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Abstract

Measurements by a variety of sensors provided details of flow in Haida Eddies, which are anticyclonic, mesoscale

features that move slowly westward through the eastern Gulf of Alaska. These measurements provided the best

comparison and analysis to date of mesoscale eddy currents by various ship- and satellite-based sensors. The relative

contribution of barotropic currents to the total eddy orbital motion at ocean surface was found to be up to 16%, based

on comparison of total sea-surface height anomalies measured by satellite altimetry, and baroclinic elevation of the

ocean surface detected by ship-based measurements of density through the eddies. Acoustic Doppler current meters on

a ship transiting two Haida Eddies found that the observed currents were considerably different from the expected

orbital motion, perhaps due to inertial currents or to previously undetected barotropic structure. Lagrangian drifters

drogued near the ocean surface in two eddies revealed that inertial currents in late spring and summer were similar in

magnitude to eddy orbital motion and larger than eddy currents following periods of strong winds. Drifter tracks also

provided evidence that the eddy rotated as a solid body (constant vorticity) within 30–40 km of the eddy center, and that

material could remain in these central waters for at least 2 months in summer. For most of the 2-month period during which

the drifters were tracked, they steadily moved away from the center of the eddy, implying a gradual uplift of the pycnocline

within the eddy core due to slow decay of the eddy, or to its uplift as it moved westward into denser ambient waters.

Crown Copyright r 2005 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Haida Eddies have been investigated since their
identification by Crawford and Whitney (1999) as
persistent mesoscale vortices that form along the
west coast of the Canadian Queen Charlotte
Islands in winter (Crawford, 2002; Crawford et al.,
e front matter Crown Copyright r 2005 Published b
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2002; Whitney and Robert, 2002). They are similar
to Sitka Eddies that form along the west coast of
the Alexander Archipelago of Southeast Alaska,
as described by Tabata (1982). Thomson and
Gower (1998) observed these mesoscale eddies in a
March 1995 SST image all along the North
American west coast north of Vancouver Island.
Sitka and Haida Eddies normally form in late
winter along the continental margin, drift west-
ward into the Gulf of Alaska at typical speeds of
1 km d�1, and persist for several years. Some Sitka
y Elsevier Ltd. All rights reserved.
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Eddies enter the Alaskan Stream and drift to the
International Dateline at higher speeds (Crawford
et al., 2000). Haida Eddies have typical diameters
of 150–300 km, center elevations of 0.1–0.4 m and
always rotate anticyclonically. Additional features
are noted in other papers in this issue.

We investigate here aspects of Haida Eddies that
determine their orbital and radial currents, and the
expected impact of this motion on exchange
between eddy surface waters and outside waters
of the Gulf of Alaska. Currents are determined by
�
 geostrophic calculation from ship-based, density
profile measurements;
�
 geostrophic calculations from sea-surface height
anomalies (SSHA) measured by satellite;
�
 near-surface Lagrangian drifter motion;

�
 acoustic Doppler current profiler (ADCP) mea-

surements along ship tracks through eddies.

These measurements provide new information
on the degree to which eddies capture and hold
water in their centers, the importance of cyclos-
trophic motion, and the distribution and magni-
tude of vorticity in eddies. We examined four
eddies. Haida-1995 and Haida-1998 were both
sampled intensively in their natal years as they
drifted across Line-P, a set of ocean sampling
stations between Juan de Fuca Strait and Ocean
Station Papa at 501N, 1451W. Haida-2000 and
Haida-2001 (referred to as Haida-2000a and
Haida-2001b, respectively, by Crawford et al.,
2005) were sampled in 2000 and 2001 farther to the
north and closer to their source region near the
west coast of the Queen Charlotte Islands. Haida-
1995 and -1998 are two of the largest observed to
date, whereas Haida-2000 was of typical size, and
Haida-2001 was smaller than average. These
eddies therefore well represent the size and
distribution range of Haida eddies.

Direct measurement of eddy currents by ship-
based acoustic Doppler current meters also detects
currents due to tidal and inertial motion (Chere-
skin and Trunnell, 1996). The relative contribu-
tions depend on local barotropic and baroclinic
tides, as well as wind-forcing of inertial currents.
We describe ADCP measurements in two eddies in
Section 3.1, to determine the vertical distribution
of orbital currents and degree to which these two
non-eddy motions impact currents in eddies.

Crawford (2002) noted that the baroclinic
structure of Haida-1998 completely dominated
the eddies and accounted for the SSHA of 35 cm
in the eddy center in late August and early
September 1998. For this analysis he compared
the dynamic height anomaly of the eddy center
with SSHA as measured by satellite altimetry. The
former represents only baroclinic structure and the
latter the total sea-level rise due to baroclinic plus
barotropic motion. However, CTD observations
of this comparison were to a depth of only 1500 m,
and the SSHA contouring algorithms applied to
this study under-represented the SSHA in eddy
centers. We re-examine this issue in Section 3.2, by
expanding the comparison to additional eddies
and basing the total SSHA on the actual along-
track measurements by TOPEX/POSEIDON
(T/P) satellite altimetry.

Tracks of Lagrangian drifters drogued near the
ocean surface in eddies in the summer and autumn
of 2001 provide a useful data set for separation of
inertial and eddy orbital currents. These drifters
remained inside the eddy in summer for more than
6 weeks, indicating slow exchange between center
of the eddy and outside waters. Section 3.3
presents observations of velocity by these drifters,
and comparison of measured orbital currents with
currents computed from sea surface slopes mea-
sured by altimeters. Section 3.4 presents the
vorticity distribution in eddies determined from
the drifter orbital speeds.
2. Methods

2.1. Ship-based acoustic Doppler current profile

(ACDP) measurements

Ship-based measurements of eddy currents were
acquired by a Research Devices Inc., 150 KHz,
acoustic Doppler current profiler (ADCP)
mounted onboard the Canadian Coast Guard
Ship (CCGS) John P. Tully. Initial data processing
first utilized in-house software to convert the raw
binary files, then to remove bad data. Absolute
current vectors were obtained by rotating the
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ship-relative speeds to Earth coordinates using the
ship speed and heading, applied to each ensemble
average rather than each individual acoustic ping
sample. This increased the error due to changes in
the ship’s heading (and speed) during each 2-min
ensemble averaging time but was necessary due to
a gyro interface failure. Therefore, we processed
data collected only while the ship was travelling on
a steady course at more than 3 knots.

2.2. Ship-based observations of geostrophic

currents

Dynamic heights and geostrophic speeds were
computed from CTD profiles of temperature and
salinity. CTD data were processed according to
standard seawater processing algorithms and
archived at 1-m vertical depth intervals. Typical
profiles went to at least 1000 m depth, and one
cruise collected data to 3000 m at each station.
Stations were located at spatial intervals of
30–100 km and sometimes missed the eddy center.
Several cruises were specifically devoted to the
study of eddies and were directed to eddy centers
by SSHA contour plots provided on-line in near-
real-time by the Colorado Center for Astrody-
namics Research (CCAR). On these occasions the
ships selected center stations usually within 20 km
of the center.

2.3. Satellite altimeter measurements of SSHA

We examined SSHA anomalies from many
individual passes of TOPEX/POSEIDON (T/P)
satellite directly over Haida Eddies during ship
transits, or while near-surface Lagrangian drifters
were in the eddy. T/P repeats the same track in a
9.952-day cycle, and by watching the changes in
elevation of the eddy during a period of several
months we were able to determine, with reasonable
accuracy, the T/P cycles that passed closest to the
eddy center as the eddy drifted across the T/P track.

CCAR maintains on-line Internet software
(CCRA Near-Real-Time Altimetry Data Group)
to provide contours of mesoscale SSHA for user-
specified days and geographical regions at 3-day
intervals based on radar sensors on TOPEX/
POSEIDON and ERS-2 satellites. The software
applies time and spatial filters to remove seasonal
and basin scale variability, leaving mesoscale
features to dominate the images. This processing
is appropriate for our analyses of Haida Eddies.
These data and images were used on research ships
to locate the eddies and were also useful in
estimating geostrophic current velocities. Each
SSHA image is based on observations prior to
the nominal image date. Both TOPEX (10-day
period) and ERS-2 (35-day period) contribute to
the imaging. The most relevant image is usually
dated about seven days after the desired oceanic
event, but this lag may vary considerably in each
region, based on the date of closest satellite
overpass. The altimetry image used in an analysis
is the one that provides best fit to the tracks within
a period of about six days to either side of
the average best-fit date. The SSHA contours of
Figs. 1 and 3 were provided by this method.

2.4. Near-surface Lagrangian drifters

Three WOCE-like surface drifters were
launched into Haida-2001 in early June 2001,
and another three identical drifters with the same
Argos ID numbers were launched into Haida
Eddies in September 2001. Each drifter comprised
a 35-cm-diameter sphere at the ocean surface,
attached to a 5 m high, 1-m diameter, holey-sock
drogue centered at 15-m depth. All six drifters
were tracked by System Argos, each reporting up
to 12 positions daily, with fewer positions in high
sea state. One drifter in summer failed to report
after a few days, but the remaining two trans-
mitted for 2 months. Autumn drifters transmitted
a full 2 months. (All drifters automatically shut
down their transmitters after 60 days to save on
data costs.) Drifter tracks clearly show both
inertial and orbital currents within eddies and
enable separation of these two motions analyti-
cally, leading to analysis of vorticity in eddies and
retention times of surface waters.
3. Observations

Table 1 lists the measurements examined for
Haida Eddies between 1995 and 2001.
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Fig. 1. Sea-surface height anomaly of Haida-1995 for Septem-

ber (colour contours), in cm, with current vectors along the

track of CCGS John P. Tully 9–11 September 1995. Currents

were measured by acoustic Doppler current profiler (ADCP) on

the John P. Tully and averaged over depths between 14 and

100 m below surface.
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3.1. ADCP current measurements

ADCP measurements require accurate, high-
data-rate measurements of ship heading to be
passed from the ship gyro compass to the ADCP
data recorder. Continuing problems with this data
transfer on board the Tully have left us with few
eddy transits with useful ADCP observations.
Therefore, we present ADCP observations
through only two eddies, Haida-1995 in September
1995 and Haida-2000 in September 2000.

3.1.1. Haida-1995, September 1995

The CCGS John P. Tully undertook a CTD
survey along Line-P in August to September 1995.
Line-P is a set of oceanographic stations between
the western end of Juan de Fuca Strait and Ocean
Station Papa at 501N, 1451W, regularly sampled
by Canadian scientists since the 1950s. Scientists
on the Tully sampled to 3000 m (or ocean bottom
in shallower water) at each of the 26 Line-P
stations (designated MP01–MP26) on the out-
bound leg in late August 1995, observing very
anomalous water properties at Station MP17, the
central eddy station in Fig. 1. On the return leg in
early September the ship cruised along the track
outlined by the current vectors in Fig. 1 to map
out the anomaly, later identified as Haida-1995.
The directions of currents plotted in Fig. 1 agree
qualitatively with the altimetry contours of sea-
surface height anomaly also presented in Fig. 1,
with clear, anticyclonic flow around the center of
the eddy and an abrupt change in flow direction
very near the eddy center identified by SSHA. A
graph of orbital speeds around the eddy center is
Table 1

Measurement times and locations for various sensors in Haida Eddie

Eddy Sample date ADCP CTD

Haida-1995 Aug. 1995 � 3000

Haida-1995 Sept. 1995 � 100

Haida-1998 Aug. 1998 1500

Haida-2000 June 2000 1000

Haida-2000 Sept. 2000 � 2000

Haida-2001 June 2001 2500

Haida-2000 Sept. 2001

Haida-2001 Sept. 2001
presented in Fig. 2, based on the current vectors of
Fig. 1. The speeds increase with radial distance out
to 40 km radius, attaining typical speeds of
0.5 m s�1 at 40 km, although considerable scatter
exists in these observations. Beyond 40 km radius
the orbital speed drops, and past 150 km (not
plotted) the average is not significantly different
from zero. Inertial currents are likely a major
source of noise, and their possible impact can be
observed in the clockwise rotation of vectors at
s
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Fig. 2. Orbital speed of Haida-1995 as measured in early

September 1995 along the ship track plotted in Fig. 1. Speeds

were measured by ADCP current meter on CCGS John P. Tully

and averaged over depths of 14–100 m below surface. Negative

speeds indicate anticyclonic motion. Eddy center was at

49.331N, 135.671W.
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Fig. 3. Sea-surface height anomaly (SSHA) of Haida-2000 for

mid-October (colour contours), with current vectors along the

track of CCGS John P. Tully, 26–29 September 2000. Colour

scale matches that of Fig. 1. Currents were measured by

acoustic Doppler current profiler (ADCP) on board the Tully

and averaged over depths between 50 and 150 m below surface.

Black diamonds denote positions (January–October, 2000) of

an Argo profiler that normally drifted at 2000 m below surface,

rising briefly every 10 days to sample temperature and salinity,

and transmit signals to satellite.
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several nodes of the ship-track while the ship was
stopped for profiling measurements. We return to
this issue in discussion of Lagrangian drifter
motion in Section 3.3.

The line in Fig. 2 between 0 and 40 km radius
corresponds to an average, constant vorticity
(¼ v=r) of 1.3� 10�5 s�1 and indicates solid-body
rotation of the surface waters. The Coriolis
parameter at 491N is 1.1� 10�4, leading to a
Rossby number (Ro ¼ �v=rf , where v is the
orbital speed, r the radius and f the Coriolis
parameter) of �0.11. This gives the ratio of
centripetal to Coriolis acceleration, and is the
fraction by which the actual orbital speed is larger
than the computed geostrophic speed based on sea
surface slope, discussed below. However, the best
fit of a straight line from center to 35 km radius
yields a shear of 0.055 s�1, less than one-half the
shear based on a linear least-squares fit from
center to 40 km noted above. Therefore we cannot
determine reliable values of vorticity from this
method.

3.1.2. Haida-2000, September 2000

Scientists on the Tully were able to devote
several weeks to the study of Haida Eddies in the
year 2000. Fig. 3 presents ADCP measurements of
currents along the ship track, together with SSHA
determined from satellite altimetry by the CCAR
on-line site. Analysis of along-track ADCP data
for Haida-2000 in Fig. 3 shows sub-surface current
velocities (50–150 m depth) between 521N and
531N, much as would be expected for an anti-
cyclonic mesoscale eddy. Speeds over 0.5 m s�1

occurred along this southern portion (�65 km
from the core) and decreased to near zero close to
the eddy center.

Several interesting features emerge in the ADCP
velocity field north of 531N in Fig. 3. First, the
vectors are seen to reverse direction over short
distances near 53.31N at the two points labelled B
and D, while the Tully was stopped on station.
Second, velocities actually opposed the expected
anticyclonic eddy flow direction for this eddy
along part of the S–N transect from points O
(the apparent center of the eddy based on
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ADCP-derived current vectors) to C, and all along
the return leg toward the south-southwest from
points C to D. Fig. 4 compares geostrophic speeds
across the ship-track from A to C in Fig. 3,
together with ADCP speeds. Geostrophic currents
flowed at lower speeds than the ADCP measure-
ments indicated at almost all locations, perhaps
due to baroclinic structure below the 1000-m
assumed level of no motion or to barotropic
orbital current.

Depth distribution of ADCP and geostrophic
currents, displayed in Fig. 5, shows the east–west
speed was strongest at sub-surface depths of
50–100 m near 52.41N. The change in speeds with
depth was greater than expected for such a deep
mesoscale feature. For example, the ADCP speeds
reverse direction with depth at 52.251N and
52.51N, and very shallow jets were found in ADCP
speeds at 51.91N and 53.21N. Geostrophic speeds
are highly asymmetric but otherwise show fewer
irregularities than do the ADCP speeds.

Several factors may contribute to the depth
distribution and asymmetry of speeds. Inertial
currents can be larger than eddy currents and
could have rotated while the ship was on station at
locations A and C to create the abrupt spatial
changes in flow direction at these positions. The
-0.6

-0.4

-0.2

0

0.2

0.4

0.6

-150 -100 -50 0

V
el

oc
ity

(m
s

)
-1

Distance from Eddy

Fig. 4. Geostrophic velocity of Haida-2000 as determined from ship

easterly velocity component averaged over 50–150 m. Geopotential he

at 52.71N latitude.
Tully transited from O to B to C to D (Fig. 3), and
along this track the currents rotated clockwise in
time as expected for inertial motion in the North-
ern Hemisphere. Inertial currents are normally set
up by strong winds and typically penetrate little
below the surface mixed layer in the first few days.
Their vertical downward group velocity carries the
peak inertial currents slowly downward over
periods of days to weeks. The vertical distribution
of currents in Fig. 5 therefore could be due to
inertial motion. Chereskin and Trunnell (1996)
note that tidal and inertial currents were the main
source of high-frequency noise in eddy currents
measured by ship-based ADCP.

We considered seamounts as disrupting influ-
ences on ADCP-measured orbital speeds in Haida-
2000. The Tully tracks passed near three sea-
mounts as shown in Fig. 3. Bowie Seamount
(53.31N, 135.61W) rises abruptly from abyssal
depths to within 40 m of the ocean surface.
Hodgkins and Davidson Seamounts lie at increas-
ing distances to the northwest (Fig. 3), rising to
within 1000 and 1500 m of the ocean surface,
respectively.

Cenedese (2002) examined vortices in a rotating
tank. Her studies showed that vortices can split
in two when encountering ‘‘seamounts’’ whose
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Fig. 5. (A) E–W measured by ADCP on CCGS John P. Tully along S–N section through Haida-2000, August 2000. (B) Geostrophic

E–W speeds (referenced to 1000 m) along S–N section through Haida-2000, August 2000. Dots represent mid-point between water

sample stations (calculated geostrophic velocity location); positive values are eastward.
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diameters exceed 20% of the eddy diameter. The
seamount diameter defined by the 1000-m contour
of the three seamounts inside Haida-2000 does not
exceed 10% of the diameter of Haida-2000.
Therefore the Cenedese (2002) observations in-
dicate that seamount-forced splitting of Haida-
2000 was unlikely. Nor, in fact, did Haida-2000
split into two while over these seamounts, but the
seamounts might be big enough to disrupt nearby
eddy streamlines. Fig. 3 reveals that Bowie
Seamount is about one seamount diameter down-
stream of the closest ADCP track through Haida-
2000. Davidson and Hodgkins Seamounts lie
underneath the ADCP tracks, but their peaks are
about 1000 and 1500 m below surface, and the
vertical scale of the current upstream from the
seamounts, as plotted in Fig. 5A, is of order
300–400 m. Therefore we conclude that disruption



ARTICLE IN PRESS

Fig. 6. (A) Haida-1995 sea-surface height anomaly (SSHA) as

measured along a T/P track for several consecutive orbital

passes. (B) Haida-1995 dynamic-height anomalies at four

reference surfaces, referenced to ocean surface at center eddy

station. Solid line indicates a background sea-surface rise from

west to east.
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of flow by seamounts was an unlikely contributor
to anomalous orbital speeds along the north side
of Haida-2000.

3.2. Comparison of barotropic and baroclinic

motion

Observations of temperature and salinity from
ocean surface to bottom enable calculation of
dynamic height anomalies, horizontal pressure
gradients and sea-surface slopes due to tilting of
isopycnal surfaces, which is the baroclinic compo-
nent of orbital eddy currents. As noted above,
inertial currents produce no isopycnal slope and
therefore do not contribute to such vertical
baroclinic displacement. Barotropic currents,
caused by raising the entire water column without
tiling isopycnals across isobaric surfaces, can-
not be detected by density measurements but
do change the sea-surface height. In summary,
water-column measurements of density lead
to calculations of baroclinic motion. Satellite-
based measurements of sea-surface height lead
to calculations of baroclinic plus barotropic
currents. Comparison of eddy heights as measured
by these two methods offers insight into the
relative contributions of baroclinic and barotropic
pressure gradients. The former is surface-intensi-
fied from ocean bottom to about 150 m depth
in Haida Eddies; the latter is constant with
depth.

3.2.1. Haida-1995

CTD profiles on nodes of the cruise track
illustrated in Fig. 1, part of the Tully return track
from Ocean Station Papa, extended to depths of
only 100 m and are not useful for evaluation of the
baroclinic structure of Haida-1995; however, the
velocity vectors and SSHA contours place the
eddy center within a few kilometers of Station
MP17, and we are reasonably sure that this station
was close to the eddy center in late August, 13 days
earlier, when the Tully passed through with its
3000-m-deep CTD survey en route to Ocean
Station Papa. Fig. 6A displays T/P, along-track,
SSHAs in August 1995, along an ascending T/P
track running mainly SW-to-NE. Fig. 6B presents
dynamic heights computed from the CTD profiles,
along a mainly E-to-W ship-path along Line-P
(plotted with west at left). Both graphs clearly
reveal a sea-level rise in the eddy center in addition
to a background sea surface slope. The graph of
dynamic-height anomalies leads to maximum
geostrophic current speeds of 0.17 m s�1 on both
sides of the two center stations. Although this
speed is considerably lower than speeds at 40 km
from the eddy center plotted in Fig. 2, each is
averaged over the 75 km spacing of the Tully

stations. By comparison, ADCP orbital speeds
averaged from 37 to 112 km from the eddy center
are 0.25 m s�1.
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A separate factor to consider is the ageostrophic
motion due to the curvature of the orbital motion,
which adds an additional term to the geostrophic
equation. (The term cyclostrophic applies to
currents that balance a horizontal pressure gra-
dient with centripetal acceleration and Coriolis
force. In a geostrophic current, horizontal pressure
gradient balances the Coriolis force only.) The
cyclostrophic speeds here are larger than geos-
trophic speeds by a fraction equal to the absolute
magnitude of the Rossby Number, Ro ¼ �v=fr.
Applying a speed of 0.17 m s�1 at a radius of 75 km
gives Ro ¼ �0:021. Therefore the relative cyclo-
strophic correction to geostrophic currents is a few
percent, too small to account for the difference
between geostrophic and ADCP current speeds.

Dynamic-height anomalies in Fig. 6B were
computed relative to the ocean surface and scaled
to zero at the eddy center station, to enable
comparison among different Line-P stations and
different reference layers. Station MP17 lies at the
center station on the x-axis; however, there was a
tilt in this eddy structure with increasing depth.
Greatest dynamic height anomaly for the 1000 m
surface was at the station 75 km to the east of
MP17; and the greatest anomaly at 3000 m lies at
MP17. Anomalies of the 2000-m surface are
comparable for these stations. The graph reveals
a significant background sea level rise from west to
east. With the eddy embedded in this background
sea-surface slope, together with other inherent
mesoscale structure within the eddy, it is difficult
to determine an accurate height due to the eddy
alone. The thick black line was arbitrarily placed
to represent the dynamic height anomaly of the
background 3000-m surface. The dynamic height
anomaly of the 3000-m surface at eddy center
(station MP17) relative to this background was
200 mm. Anomalies of the 2000 and 1000-m
surfaces were 185 and 155 mm, respectively. Total
water depth at MP17 is 3500 m, so one would
expect the dynamic-height anomaly between
surface and bottom to be about 210 mm.
By comparison, the SSHA of Haida-1995 in
Fig. 6A, based on the T/P track 109, was
250 mm. There was therefore a small difference
of 40 mm between the surface elevation determined
from satellite altimetry direct measurements and
those inferred from dynamic-height anomalies,
which could be within the range of uncertainty
due to measurement error, station spacing and
background geophysical signals. Any barotropic
orbital velocities in this eddy would be due to this
40 mm height difference and would be 16% of the
baroclinic component of the total anticyclonic
motion around the core at ocean surface. The
relative barotropic contribution increases with
depth toward the ocean bottom.

3.2.2. Haida-2000

Fig. 7 presents height plots of Haida-2000 in
September 2000 as determined by T/P radar
altimeter sensors (Fig. 7A) and dynamic-height
anomalies computed from ship-based density
measurements (Fig. 7B), in a similar manner to
those of Fig. 6. Altimeter-derived eddy heights
were in the range of 250–270 mm from late August
to early October 2000, with typical eddy diameters
of 340–370 km. By comparison the dynamic
heights calculated from ship-based observations
yield an elevation of 180 mm relative to 2000-m
depth, with a diameter of 250 km. Some of the
higher elevations in the altimeter observations
might be due to the larger track over which the
altimeter height is computed; eddy height reduces
to about 230 mm in altimeter observations if a 230-
km-long track is used. Extrapolation of the
reference surface of 2000 m to the ocean bottom
at 3200 m increases the dynamic height at eddy
center by about 15–25 mm. With these factors
considered, the altimeter-derived heights exceed
the ship-based dynamic-height anomalies by about
30 mm, similar to the 16% discrepancy noted for
Haida-1995. Although both could be attributed to
measurement and interpretation error, we do note
that altimeter-derived heights exceed the dynamic-
height anomalies in both eddies.

3.2.3. Other eddies

Similar comparisons are presented in Table 2 for
measurements through Haida-2000 in June 2000,
as well as Haida-1998 and Haida-2001. Once the
dynamic-height reference surface is extrapolated to
ocean bottom and height calculations are com-
puted over similar radii, the altimeter-derived
heights exceed dynamic heights by 20–40 mm.
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Fig. 7. (A) Haida-2000 sea-surface height anomaly (SSHA) as

measured along a T/P track for several consecutive orbital

passes. (B) Haida-2000 dynamic-height anomalies at two

reference surfaces, referenced to ocean surface at center eddy

station. Solid line indicates a background sea-surface rise from

west to east.

Table 2

Comparison of eddy heights based on satellite altimeter and ship-bas

Altimeter-based

Eddy Date Height (mm) Diameter (km)

Haida-1995 Aug. 1995 250 300

Haida-1998 Aug. 1998 430 330

Haida-2000 June 2000 330 250

Haida-2000 Sep. 2000 260 350

Haida-2001 June 2001 130 250

Ship-based dynamic heights are referenced to an extrapolated level-o
aDynamic height of Haida-2000 in June 2000 was referenced to 10
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As noted above, these differences are within the
measurement and interpretation error for any one
comparison, but with similar bias found for all
comparisons, it appears there may be a small
relative barotropic component to the orbital
current at surface, of magnitude 1–2 mm s�1. By
definition, this barotropic current is constant with
depth and likely is the dominant motion at ocean
bottom.

The PRIME Eddy in the North Atlantic was
investigated with similar techniques (Martin et al.,
1998). It too was anticyclonic and formed by
interaction of currents with topography. That
eddy was described by Savidge and Williams
(2001) as a lens of anomalous water centered at
700 m depth, which was much deeper than the
150 m nominal depth of a typical Haida Eddy’s
anomalous core water. Martin et al. (1998) found
solid-body rotation out to 20 km diameter, and
considerable barotropic motion.

Sutton and Chereskin (2002) observed that a
two-dimensional field of surface currents defined
by historical hydrographic measurements plus
altimetry observations was in general qualitative
agreement with those observed by ship-based
ADCP observations during a single cruise. Differ-
ences were of order 0.1 m s�1 in the center of the
East Auckland Current off the north-east coast of
New Zealand, and difference between the two
methods were larger in other regions. Both
methods identified the North Cape Eddy. Com-
parisons were based on two-dimensional interpo-
lated flow fields, with two ship tracks along T/P
ed dynamic-height calculations

Ship-based

Height at ship-based

diameter (mm)

Dyn ht. (mm) Diameter (km)

250 210 320

— 400 500

330 210a 250

230 200 225

110 90 140

f-no-motion at ocean bottom, except value denoted with a.

00 m, too shallow to permit extrapolation to ocean bottom.
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Fig. 8. (A) Positions of Drifter 4995 in Haida-2001 during June

2001. Black dot denotes the start of drifter track. (B) Inertial

and non-inertial speed calculations for drifter 4995, June to

July. (C) Inertial and non-inertial speed calculations for drifter

7363, June to July.
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lines. Absolute currents also were computed at
2000-m depth, with ADCP+hydrographic speeds
somewhat on the high side, suggesting noise in the
ADCP data.

Both Martin et al. (1998) and Sutton and
Chereskin (2002) selected reference depths below
the mixed layer for measured ADCP currents for
comparison with baroclinic flow fields. These deep
layers were chosen to reduce the impact of Ekman
and inertial currents. (Both are ageostrophic
currents expected to reach peak speeds in the
upper wind-mixed layer.) Our ADCP measure-
ments indicate that such assumptions are valid,
although previous studies (Thomson et al., 1990b)
in the Gulf of Alaska observed inertial currents of
several centimeters per second at several thousand
meters below the ocean surface.

3.3. Comparison of inertial and eddy currents using

Lagrangian drifters

Three Lagrangian drifters were deployed into
Haida-2001 in June 2001. One failed within 5 days,
but the remaining two, 4995 and 7363, transmitted
for 60 days until they shut off automatically to
conserve data costs. These same drifter numbers
were assigned to another three drifters deployed
in September 2001. Drifter 7069 was set into
Haida-2001, and drifters 4995 and 7363 were
placed into Haida-2000. All three transmitted the
full 60 days.

Tracks of the two near-surface drifters in Haida-
2001 in June–July reveal inertial currents to be
larger than orbital currents in the eddies. Fig. 8A
presents an example of this motion for drifter 4995
in June 2001, as it orbited Haida-2001. To separate
inertial and eddy motion, a time series of 3-hourly
values was computed by fitting a function com-
posed of a cubic polynomial plus inertial oscilla-
tion to overlapping segments of the input time
series (independently in latitude and longitude).
The segments were 40 h long, or longer if fewer
than 15 drifter positions were found in the 40-h
period.

These two components of speed for drifters 4995
and 7369 are plotted in Fig. 8B and C for the
duration of their drift in June and July 2001 in
Haida-2001. Over most of this period the inertial
speeds exceeded the eddy current speeds. Only in
mid-July as drifter 4995 approached the other edge
of the eddy, just before it departed the eddy, did
the non-inertial drift exceed the inertial speeds for
more than a day.

Measurements of drifter positions, after removal
of inertial motion, provide accurate orbital speeds
and radii. Using drifter tracks in Fig. 8A, together
with tracks from a similar deployment of drifters
in autumn 2001, various eddy characteristics
were computed. Altimeters measure sea-surface
slope from which geostrophic and cyclostrophic
currents may be directly computed. The best
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two-dimensional, plan-view of Haida Eddies is
provided by the CCAR Internet site that plots
SSHA contours for any date after 1996,
from which sea-surface slopes may be computed.
Table 3 presents these properties of drifter motion
and sea-surface slope, revealing that the orbital
motion determined from mesoscale contours of
SSHA consistently under-represents the actual
orbital motion as determined from drifter tracks.
This feature was noted in Section 1, but is
investigated here to determine the expected reduc-
tion in eddy height by contouring algorithms.

Table 3 reveals that geostrophic orbital speed
was, on average, only one-half the drifter orbital
speed. The Rossby number (Ro ¼ �v2=rÞ=fv), was
�0.04 to �0.07, indicating the difference between
geostrophic and cyclostrophic currents was not the
cause of this discrepancy in speeds. Instead, we
suspect several other factors. Few satellite tracks
passed directly through the eddy cores, leading to
under-representation of eddy heights. Contouring
algorithms may also under-represent central eddy
heights. Noise in individual T/P measurements and
the 25 km footprint of the radar altimeter on T/P
may be additional factors in the poor resolution of
sea-surface slopes near the eddy center.

To investigate these factors we examined in-
dividual tracks of T/P satellite through the eddy
between June and July 2001, to match the methods
described in Section 3.2. On three occasions the
center of the T/P footprint passed within a few
Table 3

Features of Haida-2001, June–August and Oct. 2001, and Haida-200

Dates in 2001 6 Jun.–15 Jun. 7 Jun.–19 Jun. 19 Jun.–30 Jun. 30 Jun.

Haida Eddy 2001 2001 2001 2001

Drifter 7069 4995 4995 4995

Radius r 19 20 25 35

Average speed 1 0.149 0.116 0.167 0.165

Average speed 2 0.133 0.114 0.194 0.157

Sea surface slope 6� 10�7 6� 10�7 9� 10�7 8� 10�

Geostrophic speed v 0.06 0.06 0.08 0.07

Rossby number Ro

¼ ð�v2=rÞ=fv ¼ v=fr �0.06 �0.05 �0.07 �0.04

All speeds are in units of m s�1; distances are km. Coriolis parameter

Coriolis parameter f at 511N is 1.13� 10�4 s�1. Rossby number Ro is

Geostrophic speed was computed from surface slope as calculated f

orbital period and radius of drifter track. Average speed 2 is the arithm
kilometers of the center of Haida-2001, as
determined from drifter motion. These three
passes are plotted in Fig. 9, revealing typical
heights of 14, 15, and 16 cm, to within about 1 cm,
for the core regions of the eddy on 28 June, 22 July
and 1 August, respectively. Yet the highest
contours plotted by the CCAR mesoscale imagery
following these 3 days are 8, 11, and 14 cm,
respectively, values less than measured directly
during the individual passes. The plotted core
heights in other periods are even lower. Therefore,
the contouring routines themselves tend to under-
report heights of this eddy, even with orbital
passes making measurements directly through
the core.
0 in September–October 2001

–15 Jul. 4 Jul.–19 Jul. 19 Jul.–3 Aug. 27 Sep.–13 Oct. 3 Oct.–10 Oct.

2001 2001 2000 2001

7069 7069 4995 7069

20 24 22 23

0.095 0.116 N/A 0.126

0.103 0.120 0.103 0.125
7 7� 10�7 8� 10�7 8� 10�7 7� 10�7

0.06 0.07 0.06 0.06

�0.05 �0.04 �0.04 �0.05

f ¼ 2O sin y, where O is the Earth rotation rate and y is latitude.

non-dimensional and based on root-mean-square (RMS) speed.

rom satellite altimetry. Average speed 1 is computed from the

etic mean of all 3-h speeds during one eddy circuit by the drifter.
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Each TOPEX pass in Fig. 9 reveals a relatively
steep-sided slope surrounding a flatter central
region. The steep-sided slopes are between
12� 10�7 and 17� 10�7, giving rise to geostrophic
currents between 12 and 15 cm/s, very close to the
drifter-derived speeds. However, drifter trajec-
tories were generally within the flatter central
region, whose flatness near the drifter trajectories
may be partially attributed to the 25-km footprint
of the TOPEX radar altimeter.

As noted above, the ratio of centripetal (v2=r) to
Coriolis (�v=f ) acceleration is the Rossby number
(Ro ¼ �v=fR) and lies in the range of �0.04 to
�0.07 for drifter motion in Haida-2001 during
June to early August 2001. This range of Rossby
number is similar to that found in Aghulas
anticyclonic rings that enter the South Atlantic
Ocean, and less than found in Gulf Stream and
Kuroshio warm core anticyclonic rings (Olson,
1991).

Previous studies have noted that drifter orbital
speeds in mesoscale eddies exceed altimetry-
calculated geostrophic speeds. Niiler et al. (2003)
examine eddies in the Kuroshio Extension. Their
altimetry observations were spatially smoothed
and gridded into bins of 0.251 separation, which
reduced the calculated speeds in eddies. In addi-
tion the Rossby number was usually greater than
0.1 and up to 0.25 in some regions, and
geostrophic speeds for such eddies derived from
sea-surface slopes would under-represent orbital
speeds. Ohlmann et al. (2001) compare along-track
altimetry observations with surface drifter tracks,
selecting only those altimetry passes within 0.251
and 1 day of drifter tracks. They gridded the
altimetry observations into 0.251 bins. For two
eddies on the continental rise, using 29-day drifter
vectors averages, the correlation coefficient be-
tween the two velocities was 0.79, and the slope of
the mean regression was 0.86, with higher speeds
measured by drifters.

3.4. Vorticity in eddies

Two drifters orbited Haida-2001 in nearly
concentric rings for several weeks in June and
July 2001, prior to the exit of drifter 4995 from the
eddy in mid-July. These tracks are presented in
Fig. 10, and provide the best opportunity to
compute the vertical component of relative vorti-
city in the eddy, defined as

zz ¼ rh �Uh ¼ ðqv=qx � qu=qyÞ, (1)

where Uh is the horizontal current vector. The
term relative vorticity denotes the apparent
vorticity measured relative to the rotating earth.
Total vorticity includes the planetary vorticity �f .
In cylindrical polar coordinates, with purely
azimuthal (orbital) motion, the vertical component
of relative vorticity is defined as

zz ¼ ð1=rÞqðruyÞqr, (2)

where uy is the azimuthal horizontal velocity and r

the radius of the drifter track. For purely solid-
body rotation zz is twice the angular velocity O.
Table 4 presents characteristics of drifter pairs in
Haida-2001 during three time periods between
early June and mid-July 2001, with zz ranging
from �0.8� 10�5 to �1.1� 10�5 s�1.

Calculations above denote vorticity computed
from pairs of drifter tracks coincident in time.
One can also compute vorticity using Eq. (2)
and individual drifter tracks, if the orbital speed is
assumed to be a linear function of the radius
and steady in time. Orbital speeds of drifters
were computed for various circular arcs of drifter
tracks in Fig. 11 with constant radii and are
plotted in the lower panel of Fig. 11 as a function
of radius. The straight line represents a best fit to
the June–July 2001 data, as represented by the
equation

uy ¼ �2:7 � ð0:46 � 10�5Þr, (3)

where uy is the orbital speed in cm s�1 and r the
radius of the drifter trajectory in centimeters.
Correlation coefficient for this linear regression is
0.94. A linear relationship between speed and
radius implies solid-body rotation, with angular
velocity m and vorticity 2 m, where m is the slope
of the best-fit straight line. For the line with m ¼

�0:46 � 10�5 s�1 in Fig. 11 the average horizontal
vorticity is �0.92� 10�5 s�1, which is 8% of the
planetary vorticity (�f ) due to the rotation of the
earth, and lies within the range of vorticity
computed above from pairs of drifters. This linear
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Fig. 10. SSHA contours at 1 cm intervals, along with drifter tracks in Haida-2001. Solid lines denote drifter 7069; dashed lines denote

drifter 4995. Solid dots are at 3-day intervals. Inertial motion has been removed from drifter tracks. Dates outside plots are drifter

intervals; those inside are dates for underlying TOPEX contour plot.

D. Yelland, W.R. Crawford / Deep-Sea Research II 52 (2005) 875–892888
relation is valid out to a radius of 50 km, the
largest radius plotted in Fig. 11, although only one
data point lies outside a radius of 40 km.
Constant vorticity is also denoted as solid-body
rotation and implies no horizontal mixing due to
turbulence. This too implies little or no exchange
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Fig. 11. Top panels: tracks of two drifters in Haida-2001, after removal of inertial period motion. Circles denote positions at 3-day

intervals. Bottom panel: black diamonds denote orbital speed versus radius of drifters in Haida-2001, June–July 2001, computed from

drifter motion in top panels. Square denotes the average orbital speed of drifter 4995 during 3 days prior to its exit from the eddy at

50 km from center of eddy. Straight line is linear regression to all summer 2001 observations. Circle represents motion in this eddy in

October 2001. Filled circle shows average speed during 3 days prior to its exit from the eddy in October. Negative speeds represent

clockwise, anticyclonic motion.

Table 4

Calculation of relative vorticity in Haida-2001 based on drifter motion, summer 2001

Dates of tracks in Fig. 10 7 June–20 June 20 June–3 July 3 July–19 July

Dates for vorticity calculation 9 June–18 June 20 June–3 July 6 July–18 July

Inner radius 14 10 21

Inner orbital speed 0.107 0.045 0.105

Outer radius 21 34 36

Outer orbital speed 0.118 0.186 0.186

Horizontal vorticity �0.8� 10�5
¼ 0.07 f �1.1� 10�5

¼ 0.10 f �1.1� 10�5
¼ 0.10 f
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of water between the eddy center and a radius of
40 km.

One drifter was launched into this eddy in
October 2001 and departed the eddy before it
completed one circuit. The track of this drifter is
plotted in Fig. 12 along with similar tracks of two
drifters released into Haida-2000 farther to the
north. Only drifter 4995 completed a circuit of the
eddy; its vorticity is plotted in Fig. 11. During the
period 3–10 October, drifter 7069 completed one-
half circuit in Haida-2001, with an average speed
of 12.6 cm s�1 at radius 23 km. This point is also
plotted in Fig. 11 along with the speed during 3
days prior to its exit from Haida-2001. Motion in
October fits well to the summer speed-radius
graph, but the exit speed is lower in magnitude
than observed in Haida-2001 in summer.
4. Discussion and summary

Several observational methods were applied to
Haida Eddies in the past decade to evaluate the
anticyclonic motion, relative contributions of
baroclinic and barotropic pressure gradients, and
the relative strengths of inertial and eddy orbital
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Fig. 12. Tracks of three drifters released into Haida Eddies in

Gulf of Alaska, September–October 2001. Black squares denote

drifter launch sites.
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currents. We compared dynamic height anomalies
of the ocean surface (as determined from ship-
based measurements of density along ship trans-
ects of eddies) to sea-surface height anomalies
measured during eddy transits by satellites with
radar altimeters. These altimeters detect total
surface displacement due to barotropic and
baroclinic pressure gradients. In general the SSHA
measurements detected slightly higher elevations
than expected from baroclinic pressure gradients.
Differences were within measurement and inter-
pretation errors for any one eddy, but the
consistently higher SSHA measured by satellite
on five separate occasions indicates that up to 16%
of surface speeds were due to barotropic pressure
gradients. This fraction increased with depth as the
baroclinic motion decreased.

Drifter observations in the summer of 2000 in a
relatively small eddy revealed that inertial currents
attained speeds up to 0.3 m s�1, which exceeded the
eddy orbital speeds. Inertial currents were nor-
mally comparable in speed to eddy currents, and
likely account for part of the discrepancy between
ADCP and geostrophic speeds observed pre-
viously, especially near the ocean surface.
Of the two drifters tracked in Haida-2001 during
spring and summer 2001, one departed the eddy in
6 weeks and the second remained in the eddy for at
least 2 months. This eddy attained a SSHA in its
center of only 15 cm or so, less than half the height
of some of the larger eddies of the 1990s. Despite
this small height, Haida-2001 trapped its central
surface waters for more than 6 weeks. Typical
Haida Eddies should trap surface water at least as
well. Eddy surface orbital speed between 10 and
50 km from the center appeared to be a linear
function of distance, indicating solid-body rota-
tion, and due perhaps to little turbulent momen-
tum exchange between inside and outside waters.

Interestingly, few near-surface drifters launched
outside of Haida Eddies have been entrained into
central waters. For example, Thomson et al.
(1990a) observed some of their drifters to be
deflected by Haida Eddies, but few completed
more than one circuit. Similar results were
observed by Paduan and Niiler (1993) in their
analysis of drifters released during the Ocean
Storms project in late summer and autumn 1987.
However, Thomson et al. (1990a) found that
drifters drogued at depths near 125 m were readily
captured by Haida Eddies for many circuits. When
outside eddies they all drifted eastward, but when
inside eddies they moved slowly to the west,
tracking the westward eddy drift. Once freed from
eddies these deep-drogued drifters resumed their
eastward drift.

A slowly decaying, warm-core, anticyclonic
eddy is expected to trap sub-surface drifters and
eject surface drifters, as noted by Paduan and
Niiler (1993) and Crawford (2002). Haida Eddies
rotate anticyclonically in response to isopycnal
suppression at depths below 100 m. This depres-
sion normally extends at least to 1000 m depth and
can suppress constant density surfaces by several
hundred meters. Isopycnals are depressed during
eddy formation; once fully formed and detached
from the continental margin, the eddies decay.
Almost all their energy is in the potential energy of
isopycnal depression, so these eddy-center isopyc-
nals must rise as the eddy loses mechanical energy,
pushing surface waters upward and outward
and pulling in sub-surface waters below 150 m.
This process explains the trapping and ejection of
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sub-surface and surface drifters, respectively. It
also accounts for the upward displacement of
central-eddy isotherms often observed in the top
100 m in summer (Crawford, 2002). The upper
wind-mixed layer reaches down to 75 m or so in
late spring, and tends to level out density surfaces.
Once the eddies begin to decay, these surfaces are
pushed farther upward in mid-eddy than in outer
rings, creating the isotherm doming.

These various observations support the conclu-
sion that outside waters seldom penetrate to the
eddy center on the surface in summer. In addition,
the near-surface drifters were trapped in the
centers for 1–2 months, and possibly longer. And
as noted previously, constant vorticity is also
denoted as solid-body rotation and implies no
horizontal mixing due to turbulence. This too
implies little or no exchange of water between the
eddy center and a radius of 40 or so kilometers.
Therefore, central surface waters can be isolated
from outside waters for at least a month in late
spring and summer, and possibly several months.
This trapping time is sufficient for the central
waters to develop their own unique biological
species composition and carbon cycle in late spring
and summer, as noted by other authors (Mackas
and Galbraith, 2002; Mackas et al., 2005; Peterson
et al., 2005; Chierici et al., 2005; Tsurumi et al.,
2005). Similarly, surface biological processes in
outer rings do not impact central water species.
Satellite images of chlorophyll-a by SeaWiFS, and
SSHA measurements by altimetry satellite have
revealed distinct processes in central waters, and
outer rings of Haida and Sitka eddies, due to the
separation of these two water masses. These
measurements are described by Crawford et al.
(2005).
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