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Moored current measurements in four different areas of the Arctic Ocean suggest 
that the principal large-scale advection occurs in narrow boundary currents along the 
margins of the major basins. These boundary flows are in a cyclonic sense in each 
basin and are therefore counter to much of the upper ocean drift suggested by the ice 
motion. In the interior of the Arctic Ocean (or at least in its Canadian Basin) the 
kinetic energy appears concentrated in the mesoscale eddy field, and there is evi
dence that this field is primarily generated along the Arctic Ocean margins. In 
addition, the Arctic Ocean has recently been found to sustain a large-scale thermo
haline circulation driven by freezing along its periphery; this circulation appears to be 
at least comparable in magnitude to that of the Greenland Sea. If one also considers 
the major peripheral exchanges through the Fram Strait, the Barents Sea, the 
Canadian Archipelago, and the Bering Strait, then the image which emerges is of an 
Arctic Ocean which overwhelmingly is forced at its lateral boundaries, and in which 
much of the organized transport is trapped along these boundaries.

Knut Aagaard: N O A A IPM E LIM SR D , 7600 Sand Point Way N .E., Seattle, Washing
ton 98115-0070, USA.

Introduction

This synthesis is very much a personal view of the large- 
scale circulation of the Arctic O cean, and it is based 
principally on measurem ents with which I have been 
directly involved. It is not a com prehensive review of 
work in the Arctic O cean, and in particular it does not 
deal with the extensive work of Soviet investigators. A  
central them e in the discussion is the im portance to the 
Arctic O cean of its lateral boundaries and the processes 

which occur there .

Boundary currents

I begin with m oored  current m easurem ents we made 
over the continental slope north of the B arents Sea 
during the sum m er of 1980 (sites YE1 and YW2 in Fig. 
1). The  eastern m ooring was at 458-m depth , close to 
the shelf b reak , while the western one was over the 
slope at 1126 m. T he stick diagrams for the th ree  cur
rent records on the eastern mooring are shown in Figure 
2; each time series is about two months long. U p in the 
figure is parallel with the local isobath trend , in this case

northeast. T he recorded currents are rem arkable  both 
for their persistent set northeastwards along the slope, 
and for their strength, which increases downwards. 
Daily low-passed currents reached 30 cm s^1 at the 
deepest instrum ent on the eastern (upper) m ooring and 
25 cm s“ 1 at the deepest one on the western (lower) 
mooring. If we combine the results from  the two m oor
ings into a single section (Fig. 3), we see a deep and 
apparently  narrow  boundary  current trapped  over the 
upper slope, although we cannot be certain o f  the sea
ward extent of the current. H ydrographic sections taken 
in the same area  (A agaard  et al., 1981b) show a reduced 
slope of both the isotherms and  the isohalines seaward 
of about the 1200-m isobath (cf. also Fig. 3), suggesting 
that the high-speed current core is in fact centered  over 
the u pper  slope as indicated in the figure. Likewise, 
Lewis and Perkin (1983) observed the deep isotherms in 
this area rising inshore of the 2000-m isobath. Also note 
in Figure 3 tha t the speed increases with depth through 
the A tlantic layer and into the deep  water, so tha t the 
boundary  current is not uniquely associated with a pa r 
ticular w ater mass. A  further im portant point is tha t this
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458
(bottom)

Days from 15 July 1980

Figure 2. Daily low-passed velocities at mooring YE1 near 
46°E during Ju ly-Septem ber 1980. The orientation arrow is 
directed northeast along the slope.

strong and deep flow along the basin boundary  is coun 
te r  to tha t near the surface, which is directed  westwards 
towards the Fram  Strait. T he la tter can for exam ple be 
seen in the charts of inferred upper ocean currents by 
T horndike and Colony (1982) which are shown in Fig
ure 4.

C onsider next the six-week m oored current-m eter 
records from the Lom onosov Ridge near  140°W made 
in 1979 (A agaard , 1981). M ooring L I was located im 
mediately north  of the ridge crest, i .e .,  on the Eurasian 
Basin side of the crest, at 1440-m depth , and L2 was 26 
km farther north  at the base of the ridge at 3565-m 
depth  (Fig. 5). T he current 200 m above the bo ttom  
near the base of the ridge was extremely slow, with a 
mean over the record of less than 0.5 cm s_1 and  di
rected northeast along the ridge; the speed never ex
ceeded 4 cm s ' 1. In contrast, the m axim um  current just 
north of the ridge crest exceeded 12 cm s-1 25 m above 
the bo ttom , and the record-long means w ere in the 
range 2 —3 cm s_1, with a flow com ponent up the slope, 
suggesting overflow into the Canadian Basin. T he data  
show this to have occurred in a series o f  pulses. O f 
particular im portance to our discussion is the p ro 
nounced vertical shear, with the current intensifying 
downwards; a t L I this increase was in the m ean  0.6 cm 
s *, i .e .,  30 % , over 175 m. T he flow along the L om ono 
sov Ridge is therefore  reminiscent of tha t north  o f  Sval
bard and Franz Josef Land (Fig. 3), although weaker.

Figure 3. Composite velocity section across 
the southern Eurasian Basin slope near 40°E 
from Ju ly-Septem ber 1980, based on re- 0
suits from moorings YW2 and YE1. The 
current is directed into the figure and repre
sents two-month means. Isotherms are 
based on summer 1980 hydrographic sec
tions together with two-month mean tem
peratures recorded at the current meters.
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Summer 1979

0.05 m sec
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Figure 4. Upper ocean currents inferred from observed ice drift and geostrophic wind during the summers of 1979 and 1980. 
Circles denote mean drift buoy locations. Currents inferred from the drifts of the Fram and the Sedov are included in the 1979 
chart. From Thorndike and Colony (1982).

T hat is, it is 1) trapped  over the upper slope in a core a 
few tens of k ilometers wide; 2) directed in a counter
clockwise sense around  the basin; and  3) increasing in 
intensity with depth . As a working hypothesis, I p ro 
pose tha t this boundary  current is in fact continuous 
from Svalbard around  the Eurasian  Basin. This would 
be consistent with the observation in 1979 of an anom a
lously high 137Cs/90Sr ratio near  1500 m over the E u r 
asian Basin flank o f  the Lom onosov Ridge (Livingston

et al., 1984). This high ratio represents a unique signal 
from the Windscale nuclear fuel reprocessing plant on 
the Irish Sea, and Livingston et al. (1984) have p re 
sented evidence that probably no m ore than about three 
years were required  for this w ater to move from Sval

bard to  the N orth  Pole. T he distance to the Pole around  
the perim eter o f  the Eurasian  Basin is about 4000 km. 
so tha t windscale-tagged w ater would under ou r  hy
pothesis have been carried by the boundary  current
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Figure 5. Six-week mean currents at moorings LI and L2 over the Lomonosov Ridge during A p ril-M ay  1979. The dashed line
denotes the axis of the ridge. From Aagaard (1981).

along the basin margin with a speed of about 4 cm sH , 
which is well within the observed range.

I turn now to the Canadian Basin o f  the Arctic 
O cean, which at least in its deeper reaches appears to be 
far m ore isolated from the rest of the World O cean than 
is the Eurasian  Basin. In 1987 we retrieved two six- 

month long m oored arrays from the B eaufort Sea slope 
north of Alaska, at sites MB1 (1008-m depth) and MB2 
(170-m depth), shown in Figure 1. The record-length 
mean velocity profiles (Fig. 6) show some striking simi
larities to the current structure found in the Eurasian 
Basin. First, the current core in the B eaufort Sea appar
ently is also trapped over the ou te r shelf and continental 
slope, for farther in on the shelf the flow decreases 
(A agaard , 1984), and the available evidence also sug
gests tha t it does so far ther offshore and there  in fact is 
directed westwards as part of the sluggish clockwise 
Beaufort gyre (N ewton and C oachm an, 1974). Second, 
the mean current over the slope is directed in a coun ter
clockwise sense around the basin. Third, this current 
increases downwards and is in fact oppositely directed 
to the shallow surface flow, which in this a rea is directed 
westwards (Thorndike and Colony, 1982; Pritchard, 
1984). A  difference between the two basins appears to

be tha t in the Canadian  Basin the current does not 
extend as deep  as in the Eurasian Basin. While we 
cannot determ ine the depth of the current maximum 
from Figure 6, it may be a few hundred  m eters , and 
certainly at 1000-m depth  the current is negligible. D u r 
ing this same period we also m easured the flow at 
1200-m depth  about 200 km farther west, and again we 
found the annual mean current along the slope to be 
negligibly small. In contrast, the boundary  curren t in 
the Eurasian Basin extends to well below 1000 m and is 
still increasing downwards at tha t depth.

Interior flow

The next set of current measurem ents I w ant to discuss 
are from the A lpha Ridge (Fig. 1) and ex tended over 
five weeks during 1983. T here  were three moorings, 20, 
32, and 37 km apart at about 1500-m depth  over fairly 
rough topography, but far rem oved from the m ore  lin
ear large-scale features of the basin perim eter and the 
Lomonosov Ridge. The nine current records (Fig. 7) 
show a regime entirely different from what we have 
discussed so far. With th ree  exceptions, the currents
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Figure 6. Mean velocity profiles during October 1986-M arch 
1987 over the upper Beaufort Sea slope at moorings MB1 and 
MB2, near 147°W.

were below threshold (— 1.6 cm s_l) all o r  nearly all of 
the time. The exceptions are  at the deepest instrum ent 
at AR1 and the shallowest instrum ents a t A R 2  and 
A R3. T he first of these was located 25 m above the 
bo ttom  at the top  of a very steep slope, and it is likely 
that we are seeing the local effects of topography in 
amplifying an otherwise w eak flow. H ow ever, even at 
this site, the curren t was below threshold for long peri
ods. The o the r two instrum ents registering significant 
currents were located in the pycnocline, and the current 
registrations appea r  to represen t in term itten t activity of 
relatively small scale. The im portan t poin t is tha t there  
is no suggestion o f  an organized large-scale flow near 
these arrays, nor is there  any indication of deep  vertical 
current structure  such as we found along the basin 
boundaries.

T he 1983 A lpha Ridge m easurem ents are consistent 
with the suggestion of M anley and H unkins (1985) tha t 
essentially the entire concentration  of kinetic energy in 
the interior of a t least the Canadian  Basin of the Arctic 
O cean is in the field of tim e-dependent m otion; and that 
below the mixed layer the single largest identifiable 
contribution to the tim e-dependent m otion is from the 
mesoscale eddy field. T hese energetic features were 
first clearly recognized during the  early 1970s, when we
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Figure 7. Maximum speeds during A p ri l-M ay  1983 at moorings A R I ,  AR2. and AR3 over the Alpha Ridge. The symbol " th” 
designates threshold velocity, approximately 1.6 cm s_1.
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Figure 8. Two-hour mean currents at 150 m during 2 4 -2 6  March 1972 near 76°N 149°W in the Canadian Basin. The dashed circles 
show the radius of maximum velocity and the extent of the eddy’s influence. From Newton et al. (1974).

found small vortices, normally clockwise, im bedded in 
the main pycnocline (Newton et a l., 1974). A n example 
is shown in Figure 8. T he characteristic eddy diam eter 
appears to be about 20 km , and the maximum speed 
typically near 25 cm s—1, although flow m ore than twice 
that has been m easured (G alt, 1967). Large num bers of 
these eddies have now been observed through much of 
the Canadian  Basin, including some found at great 
depths (D ’A saro , 1988b). The present evidence indi
cates tha t the eddies are very long lived (of o rder a year 
o r  m ore), and tha t they quite likely constitute a signif
icant transport mechanism within the interior of the 
C anadian Basin (M anley, 1981). An im portant feature 
of these eddies is that the ir hydrographic properties are 
anom alous and require  a distant origin. Furtherm ore, 
dynamical constraints on the ir  generation suggest that 
this origin is along the basin periphery  (H art and Kill- 
worth, 1976). It is in fact likely tha t a m ajor generating 
area for at least those eddies within the Canadian Basin 
pycnocline is the northern  Chukchi Sea, one specific site 
being the m outh of Barrow  Canyon (D ’A saro , 1988a). 
The im portant point for our present discussion is that 
the Arctic O cean periphery is therefore  generating a 
m ajor com ponent of the motion in the interior.

Therm ohaline circulation

I want next to deal briefly with the therm ohaline circu
lation. Two hydrographic features are particularly im
portan t in this regard: 1) the strong halocline centered 
near 100 m. which also contains a very large nutrient 
m aximum , and 2) the deep salinity maximum (Fig. 9). 
A  variety of physical and geochemical work during the 
past few years has shown that both of these basin-scale

features are  likely to have their origin over the  shelf seas 
bordering the Arctic O cean, although many of the d e 
tails of both the distributions and the responsible proc 
esses rem ain speculative (e .g ., cf. A agaard , 1981; A a 
gaard et a l., 1981a; M oore et al., 1983; A agaard  et al., 
1985; Jones and A nderson , 1986; Wallace et al., 1987; 
Smethie et al., 1988). O ver the shelves, the physical 
process ultimately responsible for the large-scale the r 
mohaline circulation which maintains these m ajor hy
drographic features is brine rejection during sea-ice for
m ation, although particularly in the B arents Sea, cool
ing of saline w ater o f  A tlantic origin may also be a 
critical factor (Swift et a l. , 1983). T he im portance o f  the 
freezing process is tha t it can produce dense waters and 
drive convection even in an ocean as stratified as the 
Arctic O cean is, given the right conditions. These con
ditions may include persistent divergent ice m otion , 
such as occurs near a coast under  offshore winds, o r  the 
presence of a reservoir in which to accumulate salt, such 
as would obtain in shallow w ater or in a  region where 
the circulation provides long residence times. The im
portant point is tha t these conditions are  typical of many 
of the shelf seas surrounding the Arctic O cean.

Once produced, the dense waters may flow off the 
shelf as sinking gravitational plumes (Fig. 10), subse
quently spreading into the  interior (Killworth, 1977; 
Carm ack and Killworth, 1978; Melling and Lewis, 1982; 
A agaard  et a i ,  1985). Brine-enriched waters have in 
fact been observed over the shelves by a num ber of 
investigators (e .g ., A agaard  et a l., 1981a; Melling and 
Lewis, 1982; Schum acher et a l., 1983; M idttun, 1985; 
A agaard  et a l., 1985), but the critical issues of rates, 
plume mechanics, and m odes of spreading rem ain sub
stantially unknown.
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W hat is known at this point, is tha t the large-scale 
circulation driven from the shelves is not contained 
within the Arctic O cean, hut in fact exports distinctive 
Arctic O cean waters southwards. A  particularly im por
tant exam ple is the saline deep  w ater of the Arctic

O cean, which has recently been shown to exit through 
the western F ram  Strait and mix with deep  w ater from 
the G reen land  Sea to  form the Norwegian Sea deep 
water (A agaard  et al., 1985; Smethie et a i ,  1988; Swift 
and K olterm ann, 1988). This deep w ater in turn prob-

2* 19



O S

CO O 
O u_
c/5 03

« CÖ

£ .E

g = 
'S & 
r>< > . 
W -o

. -O 
C  u  

co 5 o "w
° 1.a «
2  S 
<  -
o £

? c
. £  .2 
2 % 

i« ,o 
c ‘*-

cj c
<S) c  

• ^

3 CiCJj ~
■r =

ably plays an essential role in the overflow of dense 
waters into the N orth  A tlantic  and thereby helps drive 
the global ocean circulation.

Consideration o f  the therm ohaline circulation of the 
Arctic therefore  leads to  the same conclusion as did 
earlier argum ents , viz. tha t processes along the basin
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periphery are  forcing the interior structure and  circula

tion of the Arctic O cean.

Conclusions

As a schematic sum mary of these matters, I have in
dicated in Figure 11 the various features of the sub
surface circulation of the Arctic O cean which I believe 
to be particularly im portant. These include 1) the nar
row counterclockwise boundary  currents along the pe 
rim eter of the two m ajor basins, which run counter to 
the surface circulation, and which may well prove to  be 
the principal large-scale organized advective features of 
the Arctic O cean (cf. Holloway, 1987, for a recent 
a ttem pt to provide a dynamical explanation of such 
boundary  currents); 2) the very weak interior circula
tion in at least the Canadian Basin, in which various 
transient m otions predom inate , including small but 
long-lived eddies formed at selected sites along the p e 
riphery; 3) the generation of a large-scale therm ohaline 
circulation over certain of the shelves; and 4) the vari
ous exchanges with the seas to  the south which occur 
through the F ram  Strait, the  B arents Sea, the Bering 
Strait, and several o f  the passages through the Canadian 
Archipelago. The image which I therefore  wish to  con
vey is o f an Arctic Ocean which primarily is forced at its 
lateral boundaries, and in which much of the organized 
transport is trapped  along these boundaries. T he means 
by which the interior of the Arctic O cean  subsequently 
responds to this forcing rem ains a m ajor area of in
vestigation for the future.

A t this poin t it is im portant to  em phasize tha t the 
Arctic O cean should not be considered a single oceanic 
entity, for there are m ajor differences between at least 
its two primary basins, the Canadian  and the Eurasian. 
For exam ple, the transient tracer data suggest much 
longer time scales for the deep renewal in the Canadian 
Basin (centuries) than in the Eurasian Basin (decades) 
(cf. O stlund et a l. , 1987). Similarly, the adm ittedly very 
sparse current da ta  suggest tha t the deep  circulation 
along the periphery o f  the C anadian Basin is much 
w eaker than in the Eurasian Basin (contrast Figs. 3 and 
6). As the presently m eager database in the Arctic 
Ocean continues to expand, it is likely tha t we will find 
num erous substantial differences in circulation, mixing, 
and hydrography between the various basins of the A rc 
tic O cean, and at all levels.

Finally, I note tha t in 1993 it will be 100 years since 
the “F ram ” set ou t on the first great scientific explora
tion of the Arctic O cean. I can think o f  no m ore appro 
priate way to celebrate tha t event than with a m ajor 
oceanographic effort to elucidate the circulation of the 
Arctic O cean. It would further be appropriate  that that 
effort be m arked by the concern for international coop
eration which characterized Frid tjof N ansen’s la ter hu 
m anitarian work. Indeed , such cooperation  is a neces

sity if we are to make substantial progress.
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