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Figure 10. Combined Lagrangian and satellite infrared observations of the Subtropical Front (from 40°W to 20°W).

(A) Winter 1996 (composite image of 1 and 9 February). W (warm) and C (cold) regions indicated. (B) Early summer 1996
(composite image of 8, 9 and 10 June). The duration of the tracks (of the Argos buoys and ALACE floats), the identification
code and depth of the drogue for the buoys are summarized in Table 2. The remote sensing observations in (B) are continued
to the east in Figure 2 (4 June 1996) which shows the Subtropical Front reaching 10°W. The 2000 m contour shows the
Mid-Atlantic Ridge (MAR). Sea level anomaly of cool structure (cyclonic) near 33°N 23°W can be seen in Figure 16.

see Figure 5A) left the eddy at an early stage (~40d after
its release), found the eastward flow near 33.5°N 32.5°W
and moved about 540km to 26°W at a mean speed of
~12cms~". ALACE 25974 left the eddy 55d after its
deployment and followed buoy 25977 eastward in the
Azores Current at a mean speed of ~20cms™! to near
26°W. Some warm frontal water flowing east adjacent to
cool regions subsequently flows south and then back to
the west. This is shown by the track of ALACE 25974
(which was near a pressure of 210dbar where the
temperature was 17°C, in February 1996, when this
subsurface float moved south) and buoy 25977 which left
the Subtropical Front in a clockwise sense near the same
position. The sea surface temperature of buoy 25977 was
17.8°C on 9 February in the warm water region where
this buoy was turning anticyclonically south. ALACE
25974 found the region of flow reversal about two degrees
to the south and moved westwards in late February and
March at a mean speed of ~10cms ™.

The early summer 1996 (composite image of 8, 9 and
10 June, Figure 10B) period was chosen as it corre-

sponded to the North Atlantic crossing of HMS ‘Hecla’
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near 32.5°N in the region. The satellite images show the
Subtropical Front outcrop near 35°N. There is a cool
extension stretching along the MAR which contains
Storm 0 near 39°W. Storm 0 was first clearly evident in the
altimeter structure in January 1995 (near 25°W) and so
was about 1.5 years old when on the MAR. The cool
region stretching along the MAR to the cool region of the
STF represents a further elongation and splitting (as
occurred in January, e.g. Figure 5B) of the structure and
clearly evident in the altimeter data as a low pressure sea
level anomaly. Drogued buoy (25686, 5030 and 25687)
tracks identify the Azores Current (or Subtropical Front)
clearly with water moving (ENE) along the eastern side
of the MAR. From early June to July, the sea surface
temperature contrast between buoy 5030 and buoy 25686
defining a 100km wide Azores Current stream (with
mean temperature near 21.5°C) was 1.3°C, with cooler
surface water to the left of the flow direction. The mean
speed of the flow in a direction along the MAR across a
100km width of the stream was 25cms~! (10 day
average). We note that to a depth of only 200 m this repre-
sents a transport of 5Sv. Argos buoy 25687 (drogued at
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200m depth), that tracked the eddy for the longest
period, showed a ~1000 km route of the AC, as it moved
eastward from 37°W to 26°W (see Figure 10B for partial
track). The buoy moved first north-east along the eastern
flank of the Mid-Atlantic Ridge (MAR) towards Ocean-
ographer Fracture Zone (near 35°N), then along the
western side of the chain of seamounts (Atlantis)
extending south-east from the MAR and then eastward
over Plato Seamount near 33°N at a speed of 28 cms™!
(20 day mean). The warm water to the south of buoy
25687 (moving eastward in the Azores Current) is
moving back westwards. This is shown by the tracks of
ALACE 25974 (mean temperature ~16.9°C near
185dbar) and ALACE 25975 (mean temperature
~13.8°C near 426 dbar) which went westward in June.
These deeper ALACE show that the current structure is
not confined to the warm surface water but can be deeply
penetrating. ALACE 25976 (near 765dbar, mean
temperature now near 10°C) is moving eastward towards
the MAR and crosses the MAR near 34°N in July. Buoy
25687 also moved south near 26°W (on year-day 200,
1996) and recirculated clockwise over the next 100 days.

The eastward track of both buoys (25977 and 25687)
was ~1°south of the region of maximum thermal contrast
or surface outcrop of the Subtropical Front (near 35°N)
and the drogued buoys are measuring flow at 200 m depth
(drogue depth). The flow above 200 m rides on the 200 m
near-geostrophic flow, so the upper layer warm water
above (evident in the imagery) will also be flowing east
near the front as will the warm water to the north of the
buoys. Buoys and ALACE show that the same warm water
properties can flow back westwards in the south of the
region (near 30°-32°N). Some subtropical flow is recircu-
lating as both ALACE and buoys may then move north
and rejoin the Azores Current where they move eastwards
again (i.e. southern Subtropical Recirculation track). After
about 300 days, ALACE 25974 recirculated back to the
AC with cast-west track extending for ~900km (from
~25°W to ~35°W, see figure 5 in Pingree (1997)).

In summary, the IR imagery can identify the position of
the STF outcrop as a temperature contrast in the region.
The imagery shows that the drogued buoys and floats are
mostly in the warm water adjacent to the cool STF outcrop
and the superposed Lagrangian tracks show that this water
1s moving eastward (AC) although cells of warm water are
turning anticyclonically. To the south some warm water is
returned westward, some of which later recirculates back
eastward in the warm AC. The STF position and structure
can be seen in SeaWiFS images (see 3.9). The seasonally
varying chlorophyll a SeaWiFS front matches the STF
outcrop/IR structure in February and March. Signatures
of Storms to the south are most evident in April (image
composite for April 1998).

3.6. Ocean diffusion in the STF region

The ocean structure and westward moving eddies are
spreading particles (drogued buoys and ALACE).
Particles that were originally contained in the eddy are
shownT~200 days after release (Figure 11). The eddy has
moved from 33.6°W to near 39°W and the particles are
spread across ~1500 km. An apparent horizontal diffusion
D (D= 22T, D= O'YQ/QT) based on the mean squared
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x-cast (0,%) and y-north (0,%) separation or displacement
from an initial release position (Okubo, 1971) is
D,=51x10"m*s~"and Dy=11x10°m*s ™"

After 200 days, all the particles have left Storm 0 and
their subsequent positions are used to derive a rms
displacement rate in the STF region. A displacement time
interval of 40 days was chosen as it was the least common
denominator (LCD) for the ALACE position sampling
and sufficiently long not to be dominated by the displace-
ments due to coherent eddy orbital motions. The oceanic
diffusion values based on mean squared displacements
(with respect to the centre of mass or corrected for overall
displacements of the water in the sampling region) were
D, =1.3x10"m?s " and D,=3.9x10°m?s ™" for the 40 day
period. These estimates are even larger than before and
again show preferential spreading in the east/west direc-
tion. The eddy, moving particles to the west and losing
particles to the AC, does not spread them as fast as
oceanic mixing in the region sampled. The apparent
diffusion values for the same particles over the next 40
days were DX=1.O><104 m?s~!' and D},=2.0X103 m2s~ L.
Removing the two deeper ALACE tracks from the
diffusion estimates so that conditions near 200 m depth
are represented (mean depth 235m) gives similar
diffusion values of D,=13x10'm?s! and
D,=2.6x 10° m? s~ (mean of both 40 day periods). The
anisotropic diffusion is partially attributed to the tendency
of particles to move eastwards in the AC and then return
westward in the counterflow region to the south (see
Figure 11). Over the 80 day period considered, the mean
displacement (with means based on ~2 year averages or
8x80 day sampling) of the Subtropical Iront region
sampled was 1.2kmd~! east and 0.6kmd~! south. The
occanic diffusive values are one to two orders of magni-
tude greater than the eddy values. A diffusion velocity
based on a rms separation gave 7 kmd~! for the east/west
direction and 2 km d~! for the north/south direction, over
the 80 day period considered. The value of 7kmd~! for
the ocean can be compared with 0.43 kmd~! derived for
the radial speed in the eddy. Although diffusion or radial
spreading in Storm 0 was large in comparison to other
types of eddies found in the Eastern Basin, it was small in
comparison to the apparent oceanic diffusion resulting
from the overall effects operating in the STT region.

3.7. Selected composite image showing Subtropical Front, cold cyclonic
and warm anticyclonic structures

The satellite infrared image for February 1997 (compo-
site image of satellite passes on 4, 5 and 10 February;
Figure 12) has been selected from an appraisal of all the
available images between September 1995 to March 1997
as it most clearly characterizes the significant sea surface
Subtropical Front thermal structure from 10°W-34°W
(~2200 km), near 34°N. Cooler water is present north of
35°N and warmer water south of 35°N but the structure
is convoluted with some order present. Cold water (or
water columns with low dynamic height) displaced to the
south (where the water columns have larger dynamic
height) will develop cyclonic movement and these features
represent or will develop into the regularly spaced
cyclonic eddies or Storms. This dynamic effect will be
augmented by the north-south displacement of planetary
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Figure 11. Buoy and ALACE tracks over a 40 day period (year-day 130 (large dot)—170 (arrow head), 1996) on the warm
side of the STF outcrop (position of surface temperature contrast shown dashed is taken from Figure 10B; temperature can be
appraised from Figure 8). Small dots are the release positions and the dotted region shows the initial eddy orbits in Storm 0 (the
previous year, October/November 1995), except for drogued buoy 25977 and ALACE 25974 which were deployed in the region
of maximum azimuthal flow at a distance of 80 km from the eddy centre. Buoy 5032 is moving anticlockwise around the next

Storm, Storm 1, passing westward through the region.

vorticity. The two features marked C near 32.5°N are
surface cold water structures. These surface temperature
structures will not in general reflect the movement of a
water column but will rather show how surface water is
drawn into patterns by the presence of the eddies. The
two cold water structures can be seen clearly in altimeter
data where they are confirmed as low pressure (cyclonic)
anomalies (see Figure 13, with data extracted from CLS
ftpsite (spike.cst.cnes.fr) for the nearest date corre-
sponding to the western infrared image (4.2.97) that
forms the composite of Figure 12). It has not been possible
to quantify a relationship between temperature structure
and sea level anomaly since the temperature reflects both
structure and gradients (i.e. cooler water towards the
north) whereas average gradients are largely removed (or
hardly present if there are no mean surface currents) in
determining the altimeter sea level anomaly from a refer-
ence state. We have called these two cold water low pres-
sure Storm signatures, ‘Storm 5 and ‘Storm 4’ (1.e. Sy near
30.5°W and S, near 25.5°W with a separation of
~460 km). We note that the cool patch ‘C’ representing S,
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does not correspond quite with the centre of the altimeter
structure and that cold and warm (to the south) surface
water regions will be turned cyclonically by the eddy flow
itself. Storm 2 is ~500km ahead (west) of Sy and can be
seen in the altimeter data, elongated near the MAR
(Figure 13). Storm 2 was also measured directly as it
passed through the position of Mooring 156 (32.52°N
34.40°W) in December 1996, resulting in a 2°C drop in
temperature near 800 m depth at this position, equivalent
to a ~200 m uplift of isotherms (PS). Buoy 5032 (drogued
at 360 m depth) failed on 3 February 1997 after 470 days,
but moved anticyclonically (with a centre near 33.5°N
32.5°W) in the warm water region just (~130km) to the
north-west of the centre of S; near the end of January
1997. W (which extends to the west and south) is a warm
water feature (with a water column of relatively larger
dynamic height) which is displaced north or partially
surrounded by cooler water and so the flow here is anti-
cyclonic. The water movement will be eastward along the
temperature front near 35°N (Azores Current) and then
clockwise around the central structure or region of higher
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4.5 10 FEBRUARY 1997

Figure 12. Satellite infrared image for February 1997 (composite image of satellite passes on 4, 5 and 10 February, from west to
east). W (warm, anticyclonic) and C (cold, cyclonic) features indicated in relation to the STF outcrop near 34-35°N. Cold
features near 31°W and 26W are infrared signatures of Storms S and S, (labelled). Warm and cold features near 25°W are shown
~2.5 months earlier near 23°W in Figure 14. Azores (Sdo Miguel), Madeira and coasts of Portugal and Africa labelled.

35W

08 Feb 1997
17205

NERRERCEN En ne

as'w

25'W 200w

40°N

25"W

Figure 13. Altimeter sea level anomalies (cmscale in colour) corresponding to Figure 12. S3 and S, (labelled) are evident near
31°W and 26°W (~32.5°N). Orange region to the north of S; matches the warm water region W in Figure 12 and blue
meridional patch near 23°W corresponds to the cold streaks marked c.

sea surface elevation pressure. Just to the east of W
(~23°W 35°N), the cold streaks also show a clockwise
sheared pattern with implied cool flow from the north.
Altimeter data confirm a region of high sea surface pres-
sure (Figure 13) associated with the warm water structure
(W) and ALACE 25974 turned clockwise around this
warm region between December 1996 and March 1997,
with mean temperature near 17.8°C (i.e. Subtropical
Water with larger dynamic height) at 150 dbar. We note
that ALACE 25974 has moved from a mean pressure of
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220 dbar in Storm 0 (where the mean temperature was
~15.7°C) to 150dbar in the warmer region of the STF
over a period of 450 days. ALACE move upwards in
warmer water due to expansion (~50dbar°C~! at
constant salinity) and with age

3.8. Westward movement of structure

3.8.1. Storm generation region. Although altimeter data is not
affected by clouds and altimeter sea level anomalies show
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Figure 14. Satellite infrared image for November 1996 (composite image of satellite passes on 22 and 23 November) showing
the early stages of S, (labelled). Cool jet across 35°N near 22°W (with a connecting irregular filament-like structure to the north)
with W (warm, anticyclonic) and G (cold, cyclonic) structure forms a curved front near 24°W. Azores (Sdo Miguel) shown. The

structure is south of the STF outcrop near 36-37°N.

the eddy structures far more clearly, infrared images can
give more detail of structure in the east of the region and
may reveal some aspects of the Storm formation process.
Infrared image sequences for the east of the region show
westward moving thermal structure. The infrared image
of 9.1.97 shows S, near 24.5°W (not shown) and the
image of 13.3.97 (also not shown) indicates a position for
S, mnear 26°W giving a westward movement of
~25kmday~!. The warm water anticyclonic cell also
moves westward (cf. Figures 12 & 14). The initial
structures generally move westwards more slowly and so
the separation scale is typically 460km in the east. This
infrared image sequence shows that S, is first evident as
part of an anticyclonic/cyclonic dipole type of structure
with cool stem extending from the north and directed
across 35°N near 22°W in late November 1996 (Figure
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14). The cool stem stretches to 38°N and is associated with
a cyclonic low pressure sea level anomaly (altimeter
data). This shows that Storms can start evolving as far east
as 22.5°W. Eddy energy, or rather meridional motion, of
this period is evident in long current meter records in the
region near 22°W (Miiller & Siedler, 1992) and westward
moving cyclonic structures are already present near 18°W
(33-34°N) (figure 4 of Pingree (1997)). Some early initial
infrared signatures may even be observed east of Madeira
~12-13°W. For example, the AVHRR infrared image of
23 March 1992 (figure 11 of Pingree (1997)) shows warm
(anticyclonic) cells separated by cool water extensions,
filaments or plumes from the north, with a separation
scale of ~370 km, which start near 10°W, but it is not
known whether these most easterly regular features
develop into Storms.
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Figure 15. Storm travel curves summarizing conditions near 33°N, from 24°W to 43°W over a 3.6 year period (JD
16,300-17,600). Storms Sy, Sy, Sy, S3 were identified by cooling at mooring 155 deployed at 35.5°W for two years and Mooring
156 at 34.4°W shown as dots. On an Atlantic crossing, HMS ‘Hecla’ identified upward doming of isotherms or cooling
representing S_;, Sy, S;, Sy (solid squares) near JD 16,957. Drogued buoy tracks (see Figure 3) are used to estimate the eddy
centre of S, (open circles labelled B) and track this eddy across the MAR shown near 39.9°W for 32.5°N. Tracks of eddy

centres were then extended from the central region using altimeter data (thin) lines. The track lines are not always continuous
and merging and splitting of eddy structure is shown by bifurcation. The open squares correspond to IR signatures (see for
example Figure 12 showing S; and S,). The larger dashed window covers the 80 d period for horizontal diffusion estimates in the
STF region. The smaller dashed window represents the RRS ‘Charles Darwin’ Cruise CD97 (Plymouth Marine Laboratory,
1995) survey of Storm 0 in October 1995 and the deployment of drogued buoys (see Figure 3) and Moorings 155 and 156.

Storm formation appears to result from excessive south-
ward movement of more northern (from say ~35° or
even 37°N) colder water resulting in an irregular filament-
like structure (PS) which subsequently turns westward
and confines warmer (anticyclonic) water to the north
(see Figure 12). Scrutiny of the altimeter structures
suggests that some smaller low pressure features may
originate in the south (near the latitude of Madeira
~32.8°N). Coalescence of structures may occur. Storms
may intensify further as they move west into a region of
increasing dynamic height (i.e. Subtropical Water). The
mean dynamic height increases from 1.66 to 1.78 dynm
from 20°W to 40°W along 33°N, with the most rapid
increase occurring near 30°W (WOA94, reference level
2000 dbar and average of four seasons).

3.8.2. Summary of Storm positions 1994—1998 near 33°N.
Travel curves summarizing positions of Storms near 33°N
from 1994 to 1998 are shown in Figure 15. Positions for
Storms Sy, Sy and S, were given in PS and further Storms,
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Ss, S,, are identified here in IR imagery (Figure 12). S,
was also measured 150 days later as it passed Mooring 155
(Pingree, 2000). Buoy tracks extending over 300 days
showed some continuity of Storm 0 from 33°W to 41°W,
just across the MAR. Further continuity of structure was
derived using altimeter sea level anomalies (from CLS
ftpsite) in the region.

A number of general remarks can be made with respect
to the travel curves. Eddies travel westward from the
Eastern Boundary in the Eastern Basin with further
generation of structures in the Western Basin moving
westward from the MAR. Although individual patterns
(low pressure structures) can be followed for enormous
distances, for example S, from 25°W to 50°W over a
period of ~900 days, merging and splitting or exchange
of eddy structures occurs, so we cannot say that an indivi-
dual eddy has followed the complete travel curves. In this
sense, the structures have wavelike properties. S_;
(Figure 15) appeared to reach Bermuda (to the north)
with inputs of energy from other structures which had



03 Jun 1996
16955 80w

> an |
0. 40
20- 30
17- 20
12- 17
10- 12
§- 10
8- 8
4- 8

=
|

-
E

i

BEREEREN CF NN E

Subtropical Front observations R.D. Pingree etal. 789

50°N

40°N

30°N

10°W 0'E

30"W

A40°W

Figure 16. Altimeter sea level anomalies (cmscale in colour) for the North Atlantic (3 June 1996) corresponding to the North
Atlantic crossing of HMS ‘Hecla’ from Norfolk, Virginia (28 May 1996) to Gibraltar (10 June 1996) with track superposed. On
3 June 1996, HMS ‘Hecla’ was on the MAR near 40°W. Buoy 1811 was deployed on 4 June 1996 (year-day 156, see Figure 3).
A, Azores; B, Bermuda; C, Canary Islands; M, Madeira. Elongated purple/blue feature cut by ship’s track across the MAR
(near 40°W) contains Storm 0 and cool IR signature is evident in Figure 10B. A more circular purple/blue feature cut near

33.5°W is Storm 1.

their origin in the Western Basin. S_; was intersected on
its north flank by HMS ‘Hecla’ near 49°W in the Western
Basin (Figure 16) and could be tracked back to 29°W in
the Eastern Basin. HMS ‘Hecla’ cut the southern flank of
a further cyclonic structure in the Western Basin that was
evident in the altimeter data near 43°W that did not have
a travel curve in the Eastern Basin. Storm 0 is on the
MAR (elongated NE/SW near 39°W), S, is near 34°W
and S; near 27°W. The structures are clearly not always
aligned on 32.5°N. Figure 16 also shows the marked
increased eddy energy in the Western Basin compared to
the Eastern Basin which has relatively stagnant regions
north and south of 30-35°N in the east of the region. The
Gulf Steam signature is clearly evident in the west and
the Stream or structure splits into two branches near
38°N, 50°W, in the Western Basin. One branch is the Gulf
Stream and structure continuing to the north and then to
the north-east, the other branch to the south-east
becomes the Azores Current in the Eastern Basin. Similar
altimeter sea level anomaly maps show that there is a
tendency for Storms to elongate (Figure 13) in the direc-
tion of the MAR axis (~NE/SW) and split before
crossing the MAR (see S_; and S, near 38°W, Figure 15)
and some decay before crossing the Ridge. S; and S_,
decayed or disappeared or were absorbed by transfer of
energy before crossing the MAR.
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In the central region ~35°W, the structures have a
more wavelength  ~510km and period
~190 days or westward speed of 27kmd~! (~3cms™)
but progress is not necessarily steady with S, for
example, showing a half period (or ~100 day) wobble.
Westwards speeds in the Western Basin are larger ~ x1.5.
Eddies do not increase their spatial scale zonally in the
Western Basin as their speeds increase as further eddies
are generated in the Western Basin. East of ~30°W, the
structures are less organized, smaller or less intense and
relatively more stationary for longer periods giving an
overall reduced westward speed.

obvious

3.9. Seasonal cycle of surface chlorophyll a and SeaWiFS data in the
Subtropical Front region

Storms and the STT have been studied by direct in situ
measurements (Pingree et al., 1996), hydrography and
altimeter data (PS) and using infrared satellite imagery
(this paper). A natural extension is to examine the STT/
AC system for signatures in the visual band (e.g. using,
CZCS, SeaWiFS, MERIS data). In October 1995, no
clear detectable surface chlorophyll @ structure or signa-
ture was found for Storm 0 (CD97 data) with chlorophyll a
values of typically 0.lmgm~2 The seasonal cycle of
surface chlorophyll ¢ (based on cruise data near 34°N in
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Figure 17. Seasonal cycle (month shown by letter) of surface
chlorophyll « (mgm~3, dots), the base of the mixed layer or
depth of upper seasonal thermocline (m, circles) and inorganic
nitrate values (top, dots) in the Subtropical Front region
(~33-34°N) from cruise data—CD66; CD83; CD97; H, HMS
‘Hecla’; F, from Fasham et al. (1980); I, from Irwin et al.
(1983); JZ, from Jochem & Zeitzschel (1993), nitrate value
near 20 m.

the Eastern Basin, Figure 17) gives a guide to the back-
ground levels for the Subtropical Front region. Surface
values are low in the summer (<0.l mgm~%) but increase
in the cooling period (see Figure 8) reaching values of
0.3mgm™? in late March (Fernindez & Pingree, 1996)
when maximum values are associated with the warm side
of the STT outcrop. Surface values increase in the winter
(January) when deeper mixing entrains inorganic nutri-
ents (e.g. nitrate) into the photic zone although values
>0.3 uM have not been observed at the sea surface. The
general increase in chlorophyll ¢ values in winter need
not match the low nitrate concentration maximum as
light is not limiting in the winter mixing season. The
seasonal chlorophyll @ values are comparable to those
given by Longhurst (1995) for the North Atlantic Sub-
tropical Gyre (West) region (or NAST(W) province)
derived from the Westerlies Domain: Model 3. Future chloro-
phyll a values in Storms and associated anticyclonic
structures will be appraised for significance against these
baseline values. Early summer SeaWiF'S images show
zonal structure associated with the northward progression
of the spring bloom. The SeaWiFS structures will tend to
relate to surface temperature which also has a marked
north/south gradient. The 500 km structure in the May
SeaWiFS image (Figure 18) can be identified along the
STF near ~33°N (with green protrusions near 31°W and
37°W). These two structures could be related to altimeter
sea level anomalies which propagate westward at
~27kmd L,

Monthly composite SeaWiFS images show a seasonal
migration of the surface chlorophyll a signal or levels in
the region (25°W-50°W, 20°N-50°N, excluding the
effects of upwelling off west Africa) with a maximum
southward displacement of the chlorophyll a levels in
February south of ~35°N. In March, significant increases
in chlorophyll @ gradients occur near the Subtropical
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Front outcrop at ~34°N with a spatial maximum in
levels to the north ~38°N. South of ~40°N, the temporal
or seasonal maximum chlorophyll a levels occur in the
January to April period (cf. Figure 17) but the winter
maximum signal does not extend south to the region
20°N—28°N, and > 35°W where the surface levels remain
uniformly low (spatially and temporally) in the sub-
tropical water. The seasonal migration (in the meridional
direction) of the near chlorophyll « levels
(~0.3mgm~?) or the chlorophyll « front ranges from
about 32°N February/March to 45°N August and in May
the chlorophyll a front is near 40°N (Figure 18) with
bloom conditions in the Bay of Biscay (Garcia-Soto &
Pingree, 1998). Since the chlorophyll ¢ front and thermal
front are similarly positioned in the winter, Storms or
excursion of cooler surface water to the south show
elevated sea surface chlorophyll @ values from January to
May, though the overall levels will be higher to the north.
The Storm SeaWiFS signatures were most conspicuous in
April but structures related to cold water features and
altimeter low sea level anomalies were evident later in the
year.

In the Storm 0 survey in October 1995, a Seasoar
section showed increased levels of oxygen concentration
(5.5mll7Y) at the thermocline depth ~85m in the
central region of the eddy where the deeper thermocline
was domed upwards (cf. 5.1ml1~!in the exterior regions
of the eddy at the same depth) but chlorophyll a or fluor-
escence values although increased with a subsurface
maximum (typically 0.25mgchlam™3 or at winter
maximum levels) at the same depth were not elevated
with respect to exterior values in October.

zonal

4. CONCLUSIONS AND SUMMARY

In the Eastern Basin of the North Atlantic Ocean,
subpolar and subtropical mode waters lie alongside each
other near the Subtropical Front (STF) and ~18°C water
outcrops at the sea surface in late winter (March). The
distribution of mass (STF) results in a region of maximum
dynamic height gradient which defines the position for
strongest ecastward surface flow for the Azores Current
(AC). The eastward geostrophic transport for the region is
about 10 Sv across 30.5°N—36.5°N near 25°W-30°W but
the total southward transport across 20°W-50°W was
measured as 28 Sv. Effectively drogued Argos buoy and
ALACE float tracks are examined in conjunction with
infrared satellite images and altimeter structures in the
region for the structure and flow associated with the STF/
AC system and the position of the STF over a period from
October 1995 to March 1997. A cyclonic eddy, or Storm 0,
is followed from 33°W to over the Mid-Atlantic Ridge (to
~41°W) near a latitude of 33°N over a ~300 day period.
Lagrangian tracks have been superposed on selected
infrared images of the region for the period when the
buoys were in the eddy and when they subsequently left the
eddy and showed flow and structure in the STF region.
Temperature sensors on the buoys define the seasonal
surface temperature for the region and can be used to
calibrate the imagery. Overall, the thermal imagery gives
the position of the STF, whereas the altimeter shows more
clearly the eddy structure. The Lagrangian data alone
allows estimates of horizontal diffusion in Storm 0 and in
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Figure 18. Composite SeaWiF'S image for May 1998 with a relative chorophyll a colour scale (approximately 0.04 (blue/purple
near ~30°N) to 0.8 (red, >40°N) mgm~, see for example, Seabass.gsfc.nasa.gov/~seabam/bioopt_workshop/).

the general STF region itself. Diffusion in Storm 0 was
about x60 smaller than in the STF region. The infrared
imagery shows an occasional cool thermal signature for
Storms south of the Subtropical Front, which has a
temperature contrast near 35°N. Warm structures adjacent
to the cyclonic eddy, or to the north (near 34°N), are also
evident just south of the STT outcrop and these are shown
to be turning anticyclonically. Warm water adjacent to the
STF outcrop is moving eastward (i.e. AC) but this water
can turn south and flow back westward and some is recir-
culating. The outcrop of the STF near 35°N has a tempera-
ture contrast of ~ 1°C which can sometimes be followed for
~3000km. An image is selected that shows the mean-
dering variable structure of the STF over a zonal distance
of 2000km near 35°N, the positions of two cold water
features or Storms near 33°N, separated by about 5° of
longitude (~460km) and still linked to the STF, and an
anticyclonic warm water structure contained within the
region between, near 34°N. The most easterly cool Storm
signature found near 25.5°W can be traced back to a
generation position near 22.5°W. Overall, the infrared
imagery shows that the eddies are located in the warmer
water south of the STF outcrop. The actual eddies them-
selves are far more readily resolved and followed using
altimeter data and some Storms can have altimeter travel
curves exceeding 1500km over a ~600 day period.
Altimeter structure shows that early structures may
coalesce and start to group more regularly near 28°W. In
the region near 32.5°N 35°W, current meter moorings
and altimeter signatures (see Figure 15) show that regular
Storms are separated by 510 km and that two Storms a year
passed a fixed point over a two year interval. From 28°W,
Storms will have travelled 1000 km and be about one year
old when they reach the MAR (near 33°N). Surface
measurements showing the seasonal cycle of chlorophyll a
in the STF region are summarized and structure, season-
ality and Storm signatures in SeaWiFS data are examined.

An extensive archive of AVHRR enhanced images was kindly
supplied by the Satellite Receiving Station at University of
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Dundee. Image processing of selected AVHRR and SeaWiFS
data was undertaken at the Remote Sensing Unit at the Ply-
mouth Marine Laboratory. Altimeter data and products were
received from AVISO, CLS and European Space Agency (grant
A02.UKI21). Part of this study was carried with the support of
CANIGO (MAST-IIT Programme), a UK WOCE capital grant

and the Procurement Executive, Ministry of Defence.
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