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a b s t r a c t

Horizontal density structure in the surface Chukchi Sea (in ice-free conditions) is investigated through

analysis of high-resolution CTD data from two glider surveys. Temperature and salinity fields in the

summer/fall surface layer indicate that horizontal temperature, salinity and density variability extends

down to Oð1Þ km submesoscales. Horizontal temperature and salinity gradients in the surface layer are

universally non-compensating, with salinity dominating the density variability. Spectral slopes of k�3 (k

is horizontal wavenumber) of horizontal potential density variance in the surface layer were found over

0.5 to 20 km wavelengths, consistent with quasi-geostrophic turbulence scaling. The character of

horizontal density structure in the surface Arctic Ocean differs from k�2 spectra commonly observed in

the lower latitudes. The observed submesoscale fronts play a role in setting surface-layer properties

by restratifying the surface layer, in opposition to forcing such as winds that vertically mix the

surface ocean.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Dynamics of the Arctic Ocean surface layer are of key sig-
nificance to the surface-ocean heat budget, biological productiv-
ity, and the influence of the ocean on sea ice. The surface layer is
mixed by convection (e.g. during ice growth and subsequent brine
rejection), and shear-driven mixing by the wind or when over-
lying sea ice moves relative to the ocean. Restratification of the
surface-layer takes place upon warming and surface freshening
by ice melt and river run-off. Of relevance to this study is that
surface-layer properties are also influenced by horizontal density
fronts, and instabilities (which grow to form surface-layer eddies)
that develop at fronts in the surface layer (e.g. Boccaletti et al.,
2007; Thomas et al., 2008). Here we examine these submesoscale
(Oð1Þ km horizontal scale) processes that are active in the weakly
stratified ocean surface layer which is characterized by a rela-
tively small Rossby deformation radius (Oð1Þ km) (Thomas et al.,
2008). The submesoscales provide a critical dynamical link by
transferring energy and properties from the mesoscale (Oð10Þ km
horizontal scale) flow field to the very small-scale processes that
influence dissipation and mixing in the Arctic Ocean.

Lateral restratification of the surface layer takes place when
closely spaced vertical isopycnals (fronts) slump under gravity as
more dense fluid flows under adjacent lighter waters. Rotation

limits the gravitational slumping leading to geostrophic balance.
The result is a restratified surface layer with tilted isopycnals and
light water over dense water. Observations confirm that subme-
soscale restratification is actively occurring in the mid-latitudes
(e.g. Ferrari and Rudnick, 2000; Hosegood et al., 2006), and in the
Arctic Ocean under sea ice (Timmermans et al., 2012). Lateral
restratification, which opposes vertical mixing, influences the
heat budget of the surface Arctic Ocean (since shallower layers,
to which vertical turbulent mixing is confined, result in solar
insolation being distributed over a thinner region) and can also
influence biological productivity by affecting the depth that
determines light levels available to phytoplankton for growth.

In the mid-latitude oceans, an indirect signature of submesos-
cale restratification is compensating lateral density gradients (i.e.
horizontal temperature and salinity gradients in the surface layer
that cancel in their effect on density) down to small lateral scales
(e.g. Ferrari and Rudnick, 2000). Compensation arises when lateral
restratification (by frontal slumping and surface-layer instabil-
ities) is followed by vertical mixing. This destroys lateral density
gradients, leaving behind only compensated temperature-salinity
gradients. Compensated temperature and salinity gradients are
more prevalent where mixing levels are higher. Rudnick and
Martin (2002) found that compensation tends to increase with
surface-layer depth. Beneath sea ice, the Arctic Ocean winter
surface layer is almost always at the surface freezing temperature
for seawater, and density compensation would not be observed
regardless of the strength of vertical mixing (see Timmermans
et al., 2012). Further, the coefficient of thermal expansion is very
small at the cold temperatures of the Arctic Ocean (even in the
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absence of sea ice) and variations in temperature can have very
little effect on density. Nevertheless, Ice-Tethered Profiler mea-
surements under sea ice reveal lateral density variability down to
small lateral scales in the surface layer and surface-layer strati-
fication that results from submesoscale lateral processes
(Timmermans et al., 2012). Relatively fresh thin mixing layers
(to which turbulent mixing is confined) at the top of the surface
layer were associated with isopycnal slumping and dynamical
restratification.

Horizontal wavenumber spectra are computed to examine how
the potential density variance in the surface ocean is distributed
among spatial scales. In the surface Arctic Ocean under sea ice, a k�3

scaling (horizontal wavenumber k) is found over 5–50 km wave-
lengths (Timmermans et al., 2012). This is steeper than in the
subtropical North Pacific where spectra of horizontal surface-layer
density or temperature have been found to scale as k�2 for scales
between about Oð10Þ km and Oð100Þ km (e.g. Samelson and
Paulson, 1988; Cole et al., 2010). Note that over smaller scales,
between 1 km and 10 km, Samelson and Paulson (1988) found the
temperature spectrum proportional to k�3, while Ferrari and
Rudnick (2000) showed temperature and salinity variance spectra
scale as k�2 for 100 m to 100 km scales. In the Gulf Stream region,
Wang et al. (2010) found a temperature spectral slope of k�3 over
Oð102100Þ km. The k�3 spectra are in good agreement with quasi-
geostrophic turbulence scaling (Charney, 1971), while the shallow
k�2 spectra are more commonly observed in models (see Capet
et al., 2008) and are consistent with the surface quasi-geostrophic
theory (SQG) appropriate in regions close to boundaries (Blumen,
1978). It is important to keep in mind that spectral slopes of
complicated spatial systems cannot necessarily be taken as assess-
ments of the governing dynamics (see e.g. Armi and Flament, 1985).

Here we present an exploratory evaluation of horizontal
density structure at submesoscales, Oð1210Þ km, in the surface
layer of the ice-free Arctic Ocean through an analysis of glider
measurements from the Chukchi Sea in summer/fall. To our
knowledge, the glider data presented here are the first of their
kind from this part of the Arctic Ocean: continuous, long-duration
hydrographic sampling with a resolution of about 120 m in the
horizontal (and t 10 min between samples) from an Autono-
mous Underwater Vehicle (AUV) that does not disturb the surface
layer of the ocean. This is in contrast to more traditional ship-
based sampling where the horizontal and temporal spacing
between CTD stations typically exceeds several kilometers and
hours and the impact of turbulent mixing in the surface layer
caused by the ship precludes assessment of detailed surface-layer
features. Note that, under sea-ice in the Arctic, Ice-Tethered
Profilers (Krishfield et al., 2008; Toole et al., 2011) have con-
tributed valuable measurements to our understanding of surface-
layer variability on scales down to the order 1 km submesoscales.
In the next section, we describe the glider observations. In Section 3,
we examine the scales of horizontal variability in the surface
layer, assess horizontal temperature and salinity variability, and
present examples of surface fronts and restratification in the
upper Chukchi Sea. Our results are summarized and discussed in
Section 4.

2. Glider measurements and general hydrographic structure

Data analyzed here were collected by Slocum gliders (Webb
et al., 2001; further details can be found at http://www.webbre
search.com/slocumglider.aspx). The Slocum glider is an AUV that
profiles in a saw-tooth pattern using changes in its buoyancy.
Gliders obtain GPS positions upon surfacing and navigate under-
water by dead reckoning to a compass bearing. The systems were
equipped with Sea-Bird Electronics (SBE) Glider Payload CTDs

(GPCTDs); CTD sample rates were nominally 0.5 Hz. Measurements
are analyzed from two glider surveys in the Chukchi Sea (Fig. 1): an
approximately 240 km survey (this refers to along-track distance)
in September 2010 and an approximately 140 km transect in

Fig. 1. (a) Map indicating the survey area and glider transects. Maps showing

glider transects (b) G167 and (c) G191. End dates are shown for each transect;

colors indicate potential density anomaly at 10 m depth; straight red lines mark

the centers of the representative fronts plotted in Fig. 5; bathymetric contours

are 20, 30, 40 and 50 m. Blue arrows indicate the mean surface currents during

each survey and stick plots indicate winds for the duration of each survey

(see text).
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September 2011 (labeled G167 and G191, respectively, in Fig. 1b
and c). Stronger current speeds associated with coastal jets limit
operations close to shore, and surveys were carried out at least
several tens of kilometers offshore where and when ambient
flow speeds were small. The gliders profiled the water column in
a saw-tooth pattern from around 3–5 m depth to the bottom at
around 30–40 m depth, with forward glider velocities typically
between 25 and 35 cm s�1. The profiling pattern was such that at
10-m depth the interval between samples was around 120 m and
8 min.

The surveys were completed in open water conditions (with
sea-surface temperatures about 10 1C above freezing) and no
major water-mass fronts were crossed. Atmospheric conditions
during both surveys were similar; wind data (NCEP North Amer-
ican Regional Reanalysis (NARR), Mesinger et al., 2006) taken
from the center of each survey region indicate light to moderate
winds of varying direction (Fig. 1b and c). During the open water
seasons of 2010 and 2011, hourly surface currents were measured
over the glider survey region in the northeast Chukchi Sea using

shore-based 5 MHz High-Frequency (HF) Radar systems, manu-
factured by CODAR Ocean Sensors (Statscewich et al., 2011). Field
sites were located in the North Slope Borough of Alaska on native
corporation lands in the villages of Barrow, Wainwright, and Point
Lay (Fig. 1a). These locations allowed for data collection within
200 km of the coastline over an area of approximately 30,000 km2.
Current vectors were calculated at 6 km spatial resolution and
represent velocity in the upper 1–2 m of the water column (Fig. 1b
and c). Averages were taken over the periods September 17–29,
2010 (corresponding to survey G167) and September 1–7, 2011
(G191). Average surface currents within an area encompassing a
few tens of kilometers from each glider track did not exceed
7 cm s�1, with mean currents over the area approximately
3 cm s�1 during each survey. Note that, the weak and variable
currents in the survey region, combined with the 4–6 h intervals
between glider surfacing (to obtain GPS positions), prevent estima-
tion of reliable depth-averaged flow speeds based on glider drift
from dead reckoning. However, in general, the small position
discrepancies from dead reckoning are consistent with the weak

Fig. 2. Transects (a) G167 and (b) G191. Top panels: 10-m potential temperature (referenced to the surface) and salinity contributions to density perturbations, and the

density perturbation. S0, y0 and r0 are the mean values (at 10 m) for each section. Bottom panels: depth-distance sections of potential temperature, salinity and

stratification. The black line in the salinity panel shows surface-layer depth computed using a critical density criterion of 0.25 kg m�3.
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currents. We conclude that forward glider speeds (25–35 cm s�1)
were always larger than background currents during the surveys.

Glider CTD data processing followed Sea-Bird protocols for
processing depth, salinity and temperature, including adjusting
for thermal mass and spatial-temporal lag between the conduc-
tivity and the thermistor cells. Special attention was paid to the
unpumped CTD data as the glider transited through strong
stratification. Differences resulting from thermal mass and sam-
pling issues were identified between up and downcasts (upward
and downward flights). These mainly affect the limited depths of
the strong pycnocline (thermocline/halocline), and display too
warm waters, or alternatively too cold, when flying from cold to
warm and vice versa, resulting in temperature and conductivity
spikes. Using recent methodology (Garau et al., 2011) this effect
was minimized by analyzing spatial-temporal structures of the
full-resolution glider data, accounting for variable glider speed
and sampling rates, to produce CTD data with minimal salinity
and temperature spiking in the depth range of the pycnocline.

Generally, the shallow Chukchi Sea’s water properties are
established by the annual growth and melt cycles of sea ice,
prevailing winds, and the transport of waters through Bering
Strait. In summer and early fall, the Strait transport is northward
on average and includes three major water masses (Coachman
et al., 1975; Walsh et al., 1989); the cold, salty, nutrient-rich
Anadyr Water, the warm, fresh, and nutrient-poor Alaskan Coastal
Water (ACW), and Bering Shelf Water with intermediate proper-
ties, distinct from the Anadyr and Alaskan Coastal water masses.
Coachman et al. (1975) maintain that Anadyr and Bering Shelf
water masses mix to form Bering Sea Water (BSW) north of the
Strait, whereas ACW maintains its properties on the Chukchi
shelf. Chukchi bottom waters are modified by near-freezing,
saline (dense) waters, which form in winter by freezing processes
over both the Bering and Chukchi seas. In addition, cool, fresh
surface waters, formed by ice melt, may be present. The ACW
flows northeastward within the Alaskan Coastal Current toward
the head of Barrow Canyon where it merges with waters carried
eastward from the central shelf to form the canyon outflow.
Therefore in summer and fall the eastern Chukchi shelf contains a
complex of water masses that include ACW, meltwaters, dense
winter waters, Bering Sea Water and mixtures of each (Weingartner
et al., 2005; Pickart et al., 2005; Shroyer and Plueddemann, 2012).

The glider observations presented here indicated two promi-
nent layers in the eastern Chukchi Sea south of Barrow Canyon: a
relatively warm, fresh surface layer overlying a cooler, saltier
layer (Fig. 2). The surface layer exhibited non-negligible vertical
stratification across the layer at times as well as lateral density
gradients in the layer. We define the base of the surface layer1 by
a critical density difference, taken to be 0.25 kg m�3, from the
shallowest measurement; this reliably selects the maximum
vertical density gradient in the profiles (Fig. 2). The density
gradient at the base of the surface layer is around 0.3 kg m�4.
Mean surface-layer depths are 2674 m for G167 and 2172 m
for G191. In our analysis of horizontal density structure, we
examine properties on a depth of 10 m, which is always well-
within the surface layer for both glider transects. The surface
layer is not always entirely well mixed. An internal Rossby radius
LR ¼NH=f (based on the density difference DrH across the surface
layer of depth H, where N2

��ðg=r0ÞðDrH=HÞ, and f � 1:37�
10�4 s�1 is the Coriolis frequency) is the relevant lengthscale for
submesoscale flows in the surface layer (Boccaletti et al., 2007;
Hosegood et al., 2006). For both glider surveys, LR ¼ 1:470:4 km.
This highlights the need for using AUV or towed vehicles for

observing the small scales of surface-layer submesoscale flows.
Note that when vertical mixing is strong, the appropriate limiting
lengthscale is Oð10Þ km, the Rossby radius based on the strong
stratification across the surface layer base (see Ferrari and
Rudnick, 2000; Hosegood et al., 2006). The weak stratification
often exhibited by the surface layer appears to be amanifestation
of lateral surface-layer restratification as will be shown in the
next section.

3. Horizontal surface-layer structure

Glider measurements show horizontal density gradients at all
observed scales in the surface layer (Fig. 2, top panel). Density at
10 m shows an approximately linear increase throughout the
course of the G167 survey; density decreases for about the first
half of the G191 survey, and then increases (Figs. 1 and 2).
Superimposed on these largest scale gradients are mesoscale and
submesoscale fluctuations, and possibly also temporal variability.
Note that the gliders survey about 10 km horizontally in the surface
layer in about 0.5 days or less. This sampling is faster than the
evolution of both submesoscale features (Oð1Þ km and Oð1Þ day)
and mesoscale features (Oð10Þ km and Oð10Þ days), and we assume
that temporal variability does not interfere with our assessment of
horizontal scales. Further, we do not expect advection of small-scale
features by the mean flow to influence the representation of
horizontal scales given that forward glider velocities are about 6–
8 times faster than the mean currents in the surface layer.

Lateral gradients in potential temperature y and salinity S in the
surface layer are universally non-compensating and the measure-
ments show that horizontal density gradients are not erased by
vertical mixing in the Chukchi Sea, as they often are in the mid-
latitudes. It is useful to introduce the horizontal density ratio
Rrx ¼ aDy=bDS, where a and b are the coefficients of thermal
expansion and saline contraction, respectively, and Dy and DS are
horizontal differences of potential temperature and salinity over a
given distance. Rrx ¼ 1 for complete compensation. In the mid-
latitudes temperature typically dominates uncompensated density
fronts and Rrx41 (see e.g. Hosegood et al., 2006). Salinity
dominates density gradients for 9Rrx9o1. Note that lateral salinity
fluctuations in the surface layer during the glider surveys here are
typically t0:2. These would be compensated by temperature
changes t1 1C (for mean values of a and b), roughly the
magnitude of fluctuations that are observed. Histograms of a
horizontal Turner angle Tux ¼ tan�1ðRrxÞ (Ferrari and Rudnick,
2000), for which complete horizontal density compensation occurs
for Tux ¼ p=4, show how lateral y and S gradients measured here
are non-compensating with salinity changes dominating density
gradients, and a peak in the histogram around Tux � 0 (Fig. 3).
Temperatures are well-above freezing, in contrast to the surface

Fig. 3. PDF of Turner angle, Tux ¼ tan�1ðRrxÞ, at 10 m depth. The temperature and

salinity differences were taken over 1 km (similar results are obtained differencing

over 0.5–5 km).

1 Note that we do not use the more common term ‘‘mixed-layer’’ in reference

to the surface layer to avoid confusion when discussing its weak stratification.
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layer under sea ice, for which the horizontal Turner angle is also
zero. Note that lateral gradients in temperature have more influ-
ence on lateral gradients in density in the case of G167 (with a shift
to the left of the peak in the PDF of Tux). For lengthscales between
0.5 and 5 km, the standard deviation of r0bDS is about twice that

of r0aDy for G167, while for G191, the standard deviation of
r0bDS is about four times that of r0aDy.

Wavenumber spectra are used to describe the horizontal
potential density variance in the surface layer over wavelengths
of 0.5–20 km. Spectra were computed by interpolating data at
10 m depth onto a 0.15 km grid in the horizontal (i.e. distance
along the glider track). This is reasonable because glider sampling
is faster than the evolution or advection of submesoscale or
mesoscale features in this region of weak mean flow; furthermore,
such features should have no preferred orientation in the horizon-
tal plane. Spectra of horizontal potential density variance at 10 m
were computed by removing a trend from the gridded data, and
averaging the Fourier coefficients in wavenumber bands with more
degrees of freedom at higher wavenumbers. Below the surface
layer, vertical internal wave isopycnal displacements appeared to
alias vertical gradients into small-scale horizontal structure here
(see Rudnick and Cole, 2011). Further, the shallow survey region
precluded analysis of sufficiently long deep sections that were well
below the pycnocline. For glider mean speeds of 25 cm s�1, and
spacing between samples of 120 m and 8 min, the Nyquist wave
number and frequency are 4.2 cycles per kilometer (cpkm) and
3.7 cycles per hour (cph). This frequency is higher than the surface
layer buoyancy frequency (t2 cph), the upper limit of the internal
wave spectrum. We do not expect aliasing from internal waves at
10 m (see Rudnick and Cole, 2011).

The best-fit slopes for 10 m potential density variance over
0.5–20 km wavelengths are �2:870:1 for both transects (Fig. 4).
Spectral slopes are effectively k�3. This differs from k�2 scaling
that is more common (although not universal) in the mid-
latitudes. The relatively steep horizontal wavenumber spectra
found here are in agreement with the k�3 spectra found under sea
ice in the central Canada Basin (Timmermans et al., 2012) and
indicate less energetic small-scale structure than the k�2 scaling.
While these �3 spectral slopes are consistent with quasi-
geostrophic turbulence scaling, it remains an open question as
to why they differ from some mid-latitude observational studies
and model results. Spectral analysis is inadequate in many
respects (Armi and Flament, 1985), and different submesoscale
regimes in the surface layer of the ocean cannot be characterized
with knowledge only of the spectral slope.

The glider data show evidence for restratification by slumping of
submesoscale fronts, as shown in two representative segments
from the glider transects (Fig. 5). The surface fronts have horizontal

Fig. 4. Horizontal wavenumber spectra of potential density variance at 10 m

depth in the surface from transects shown in Fig. 1 (a) G167 and (b) G191. The

dashed lines are the best-fit slopes between 0.5 km and 20 km (�2:870:1 in each

case), effectively k�3 (�2 slopes are shown for reference). The 95% confidence

intervals are shown. The number of degrees of freedom at each wavelength is

taken to be twice the record length divided by the wavelength.

Fig. 5. Representative surface fronts from glider transects. Top panels show depth-distance sections of potential density (kg m�3) anomaly (referenced to 0 dbar) with

locations of the potential density profiles (bottom panel) marked. Profiles are centered at the front (black) and on either side of the front (red and blue). (a) East–west

section from G167 on September 19, 2010 along 70.41N with the front centered around 1631W. (b) South–north section from G191 on September 4, 2011 centered around

701N.
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density gradients of about @r=@x� 0:03 kg m�3=km, which is a
lower bound given it is unlikely the glider transected exactly
perpendicular to the fronts. Profiles at the fronts and on either side
(Fig. 5, lower panels) suggest surface-layer restratification with
shallow mixing layers at the top of the surface layer that are
associated with lateral isopycnal slumping. At each front, we
compute the balanced Richardson number, defined as Ri� f 2N2=

M4, where M2
��ðg=r0Þ@r=@x. For Richardson numbers \1, sur-

face fronts may be unstable to ageostrophic baroclinic instabilities
(Stone, 1966; Molemaker et al., 2005); restratification by subse-
quent submesoscale eddies increases Ri (e.g. Boccaletti et al., 2007).
Richardson numbers for the two representative fronts (Fig. 5) with
N� 0:007 s�1 and H� 20 m are Ri� 10. These Ri\1 are consistent
with the complicated structure around each of the representative
fronts and frontal instabilities.

4. Summary and discussion

High spatial and temporal resolution glider measurements
indicate lateral density variability over a range of scales and
surface-layer stratification in the Chukchi Sea that is attributable
to lateral processes. Slumping fronts are associated with shallow
mixing layers at the top of the surface layer. Horizontal density
variability at 10 m depth extends to scales Oð1Þ km, consistent
with the Rossby radius computed using the stratification within
the surface layer. The spectral slope (k�3 scaling) of horizontal
potential density variance is comparable with that found in the
surface Canada Basin under sea ice, and steeper compared to the
k�2 scaling that is often found in the mid-latitude ice-free oceans.

Future glider (or towed instrument) surveys, including surveys
under sea ice, and high horizontal resolution measurements from
buoys drifting in the sea-ice pack will reveal whether the k�3

scaling is universal in the surface Arctic Ocean. It is possible that
the relatively weakly mixed, and shallow, surface layer of the
Arctic Ocean behaves more like 2D quasi-geostrophic turbulence
than the surface ocean in the mid-latitudes. Note that Ferrari and
Rudnick (2000) find a k�2 potential density spectrum where the
surface layer is between 100 and 150 m deep, much deeper than
the case here. On the other hand, the study by Samelson and
Paulson (1988), which indicated k�3 in the 1–10 km wavenumber
band, was in a surface layer less than 70 m deep. Many more
observations that resolve wavelengths less than 100 km are
needed to examine the complex spatial variability in the surface
Arctic Ocean, energy transfer to small scales and dissipation.

Key questions for future studies relate to comparing how
surface-layer potential density variance is distributed over var-
ious lateral scales, and how lateral restratification influences
surface-layer properties, in the presence of strong wind mixing
in the Arctic Ocean. In this study, lateral density gradients at all
measured scales suggest vertical mixing was not sufficiently
strong during the glider surveys to lead to diffusion of density
fronts. The data presented here were collected during moderate to
weak atmospheric forcing; the surface layer exhibited weak
stratification and no significant surface-layer depth changes. Note
that the Chukchi Sea is often subject to strong surface forcing
displaying large spatial gradients, which may cause local hori-
zontal density variability. The weak vertical mixing inferred by
the absence of horizontal density compensation suggests spatially
variable surface forcing can be ruled out as the dominant
mechanism for horizontal density variability.

Finally, it is worth noting that a parameterization for upper-
ocean restratification by submesoscale, surface-layer eddies to
represent fluxes between the upper ocean and the atmosphere or
sea-ice cover has been formulated and implemented in coarse-
resolution models (Fox-Kemper et al., 2008, 2011). Modification

to this implementation would be needed when surface-layer
density variance spectra do not satisfy a k�2 scaling law, as found
here and elsewhere in the Arctic Ocean under sea ice.
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