and January. The second feature to note is that while pairs MBC12-HS and MBC12-CLE are
both coherent in the frequency band centered on 7.6 x 10° cph (5.5 days), the HS-CLE pair is
incoherent in this frequency band. Current variations observed at this frequency in Barrow
Canyon and along the Beaufort Sea continental slope are believed to be a reflection of eastward
propagating continental shelf waves (Aagaard and Roach, 1990). Incoherence between HS and
CLE at this frequency suggests that the cross-shelf extent of these waves is broad enough to
affect motions at HS (and within Barrow Canyon) but not at CLE. If the hypothesis is true, then
these waves influence circulation over a considerable expanse of the Chukchi Sea’s outer shelf
because the HS mooring site lies approximately 400 km south of the shelfbreak. Because
MBC12 and CLE both lie within the ACC, the coherence observed between these moorings in
this frequency band implies that they both detect the same nearshore current variations.
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Figure 3 a,b,c. Coherence squared (y%) and phase (¢) between major axis velocity
components for a) MBC12-HS, b) MBCI12-CLE, and c) HS-CLE. The 10% significance level
for coherence squared is shown by the horizontal line.

Previous studies have indicated that regional atmospheric processes affect current
variability in Bering Strait (Coachman and Aagaard, 1988), in the coastal current (Johnson, 1989;
Aagaard, 1988) and, to varying extent, in Barrow Canyon (Mountain et al. 1976; Aagaard and
Roach, 1990). Inspection of the wind and Barrow Canyon current time series in Figure 2
suggests that the two are correlated. The relationship between wind-forcing and current
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fluctuations was examined in terms of the coherence squared and phase spectra between the
winds and the component of the current aligned on its principal axis (Figures 4a-4e). For each
case, winds estimated at the FNOC grid point closest to the mooring of interest were used in
these calculations. For HS, the east and west wind components at 70°N, 167.5°W were jointly
used to examine the current response in terms of the multiple and partial coherences (Bendat and
Piersol, 1976). [The multiple coherence function defines that fraction of the current spectrum
which is linearly related to both components of the wind.] The partial coherence isolates that
portion of the current spectrum which is solely accountable for by one of the wind components.
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Figure 4 a,b,c. Coherence squared and phase between wind components and currents at
HS. a) Multiple coherence squared; b) Partial coherence squared and phase (north-south wind
and current); c) Partial coherence squared and phase (east-west wind and current). Wind
components at 70°N, 167.7°W.
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Figure 4 d,e. Coherence squared and phase between d) winds along 43°T at 70°N,
165°W, and MBC12 currents and e) north-south winds at 67.5°W, and CLE currents.

[ :
These coherence functions are the frequency domain analogues of the multiple and partial
correlation coefficients.] For CLE and MBC12 only the alongshore components of the wind are
used in the analysis (for CLE this is the north component of wind velocity at 67.5°N, 167.5°W
while at MBC12 it is the wind velocity component projected along 43°T at 70°N, 165°W).
(Results obtained using winds projected onto different coordinate system rotations and rotary
cross-spectral results do not significantly change the results obtained from these variable pairs).
Estimates of coherence squared and phase were calculated in the same manner as those displayed
in Figures 3a-3c. '

At HS, the multiple coherence squared (Figure 4a) between both wind components and
the current is significant at frequencies less than 0.0125 cph (periods greater than 3 days) and
indicates that about 50% of the current variance over this portion of the spectrum can be
explained by the winds. Note, that while significant, the multiple coherence has relative minima
at about one month and five days. As shown by the partial coherences the north-south wind
component (Figure 4b) explains much of the current variability at frequencies less than .006 cph
(periods greater than 7 days). These results imply that the HS current response to north-south
wind forcing varies seasonally in relation to the frequency and intensity of synoptic storm
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systems. On the other hand, current variability over the mid-frequency band of 0.006 to 0.0125
cph (3 - 7 day periods) is largely due to the east-west wind component (Figure 4d, 4e). For both
components, the currents are nearly in-phase or lag the winds by from 1 to 2 days.

In contrast, the wind-current relationship at MBC12 (Figure 4d) and CLE (Figure 4e) is
simpler in that the along-shore component of the wind accounts for a significant fraction of the
current’s variance over most of the spectrum. In this regard, the results are consistent with the
theoretical response of a coastal current to alongshore wind forcing (e.g., Csanady, 1982). The
phase plots show that at both locations, currents lag the winds by about 1 day at periods longer
than 3 days while at shorter periods they lead the winds by from 12 to 36 hours.

Coherence squared and phase spectra between CLE currents and the winds near Bering
Strait (65°N, 170°W) and those along 70°N at 167.5°W and 165°W were also calculated. These
results showed a significant degradation in coherence between CLE currents and the winds at the
northern grid points but virtually no change in coherence (or phase) using winds from the
southern grid point. The result indirectly corroborates the observations of Coachman and Aagaard
(1981) and the model results of Spaulding ef al. (1987) which showed that current variations near
Cape Lisburne were correlated with the wind-driven flow in Bering Strait.

An important point of difference between the wind-current relationship at MBC12 and
CLE is that, for the latter, winds account for less than 25% of the variance for. frequencies
centered at about 0.001 cph (33-44 days), whereas in Barrow Canyon winds explain more than
50% of the variance within this frequency band. It was noted above that current fluctuations at
CLE were incoherent with those at MBCI2 at similar time scales. To explore these issues
further, Figure 5 shows the mean monthly current vectors and wind vectors at 65°N, 170°W and
70°N, 165°W. For each mooring, the monthly velocity vectors in October and from February
through August differ only slightly from their record length means. However, from November
through January, flow within the ACC (as shown by MBC12, UBC12, and CLE) is weak and
variable. In December, Barrow Canyon flow was northward, while at Cape Lisburne it was
southward. The situation reversed in January, with southwest flow in Barrow Canyon and
northwest flow at Cape Lisburne. Thus, while flow within the Alaska Coastal Current was
remarkably uniform over most of the year, this consistency broke down in late fall and early
winter. The change in both the gain and the phase relationship between MBC12 and CLE during
these months effectively erodes what would otherwise be a coherent relationship at low
frequencies. ' _

The January mean currents at Cape Lisburne and Barrow Canyon imply alongshore
convergence in the coastal flow during this month. Mass balance is conceivably maintained by
a compensatory flow to the northwest (in the gap between Herald and Hanna Shoals) and the
observed northward flow at HS in January is consistent with this interpretation. =As argued
below, abnormally weak winter coastal flow and the January flow convergence affect: 1) the
modal temperature and salinity properties of the dense water produced in the coastal polynyas,
and 2) the trajectory that the cold, saline outflows take enroute to the Arctic Ocean.

The late fall-early winter disruption in the continuity of the ACC can be ascribed to
differences in shelf-wide wind forcing. Coachman (1993) and Kozo and Torgerson (1986) claim
that southward flow in Bering Strait is usually established if northerly wind speeds exceed ~8 m/
s. In December, the mean southward flow observed at CLE coincided with a mean northerly -
wind speed of 8.1 m/s at 65°N, 170°W. In January, the mean northerly wind speed at this
location was 7.7 m/s and therefore not sufficiently strong to reverse the flow in either Bering
Strait or at CLE. Meanwhile, strong northeasterly winds (7.5 m/s) which blew in January over
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the northern Chukchi Sea were associated with the month-long flow reversal of the flow in
Barrow Canyon.
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Figure 5. From bottom to top. Mean monthly current vectors at current meter locations.
CLE, HS, UBC12, MBC12, and mean monthly wind vectors at 65°N, 170°W, and 70°N, 165 °W,
respectively.

Temperature and salinity variability.—Figures 6 and 7 show time series of temperature
and salinity for instruments MBC12, UBC3, HS and CLE. At both CLE and HS the seasonal
temperature cycle consisted of: 1) a rapid cooling beginning in the last week of November which
decreased temperatures to the freezing point, 2) a 7 - 8 month period during which time
temperatures across the shelf remained near freezing, and 3) beginning in summer, a gradual
warming that heralded the arrival of Bering Sea summer water. The late November cooling
coincided with intense winds (Figure 2), vigorous surface cooling, and ice production which
contribute to vertical mixing and erosion of the stratification remnant from the open water season.
Thus, beginning in early December any additional oceanic heat loss must be balanced by latent
heat released from ice formation. The seasonal temperature cycle at UBC3 and MBCI12 is
similar except that the period of near-freezing temperatures begins at the end of January instead
of late November. This delay is related to the fact that the instruments here are at greater depth
than those to the south, the time required to flush the shelf completely of summer water and to
fall/early winter episodes of upcanyon advection of AIW. A second point of difference between
the Barrow Canyon records and those to the south is that the arrival of warm water at UBC3 (and
at UBC12) occurs nearly two months after its arrival at CLE. Dividing this time lag into the
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distance between CLE and UBC (400 km) suggests a mean speed of about 7 cm/s for the coastal
current. Assuming that this value is representative of the mean summer speeds of the coastal
current between Bering Strait and upper Barrow Canyon implies that the northeast Chukchi shelf
was effectively flushed of winter water within a 3.5 month period.

Salinities also varied seasonally (Figure 7). At all locations, minimum salinities were
observed in fall. Maximum salinities occurred in mid-January at CLE, early February at HS, and
the latter half of March in Barrow Canyon. Following these winter maxima, salinities decrease
gradually through spring and summer as less saline water is advected northward. At HS, the
salinity maximum was preceded by a rapid increase in salinity which began in mid-January. In
Barrow Canyon, salinity increased rapidly in early February coincident with the reestablishment
of the normal shelf circulation regime (Figures 2 and 5) and this increase reflected flushing of
the cold, saline water formed within the polynyas along the northwest coast of Alaska. There
was also a shorter-lived brine outflow event in Barrow Canyon which occurred in mid-December.
However, this outflow was more prominent at UBC3 than at MBC12 suggesting that much of
it mixed with ambient shelf water as it flowed downcanyon. Three particular events of note were
observed at MBC12 in late November, late January, and late April in tandem with strong
southwestward (upcanyon) flow. These reversals- affected an upcanyon transport of the high
salinity (~34.3 psu), moderate temperature (~-0.5°C) water characteristic of AIW,

St MBC 2
o 0.0
v—l.O

-2.0

g ZE ['LM /V\,\ UBC3 - B
AL A YV Y

— 2.0 .
G 2
o 1.0 HS
0.0+
-2.0

6.0+
5.0

4.0
—~ G.DJJV\//J\"’\
O 2.0 JUV\ CLE

o 1.0+

0.0

~1.04 ‘/\/\K“-

-2.0 —r : T T T 7 T . —T
Jo 0 20 z8 29 28 28 2y : s

Nov DEC JAN FEB MAR APR MAY JUN JUL” AUG" SEP ®

1991 1992

Figure 6. Low-pass filtered temperature records from current meter moorings in the
northeast Chukchi Sea.
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Figure 7. Low-pass filtered salinity records from current meter moorings in the northeast -
Chukchi Sea.

The temperature/salinity properties observed at the moorings segregate into several
volumetric modes. Figures 8a-8¢c show these modes for moorings CLE, UBC3, and MBC12,
respectively. The dominant mode at all sites has the moderate salinities (~32.5 psu) and the low
temperatures (< -1.0°C) characteristic of Chukchi Sea winter water (CAT). At CLE, there is a
secondary mode consisting of the warm, low salinity fraction of Bering Sea summer water
flowing within the coastal current. (Following the nomenclature of CAT this fraction is termed
Alaska Coastal Water [ACW]). This water mass is observed in fall 1991 (October and
November) and late summer 1992 (July through August). By contrast, the summer water at HS
consists of the Bering Shelf Water mode of Bering Sea summer water (CAT) that is both cooler
and saltier than the ACW water mass observed at CLE (cf. Figure 6 and 7). In Barrow Canyon,
the second most dominant water mass is a brine mode with salinities greater than 33.75 psu and
temperatures at the freezing point. This mode is separated from the winter water mass by a third
mode whose salinities fall between those of the winter water and the high salinity brine
suggesting that it is a mixture of these two components.

The water property distributions observed at MBC12 and UBC3 differed markedly in two
respects from those observed by Aagaard and Roach (1990) in 1986/87 and, in fact, were similar
only in that winter water comprises the dominant mode in both years. In 1986/87 AIW was the
second-most dominant water mass observed, whereas in 1991/92 unmixed AIW was observed
infrequently (on the dates previously noted) at MBC and not at all at UBC. Moreover, brine
products were conspicuously absent in 1986/87 whereas in 1991/92 they constituted the second
most abundant water mass mode observed in Barrow Canyon.

3-15



250 7

Cape Usbume

200 -

Py
S
1

# of Obeervatlona
=3

9 0 X
> "\9‘5‘?’5"95 s 5‘?4;-“5'0 ‘ Temperotur®
Soﬁnity (Dsu)
Figure 8a. Frequency plot of temperature-salinity pairs from current meter mooring
g q yp p p
(CLE).
8b )
8c
o0
o0

Upper Barrow Canyon

Middle Barmrow Canyon

e aad (
R A
SENN

NS
e e
=
o ‘ 05 -*0 45 -2
& 9‘) S o o ! 5 00 o ( o C)
. 6 Temperd

Figure 8 b, c. Frequency plot of temperature-salinity pairs from current meter locations

b) MBC12 and c¢) UBC3.
3-16



Polynya Formation and Brine Production—To investigate the connection between the
brines observed at the moorings and the polynyas along the northwest coast of Alaska in the
winter of 1991/92, heat fluxes and salt production rates were computed over areas of open water
estimated from the SSM/I imagery obtained from early December through late March. The
surface heat balance results are summarized in Figure 9 which shows time series of the individual
components comprising this balance as well as the wind speed and mean daily adjusted Barrow
air temperatures. Throughout the record, sensible heat flux variations were more closely related
to wind speed than to air temperature. From December through February, the sensible heat flux
dominates the surface heat budget and, as such, the net heat loss is also largely a function of the
wind speed. (Note that in March, the dominant component of the surface heat balance is the
longwave radiative loss.) Maximum heat losses occurred in December and January. The trend
toward diminishing heat loss which began in February was a consequence of both a decrease in
wind speed and an increase in solar radiation (the latter is identically zero from December

through most of January at 70°N).
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Figure 9. From bottom to top, time series of sensible (solid line) and long-wave outgoing
radiation (dashed line), adjusted air temperature, wind speed, long-wave incoming radiation (solid
line) and incoming short-wave radiation (dashed line), and net surface heat flux from December
through March in the northeast Chukchi Sea. '

Figure 10 shows daily time series of open water area, the east component of wind velocity

(both at 70°N, 165°W), the net heat flux (assuming a water temperature of -1.8°C) and the daily
and cumulative salt production. The starting date for the estimation of the latter begins on
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show that the CSPyy in 1981/82 was twice that of 1986/87 and these differences are largely due
to diminished open water area in 1986/87. Tentatively, it appears that the CSPyy and open water
area of 1991/92 falls between the values observed in these earlier years. Preliminary examination
of the wind records suggest that differences in polynya size as well as the shelf circulation relate
to interannual differences in the large-scale wind-forcing over the Chukchi Sea and the northern
Bering Sea. Additional analyses along these lines are currently underway.

SUMMARY

Five current meter moorings were deployed in the northeast Chukchi Sea from October
1991 through September 1992. Four were deployed in the Alaska Coastal Current; two offshore
of Cape Lisburne and two in Barrow Canyon. A fifth mooring was deployed in the central
Chukchi Sea approximately 250 km west of Barrow Canyon.

The results show that current variations were: 1) spatially coherent throughout the
northeast Chukchi Sea and 2) significantly coherent with the local wind field. However, currents
offshore of Cape Lisburne were more coherent with winds over the northern Bering shelf than
they were with winds over the northern Chukchi Sea suggesting that here the coastal current’s
dynamics are, in part, tied to sea-level adjustments associated with wind-driven transport
variations in Bering Strait.

The data depict a shelf circulation which is remarkably steady and swift in most months
of the year. However, from November 1991 through January 1992, flow on the northeast shelf
was nearly stagnant and the along-shore coherence of the coastal current broke down. Disruption
of the coastal flow occurred simultaneously with the formation of polynyas along Alaska’s
northwest coast which enhanced shelf salinity due to brine rejection from growing ice. Hence,
the formation of cold saline water is viewed as a rectified response of the ice and ocean to strong
northeasterly winds which: 1) favored polynya development, 2) enhanced sensible heat loss, and
3) led to weak shelf circulation. The salinization effect was enhanced by the weak circulation
which effectively increased the residence time of water parcels within the polynyas thereby
allowing salinity to increase to a greater extent than would be expected if strong flow had
persisted. In January, basin-scale differences in winds forced alongshore convergence within the
coastal current because strong winds reversed the flow in Barrow Canyon but not in Bering Strait
or offshore Cape Lisburne.

Most of the cold and saline dense water formed in. these polynyas entered the Arctic
Ocean through Barrow Canyon after the normal shelf circulation was reestablished in February.
However, because of convergence within the coastal current in January, a substantial portion of
the dense water drained to the northwest; through the channel between Herald and Hanna Shoal.

Estimates of total salt produced from ice formed in the polynyas are at least a factor of
two smaller than salt flux estimates based upon the current meter observations. However, it
seems plausible that additional salt produced in areas of thin ice, which are not easily ascertained
by the satellite imagery, would be more than sufficient to remove the observed discrepancy.
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