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ABSTRACT

Measurements of mean flow and turbulence in the boundary layer under drifting Arctic pack
ice during the 1989 CEAREX O Camp experiment support the hypothesis that turbulence derived
from internal waves and other flow features in the underlying pycnocline was an important factor in
maintaining a deep mixed layer. Turbulent stress measurements in the upper 30 m of the boundary
layer showed less attenuation with depth than previous experiments, implying existence of a source
of turbulence in addition to shear at the ice/ocean interface. Although wind is usually the main
source of shear between ice and ocean in the Arctic, in the O Camp region it was secondary to tidal
currents apparently amplified by interaction with the Yermak Plateau. A packet of energetic internal
waves impinging on the mixed layer/pycnocline interface at about 100 m depth is investigated, and
appears to lose much of its energy to smaller scale motion there. It is suggested that similar phe-
nomena may help account for the relative depth of the mixed layer in the central Weddell Sea,
where deep convection has occurred in the past.

1. Introduction

Away from the continental slopes and marginal seas, the upper Arctic Ocean typically ex-
hibits a strong pycnocline overlain by a relatively fresh mixed layer less than 60 m thick. The upper
part of the pycnocline is cold, often near freezing, and strongly stratified by salinity; thus a very ef-
fective barrier exists between turbulent processes at the air-ice-sea interface and the warm Atlantic
water at depth, and there is little possibility of deep convection and “catastrophic™ overturn. The pe-
rennial ice pack in the Arctic provides a strong negative feedback to enhanced oceanic heat flux by
its stabilizing effect on the boundary layer. In the Antarctic, the situation is different. Recent winter-
time expeditions to the Weddell Sea (see, €.g., Gordon and Huber, 1990) have shown that the mixed
layer there is relatively deep (>100 m) and stability is marginal. Martinson (1990; this volume)
demonstrates that minor changes in a few key variables could nudge the present day Weddell into
overturn, and the presence of a vast, all season polynya (the Weddell Polynya) during the 1970s
shows that, once established, deep convection can apparently persist for years.

One of the more puzzling aspects of deep mixed layers in ice covered water is what keeps
them mixed. The picture emerging from recent winter Antarctic work (Gordon and Huber, 1990) is
one in which ice grows rapidly during the first few weeks of winter until it reaches a thickness of
about 60 cm, after which heat conducted through the ice is roughly balanced by upward heat flux at
the base of the mixed layer, and to first order, the system approaches a steady state with an upward
heat flux estimated to be around 40 W m2, This is at least an order of magnitude larger than oceanic
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heat flux typically found under multi-year Arctic ice during the winter (McPhee and Untersteiner,
1982), but still much smaller than heat lost by open water in direct contact with the polar atmo-
sphere. In terms of ocean boundary layer (OBL) physics, there is an important distinction between
heat lost through conduction and heat lost directly to freezing. The thermal expansion coefficient is
so small at temperatures near freezing that surface buoyancy flux is controlled almost exclusively
by salinity, thus freezing produces a strong destabilizing buoyancy flux while heat loss through con-
duction has little effect on stability.

When forced convection at the surface is aided by destabilizing buoyancy flux, either from
strong surface cooling in the open ocean, or from rapid ice growth when the mixed layer is at freez-
ing, deep mixing is expected. However, when surface cooling is not accompanied by buoyancy flux,
two factors work to limit the depth of mixing in polar boundary layers: (1) Coriolis attenuation of
surface driven turbulent stress is large at high latitudes, consequently shear production of turbulent
kinetic energy (TKE) falls off more rapidly and the rotational length scale (Ekman depth) for the
boundary layer is smaller than at lower latitudes (an extreme example is presented by McPhee
[1990, Fig. 6.9] where much of the stress attenuation and rotation occurs in the upper 10 m beneath
a hydraulically smooth surface). (2) Processes that transport heat and salt into the boundary layer
from below (the most likely candidates are direct upwelling and turbulent diffusion) also tend to re-
duce mixed layer depth, unless there is active entrainment at the top of the pycnocline.

During the Coordinated Eastern Arctic Experiment (CEAREX) Oceanography Camp (O
Camp) drift in March and April of 1989, we encountered conditions that may bear on the question
of what maintains deep, ice-covered mixed layers. In the region where the ice camp drifted (a south-
west trajectory, centered at about 82°30° N, 8° E) the mixed layer was atypical of the Arctic in that
it was salty (typically 34.1 psu), often about 100 m thick, and the halocline and thermocline coin-
cided, so that the underlying warm (Atlantic) water was potentially in direct contact with the ice-
covered surface. Since the ice cover was relatively compact and thick, convection driven by brine
rejection was minor. The O Camp mixed layer was thus similar in some respects to the “cold” Wed-
dell regime of Gordon and Huber (1990, see their Fig. 7c) except that the change in density across
the pycnocline separating the mixed layer from the warm layer below was about twice as large in
the Arctic, and the vertical extent of the pycnocline was much greater.

The intent of this paper is to explore characteristics of turbulence and other high frequency
motions measured in the upper ocean under O Camp. Previous observations of turbulence under
pack ice have underlined the importance of wind forcing: when the winds stops blowing, the ice/
ocean shear and associated turbulence vanish. It is tempting to assume that the turbulent OBL set up
by wind-driven drift across a quiescent ocean is similar to the OBL that would occur if the ocean
flowed past stationary ice with the opposite velocity— this is the basis, ¢.g., of comparing the un-
der-ice OBL with the atmospheric boundary layer (McPhee and Smith, 1976). The tacit assumption
is that the only source of turbulence is shear at the ice-ocean interface. During much of the drift of
O Camp we experienced strong diurnal currents relative to the ice that had little if any direct rela-
tion to the wind. The O Camp results suggest instead that turbulence generated by internal wave
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breaking near the mixed layer/pycnocline interface may have boosted overall turbulence levels in
the mixed layer, and helped keep the mixed layer deep.

2. Turbulence Measurements

During O Camp, we deployed two instrument systems for measuring both mean and high
frequency flow characteristics, using “turbulence clusters” (TC’s) comprising three small current
meters mounted along orthogonal axes near a Sea-Bird temperature/conductivity pair. The first sys-
tem consisted of two rigid masts suspended through hydroholes with TC’s at several levels down to
12 m below the ice, i.e., the upper part of the OBL.. The second system (Fig. 1), newly developed
for the O Camp experiment, is a rigid frame with 6 TC’s spanning 11 m in the vertical, all interfaced
to a Sea-Bird CTD unit equipped with compass and tiltmeters. Over the course of the experiment,
the topmost cluster was eliminated, and one of the remaining temperature sensors failed, leaving 5
velocity turbulence clusters, with 4 including temperature and salinity. The whole “super CTD” can

be lowered by a small winch to depths of 100 m or more. This system was intended mainly for

studying internal waves and other small scale motions in the upper part of the pycnocline, but could
also be positioned for boundary layer measurements nearer the surface.

From late on April 11, 1989 (day 101) through April 14 (day 104) a small storm was ob-
served at O Camp with sustained easterly winds of 6-8 m/s (Guest and Davidson, 1989). For part of
that period, the mobile CTVD frame was raised so that its topmost cluster was at approximately the
same depth as the lowest cluster on the fixed mast, i.e., 12 m below the depth of the ice/ocean inter-
face at 2.4 m. This provided a comparison between two clusters separated horizontally by about 6
m, and extended the turbulence measurements 9 m deeper in the boundary layer.

Turbulence statistics were extracted from the raw data as follows. The system samples ve-
locity of each rotor six times per second, with these samples averaged for 1 s in the interface deck
units and recorded digitally. For each cluster, sums of the data and data products and cross products
are accumulated for 15 min periods, from which average velocities and zero lag covariances are cal-
culated. Components of the Reynolds stress tensor are defined by

T,-jE {(u;=T) (uj— Uj) )

where angle brackets denote the ensemble spatial average, u; is the instantaneous velocity compo-
nent in the ith direction, and U; = (u;),. The true Reynolds stress is approximated by the covari-
ance matrix under the assumption that a horizontally homogeneous field is advected past the probes
in a steady flow. Obviously, these conditions are rarely encountered in nature, and our hope is that
there is a “spectral gap” between the frequencies of the dominant turbulent eddies and other flow
features. We have found from past measurements in the OBL (McPhee and Smith, 1976; McPhee,
et. al, 1987) that an averaging interval of 15-20 minutes represents a suitable compromise between
sampling the entire turbulent spectrum and having lower frequency, nonturbulent flow variations
contaminate the statistics. Since the time scale of the most energetic turbulence eddies is of order
minutes, there is much variability from one 15-min realization to another, especially in the off-diag-
onal (shear stress) components of the Reynolds stress tensor. Thus several 15-min realizations must
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be averaged before the Reynolds stress statistics “settle down.”

Fig. 2a shows a 5.25-hr average (i.e., the average of 21, 15-min realizations of the Reynolds
stress tensor), beginning at 103:10:08 UT, of mean velocity (relative to the ice) and Reynolds stress
for three clusters on the main fixed TC frame. This may be compared with a 6-hr average starting at
103:10:15 UT of 5 clusters on the mobile CTDV frame (Fig. 2b). Although the times are not exactly
the same, there is reasonably close correspondence between both velocity and turbulent stress
where the depths overlap. Fig. 2c shows velocity and stress measurements from an earlier time
when the mobile CTVD frame was lower in the OBL, and the flow was less energetic: the mean ve-
locity at 22.9 m is 12.0 cm/s vs. 19.9 cm/s at 23.2 m in Fig. 2b.

The variability in stress in the upper part of the OBL, especially the decrease in stress 2 m
from the interface (Fig. 2a), probably results from variation in the under-ice topography surround-
ing the experiment site. A side-looking sonar survey of the ice undersurface showed that the ice was
relatively smooth near the deployment site, but that there here were sizable pressure ridge keels
within 100 m (R. Colony, personal comm., 1989). If the roughness of the undersurface were uni-
form, stress would increase monotonically toward the interface; however, as the turbulence frames
are usually sited under smooth ice, it is common for the stress to decrease near the surface (see, e.g.,
McPheg, ¢t. al., 1987).

The profiles of Fig. 2 exhibit characteristics which distinguish these data from previous
studies under sea ice.The main feature is the lack of angular shear (furning) in both vector fields. In
most previous OBL measurements, the turning occurred within the upper 30 m of the water column
(McPhee and Smith, 1976; McPhee, et. al., 1987); however, those data were from mixed layers that
were 40 m or less thick. At the time of the present measurements, the mixed layer under O Camp
was about 70 m deep (J. Morison and R. Andersen, personal comm., 1990). In order to quantify
how this would affect theoretical velocity and stress profiles, we adapted a steady state, quasi-ana-
lytic OBL. model (McPhee, 1990; 1991) so that it matched the modeled stress to the measured stress
at a particular level (14.2 m in Fig. 3a), then reconstructed the entire stress profile, including the in-
ferred stress at the interface, shown as the dashed vectors in Fig. 3. The model velocity profile rela-
tive to an observer on the ice was then constructed from the stress profile, with the surface layer
shear specified by finding a surface roughness (z, = 0.1 m) which gave close agreement with veloc-
ity measured at the same 14.2 m depth. Results are shown in Fig. 3a, in a format chosen to facilitate
comparison with the measurements. The dotted curves around the topmost vectors show theoretical
hodographs (plan views) for velocity and stress for a logarithmic grid across the upper 100 m, and
are included to indicate the total expected turning in both vector fields. Note that in the reference
frame attached to the ice there is little angular shear in the velocity field in the upper 20 m, but that
the Reynolds stress vector exhibits substantial turning.

The model includes the effect of buoyancy flux at the pycnocline on the turbulence struc-
ture, and the results show that the lack of turning in the velocity profile is not unexpected (although
the angle between velocity and stress is less in the model than in the data). The modeled stress
shows more turning than observed, but generally approximates a smoothed rendition of the ob-
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Fig. 2a. Mean velocity (relative to observer on the ice) and Reynolds stress for three clusters of the
fixed frame, averaged for 5.25 hrs beginning at 103:10:14 UT. Numbers to the right of each vector
are depth in m (subtract 2.4 for distance from ice underside)
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Fig. 2b. Mean velocity and Reynolds stress for the mobile CTVD frame, averaged for 6 hrs begin-
ning at 103:10:15.
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Fig. 2c. Same as Fig. 2b, except 1.75 hr average starting at 102:14:15

served stress.

For the model to have validity, it should apply as well to different conditions. This was test-
ed by forcing the modeled stress at 22.9 m to match data from the earlier observations of Fig. 2c.
Results are shown in Fig. 3b, and discrepancies are readily apparent. In order to match the observed
stress at 22.9 m, the model finds a fairly high value of surface (interface) stress, which produces
enough shear through the logarithmic surface layer (using the same 0.1 m for z,) that the modeled
velocity at 22.9 m is roughly 40% higher than observed. In addition, the modeled stress 9 m below
the reference level is noticeably smaller and rotated farther clockwise than observed. Thus the mea-
sured velocity implies that the actual interfacial stress is smaller, and that the model overestimates
attenuation of stress with depth.

‘While uncertainties in the model and data are large, the theoretical results suggest that stress
is more uniform, and penetrates farther into, the O Camp mixed layer than we would expect based
on the behavior of previously measured boundary layers. Aside from the depth of the mixed layer, a
major difference between the O Camp and previous mixed layers is the strength of oceanic flow not
driven directly by the wind. Recalling the discussion in Section 1, in most of the Arctic, wind is the
prime mover of ice, and the absolute (i.e., in a frame of reference fixed to earth) velocity in the low-
er part of the boundary layer approaches the geostrophic current in the ocean, typically a few centi-
meters per second. Our impression at O Camp was that currents in the boundary layer had little
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Fig. 3a. Analytic model of relative velocity and Reynolds stress, forced to match the observed stress
at 14.2 m (Fig. 2b). Solid vectors are drawn offset downward to coincide with the measurement lev-

els. The dashed stress vector is the required ice/ocean stress and hodographs of stress and velocity
are shown as dotted curves emanating from the uppermost level.
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Fig. 3b. Same as Fig. 3a, except the model was forced to match the stress at 22.9 m to simulate the
upper ocean structure of Fig. 2c.
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Fig. 4. Fifteen minute averages of absolute horizontal velocity at 5 levels of the mobile CTVD
frame. Numbers at right indicate average depth in m. Absolute velocity is the vector sum of the
measured water velocity and the ice velocity determined from satellite navigation. The row of vec-
tors labeled “Wind” indicates surface wind velocity divided by 50, so that the scale bar at the left is
equivalent to a wind magnitude of 15 m/s.

direct connection with the wind, which is substantiated by Fig. 4, showing the absolute horizontal
currents at each level on the mobile frame for the period 103:12:00 to 104:12:00 UT and 3-hr aver-
ages of the surface wind. The frame was occasionally moved in the vertical during the interval
shown, but remained relatively shallow until the last few hours, when it was lowered into the pycn-
ocline. While the wind remains relatively steady from the east, there is a strong south to north and
back again reversal in the flow. Shortly after midnight on day 104, there is a significant flow event
superimposed on the northward part of the diurnal cycle. It may be that this energetic flow, which
will be discussed further in the next section, is instrumental in increasing turbulence levels in the
entire mixed layer and thus smearing the momentum exchange between the ice and ocean across a
larger vertical extent.

3. Deep Boundary Layer Measurements

Results presented above are from a time with the mobile CTVD frame positioned near the
surface, when it was in effect an extension of the near surface, fixed frame. Four days later, both
systems measured a remarkably similar flow regime, but this time the mobile frame was near the
bottom of the mixed layer. Fig. 5a shows horizontal current in the same format as Fig. 4, with the
frame spanning levels from about 93 to 102 m. The deeper flow has many features of the earlier
record, including the dominant diurnal reversal, a dramatic direction swing shortly after midnight,
and little apparent connection with the wind. The temperature record (Fig. 5b) illustrates that strong



78

} Wind

S

st ‘%\\x\\w\\
i \\&\\\\WN\W

\“Ar \\&\\\W o
i»* %&\\\\//Nziii
| \\M\\/

\\“" N\\\

107.500 107.750 108.000 108.250 108 SOO
Absolute current, 15 minute average

30 em/s

Fig. 5a. Same as Fig. 4, except for time 107:12:00 to 108:12:00, with the mobile CTVD frame deep
in the mixed layer/upper pycnocline.

thermal signatures accompany both the velocity reversals and mid-cycle disturbances at intervals of
slightly over 6 hrs. Salinity is not shown but follows temperature closely with a maximum excur-
sion of about 0.4 psu. A plausible interpretation is that the recurring thermal features are some type
of internal bore associated with amplification of internal tides by the Yermak Plateau to the south, as
discussed in the context of a dominant diurnal component in current meter records from the region
by Hunkins (1986). The disturbances are also apparent in Fig. 5c, which shows q2 (i.e., the sum of
the diagonal components of the Reynolds stress tensor), based on two-minute averages of the devi-
ation of velocity components (measured at 1 sec intervals) from their means. The short averaging
time was chosen to separate the small scale effects from variance associated with irrotational inter-
nal waves, and thus may not represent the entire turbulent spectrum; nevertheless, “patches” of in-
tense q2 most likely indicate active turbulent transfer down the energy cascade from larger to
smaller scales. There is a period of relatively high turbulence in the afternoon of day 107 without
the dramatic temperature/salinity signal, but it appears in this case that the disturbance existed deep-
er in the water column (L. Padman, personal comm., 1990).

The midnight event was accompanied by a packet of energetic internal waves, as illustrated
most clearly in the vertical velocity records of Fig. 6. These waves were also evident in data from
tiltmeters embedded in the ice (Czipott, et. al., 1990). The average spectrum of vertical velocity for
the entire 24-hour period is shown in Fig. 7. Spectra were calculated for each cluster by smoothing
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the periodogram (proportional to the squared amplitude of the discrete Fourier transform of one
minute averages of vertical velocity) with one pass of a modified Daniell filter of halfwidth 4 min’!
(Bloomfield, 1976). The spectra from all 5 clusters were then averaged for Fig. 7. A peak with a fre-
quency of approximately 0.04 cpm (25 minute period) stands out, which agrees within a minute of

the period reported by Czipott, et. al. (1990) in ice flexure.

A number of interesting events occur during the first 6 hrs of day 108, which may illustrate
how deep mixing is enhanced in the Yermak Plateau region. A salinity profile just prior to the onset
of the bore event at about midnight is shown in Fig. 8a, along with 10-min average salinities from
the lower 4 clusters. The instrument frame started out near the base of the mixed layer, then appar-
ently entered and exited the pycnocline as the interface followed the internal waves, as indicated by
the difference in salinity across the instrument frame as a function of time (Fig. 8b). After the main
thermal anomaly passed in about 2 hrs, the stratification reverted to its former small value. The 25-
min period internal waves continued until about 05:00. The abrupt rise in q2 lags the passage of the
bore temperature front by about half an hour, then seems to die away more or less exponentially
over the next 3 hrs. A picture thus emerges of an internal bore, which is itself highly turbulent, tra-
versing the lower part of the mixed layer, leaving energetic internal waves and elevated turbulence

levels in its wake.

A detail of the spectra of vertical velocity for the first 6 hrs of day 108 is shown in Fig. 9.
The solid line is the average spectrum for the upper three clusters on the mobile frame, with sym-
bols indicating individual spectra for the same three clusters (the lower two clusters are not shown
in order to keep the graph legible, but are quite similar to cluster 3, marked by pluses). Near the 25-
minute peak [log(f)=-1.4], there is a substantial difference in energy density across the 5 m span of
the clusters. There is a plateau in the frequency range from log(f)=-1.1 (1/12 min) to -0.8 (1/6 min)
which may indicate harmonics of the dominant internal waves, or the dominant turbulent eddy size,
or perhaps a combination of both. At the higher frequencies, the energy levels of the higher cluster
(asterisks) are no longer discernibly smaller, in fact may be larger.

Similar velocity measurements are available from two, 3-hr records of the fixed-mast turbu-
lence system near the surface, spanning the period from 107:23:56 to 108:06:14. Fig. 10 shows
power spectra of 1-min averages of vertical velocity for clusters at 4, 8, and 12 m below the ice/wa-
ter interface in the same format and to the same scale as Fig. 9. Calculation of the spectra is the
same as before, except that the individual cluster spectra are the average of spectra from two 3-hr
segments instead of one 6-hr segment. There is essentially no indication in the shallower data of the
25-min waves, even 12 m below the ice. In fact, the spectra begin to fall off near the peak of the
lower spectra. This was somewhat surprising in view of the tiltmeter results mentioned above; on
the other hand, the actual displacement of the ice is very small, and if there is energy at 25 min, it is
masked by the turbulence levels at higher frequencies. The lack of a spectral peak in the cluster at
12 m is important because it shows that the 25-min waves are not losing their energy only when
they encounter the high stress and shear near the interface, but that much of the energy transfer to
turbulence is happening near the base of the mixed layer.



81

107.500 107.750 108.000 108.250 108.500

T T T —T T T

1000 F 77 7T
5.00

£ om L w
-5.00

-10.00 A Mavarivg ]

WW%W
C FTRWPNITTY,

vertical velocity, 1 minute average

¢ d=02.8

d=94.8

53
11

d=97.8

i §
3

11

d=99.8

yd=101.8

I

Fig. 6. Time seties of vertical velocity at 5 levels on the mobile frame. Each small time division is 2
hrs.

Average w spectra, 107.5 to 108.5

101 ¢ L I o B e e e LA N o o Ty
; £=0.04 cpm E
| |

il:
- ]
i 1

10-3 ! L1 1 Il [ B A I ! [ N L TN T B B B
104 103 102 10t 109

frequency (cpm)

Fig. 7. Average power spectrum of vertical velocity for 5 clusters of the mobile frame for the period
107:12:00 to 108:12:00 UT. Spectra for each cluster are calculated by smoothing the periodogram
of 1-min velocity averages with one pass of a modified Daniell filter of halfwidth 4 min’l,
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Fig. 8a. Salinity profile (courtesy J. Morison and R. Andersen) just prior to the onset of the anoma-
lous event starting at midnight. Asterisks mark the 10-min average of mobile frame salinities at ap-
proximately the same time.
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cluster 2 (at 94.7 m) for the period 107:23:00 to 108:06:00 UT.
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Fig. 9. Power spectra of vertical velocity from three clusters on the mobile frame for the period
108:00:00 to 108:06:00. Symbols mark spectra from individual clusters: cluster 1 at 92.7 m (¥),
cluster 2 at 94.7m (0), and cluster 3 at 97.7 m (+). The solid curve is the average. Spectra from
deeper clusters are similar to cluster 3.

A reasonable interpretation of the spectra of vertical velocity from both deep in the mixed
layer and near the surface, is that energetic internal waves are propagating into the system from be-
low, and losing their energy as they encounter the low stability and existing turbulence in the lower
part of the mixed layer. Fig. 9 is provocative in that if it truly represents a transfer of energy from
the frequency of the dominant internal waves to smaller scales across the 5 m separation of the three
clusters, then it shows that the main source of TKE just above the main pycnocline comes from be-
low.

4. Summary

While the upper ocean under O Camp was never close to overturn and subsequent deep con-
vection, the regime there may be the closest Arctic analog yet studied of the ice covered winter
mixed layer of the Weddell Gyre, where overturn is possible with slight variation of the forcing pa-
rameters (Martinson, this volume). The question posed for each region is how the upper ocean re-
mains mixed to deep levels (by polar standards) when destabilizing surface buoyancy is cut off by
the ice cover, and when upwelling and diffusion across the pycnocline tend to reduce the mixed lay-
er depth. Results of the present study suggest that activity in the pycnocline below the mixed layer
may have significant impact on the turbulence and momentum flux in the OBL. A source of OBL
turbulence other than direct shear at the ice/ocean interface would mimic some aspects of an unsta-
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Fig. 10. Power spectra of vertical velocity from three clusters on the main fixed frame for the period
107:23:56 to 108:06:14. The format, including plot scales for direct comparison, is the same as Fig.
9, except: cluster 1 at 6.4 m (4 m below the ice) (*); cluster 2 at 10. 4 m (0); cluster 3 at 14.4 m (+).
Note the lack of a discernible peak at 25 min [log(f)=-1.4].

ble, convective boundary layer: i.e., just as stable stratification reduces the size of turbulent eddies,
and confines the OBL momentum (deficit, in this case) to smaller depths with more angular shear
(see, e.g., McPhee, 1983; Mellor, et.al., 1986), an agent that increases eddy size would conversely
increase the scale of the OBL and reduce the turning. The near surface measurements in Section 2
showed that stress levels were higher in the range from 15-30 m than we had come to expect from
previous studies of neutral boundary layers under sea ice, implying some enhancement of turbu-
lence levels. The ice cover in the vicinity of O Camp was relatively thick and compact, thus it is un-
likely that unstable buoyancy flux had much influence on OBL dynamics.

A case study of an energetic packet of internal waves superimposed on what appears to be a
fairly regular tidal bore that traverses the O Camp region, may indicate where the enhanced turbu-
lence originates. Fig. S5c shows that small scale velocity fluctuations (most likely turbulence) near
the base of the mixed layer are strongly intermittent and related to the larger scale flow features.
Fig. 9 shows a steep vertical gradient in power spectral density in the vertical velocity components
near the mixed layer/pycnocline interface. The vertical displacement associated with a simple inter-
nal wave with the vertical velocity amplitude observed shortly after midnight on day 108 (Fig. 6) is
about 20 m, yet 80 m higher in the boundary layer (and still 12 m from the interface), there was vir-
tually no evidence of the 25-min waves in the vertical velocity spectrum (Fig. 10). The clear impli-
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cation is that quite a lot of energy has been transferred from lower to higher wavenumber scales,
and that as the internal waves impinge on the mixed layer from below, the process takes place pref-
erentially at depth. A source of turbulence for maintaining a sharp interface deep in the mixed layer
is thus identified.

What created the oceanic conditions responsible for the activity below the OBL at O Camp
is beyond the scope of this work, yet it may be germane to point out the geometric similarities be-
tween the Arctic Ocean floor around the Yermak Plateau, and the Weddell Sea in the vicinity of
Maud Rise. While the proximity of Maud Rise to the initial location of the Weddell Polynya of the
1970s may be coincidental, one can speculate that an increase in internal wave activity in the pycn-
ocline, say from the interaction of an oceanic eddy with Maud Rise, might have raised turbulence
levels in the mixed layer, and entrainment at its base, enough to initiate deep convection, and then to
prevent re-establishment of the stable winter regime now dominant. Further research, both observa-
tional and theoretical, seems warranted.
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