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ABSTRACT 17 

 18 

Rapid changes in sea ice and ocean properties are occurring in the Chukchi Sea, and there is 19 

considerable uncertainty how these changes might influence nutrient distributions and ultimately 20 

primary productivity. Although inorganic nitrogen is a limiting nutrient, there are few reports on 21 

seasonal or interannual variability of nitrate, especially those focused on wintertime 22 

replenishment of nitrate. This study examined six years of hourly measurements of nitrate at 23 

multiple mooring locations off Icy Cape between 2010 and 2018 with a focus on winter 24 

replenishment in relation to northward transport. Nitrate concentrations are lowest in newly 25 

formed winter water, and rates of local nitrate replenishment appear low relative to the nutrient 26 
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flux through Bering Strait. There is considerable interannual variability in transport over the 27 

northeastern shelf of the Chukchi Sea that is driven by northerly (weakens transport) and 28 

southerly (strengthens transport) wind events. Anomalously low nitrate concentrations were 29 

observed in the winter of 2011–2012 when transport was negligible, and locally formed, low 30 

nitrate winter water remained on the shelf. During winters with the highest transport (2010–31 

2011, 2017–2018), pre-bloom (15 May) nitrate concentrations were high and closely resembled 32 

nitrate concentrations in the Bering Sea from the previous fall. In recent years, there has been an 33 

increase in southerly wind events. As these conditions enhance total transport and nutrient flux 34 

through Bering Strait, contemporary Bering Sea water is advected onto the northern Chukchi Sea 35 

shelf. In the presence of southerly wind events, nutrient measurements in the northern Bering Sea 36 

in fall can be used to predict pre-bloom nitrate concentrations available for sustaining primary 37 

production in the eastern Chukchi Sea the following spring. Since 2005, inorganic nitrogen 38 

concentrations in the northern Bering Sea have varied between 11 and 22 µM; an indication that 39 

net community production over the eastern Chukchi Sea may have varied between ~30 and 70 g 40 

C m-2 during this time. 41 

 42 

Keywords: Chukchi Sea, Bering Sea, Nitrate, Transport, Replenishment, Nitrate flux, Net 43 

community production, NCP 44 

  45 

1.  Introduction 46 

 47 

The Arctic Ocean is undergoing rapid change with warming temperatures and reductions 48 

in the extent, thickness and duration of sea ice (Zhang, 2005; Steele et al., 2008; Serreze et al., 49 
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2009; Screen and Simmonds, 2010; Cavalieri and Parkinson, 2012; Frey et al., 2015; Wang et 50 

al., 2018; Dai et al., 2019). These changes are especially striking in the Chukchi Sea where the 51 

open water season continues to increase with the later arrival of ice in fall and earlier ice retreat 52 

in spring (Frey et al., 2015; Wang and Overland, 2015; Wood et al., 2015; Serreze et al., 2016; 53 

Overland and Wang, 2018; Rolph et al., 2018; Stabeno et al., 2018b; Wang et al., 2018). 54 

Lengthening of the open-water season is projected to alter the composition and distribution of 55 

phytoplankton communities (Tremblay et al., 2009; Ardyna et al., 2011; Neeley et al., 2018) and 56 

the timing and extent of primary production (Arrigo et al., 2008; Hill et al., 2018; Selz et al., 57 

2018; Lewis et al., 2019). These changes are primarily due to increased stratification and a 58 

reduction in vertical mixing and diffusion of nutrients from deeper water (30–40 m) into the 59 

upper water column. While primary production over the shelf has been tied to the flow of cold, 60 

nutrient-rich bottom water (Lowry et al., 2015), to date there are no direct measurements that 61 

examine interannual variability of nutrient transport across the eastern shelf of the Chukchi Sea. 62 

The only direct pathway of flow from the Pacific Ocean into the Arctic Ocean is through 63 

Bering Strait, a narrow (~80 km), shallow (<55 m) passageway between Siberia and Alaska, 64 

which is divided into western and eastern channels by the Diomede Islands (Coachman et al., 65 

1975). Three Pacific water masses enter the Chukchi Sea through Bering Strait: the saline and 66 

nutrient-rich Anadyr Water (AW) and Bering Shelf Water (BSW), and the fresher and nutrient-67 

poor Alaskan Coastal Water (ACW) (Coachman et al., 1975). ACW originates primarily on the 68 

inner shelf (< 50 m) of the Bering Sea, and includes freshwater inputs from regional rivers 69 

including the Yukon River (Woodgate et al., 2005; Aagaard et al., 2006); it generally flows 70 

along the eastern side of Bering Strait (Coachman et al., 1975; Danielson et al., 2017). AW 71 
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originates on the outer shelf or slope of the Bering Sea, and flows through Chirikov Basin (Fig. 72 

1) and along the western side of the strait (Coachman et al., 1975; Danielson et al., 2017). 73 

In Bering Strait, BSW is generally found between ACW and AW (Coachman et al., 1975; 74 

Danielson et al., 2017). The primary source of the BSW is the northward flowing current along 75 

the 100-m isobath, which is the transition between the middle and outer domains of the Bering 76 

Sea (Stabeno et al., 2016b, 2018a). On the northern middle shelf of the Bering Sea, there is 77 

substantial interannual variability in nutrient content. For example, there was a significant 78 

decline in the concentrations of dissolved inorganic nitrogen (DIN, nitrate + nitrite + 79 

ammonium) and phosphate between 2005 and 2016, with concentrations partially rebounding in 80 

2017 (Stabeno et al., 2018a). It is unclear if this variability extends to other portions of the 81 

Bering Sea Shelf and slope, or how it might be reflected in BSW that flows across the eastern 82 

Chukchi Sea Shelf.  83 

In the Chukchi Sea, nitrogen is the limiting nutrient (Cota et al., 1996, Codispoti et al., 84 

2005, Tremblay et al., 2006), although continual nutrient inputs through Bering Strait (primarily 85 

western Bering Strait) make this region analogous to a “chemostat”, and one of the most 86 

productive shelves in the Arctic (Sambrotto et al., 1984; Stein and Macdonald, 2004; Hill and 87 

Cota, 2005; Sakshaug, 2004; Codispoti et al., 2005, 2013; Hill and Zimmerman, 2010; Hill et al., 88 

2018). Transport through Bering Strait has been measured for decades (Roach et al., 1995; 89 

Woodgate et al., 2005, 2012; Woodgate, 2018). The flow is typically northward, and is thought 90 

to be driven by a sea level difference (pressure head) between the Pacific and Arctic Oceans 91 

(Coachman and Aagaard, 1966; Stigebrandt, 1984; Aagaard et al., 2006) and modified by winds 92 

(Aagaard et al., 1985; Coachman and Aagaard, 1988; Roach et al., 1995; Woodgate et al., 2005; 93 

Danielson et al., 2017). During the past 25 years, transport through Bering Strait has increased 94 
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from 0.8 to 1.0 Sv (106 m3 s-1) (Woodgate, 2018), and this was attributed primarily to changes in 95 

westward winds along the Arctic coasts and sea-level change in the East Siberian Sea (Peralta-96 

Ferriz and Woodgate, 2017; Woodgate, 2018).  97 

After passing Bering Strait, Pacific Water continues into the central Arctic following 98 

three branches (Fig. 1). In the west, flow is toward Herald Canyon, with a portion of the flow 99 

exiting Herald Canyon and the remainder turning eastward and remaining on the shelf (e.g. 100 

Linders et al., 2017; Li et al., 2019). The Siberian Coastal Current (SCC) flows southwestward 101 

along the Siberian Coast with some of the SCC turning northward joining the flow toward 102 

Herald Canyon (Linders et al., 2017; Bond et al., 2018). The SCC appears intermittent and is 103 

forced by wind and buoyancy (Weingartner et al., 1999), and some of the SCC has been 104 

observed to flow southward into the western channel of Bering Strait (Roach et al., 1995; 105 

Weingartner et al., 1999). In the east, the Alaskan Coastal Current (ACC) flows northeastward 106 

along the Alaskan coast toward Barrow Canyon (Weingartner et al., 1998). BSW flows north 107 

through Central Channel with the majority of flow joining the ACC just north of Icy Cape; most 108 

of this flow exits through Barrow Canyon (Stabeno et al., 2018b).  109 

As water flows through the Chukchi Sea, physical characteristics are seasonally modified 110 

through ice melt and ice formation (i.e. brine exclusion), and warming and cooling. Temperature 111 

and salinity signatures have been used to define seasonal water types in the Chukchi Sea 112 

including ACW, melt water (MW), summer water (SW), and winter water (WW), and used to 113 

identify the presence of saltier Atlantic Water (AtlW), which can upwell along the shelfbreak 114 

(Gong and Pickart, 2015; Ladd et al., 2016; Danielson et al., 2017).  115 

From 2010 to present, moorings have been deployed along the Icy Cape line (Fig. 1) 116 

providing time series of transport, nitrate, and other variables on the eastern shelf (Ladd et al., 117 
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2016; Stabeno et al., 2018b). Transport along the Icy Cape line is likely a combination of ACW 118 

near the coast and BSW farther offshore, which converge near Icy Cape (Fig. 1). There is 119 

considerable short-term variability in the time series due to local wind forcing and likely remote 120 

wind forcing (Danielson et al., 2014, 2017), as the transport and winds are significantly 121 

correlated (Stabeno et al., 2018b). While the variability in flow is dominated by the winds, 122 

monthly mean transport at Icy Cape shows a seasonal signal similar to Bering Strait with 123 

transport weakest in fall and winter (Stabeno et al., 2018b). The flow at Icy Cape accounts for 124 

~40% of annual transport through Bering Strait, although this fraction varies on seasonal and 125 

interannual time scales (Stabeno et al., 2018b). 126 

Several high-resolution nitrate time series have been reported on the Chukchi Shelf (Ladd 127 

et al., 2016; Hauri et al., 2018), but heretofore there has not been a study on the seasonal and 128 

interannual variability of nitrate over the shelf that includes winter replenishment.  Herein, we 129 

present several years of continuous nitrate measurements at the Icy Cape mooring sites (C1, C2, 130 

C3; Fig. 1). While nitrate concentrations are modulated by numerous factors, including 131 

nitrification (oxidation of ammonium into nitrate), denitrification (nitrate reduction into nitrogen 132 

gas), brine exclusion, and primary production, this study is focused on seasonal and interannual 133 

variability, and winter replenishment in relationship to the transport of nutrients across the shelf. 134 

 135 

2. Methods 136 

 137 

2.1. Shipboard Hydrography  138 

 139 
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Each year (2010–2018), hydrographic transects were run along the Icy Cape transect line 140 

in August or September in conjunction with mooring deployment and recovery. Profile data were 141 

collected using a Sea-Bird SBE 911plus Conductivity, Temperature, and Depth (CTD) 142 

instrument with dual temperature and salinity sensors. CTD data were recorded during the 143 

downcast, with a descent rate of 15 m min-1 to a depth of 30 m, and 30 m min-1 below that. 144 

Discrete calibration samples for salinity were collected from Niskin bottles on approximately one 145 

third of the casts on the transect line and also at the mooring sites. The samples were analyzed on 146 

a laboratory salinometer at the NOAA Pacific Marine Environmental Laboratory (PMEL) in 147 

Seattle, Washington. During hydrographic transects, discrete nutrient samples were collected 148 

from Niskin bottles at the surface, at 10-m intervals throughout the water column, and at the 149 

bottom of the cast. At the mooring sites, discrete nutrient samples were collected at the 150 

deployment depth of the nitrate sensor during mooring recovery and redeployment and used for 151 

calibration. Additional in situ calibration samples were collected opportunistically at other times 152 

while the nitrate sensors were deployed. Nutrient samples were filtered through 0.45 µm 153 

cellulose acetate filters, and frozen for later analysis at PMEL. Nitrate was measured using 154 

automated continuous flow analysis with a segmented flow and colorimetric detection. 155 

Standardization and analysis procedures specified by Gordon et al. (1994) were closely followed 156 

including calibration of labware, preparation of primary and secondary standards, and 157 

corrections for blanks and refractive index. In this method, nitrate+nitrite and nitrite are both 158 

measured, and nitrate is determined from the difference. 159 

 160 

2.2. Moorings 161 

 162 



8 
 

 Moorings have been deployed at three sites offshore of Icy Cape since August 2010 (C1, 163 

C2, and C3; Table 1, Fig. 1) with sensors located 4-6 m off the bottom. Measurements at each 164 

site included chlorophyll fluorescence (Sea-Bird/WetLabs ECO fluorometer), temperature and 165 

salinity (Sea-Bird SBE16), and current speed and direction (Aanderaa RCM-9, SeaGuard and/or 166 

Teledyne RD Instruments acoustic Doppler current profiler [ADCP], 300 or 600 kHz) (Stabeno 167 

et al., 2018b). Mooring data were collected at least hourly. The Sea-Bird ECO fluorometers, Sea-168 

Bird SBE16s, and current meters were calibrated prior to deployment, and the data were 169 

processed according to manufacturers’ specifications. Unless otherwise indicated, all current 170 

meter and salinity time series were low-pass filtered with a 35-h, cosine-squared, tapered 171 

Lanczos filter to remove higher-frequency variability, and resampled at 6 h intervals. Final 172 

processed time series were accurate to ± 0.0005 S m-1 and ± 0.5 cm s-1 for salinity and currents, 173 

respectively. At mooring site C2, the drift in the salinity of the moored SBE16 was usually 174 

minimal (<0.1) when compared to discrete samples collected from shipboard hydrographic CTD 175 

casts at the mooring site that are used for salinity calibration.  176 

Nitrate sensors (Sea-Bird/Satlantic ISUS or SUNA) have been deployed at C2 each year, 177 

and were occasionally deployed at C1 and C3. In 2012 and 2013, the nitrate sensors deployed at 178 

C2 did not record data. To reduce biofouling, the SUNA instruments had a wiper that was 179 

activated prior to each set of hourly measurements, and the ISUS instruments were plumbed into 180 

the outflow of a Sea-Bird SBE-16 with anti-fouling agents mounted on either side of the ISUS 181 

flow cell. To ensure that the SBE-16 pump was triggered before the ISUS began sampling, the 182 

ISUS sampled 3 minutes after the pump was activated. 183 

The hourly nitrate data included a dark frame (or reference sample) and 10–15 samples of 184 

nitrate (the number of samples has varied over the years). Each sample included the full 185 
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spectrum of 255 spectrometer channels between ~ 200 and 400 nm, and an estimate of nitrate 186 

based upon the absorbance of ~35 spectrometer channels between 217 and 240 nm. The SUNA 187 

also provided several channels to assess potential interference from other absorbers (e.g. colored 188 

dissolved organic matter) including the absorbance at 254 and 350 nm, which was outside the 189 

absorbance range of nitrate, and the root-mean-square error between the measured and standard 190 

absorbance curves.  191 

Spectral plots were used to assess performance of each instrument and identify data 192 

dropouts (Supplementary Fig. S1). The SUNA generally outperformed the ISUS as the SUNA 193 

had fewer data dropouts, and the spectral intensity of the SUNA was relatively strong throughout 194 

the deployment. This result was most likely due to the use of an optical wiper on the SUNA. 195 

Data processing included de-spiking by identifying deviations at 254 nm or 350 nm, calibration 196 

(discussed below), and applying a 35 h, cosine-squared, tapered Lanczos filter to remove tidal 197 

and higher-frequency variability.  198 

The ISUS and SUNA optical nitrate sensors have a reported accuracy of ~2 µM, and do 199 

not have internal standards. Based upon numerous deployments since 2001, while these sensors 200 

provide relative changes in nitrate concentrations on tidal to seasonal scales (Mordy et al., 2005, 201 

2019), absolute values are unreliable and the sensors must be calibrated against discrete field 202 

samples collected while the sensors are deployed. Each moored dataset was calibrated by 203 

determining the difference between the moored and discrete data at each calibration point, then 204 

regressing these differences against the discrete sample time to correct for sensor drift. During 205 

the deployment at C2 in 2010–2011, the ISUS often recorded negative values and the sensor 206 

failed in July 2011, eliminating the possibility of an in-situ calibration from the recovery CTD 207 

cast. In this instance, the calibration drift correction used the initial in-situ calibration point and 208 
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the most negative daily mean value (observed on 12 June), which was set to zero. The resulting 209 

pattern was similar to the nitrate time series at C1, which had a double maximum between late 210 

March and late May, and ~ 9 µM drop in nitrate on 4–7 June (not shown). After calibration, the 211 

C2 time series 2016–2017 had periods of negative values. For this time series, a secondary drift 212 

correction was applied by setting the most negative daily mean value (observed on 14 213 

November) to zero.  214 

 215 

2.3 Transport 216 

 217 

 Estimates of total transport were obtained as described in Stabeno et al. (2018b). This 218 

approach was used to calculate transport of the ACC in the Gulf of Alaska (Schumacher et al., 219 

1989; Stabeno et al., 1995, 2016a) and the Alaskan Stream (Stabeno and Hristova, 2014). 220 

Transport was calculated from current measurements along a line of moorings (C1, C2, C3) 221 

across the region of interest. Using low-pass filtered currents, the component of velocity 222 

perpendicular to the mooring line was calculated. The normal component of velocity at each 223 

current meter or ADCP bin was multiplied by the cross-sectional areas. The horizontal distance 224 

of the cross-sectional area was the midpoint between two adjacent moorings, the distance 225 

between the mooring and the shore, or the outer edge of the mooring line was defined as the 226 

same half distance as between the outer mooring and its nearest neighbor (as appropriate). The 227 

vertical boundaries were the surface, the bottom at the mooring site, or the halfway point 228 

between instruments/bins, as appropriate. The individual mooring transport time series were 229 

summed across the section. In the Chukchi Sea, this method was reliable when all three 230 

moorings (C1, C2, and C3) provided current measurements. When data from one mooring were 231 
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missing, the transport was calculated by selecting a calculated transport (T) when all three 232 

moorings provided data (data set D), removing the comparable missing velocities from D, and 233 

doing a multiple linear regression of the more limited data set on the transport, T. We then used 234 

the regression parameters to calculate transport for the years when there were missing velocities.  235 

See Table 3 in Stabeno et al. (2018b) for more detailed explanations. 236 

 237 

2.4 Other Measurements 238 

 239 

 Daily sea-ice concentrations at 25-km resolution were generated using the Advanced 240 

Microwave Scanning Radiometer - Earth Observing System (AMSR-E) Bootstrap Algorithm 241 

(Comiso, 2017), and are available from the National Snow and Ice Data Center 242 

(https://nsidc.org/data/nsidc-0079/versions/3). Time series of percent areal coverage were 243 

calculated in 50 km × 50 km boxes around each of the mooring sites (Fig. 1).  244 

 Wind velocity was obtained from the North American Regional Reanalysis (NARR) 245 

using the nearest gridpoint to the C2 mooring site. NARR was introduced as an extension to the 246 

National Centers for Environmental Prediction (NCEP) Reanalysis 2 (NCEPR2) for the North 247 

American Region using the high resolution NCEP Eta model (∼32 km grid size compared to 248 

NCEPR2's 2.5° grid) and includes additional assimilated parameters to improve the reanalysis 249 

product (Mesinger et al., 2006). NARR winds are available at 3 hourly intervals and monthly 250 

averages were used for this study. 251 

  Several classifications of water types have been presented in the literature (Gong and 252 

Pickart, 2015; Danielson et al., 2017, this issue). Here we use the Danielson et al. (2017) 253 



12 
 

classification scheme modified by Ladd et al. (2016) to identify water influenced by brine 254 

exclusion (Table 2).  255 

 256 

 257 

3. Results 258 

 259 

3.1. C2 Time Series 260 

 261 

 Time series shown in Fig. 2 include sea-ice extent, classification of the bottom water 262 

mass, salinity, and concentrations of nitrate and chlorophyll-a at the C2 mooring for deployments 263 

in 2010, 2011, and 2014–2017. Moorings were deployed in mid-to-late summer at a time when 264 

the bottom water at C2 was primarily SW. The fall transition from SW to WW occurred prior to 265 

the arrival of ice (except for a brief appearance of ice in 2016), and WW persisted for ~2 months 266 

after ice retreat, except in 2011 with the arrival of warmer water for a short period soon after ice 267 

retreat. 268 

Increases and decreases in nitrate and salinity often corresponded on event and seasonal 269 

scales. Event-scale variability is evident in the December–January time series in 2010–2011, 270 

2011–2012, 2014–2015, and 2015–2016. Other notable events include increased nitrate and 271 

salinity on 1 November 2010, 22 October 2014, and 10 November 2014, which are related to the 272 

presence of AtlW and coastal polynyas (AtlW was observed at C1 on 10 November 2014) (Ladd 273 

et al., 2016). Other event-scale changes in salinity were not reflected in nitrate (e.g. mid-May 274 

2012 and late February–March 2015). 275 
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Corresponding seasonal trends in nitrate and salinity included the fall transition and 276 

winter replenishment. During the fall transition, freshening and a reduction of nitrate 277 

concentrations in bottom water were common with the lowest values typically occurring in 278 

November–December. Exceptions were in October–November 2010, when salinity and nitrate 279 

increased likely due to a weak upwelling event of AtlW (Ladd et al., 2016), and the 2014 280 

polynya events mentioned above. Winter replenishment of nitrate typically occurred between 281 

January and May. In January–May of 2011, 2016, and 2017, there was a corresponding increase 282 

in salinity and nitrate. During other years, replenishment was more variable. In 2012, winter 283 

replenishment of nitrate did not begin until April. In January–June 2015, salinities were variable 284 

but showed no seasonal trend, while nitrate steadily increased through the winter. In 2018, 285 

although salinity was variable without a considerable seasonal trend, nitrate concentrations were 286 

high through the winter reaching 24 µM in late March. 287 

To assess interannual variability in wintertime nutrient replenishment, nitrate and salinity 288 

anomalies were determined for January–May (Fig. 3). The multi-year (2011, 2012, 2015–2018) 289 

hourly means of nitrate and salinity that were used to calculate anomalies are shown in Fig. 3a. 290 

Mean nitrate did not include data from 20-31 May 2018, as there was a sharp decline in nitrate 291 

associated with an early ice retreat and high levels of chlorophyll (Fig. 2f, Stabeno et al., this 292 

issue). In the mean, nitrate and salinity were significantly correlated (R2 = 0.83, p < 0.0001) with 293 

values generally increasing from January–May (Fig. 3a). While there was frequent 294 

correspondence between nitrate and salinity anomalies (e.g. early January 2018, February–April 295 

2015, January–May 2017), at other times anomalies were of opposite sign (e.g. January 2011, 296 

May 2012). Most notable was the negative nitrate anomaly in 2012 and the positive nitrate 297 

anomaly from mid-January to mid-May 2018, both accompanied by relatively neutral salinity 298 
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anomalies. The second largest positive nitrate anomaly occurred in March–May 2011. These 299 

positive nitrate anomalies were evident in the wintertime nitrate–salinity relationship (Fig. 4) 300 

wherein nitrate concentrations in 2011 and 2018 more closely resembled data from the Bering 301 

Sea, and were significantly higher (p < 0.0001) than in other years that had maximum nitrate 302 

concentrations generally <13 µM. 303 

In spring, the timing of nitrate drawdown in bottom waters at C2 was related to ice retreat 304 

and/or increased chlorophyll concentrations (Fig. 2), but varied among the years (Stabeno et al., 305 

this issue). In June 2011, there was a sharp drop in nitrate coincident with ice retreat despite 306 

relatively low chlorophyll concentrations. In the summers of 2015 and 2017, the drawdown of 307 

nitrate occurred within a month of ice retreat coincident with relatively high chlorophyll 308 

concentrations. In summer 2016, winter water persisted until September while chlorophyll 309 

concentrations remained relatively low; nitrate concentrations slowly declined through the 310 

seasons with minimum concentrations occurring in November (observed in the subsequent 311 

deployment time series, Fig. 2e). In May–June 2018, while there was an initial reduction in 312 

nitrate associated with ice retreat and a chlorophyll peak, several pulses of ice and nitrate 313 

occurred thereafter. A similar increase in nitrate was observed in July 2011 absent ice cover. 314 

Both instances were associated with WW. In 2012, ice lingered at C2 until late July as nitrate 315 

concentrations increased from May–July. 316 

 317 

3.2. Icy Cape time series 318 

 319 

 Time series of nitrate, salinity, and areal ice coverage at the three moorings along the Icy 320 

Cape line (C1, C2, and C3) are shown for 2016–2017 (Fig. 5a-c) and 2017–2018 (Fig. 5d-f). 321 
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While episodic and seasonal variability were similar among the three moorings in individual 322 

years, there was considerable interannual variability. In the 2016–2017 time series, salinities 323 

freshened by ~1 in November 2016, and the freshest bottom water was observed in late 324 

December 2016 and January 2017 (Fig. 5a-c). Between January and August 2017 salinities 325 

increased to ~ 32.8 with a freshening event occurring in May and June 2017. In the 2016–2017 326 

nitrate time series, the fall transition was similar at the three moorings with increased nitrate in 327 

mid-October 2016 followed by a minimum in November that occurred several weeks prior to the 328 

appearance of winter water. There was less correspondence among the three moorings during 329 

winter replenishment as concentrations at C1 showed step increases in January and March with 330 

concentrations of 11 µM in April; concentrations at C2 increased to 5 µM in January followed by 331 

a relatively steady increase to 13 µM in June; and concentrations at C3 steadily increased from 332 

the minimum in November to 16 µM in May. At all three moorings, nitrate concentrations 333 

declined to < 5 µM in June 2017 concomitant with ice retreat and increasing chlorophyll 334 

concentrations in the bottom water, and nitrate drawdown was more gradual at C1 compared to 335 

C2 and C3. 336 

In the 2017–2018 salinity time series at C1, C2, and C3 (Fig. 5d-f), freshening associated 337 

with the fall transition and the replenishment of salt during winter were less pronounced than in 338 

the 2016–2017 time series. Increased salinity at C1 on 17–18 December 2017, was associated 339 

with upwelling of warmer AtlW, an event that slightly warmed temperatures at C2 (17–18 340 

December mean temperature = -0.8°C) and formed a hybrid latent/sensible heat polynya (Ladd et 341 

al., 2016) with evidence of brine exclusion (salinity > 33.6) observed at all three moorings (Fig. 342 

6). 343 
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Nitrate concentrations at the three moorings were low in October 2017 and rapidly 344 

increased in November and December during the transition from SW to WW. Variability in 345 

nitrate was high in December 2017 concomitant with the polynya, and also in February–March 346 

2018 with stepwise increases occurring in March. Prior to ice retreat, nitrate concentrations of 15 347 

– 20 µM were observed at the three moorings. Nitrate concentrations rapidly declined upon ice 348 

retreat and increased bottom chlorophyll concentrations (Stabeno et al., this issue). 349 

Anomalies for salinity and nitrate at the three moorings (Fig. 7) were determined for 350 

January – May using the mean values derived at C2 and employed in Fig. 3. In 2017, salinity 351 

anomalies were negative at all three moorings while the nitrate anomalies had greater spatial and 352 

temporal variability. At C1, the 2017 nitrate anomaly was positive in January, and negative in the 353 

remaining months with the seasonal drawdown of nitrate beginning in mid-May 2017 (Fig. 5a). 354 

At C2, nitrate and salinity anomalies were negative. At C3, the 2017 nitrate anomaly was 355 

generally neutral or positive with the highest anomalies observed in mid-April – May. In 2018, 356 

salinity anomalies were neutral except for the high salinities observed in early January that were 357 

associated with a polynya (Fig. 6). The highest nitrate anomalies at all three moorings were 358 

observed in February–April, interrupted by lower values generally associated with negative 359 

salinity anomalies.  360 

 361 

3.3. Transport and pre-bloom nitrate concentrations 362 

 363 

Interannual variability in transport across the shelf during winter is captured by 364 

comparing 3-month means of transport across the Icy Cape line (Fig. 8). Weak or negative 365 

transport was observed in winters spanning 2011–2012 to 2015–2016 with the weakest mean 366 
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transport in 2011–2012. Moderate transport was observed in 2016–2017 and relatively high 367 

transport was observed from December 2010 to April 2011 and in the fall 2017 to winter 2018. 368 

In years with weak transport, relatively low nitrate concentrations were observed at the 369 

C2 mooring from January–May (Fig. 4, green) indicating that early in the year the northern shelf 370 

may retain a remnant nutrient signature from the previous summer. In a year with moderate 371 

transport (Fig. 8a, 2016–2017), water with a stronger Bering Sea signature was observed in May 372 

2017 at the C3 mooring (salinity = 32.3, NO3  = 15.5 µM; Fig 5c) , while C1 and C2 appeared to 373 

retain older water (NO3 < 13 µM; Fig. 5a, b). This result implies that in 2017, transport through 374 

the central channel exceeded flow farther inshore, assuming all other processes being equal (e.g. 375 

brine exclusion, nitrification, and denitrification). This is consistent with findings that BSW 376 

flows through Bering Strait and northward through Central Channel, reaching C3, then C2 and 377 

finally C1 (unpublished data). In years with the largest monthly mean transports, water with a 378 

Bering Sea signature (i.e. NO3 = 15–20 µM) was observed from January–May 2011 at C2 (Fig. 379 

4, orange) and at all three moorings in 2017–2018 (Fig. 4, red, and Fig. 5d-f).  380 

Given the correspondence along the Icy Cape line between high levels of multi-month 381 

mean transport and the appearance of water with Bering Sea characteristics, a comparison was 382 

made between pre-bloom nitrate content and transport (Fig. 9). Mean transport in January 383 

through May was compared to the 3-day mean nitrate concentration centered on 15 May (black 384 

symbols in Fig. 9). Note, 15 May was prior to major ice retreat at any of the C2 mooring time 385 

series and prior to large accumulations of bottom chlorophyll (Fig. 2). The regression slope in 386 

Fig. 9 was not significant (p = 0.08, F = 5.4). Most notable were the discrepancies in 2017 387 

between relatively high-transport/low-nitrate concentrations, and the very low nitrate 388 

concentrations in 2012. 389 
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In 2012, 2015, and 2017, after 15 May, nitrate concentrations in WW continued to 390 

increase at C2 for weeks to months despite ice retreat and the accumulation of chlorophyll in 391 

bottom water (Fig. 2). This is illustrated in a second comparison between nitrate and transport in 392 

Fig. 9 (blue symbols). This comparison shows the maximum 3-day mean nitrate concentrations 393 

between 15 May and July in each of these years compared to the prior 5-month mean of 394 

transport. For example, in 2012, the maximum 3-day mean nitrate between May and July was 395 

15.3 µM and occurred on 27 July 2012, and the mean 5-month transport from March–July was 396 

0.37 Sv. While neither of the regression slopes in these comparisons were significant, these 397 

results illustrate that in some years, there is a continual flux of cold nitrate-rich WW over the 398 

shelf through spring and into summer (blue arrows in Fig. 9), seasons when contributions from 399 

nitrification are thought to be low (Baer et al., 2017). 400 

In summer and fall, there is considerable variability in DIN concentrations near the M8 401 

mooring on the northern middle shelf of the Bering Sea (Stabeno et al., 2018a). In the proximity 402 

of the M8 mooring (62.194°N, 174.688°W), concentrations of DIN in bottom water declined by 403 

~37% between 2005 and 2016 before recovering in 2017 and 2018 (Stabeno et al., 2018a; Fig. 404 

10a). The mechanisms forcing this variability are still undetermined. In winter, this water begins 405 

to flow over the Chukchi Shelf, and during this transit ammonium is likely nitrified and 406 

contributes to the nitrate pool (Baer et al., 2017). In the absence of primary production in winter, 407 

we might expect correspondence between summer/fall DIN concentrations at M8 in the northern 408 

Bering Sea and pre-bloom (15 May) nitrate concentrations at C2 in the Chukchi Sea the 409 

following spring (Fig. 10b). For example, the lowest values in the northern Bering Sea were 410 

observed in September 2016 (Fig. 10a), and likely resulted in the low values observed spring 411 

2017 in the Chukchi Sea despite relatively high transport (Fig. 9). Arrigo et al. (2017) surveyed 412 
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the northeastern Chukchi Sea in May–June 2014 and reported a mean pre-bloom nitrate 413 

concentration in bottom water of 14.0 ± 1.9 µM. Although DIN was not measured at M8 the 414 

previous year, their finding is consistent with regressed concentration for 1 October 2013 (14.0 415 

µM, orange data in Fig. 10). While consistent in the mean, they observed higher concentrations 416 

in the central channel and lower concentrations near the shelf break. 417 

While there is nearly a 1:1 correspondence between summer/fall DIN in the Bering Sea 418 

and pre-bloom nitrate in the Chukchi Sea (black symbols in Fig. 10b), there was a large 419 

discrepancy at C2 in 2012. Despite relatively high concentrations of DIN in the Bering Sea, the 420 

winter of 2012 had the largest negative nitrate anomaly (Fig. 3c), and nitrate replenishment that 421 

year did not begin until April (Fig. 2b). These results are explained by the absence of transport 422 

across the Icy Cape line between September 2011 and May 2012 (Fig. 8). The discrepancy is 423 

much smaller on 27 July 2012 when maximum 3-day mean nitrate concentrations were observed 424 

(blue symbols in Fig. 10b); that is when water with Bering Sea characteristics arrived at Icy 425 

Cape. In 2015 and 2017, nitrate concentrations continued to increase after 15 May, and the 426 

maximum 3-day mean nitrate concentrations were greater than observed in the Bering Sea (Fig. 427 

10b). These higher nitrate levels may be the result of ammonification-nitrification, brine 428 

rejection, or mixing with AW upstream of the Icy Cape line in winter. 429 

 430 

 431 

4. Discussion 432 

 433 

The seasonal water masses in the Chukchi Sea are typically defined by temperature and 434 

salinity, and the seasonal progression of these water masses over the shelf are well described 435 
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(Woodgate et al., 2005; Gong and Pickart, 2015; Lowry et al., 2015; Danielson et al., 2017; Lin 436 

et al., 2019; Danielson et al., this issue). In spring and summer, WW is gradually replaced from 437 

south to north by MW, SW, and ACW (Lowry et al., 2015; Lin et al., 2019; Danielson et al., this 438 

issue) due to the seasonal progression of ice melt across the shelf and enhanced transport in 439 

summer forced by southerly winds (Woodgate et al., 2005; Stabeno et al. 2018b). During 440 

hydrographic surveys conducted in mid-to-late-summer, conditions off Icy Cape are typified by a 441 

strong two-layer system (Fig. 11). The surface layer is composed of ACW, SW, and/or MW, and 442 

is relatively fresh, warm, and nitrate-poor (Fig. 11; Danielson et al., 2017). In the bottom layer, 443 

WW and SW are the primary water types found off Icy Cape in summer, and their relative 444 

contributions depend in part on the timing of sampling (Lin et al., 2019). While SW is nutrient-445 

poor, WW has moderate nitrate content in late summer (Lowry et al., 2015; Danielson et al., 446 

2017, Lin et al., 2019), and this water type is thought to initiate and sustain phytoplankton 447 

blooms throughout the growing season (Lowry et al., 2015). 448 

By October, most of the WW along the bottom has been flushed off the shelf by 449 

relatively warm ACW and SW (Lin et al., 2019; Danielson et al., this issue). During the fall 450 

transition, storms break down the two-layer system that is prevalent in summer, and mix warmer, 451 

fresher, and nutrient-poor water to depth (Fig. 12; Woodgate et al., 2005; Nishino et al., 2016). 452 

As a result, bottom salinities and nutrient concentrations are often lowest during this period 453 

(Figs. 2, 5, and 12). Exceptions to this pattern along the Icy Cape line include fall 2010 and 2014 454 

when upwelling events in Barrow Canyon transported salt and nitrate over the shelf (Fig. 2; Ladd 455 

et al., 2016). The transition from SW to WW generally occurred in September–November prior 456 

to the arrival of ice. In 2016, there was a short period of ice cover during the fall transition, and, 457 

in 2016 and 2017, SW was evident through November (Fig. 2). This transition may be further 458 



21 
 

delayed with future warming (Wood et al., 2018; Danielson et al., this issue). The rapid rates of 459 

heat loss over the shelf (e.g. Wood et al., 2018; Danielson et al., this issue) signify that the 460 

transition to WW is primarily a local or regional event rather than advective event (Lowry et al., 461 

2015). Thus, when formed, WW is relatively fresh and nutrient poor (Figs. 2 and 5; Woodgate et 462 

al., 2005; Lowry et al., 2015).  463 

Replenishment of nitrate over the shelf in winter occurs through brine exclusion (Aagaard 464 

et al., 1981; Anderson et al., 1988), nitrification, which has the highest rates in winter (Christman 465 

et al., 2011; Baer et al., 2017), upwelling along the shelf break (Ladd et al., 2016) and the 466 

transport of nutrients through Bering Strait (Walsh et al., 1989; Springer and McRoy, 1993), and 467 

is modulated by denitrification (Chang and Devol, 2009).  In terms of nutrient transport, the 468 

majority of water flowing over the eastern Chukchi Sea Shelf has its origins from the middle and 469 

outer shelf of the northern Bering Sea (Stabeno et al., 2016b). While winter nutrient 470 

concentrations in the northern Bering Sea are rarely measured, bottom water concentrations in 471 

spring and summer/fall in the Bering Sea are similar and relatively high compared to recently 472 

formed (October – November) WW in the Chukchi Sea (Table 3; Figs. 2 and 5).  473 

Despite the relatively high nutrient concentrations in Bering Sea source waters, transport 474 

across the eastern Chukchi Sea Shelf in winter is weak and highly variable due to prevailing 475 

northerly winds that can sometimes result in southward transport (Stabeno et al., 2018b). Along 476 

the Icy Cape line, while there are periods of strong northeastward transport in fall and winter 477 

(e.g. February 2011), 5 to 20-day periods of southwestward transport are not uncommon (see 478 

Fig. 12 in Stabeno et al. 2018b). They found that while ~40% of the annual flow through Bering 479 

Strait passes the Icy Cape line, less than a fifth of this transport occurs during December–April. 480 

This is an indication that, on the eastern shelf, advective replenishment of nitrate in winter may 481 
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be sporadic, and highly variable among years. Model results suggest that in the first 180 days of 482 

the year, the southern shelf of the Chukchi Sea (south of ~70°N) is filled with water that has 483 

recently (< 5 mo) passed through Bering Strait (Spall, 2007), thereby introducing relatively high 484 

concentrations of nutrients from the Bering Sea into the southern Chukchi Sea. These model 485 

results also suggest that, early in the year, the northern shelf in the Chukchi Sea may retain older 486 

water (Spall, 2007), a result supported by the low nutrient-salinity relationships in Fig. 4 relative 487 

to Bering Sea water. This is also consistent with a May-June 2014 survey that observed lower 488 

nitrate concentrations on the northern shelf (Arrigo et al., 2017).  489 

Macdonald et al. (2010) provided a mean estimate annual new production in the Chukchi 490 

Sea of 50 g C m-2 y-1 (5 to 160 g C m-2 y-1) with a corresponding annual mean nitrogen demand 491 

of 12.4 kmol N s-1. Their estimate of Pacific inflow of DIN through Bering Strait was 16.5 kmol 492 

N s-1. Torres-Valdés et al. (2013) used inverse modeled velocities and a July 2005 nitrate section 493 

that crossed the entire southern Chukchi Sea and determined a summertime nitrate flux of 9 ± 0.8 494 

(± SD) kmol N s-1 with most of this flux occurring in the western Chukchi Sea. For contrast, a 495 

summary of monthly wintertime winds, transport, and nitrate flux in the northeastern Chukchi 496 

Sea are presented in Fig. 13. In November–April, the nitrate flux in the northeastern Chukchi Sea 497 

ranged from < 1.5 kmol N s-1 in winters with weak transport (i.e. 2011–2012, 2014–2015, 2015–498 

2016) to 10 kmol N s-1 in winters with high transport (Fig. 13). Higher transports were associated 499 

with more easterly or southerly winds, and higher fluxes generally occurred in late winter or 500 

early spring (May) as northerly winds weakened and contemporary water from the Bering Sea 501 

spread across the northeastern Chukchi Sea. The low nitrate flux in May 2012 reflected the weak 502 

transport of remnant winter water that had yet to be flushed from the region (Fig. 10b).  503 
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The wintertime nitrate flux on the northeastern shelf was often low relative to the 504 

findings of Macdonald et al. (2010) and Torres-Valdés et al. (2013). In most years contemporary 505 

water from the Bering Sea arrived at the Icy Cape line in early spring (Fig. 10b) and was perhaps 506 

modified in route from nitrate-rich AW, nitrification, or denitrification. During the growing 507 

season, nitrate in bottom water was often consumed (Fig. 2), reinforcing the notion that nitrate is 508 

the primary limiting nutrient (Cota et al., 1996; Codispoti et al., 2005; Tremblay et al., 2006; 509 

Lowry et al., 2015) and enabling an estimate of net community production (NCP) upstream of 510 

the Icy Cape line (i.e. the seasonal change in carbon or nutrients that represents production minus 511 

community respiration). Defining pre-bloom nitrate concentrations as 15 May or later (nitrate 512 

concentrations continued to increase in 2012, 2015, and 2017), concentrations at the C2 mooring 513 

range from 12.0 ± 0.3 (± SD) µM in 2016 to 16.7 ± 0.2 µM in 2011 (Fig. 10b). This corresponds 514 

to NCP of 35 – 48 g C m-2 (assuming consumption to 40 m and a C:N ratio of 6 from Hansell et 515 

al., 1993).  516 

Arrigo et al. (2017) measured pre-bloom nitrate concentrations in the northeast Chukchi 517 

Sea in 2014, and derived NCP values of 27.8 ± 4.1, 37.6 ± 5.6, and 42.3 ± 6.9 g C m−2 y−1 for 518 

nitrate consumption to 30, 40, and 50 m, respectively. Their estimates were generally lower than 519 

prior studies in the region (40–70 g C m−2 y−1; Hansell et al., 1993; Codispoti et al., 2013; Mills 520 

et al., 2015). They argued that earlier estimates were unreasonably high because pre-bloom 521 

nitrate concentrations were not locally and/or rigorously determined; for example, Hansell et al. 522 

(1993) employed nitrate data from the southeast Bering Sea without consideration of 523 

denitrification over the Bering Sea shelf. Given that: i) nitrate consumption may extend to at 524 

least 40–45 m; ii) pre-bloom concentrations at C2 correspond to fall concentrations at M8 (Fig. 525 
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10b); and iii) DIN at M8 varies from ~11 to 22 µM (Fig 10a), it is reasonable to expect NCP 526 

upstream of C2 to vary interannually between ~30 and 70 g C m-2 y-1. 527 

 528 

 529 

5. Conclusion 530 

 531 

As WW warms in spring and summer to > -1.6°C, it has been categorized as remnant 532 

winter water (Gong and Pickart, 2015; Lin et al., 2019). This definition does not distinguish 533 

between water advected through Bering Strait during winter and remnant summer water that has 534 

locally cooled, transitioned into winter water, and, in some years, is still residing over the 535 

northern shelf. This distinction is important because nitrate concentrations are lowest in newly 536 

formed WW, and rates of local nitrate replenishment appear low relative to the nutrient flux 537 

through Bering Strait. In recent years there has been an increase in southerly wind events 538 

(Stabeno, 2019; Stabeno and Bell, 2019) that may be reinforced by warming of arctic shelves 539 

(Tachibana et al., 2019; Danielson et al., this issue). These conditions enhance total transport and 540 

nutrient flux through Bering Strait, and introduce contemporary Bering Sea water into the 541 

northern Chukchi Sea shelf. As a result, in the presence of southerly wind events, nutrient 542 

measurements at the M8 mooring in the Bering Sea from the prior summer/fall should make it 543 

possible to predict pre-bloom nitrate concentrations available for sustaining primary production 544 

in the eastern Chukchi Sea. Since 2005, annual summer/fall DIN concentrations at M8 in the 545 

Bering Sea have varied between 11 and 22 µM (Fig. 10), an indication that NCP over the eastern 546 

Chukchi Sea may have varied by 50% during this time.  547 

  548 
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Tables 847 

 848 

Table 1. The locations and bottom depths of the Icy Cape moorings. 849 

Mooring Latitude (°N) Longitude (°W) Depth (m) 

C1 70.835 163.119 44 
C2 71.222 164.250 45 
C3 71.825 165.975 45 

 850 

 851 

Table 2. Temperature and salinity bounds for water masses observed in this study. The 852 
classification scheme follows Danielson et al. (2017), modified by Ladd et al. (2016) for 853 
identification of water influenced by brine exclusion.   854 

Water Mass Temperature (°C) Salinity 

Winter Water –2 < T < 0 30.0 ≤ S ≤ 33.6 
Summer Water 0 ≤ T < 7 30.0 ≤ S ≤ 33.6 
Atlantic Water –1 ≤ T < 1 33.6 < S < 35.0 

Brine Exclusion –2 < T < –1 33.6 < S < 35.0 
 855 

 856 

Table 3. Mean and standard deviation of nitrate and dissolved inorganic nitrogen (DIN) 857 
concentrations in bottom water on the northern Bering Sea in spring (March–May) and 858 
summer/fall (July–October). Data are from 5 cruises in spring and 23 cruises in summer/fall 859 
spanning 2004 – 2018. Stations were located between 61.5° and 63.6°N and 55–90 m water 860 
depth, and samples were from the deepest Niskin bottle providing that it was < 12 m from the 861 
bottom. Cruises in spring were conducted in ice-covered waters in 2007–2010 as part of the 862 
Bering Sea Ecosystem Study (BEST), and in ice-free waters in May 2018 during the NOAA-863 
PMEL spring mooring cruise. 864 

 Nitrate (µM) DIN (µM) N 

March–May 13.5 ± 4.0 14.9 ± 3.6 92 
July–October 10.8 ± 3.2 14.4 ± 3.5 207 

  865 
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Figures 866 

Figure 1. Map of the Chukchi Sea (modified from Ladd et al., 2016) showing patterns of flow 867 

(yellow arrows) including the Siberian Coastal Current (SCC) and Alaskan Coastal 868 

Current (ACC), and the locations of the Icy Cape moorings (C1, C2, and C3) and the Icy 869 

Cape hydrographic line (green bar). The red boxes around each of the moorings denotes 870 

the boxes for determining ice concentration. 871 

Figure 2. Annual time series of the percent areal ice cover (black), nitrate (blue), salinity (red), 872 

chlorophyll fluorescence (green), and water mass (color bar atop each panel) from six 873 

deployments at the C2 mooring spanning 2010–2012 and 2014–2018. Filled circles 874 

indicate discrete nitrate calibration points. Water types include summer water (red), 875 

winter water (blue), Atlantic water (white), and brine-influenced water (black). 876 

Figure 3. Multi-year (2011, 2012, 2015–2018) hourly mean (a) and anomalies (b-g) of nitrate 877 

(blue) and salinity (red) at the C2 mooring in January through May for the six time series 878 

shown in Fig. 2. Note the change in scale in 2018. The mean does not include nitrate data 879 

from 20–31 May 2018, and the nitrate anomaly during this period is off-scale at -12.1 880 

µM. 881 

Figure 4. Nitrate-Salinity relationship at the C2 mooring from 1 January to 31 May in 2012, 882 

2015, 2016, and 2017 (green), and 2011 (orange). Data from 2018 (red) are shown from 1 883 

January to 20 May as the seasonal drawdown of nitrate occurred thereafter. Data from the 884 

Bering Sea (blue) include 3973 near-bottom (<12 m from bottom) samples from the shelf 885 

(< 150 m) that were collected on 53 cruises spanning March to October, 2003 to 2018. 886 

Figure 5. Annual time series of the percent areal ice cover in 50 km × 50 km box centered on 887 

each mooring (black), nitrate (blue), salinity (red), chlorophyll fluorescence (green), and 888 
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water mass (color bar atop each panel) from deployments at the C1, C2, and C3 moorings 889 

deployed in 2016 (a-c) and 2017 (d-f). Filled circles indicate discrete nitrate calibration 890 

points. Water types include summer water (red), winter water (blue), Atlantic water 891 

(white), and brine-influenced water (black). 892 

Figure 6. Percent ice cover (blue is open water, white is ice) on 16 December 2017 showing a 893 

polynya near the C1 mooring. The inset is the T-S diagram from 15 December 2017 to 31 894 

January 2018 for the C1 (blue), C2 (green), and C3 (red) moorings. The warmest 895 

temperatures (-0.6°C) were observed at the C1 mooring on 18 December 2017. 896 

Figure 7. Anomalies of nitrate (blue) and salinity (red) in January through May for time series at 897 

C1, C2, and C3 in 2017 (a-c) and 2018 (d-f) using the same mean values as in Fig. 3. 898 

Figure 8. Three-month means of transport (Sv) across the Icy Cape line. Years in gray are 899 

periods without a corresponding time series in nitrate. 900 

Figure 9. Black symbols are the 3-day mean nitrate concentrations on 14–16 May at the six C2 901 

time series shown in Fig. 2 compared to the mean seasonal (January–May) transport 902 

across the Icy Cape line. Blue symbols are the maximum 3-day mean nitrate 903 

concentration after 15 May compared to the mean transport from the prior 5 months with 904 

arrows indicating the increase in nitrate after 15 May. The standard error of the mean was 905 

within the symbols. The regression slopes in these comparisons were not significant. 906 

Figure 10. (a) Summer and fall (July–October) concentrations of dissolved inorganic nitrogen 907 

(DIN) in bottom water (< 12 m from the bottom except for samples collected at 50 m in 908 

2011) within a 1° latitude × 2° longitude box (61.8°–62.8°N, 174°–176°W) around the 909 

M8 mooring in the northern Bering Sea. Data are from 20 individual cruises between 910 

2005 and 2018. Error bars represent the standard error of the mean for each cruise. The 911 
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regression line is from 2005 to 2016 and has a significant slope of 0.6 µM y-1 (p = 0.005, 912 

F = 11) shown with the 95% confidence bands. From this regression, the predicted DIN 913 

concentration on 1 October 2013 was 14.0 ± 2.6 µM (± SE, orange data point). (b) Black 914 

symbols are the 3-day mean nitrate concentrations at the C2 mooring on 14–16 May 915 

compared to mean DIN concentrations in bottom water at the M8 from the previous 916 

summer and/or fall. Blue symbols are the maximum 3-day mean nitrate concentration at 917 

the C2 mooring after 15 May with arrows indicating the increase in nitrate after 15 May 918 

as in Fig. 9. Error bars represent the standard error of the mean, and y-error bars are 919 

within the symbols. The gray line is the 1:1 ratio. Arrigo et al. (2017) reported that mean 920 

nitrate concentrations in bottom water over the shelf in May-June 2014 was 14.0 ± 1.9 921 

µM (orange) shown with the SE of the prediction at M8. 922 

Figure 11. Hydrographic sections along the Icy Cape line in August 2018 of salinity (a) and 923 

nitrate (c) with contours of potential density (σt). Identification of water types (b) are 924 

according to Danielson et al. (2017). 925 

Figure 12. (a) Drift track of ALAMO float 9119 from 14 September 2017 to 20 November 2017 926 

colored by bottom salinity. The diamond indicates the location of the C2 mooring. (b) 927 

Vertical profile of salinity from ALAMO float 9119 during this period. (c) Time series of 928 

nitrate (blue) and salinity (red) from the C2 mooring along with bottom salinity 929 

(yellow/green) from ALAMO float 9119. The arrows in (b) and (c) indicate the nearest 930 

approach of the float to the C2 mooring. 931 

Figure 13. Monthly mean wind (red) and transport (a) and nitrate flux (b) across the Icy Cape 932 

line from November through May for the six mooring deployments. Transport was 933 

calculated using currents from the C1, C2, and C3 moorings, and was combined with 934 
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nitrate at C2 for determination of the nitrate flux with the assumption that the water 935 

column was well mixed during this period. In May 2018, nitrate was averaged from 1-20 936 

May. Positive transport and nitrate flux are to the northeast, and winds are relative to 937 

north. In (b), the mean nitrate flux from November-April is shown above the x-axis, and 938 

the May nitrate flux appears above each column in May.   939 
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Fig. S1. Comparison of spectral time series plots from the ISUS (top) and SUNA (bottom) with 993 
wavelength on the y-axis and color indicating the intensity of spectral counts. These are from an 994 
ISUS deployment at the C2 mooring in 2014–2015 and a SUNA deployment at the C1 mooring 995 
in 2017–2018. 996 




