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Abstract: In the Chukchi Sea, autumn 1996 was windier than most of the previous 35 years. Conditions in the Bering
Strait were anomalous, with fresh coastal water absent from the Strait and a partial flow reversal apparently occurring. In
the central Chukchi Sea, the northeastward flow of the Alaskan Coastal Current was reversed. In the northern Chukchi
Sea, upwelling of offshore, high-nutrient upper halocline waters inundated much of the shelf near Barrow Canyon. The
resulting chlorophyll blooms indicate dramatically enhanced ecosystem productivity along this northern shelf region.
With increasing climatic change occurring in this region, shelf break productivity would likely increase in the future.

INTRODUCTION

Approximately 0.8 Sv (1 Sv = 10% m3/s) of sea water
passes northward through the Bering Strait, crosses the
Chukchi Sea continental shelf, and enters into the Canadian
Basin and Beaufort Seas [1]. The flow through the Strait is
composed of two water types. Those upwelled near the Gulf
of Anadyr in the northern Bering Sea are salty and nutrient
rich, and those flowing northward along the Alaskan coast
are strongly influenced by the Yukon River [2, 3]. As a re-
sult of the high nutrient concentrations and the intense mix-
ing of waters within the Strait, algal productivity in the re-
gion north of the Strait is high (300 g C m™2 y1 [4-6]). Be-
cause the shelf is wide (approximately 800 km from the
Strait to the 200 m isobath) and the area influenced by the
Bering Strait is large (300, 000 km?2), the average volumetric
residence time on the shelf is about 1 y [1, 7], although the
pathways and transit times of the Bering Strait water types
differ. The remnants of the denser Anadyr water sink and
follow the longer topographic depression (Hope Valley and
Herald Canyon) northwest from Bering Strait, potentially
exiting the shelf near Wrangel Island [1]. A middle pathway
between Herald Canyon and the Alaskan Coastal Current has
been recently proposed [8, 9], but the flow in this pathway is
weak and may simply reflect the overall net northward drift
[7, 10]. With a transit time of several months in summer, the
Alaskan Coastal Current follows the northwest Alaskan
coast and enters the offshore Canada Basin in the vicinity of
Point Barrow [1, 11]. By the time the Alaskan waters reach
the Barrow region, inorganic nitrogen nutrients have disap-
peared from the water column and plant productivity is
thought to be very low (40 g C m=2y-1[12-14]).

This normal circulation may be interrupted by the strong
northeasterly winds occurring in the autumn, and three char-
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acteristic physical responses have been observed. Winds
blowing south near the Bering Strait may cause partial flow
reversals in the Strait and may alter the circulation south of
the Strait [2, 15-18]. Along the northwest Alaskan coast,
winds blowing from the northeast may block and reverse the
Alaskan Coastal Current [11, 19, 20]. Within Barrow Can-
yon, upwelling of deeper offshore water may partially corre-
late with these same winds [11, 20, 21]. Additional upwell-
ing has been noted east of Barrow Canyon, on the narrow
shelves of the Beaufort Sea and eastern portion of the Chuk-
chi Sea [22, 23]. Most reports of northern Alaskan shelf-
slope upwelling have focused on physical and hydrographic
issues, but no study has examined the impact these events
have on productivity. In an oligotrophic ecosystem, upwell-
ing of nutrient rich water would be expected to measurably
enhance productivity and abundances. Although upwelling
has been mentioned as a possible cause of potentially richer
euphotic zone conditions [14, 24-26], most recent studies
have either occurred in the less-windy summer season or
were conducted with sampling strategies that were too infre-
quent in space and time to evaluate details of possible up-
welling events [13, 14, 24, 26, 27].

In this report, we examine the hydrographic, nutrient, and
chlorophyll conditions found in the Chukchi Sea in the early
fall of 1996. We first show that winds during this period
were stronger than during most of the years of 1960-1995, so
that affects of these winds would be expected to be more
intense than normally found. Secondly we show evidence
that the three hydrographic conditions associated with high
winds did occur. Finally, we show that intense nutrient up-
welling dramatically altered the inventory and distribution of
chlorophyll in the northern Alaskan marine ecosystem.

MATERIALS AND METHODS

Hydrographic, nutrient, and chlorophyll measurements,
acoustic doupler current profiler (ADCP) current measure-
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ments, and meteorological observations were made in the
Chukchi Sea from the R.V. Alpha Helix between August 31
- September 28 (Julian days 244-272), 1996 (Fig. 1). Indi-
vidual stations were located along transect lines. Where tran-
sect lines were repeated, the line numbers are distinguished
by the suffixes, a and b, for the first and second samplings,
respectively.

In order to characterize the relative intensity of the winds
during the time of this cruise, long-term average winds were
calculated from hourly Point Barrow airport data (Solar and
Meteorological Surface Observation Network, 1961-1990,
Hourly United States Weather Observations, 1990-1995, and
hourly data from 1996). Upwelling intensity was evaluated
based on the Bakun index [28], which represents the depth-
integrated Ekman transport (m3 s™1 (m of coastline) 1) per-
pendicular to an ideal wind oriented in the same direction as
the coastline. Since shipboard operations focused on the re-
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gion just west of Point Barrow, the Bakun index [28] used
the average orientation of the coast line between Point Bar-
row and Cape Lisburne (241°true). For the long-term Barrow
data, averages over every 0 to 24 hour period within each
year were calculated. The thirty-five year mean for each Jul-
ian day was then computed. Additional weather data were
collected on the R/V Alpha Helix at approximately 2 minute
intervals. For these data and the 1996 Barrow hourly data,
four-hour averages were calculated and the Bakun index
computed.

During shipboard operations, over 200 continuous pro-
files of conductivity, temperature, pressure, light transmis-
sion, in situ fluorescence, and oxygen were made from the
sea surface to the seafloor using the ship's Seabird CTD and
Rosette system (Fig. 1). The downcast data was averaged
over 1 dbar intervals, and Niskin bottles were tripped on the
upcast. Salinities from bottle samples deeper than 100 m
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were analyzed using an Autosal salinometer referenced
against IAPSO standard sea water, and the CTD results cor-
rected to average bottle results [29]. Nutrient samples were
frozen and measured by autoanalyzer on shore [30]. We re-
port on the silicate concentrations and the sum of the nitrate
and nitrite concentrations. Nitrite concentrations were gener-
ally less than 0.3 uM. Chlorophyll-a concentrations were
determined by filtration of Niskin water samples through 47
mm GFF glass fiber filters and by fluorometric measurement
after calibration with pure chlorophyll-a standards [30]. A
close linear relationship was found between in situ fluores-
cence and the bottle determinations (r2 = 0.909, n=279), al-
lowing the conversion of the continuous profiles to profiles
of chlorophyll-a concentration. No statistically significant
difference was seen in the regressions between fluorescence
and chlorophyll concentrations for samples collected during
the day versus those collected at night. Here, we note that
section graphs were drawn based on the CTD data [29] col-
lected along the transect lines that took as long as 40 hours to
complete. Differences in vertical heights along each transect
due solely to tidal changes would be relatively small since
diurnal constituents, O; and K;, had maximum surface am-
plitudes for all Chukchi shelf and slope regions of less than 5
cm [31, 32]. Unfortunately, the time required for transects
may be sufficiently slow so that in dynamic areas, such as
the Bering Strait or Barrow Canyon, the distributions may
change more rapidly than the speed of transit and sample
collection, but this is a common difficulty for all ship-based
oceanographic programs.

Current velocities were measured during two minute en-
sembles of the 300 kHz shipboard ADCP system operating
in bottom tracking mode. All results were taken when the
ship's speed was greater than 200 cm/s and when the quality
of returning acoustic signals were 85% or greater. Results
were binned into 4 m depth intervals below the surface. The
14 m bin was the shallowest bin with the greatest number of
high quality sonic returns. Bias and alignment errors were
determined following [33]. Additional details about this
shipboard system may be obtained in literature containing
previous years' results [8, 34].

RESULTS

We first evaluated the wind conditions at Point Barrow in
order (a) to determine the seasonality based on the 35 year
history, and (b) to evaluate whether 1996 was an unusual
year. Following this, we describe the distributions of waters
based on the CTD transect lines, nutrients and chlorophyll
concentrations. We show changes in conditions within the
Bering Strait and in the Alaska Coastal Current, and examine
an upwelling event on the northern shelf break. Finally, we
examine the relationship of nutrients and chlorophyll to the
distribution of upwelled offshore waters.

Meteorological Observations

Long-term mean weather conditions were calculated for
Point Barrow airport based on the 1961-1995 hourly weather
data averaged over 24 hr periods (Fig. 2). The seasonal air
temperature showed the highest daily temperatures (about 4°
C) during the 60 days centered on Julian day 210, while in
contrast, air pressure showed a period of lowest pressures
extending from this temperature maximum through day 300
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(Fig. 2). As a long-term mean, wind direction was relatively
constant throughout the year, with winds coming from 60-90°
true (Fig. 2). Although wind speed was moderately variable,
the early fall period showed stronger winds than found either
in summer or in the early winter (Fig. 2). The average over
the fall (Julian day 250 through 320) was 5.29 m/s (95%
confidence interval = +/- 0.094 m/s) relative to the average
for the combined periods of summer (Julian day 160-240)
and early winter (330-365) of 4.53 m/s (95% c.i. = 0.064
m/s).

The strength of wind-driven coastal upwelling was esti-
mated via the Bakun index based on the wind speed and di-
rection relative to the direction of the coastline between Cape
Lisburne and Point Barrow. The numerical value of this in-
dex is the Ekman transport, the volume rate of upwelling per
m length of coastline. Based on the 35-year wind record, the
average winds were supportive of upwelling throughout the
year (Fig. 2). The lack of negative indices indicates no sea-
son with consistent downwelling along the northwest Alaska
coastline. Potential upwelling activity was 61% greater dur-
ing the fall period than in the periods before and after (Fig.
2). The average for the fall period (Julian day 250-320) was
0.18 m3 51 m™1 (95% c.i. = 0.019 m3 s1 m1) while the
combined periods before and after had an average of 0.11 m?3
sIm1(95% c.i. =0.011 m3s 1 m1).

We examined the weather record for the 1996 period
around the cruise dates, Julian days 214-280 (Fig. 3). Baro-
metric pressure, wind speed and direction, and Bakun index
from the shipboard measurements compared quite closely
with those from Point Barrow data record (only shipboard
pressure is shown in Fig. 3). Seven low pressure events oc-
curred while the ship was nearing or in the Chukchi Sea (be-
tween Julian days of 242 and 271), and these events were
also recorded at Point Barrow (Julian day 243-274). Storms
showed augmented wind speeds frequently exceeding 10
m/s. Five of the seven storms resulted in a significant in-
crease in the Ekman transport (the Bakun index). In these
five storms associated with increased upwelling, the winds at
Barrow were directed out of the east (60-120°true). In the
two storms that showed no change in the upwelling index,
winds were directed out of the north (330-30°true).

The entire period of August to October, can be divided in
periods of consistent upwelling and downwelling (Fig. 3).
For the early period between Julian days 215-232, the winds
maintained episodically strong downwelling. After Julian
day 232, three multiple-day periods of strong upwelling oc-
curred during the cruise, many with Bakun indices exceeding
1.0 m3 571 m~1, Each upwelling period is best characterized
by the wind direction shifting to a course nearly parallel to
the coast between Cape Lisburne and Point Barrow. In the
third upwelling period (Julian day 258-271), the mean Bakun
index was 0.53 m3 s71 m™1 (+/- 0.087, 95% c.i.). Between
upwelling periods, two 6-day long periods occurred (Julian
days 235-241 and 252-258) where winds supported either
upwelling-neutral or downwelling conditions. For the later
quiescent period (Julian day 252-258) the mean Bakun index
was -0.057 m3 s I m1 (+/- 0.021, 95% c.i.).

We examined the relative strength of upwelling-inducing
winds during our sampling in 1996 versus the earlier 35
years (Fig. 4). For this, the Ekman transports were averaged
between days 250-270 for each year, essentially covering the
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Fig. (2). Average atmospheric pressure, temperature, wind direction,

wind speed and Bakun index from Barrow airport weather records over

35 years (1961-1995). Data are 24-hour averages. The thin horizontal lines in the wind direction panel represent the wind direction for
maximal upwelling and maximal downwelling for the 241° coastline. Thick lines on wind speed and Bakun index are the smoothed trends

based on centered running means. Stronger winds generally occur in
and early winter (Julian days 160-240 and 330-365).

period of our cruise (Fig. 4 top). In 1996, this average trans-
port was 0.36 m3 s m=1 and was the sixth highest year since
1961. This ranking shows that the year of our cruise was
exceptional in the wind-driven upwelling along the north-
west Alaskan coast. However, the estimate may have bias
since coastal upwelling typically requires about a day of
wind stress before water motions approach equilibrium. We
employed another statistic where, for Julian days 250-320, a
storm was considered to be an event where Ekman transport
exceeded the 35 year average (0.18 m3 s71 m™1) for 3 days or

the fall (Julian days 250-320) relative to less windy periods in summer

more. We summed the number of days in these storms and
normalized to 70 day total time. In 1996, 40% of the days
were stormy. A plot of this percentage of stormy days for
each year showed that 1996 ranked 9th of the 36 years of
data (Fig. 4 bottom). Both of these analyses indicate that
wind-driven coastal upwelling in September 1996 was strong
relative to the preceding 35 years. We now describe the sig-
nificant changes in hydrographic conditions that occurred
between the beginning and end of the ship board operations.



38 The Open Oceanography Journal, 2008, Volume 2

Christensen et al.

rg 8 Q 2 g 5 5 N8 &
e 2 8. 25 8 8. 389
E Beginning CTD# 1 18 29 54 6482 127 144 167 180
o 1040- CTD Cast Times o
c Ending CTD # 17 28 53 63 81 126 | 179 2
T 143 167,
£ 10201 [
S
°
S 10004 -
© 180
2
ST 270
c
©
3 0
e
[a) 90 ]
he]
-§ 180 UPWELLING
154
o 4
)
L ]
E 101
= 4
)
()
o 4
n 54
S .
<
= .
04
2.0- ......... Llassssss sy Llasssssaaalasssas sy Lasss s say Las s sssasy Lo ss s asass -
- C [
e 1.5 A B 2
2 10]
= 3 F
. 0.54 /\ [\ -
> 1 ¥ . G E
é 05 ] s
o 7 3
-1.04 pown- F
] Downwelling welling F
-1.5 Frrrrrerer T TTrTTTTTTTTTTTTYT  RARERARE  RARRRRRRR] RREEEEEEL -
210 220 230 240 250 260 270 280
JULIAN DAY

Fig. (3). Atmospheric pressure, wind speed, wind direction, and Bakun upwelling index for Julian days 214-280 (late July - October 8) 1996
as measured at Point Barrow airport and on the R.V. Alpha Helix (4 hour averages for both). The thin solid lines and open squares represent
Barrow data; while the closed circles are shipboard measurements. The times of the CTD casts are shown as crosses on the upper panel.

Wind direction for maximal upwelling and downwelling along the

coast between Cape Lisburne and Point Barrow are shown as horizontal

lines in the wind direction panel. The heavy wind-speed line is the climatological mean for Julian days 210-280. The Bakun index showed
that the period was divided into discrete periods of upwelling and downwelling.

HYDROGRAPHIC OBSERVATIONS
Bering Strait

We obtained two sets of observations from the Bering
Strait region, one at the beginning of the cruise (Julian days
244-246, CTD 1-17) and one on day 271 (Fig. 1). On days

244-246, two waters types were found within the Bering
Strait, warm fresher (>8.5°C, salinities <31) waters on the
eastern side of the Strait and cooler more-saline water (<7°C,
31.7 salinity) on the western portion of the U.S. Strait (Fig.
5). The fresher waters had sigma-t values of <23.4 kg/m®
while the more saline water had sigma-t values of >24.8
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kg/m®. The fresher end-member represented the typical late-
summer waters of the Alaskan coast which is influenced by
the Yukon River; while those waters on the U.S. Russian
border were a mix of coastal water and Pacific waters up-
welled from the Gulf of Anadyr. Waters just north of the
Strait, at depth in CTDs 13-16, were cooler and saltier (<3.5°
C, salinity of 32.4, and >25.8 kg/m®) were typical of late-
summer Anadyr Water. Silicate and nitrate plus nitrite con-
centrations of the Anadyr water were about 38 umol-Si/L
and 18 umol-N/L, while, the fresh water end-member had 10
umol-Si/L and <1 umol-N/L. Chlorophyll content was low
(0.5 ug Chl-a/L) in the low-salinity Alaskan Coastal Waters.
Across the remainder of the strait, chlorophyll concentrations
averaged about 1 ug-chl/L, but concentrations ranged up to 8
ug-chl/L in the Anadyr water north of the Strait.

Twenty five days later (day 271), the conditions within
the Bering Strait had changed dramatically (Fig. 6). Salty
waters (salinities >32 and sigma-t values >25.6 kg/m?) were
found across the entire U.S. portion of the Strait and were
separated by a sharp frontal boundary from warmer fresher
waters (4-5.5°C, salinities of 30.6-31.7, 24.4-25.0 kg/m°) in
the upper half of the water column north of the Strait (CTD
180-188). The T-S diagram of these transects showed that
the saltier end-member of each transect was nearly the same

and represented Anadyr Water (Fig. 7). Also, silicate and
nitrate plus nitrite concentrations of the Anadyr water were
identical between the two sampling times (38 umol-Si/L and
18 pumol-N/L). The fresh water end-member found on the
early and late section differed considerably; the later section
had waters which were cooler and saltier than the earlier
Alaskan coastal end-member. Also, in this latter period, this
end-member had much greater nutrient concentrations, 24 n
mol-Si /L and 4 umol-N/L. In the second Bering Strait sam-
pling, chlorophyll concentrations generally ranged between
1-2 ug/L, so that the patch of high chlorophyll water north of
the Strait was gone. Altogether, the temperature, salinity, and
nutrients found on day 271 indicated that the fresh water
end-member was central Chukchi water or Siberian shelf
water rather than water from the Alaska Coastal Current. The
condition, where waters characteristic of Anadyr Water are
found on the eastern shore of the Bering Strait and Chukchi
Waters occur just north of the Strait and infringing upon the
western CTD station, is anomalous. Based on previously
studied hydrographic patterns ([2], see discussion), this hy-
drographic data suggested the occurrence of a flow reversal
(southward flow) in the western parts of the Bering Strait.
We note that during the final time that the ship was in the
Bering Strait area, shipboard winds were blowing south with
gusts greater than 10 m/s.



40 The Open Oceanography Journal, 2008, Volume 2 Christensen et al.

DISTANCE - km DISTANCE - km
-10
.
E 4
T 20
T 7
T ]
D_ .
W 40
D 4
1 TEMPERATURE
60 J
10 0 10 20 30 40 50 100 200 300 400
PTETATE I IT S INAFAT AT IPA IO S TN Ar S AT OO Y PR R TR T S PR R I ST ST WA T N
S
0 1 2 4 7 :CTD i ‘1‘_7 }'{ - - - T I?, -12 i 17 :CTD[
J \ L Jd L
E ) ! L’O i q o O.§ L
' 20 SO - u| S R
T 1 = . - { - :
P SR
9 | B o4 M 2
w . = & [
W 40_ ! g. -
] SALINITY [
60
S [
- [
T [
e [
LIJ =
D L
S [
T [
|_
= [
W : [
a : -
!

Fig. (5). Sections of temperature, salinity, sigma-t, and chlorophyll (ug-chl/L) in the Bering Strait and along the U.S.-Russian border on Jul-
ian days 244-246 (August 31-September 2). Panels on the left are of stations in the Strait oriented approximately westwardly. Panels on the
right are stations along the Russian-U.S. boundary line oriented northerly.



Chlorophyll Response to Shelf-Break Upwelling and Winds The Open Oceanography Journal, 2008, Volume 2 41

DISTANCE - km DISTANCE - km
10 O 10 20 30 40 50 100 200 300 400
T A AT TSP TS AT AT A Ay
] [ +. ‘;- " "! " +. " +. I+ " .+ " -l'- 1 ".. PR ST S 'Y
0 193 188 :CTD 188 185 180 :CTD I
] TF = -
= 7 N [
o ool
1 < < |t -
T i
= L
[a B
L
o
Bering Strait (Sept. 27)
L L L B B L |
-10 0 10 20 30 40 50 100 200 300 400
B ———
188 185 180 Clb T
| ! L
0 N Llo I
£ b po b L
1 : __
T | i
l_ S
N L
L
(&)
SALINITY

-10 O 10 20 30 40 50 100 200 300 400
PRy " PR W ST S N PR PR W ST S N

Pl EPETErEre rErArare ey
F F F + F
188 :CTD

DEPTH - m

L
[
©
®
I~
©
©
(@]
1
w)

T

N
o

_____

N
o

DEPTH - m

CHLOROPHYLL

CHLOROPHYLL
LI L I

(o]
o

Fig. (6). Sections of temperature, salinity, sigma-t, and chlorophyll (ug-chl/L) in the Bering Strait and along the U.S.- Russian border on Jul-
ian day 271 (27 September). Panels on the left are of stations in the Strait oriented approximately westwardly. Panels on the right are stations
along the Russian-U.S. boundary line oriented northerly.



42 The Open Oceanography Journal, 2008, Volume 2 Christensen et al.

BERING STRAIT REGION
(early & late September)

=
o

@0
9 SIS

°C

f

ACW

o CTDO001-017
+ CTD180-193

POTENTIAL TEMPERATURE -

SALINITY

Fig. (7). Relationship of potential temperature to salinity for stations near the Bering Strait in early and late September. Alaskan coastal wa-
ters (box marked ACW) were waters with temperatures of 8-10°C and salinities of 29-31 and represented the northward flowing coastal wa-
ters impacted by the Yukon River. Anadyr Waters (box marked ANDR) were those with temperatures of 3-4°C and salinities of 32.3-32.7.
Chukchi Sea Waters were those with temperatures of 4-5.6°C and salinities of 31.0-31.6.

600 PR IS ST ST S [N VT ST SO U TSN T ST S [ U S ST W NATUNY U NS T N W T WY VT ST SN [N T WY WY W T S Y W T [ 'Y
CURRENTS AT 14 m CURRENTS AT 14 m
500—; 3 September ] 24-26 September 3
400_: AAAAAAAAAAAAAAAAAA L4 AAA . _: AAAAAAAAAAAAAAAAAA L AAA . :_
{1 = i = %Lt
£ 30094 - i - L A
: 1 . 1 . 5 o4
= 2004 . I -
14 1 - 1 -
@] ] ]
Z 1004 = 4 % -
ICI)J ) 3 Barrow ] Barrow[
Z o] b 1. ot
= 1 . 20 cm/sec 1 - 20 cm/sec |
<) 1 - ] xCape [
O -1009 ucsacean_ Lisburne ] Lisburne C
200§ : :
300, - 1 -
1 e ALASKA 1 ALASKA
-400 11— L T
0O 100 200 300 400 0 100 200 300 400
DISTANCE EAST - km DISTANCE EAST - km

Fig. (8). ADCP current vectors at 14 m from two transits between Cape Lisburne and the Barrow region from Julian day 247 (September 3,
Left Panel) and on days 268-270 (September 24-26, Right Panel). Every twentieth datum was plotted.



Chlorophyll Response to Shelf-Break Upwelling and Winds

601 F
(>3 ] 3 September
Z 404 L
L ] [
8, 1 i
Q 207 -
Y 1 r
L 04 r

0 20 40 60 80
CURRENT SPEED - cm/s
> 60- 24-26 September [
o ]
p
L
-]
o
w
o
T

0 20 40 60 80
CURRENT SPEED - cm/s

The Open Oceanography Journal, 2008, Volume 2 43

60 :
O 3 September _
Z 40 -
LIJ 4 -
2 1 I
O 20+ -
Lu 4 L
A
L o] i

0 60 120 180 240 300 360
CURRENT DIRECTION - °true

60 L
;) ] 24-26 September
T C
(D} ]

E L
L ool N N EUULLLLL ST
0 240 300

0 60 120 18 360
CURRENT DIRECTION - °true

Fig. (9). Histograms of current speed and current direction for the ADCP current data measured on the Cape Lisburne to Point Barrow transits
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Currents between Cape Lisburne and Point Barrow

Currents along the coastline from Cape Lisburne to Point
Barrow, assessed via shipboard ADCP measurements,
changed markedly between the beginning and end of the
shipboard operations. Early in the cruise (day 247), near-
surface flows (14 m depth) were strongly northeastward in
the Alaskan Coastal Current (Fig. 8 left), the typical condi-
tion of the Chukchi Sea. However, by the end of the cruise
(day 268-270), the currents near the coast were directed
southwesterly (Fig. 8 right) in opposite direction to the ex-
pected flow of the Alaskan Coast Current. Tidal velocities
were not subtracted from these ADCP results. Maximal tidal
currents are less than 10 cm/s throughout most of the Chuk-
chi Sea [31, 32], with many investigators reporting tides less
than 5 cm/s [35, 36]. During both of our ship transits, the
ADCP record lasted more than a tidal cycle, >16 hours in
transit on day 247 and >29 hours on days 268-270. Histo-
grams of the current data from the region between Cape Lis-
burne and Barrow (Fig. 9) show that nearly all of the ADCP
observations had current speeds greater than 10 cm/s with
the majority of data having speeds greater than 25 cm/s (Fig.
9 left). Thus, the observed data would be altered only
slightly by tidal correction. Also, the histogram of north-
eastward current speed in early September (Fig. 8 top) indi-
cates normal velocities of the Alaska Coastal Current [11,
37-39]. The important point is that in early September, our
observations show typical flow of the Alaska Coastal Cur-
rent (Fig. 8 left, 9 top); while, in the later part of September,
the Alaska Coastal Current was flowing toward the south-
west (Fig. 8 right, 9 bottom). Thus, during this expedition,
the additional characteristic of strong autumn winds, that of
reversal of the Alaskan Coastal Current, was observed. We
now present the upwelling conditions found along the north-
ern continental shelf break.

Barrow Canyon Region

The northeastern region of the Chukchi Sea, including
Barrow Canyon, was sampled on several transects between
days 250 and 270 (Fig. 1) and showed the presence of sev-
eral different types of waters. We note that types of waters of
the central and northern Chukchi Sea differ somewhat with
geographical area due to the seasonal changes in source wa-
ter conditions within the Bering Strait and differential clima-
tological impacts during the long transit time across the
Chukchi shelf [15, 34]. Nevertheless, we found waters lying
over much of the central and northeastern part of the Chuk-
chi Sea to be moderately uniform, with much of the water
having temperatures of >4°C and salinities between 31 and
32. During this time, Chukchi Sea waters had low concentra-
tions of nutrient and chlorophyll. Dissolved silicate and ni-
trate plus nitrite concentrations were <5 pmol/L and <2 p
mol/L, respectively. Chlorophyll concentrations over much
of the shelf were about 1 ug-chl/L, but near the northern
shelf edge were typically lower, around 0.5 ug-chl/L. How-
ever, at some stations, primarily associated with Barrow
Canyon in the northeast, high concentrations of nutrients (up
to 50 umol-Si/L and 20 umol-N/L) were observed at much
shallower depths than offshore, which we detail below.

We contrast these characteristics with those offshore wa-
ters from the Canada Basin (transect line N, Fig. 1). Water
types on the T-S diagram (Fig. 10) for the offshore Canada
Basin included the Arctic Surface Water (<0°C, salinities
<31.0), Upper Halocline Water (<-1.0°C, salinities of 32.7-
33.0), Lower Halocline Water (0 to -1.0°C, 34.4 salinity),
and Atlantic Water (about 1°C, 34.7 salinity). Water types
along the northeastern transect line N (Fig. 10) were at their
typical depths in the Canada Basin [1, 40], e.g. the Upper
and Lower Halocline Waters were found between 100-160 m
and 160-220 m respectively. Within the northeastern shelf
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region, the T-S diagram showed a triangular relationship
(Fig. 10) where the lower right-hand end-member was the
Upper Halocline Waters and the upper apex reflected the
general conditions in the Chukchi Sea centered at 4.5°C and
31.5 salinity (box CSW, Fig. 10). The left-hand portion of
the T-S triangle represented fresher waters with salinities as
low as 28 but with considerable variation in temperature
(-1.5 to 3°C, Fig. 10). For waters with salinities less than
32.8, one of the strongest relationships was the apparent lin-
ear relationship between upper halocline waters and general
Chukchi Sea waters (indicated by the data parallel to and just
to the left of the dashed line connecting the CSW and UHC
boxes, Fig. 10), indicating strong mixing between these two
water types.

Sections across Barrow Canyon showed a shoaling of the
higher salinity waters from deeper offshore. For example, on
the coastal (southern) side of transect J, warm fresher waters
(the Alaska Coastal Current) were found to depths of 40 m
south of a surface frontal boundary between CTD 116 and
117 (Fig. 11). To the north of this frontal boundary were
fresh cold waters (<1°C, salinities <30, <25.0 kg/m®) to
depths of about 20 m. A strong pycnocline separated these
surface waters from cold salty waters which filled most of
Barrow Canyon and over-rode the northern wall of the can-
yon to depths as shallow as 30 m. These cold saltier waters
(<-1.0°C, salinities >32.5, >25.8 kg/m®) fit the T-S character-

istics of the UHC box, which were found offshore at depths
of 100 m or more (Line N). Thus, the section of Line J dem-
onstrated the occurrence of upwelling of the offshore waters
onto the shelf, corresponding to another characteristic of the
windier season.

In the offshore areas, the upper halocline waters have a
characteristic high nutrient content, reaching 50 umol-Si/L
and 20 umol-N/L (Fig. 12 top). Although the number of nu-
trient samples were insufficient to map the on-shelf nutrient
distributions, individual station profiles showed that the oc-
currence of high salinity waters (32.5 and greater) defined
the presence of nutrient concentrations >18 umol-Si/L and
>8 umol-N/L (Fig. 12 bottom). A graph of silicate and ni-
trate plus nitrite versus salinity (Fig. 13) showed that the
highest nutrients correlated with salinities of about 32.8. In
the figure, some of these higher values were the offshore
stations at water depths greater than 200 m. However, the
high nutrient samples (silicate >18 umol/L and nitrate plus
nitrite >8 umol/L) found at shallow stations (<200 m) were
associated with salinities of 32.5 or higher (Fig. 13). Samples
with salinities less than 32 had silicate concentrations <8 u
mol/L and nitrate plus nitrite concentrations less than <2 p
mol/L, reflecting the depauperate nutrient condition of
northern Chukchi Sea waters. This demonstrates that the
source of high nutrient waters on the northeastern Chukchi
shelf was the upwelled Upper Halocline Water.
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The upwelling we observed appeared to be large in scale
and to have occurred in the period of time during which we
were sampling. In the first sampling near the Canyon's
mouth on days 249-251, the 32.5 isohaline contour on Line
M domed by 90 m from the south side of the Canyon (120
m) to the most offshore site on the transect (depth of about

30 m, Fig. 14 top). Where the UHC waters reached the
euphotic zone, the chlorophyll section (not shown) showed a
strata of high concentrations exceeding 1 pg /L and occa-
sionally exceeding 4 ug /L at depths of 25-35 m. Thus, these
UHC nutrients had been at this shallow depth long enough
for the algal community to respond by growth. However, our
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data from this early period showed that the shallow 32.5 iso-
haline had not extended far into the Canyon. Transect line La
showed significant doming, but the shallowest depth was 55
m. No corresponding increase in chlorophyll occurred on
this line, indicating that upwelling on this line was too deep
to affect the euphotic zone. Station 28, on the shelf north of
Barrow Canyon, showed the 32.5 isoline at 51 m. However,
other stations within the Canyon (line Ka and stations 18 and
19) lacked any salinities as high as 32.5. Thus, at this time,
the upwelling was restricted to a dome near the Canyon
mouth.

The arrival of severe storms drove the research vessel
southward, but when the vessel returned, UHC salinities
were found over much of the shelf plateau north of Barrow
Canyon (Fig. 14 bottom). At many sites, the 32.5 salinities
were found within the upper 30 m. Chlorophyll sections of
lines J, Kb, and Lb showed a rich chlorophyll band near the
bottom of the euphotic zone and just above the UHC waters

(Fig. 15). The most southern transect, Line G, showed the
classical structure of wind driven coastal upwelling with 40
m bottom water at the offshore stations being drawn in to-
ward shore and upwelled to the surface (not shown), but
salinities never exceeded 32.2 and nutrients were low. Un-
like Line G, the near-shore stations along Line H had nearly
vertical isohaline lines of UHC water and uniformly high
nutrient concentrations (Fig. 16). The currents at 14 m (Fig.
8) indicated that nearshore flow was southwestward, parallel
to the coast. These data suggested that UHC waters were
being driven along the coast as a vertical slug, with little
time for lateral mixing. Chlorophyll concentrations on Line
H were low suggesting that the arrival of the high nutrients
to the surface waters had not yet stimulated algal growth
(Fig. 16). Thus, the hydrographic, nutrient, and chlorophyll
data suggest a canyon upwelling event which started about
day 250 or soon thereafter and which expanded over the next
18 days.
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Our chlorophyll concentrations are similar to other late-
summer measurements [13, 14, 26], but unlike most other
studies, our station grid was sufficiently close-spaced to
show the details of the association of plant pigments with the
upwelling plume. The chlorophyll sections (Fig 15) showed
patches of high chlorophyll concentrations which rivaled the
high concentrations found in the first Bering Strait sampling.
On line J, the maximum exceeded 6 pg-chl/L; while on lines
Kb and Lb, these exceeded 2.4 and 5.0 pug-chl/L. These sub-
surface chlorophyll bands parallel the depth of the 32.5 and
32.0 isohaline lines, but at the offshore section (Lb), the
chlorophyll band is at a greater distance above the 32.5 iso-
haline (c.a. 25 m) than at the inshore sections (5 m on line J).
The differences in the vertical distance above the 32.5 iso-
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haline reflect the differences in the vertical nitrate gradient
(dNO4™/dz). The nitrate concentrations just below the depth
of the chlorophyll maximum appear similar (2-4 umol/L) but
the nitrate gradient is much steeper inshore relative to the
Canyon mouth, a likely result of both convergence of the
isohaline lines and continued nutrient removal by plants as
the waters are forced inshore. At the southern terminus of the
plume, Line H, where high salinity waters form a vertically
uniform slug at the inshore stations, no chlorophyll has yet
been produced. On this particular transect, nutrient profiles
measured on the two end stations (CTDs 169 and 173) were
approximately conservative with salinity. So nitrate plus
nitrite concentrations were regressed onto salinity, and the
resulting regression used to construct profiles of estimated
nitrate plus nitrate at all stations on the transect. From these
profiles, we constructed a section of estimated nitrate plus
nitrite (Fig. 16 bottom), which showed that nitrogen concen-
trations of 12-15 umol/L were located from the sea surface
to the seafloor on the inner portion of this transect. Chloro-
phyll-a concentrations were less than 0.6 ug/L throughout
nearly all of the section, and the majority of the volume had
less than 0.4 pg/L. Given phytoplankton particulate nitrogen
with a ratio of 0.6 pmol-PN/ug-chl [41, 42], the chlorophyll
content seen in this section would amount to 0.36 umol-N/L
or less, and would represent only a minor nitrogen reservoir
relative to the estimated nitrate plus nitrite. Given that all
this nitrate will be incorporated into phytoplankton particu-
late nitrogen, this nutrient content would convert to 25 ug-
chl/L throughout the entire euphotic zone, without grazing or
sinking loses [24, 43]. These results indicate that upwelling
of the high nitrate waters onto the shelf could have dramatic
affects on productivity.

DISCUSSION

The Bering Strait inflow to the Arctic Ocean, resulting
primarily from a downward sea surface slope (to the north)
due to the mean density difference between the North Pacific
Ocean and the Arctic Ocean [16, 38] is affected by the winds
and their seasonality. Local winds near Bering Strait in
summer (April - August) are weaker and from the south;
while winds in autumn are stronger, more variable, and from
the north [2]. Strong north winds oppose the normal sea wa-
ter flow through the Strait, and various investigators have
found that flow reversals occur when northerly winds reach
about 8 m/s [2, 15-18]. The regional wind pattern also influ-
ences the Bering Strait flow by shifting the ocean currents
just south of the Strait from a northerly course to an east-
west heading [2, 18]. Given the differences in the two sea-
sons, flow reversals are infrequent events during summer (0-
5% of the days) but are more common in the fall (9-34% of
the days [2]).

Our results during September 1996 showed that condi-
tions in the Bering Strait shifted from typical northerly flow
in early September to those that mimic a partial flow reversal
as the weather in late September deteriorated. In our initial
sampling of the Bering Strait, the coastal waters were found
on the eastern portion of the channel and were characterized
by salinities less than 31 and temperatures of nearly 9°C.
Nitrate plus nitrite concentrations were 0-1 umol/L, silicate
concentrations were generally 11-15 umol/L, and chloro-
phyll concentrations were generally low (<0.5 pg-chl/L).
The least diluted form of Anadyr water was found to the
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north of the Strait and had characteristic T, S, nitrate plus
nitrite, and silicate characteristics of 3.5°C, 32.4, 15 umol-
N/L, and 40 pumol-Si/L, respectively, and chlorophyll con-
centrations that ranged up to 8 ug-chl/L. This corresponds to

the typical distribution of waters within the Strait under
northward flow conditions. At the end of the cruise twenty
five days later, the conditions within the Strait differed.
Anadyr water (3.5°C and 32.4 salinity) was found filling the
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eastern portion of the Strait, and the river-influenced fresh-
water end member, found in the Strait in early September,
was not present. Winds over the latter part of the cruise were
directed southward and were strong with episodes greater
than 10 m/s. The wind intensity was sufficient so that waters
from the north (off Cape Lisburne) were flowing toward the
Bering Strait. This situation represents the third pattern of
flow reversal as defined by Coachman [2]. In this pattern,

waters on the Russian side of the Strait move southward,
while in the Chirikov Basin to the south of the Bering Strait,
newly upwelled Anadyr waters are forced eastward toward
Norton Sound, resulting in a counter-clockwise gyre cen-
tered within Bering Strait.

The second result of the seasonal change in wind inten-
sity and direction is occasional reversal in the flow of the
Alaskan Coastal Current. Several studies have examined the
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correlation of current meter records with local winds as a
cause for reversal of the Alaskan Coastal Current and for
upwelling in Barrow Canyon. Little correlation of current
records with springtime with local winds were found [37],
which may have resulted from the ice-pack shielding the
surface waters from the local winds. Based on another data
set from October 1986 - August 1987, wind variability at
Point Barrow has been found to explain only 25% of the
low-frequency current variance in Barrow Canyon, with the
wind leading the current by 6-12 hours [36]. In contrast,
year-long current meter records from moorings between the
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Bering Strait and Barrow Canyon deployed between Sep-
tember 1991 and September 1992, showed that local winds
were coherent with Barrow Canyon flows 62% of the time
with the winds leading the currents by 18 hours [11]. As to
the difference between these two years (1986-7 and 1991-2),
the earlier period was characterized by wind variance of
twice that of the 1991-1992 period, and that increased wind
variance would lessen the degree of correlation [11].

We found that the Alaskan Coastal Current had reversed
during late September. We showed that the climatological
winds are supportive of southeastern flow of waters along
the Cape Lisburne to Point Barrow coastline and these winds
would potentially drive strong upwelling at all times of the
year. The autumn windy period is particularly strong, with
winds averaging 5.29 m/s and the Bakun index averaging
0.18 m3 s71 (m of coastline)~. The coast from Barrow to
Cape Lisburne is 450 km long, so this average Bakun index
would indicate an offshore flow of near-surface water from
the coast of 0.084 Sv. This wind-driven flow would act in
opposition to the northward sea-surface pressure gradient. In
1991-2, reversals of the Alaska Coastal Current consistently
occurred when alongshore wind speeds exceeded 5.9 m/s
[11]. Accepting this critical velocity, the climatological
winds during the autumn windy period (5.29 m/s) would
diminish but not block the northward flowing Alaskan
Coastal Ccurrent. We showed that 1996 was a year with high
autumnal winds relative to the previous 35 years. During the
time we occupied the northern Chukchi Sea, the late Sep-
tember windy period (Julian days 259-272) had frequent
extreme winds, exceeding 10 m/s. During this late Septem-
ber period, we found strong southward surface flow along
the coast from Cape Lisburne to Point Barrow. Over this
period, the average upwelling index was 0.53 m3 s'1 m1,
which would translate into coastal upwelling of 0.24 Sv.

North of Cape Lisburne, the composition of Chukchi Sea
waters appeared to be characterized by mixing between three
end-members. The typical Chukchi Sea end-member had a
temperature of about 4.5°C and salinities of 31-32. Nutrient
concentrations were low, averaging 5 umol-Si/L and 1-2 u
mol-N/L, while chlorophyll concentrations averaged about 1
ug-chl/L. A second end-member consisted of fresher colder
waters from several sources which had similarly low nutrient
and chlorophyll concentrations. The third end-member was
Upper Halocline Water, which in our deep casts had as much
as 50 umol-Si/L, 20 umol-N/L, and no measurable pigment
fluorescence. On the shelf, high nutrient concentrations were
those carried by these cold salty waters. Chlorophyll concen-
trations in these waters were generally very low, but strong
algal growth occurred soon after these waters entered the
euphotic zone or were positioned at the interface just below
the euphotic zone. Since upper halocline waters are thought
to be formed in winter on the shelf, it is possible that these
occurrences could be residual brine-enriched eddies retained
on the shelf from the previous winter [42, 44, 45]. However,
given the shallowness of this shelf, one would expect winter-
time shelf waters to have experienced summer-time algal
growth if they had remained on the shelf for the entire spring
and summer. As a result of this growth, patches of winter-
time shelf water would be subjected to differing degrees of
nutrient depletion. Our observations show that high nutrients
were solely found in waters with higher salinities, and near
Barrow, these high salinity waters were contiguous with off-
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shore deeper halocline layers. Thus, our results are easier to
explain based on upwelling from offshore rather than by
retention of winter waters on the shelf.

We observed a large upwelling event associated with
Barrow Canyon where upper halocline waters filled much of
the western Canyon, overflowed the northern shelf area, and
covered much of the northeastern Chukchi. Our event ap-
pears similar to that observed by Johnson [20] in late August
1986. In 1986, winds from the east-northeast, at speeds of up
to 4.2 m/s, reversed the flow of the Alaskan coast current for
3 days and apparently promoted the influx of low tempera-
ture (<-1°C), higher salinity (>32.8) waters normally found
at depth. Similarly, Bourke and Paquette [46] found a near-
bottom warm saline layer which reached depths of less than
40 m and which covered a large area of the northeastern
Chukchi Sea. Garrison and Paquette [47] showed that up-
welled waters reached depths of 40-50 m near the head of
Barrow Canyon. Thus, volumetrically large upwelling events
have been frequently noted in this area which is infrequently
sampled. In our event, we estimated the volume of upwelled
waters to be 300 x 109 m3 based on the maximum area (12 x
10° m2) covered by salinities exceeding 32.5, and an average
thickness of 25 m above either the 75 m depth or the sedi-
ments (if shallower than 75 m). Assuming that this plume
began moving up the Canyon on or about Julian day 250,
after our first sampling of the outer portion of the Canyon,
and reached the size that we mapped by the end of our Bar-
row sampling on day 268, the average transport rate over
these 18 days would have been 0.19 Sv.

The coherence of winds with upwelling in Barrow Can-
yon which was described earlier suggests that upwelling
along the coast from Cape Lisburne to Barrow Canyon may
have an important role influencing the deeper upwelling
through the Canyon. However, the causes for upwelling
within Barrow Canyon may be multiple, and regional-scale
processes also may play a role. Mountain et al. [37] found
that 55% of the spring-summer Barrow Canyon flows could
be explained by the Barrow-Nome air pressure difference.
Aagaard and Roach [36] found that close coherence of cur-
rents, temperature, and salinity between moorings within
Barrow Canyon and ones placed at 100 km and 400 km east
of the canyon mouth on the Beaufort slope. The propagation
speed of these coherent events was 2.3 m/s, which they at-
tribute to eastward moving shelf waves. In this view, current
reversals would occur as these shelf waves pass by the
mouth of Barrow Canyon. Furthermore, the fall winter inten-
sification of these events may result from the greater atmos-
pheric kinetic energy and a correspondingly higher shelf
wave energy level. Munchow and Carmack [21] suggested
that the uplifting of halocline waters by 100-150 m in the
outer portion of Barrow Canyon (Sept. 1993) would have
resulted from a narrow westward flowing surface current
located about 40 km north of the shelf break and this current
could perhaps be part of a baroclinic anticyclonic eddy near
the mouth of the canyon. Signorini et al. [48] found that non-
linear interaction between the variable barotropic flow with
the steep topography is the primary mechanism for bringing
deeper Canada Basin water up into the shallower canyon. On
a larger scale, they suggest that barotropic variability of the
Bering Strait volume transport communicates transport vari-
ability to Barrow Canyon via a topographic wave, which
within the deeper portions of the canyon is transformed to
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Kelvin wave propagation. Weingartner et al. [11, 34] sug-
gested that windy periods from late fall through early winter
would have regional affects causing a weakening and partial
reversal of the Alaskan Coastal Current, upwelling in the
region around Barrow and a diversion of Bering Strait flows
to the west toward Siberia (our results are similar).

In late September 1996, once the UHC waters were shal-
low enough and neared the shore, our data indicated rapid
southwestward transport of the UHC along the shallow coast
as a homogeneous volume. Consequently, in this later pe-
riod, strong coastal upwelling acted to transport the shallow
UHC waters along the coast and within the euphotic zone. At
these shallow depths, this plume of high nutrient water
would have developed extensive algal blooms well south of
Barrow Canyon.

The importance of this shelf-edge upwelling can be
demonstrated by comparing this event with the dominant
flow in the region, through Bering Strait. The average flow
through Bering Strait is 0.8 Sv (Table 1) which compares
with the estimated average flow of our Barrow plume (0.19
Sv). Thus, considering a time period of 18 days, the Barrow
Canyon upwelling represent a volumetric inflow of water of
24% of the average through the Bering Strait (Table 1).
Since the upwelling waters are extremely cold and nutrient
rich, the heat loss and nutrient addition to the shelf from this
plume was enhanced over that for volume, representing -
59%, 58% and 41% of the average inputs of heat, nitrate plus
nitrite, and silicate through the Bering Strait for an 18 day
time period (Table 1).

It could be argued that these upwelling events lack long-
term significance because the upwelled waters would be
fully swept back out of the Canyon as soon as the wind in-
tensity or direction shifted. If so, the event would have no
net impact on the Chukchi Sea composition. However, we
argue that our estimate represents a minimum for two rea-
sons. First, the observed plume overflowed onto the shelf
and allowed mixing with shelf waters, as demonstrated by
the triangular mixing region within the T-S diagrams from
the northern transects. Our estimate was a minimum one
since it did not include these mixed water types. Secondly,
the shallow intrusions of nutrient-rich cold waters stimulated
significant algal growth as indicated by the occurrence of
chlorophyll rich bands located at the interface between these
slope waters and the ambient shelf waters. We note that our
station grid was sufficiently close-spaced to show details of
the association of plant pigments with the upwelling plume.
Summer-time measurements in the Arctic have shown that
maximum 14C-based primary productivities are found in
these deep chlorophyll layers just above the nutricline [14,
26, 43]. Because the upwelling occurred near the end of the
growth season, bacterial and herbivorous consumers are
readily available to graze the new blooms [24, 43], poten-
tially keeping the chlorophyll abundance lower than would
be found during typical ungrazed spring blooms. The net
affect of this upwelling was stimulated new production
which would enrich the organic matter supply both to the
planktonic consumers and to the benthos below. Thus, these
onshore upwelling events may have an important impact on
ecosystem productivity in this relatively oligotrophic region.
With continuing change of the Arctic climate, it is likely that
winds will increase and sea-ice extent will decrease [49].



52 The Open Oceanography Journal, 2008, Volume 2

Christensen et al.

Table1. Estimated Transports in the Barrow Upwelling Plume of September 1996 Compared with Average Transports of Volume
(10° m%s), Heat (10° kcalls), Salt (10° kg/s), Nitrate Plus Nitrite (10° mol/s), and Silicate (10° mol/s) through the Bering

Strait
Location, Volume Heat Salt NO;+ Silicate
Reference Flow Flow Flow NO, Flow Flow
Barrow Canyon®: 0.19 -0.29 6.33 34 7.6
% of Bering Strait Average 24% -59% 25% 58% 41%
Bering Strait:
Aagaard and Greisman [50]
original estimate®: 15 0.9 48.6 - -
at present flow*: 0.8 0.48 25.9 - -
Anderson et al. [51]
original estimate®: 1.35 - 43.2 10.0° 31.1
at present flow*: 0.8 - 25.6 5.9 18.4
Average of Strait": 0.8 0.48 25.8 5.9 184

(a) The averages of temperature, salinity, and concentrations of nitrate plus nitrite and silicate were -1.5°C, 32.5, 18 umol-N/L, and 40 umol-Si/L. Heat capacity, density, and the
reference temperature follow b. (b) The averages of temperature and salinity were 0.5°C and 32.4. Heat capacity was 1 kcal (°C L)™ and temperature was referenced to mean of -0.1°
C. Density was 1000 kg/m®. (c) The averages of salinity and silicate concentration were 31.2 and 23 umol-Si/L. Density was 1025 kg/m®. (d) Nitrate was not calculated by Anderson
et al. [51], so we assumed the same volume flow and 8 umol-N/L. (e) Present day volumetric flow rates through the Bering Strait were from [3]. Literature values of the fluxes were

reduced proportionally. (f) Average of present flows.

Both trends will expose the northern Alaskan shelf to in-
creased upwelling and shelf-break transport events, and fol-
lowing the pattern we saw, would likely stimulate productiv-
ity on the northern shelf and would support a richer marine
ecosystem.

CONCLUSIONS

Based on weather data from Point Barrow, we show that
autumn of 1996 was windier than most of the previous 35
years. We sampled the U.S. portion of the Chukchi Sea in
September 1996 with 200 CTD casts and shipboard ADCP
current measurements. In late September, we found that con-
ditions in the Bering Strait were anomalous in that fresh
coastal water was absent from the Strait and a partial flow
reversal appeared to be occurring. In the central Chukchi
Sea, the northeastward flow of the Alaskan Coastal Current
was reversed. In the northern Chukchi Sea, upwelling of
offshore upper halocline waters (salinities >32.5) was ob-
served within the Barrow Canyon, with much of the shelf
west and south of the Canyon inundated. Dispersion of the
plume was enhanced by wind-driven Ekman transport along
the northwest Alaska coastline at upwelling rates of 0.24
Sverdurp. The upper halocline waters which were upwelled
in the Barrow region contained high concentrations of sili-
cate (>20 umol-Si/L) and nitrate plus nitrite (>8 wmol-N/L),
in contrast to typical concentrations of <8 umol-Si/L and <2
umol-N/L in the northern Chukchi Sea waters. This plume
reached the euphotic zone, and elevated concentrations of
chlorophyll (>4 pg-chl/L in many places) were found at the
interface between Chukchi Sea water and upper halocline
water. We estimated an upwelling transport of 0.19 Sv of
upper halocline water in the plume. When compared to the
average flow through the Bering Strait; this event equaled

24% of the volume flux, -59% of the heat flux, and 58% and
41% of the nitrate and nitrite and silicate fluxes through the
Strait for an equal duration of time. These estimates would
be a minimum because mixing of shelf and upper halocline
waters were not included. The chlorophyll blooms resulting
from this nutrient injection indicate dramatically enhanced
ecosystem productivity along this northern shelf region.
With increasing climatic change occurring in this region,
shelf break productivity would likely increase in the future.
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