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A B S T R A C T   

Climate change is causing sea ice loss on Arctic continental shelves, resulting in increases of shelf-derived ma
terials to the Arctic Ocean. Sediment-water interaction can chemically transform water as it moves across the 
shelf, enriching shelf waters in nutrients and carbon, which can impact primary productivity and greenhouse gas 
cycling. However, the drivers of sediment-water interaction in the Arctic Ocean are poorly understood. In this 
study, we use radium isotope measurements and physical data from a cruise to the Beaufort shelf in late-October- 
November 2018 to investigate the impact of storm events and winter water formation on sediment-water 
interaction. In response to winter water formation, radium-228 and 228Ra/226Ra increased in shelf bottom wa
ters, with both indicative of enhanced sediment-water exchange. Ammonium, an important nutrient for 
phytoplankton growth with a known sediment source, also increased during this time period. Our results suggest 
that processes related to ice formation, together with wind effects, have the ability to drive dissolved constituents 
from sediment porewaters into the water column. The spatial variability in chemical constituents and water mass 
ages based on short-lived Ra isotopes suggest that these sediment-water interaction events are episodic in nature, 
and that storm-driven mesoscale water column features can drive local exchange with the benthos.   

1. Introduction 

The Arctic Ocean is strongly influenced by continental shelves, 
which make up 50% of its area (Jakobsson, 2002). Climate warming is 
causing sea ice loss over shelves, allowing for increased vertical mixing 
and shelf-basin exchange (Carmack and Chapman, 2003; Rainville et al., 
2011; Williams and Carmack, 2015). In the past two decades, increases 
in shelf-derived materials have been observed in the central Arctic (Kipp 
et al., 2018; Rutgers van der Loeff et al., 2018). These material inputs are 
in part due to sediment-water interactions (SWIs), which chemically 
transform water as it moves across the shelf, transferring nutrients, 
carbon, and trace metals from sediments into the water column 
(Codispoti et al., 2005, 2009; Brown et al., 2015; Shen et al., 2016; 
Vieira et al., 2019). Because these inputs can influence biological pro
ductivity and greenhouse gas cycling, it is important to understand the 
drivers of SWI on Arctic continental shelves. 

During late autumn through early spring, shelf water is transformed 
physically and chemically via ice formation that rejects brine and causes 
vertical convection, creating an Arctic water mass known as Newly 
Ventilated Winter Water (WW, e.g. Pacini et al., 2019). This cold water, 

near the freezing point, is rich in nutrients and trace metals due to 
interaction with the sediments (Granger et al., 2018; Jones and Ander
son, 1986; Vieira et al., 2019). Winter water is known to form within 
large, semi-permanent polynyas (Itoh et al., 2012; Pickart et al., 2016; 
Weingartner et al., 1998) and in small leads and polynyas throughout 
the Chukchi Sea (Pacini et al., 2019), which ultimately exits the shelf 
and ventilates the upper halocline of the Arctic Ocean (Aagaard et al., 
1981). However, little is known about WW formation in late autumn and 
its effect on SWI, in part due to the lack of shipboard measurements that 
time of year. 

The nutrients released from bottom sediments, such as dissolved 
inorganic nitrogen and trace metals, are involved in numerous biogeo
chemical cycling processes (Bruland and Lohan, 2003; Cid et al., 2012; 
Cota et al., 1996; Lee et al., 2010; Tremblay et al., 2006), making it 
difficult to use them as tracers of SWI processes. In the case of ammo
nium (NH4

+), its water column residence time once released from shelf 
sediments is controlled by a host of factors, including salinity, light and 
pH (Heiss and Fulweiler, 2016). However, naturally occurring radium 
isotopes (223Ra, t1/2 = 11.4 d; 224Ra, t1/2 = 3.66 d; 226Ra, t1/2 = 1600 y; 
228Ra, t1/2 = 5.75 y), are similarly sourced and behave conservatively on 
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the time scales of shelf circulation. They are produced through the decay 
of sediment-bound thorium isotopes, and because of their higher solu
bility, dissolve into bottom sediment porewaters, which can then be 
released through diffusive processes (Charette et al., 2008; Webster 
et al., 1995) or bioirrigation, bioturbation, and physical transport of 
sediment (Santos et al., 2012; Burt et al., 2014; Rodellas et al., 2015). 
Radium isotopes can also enter the coastal ocean through river runoff or 
submarine groundwater discharge (Moore, 2010; Mulligan and Char
ette, 2006; Rutgers van der Loeff et al., 2003). Radium then is lost to 
decay based on its half-life and dilution through mixing with open-ocean 
waters (Charette et al., 2008). 228Ra has been well utilized as a tracer of 
shelf waters influenced by sediments in the Arctic (Charette et al., 2020; 
Kipp et al., 2020; Rutgers van der Loeff et al., 1995, 2012, 2018), but 

comparatively less shelf-based work has employed the use of the 
short-lived radium isotopes to observe SWI on shorter timescales of days 
to weeks (Cai et al., 2014, 2015; Shi et al., 2019). 

Here, we combine physical and chemical observations from an 
autumn field program in late-October to mid-November 2018 to eluci
date the influence of wind-driven and ice-formation-driven vertical 
convection and SWI on the Beaufort shelf. We first describe the atmo
spheric and sea ice conditions during the cruise, followed by an analysis 
of the hydrographic data as they relate to the water column response to 
storms and ice formation. We then present water column measurements 
of radium isotopes and ammonium, a common form of inorganic ni
trogen in marine sediments, along with sedimentary measurements of 
radium isotopes to inform the water column observations. Finally, we 

Fig. 1. (a) Map of the study area and schematic circulation of the Chukchi and western Beaufort seas, with place names (after Corlett and Pickart, 2017). The 
sampling area is highlighted by the white box. (b) Locations of sampling stations during HLY 1803, Oct–Nov 2018. Conductivity-temperature-depth (CTD) stations 
are shown in blue. CTD/Radium stations are shown in magenta. The sections are labeled by their approximate longitude. 
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discuss a timeseries of storm events and WW formation during three 
periods in early November across the Beaufort shelf, and use chemical 
evidence to investigate the extent of SWI as WW forms and spreads. 

2. Study area 

The Chukchi and Beaufort continental shelves of the Arctic are 
characterized as inflow shelves due to inflow of Pacific Water through 
Bering Strait (Williams and Carmack, 2015). This water is transported 
across the Chukchi shelf, and some of it turns to the east after exiting 
Barrow canyon to form the Beaufort Shelfbreak Jet (Fig. 1a, Nikolo
poulos et al., 2009; Pickart, 2004). This eastward flow can be tempo
rarily reversed during wind-driven upwelling events (Pickart et al., 
2009, 2011, 2013a), or be strengthened during wind-driven down
welling (Foukal et al., 2019). The upwelling is often associated with low 
pressure systems passing over the Aleutian Islands, which, in combina
tion with the Beaufort High, a quasi-stationary high-pressure system 
over the Beaufort Sea (Walsh, 1978), cause strong easterly winds in the 
Beaufort Sea (e.g. Pickart et al., 2009; Lin et al., 2019). 

The upwelling at the shelfbreak is most common in autumn (Lin 
et al., 2019), with an increase in frequency in recent years (Pickart et al., 
2013b). When winds exceed 4–5 m s−1 for at least 6–18 h, the 
along-shelf flow reverses to the west, followed roughly 10 h later by 
upwelling of water from the halocline. Outside of the summer months, 
the majority of the events bring warm, salty, nutrient-rich Atlantic 
Water onto the shelf (Lin et al., 2019). Downwelling occurs when 
cyclonic low-pressure systems transit through the Canada Basin, leading 
to strong westerly winds over the region. This occurs most commonly in 
July and August (Foukal et al., 2019). It leads to an acceleration of the 
shelfbreak jet, followed roughly 10 h later by downwelling of 
near-bottom water off the Beaufort shelf that ventilates the upper 
halocline of the Canada Basin. 

In this study, we collected samples during the autumn freeze-up in 
2018 across much of the Alaskan Beaufort shelf between the eastern 
Chukchi Sea and Mackenzie Canyon. The focus of the paper is on the set 
of samples from the central Beaufort shelf (145–150◦W; Fig. 1b). The 
two transects to the west were excluded because one of them was taken 
early in the cruise before WW was being formed (section 152, Fig. 1b), 
while the other section was halted after only four stations (section 151). 
We also excluded the transect farthest to the east near Mackenzie 
Canyon (section 139) since local canyon dynamics were likely influ
encing that section. We occupied multiple hydrographic sections be
tween 145 and 150◦W over two weeks in early November. In terms of 
SWI, the mineral and organic carbon content of the sediments is rela
tively consistent from east to west in this portion of the Alaskan Beaufort 
Sea, with some inner to outer shelf gradients in terrestrial organic matter 
sources (Goñi et al., 2013; Naidu et al., 2000; Naidu and Mowatt, 1983), 
so we assume that benthic sources of radium isotopes and nutrients do 
not vary strongly between transects. The paper is further divided into 
three sampling periods based on easterly wind events and progressive 
cooling of the water column with time due to sea ice and WW formation. 
Period 1 (Oct 30-Nov 1) is characterized by a short, easterly wind event 
at the early stages of WW formation on the inner shelf. In period 2 (Nov 
3–7), a strong, easterly wind event extends over several days associated 
with further ice formation. During period 3 (Nov 10–14), a weaker 
easterly wind event occurs as average sea ice concentrations increase to 
nearly 100% on the shelf, while the presence of WW continues to 
increase. 

3. Methods 

3.1. Sample collection and analysis 

Samples were collected from October 25 – November 19, 2018 
aboard USCGC Healy cruise HLY 1803. A total of 196 stations were 
occupied along 19 transects, a subset of which we present in Fig. 1b. At 

all stations, hydrographic data were collected using a Sea-Bird 911+

conductivity-temperature-depth (CTD) system, configured to measure 
pressure, temperature, conductivity and beam transmission on a 24-po
sition rosette with 12-L bottles. A laboratory calibration of the temper
ature, conductivity, and beam transmission sensors was done before and 
after the cruise, and an in-situ calibration of the conductivity sensors 
was carried out during the cruise via bottle salinity measurements. Ac
curacies were determined to be 0.001 ◦C for temperature and 0.002 for 
salinity (practical salinity). Vertical sections were constructed using a 
Laplacian-spline interpolation scheme with a typical grid spacing of 5 
km and 2 m, in the horizontal and vertical, respectively. The variables 
considered are potential temperature referenced to the sea surface 
(hereafter referred to simply as temperature), salinity, and potential 
density referenced to the sea surface (hereafter referred to as density). 

Velocity of the water column was measured using Healy’s hull- 
mounted RDI Ocean Surveyor 150 kHz acoustic Doppler current pro
filer (ADCP). Data coverage was typically from 18 m depth to approxi
mately 10 m above the seafloor on the shelf. Because of the presence of 
sea ice, most ADCP profiles were collected while on station. The data 
were processed following the procedure described in Pickart et al. 
(2016). Barotropic tidal signals were removed using the Oregon State 
University model (Padman and Erofeeva, 2004). We note that the tidal 
signals on the Beaufort shelf/slope are very small. Based on a mooring 
array deployed in the study region, the amplitude of the four primary 
tidal constituents is less than 0.015 m s−1, an order of magnitude smaller 
than the wind and buoyancy-driven horizontal flows. Absolute 
geostrophic velocity sections were made by referencing the thermal 
wind shear to the direct ADCP measurements following Pickart et al. 
(2016). 

Samples (~250 L) for radium isotopes were collected at 72 stations 
using Niskin bottles on the CTD rosette. At shelf stations, samples were 
collected 4–7 m above the seafloor in order to focus on the influence of 
SWI. On the slope, samples were collected in the same potential density 
range as the bottom water on the shelf to maximize the chance of 
sampling the same water masses on and off the shelf. Surface water 
samples were collected for comparison with bottom water samples. 
Samples were pre-filtered through 10 μm and 1 μm Hytrex cartridges 
and transferred to plastic barrels. The samples were then filtered at ~1 L 
min−1 through MnO2-coated acrylic fibers to quantitatively capture 
radium (Moore and Reid, 1973). Fibers were rinsed with radium-free 
deionized water and dried partially with filtered air prior to analysis 
for short-lived isotopes (223Ra, 224Ra) on the Radium Delayed Coinci
dence Counter (RaDeCC) system (Moore and Arnold, 1996). Initial an
alyses were performed on the ship within 3 days of collection; samples 
were further analyzed in the lab after 1 and 2 months to determine the 
224Ra and 223Ra activities supported by 228Th and 227Ac, respectively; 
therefore, all reported values of 224Ra and 223Ra are excess (224Raex and 
223Raex) activities in the water column not supported by their parents. 

For analysis of long-lived radium isotopes, fibers were ashed in a 
muffle furnace at 820 ◦C for 24 h. The ash was sealed in polystyrene vials 
with epoxy (to prevent 222Rn loss), stored for at least 1 month to allow 
for daughter-product ingrowth, and counted on a high-purity, well-type 
germanium gamma detector to measure 228Ra and 226Ra using the 
spectral lines for 228Ac (338 and 911 keV) and 214Pb (352 keV), 
respectively. Detector efficiencies were determined using standards 
prepared in the same geometry as the samples. Analytical uncertainties 
for all radium isotopes are reported as 1σ. 

At most of the hydrographic stations, nutrient samples were 
collected from Niskin bottles at ~10 m intervals. These samples were not 
filtered due to relatively low particulate load during the cruise. Samples 
were frozen until analysis at the University of Alaska using a Seal 
Analytical continuous-flow QuAAtro39 AutoAnalyzer. Following each 
run, the data were manually inspected, any blank was subtracted, and 
final concentrations were calculated based on a linear curve fit using 
Seal Analytical AACE 7.07 software. Reagent solutions and primary and 
secondary standards were prepared with fresh Milli-Q water and 
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working standards were prepared daily with low nutrient artificial 
seawater and primary standards with >99% purity from Fisher Scientific 
and/or VWR. A second set of nutrient samples was collected coincident 
with radium samples, after pre-filtering but prior to plastic barrel stor
age. These samples were similarly analyzed at the Woods Hole Ocean
ographic Institution Nutrient Analytical Facility using a four-channel 
segmented flow Seal AA3 HR Autoanalyzer. The detection limits for 
NH4

+ was ~0.015 μM for both sets of nutrient analyses. 
Bulk surface sediments (upper 5–10 cm) were collected at 28 of the 

hydrographic stations using a van Veen Grab. Sediments were stored in 
clean plastic bags and kept frozen until analysis. Sediments were 
weighed, dried, then re-weighed to determine water content and 
porosity assuming a mineral grain density of 2.65 g cm−3 and corrected 
for sea salt. Aliquots of these sediment samples were analyzed for 
radium isotopes. Surface available 223Ra and 224Ra were measured using 
a modified procedure described by Cai et al. (2012). MilliQ water was 
added to dried, weighed sediments to form a slurry, followed by 
co-precipitation of any desorbed radium, thorium or actinium by MnO2 
suspension. The precipitate and sediments were filtered onto a 142 mm 
0.7 μm GFF filter, and analyzed in a sample chamber in the same ge
ometry as the standards. In addition to creating a228Th set of standards 
for 224Ra, a set of standards was also made for 223Ra by spiking sedi
ments with a227Ac solution. A set of filter standards and sediment 
standards were made for each transect to determine efficiencies based 
on sediment type. We ensured that moisture content and radioisotope 
counts were stable during the measurement. Values are reported as 
averages and standard deviations of at least 3 measurements. Bulk Ra 
isotopes were measured via gamma spectrometry as described above 
using 4–5 g of dried sediment packed into polystyrene vials. 228Ra and 
226Ra were measured relative to a sediment standard (Certified Refer
ence Material: IAEA-385). Analytical uncertainties are reported as 1σ. 

3.2. Meteorological and sea ice data 

To investigate the impacts of storm events during the cruise, we use 
sea level pressure (SLP) and 10-m wind speed data from the ECMWF 

Integrated Forecast System (IFS) ERA5 reanalysis product (Hersbach 
and Dee, 2016). The spatial and temporal resolution are 0.25◦ and 1 h, 
respectively. As a check on the accuracy of the ERA5 wind data, we 
extracted the timeseries at the grid point closest to the Barrow Atmo
spheric Baseline Observatory (BABO; https://www.esrl.noaa.gov/gmd/ 
obop/brw/) near Utqiaġvik (formerly known as Barrow). The agreement 
between the two independent datasets was excellent. Fig. 2a shows the 
alongcoast windspeed from BABO, where the positive alongcoast di
rection is 105◦ true. As shown by Nikolopoulos et al. (2009), the 
alongcoast winds are most highly correlated with the currents on the 
Beaufort shelf and slope. The 2-m air temperature measured at BABO 
indicates that temperatures were less than 0 ◦C throughout the study 
period (Fig. 2b). 

We use the Advanced Microwave Scanning Radiometer 2 (AMSR-2) 
data to characterize sea ice concentration over the shelf in autumn of 
2018. AMSR-2 has a 3.125 km spatial resolution in our study region and 
daily temporal resolution. The data originate from the Global Change 
Observation Mission 1st-Water satellite, which measures seven fre
quency bands from 6.925 to 89.0 GHz (Beitsch et al., 2014). The data 
were downloaded from the University of Bremen (http://www.iup.uni 
-bremen.de:8084/amsr2data/asi_daygrid_swath/n6250/2014/). 

4. Results 

This study centers around three storm events in November 2018. As 
noted in the introduction, upwelling events in the Beaufort Sea are most 
common in Oct–Nov (Lin et al., 2019; Pickart et al., 2013b), and this 
year was no exception. The three events were defined using the along
coast wind record, which were used to organize the hydrographic data 
into three periods (Fig. 2a). Period 1 was from Oct 30-Nov 1, period 2 
from Nov 3–7, and period 3 from Nov 10–14. We first examine the at
mospheric conditions during the events followed by characterization of 
the sea ice concentration and the occurrence of polynyas on the shelf. 
We then contrast the hydrographic conditions associated with these 
periods on the central Beaufort shelf, followed by radium isotopes and 
nutrients in the water column (Table 1). Finally, radium isotopes in the 

Fig. 2. (a) Alongcoast wind speed from the Barrow Atmospheric Baseline Observatory. The grey shading indicates the three upwelling events. The black bars at the 
bottom mark the time of occupation of the hydrographic sections (labeled by longitude). The reason for the breaks in sections 152 and 148 is that mooring work 
interrupted the occupation of these two sections. (b) Air-temperature at 2 m above sea level measured at the Barrow Atmospheric Baseline Observatory. 
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Table 1 
Radium isotope and ammonium data from cruise HLY 1803, Oct–Nov 2018. Period 1 stations were those collected on Nov. 2–3, while Period 2 and Period 3 correspond 
to Nov. 7 and Nov. 12–13 stations, respectively.  

Transect-station 
name 

Sample Collection 
Date 

Latitude Longitude Depth Salinity 224Raxs +/− 223Raxs +/− 226Ra +/− 228Ra +/− NH4+

(◦N) (◦W) (m)  dpm 100 L−1 μmol 
L−1 

DBO6-1 10/30/18 71.1644 152.2523 24.4 31.8990 5.64 0.28 0.28 0.03 11.91 0.12 12.06 0.46 1.45 
DBO6-3 10/30/18 71.2483 152.1632 1 31.1028 2.85 0.25 0.15 0.03 11.18 0.28 9.40 0.52 0.97 
DBO6-3 10/30/18 71.2483 152.1632 41.2 32.2296 6.16 0.33 0.12 0.03 12.25 0.26 10.75 0.49 1.84 
DBO6-5 10/31/18 71.3357 152.0953 1 29.4519 1.50 0.20 0.03 0.02 10.74 0.12 7.32 0.41 1.69 
DBO6-7 10/31/18 71.4203 152.0388 63.1 32.3553 6.67 0.26 0.06 0.02 12.00 0.21 9.95 0.37 1.10 
DBO6-8 10/31/18 71.4625 152.0020 120.2 32.7090 1.51 0.22 0.02 0.01 13.83 0.12 9.50 0.39 ND 
DBO6-8 10/31/18 71.4613 151.9938 45.6 31.4556 0.86 0.31 ND ND 11.73 0.22 9.58 0.37 0.29 
DBO6-19 11/1/18 72.6627 150.8792 55.2 29.7900 2.82 0.19 0.03 0.02 10.54 0.11 5.78 0.35 0.57 
PRB-1 11/2/18 70.6915 148.4433 20.5 31.6520 4.31 0.27 0.22 0.03 12.38 0.12 9.92 0.41 0.07 
PRB-2 11/2/18 70.7718 148.3257 2.5 31.4600 2.86 0.20 0.09 0.03 12.20 0.14 8.26 0.53 0.73 
PRB-4 11/2/18 70.8975 148.1432 36.2 31.6828 5.66 0.23 0.23 0.03 12.12 0.25 9.49 0.43 0.53 
PRB-5 11/2/18 70.9385 148.0883 2.5 31.1746 1.56 0.28 0.02 0.03 11.37 0.18 7.74 0.63 0.74 
PRB-6 11/2/18 70.9778 148.0378 2.5 31.1555 0.99 0.28 0.08 0.03 11.60 0.29 8.24 0.48 0.61 
PRB-7 11/2/18 71.0197 147.9743 51.6 32.0260 5.94 0.24 0.09 0.02 11.80 0.16 8.21 0.59 0.03 
PRB-10 11/3/18 71.1465 147.8031 110.4 32.5856 2.98 0.23 ND ND 11.67 0.13 ND ND ND 
PRB-10 11/3/18 71.1427 147.8128 60.5 31.6602 1.05 0.21 0.01 0.01 11.69 0.14 7.74 0.42 0.48 
PRB-11 11/3/18 71.1864 147.7932 3.2 26.3164 1.13 0.25 0.00 0.02 10.81 0.21 8.38 0.36 0.18 
MCK-1 11/4/18 69.8165 139.6102 34.1 32.6493 10.62 0.33 0.20 0.04 12.77 0.13 7.62 0.43 0.16 
MCK-2 11/4/18 69.8987 139.4943 37 32.5384 7.91 0.22 0.18 0.03 3.40 0.08 2.50 0.28 0.41 
MCK-3 11/4/18 69.9398 139.3867 2.5 26.5525 0.77 0.27 0.11 0.03 22.90 0.17 12.91 0.52 0.66 
MCK-4 11/4/18 69.9673 139.2998 52.1 32.2923 5.43 0.24 0.15 0.03 12.23 0.25 7.29 0.39 0.85 
MCK-5 11/4/18 70.0122 139.2383 2.5 26.2651 0.95 0.28 ND ND 9.52 0.18 6.45 0.66 0.37 
KTO-1 11/5/18 70.2011 144.0332 20.3 32.3533 5.98 0.32 0.34 0.05 14.25 0.13 9.94 0.41 1.15 
KTO-2 11/5/18 70.2824 143.9398 30.7 32.1526 4.05 0.25 0.15 0.03 11.84 0.09 7.90 0.34 1.47 
KTO-3 11/5/18 70.3731 143.7918 2.5 31.4187 4.71 0.25 ND ND 12.26 0.32 7.80 0.53 1.07 
KTO-4 11/5/18 70.4596 143.7609 43.8 32.1259 4.78 0.26 0.09 0.03 12.00 0.12 7.46 0.40 1.04 
KTO-5 11/5/18 70.5571 143.6240 2.5 27.3036 0.67 0.27 0.09 0.03 11.68 0.19 10.04 0.69 1.47 
MCK-0 11/5/18 69.7877 139.6896 2.5 31.7549 2.48 0.25 0.07 0.03 12.78 0.14 7.26 0.51 1.46 
MCK-6 11/5/18 70.0558 139.2133 50.3 31.4213 2.31 0.21 0.01 0.02 11.19 0.12 7.04 0.40 0.49 
MCK-8 11/5/18 70.1713 139.0298 2.9 25.4135 1.22 0.21 0.00 0.01 10.44 0.13 7.86 0.43 1.71 
KTO-7 11/6/18 70.7200 143.4248 55.9 31.3673 2.25 0.32 0.09 0.02 10.78 0.08 6.66 0.28 0.29 
KTO-8 11/6/18 70.8058 143.3360 2.5 25.4777 1.13 0.30 0.05 0.02 11.18 0.12 7.84 0.38 0.80 
PRE-10 11/7/18 70.5942 147.4454 29.4 31.7757 3.91 0.47 0.21 0.03 12.91 0.08 8.69 0.26 0.70 
PRE-2 11/7/18 70.9402 147.1427 93 32.3632 6.41 0.26 0.06 0.02 13.12 0.13 9.13 0.41 1.15 
PRE-4 11/7/18 70.8661 147.2734 44.5 31.9887 2.91 0.21 0.09 0.02 12.39 0.12 7.95 0.43 1.24 
PRE-6 11/7/18 70.7814 147.3360 39.4 32.0610 8.83 0.50 0.23 0.04 12.30 0.18 8.47 0.30 1.87 
PRE-8 11/7/18 70.6858 147.3807 35.1 31.8156 6.14 0.49 0.19 0.03 12.00 0.09 8.91 0.33 0.98 
OS2-1 11/9/18 71.4965 154.4544 31.3 31.5242 5.41 0.41 0.25 0.03 13.38 0.14 14.83 0.52 0.00 
OS2-10 11/9/18 72.0961 154.5922 70 31.7059 0.44 0.19 0.04 0.02 11.69 0.21 10.75 0.86 1.97 
OS2-2 11/9/18 71.5594 154.4950 31.5 31.3285 4.00 0.45 0.25 0.03 12.74 0.10 14.46 0.38 1.84 
OS2-3 11/9/18 71.6276 154.4993 3.2 31.1045 0.72 0.34 0.11 0.03 11.82 0.13 14.68 0.61 2.08 
OS2-4 11/9/18 71.6938 154.5087 44.7 31.4011 3.02 0.34 0.23 0.03 13.02 0.26 15.90 0.49 2.04 
OS2-6 11/9/18 71.8288 154.5264 2.6 30.9139 2.06 0.26 0.05 0.02 11.50 0.13 11.85 0.49 1.70 
OS2-8 11/9/18 71.9612 154.5738 55 31.6877 1.30 0.23 0.11 0.02 12.64 0.20 14.03 0.75 2.27 
OS2-9 11/9/18 72.0318 154.5990 3.3 29.3451 0.87 0.17 ND ND 10.08 0.23 7.72 0.40 2.02 
OS4-1 11/10/18 71.9512 156.5834 67.1 32.4212 3.93 0.36 0.16 0.04 15.06 0.24 15.78 0.46 2.63 
OS4-2 11/10/18 72.0120 156.6026 2.8 30.3876 0.83 0.27 0.03 0.01 11.21 0.09 13.80 0.36 1.65 
OS4-3 11/10/18 72.0781 156.6108 68.2 32.2796 1.08 0.30 0.05 0.03 14.64 0.09 15.10 0.34 2.43 
OS4-4 11/10/18 72.1460 156.6091 85.5 32.3137 ND ND ND ND 13.89 0.10 14.70 0.41 4.06 
OS4-5 11/10/18 72.2093 156.6050 3.3 29.9083 1.17 0.22 0.02 0.02 10.41 0.26 9.00 0.45 1.84 
OS4-6 11/10/18 72.2850 156.6292 85.5 32.2227 0.39 0.28 0.06 0.02 13.87 0.14 14.02 0.51 1.63 
OS4-9 11/10/18 72.4879 156.6255 120.2 32.3808 1.09 0.27 0.13 0.02 14.12 0.24 13.77 0.43 2.50 
BW1-1 11/12/18 71.0133 150.8731 17.2 31.6715 15.06 0.58 ND ND 13.86 0.11 10.83 0.41 0.56 
BW1-2 11/12/18 71.0649 150.8420 2.9 31.3618 7.73 0.52 0.34 0.04 13.13 0.13 10.77 0.45 1.23 
BW0-1 11/13/18 70.7316 150.0305 14.1 30.2067 6.56 0.56 0.30 0.05 13.48 0.16 11.04 0.57 1.91 
BW0-2 11/13/18 70.7762 149.9926 15.3 31.7541 3.52 0.51 0.24 0.04 12.64 0.14 11.56 0.63 2.04 
BW0-3 11/13/18 70.8236 149.9918 17.7 31.7706 3.86 0.53 0.20 0.03 12.80 0.09 10.81 0.34 3.65 
BW0-4 11/13/18 70.8642 149.9178 4.1 31.7388 3.28 0.46 0.08 0.02 12.44 0.08 9.69 0.28 0.94 
BW0-5 11/13/18 70.9104 149.8894 21 31.6098 3.66 0.46 0.28 0.04 12.70 0.08 9.01 0.30 0.94 
BW1-3 11/13/18 71.1093 150.8265 23.8 31.3365 4.22 0.50 0.13 0.04 12.39 0.29 10.75 0.55 1.31 
DBO5-1 11/14/18 71.2534 157.1377 40.5 34.5344 8.01 0.21 0.01 0.01 9.42 0.07 2.73 0.20 1.15 
DBO5-10 11/14/18 71.6220 157.9277 57.1 32.3472 5.66 0.29 0.30 0.04 12.04 0.24 13.05 0.45 3.77 
DBO5-2 11/14/18 71.2835 157.2417 2.4 30.3828 2.78 0.27 0.19 0.03 11.77 0.15 11.41 0.60 2.14 
DBO5-4 11/14/18 71.3688 157.3836 53.4 32.8138 2.13 0.24 0.32 0.04 13.68 0.10 12.30 0.17 2.44 
DBO5-6 11/14/18 71.4599 157.5911 60 32.6896 2.96 0.25 0.06 0.02 13.43 0.05 9.68 0.17 2.37 
DBO5-8 11/14/18 71.5373 157.7538 3.4 29.9642 0.31 0.31 0.08 0.02 11.03 0.04 12.90 0.17 2.70 
DBO5-9 11/14/18 71.5798 157.8332 59.1 32.3040 3.47 0.58 0.20 0.04 15.35 0.21 17.11 0.82 4.06 
DBO3-2 11/15/18 68.2467 167.1279 39 31.3052 8.83 0.34 0.33 0.04 15.97 0.15 18.42 0.56 3.48 
DBO3-5 11/15/18 68.0127 167.8771 2.8 30.2920 2.07 0.30 0.23 0.04 12.53 0.13 14.11 0.47 4.32 
DBO3-7 11/15/18 67.7832 168.5888 45.5 32.5298 6.52 0.38 0.64 0.06 14.91 0.13 13.91 0.50 4.82  

J.S. Dabrowski et al.                                                                                                                                                                                                                           



Deep-Sea Research Part I 181 (2022) 103700

6

shelf sediments are presented and compared to water column values to 
calculate time since SWI. 

4.1. Wind events and sea ice concentration 

To understand the atmospheric circulation during the three events, 
we constructed wind vector maps for each period. Fig. 3 shows a 
snapshot of the wind field for a given day in each of the three periods 
(which are representative of the entire period in question). Each event 
was associated with easterly winds, though the strongest easterlies were 
recorded during period 2 (Fig. 3b). The wind threshold for upwelling 

(4–5 m s−1; Pickart et al., 2009) was reached in each of the cases (Fig. 3). 
During period 2 it exceeded 10 m s−1, which only occurs in about 25% of 
the storms in this region (Schulze and Pickart, 2012). 

Throughout the cruise, sea ice covered much of the Beaufort Sea and 
shelf. As discussed above, WW formation occurs due to refreezing in 
polynyas and leads (e.g. Jackson et al., 2015; Pacini et al., 2019). While 
WW formation is not restricted to periods of upwelling, easterly winds 
on the Beaufort shelf/slope tend to open up leads and polynyas in the 
ice, which leads to more extensive WW formation. Here we define po
lynyas as areas where the ice concentration is <80%. Fig. 3 includes the 
polynya presence for the three cases. During period 1, polynyas existed 

Fig. 3. Snapshots showing regions where polynyas 
were present (ice concentration <80%, light blue 
shading). (a) 1 Nov, during event #1. (b) 7 Nov, 
during event #2. (c) 12 Nov during event #3. The 
light grey shading corresponds to ice concentration 
>80%, and the vectors show the mean winds over the 
24-hr period. The hydrographic stations occupied 
during or just following each of the events are dis
played as blue dots, labeled by longitude. The 60-m 
isobath shows the shelf-edge (grey contour). The 
white box shows the area where ice concentrations 
are averaged and presented in Fig. 11.   
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mainly on the innermost shelf, inshore of the hydrographic stations. 
During period 2, corresponding to the strongest easterly winds, polynyas 
were present across the full width of the shelf. In period 3, when the ice 
was generally more concentrated, the polynya activity was mainly to the 
west of the study region, although polynyas were scattered along the 
edge of the shelf. 

4.2. Hydrographic observations 

We now present a subset of the hydrographic and velocity data ob
tained on the cruise that is relevant to the chemical results presented 
below. Fig. 4 shows vertical sections of temperature, density, absolute 
geostrophic velocity, and beam transmission for three of the transects: 
section 148 which was occupied after period 1; section 147 which was 
occupied at the end of period 2; and section 150 which was occupied 
near the end of period 3 (Fig. 3). In this study we define water colder 
than −1.6 ◦C as WW, consistent with previous studies (e.g. Pacini et al., 
2019; Pickart et al., 2016). 

On section 148 there is WW throughout the water column at the two 
inner-most stations on the shelf (Fig. 4a). This is consistent with an 
extended polynya along the inner-shelf during period 1 (Fig. 3a) that 
likely resulted in the formation of this water. Beam transmission was 
lower at the two inner-most stations compared to the outer shelf 
(75–80% and 90–95%, respectively) indicative of high particle con
centrations and substantial sediment resuspension. Phytoplankton 
blooms are unlikely during November due to light limitation (Pabi et al., 
2008), so we rule out primary production as the main cause of high 
particle loads. The circulation was such that the eastward-flowing 
shelfbreak jet was re-established following period 1, and there was 
eastward flow on the shelf (even though the first event was brief, it was 
able to reverse the shelfbreak jet, not shown). 

During period 2, WW was present over much of the shelf on section 

147 (the first 8 stations, Fig. 4b). Particle concentrations were still 
highest at the inner-most stations on the shelf, coincident with the 
coldest WW, but lower than period 1. This section was done after the 
period of strongest easterly winds, which likely induced upwelling and 
reversed the shelfbreak jet. One sees evidence of the upwelling by the 
presence of the warm, dense near-bottom layer extending roughly 30 km 
inshore of the shelfbreak. The flow on the shelf was still directed to the 
west in response to the previous easterly winds, but in the vicinity of the 
shelfbreak the westward flow was confined to the upper part of the 
water column (Fig. 4b). Below 25m there was eastward flow at the 
shelfbreak, intensifying with depth. This is the so-called “rebound jet” 
that regularly spins up at the end of an upwelling event (Li et al., 2020; 
Pickart et al., 2011), due to the disparity in the barotropic and baroclinic 
shelf wave speeds following the cessation of the easterly winds (Pickart 
et al., 2011). 

Section 150 was occupied near the end of the period 3 easterly winds. 
These winds were substantially weaker than the period 2 easterly winds 
(Fig. 3a), and the hydrographic sections show no evidence of upwelling 
inshore of the shelfbreak (Fig. 4c). This is not to say that upwelling did 
not take place, but the response of the water column was likely weak due 
to the relatively light winds. WW again occupied most of the shelf (the 
first 10 stations), but, in contrast to period 2, it was present throughout 
the water column. The region of cold WW (<−1.65 ◦C) also extended 
farther offshore. The isolated region of this cold WW at stations 173 and 
174 coincided with the polynya at the shelf edge during period 3 
(Fig. 3c). Beam transmission was again lower on the inner shelf, with 
extremely low values of 20–30% at the inner shelf stations where the 
coldest WW was found, indicating very high particle concentrations 
(Fig. 4c). The absolute geostrophic velocity shows westward flow across 
the entire section, with surface-intensified flow at the shelfbreak 
(Fig. 4c). In this case the rebound jet had not yet begun to appear since 
the winds were still out of the east. 

Fig. 4. Water column data for a subset of the transects. (column a) Post Period 1, section148; (column b) Period 2, section 147; (column c) Period 3, section 150. Top 
row: vertical sections of absolute geostrophic velocity (m s−1), where positive velocities are to the east; Middle row: vertical sections of temperature (color, ◦C) 
overlain by density (black contours, kg m−3). The white contour is the −1.6 ◦C isotherm, which delimits the WW; Bottom row: vertical sections of beam transmission 
(%). The small white dots indicate the CTD data points, and the station numbers are listed along the top above the dark grey triangles. The bottom data are from 
Healy’s echosounder. 

J.S. Dabrowski et al.                                                                                                                                                                                                                           



Deep-Sea Research Part I 181 (2022) 103700

8

4.3. Radium isotopes & nutrients 

Radium-228 and the 228Ra/226Ra activity ratio (AR) were both 
higher in shelf bottom waters than over the slope subsequent to period 1 
(Fig. 5a and b). 228Ra activities averaged 9.5 ± 0.9 and 7.9 ± 0.5 dpm 
100 L−1 on the shelf and on the slope, respectively. The 228Ra/226Ra AR 
was 0.79 ± 0.04 and 0.68 ± 0.05 on the shelf and on the slope, 
respectively. In surface waters, 228Ra activities and the 228Ra/226Ra AR 
were similar on the shelf and over the slope, with values of 8.2 ± 0.3 
dpm 100 L−1 and 0.71 ± 0.05, respectively. During period 2, we 
observed that 228Ra in shelf bottom waters was 8.6 ± 0.5 dpm 100 L−1, 
similar to the end of period 1. By period 3, 228Ra in bottom waters 
increased to 10.7 ± 0.8 dpm 100 L−1. The 228Ra/226Ra ratio on the shelf 
decreased from 0.79 ± 0.04 to 0.69 ± 0.04 from the end of period 1 to 
period 2, and then increased to 0.82 ± 0.07, with a maximum value of 
0.91 by period 3. In surface waters on the central Beaufort shelf, 228Ra 
increased from 8.2 ± 0.3 dpm 100 L−1 to 10.3 ± 0.5 dpm 100 L−1 from 
post-period 1 to period 3. Similarly, the surface 228Ra/226Ra AR 
increased from 0.71 ± 0.05 to 0.80 ± 0.04. The increase in surface water 
activities caused an increase in the surface to bottom water ratios of 
228Ra and 228Ra/226Ra AR (Fig. 5f). The observed 228Ra activities during 
all periods were within the range of historical samples from the late 
1990s and early 2000s (Kadko et al., 2008; Kadko and Muench, 2005; 

Kipp et al., 2019; Smith et al., 2003; Trimble et al., 2004), and higher 
than the 228Ra activities measured to the east during period 2 of this 
study (Fig. 6). With the exception of the 1995 samples from the Cana
dian Beaufort shelf, all of the historical samples were collected slightly 
to the west of our study region. Both 228Ra and 228Ra/226Ra were lower 
by a factor of ~2 compared with the Chukchi Sea Ra isotope data of 
Vieira et al. (2019). We attribute this to two main factors: (1) the shelf in 
this region is much wider compared to the Beaufort Shelf, and with 
prevailing currents that are cross shelf this allows for more accumulation 
of Ra isotopes from SWI; and (2) the strongest benthic inputs of Ra 
isotopes are during winter when WW formation and associated water 
column convection is at its highest (Kipp et al., 2020). 

Short-lived radium isotopes were also measured on the cruise. For 
both 224Raex and 223Raex, activities were generally higher at depth than 
in surface waters, with the exception of one 223Raex sample in period 3 
(Fig. 5c and d). Following period 1, when we sampled both on the shelf 
and over the slope, we observed that 224Raex at depth was higher on the 
shelf, at 5–7 dpm 100 L−1, compared to slope activities of 3.8 dpm 100 
L−1. 223Raex was also higher in shelf bottom waters than along the same 
density surfaces in the basin, with activities of 0.22 and 0.10 dpm 100 
L−1, respectively. The 224Raex/223Raex AR was approximately 20–25 on 
the shelf after period 1 (Fig. 5e). During period 2, we observed signifi
cantly higher 224Raex in bottom waters (4.5 dpm 100 L−1 at 20 km from 

Fig. 5. 228Ra/226Ra (a), 228Ra (b), 
224Raex (c), 223Raex (d), 224Raex/223Raex 
(e) and the average surface to bottom 
water ratio of each radium isotope (f) on 
the Beaufort shelf and slope. Light blue 
circles, blue squares and black triangles 
represent sampling during post-period 
1, period 2 and period 3 (Nov 2–3, 
Nov 7, Nov 12–13), respectively. Filled 
symbols are bottom water samples. 
Open symbols are surface samples. The 
dashed grey line in (a–e) denotes the 
location of the shelfbreak. Samples with 
undetectable 223Raex are excluded from 
the 224Raex/223Raex panel (e).   
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shore to 10 dpm 100 L−1 at 50 km from shore) and approximately 
equivalent activities of 223Raex (0.17–0.27 dpm 100 L−1), with the 
highest activities at 50 km from shore. During period 3, 224Raex was 8 
dpm 100 L−1 at 20 km from shore, and ~4.5 dpm 100 L−1 on the outer 
shelf. One sample at 50 km from shore had 224Raex activities of 11 dpm 
100 L−1. 223Raex in bottom waters increased to 0.21–0.31 dpm 100 L−1 

by period 3. The difference between surface and bottom water activities 
of 224Ra and 223Ra decreased from post period 1 to period 3, reflected in 
the strong increase in the surface-to-bottom water ratio of the isotopes 
(Fig. 5f). The 224Raex/223Raex AR was highest at the shelf edge during 
period 2 (Fig. 5e). 

Radium isotope activities were compared to ammonium concentra
tions in the water column during periods 1–3 (Fig. 7). Statistically sig
nificant (95% confidence level, P-value < 0.05) relationships were found 
for 228Ra and 223Raex. There was not a statistically significant relation
ship for 226Ra or 224Raex with ammonium. Ammonium concentrations in 
shelf bottom waters consistently increased from post period 1 to period 3 
(Figs. 7 and 8), and were consistent with near-bottom values observed in 
this general vicinity during the SBI project (Codispoti et al., 2005, 2009). 
In post period 1, NH4

+ concentrations were ~0–0.5 μM. Surface waters 
were similarly depleted in NH4

+. During period 2, concentrations 
increased to 0.8–2.0 μM, with the highest concentration at 45 km from 
shore. Surface waters were still depleted, with the exception of one 
surface sample with a concentration of 1.4 μM at 30 km from shore. 
During period 3, NH4

+ concentrations were ~2 μM at a distance of 
20–30 km from shore, nearly 4 μM at ~40 km from shore, coinciding 
with very high particle concentrations (Fig. 4), and approximately 
0.6–1.3 μM at 40 km from shore to the shelfbreak (Fig. 8). Surface waters 
were on average higher in NH4

+ during period 3 compared to the pre
vious periods. 

4.4. Sediments 

Bulk surface sediments were collected using a Van Veen grab along 
most transects and analyzed for radium isotopes. In general, sediments 
were a mix of mud, sand and gravel with a mean coarse (>63 μm) 
fraction of 28% (Gemery et al., 2021). The relatively high coarse fraction 
is consistent with the composition of sediment that is transported via ice 
rafting over this shelf as previously reported by Barnes et al. (1982). The 
sediment surface-available 224Ra/223Ra ratio was within analytical error 
along the transects from the inner to outer shelf (Fig. 9a). The ratios 

Fig. 6. Samples from this study 
compared to previous studies near the 
Alaskan and Canadian Beaufort Shelves. 
Historical samples are limited to 
69–72◦N and depths of 0–75 m for the 
closest comparison to this study (Kadko 
et al., 2008; Kadko and Muench, 2005; 
Kipp et al., 2019; Smith et al., 2003; 
Trimble et al., 2004). Historical samples 
are colored by season (yellow = spring, 
orange = summer, green = autumn). 
Post Period 1 (Nov 2–3), Period 2 (Nov 
7), and Period 3 (Nov 12–13) are 
colored in light, medium and dark blue, 
respectively. Samples from the Eastern 
Beaufort shelf (east of ~152◦W) 
collected during Period 2 of this study 
are shown in white.   

Fig. 7. (a) 228Ra and (b) 223Raex plotted with respect to ammonium concen
trations. Post Period 1 (Nov 2–3), Period 2 (Nov 7), and Period 3 (Nov 12–13) 
are shown by circles, squares and triangles, respectively. Filled symbols are 
bottom waters and unfilled symbols are surface waters. The regression pa
rameters are shown in grey text for the best linear fit to all of the data 
(black line). 
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ranged from 19 to 47, with little variation beyond analytical un
certainties (Fig. 9a). 

Activities of 226Ra in bulk surface sediments were 1.2–2 dpm g−1 

(Fig. 9b), with a decreasing trend from inner to outer shelf along Section 
152 and Section 140, and increasing from inner to outer shelf along 
sections 148 and 144. 228Ra activities in bulk sediment were 1–2.6 dpm 
g−1 (Fig. 9c). Similar cross-shelf trends in 228Ra were observed as 
compared to 226Ra. The 228Ra/226Ra AR was 0.8–1.4, and on average 
higher in the eastern transects (140–144◦W) than in the western tran
sects (148–152◦W) (Fig. 9d). The eastern transects are likely influenced 
by the Mackenzie River (Goñi et al., 2013); however, the focus of this 
paper is in the region farther to the west at longitudes 147–151◦W. 

4.5. Radium ages 

Since sediments are the main source of short-lived radium isotopes in 
the water column, we can calculate the age of the water, t, or time since 
SWI occurred, using the following equation (Moore, 2000): 

[
224Ra
223Ra

]obs = [
224Ra
223Ra

] i ×
e−λ224 t

e−λ223 t (Equation 1) 

[224Ra/223Ra]obs is the observed water column ratio, [224Ra/223Ra]i 
is the initial AR found in surface sediments (from Fig. 9), and λ224 and 
λ223 are the decay constants, equal to 0.189 and 0.061 d−1, respectively. 
In this model we assume that (1) bottom sediment porewaters are in 
equilibrium with surfaces of the sediments, (2) bottom sediments are the 
main source of 223Raex and 224Raex in the water column, and (3) 223Ra 
and 224Ra are desorbed in roughly equal proportion to their sediment 
source. Samples with greater than 50% relative error were excluded 
from the calculation. From post-period 1 to period 2, ages decreased 
from 2.3-5.4 days to 0.9–4.1 days (Fig. 10). Ages of bottom water on the 
shelf then increased to 5.0–7.9 days from period 2 to 3, with the 
exception of one very young sample at ~60 km from shore that had an 

age of ~0.1 days. 

5. Discussion 

5.1. Tracers of sediment-water interaction 

During the cruise, we occupied transects across the Beaufort shelf 
during three periods in November 2018 with contrasting physical con
ditions as presented above: 1) following a brief and moderate upwelling 
storm with polynyas present mainly along the coast; 2) at the end of a 
strong upwelling storm associated with extensive polynya presence 
across the shelf; and 3) near the end of a weak upwelling storm with 
higher ice concentrations and polynyas only present at the outer shelf. 
Below we discuss the physical response of the water column to these 
drivers and the expected impact on SWI. 

Radium isotopes can be used as tracers of SWI on continental shelves. 
Most surface sediments collected on the cruise had 228Ra/226Ra ARs 
greater than 1 (Fig. 9). Typically, waters on the Beaufort shelf and in the 
Canada Basin have 228Ra/226Ra ratios ≤1 (Kadko et al., 2008; Kadko and 
Muench, 2005; Smith et al., 2003; Trimble et al., 2004), so increases of 
water column ARs towards 1 or more indicate influence from sediments. 
SWI causes increases in 228Ra, and has been well characterized as a 
tracer on the Chukchi shelf (Kipp et al., 2020; Vieira et al., 2019). 

The short-lived radium isotopes 224Ra and 223Ra have a similar 
sediment source, but their distribution is influenced by decay on time
scales of days to weeks (Colbert and Hammond, 2008; Hancock et al., 
2000; Moore et al., 2006). Ammonium produced in sediments can also 
be released simultaneously into coastal waters due to SWI (Bianchi et al., 
1997; Brown et al., 2015; Moore et al., 2019). Sediment-derived 
ammonium is similarly short-lived to 223Ra and 224Ra (Cai et al., 
2015), though its loss is due to biological processes in the water column 
(Lee et al., 2010; Tremblay et al., 2006), including oxidation to nitrate, 
which has been shown to be most intense in shelf environments at depth 

Fig. 8. Cross-sectional distributions of ammonium concentration during Post-period 1 (A, Nov 2–3), Period 2 (B, Nov 7), and Period 3 (C, Nov 12–13). The black line 
shows the bathymetry. The grey dashed line marks the approximate shelf edge. 
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under low light conditions (Heiss and Fulweiler, 2016) similar to those 
that were encountered during this cruise. Together, these tracers have 
low backgrounds in the water column, which makes them more sensitive 
than 228Ra or 226Ra to recent SWI (Ardyna et al., 2017; Bianchi et al., 
1997; Charette et al., 2008; Ku and Luo, 2008; Moore, 2000). In general, 
228Ra is useful as a tracer of the total amount of SWI, while 224Ra and 
223Ra provide complementary information about the timing of SWI on 
the order of days. 

Regarding the possible mechanisms of SWI in this environment, we 
know from analysis of samples collected on our own cruise (Gemery 
et al., 2021), as well as from historical studies, that the Beaufort shelf 
sediments have a substantial coarse fraction with the exception of those 
at the mouth of the Mackenzie River delta (well to the east of our focus 
area) (Barnes et al., 1982; Goñi et al., 2013). This would minimize the 
critical shear stress at which erosion of bottom sediment is initiated, yet 
allow WW to penetrate into the sediments due to their higher perme
ability. This of course does not exclude the possibility that physical 
reworking of sediments is a contributing mechanism for SWI (e.g. Wei 
et al., 2021); however, as we argue below, the timing of Ra isotope and 
ammonium increases in the near bottom environment favors WW as an 
important added driving force of SWI. 

5.2. Post-period 1 (nov 2–3, 2018): inner shelf WW formation 

The typical flow on the outer Alaskan Beaufort shelf and upper slope 
is towards the east, associated with the Beaufort shelfbreak jet (Niko
lopoulos et al., 2009; Pickart, 2004). On the mid-shelf there have been 
no long-term mooring measurements, although data from a year-long 
array (2008–9) near 150◦W showed westward mean flow on the mid 
and inner shelf (Weingartner et al., 2017). Wind events, such as storms 
with strong easterly winds that are common in autumn, can reverse the 
shelfbreak jet and intensify the westward flow on the mid-shelf (Lin 
et al., 2019). These events commonly lead to upwelling of water from 
the slope onto the shelf (Pickart et al., 2009, 2011; Pickart et al., 2013a; 
Lin et al., 2019). Prior to the occupation of section 148, there was a brief 
storm (i.e., Period 1), lasting about 1.5 days (Figs. 3 and 11), with 
conditions that would favor upwelling. However, there is no compelling 
evidence that significant upwelling took place (Fig. 4a), other than the 
upward-sloping 25.5 kg m−3 isopycnal from the slope to the outer shelf. 
According to the absolute geostrophic velocity (Fig. 4a), the shelfbreak 
jet was flowing to the east, and the flow on the shelf was directed 
eastward as well. The average sea ice concentrations in the study area 
were the lowest of the three periods, ~60–70% (Fig. 11), and large 
polynyas were present at this time along the inner shelf (Fig. 3a). 
Notably, many of the polynyas and leads encountered during the cruise 
were in the process of freezing over, which results in brine-driven 
convective overturning and water mass transformation. This is consis
tent with the WW observed at the two shoreward-most stations on sec
tion 148. 

During this period, 228Ra and the 228Ra/226Ra AR in bottom waters 
were slightly elevated at the inner shelf compared to the outer shelf 
(Fig. 5a and b), coinciding with the presence and lack of WW, respec
tively. In surface waters, all four radium isotopes were at lower activities 
than in bottom waters. The elevation of 228Ra at the inner shelf and 
presence of WW also coincided with high particle concentrations, sug
gestive of bottom sediments having been recently resuspended. This 
makes sense in that vertical velocities during convective overturning can 
be quite large (nearly 10 cm/s, Lilly et al., 1999), causing the dense 
water to interact strongly with the sediments. As documented in Pacini 
et al. (2019), the convected water within refreezing leads on the Chukchi 
shelf can quickly reach the bottom, and the Beaufort shelf is similarly 
shallow. We also note that earlier studies of WW on the Chukchi shelf 
revealed a very high correlation between the salinity of the dense water 
and its nitrate content (Arrigo et al., 2008; Pacini et al., 2019). The 
enhanced salinity is due to brine-rejection, and the source of the nutri
ents is the sediments (Vieira et al., 2019). Taken together, it is likely that 

Fig. 9. Radium isotopes in the shelf sediments on the different transects. Panel 
(a) shows surface available activity ratios of 224Ra/223Ra. Panels b–d are bulk 
sediment radium activities measured via gamma spectrometry. 

Fig. 10. Radium ages of bottom waters (time since sediment-water interaction) 
on the Beaufort shelf. Ages were calculated using bottom water 224Raex/223Raex 
activity ratios. Post Period 1 (Nov 2–3), Period 2 (Nov 7), and Period 3 (Nov 
12–13) are shown by circles, squares and triangles, respectively. 
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brine-driven convection was driving SWI at these inshore stations. The 
elevation of 228Ra is within the range of previous studies, but lower than 
subsequent sampling periods during this study (Figs. 5 and 11) when 
WW formation was more prevalent across the entire study domain. It 
should be noted as well that the shear flow near the bottom can also play 
a role in the SWI, particularly on the outer shelf where the WW was not 
formed and the horizontal flow was stronger (Fig. 4a). 

5.3. Period 2 (nov 3–7, 2018): storm 2 and mid-shelf WW formation 

During Period 2, there were strong easterly winds (Fig. 11) that 
drove upwelling onto the Beaufort shelf (Fig. 4b). Here we focus on the 
central Beaufort shelf at Section 147 sampled on Nov 7 at the end of 
Period 2 (Fig. 2), and exclude sections 139 and 144 that were signifi
cantly farther east (Fig. 1b). There is little doubt that the shelfbreak jet 
was reversed due to this strong easterly wind event (greater than 95% of 
storms of this magnitude reverse the shelfbreak jet and cause upwelling; 
Schulze and Pickart, 2012). As the winds relaxed and the section was 
occupied, the rebound jet appeared and the shelfbreak jet was in the 
process of returning to its normal condition of eastward flow. Water 
from the slope was present in a thin bottom layer extending well onto 
the shelf (Fig. 4b). Polynyas developed across much of the shelf (Fig. 3), 
consistent with the sustained easterly winds that opened up leads in the 
ice. This is reflected in the decrease in mean sea ice concentration during 
the event (Fig. 11). The re-freezing of the polynyas likely drove con
vection and formation of WW, consistent with the observations of WW 
over most of the shelf (Fig. 4b). 

There are two potential interpretations of the warm dense bottom 
layer on the shelf: 1) WW-driven convection occurred after upwelling 
commenced and did not penetrate the bottom waters, and 2) WW-driven 
convection occurred first, followed by the upwelling of slope water. 
Brine-driven overturning on the Chukchi shelf can reach the bottom on 

timescales of minutes to hours (Pacini et al., 2019), and the central 
Beaufort shelf is roughly the same depth as the Chukchi shelf, so it is 
likely that convectively formed WW did reach the bottom prior to the 
upwelling, resulting in active SWI at the central shelf stations. Further, 
the onset of upwelling typically lags the onset of easterly winds by about 
18 h (Pickart et al., 2009), so we suspect that scenario 2 is more likely. 
We therefore expect to see chemical signals of SWI on the central shelf. 

From post-period 1 to period 2, we observed similar 228Ra/226Ra ARs 
and a slight increase in average 228Ra (Fig. 5a and b and 11), but saw a 
significant increase in 224Ra and 224Ra/223Ra in bottom waters (Fig. 5c, 
e), likely due to the difference in the sensitivity of these tracers to SWI in 
this region. Ammonium, also increased in surface waters at 30 km from 
shore and in several bottom water samples at 40–60 km from shore 
(Fig. 8). Radium age decreased from 2-3 days to 1–2 days (Fig. 10), due 
to 224Ra activities increasing by nearly 50% at this location (Fig. 5c), 
which overlaps with the location of increased NH4

+ concentrations 
(Fig. 8) and with the presence of WW (Fig. 4b). This suggests that re- 
freezing in the polynyas likely caused strong enough vertical convec
tion to reach the bottom and induce SWI, supporting the second scenario 
described above. Since this was also at the end of a strong storm event, 
we cannot rule out the influence of winds on vertical convection or shear 
flow near the bottom, especially since mobile sea ice can enhance the 
surface stress imparted to the water column (Martin et al., 2014; Pickart 
et al., 2011). The easterly winds also likely drove the opening of the 
polynyas, allowing for WW formation. Thus, the observed chemical 
response may be due to the combined drivers of wind and buoyancy. 

5.4. Period 3 (nov 10–14): storm 3 and WW development 

Section 150 was occupied near the end of period 3, corresponding to 
another period of easterly winds (Fig. 3). However, unlike the previous 
storm, the winds during this event barely reached the 4–5 m s−1 

Fig. 11. Wind speeds, ice concentration and radium-228 activities. (a) Alongcoast wind speed from the Barrow Atmospheric Baseline Observatory. (b) Average sea 
ice concentration calculated using AMSR-2 data on the central Beaufort shelf (70–71.25◦N, 145–152◦W, marked on Fig. 6). (c) 228Ra activities measured on the 
central Beaufort shelf after period 1 (circles), at the end of period 2 (squares), and near the end of period 3 (triangles). 
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threshold for upwelling, and while the shelfbreak jet was reversed, there 
was no indication of transport of slope waters onto the shelf. During 
period 3, highly concentrated sea ice covered most of the central 
Beaufort shelf (Fig. 11) except in the vicinity of the shelfbreak where 
there were numerous polynyas (Fig. 3). At the same time, the previously 
formed WW on the inner and central shelf should tend to progress 
offshore (Gawarkiewicz and Chapman, 1995), although this could be 
influenced by wind. Interestingly, we observed the presence of very cold 
(<−1.65 ◦C) WW at two of the stations near the shelfbreak (60–70 km 
from shore, Fig. 4c) in the very region of the polynyas (Fig. 3). The inner 
shelf WW coincided with highly turbid waters (Fig. 4c). This could be 
due to continued convection in this region, which began during period 1, 
or to the lateral advection of the very dense water as it flows along the 
bottom after convection (Gawarkiewicz and Chapman, 1995), both of 
which have the potential to resuspend sediments. 

Across the shelf during period 3, we observed significant changes in 
both radium isotopes and ammonium. There were meaningful increases 
in the 228Ra/226Ra AR and 228Ra in both bottom and surface waters 
compared to the earlier periods (Fig. 5a and b). Increases in the surface 
to bottom water ratio of all radium isotopes is indicative of decreased 
stratification across the shelf where there was buoyancy-driven sedi
ment resuspension and extensive WW formation (Fig. 4c). The compa
rable levels of radium isotopes near the bottom and surface also suggest 
that the role of the shear flow was not significant in this period, which 
would lead to larger isotope values in the bottom boundary layer. We 
note that the strong westward currents during this time would transport 
water from the east at 35–40 km d−1, so in addition to local SWI, we 
might expect chemical signals to be influenced by shelf waters that 
originated in the eastern Beaufort. However, the lower 228Ra activities in 
the eastern Beaufort during this study and in 1995 compared to western 
Beaufort historical samples and samples from periods 1–3 (Fig. 6 and S4) 
suggest that typical summer and autumn shelf waters from the eastern 
Beaufort are depleted in radium isotopes. Therefore, the increase in 
228Ra that we observe is likely due to recent and local SWI. We expect 
that 228Ra would increase further during the ice-covered months as 
polynyas form and cause continued SWI, as modeled in the Chukchi Sea 
by Kipp et al. (2020), until a new steady-state is reached where off-shelf 
mixing losses prevent further rise in concentration over the shelf. 

During all study periods, 223Raex and 228Ra were linearly correlated 
with ammonium concentrations, showing their shared sediment source 
(Fig. 7; Cai et al., 2015). Ammonium was highly enriched in bottom 
waters at 20–30 km from shore, especially in the nepheloid layer with 
extremely low beam transmission (Fig. 4c), and at elevated concentra
tions throughout the water column at 60 km from shore (Fig. 8), coin
ciding spatially with regions of WW (Fig. 4). The average NH4

+

concentrations on the mid-shelf (30–60 km from shore, full water col
umn profiles) increased from 0.4 to 1.0 μM from post-period 1 to period 
3 (Fig. 8). Combined, the long-lived isotopes and ammonium show 
strong evidence of SWI coinciding with WW developing over the 
two-week timeseries. 

Increases of 228Ra with time provide evidence of increasing SWI due 
to WW formation, while short-lived radium isotopes provide details 
about the timing of the SWI event and speed of convection. From period 
2 to 3 the radium age increased from 1-4 days to 5–9 days at the inner 
shelf where the coldest and most well-mixed WW was observed 
(Fig. 10). This suggests that the convection taking place around the time 
that section 147 was occupied on Nov 7 continued beyond Period 2, 
further enriching the long-lived radium isotopes and ammonium, but 
ceased before we returned to the area and occupied section 150 on Nov 
12–13. Hence the short-lived radium isotopes that were released during 
the active convection had already decayed. The exception to this was at 
the station ~60 km from shore, where we observed the isolated region of 
WW beneath the region of polynyas (Fig. 4). Here the radium age was 
<1 day in bottom waters (Fig. 10), which indicates that the station was 
occupied very close to the time of active convection. This rapid, 
buoyancy-driven convection is consistent with overturning timescales of 

hours during WW formation in the Chukchi Sea (Pacini et al., 2019). 

6. Conclusion 

The data presented in this study are among the first to document the 
combined physical and chemical signals of winter water formation in the 
Beaufort Sea, made possible by repeat occupations of the central Beau
fort shelf over a two-week time period in November 2018. In addition to 
year-round mooring observations (Itoh et al., 2012; Weingartner et al., 
1998), late spring cruises (Pacini et al., 2019; Vieira et al., 2019), and 
modeling evidence (Kipp et al., 2020), this study highlights the patchi
ness of the ice formation process and its ability to stir dissolved con
stituents from sediment porewaters into the water column via 
brine-driven convective overturning, together with wind-driven pro
cesses, not only during autumn, but also throughout winter to early 
spring. It further suggests that these SWI events are episodic in nature, 
and that storms and the resulting mesoscale water column features can 
drive local exchange with the benthos. Future studies may be able to use 
these isotopes as tracers to monitor changes in the sedimentary sources 
of nutrients; however, they should include parallel measurements of 
changes in porewater nutrients and SWI tracers (e.g. Wei et al., 2021). 
Large inputs of ammonium were observed, which presumably occur 
throughout the winter and spring as leads in the ice allow for more ice 
formation (Reimnitz et al., 1994). The ammonium produced during 
winter water formation in ice covered months is likely converted to 
nitrate by nitrification (Shiozaki et al., 2019) which can feed spring 
blooms on the shelf (Tremblay et al., 2006). For this deeper shelf water 
that is transported offshore (e.g., in the halocline), ice cover and the 
depth of these SWI-derived nutrients may limit their ability to contribute 
to primary productivity (Codispoti et al., 2005, 2009). 

Climate change is causing increases in primary production in the 
Arctic Ocean: in the early 2000s, areas of primary production increased 
due to decreases in sea ice and light limitation (Ardyna et al., 2014; 
Arrigo et al., 2008; Lewis et al., 2020). Since 2008, continued increases 
in primary production were driven largely by increases in biomass 
rather than open water area, likely due to an influx of new nutrients 
(Lewis et al., 2020). As the climate continues to warm, our study sug
gests that sediment-water exchange processes during winter water for
mation, will become a crucial source of nutrients that continues to 
support increases in productivity in the Arctic. Other drivers of 
sediment-water interaction, such as wind and potentially submarine 
groundwater discharge, which has not been well characterized in the 
Arctic (Lecher, 2017), are likely to increase over time (Rainville et al., 
2011; Walvoord and Kurylyk, 2016). High temporal resolution of 
radium isotope measurements and nutrients via moorings or autono
mous platforms could further elucidate the drivers of sediment-water 
interaction throughout the year and help quantify nutrient inputs that 
are driving increases in primary productivity (Lewis et al., 2020). In
creases in total shelf inputs to the central Arctic have been observed for 
228Ra and other trace elements and isotopes with sediment sources 
(Charette et al., 2020; Kipp et al., 2018; Rutgers van der Loeff et al., 
2018), but disentangling the changes due to river inputs versus shelf 
processes, and the potential role of submarine groundwater discharge 
due to thawing permafrost (Charkin et al., 2017), can allow us to predict 
future changes in biogeochemical cycles in the Arctic as it continues to 
warm at an unprecedented rate. 
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