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Abstract

:

Nitrous oxide (N2O) is the third most important greenhouse gas in the atmosphere, and the ocean is an important source of N2O. As the Arctic Ocean is strongly affected by global warming, rapid ice melting can have a significant impact on the N2O pattern in the Arctic environment. To better understand this impact, N2O concentration in ice core and underlying seawater (USW) was measured during the seventh Chinese National Arctic Research Expedition (CHINARE2016). The results showed that the average N2O concentration in first-year ice (FYI) was 4.5 ± 1.0 nmol kg−1, and that in multi-year ice (MYI) was 4.8 ± 1.9 nmol kg−1. Under the influence of exchange among atmosphere-sea ice-seawater systems, brine dynamics and possible N2O generation processes at the bottom of sea ice, the FYI showed higher N2O concentrations at the bottom and surface, while lower N2O concentrations were seen inside sea ice. Due to the melting of sea ice and biogeochemical processes, USW presented as the sink of N2O, and the saturation varied from 47.2% to 102.2%. However, the observed N2O concentrations in USW were higher than that of T-N2OUSW due to the sea–air exchange, diffusion process, possible N2O generation mechanism, and the influence of precipitation, and a more detailed mechanism is needed to understand this process in the Arctic Ocean.
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1. Introduction


N2O is the third most important greenhouse gas in the atmosphere and the fastest growing ozone-destroying gas in terms of emissions, and its global warming potential (GWP) is 310 times that of equal-molecular CO2. The N2O mixing ratio in the atmosphere has reached 332 nL L−1 [1]. Oceans are an important natural source of N2O, accounting for about 20% of the global N2O sources [2]. It is generally thought that marine N2O is mainly generated by microbial ammonia oxidation, denitrification, and nitrifier-denitrification process, whereas denitrification in an oxygen-depleting environment is the main sink of N2O. The Arctic Ocean is one of the regions most impacted by climate change. Under the influence of atmospheric circulation, Arctic Oscillation and inputs of warm waters from the Pacific Ocean, the Arctic sea ice has a rapidly modifying structure, thickness, coverage, and chemical composition [3], with possible feedback effects on Arctic ecosystems [4,5]. Previous studies in the Arctic Ocean have mainly focused on the distribution and partial metabolic process of N2O in the open ocean. These studies described the N2O distribution of surface [6], the anomalous high value of N2O in the subsurface [7], and widespread N2O production and consumption processes in the Arctic Ocean [8]. The Arctic Ocean has a long winter, and about 1.52 × 107 km2 of the ocean is covered by sea ice [9]. Previously, Arctic sea ice was considered airtight and an isolation barrier for sea–air exchange. However, more recent studies have shown that there is gas exchange among the atmosphere-sea ice-seawater system [10]; as a consequence, sea ice can also act as an important source and sink of atmospheric biogenic gases [11,12].



Hitherto, there are few studies on N2O in sea ice and underlying seawater (USW), and only two studies on N2O distribution in Arctic sea ice. Randall et al. [13] investigated the distribution of N2O in the bottom 10 cm of sea ice and USW for the first time, and confirmed that N2O in sea ice is transported to the ocean during autumn and winter. In addition, N2O is ventilated into the atmosphere and sea ice appears as a seasonal source of this gas. Nevertheless, the melting of sea ice in spring and summer makes surface seawater undersaturated with N2O, presenting a seasonal N2O sink [14,15]. However, there is still no research on the dilution process of N2O in USW caused by the melting of sea ice. The study presented herein investigated the profile distribution mechanism of N2O in first-year ice (FYI), multi-year ice (MYI) and USW, and combined that profile with a salinity gradient analysis to determine the effect of melting Artic Sea ice on N2O concentration in USW.




2. Materials and Methods


2.1. Study Area


The Arctic Ocean is the smallest ocean in the world, has the highest salinity, and has an average depth of 1200 m. It is covered by sea ice most of the year except during summer. There is a polar high in the Arctic, and its southward movement tends to affect temperatures over much of the northern hemisphere. Melt ice water, shelf runoff, Pacific inflow water, and Atlantic water together constitute the main body of the upper middle layer of water in the Western Pacific, and the surface water is mainly the mixed water formed after the melting of sea ice [16].The Arctic Oscillation (AO) is the main characteristic of the arctic atmospheric circulation, and the AO index is generally used to represent the strength of the AO [17]. When AO is in a positive phase, the strength of the polar vortex is small, which is conducive to the maintenance of polar westerlies and the weakening of poleward transport. When the AO is in a negative phase, the Arctic Ocean is controlled by high pressure, making it easier for cold air to move south. Influenced by the Arctic Oscillation, the Beaufort vortex exists for a long time, and the transpolar current carries a large amount of sea ice and Pacific water across the pole into the Greenland Sea, thus affecting the global thermohaline circulation process. The Arctic Ocean Oscillation (AOO) is used to assess the characteristics of the arctic wind-driven circulation [18]. When AOO is negative, the cyclones force the sea ice to drift counterclockwise. When AOO is positive, the anticyclones force sea ice to drift clockwise [18,19]. Sea ice in the Arctic has been declining at an alarming rate in recent years due to the rapid warming of the Arctic caused by abrupt changes in the region’s atmosphere, ice, and ocean systems [20,21,22]. Satellite observations show that the extent of arctic summer sea ice has been declining by more than 10 percent every decade [23], reaching 341,000 km2 in September 2021, the lowest since observations began. Current models estimate that the Arctic Ocean will be free of summer sea ice for the first time in 2054–2058 [24].



Seawater and sea ice samples were collected during the seventh Chinese National Arctic Research Expedition (CHINARE2016) in the Arctic in September 2016. As shown in Figure 1, three ice stations were sampled, named as SI05, SI06, and Long Ice. Ice stations were selected according to the floating ice conditions during the voyage. All stations were located on vast ice floes with an area of several square kilometers; among these, SI06 (76°18.63′ N, 179°35.76′ E) was located in the Chukchi Sea, and Long Ice (82°52.81′ N, 159°42.42′ W) and SI05 (79°56.23′ N, 179°23.02′ W) were located in the central Arctic Ocean. Long Ice is a long-term ice station, and SI05 and SI06 are short-term ice stations. All samples were taken in August 2016, when the sea ice was melting rapidly. Sea ice and seawater samples were collected at SI05 and SI06 stations, while multiple ice water data were mainly collected at Long Ice station. The sampling sites were located in the flat interior of the floating ice, away from the ice edge and melt ponds.




2.2. Sampling and Processing


The ice core samples were drilled using a drilling auger 9 cm in diameter, and at least 3 ice cores were taken for each sampling site. In total, ice core profiles were collected at two stations (IS05 and IS06), and five USW profiles were collected at three stations (IS05, IS06 and Long Ice). The total sampling time for each ice station operation is less than 30 min. The distances between ice cores were less than 1 m to limit spatial variability and the temperature, salinity, density and N2O concentration of ice cores were measured respectively. The USW was pumped using an electric peristaltic pump through silicone tube from ice holes formed by collecting ice cores, at the depths of 0, 0.6, 1.1, and 1.6 m beneath the bottom ice, respectively. After the thermohaline parameters were measured on-site with a WTW Cond 3110 probe, the silicone tube was inserted into the bottom of a 250 mL frosted-glass bottle, and filled to overflowing with three times the sample volume. Afterwards, the sample was poisoned with 150 μL of saturated HgCl2 solution and sealed with ground glass stopper and vacuum grease for storage. The N2O concentration was measured in the laboratory. The ice core was cut into columns with a length of ~20 cm and placed in Polyvinyl Fluoride (PVF) airtight bags for sealing. Additionally, airtight bags were vacuumized and melted in a cold room (~4 °C). After the sea ice melted, it was sealed and stored in the same way as previous treatment of seawater and brought back to the laboratory for analysis.



The sea ice temperature was measured at each site immediately after lifting the ice core using a fast-response probe thermometer (accuracy ±0.2 °C, Testo, Germany). The probe was inserted in 2 mm diameter holes drilled to the core center at 5 to 10 cm intervals along the core length [25]. In order to avoid the loss of brine in the ice cores, the ice cores were treated quickly in the field to reduce the salinity error [26,27]. The density of the ice core was taken back to the land laboratory for measurement via a method based on Wang et al. [25]. The temperature, salinity, and density of the ice core were provided by the Dalian University of Technology.




2.3. Laboratory Analysis


After the samples were brought back to the laboratory, the seawater samples were divided into 20 mL headspace bottles, and nitrogen gas was used for headspace. After headspace, the gas volume was about 9 mL, while the water sample volume was about 11 mL. After equilibrium was achieved, the 1 mL gas sample was injected into gas chromatography with an electron capture detector (ECD) by an automatic sampler for analysis [28]. N2O concentration was calculated according to previous research methods [29]. The coefficient of variation of serial gas-certified reference materials for nitrous oxide in nitrogen (GBW08151) provided by the National Center for Standard Substances was 2%, and the coefficient of variation of this method for determining N2O concentration was also 2% [28].




2.4. Computational Method


The N2O saturation and saturation anomaly (SA) was calculated as follows:


   Saturation =    C  ob      C  eq     × 100 %   



(1)






   SA =   Δ C    C  eq     =    C  ob   −  C  eq      C  eq     × 100 %   



(2)




where Cob is the measured N2O concentration in seawater, Ceq is the equilibrium concentration; the Brine salinity and volume fraction (brine volume account for percentage of sea ice volume) in sea ice was calculated as follows (T > −2 °C) [30]:


   BrV =  (  1 −    V a   V   )  ×    ρ i  S   (  S b  − S )  ρ b  +  ρ i  S     



(3)




where Va represents gas volume, V represents total sea ice volume, ρi represents pure water ice density, ρb represents brine density, S represents sea ice salinity, and Sb represents brine salinity. Additionally, ρi, Sb, ρb are calculated as follows:


    ρ i   (   g    cm  3     )  = 0.917 − 1.043 ×   10   − 4   T   



(4)






    S b  =  T  T −  T 1    × 1000   



(5)






    ρ b  = 1 + 0.0008 ×  S b    



(6)




where T1 is a constant and the value is 54.11 °C.



In order to study the distribution mechanism of N2O in sea ice, we assumed that the N2O in gaseous phase of sea ice was ventilated to the atmosphere and brine was in equilibrium with atmosphere N2O partial pressure based on the permeability of sea ice. Then we could calculate the presumed N2O concentration (T-N2Oice) according to sea ice brine and gas volume fractions:


    N 2   O  ice   =  N 2   O  br   +  N 2   O g    



(7)




where N2Obr (nmol kg−1) represents the amount of N2O in brine in 1 kg of sea ice, the amount of brine is calculated by Formula (3), and the N2O concentration in brine was calculated according to Weiss and Price [29]; N2Og (nmol kg−1) represents the amount of N2O in gas in 1 kg of sea ice. In addition, the theoretical N2O concentration (T-N2OUSW) of mixed USW could be calculated as follows:


    X  ICE   +  X  WRW   = 1   



(8)






    S  ICE   ×  X  ICE   +  S  WRW   ×  X  WRW   = 1   



(9)






   T _  N 2   O  USW   =  N 2   O  ICE   ×  X  ICE   +  N 2   O  WRW   ×  X  WRW     



(10)




where XICE and XWRW represent the proportion of melting ice water and winter residual water in USW, respectively, and SICE and SWRW represent the salinity of melting ice water and winter residual water, respectively. N2OICE and N2OWRW represent the N2O concentration of melting ice water and winter residual water, respectively. In this paper, the salinity and N2O concentration at the bottom of ice cores are used to represent the salinity and N2O concentration of melting ice water.





3. Results and Discussion


3.1. Structure of Sea Ice


The length of IS05 and IS06 cores were 123 cm and 105 cm, respectively. The top of the cores was 3~5 cm thick with snow, and beneath the snow was columnar ice. For better comparison of the sea ice structure and N2O distribution in different ice cores, we normalized the length of the two cores (the length of sea ice was processed into a dimensionless number 1, and the sea ice depth becomes a relative value of the total length, 0 < normalized depth < 1) [25]. Vertical profiles of temperature, salinity and density against normalized depth are shown in Figure 2, revealing that salinity distribution characteristics of IS05 and IS06 were different. According to the structure and salinity distribution characteristics of sea ice, IS05 is MYI and IS06 is FYI. Since sea ice formed, about 80% of the salt was rejected from sea ice into seawater, and only a small amount of the salt was rejected in the sea ice structure within brine inclusions. As a consequence, the salinity of sea ice was much lower than seawater. This initial desalination is due to gravity drainage throughout all the ice layers [31,32]. The sea ice then enters the second phase in winter; as the temperature and salinity of the lower third sea ice were higher, brine was expelled from ice continuously by gravity drainage, and the bulk salinity decreases by about 3.91‰ throughout the winter. On the contrary, the upper two-thirds of the ice lost contact with the ocean, and the bulk salinity in this portion decreased by only 0.25‰ throughout the winter. Finally, the salinity profile of FYI presented in a C-shape consistent with previous studies [32]. In the summer, sea ice begins the third phase of degeneration. The permeability of the entire core increases due to flushing by the surface melt water, resulting in C-shaped salinity profile of FYI transforming into a typical MYI salinity profile [33,34,35]. After vigorous desalination in the first year, the desalinization of the MYI slows down and reaches an equilibrium by ~10 years because of not enough salinity in sea ice [35]. Generally, the salinity of the upper part of the cores is extremely low due to gravity desalination and flushing by melting ice water, a significant feature that distinguishes the FYI from the MYI.




3.2. Temperature, Salinity, and Density Distributions of Sea Ice


As shown in Figure 2, the temperature range of FYI is from −0.2 to −0.9 °C, and the temperature range of MYI is from −0.3 to −0.6 °C. The sea ice temperature generally presents a distribution characteristic of gradual decline from the surface to the bottom, which is consistent with previous observations [26]. The upper part of the FYI (normalized depth 0~0.6) is an isothermal layer with a temperature close to 0 °C, which is mainly affected by the higher atmospheric temperature. The subsurface (normalized depth 0.2~0.3) temperature of the MYI is slightly higher than that of sea ice due to solar radiation heating the surface and subsurface of sea ice, while the ice surface loses heat by emitting long-wave radiation from its own, resulting in this unique vertical temperature distribution [36,37]. The salinity of FYI ranges from 0.9 to 3.3‰, with an average salinity of 2.1 ± 1.1. The maximum salinity occurs at the normalized depth of 0.6, while the minimum salinity occurs at the subsurface. The salinity of MYI ranges from 0.1 to 1.8, with an average salinity of 1.0 ± 0.7. The lowest salinity is similarly located in the subsurface and the highest salinity in a normalized depth of 0.8. As discussed in Section 3.2, the salinity distributions of FYI and MYI were mainly affected by gravity desalination and flushing by melting ice water. The density of FYI ranges from 674 to 875 kg m−3, with an average density of 770 ± 66.4 kg m−3, and the density of MYI ranges from 714 to 758 kg m−3, with an average density of 883 ± 79.2 kg m−3. Hence, the density of MYI is higher than FYI. Since the gas volume fraction decreases with the normalized depth, sea ice density shows a similar pattern; the subsurface of MYI is less dense than the surface because it is warmer and melts more heavily.




3.3. Sea Ice Brine and Gas Volume Fractions


The sea ice brine and gas volume fractions are two important basic physical characteristics of sea ice [38]. The distribution of brine and gas in sea ice is difficult to observe in practice, thus the salinity and volume of brine in sea water are usually calculated according to the empirical formula [39]. Brines encased in ice forms bubbles during phase transition [40]. In parallel to frozen pure water, brine and dissolved gases were rejected from ice crystals, resulting in the accumulation of gas in brine, eventually exceeding saturation and forming bubbles [10,41,42]. Those bubbles and brine, which become part of the sea ice as they were encased, also raise the gas volume fractions of ice. As shown in Figure 3, the gas volume fraction of FYI ranges from 9.7 to 27.6%, with an average of 17.7 ± 6.8%. The gas volume fraction decreases with the increase of normalized depth, whereas the gas volume fraction of MYI ranges from 1.5 to 22.5%, with an average of 10.4 ± 8.8%. The maximum fraction appeared in the subsurface and the lowest fraction appeared near the bottom. The subsurface of MYI rapidly melts due to solar radiation in summer, resulting in the upper part of MYI being air permeable. After the brine is drained, the drained brine pockets are refilled by air [25], resulting in the highest gas volume fraction in the subsurface. Similarly, there are great differences in brine distribution between FYI and MYI: the brine fraction varies from 8.8 to 48.4%, with an average of 23.4 ± 14.7%, and the minimum fraction appears at the subsurface while the maximum fraction appears at the normalized depth of 0.6. The melting process inside the sea ice increases brine volume and reduces brine salinity [43], which change the temperature, salinity and permeability of sea ice, and ultimately affects the brine distribution. The permeability dominates the distribution of gases in sea ice [44]; brine volume fraction greater than 5% means sea ice is permeable for brine [45,46]. Gas migration is more difficult in sea ice, which is hindered by a curved brine network, such that the gas penetration threshold is typically 7~10% [43,47]. It is generally thought that the FYI column is permeable because the brine volume fraction of the whole core is higher than 7%. Similarly, although the brine volume fraction in the MYI surface and subsurface was less than 7%, the brine in these layers have been drained, meaning that the entire MYI column is also permeable to a certain extent. The structural characteristics of sea ice provide a basis for us to discuss the distribution mechanism of N2O in sea ice.




3.4. N2O Distribution in Sea Ice


We describe the results of N2O distribution in sea ice, which are shown in Figure 4. The average N2O concentration in sea ice was 4.7 ± 1.5 nmol kg−1, slightly lower than 5.2 nmol kg−1 reported by previous studies [48], and the N2O distribution between FYI and MYI were different from each other. The N2O concentration of FYI ranged from 3.7 nmol kg−1 to 6.3 nmol kg−1, with an average of 4.5 ± 1.0 nmol kg−1. The lowest concentration occurred in the subsurface layer and the highest was located at the bottom of ice core, whereas the N2O concentration of MYI ranged from 2.1 nmol kg−1 to 7.7 nmol kg−1, with an average value of 4.8 ± 1.9 nmol kg−1. The lowest concentration was located at the bottom of the sea ice, and the highest occurred in the subsurface of cores. In line with previous studies [48], the average N2O concentration of MYI was slightly higher than that of FYI, and the N2O distribution mechanisms of MYI and FYI were dissimilar. The N2O concentration was higher in the surface ventilated to the atmosphere, and in the bottom in contact with sea water in FYI, while the high N2O concentration in MYI appeared in the layer with the largest gas volume fractions. It is generally accepted that the N2O in sea ice mainly exists in two forms: the dissolved phase in brine and the gaseous phase in sea ice gas. The N2O in the dissolved phase and gaseous phase is transported through the atmosphere-sea ice-seawater system, due to brine dynamics and bubble buoyancy [40].



As shown in Figure 4, we found that the T-N2Oice of FYI was significantly different from the actual observed N2O concentration, which was significantly lower than the estimated concentration, and the distribution of N2O concentration versus normalized depth is also seriously inconsistent. We speculate that this is mainly due to the time period from the start of sea ice melting to our in-situ sampling was too short and led to the incomplete ventilation of FYI. The higher N2O concentration in the surface was likely caused by the brine expulsion from inside to outside [48], as well as by ventilation at the ice–gas interface [40], while higher N2O at the bottom of the FYI appears to be influenced by the exchange at the sea–ice interface or by the possible generation of N2O under the sea ice. On the contrary, the vertical N2O distribution versus normalized depth is consistent with that of T-N2Oice, and is positively correlated with the distribution of gas fractions. Atmosphere was allowed to enter the cavity caused by brine expulsion because the MYI was permeable to a certain extent, resulting in the highest N2O present in the subsurface where the most brine was drained, whereas the low N2O concentration at the bottom is likely related to the N2O consumption process at the bottom of cores [49,50,51,52], and the bacterial denitrification process at the bottom of sea ice potentially contributes to N2O consumption [13].




3.5. N2O Distribution in USW Influenced by Sea Ice Melting Rapidly


Our research on USW (In this study, USW is seawater within a depth of 2 m below sea ice) is shown in Figure 5. The temperature of USW varied from −0.3 °C to −1.2 °C, and the temperature decreased with water depth. Salinity varied from 7.0 to 31.2, and generally increased with water depth. The low-salinity seawater observed in USW indicated that sea ice was melting rapidly in Arctic Ocean. The N2O concentration varied from 8.7 to 16.7 nmol kg−1, with an average concentration of 15.0 ± 1.9 nmol kg−1 and an average saturation of 90.3%, which was in line with previous studies demonstrating that the N2O concentration at the sea–ice interface was severely unsaturated [48].



Similar to the vertical distribution of salinity, the distribution of N2O concentration generally increased with depth. N2O concentration in USW is generally unsaturated and influenced by meltwater, resulting in USW presenting as a sink of N2O. The lowest N2O concentration at the bottom of the MYI corresponds to the lowest N2O concentration of USW in contact with the sea ice, which also indicates that there is a strong correlation of N2O distribution between sea ice and USW. The maximum N2O concentration in USW is 16.7 nmol kg−1, which is close to the N2O concentration in the Arctic Ocean winter residual water. The winter residual water is a water mass characterized by a depth of 10~30 m, temperature less than −1.3 °C, and salinity higher than 32.5 in the Arctic Ocean abyssal basin during CHINARE2016, with an average N2O concentration of 17.2 nmol kg−1. This water mass retains the characteristics of ‘underlying water’ in winter; consequently, it could serve as the source of seawater for the melting process beneath the sea ice. The melting process of arctic sea ice could be regarded as a mixing process of two end-sources, meltwater and winter residual water. Therefore, we could calculate the respective proportion of the two masses of water in USW after mixing according to the salinity characteristic values of residual water and melting ice water in winter, and then calculate the theoretical N2O concentration of USW, in which the mixing process is conservative. Taking sea ice and winter residual water as end-sources, we calculated the respective proportions of sea ice meltwater and sea water in USW according to salinity, and then calculated the theoretical N2O (T-N2OUSW) concentration of mixed USW. As shown in Figure 6, we found that the observed N2O concentration was higher than T-N2OUSW; the intercept of the trend line describing observed N2O versus salinity was greater than that describing T-N2OUSW versus salinity. There may be a variety of reasons interpreting this anomaly. For example, it may be caused by the gradient difference of N2O concentration between USW and subsurface water, resulting in the N2O in subsurface water being transported to the undersaturated USW along the concentration gradient. Moreover, ventilation that occurs when exposed to the atmosphere also possibly leads to the increase of N2O concentration in the USW.



The summer precipitation in the Arctic Ocean ranges from 30 mm mo−1 to 60 mm mo−1 [53], which causes overestimation of the proportion of meltwater, resulting in a smaller T-N2OUSW. However, because of the obstruction of sea ice to the mixing of snowfall and seawater and the lack of water isotope data of water, we could not quantify the impact of precipitation and did not investigate the impact of precipitation in depth. In addition, other studies have shown that there may be a N2O generation process in the sea ice-seawater system, which may also be one of the reasons why the observed N2O concentration in glacial water is higher than the theoretical N2O concentration.





4. Conclusions


The distribution characteristics and driving mechanism of N2O of sea ice and its USW under rapid melting in Arctic Ocean were studied for the first time in this study. Our results demonstrated that:



(1) There is a significant difference in the N2O concentration between FYI and MYI; the average N2O concentration of FYI is 4.5 ± 1.0 nmol kg−1, ranging from 3.7 to 6.3 nmol kg−1, while MYI is 4.8 ± 1.9 nmol kg−1, ranging from 2.1 to 7.7 nmol kg−1. The permeability of sea ice is the key factor leading to the differences in N2O concentration between FYI and MYI, with the interior of FYI being a little ventilated, and the MYI thoroughly ventilated.



(2) The profile in FYI and MYI differs greatly. The N2O concentration in FYI was high in the surface and bottom of cores and low in the interior of sea ice, while it was low in the bottom layer and high in the subsurface layer in MYI.



(3) The exchange among the atmosphere-sea ice-seawater system, brine desalination, and possible N2O generation process at the bottom of sea ice are the main driving mechanisms affecting the N2O distribution of FYI. However, the reasonable amount of ventilation, the gas content of sea ice, and the possible microbial denitrification process at the bottom of sea ice are the main driving mechanisms.



(4) USW is mostly undersaturated with N2O, with values ranging from 47.2 to 102.2%, owing to the rapid sea ice melting in Arctic Ocean. However, due to the influence of the air–sea exchange, diffusion process, possible N2O generation mechanism in USW and precipitation, the observed N2O concentration in glacial water is higher than that of T-N2OUSW. Due to the lack of data at present, a more detailed driving mechanism needs to be further studied and discussed.



The Arctic climate is changing rapidly, resulting in the proportion of FYI and MYI, sea ice structure, and sea ice coverage also changing rapidly, which have an important influence on the N2O source and sink in the Arctic Ocean. Therefore, it is necessary to further strengthen studies about the effects of sea ice change on N2O distribution and metabolism in the Arctic Ocean in the future to better evaluate the global N2O flux in response to global climate change.
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Figure 1. Map of ice stations during CHINARE 2016. The sampling times were 18 August 2016 (SI05), 20 August 2016 (SI06) and 14 August 2016 (Long Ice), respectively. 
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Figure 2. Sea ice salinity, temperature, and density against normalized depth for (a) FYI (20 August 2016) and (b) MYI (18 August 2016) during the melt season. 
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Figure 3. Sea ice brine volume fraction (red points) and gas volume fraction (blue points) versus normalized depth for (a) FYI and (b) MYI. 
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Figure 4. Sea ice observed N2O (claret line) and T-N2Oice (red line) concentration versus normalized depth for (a) FYI and (b) MYI. 
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Figure 5. Temperature (red line), salinity (blue line), N2O concentration (gray line), and N2O saturation (green line) distribution versus depth in USW for (a) FYI and (b) MYI. 
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Figure 6. Observed N2O (red) and T-N2OUSW (blue) concentration versus salinity in USW. The red circles and triangles represent the observed N2O for MYI and FYI, respectively; the blue rectangles and pentacles represent the T-N2OUSW for MYI and FYI, respectively. 
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