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1. Introduction
Surface warming associated with increased atmospheric CO2 concentrations is occurring in the Arctic at a 
pace roughly double the global average (e.g., Allen et al., 2018), leading to significant decreases in sea ice 
extent and thickness, and changes in the timing of seasonal melt and refreeze throughout the Arctic Ocean 
(e.g., Fetterer et al., 2017; Stroeve & Notz, 2018; Wood et al., 2015). The expansion of the seasonal ice zone 
and lengthening of the meltwater season have profound implications for the productivity and ecology of 

Abstract Two oceanographic cruises were completed in September 2016 and August 2017 to 
investigate the distribution of particulate organic matter (POM) across the northeast Chukchi Shelf. Both 
periods were characterized by highly stratified conditions, with major contrasts in the distribution of 
regional water masses that impacted POM distributions. Overall, surface waters were characterized by 
low chlorophyll fluorescence (Chl Fl < 0.8 mg m−3) and particle beam attenuation (cp < 0.3 m−1) values, 
and low concentrations of particulate organic carbon (POC < 8 mmol m−3), chlorophyll and pheophytin 
(Chl + Pheo < 0.8 mg m−3), and suspended particulate matter (SPM ∼2 g m−3). Elevated Chl Fl and 
Chl + Pheo (∼2 mg m−3) values measured at mid-depths below the pycnocline defined the subsurface 
chlorophyll maxima (SCM), which exhibited moderate POC (∼10 mmol m−3), cp (∼0.4 m−1) and SPM 
(∼3 g m−3). In contrast, deeper waters below the pycnocline were characterized by low Chl Fl and 
Chl + Pheo (∼0.7 mg m−3), high cp (>1.5 m−1) and SPM (>8 g m−3) and elevated POC (>10 mmol m−3). 
POM compositions from surface and SCM regions of the water column were consistent with contributions 
from active phytoplankton sources whereas samples from bottom waters were characterized by high Pheo/
(Chl + Pheo) ratios (>0.4) indicative of altered phytoplankton detritus. Marked contrasts in POM were 
observed in both surface and middepth waters during both cruises. Increases in chlorophyll and POC 
consistent with enhanced productivity were measured in middepth waters during the September 2016 
cruise following a period of downwelling-favorable winds, and in surface waters during the August 2017 
cruise following a period of upwelling-favorable winds.

Plain Language Summary We investigated the distribution and composition of particulate 
organic matter in waters from the northeast Chukchi Sea during two late summer periods (September 
2016 and August 2017). During both cruises we measured a variety of properties (salinity, temperature, 
density, chlorophyll fluorescence and particle beam attenuation). We also collected individual water 
samples from specific depths and measured the concentrations of suspended particulate matter, 
particulate organic carbon and nitrogen, chlorophyll-a and pheophytin (a chlorophyll degradation 
product). These measurements revealed highly stratified conditions throughout the study area, with 
surface waters exhibiting relatively low particle and biomass concentrations, middepth waters with 
well-defined subsurface chlorophyll maxima and moderate biomass, and turbid bottom waters with 
intermediate concentrations of particulate organic carbon and elevated levels of pheophytin. Large 
contrasts in the composition of particulate materials in both cruises were related to the distribution 
of different regional water masses. In addition, we observed increases in biogeochemical tracers of 
phytoplankton production in response to downwelling- and upwelling-favorable wind events. Overall, 
our work suggests that under the right conditions, phytoplankton production may occur under highly 
stratified conditions both in surface and sub-surface waters, extending the productive season along Arctic 
marginal seas.
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the Arctic Ocean (e.g., Ardyna & Arrigo, 2020; Grebmeier et al., 2015; Huntington et al., 2020). Earlier sea 
ice melt and a longer open-water period can have positive feedbacks on water column conditions that can 
extend the growing season and result in marked increases in phytoplankton productivity if both nutrients 
and light are available (e.g., Ardyna et al., 2020; Arrigo et al., 2012; McLaughlin & Carmack, 2010; Zhang 
et al., 2010).

Remote-sensing based observations indicate increases in the extent and duration of the open water season 
over the past two decades have contributed to the enhancement in net primary production along Arctic 
marginal seas over this period (Arrigo & van Dijken, 2015; Lewis et al., 2020). Analyses by these authors 
suggest that the observed increases in net primary production over the past 10 years are driven by enhanced 
phytoplankton biomass, indicating that increases in nutrient supply are required to support the observed 
productivity increases. In inflow shelves, such as the Chukchi Shelf, advection of nutrients from the Pacific 
may contribute to these trends. Work by Woodgate (2018) based on mooring data from the Bering Strait 
indicated an increase in the Pacific inflow to the Arctic Ocean, which could represent a source for en-
hanced nutrient input. However, more recent studies suggest there is significant interannual variability in 
the northward transport across Bering Strait (e.g., Nguyen et al., 2020) and no clear long-term trends in the 
supply of nutrients from the Pacific (e.g., S. Danielson et al., 2021).

Enhancement in the vertical mixing of nutrients into the euphotic zone is another mechanism that can 
explain increases in net primary productivity, especially in the shallow Arctic shelves and marginal seas 
(see review by Ardyna & Arrigo, 2020). In terms of predicting the effects of climate change on Arctic Ocean 
ecosystems, it important to understand how physical drivers (e.g., stratification and mixing) control key 
biogeochemical processes (e.g., dissolved nutrient supply) that impact primary productivity (e.g., Slagstad 
et al., 2015). For example, at an Arctic-wide scale, increased warming and greater inputs of melt water and 
river runoff are likely to enhance stratification in the euphotic zone, which can result in nutrient depletion 
in the late season and potentially decreased overall productivity despite increases in light availability (e.g., 
Jackson et al., 2011; Yamamoto-Kawai et al., 2009). On the other hand, longer periods of open water over 
Arctic marginal seas may enhance current- and wind-driven mixing (e.g., S. L. Danielson et al., 2014, 2017; 
Foukal et al., 2019; Lin et al., 2019; Pickart et al., 2013, 2019) that can inject nutrients into the euphotic 
zone. Recent studies indicate that episodic mixing and inputs of nutrients along geographic and bathyme-
tric features such as capes, canyons and shelf margins can drive phytoplankton productivity and increases 
in biomass within surface waters during the open water season (e.g., Goñi et al., 2019; Juranek et al., 2019). 
Additionally, the prolonged ice-free conditions in late summer and fall can lead to enhanced wave resus-
pension and coastal erosion, which mobilize reactive materials from the nearshore that can fuel secondary 
production and nutrient cycling (e.g., Bröder et al., 2019; Vonk et al., 2015).

In this study, we present hydrographic properties and particulate organic matter (POM) distributions in 
waters along the northeast region of the Chukchi Sea shelf during two late summer-early fall cruises in 
2016 and 2017. We investigate the role that stratification and bathymetric features have on influencing POM 
concentrations and compositions, and examine the impacts of both downwelling- and upwelling-favorable 
wind events along different regions of the Chukchi Shelf, including areas around Hannah Shoal and Barrow 
Canyon. We focus specifically on subsurface distributions that were not evident from our previous studies 
of surface trends (e.g., Goñi et al., 2019; Juranek et al., 2019). Our efforts contribute to an increased under-
standing of mechanisms of enhanced productivity during the open-water season and provide additional in-
sights into potential biogeochemical impacts of increased and prolonged sea ice loss in marginal Arctic seas.

2. Background and Methods
2.1. Study Area

The Chukchi Sea is located directly north of the Bering Sea and constitutes the gateway between the Pacific 
and Arctic Oceans (Figure 1a). Several regional water masses, including Anadyr Water, Bering Shelf Water, 
and Alaska Coastal Water, enter the Chukchi Shelf through Bering Strait, with their inflow being regu-
lated by sea level differences between the Pacific and Arctic and regional wind forcings (e.g., Coachman 
et al., 1975; S. L. Danielson et al., 2014, 2017; Weingartner et al., 2005; Woodgate et al., 2015; and references 
therein). While the mean flow is from the Pacific to the Arctic, once inside the Chukchi Sea circulation is 
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largely topographically steered along three primary pathways: a western branch through Herald Canyon; 
a Central Channel pathway between Herald and Hannah Shoals; and an eastern branch along the Alaskan 
coast (e.g., S. L. Danielson et al., 2017). This latter coastal pathway is typically the fastest to transport materi-
als to the Beaufort Sea, whereas the other two pathways are significantly slower and can take several months 
to traverse the Chukchi Shelf (e.g., Shroyer & Pickart, 2019). Significant physical and biogeochemical modi-
fications of these inflow waters occur during their transit to the Beaufort Sea, fundamentally impacting the 
biogeochemistry and ecology of this inflow shelf (e.g., Arrigo et al., 2014; Grebmeier et al., 2015).

The major water masses entering the Chukchi Sea have distinct characteristics, with Anadyr Water having 
significantly higher dissolved nutrients than Bering Shelf Water and Alaska Coastal Water (ACW), the latter 
of which also tends to be fresher (e.g., Arrigo et al., 2014; Coachman et al., 1975). During winter, waters 
in the northern Bering and Chukchi Sea can undergo complete mixing due to sea ice formation and brine 
rejection, resulting in cold (T < 0°C), salty (S > 30–33.5), dense and nutrient-rich waters that are identified 
as Bering-Chukchi Winter Water (BCWW; S. L. Danielson et al., 2017). These winter waters can be further 
differentiated based on temperature (e.g., Pacini et  al.,  2019) into colder, newly ventilated winter water 
(<−1.6°C) and warmer (>−1.6°C) remnant winter water. In the spring and early summer, water column 
stratification due to warming, sea ice melt and river discharge (e.g., Weingartner et al., 2017), facilitates phy-
toplankton growth and drawdown of dissolved nutrients within the euphotic zone (e.g., Arrigo et al., 2014; 
Brown et al., 2015). The warming throughout the summer season over the Pacific Arctic region results in 
relatively warm (T > 0°C) waters that can be classified as Bering-Chukchi Summer Water (BCSW; S. L. 
Danielson et al., 2017). Other water masses observed along the Chukchi Sea during the spring and summer 
seasons include Melt Water (MW), which describes lower salinity (S < 30), high-buoyancy waters directly 
influenced by seasonal sea ice melt,as well as the warmer (T > 7°C) ACW, which because of its circulation 
path can remain as a discernible water mass along the Alaskan coastline (e.g., S. L. Danielson et al., 2017).

The strongly advective regime that characterizes the Chukchi Shelf is influenced by seasonal processes 
that affect light and nutrient availability and impact overall productivity (e.g., see review by Ardyna & Ar-
rigo, 2020 and references therein). Thus, the Chukchi Sea exhibits a strong seasonal cycle of productivity 
that starts in the spring (May and June) with ice-algae and under-ice plankton blooms and develops into 
a two-layer open water system with strong nutrient depletion that limits surface productivity later in the 
summer (July–September). Our study is designed to investigate the distribution of POM in the northeastern 
Chukchi shelf during this latter period and evaluate the role of physical forcings in its production and fate.

2.2. Oceanographic Cruises

In September of 2016, we sailed aboard the R/V Sikuliaq from Nome, AK, to the northeast Chukchi Sea 
and carried out oceanographic measurements and sampling along several cross-shelf transects (Figure 1b). 
During this period (September 3–25, 2016), we were able to occupy repeated transects along the established 
(e.g., Grebmeier et al., 2019) DBO4 line (transects 2 and 6) and off Wainwright (transects 3 and 8). This 
cruise (SKQ201612S) took place during a period of critical subsistence hunting of marine mammals by 
several coastal communities along Alaska's North Slope. To avoid interference with these activities and 
following best practice guidelines (e.g., Konar et al., 2017), the ship was kept >30 nautical miles offshore 
from established hunting grounds. In 2017, we conducted a second cruise (SKQ201712S) aboard the R/V 
Sikuliaq and occupied several transects along our study area from August 7–21, 2017 (Figure 1c). During 
this campaign, we were able to carry out repeated occupations along two transects, one offshore from Pt. 
Barrow (Transects 1 and 5), which coincided with the location of the DBO5 line, and one offshore from 
Wainwright (Transects 2 and 6). Because this cruise did not interfere with subsistence hunting efforts, we 
were able to extend the 2017 transects much closer to shore, including transect 7, which coincided with the 
location of the DBO4 line. As we discuss below, the differences in spatial coverage during the two cruises 

Figure 1. Maps of the study area highlighting (a) regional circulation and bathymetry; (b) CTD stations and transects occupied SKQ201612S and (c) CTD 
stations occupied during SKQ201712S. Transect and station numbers for both cruises are listed. Note that based on the location of the Distributed Biological 
Observatory array (e.g., Grebmeier et al., 2019), transects 2 and 6 in SKQ201612S coincided with the DBO4 line, whereas in SKQ201712S, transects 1 and 5 
coincided with the DBO5 line and transect 7 coincided the DBO4 line. Highlighted in panel (a) are different regional water masses including Anadyr Water 
(AW), Bering Shelf Water (BSW), and Alaska Coastal Water (ACW).
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impacted the water masses and hydrographic features we observed in each campaign. During both cruises, 
spaced hydrographic stations were occupied along each transect. At each station, the ship's CTD-rosette 
system was deployed to conduct a variety of sensor-based measurements during the down cast and to collect 
water samples at selected depths during the up cast.

2.3. Ancillary Data

Wind and atmospheric pressure data were downloaded from NOAA's Barrow Meteorological station 
(https://www.esrl.noaa.gov/gmd/obop/brw/) for the periods around each cruise. We used wind magnitude 
and direction to calculate the east-west (Uwind) component of the wind speed, which reflects upwelling-fa-
vorable (easterly winds) and downwelling-favorable (westerly winds) conditions along Alaska's north slope 
margin (e.g., Foukal et al., 2019; Pickart et al., 2019; Pisareva et al., 2019).

2.4. Methods

2.4.1. CTD and Optical Sensor Data

Temperature (°C) and conductivity measurements were collected using a Sea-Bird 911 CTD instrument 
package and used to calculate salinity and density (σt, kg m−3). Measurements of photosynthetically active 
radiation (PAR; μEin cm−2 s−1), chlorophyll fluorescence (Chl Fl; mg m−3) and particle beam attenuation 
(cp; m−1) were obtained using sensors mounted on the CTD rosette (Biospherical QSP-240, Wet Labs ECO FL 
Fluorometer, and Wet Labs C-Star 25-cm transmissometer, respectively). All sensors were calibrated prior 
to each cruise, and cleaned and rinsed with distilled water after each cast. All sensor-based measurements 
were conducted during both the down- and up-cast at each station. Down-cast data were binned at 1 m 
intervals to produce water column profiles at each station, which were then gridded and interpolated by 
kriging techniques using the software package Surfer (Golden Software). To account for the spatial scale 
differences of the data sets (i.e., depth in meters vs. distance along transect in kilometers), the gridding was 
conducted using a 3:1 anisotropy ratio to construct the contoured transects presented below. Up-cast data 
were averaged for each Niskin bottle deployment and were used to calculate temperature, salinity, σt, PAR, 
Chl Fl, and cp values for each of the water samples that were collected using the CTD rosette.

2.4.2. Collection and Analyses of Individual Water Samples

Water samples were collected from specific depths using Niskin bottles mounted on the CTD rosette. For 
the most part, we collected samples from the surface, mid- and bottom sections of the water column, of-
ten targeting features in Chl Fl and cp to capture particle variability throughout the water column. Niskin 
bottles were sampled immediately after the CTD package was brought up on deck and variable volumes of 
water vacuum were filtered onto different-diameter glass fiber GF/F filters (nominal pore size of 0.7 μm) to 
isolate suspended particles using established procedures (e.g., Chaves et al., 2021). In order to collect large 
amounts of particles, we filtered between 2 and 4 liters of individual water samples through precombusted, 
preweighed 47-mm diameter GF/F filters. For particulate organic carbon and nitrogen analyses, 200–500 ml 
of water were filtered through precombusted 13-mm diameter GF/F filters, whereas for pigment analyses, 
we used precombusted 25-mm diameter GF/F filters. Water samples that had undergone filtration through 
GF/F filters were filtered again on a periodic basis and these samples used to estimate the mass of salt in 
the filter as well as carbon and nitrogen blanks associated with sorption of dissolved organic matter (e.g., 
Chaves et al., 2021; Goñi et al., 2019). All filter samples were kept frozen (−80°C) until analyses.

The dry mass concentration of suspended particulate matter (SPM; g m−3) in each 47-mm filter sample was 
determined by weighing the dry filter, subtracting the original mass of the filter, applying a mass correction, 
and dividing by the volume filtered. We note that because of concerns associated with rupturing cell mem-
branes and potentially losing materials from the filters, we did not include a deionized water rinse step to 
remove salt (e.g., Stramski et al., 2007). Instead, we used the SPM-particle beam attenuation relationships 
observed (Figure S1) to determine background mass gain following filtration, which is primarily due to the 
presence of residual salt (e.g., Stavn et al., 2009). The magnitude of the cp-based correction was comparable 
to SPM determinations from the filtration of selected prefiltered samples. While we recognize the challeng-
es of determining the mass of total suspended solids in salt water samples (e.g., Stavn et al., 2009), the SPM 

https://www.esrl.noaa.gov/gmd/obop/brw/
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data presented here provide insight into the distribution of suspended particulate materials in the study 
area.

Particulate organic carbon (POC) and particulate nitrogen (PN) concentrations (mmol m−3) in water sam-
ples were measured by analyzing 13-mm GF/F filter samples according to established techniques (see Goñi 
et  al.,  2019; Chaves et  al.,  2021). Briefly, the procedure involves exposing filter samples placed in silver 
boats to hydrochloric acid fumes over 24 h to remove inorganic carbon, drying the samples for another 24-h 
period and then wrapping the silver boats into tin boats for CN analyses by high temperature combustion. 
Samples and blanks associated with dissolved organic matter (DOM) sorption were analyzed in the same 
manner and the average carbon and nitrogen contents of the DOM blanks used to correct the measured 
values for POM samples. During each cruise, DOM-associated blanks were collected at surface, mid- and 
near-bottom depths of the water column and the averages applied to correct samples from each respective 
depth. POC and PN concentrations were calculated by dividing the blank-corrected carbon and nitrogen 
contents of each filter by the total volume of water filtered.

Chlorophyll (Chl) and pheophytin (Pheo) concentrations (mg  m−3) were analyzed by extracting the fil-
ters in 8 mL of a 90% acetone solution at 4°C overnight. The samples were then measured using a Turner 
Design Model 10-AU fluorometer according to the acid addition method (Arar & Collins,, 1997; Parsons 
et al., 1984) with a detection limit of 0.025 mg m−3.

3. Results
3.1. Sea Ice and Atmospheric Conditions

During SKQ201612S, we encountered significant amounts of sea ice above latitudes of 72° north, which 
limited our operations in the area north and east of Hannah Shoal. In contrast, during SKQ201712S, the 
sea ice edge was well to the east and north of our study area and thus we had no limitations in operations.

Measurements from the meteorological station at Pt. Barrow provide a regional context to the atmospheric 
conditions during each cruise (Figure  2). For example, SKQ201612S took place during a period in Sep-
tember characterized by highly variable, moderate winds (5–20 knots) that included short periods of east-
erlies (upwelling-favorable) and westerlies (downwelling-favorable) (Figure  2a). A period of high (peak 
winds >20 knots) downwelling-favorable winds occurred between September 17 and 20, which provided a 
chance to compare conditions before and after the wind event by reoccupying transects along the DBO4 line 
and off Wainwright (Transects 2 and 6 and Transects 3 and 8, respectively; Figure 1b). Conditions during 
SKQ201712S were characterized by markedly lower wind speeds, which rarely exceeded 15 knots (Fig-
ure 2b). A switch from downwelling-favorable winds (positive Uwind speeds) to upwelling favorable winds 
(negative Uwind speeds) occurred around August 12 and lasted several days, which allowed us to compare 
conditions under contrasting wind forcings by evaluating distributions across Barrow Canyon (DBO5 line) 
and off Wainwright (Transects 1 vs. 5 and Transects 2 vs. 6, respectively; Figure 1c).

3.2. Hydrographic Properties and Particle Distributions

The hydrographic CTD surveys during the two cruises focused on the eastern Chukchi Shelf. Chlorophyll 
fluorescence (Chl Fl) and particle beam attenuation (cp) measurements from sensors mounted on the CTD 
package, combined with measured concentrations of particulate organic carbon (POC), suspended particu-
late matter (SPM), and the photosynthetic pigments chlorophyll and pheophytin (Chl and Pheo, respective-
ly), allowed us to explore particulate material distributions throughout the water column under different 
conditions. Here, we present contoured hydrographic (temperature, salinity and density) and Chl Fl and 
cp sensor data along with superimposed POC, Chl + Pheo, and SPM concentrations from individual bottle 
samples to illustrate trends in POM distributions during both late-season cruises. Table 1 provides a sum-
mary of the bottle data from both SKQ201612S and SKQ201712S individual water samples from the three 
depth intervals routinely sampled. Distributions of PN concentrations showed similar trends to those of 
POC and are presented in the Supporting Information S1 (Goni, 2021). PAR profiles are shown for selected 
CTD stations occupied during daylight hours to document light availability throughout the water column 
during both cruises.
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3.2.1. SKQ201612S (September 12–23, 2016) Transects

The salinity and temperature distributions along the seven transects completed during the 2016 cruise are 
presented in Figure 3. As it is evident from these plots, the water column in the study area was highly strat-
ified, primarily due to the large contrasts in salinity, with the top 10–20 m of the water column displaying 
low to intermediate salinities of (26–28), whereas the deeper sections were characterized by higher values 
(28–33). The temperature signatures displayed much less vertical variability with surface waters (0–20 m) 
exhibiting temperature ranges (−1°C–2°C) that were comparable to those in deeper waters (Figure 3). There 
were several noticeable spatial and temporal trends. For example, cold, fresher surface waters were most 
predominant in the transects from the northeast region of the study area (e.g., transects 4 and 5) whereas 

Figure 2. Atmospheric measurements from Pt. Barrow Meteorological station during (a) SKQ201612S and (b) 
SKQ201712S cruise periods. The data plotted include overall wind speed (knots), east-west wind speed (m s−1), and 
atmospheric pressure (mbar). The timing and duration of CTD transects (see Figures 1b and 1c) are shown to provide 
context to oceanographic observations. All NOAA met data are available at https://www.esrl.noaa.gov/gmd/obop/brw/.
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the inshore sections of transects in the southwestern section were characterized by higher salinities (∼29) 
and temperatures (3°C–4°C).

There was some variability in hydrographic distributions between transects occupied prior and following 
the downwelling-favorable wind event (September 17–20, 2016). For example, minimal changes in temper-
ature and salinity were detected along transects 3 and 8, which were located within the central part of the 
study area. However, we measured slight increases in both variables over the top 20 m of water column at 
the 50 km CTD station along transect 8 (Figure 3). Further to the west, transect 6 showed markedly elevated 
temperatures and salinities in surface waters following the wind event relative to values measured along 
transect 2 that covered the same geographical locations prior to the wind event. Transect 7, which was 
located in the western-most section of the study area and was occupied following the downwelling-favora-
ble wind event, displayed markedly higher salinities and temperatures in surface waters throughout the 
transect. Overall, while these contrasts reflect spatial variability in surface water masses along this highly 
advective region of the Pacific Arctic, it is likely the wind event of September 17–20, 2016 led to advection 
and mixing of water masses that contributed to the trends observed.

Sample water depth Temperature (°C) Salinity
Density 

(σt; kg m−3)
Chl Fl 

(mg m−3) cp (m−1)
POC 

(mmol m−3)
Chl + Pheo 

(mg m−3)
SPM 

(g m−3)

SKQ2016 Cruise Transects (September 12–23, 2016)

Surface

 Avg. +/− St.Dev. 0.72 ± 1.43 28.12 ± 0.67 22.51 ± 0.48 0.59 ± 0.21 0.21 ± 0.09 7.22 ± 3.32 0.69 ± 1.76 2.30 ± 0.72

 Min/Max −1.25/4.09 27.21/30.12 21.82/23.92 0.21/1.15 0.06/0.68 2.76/19.86 0.21/9.82 0.65/4.44

 Median 0.50 27.88 22.36 0.56 0.20 6.35 0.37 2.19

 Middepth

 Avg. +/− St.Dev. 0.69 ± 1.67 31.15 ± 0.93 24.95 ± 0.76 1.65 ± 1.44 0.26 ± 0.22 7.62 ± 4.98 1.34 ± 2.37 2.76 ± 1.41

 Min/Max −1.42/4.98 27.82/32.20 22.32/25.87 0.18/9.20 0.06/1.35 3.12/34.55 0.32/13.25 0.44/8.62

 Median 0.45 31.36 25.18 1.22 0.20 6.38 0.71 2.36

 Bottom

 Avg. +/− St.Dev. −0.14 ± 0.57 32.26 ± 0.09 25.90 ± 0.08 0.55 ± 0.19 1.64 ± 0.49 9.89 ± 2.09 0.72 ± 0.12 7.65 ± 2.63

 Min/Max −1.53/1.38 32.05/32.48 25.74/26.12 0.12/1.14 0.80/3.07 5.35/14.12 0.52/0.82 3.37/13.06

 Median −0.06 32.28 25.90 0.55 1.60 10.03 0.74 7.15

SKQ2017 Cruise Transects (August 10–20, 2017)

Surface

 Avg. +/− St.Dev. 5.24 ± 1.41 30.60 ± 0.87 24.15 ± 0.64 0.44 ± 0.56 0.30 ± 0.29 7.60 ± 6.07 0.78 ± 0.51 2.67 ± 1.69

 Min/Max 2.06/8.23 28.41/33.19 22.47/26.52 0.00/3.32 0.11/1.76 0.60/31.65 0.23/1.52 0.24/13.28

 Median 4.96 30.88 24.27 0.25 0.18 5.70 0.54 2.39

 Middepth

 Avg. +/− St.Dev. 2.02 ± 2.63 31.72 ± 0.36 25.30 ± 0.39 2.73 ± 2.66 0.57 ± 0.50 10.71 ± 6.88 1.97 ± 0.88 4.15 ± 2.38

 Min/Max −1.61/7.78 30.29/32.32 24.04/25.87 0.14/15.04 0.09/2.74 0.38/39.37 0.19/3.83 0.81/14.65

 Median 0.97 31.79 25.41 1.71 0.39 9.49 2.03 3.45

 Bottom

 Avg. +/− St.Dev. 1.05 ± 1.94 32.28 ± 0.62 25.83 ± 0.54 0.89 ± 1.07 1.72 ± 0.91 11.50 ± 8.10 0.75 ± 0.34 8.19 ± 3.67

 Min/Max −1.60/7.64 31.01/34.58 24.61/27.75 0.09/7.80 0.43/7.38 0.25/69.14 0.16/1.59 1.95/26.68

 Median 0.38 32.17 25.80 0.52 1.58 10.08 0.68 7.56

Note. Avg., average; St.Dev., standard deviation; Min, minimum; Max, maximum; Chl Fl, chlorophyll fluorescence; cp, particle beam attenuation; POC, 
particulate organic carbon; Chl + Pheo, combined pigments chlorophyll and pheophytin; SPM, suspended particulate matter.

Table 1 
Summary of Bottle Data From Samples Collected at Different Depths Along CTD Transects During SKQ201612S and SKQ201712S Cruises
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The density distributions plotted in Figure 4 confirm the highly stratified conditions during SKQ201612S, 
especially along the northeast region of the study area (transects 4 and 5), where a very steep pycnocline was 
evident between 15 and 20 m water depth. Also evident in these plots were the contrasts in surface densities 
along transects occupied prior and following the wind event (e.g., transect 2 vs. 6, respectively) and the lack 
of major changes in density in the deeper regions of the water column below ∼20 m. Data from individual 
water samples plotted in Figure 4 show POC concentrations ranged from 2 to 20 mmol m−3 throughout the 
water column of the seven transects occupied, with a high degree of variability in samples collected from 
surface and pycnocline depths. POC concentrations were quite low (<5 mmol m−3) in many of the surface 
samples, with higher (10–20 mmol m−3) values measured at locations that exhibited fronts associated with 
lateral density contrasts. Samples collected at depths near the pycnocline (24 < σt < 25.5 kg m−3) also dis-
played significant variability, with most transects displaying intermediate POC values (5–10 mmol m−3). 
The DBO4 transects west of Wainwright (transects 2 and 6) included several samples displaying markedly 

Figure 3. Distributions of salinity and temperature (°C) throughout the water column across the seven hydrographic transects completed during SKQ201612S. 
Note that the start of each transect is identified by a blue star in the map insert. The cross-section contour plots are based on binned downcast data collected at 
each CTD station indicated by dotted lines in each transect.



Journal of Geophysical Research: Oceans

GOÑI ET AL.

10.1029/2021JC017664

10 of 38

higher POC concentrations (10–>30 mmol m−3). In contrast, samples from the pycnocline along transects 
directly off Wainwright (transects 3, 8) were characterized by low POC values (<5 mmol m−3). The ma-
jority of samples collected from the higher-density waters (σt  >  25.5  kg  m−3) that occupied the deeper 
regions of the water column along all seven transects displayed moderately elevated POC concentrations 
(10–15 mmol m−3), with the major exception being the samples from the shallower sections around Hannah 
Shoal, which displayed markedly lower (>5 mmol m−3) POC concentrations (Figure 4).

Contour plots of Chl Fl along all seven transects are shown with the combined pigment (Chl + Pheo) con-
centrations measured in individual water samples superimposed in each panel (Figure 5). As can be seen 
from these plots, all transects displayed relatively low Chl Fl signals (<1.0 mg m−3) throughout most of the 
water column except for the subsurface chlorophyll maxima (SCM) located between 20 and 30 m of water 
depth. The DBO4 transects west of Wainwright (transects 2 and 6) were characterized by the most intense 

Figure 4. Distributions of density (σt; kg m−3) throughout the water column and particulate organic carbon concentrations (POC; mmol m−3) from individual 
samples collected across the seven hydrographic transects completed during SKQ201612S. Note that the start of each transect is identified by a blue star in the 
map insert. The cross-section contour plots are based on binned downcast data collected at each CTD station indicated by dotted lines in each transect. The 
bubble plots showing POC concentrations are superimposed on the contour maps to identify the location of each individual sample.
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SCM, with peak fluorescence signals consistent with Chl concentrations >3 mg m−3. In contrast, other tran-
sects, such as transects 4 and 7, were characterized by more muted SCM that did not extend along the whole 
transect distance. In all cases, SCM were located at depths directly below the pycnocline, typically within 
σt ranges between 24.5 and 25.5 kg m−3. The Chl Fl signals in both surface and deep waters ranged from 
<0.4 to moderate values around 1.5 mg m−3 and varied within and among transects. Combined pigment 
(Chl + Pheo) concentrations from individual water samples were conducted in selected transects (transects 
2, 3, 4, and 5) and for the most part agreed well with the Chl Fl patterns, including the high values (>2 mg 
m−3) measured along specific locations of the SCM in transects 2 and 3.

Further insights into the distribution of suspended particles along the water column of the northeast Chuk-
chi Shelf can be obtained from the contoured distributions of cp signals along all seven transects (Figure 6). 

Figure 5. Distributions of chlorophyll fluorescence sensor measurements (Chl Fl; mg m−3) throughout the water column and combined photosynthetic 
pigment concentrations, chlorophyll and pheophytin (Chl + Pheo; mg m−3), from individual samples collected across the seven hydrographic transects 
completed during SKQ201612S. The white contour lines represent density distributions (see Figure 4). Note that the start of each transect is identified by a 
blue star in the map insert. The cross-section contour plots are based on binned downcast data collected at each CTD station indicated by dotted lines in each 
transect. The bubble plots showing Chl + Pheo concentrations are superimposed on the contour maps to identify the location of each individual sample.
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In this figure, we also superimposed the SPM concentrations obtained from individual water samples col-
lected using the CTD-rosette system. As is evident from these plots, the water column in this region of 
the Chukchi Sea during the cruise period exhibited marked contrasts in particle distributions and overall 
turbidity, with all surface waters at and above the pycnocline displaying cp values of <0.4 m−1, whereas bot-
tom waters below the pycnocline were characterized by markedly elevated cp values of 1–2.5 m−1. The stark 
contrasts in cp were corroborated by the distributions of SPM concentrations from different depths, which 
showed low concentrations (SPM < 3 g m−3) in surface waters at and above the pycnocline and elevated con-
centrations (5 > SPM > 15 g m−3) in bottom waters below the pycnocline. Based on cp and SPM distributions 
before and after the period of downwelling-favorable winds (e.g., transects 2 vs. 6 and 3 vs. 8, respectively) 
there were changes in the overall turbidity of the water column that may have been related to this wind forc-
ing. For example, there were increases in both cp values and SPM concentrations in the regions of the water 

Figure 6. Distributions of particle beam attenuations sensor measurements (cp; m−1) throughout the water column and combined suspended particulate matter 
concentrations (SPM; g m−3) from individual samples collected across the seven hydrographic transects completed during SKQ201612S. The white contour lines 
represent density distributions (see Figure 4). Note that the start of each transect is identified by a blue star in the map insert. The cross-section contour plots 
are based on binned downcast data collected at each CTD station indicated by dotted lines in each transect. The bubble plots showing SPM concentrations are 
superimposed on the contour maps to identify the location of each individual sample.
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column below the pycnocline along transects 6 and 8 compared to transects 2 and 3, which were consistent 
with elevated particle concentrations following the September 17–20 wind event.

To illustrate the light conditions throughout the water column during the cruise, Figure 7 shows the pro-
files of PAR relative to surface values for three stations that were occupied around noon local time, when 
surface PAR was 550–570 μEinsteins cm−2 s−1. Steep light attenuation characterized the water column along 
the Chukchi Shelf, with less than 10% of surface PAR reaching below 15 m of water depth. However, it is 
clear that at the height of daylight, more than 1% of surface PAR (often used to define the euphotic zone; 
e.g., Ardyna et al., 2013) penetrated below the pycnocline. Many of the CTD stations were occupied during 
nighttime operations, so we were not able to conduct a comprehensive survey of daily PAR profiles that 
would have allowed a full characterization of the light regime during the cruise.

3.2.2. SKQ201712S (August 10–20, 2017) Transects

The 2017 Sikuliaq cruise occupied similar locations to the 2016 cruise but, because it did not conflict with 
the subsistence harvest season, we were able to extend the transects closer to shore (Figure 1c). As was the 
case for the SKQ201612S, we illustrate water column distributions during SKQ201712S by showing contour 
plots for the different transects organized to show both spatial and temporal variability, the latter highlight-
ing contrasts before and after the upwelling-favorable wind event during August 12–17, 2017 (Figure 2b).

Figure 7. Profiles from selected hydrographic stations identified by transect (T#) and CTD station (St.#) numbers (see Figure 1) occupied near local mid-day 
during SKQ201612S. Local date/time occupation of these hydrographic stations is as follows: T3 St.48, September 14, 2016 at 12:30; T5 St.55, September 16, 2016 
at 12:54; T5 St.61, September 17, 2016 at 12:21. The figures show depth profiles of density (σt; kg m−3), chlorophyll fluorescence (mg m−3) and photosynthetically 
active radiation (PAR; μEin cm−2 s−1) measurements calculated as a percent of surface PAR.
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Hydrographic data from all seven transects occupied during SKQ201712S (Figure 8) show that, in contrast 
to SKQ201612S, the water column of the northeast Chukchi Shelf in August of 2017 was characterized by 
relative uniform salinities and a larger range of temperatures. For example, SKQ201712S salinities varied 
between 29 and 34, with only surface waters from the most offshore station in transect 1 displaying salinities 
lower than 29. Temperature conditions through the water column of all seven transects showed a broad 
range in values from −1°C to 8°C. Surface waters were characterized by significantly warmer temperatures 
than deeper waters resulting in stratified conditions that, in contrast to SKQ201612S cruise, were much 
more temperature-controlled as opposed to salinity controlled. As can be seen in Table 1, the stark contrasts 
in salinity and temperature distributions between the two cruises was primarily caused by the diminished 

Figure 8. Distributions of salinity and temperature (°C) throughout the water column across the seven hydrographic transects completed during SKQ201712S. 
Note that the start of each transect is identified by a blue star in the map insert. The cross-section contour plots are based on binned downcast data collected at 
each CTD station indicated by dotted lines in each transect.
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presence of waters influenced by sea ice melt and the higher contributions from warmer waters during the 
2017 cruise.

Despite the lower contributions from low-salinity melt waters, all seven transects during SKQ201712S still 
displayed stratified conditions (Figure 9). However, most profiles lacked the steep pycnoclines that charac-
terized SKQ201612S and there were noticeable lateral differences in the distribution and spacing of isopyc-
nals along the transects. Slightly more buoyant waters (σt < 24 kg m−3) characterized the offshore sections 
of several transects in the northeast region of the study area (transects 1, 3, 4, 5) consistent with some 
influence from melt water. In transects from the southwestern region of the study area, especially tran-
sect 7 (DBO4 line) and to a lesser degree transect 6, low density surface waters coincided with near-shore 

Figure 9. Distributions of density (σt; kg m−3) throughout the water column and particulate organic carbon concentrations (POC; mmol m−3) from individual 
samples collected across the seven hydrographic transects completed during SKQ201712S. Note that the start of each transect is identified by a blue star in the 
map insert. The cross-section contour plots are based on binned downcast data collected at each CTD station indicated by dotted lines in each transect. The 
bubble plots showing POC concentrations are superimposed on the contour maps to identify the location of each individual sample.
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locations. Virtually all deeper waters were characterized by σt values between 25.5 and 26.0 kg m−3. The ma-
jor exception was transect 5 across Barrow Canyon (DBO5 line), which was occupied following the period 
of upwelling-favorable winds and displayed high-density waters (σt > 26.0 kg m−3) throughout the deeper 
sections of the water column and along the southern flank of the canyon. Following the period of easterly 
wind forcing between August 12 and 17, 2017, isopycnals along this section of the canyon shifted from a 
downward to upward-tilting direction. Furthermore, high-density waters reached the surface at the south-
ernmost station of transect 5. Both of these observations are clear evidence of significant upwelling (Beaird 
et al., 2020; Pickart et al., 2019) after this wind event (Figure 2b). A more muted response to upwelling 
was evident when comparing density distributions off Wainwright before (transect 2) and after (transect 
6) the wind event. In this case, the offshore extension of warmer temperatures in surface waters and the 
slight inshore shoaling of isopycnals along transect 6 compared to transect 2 were both consistent with the 
upwelling-favorable wind forcing. The difference in the magnitude of change between the two transects 
illustrate the sensitivity of Barrow Canyon to wind forcing relative to other inner shelf locations (e.g., Pick-
art et al., 2013, 2019). Overall, the densities of surface and middepth waters in SKQ201712S were greater 
than those in SKQ201612S, reflecting the importance of more buoyant waters derived from sea ice melt in 
September 2016 cruise (Table 1). Bottom waters showed comparable density averages during both cruises, 
but the higher variability in σt exhibited during SKQ201712S reflects the presence of multiple water masses 
in the deeper water column in this cruise relative to SKQ201612S.

POC distributions superimposed on the density profiles (Figure 9) showed for the most part low concen-
trations (<5 mmol°m−3) in surface waters along the seven SKQ201712S transects. The major exceptions 
were inshore regions of transects occupied following the upwelling wind event (e.g., transects 5, 6, and 7). 
Samples from depths around the pycnocline (24.5 < σt < 25.5 kg m−3) displayed intermediate POC values 
(5–10 mmol m−3), with a few instances of higher concentrations approaching 20 mmol m−3. High-density 
(σt > 25.5 kg m−3) bottom waters generally displayed higher POC concentrations (>10 mmol m−3), although 
in some locations (e.g., transect 7) deep-water POC concentrations were significantly lower (5 mmol m−3). 
Comparison of POC distributions prior and following the wind event (i.e., transects 1 vs. 5 and 2 vs. 6) 
showed marked increases in POC concentrations at various depths and density ranges, but increases were 
most noticeable along the nearshore sections off Barrow Canyon and Wainwright. The buildup of POC in 
surface waters at these locations was consistent with enhanced biomass following the period of upwelling 
winds, especially along the southern flank of Barrow Canyon. In the case of transect 6, we also measured a 
major increase in POC directly above the seabed at the most inshore station. We note this sample also exhib-
ited very high cp values and SPM concentrations (see below), which indicate the elevated POC concentra-
tions reflect high levels of POM in this highly turbid, particle rich section of transect 6. Overall, despite the 
high variability, samples from the middepth and bottom regions of the water column during SKQ201712S 
displayed higher POC concentrations than those from SKQ201612S, highlighting contrasts in the overall 
abundance of POM during these two periods (Table 1).

Contour plots of Chl Fl signals along all seven transects revealed the presence of SCM that varied in intensi-
ty and location within and among transects (Figure 10). Elevated Chl Fl values (>2 mg m−3) were generally 
measured at mid-depths associated with the bottom of the pycnocline (σt ∼ 25.5 kg m−3) with a few locations 
displaying considerably higher values (>4 mg m−3). Overall, surface and deep waters consistently displayed 
low Chl Fl signals (<0.5 mg m−3) with a few exceptions. For example, surface inshore waters in transects 
1, and especially transects 5, 6 and 7, which were occupied following the upwelling wind event displayed 
elevated Chl Fl values (1–3 mg m−3). In addition, deep waters above the seabed displayed elevated Chl Fl 
signals at a few locations, including the region around Hannah Shoal (start of transect 3) and the inshore re-
gions along transect 6, both of which also displayed moderate to very high POC concentrations. Combined 
pigment analyses (Chl + Pheo) from selected water samples displayed general agreement with the Chl Fl 
signals and suggest that the trends in the latter reflected the distribution of photosynthetic biomass rather 
than interferences from other potential sources of fluorescence. Overall, as was the case for POC, the Chl Fl 
values from samples collected during SKQ201712S from the middepth and bottom regions of the water col-
umn were somewhat higher than those collected from the same depth ranges during SKQ201612S (Table 1), 
likely reflecting differences in phytoplankton standing stocks in different water masses.
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Figure 11 illustrates the particle beam attenuation characteristics of the water columns across all seven 
SKQ201712S transects and shows superimposed SPM concentrations from individual water samples. As 
was the case for the previous cruise, virtually all surface to middepth waters (23 < σt < 25.5 kg m−3) above 
or near the pycnocline in 2017 were characterized by very low cp values (<0.2 m−1) and low SPM concen-
trations (<3  g m−3). The major exceptions were the inshore waters along the Barrow Canyon transects 
(transects 1 and 5) and the nearshore waters sampled along transects 6 and 7 following the upwelling wind 
event. In contrast, high-density (σt > 25.5 kg m−3) bottom waters displayed markedly elevated cp values and 
SPM concentrations that ranged from 1 to 3 m−1 and 5–15 g m−3, with the deep sample from the inshore 
station of transect 6 that had elevated POC (>65 mmol m−3), exhibiting very high values of cp (∼7 m−1) and 

Figure 10. Distributions of chlorophyll fluorescence sensor measurements (Chl Fl; mg m−3) throughout the water column and combined photosynthetic 
pigment concentrations, chlorophyll and pheophytin (Chl + Pheo; mg m−3), from individual samples collected across the seven hydrographic transects 
completed during SKQ201712S. The white contour lines represent density distributions (see Figure 9). Note that the start of each transect is identified by a 
blue star in the map insert. The cross-section contour plots are based on binned downcast data collected at each CTD station indicated by dotted lines in each 
transect. The bubble plots showing Chl + Pheo concentrations are superimposed on the contour maps to identify the location of each individual sample.
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SPM (27 g m−3). While the overall extent and intensity of the particle-rich bottom waters differed between 
the two cruises (see Figures 7 and 11), they both highlight the predominance of turbid conditions in bottom 
waters throughout much of the Chukchi shelf during the open water period. The ranges and overall aver-
ages of cp and SPM during SKQ201712S were generally higher to those during SKQ201612S, especially in 
samples from the middepth and deeper regions of the water column (Table 1), consistent with comparable 
contrasts in other variables.

As was the case for SKQ201612S, during SKQ201712S we completed several CTD casts close to local noon 
when surface PAR (500–1,000 μEin cm−2 s−1) was at a maximum (Figure 12). These plots show steep light 

Figure 11. Distributions of particle beam attenuations sensor measurements (cp; m−1) throughout the water column and combined suspended particulate 
matter concentrations (SPM; g m−3) from individual samples collected across the seven hydrographic transects completed during SKQ201712S. The white 
contour lines represent density distributions (see Figure 9). Note that the start of each transect is identified by a blue star in the map insert. The cross-section 
contour plots are based on binned downcast data collected at each CTD station indicated by dotted lines in each transect. The bubble plots showing SPM 
concentrations are superimposed on the contour maps to identify the location of each individual sample.
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attenuation conditions were also prevalent during the August 2017 cruise, with some cases, such as stations 
81 and 64, where the 1% PAR level corresponded to depths just below the pycnocline. Compared to the 
profiles obtained during September of 2016 (Figure 7), the profiles obtained during August of 2017 showed 
steeper light attenuation conditions, especially following the upwelling-favorable wind event.

3.3. Comparison With Previous Observations

The overall summaries of the different measurements carried out during SKQ201612S and SKQ201712S 
presented in Table 1 provide the opportunity to compare these data to those from previous studies of the 
same region. For example, temperature and salinity differences between the two cruises were especially 
notable in surface and middepth samples (Table 1), where warmer and saltier values characterized the late 
summer in 2017 relative to 2016. Similar compositional contrasts were measured throughout the Chukchi 
Shelf by S. L. Danielson et al. (2017) during two consecutive late seasons (August–September) in 2012 and 
2013, highlighting the interannual variations in regional circulation and water mass distributions of this 
inflow shelf system. Depth-related density differences (e.g., Figures 4 and 9) summarized by the σt averages 
in Table 1 were consistent with previous studies (e.g., S. L. Danielson et al., 2017; Martini et al., 2016; Wein-
gartner et al., 2017), which highlighted the impacts of water column stratification on dissolved nutrients 
and phytoplankton biomass distributions.

Figure 12. Profiles from selected hydrographic stations identified by transect (T#) and CTD station (St.#) numbers (see Figure 1) occupied near local mid-day 
during SKQ201712S. Local date/time occupation of these hydrographic stations is as follows: T3 St.34, August 14, 2017 at 12:25; T6 St.64, August 18, 2017 at 
12:41; T7 St.81, August 20, 2017 at 11:19. The figures show depth profiles of density (σt; kg m−3), chlorophyll fluorescence (mg m−3) and photosynthetically 
active radiation (PAR; μEin cm−2 s−1) measurements calculated as a percent of surface PAR.
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Our measurements of Chl Fl distributions during the 2016 and 2017 cruises (Table 1) were comparable to 
those measured in 2012 and 2013 by S. L. Danielson et al. (2017), who showed chlorophyll concentrations 
in surface waters north of Pt. Hope ranged between 0.2 and 0.5 mg m−3 in the region around Hannah Shoal 
and 0.6–1.0 mg m−3 in more inshore waters. Furthermore, both the overall ranges (Table 1) and depth distri-
bution of Chl Fl in our study were comparable to previous measurements by Weingartner et al. (2017), who 
showed transects near Hannah Shoal in 2012 with a well-defined SCM (2–10 mg m−3) located immediately 
below pycnocline depths. Martini et al. (2016) showed similar ranges of chlorophyll concentrations at the 
SCM in the northeast region around Hannah Shoal during cruises in August–September 2013. As was the 
case for our study (e.g., Figures 7 and 12), these authors detected the SCM in a region of the water column 
that was below the mean pycnocline depth but above the mean euphotic depth as defined by the 1% PAR 
level. The overall agreement with previous measurements indicate the POM distributions and characteris-
tics we measured during the 2016 and 2017 cruises are representative of late season conditions in this region 
of the Chukchi Shelf.

Our measurements of POC and photosynthetic pigment (Chl  +  Pheo) concentrations during both 
SKQ201612S and SKQ201712S (Table 1) can be compared to previous studies investigating the seasonal 
evolution of phytoplankton productivity during the spring-summer period along the NE Chukchi Shelf. 
For example, studies conducted in June–July of 2010 showed markedly elevated chlorophyll (>30  mg 
m−3) and POC (>60 mmol m−3) concentrations in surface and subsurface waters from the central and NE 
Chukchi Sea that were much higher than those in this study (Table 1) and consistent with under-ice and 
ice-edge blooms in the spring (Arrigo et al., 2014; Brown et al., 2015; Lowry et al., 2015). Measurements 
conducted during the 2002 spring (May–June) and summer (July–August) open-water period along the NE 
Chukchi Sea (e.g., Hill & Cota, 2005; Bates et al., 2005) showed POC concentrations that ranged from 2 to 
40 mmol m−3 and chlorophyll concentrations that ranged from 0.2 to 6 mg m−3 along the regions around 
Hannah Shoal and Barrow Canyon. The highest values in both POC and chlorophyll were measured during 
the July–August period and were found in subsurface regions of the water column at or below the pycno-
cline. Our measurements during the August–September period generally agree with these trends and show 
moderately elevated photosynthetic pigment and POC concentrations at the middepths (Table 1). The fact 
that these features are present through the late summer-early fall suggest the importance of wind-driven 
mixing of nutrient-rich waters in maintaining subsurface productivity during the late open-water season 
(e.g., Ardyna & Arrigo, 2020; Martini et al., 2016; Nishino et al., 2020; Stabeno et al., 2020).

Finally, our observations of elevated cp values and high SPM concentrations in bottom-waters throughout the 
Chukchi Shelf were consistent with data from Martini et al. (2016), who measured high turbidity in denser 
waters below the pycnocline along shelf-transects near Hannah Shoal in September 2013. Mooring-based 
measurements along the Beaufort Sea margin by Forest et al. (2013, 2015) showed high turbidity waters off 
the Mackenzie Shelf during the open water season (July–August) that were not correlated with Chl Fl and 
were consistent with periods of energetic and downwelling-favorable wind conditions at the shelf-break. 
Cross-margin transects in this region during the summer period showed high density (σt > 25.5 kg m−3) 
bottom waters with low transmissivity (consistent with cp > 0.5 m−1) originated in shallower regions of 
the shelf (e.g., Forest et al., 2007). Several reports of SPM concentrations in Chukchi Sea waters include 
observations by Moran et al. (2005), who reported slightly elevated SPM values (∼0.5–1.0 g m−3) in bottom 
waters along the shelf-break east of Hannah Shoal and Barrow Canyon during Spring of 2002, a period of 
intermediate productivity (Hill & Cota, 2005). Neukermans and coworkers (2014) measured cp and SPM 
across the NE Chukchi shelf during the NASA ICESCAPE study in July 2011 and reported intermediate val-
ues (cp ∼ 0.5–1. 0 m−1; SPM ∼ 2 g m−3) in bottom waters near Hannah Shoal under open water conditions, 
and markedly higher values (cp ∼ 1–2 m−1; SPM ∼ 8 g m−3) north of Hannah Shoal in under-ice conditions. 
There were distinct differences in the Chl and POC distributions associated with these samples which, 
along with further studies of optical characterization (e.g., particle backscatter), point toward contrasts 
among particle sources and compositions within the Pacific Arctic waters (e.g., Neukermans et al., 2016; 
Reynolds & Stramski, 2019).
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4. Discussion
The spatial, temporal, and depth-related trends in POM distributions presented above and summarized in 
Table 1 cannot be fully understood without careful consideration of hydrographic conditions during the two 
cruise periods. In the following sections, we examine water mass distributions across the northeast Chukchi 
Shelf and relate the concentrations and compositions of POM to the distinct distribution patterns and wind 
forcings experienced during the two late-summer periods.

4.1. Late Season Hydrographic Trends

We can investigate the distributions of water masses across the Chukchi Shelf during the two late season 
cruises by plotting temperature and salinity compositions for the different stations and transects (Figure 13). 
In these graphs, we chose to highlight the compositions of distinct water masses based on the temperature 
and salinity signatures defined by S. L. Danielson et al. (2017), who conducted hydrographic surveys of this 
region during the late summer. For example, during SKQ201612S (Figures 13a and 13b), a large fraction of 
surface waters in this region of the Chukchi Shelf is made up of low-density (22 > σt > 24 kg m−3) waters 
with salinity-temperature signatures consistent with a Melt Water (MW) source. Much of this MW is quite 
cold (−1°C) and relative fresh (salinity <28), which is consistent with inputs from recently melted sea ice 
along offshore sections of transects 3, 4, 5, and 8 around Hannah Shoal, where we encountered the ice pack. 
In transects 2, 6, 7 further to the west, MW waters are warmer (>0°C) and saltier (>28) and likely influenced 
by mixing with other water masses. Intermediate density (24 > σt > 25.5 kg m−3) Bering/Chukchi Summer 
Water (BCSW) and Bering/Chukchi Winter Water (BCWW) occupy the mid-depths across the study area 
and contribute to the strong pycnoclines observed during SKQ201612S. Relatively warm (2°C–5°C) BCSW 
occupies mid-depths along transects 2, 6, 7, whereas low salinity (30–31.5) BCWW occupies the middepth 
sections of the water column further to the northeast along transects 3, 4, 8). The deeper sections of the 
water column during SKQ201612S are occupied by high-density (σt > 25.5 kg m−3) waters that constitute 
the bottom mixed layer and are made up of BCWW and BCSW, with marked spatial differences among and 
within transects (Figures 13a and 13b).

The salinity-temperature plots for SKQ201712S (Figures 13c and 13d) illustrate quite different conditions 
from those of SKQ201612S, reflecting the occupation of stations inshore of the 30-mile distance and the 
diminished influence of sea-ice melt during the 2017 cruise. As shown in these graphs, BCSW is the ma-
jor water mass throughout much of study area for SKQ201712S, with large swaths of all transects being 
occupied by these intermediate-density (24 > σt > 25.5 kg m−3) modified summer waters. Lower-density 
(22 > σt > 24 kg m−3) MW is found in some sections of transects 1, 3, 4, whereas we find intermediate-densi-
ty (24 > σt > 25 kg m−3) ACW with temperatures above 7°C in nearshore sections of transects 1, 5, 6, 7. The 
deeper sections of the water column are occupied primarily by high-density (σt > 25.5 kg m−3) BCSW and 
BCWW, with the latter being found along transects 1, 3, 4, 5. The other major water mass observed during 
SKQ201712S is high-salinity (>33) dense (>26 kg m−3) AtlW, which is found along the deeper part and 
southern sections of transect 5 following the upwelling event.

The spatial trends in water mass distributions, which are illustrated in Figures S2 and S3, reflect the regional 
circulation in this area of the Chukchi Shelf (e.g., Figure 1a, S. L. Danielson et al., 2017; Pacini et al., 2019; 
Okkonen et al., 2019; Weingartner et al., 2017) and highlight the contrasts between the two late-season 
cruises. For example, in SKQ201612S, most of the top 20 m of the water column through the study area is oc-
cupied by MW, which overlies denser BCWW and BCSW and results in the strong stratification conditions 
observed (Figure S2). Notably, MW overlies nutrient-rich remnant winter water (BCWW) in many of sec-
tions south and east of Hannah Shoal (e.g., transects 3, 4, 8), whereas nutrient-poor, modified water (BCSW) 
is found in regions west of Hannah Shoal (e.g., transects 2, 6 and 7). In contrast, during SKQ201712S, highly 
modified, nutrient-poor BCSW occupies much of the water column throughout the study area, including 
surface waters across transects to the south, west and directly over the Hannah Shoal region (Figure S3). 
The ubiquitous extent of BCSW combined with the restricted distribution of more buoyant water masses 
(e.g., MW and ACW) helps to explain the markedly lower degree of water column stratification that char-
acterized SKQ201712S. Furthermore, unlike SKQ201612S, the distribution of nutrient-rich BCWW across 
the northeast Chukchi Shelf during SKQ201712S is restricted to the deepest regions of the water column 
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Figure 13. Temperature-Salinity plots summarizing hydrographic compositions measured during SKQ201612S before and after the Sep 17-20, 2016 
downwelling-favorable wind event (a and b, respectively) and during SKQ201712S before and after the August 12–17, 2017 upwelling-favorable wind (c and 
d, respectively). The transects occupied during each period are identified by the different colors. The plots also include the temperature-salinity ranges for 
different regional water masses based on the data from Danielson et al., 2017. The water masses shown include Alaska Coastal Water (ACW), Melt Water (MW), 
Bering-Chukchi Summer Water (BCSW), Bering-Chukchi Winter Water (BCWW), and Atlantic Water (AtlW). Also shown are lines of equal density (σt; kg m−3) 
for the temperature and salinity ranges in each graph.
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east of Hannah Shoal and is overlain by modified BCSW. Figure S3 shows multiple water masses across 
Barrow Canyon, highlighting the more complex circulation associated with this feature and its response to 
wind-driven upwelling (e.g., Okkonen et al., 2019; Pickart et al., 2019).

As illustrated by Figures S2 and S3, the hydrographic responses to wind forcing on the shelf itself are more 
muted, but display patterns consistent with previous observations (e.g., Weingartner et al., 2017; Pickart 
et al., 2019). For example, after the downwelling-favorable wind-event in SKQ201612S we see changes that 
are consistent with an enhanced presence of BCWW in the offshore region west of Wainwright (see transect 
6 vs. 2) and a deepening of the mixed layer across the southern flank of Hannah Shoal (offshore region of 
transect 8 vs. 3). Given the strong westerly winds measured in the period (September 16–21, 2016) between 
the repeated transects, we infer that enhanced advection and mixing likely contribute to the changes ob-
served. In the case of SKQ201712S, the main effect of the strong easterly winds (August 12–15, 2017) is 
seen across Barrow Canyon, with the occurrence of AtlW across the southern flank of the Canyon and the 
offshore displacement of ACW across the surface (Figure S3), both consistent with the responsiveness of 
the canyon to upwelling-favorable wind forcing (e.g., Pickart et al., 2019; Pisareva et al., 2019). The offshore 
extension of ACW following the easterly wind-period is the main effect of upwelling across the shallow 
shelf regions to the west of Barrow Canyon (e.g., transect 6 vs. transect 2; transect 7).

Overall, the observed contrasts in water mass distributions reflect interannual differences in oceanographic 
conditions in the study area as well as contrasts in the spatial coverage of Chukchi Shelf afforded during 
each cruise. Furthermore, there are noticeable differences in the composition and structure of the water 
column across the northeast Chukchi Shelf in response to distinct wind forcings. The differences among 
transects occupied prior and following wind events reflect their distinct nature (i.e., downwelling vs. up-
welling favorable) and variable magnitude. However, it is also clear that location (e.g., deeper Barrow Can-
yon vs. shallower Chukchi Shelf) relative to key geographical features (e.g., shoreline, Hannah Shoal) also 
influence the structure of the water column along any given transect. Understanding these contrasts and 
controls on water column POM is critical to evaluate the biogeochemical responses of this region of the 
Pacific Arctic during the prolonged open-water period.

4.2. Water Mass-POM Distributions Along Chukchi Shelf

In order to decipher the spatial and temporal patterns in POM distributions, we chose to evaluate com-
positional trends in the context of hydrographic conditions and water mass distributions. Hence, we use 
temperature-salinity class plots of Chl Fl to investigate density-related trends in chlorophyll distributions 
among water masses (Figure 14). For example, during SKQ201612S, we generally find low to moderate Chl 
Fl values (0.8–1.4 mg m−3) before the wind event of September 17–20, 2016 in all three water masses. In fact, 
prior to the wind event, the high Chl Fl values (>1.8 mg m−3) that define the SCM are most predominant in 
higher-density BCSW (e.g., transect 2; Figure 5) rather than in BCWW (e.g., transect 3; Figure 5). Following 
the period of sustained downwelling winds, the high Chl Fl values shift to BCWW (Figure 14b), especially 
in the region west of Wainwright (i.e., transect 6; Figure 5). This trend, illustrated by the contrast between 
transects 2 and 6, indicates a deepening of the SCM due to mixing and advection of nutrient-rich BCWW in 
this region of the shelf (e.g., Figure 2s). The SKQ201712S data show that prior to the upwelling wind event 
in August 12–17 (2017), peaks in Chl Fl associated with the SCM occur in high density (25 > σt > 26 kg m−3) 
waters in both BCWW and BCSW (Figure 14c). Following the period of upwelling winds, higher Chl Fl 
values are observed in lower density BCSW and ACW (Figure 14d), consistent with a phytoplankton pro-
ductivity response due to nutrient mixing into upper parts of the water column along nearshore locations 
(Figure S3).

Similar temperature-salinity plots of cp (Figure 15) reveal distinct trends in overall particle distributions 
that indicate chlorophyll-depleted particles are for the most part responsible for the elevated turbidity lev-
els (cp > 1 m−1) found in the densest (σt ∼ 26 kg m−3) waters, including BCSW, BCWW and AtlW. The fact 
that the high cp and SPM values (Figures 6 and 11) coincide with dense bottom waters during both cruis-
es (Figures 15a–15d) is a strong indication that interactions with the seabed through resuspension and/
or advection of pigment-depleted, mineral-rich particles contribute to the observed particle distributions 
along the NE Chukchi Shelf. The major exception are samples from the warm (∼8°C), intermediate den-
sity (24 > σt > 25 kg m−3) ACW that were measured in the nearshore section off Barrow Canyon (transect 
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Figure 14. Chlorophyll fluorescence (Chl Fl; mg m−3) sensor data plotted in temperature-salinity graphs for stations occupied during SKQ201612S before and 
after the September 17–20, 2016 downwelling-favorable wind event (a and b, respectively) and during SKQ201712S before and after the August 12–17, 2017 
upwelling-favorable wind (c and d, respectively). The plots include the temperature-salinity ranges for different regional water masses based on the data from 
Danielson et al. (2017). The water masses shown include Alaska Coastal Water (ACW), Melt Water (MW), Bering-Chukchi Summer Water (BCSW), Bering-
Chukchi Winter Water (BCWW), and Atlantic Water (AtlW). Also shown are lines of equal density (σt; kg m−3) for the temperature and salinity ranges in each 
graph.
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Figure 15. Particle beam attenuation (cp; m−1) sensor data plotted in temperature-salinity graphs for stations occupied during SKQ201612S before and after the 
September 17–20, 2016 downwelling-favorable wind event (a and b, respectively) and during SKQ201712S before and after the August 12–17, 2017 upwelling-
favorable wind (c and d, respectively). The plots include the temperature-salinity ranges for different regional water masses based on the data from Danielson 
et al. (2017). The water masses shown include Alaska Coastal Water (ACW), Melt Water (MW), Bering-Chukchi Summer Water (BCSW), Bering-Chukchi 
Winter Water (BCWW), and Atlantic Water (AtlW). Also shown are lines of equal density (σt; kg m−3) for the temperature and salinity ranges in each graph.
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1; Figure 11) during SKQ201712S prior to the wind event (Figure 15c). It is likely that mineral-rich par-
ticles entrained within the ACW contribute to the elevated turbidity readings. In contrast, following the 
upwelling-wind event in 2017 (Figure S3), wind-induced phytoplankton production leads to elevated Chl Fl 
(Figure 14d) but relatively low cp values (Figure 15d) in samples from ACW.

The compositions of individual samples can also be evaluated in the context of different water masses in the 
same way we assess the particle-related optical properties above (e.g., Chl Fl and cp). For example, Figure 16 
illustrates POC concentrations in temperature-salinity graphs and shows that despite the reduced number 
of individual samples, there are statistically significant differences among water masses measured in this 
study. Tables 2 and 3 provide summaries of the concentration data from individual samples for different 
water masses binned into density ranges and cruise periods prior/following the wind events. From both Fig-
ure 16 and Table 2, it is apparent that in SKQ201612S, moderate to elevated POC concentrations (≥8 mmol 
m−3) coincide with cool, low density (21 > σt > 23 kg m−3) MW whereas the higher-salinity, higher density 
MW samples have lower POC concentrations (Figures 16a and 16b). All these samples are characterized by 
low Chl Fl signals, low cp values, and low to moderate Chl + Pheo and SPM concentrations (Table 2). In con-
trast, the warmer and saltier MW samples measured during SKQ201712S are characterized by lower POC 
and lower Chl Fl values (Table 3). Overall, these trends suggest moderately elevated levels of phytoplankton 
biomass associated with surface waters affected by recently melted sea ice, which we encountered primarily 
in SKQ201612S (e.g., Figure 2s). The contrasting distributions between the two cruises likely reflect higher 
contributions from phytoplankton to suspended particles in recently formed, colder and fresher MW in 
SKQ201612S relative to the warmer MW encountered in SKQ201712S (Figure S3).

During SKQ201712S, moderate to high POC concentrations (≥12 mmol m−3) in surface waters are measured 
in samples from ACW, especially following the wind event (Figures 16c and 16d) when high Chl Fl and low- 
to moderate cp values are also measured (Table 3). In contrast to MW, ACW samples in SKQ201712S have 
significantly elevated SPM and Chl + Pheo concentrations that coincide with the high POC concentrations 
and high Chl Fl and cp values. Unlike MW samples, there are significant differences in Chl + Pheo and SPM 
concentrations (as well as Chl Fl and cp signals) before and after the August 12–17, 2017 period (Table 3), 
that are consistent with an increase in phytoplankton biomass and a decrease in mineral-rich particles 
following the upwelling-favorable wind event. Overall, the statistically distinct compositions of ACW and 
MW samples reflect clear differences in both overall particle abundance and provenance between these 
two water masses that occupy surface sections of the northeast Chukchi Shelf during the late, open-water 
season (Figures S2 and S3).

Samples from BCSW and BCWW, which occupy the majority of the middepth and bottom regions of the 
water column across the northeast Chukchi Shelf, display variable compositions that are strongly related 
to density (Tables  2 and  3). For example, in both SKQ201612S and SQK201712S, samples from low- to 
intermediate-density (σt < 25.5 kg m−3) BCSW are characterized by low to moderate POC concentrations 
(>8  mmol  m−3), whereas the higher-density (σt  >  25.5  kg  m−3) samples display higher POC concentra-
tions (>8  mmol  m−3) that in some cases exceed 20  mmol  m−3 (Figure  16). Samples from low density 
(23.5 > σt > 24.5 kg m−3) BCSW are characterized by low to intermediate Chl Fl values (0.3–1 mg m−3), 
whereas those of intermediate density (24.5 > σt > 25.5 kg m−3) associated with the top of the pycnocline 
display significantly higher Chl Fl (1–2  mg  m−3) values (Tables  2 and  3). The combined pigment data, 
although sparse, show similar overall trends with moderately elevated Chl  +  Pheo concentrations that 
contribute to the SCM observed in transects from both cruises. Samples from both of these density ranges 
are characterized by relatively low cp signals (0.1–0.5 m−1) and low SPM concentrations (2–4 g m−3), with 
samples from SKQ201712S (Table 3) displaying higher averages than samples from SKQ201612S (Table 2). 
Relative to their lower-density counterparts, higher-density (25.5 > σt > 26.0 kg m−3) BCSW samples from 
both cruises (Tables 2 and 3) have higher POC concentrations (9–12 mmol m−3) and are characterized by 
comparable Chl Fl values (1–2 mg m−3) and Chl + Pheo concentrations (1–2.5 mg m−3) but significant-
ly higher cp values (∼1.4  m−1) and SPM concentrations (6–8  g  m−3). Notably, within this density range, 
BCSW samples with densities greater than 26.0 kg m−3 collected during SKQ201712S have lower Chl Fl and 
Chl + Pheo concentrations and higher POC, cp and SPM values (Table 3).

In the case of BCWW, sample compositions from different density ranges display patterns that are similar to 
those from BCSW (Tables 2 and 3). For example, the few samples from low density (24 > σt > 25.5 kg m−3) 
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Figure 16. Particulate organic carbon (POC; mmol m−3) concentrations from individual water samples plotted in temperature-salinity graphs for stations 
occupied during SKQ201612S before and after the September 17–20, 2016 downwelling-favorable wind event (a and b, respectively) and during SKQ201712S 
before and after the August 12–17, 2017 upwelling-favorable wind (c and d, respectively). The plots include the temperature-salinity ranges for different regional 
water masses based on the data from Danielson et al. (2017). The water masses shown include Alaska Coastal Water (ACW), Melt Water (MW), Bering-
Chukchi Summer Water (BCSW), Bering-Chukchi Winter Water (BCWW), and Atlantic Water (AtlW). Also shown are lines of equal density (σt; kg m−3) for the 
temperature and salinity ranges in each graph.
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BCWW measured in both SKQ201612S and SKQ201712S display low to intermediate POC concentrations 
(Figure 16) that coincide with high Chl Fl and Chl + Pheo values and relatively low cp and SPM concentra-
tions (Tables 2 and 3). A major exception were samples collected following the upwelling wind event during 
SKQ201712S (Table 3), which display much lower POC (∼4 mmol m−3) and Chl Fl (0.4 mg m−3) values than 
the rest of the samples in this density category (see below). As was the case for BCSW, samples from the 
higher-density range (24 > σt > 25.5 kg m−3) of BCWW in both cruises display higher POC concentrations 
(10–12 mmol m−3) and Chl Fl values (2–5 mg m−3) and high cp values and SPM concentrations (Table 2), all 
consistent with particle-rich, high turbidity deeper waters.

The marked contrasts among samples from BCSW and BCWW are clear evidence of fundamental densi-
ty-related differences in POM composition and provenance within these water masses, which help explain 
the overall patterns observed during both cruises. Furthermore, by examining in more detail the trends as-

Density bins σt (kg m−3) Chl Fl (mg m−3) cp. (m−1) POC (mmol m−3) Chl + Pheo (mg m−3) SPM (g m−3)

Transects 2, 3, 4, 5 (September 12–17, 2016)

Melt Water (MW)

21.0–23.0 0.54 ± 0.19 0.21 ± 0.10 7.77 ± 2.65 0.37 ± 0.09 1.81 ± 0.48

23.0–24.0 1.04 ± 0.55 0.21 ± 0.01 6.18 ± 0.84 0.50 ± 0.25 2.19 ± 0.24

Alaska Coastal Water (ACW)

24.0–25.0 n.m. n.m. n.m. n.m. n.m.

Bering-Chukchi Summer Water (BCSW)

23.5–24.0 n.m. n.m. n.m. n.m. n.m.

24.0–25.5 1.52 ± 0.49 0.24 ± 0.04 7.19 ± 2.14 0.65 ± 0.22 1.96 ± 0.28

25.5–27.0 1.04 ± 1.05 1.28 ± 0.56 9.23 ± 2.68 1.20 ± 0.56 6.00 ± 2.48

Bering-Chukchi Winter Water (BCWW)

24.0–25.5 1.45 ± 1.04 0.16 ± 0.07 6.76 ± 1.54 0.87 ± 0.58 2.34 ± 0.31

25.5–27.0 0.65 ± 0.53 1.46 ± 0.59 10.0 ± 2.79 0.87 ± 0.51 5.85 ± 2.51

Atlantic Water (AtlW)

27.0–28.0 n.m. n.m. n.m. n.m. n.m.

Transects 6, 7, 8 (September 20–23, 2016)

Melt Water (MW)

21.0–23.0 0.70 ± 0.23 0.25 ± 0.06 8.37 ± 4.43 n.m. 2.84 ± 0.83

23.0–24.0 0.45 ± 0.16 0.11 ± 0.04 4.14 ± 0.84 n.m. 2.41 ± 0.48

Alaska Coastal Water (ACW)

24.0–25.0 n.m. n.m. n.m. n.m. n.m.

Bering-Chukchi Summer Water (BCSW)

23.5–24.0 0.80 ± 0.25 0.12 ± 0.01 3.90 ± n.a. n.m. 2.12 ± 0.14

24.0–25.5 1.25 ± 0.75 0.18 ± 0.10 4.61 ± 1.66 n.m. 2.52 ± 0.36

25.5–27.0 0.82 ± 0.80 1.39 ± 0.60 9.12 ± 2.02 n.m. 7.13 ± 3.01

Bering-Chukchi Winter Water (BCWW)

24.0–25.5 2.93 ± 2.87 0.32 ± 0.21 12.2 ± 11.8 n.m. 4.51 ± 2.49

25.5–27.0 0.75 ± 0.71 1.79 ± 0.68 10.8 ± 1.76 n.m. 9.08 ± 2.75

Atlantic Water (AtlW)

26.0–27.0 n.m. n.m. n.m. n.m. n.m.

Note. Chl Fl, chlorophyll concentration based on fluorescence; cp, particle beam attenuation; POC, particulate organic carbon concentration; Chl+Pheo, 
chlorophyll plus pheophytin concentrations, SPM, suspended particulate matter.

Table 2 
Compositions (Average ± Standard Deviation) of Density-Binned Niskin Bottle Samples From Different Water Masses During SKQ201612S
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sociated with the wind events in both SKQ201612S and SKQ201712S, we observe some significant contrasts 
among specific density ranges that suggest biogeochemical responses to the wind-forcing in subsurface wa-
ters (Tables 2 and 3). For example, in SKQ201612S there are significant increases in Chl Fl, cp, POC and SPM 
following the downwelling mixing event in samples from lower-density BCWW associated with pycnocline 
(24 > σt > 25.5 kg m−3) waters (Table 2). A similar increase is not observed in the higher-density BCWW 
samples from deeper waters and, most significantly in samples from similar density-ranges of BCSW (Ta-
ble 2). These observations suggest wind-driven mixing events of nutrient-rich, winter waters (BCWW) are 
likely to result in more noticeable biologic responses, that is, increases in POM production, than in the 
nutrient-poor, modified summer waters (BCSW). In terms of responses to the upwelling-favorable wind 
event in SKQ201712S, there are no major contrasts in intermediate- and high-density BCSW and BCWW 

Density bins σt (kg m−3) Chl Fl (mg m−3) cp. (m−1) POC (mmol m−3) Chl + Pheo (mg m−3) SPM (g m−3)

Transects 1, 2, 3, 4 (August 10–16, 2017)

Melt Water (MW)

21.0–23.0 0.16 ± n.a. 0.14 ± n.a. 3.10 ± n.a. 1.48 ± n.a. 1.56 ± n.a.

23.0–24.0 0.09 ± 0.06 0.15 ± 0.03 4.79 ± 2.18 0.23 ± n.a. 2.01 ± 0.76

Alaska Coastal Water (ACW)

24.0–25.0 1.27 ± 0.53 1.41 ± 0.45 15.6 ± 2.84 1.03 ± 0.47 6.51 ± 1.43

Bering-Chukchi Summer Water (BCSW)

23.5–24.0 0.18 ± 0.13 0.18 ± 0.02 3.80 ± 1.98 1.40 ± n.a. 2.70 ± 0.82

24.0–25.5 1.40 ± 2.20 0.43 ± 0.54 7.00 ± 3.94 0.75 ± 0.67 3.00 ± 1.83

25.5–27.0 1.43 ± 1.87 1.43 ± 0.95 11.4 ± 5.99 1.43 ± 0.92 6.90 ± 3.40

Bering-Chukchi Winter Water (BCWW)

24.0–25.5 3.78 ± 2.60 0.75 ± 0.70 9.59 ± 3.71 n.m. 4.85 ± 3.57

25.5–27.0 1.65 ± 1.94 1.37 ± 0.78 12.4 ± 6.82 1.08 ± 0.68 6.33 ± 2.86

Atlantic Water (AtlW)

27.0–28.0 n.m. n.m. n.m. n.m. n.m.

Transects 5, 6, 7 (August 16–20, 2017)

Melt Water (MW)

21.0–23.0 0.10 ± n.a. 0.14 ± n.a. 5.70 ± n.a. 0.77 ± n.a. 2.36 ± n.a.

23.0–24.0 0.30 ± 0.42 0.34 ± 0.34 8.07 ± 4.72 0.54 ± n.a. 2.85 ± 2.21

Alaska Coastal Water (ACW)

24.0–25.0 1.61 ± 0.86 0.63 ± 0.16 18.0 ± 5.79 1.59 ± 0.46 3.37 ± 1.17

Bering-Chukchi Summer Water (BCSW)

23.5–24.0 0.33 ± 0.07 0.19 ± 0.01 4.56 ± 0.49 n.m. 2.22 ± 1.17

24.0–25.5 1.16 ± 1.43 0.50 ± 0.52 8.95 ± 5.36 2.11 ± 1.71 3.73 ± 2.28

25.5–27.0 1.92 ± 2.82 1.54 ± 1.19 12.0 ± 11.5 1.23 ± 1.22 8.16 ± 4.44

Bering-Chukchi Winter Water (BCWW)

24.0–25.5 0.44 ± 0.33 0.12 ± 0.03 3.98 ± 2.61 n.m. 2.66 ± 0.63

25.5–27.0 1.98 ± 1.54 1.19 ± 0.66 10.7 ± 5.96 0.68 ± n.a. 5.83 ± 2.38

Atlantic Water (AtlW)

26.0–27.0 0.21 ± 0.08 1.55 ± 0.67 11.9 ± 4.09 0.86 ± 0.20 10.9 ± 4.95

Abbreviations: Chl Fl, chlorophyll concentration based on fluorescence; cp, particle beam attenuation; POC, particulate organic carbon concentration; 
Chl+Pheo, chlorophyll plus pheophytin concentrations, SPM, suspended particulate matter.

Table 3 
Compositions (Average ± Standard Deviation) of Density-Binned Niskin Bottle Samples From Different Water Masses During SKQ201712S
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that provide evidence of a region-wide response to the wind event. However, we do see increases of Chl Fl, 
Chl + Pheo and POC in intermediate-density (24.5 > σt > 25.5 kg m−3) BCSW samples from the Barrow 
Canyon transect following the wind event (e.g., transects 1 vs. 5; Figures 9 and 10) that contribute to the 
overall trends seen in Table 3. Note that the high variability within these samples leads to lower statistical 
significance in the difference between before and after compositions. Our results indicate the response of 
BCSW to upwelling differs regionally and is consistent with the sensitivity of Barrow Canyon to this forcing 
(Pickart et al., 2013, 2019).

In the case of the contrasts among lower-density (24 > σt > 25.5 kg m−3) BCWW samples during SKQ201712S, 
it is likely that the observed decreases in POC and Chl Fl are a result of our sampling of different locations 
before and after the wind event (Figure S3). Prior to the wind event, samples from this density range of 
BCWW originated primarily from the region north and east of Hannah Shoal (transects 3 and 4) and also 
from the offshore region of Barrow Canyon (transect 1; Figures 9 and 10), the latter of which included 
several samples with elevated POC and Chl Fl signals. Following the wind event, the only samples from 
this specific water mass density range were collected from the offshore region of Barrow Canyon (transect 
5), which lacked the localized maxima seen in transect 1. Hence, we conclude that the contrasts between 
BCWW samples evident in Table 3 are due to the fact that no samples of BCWW from the region around 
Hannah Shoal were collected during the period following the upwelling event (Figure S3) and that the high 
POM feature present in the north flank of Barrow Canyon in transect 1 was not found in transect 5.

It is clear that the elevated Chl Fl values (>1 mg m−3) that define the SCM are observed in samples from a 
range of densities and water masses (Tables 2 and 3). Although sparse, the combined pigment (Chl + Pheo) 
concentration data for the most part confirm the Chl Fl sample data and show that unlike POC, elevated 
photosynthetic pigment concentrations expand over a broader density range in both BCSW and BCWW. 
In contrast, cp values, POC, and SPM concentrations peak in the samples from higher-density BCSW and 
BCWW that occupy the deeper regions above the seabed. These observations suggest that different types 
of particles are present in the subsurface regions of the water column during the late, open-water season 
in this region of the Chukchi Shelf. Particles in the intermediate density, middepth waters appear to be 
enriched in photosynthetic pigments and contain materials with relatively low light-attenuation properties. 
In contrast, particles in the denser, deeper regions of the water column, while still containing measurable 
pigments, include materials that have much greater light-attenuation capacity. The distinct distribution and 
variable concentrations of these particle types across density ranges in both BCSW and BCWW are respon-
sible for the patterns we observe and directly influence the overall profiles of POM measured in Chukchi 
Shelf waters.

4.3. Compositional Characteristics and Provenance of Late-Season POM in Chukchi Shelf

The properties of water samples collected from different depths and locations reveal major contrasts in the 
compositions of suspended particles throughout the Chukchi Shelf during the late, open-water season. One 
way to evaluate such contrast is illustrated in plots of POC versus Chl Fl for samples collected during the 
two cruises (Figure 17). Among the trends evident in these graphs, we highlight samples from low- to inter-
mediate-density waters (σt < 26 kg m−3) that exhibit high Chl Fl:POC ratios (>10 mg g−1) consistent with 
actively growing phytoplankton (e.g., Geider, 1987; Sathyendranath et al., 2020). In both cruises, the highest 
Chl:POC ratios (>20 mg g−1) are from samples within a narrower density range (25 < σt < 26 kg m−3) from 
both BCSW and BCWW associated with pycnocline depths. These high pigment-to-carbon ratios likely re-
flect low-light acclimated phytoplankton that are most abundant at the depths associated with the SCM. Ex-
ceptions to these trends include some of the intermediate-density (23 < σt < 24.5 kg m−3) samples collected 
during SKQ201712S, and especially those collected following the upwelling wind event, which are charac-
terized by relatively low Chl Fl:POC ratios (5–10 mg g−1; Figures 17c and 17d). These samples correspond to 
warm BCSW and ACW samples from the surface, which have moderately elevated photosynthetic pigment 
concentrations (Table 3) and suggest the presence of phytoplankton acclimated to higher light intensities 
at these locations. The other major type of particles evident from this plot are samples from high-density 
(σt > 25.5 kg m−3) bottom waters that are characterized by low Chl Fl:POC (≤5 mg g−1) ratios (Figure 17), 
which are characterized by low overall chlorophyll concentrations and elevated cp signals (Tables 2 and 3). 
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Figure 17. Plots of particulate organic carbon (POC; g m−3) concentrations versus chlorophyll fluorescence (Chl Fl; mg m−3) sensor data for individual water 
samples from stations occupied during SKQ201612S before and after the September 17–20, 2016 downwelling-favorable wind event (a and b, respectively) and 
during SKQ201712S before and after the August 12–17, 2017 upwelling-favorable wind (c and d, respectively). Data are shown in different colors according to 
their density ranges (e.g., see Tables 2 and 3). Included in each graph are lines illustrating different Chl Fl:POC ratios (mg g−1) for reference.
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As described below, these compositions suggest significant contributions of mineral-rich particles that orig-
inate from the seabed.

Plots of cp versus POC data for various density ranges (Figure 18) provide additional evidence for the pres-
ence of different particle pools throughout the water column of the NE Chukchi Shelf during the late, 
open-water season. The graphs for both SKQ201612S and SKQ201712S prior and after wind events highlight 
the stark contrasts between samples collected from high-density (σt > 25.5 kg m−3) bottom waters (both 
BCSW and BCWW), and samples from low- to intermediate-density ranges characteristic of surface and 
middepth waters (MW, ACW and BCSW). These latter samples are characterized by elevated POC:cp ratios 
∼30  mmol m−2, that are consistent with the global POC-beam attenuation relationships determined by 
Gardner et al. (2006) for plankton-dominated open ocean particles. In contrast, the markedly lower POC:cp 
ratios (<10 mmol m−2) of high-density BCSW and BCWW indicate the high turbidity of the waters below 
the pycnocline contain particles with high mass-specific scattering coefficients that would be expected from 
mineral-rich detrital materials (e.g., Gardner et al., 2001; Goñi et al., 2021). These low POC:cp ratios are con-
sistent with contributions from sediment sources either through local resuspension from the seabed and/
or lateral advection from upstream regions. The fact that this particle pool is ubiquitous in both BCSW and 
BCWW bottom waters throughout the North East Chukchi shelf during both cruises is consistent with rela-
tively high energy due to currents and/or waves in order to sustain these high levels of particle resuspension.

Table 4 summarizes the Chl Fl:POC and POC:cp ratios of the different density ranges for the various water 
masses encountered during SKQ201612S and SKQ201712S and includes other parameters that help eluci-
date the composition and provenance of POM in samples from the NE Chukchi Shelf during late open-wa-
ter season. For example, because pheophytin is a decay product of chlorophyll (e.g., Bianchi et al., 1988; 
Strom, 1993), we can examine the relative abundances of these two pigments to evaluate the freshness (and 
viability) of phytoplankton derived organic matter in our POM samples. Previous studies from the Chukchi 
Sea (McTigue et al., 2015) showed that surface sediments from sites across the shelf that received fresh 
input of phytoplankton exhibited low Pheo/(Chl + Pheo) (<0.2) ratios whereas locations where degrada-
tion by microbial and herbivorous grazing was more significant displayed higher Pheo/(Chl + Pheo) ratios 
(>0.2). Although our suspended POM pigment analyses are somewhat sparse, the distributions of Pheo/
(Chl + Pheo) ratios tabulated in Table 4 clearly show that during both SKQ201612S and SKQ201712S, the 
vast majority of low- and intermediate-density (σt < than 25.5 kg m−3) water masses throughout the top half 
of the water column across the Chukchi Shelf are characterized by pigment compositions indicative of rela-
tive fresh phytoplankton sources. In contrast, the high-density (σt > 25.5 kg m−3) water masses that occupy 
the lower half of the water column across the Chukchi Shelf during both cruises, and which correspond 
to BCSW and BCWW, are characterized by significantly elevated Pheo/(Chl + Pheo) ratios consistent with 
contributions from degraded phytodetritus. The main exception to this trend are samples from high-density 
BCSW collected during SKQ201712S after the upwelling wind event (Table 3). These samples display low 
Pheo/(Chl + Pheo) ratios that suggest inputs from fresh phytoplankton (Table 4).

Another parameter that displays trends consistent with distinct particle compositions is the POC:SPM ratio 
(Table 4), which similarly to the trends in POC:cp ratios discussed above, tends to be higher (≥4%) in samples 
from low-to intermediate-density waters and is lower (1%–2%) in high-density waters. The observed ranges 
in POC:SPM ratios (Table 4) are comparable to the compositional data from samples collected over a full 
season in 2016 by a bottom-moored sediment trap located at site offshore Wainwright (Chukchi Ecosys-
tem Observatory; Lalande et al., 2020) that coincides with our transect locations (Figure 1). The materials 
collected in the sediment trap were characterized by Chl:POC ratios that ranged from <0.5 mg g−1 during 
the winter months, to ∼5 mg g−1 in the early open water season (June and July). In addition, these same 
samples exhibited POC:SPM mass ratios that ranged from 2% in the winter to >4% in the mid-summer 
periods of high productivity (data from Lalande et al., 2020). Notably, data from the ICESCAPE project in 
June–July of 2011 (Neukermans et al., 2014) showed that samples from surface waters exhibiting under-ice 
phytoplankton blooms showed lower Chl:POC ratios (10 mg g−1) and much higher POC:SPM (40%) ratios 
than those collected from the SCM regions during the two late-season open water cruises. In contrast, the 
compositions of samples from bottom waters with high turbidity collected during ICESCAPE displayed 
moderate Chl:POC (4 mg g−1) and POC:SPM (1.4%) ratios that were similar to the ones collected from high 
density BCSW and BCWW in this study. Thus, it appears that the particles present in the water column of 
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Figure 18. Plots of particulate beam attenuation sensor data (cp; m−1) versus particulate organic carbon (POC; mmol m−3) concentrations for individual water 
samples from stations occupied during SKQ201612S before and after the September 17–20, 2016 downwelling-favorable wind event (a and b, respectively) and 
during SKQ201712S before and after the August 12–17, 2017 upwelling-favorable wind (c and d, respectively). Data are shown in different colors according to 
their density ranges (e.g., see Tables 2 and 3). Included in each graph are lines illustrating different POC:cp ratios (mmol m−2) for reference, including the global 
average relationship measured by Gardner et al. (2006). Note the deep inshore sample from transect 6 in SKQ201712S (see Figures 10 and 11) characterized by 
highly elevated POC (69 mmol m−3), cp (7.4 m−1), and SPM (27 g m−3) values plots outside the area in Figure 18d but displays a POC:cp ratio of 9.4 mmol m−2.
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Water Mass cruise period Density bins σt (kg m−3) Chl Fl:POC (mg g−1) POC:cp (mmol m−2) Pheo/(Chl + Pheo) POC:SPM (mass %)

Melt Water (MW)

 SKQ2016 September 12–17, 2016 21.0–23.0 6.3 ± 3.1 40.6 ± 24.1 0.10 ± 0.06 6.0 ± 2.6

 SKQ2016 September 20–23, 2016 21.0–23.0 8.1 ± 5.1 30.5 ± 18.0 n.m. 3.8 ± 2.3

 SKQ2017 August 10–16, 2017 21.0–23.0 4.3 ± n.a. 21.7 ± n.a. 0.18 ± n.a. 2.4 ± n.a.

 SKQ2017 August 16–20, 2017 21.0–23.0 1.4 ± n.a. 40.6 ± n.a. n.m. 2.9 ± n.a.

 SKQ2016 September 12–17, 2016 23.0–24.0 13.8 ± 7.5 28.2 ± 4.2 0.17 ± 0.20 3.5 ± 0.6

 SKQ2016 September 20–23, 2016 23.0–24.0 9.5 ± 3.5 37.6 ± 12.4 n.m. 2.1 ± 0.5

 SKQ2017 August 10–16, 2017 23.0–24.0 1.9 ± 1.5 31.7 ± 16.0 0.30 ± n.a. 3.7 ± 2.2

 SKQ2017 August 16–20, 2017 23.0–24.0 2.2 ± 3.3 30.5 ± 35.7 0.16 ± n.a. 3.8 ± 3.7

Alaska Coastal Water (ACW)

 SKQ2016 September 12–17, 2016 24.0–25.0 n.m. n.m. n.m. n.m.

 SKQ2016 September 20–23, 2016 24.0–25.0 n.m. n.m. n.m. n.m.

 SKQ2017 August 10–16, 2017 24.0–25.0 7.0 ± 3.2 11.7 ± 4.4 0.22 ± 0.22 2.9 ± 0.8

 SKQ2017 August 16–20, 2017 24.0–25.0 7.8 ± 4.8 29.4 ± 11.9 0.06 ± 0.02 7.2 ± 3.4

Bering-Chukchi Summer Water (BCSW)

 SKQ2016 September 12–17, 2016 23.5–24.0 n.m. n.m. n.m. n.m.

 SKQ2016 September 20–23, 2016 23.5–24.0 22.3 ± n.a. 32.9 ± n.a. n.m. 2.3 ± n.a.

 SKQ2017 August 10–16, 2017 23.5–24.0 3.6 ± 3.3 20.8 ± 12.6 0.15 ± n.a. 1.9 ± 1.2

 SKQ2017 August 16–20, 2017 23.5–24.0 6.0 ± 1.5 24.3 ± 2.8 n.m. 2.8 ± 1.5

 SKQ2016 September 12–17, 2016 24.0–25.5 18.8 ± 8.3 30.0 ± 10.5 0.13 ± 0.05 4.4 ± 1.5

 SKQ2016 September 20–23, 2016 24.0–25.5 21.7 ± 15.2 30.5 ± 21.0 n.m. 2.1 ± 0.8

 SKQ2017 August 10–16, 2017 24.0–25.5 13.9 ± 23.2 25.1 ± 34.7 0.08 ± 0.09 3.6 ± 3.0

 SKQ2017 August 16–20, 2017 24.0–25.5 10.1 ± 13.9 25.5 ± 30.6 0.25 ± 0.44 3.3 ± 2.8

 SKQ2016 September 12–17, 2016 25.5–27.0 10.0 ± 10.1 9.9 ± 1.6 0.34 ± 0.0.16 2.1 ± 0.3

 SKQ2016 September 20–23, 2016 25.5–27.0 8.0 ± 8.0 9.4 ± 4.6 n.m. 1.7 ± 0.8

 SKQ2017 August 10–16, 2017 25.5–27.0 11.2 ± 15.7 13.3 ± 11.3 0.28 ± 0.29 2.4 ± 1.7

 SKQ2017 August 16–20, 2017 25.5–27.0 15.3 ± 26.9 9.5 ± 11.7 0.09 ± 0.14 1.8 ± 2.0

Cruise period Density bins σt (kg m−3) Chl Fl:POC (mg g−1) POC:cp (mmol m−2) Pheo/(Chl + Pheo) POC:SPM (mass %)

Bering-Chukchi Winter Water (BCWW)

 SKQ2016 September 12–17, 2016 24.0–25.5 18.4 ± 14.0 43.7 ± 21.2 0.20 ± 0.18 3.4 ± 0.9

 SKQ2016 September 20–23, 2016 24.0–25.5 26.9 ± 37.0 28.0 ± 33.0 n.m. 2.7 ± 3.0

 SKQ2017 August 10–16, 2017 24.0–25.5 29.6 ± 23.3 21.8 ± 21.9 n.m. 3.0 ± 2.5

 SKQ2017 August 16–20, 2017 24.0–25.5 53.0 ± 52.6 36.3 ± 25.4 n.m. 1.9 ± 1.3

 SKQ2016 September 12–17, 2016 25.5–27.0 5.6 ± 4.8 8.0 ± 3.9 0.41 ± 0.39 2.5 ± 1.3

 SKQ2016 September 20–23, 2016 25.5–27.0 5.8 ± 5.6 8.7 ± 3.6 n.m. 1.6 ± 0.5

 SKQ2017 August 10–16, 2017 25.5–27.0 10.5 ± 13.6 12.8 ± 10.2 0.30 ± 0.35 2.7 ± 2.0

 SKQ2017 August 16–20, 2017 25.5–27.0 18.6 ± 17.8 13.6 ± 10.7 0.26 ± n.a. 2.7 ± 1.9

Table 4 
Particulate Organic Matter Compositions of Density-Binned Niskin Bottle Samples From Different Water Masses During SKQ201612S and SKQ21712S
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the northeast Chukchi Shelf during the late summer display compositions that are consistent with a hetero-
geneous mixture of POM sources that are distinct from those present during the early summer.

5. Summary and Future Work
The hydrographic characteristics across the water column of the Northeast Chukchi Sea during the late 
summer are consistent with previous studies (e.g., S. L. Danielson et al., 2017; Weingartner et al., 2017) and 
show the highly stratified water column has a fundamental impact on the distribution and composition of 
POM in the region. Contrasts in POM compositional ratios (e.g., Chl:POC, POC:SPM, POC:cp) indicate the 
presence of different types of particles in distinct regions and depths of the study area, including the nutri-
ent depleted surface layers, the middepths with characteristic SCM, and the highly turbid deeper waters. 
We conclude that the spatial and temporal contrasts in water mass distributions and the impacts of distinct 
wind forcings lead to different biogeochemical responses. For example, changes consistent with enhanced 
phytoplankton production (increases in Chl and POC) occur in surface waters across Barrow Canyon and in 
nearshore regions associated with ACW in response to upwelling. Furthermore, similar biological respons-
es are also observed in middepth regions of the water column at the interface between MW and BCWW 
around Hannah Shoal in response to downwelling-favorable winds. These findings are consistent with our 
previous work (e.g., Beaird et al., 2020; Goñi et al., 2019; Juranek et al., 2019) and suggest the productivity 
responses are primarily related to the mixing of nutrients across the steep pycnocline that characterizes the 
region during the late open-water season. At this point, we do not have enough observations to evaluate the 
specific mechanisms, magnitude and extent of these processes under distinct wind forcings (i.e., upwelling 
vs. downwelling favorable). However, the large temporal and spatial variability in particulate compositions 
illustrates the highly dynamic nature of POM in the northeast Chukchi Shelf and reflects the complex pro-
ductivity and provenance regimes that characterize this region of the Arctic Ocean. Our results suggest the 
extent of phytoplankton productivity in the surface and subsurface regions of the Chukchi Sea during the 
late open-water season varies as a function of water mass distributions, wind forcing, and location relative 
to bathymetric and topographic features such as canyons, shoals, and capes.

Work to evaluate other biogeochemical tracers of primary productivity, including dissolved oxygen and 
nutrients, across the Northeast Chukchi Sea during the open water season is ongoing. Examination of the 
distribution and dynamics of these productivity tracers along with incubation-based measurements of pri-
mary production will help us further understand the controls on the biological response to climate change 
of this and other Arctic marginal seas and start addressing the underlying mechanisms that may be respon-
sible for the “greening” of the Arctic Ocean (e.g., Ardyna & Arrigo, 2020). To fully evaluate the impacts of 
climate change on Arctic Ocean ecology and biogeochemistry, future studies should focus on enhancing the 
spatial and temporal coverage across complex hydrographic regions such as the Chukchi Sea throughout 
the polar seasons.

Cruise period Density bins σt (kg m−3) Chl Fl:POC (mg g−1) POC:cp (mmol m−2) Pheo/(Chl + Pheo) POC:SPM (mass %)

Atlantic Water (AtlW)

 SKQ2016 September 12–17, 2016 27.0–28.0 n.m. n.m. n.m. n.m.

 SKQ2016 September 20–23, 2016 27.0–28.0 n.m. n.m. n.m. n.m.

 SKQ2017 August 10–16, 2017 27.0–28.0 n.m. n.m. n.m. n.m.

 SKQ2017 August 16–20, 2017 27.0–28.0 1.4 ± 0.7 8.3 ± 4.5 0.68 ± 0.21 1.4 ± 0.8

Note. Compositions were determined by averaging the ratios of individual samples from the different density ranges and calculating their variability by applying 
propagation of error calculations to the standard deviations of the parameters ratioed. Chl Fl:POC, chlorophyll fluorescence-particulate organic carbon 
ratio (mg g−1); POC:cp, particulate organic carbon-particle beam attenuation ratio (mmol m−2); Pheo/(Chl + Pheo), pheophytin-combined chlorophyll plus 
pheophytin ratio (mg mg−1); POC:SPM, particulate organic carbon-suspended particulate matter mass ratio (g g-1) × 100 (%).

Table 4 
Continued
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Data Availability Statement
All the data, including CTD profiles and individual sample compositions from Niskin bottles are archived in 
the Arctic Data Center (Goni, 2021; doi:10.18739/A2T14TQ6Q.). All the CTD profile data are available at the 
Rolling Deck to Repository (R2R) data repository for R/V Sikuliaq's cruises SKQ201612S and SKQ210712S 
(https://www.rvdata.us/search/cruise/SKQ201612S12S Cruise DOI 10.7284/907439 and https://www.rvda-
ta.us/search/cruise/SKQ201712S12S Cruise DOI: 10.7284/907787, respectively. All remaining filter samples 
are stored in M. Goñi's laboratory.
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