIPERS, wave buoy estimates of mean square slope suggest some waves were steep enough to expe-
rience breaking and production of sea spray (Ackley et al., 2022). It remains difficult to determine what portion of the 
polynya is open water and what portion is frazil ice-covered water, during katabatic wind events; results from Nakata 
et al. (2021) and the rapid decrease in atmospheric heat flux suggest some open water may extend as far as 25–30 km 
from the coast in both the RSP and TNBP, which is a relatively narrow region compared to the overall polynya area.

These are some of the first estimates of ice production using water column measurements of dissolved gas trac-
ers. The results fall at the low the range of prior production estimates for these same polynyas; if sea spray is an 
important ice production mechanism, this would likely not appear in the water column noble gas fingerprint of 
ice production, which might explain why these values are low. Another explanation may be the use of an overly 
conservative value for the ice/water partition coefficient (𝜅iw), which is likely to be greater for frazil ice (see 
Section 5). For our purposes, the evidence of a sea ice production signal in the noble gases is sufficient motivation 
to support the further interpretation of the fice fractions in terms of their role on the solubility pump.

3.5.  Air Bubble Injection

The air content in both polynyas was lower than expected (Figure  4f): the average air content injected was 
0.9 μmol kg −1 in TNBP and 0.7 μmol kg −1 in RSP, although there is a high degree of variation in the individual 
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estimates from the mNGPT model (Figure S1 in Supporting Information S1). Within both polynyas there is not a 
lot of discernable structure to the air bubble profiles, and indeed the values are indistinguishable from zero within 
the confidence intervals (Table 2).

There have been several model and data-based evaluations of air bubble injection in the ocean. Several previous 
studies have computed bubble injection fluxes that translate to between 1.2% and 2.5% excess argon on average 
between 1,000 and 5,000 m (Liang et al., 2013; Nicholson et al., 2011; Stanley, Jenkins, et al., 2009). Because air 
injection results in quantitative dissolution of gases at the mixing ratios for the atmosphere, these argon excesses 
translate to between 26 and 44 μmol kg −1 of excess air from bubble injection. Therefore, the air bubble content in 
these Ross Sea Polynyas is 2%–3% of the global estimates.

These low values of air injection seem even less congruous when we consider the influence of katabatic winds 
ranging from 16 to 27 m s −1 during the period of PIPERS field data collection in TNB. One large eddy simulation 
model study of air bubble injection reveals that winds above 20 m s −1 resulted in excess argon saturation up to 
6% (see Figure 3 in Liang et al., 2013) or 105 μmol kg −1 suggesting the estimated values of air bubble injection 
might be as small as 1% of the expected open ocean value for these forcing conditions.

The explanation for such a strong limitation in air bubble injection is most likely tied to frazil ice production 
and accumulation of crystals in the surface layer. Frazil ice, or disaggregated ice crystals in seawater can reach 
concentrations where the interactions between fluids and the suspended particles changes the rheology of the 
flow (Ayel et al., 2003; Matsumura & Ohshima, 2015). These types of fluids are referred to as two-phase flows, 
analogous to slurries composed of sediment and water. Such were the conditions we found, particularly in the 
TNBP, which was extensively covered by frazil ice. Model studies of Matsumura and Ohshima (2015) reveal that 
frazil ice concentrations of up to 100 g of ice per m 3 can exist to depths of 30 m or greater in the surface ocean. 
These results match the observations of Thompson et al. (2020) who attributed heat and salt anomalies between 
10 and 50 m below the water surface to frazil ice production during the PIPERS expedition. As turbulence is 
attenuates, the crystals will migrate buoyantly to the surface to become incorporated into a consolidated ice 
pack. The visible imagery recorded in TNB during PIPERS shows that at the surface, the frazil ice is organized 
into wind rows, likely a consequence of Langmuir cells (Ackley et al., 2020; Thompson et al., 2020). This can 
be explained in part by the increase in viscosity: using the ice-dependent viscosity equation from Matsumura 
and Ohshima (2015), water viscosity increases by nearly 40% for every 10% increase in frazil ice fraction (see 
Figure S5 in Supporting Information S1). These changes in viscosity also imply a decrease in the diffusive gas 
transfer velocity with a reduction in gas transfer velocity (k) of 20% for every 10% increase in frazil ice; thus 
comparatively less gas will enter the water by turbulent diffusion. As the frazil crystals migrate buoyantly toward 
the surface ocean, they produce a surface layer that is elastic with respect to ocean waves, but with a significant 
increase in surface tension that limits breaking and bubble entrainment. Lab and field studies by Martin and 
Kauffman (1981) illustrate rapid decays in surface gravity wave amplitude, and the same phenomenon influences 
wave breaking as wave steepness is quickly attenuated (Ackley et al., 2022). In this environment, all types of 
air-sea gas exchange are suppressed; air bubble injection appears to be strongly limited because of its dependence 
on breakage of the water surface.

While we assert that there are several lines of physical evidence to support a suppression in air bubble injection, 
it is worth recalling that we noted in Section 3.3 that two other PIPERS studies suggest sea spray production by 
wave tearing may have been important to air-sea heat flux (Guest, 2021) and ice production. These are the sort of 
conditions often associated with air bubble injection, which appears to contradict our results. While there were 
no direct measurements of sea spray during PIPERS, wave buoy estimates of mean square slope suggest some 
waves were steep enough to experience breaking and production of sea spray (Ackley et al., 2022). The net effect 
of open water bubble injection depends on the polynya surface area that is free of frazil and consolidated ice. It 
remains difficult to determine what portion of the polynya is open water and what portion is frazil ice-covered 
water during katabatic wind events; results from Nakata et al. (2021) and the rapid decrease in atmospheric heat 
flux, suggest some open water may extend as far as 25–30 km from the coast in both the RSP and TNBP, which 
is a relatively narrow region compared to the overall polynya area.

3.6.  Diffusive Air-Sea Exchange in the mNGPT

The role of diffusive air-sea gas exchange, which arises from a gas partial pressure disequilibrium between the 
air and sea, is an important component to setting the properties of deep water that form in both the northern and 
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southern hemisphere, and may indeed be the dominant process leading to deep noble gas disequilibria (Hamme 
et al., 2017; Nicholson et al., 2010; Seltzer et al., 2019), especially in formation regions where ice does not form 
or melt. Within the mNGPT, diffusive gas exchange is indirectly represented in two ways: (a) through the trans-
formation of unventilated CDW into SW, which takes place heuristically through convection, cooling and air-sea 
interaction which is reflected in their end member properties (Table 1) and (b) by using Ssw as a free parameter 
that varies iteratively and tunes the gas solubility 𝛽(Ssw, T) of Shelf Water (fsw) (Equation 5). We will discuss how 
these two combine to yield an estimate of the diffusive gas exchange from the mNGPT.

Within the mNGPT, CDW is defined by its subsurface properties, which have been identified offshore at the 
continental shelf break, and are known to enter the continental shelf and become ventilated as described in 
the Introduction. Therefore, any non-zero fraction of CDW (fcdw) represents a remnant of this subsurface water 
mass, which has not had its properties completely reset by ventilation. The mNGPT solution finds an average 
fcdw = 12% in the TNBP, demonstrating that a remnant of CDW has been recorded by the noble gases, which is 
distinguishable from the fraction of SW and the effect of sea ice, glacial melt, and air bubbles. Following the 
assumptions of the mNGPT model, the diffusive gas exchange can be estimated by observing the transformation 
of CDW into SW: Starting from the CDW end member, we can express the contribution to ventilation, expressed 
as a concentration:

𝐶𝐶𝑔𝑔−𝑒𝑒 = (𝑓𝑓sw𝛽𝛽(𝑆𝑆sw, 𝑇𝑇 ) + 𝑓𝑓cdw𝐶𝐶cdw) − 𝑓𝑓tot𝐶𝐶cdw� (10)

Here, the RHS term in parentheses represents the non-freshwater components of the mNGPT solution, and 
fTotCcdw represents subsurface CDW before it is transformed to SW. Because fTot = 1 ∼ fsw + fcdw, the relationship 
can simplify to:

𝐶𝐶𝑔𝑔−𝑒𝑒 = 𝑓𝑓sw(𝛽𝛽(𝑆𝑆sw, 𝑇𝑇 ) − 𝐶𝐶cdw)� (11)

Equation 11 also demonstrates how the free parameter Ssw can adjust to the influence of diffusive gas exchange 
by determining the gas solubility of Shelf Water (see Equation 5). This permits the model to select for a SW gas 
concentration that is determined not by the in situ hydrographic conditions, but rather by the physical conditions 
recorded by the noble gases. The mNGPT yielded profile shapes of Ssw that are largely in agreement with the 
in-situ salinity profiles, within both polynyas (see panels g and h, Figure 4). In situ salinity is nearly isohaline 
above 600 m in TNBP. In contrast, there is a progressive salinity decrease from deep to shallow depths in the 
Ross Sea, reflecting ambient stratification in the RSP at this stage in the season. These same patterns are more  or 
less reflected in Ssw, although Ssw was on average 0.3 g kg −1 saltier in the RSP and 0.14 g kg −1 saltier in the 
TNBP. This has the effect of reducing the gas holding capacity of SW, which moves the solution further away 
from complete ventilation. For Kr, the reduction in solubility is −5.0 × 10 −6 μmol kg −1 in the TNBP. This reduc-
tion is equivalent to a decrease in the saturation anomaly of −0.13%.

As an example of the ventilation by diffusive gas exchange, we can apply Equation 11 to the mean water column 
values in TNB. Referring to Table 1, the Kr concentration in CDW is 3.91 × 10 −3 μmol kg −1, Kr concentration 
in SW is 4.34 × 10 −3 μmol kg −1, and the average of fsw is 88%. These numbers in Equation 11 yield an increase 
in krypton content by 3.91 × 10 −4 μmol kg −1, which is 9% of the mean krypton concentration observed in TNB. 
This result is further developed in Section 4, below. The results highlight the important role that diffusive gas 
exchange plays in determining the gas properties of SW, even as gas exchange is reduced by sea ice cover (Bigdeli 
et al., 2017; Takahashi et al., 2009).

4.  The Physical Processes Setting Deep Water Solubility Conditions
Referring to the schematic model described in (Figure 2), the water in the Ross Sea is primarily composed of 
CDW that crosses the continental shelf break and becomes ventilated via surface and ice processes. This modified 
water mass receives inputs from glacial and sea ice melt, although precipitation as snow may contribute in some 
coastal seas. During the modification process, CDW cools and freshens, especially as it becomes modified during 
winter heat loss in polynyas, the temperature decreases to below the freezing point or −1.95°C as observed in the 
mixed-layer, during the PIPERS expedition. This cooling increases the capacity of this water to absorb gas, and 
that is reflected in the saturation anomalies depicted in Figure 3. At the same time, the extreme surface cooling 
is attended by sea ice formation and vigorous turbulence that may lead to air-sea gas exchange by bubbles and 
by diffusion.
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To illustrate the impact of ice processes and air-sea processes on the solubility pump, we seek to reconstruct the 
gas budget within the Ross and Terra Nova Bay polynyas (Figure 8). Ne, Ar, and Kr are used in Figure 8 to illus-
trate differences that arise, based on the differences in molecular properties of the light and heavy noble gases. To 
reconstruct the gas budgets we use the outputs of the mNGPT solution—effectively rearranging the terms in Equa-
tion 5 to show each relative contribution. Old circumpolar water enters the Ross Sea with a dissolved Ar content 
of 16.2 μmol kg −1 before it is ventilated. This water is represented as “unventilated CDW” in Figure 8. At the time 
of the PIPERS observations, the in situ Ar concentration was 17.7 μmol kg −1, an increase of 1.5 μmol kg −1 in Ar 
compared to CDW. Ice processes—GMW intrusion and sea ice formation- are both sources of dissolved Ar to the 
water column: GMW restored Ar to the water column, contributing 18% (0.27 μmol kg −1) to the net Ar ventilation 
in TNBP. Sea ice formation added an additional 5.9% to Ar ventilation and air bubble injection contributed the 
least at 0.54%. Last, diffusive gas exchange contributed the largest amount, increasing Ar by 1.14 μmol kg −1 in 
TNBP, which is 76% of the ventilation budget. The last term, the diffusive ventilation is not an explicit output 
from the mNGPT model but was determined using the procedure described above in Section 3.6 and Equation 11. 
Table S2 in Supporting Information S1 presents the average breakdown of the ventilation budget for Ne, Ar, and 
Kr that are graphed in Figure 8.

For a more soluble noble gas like krypton, diffusive gas exchange accounts for the preponderance of ventilation, 
or 91% in TNB. Glacial melt, sea ice formation, and air bubble injection restored 7.3%, 4.1%, and 0.2% respec-
tively. The fact that these percentages sum to 102.6% reflects the uncertainty in the ventilation budget reconstruc-
tion. A visual depiction of the uncertainty can be seen in Figure 8, by comparing the solid and dashed black lines 
in each panel. Neon has a low seawater solubility compared to argon and krypton, and its concentration in glacial 
ice dominates the neon budget. Glacial melt added 5.0 × 10 −4 μmol kg −1 of neon to the polynya water, equivalent 
to 131% of the net gas ventilation, while sea ice formation and air bubble injection increased dissolved neon by a 
modest 2.9% and 3.7% of the ventilation budget, respectively. As the in-situ saturation anomaly, ΔNe, is greater 
than zero, diffusive gas exchange leads to neon evasion to the air and a reduction in the neon concentration, equiv-
alent to −19.0% of the ventilation budget. This also reveals a budget closure misfit of 18% for neon (Figure 8).

Collectively, these results depict how ice processes, in addition to air-sea gas exchange can have an appreciable 
impact on the gas budget of polynya waters and therefore on DSW. The total ventilation of the most soluble 
noble gases (Kr, Xe) are heavily influenced by diffusive gas exchange (∼90% of ventilation), while ice processes 
accounted for the other (10% ± 2.6%). However, the balance shifts for moderate (Ar) and low (Ne) solubility 
gases. Ice processes accounted for 24% ± 0.6% of net argon ventilation and 134% ± 18% of the net neon venti-
lated. In the case of every gas, the ventilation of polynya water by air bubble injection appeared to be negligible. 
They also affirm that the diffusive gas exchange is the leading term in ventilation within polynyas, except perhaps 
in special cases like He and Ne—gases that have a relatively high concentration in air (and thus in glacial ice) as 
well as low solubility in water. Throughout the global ocean, neon excesses are thought to be caused by air bubble 
injection (Stanley, Jenkins, et al., 2009), but we have observed this process is suppressed in polynyas. Of course, 
the influences of ice on deep water properties do not occur at deep water formation sites that are further north in 
the Southern Ocean, nor to the formation of deep water in the northern hemisphere.

These results can hopefully clarify an apparent misunderstanding that has entered the ocean noble gas litera-
ture on the use of the NGPT to study deep ocean ventilation. Loose et al. (2016) used results from the NGPT 
to reveal the role that ice processes could play in setting gas properties in deep water; this application of the 
NGPT model was interpreted by Hamme et al.  (2017) as having arisen by neglecting diffusive gas exchange 
within the NGPT. A subsequent study (Seltzer et al., 2019) has presented these as competing hypotheses, where 
ice (Loose et al., 2016) versus temperature-dependent diffusive gas exchange (Hamme & Severinghaus, 2007; 
Hamme et al., 2017) control deep water ventilation. However, both processes can take place in polynyas, and 
while  the  NGPT does not have a specific temperature dependent gas disequilibrium term, it is capable of permit-
ting gas disequilibrium by letting salinity of SW vary as a free parameter and thereby control the gas concentration. 
This is in fact the conceptual insight that led to the development of the paleothermometer—a recognition  that the 
gas content in the water does not necessarily reflect the in situ conditions, but instead is a weighted time-average 
of the temperature at the air-water interface (Aeschbach-Hertig & Solomon, 2013).

Finally, it is important to acknowledge the limitations of a model such as the mNGPT. First, the control of salinity 
on solubility is an imperfect proxy for the kinetic fractionation of gas exchange so that when the mNGPT solution 
is optimized for all five noble gases, it can lead to a small bias in the gases that equilibrate faster of up to 1% for 
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He and 0.7% for Ne. We did not see evidence of kinetic fractionation following a gas exchange pattern. Next, 
the model is non-linear in the first two terms on the RHS of Equation 5, which can potentially capture feedback 
between free parameters, such as for example, air bubble content (A) and the net fraction of SW (fsw). Taking the 
product of two free parameters can result in poorly constrained error minimization, although the Monte Carlo 
analysis should reveal those weaknesses, expressed in the confidence intervals around each parameter. In general, 
we have sought to minimize the introduction of nonlinear terms in the mNGPT as they can lead to possible 
overfitting by the model. The mNGPT model can be thought of as a steady-state model that is attempting to 
represent highly transient seasonal processes, such as convection and sea ice formation. Another way to state this 
is that, the noble gases tend to integrate the influence of each physical process since the prior seasonal maximum 
or minimum, or over the residence time of the water mass. The seasonal cooling and progressive convection in 
these polynyas represent a secular evolution since the summer maximum in water temperature and stratifica-
tion. It is not unreasonable to expect that if the PIPERS expedition had returned a month later, the remnant of 
CDW remaining in the water column would have been further ventilated, leading to a smaller fcdw and larger fsw. 

Figure 8.  A reconstruction of the contribution of ice and air-sea processes to the gas ventilation of Circumpolar Deep Water, as it is transformed into Dense Shelf 
Water in polynyas: The areas shaded by color represent the contribution of each process to the restoration of the gas (Ne, Ar, Kr) saturation within the observed polynya 
water, including glacial melt (blue), sea ice brine (magenta), air bubble injection (green), and diffusive gas exchange (gray). The darker blue shading in the Ne plot 
(overlap of blue and gray) is caused by the nonmonotonic increase in Ne due to glacial melt and decrease in Ne due to diffusive gas exchange. Solid black line is a 
running average of the observations in black circles. The black dashed line represents the sum of all terms the reconstruction and should align with the observations. 
The top row depicts the water column in the Ross Ice Shelf Polynya, The bottom panel reveals the same in the Terra Nova Bay Polynya.
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Likewise, the values of fice would likely be greater as Kr and Xe accumulate in the water column and He and Ne 
escape to the atmosphere. In this regard, the mNGPT is a simplification of a highly dynamic process, but it is 
also capable of using the noble gas tracers to estimate the net progression of the physical processes that act on 
gas concentration.

5.  Summary
These results reveal how physical processes stack up to restore the gas solubility deficit in DSW, as it forms 
during the extreme conditions that take place in latent heat polynyas during winter. Previous studies evaluating 
the impact of ice on the solubility pump have focused solely on how the sea ice cover acts to restrict the rate 
of air-sea gas exchange (Nicholson et al., 2010; Sigman et al., 2010; Stephens & Keeling, 2000; Toggweiler 
et al., 2003). In particular, Toggweiler et al. (2003) demonstrated how the reduction of the surface area of the 
southern outcrop of the MOC leads to an increase in the air-sea pCO2 differential and therefore a decrease 
in the solubility pump. This work reveals that the sole focus on inhibition of air-sea gas exchange overlooks 
the additional ice-associated processes that also influence the restoration of gases in actively forming DSW, 
including sea-ice formation and GMW inputs. As we consider the implications of these results from the NGPT 
model, they suggest that the transport of dissolved solutes (both ions and gases) during ice freeze and melt 
cycling is significant to the determination of preformed gas properties in deep water that forms in ice-affected 
regions. By the same token, ice cover appears to eliminate the contribution of air bubble injection to the total 
air-sea gas exchange. Therefore, we need more detailed knowledge of how solubilized compounds in seawater 
behave when confronted with the freezing process. While sea ice formation had a relatively small role in total 
ventilation of gases (∼6% for Ar and 4% for Kr), the formation was estimated using the equilibrium partition 
coefficients for the noble gases to parameterize how gas is separated between sea ice and water, which have 
been developed for more mature ice conditions. But polynyas form a wide spectrum of ice types including 
frazil and grease ice, which likely affect the way that gases are excluded into brine, and it is becoming apparent 
that frazil ice may be most associated with DSW formation (Nakata et al., 2021; Thompson et al., 2020; Tison 
et al., 2020). It is likely that as individual frazil ice crystals nucleate, the separation of gases is even more effi-
cient than for mature columnar ice, favoring the deposition of solutes in the water column, but the behavior of 
dissolved ions and gases under these conditions is unknown. Biogenic gases such as O2 and CO2 require addi-
tional tools to distinguish between biological physical contributions. When considering CO2, a buffered gases, 
the role of sea ice could become even more interesting as cryogenic conditions are known to trap alkalinity in 
sea ice, while exporting dissolved inorganic carbon (Dieckmann et al., 2008). These effects can be addressed in 
future studies, because the noble gases provide a framework to estimate the physical processes that influence 
ventilation.

Data Availability Statement
The noble gas data is available at the US Antarctic Program Data Center (Loose, 2022, https://doi.
org/10.15784/601609). Hydrographic data is available through the Marine Geoscience Data System (Ackley, 
2017, https://www.marine-geo.org/tools/search/entry.php?id=NBP1704).
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