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Abstract:



The concentrations of the ozone-depleting greenhouse gas nitrous oxide (N2O) in the upper 300 m of the Subarctic and Arctic Oceans determined during the 5th Chinese National Arctic Research Expedition were studied. The surface water samples revealed that the study area could be divided into three regions according to the distribution of dissolved N2O in the surface water, namely, the Aleutian Basin (52° N–60° N), continental shelf (60° N–73° N) and Canadian Basin (north of 73° N), with N2O in the surface water in equilibrium, oversaturated and undersaturated relative to the atmosphere, respectively. The influences of physical and chemical processes, such as eddy diffusion and sedimentary emissions, beneath the surface layer are discussed. The results of a flux evaluation show that the Aleutian Basin may be a weak N2O source of approximately 0.46 ± 0.1 μmol·m−2·d−1, and the continental shelf acts as a strong N2O source of approximately 8.2 ± 1.4 μmol·m−2·d−1. By contrast, the Chukchi Abyssal Plain (CAP) of the Canadian Basin is at least a temporal N2O sink with a strength of approximately −10.2 ± 1.4 μmol·m−2·d−1.






Keywords:


N2O; Arctic Oceans; air-sea flux








1. Introduction


Nitrous oxide (N2O) is an important atmospheric trace gas that is one of the most powerful greenhouse gases in the troposphere with a radiative forcing efficiency 200–300 times greater per molecule than that of CO2 [1]. In addition, N2O is a major precursor of ozone-depleting nitric oxide radicals in the stratosphere. The atmospheric concentration of N2O has been increasing significantly since pre-industrial times [2]. N2O is considered the most important ozone-depleting substance due to its increased emissions, while the emissions of other major ozone-depleting substances (e.g., chlorofluoro carbon) have decreased over time [3].



The ocean plays a key role in regulating the climate via the exchange of energy and matter with the atmosphere. For N2O, the ocean acts as one of the most important sources to the atmosphere, contributing ~4 Tg·N N2O a−1, or ~1/3 of the annual natural N2O source [4,5,6]. In situ observations of N2O concentrations have covered large areas of the world’s oceans and determined that surface waters contain ~3% more N2O than the equilibrium concentration on average [4]. Significant N2O sources have been found in the tropical ocean where upwelling occurs, for example, in the Peruvian upwelling system of the subtropical Pacific Ocean [7] and in the Arabian Sea [8], which contribute ~0.2–0.9 Tg N a−1 and ~0.5–1 Tg N a−1, respectively. Other studies of oceanic N2O can be found in the review by Bange [9]. However, the contributions of regions such as the Arctic Ocean, where relevant data are scarce, to the atmospheric reservoir are not well known, and only a few studies on this topic have been conducted to date. Hirota, et al. [10] reported an oversaturation of N2O in the Bering and Chukchi Seas, and Kitidis et al. [11] noted both surface oversaturation and undersaturation of N2O along the Arctic Northwest Passage. Zhan, Chen, Zhang and Li [7] suggested that the deep Canadian Basin retains a pre-industrial N2O signal and further discovered that the Greenland Basin is a sink for N2O [12]; Zhang et al. [13] revealed the coexistence of oversaturation and undersaturation in the water column of the western Arctic Ocean and a possible mechanism for N2O production but did not evaluate the magnitudes of sources and sinks. The sea ice coverage over the Arctic Ocean has continued to decrease, and it reached a historic minimum in 2012. Given the retreat of sea ice and exposure of sea water in the Arctic Ocean, the source and sink characteristics of this ocean and its role in the global N2O budget must be addressed.



In this study, the N2O data obtained during the 5th Chinese National Arctic Research Expedition (CHINARE) in the upper 300 m of the Bering Sea (including the Aleutian Basin and Bering Sea continental Shelf), Bering Strait, Chukchi Sea and Canadian Basin are presented. The distribution of the surface N2O concentration and saturation state, as well as the factors of influence, are discussed, and the air-sea N2O flux is evaluated.




2. Methods and Study Region


2.1. Methods


The method used for the dissolved N2O measurements was described in detail by Zhan et al. [14]. Briefly, water samples were collected following the methods described by Butler and Elkins [15], and subsamples were collected in 250 mL BOD bottles from 10 L Niskin bottles attached to an SBE 911 conductivity, temperature and depth (CTD) sensor. Each sample was gradually filled from the bottom and allowed to overflow for approximately 2–3 volumes of the bottle. A greased ground-glass stopper was inserted after amendment with 180 μL of saturated HgCl2 solution, and the bottle was then sealed using a clip. Water samples were stored at 4 °C in the dark until analysis. During analysis, each water sample was transferred into a 20 mL headspace vial, which was then clamped using an iron clamp with a silicone rubber septa. A bubble-free subsample was required before headspace introduction. Approximately 12 mL of the water sample was replaced with ultrahigh purity nitrogen (99.999%). The headspace sample was then transferred to the agitator of a CTC autosampler and equilibrated at 45 °C with 700 rounds per minute for 10 min. After achieving full equilibrium, 1 mL of the headspace sample was injected into a Shimadzu® gas chromatography with electron capture detector (GC-ECD) device. References were also prepared according to the procedure described by Zhan, Chen, Zhang and Lin [14]. Since atmospheric N2O is stable and can be used as a reference according to Butler and Elkins [15], reference water samples were prepared by equilibrating the HgCl2 solution (1 L) to the ambient atmosphere in a Thermo® thermostatic circulation water bath. The water temperature was held at 25 °C (temperature precision of 0.01 °C). No N2O source was identified in the laboratory, and ambient N2O mixing only involved atmospheric N2O. Then, 12 mL of headspace was created by introducing N2O gas certified references (100, 400, 700, 1500 and 4000 ppb N2O) to create a gradient. The certificated references were provided by the National Institute of Metrology, P.R. China, and the relative expanded uncertainty of the standards was <5% based on intercalibration with NOAA references. A water-gas mixing reference was used to eliminate possible error, and the details of this approach were reported by Zhan, Chen, Zhang and Lin [14]. With this method, the uncertainty of the data was estimated to be approximately ±2%.




2.2. Study Region and Hydrographic Setting


The data in this study were obtained during CHINARE 5 from July to September 2012. Figure 1 shows the study area, which covers the Aleutian Basin, Bering Sea Continental Shelf, Bering Strait, Chukchi Sea and Chukchi Abyssal Plain (CAP). The Aleutian Basin, Bering Sea Continental Shelf, Bering Strait and Chukchi Sea were investigated during July when the R/V Xuelong headed for the Arctic Ocean, whereas the CAP was investigated during September when the R/V Xuelong returned to China.


Figure 1. Stations of the 5th Chinese National Arctic Research Expedition (CHINARE) investigated in this study. AB is the Aleutian Basin, CAP is the Chukchi Abyssal Plain, MB is the Makarov Basin, HC is Herald Canyon, and CC is the Central Channel. The currents are marked with different colors: black for the Alaskan Stream (AS), blue for the Alaskan Costal Current (ACC), purple for the Kamchatka Current (KC), gray for the Bering Slope Current (BSC), and brown for Anadyr Water (AW). Three branches are located north of the Bering Strait: the west branch, middle branch and east branch, which are marked in green, red and blue, respectively, from west to east.
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The Aleutian Basin is dominated by a cyclonic gyre that is strongly influenced by the Alaskan Stream, which enters the Aleutian Basin via several passages in the Aleutian Arc, turns east along the Alaskan Arc, forms the Bering Slope Current, and turns south to form the Kamchatka Current. Part of the Bering Slope Current overflows onto the Bering Shelf and enters the Arctic Ocean as a result of the gradient that exists between the Pacific and Arctic Oceans. The inflow water is separated into three branches, which flow, in turn, from west to east through Herald Canyon and the Central Channel between the Herald and Hanna Shoals with the Alaska Coastal Current (ACC) [16]. The west branch is influenced by Anadyr Water (AW) and is characterized by low temperature (T ranges between −1.0 and 1.5 °C), high salinity (S > 32.5 psu) and high nutrient concentrations, whereas the east branch water is influenced by the high-temperature (T > 4 °C), low-salinity (S < 31.8 psu), and nutrient-depleted ACC. The middle branch is characterized by a blending of the physical and chemical characteristics of the east and west branches [17,18]. Judging from the locations of the stations and the hydrographical characteristics (Figure 2), our study area may be affected more by AW than the ACC.


Figure 2. Temperature and salinity distributions in the study area. (a) Flow of Pacific water into the Arctic Ocean via the Bering Strait, resulting in a cold halocline water layer with a minimum temperature of approximately −1.5 °C located at approximately 100–150 m in the Canadian Basin. A similar cold-water core is also located above the Bering Sea Continental Shelf, likely resulting from winter convection. (b) The upper halocline consists of Pacific Summer Water (PSW) with a salinity of 31–32 and Pacific Winter Water (PWW) with a salinity centered at approximately 33 in the Canadian Basin.
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In the western Arctic Ocean, several layers of water are present in the upper 500 m. The surface mixed layer (SML) lies in the upper 20 m and consists of warm (−1.2 to 8.8 °C) and fresh (26.2–31.2) water that results from sea ice melting and riverine discharge. Below the SML, a temperature maximum (<−1.0 °C) occurs as a result of summer Bering Sea Water or Alaskan Coastal Water (ACW) [19]. Arctic Halocline Water is located beneath these layers. Upper Halocline Water (UHW) (70–150 m) consists of Pacific Summer Water (PSW) and Pacific Winter Water (PWW), which are characterized by salinities of 31.0 < S < 33.0 and 33.0 [20], respectively, whereas Lower Halocline Water (LHW), which originates on the Eurasian shelf [21], is located at approximately 250 m and characterized by a salinity and temperature of 33.8–34.4 °C and −0.8 °C, respectively [22].




2.3. Saturation Anomaly


To account for the temperature effect on N2O solubility, the N2O partial pressure difference, or Saturation Anomaly (SA), is used instead of concentrations to illustrate potential source or sink characteristics in certain regions. SA can be calculated using Equation (1):
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(1)




where Cob is the observed N2O concentration and Ceq is calculated using the contemporary atmospheric N2O mixing ratio at the time of sampling (available at www.esrl.noaa.gov/gmd/hats) according to the method proposed by Weiss and Price [23].




2.4. Calculation of Eddy Diffusion


The following formula can be used to evaluate the contribution of subsurface water to surface water:
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(2)




where Fh is the diffusion flux; Kh is the eddy diffusion coefficient; and dN2O and dZ are the concentration gradient across the thermocline and the thickness of the thermocline, respectively. In this study, Kh was set to 1.3 cm2/s based on the findings of Li et al. [24].




2.5. Air-Sea Flux Evaluation


The N2O air-sea flux in the study area was evaluated based on the air-sea model used by Buat-Ménard [25] and other researchers [26,27] and is calculated using Equation (3):
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(3)




where the air-sea flux F is the product of k, the piston velocity or exchange coefficient, and ΔC, the gas concentration difference between the atmosphere and surface water.



The different equations for the calculation of k have been summarized by Jiang et al. [28]. Generally, k is proportional to the square or third power of U10 (wind speed at 10 m above the sea surface). In this study, the equation proposed by Wanninkhof [27] was used.
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(4)







To evaluate the air-sea fluxes in the study area, both in situ wind speed and NCEP reanalysis monthly mean wind speed data (which can be obtained from [29] were used. The monthly mean wind speed data from July were used to evaluate the air-sea flux in the Aleutian Basin and Continetal Shelf, and data from September were used for the air-sea flux evaluation of the CAP. Sc can be calculated using the equation proposed by Wanninkhof [27].
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(5)









3. Results and Discussion


3.1. Description of N2O Distribution Patterns in the Surface Water and the Relationship with Regional Source-Sink Characteristics


In this study, the SA was calculated, and it is plotted against latitude in Figure 3. South of 60° N, the lowest N2O SA in surface water is approximately −2%, which is close to the uncertainty level of our method, suggesting that the surface water in the Aleutian Basin is in equilibrium with the atmosphere since the SA falls within the precision of our method. Oversaturation can be observed over the continental shelf between 60° N and 73° N, with the highest SA of ~30% identified at 65° N. North of 73° N, the surface water of the CAP is undersaturated with respect to N2O compared to the atmosphere. The lowest SA is ~−15%. The distribution pattern in this area suggests that the surface water south of 60° N has no obvious N2O source or sink characteristics, the region between 60° N and 73° N acts as a N2O source, and the region north of 73° N has characteristics of an N2O sink. However, to evaluate the air-sea flux, the N2O distribution pattern of the subsurface layer and its contribution to the surface water must be understood. Therefore, the study area was divided into three areas: the Aleutian Basin, continental shelf (including the Bering Sea Continental Shelf, Bering Strait and Chukchi Sea Shelf), and CAP. Additionally, the distribution of N2O in subsurface water is discussed in the following sections.


Figure 3. Saturation anomaly and salinity distribution patterns in the surface water of the study area. (a) The SA values show that the N2O in the surface water between 52° N and 60° N is in equilibrium with the atmosphere, is oversaturated between 60° N and 73° N and is undersaturated north of 73° N. (b) The salinity distribution shows that the minimum salinity identified in the surface water of the study area corresponds to the lowest SA identified in the study area. The bottom depth of the study area is also plotted to indicate the boundaries of subregions.
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3.2. Regional Processes that Influence the N2O Distribution and Air-Sea Fluxes


3.2.1. Aleutian Basin


The Aleutian Basin can be considered part of the Pacific Ocean [30]. The distribution of N2O in the water column of this basin is similar to that in the Pacific Ocean, with a near-equilibrium N2O concentration in the surface water and an N2O maximum at approximately 900 m [31]. Since the surface water is close to equilibrium with the atmosphere, it is generally considered a non-source or non-sink area.



The distribution of N2O reveals a concentration gradient between the surface water and the depth of the temperature minimum, which suggests that eddy diffusion between these two layers transports the N2O to the surface layer (Figure 4a,b) and further contributes to the air-sea exchange.


Figure 4. Distribution of N2O overlying the salinity and temperature distributions. (a) A high N2O concentration can be identified in the Aleutian Basin and over the Bering Sea Continental Shelf and Chukchi Sea shelf. In the Canadian Basin, a N2O maximum layer can be identified along the salinity contour of 33. (b) A high N2O concentration can be identified along the temperature minimum in the Canadian Basin. A similar low temperature center can be observed over the Bering Sea shelf, which is likely a winter remnant and may retain the N2O signal of Pacific surface water. The N2O concentration at this temperature minimum, which has not yet been affected by the shelf N2O maximum, may record the signal of the most recent N2O concentration in the winter surface water.
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In the Aleutian Basin, a temperature minimum is present at a depth of 150 m; therefore, the thermohaline thickness is considered the depth range between the temperature minimum and the bottom of the mixed layer, which is approximately 20 m. In this case, dZ is 130 m, ΔN2O between these two depths is ~8.1 nmol·L−1 (with average concentrations of 20.3 nmol·L−1 and 12.3 nmol·L−1 at the temperature minimum and mixed layer depth, respectively), and the average Fh of all the stations is ~0.70 ± 0.06 μmol·m−2·d−1. This value is similar to that determined in [31], in which it was suggested that eddy diffusion in the Aleutian Basin is approximately 0.79 μmol·m−2·d−1. The air-sea N2O flux in the Aleutian Basin was then calculated using Equations (4)–(6). In situ wind speed and NCEP reanalysis monthly mean wind speed data were both used to evaluate the air-sea flux, and the results are listed in in Table 1. However, we do not assume that the surface water in the Aleutian Basin acts as an N2O sink because the SA in the surface water is close to the uncertainty of our analytical method. Eddy diffusion contributes approximately 0.70 ± 0.06 μmol·m−2·d−1 to the surface water and may be a source for the Aleutian Basin. Hence, the near-equilibrium state of the surface water may be due to the rapid exchange of N2O at the air-sea interface rather than to the transportation of N2O to the surface water by eddy diffusion, suggesting that the air-sea flux is approximately 0.70 ± 0.06 μmol·m−2·d−1. However, a strong source result from in situ production may be present in the lower euphotic zone that may also contribute to the atmospheric N2O reservoir [32]. Toyoda, et al. [33] suggested a source of approximately 1.6 ± 0.4 μmol·m−2·d−1 in the adjacent western Pacific Ocean. However, such a source was not reflected in the distribution pattern of N2O. Therefore, one should note that the above estimation may underestimate the N2O air-sea flux in the Aleutian Basin.



Table 1. Air–sea flux of the study area.







	
Region

	
Stations

	
Longitude

	
Latitude

	
Flux 1

	
Average 1

	
Flux 2

	
Average 2






	
AB

	
BL01

	
169.4

	
52.7

	
−3.8 ± 0.2

	
−0.9 ± 1.8

	
−1.9 ± 0.1

	
−0.4 ± 1.6




	
BL03

	
170.7

	
54.0

	
−0.7 ± 0.5

	
−1.1 ± 0.7




	
BL06

	
173.7

	
56.3

	
−1.3 ± 6.1

	
−0.6 ± 3.2




	
BL07

	
175.1

	
57.4

	
1.7 ± 2.1

	
1.5 ± 1.9




	
BL08

	
177.6

	
58.8

	
0.0 ± 0.1

	
0.1 ± 1.9




	
CS

	
BL10

	
180.0

	
60.0

	
0.1

	
9.4 ± 1.2

	
5.2 ± 1.1

	
8.2 ± 1.4




	
BL12

	
−178.9

	
60.7

	
0.1

	
3.2 ± 0.9




	
BL13

	
−177.5

	
61.3

	
3.8 ± 0.2

	
9.1 ± 0.5




	
BL14

	
−177.3

	
61.9

	
0.8 ± 0.6

	
2.2 ± 1.6




	
BL16

	
−173.9

	
63.0

	
5.4 ± 0.5

	
9.1 ± 1.0




	
BL15

	
−175.3

	
62.5

	
−0.7 ± 0.8

	
−1.5 ± 1.7




	
BM01

	
−172.5

	
63.5

	
0.8 ± 0.3

	
4.6 ± 1.6




	
BM02

	
−172.6

	
63.8

	
13.2 ± 3.2

	
9.5 ± 2.3




	
BM03

	
−172.7

	
63.9

	
15.5 ± 3.0

	
10.3 ± 2.0




	
BN01

	
−171.7

	
64.3

	
39.2 ± 0.7

	
22.2 ± 0.4




	
BN02

	
−171.4

	
64.4

	
53.2 ± 4.4

	
19.4 ± 1.6




	
BN03

	
−170.8

	
64.5

	
6.2 ± 0.1

	
13.8 ± 0.3




	
BN04

	
−170.1

	
64.5

	
15.7 ± 2.4

	
11.1 ± 1.7




	
BN05

	
−169.4

	
64.5

	
51.2 ± 1.9

	
19.9 ± 0.7




	
BN07

	
−168.1

	
64.6

	
22.3 ± 2.9

	
8.7 ± 1.1




	
BN08

	
−167.5

	
64.6

	
15 ± 1.9

	
8.8 ± 1.1




	
R01

	
−169.0

	
66.7

	
5.2 ± 0.6

	
8.9 ± 1.0




	
R02

	
−168.9

	
67.7

	
1.7 ± 0.5

	
5.0 ± 1.7




	
CC01

	
−168.6

	
67.8

	
4.3 ± 0.8

	
10.6 ± 2.1




	
CC03

	
−167.9

	
68.0

	
1.1

	
8.9 ± 0.4




	
CC04

	
−167.5

	
68.1

	
0.5

	
6.0 ± 0.9




	
CC05

	
−167.3

	
68.2

	
0.5 ± 0.3

	
5.2 ± 3.4




	
CC07

	
−167.0

	
68.3

	
0.2 ± 0.1

	
0.3 ± 0.2




	
R03

	
−168.9

	
68.6

	
2.0 ± 0.8

	
4.7 ± 2.0




	
R04

	
−168.9

	
69.6

	
1.7 ± 0.5

	
4.4 ± 1.5




	
C03

	
−166.5

	
69.0

	
0.1

	
8.4 ± 1.2




	
C05

	
−164.8

	
70.7

	
12.5 ± 7.6

	
3.3 ± 2.0




	
C04

	
−166.9

	
70.8

	
0.0 ± 0.7

	
0.0 ± 1.3




	
R05

	
−168.8

	
71.0

	
17.3 ± 1

	
22.3 ± 1.3




	
CAP

	
SR18

	
−169.0

	
81.9

	
−2.7 ± 0.1

	
−9.8 ± 1.6

	
−5.9 ± 0.2

	
−10.2 ± 1.5




	
SR14

	
−169.0

	
78.0

	
−2.7 ± 0.1

	
−12.7 ± 0.5




	
SR16

	
−169.0

	
80.0

	
−10.3 ± 1.5

	
−6.7 ± 1.0




	
M01

	
−172.0

	
77.5

	
−3.3 ± 1.1

	
−8.6 ± 3.0




	
M04

	
−172.0

	
76.0

	
−32.8 ± 3

	
−13.8 ± 1.2




	
SR12

	
−169.0

	
74.0

	
−1.1 ± 0.2

	
−6.5 ± 1.3




	
M03

	
−172.0

	
76.5

	
−33.6 ± 3.7

	
−14.9 ± 1.6




	
M02

	
−172.0

	
77.0

	
−5.7 ± 0.6

	
−13.5 ± 1.4




	
M05

	
−172.0

	
75.5

	
−11.1 ± 5.0

	
−6.3 ± 2.8




	
SR17

	
−169.0

	
81.0

	
−1.7 ± 0.2

	
−6.1 ± 0.7




	
SR16

	
−169.0

	
80.0

	
−11.4 ± 3.3

	
−7.4 ± 2.1




	
M01

	
−172.0

	
77.5

	
−7.4 ± 0.5

	
−18.8 ± 1.4








AB is Aleutian Basin; CS is Continental Shelf; and CAP is the Chukchi Abyssal Plain. Flux 1 was calculated using in situ data. Flux 2 was calculated using NCEP reanalysis monthly mean wind speed data. The unit of the air-sea flux is μmol·m−2·d−1.









3.2.2. Continental Shelf


The continental shelf includes the Bering Slope, Bering Strait and Chukchi Sea and is obviously a strong source of N2O. As illustrated in Figure 4a,b, high N2O concentrations were detected along the continental shelf. Two specific locations of high concentrations can be identified at ~63° N and ~73° N, which correspond to two dissolved oxygen minima over the continental shelf (Figure 5). The low dissolved oxygen concentrations over the continental shelf suggest the presence of an oxygen consumption process in the continental shelf sediment. These phenomena over the Bering Sea Continental Shelf and Chukchi Sea continental shelf were observed by Tanaka et al. [34] and Timmermans et al. [35], respectively. These authors considered the oxygen minima over the continental shelf as a result of respiration and nutrient regeneration. Zhang, Zhang, Ren, Li and Liu [13] suggested that denitrification or nitrification in the sediments of these regions may serve as mechanisms of N2O production over the Chukchi Sea shelf. The N2O distribution reported based on CHINARE 4 is similar to that from CHINARE 5. Notably, an N* minimum and high concentrations of NH4+ were observed at the oxygen minimum over the continental shelf during CHINARE 4; a similar phenomenon was observed during CHINARE 5 (data unpublished) and can increase nitrification in the water column. High concentrations of NH4+ on the Chukchi Sea shelf and its consumption by nitrification were also suggested by Nishino et al. [36]. Therefore, possible denitrification or nitrification in the continental shelf sediments and water column nitrification are likely the mechanisms of N2O production in the water column.


Figure 5. Distribution of dissolved oxygen in the study area. The N2O concentrations correspond to low-oxygen regions, including the Aleutian Basin, continental shelf and PWW layer.
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In addition to these two maxima, the water over the continental shelf has the highest N2O concentration at the same depth in the entire study region, suggesting that the N2O production over the continental shelf is the highest in the study area.



The air-sea flux over the continental shelf calculated using Equations (4)–(6) is approximately 8.2 ± 1.4 μmol·m−2·d−1. This air-sea flux range agrees well with that reported by Hirota, Ijiri, Komatsu, Ohkubo, Nakagawa and Tsunogai [10]. Only 2 of 31 stations over the Bering Sea Continental Shelf exhibited undersaturation and air-to-sea N2O fluxes, which have SA values close to the method precision of this study; therefore, the Continental Shelf represents a net N2O source to the atmosphere. Compared to N2O hotspots such as the Peruvian upwelling system and West Indian Coast, where the sea-to-air N2O fluxes are approximately 13.1–30.8 μmol·m−2·d−1 and 40–268 μmol·m−2·d−1, respectively, the continental shelf air-to-sea flux is not large. However, if the high N2O concentration over the continental shelf is a general phenomenon over the Arctic Continental shelf, it may provide a significant source in the N2O budget. Therefore, further investigation is required.




3.2.3. Chukchi Abyssal Plain


The CAP was studied in early September when the sea ice was retreating and the surface water was exposed to the atmosphere. The surface seawater of the CAP was undersaturated with respect to N2O, with the lowest SA in the entire area. Corresponding to this minimum SA, the lowest salinity was observed at the same latitude, suggesting that the sea ice meltwater affects the surface water salinity, and the minimum SA may be related to sea ice melting. The sea ice formation process likely includes an N2O outgassing mechanism that is similar to brine rejection. Therefore, the process results in N2O-depleted meltwater that dilutes the N2O concentration of the surface water when sea ice melts. Low N2O concentrations in sea ice have been reported by Randall et al. [37], who found that the N2O concentration in Arctic sea ice is only ~6 nmol·kg−1. Additionally, our lab simulation showed that the meltwater from ice made of artificial seawater contains only ~2 nmol·L−1 (data unpublished). Nishino, Shimada, Itoh, Yamamoto-Kawai and Chiba [20] showed that the melting of sea ice affects the CAP. Therefore, the lowest N2O SA identified in the CAP area may be related to sea ice melting.



It is assumed that the surface water of the CAP inflows from south of the Bering Strait, with salinity and N2O levels of 30 and 12.0 nmol·L−1, respectively. Additionally, the salinity and N2O levels in the sea ice meltwater are 5 and approximately 6.0 nmol·L−1, respectively. However, these two end members cannot result in a mixture with a salinity of 26.0 and an N2O concentration of 15.0 nmol·L−1 because the sea ice meltwater will lower the salinity and N2O levels simultaneously. Therefore, the high N2O concentration in the CAP may result from replenishment by the atmosphere, the waters below or both. In either case, the surface of the CAP plays a role as an N2O sink from the atmosphere.



An obvious N2O maximum is present below the CAP surface water. As discussed above, several layers of water exist in the Arctic Ocean, and the hydrographic structure of the CAP is complicated [20]. However, the fine hydrographic structure and its effect on the subsurface N2O distribution are beyond the scope of this study. Thus, only water masses such as PSW and PWW are considered.



As shown in Figure 2a,b, PSW can be identified by a salinity range of 31–32, and PWW can be identified by salinity centered at 33, both according to Nishino, Shimada, Itoh, Yamamoto-Kawai and Chiba [20]; PWW can also be identified by a temperature minimum. PSW and PWW are Pacific waters that have been modified over the Bering Sea Continental Shelf and Chukchi Sea continental shelf [22,38], as shown in Figure 2a,b. Along the 31–33 salinity contours, the N2O concentrations in PSW and PWW continue to increase. PSW is believed to originate from the ACW. At station BS06, which is mainly influenced by the ACC, the N2O concentration in the water is approximately 10.6 nmol·L−1. This concentration increases to approximately 12.9–14.6 nmol·L−1 at station BN08 and then to ~15.1–16.8 nmol·L−1 in PSW over the CAP. By contrast, PWW is produced during the winter. Although winter data were unavailable, a cold water mass which is likely the remnant of winter processes can be observed at 62° N and can be considered a PWW end member over the Bering Sea Continental Shelf. The N2O in this water mass is undersaturated compared to that in the atmosphere, with an average SA of approximately −7.5%, suggesting that this water mass undergoes winter convection before reaching equilibrium with the atmosphere. The N2O concentration in this cold water mass is approximately 15.3 nmol·L−1, whereas the N2O concentration in PWW is approximately 18.1 (range, 17.7–19.4 nmol·L−1). Therefore, the N2O concentration increases in both PSW and PWW may be the result of the modification of the water masses by continental shelf processes. Moreover, because PWW is the main carrier of nutrients from the Chukchi Sea continental shelf, it may also carry N2O from the continental shelf to the CAP subsurface layer. Local production of N2O is also possible since the nutrients transported by PWW into the CAP subsurface layer include relatively high concentrations of ammonium [20], which can be oxidized in the water column to form N2O and contribute to the N2O budget.



As noted above, the N2O concentration differs between the thermohaline and the surface water, and N2O may be transported to the upper layer during summer. Therefore, the eddy diffusion flux should be evaluated. The average eddy diffusion flux of all the stations in the CAP between the temperature minimum and mixed layer depth (100 m and 20 m) calculated using Equation (2) is approximately 0.27 ± 0.04 μmol·m−2·d−1.



The air-to-sea N2O flux in the CAP calculated in this study using Equations (4)–(6) ranges between −6.0 ± 0.24 μmol·m−2·d−1 and −18.9 ± 1.5 μmol·m−2·d−1, with an average of −10.2 ± 1.4 μmol·m−2·d−1, suggesting the presence of an N2O sink in the central Arctic Ocean. Therefore, compared to the influence of the air-sea flux, the effect of eddy diffusion is negligible.



To date, studies reporting a surface N2O sink are limited [12,39]. However, we believe that the N2O sink noted herein is likely temporally variable because of the ice cover during winter, and an oversaturated N2O water mass is likely present below the N2O-undersaturated surface water. If the water under the sea ice that has accumulated N2O is exposed to the atmosphere as the sea ice melts, the area can serve as a temporally variable source in the global N2O budget.






4. Conclusions


The N2O fluxes in the Aleutian Basin, continental shelf (including Bering Sea Continental Shelf and, Chukchi Sea) and CAP were studied during CHINARE 5. The Aleutian Basin has source characteristics, with a source strength of approximately 0.46 ± 0.1 μmol·m−2·d−1. Although the surface water has no obvious source or sink characteristics according to the accuracy of our method, the gradient that exists on both sides of the thermocline suggests that eddy diffusion may be the origin of the local source. The Continental shelf represents a strong regional N2O source, with an average sea-to-air flux of approximately 8.2 ± 1.4 μmol·m−2·d−1. This strong source may result from high productivity over the continental shelf, intense respiration and nutrient regeneration in the sediment, and further nitrification in the water column, which suggests that the continental shelf around the Arctic Ocean may act as a significant N2O source to the atmosphere. In the CAP of the Canadian Basin, although an N2O maximum is present in subsurface waters, its contribution via eddy diffusion to the surface water is negligible compared to the source strength of the surface water, e.g., approximately 0.25 ± 0.2 μmol·m−2·d−1 and −10.4 ± 1.4 μmol·m−2·d−1. However, the N2O sink may be a temporal phenomenon, and further analysis is required to address the role that the Arctic Ocean plays in the global N2O budget.
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