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Abstract The near-surface temperature structure in the southeastern Beaufort Sea is shown to have
been largely dependent on frontal dynamics in spring 2004, which may be typical for the region. Easterly
wind events generated coastal upwelling along the Cap Bathurst peninsula; a recurring event in that area.
Further west, a large mesoscale anticyclone simultaneously developed and subsequently controlled the
sea-surface circulation in the central Amundsen Gulf. Sharp temperature and density fronts were created at
the surface at both eastern and western ends of the domain. Sampling north of Cape Bathurst and Cape
Parry showed evidence of frontal intensification. Frontal features were detected near the 50-200 m iso-
baths, at the mouth of the gulf, where density-compensated near-surface intrusions driven by agesotrophic
vertical circulation were identified. These warm water tongues intruded into the outcropping isopycnal
layers, which dipped down between 5 and 25 m over the Mackenzie Shelf. They then crossed the density
surfaces with an inverse slope consistent with N/f as predicted for quasi-geostrophic flows. The front event
ended prior to the breakup of the landfast-ice bridge in late June with sea-surface temperature undergoing
quick and widespread changes throughout the Amundsen Gulf.

1. Introduction

Some regions of the Arctic Ocean are particularly susceptible to coastal upwelling events that bring to the sur-
face saline, nutrient-rich waters, and considerably changes the sea-surface distribution of oceanographic proper-
ties. One such region is located east of Cape Bathurst, a peninsula in the southeastern Beaufort Sea (Figure 1a).
This area provides favorable conditions for topographically enhanced shelf break upwelling under prevailing
easterly winds [Williams and Carmack, 2008; Ingram et al.,, 2008]. Although episodic, these events can determine
regional dynamics on larger scales. As an upwelled water mass undergoes geostrophic adjustment, an along-
shelf jet is generated. The process creates a sharp, near-surface horizontal density gradient with slanted isopyc-
nals in the near-coast area. When the resulting large-scale straining field associated with the front is sufficiently
strong to promote surface frontogenesis (i.e., rapid intensification of frontal gradients), both upwelling and
downwelling occur and transfer water properties and tracers between the surface mixed layer and the ocean
interior [Hoskins and Bretherton, 1972; Spall, 1995; Pollard and Regier, 1992]. This enhanced vertical exchange can
have a significant impact on biological productivity [e.g., Zakardjian and Prieur, 1998; Nagai et al., 2008; Johnston
et al, 2009], especially in high-latitude northern seas where nutrients are the main limiting factor of the phyto-
plankton growth [Tremblay and Gagnon, 2009]. Upper-ocean submesoscale processes (~1 km) related to sharp
density fronts are regarded as the key mechanism of the forward energy cascade from mesoscale motions (10—
100 km) to dissipation at microscales (<1 m) [i.e, Mahadevan and Tandon, 2006; McWilliams et al., 2009; Capet
et al, 2008a; Molemaker et al.,, 2010]. There is increasing observational evidence that three-dimensional vertical
mixing is intensified near fronts [e.g., D’Asaro et al.,, 2011; Nagai et al., 2012; Johnston et al., 2011; Thomas et al.,
2013], which can further enhance biological activity and nutrients supply [e.g., Nagai et al., 2008]. The objective
of this paper is to understand how the Amundsen Gulf region is affected by the frontal structure that was
observed near Cape Bathurst during the Canadian Arctic Shelf Exchange Study (CASES).

1.1. Southeastern Beaufort Sea and Amundsen Gulf in Spring 2004
In spring 2004 (Canadian Arctic Shelf Exchange Study 2003-2004), [Barber et al., 2008] and fall 2007 (IPY—
Circumpolar Flaw Lead System Study 2007-2008) [Barber et al., 2010], oceanographic surveys were carried
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Figure 1. (a) Bathymetry of southeastern Beaufort Sea and (b) position of moorings (black dots) and oceanographic stations (red circles) sampled in June 2004. The insert in Figure 1b

shows the main CTD transects.

out in the southeastern Beaufort Sea and Amundsen Gulf, on and near to the Mackenzie Shelf. Both were
conducted under upwelling-favorable winds, which were more intense and persistent in 2007. During this
2007 International Polar Year (IPY), sampling revealed the legacy of a major upwelling event near the conti-
nental coasts (i.e., high salinity of surface waters), which was triggered by unusual atmospheric conditions
that also impacted on the Arctic multiyear sea ice cover [Tremblay et al., 2011; Perovich et al., 2008; Stroeve
et al.,, 2008]. Unfortunately, the survey reached Amundsen Gulf weeks after the initial uplift of the thermo-
cline, once upwelled dense waters had largely spread over the entire shelf north of Cape Bathurst (out to
the 200 m bathymetry line) [Tremblay et al., 2011]. No conclusion can thus be drawn about the processes
that controlled the formation and evolution of this event. However, as it will be shown below, the 2004
open-water survey was conducted during the course of a moderate, but nevertheless important, coastal
upwelling that considerably modified the ocean dynamics and determined the late spring-early summer
physical conditions in the southeastern Beaufort Sea.

Here we describe the context underlying the coastal upwelling observed in spring 2004 within the Amund-
sen Gulf, the near-surface circulation that followed the generation and evolution of surface density fronts,
and the resulting subsurface dynamics. Special emphasis is given to the vertical temperature structure of
the upper ocean (0-100 m), which will be shown to be largely dependent on front formation. The upper
layer in the southern Canada basin consists of a Polar-Mixed layer (salinity <31, 0-50 m) and an upper halo-
cline, within which is found a local temperature maximum composed of Pacific origin water (31 <S < 32,
50-100 m) [Carmack and Kulikov, 1998; McLaughlin et al., 1996, 2004]. Early summer-late fall water mass
structure is also typified by a near-surface temperature maximum that is believed to take shape during the
melting period, with solar radiation warming waters beneath the newly formed seasonal halocline [Jackson
et al, 2010]. Similar temperature anomalies observed in the Amundsen Gulf will be shown here, but their
formation will be argued to be linked to the complex circulation that develops at the shelf break while the
front evolves. This paper aims to provide a brief description of some typical frontal processes active in
southeastern Beaufort Sea under upwelling-favorable wind conditions. It is important to note that the sam-
pling program was not designed to study fronts but was rather planned for the more general, larger scales,
biogeochemical-ice objectives of the Canadian Arctic Shelf Exchange Study. We were fortunate enough to
sample during a frontogenesis situation and fortunate enough to have access to a few high resolution
(<1 km) Moving Vehicle Profiler CTD sections. Even if limited inferences and conclusions can be drawn
from this partial data set, we will supplement it with satellite images and mooring data to present a clear
sketch of the frontal structures found in Amundsen Gulf during June 2004.
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Figure 2. Terra/MODIS image of the Amundsen Gulf on (left) 20 May and (right) 9 June 2004. Black dotted line indicates the location of the landfast-ice bridge.

2. Measurements and Methods

2.1. Survey Overview

As part of the CASES sampling program, a broad survey of the southeastern Beaufort Sea and Mackenzie
Shelf was carried out from the CCGS Amundsen in spring 2004. The ship left its overwintering site located in
the central Franklin Bay on 1 June, a few days after the opening of the Cape Bathurst polynya (Figure 2).
Sampling begun at the eastern edge of the Amundsen Gulf, along the (recurrent) landfast ice bridge that
extended from Banks Island to the continent [CIS, 2007], and proceeded further west, reaching the northern
flank of Cape Bathurst. The sea ice concentration in the sampling domain rapidly declined to 25% by mid-
June and ~3% by mid-July [Forest et al., 2008]. According to Earth Observing System (EOS) Moderate Reso-
lution Imaging Spectroradiometer (MODIS) data, a few shear lines appeared at the ice edge on the 25 and
28 June, just prior to the breakup of the ice bridge, leading to the export of sea ice out of the eastern part
of the Amundsen Gulf (http://earthdata.nasa.gov/data/near-real-time-data/rapid-response). Here only data
recorded during the opening phase of the polynya in June 2004 are discussed.

2.2. Hydrography: CTD and Moorings

Between 1 and 20 June 2004, 42 open-water stations along four main transects were sampled in the
Amundsen Gulf and the south-eastern Beaufort Sea (Figure 1b). At each site, a vertical profile of tempera-
ture, salinity, and dissolved oxygen was obtained using a CTD-rosette system (SeaBird SBE-911, 24 Hz resolu-
tion, nominal fall speed of 1.0 m s~ ') equipped with an oxygen sensor (SeaBird SBE-43) deployed alongside
the ship. Two high resolution transects were also sampled with help of a Moving Vessel Profiler (MVP-300/
1700, Brooke Ocean Technology Limited) north of Cape Bathurst, along and across the southern section of
the mouth of Amundsen Gulf (line M100, between stations 402 and 407, and line M300, between stations
400 and 303; Figure 1b). The MVP is a towed vehicle that free falls vertically (~5 m s~ 7). When the ship
steams at 5-6 knots in shallow water (<300 m), a cast takes only 2-3 min, yielding a cast every ~0.5-0.7 km
(compare with 10 km typical spacing between CTD-rosette stations). The MVP was equipped with a CTD
SeaBird—9Plus coupled to an oxygen sensor and a fluorometer. After an initial quality control test based on
UNESCO'’s algorithm standards [Intergovernmental Oceanographic Commission, 2010], the data were low-
pass filtered at 1 Hz using a phase-preserving fourth-order Butterworth filter. Potential temperature, 6, and
potential density, gy (referenced to sea surface), were then computed.

Several moorings carrying oceanographic sensors where deployed at key locations in the southeastern
Beaufort Sea prior to the overwintering period (black dots, Figure 1b). They provided a continuous record of
temperature and salinity (Alec CT) at a time step of 10 min from October 2003 to mid-July 2004. Except at
instruments line CA03, upward looking Acoustic Doppler Current Profiler (RD Instrument Workhorse Sentinel
300 kHz) were also deployed at ~100 m depth, providing currents to the near-surface with a vertical bin size
of 8 m and a temporal resolution of ~30 min. Near-surface bins were rejected to avoid contamination
induced by ice motion.
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2.3. Sea-Surface Temperature

Maps of daily sea-surface tempera-
ture (SST) were generated using of
the National Oceanic and Atmos-
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noaa.gov/psd/data/gridded/data.
Figure 3. (a) Mean wind velocity and (b) wind stress calculated from the 3 hourly average . .
NCEP reanalysis data over the Amundsen Gulf (black) and at station 347 (blue). Wind narr.html). Wind speed and direc-
stress computed from ship based observations is added for comparison (black dots). (c) tion agreed well with the data
Averaged along-front current recorded at mooring CA06 in the 0-30 m depth layer. acquired by the ship—mounted
Velocities are rotated into the frontal coordinate frame according to the northwest-

southeast orientation of the Cape Bathurst upwelling area observed on 13 June. weather station of the CCGS

Amundsen (Figure 3).

3. Results

3.1. Upwelling and Fronts in the Amundsen Gulf: Spring 2004

In the late May and early June 2004, two easterly wind events (nominal speed 4.9-6.4 m s~ ') quickly
opened a large ice-free area in south-western Amundsen Gulf (Figure 2) and favored the development of a
coastal upwelling north of Cape Bathurst, similar to those observed at the same location in the past
[Williams and Carmack, 2008].

3.1.1 Coastal Upwelling

Between 25 May and 6 June, the 0-30 m average currents off Cape Bathurst revealed a strong north-westward
transport along the coast (mean speed/direction 12.5 cm s~ '/293°N and 13.9 cm s~ '/286°N at CA06 and CA20,
respectively; cf. Figure 1b for stations position), where upwelled waters generally reach the surface [Williams and
Carmack, 2008]. Further north (CA05, CA08, CA15, CA16; cf. Figure 1b for stations position), the currents remained
negligible (<2 cm s ') and are representative of the breakup period (15 April to 15 July) [Barber et al,, 2008]. At
the same time, the potential density recorded at 30 m increased abruptly off the tip of the peninsula (CA19; f.
Figure 1b for location), ranging from oy= 24.6 to 25.9 kg m~> (event E1, Figure 4). A similar, although smaller
increase is also observed at the shelf break (CA03, 28 m) few days later (event E2, Figure 4). No significant
changes are detected beyond the 200 m isobath (CA15). These observations provide evidence of the upwelling
whose influence seems to be confined to the Mackenzie Shelf, between the 50 and the 200 m isobaths.

The survey began on the eastern side of the Amundsen Gulf and moved westward along transect 100,
reaching the mouth of the Gulf by mid-June. Hence, the Cape Bathurst area was only sampled at the end of
June, once survey progressed toward the mainland (following transect 400). The SST recorded on 13 June
(the first image free of cloud and sea ice of the survey) shows a noticeable upwelling zone along the Mack-
enzie shelf, with a thin swath of cold (T < 0°C) upwelled waters extending ~30 km inside the Gulf (2008;

SEVIGNY ET AL.

FRONTS IN SOUTHERN BEAUFORT SEA 2526


http://www.esrl.noaa.gov/psd/data/gridded/data.narr.html
http://www.esrl.noaa.gov/psd/data/gridded/data.narr.html
http://www.esrl.noaa.gov/psd/data/gridded/data.narr.html

@AGU Journal of Geophysical Research: Oceans 10.1002/2014JC010641

-1.5k /

Apr/29  May/09 May/19 May/29 Jun/08 Jun/18  Jun/28
Date, 2004

Figure 4. (top) Potential density time series at CA19 (30 m), CA03 (28 m), andCA15 (20 m) and (bottom) potential temperature at
CA19(30 m) . Arrow heads and vertical lines indicate main events discussed in the text.

black double-headed arrow, Figure 5). This corresponds to the area shown by Williams and Carmack [2008]
where enhanced upwelling is forced by the adjustment of the along-shelf flow, part of the upwelling circu-
lation, to the isobath divergence at the cape. The horizontal distribution of gy at 5 m obtained from ship-
based observations revealed water density of 25.2 kg m~> along this strip (transect 300, Figure 6a), which
decreased to 24.5 kg m > at the center of the mouth and remained constant thereafter. At 30 m, the high
density waters are still noticeable around the peninsula (Figure 6b). The event of the late of May-early June
has thus influenced the upper-ocean structure of the southwestern Amundsen Gulf for 3-4 weeks, at least
until the survey reached the Mackenzie Shelf on 21-22 June (transect 300).

3.1.2. Frontal Dynamics: Upper-
Ocean Structure and Evolution

The SST maps and mooring data pro-
vide insight about the development
and evolution of the surface ocean
structures induced by the upwelled
high density waters. Figure 7 shows
representative daily SST maps for the
second and third weeks of June 2004.
Vectors give the corresponding
weekly averaged currents recorded
by ADCP in the 0-30 m depth layer.

3.1.2.1. SST Distribution: 10-24
June 2004
Seasonal warming of the ocean sur-

SST (°C)

‘\Z .-‘.
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cantly impact the upwelling area
Figure 5. Sea-surface temperature (SST) from the Advanced Very High Resolution located south of the 50 m isobath
Radiometer for 13 June 2004. A ~30 km long thin strip of cold upwelled waters is (label CB-1 Figure 7). The >20C sur-

observed offshore of the northeastern coast of Cape Bathurst (black double-headed
arrow). face waters observed at the landfast
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ice-edge of Franklin Bay seem rather transported offshore by the upwelling circulation. Those waters are
presumably advected northwestward from the eastern flank of the cape (mooring CA06), along the 200 m
isobath that encloses the high density area (label CB-2, Figure 7b). The northern half of the mouth remained
covered with large ice floes during the first 3 weeks of June.

Concurrent with the upwelling, a large anticyclone developed southwest of Nelson Head and quickly spread
the surface warm waters close to Banks Island and Franklin Bay (label AE, Figure 7). This mesoscale eddy
(~40 km diameter) was only partly sampled by CTD stations, limited to its southern third. The gy distribu-
tion at 30 m nonetheless shows a low density area near the cold water core noticeable in the middle of the
Gulf on the SST map of June 15 (and labeled AE; Figures 6b and 7a). Currents recorded at stations CA15 and
CA16 (0-30 m) are well correlated with the large-scale near-surface flow fields associated with this eddying
pattern (Figure 7a).
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Figure 7. Sea-surface temperature (SST) from the Advanced Very High Resolution Radiometer for (a) 15 June (second week of survey) and (b) 23 June 2004 (third week of survey). Black
dots are moorings station, vectors the weekly averaged current (0-30 m), and ellipsis the currents standard deviation. CB-1: upwelling area. CB-2: the extended zone along the 200 m iso-
bath, north of Cape Bathurst. AE: the mesoscale anticyclonic eddy. IB: the marginal area of near-freezing waters north of Cape Parry, at the ice bridge edge.
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Figure 8. Horizontal distribution of dynamic height at 5 m (ordinary kriging) and schematic representation of the near-surface dynamics in
Amundsen Gulf in spring 2004. Only interpolations having an estimated error (or variance) of <0.015 m? are shown. Arrows indicate
cyclonic (red) and anticylconic (blue) circulation. The black-dotted line indicates the geographic location of the ice bridge and solid red
lines in the top insert show the main CTD transects. Frontal lines are shown by the red dashed lines, as the offshore limit of the upwelling
area that follows the 50 m isobath.

By mid-June, a marginal area of near-freezing temperature was forming at the ice bridge edge as >2'C
near-coastal surface waters were transported southeastward by the gyre-like circulation. This area extended
south as far as the outer continental shelf where a strong horizontal gradient in sea-surface temperature
was observed (label IB, Figure 7b). The latter coincided with the abrupt change in gy observed north of
Cape Parry (Figure 6).

3.1.2.2. Circulation and Dynamic Height

The SST maps show numerous singularities that suggest the development of surface fronts in the wake of
the coastal upwelling of June 2004: the upwelling zone, which extended to the 200 m isobath (label CB-1
and CB-2); the mesoscale anticyclonic eddy (label AE); and the marginal area of near-freezing temperature
north of Cape Parry, at the ice bridge edge (label IB, Figure 7). These areas explain the high density gra-
dients observed in the horizontal distribution of oy at 5 and 30 m (Figure 6). The near-surface circulation in
Amundsen Gulf can thus be deduced from CTD data and, consequently, geostrophic flow can be, to a first
approximation, considered representative of the frontal event (i.e, using the quasi-geostrophic
approximation).

A map of dynamic height at 5 m depth (referenced to near bottom) is used to provide a qualitative descrip-
tion of the surface circulation, the moorings being spaced too sparsely to permit a complete regional flow
pattern characterization. The geostrophic current ug=(ug, v4, 0) relative to the reference level is calculated
from the gradient of the dynamic height along pressure surfaces,

kaugz—VhD. (1)

with f, the Coriolis parameter, V,=(9/0x,0/dy,0) and dD=gdz=1/p dp, the dynamic height computed
from the CTD recorded density p, where g denotes the gravitational acceleration and p, the pressure.
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Figure 9. Vertical distribution of potential temperature obtained by cubic interpolation along MVP line M300 (from west to east, sampled
on 20-21 June 2004). Black lines indicate isopycnals of 24.8, 25.6, 26.0, and 26.2 kg m™3; dotted lines show MVP stations along the transect;
triangles show the position of the stations mentioned in the text; and the red line indicates a slope of f/N=3.7X1073 (with N = N(15 m) at
the center of the intrusive feature). SST of 17 June is annexed on the bottom left side of the figure.

Results are presented in Figure 8. Offshore of Cape Bathurst, a cyclonic circulation centered on transect 300
developed. Together with a clockwise flow in the middle of the mouth, they created a confluence zone at
the Mackenzie shelf break hereafter named Cape Bathurst frontal line. The 200 m isobath marks the north-
ward limit of the density front generated by the upwelled waters. Further east, the large anticyclonic eddy
observed in satellite data is well defined by the low dynamic height region visible south of Nelson Head,
although somewhat geographically misplaced due to sparse sampling. A second confluence zone appeared
at its southern flank, delimiting also by cyclonic circulation to its south. It corresponds to the Cape Parry
frontal line identified in the Figure 8. A careful analysis of CTD data will provide insight into the subsurface
dynamics induced in the vicinity of these fronts.

3.1.3. Subsurface Dynamics

MVP lines were sampled during the second week of June (Figures 9 and 10). Line M300 crosses the Macken-
zie shelf at the tip of the peninsula, north of the upwelling area observed in the SST images (CB-1, Figure 7).
Between stations M325 and M341, the 25.6 kg m > isopycnal outcrops into the mixed layer and falls
abruptly following a slope of 2.8 1073 on the continental shelf (Figure 9). A warm water tongue 4.6 km
long and 25 m thick can be seen next to this constant density layer (just above the red line traced in the
right plot of Figure 9), taking the form of a density-compensated near-surface intrusion that crosses gy
surfaces from 25.3 kg m > at station M332 (0 ~ 1.1°C) to 25.9 kg m > at M325 (0 ~ —0.9'C). Double-
diffusion, which is commonly invoked to explain interisopycnal displacements [e.g., May and Kelley, 2001], is
not responsible for this intrusive feature as salinity increases with depth along the filament path. Instead,
active frontal dynamics are conceivably at work.

In quasi-geostrophic theory, an ageostrophic vertical circulation that develops in the confluent flow acts to
restore the thermal wind balance by actively tilting isopycnals toward the horizontal (i.e., restratification)
and accelerating the geostrophic current, therefore counteracting the strengthening of surface horizontal
density gradient [Capet et al., 2008a]. In so doing, this frontogenetic circulation, with downwelling on the
dense (cyclonic) side of the front and upwelling on the light (anticyclonic) side of the front, locally organizes
the vertical and horizontal velocity fields to preserve along-isopycnal flow [Klein et al., 1998]. Passive scalars,
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Figure 10. (left) Ertel potential vorticity and (right) isentropic vorticity along MVP line (a) M300 and (b) M100, both sampled 17-21 June 2004. Black lines indicate isopycnals step of
0.1 kg m~3 below 24.8 kg m > and of 0.2 kg m ™~ above. Insert localizes stations M83 (line M100) and M265 (line M300; red circles).

denoted here by ¢, are thus substantially stirred following a fluid particle trajectory. Elongated filaments
then result from the combined effects of the large-scale deformation field (the confluence) and the geostro-
phic vertical shear [Smith and Ferrari, 2009]. Their horizontal-to-vertical scale ratio, ¢, is proportional to the
ratio of shear over strain, which is centered around a mean value of N/f [Smith and Ferrari, 2009; Haynes and
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Anglade, 19971. In turbulent geostrophic flow, a three-dimensional cascade of tracer variance Wz is
observed, the thickness of the anomalies being determined by the scale of the vertical (diffusing) mixing.
Intrusion slopes observed over the Mackenzie Shelf closely follow the aspect ratio estimated for the local
temperature maximum depth (f/N(15 m) =3.7x1073; the red line in Figure 9), which is indicative of the
subsurface processes active near the Cape Bathurst frontal line. Warm waters advected from the southern
edge of the Cape Bathurst polynya by the (cyclonic) coastal upwelling circulation are hence pulled down
below the mixed layer by the ageostrophic fields active at shelf break. The core of this 0 > 0" C water mass
travels along the outcropping isopycnal layers 24.8-25.4 kg m > as they dip down from 5 to 25 m, leaving
numerous intrusive features near the 200 m isobath, northeast of the peninsula (not shown).

3.1.3.1. Ertel Potential Vorticity

Subsurface circulation in the southern part of the mouth of Amundsen Gulf can further be deduced using
Ertel potential vorticity (PV), since it is conserved following a water particle in nondissipative and adiabatic
motion. It is defined as

_ ot

Po

Q Vay (2)
with po, the reference density (calculated as the mean value of the transect) ¢=VXu, and
u=(u,v,w), 2Q=(0, fy,f) in (x, y, 2) coordinates with z vertically upward. In a f-plane, using the hydrostatic
approximation and geostrophy, and approximating u by the geostrophic velocity ug, it is possible to write

f o 1
— 22 = Yoy, 3)
g 0z pg
and the preceding expression reduces to
NZ
Q= g (f+&,—1Fy), (4)

where ¢, is the geostrophic relative vorticity, N=(—g/p,)0p/0z, the Brunt-Véisala frequency, and F,, the
geostrophic Froude number, which accounts for the conversion of horizontal vorticity to vertical vorticity
through vertical shear (vortex twisting or tilting term),

1 oug\?  [(Ovg\?
Fo=— (2] +(=2) | 5
) (] .
The geostrophic Froude number becomes important when isopycnals slope strongly across the current and

is implicitly accounted for in relative vorticity calculated isopycnally (isentropic vorticity, IV) [Pollard and
Regier, 1992],

. (6)

agp=const.

vy 0
V=¢,—ff,= (% - aiyg)

as it represents a coordinate adjustment when working in a vertical pressure coordinate.

By invoking geostrophy, the characteristic scales of the mean velocity field are assumed to be large com-
pare to the Rossby radius of deformation as expected for meso and large-scale flows. While it is suitable for
the initial phase of the front formation, this assumption no longer applies once front is further sharpened
and submesoscale features develop. In such conditions, the restoring effect of the ageostrophic compo-
nents of the velocity fields, u, and v,, start to play a dynamic role by changing the stratification and the
geostrophic velocity field. This is particularly true near the surface where are concentrated the ageostrophic
processes, the dynamics in the ocean interior remaining rather close to geostrophy [Klein et al., 2008]. The
following description is therefore restricted to the initial development and evolution of the frontal dynamics
observed in the southeastern Beaufort Sea. It only gives a simplified description of the processes active in
the domain and fails to diagnose the leading order features that may appear in the surface layer.

Ertel potential vorticity computed along MVP transects M100 and M300 shows subsurface maxima near the
100-150 m isobaths north of Cape Bathurst, where the 24.8-25.2 kg m ™2 layer thins and gy rises to the sur-
face. These maxima are tied to cyclonic anomalies and positive inshore-offshore potential vorticity gradient,
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the PV increasing from 22 to 7.2X107°
m~' s7" between stations M285 and M265
(line M300, Figure 10a) and from 2.4 to 9.0
x107° m~' s7' between stations M70 and
M83 further west (line M100, Figure 10b).
As they reach values close to those
observed at the frontal outcrop
(~8.3x1077 m™" s, line M300), the
highly stratified waters detected at depth,
in the middle of transects, most probably
originate from the Cape Bathurst peninsula
area. This suggests that thermocline waters
were advected away from the coast by the
meandering circulation that developed on
the shelf because of the instability of the
along-front current.

depth (m)
a(°C)

M100

The CTD section 400 crossed the mouth of
Amundsen Gulf northwestward of the SST
<0'C zone and overlapped MVP transect
M100 between stations 402 and 407 where
some isopycnals rose to the surface (Figure
Figure 11. Vertical distribution of potential temperature obtained by cubic ). AIong this transect, the stretched 24.8-

interpolation along line 400 (from south to north, sampled on 12-17 June 25.6 kg m ™3 layer outcrops near the 30-

2004). Black lines indicate isopycnals of 24.6-26.2 kg m™2 steps of 0.1 kg 40 m isobaths at station 400, the western-

m~3 prior to 24.8 kg m~3 and 0.2 kg m? thereafter; triangles, the position . ¢
of each named station; and the horizontal dotted line, the approximative most station of transect 300 centered on

location of MVP transect M100. The red box indicates the isopycnal rising the front. Waters sampled at gy > 25.6 kg
discussed in the text. m~3 over the Mackenzie shelf appear to

have been advected cross shelf by the
wind-driven upwelling circulation, as denser waters of ~26.4 kg m ™ are characteristic of those usually found
below 100-110 m in the central Amundsen Gulf. The weakly stratified waters observed at 20-40 m depth
near the shelf break (i.e., at stations 403-406, Figure 11) show physical properties similar to those found flow-
ing northwestward from stations CA20 and 303, along the Cape Bathurst frontal line. It seems that the large-
scale eddying circulation along the continental margin (50-200 m isobaths) carried warm surface waters west-
ward, offshore of this patch of 0 < 0°C (red box, Figure 11). The near-surface 0 > 0" C intrusive features identi-
fied along the 200 m isobath may have resulted from the slant-wise ageostrophic circulation that develops
within a meander. They are recognizable by the local positive anomaly of potential vorticity detected below
the mixed layer in the vicinity of the midtransect station in Figure 10b (station M83).

100
distance (km)

3.1.3.2. Near-Surface Temperature Maximum?

Frontal subduction can explain another feature observed in the region in 2004. Near-surface temperature
maximum commonly observed in the Canada basin is thought to be linked to solar radiation trapped below
the summer halocline once sea ice meltwater spread on the surface ocean. Called NSTM by Jackson et al.
[2010], this peculiar feature has a salinity less than 31, which distinguishes it from Pacific origin water, and a
maximum temperature that is at least 0.2°C above the freezing temperature and 0.1°C above the minimum
temperature of the underlying layer. They first appeared between mid-June and mid-July and remained at
relatively shallow depths until the end of August, when they were found at depths greater than 20 m. By
September, the intrusions had gradually cooled and deepened under Ekman pumping, winter storms, and
advection. The summer halocline located 3-4 m above the NSTM prevented a fast erosion of the heat
stored at the maximum temperature depth until penetrative convection (from brine rejection), air-ocean
and ice-ocean stresses succeed to deepen the surface mixed layer. Persistent, year-round intrusions can
nonetheless be observed in the central Canada Basin (north of 75°N) where Ekman pumping within the
convergent Beaufort Gyre causes a downwelling rate of ~3.5 m month ™' [McPhee et al., 2009].

In spring 2004 (6-30 June), some surface intrusions were detected along the Mackenzie Shelf break at an
averaged depth of 24.7 (23.8; 25.0) m (with their 2.5 and 97.5% ), which is deeper than the depth reported
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—0 for newly formed NSTM of ~10 m in mid-June [Jack-
son et al., 2010]. Stations showing a temperature max-
Bl 0.2 imum at S < 31 were devoid of any remnant summer
halocline. The most stratified region of the water col-
1.0.4 umn, chosen as the depth of the Brunt-Vaisala fre-
quency maximum, was rather located below the
L 106 temperature maximum, at 42.5 (15.9; 51.3) m. This
corresponds to the depth of the winter halocline, a
remnant of the winter mixed layer that separates
Pacific origin waters from the upper-ocean layer. The
intrusions observed in June 2004 lied ~15 m beneath
a 10.0 (2.8; 21.8) m thick surface mixed layer, which
makes of them recent structures that cannot be iden-
tified as NSTM. This observation supports the hypoth-
esis of a formation induced by the frontal circulation
observed north of Cape Bathurst. These new features
will be called surface Temperature Maximum (sTM) to
highlight their distinctive origin. Evidence of NSTM in
IR the southeastern Beaufort Sea first appears at the
20 40 : beginning of the summer season. In July 2004 (1 July
distance (km) to 2 August, during the next leg of CASES-2004), near-
surface temperature maxima were observed at 17.3

Figure 12. Vertical distribution of potential temperature (6.0; 35.7) m, below a summer halocline that coin-
obtained by ordinary kriging along the eastern section of line cided with the depth of maximum stratification

100 (from west to east, sampled on 6-12 June 2004). Black lines
indicate isopycnals of 24.6-26.6 kg m > steps of 0.1 kg m > (located at 2.6 (0.0; 26.6) m depth).

X 23 3 i ”
e boston of seected named s The red box mdiates  3+1:3:3. Subduction Near Ice Bridge
the isopycnal stretching discussed in the text. Only limited data are available to describe the subsur-
face dynamics in the eastern Amundsen Gulf. The
eastern section of transect 100 nevertheless suggests the presence of active processes at the edge of the mes-
oscale anticyclonic eddy, along the Cape Parry frontal line (Figure 12). Next to the ice bridge, the 24.7 kg m 3
isopycnal slopes down as the transect crosses the external side of the eddy revealed by the low-density area
in the gy spatial distribution. The sea-surface temperature then increases from —1.4°C at station 108 to 0.0°C
at station 111, indicating the presence of warm surface waters advected from the Banks Island area (cf. Figure
7a), before decreasing to —0.3°C at station 112. This station is located east of the cold water mass observable
on the SST image of 15 June (labeled AE, Figure 7). At station 111, a minimum of potential temperature is
observed at ~40 m where the gy= 24.7-24.8 kg m > layer appears stretched in the vertical (red box, Figure
12). This minimum exhibits a near-freezing temperature of —1.5°C (freezing point at —1.7°C) and a dissolved
oxygen concentration >380 umol L™' (99.3% oxygen saturation at surface pressure), suggesting an under-ice
surface origin; spring microalgae production being typically associated with waters with high O, concentra-
tion [i.e., Lansard et al., 2012; Sherr and Sherr, 2003]. According to profiles collected in the vicinity of the ice
bridge (station 108, 15 km west; cf. Figure 1b), near-freezing surface waters bordering the pack ice
(0=-1.6°C) formed a mixed layer hy. =~ 11 m thick with gy=24.7 kg m~ 3. This temperature minimum fol-
lows the o= 24.7-24.9 kg m 2 layer, the thickness of which remained close to h; ~ 5 m along transect 100
(except at the temperature minimum depth, near stations 111-112; Figure 12). Assuming that the fluid parcel
observed at the depth of the temperature minimum comes from surface waters flowing on the dense side of
the front, near the ice-edge, a frontal subduction driven by frontogenesis could explain the isopycnal stretch-
ing observed in CTD data [e.g., Spall, 1995]. As hy > h;, the parcel subducted by the ageostrophic motions
active at the Cape Parry frontal line develops an anticyclonic horizontal circulation to compensate for vortex
compression and conserves potential vorticity. Similar features were observed in the northern region of the
mouth (not shown). In particular, a feature associated with a temperature minimum (0=—1.6°C) and a nega-
tive isentropic vorticity was found to be coherent with the same frontal adjustment process. As a temperature
minimum has also been detected at stations 121-123 (cf. Figure 1b), along the western part of transect 100, a
northwestward displacement of the eddies generated north of Cape Parry is possible, following the main anti-
cyclonic circulation depicted by the gyre-like structure.

depth (m)

-100
0
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Figure 13. Sea-surface temperature (SST) from the Advanced Very High Resolution Radiometer during the last week of June 2004 (24-28 June). Satellite observations of 24 June are per-
turbed by an unmasked thin, whitish veil. SE: submesoscale eddies. F: cold filaments.

3.1.4. End of the Frontal Event

After 23 June, the sea-surface temperature underwent major and rapid changes throughout the Amundsen
Gulf (Figure 13). The mesoscale eddy progressively disappeared from SST maps, to become hardly distin-
guishable on 28 June, and areas of high SST cooled noticeably, implying that surface properties were rap-
idly smoothed out by mixing processes. Some warm submesoscale structures with a horizontal scale of the
order of the internal Rossby radius of deformation (~10 km) are also discernible (labeled SE, Figures 13c
and 13d), as were cold upwelling filaments along the 50 m isobath, north of the peninsula (labeled F, Fig-
ures 13a and 13b). These offshore-flowing features show evidence of rapid thinning at the wake of the east-
erly wind event of the end of June (typical speeds of 6.9 m s~ ' leading to wind stress of 0.07 N m~?; Figure
3), a situation expected when a (submesoscale) filamentary intensification process occurs. Filamentary
intensification results from oceanic surface convergence lines that generate a two-celled secondary circula-
tion with strong surface downwelling at its center [McWilliams et al., 2009]. Cold, dense filaments can thus
be seen as a double-front experiencing frontogenesis. Time series recorded near the tip of the peninsula,
close to the filament observed in SST on 25 June (F2, Figure 13b), show density increase at 30 m depth with
simultaneous temperature decrease that suggest entrainment of upwelled waters below the surface (event
E3, Figure 4). Opposite changes in density and temperature are observed on 27 June (event E4, Figure 4),
which coincides with the reversal of the along-front current at CA06 while moderate, unsteady winds were
blowing over the entire region. Warmer, lighter surface waters offshore of the coastal upwelling zone were
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Figure 14. Schematic view of frontal features observed in the southeastern Beaufort Sea during CASES-2004. Blue, dashed lines depict the
drawdown of isopycnals at frontal outcrops and in the vicinity of the mesoscale eddy. Thick black arrows indicate the near-surface circula-
tion; thick blue dashed arrow shows the suggested subsurface path followed by the submesoscale eddies generated along the landfast-
ice edge (via frontal subduction). Thin blue arrows locate active frontogenetic circulation and red lines show surface intrusions (sTM) gen-
erated at the Mackenzie shelf break.

presumably pushed against the Cape and then pulled down over the shelf break (accelerating the restratifi-
cation of the upper surface). As no intense westerly winds were simultaneously observed, a submesoscale
shallow baroclinic instability could be responsible for this observation [Boccaletti et al., 2007; Capet et al.,
2008b] and, consequently, also for the fast frontal collapse that occurred during the last week of June. The
front event ends prior to the breakup of the ice bridge.

4. Conclusions

4.1. Fronts in Southeastern Beaufort Sea and Amundsen Gulf in Spring 2004

Coastal upwelling observed north of Cape Bathurst in late spring 2004 followed moderate wind events and
can be considered representative of the typical open-sea conditions of the southeastern Beaufort Sea under
prevailing easterlies. The volume of cold, dense waters upwelled over Mackenzie Shelf have proven suffi-
cient to influence the near-surface circulation offshore the peninsula and beyond. This process was accom-
panied by the development of a large, mesoscale anticyclonic eddy in central Amundsen Gulf. Data
collected in June 2004 are too sparse to clearly identify the possible mechanism underlying this gyre-like
structure, except for a possible response to atmospheric forcing that promote instabilities in the near Banks
Island area (cf. mushroom-like currents at the tip of Nelson Head in Figure 13b). SST distribution maps
strongly suggest that the frontal lines observed north of Cape Bathurst and Cape Parry were related to the
upwelling processes as their formation and evolution are closely linked to each other. Figure 14 summarizes
the main frontal features observed in Amundsen Gulf during the spring sampling program of 2004, includ-
ing the surface intrusions (sTM) generated at the front near the Mackenzie shelf break. The latter are not
tied to any summer halocline and cannot be described as near-surface temperature maxima (NSTM), the
characteristic anomalies observed at S < 31 in the southeastern Beaufort Sea.

A similar pattern of an upwelling zone and a large-scale anticyclone was also observed in satellite data of
September-October 2007 [Sévigny, 2013]. Intense and persistent easterly winds were blowing over the
Amundsen Gulf, giving rise to the major event reported by Tremblay et al. [2011]. The frequency of recur-
rence of these strong density gradient zones is not clear yet, although recent analysis of 11 years of NOAA
(AVHRR) images of sea-surface temperature revealed the presence of frequent, but nevertheless year-to-
year variable, frontal features in Amundsen Gulf that coincide with the surface fronts described here [Musta-
pha, 2014]. As sea-surface oceanic fronts are ephemeral and highly dependent of external forcing mecha-
nisms for their generation (i.e., upwelling-favorable winds in Amundsen Gulf), the scale used to interpret
physical data recorded under ice-free conditions is crucial. Low-pass time series (i.e., seasonal and even
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weekly averaging) can smooth-out short upwelling and will lead to results that fail to highlight important
processes. It is particularly true near Cape Bathurst where frontal collapse can promote an abrupt reversal of
the along-shelf northwestward flow as observed at the end of June-beginning July 2004, southeastward
coastal current having been recorded at the tip of the peninsula thereafter. This could explain the divergent
conclusions reached by Ingram et al. [2008] and Lanos [2009] about the general surface circulation inside
the Gulf during CASES 2003-2004, described as cyclonic by the former and as anticyclonic by the latter.

4.2, Biological Implications of the Frontal Structures in the Southeastern Beaufort Sea

Advection of nutrient-rich, Pacific deep waters to the surface is the first leading consequence of the wind-
driven upwelling front. Doming of the nutricline near Cape Bathurst has likely sustained the phytoplankton
bloom observed in the polynya during the first half of June [Tremblay et al., 2008; Gosselin et al., 2008], enhanc-
ing the supply of nitrates to the surface layer on which depends new primary production [Tremblay et al.,
2011]. However, the possible influences of the large-scale dynamics that occurred in spring 2004 are not
restricted to the upwelling area. Along the shelf break, sampling has revealed the quick development of sub-
surface chlorophyll maxima (SCM), which were in part composed of ice algae [Tremblay et al., 2008]. According
to these authors, the combination of photoinhibition and substrate-limited nitrate concentrations in the upper
layer at (or soon after) ice breakup could have explained the rapid shift of the maximum algal growth rate to
a deeper portion of the water column. However, the slantwise frontogenetic circulation active at the northeast
corner of the Mackenzie Shelf provides an alternative transport process of the phytoplankton-rich surface
waters observed below the surface in the first weeks of June [e.g.,, Nagai et al., 2008]. The surface intrusions
generated at the front were precisely observed at a depth of 25 m, which is close to the reported depth of
SCM (30-40 m) [Tremblay et al., 2008]. Since frontal circulation over the shelf pulls down surface waters initially
warmed along the southern edge of the polynya, depths where sTM are observed exhibit slightly higher tem-
perature than in surrounding areas (temperature of —0.4 (—0.7; —0.4)°C instead of —1.2 (—1.3; —1.2)° C, with
their 2.5-97.5%, range). Although no correlation was found between spring and early summer productivity at
SCM depth and temperature (while SCM were dominated by diatoms), comparable warming of intermediate
waters in late summer-fall could favor phytoplankton growth, low arctic temperatures being then a limiting
factor [Martin et al., 2012]. Strong westerly (>10 m s~ "), upwelling-favorable winds become more frequent
from July to September [Ayles and Snow, 2002], which increases the possibility of front development and sub-
sequent change in ambient growth conditions of subsurface chlorophyll maxima that persist between 30 and
50 m past late June [Tremblay et al., 2008; Martin et al., 2013].

The influence of the near-surface frontal circulation on the spatial spreading of biological properties is further
revealed by the surface particulate organic carbon (POC) concentration estimated from satellite remote sens-
ing observations [Forest et al., 2010]. In June 2004, a thin plume of increased concentration appeared in the
prolongation of the peninsula (200 mg C m~3) [see Forest et al,, 2010, Figure 4], which approximately follows
the along-front circulation deduced from CTD data (cf. Figure 8). A slight increase was also noticed at the east-
e edge of the mesoscale anticyclonic eddy, near the location of the ice edge (=100 mg C m ™), suggesting
that the physical and biological settings of the Amundsen Gulf were influenced by frontal dynamics during
open-water period. To date, no specific study has paid attention to the geographical heterogeneity of the
ocean biological activity in the southeastern Beaufort Sea and the role played by the underlying large-scale
physics. Observations of low phytoplankton biomass and early postbloom conditions [Gosselin et al., 2008],
and significantly lower sinking export of particulate organic material below the euphotic zone [Juul-Pedersen
et al, 2010] in central Amundsen Gulf nevertheless suggest that fronts induce specific biological regimes, the
mesoscale eddy being one of the most likely determinant features as it may enclose distinct water masses.

In the future, sampling strategy in southeastern Beaufort Sea should take into consideration time and spa-
tial scales of the formation of frontal lines if their objective is to understand the complex physical-biological
link that can explain an important component of the peculiar oceanic aspects of the region.
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