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N2O is one of the most important greenhouse gases and ozone depletor, which

was amatter of more andmore concerned. The Southern Ocean was considered

as one of themost important N2O source andwas believed to account for ~1/4 of

oceanic budget. However, there is uncertainty about this budget due to limited

data availability. In this study, field and lab works were conducted for better

understanding of N2O dynamics during sea ice melting and sea ice formation. In

the field study, taking advantage of the Chinese Antarctic cruise, a 10 days’ time

series study was carried out at a station in the Prydz Bay, Antarctica, where,

surface water N2O was observed continuously, and the adjacent ice cores were

taken for N2O analysis. In the lab, an ice growing simulation system was

constructed to study the N2O dynamics during the sea ice formation. The

result of endmember mixing models and calculation of N2O partition in three

phases during sea ice formation provide important information about the

dynamics of N2O during ice melting and sea ice formation processes, that is,

the sea icemelting regulated N2O concentration and saturation status, which can

be an explanation for reported N2O undersaturation observed in polar oceans,

whereas during the sea ice formation, most of the N2O will be expelled to the

deeper water while a small amount of retain the sea ice and less amount of N2O

release to the atmosphere.
KEYWORDS
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1 Introduction

Nitrous oxide (N2O) is one of the most important greenhouse gases, whose radiative

forcing is about 300 time as higher as that of CO2 on molecular basis. As a result of

anthropogenic emission, atmospheric N2O concentration increase stably in the

troposphere with rate of about 0.25% yr-1, according to model results, emission of N2O,

will threaten the 2°C limit of the Paris Agreement if no action is taken to reduce its emission

in the future even the CO2 emission is well controlled (Tian et al., 2020). Moreover, N2O
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also plays an important role in ozone depletion, it has become the

fastest increasing ozone depletor since the emission of halocarbons

is reduced (Ravishankara et al., 2009).

The ocean is a significant N2O source, contributing about 3.4 -

4.2 Tg N a-1 to the atmosphere (Tian et al., 2020; Yang et al., 2020),

which account 1/4-1/3 of global N2O budget, and aroused wide

concern (Bange et al., 2019). Based on studies of the past decades,

general cognition was achieved that most of the surface open ocean

water are slightly oversaturated (104%-130%) with N2O, while

oceanic N2O emission hot spots were identified at the Eastern

Tropical Pacific and the Arabian Sea, where tremendous amounts of

N2O are released into the atmosphere (Arevalo-Martıńez et al.,

2015; Bange et al., 1996).

Nonetheless, there are still regions, such as the Southern Ocean

and Arctic Ocean, which are not well studied due to fierce in situ

conditions. However, according to the model result (Freing et al.,

2012; Nevison et al., 2005), the Southern Ocean was considered as a

significant N2O source, which contribute about 1/4 of the oceanic

N2O source strength. However, there are some studies revealed

presence of at least temporary sink characteristics in the Southern

Oceans. Rees et al. (1997) first reported surface N2O

undersaturation in the Bellingshausen Sea and suggested that the

source and sink characteristics of the Southern Ocean may need to

be re-evaluated. Zhan et al. (2015) and Farıás et al. (2015) observed

N2O undersaturation in the surface Southern Ocean. This

phenomenon also observed in the Nordic Sea (Zhan et al., 2016)

and Arctic Ocean (Kitidis et al., 2010). Oxygenated denitrification

was proposed as a mechanism that responsible for the

undersaturation observed at the Nordic sea (Rees et al., 2021).

However, there are more studies suggest that physical process

including the ice melting may be an important reason for the

N2O undersaturation in polar oceans (Kitidis et al., 2010; Rees et al.,

1997; Zhan et al., 2016). More recently, a study revealed a low N2O

concentration in Arctic sea ice (Randall et al., 2012). This low N2O

concentration in sea ice may result from N2O rejection during sea
Frontiers in Marine Science 02
ice formation. Therefore, when the sea ice melt in summer, surface

water N2O concentration will be diluted and result in N2O

undersaturation if the air sea exchange is not fast enough to

replenish the surface water N2O concentration. However, there

are also study (Fripiat et al., 2014) suggested the nitrification and

denitrification may exist in the sea ice, both may be source of N2O

and contribute N2O to the surface ocean. Hence, knowledge about

the sea-ice interaction on N2O budget is still not well understood.

For better understanding of above question, the field work was

carried out during 33th CHINARE Antarctic expedition, and the in

the lab simulation work was designed and conducted. The N2O

dynamic during the summer sea ice melting process and in lab ice

growing simulation were studied, in order to address above

knowledge gaps.
2 Material and methods

2.1 Surface ocean N2O observations and
ice core sampling in the Prydz Bay

During the 33rd Chinese National Antarctic Research

Expedition (CHINARE), when the R/V Xuelong remained near

the sea ice shelf in the Prydz Bay, the surface water N2O

concentration was monitored continuously at a station (76.14°E,

69.10° S; the location is shown by the red dot in Figure 1) from

November 31 to December 10, 2016, using a fully automatic system

for underway N2O measurements deployed onboard R/V Xuelong.

This automatic system consisted of a cavity ring-down spectrometer

(Picarro G5101i N2O isotope analyzer) and an upstream device

developed in our laboratory, described in detail by Zhan et al.

(2018). Briefly, the upstream device included a bubble-type

equilibrator, hydrophobic membrane PTFE filter, moisture trap,

air pump, mass flow controller and 4-position valve. Surface

seawater from ~4.5 m below the surface was pumped
FIGURE 1

Station for N2O continuous observation and ice core sampling in the Prydz Bay during the 33rd CHINARE.
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continuously and sent into the equilibrator. The headspace gas in

the equilibrator was sent into the Picarro analyzer for measurement

of the N2O concentration. The response time of the system for N2O

was 3.4 min. The N2O concentration in the surface water was

calculated based on the concentration of the headspace gas using

the equation of Weiss and Price (1980). The precision of this

method for N2O measurements was better than 0.5% (relative

standard deviation, RSD). The automatic system for N2O

measurement recorded the water temperature and salinity.

Two sea ice cores were collected by a manual ice core sampler

on the sea ice shelf in the Prydz Bay; these cores were approximately

30~40 meters away from the N2O observation station on December

1, 2016. Ice cores were collected in first-year ice (average thickness:

130 cm). After sampling, ice cores were kept at -20°C until they

were cut into sections with lengths of 10-20 cm at the home

laboratory. Ice sections were then placed into a Tedlar® bag for

gas sampling. Air was removed from the bag through the outlet

using a vacuum pump as soon as possible to avoid contamination

from the atmosphere. The ice sections in the Tedlar® bag were

melted in the dark at room temperature (25°C). The salinity of the

sea ice melt water was measured by a conductivity meter

(WTW Cond3110).
2.2 Measurement of N2O concentration in
the water and ice samples

The concentration of N2O in the water samples was determined

by a system for the automated static headspace analysis, described

in detail by Zhan et al. (2013). The ice samples were melted in a

Tedlar® bag at room temperature in the dark, and then the N2O

concentration in the melted water was measured. In brief, the water

sample was transferred into 20-ml vials sealed with PTFE-coated

silicone rubber septa and crimped with iron caps. High-purity

nitrogen gas was introduced in the 20-ml sample vial to replace a

portion of the water (approximately 12 ml) by a headspace-

introducing apparatus. After sample equilibration was reached

under heating and agitation using a CTC headspace autosampler,

the headspace gas in the vials was injected into the GC-ECD system

(Shimadzu GC-2010 gas chromatography) for determination of the

N2O mixing ratio (ppb). The N2O concentration in water was then

calculated based on the ratio of N2O in headspace gas. The accuracy

and precision of this method were both approximately 2%.
2.3 Mixing model of N2O in the
study region

To reveal the effect of sea ice melting on the N2O in the sea

water, a two- endmembers mixing model was used. This mixing

model base on an assumption that the sea ice will inhibit the air sea

exchange, so with presence of the sea ice only the two endmembers,

the sea ice melting water and surface sea water. Accordingly, the

mixing process could be described using following equation:

s10d = xi � Si + (1 − xi)� Ss (1)
Frontiers in Marine Science 03
C10d = Cs � (1 − xi) + Ci � xi (2)

where S10d and C10d refer to the salinity and the concentration

of N2O of the surface sea water after 10 days of experiment, xi and Si
are the fraction of sea ice melting water and salinity of sea ice end

member; Ss and Cs is the salinity and concentration of N2O in the

surface water at the beginning of the study, and Ci is the

concentration of N2O in the sea ice.
2.4 Simulation experiments of the
formation of artificial sea ice

The field work provided information only on the final state of the

sea ice, whereas the dynamics of N2O during sea ice growth were

unknown. An artificial sea ice growth experiment was set up in a

custom-made polymethyl methacrylate cylindrical tank with a diameter

of 30 cm and a height of 40 cm; the tank was placed in an air-cooled

refrigerator. A diagram of the experimental device is shown in Figure 2.

A layer of foam insulation was wrapped outside of the wall and

on bottom of the tank to avoid sea ice growth on the side and

bottom, and a semiconductive refrigerator was embedded into the

lid of the tank. The temperature difference between the two sides of

the chilling plate of the semiconductive refrigerator was as high as

40°C. The cold side of the plate was placed inside the tank to cool

the headspace air above the artificial seawater in the tank.

Therefore, the surface water in the tank was initially cooled to the

freezing point, and the ice could grow from the surface; this process

simulated the natural process of sea ice growth. A temperature

sensor was also installed in the bottom of the tank to monitor the

change in temperature of the seawater in the tank.

The artificial seawater was prepared using analytically pure

chemicals (Sinopharm Chemical Reagent Co., Ltd, China)

according to the formula of Lyman and Fleming (1940). A batch of

chemicals, including NaCl, MgCl2, Na2SO4, CaCl2, KCl, NaHCO3,

KBr, H3BO3, SrCl2, and NaF, was added to pure water according to

the outlined proportion and stirred until the salts dissolved

completely. The salinity of the artificial seawater was between 33

and 34. This study focused only on the physical process; therefore,

saturated HgCl2 solution was added to the artificial seawater with a

volume ratio of 0.1% (v/v) to inhibit biological activity. The artificial

seawater was stored at room temperature. Approximately 15 kg of

artificial seawater at 24°C was poured into the water tank in the

refrigerator and filled approximately half of the water tank volume.

The refrigerator temperature was then set to -2°C. Under the cooling

effect of the refrigerator, the artificial seawater in the tank became

colder and colder. The temperature of the surface seawater was

measured every three hours by a Cond3310 conductivity meter

(WTW, Germany) until the temperature dropped to below 0°C

and no ice appeared on the surface. Surface seawater was sampled

into three 20-ml vials with a silicon transfer tube, and the

concentration of N2O in the seawater was determined before

freezing. After sampling, the refrigerator was set to -9°C, and the

semiconductor cooling device began to cool the headspace air in the
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tank. After approximately 24 hours, a thin layer of sea ice formed on

the surface water. When the sea ice grew to a thickness of

approximately 10 cm for approximately 6 days, a hole was drilled

into the sea ice by a handheld electro drill; the seawater samples under

the sea ice were collected immediately through a silica tube inserted

into the ice hole. Then, the ice layer was broken by a hammer, and the

sea ice samples were collected immediately. Three sea ice pieces

weighing between 500 g and 1000 g were placed into three polyvinyl

fluoride (PVF, brand name Tedlar®) bags for gas sampling. The bags

were sealed, and the air in the bags was pumped out through an outlet

using a vacuum pump as soon as possible to avoid contamination

from the atmosphere. The sea ice samples were stored at -20°C in

the refrigerator until analysis. The water and ice samples along with

the remaining water and ice in the tank were weighed to calculate the

distribution ratio of N2O in the ice and water during sea ice growth.

The concentrations of N2O and salinity in the artificial sea ice

samples were melted and determined by the same methods as the

ice samples from the Prydz Bay.

To study the dynamic of N2O during the simulation sea ice

formation, a set equation was developed as follow:

N2Oinitial = Wice � C0 (3)
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N2Oice = wice � Cice (4)

Rice =
N2Oice

N2Oinitial
� 100% (5)

N2Ousw = wusw � (Cusw − C0) (6)

Rusw =
N2Ousw

N2Oinitial
� 100% (7)

Ratmosphere = 1 − Rice − Rusw (8)

where, N2Oinitial, N2Oice and N2Ousw are the amount of N2O in

the initial water for experiment, the sea ice formed and rejected into

the under ice water when experiment finished; Wice and Wusw are

the weights (kg) of the artificial ice and under ice water and C0

(nmol kg-1) of N2O in the seawater before sea ice formation; Cice

and Cusw (nmol kg-1) is the concentration of N2O in the formed sea

ice; Rice and Rusw are the percentage of N2O partition into the sea

ice, and under ice water at the end of simulation experiment; With

these parameters obtained, percentage of N2O release into the

atmosphere could be derived using Equation 8.
FIGURE 2

Diagram of the experimental device for the simulation of artificial sea ice growth.
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3 Results and discussion

3.1 N2O in water and ice and their mixture
in the study site

3.1.1 N2O in surface water and its variability
The variabilities of the N2O concentration, SA, salinity (SSS)

and temperature in the surface water in the Prydz Bay during the

10-day observation period in early summer are shown in Figure 3.

The observations were interrupted on the first and the seventh days

due to the blocking of the water inlet by sea ice and temporary

device failure. The concentration of N2O generally showed a

downward trend with time, dropping from 17.0 nmol L-1 on

November 31 to 16.5 nmol L-1 on December 10, 2016. The

saturation anomaly (SA) varied between 3% and 5% and showed

greater fluctuations than that of the concentration. Salinity also

showed a downward trend from 34.15 to 33.48, while the

temperature did not show a similar trend and varied between

-1.2°C and 0.9°C.

To further reveal the detail of variabilities of surface water N2O,

the time series stations is divided into three sections, day 0 to day

2.5, day 2.5 to day 6.5 day and day 6.5 to day 10.

For the first section, it could be seen from Figure 3 that the N2O

and SA are at their highest values of 17.0 nM and 5.3%,

corresponding to these values is the highest salinity of the time

series station. The highest salinity at the beginning of time series

station may result from the latest brine rejection during sea
Frontiers in Marine Science 05
formation (Roden et al., 2013). However, since it is summer, and

the SA correspond to this highest N2O concentration is about 5%, a

saturation state fell well within the range of global open ocean value,

it could be regarded as a normal surface ocean value. For the first

two days, though the data is discontinuous because the inlet was

clogged by the sea ice, the sharp decline of SSS from 34.17 to 33.58

could be identified from Figure 3, meanwhile, SST increase from

-1.2 to -1.0°C, suggesting a fast sea ice melting process occurred,

which generally occurs in late November in high latitude Southern

Ocean (Lei et al., 2010; Zheng and Shi, 2011). Correspondingly, the

N2O concentration decline to about 16.8 nM, and SA value decline

to its first minimum of about 3.2% on day 2.5. Generally, 1°C

temperature changes will lead to more than 4% of N2O solubility

change at high latitude Ocean, therefore the SST change of about

0.2°C could only account for about half of the SA variability,

whereas the remain should be accounted for by dilution caused

by fast melting of sea ice in this season.

For the second section, the N2O concentrations shows a relative

decline pattern and the SA raise to its maximum (Figure 3), and

then decline to the end of this section. the SSS are relatively stable

during the first half and turn to be more variable between 33.5 and

33.8 on the second half, whereas the SST reach it maximum of

-0.88°C, and then remain relative stable before it declines to -1.08°C

at the end of this section. When the N2O concentrations of the

second section plotted against time, a rate of N2O concentration

declines of about - 0.01 nM d-1 could be derived (figure not shown),

indicating that the N2O concentration keeps declining at a slow rate,
FIGURE 3

Variability in the N2O concentration (open triangle), saturation anomaly (SA, black dot), temperature (SST, open circule) and salinity (SSS, solid square)
in the surface water of the Prydz Bay from November 31 to December 10, 2016. The continuous data were divided in three sections as shown in
the figure.
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whereas the salinity shows a slightly patterns of rise before day 4.5,

and decline in a relative fluctuating pattern till the end of section 2.

However, the salinity and N2O concentrations of whole section even

the data between day 2 and day 4.5 shows and significant positive

correlationship (Figure 4, p<0.001, R2 = 0.47).

The SA show two maximums in this section. The first one

approaching the highest SA value (5.1%) of the time series station

and corresponds to the SST maximum of this section on day 3,

whereas in the rest of this section, the SA fluctuated between 3% and

4.5%, where the SA maximum does not correspond to

temperature maximum.

For the last section, both the N2O concentration shows a

pattern of rising at first and declining later, whereas the SA is

relative stable. Again, the N2O concentration are significantly

correlated with SSS (p<0.001, R2 = 0.58). Though the highest SST

on day 7 could be observed, and relative high SST in the first half of

this section presence, most of the SA value does not excess 4.5%. As

a whole, the average SA value of the third section is the lowest of the

time series station, showing a trend that surface water N2O

saturation in the Prydz Bay keep declining during the time

series study.

From Figure 3, it could be seen that the positive correspondence

between the N2O concentration and salinity exist throughout the

time series station observation. Among the possible processes that

regulate the surface water N2O distribution pattern, the mixing

process between different water mass endmembers, for example, sea

ice melting water and shelf water, may be the most important

process. To further disclose the influence of the mixing process

during the whole study period, the SA value is chosen to plotted

against the SSS, and the SA is chosen because it is a parameter that

also take the influence of SST into account. As could be seen from

Figure 5, there is significant correlation (p<0.001) between SA and

SSS during the whole study period, however, the mixing pattern is

non-conservative. In this Figure, temperature of each data point was

marked with color, with warm color represents the higher
Frontiers in Marine Science 06
temperature and vice versa. It shows that the most of SA in

warmer water are above regression line, and that in the colder

water are below the regression line. There some SA maximum

deviate from the conservative regression line about 0.5-3.0% on day

1, Day 3 and D7, suggesting that introduction of N2O on these days.

Especially on day 3, when SST raise to its maximum during this

study. This SST maximum did not seem to be result of upwelling,

since the SSS shows no increasing. Therefore, is this warming result

from seasonal surface temperature rising due to the solar

irradiation? Rising of SST corresponding with the highest SA,

however, could not account for all of this increase, since at this

temperature range, a degree of temperature rising will lead to about

4-5% of SA increment, whereas the temperature rising here is only

about 0.2°C, that means only lead to a SA increment of less than 1%.

Considering the precision of this underway method is about 0.5%, it

could be considered that there may be other reason for the left SA

rising. There studies imply that warming of the ocean may change

the community of the bacterial and result in increasing of N2O

production (Freing et al., 2012), however, since there are only limit

information available, the possible contribution to this

oversaturation is left for future studies.

Above all, it could be concluded that, during the seasonal

transit, though N2O production may promoted somehow when

sea water temperature rising, sea ice melting process should

contribute to the decline of N2O saturation and SA, however, the

mechanism of this production and its contribution to the balance

need further study.

3.1.2 N2O concentration in the sea ice
The concentrations of N2O in two sea ice cores collected during

the N2O continuous observation were far lower than those in the

surface water, ranging from 1.6 nmol L-1 to 2.5 nmol L-1 (shown in

Figure 6). The salinities of both ice cores were between 4.2 and 7.5

and exhibited a general C-shaped profile, with a slight increase in

salinity at 50 cm. The N2O concentration patterns were similar to the

salinity patterns. This presumably suggested an overall conservative

behavior of N2O with salinity. The N2O concentration was

normalized to a salinity of 5 (N2O@5); this was calculated from the

following equation: N2O@5 = CN2O*S/5, where CN2O and S are the

N2O concentration and salinity of a certain sea ice section.

Accordingly, the N2O@5 ranged from 2.1 nmol L-1 to 2.7 nmol L-1

at the bottom of the ice and was relatively close to the N2O@5 values

of surface water derived from continuous measurement, which were

approximately 2.5 nmol L-1. This further suggested that the behavior

of N2Omay be conservative during ice growth, nevertheless, there are

study identified that active nitrification in the sea ice (Fripiat et al.,

2014), a mechanism that can produce N2O. Though the observation

does not show obvious accumulation of N2O in the sea ice, this

possibility and their contribution to the regional budget should be

further studied. Moreover, N2O@5 at the top of the ice was

approximately 1.6 nmol L-1, 35% less than the value of surface

waters. This decrease at the top of the ice possibly suggested a

release of N2O similar to CO2, as has been shown in many studies

(Geilfus et al., 2013; Van Der Linden et al., 2020).
FIGURE 4

The N2O and Salinity plot in section 2. Black dots are data obtained
from day 2 to day 4.5. Gray line is the linear fitting curved of day 2
to day 4.5. white circle is the data of the whole section 2.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1495913
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wu et al. 10.3389/fmars.2024.1495913
As a whole, the result of ice N2O analysis shows that the sea ice

is rather depleted in N2O when compared with the sea water. This

result agrees with previous studies of the low sea ice N2O

concentrations (Randall et al., 2012). Sea ice melting water was

then considered as one of the reason that result in surface sea water

N2O undersaturation (Priscu et al., 1990; Rees et al., 1997).
Frontiers in Marine Science 07
3.1.3 Mixing behavior between sea ice melting
water and shelf water

The depletion of N2O and salinity in sea ice cores demonstrated

the dilution of N2O in the surface water by melting ice water in the

warm season in the Prydz Bay. A two-end member mixing model

described in method was used to calculate the contribution of

melting ice water to the surface water in the Prydz Bay. One

member was the melting ice water, and the other was the surface

water. The average concentration of N2O (N2Oi =2.0 nmol L-1) and

average salinity (si = 4.6) in the two sea ice cores were used as the

end-members of the melting ice water. The initial concentration of

N2O (N2O0 = 17.0 nmol L-1) and salinity (s0 = 34.09) in surface

water were taken as the end-members of the surface sea water. After

10 days, at the end of this observation, the salinity (s10d = 33.48) in

the surface water was the result of the mixing of the melting ice

water and initial surface water. The mixing ratio of the melting ice

water, xi, was 2.08%, calculated by Equation 1 based on the salinity.

When the mixing ratio of the melting ice water, 2.08%, was used

in Equation 2 to calculate the theoretical N2O concentration at the

end of the 10 days of observation and considering only the mixing

process of the melting ice water and the surface seawater, a calculated

concentration of 16.66 ± 0.08 nmol L-1 was obtained; this was very

close to the observed concentration of 16.52 ± 0.08 nmol L-1.

The sea ice remained intact before the R/V Xuelong left the

station; therefore, we assumed that the exchange of N2O was

inhibited since our work suggested that even a thin layer of sea

ice (approximately 20 cm) may be effectively inhibited (unpublished

data) the N2O exchange between the sea and the air.

In other words, although the Prydz Bay is a N2O source at the

beginning of the melting season, though there may be N2O
FIGURE 6

Concentrations of N2O and salinity in two Antarctic ice cores (N2O@5 means the concentration of N2O normalized to a salinity of 5.).
FIGURE 5

The SA plotted against surface water salinity (SSS). The color
indicates surface water temperature.
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production during that period, the dilution of the surface seawater

by the melting ice water weakens the signal of this source. As more

sea ice melts, the N2O concentration presumably decreases to an

undersaturation state, as reported by Zhan et al. (2015) and Zhan

et al. (2017).
3.2 Behavior of N2O during the formation
of artificial sea ice

The simulation experiment of artificial sea ice formation

provides additional information for sea ice N2O dynamics. The

results of the simulation experiments are listed in Table 1. The

initial concentration of N2O in the seawater before freezing was

11.6~12.7 nmol kg-1, and the seawater was undersaturated against

the atmosphere. The initial salinity was 33.2~33.7. After sea ice

growth, the concentration of N2O and salinity in the underlying

water markedly increased up to 19.4~28.3 nmol kg-1 and 64.1~89.7,

respectively, whereas the N2O concentration and salinity in the sea

ice significantly decreased to 3.5~3.7 mol kg-1 and 6.3~10.1,

respectively. Randall et al. (Randall et al., 2012) reported a similar

phenomenon in the Arctic Ocean that showed low N2O in sea ice (~

6 nmol L-1) and high N2O in the underlying seawater (11.0 nmol L-1

~18.8 nmol L-1). This phenomenon was also observed in section

3.1.1, where a lower N2O concentration in the Antarctic Sea ice was

observed, which may due to longer sea ice age, and corresponding

more completely N2O rejection.

These results indicated that the freezing process resulted in the

rejection of N2O to the underlying seawater; this is similar to the

brine rejection process with a small portion of N2O remaining in

the sea ice. Based on the simulation experimental data, we

calculated the amounts of N2O rejected into the underlying

seawater (N2Ousw) during sea ice growth and the N2O remaining

in the forming ice (N2Oice); the ratios of N2Ousw and N2Oice (Rusw

and Rice) to the amount of N2O originally present in the seawater

that finally formed the sea ice (N2Oinitial) were also calculated using

Equations 3-8.

Through the above calculations, the results from all three

experiments indicated that the sum of N2Oice and N2Ousw was

less than N2Oinitial; this result suggested that a fraction of N2O

probably emitted to the atmosphere during ice formation. Although

N2O exchange between sea ice and the atmosphere has not been

reported, air-ice gas exchange of other gases, such as CO2, O2, Ar,

etc., has been reported (Crabeck et al., 2016; Delille et al., 2015;

Odile et al., 2014). The decrease in N2O@5 at the top of the ice cores
Frontiers in Marine Science 08
from Prydz Bay suggested that a release of N2O from the ice to the

atmosphere was plausible. The missing faction of N2O during

freezing of the surface water was attributed to the release to the

atmosphere (Ratmosphere). Ratmosphere is the ratio of N2O emission in

the atmosphere, calculated by Equation 8.

The results of the calculations showed that for the formation of

10 cm sea ice, approximately 70% of N2O (69.3% ± 2.4%) in the

surface water was rejected into the underlying seawater,

approximately 20% of N2O (18.1% ± 4.0%) still remained in the

ice, and a small fraction of N2O (12.6% ± 3.2%) was released into

the atmosphere. However, it should be noted that when sea ice

formed in the simulation system, the surface water had not yet

achieved N2O equilibrium, and only approximately 10 cm of sea ice

formed. This experiment provided important semi-quantitative

information for N2O dynamics; that is, only a small amount of

N2O in the sea water was released to the atmosphere during sea ice

formation, and most of the N2O was rejected into the

underlying water.
4 Conclusion

In this work, a time-series station in the Prydz Bay was studied.

The N2O in the surface water was monitored for approximately 10

days, and the N2O concentrations in two ice cores were measured.

The result of 10 days in situ observation shows that the N2O

concentration decline with the decline of salinity. This is probably

caused by contribution ice melting water, which is rather depleted

with N2O. With the above sea water and sea ice N2O concentrations

and salinities as two endmembers, the result two endmembers

mixing model derived a mixture whose N2O concentration agrees

with the field observation result, suggesting that the ice melting and

mixing processes regulate the N2O dynamics in this surface water,

though there may be N2O production presents, however, the

contribution is probably limited.

Although the ice grown during the sea ice growth simulation

experiment only had a thickness of approximately 10 cm, it cast a

hint on the N2O dynamics during sea ice formation. That is,

approximately 10% of the N2O in the original water body was

expelled during this 10-cm sea ice formation, whereas

approximately 20% was retained in the sea ice and approximately

70% was rejected with brine beneath the sea water. This result

agrees with other studies that most of the N2O in the sea water will

rejected to the water below, while a small fraction of N2O will

release to the atmosphere, when the sea ice is not thick enough to
TABLE 1 N2O and salinity of seawater and sea ice before and after the formation of sea ice in the simulation experiments.

No. Seawater before freezing Underlying seawater Sea ice

W0 s0 c0 WUSW SUSW CUSW Wice sice cice

1 15.00 33.2 12.5 ± 0.3 6.85 64.1 19.4 ± 0.2 8.15 6.3 3.1 ± 0.7

2 15.00 33.7 11.6 ± 0.0 4.94 75.1 24.9 ± 0.4 10.06 10.0 3.5 ± 0.7

3 16.00 33.3 12.7 ± 0.3 4.76 89.7 28.3 ± 0.2 11.24 10.1 3.7 ± 0.1
W is the weight of seawater or sea ice in kg; s is the salinity of seawater or sea ice; and c is the concentration of N2O in seawater or sea ice in mol kg-1. USW is the abbreviation of
“underlying seawater”
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prohibit the exchange of N2O between the ice, the sea water below

and the atmosphere above.
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