
1. Introduction
Rivers deliver freshwater and entrained terrestrial materials into the coastal ocean from adjacent continental 
landmasses. In the coastal Arctic, a substantial fraction of annual terrestrially sourced freshwater is delivered dur-
ing the spring freshet, which also contains terrestrial material that becomes entrained in the melting snowpack. 
An important subset of this entrained material is the dissolved and particulate organic carbon (DOC and POC) 
fraction, which becomes part of the carbon cycle of marine ecosystems once delivered into the coastal ocean. 
The freshet can contain a significant annual fraction of DOC introduced to the coastal ocean over annual scales 
(Stackpoole et al., 2017) and the biogeochemical character of this freshet DOC can differ substantially from what 
is delivered to the coastal ocean at other times of the year (Holmes et al., 2008). On decadal scales, climate-driven 
changes in Arctic snowpack, rainfall, and permafrost depth are all expected to alter the timing and magnitudes of 
spring freshets (Woo et al., 2008). Changes in freshet magnitude and timing, combined with any potential changes 
in the composition of DOC and POC contained in Arctic spring freshets, may have significant consequences for 
marine ecosystems in Arctic coastal margins.

Seasonal- and watershed-dependent variability of riverine POC and DOC has received considerable attention in 
many coastal regions but these remain far less studied in Arctic coastal systems and especially during the spring 
freshet. A major constraint is observational given that many Arctic coastal regions remain covered with the prior 
winter's sea ice when the spring freshet arrives (e.g., Lesack et al., 2013; Walker et al., 2008). In coastal waters 
with landfast ice cover, entering riverine freshwater flows underneath the ice layer in a thin layer of thickness 
∼1–3 m on top of the denser oceanic waters (Reimnitz, 2002; Walker, 1973), and heat contained in this relatively 

Abstract Rivers deliver freshwater and entrained terrestrial materials into the coastal ocean from adjacent 
continental landmasses. In the coastal Arctic, a large fraction of terrestrially sourced dissolved and particulate 
organic carbon (DOC and POC) is delivered by snowpack meltwaters of the spring freshet, when many coastal 
ocean regions remain covered by landfast ice. Here we report on an array of moored sensors and telemetering 
ice buoys deployed in advance of the 2018 spring freshet in Stefansson Sound near Prudhoe Bay, Alaska. This 
instrumented array monitored temporal and spatial variations in hydrographic properties before and during the 
freshet, as well as optical properties that serve as proxies for DOC and POC contained in the freshet plumes. 
The temporal evolution of these optical signals occurred in five stages, each associated with characteristic 
water column structural and kinematic characteristics. Spatial differences among fluorescent dissolved organic 
matter (FDOM) and optical backscatter (OBS) signals across the ice buoy array, evident later during the freshet, 
allowed identification of plume waters sourced from the Kuparuk, Sagavanirktok, and Shaviovik drainage 
basins.

Plain Language Summary During the Arctic spring, rivers carry melted snowpack from the 
continent into the coastal ocean. This river runoff also contains plant matter, soil, and other materials that 
can affect ocean ecosystems once it is deposited into the coastal ocean. In many parts of the coastal Arctic, 
this springtime runoff occurs while the coastal ocean is still ice covered, from late spring to early summer. 
We installed instruments through the sea ice and on the ocean bottom near Prudhoe Bay, Alaska, to observe 
how fast and how far this springtime river water moves below the ice. Our instruments were able to detect 
differences in the runoff of the Kuparuk, Sagavanirktok, and Shaviovik Rivers that have implications for coastal 
ecosystems. This study provides valuable new insight into the physical changes that occur when spring freshets 
enter ice-covered coastal waters.
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warmer freshet water can contribute to bottom melting and ablation of the ice layer from below. Some fraction of 
the arriving freshet water often also flows on top of the ice layer (Bareiss et al., 1999), flooding the surface and 
potentially accelerating surface melting through not only direct heating but also through indirect heating by or-
ganic materials contained in freshet waters that absorb and reradiate solar radiation (Bauch et al., 2013). Indirect 
approaches such as remote sensing can be used to map the spatial extent of the plume fraction flowing on top of 
landfast sea ice (e.g., Goroch & Fett, 1993), but the plume's flooded surface expression may not be well correlated 
in space or time with its under-ice extent. Moreover, the surface expression contains little information about the 
thickness of the plume under the ice layer or its physical or biogeochemical character.

Much of what is currently known about riverine plumes on and under sea ice is derived from borehole studies. By 
deploying sensors through boreholes for short durations and/or by taking discrete water samples, under-ice freshet 
plumes can be examined in terms of hydrographic and/or geochemical properties (Alkire & Trefry, 2006; Ingram 
& Larouche, 1987; Macdonald & Carmack, 1991; Weingartner et al., 2017) including carbon content (Dittmar 
& Kattner, 2003; Granskog, Ehn, & Niemela, 2005; Granskog, Kaartokallio, et al., 2005; Krell et al., 2003). The 
majority of these studies have been conducted early in the freshet phase before the ice layer begins to degrade. 
Direct access to coastal regions experiencing ice flooding and degradation is inherently dangerous and therefore 
plume characteristics and interactions in later phases of the freshet have been only rarely sampled directly. Yet, 
even when feasible and safe, the labor-intensive nature of borehole-based studies limits the spatial and temporal 
scales on which they can be applied. On a local scale, they limit how well any given plume can be examined, and 
on a regional scale, these limitations make it difficult to scale up borehole approaches more broadly across a range 
of coastal rivers or regions. Along the Alaskan Beaufort coast, roughly 40 rivers drain watersheds in the region 
known as the North Slope between Utqiaġvik and the Canadian border (Rawlins et al., 2019). Geomorphological- 
and biome-related differences among these watersheds presumably contribute to biogeochemical heterogeneity 
in these Arctic coastal rivers, such as the differences seen by Alkire et al.  (2017) within the Canadian Arctic 
Archipelago. To improve our understanding of spring freshets more broadly along the ice-covered coastal Arctic 
margin, new approaches are required that are capable of observing the entire duration of the freshet and ideally 
are suitable for ready implementation near the numerous smaller rivers that span the entire coastal Arctic margin.

Advances in autonomous instrumentation, ocean sensing modalities, and satellite telecommunication may pro-
vide new ways to observe and understand the spring freshet in the coastal Arctic Ocean. We conducted a study in 
Stefansson Sound, Alaska, during the 2-month period bracketing the spring freshet of 2018 to explore how such 
approaches can add insight into Arctic spring freshets and, in particular, their particulate and dissolved terres-
trial contributions. Several weeks in advance of the freshet, we deployed a suite of damage-tolerant autonomous 
sensor platforms through the landfast ice canopy to monitor optical and hydrographic properties in the ocean 
immediately below the ice layer, where the arriving freshet would be detected in the following weeks. These 
platforms were each located directly above oceanographic moorings deployed during ice-free conditions the prior 
fall, with acoustic and hydrographic sensors intended to examine the freshet plume's physical characteristics. We 
here report on how these autonomously acquired measurements provide new insight into these optical proxies 
for POC and DOC within the freshet plume beneath the ice canopy, and how these respond to changes in water 
column structure and kinematics over the course of the 2018 freshet.

The setting for our study and our autonomous sensor array is described in Section 2. Primary and ancillary da-
tasets are outlined in Section 3. Results and interpretation of optical proxies are presented in Sections 4 and 5. A 
summary and conclusion are given in Section 6.

2. Setting
Our study area is Stefansson Sound, a shallow (shoals west to east; ∼9-m to ∼2-m depth), ∼100-km long, ∼15-km 
wide, semi-enclosed body of water (∼1,400 km2) protected by a chain of barrier islands on the central Beaufort 
Sea coast of northern Alaska (Figure 1). It is one of the most studied regions of the central Beaufort shelf, in large 
part because of logistical opportunities afforded by the oil industry infrastructure around Prudhoe Bay. Stefans-
son Sound is particularly attractive for studying the spring freshet in coastal Arctic waters because it receives 
freshwater inputs from three main rivers that each drain distinct watersheds with different Arctic vegetation and 
precipitation characteristics. The Kuparuk River system (8,100 km2 drainage area) discharges into Gwydyr Bay 
at the western end of Stefansson Sound and drains a primarily tundra biome on the Arctic coastal plain. The 
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Sagavanirktok River system (14,300 km2 drainage area) enters Stefansson Sound just to the east of Prudhoe Bay 
and drains the tundra biome of the coastal plain as well as the alpine biome of the Brooks Range at its headwaters. 
The Shaviovik River system (4500 km2 drainage area) discharges into eastern Stefansson Sound near Tigvariak 
Island and drains a watershed topographically similar to the Sagavanirktok River system in that it carries runoff 
from the northern flank of the Brooks Range as well as the coastal plain. These three rivers, each representing 
disparate watersheds and entering Stefansson Sound within a relatively short (∼70 km) section of the Alaskan 
Arctic coast, afford an opportunity to examine how autonomous optical approaches might be used to characterize 
not only temporal changes in DOC and POC in these three river's freshet plumes but also any river-dependent 
variability that may occur among them during the spring freshet.

Historically, Stefansson Sound experiences sea ice cover between roughly mid-October to June. This landfast ice 
cover, grounded along the coast, reaches a thickness of ∼1.5–2 m prior to the freshet. Its seaward edge extends 
beyond the barrier islands to the protective stamukhi zone, a region of heavily ridged sea ice, often grounded 
near the 18-m isobath (Mahoney et al., 2007); close to the ∼19-m deployment depths of the K1 and S2 moorings. 
The landfast ice canopy begins to ablate annually in late spring and heat carried by the spring freshet contributes 
to rapid melting and breakup of this landfast ice. Several mooring-based studies over the past two decades have 
demonstrated the significant influence that the presence of landfast sea has on hydrography and local circulation 
in Stefansson Sound (Weingartner et al., 2005, 2017; Weingartner & Okkonen, 2001). During the open water 
season between roughly June and October, shelf currents can exceed 20 cm s−1 and are well correlated with local 
winds. During winter however, the presence of landfast ice isolates the water column from the direct influence of 
wind forcing and currents are typically weaker (<10 cm s−1) and are poorly correlated with local winds. Through-
out the year, most of the variability in currents (>90%) occurs in the along-shore direction although cross-shelf 
currents of ∼10 cm s−1 have been observed during the spring freshet, presumably representing the freshwater 
plume moving offshore beneath the landfast ice. Quasisynoptic hydrographic measurements collected during 
three different freshet seasons showed the freshwater plumes to be as thick as 2.5 m under the landfast ice cover 
(Alkire & Trefry, 2006; Trefry et al., 2004; Weingartner et al., 2017).

Of the three rivers, only the Kuparuk and Sagavanirktok are gauged. The Kuparuk stream gauge is located near its 
mouth very near sea level, monitoring discharge from the majority of its watershed. In contrast, the Sagavanirktok 

Figure 1. Moderate Resolution Imaging Spectroradiometer (MODIS) image for 29 May 2018 of the Stefansson Sound study area. Moorings were deployed at K1, N1, 
and S2. Ice buoys were deployed at K1, KS1, S1, SN1, and N1. Freshet flooding onto the landfast ice appears as dark areas near the mouths of the Sagavanirktok River 
and Shaviovik River. At this time, the Kuparuk freshet had not yet flooded into Stefansson Sound. A dotted line indicates the location of an ice road built each winter to 
an artificial island (Northstar oil production island). Inset shows the study area location along the north coast of Alaska.
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gauge is located in the foothills of the Brooks Range (elevation 340 m) near Trans-Alaska Pipeline Pump Station 
3, more than 100 km upstream from the coast. It thus monitors discharge from only about one-third (4,800 km2) 
of its drainage area, thereby excluding contributions from much of its coastal plain drainage.

Hydrographs (http://waterdata.usgs.gov/ak/nwis/current/?type=flow) for the Sagavanirktok and Kuparuk Rivers 
in the months bracketing the spring freshet exhibit different discharge characteristics (Figure 2a). The Sagavan-
irktok hydrograph is bimodal, exhibiting small amplitude (∼50 m3 s−1) diurnal variations superimposed across 
two broad discharge peaks (>250 m3 s−1) separated by a mid-June period of reduced discharge. A comparison of 
the hydrograph with the time series of daily mean air temperature at Pump Station 3 (Figure 2c, black line) indi-
cates that low-frequency Sagavanirktok discharge responds at a lag of a few days to changes in air temperature; 
higher discharges follow above-freezing air temperatures and lower discharges follow below- or near-freezing 
air temperatures. The Kuparuk hydrograph is also bimodal although more asymmetrical than the Sagavanirktok 
hydrograph. Its major discharge mode peak (1,680 m3 s−1; 7 June) is more than twice that of its minor mode 
peak (780 m3 s−1; 16 June), with the minor mode being attributed to runoff from a precipitation event. Because 
the Kuparuk drainage is adjacent to the Sagavanirktok drainage, we assume that discharge from the ungauged 
portion of the Sagavanirktok River system (mostly tundra biome) is similar enough to the Kuparuk hydrograph 
that we can infer that the resultant Sagavanirktok discharge into Stefansson Sound is still bimodal, with the ma-
jor discharge peak occurring on 7 June followed by an antimodal period from ∼10–15 June and a broad minor 
mode from ∼16–25 June. We extend this congruency argument to the smaller Shaviovik drainage basin so that 
its assumed discharge is scaled by the ratio of its drainage area to area of the Sagavanirktok drainage basin. The 
composite hydrograph for the Sagavanirktok and Shaviovik Rivers (derivation details in Section 3.3) is depicted 
in Figure 2b. The arrivals of the spring freshet at the mouths of these three rivers are inferred to occur when over-
flow onto the ice canopy first appears in MODIS imagery. Overflows (see Figure 1) occur where river flow rises 
through tidally induced stress fractures in the ice along the boundary between bottom-fast ice and floating-fast 
ice (Reimnitz, 2002).

Figure 2. Hydrographs for (a) the Sagavanirktok River (black) and Kuparuk River (gray). Note different discharge scales. (b) Composite Sagavanirktok and Shaviovik 
discharges with estimated contributions from tundra (gray) and alpine (black) biomes. (c) Air temperature at Pump Station 3 (black) and at the coast (gray).

http://waterdata.usgs.gov/ak/nwis/current/?type=flow
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3. Methods and Data
3.1. Moorings and Ice Buoys

Three simple low-profile, bottom-mounted oceanographic moorings were deployed from the 16-m coastal re-
search vessel R/V Ukpik at the N1 (bottom depth ∼8 m), K1 (bottom depth ∼19 m), and S2 (bottom depth 
∼19 m) sites in August 2017 (Figure 1). These moorings were each instrumented with a Seabird SBE-37 Mi-
croCAT CTD (conductivity-temperature-depth) and an upward-looking Teledyne RDI acoustic Doppler current 
profiler (ADCP). The N1 and K1 ADCPs were 614 kHz models whereas the S2 ADCP was a 307 kHz model. 
The K1 mooring was programmed for an 8-m deployment depth near the Kuparuk River mouth, but heavy seas 
prevented us from reaching the intended deployment site and the mooring was deployed in 19 m of water at the 
location shown in Figure 1. Due to the programming for a shallow deployment, velocity and acoustic backscat-
ter data were only acquired in the bottom half of the water column at K1 and are not included in our analyses. 
The CTDs acquired temperature, conductivity (salinity) and pressure measurements 35 cm above the bottom at 
20-min intervals. The N1 ADCP acquired echo intensity measurements, horizontal (U, V) velocities at 20-min 
intervals in 25-cm depth bins within the overlying water column beginning ∼2 m above the bottom. Velocity 
measurements within 50 cm (two depth bins) of the bottom surface of the ice canopy were excluded from analyses 
due to sidelobe contamination. For the 60-day period bracketing the 2018 freshet, U and V velocities exceeding 
±31 cm s−1 (a two standard deviation threshold; mean velocities <1 cm s−1) were also excluded. Echo intensities 
were converted to acoustic backscatter (ABS) following Deines (1999). To suppress noisiness in the data, but 
to retain semidiurnal and diurnal tidal signals, ABS, velocities and shears at each 20-min time step and 25-cm 
depth bin were replaced by averages of valid data within the 3-hr (nine-point; minimum five valid data) window 
centered on the time step. To emphasize subtidal signals, diurnal and semidiurnal tidal signals (<2 cm s−1) were 
suppressed at each time step by averaging valid data within the 25-hr (75-point; minimum 38 valid data points) 
window centered on the time step. The N1 and K1 moorings were recovered in September 2018. The S2 mooring 
was not recovered, presumably lost to scouring by ice keels.

To facilitate autonomous observations of riverine plumes throughout the full period of the spring freshet we 
developed a new design of telemetering ice buoy that is robust during freshet conditions, that can be deployed 
with limited logistical support, and that is readily retrievable after ice-out. Technical details of these ice buoys 
are presented elsewhere (Laney & Okkonen, 2021) but, as a summary, these buoys comprise a custom datalogger 
fitted to a float large enough to support it in open water conditions in the months following through-ice deploy-
ment, after ice break-up. The datalogger fitted above the floatation included an Iridium SBD 9602 modem for 
telemetry, interface circuitry for the various subsurface sensors that were affixed to the spar, and a GPS module 
for geolocation. Geolocation allowed us to track these buoys after ice break-up and recover them later during the 
open water season after they had beached throughout the study area. The barrier islands and shorelines in Stefans-
son Sound are used for fall whaling and so recovery and removal of our equipment was responsible and essential.

A vertical spar, affixed axially at the bottom of the datalogger, passed through the floatation such that it extend-
ed 3 m below the bottom surface of the floatation. This spar carried a subsurface multisensor cluster that was 
adjusted in the field to be located roughly ∼15 cm into the water column below the ice-ocean interface once the 
spar was inserted through a borehole with the floatation sitting on the snow-cleared ice. The cluster included a 
mini-CTD to measure seawater temperature and salinity (Star-Oddi DST), and two single-channel optical sensors 
(Cyclops-7U and -7T; Turner Designs) to measure dissolved organic matter fluorescence (FDOM) and optical 
backscatter (OBS) respectively. Both sensors are similar in design, employing an LED emitter and a photodiode 
detector. The -7U (FDOM) sensor excites at 325/120 nm and detects emission at 470/60 nm, whereas the -7T 
(OBS) uses infrared wavelengths of 850 nm for both excitation and emission. The former is used to provide an 
optical proxy for DOC and the latter a potential proxy for POC. The two optical sensors are voltage-output and 
can measure at three different gain settings (×1, ×10, and ×100) which are automatically selected by the data-
logger using pre-programmed algorithms to maximize the dynamic range of FDOM and OBS measurements at 
each sampling event. Given the anticipated optical complexity of under-ice freshet waters, the output from these 
FDOM and OBS sensors was retained as a voltage with no attempt to convert into any physical units. Measure-
ments at the two lower gain settings were scaled by a factor of 10 and 100 respectively to merge with the 0–5 volt 
signal measured when the highest gain setting was used. This scaled-then-merged voltage provides a single con-
tinuous time series for the OBS and FDOM observations from each sensor on each ice buoy, where each signal 
ranges from 0 to 500 in order to correctly represent the measurements across these three gain ranges.
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Sites for our 2018 observations were chosen in advance to bracket the inputs of the three rivers. Ice buoys were 
partially assembled on shore and transported by snow machine to the K1, KS1, S1, N1 sites in late April where 
they were fully assembled and deployed (see Figure 1). Stamukhi prevented access to the planned S2 site and so 
this ice buoy was deployed opportunistically between the S1 and N1 ice buoys and renamed SN1. Deployment 
involved augering two overlapping 8-inch holes through the ice to accommodate the subsurface sensor cluster 
and then measuring ice thickness. Ice thickness at each site determined where to bolt the sensor module along 
the spar in order to place the module initially ∼15 cm below the bottom of the ice canopy. The end of April 
is late enough in the season to expect no further ice growth and only ablation in advance of the freshet event. 
Once deployed, these buoys transmitted measurements of temperature, conductivity (salinity), OBS, and FDOM 
through the Iridium network at 6-hr intervals in real time. Iridium messaging is not guaranteed at high latitudes 
and so on occasion data gaps as much as 27 hr occurred, making the nominal timing of particular events in the ice 
buoy sensor records only approximate. Salinity values reported by all of the mini-CTDs on these ice buoys were 
suspect, and so these data were not used. The K1 ice buoy reported only a single measurement before failing for 
unknown reasons and so our data set is derived from the remaining four ice buoys.

3.2. Composite River Discharge

We estimated composite discharge into Stefansson Sound from the Sagavanirktok and Shaviovik rivers (Fig-
ure 2b) based on the aforementioned assumptions that discharge from the ungauged portion of the Sagavanirktok 
drainage basin is proportional to Kuparuk discharge and that Shaviovik discharge is proportional to the adjusted 
Sagavanirktok discharge:

QSagU = ASagU/AKup · QKup = 9500/8100 · QKup = 1.17 · QKup

QSagA = QSagG + QSagU

QShav = AShav/ASag · QSagA = 4500/14300 · QSagA = 0.31 · QSagA

QC = QSagA + QShav = 1.31 · QSagA

The variables Q and A refer to discharges and drainage areas, respectively while subscripts C, G, U, and A refer 
to Composite, Gauged, Ungauged, and Adjusted identifiers, respectively.

3.3. MODIS Imagery

We obtained Moderate Resolution Imaging Spectroradiometer (MODIS) satellite images for May, June and July 
2018 from the National Aeronautics and Space Administration (NASA) Worldview website (https://worldview.
earthdata.nasa.gov/). This imagery was used to identify the dates on which river overflows first appeared at the 
mouths of the Kuparuk (31 May), Sagavanirktok (19 May), and Shaviovik (23 May) Rivers. We took these dates 
to represent the times at which the respective freshets of each river reached the coastal waters of Stefansson 
Sound.

3.4. Ancillary Data

NCEP/NCAR (National Centers for Environmental Prediction/National Center for Atmospheric Research) Rea-
nalysis daily surface wind data on a 2.5° × 2.5° grid were obtained from the National Oceanic and Atmospheric 
Administration website (http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.surface.html). Daily 
precipitation data for Prudhoe Bay were obtained from the United States Department of Agriculture Natural 
Resources Conservation Service website https://wcc.sc.egov.usda.gov/nwcc/site?sitenum=1177.

4. Results
The N1 site was the only site in this study where an ice buoy and an ADCP moored beneath it both provided 
data suitable for a comprehensive joint assessment of freshet interactions. Accordingly, we begin by comparing 
the evolution of the under-ice optical and thermal environments recorded by the N1 ice buoy sensors with water 
column structure and kinematics derived from ABS and velocity measurements acquired by the N1 ADCP. For 
the 60-day period bracketing the 2018 freshet we identified five characteristic stages. Briefly, water column 

https://worldview.earthdata.nasa.gov/
https://worldview.earthdata.nasa.gov/
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.surface.html
https://wcc.sc.egov.usda.gov/nwcc/site?sitenum=1177
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conditions existing prior to the arrival of the under-ice plume at the ice buoy locations define Stage 1. Stages 2, 3, 
and 4 span the period from the arrival of the under-ice freshet plume at the ice buoy locations up to movement and 
breakup of the fast ice canopy. Water column conditions occurring after breakup as sampled by free-drifting ice 
buoys define Stage 5. These stages are shown in Figure 3 as a starting point to orient discussion of these results.

4.1. Water Column Structure and Kinematics at N1

Structural elements of the water column at N1 and their temporal evolution throughout the freshet are evident in 
the 60-day record of ADCP-measured acoustic backscatter (Figure 4a). Two long-lived features in the ABS re-
cord exhibit prominent acoustic returns. The primary backscatter maximum is from the bottom of the ice canopy 
(>−40 dB; black lines) while the secondary maximum is from scatterers (inferred to be frazil; see below) within 
the pycnocline (>−70 dB; white lines) separating the fresh under-ice plume and the ambient marine waters of 
Stefansson Sound. Ice thickness, approximately represented by the depth of the ice bottom, was ∼1.5 m in mid-
May. The ice canopy progressively thinned, more rapidly after 26 June when plume temperatures increased to 
above 0°C (Figure 3c). Although ADCP bottom tracking and GPS data telemetered by the ice buoy indicated 
significant (>200 m) lateral movement of the ice canopy starting on 5 July (beginning of Stage 5), open water 
with free-floating ice floes first appeared at N1 three days later on 8 July. The ice sheet clearly moves vertically in 
response to tidally driven changes to sea level (Figures 4a and 4b), undergoing excursions of as much as ±15 cm 
during spring tides. The ∼30-cm vertical displacement of the ice canopy centered on 9 June was not associated 
with tidal forcing or with the under-ice plume but was the response to a prominent wind reversal. The subtidal 
(25-hr smoothed) time series of ABS in the depth bin of the ice canopy bottom (Figure 4c) depicts an increase be-
ginning on ∼1 June (Stage 2 start), coinciding with increases in FDOM and OBS (Figures 3a and 3b). Ice canopy 
ABS reached its subtidal maximum on 6 June and a secondary subtidal maximum on 10 June after which it fell 
monotonically until 21 June. The more rapid decrease beginning on 19 June (∼Stage 4 start) coincides with the 
change to an increasing FDOM signal (Figure 3a). Ice canopy ABS then fluctuates around a background value 
of −32 dB through the end of June. The ABS spike on 5 July (Stage 5 start) coincides with the large (>100 m) 
lateral shift of the ice canopy mentioned above.

The other prominent structural feature in Figure 4a is the pycnocline separating the under-ice plume and ambient 
Sound waters. Definitive acoustic detection of the arrival of the freshet plume at N1 first occurs on 7 June (i.e., 
start of Stage 3) with the appearance of a circular feature at ∼3 m depth (1.5 m below the ice canopy) suggestive 

Figure 3. N1 ice buoy sensors records. (a) Fluorescent dissolved organic matter (FDOM) below the ice canopy, scaled from 
0 to 500 as referenced in the text, (b) optical backscatter (OBS) below the ice canopy, similarly scaled, and (c) Temperature 
below the ice canopy (black, from ice buoy) and near the bottom (gray, from mooring). Gray vertical lines delineate Stages 
1–5 as discussed in the text.
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of a turbulent frontal rotor (e.g., Luketina & Imberger, 1987; Marmorino & Trump, 2000). Similar rotor-like 
features are depicted in under-ice plume fronts by Trefry et al., 2004 (their Figures 3–34) and Granskog, Ehn, & 
Niemela, 2005 (their Figure 3). Over the next month as plume thickness increases until breakup of the ice canopy 
in early July, ABS from the pycnocline intensifies as pycnocline thickness diminishes. We interpret these trends 
in pycnocline ABS to reflect relative changes between the stabilizing influence of stratification (buoyancy) and 
the generation of turbulence by velocity shear; effects summarized by the Richardson number.

In adopting a Richardson number (Ri = N2/S2, in which N is the buoyancy frequency and S is the velocity shear) 
framework, we are encumbered by a lack of hydrographic measurements beyond those acquired near bottom 
and immediately beneath the ice canopy (Figure 3c) to characterize stratification. However, salinity measure-
ments from earlier studies of freshets in Stefansson Sound (Trefry et al., 2004; their Figures 3–31, Weingartner 
et al., 2017, their Figure 10) show the under-ice plume (salinity ∼ 3) and ambient waters (salinity ∼ 33) to be 
each nearly homogenous with stratification largely confined to the halocline (pycnocline) between them. We 
therefore use a discrete form of the squared buoyancy frequency that assumes stratification is confined to the 
pycnocline; �2 = − �

�
��
��

= �
�0

�0−��
�

 in which 𝐴𝐴 𝐴𝐴 is gravitational acceleration, ρo is ambient density, ρp is plume 
density and H is the thickness of the pycnocline. The density of ambient Stefansson Sound waters, computed 
from the mooring-based, near-bottom temperature (Figure  3c) and salinity (not shown) records, varied little 
(1027.5–1026.4 kg m−3) from 7 June to 5 July (Stages 3–4). The plume density, computed from the ice buoy 
temperature (Figure 3c) and the assumed plume salinity, is also nearly constant (∼1002.3 kg m−3) during the 7 
June–5 July period. For this freshet period prior to breakup, the density difference between plume and ambient 
waters is nearly constant, the result being that N2 is effectively proportional to the inverse of pycnocline thickness.

Figure 4. N1 mooring sensor records of (a) Water column acoustic backscatter overlaid with 20-min actual (thin black), 25-
hr average (thick black) depths of ice canopy bottom and 25-hr average depths of top, bottom (thin white) and middle (thick 
white) of pycnocline. (b) Tide height anomaly. (c) 20-min actual (gray) and 25-hr average (thick black) acoustic backscatter 
from ice canopy. No ice canopy acoustic backscatter (ABS) results are shown for Stage 5 due to movement and breakup of the 
ice canopy. The vertical lines in plot C correspond to Stage transitions identified in Figure 3.
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We estimated pycnocline thickness at each time step from individual ABS profiles comprising Figure 4a. Close 
inspection indicates that the pycnocline exhibits two characteristic ABS signatures. The most easily ascertained 
signature is one in which there is a distinct ABS maximum below the ice canopy (Figure 5a); these signatures 
generally occurred ∼7–9 June and after 16 June. The depths of these local ABS maxima were interpreted as being 
the central depths of the pycnocline, Dpyc. A second type of acoustic signature, one without a distinct maximum 
below the ice, occurred from ∼10 to 15 June. For this type of acoustic signature, we identified Dpyc as the shal-
lowest depth associated with the ABS ‘hip’ adjacent to the ice canopy signature (Figure 5b), that is, one depth bin 
(25 cm) below the local curvature ∂2 (ABS)/∂z2 maximum.

The resulting Dpyc time series (Figure 4a, thick white line) defines a reference level from which the thickness of 
the pycnocline, H, was estimated. At each 20-min interval, the half-width of the pycnocline, H0.5, was derived 
from the range in backscatter, ΔABS, between background ABS (mean ABS of the deepest six ADCP depth bins; 
bins below the pycnocline for all time steps) and ABS at Dpyc such that the depth at the base of the pycnocline, 
Dbot, was the depth at which ABS = ABSpyc − 0.8·ΔABS, where the factor of 0.8 represents an empirically chosen 
value for computing Dbot. It follows that the half-width of the pycnocline is H0.5 = Dpyc − Dbot (Figures 5a and 5b). 
Assuming vertical symmetry about Dpyc, the depth at the top of the pycnocline is Dtop = Dpyc + H0.5 except where 
Dtop is shallower than the depth of the ice bottom, Dice, in which case, Dtop = Dice and H = Dtop − Dbot.

Figure 5. Schematics of representative acoustic backscatter (ABS) profiles at N1 (thick gray lines) from which pycnocline 
depth and thickness are determined for a pycnocline (a) with a distinct below-ice ABS maximum and (b) without a distinct 
below-ice ABS maximum. Profile times are 0000 UT. Dpyc and Dbot are the depths at the middle and bottom of the pycnocline, 
respectively. H0.5 is the half width of the pycnocline. (c) Pycnocline thickness (3-hr average, gray; 25-hr average, thick black) 
and N2 (25-hr average, dotted) during the freshet. (d) Cumulative discharge (solid black line) ±20% (gray shading) from 
Sagavanirktok and Shaviovik drainages compared to cumulative freshet volume estimated from pycnocline depth (dotted 
line). The vertical lines in plots C, D demarcate Stages 1–5 described in the text.
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Broadly speaking, pycnocline thickness increases quickly from ∼1 m at the time of the acoustic detection of 
plume front arrival on 7 June to a ∼2.2-m maximum on 12 June (Figure 5c, solid line). Thereafter, the general 
trend is toward a thinner pycnocline, ultimately thinning to less than 1 m by the end of June. Superimposed on 
this general behavior are ±∼0.5 m changes in thickness at semidiurnal and diurnal tidal periodicities as well as 
±∼0.2 m changes at ∼4-day period; the latter period will be shown to be consistent with that of an internal wave 
governed by extant plume and ambient layer characteristics. Within the context of the squared buoyancy frequen-
cy (Figure 5c, dotted line) and assumed constant density difference across the pycnocline, increasing pycnocline 
thickness implies relatively greater turbulence (shear) within the pycnocline resulting in weaker stratification 
while decreasing thickness implies stronger stratification suppressing turbulence.

The time series of pycnocline depth also allows us to check our assumptions regarding composite Sagavanirktok 
and Shaviovik discharge into Stefansson Sound. The instantaneous volume of the under-ice plume includes con-
tributions from sea ice meltwater and the freshet. The freshet contribution, Vf (t), is related to pycnocline depth 
(assuming a uniform Dpyc throughout the Sound) according to Vf (t) = A · {Dpyc(t) − Dice16May} in which A is the 
area of Stefansson Sound (1,400 km2) and Dice16May is the bottom depth of the ice canopy prior to any melting due 
to heat supplied by the freshet. Despite our simple assumptions, the estimated freshet volume within the Sound 
agrees to within 20% of the cumulative composite discharge (Figure 5d).

The largest squared velocity shears, S2 = (∂u/∂z)2 + (∂v/∂z)2, largely reside within the pycnocline (Figure 6a). Due 
to sidelobe contamination of velocities occurring in the upper portion of the pycnocline during the early stage of 
the freshet, we characterize the freshet period shear regime based on shears averaged over the bottom half of the 
pycnocline. Overall, shear is strongest during the early stage of the freshet (Stage 3) when plume currents gen-
erally flow northeastward and ambient waters below the pycnocline flow in opposition toward the southwestern 
quadrant (Figure 6b). The subtidal (25-hr average) component of squared shear, with a maximum (0.036 s−2) on 
7 June, trends lower until ∼20 June after which it remains near 0.01 s−2 (Figure 6c). The broad trends in the N2 
(Figure 5c) and S2 (Figure 6c) time series described above collectively define two generalized stability regimes at 
N1 as the under-ice plume evolves during its passage. The resulting Richardson number time series (Figure 6d) 
indicates that a transition from a relatively more turbulent regime to a more stable regime occurs ∼20 June 
(∼Stage 4 start) when flow below the pycnocline becomes more closely aligned with the general eastward flow 
in the overlying freshet plume (Figure 6b).

Although it was not directly observed, we infer that the FDOM and OBS signals (Figures 3a and 3b) and also the 
elevated ice canopy ABS (Figure 4c) occurring during Stages 2 and 3 were all influenced by frazil. Because heat 
diffuses more rapidly than salt, supercooling and the appearance of frazil ice occur within the pycnocline between 
a fresh under-ice plume and saline ambient waters when both water bodies are near their respective freezing 
temperatures (Golovin et al., 1999; Stigebrandt, 1981). The under-ice plume (T ∼ −0.1°C, S ∼ 3) and ambient 
Sound waters (T ∼ −1.7°C, S ∼ 33) at our N1 site meet these criteria. Furthermore, turbulence increases the rate 
of frazil production (Krylov & Zatsepin, 1992) and the vertical extent over which the frazil crystals are distributed 
(Gosink & Osterkamp, 1983). Frazil ice layers and agglomerated frazil beneath the Stefansson Sound landfast 
ice canopy have been reported by divers (Dunton et al., 1982; Martin & Kauffman, 1974). Additionally, Dunton 
et al. (1982) and Golovin et al. (1999) describe substantial amounts of sediment incorporated into agglomerations 
of under-ice frazil.

5. Optical Properties and Their Relationships to Freshet Plumes
The five stages seen in the time series of FDOM and OBS at N1 (Figure 3) occur in relationship to ADCP-de-
rived structural and kinematic elements of the water column. These relationships provide a physical context for 
interpreting the corresponding FDOM and OBS signals acquired by the same sensors on the ice buoys deployed 
at S1, SN1, and KS1.

5.1. Stage 1 (16 May to Immediately Prior to Plume Arrival at Ice Buoys)

Pre-freshet conditions beneath the fast ice canopy are similar across our Stefansson Sound ice buoy array. Aside 
from a few spikes, ice buoy sensors report baseline values characteristic of ambient Sound waters: FDOM ∼ 1, 
OBS < 0.1, T < −1.7°C (Figures 3 and 7). Near-bottom salinities and temperatures for this stage are greater than 



Journal of Geophysical Research: Oceans

OKKONEN AND LANEY

10.1029/2021JC017549

11 of 18

33.6 and less than −1.8°C, respectively (Figure 3c). Notably, the water column at N1 is largely unsheared (Fig-
ures 6a and 6b); a condition we infer to occur at the other ice buoy sites during this stage.

5.2. Stage 2 (Plume Arrival at Ice Buoys to 7 June)

Stage 2 coincides with Sagavanirktok and Shaviovik discharges increasing to their inferred maxima on 7 June 
(Figures 2a and 2b). The 1 June arrival date of the under-ice plume at N1, indicated by the FDOM, OBS and ABS 
records all increasing above their pre-freshet baseline values (Figures 3a, 3b, and 4c), is earlier than the 7 June 
arrival indicated by the ice buoy temperature record (Figure 3c). A clue to possible resolution of this ambiguity 
appears in Trefry et al., 2004. Their Figures 3–34 shows contemporaneous synoptic under-ice salinity, tempera-
ture, and transmissivity sections seaward of the Kuparuk River mouth. Collectively, these sections depict a thin 

Figure 6. N1 time series of (a) 3-hr average water column squared shear, S2. (b) 25-hr vector averaged water column current 
direction. (c) 25-hr averaged squared shear in the bottom half of the pycnocline. (d) 25-hr average Richardson number in 
the bottom half of the pycnocline. White areas indicate invalid data. The vertical lines in plots C, D demarcate Stages 1–5 
described in the text.
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(<<1 m) layer extending at least 2 km seaward of the main 1.5–2-m thick under-ice plume. At N1, increasing 
ABS at the bottom of the ice canopy in conjunction with an unresolved pycnocline and a low (−1.7°C) temper-
ature ∼15 cm below the ice led us to interpret the increasing FDOM and OBS signals as being associated with 
a thin, unconsolidated frazil berm that it is being pushed radially in a snowplow fashion by the leading edge of 
the plume. With the appearance of the rotor-like feature on 7 June (Figure 4a), the FDOM signal plateaus at ∼10 
(in scaled units spanning the three sensor gain ranges, with a corresponding full-scale of 500), suggesting that it 
represents the intrinsic FDOM concentration of the freshet plume.

In contrast, the N1 OBS signal exhibits an increasing trend at the end of Stage 2. If the OBS signal were attrib-
utable to terrigenous-origin suspended particulates instead of frazil, we would expect the OBS signal to have 
plateaued about the same time as the FDOM signal and exhibit a value (OBS ∼ 1) close to what is recorded 
at the time of breakup. The N1 ice buoy is located ∼10 km from the mouth of the Shaviovik River. Based on 
the appearance of overflow onto the ice at the mouth in 23 May MODIS imagery (not shown) and increases in 
FDOM and OBS at N1 on 1 June, we estimate an earth-referenced propagation speed for the Shaviovik plume to 
be ∼1.1 km d−1 (∼1.3 cm s−1), a speed comparable to that reported for the Mackenzie River plume (Carmack & 
Macdonald, 2002) but slightly slower than the modeled speed for an idealized Colville River plume (Kasper & 
Weingartner, 2015). At this speed, the leading edge of the plume would reach the barrier islands and stamukhi 
zone on or about 5 and 6 June. MODIS imagery (not shown) indicates overflows first appear at the mouths of 
the Sagavanirktok and Kuparuk Rivers on 19 May and 31 May, respectively. Ice buoy FDOM and OBS sensors 
indicate that the leading edge of under-ice plumes arrive at S1 on 28 May, at SN1 on 31 May and at KS1 on 6 June 
(Figures 7 and 8). Ice buoys sites S1 and SN1 respectively lie ∼11 and ∼10 km from mouth of the Sagavanirktok 
delta, while the KS1 ice buoy lies ∼16 and ∼15 km from the mouths of the Kuparuk and Sagavanirktok Rivers, 
respectively. From the overflow and arrival dates, we estimate the earth-referenced Sagavanirktok plume propa-
gation speed to S1 as 1.2 km d−1 (1.4 cm s−1) and to SN1 as 0.8 km d−1 (1.0 cm s−1). Based on these propagation 
speeds, the leading edge of the Sagavanirktok plume would reach Cross Island and adjacent stamukhi on or about 

Figure 7. Ice buoy sensor records of fluorescent dissolved organic matter (FDOM), optical backscatter (OBS) and temperature at stations S1 (a–c), SN1 (d–f), and KS1 
(g–i); sequenced according to the arrival of the under-ice plume.
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1 June, while the plume front would reach the barrier islands and stamukhi opposite SN1 on or about 7 June 
(Figure 8). The KS1 ice buoy sensors, roughly equidistant from the Sagavanirktok and Kuparuk River mouths, 
potentially encounter plumes from both rivers. The 6 June plume arrival at KS1 results in estimated propagation 
speeds of 0.8 km d−1 (1.0 cm s−1) for a Sagavanirktok plume to reach KS1 and 2.7 km d−1 (3.1 cm s−1) for a 
Kuparuk plume to reach KS1. Comparing these estimates to the plume propagation speed to S1 suggests that the 
KS1 sensors initially detect the western, upstream edge of the Sagavanirktok plume. Maximum FDOM signals re-
corded at these three ice buoy sites occur on 7 June coincident with maximum adjusted Sagavanirktok discharge. 
At the end of Stage 2, the FDOM signals are roughly similar across the ice buoy array: ∼12 at S1 (Figure 7a), 
∼9 at SN1 (Figure 7d), ∼13 at KS1 (Figure 7g), and ∼11 at N1 (Figure 3a). These values are all roughly an or-
der of magnitude greater than what was observed prior to the arrival of the freshet. In contrast, maximum OBS 
signals recorded during Stage 2 vary considerably across the ice buoy array: ∼130 at S1 (Figure 7b), ∼9 at SN1 
(Figure 7e), ∼7 at KS1 (Figure 7h), and ∼30 at N1 (Figure 3b), in several cases roughly two orders of magnitude 
greater than that observed prior to the freshet's arrival.

5.3. Stage 3 (7 June to 18–19 June)

At the start of Stage 3, we infer that the Sagavanirktok and Shaviovik plumes extend across the width of Stefans-
son Sound and along its length from KS1 to east of N1 coalescing into a single, under-ice plume (Figure 8). This 
implies that the structural and kinematic elements of the water column observed at N1 during Stage 3 also occur 
in some manner at S1, SN1, and KS1. The N1 FDOM signal is initially relatively constant (∼10), while the N1 
OBS signal increases (Figures 3a and 3b). Beginning 14 June, the N1 FDOM signal falls, ultimately to <1 on 19 
June, while the OBS signal remains at O (100). The kinematics of this stage are embodied in the eastward-flow-
ing plume and the underlying westward-flowing ambient waters that establish the sheared regime within the 
pycnocline (Figure 6) and promote the turbulent entrainment of frazil within the plume. We therefore suggest that 
the reason the N1 FDOM signal falls between 14 and 19 June as the N1 OBS signal remains relatively constant 
is because the ice buoy sensor module, acting as a nucleation site, becomes encrusted in frazil (e.g., Golovin 
et al., 1999, their Figure 4; Robinson et al., 2020, their Figure 6) and that FDOM is progressively excluded from 
the encrusting frazil as the ice crystals grow (Belzile et al., 2002). We note, however, that encrustation is inferred 
to only occur on the sensor module; the under-ice freshet plume itself remains free-flowing (Figure 6b) and in-
creases in thickness (Figure 4a). At S1, the FDOM signal falls from ∼12 to ∼1, while the OBS signal remains at 
>100 (Figures 7a and 7b); we attribute these signals to frazil encrustation of the sensor module. At SN1, FDOM, 

Figure 8. Schematized under-ice progression of the freshet plume front. The hatched area identifies a stylized stamukhi zone. 
Stefansson Sound Lake (described below) is bounded by the ice road to the west, Brownlow Point to the east, the stamukhi 
zone to the north and the coastline to the south.
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and OBS signals (Figures 7d and 7e) fall from ∼9 to ∼5 and from ∼8 to ∼2, respectively. The KS1 FDOM signal 
is relatively stable at ∼10 during Stage 3 while the OBS signal falls slightly from ∼7 to ∼5 (Figures 7g and 7h). 
Compared to the optical signals at S1 and N1, the corresponding signals at SN1 and KS1, OBS in particular, indi-
cate a much weaker frazil influence and, given the relationship between turbulence and frazil production (Krylov 
& Zatsepin, 1992), a more weakly sheared water column at these two locations.

5.4. Stage 4 (18–19 June to 5 July)

Stage 4 begins with a weaker westward-flowing undercurrent, a transition to an oscillating (∼4-day period) flow 
regime (Figure 6b) and temperatures that are sufficiently warm to melt the overlying fast ice (Figure 9c). The re-
sulting kinematic and structural effects are diminished shear across the pycnocline (Figure 6c) and a shift toward 
a more stratified regime (Figure 6d) that is less conducive to turbulent entrainment of frazil within the plume. 
Without continued entrainment of frazil, encrustations of the S1 and N1 OBS sensors ablate and/or melt on 18 
June (Figure 7b) and 21 June (Figure 3b), respectively. Comparison of under-ice optical signals un-occluded by 
frazil at all four ice buoy locations shows that KS1 and N1 FDOM signals are higher and OBS signals are lower 
than those at S1 and SN1 (Figure 9). These relationships suggest that the optical signals at KS1 and N1 reflect a 
proportionately greater contribution from tundra runoff, whereas the optical signals at S1 and SN1 reflect a pro-
portionately greater contribution from alpine runoff. Additionally, the greater FDOM signal at KS1 on 19 June 
relative to that at S1 implies that Kuparuk plume has passed beneath and/or around the ice road dam to interact 
with the Sagavanirktok plume; a freshet phenomenon previously identified by Alkire and Trefry (2006).

Figure 9. Optical and temperature signals of plume waters during Stage 4. (a) fluorescent dissolved organic matter (FDOM), 
(b) optical backscatter (OBS), (c) Temperature.
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5.5. Stage 5 (5 July–14 July)

Stage 5 is defined by the movement and subsequent breakup of the Stefansson Sound ice canopy. During Stage 
5, ice buoys initially deployed at N1, S1, SN1, and KS1 drifted 11, 16, 10, and 10 km, respectively from their de-
ployment locations. Wind mixing of the water column breaks down stratification (Figure 4a) leading to a reduc-
tion in the FDOM signals while inferred sediment resuspension increases the OBS signals (Figures 3a and 3b).

6. Discussion and Summary
We have shown that measurements of FDOM and OBS acquired by our array of autonomous installations convey 
information on temporal and spatial differences within the plume waters of the spring freshet beneath the landfast 
ice canopy of Stefansson Sound. Additionally, FDOM and OBS measurements include information on water 
column structure and kinematics which we incorporated to characterize the temporal evolution of these optical 
signals as occurring in five stages. Stage 1 reflects conditions prior to the arrival of the under-ice plume at ice 
buoy locations, when ice buoy sensors return weak, baseline signals in FDOM and OBS that are characteristic 
of unstratified, unsheared ambient water. In Stage 2, optical signals increase as the plume front propagates past 
the ice buoy sensors. By the end of this stage, Sagavanirktok and Shaviovik plumes have crossed the width of the 
Sound and coalesce into a single plume extending from west of KS1 to east of N1. During Stage 3, velocity shear 
results in (inferred) frazil encrustation of the sensor modules at S1 and N1, causing FDOM signals to fall to near 
their Stage 1 values, while OBS signals increase more than ten-fold above their Stage 2 magnitudes. At KS1 and 
SN1, where FDOM and OBS signals fall slightly below their Stage 2 values, we infer that weaker velocity shear 
exists. Stage 4 reflects conditions largely absent of frazil influences, when spatial differences among FDOM and 
OBS signals across the ice buoy array allow differentiation among plume water contributions sourced from the 
characteristic biomes of the Kuparuk, Sagavanirktok, and Shaviovik drainage basins. Finally, Stage 5 encompass-
es the breakup of the ice canopy, when FDOM and OBS measurements acquired by now free-moving ice buoys 
show the effects of wind mixing leading to the breakdown of water column stratification within the Sound.

Of particular interest is the transition from Stage 3, in which turbulent entrainment of frazil within the plume 
confounds interpretation of FDOM as proxy for DOC and OBS as proxy for POC relationships, to Stage 4, in 
which it becomes possible in principle to distinguish among DOC and POC contributions from different water-
sheds. Rivers source considerable organic material into the coastal ocean in both dissolved and particulate form, 
with significant consequences for coastal ecosystems and eventual propagation into offshore waters. The Arctic 
includes additional sources of particulate and dissolved organic carbon not found at low latitudes, such as that 
released by melting permafrost (Tanski et al., 2016). The ability to monitor these two pools of organic carbon 
separately, even using optical proxies such as those utilized in this study (FDOM and OBS), are valuable for 
understanding the timing and magnitude of various contributions to coastal ecosystems. The westward-flowing 
undercurrent occurring in Stage 3 arises when the leading edge of the coalesced Sagavanirktok-Shaviovik plume 
reaches the barrier islands and stamukhi zone near N1 (Figure 8). The occurrence of westward flow in ambient 
waters suggests that eastward and/or northward export of ambient Sound waters into the Beaufort Sea is blocked 

Figure 10. Subtidal perturbations of the ice canopy (black line) and pycnocline (gray line) at N1. Negative values indicate shallower displacements; positive values 
indicate deeper displacements.



Journal of Geophysical Research: Oceans

OKKONEN AND LANEY

10.1029/2021JC017549

16 of 18

by the barrier islands and stamukhi. As a consequence, continuity requires that the response to eastward expan-
sion of the plume and to increasing plume thickness is a compensatory westward flow component exiting the 
Sound below the pycnocline. Collectively, the barrier islands, stamukhi, the ice canopy itself, and the ice road 
between the shore and Northstar island (effectively an inverted dam extending at least 1 m below the landfast ice 
canopy; E. Sharp, Hilcorp, pers. comm.) establish a rigid-lid embayment that impounds the freshet to create a 
freshwater lake floating on the underlying denser ambient waters; a phenomenon analogous to Lake Herlinveaux 
(Carmack & Macdonald, 2002).

We speculate that the reductions in velocity shear and turbulent entrainment of frazil associated with the weak-
ening of the westward-flowing undercurrent and the development of oscillatory flow during the transition from 
Stage 3 to Stage 4 (∼18–19 June) occur as a result of the plume front reaching Brownlow Point or merging with 
discharge from the westernmost branch of the Canning River (see Figure 1 for location). In effect, the under-ice 
plume transitions from being unbounded along its eastern edge to a lake that is bounded along the entire perimeter 
of Stefansson Sound. In areal extent (∼1,400 km2), this Stefansson Sound lake is, for a few weeks, the second 
largest freshwater lake in Alaska. We infer the plume-to-lake transition from a comparison of subtidal vertical dis-
placements of the ice canopy and pycnocline (Figure 10). The ice canopy exhibits ∼4-day period displacements 
throughout Stages 1–4 associated with continental shelf waves (Danielson et al., 2014; Okkonen, 2016). The 
pycnocline also exhibits ∼4-day period displacements during Stages 3 and 4. Ice and pycnocline displacements 
are in-phase during Stage 3, but become out-of-phase in Stage 4. The out-of-phase depth displacements are char-
acteristic of an internal seiche (i.e., a standing wave); a phenomenon common to lakes. The fundamental seiche 
period from the two-layer analog to Merian's formula, T = 2 L/c, in which T is the seiche period, L is the length 
of the lake (105 m), and c is the internal wave speed from 𝐴𝐴 𝐴𝐴2 = 𝑔𝑔 Δ𝜌𝜌

𝜌𝜌
ℎ1 ℎ2

ℎ1 + ℎ2
 with g = 9.81 m s−2, Δρ/ρ = 0.025, 

h1 (∼2.5 m plume thickness) and h2 (∼4.5 m ambient layer thickness) is 3.7 days, close to the observed ∼4-day 
period.

Certain aspects of these ice buoy systems were found to be not robust in this challenging observational environ-
ment. In particular, the poor performance of the miniature CTDs used in the sensor clusters was disappointing, 
as they reported uniformly unrealistic salinity data and in certain cases coarsely discretized temperature data. 
However, the remaining systems on these ice buoys largely performed as designed and met our scientific goal of 
collecting time series of optical properties that may have potential for characterizing the presumed temporal and 
spatial evolution of DOC and POC in freshet waters arriving in Stefansson Sound in spring. By coupling these 
ice-ocean interface measurements to water column measurements made by the ADCP on the N1 mooring, we 
were able to more thoroughly interpret the temporal character of buoy-measured FDOM and OBS in terms of 
water column structure and kinematics. More broadly, our results provide a framework going forward to more 
fully exploit the telemetry functionality of ice buoys in future deployments by enabling real-time interpretation 
of relationships among optical sensor data, water column structure and kinematics associated with under-ice 
plumes. Although our study did not focus on plume dynamics, the presence of frazil and the attendant large 
dynamic ranges of ABS and OBS signals recorded during the freshet suggest that under-ice plumes are excellent 
candidates for targeted studies of their kinematics and associated dynamics.

Data Availability Statement
Ice buoy sensor data and moored CTD data are archived at NASA's SeaBASS repository (doi:10.5067/SeaBASS/
PRUDHOE_FRESHETS/DATA001). ADCP velocity and acoustic backscatter data are archived at Arctic Data 
Center (Stephen Okkonen and Samuel Laney. 2021. Prudhoe_freshets, acoustic Doppler current profiler data, 
Stefansson Sound, Alaska, 2017–2018. Arctic Data Center. doi:10.18739/A2833N02N).
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