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Figure 4.. Contour maps of (a) surface temperature (DC), (b) surface s~linity (psu), (c) 
bottom temperature (DC), and (d) bottom salinity (psu) in August-September, 1986 (froni Johnson 
1989). 

By way of comparison, surface and bottom temperature (Figures 5a and 5c) and salinitY 
(Figures 5b and 5d) maps are shown from data I collected in late Augustthrough mid-September 
1990. Throughout August and most of September winds at Barrow blew steadily and strongly 
from the east while winds at Kotzebue, although more variable, were primarily from the 
southwest and west. The ice-edge in September, 1990 was atabout 74~. The ACW was 
observed at the surface at all locations and temperatures were higher and salinities lower relative 
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to the 1986 survey. While a strong front is observed extending westward from the coast midway 
between Cape Lisburne and Pt. Lay there is no indication of a front intersecting the coast 
between Icy Cape and Pt. Franklin. 
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Figure 5. Contour maps of (a) surface temperature (OC),(b) surface salinity (psu), (c) 
bottom temperature (OC), and (d) bottom salinity (psu) in September 1990. 

Alaska Coastal Water extends over a broad area of the bottom and is found everywhere 
inshore of the 32 psu isohaline (Figures 5c and d). The ACW is also bounded by a weaker 
thermal front in a similar location and orientation as that observed in 1986. Resident Chukchi 
Water lies north of this front while west of Pt. Hope the bottom waters seaward of the front are 
characteristic of the colder, saltier BSW. .. . 
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The relatively coarse station spacing of the 1986 and 1990 surveys pennit mapping 
large-scale hydrographic features but they do not resolve adequately the strength of these fronts. 
However, Aagaard's (1988) cross-section profiles of temperature and salinity collected in late 
August 1982 from transects running northwestward from the coast off Pt. Lay and Pt. Franklin 
(Figure 6) illustrate their intensity.. The Pt. Lay section consists wholly of ACW and shows a 
well-mixed, 20 m deep, surface layer, of unifonn temperature (7°C) and salinity (~30 psu), 
extending over the entire transect. The surface layer is separated from the colder and saltier 
bottom waters by a 5 m thick thennoc1ine across which the temperature decreases from 6 to 2°C. 
Approximately 40 km offshore, the thennoc1ine intersects the bottom fonning a front along the 
35 m isobath. Bottom temperatures decrease by 4°C over the 25, km width of the front. 

The Pt. Franklin transect is more complex. Alaska Coastal Water is confined to a band 
within 20 km of the coast and is separated from offshore waters by an intense surface to bottom 
temperature front. Seaward of the front, waters in the uppennost 20 m derive from ice melt, 
while those at greater depths are RCW. Moreover, there is neither a well-mixed surface layer 
or a thennoc1ine. Rather, the surface layer is strongly stratified due to the salinity difference' 
between the meltwater and RCW. The most striking aspect of this transect, however, is the 
intensity of the thennal front across which the temperature changes by 6°C within 5 km. 

Taken together, these results, plus others shown by Fleming and Heggarty (1966) and 
Coachman et al. (1975), suggest that the bottom front between the 25 and 40 m isobaths is a 
frequent feature of the ice-free season of the northeast Chukchi Sea. (However, Aagaard's [1988] 
data from September 1981 show no evidence of this front and reasons for its absence in that year 
are discussed in Interannual Variability.) In examining the surface temperature distributions it 
is evident that surface and bottom fronts are not always collocated. In fact, the presence and the 
location of surface thennal fronts appear to be much more variable and this variability is 
probably a consequence of the greater influence of wind forcing in the near-surface layer aswell 
as the location of the ice-edge.. Paquette and Bourke (1981) have also noted that the positions 
of the surface and bottom fronts associated with the marginal ice zone of the Chukchi Sea do not 
often coincide. Although satellite thennal imagery is often useful in delineating the circulation 
on the Chukchi shelf (Walsh et al. 1989), one consequence of these results is that analysts 
cannot draw inferences on the absence, presence, or location of bottom fronts based solely upon 

. this imagery. 
Although the bottom front can be displaced in response to wind-induced current 

fluctuations (Johnson 1989) its mean position is most likely established where the bottom depth 
is equal to the mean depth of the mixed layer. In the Chukchi Sea tidal velocities are small (~O.05 

mfs) and the most important energy sources for mixing are cooling at the ocean surface and the 
winds. The mixed layer depth represents an equilibrium depth over which mixing processes are 
balanced by stabilizing processes (atmospheric heating, freshwater influx fromrivers, and melting 
sea-ice). Hence, variability in these parameters should also be reflected in the position of the 
bottom front. 

While the body of physical oceanographic data from the' northeast Chukchi Sea is small, 
further support for the contention that this bottom front is an annually recurring hydrographic 
feature is apparent in biological data. Feder et al. (1990; in press) show large increases in 
abundance and biomass of benthic communities within the vicinity and north of the front. 
Grebmeier et al. (1988) show similar changes in benthic community structure crossing the front 
south of the Lisburne Peninsula. 
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Figure 6. Cross-section profiles of temperature and salinity (psu) from transects extending 
northwestward from a) Pt. Lay and b)Pt. Franklin August-September 1982 (from Aagaard 
1984). 

In summary, the mean flow in the ACC arises in response to the large scale pressure 
gradient between the Pacific and Arctic Oceans and horizontal pressure gradients established by 
the density contrasts between water masses on the shelf. The former varies on millennial time 
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scales while the latter varies seasonally and in response to synoptic atmospheric pressure patterns.
 
The main axis of this current is parallel to a bottom front oriented along the bathymetry. Along
 
the current's axis, speeds vary in conjunction with the strength, of the front and the magnitude of
 
the bottom slope. The latter point is illustrated by the mean and maximum current speeds
 
reported by Aagaard (1988) from year-long cUiTent meter records obtained offshore of Pt.
 
Franklin (large bottom slope) and Cape Lisburne (smaller bottom slope). Mean and maximum
 
speeds from the Pt. Franklin moorings were 0.2 mls and 1.1 mis, respectively. The
 
corresponding values for the Cape Lisburne moorings were 0.05 mls and 0.62 mls.
 

Johnson's (1989) and Aagaard's (1988) results show that superpos~d on the mean flow of
 
the ACC are large temporal variations, which occur on time scales of days to weeks, and which
 
are correlated with the north-south wind component. (Northward winds accelerate the
 
along-isobath flow component, i.e., in the same direction as the mean flow. Southward winds
 
decelerate this flow component and sufficiently strong southward winds can lead lo current
 
reversals.) This current variability might play an important role in transporting shelf water into
 
the interior of the western Arctic Ocean given D'Asaro's (1988) hypothesis that, at the mouth of
 
Barrow Canyon, these fluctuations generate the long-lived eddies observed throughout the interior
 
of the western Arctic Ocean. Aagaard's (1988) results show that along-isobath current
 
fluctuations at the Pt. Franklin moorings were also correlated with· those at Cape Lisburne
 
implying that the velocity field' of the northeast Chukchi Sea is coherent over alongshore
 
distances as large as 350 km. The current response to fluctuations in the wind field occurs
 
rapidly «1 day) and, within the vicinity of the front, is accompanied by dramatic temperature
 
and salinity changes (Johnson 1989). Such effects can complicate the interpretation of
 
hydrographic data collected over a large area during a two to three week cruise and indicate the
 
need to consider the wind history of this region in analyzing such data.
 

UPWELLING 

The deeper (-100 m depth) waters offshore of the shelfbreak of the northern Chukchi Sea
 
provide a potentially important source of nutrient rich water for this shelf.. At still greater depths
 
(-250 m), waters upwelled from the Atlantic layer could exert a substantial change in the
 

. temperature-salinity structure of, the. northern Chukchi Sea as· well as provide nutrients. 
Shelfbreak upwelling provides a mechanism for the flux of these waters onto the shelf. Episodic 
upwelling in Barrow Canyon and along the shelfbreak of the Beaufort Sea is a frequent 
phenomenon which has been inferred from hydrographic data (Garrison and Paquette 1982; 
Bourke and Paquette 1976; Hufford 1974) and observed in current meter records (Mountain et 
al. 1976 and Aagaard and Roach 1990) from the same area, Aagaard and Roach's (1990) results 
show that upwelling, from depths as great as 300 m, occurred along the Alaskan Beaufort Sea 
shelfbreak in the form of eastward propagating events of about five days duration. While these I. 

upwellings were not well-correlated with local winds they were most common in fall and early. 
winter when winds were most variable. They suggest that these episodes are a response of the 
shelfbreak circulation to large-scale stochastic wind forcing and theoretical support for this 
hypothesis is implied by the numerical model results of Philander and Yoon (1982). 

Once upwelled the deeper waters will influence the shelf if they can be advected
 
shoreward. Data from Aagaard and Roach's (1990) mooring anchored on the 150 m isobath
 
within Barrow Canyon suggest that average upcanyon (onshore) velocities during upwelling
 
episodes were about .25 mls. Over the five-day duration of such an event, water parcels would
 
be displaced 125 km upcanyon or as far inshore as the 60 m isobath. In contrast, their current
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records from the Beaufort Sea shelfbreak show that upwelling-related onshore velocities were 
much smaller than those observed in Barrow Canyon. This is not unexpected given that onshore 
flow is weaker over regions of large bottom slope (i.e., the Beaufort shelfbreak) than over regions 
of gentle bottom slope (Johnson and Rockliff 1986). Hence, the westward decrease in slope. 
along the Chukchi Sea shelfbreak suggests that the· onshore excursion of upwelled water here 
might be greater than in the Beaufort Sea. This hypothesis remains untested because, to date, 
no long-term measurements have been made on this part ofthe shelfbreak.. 

SEA-ICE 

The Chukchi Sea is generally ice-covered from November through' June. North of Bering 
Strait, the seasonal retreat of sea-ice begins in June and, in the mean, attains its farthest north 
position along about 72.S~ in mid-September (Naval Oceanography Command Detachment 
1986). In comparison to the Beaufort and East Siberian Seas, ice-retreat begins earlier and . 
ice-advance occurs later on the· Chukchi shelf due to the influence of warm water advected 
northward through Bering Strait. However, interannual differences in the seasonal retreat, 
advance, and position of the ice-edge are related to the winds (Muench et al. 1991; e.g., north 
winds advect the ice-edge southward and vice-versa). . 

The northward retreat of the ice-edge during the summer months does not proceed 
uniformly along its length. Figure 7 (from Muench 1990) shows that the ice-edge between 
Wrangel Island and Pt. Barrow is markedly indented by three "me~tback embayments" whose 
relative positions vary little from year-to-year. Two of these embayments overlie Herald Sea 
Valley and Barrow Canyon and the third is observed between Herald and Hanna shoals.. All are 
related to bathymetric steering of the northward flow of warm waters. (The data of Paquette and 
Bourke [1981] clearly show the northward advection of warm water between Herald and Hanna 
shoals and this flow is also suggested by spreading of the bottom isotherms at about 71~, 

16SoW in Figures 4c and Sc.) These "meltback embayments" might have biological significance 
because there are marked differences between the wind-forced circulation along a straight 
ice-edge and a meandering ice-edge. The model of Roed and O'Brien (1983) shows that for a 
straight ice-edge, zonally oriented such that open water lies to the south of the ice, winds from 
the east result in upwelling along the ice-edge and winds from the west result in downwelling. 
Hakkinen's (1986) model results show that if an ice-edge has meanders (i.e., embayments) . 
upwelling occurs on the windward side of the meander and downwelling on the lee side. High 
rates of primary production are often associated with ice-edges (Niebauer199l) and ice-edge. 
upwelling of nutrients would enhance this productivity. In the northern Chukchi Sea, where 
mean winds are from the east and vary primarily in the zonal direction, these embayments could 
be significant sites for carbon fixation. Hakkinen's (1986) model results further imply that 
biological production along the ice-edge of the Chukchi Sea could vary dramatically in both time 
and space and that field programs must be suitably designed to address this issue. 
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Figure 7. Schematic of the Chukchi Sea ice-edge illustrating location of "meltwater 
embayments" in summer (from Muench 1990). Transects A and B correspond to the cross­
section profiles shown in Figure 8a and 8b. 

Ice-edge zones are characterized by large spatial gradients in water (and air) mass 
properties, currents, winds, ice concentration, and the ocean wave field. All of these variables 
are interrelated through complicated feedback processes which are rarely in' equilibrium. (A 
non-technical overview of these processes is given by Muench [1989]. More technical aspects 
of these processes are found in the June 1987 "Marginal Ice Zone Research" Special Issue of the 
Journal of Geophysical Research.) An illustration of some of the complexities of these regions' 
in the Chukchi Sea are given in Figures 8a and 8b (from Paquette and Bourke 1981) which show 
two cross-section profiles of temperature and salinity along the transects A and B shown in 
Figure 7. Figure 8a (transect A; July 1978) shows that the ice-edge frontal system consists of . 
an upper-layer front established by meltwater and a lower-layer front established by' the 
temperature contrasts between RCW and the northwm:d flowing ACW and BSW. (As mentioned 
in section 6 these upper and lower-layer fronts do not always coincide as is evident in other 
transects shown by Paquette and Bourke (1981)). The hydrographic structure suggests a 
horizontally and vertically sheared, westward flow confined to the surface front. In contrast 
Figure 8b (transect B; July 1974) shows strong vertical salinity gradients, but weak horizontal 
gradients and the whole transect is characterized by finescale (1 - 5 m thick) temperature 
intrusions and weak currents. According to Paquette and Bourke, the, differences between these . 
two sections is related to the orientation of the ice-edge with respect to the prevailing background 
circulation at the time of the sampling. In Transect A, warm water from the, south was flowing 
northward and perpendicular to the ice-edge whereas in Transect B, flow was northeastward and 

2-14
 



..
 

approximately parallel to the ice-edge. The temperature fine-structure reflects the influence of 
lateral mixing along the current's path. 
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Figure 8. Cross-section profiles of temperature and salinity along two transects normal 
to the summer ice-edge. Figure 8a (from July 1978) illustrates the case where well-defined 
upper- and lower-layer fronts coincide.. Figure 8b (from July 1974) shows complex temperature 
fine-structure associated with strong vertical salinity gradients. For each figure the topmost line 
of numbers corresponds to the ice-concentration in eighths. Ice concentrations preceded by a 
minus sign indicate concentrations in negative powers of ten; positive numbers represent ice 
concentrations in eights (From Paquette and Bourke 1981). 

INTERANNUAL VARIABILITY 

The relative brevity of research programs seldom affords opportunities to appreciate 
variability on time scales exceeding the seasonal and this is especially true for high-latitude 
oceans where sampling is costly and complicated by harsh environmental conditions. However, 
accumulating evidence points to large interannual variations in the oceanographic conditions of .. 
the Chukchi Sea. A major step forward in understanding this variability was made by Coachman 

.and Aagaard (1988) who related transport variations in Bering Strait to north-south winds. Their 
results (Figure 9) show that the mean annual transport varied by a factor of 2 over the period 
from 1946-1985. In addition to interannual differences, a large secular decrease in transport 
began in the late 1960s. Prior to 1969, 70% of the estimated mean annual transports exceeded 
the 40-year mean, whereas, from 1969 to 1985, 76% of tht:: transports were less than this mean. 
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Such variations should have important consequences for the Chukchi Sea because of the implied 
variation in the northward flux of heat, salt, and nutrients, but few data exist· upon _which 
conclusions regarding the effect of this variability can be made. However, in the section on 
upwelling it was noted that Aagaard's (1988) data from September 1981 showed no indication 
of the bottom front which was argued to be a frequent feature of the northeast Chukchi Sea; The 
absence of this front in 1981 is seen in the cross-section profiles of temperature and salinity .' 
along the Pt. Lay transect shown in Figure 10 (the corresponding transect for 1982 was shown 
in Figure 6a). Moreover, no ACW is present along this transect which consists of very cold 
(~-1 DC) RCW along the bottom and within 80 km of the .coast and meltwater elsewhere. 
Differences between the 1981 hydrography and the years discussed' previously could be associated 
with differences in winds. Figure 11 shows time series of the monthly anomaly of the 
north-south surface wind component at 67.5~, 167.5°W for the period 1981 to 1991. (The 
monthly anomalies are the deviates from the mean wind for that month.. The wind components 
are estimated from synoptic atmospheric pressure grids following Aagaard et al. [1990].) Time 
series of this variable to the south and north of this location are quite similar. The data show 
persistent, north wind anomalies from July through November 1981. In 1986 and 1990 south . 
wind anomalies prevailed during these months while in 1982 both north' and south anomalies 
were observed. The magnitude and persistence of the 1981 wind anomalies would have resulted 
in: 1) reduced northward transport through Bering Strait thereby increasing the time required to 
flush winter water from the Chukchi shelf, and 2) westward displacement of ACW from the 
northeast Chukchi Sea. 

Coachman and Shigaev (1992) have also documented temperature and salinity (and, by 
implication, other constituents) differences in the source waters feeding into Bering Strait.' They 
show that these waters were most saline in the late 1960's and least saline in the mid-1970's. 
Temperatures and salinities of southeastern Bering Shelfwater also show considerable interannual 
variations and these are associated with interannual variability in ice cover over the Bering Sea 
shelf such that cold, dilute bottom waters in summer follow extensive winter ice cover, and vice 
versa. 

Summer-fall sea-ice extent in the Chukchi Sea also varies enormously from year-to-year. 
For example, the Naval Oceanography Command Detachment (1986) atlas shows that the 
mid-September ice-edge position in the northern Chukchi Sea ranges from 70 to 75~ - a 
distance of over 500 km. Mysak et al. (1990) analyzed variations in sea-ice extent over the 
Chukchi and Beaufort Seas for the period 1953 to 1985 and show that interannual differences can 
~ount to nearly 300% and that these differences can persist for from three to six years. They 
argue that the variability is related to variations in regional winds and coastal freshwater 
discharge induced by hemispheric-scale atmospheric fluctuations. 

SUMMARY 

The preceding sections have shown that the bathymetry, meteorology, sea-ice distribution, 
and northward advection of waters through Bering Strait profoundly influence the oceanography 
of the northeast Chukchi Sea. One of the more important hydrographic features observed during 
the open water season is the frequent occurrence of a bottom thermal front which parallels the 
bathymetry and the core of the Alaska Coastal Current. Biologically, the front appears to be an 
important feeding area for marine mammals preying on benthic organisms and a "boundary" 
across which benthic and fish community structure change markedly (Feder et al. 1990; Feder 
et al. in press; Wylie-Echeverria et al. in this volume; Smith et al. in this volume). 
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Figure 9. Mean annual northward transport through Bering Strait from 1946~1985 (from 
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Figure';l~l-: Cross-section profiles of temperature and salinity along a transect extending 
northwest from Pt. Lay in September 1981. The corresponding transect for August 1982 is 
shown in Figure 6a (from Aagaard 1988). 

The oceanographic regime of the southern chukchi Sea supports some of the highest.· 
primary production rates observed in the global ocean and some of this production is exported 
to the northern Chukchi Sea and Arctic Ocean (Walsh et at. 1989). Biologically, little is known. 
about the northern Chukchi Sea but the effects of the ice-edge and shelfbreak upwelling might 
have important biological implications for this region of the Chukchi shelf. 
The review has indicated the enormous, but poorly documented, interannual variability in the 
physical environment of the Chukchi Sea. To what extent the variability affects this ecosystem 
remains to be studied. However, in order to discriminate between natural biological changes and 
those induced by the activities of man requires an interdisciplinary effort. directed toward 
understanding this variability and its effects. 
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APPENDIX I. CHAPTER 2. 

Results from the Fall 1992 Hydrographic Survey 

Fall Hydrography.-The current meters, described in the body of this report were 
recovered in fall 1992 from the R/V Alpha Helix. This cruise, conducted in collaboration with 
oceanographers from the Japan Marine Science and Technology Center (JAMSTEC) and largely 
funded by JAMSTEC, provided an opportunity for occupying an extensive 
Conductivity-Temperature-Depth (CTD) hydrographic grid throughout the Chukchi Sea. The 
cruise took place from September 21 through October 4, 1992 and the sampling transects are 
shown in Figure 1. Measurements included vertical profiles of temperature, salinity, and 
fluorescence. The latter provides a relative measure of the chlorophyll concentration in se~water 

and may be considered a proxy variable for the particulate organic carbon fraction associated 
with phytoplankton. Ancillary sampling included collection of disso1ved nutrients, oxygen 
isotopes, and barium for an~lysis by scientists funded by other agencies. These data are presently 
being analyzed by other investigators. In addition, Japanese oceanographers measured dissolved 
oxygen concentrations and their results are still being analyzed.. 
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Figure 1. Hydrographic stations (+ signs) occupied in fall 1992. 
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Figure 2. Contours of temperature (top), salinity (middle), and fluorescence (bottom) from 
west to east in Bering Strait, 21 September 1992. 
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The temperature and salinity observations stand in sharp contrast to results previously 
reported for Bering Strait. For example, Coachman et ai. (1975) and Walsh et al. (1989) find 
that the warmest and most dilute waters (Alaska Coastal Water, or ACW) lie at the surface on 
the eastern side of the strait and that the coldest and most saline waters (Anadyr Water, according 
to Coachman et ai. 1975) are found near the bottom on the western side of the strait. Typically 
there is a strong front separating these two water masses. Our interpretation of the water mass 
distribution on 9/21 is as follows. The cool, low-salinity waters on the western side of the strait 
represent a southward extension of the Siberian Coastal Current (SCC). This current flows 
southeastward along the north coast of the Chukotsk Peninsula, but is believed to mix with waters 
flowing northward through Bering Strait and then. to recirculate throughout the Chukchi Sea 
(Coachman et ai. 1975). In fact, these authors state that observations of SCC waters in Bering 
Strait are extremely rare. (It should also be remembered that because of the historical political 
climate access to Russian waters on the west side of Bering Strait has been very limited. 
Therefore, relative to the east side, relatively few measurements have been made in the western 
channel.) However, strong northerly winds prior to and during occupation of this transect could 
have forced SCC waters southward through the strait. 

Fluorescence values are relatively uniform throughout this section and, as will be seen, 
relatively low in comparison to values obtained on other transects. Low pigment concentrations 
are typical of the river-fed ACW (Walsh et ai. 1989) and presumablyof the SCC as well. 

Next consider the Cape Lisburne transect occupied on September 23 (Figure 3). The 
strong winds had abated by 9/22 and calm conditions prevailed allowing sufficient time for the 
coastal circulation to adjust dynamically to the new wind regime. Temperatures are relatively 
uniform across this section, whereas salinities are lowest adjacent to the coast arid there is a 
suggestion of a weak salinity front at the western stations. Shoreward of this weak front the 
water column consists Alaska Coastal Water (ACW).while seaward of it the water mass consists 
of a mixture of ACW and Bering Shelf Water (BSW). The salinity distribution implies a weak 
northward baroclinic flow across the whole section. 
Fluorescence values are several time greater than those obtained in Bering Strait and they 
approximately double in value proceeding seaward across the salinity front. The increase in 
fluorescence between the ACW water mass and the mixture of ACWand BSW is consistent with 
the higher particulate organic carbon carried by BSW (Walsh et al. 1989). That comparatively 
low fluorescence values were observed in the Bering Strait section is presumably due to the 
virtual absence of the BSW mass during occupation of that section. 

Due to heavy ice conditions, we were able to occupy only a short transect (-25 km) 
extending southeast from the ice edge to near the coast near Point Franklin. This section cuts 
across the head of Barrow Canyon. As shown in Figure 4, conditions on this transect are 
considerably different from those to the south and reflect the influence of meltwater from sea-ice. 
Ice concentrations were greatest along the first 5 km of the transect and consisted of rotting floes 
as well as newly formed grease ice. Although there is considerable hydrographic complexity in 
this section, several features are readily discernible. First, the· narrow core of ~arin (>. 3°C) 
subsurface waters near the center ofthe section represents ACW flowing northeastward along the 
east flank of Barrow Canyon and within the core of the Alaska Coastal Current. .It is bounded 
to the west by the cold, saline Resident Chukchi Water (RCW). The upper 30 meters of the 
water column consist of ice meltwater and mixtures of this with ACW and RCW. Prominently 
featured in these transects are strong thermal fronts bracketing the ACW and the strong vertical 
stratification associated with the meltwater. The strongest stratification is observed at the 
westernmost station and maximum fluorescence values lie atop the pycnocline here.. Oxygen 
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saturation values at these stations are about 110% (Y. Sasaki and H. Ichii,personal 
communication) suggesting active photosynthesis by these phytoplankton. The implication of 
high biological production at this location is not unexpected given that enhanced primary 
productivity is often associated with stably stratified ice-edges (Niebauer et al. 1991). Although 
few primary production measurements have been made in the northeast Chukchi Sea, Feder et 
aI., (1993) suggest that production at the ice-edge of this region might be a significant source of 
carbon for the benthos of the northeast Chukchi Sea. Moreover, while ACW is impoverished 
with respect to nutrients (Walsh et al. 1989), sufficient concentrations are available in RCW to 
support primary production at this level (Feder et al. 1993). 

The transect shown in Figure 5 extends across the northern Chukchi. Sea from Point 
Franklin in the east to Herald Sea Valley in the west. This transect runs parallel to the ice-edge 
and many of the stations were within 25 Ian of the ice-edge. The eastern half of the transect is 
well-stratified; the upper 25 m consists of a mixture of ice meltwater and ACW while beneath 
this layer ACW is observed. Nowhere on this section is RCW observed, indicating that winter. 
waters had been flushed to the north by the time this transect was occupied. Heavy 
concentrations of melting ice were encountered overlying Herald Shoal where stratified conditions 
are also observed within the upper 10m. Overlying the depression to the east of Herald- Shoal 
and between these two stratified regions is a narrow zone of relatively warm (> 2.00 C), salty(> 
32.p psu), and unstratified water consisting of a mixture of ACW and BSW. Fluorescence values 
are high within this band and I believe that it represents the northward· extension of the high 
chlorophyll water observed along the western portion of the 9/23 occupation of the Cape Lisburne 
transect (see Figure 3). This zone is bracketed on either side by surface intersecting fronts. The 
orientation of the isohalines suggests strong northward baroclinic shear on the east side of this 
depression and weaker, southward baroclinic shear on the west side. The existence of strong 
northward flow on the east side of this depression is verified by the current meter data discussed 
in Chapter 3. The high fluorescence· values observed in this depression suggest that this 
northward flow could be a significant source of particulate organic carbon for the benthos ofthe 
outer shelf. Whether or not the southward flow on the west is a pennanent circulation feature 
associated with cyclonic flow around Herald Shoal, as suggested by Coachman. et at. (1975), or 
a transitory circulation feature associated with the ice-edge cannot be addressed with this data 
set. 

To the west of Herald Shoal and over the eastern slope of Herald Canyon is a second 
band of unstratified, relatively warm and saline water characteristic of BSW.. It is bounded on 
the west by a strong ice-edge front overlying the center of Herald Canyon. Baroclinic flow along 
the ice-edge front is to the south, while along the east side of the canyon it is to the north. 
Fluorescence values are a maximum within the northward flowing BSW and decay rapidly on 
crossing through the ice-edge front. 

Figure 6 shows the distribution of properties along the transect running from south to 
north along the axis of Herald Canyon. The section is characterized by a subsurface temperature 
maximum (indicated by the 2.5 °C isothenn) with an associated maxima in fluorescence. Surface 
waters consist of ice meltwater and mixtures of meltwater with BSW.Cold, saline RCW is 
observed at the north end of the transect and beneath 40 m depth. The data imply northward 
flow through Herald Canyon of BSW which carries a substantial particulate organic carbon load. 
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Figure 3. Contours of temperature (top), salinity (middle), and florescence (bottom) from 
west to east offshore off Cape Lisburne, 23 September 1991. 
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Figure 4. Contours of temperature (top), salinity (middle), and fluorescence (bottom) from 
northwest to southwest offshore of Point Franklin, 24-25 September 1992. 
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Herald Valley to Point Franklin, 26 September to 1 October 1992. 
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Figure 6. Contours of temperature (top), salinity (middle), and fluorescence (bottom) from 
south to north in Herald Valley, 30 September to 1 October 1?92.. 
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We next consider the three transects running perpendicular to the Chukotsk Peninsula at 
Cape Shmidt, Cape Vankarem, and Cape Uelen. Prominently featured on the Cape Shmidt 
section (Figure 7) is a wedge of cold, low-salinity water which extends offshore for 
approximately 120 km. Offshore of this point, and beneath the surface lies warmer, more saline 
BSW, and along the bottom is a mixture of RCW and BSW. With but one exception, the salinity 
contours adjacent to the coast slope upwards implying southeastward baroclinic flow. This 
coastally confined flow is the Siberian Coastal Current (SCC) discussed previously with respect 
to the Bering Strait transect. The SCC originates in the East Siberian Sea and is fed by ice-melt 
and coastal freshwater discharge (Coachman et al. 1975). Some Russian oceanographers suggest· 
that the source might extend as far west as the Lena River which drains into the Laptev Sea (V. 
Pavlov, Arctic and Antarctic Research Institute, St. Petersburg, Russia). Embedded within the 
SCC, approximately 50 km offshore, is an eddy or filament as suggested by the upward bowing 
of the isohalines. This featl,1re is associated with a near-bottom lens of warm, saline BSW water 
and could be one mechanism by which SCC waters mix with those from the Bering Sea 
(Coachman and Shigaev, 1992). Fluorescence values are extremely low within the SCC, but 
higher offshore in the BSW water mass. 

As shown on the Cape Vankarem transect (Figure 8) SCC waters are both warmer and 
saltier which is probably a consequence· of mixing and entrainment of BSW into the SCe. 
However, the two water masses are clearly delineated by a front which intersects the "surface 
about 100 km offshore. Note again that there is a rapid increase in fluorescence on crossing the 
salinity front which separates the SCC from the Bering Shelf water. 

There are several curious features observed along the Cape Uelen-Point Hope transect 
(Figure 9). First, the cold, low salinity flow of the SCC has collapsed to a narrow band confined 
to within 25 km of the coast. Apparently the bulk of the SCC has recirculated into the interior 
of the Chukchi Sea between Cape Uelen and Cape Van Karem. Although this data set cannot 
address this issue, the change in coastal orientation and bottom slope approximately midway 
between Cape Vankarem and Cape Uelen (see Figure 1) suggests that retroflection of the SCC 
might occur here. . f 

Second the central portion of the transect is dominated by a large. anticyclonic (clockwise 
circulation) gyre centered approximately 100 km northeast of the Chukotsk Peninsula. This gyre 
has a radius of about 60 km and its center consists primarily of low salinity «32 psu) and 
relatively warm water (temperatures> 2.5 DC). The origin of the waters within the upper layers 
of the interior of this gyre cannot be determined precisely based upon the temperature and . 
salinity properties. Although these are similar to those characteristic of ACW, geographically, 
this water mass is typically confined . to the eastern Chukchi Sea (Coachman et al. 1975). 
However, mixtures of SCC water with BSW could also produce a water mass with the observed 

. temperature and salinity properties. More detailed water mass analyses using the oxygen isotope 
and nutrient data collected on this cruise should resolve this issue. 

Third, note that the stations nearest Point Hope have higher salinities than those within 
the gyre. Based upon earlier measurements (i:e., Coachman et al. 1975; Aagaard, 1988), we 
would have expected more dilute water at these stations as they typically lie within the northward 
flowing ACe. This observation in fact suggests that these low salinity waters were diverted 
offshore and contributed to the interior waters of the gyre. 
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Figure 7. Contours of temperature (top), salinity (middle), and fluorescence (bottom) from 
southwest to northeast offshore of Cape Shmidt, 1 October 1992. 
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Figure 8. Contours of temperature (top), salinity (middle), and fluorescence (bottom) :from 
Cape Van karem to Lisburne Peninsula, 2-3 October 1992. 
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Cape Uelen to Point Hope, 3 October 1992. 
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and January. The second feature to note is that while pairs NffiCI2-HS and MBCI2-CLE are 
both coherent in the frequency band centered on 7.6 x 10-3 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 
MBC 12 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. 

3a I'EHlOIl (1I0UIIS) 3b I'EHlOI) (1I0UIIS) 
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Figure 3 a,b,c. Coherence squared (i) and phase ($) between major axis velocity 
components for a) MBCI2-HS, b) MBCI2-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 (Mountainet aI. 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 70oN, 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 70oN, l67.TW. 
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Figure 4 d,e. Coherence squared and phase between d) winds along 43°T at 70oN, 
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, 167.5OW 
while at MBC12 it is the wind velocity component projected along 43o-r' at 70oN, I65°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, 1700 W) and those along 700 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 et at. (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 atMBC12 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 MBC12 at similar time scales. To explore these issues 
further, Figure 5 shows the mean monthly current vectors and wind vectors at 65°N, 1700 Wand 
70oN, 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 MBCI2, UBCI2, 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, 170oW. 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, UBCI2, MBCI2, and mean monthly wind vectors at 65°N, 170oW, and 70oN, 165 oW, 
respectively. 

Temperature and salinity variability.-Figures 6 and 7 show time series of temperature 
and salinity for instruments MBCI2, 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 MBC12 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 UBCI2) 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 Ian) 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. 
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Figure 6. Low-pass filtered temperature records from current meter moorings in the 
northeast Chukchi Sea. 

3-14 



36.6135.0 
MBC/2S 3~.0 J 
~g ~~:: ~ 

31.0 

36.0 

UBC 3 

30.0 

HS 

31.0 

S ~:::j 
Ul 33.0 

~ n.o 

S ~:::~~. CLE 

-----" 
28 ll:!) 

OCT MAY JUN JUL AUG SEP 

g :~:: tJ~-~_'---,-,-----.-'-------,-,------"-------.,-------.,----,,----,,r-~,r_-,' 
:lQ U U 28 n za 27 27 

NOV DEC JAN FED MAR APR 
1991 lUD2 

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-8c 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 « -l.O°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. 
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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 SSMII 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 700 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 70oN, 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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December 4; the earliest date in this month for which SSM/I data were available. However, this 
choice is reasonable because, as shown previously, water column temperatures over the shallower 
« 50 m) portions of the shelf had decreased to the freezing point by early December so that any 
additional oceanic heat loss was balanced by the production of ice. The salt flux and frazil ice 
salinity are dependent on polynya seawater salinity (Maykut, 1978; Martin and Kaufmann, 1981). 
The average salinity at CLE from December through March at CLE was about 32.5 psu and this 
value was chosen to be representative of the surface seawater salinity on the northeast shelf 
during this period. 
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Figure 10. From bottom to top, time series of open water area, west (positive values)­
west, (negative values) wind velocity at 70oN, 165°W, net surface heat flux, daily salt production 
and cumulation salt production from December through March in the northeast Chukchi Sea. 

Open water area varied by more than an order of magnitude throughout this period and 
attained its seasonal maximum of -5700 km2 in early December and its seasonal minimum of -350 
km 2 in the third week of December. Following this minimum, open water area increased until 
mid-January but then diminished to about 1000 km2 by the end of the month. From February 
through March open water area varied between 1000 and 2000 km2

• Both the SSM/I and 
AVHRR imagery showed that most of the open water area in February and March was associated 
with a narrow (5 - 10 km) flaw polynya athwart the fast ice between Barrow and Cape Lisburne.. 
In contrast, the satellite imagery from the mid-January event revealed a broad expanse of open 
water and thin ice which extended as much as 80-100 km seaward of the shorefast ice. The 
duration and extent of these open water events paralleled the persistence and strength of the 
easterly winds. While this relation is readily apparent with respect to the early December and 

• 
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mid-January events, it holds for other times as well. Net heat flux also varies throughout these 
months and ranges between a maximum heat loss of 1150 W/m2 in mid-January to a minimum 
heat loss of 40 Wm2 at the end of March. 

The combined effects of both the open water area and the heat flux are represented by 
the time series of daily salt production (DSP) and cumulative salt production (CSPHB, the 
subscript refers to this term being estimated from the heat balance). The DSP was greatest 
during the early December and mid-January events and these large values are due to the 
simultaneous occurrence of both large open water area and heat loss. In effect, the salt 
production arose as a rectified response to the strong easterly winds which promoted polynya 
development and enhanced heat loss. The CSPHB for this four month period was 5.7 x 1011 kg 
of which 80% was produced by mid-February. Moreover, 61% of the CSPHB was produced 
during the periods of December 4-12 and January 1-31. 

Can this salt production be accounted for in the current meter measurements? In short, 
no; the salt production presented above underestimates that required to account for the volume 
of brine observed by the moorings. In the following, data from the current meters are used to 
provide a second estimate of the cumulative salt production (termed CSPCM) over this four month 
period. The procedure involves first estimating the volume of dense water flowing away from 
the polynya region. With this estimate in hand, CSPCM can then be computed and compared to 
CSPHB. The comparison will yield a rough approximation of the magnitude by which the latter 
is underestimated and will serve as a basis for addressing the assumptions employed in estimating 
the salt flux. 

To calculate the dense water outflow requires estimates of the dense water salinity, 
outflow speed, and the cross-sectional area of the plume. FOr simplicity, calculations for Barrow 
Canyon are restricted to the period between February 12 and April 2 when most of the dense 
water was observed flowing downcanyon. Ignoring brine flows prior to this period implies that 
the result will underestimate the total volume of dense water produced. An estimate of the 
average plume depth was chosen after examining hourly time series of the salinity difference 
between instrument pairs. The mean salinity difference between MBC 18 and MBC3 was about 
0.1 psu over this period while the mean difference between MBC25 and MBC3 was about twice 
this value. These differences were mainly attributable to the late March outflow when maximum 
salinities (> 35 psu) were observed. At this time, occasional hourly salinity differences of -1.0 
psu were observed between MBC25 and MBC3 while those between MBC 18 and MBC3 were 
generally half this value. The largest salinity differences tended to be clustered in bursts of 
several hours duration suggesting that they were associated with internal waves excited along the . 
upper boundary of the plume. Hence, we chose a value of 20 m for the mean plume depth which 
we believe is a conservative but reasonable choice. The mean salinity within this layer was 34.2 
psu and the mean outflow velocity was 0.2 m/s. Plume width was chosen to be 25 km and was 
based upon the lateral distance between the 100 m isobaths along the east and west wall of the 
canyon at MBC. This width is the same as that observed by Aagaard et al. (1985) from 
cross-canyon CTD transects conducted during a dense water outflow event in March ·1982.. With 
these values, we calculate that 4.5 x 1011 m3 of water, with a mean salinity of 34.2 psu, flowed 
downcanyon during this 52 day period. 

The source of high salinity water observed at HS from mid-February through early April 
must also be from the polynyas along the northwest coast of Alaska as the only other possible 
sources are the polynyas on the northern Bering Sea shelf (Schumacher et ai. 1983; Muench et 
ai. 1988). Although the SSMII imagery shows well-developed polynyas here in early January 
and February of 1992, it is doubtful that these polynyas contributed the high salinity water 
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observed at HS for a number of reasons. Chief among these are that: 1) there was no indication 
of northward advection of high salinity water at either CLE or CLWand 2) for this saline water 
to arrive at HS in mid-February implies a mean northward flow of 0.3 m/s and currents of this 
magnitude contradict the mean January flow estimated at CLE. Next, we assumed that the dense 
water observed at HS reflects a broader outflow into the north central Chukchi Sea through the 
gap between Herald and Hanna Shoal. The assumed plume width is 250 km (the dis~ance 

between the 40 m isobath bounding Hanna and Herald Shoal) and its height above sea-bottom 
was chosen to be 5 m. This depth is consistent with the 3 meter height of the instrument above 
the bottom and with the salinity cross-section from March 1982 (Aagaard et aI. 1985) which 
shows the 34 psu isohaline extending seaward from the coast within a thin bottom layer. Plume 
speed was chosen to be 0.02 m/s and was determined as follows. First, the arrival of the high 
salinity water at HS in February lags by two months the December polynya event and by one 
month the January polynya opening. As the mooring was approximately 100 km west of the 
open water/thin ice boundary as determined from January AVHRR imagery a northwesterly 
velocity of about 0.01-0.03 m/s is inferred. A second estimate was derived by assuming that the 
mean January onshelf flow at UBC12 of 0.13 m/s approximates the average cross-sectional 
current speed at the head of Barrow Canyon where the width is about 20 km and the water depth 
is about 75 m. These numbers yield a southwestward transport of -2x 105 m3/s. This transport 
was assumed to be balanced by a northwesterly flow between Hanna and Herald Shoals, because 
the Cape Lisburne moorings show negligible transport in January across this section. The depth· 
between these shoals is about 45 m and, in conjunction with the channel's width, implies a mean 
speed of 0.02 m-s· l

. Both estimates are consistent with one another and with the numerical 
model results of Spaulding et aI. (1987; their Figure l2b) for this shelfs circulation when forced 
by easterly winds. With these values, we calculate that 1.2 x 1011 m3 of water, with a mean 
salinity of 33.9 psu, flowed through this gap during the 56-day period from February 10 and 
April 5. 

The CSPCM required to balance these outflows follows from Alfultis and Martin (1987) 
and, after rearranging their equation 8, is estimated accordingly: 

where Q dw is the salinity of the dense water outflow, Vdwis the volume of dense water, Ssw =32.5 
psu, is the initial polynya seawater salinity, and Pdw is the density of Sdw at the freezing point. 
(The CSPCM computed in this way can be very sensitive to the choice of either. Sdw or Ssw' 
However, changes in Sdw will be buffered by changes in Vdw due to compensatory changes in 
plume depth, the vertically averaged plume speed, and the duration of the dense water outflow.) 
Performing this calculation for the two outflows and summing the results yields a CSPCM of 9.6 
x 1011 kg. Of this total, 82% is required to balance the Barrow Canyon outflow. Hence, CSPCM 
is (at least) about 70% greater than that estimated from the surface heat balance approach. 

To overcome this deficit would require an additional average daily heat loss of 350 W/m2 

over the December to March period. Relative to the sensible heat flux term, the magnitudes of 
the other terms contributing to the surface heat balance are small and are either of the same 
magnitude or smaller than the additional heat loss required. Thus it seems unlikely that these 
could be the source of the discrepancy. The sensible heat flux could be underestimated if wind 
speeds or the transfer coefficient are too low or if air temperatures are too warm. Aagaard et al. 
(1990) compared 6-hourly wind speeds estimated from the FNOC surface pressure fields with 
those measured at coastal weather stations along the Chukchi and Beaufort coasts and found that 
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mean wind speeds differ by less than 1 mlsl although the FNOC wind estimates are consistently 
higher. The air temperatures used in the heat balance equation were essentially obtained upwind 
of the polynya during such events and therefore, if biased, are more likely too cold rather than 
too warm (Pease, 1987; Sverdrup, 1933). The transfer coefficient used (2 x 10-3

), while a subject 
of considerable uncertainty, falls well within the parametrized values (Pease, 1987). In short, in 
order to increase the magnitude of the sensible heat loss term to satisfy the salt deficit would 
require unrealistic changes in wind speeds, air temperatures, and/or the heat transfer coefficient. 

Nor can the discrepancy be satisfied by changing the seawater salinity which in our 
calculation of the DSP was assumed to be constant. A reasonable argument could be advanced 
that due to the near-stagnant shelf circulation of December and January polynya salinities 
increased over time. However, in our formulation the relationship between salt flux and seawater 
salinity is linear, hence even large changes in Ssw will not significantly improve our results. For· 
example, increasing the salinity by 8% (from 32.5 to 35 psu) increases CSPHB by the same 
percentage. 

The difference might result from the fact that our calculation ignores the salt flux 
contributed by ice growth in areas of thin ice. Because of the insulating effect of the sea-ice 
cover oceanic heat loss decays rapidly with ice thickness. For example, according to Maykut 
(1978) the oceanic heat losses through ice thicknesses of 0.1, 0.2, or 1 mare 40%,25%, and 8% 
respectively of the heat loss through open water. To estimate the additional salt production that 
might be contributed by ice production in areas of thin ice we assumed that the spatially averaged 
ice thickness inshore of the 40 m isobath and between 68°N and 700 N is 1 m. The area of this 
region is 45,000 km2 and it lies within the thin ice boundary seen in the January AVHRR 
imagery. The average net daily heat loss (over open water) from December through March was 
425 W/m2 which corresponds to a oceanic heat loss of 30 W/m2 over 1 m of ice. Thus ice 
growth in this region could contribute an additional 9 x lOll kg of salt throughout this period and 
this production is more than sufficient to satisfy the estimated salt deficit. 

DISCUSSION 

While the extensive ice-cover in the fall of 1991 prevented us from achieving several of 
the original objectives, the modified program did provide new insights into the circulation over 
the central shelf and permits a comparison with previous observations of the coastal current and 
of dense water production on this shelf. 

The current meter results from Herald Shoal indicated steady northward flow in all 
months of the year. In contrast, CAT inferred a southeasterly flow here and through the gap 
formed by these shallows and suggested that part of this flow joined the coastal current before 
draining through Barrow Canyon. However, summer and fall ice maps for the Chukchi Sea 
frequently show a northward indentation in the ice-edge to the north and east of Herald Shoal 
which is presumably a consequence of enhanced melting by warm water advection from the 
Bering Sea (Paquette and Bourke, 1981). The perennial nature of this ice-edge feature was, in 
fact, well-known in the 19th century when it was used as a rendezvous point by whalers 
venturing to and from their hunting grounds in the Chukchi Sea (Bockstoce, 1986). Hence, the 
earlier ice-edge observations tend to corroborate the mooring results and suggest that the mean 
northward flow observed here is a persistent feature of the shelf circulation. Because this flow 
consists mainly of Bering Shelf Water rather than Alaska Coastal Water, its organic carbon load 
is richer than that of the coastal current to the east (Walsh et ai. 1989). Indeed, striking 
differences are seen between the vertical profiles of fluorescence (Figure 11) from CTD stations 
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occupied at the HS mooring site and from another some 50 km further to the east in the fall of 
1992 and similar differences were observed in fall 1993. Presumably some of this carbon-rich 
water spreads to the northeast and sustains the relatively high benthic biomass and the large 
numbers of marine mammals which forage on the benthos on the outer shelf of the northeast 
Chukchi Sea (Feder et ai. in revision). 
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Figure 11. Vertical profiles of fluorescence at current meter mooring site HS (open 
circles) and at 70.72°N, 165.83°W (solid circles) on September 27, 1992. 

We have argued, based upon circumstantial evidence, that northwesterly flow ensued 
between Herald and Hanna Shoals in the winter of 1992 in response to alongshore convergence 
of the coastal current. However, significant questions remain regarding the temporal and spatial 
structure of the flow field over the north central shelf. Muench et al. (1991) and Colony and 
Thorndike (1984) show that here the prevailing drift of ice is westward and downwind. The 
issue is somewhat clouded by Johnson's (1989) current measurements which, while of only a few 
days' duration, show eastward flow along the northwest side of Hanna Shoal during a period of 
strong northeasterly winds which reversed the coastal current. These observations suggest that 
subsurface flow on the outer shelf might be uncoupled from the wind. Nor are numerical models 
clear on this issue for Spaulding et al. (1987) show that under southerly wind forcing the 
vertically averaged flow here is eastward, while under easterly wind forcing the flow is westward. 
On dynamical grounds, we expect that north of Herald Shoal and Herald Sea Valley the flow 
would tum east and continue parallel the isobaths along the outer shelf. Additional forcing might 
be provided by the undercurrent flowing eastward along the shelf-slope margin as Aagaard (1984) 
maintains is the case for the subsurface flow along the outer Beaufort shelf. From the 
perspective of predicting pollutant dispersal pathways, either from marine industrial activities on 
the outer shelf or those advected from Eurasian sources, resolving the circulation regime in this 
region is regarded as critical. 

The upwelling observations in Barrow Canyon presented here along with those from 
Aagaard and Roach (1990) help to better define the spatial scale over which upcanyon excursions 
of AIW affect the shelf. In both years the upwelling events occurred primarily in fall and early 
winter. Moreover, their frequency (10-15 events between October and January), duration (5-10 
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days), and intensity (mean speeds of about 0.5 mfs) were similar in both years. The persistence 
and intensity of these reversals is such that water from along the continental slope could easily 
traverse the 250 kIn longitudinal extent of the canyon. Yet observations of AIW on the shallower 
reaches of the shelf are extremely rare (Bourke and Paquette, 1976). Aagaard and Roach (1990) 
observed that the outflows, which immediately followed upcanyon intrusions of AIW, were a 
blend of shelf water and AIW and therefore, they concluded that significant mixing occurred 
upcanyon from their moorings. Our moorings detected unmixed AIW very infrequently at the 
mid-canyon site and not at all at the head ofthe canyon. Although the two data sets come from 
different years, collectively they suggest that much of this mixing must occur in the lower half 
of the canyon thereby diluting much of the AIW before it reaches the upper canyon and the 
shallower portions of the shelf. 

This data set, those described by Aagaard and Roach (1990) and Aagaard et al. (1990) 
for 1986/87, and that presented by Aagaard (1988) for 1981/82 allow several comparative 
statements to be drawn regarding interannual differences in flow on the northeast Chukchi shelf. 
The velocity records from Barrow Canyon for these years are generally similar, differing 
primarily from late fall through early winter. For example, the records from 1981/82 differ from 
the other two years in that few current reversals occurred after November in Barrow Canyon. 
If these reversals are driven by wind-forced shelf waves propagating along the continental slope, 
then the 1981/82 results imply that these were less energetic in that year compared to either 
1986/87 or 1991/92. Moreover, Aagaard's (1988) records from offshore of Cape Lisburne show 
relatively steady year-round flow. Thus it would seem that the alongshore convergence of the 
coastal current that was seen in the winter of 1991/92 was not a feature of the shelf circulation 
in the winter of 1981/82. In 1986/87, the Barrow Canyon records suggest that, beginning in 
mid-December, currents reversed across the shelf for about three weeks but by early January they 
were once again strongly northeastward. Thus, the data from these earlier years suggests nothing 
comparable to the period of prolonged weak flow as observed from November 1991 through 
January 1992. However, given the small number of data sets available it would be premature 
to determine which, if any, of these winters is typical. 

Because of the weak mid-winter circulation, the residence time of a water parcel on the 
shelf and in the polynyas was prolonged. Consequently, brines accumulated within the polynya 
and increased a water parcel's salinity to a greater extent than would have been possible if the 
parcel was advected rapidly through the region. We maintain that because weak flow prevailed 
over the northern Bering shelf as well, this effect enhanced shelf salinities in this region as well. 

We note that there are several significant consequences associated with diversion of 
coastal water to the northwest. First, such a flow provides a mechanism by which pollutants 
from the coastal zone can be dispersed onto the north central shelf. Second, as mixing with 
ambient shelf water alters the water mass properties of the shelf-produced brines flowing into the 
Arctic Ocean, different mixing regimes are expected depending upon the flow path. The flow 
trajectory will also affect the biogeochemical properties of the dense water as these will be 
influenced by exchange with the seabed and the time in which the plume is in contact with the 
bottom. Third, the outflowing dense water will affect the momentum balance along the 
continental slope and the nature of this forcing will depend, in part, upon whether the outflow 
is spread over a broad area or confined to a narrow channel such as Barrow Canyon (Shaw and 
Csanady, 1983). 

There are also differences among these years in polynya extent, the duration of open water 
events, and the cumulative salt production. As the regions analyzed by CM differ somewhat 
from those considered here a direct comparison cannot be drawn at this time. However, CM do 
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show that the CSPHB 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 CSPHB 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 krn 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 noteasIly ascertained 
by the satellite imagery, would be more than sufficient to remove the observed discrepancy. 
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