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Abstract An A rctic O cean eddy n sub-surface layer is analyzed m this paper by
use of tanperature salinity and current profiles data obtamned at an ice canp i the
Canada Basin during the second Chnese A rctic Expedition m summer of 2003 In
the vertical tem perature section the eddy shows itself as an isolated cold water block
at depth of 60 m w ith am ninum tenperature of = 1L 5C, aboutQ 5C colder than
the anbientwater Isopycnals in the eddy fom a pattem of convex which indicates
the eddy is anticyclonic A lthough maximum velocity nearQ 4m s ' occurs n the
current records observed synchronously the current pattem is far avay fran a typical
eddy By further analysis mertial frequency oscillations w ith anplitudes canparable
w ith the eddy velocity are found i the sub-surface layer currents A fier filter the ner
tial current and mean curreni an axisynmetric current pattem of an eddy w ith maxr
mum velocity radius of 5 km is obtained The analysis of theTS characteristics of the
eddy core water and its anbient waters supports the conclusion that the eddy was
fomed on the ChukchiShelf and m igrated northeastvard into the northem Canada Ba-
sin
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1 Introduction

General circulation in the basms of the A rctic O cean is quite weak The order ofm ag-
niude of the surface current isQ 1m s ' and the current belw the surface decreasesw ith
depth However stronger currents (> Q 3m s ') were observed in pycnocline at tmes
M ost of these current anan alies can be ilentified as A retic O cean eddies ''. The typical ra-
ds of A retic O cean eddies is 5-10 km, which agrees roughly w ith the mtemal R ossby rad
us of defomation for the A retic O cean' ™. A lthough eddies were usually found n basins of
the Arctic O cean, especially n the Canada Basin and the Beaufort Sea the ananalous
properties i their cores indicate that they are not fomed m basins and m ightm igrate fran
the peripheral regions Previous researches showed that eddies may shed fran coastal cur-
', peripheral currents round curving topography' "' or dense phme outflw at shelf
breaks®. Thus eddiesm ght play an mport role i transporting the Pacific origin water
into the Canada Basin'®”
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M esoscale eddies in A rctic O cean were first documented i 1974 by New ton et al
(1974)'". 6 eddies (2 cyclonic and 4 anticyclonic) were identified utilizing the current
tem perature and salinity profile data obtamed i the A rctic Ice Dynam ics Jont Experment
(ADDJEX) canps (~ 76°N, 149W, i 1970 and 1972 )'*”. More eddies were found in
later observations especially during A ID JEX mn 1975 and 1976 Totally 127 eddieswere r
dentified utilizing 4 months continuous observation datd . Among than, only 3 eddies are
cyclonic and have a core deeper than 500m, 95 eddies are anticyclonicw ith a core at depth
between 50 and 300m, and the others can not be classified F ive eddieswere found during
the A rctic IntemalW ave Experment (A WEX) i 1985 Two of then are anticyclonic cold
eddies at depth less than 100m, another wo are cyclonicwam eddies at depth deeper than
200m'”, and one is a cyclonic eddy w ith awam core at depth of 115 m'"". A US subma-
rine detected a cold eddy at depth beween 40 and 400 m'”". A newly fomed anticyclonic
cold eddy was found at depth of 160 m near Chukchi slope in Septenber of 2004'*. A c-
cording to the reported results most eddies found n the Canada Basm are anticyclonic and
have a core at depth beween 50 and 300 m, while cyclonic eddies are deeper

In spite of their abundance n the Canada Basin eddies are seldan observed w ith con-
tmuous tenperaturg salinity and current profile obtained sinultaneously due to the sparsity
of observations and the randam icity of eddy occurrence Among the observed eddies listed
above the mtegrated current pattem and hydrographic structure of the eddy were only ob-
tamned fran continuous current records at depth of 150 m and a series of hydrographic pro-
files observed at an ice canp when the canp flowed across the center of the eddy n June of
1972 A lthough detailed spatial structure of the eddies had been obtamed fran hydrogra-
phic m easurem ents and water sanplings for cheam ical analysis conducted along several sec-
tions across the eddy m the eddy observations n 1997 and 2004 the current pattem of the
eddies were m issed " "

Continuous current profiles and a series of temperature and salinity profiles of the up-
per ocean w ere obtained at a 10 days ice canp setup at a floe n the northem Canada Basin
during the second Chinese A rctic Expedition in the summ er of 2003 The canp happened to
go through an eddy By studying the structure and characteristics of this eddy w ith the ob-
served data and canparingw ith the other A rctic O cean eddies sane special features of this
eddy are found which will be helpful to further understand ng of the role and the fom ation
m echanign of the A retic O cean eddy.

2 Observations

The oceanograph ic m easuream ents reported here were made by the Second Chinese N a-
tional A rctic Research Expedition ( CH NARE-2003). The expedition region covered the
ChukchiSea the Beaufort Sea and the Canada Basin is shown m Fig 1 CTD measure-
ments were made when the icebreaker Xuelong stopped at stations xCTDs ( Expendable
CTD) were deployed along the ship track or at the leads of icepacks thatwere deployed by
a helicopter An icecanp naned CN IS7 was setup at a large floe n the Canada Basin on
August%x?, 2003 (UTC herembelow). The begmnmg location of the canp is 78°36'N,
146°12'W.
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Fig 1 A map of the observation region of CH NARE-2003 T riangles and dots ndicate CTD and xCTD stations
of CH NARE-2003 respectively The squares show the CTD stations atwhich 7S characteristics sin ilar
to the eddy core were found ( see section 4). Icecanp CN ST atwhich the eddy was found later star
ted fran one CTD station shown by a star in the Canada Basin on August 23 2003

O ceanographic observations bellow the ice floe were conducted through a drilled hole
Currents were m easured w ith an RD Instrum ents acoustic Doppler current profiler (ADCP)
mounted n a hole bellow the 2m-thick ice The ADCP was operated at a frequency of 300
kHz with an effective depth range betwween 6 m and 64 m, a depth resolution of 2m, and
a sanpling nterval of @ 5 s The ADCP started at & 05 August 29 2003 at 78°36'N,
146°12W and worked until Q@ 05 Septenber 4 except for o breaks of total near 5 hours
for tak ng data fran ADCP’ s memory to a canputer on August 31 and Septanber 2 The
current directions recorded bv ADCP were corrected w ith the m agnetic declnation calculat
ed using a progran of the NOAA ISNationalGeophysicalData Center The magnetic declr
nations at the location of the first and last ADCP record are 33 0° and 36 3° respectively
For the difference is only 1 3% 33 7° amiddle value of the magnetic declinations is
used for correction of allADCP records Locations and drifts of the canp were recorded ev-

ery I0mmn by a GPS and then were used to convert ADCP data into absolute velocities



138 Shi Juxin et al

(Fig 2). An FSIM icro-CTD (MCTD) was deployed mn the sane hole to observe hydrog-
raph ic profiles bew een the surface and the depth of 150 m. Totally 10 profiles ( Profiles B
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Fig 2 Vectors of icecanp drift velocity ( top) and absolute ocean currents at 7 depths pbtted along icecanp
drift track The velocity is 10m n-averaged The start point is at & 05 (UTC) on August 29 at the lo-
cation of 78°35 812'N 146°11 572W. The red crosses give the date and the puiple diamonds ge the
locations of the M CTD stations ( B~ K). The color-coded dots show the tenperature (7, C) observed
at these stations A puple circle ndicates the position of Eddy CN IS7E that is characterized by the sig-
nificantly strong currents and 7 m minum at depth of 60 m.

Integrated mfom ation ncliding drift trace and tme of the ice canp station ofM CTD
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profile absolute current velocity and temperature at different depthy is presented m Fig 2
The ice canp drifted northeast at first then tumed to southeast and fmally wm back to
northeast so the ice canp drifted northeast generally The direction of ice driftng gener
ally along the tangent of the drift trace m ight represent the direction of the surface current
Flows parallel to the surface current are lm ited n a very thin layer and the current at lay-
ers deeper than 20 m is quite different fran the surface current even ahost perpendicu lar
to the surface one at sane locations Enhanced current occurs around the eddy but the cur-
rents at wo sides of the eddy are not symmetric M axmum velocity occurring at depth of 56
m atwest of the eddy is Q 37m s ' with direction of 37° while the maxinum velocity of
the san e depth at east of the eddy is only Q 24m s ' with direction 0f267° The difference
of the current direction at wo sides of the eddy is 130° This pattem is quite different fran
a typical axisymm etric eddy current field

3 Features of the eddy
3. 1 Inertial currents and the elin ination of the nertial canponent

As shown mFig 2 the general circulation n this area is quiteweak and the velocity
is only about @ 1 m s . Periodical variations can be found i the background currents
which cause the direction and the speed changing obviously These variations could not be
tidal currents because tide in the A rctic O cean is very weak especially in the basin deeper
than 3800 m. These periodical oscillations could only be mertial currents If the ADCP re-
cords are regarded as a tine series san idumal oscillations can be filtered out fran the cur-
rents outside of the eddy at every depth Spectrum analyses of this tme series result n a
dan mant period of 11 8 h which is closed to the local mertial period 27 /=12 2 h at
latimde 78°N, heref is the Coriolis paran eter

Beside the mean circulation anticyclonic Beaufort Gyre ( BG), the mertial currents
are the other significantmotions in the deep Canada Basin Inertialmotions of sea ice in the
A rctic ssmmer which indeed reflect the sane frequency oscillations as that n the surface
current had been detected fran icecamp observationd ', Argos ice buoys driftd ?', and
RADARSAT inzsn,gesl Bl Doppler sonar observations in the Beaufort Sea ! also showed an
inertial intemalw ave propagating in the upper ocean Padman etal (1990)'"” found san-
dumal frequency oscillations i the currentm eter data outside a cyclonic eddy and specu-
lated that sane of the signalsw ithin the eddy were also in the sane frequency band These
oscillations are also mertial currents At the depth of 115 m, the typical magnitude was
Q 04m s ', whichwas only one tenth of themaxinum tangential velocity of the eddy, and
such oscillations hardly modified the current structure of the eddy However the eddy re-
ported i this paper exists in the subsurface where the magnitude of mertialmotions is can-
parable to that of the maxmum tangential velocity of the eddy The current pattem of the
eddy w ill be changed greatly by the mertialmotion Such kind of eddy has not been seen re-
ported before

FFor the anpliude of the mertial current variesw ith tine and the location of observa-
tion and the floe also change continuously the current records nclude canplicated temporal
and spatial variations It is mpossble to elm nate the mertial oscillations directly by data



140 Shi Juxin et al

analysis It can be seen n Fig 2 that the current fields beside the eddy at depth betv een
40 and 60 m are quite sm ilarw ith each other which indicates that the mertialmotion do
not change a lotw ith depth n these layers Therefore the mertial canponent can be elin
nated in thisway assume that the current at the layer where is nearest to the eddy but is
distutbed slightly by the eddy for exanple the layer at 40 m depth could represent a
background velocity at the depth betwween 40 and 64 m, consisting of mertial current w ith
anplitude of ~ Q 15m s ' and the general circulation (BG), ~Q 1m s ' with a north-
easward direction this background velocity is subtracted fran the current profiles to elm r
nate the mertial current and the general circulation and to produce a velocity associated
with the eddy as shown m Fig 3
distance(km)
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Fig 3 Vectors of relative velocity referenced to 40m plotted along icecanp drift track Only the data around the
Eddy CN IS7TE at depth range of 42~ 60 m are plotted The dashed circle ndicates the eddy rad s of 5
km.

3.2 Current pattern of the eddy

Fig 3 shows a typical anticyclonic eddy The drifting floe entered the eddy fran west
and left fran the eddy after about 24 hours The current velocity reachesm axmum after the
floe entering the eddy and then decreases to zera and then reaches anotherm aximum w ith
reverse direction and finally decrease agam which shows a typical current pattem of an
Arctic O cean eddy Velocity at different layer of the eddy is different thé currents at
depth of 56 m are used to define the eddy There are wo maxima at the depth of 56 m,
Q 32m s ' with direction 0f24° and Q 23 m s ' w ith direction 0of231° at the west and the
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east side of the eddy core respectively The direction difference between the wo velocity
maxina is 207° which indicates that the wo current vectors are al ost reverse

The drifting trace of the floe w ithin the eddy is approx mately a straicht line A lthough
the velocitym nmum i the eddy centerwas not recorded the current pattem of the eddy,
especially the wo reverse velocity maxmma at wo side of the eddy mply that the drifting
trace of floe is quite close to the eddy center M ost ice canps atwhich ocean eddies were
detected flowed the eddy along a chord of the eddies 1 e did not flowed across the eddy
center so the observed current pattem are asymmetric whichmakes it very difficult to cal
culate the scale features of the eddies For the eddy reported here its scale features can be
calculated accurately fran the drifting trace that comcidently traverses the eddy core

There are wo defmitions for an eddy radus the radus of velocitymaxmum s the dis-
tance betw een eddy center and point of tangential velocity max mum, and the total eddy ra-
dus is the distance fran eddy center to the location where the flows associated w ith eddy
disappearmg The fomer is canmonly used but the later that is nomally mcurate due to
the difficulty of detem ning the location of eddy flow disappearing For this eddy them ax-
mum velocity radus is 5 km and we assume the total radus is about 10 km, which are con-
sistentw ith the scales of previous eddies scales n the A rctic O cean

3.3 Tanperature and salinity features of the eddy

Before the ice canp got nto the eddy area all the vertical hydrographic profiles ob-
served at the icecanp and aboard of a boat n this region show a typical profile n the north-
em BG as described by Steele et al (2004)'”. As illustrated n Fig 4 i the tanpera-
ture profile of Profile CC amaximum (> - Q 9C) at~ 40m and am nimum (- 1 5C)
at ~ 120 m represent the wo cores of A laskan Coastal W ater (ACW, 31< S< 32) and
w inter Bering SeaW ater (WBSW, S= ~ 33 1), respectively In-between is the summer
Bering SeaW ater ( sBSW, 32< S< 33) with mntemediate tenperatures The above three
types of waters consist of the Pacific origin halocline water in the Canada Basin' ™ ', This
type of hydrographic structure is canmon mn the Canada Basmn which have been found n

. . . . . .. 15 16
the observations in this area in this expedition’ ™ '
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Fig 4 Temperature (T) and salinity (S) of Profiles C (west of eddy solid Ine), H (within eddy thicker
solid lne), and I ( east of eddy dashed line).
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ProfileH, just at the central area of the eddy shows features quite different fran the
typical structure presented above In the tanperature profilesw ithin the eddy ( ProfileH ),
the eddy is characterized by am nmum temperature less than - 1 5C at~ 60m, and the
maxmum at ~ 40m mcreases to — 1L 1'C. Themaxmum of tanperature difference occurs
at the depth of 54 m, which is Q 5C colder at Profile H than at Profile I The eddy most
clearly shows up betwween 40 m and 80 m at transect of tamperature (Fig 5a) as an isolated
coldwater body (Fig 4a).

D ifferences can also be found m the salmnity profile Canpared to the water east of the

eddy ( Station I),

salnity within the eddy is less than anbient water below 54 m with a

differencemaxmum of Q 23 at the depth of 72m, and is larger than the anbient at shallo-
wer depths w ith a differencemaxmum of Q 57 at the depth of42m. This salnity feature is
sin ilar to another deeper and thicker eddy observed i Beaufort Sea .
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Fig 5 Vertical cross sections of tanperature (7'), salinity (S), density ( ) and absolute speed (V) along x

distance Dotted lines mn the first three figures ndicate the depth range atwhichM CTD dataw ere taken
and used for plotting these figures ( Stations B~ K, fran left to right). The contours betveen Station C
and E m ight be maccurate due to coarse sanpling mterval Two blank regions i the last figure are due
to the breaks for downloading data fran ADCP to a laptop

A lens type isopycnal pattem is the most reliable criterion to detem ne sense of rota-

tion of eddy depend on tenperature and salinity data In anticyclonic eddies
spread apart near the center lke convex lens while n cyclonic eddies they pinched mw ard

isopycnals
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like concave lens Thismethod ismore reliable than using current records obtamed on ice
canps because the current datam ight provide m islead ng nfom ation on the rotation of the

eddy if the ice camp drifts in a canplicated trace ”.

Transect of 0y (Fig 5c¢) clearly shows
the elevation of isopycnals associated w ith the eddy above 60 m, and the depression of
isopycnals below this depth i e the isopycnals spread apart near the eddy center which
indicates the rotation direction of the eddy as anticyclonic The eddy thickness can be de-
tem ned fran the density distrbution As shown n Fig 5S¢ the eddy exists at depth be-
ween 40 and 80m, and isopycnals at depth of 40 and 80 m are almost at horizontal leve]

which indicates the thickness of this eddy is about 40 m.
4 Canparison with other A rctic O cean eddies

A rctic O cean eddies can be anticyclonic or cyclonic  the fom er nomally exist at depth
beteen 50 and 300m'” and most of than have cold cores whilemost of the later cyclonic
eddies are deeper than 200 m and have wam cores at the A tlantic Layer Furthemore
most eddies observed n the Canada Basin are anticyclonic for example 97 of eddies
with certain rotation direction detected m 1975~ 1976 are anticyclonic Sowe just canpare
the eddy reported m this paperw ith anticyclonic eddies observed n the Canada Basin Ta-
ble 1 lists themain features of eddy reported in this paper and san e anticyclonic eddies pre-
viously observed n the Canada Basn The speed list nTable 1w ith reference depth is cal
culated fran dynam ic heights and the one w ithout reference depth is measured directly.

Table 1 Camparison of anticyclonic eddies observed n the Canada Basin
D ate H eat feature V. (m s : ) Depth of V... (m) Radus km R eference
Mar, 1972 cokd 0 34 150 6 Nevton etal (1974)""
M anley and H unk ins
1975- 1976 W am Q 58 119 75 -
(1985)"°
Mar -Apri] 1985 Cold Q 28/255 100 5 D Asaro ( 1988a) """
April 1985 Cold Q 09/100 50~ 55 2 D Asaro ( 1988a)'"”’
M uench and Gunn
Sept 1997 Cold Q0 22/450 185 10 (7
(2000)
Sept, 2003 Cold Q 37 60 5 this paper
Sept, 2004 Cold 160 10 M athis et al (2007)""

Only one of the seven eddies is with wam core Its speed is quite larger than other
one’ s and is also the maximum velocity recorded in the 14 months measuranents So this
eddy isunique However advanced analysis is quite difficult due to the lack of detailed in-
fom ation mcluding the observation tme

The cold eddy found in A pril 1985 at 74°N, 144W """ is at depth of 50~ 55m that is
close to the depth of the eddy observed by us in 2003 Canpared w ith the eddy n 1983
the eddy mn 2003 has sm ilar vertical hydrographical features but is larger and more ener-
getic than the fomer which mplies that the eddy m 2003 was i a relative younger stage
than the fomer at the tme when itwas observed The location difference also supports the
above hypothesis If both of than were fomed n Chukchi Shelf and m igrated w ith anticy-
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clonic BG, the eddy n 1985 had to travel a longer route than the eddy n 2003 to reach the
location where it was observed

The other eddies locate at deeper layers In fact depths between 100 and 200m is the
layer containsmost eddies ', which is coincidentw ith the hypothesis that eddies can e fram
slope For the eddy m 2003 locates n a shallwer layer that is according to the depth of
shelf the eddy m ight fomed at shelf and do not relate to the denser water smking at the
slope Layer near depth of 150 m i the Canada Basin is the wBSW that is characterized by
the tan perature m inmum with salinity about 33 1 and density about 26 5 kgm™*'"™ "
This layer is also nutrientmaxina layer that is only found in the Canada Basin'*'. Abun-
dant eddies near this layer play an mportant role in fomation of above features . For the
depth of 100m i the Canada Basin is the layer of summ er Pacific origin waters (ACW and
sBSW ) indicated by tanperaturemaxma thewam featurew ill be weaken by the mtrusive
cold eddies So there should be less eddies m this shallw layer which is consistentw ith
previous statistical results

5 Discussions on the form ation m echanisn of the A rctic O cean eddy

Nomally an eddy core preserves the characteristics of the water m its fom ation origin
area For example i the core of an eddy studied by M uench and Gunn (2000)'", theT
m nmum closing to freezing point and excess salt mplied that itwas probably fomed n as-
sociation w ith a polynyamamntaning nw nter The core TS features( the tanperature be-
low = 1L 5°C and the salinity near 31 8) of the eddy found in 2003 by the present study is
obviously different fran the anbientwaters The low temperature n the core of the eddy m-
plies that it is possbly fomed during freezing season However the temperature m inmum
n the core is ~ Q 2°C higher than the freezng point as shown n Fig 6 Therefore it is
speculated that sanew am waters for exanple ACW (S< 31) w ith the greatest possibility,
had participated n the formation of this eddy 7S features obtamed at all CTD and xCTD
stations of CH NARE-2003 are canpared to features of the eddy core No sm ilar features
are found at xXCTD stations The stations w ith T-S features sm ilar to that of eddy core are
found only at the ChukchiSlope as shown m Fig 1, mplying that the eddy lkely originated

fran the Chukchi Shelf
0

-0.5

~ —1.0

-1.5F

Fig 6 T-S diagran ofMCTD data observed at the icecanp 1-m-depth-mntervalM CTD data of a profile are con-
nected n a solid lne A NICTD and xCTD dataw ith 1 m depth nterval of CH NARE-2003 are also plot-
ted in light gray points for canparisons The freezing poit line ( dashed line) and 0, (Unit kgm™’)
contours ( gray lne) are also shown for reference
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Previous studies indicate that the A rctic O cean eddy is a unique m esoscale ocean eddy
w ith faster rotation speed and longer life The eddy we found n 2003 should had experr
enced a long driftng if it fomed near the Chukchi slope At lest the drifting distance is
750 km and the eddy’ s life is 80 days if the translation speed of the eddy isQ Im s .
This eddy was detected at the northwest of BG, so it is possible for it to drift fran west of
Barrow Point to the northem Canada Basin w ith mean circulations of enhanced BG when
A retic O scillation (AO) state was negative in 2003 ™", How the A retic O cean eddy con-
serve its energy i a long tine translation is still a puzzle

6 Conclusions

A unique ocean eddy was observed at an ice canp near 78°36'N, 146°12'W during the
Chmese A rctic Expedition m 2003 W ith 6 days observed current temperature and salmnity
data the structure and pattem of the eddy are analyzed the parameters of the eddy are cal
culated and the canparison w ith previous observed eddies are presented in this paper

A 1l observations for the eddy were conducted at a driftng ice floe M easured tempera-
ture and salinity data show the abnomal features n the eddy that ndicate the existence and
possible oriein of the eddy The isopycnals around the eddy show themselves as convex
lens which confims that the rotation sense of the eddy is anticyclonic The current records
of the eddy show an assambled current field of amesoscale eddy and mertial currents The
current pattem of the eddy is given by elin mating nertial currents and mean circulation
w ith the current records at a reference layer For the drifting trace of the ice canp is closed
to the eddy center reliable scale paraneters have been obtamed

By above analysis the eddy is about 40 m thick locates at the depth betveen 40 m
and 80 m, with a cold core of - 1L 5C at~ 60m. Iis raduus ofmaxmum velocity is 5 km
and total radus is supposed about 10 km, which is smilar to the scale of previously ob-
served A retic O cean edd ies

W ater in the eddy is quite different fran anbientwaters Depending on analysis of da-
ta n thewhole expedition region eddy is thought to originate fran the Chukchi shelf, and
the A laskan CoastalW ater originating fran the Pacific O ceanm ight nvolve n the fom ation
of the eddy which mdicate the mportant role of eddy on the transporting the Pacific origin
water mnto the Canada Basin
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