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[1] Intense currents having speeds between 10 and 40 cm.s�1 from 1000 m below
the surface to the bottom have been measured in the Loop Current (LC) region and in
the Western Gulf of Mexico (WGM). The observations come from moored current meters
sampling from the near-surface to the bottom at 3300–3500 m and from August 2008 to
August 2010. Ten intermittent intensified currents are documented. These events last
10 to 30 days and take place in the region just between the surface-intensified
anticyclonic-cyclonic features, as deduced from altimetry and measured currents.
In the WGM, they occur between the cores of anticyclone-cyclone pairs. In the Eastern
Gulf of Mexico (EGM), they occur in the Loop Current edge between its anticyclonic
circulation and a neighboring cyclone. During each event, the analysis shows an increase in
the barotropic contribution to the current. In the Loop Current region, these events are often
associated with intensification of cyclonic vorticity in the deep layer.

Citation: Kolodziejczyk, N., J. Ochoa, J. Candela, and J. Sheinbaum (2012), Observations of intermittent deep currents and
eddies in the Gulf of Mexico, J. Geophys. Res., 117, C09014, doi:10.1029/2012JC007890.

1. Introduction

[2] In a stratified ocean, characterized by the upper-ocean
pycnocline, theoretical studies and numerical simulations
favor the idea that mesoscale energy transfer to the baro-
tropic mode is inhibited. The energy of high baroclinic
modes cascades preferentially toward the first baroclinic
mode, and toward horizontal scales of the same mode. This
could explain why surface mesoscale vortices are generally
surface-trapped in the ocean [Smith and Vallis, 2001, 2002].
Thus, rare are the occasions when the mesoscale flow is
mostly barotropic or nearly unidirectional through most of
the water column.
[3] During recent moored observations at depths of over

2000 m in the Gulf of Mexico (GM) the upper instruments
recorded, via their pressure sensors, vertical excursions of
mooring elements exceeding 100 m, which can last more
than 10 days. These moorings, when standing vertical, have
the uppermost float near 130 m below the surface. However,
when the instruments recorded intense horizontal currents
over the whole water column or within the deep layer (below
1000 m depth), the mooring elements deepened, in one event
up to 400 m. Significant deepening of the mooring elements
occurs when the deep flow, which in the Gulf of Mexico is
almost always columnar [Inoue et al., 2008, Welsh and

Inoue, 2000, Kolodziejczyk et al., 2011], is intensified
rather than coincidental with intense surface currents. The
vertical excursions have nothing to do with upwelling/
downwelling water velocities but with the lateral drag (i.e.,
the horizontal component of the drag) due to the currents.
When the deep current contribution is intense, it induces an
enhanced drag that pushes the mooring elements sideways.
The anchor supports the tension exerted by the connecting
element (a chain), which under lateral drag must be tilted.
For an oversimplified static model of uniform lateral drag
onto a single cable connecting the anchor to a flotation ele-
ment, the curve should be a catenary. Since the cable length
is, for all purposes constant, the flotation element would
deepen as the drag increases. The deepest excursion, of
�400 m, occurred when the deep current reached 40 cm.s�1,
but in other occasions the same mooring recorded surface
currents as strong as 100 cm.s�1 and excursions were not as
large. The currents under consideration are only the low
frequency subinertial contributions. With a set of moored
measurements globally distributed, Wunsch [1997] also
reports similar excursions during barotropic flow and deep
flow intensification.
[4] The baroclinic anticyclonic Loop Current Eddies

(LCEs) that separate episodically from the Loop Current
(LC) in the Eastern Gulf of Mexico (EGM) travel toward the
western boundary of the Gulf Mexico (GM), interacting with
numerous companion cyclones and contributing significantly
to the variability of the upper layer (above 500–1000 m
depth) in the central and Western Gulf of Mexico (WGM).
Numerous observational studies describe such LCEs, their
paths, and interactions with cyclones and bottom topography
[e.g., Merrell and Morrison, 1981; Brooks and Legeckis,
1982; Vukovich and Waddell, 1991; Hamilton, 1992; Vidal
et al., 1992; Hamilton et al., 2002; Vukovich, 2007]. There
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is also a large volume of numerical studies dealing with the
LC and LCEs [e.g., Hurlburt and Thompson, 1980; Oey
et al., 2005; Chérubin et al., 2006; Hyun and Hogan, 2008;
Oey, 2008].
[5] The observation of deep currents (below 1000 m

depth, hereafter referred as the deep layer) is less common
than surface flows. Based on historical hydrographic mea-
surements in the GM, DeHaan and Sturges [2005] suggest a
general cyclonic mean circulation, with speeds of about 2–
3 cm.s�1 in the deep layer. However, clear evidence of such
deep cyclonic circulation remains inconclusive as shown in a
recent study of the western Bay of Campeche (BC) [see
Kolodziejczyk et al., 2011, Figure 3].
[6] At sub-inertial frequencies and over the continental

slopes all around the GM, Topographic Rossby Waves
(TRWs) explain most of the variability of deep currents with
amplitudes of about 20 cm.s�1. TRWs manifest as unidirec-
tional motions and intensified toward the bottom [Rhines,
1970]. They have been identified in observations [Hamilton,
1990, 2007, 2009; Kolodziejczyk et al., 2011] and simulated
in numerical studies [Oey and Lee, 2002; Oey, 2008]. These
studies suggest that one of the forcing mechanisms for TRWs
is deep eddies interacting with bottom topography. In the
EGM, several numerical studies [Hurlburt and Thompson,
1982; Oey and Lee, 2002; Chérubin et al., 2006; Oey, 2008]
have proposed that baroclinic instability off Campeche Bank
and West Florida generates deep cyclones, which also con-
tribute to the LCE shedding process. Oey and Lee [2002] and
Oey [2008] argue that these deep cyclones are in turn the
source of TRWs whose periods are nearly 20 days, similar to
the observed motions in the northern GM [Hamilton, 2007].
Other numerical results [Hurlburt and Thompson, 1982;
Welsh and Inoue, 2000] indicate that deep eddies can be
generated by the vertical stretching, consequent with potential
vorticity conservation and the translation of LCEs over the
deep layer. This type of deep eddy generation has also been
described in theoretical studies [Cushman-Roisin et al., 1990].
[7] Inoue et al. [2008] observed strong intermittent

coherent currents throughout the water column (barotropic
currents) below the ‘necking point’ of the LC during
detachment of an LCE. In this kind of detachment, an LC
frontal cyclone plays a key role in the ‘necking-down’ of the
LC [Cochrane, 1972; Schmitz, 2005]. Hydrographical sec-
tions across the LC and frontal cyclones show a deep
extension of the cyclones, reaching speeds over 10 cm.s�1 at
900 m depth [Cochrane, 1972; Vukovich and Maul, 1985;
Vukovich, 1986; Zavala-Hidalgo et al., 2003; Schmitz, 2005]
suggesting a deepening of the currents at the confluence of
the LC and the frontal cyclone. However, their hydrographic
sections did not extend below 1000 m depth. Hydrographic
surveys in the western GM have also revealed the extension
of significant speeds deeper than 800 m at the confluence of
a cyclone and an anticyclone [Merrell and Morrison, 1981;
Brooks and Legeckis, 1982; Hamilton, 1992; Vidal et al.,
1992; Hamilton et al., 2002], but these hydrographic data
are also limited to the upper 1000 m. De Ruijter et al. [2004]
observed, a jet extending to 2000 m below the midpoint of a
dipole-like vortex in the boundary of the East Madagascar
Current in Lowered-ADCP (L-ADCP) measurements. The
kind of events discussed in this paper seems to be the first
documented with moored current measurements.

[8] Here, observations are presented that show the inten-
sification of currents at depths below 1000 m when the near-
surface fields manifest the narrowing of the region between
cyclonic and anticyclonic circulations. The intensification of
currents, between counter-rotating eddies that approach each
other, is not surprising; almost the same transport is main-
tained as the width narrows. However, the surface eddies
barely extend coherently below 1000 m, thus, the intensifi-
cation of deep flows, sometimes in the same direction as the
surface flows, is puzzling.
[9] This paper is organized as follows: section 2 presents

currents and hydrographical moored data along with AVISO
altimetry maps, focusing at the confluence of cyclonic and
anticyclonic surface flows. Section 3 presents a general over-
view of the different occurrences of intensification of deep
currents in the data. In section 4, four examples of such events
are described in detail, two in the WGM and two in the EGM.
In section 5, the current’s vertical structure during these events
is discussed, together with a summary of the results.

2. Data

2.1. Moored Data

[10] The velocity data for this study come from 69 current
meters distributed on moorings labeled H2, H3, L, A and K
(in Figure 1) deployed from August 2008 to July 2010, P
deployed from October 2008 to July 2010, and H1 from
February 2008 to August 2010. Moorings A, L, K and P
were at nearly 3500 m depth and H1, H2 and H3 at 3300 m.
Each mooring was deployed for a year and then redeployed
for a second consecutive year (Table 1). All moorings were
equipped with three ADCPs (Acoustic Doppler Current
Profilers) covering from near the surface to about 1000 m
depth, point current meters at nominal depths of 1300, 1500,
1700, 2000, 2500, 3000 m, and one downward-looking
ADCP near 20 m above the bottom (see Table 1 for details).
Given that vertical excursions of the instruments are recor-
ded via pressure gauges, velocities at a given depth level are
estimated via interpolations.
[11] The moorings were also instrumented with Microcats,

providing temperature and salinity time series with accuracy
of 0.003�C and 0.003 PSS respectively. The Microcats were
located nominally at 108 m, 161 m, 413 m, 512 m depth for
moorings H1, H2 and H3; and at 108 m, 161 m, 413 m, 715 m
depth for moorings A, L, K and P (see Figure 1 and Table 1
for more details).
[12] Each time series was filtered with a low-pass Lanczos

filter with cut-off frequency of 0.5 cpd (i.e., period of 2 days,
hereafter named 2-DLP time series). Thus, inertial (35 h at
�20� latitude) and main tidal frequencies are removed.

2.2. AVISO Products

[13] To infer the surface dynamics in the GM, the AVISO
1/3� � 1/3� gridded daily near real-time Absolute Dynamic
Topography (ADT) and surface geostrophic current products
have been used. Away from the continental shelves (water
depths >200 m depth), these altimetry products provide an
accurate estimation of these surface fields. RMS differences
between AVISO and available in situ drifting buoy mea-
surements is less than 13 cm.s�1 over the Atlantic Ocean and
less than 17 cm.s�1 over the Gulf Stream area [Rio and
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Hernandez, 2004]. This accuracy is sufficient in the present
study, since we consider surface velocities of cyclonic and
anticyclonic features greater than 20 cm.s�1.

3. Observation of Deep Events

3.1. Velocities

[14] The energetic events observed in the data are sum-
marized in Table 2. These events appear at different places
in the GM: in the EGM or LC region at moorings H1, H2
and H3 (Figure 1), in the northwestern part of the GM at
mooring P, and north of the BC at moorings L, A and K. The
events selected in Table 2 have intensities ranging from
10 cm.s�1 to 40 cm.s�1 at 2000 m depth (events having
speeds less than 10 cm.s�1 have not been considered), and
last from 10 days up to more than one month. They all appear
in association with counter-rotating flows at the surface.
Some events are recorded at two or three moorings, for
instance at H1, H2 and H3 or at L and A.While moorings H1,
H2 and H3 are �40 km apart from each other, mooring A is
99 (126) km south (north) of L (K). Thus, their horizontal
scale is comparable with surface eddy activity at the mesoscale
(about 300 km for an LCE).
[15] Figure 2 shows both components of 2-DLP velocity

over the whole water column at H1, P and A (between 0 and
3300 m depth for H1 and 0–3500 m for P and A) for the full
length of the time series. At H1 (Figures 2a and 2b, H1), five
events described in Table 2 (Events 1, 2, 5 and 9) are visible
in March 2008, August 2008, December 2008, March 2009
and late August 2009. They are characterized by an increase
in speed, mainly in the meridional or V-component and over
the whole water column (Figure 2b), whereas the zonal or
U-component is weaker (Figure 2a). The V-component
reaches more than 90 cm.s�1 at the surface during the August
2008 event, and more than 40 cm.s�1 at 2000 m depth during
the late August 2009 event. Note the large mooring dis-
placements (more than 400 m, in August 2009) identified by
the near-surface blanks.

[16] Due to the vertical displacements of the mooring
components, the near-surface profilers loose data during
each of the strong events. The near-surface blanks shown in
Figure 2 are due to the deepening of the ADCP that profiles
the near-surface layer; profiling with the same reach but
from a variable depth. This is induced by an enhanced lateral
drag onto the whole mooring line that sways it from the
vertical.
[17] In another example, during January–March 2010,

there are drawdowns of the instruments associated with
strong surface intensification. The V-component reaches
70 cm.s�1 down to 1000 m depth, with a slight intensification
in the deepest currents of up to �5 cm.s�1. In mooring H3
(not shown) several events with speeds greater than 10 cm.s�1

from 1000 m depth to the bottom are recorded.
[18] At mooring P (Figures 2c and 2d), events are visible

during April 2009 and June 2009 (Events 6 and 7, Table 2).
The speeds near the surface reach more than 50 cm.s�1, and
more than 10 cm.s�1 at 2000 m depth. They are also char-
acterized by the deepening of the moored current meters as
manifested by the blanks or absence of data near the surface,
but the speed of the events and deepening of the mooring’s
elements are not as intense as in the EGM.
[19] Deep energetic currents reaching 10 cm.s�1 and

intensified toward the bottom below 1000 m depth occur in
February–March 2009, July to September 2009, and October
to March 2009 (Figure 2d). These events appear to be less
connected with a surface intensification as, for example, the
events in July–September 2009. The deep currents that
amplify toward the bottom could be explained by focusing
of TRWs as explained by Hamilton [2009] near the Perdido
Escarpment in the northern corner of WGM. They could also
be a manifestation of deep eddies at this location [Hofmann
and Worley, 1986].
[20] A drawdown occurred at mooring P during May 2010

but in the absence of intense, deep speeds. Although, the cur-
rents exhibited the largest near-surface speed (up to 80 cm.s�1),

Figure 1. Gulf of Mexico with the position of moorings P, L, A, K, H1, H2, H3. Absolute dynamic
topography from AVISO (in cm) is shaded, and the arrows are the surface geostrophic velocities deduced
from altimetry (in m.s�1). Isobaths are plotted in gray.

KOLODZIEJCZYK ET AL.: DEEP CURRENTS AND EDDIES C09014C09014

3 of 20



T
ab

le
1.

M
oo

ri
ng

s
in

th
e
G
ul
f
of

M
ex
ic
o
fo
r
B
ot
h
P
er
io
ds

(L
eg
s
1
an
d
2)

of
O
bs
er
va
tio

n
B
et
w
ee
n
20

08
an
d
20

10
a

M
oo

ri
ng

P
er
io
d

L
at
itu

de
,
L
on

gi
tu
de

W
at
er

D
ep
th

(m
)

V
ar
ia
bl
e

In
st
ru
m
en
t
(L
oo

ki
ng

)
In
st
ru
m
en
t

D
ep
th

(m
)

R
an
ge

D
ep
th

(m
)

B
in

S
iz
e
(m

)
L
eg

1
L
eg

2
L
eg

1
L
eg

2
L
eg

1
L
eg

2
L
eg

1
L
eg

2
L
eg

1
L
eg

2
L
eg

1
L
eg

2

H
1

F
eb

20
08
–J
ul

20
09

Ju
l
20

09
–A

pr
20

10
25

� 2
2.
56
′N
,

86
� 5
1.
10
′W

25
� 2
2.
53
′N
,

86
� 5
1.
01
′W

33
29

33
30

U
,V

W
H
30

0
(u
p)

W
H
30

0
(u
p)

13
8

14
2

56
–1
28

20
–1
32

8

U
,V

L
R
75

(d
w
)

L
R
75

(d
w
)

13
8

14
2

16
3–
70

7
16

7–
67

9
16

U
,V

L
R
75

(d
w
)

L
R
75

(d
w
)

54
4

54
9

56
9–
10

33
57

3–
10

05
16

U
,V

N
or
te
k

N
or
te
k

11
54

11
58

U
,V

…
S
ea
gu

ar
d

…
13

38
U
,V

…
N
or
te
k

…
15

74
U
,V

…
N
or
te
k

…
18

30
U
,V

R
C
M
11

S
ea
gu

ar
d

23
34

23
37

U
,V

R
C
M
11

N
or
te
k

28
41

28
45

U
,V

W
H
60

0
(d
w
)

W
H
60

0
(d
w
)

33
10

33
14

33
12
–3
32

0
33

13
–3
32

7
0.
5

T
,S

M
ic
ro
C
at

M
ic
ro
C
at

13
8

14
2

T
,S

M
ic
ro
C
at

M
ic
ro
C
at

19
1

19
5

T
,S

M
ic
ro
C
at

M
ic
ro
C
at

24
3

24
7

T
,S

M
ic
ro
C
at

M
ic
ro
C
at

54
5

54
9

H
2

Ju
l
20

08
–J
ul

20
09

Ju
l
20

09
–A

pr
20

10
25

� 4
0.
90
′N
,

86
� 5
1.
40
′W

25
� 4
1.
00
′N
,

86
� 5
1.
20
′W

33
01

33
24

U
,V

W
H
30

0
(u
p)

W
H
30

0
(u
p)

11
0

14
3

28
–1
00

29
–1
33

8

U
,V

L
R
75

(d
w
)

L
R
75

(d
w
)

11
0

14
3

13
5–
67

9
16

8–
71

2
16

U
,V

L
R
75

(d
w
)

L
R
75

(d
w
)

51
6

55
0

54
1–
97

3
57

5–
10

39
16

U
,V

N
or
te
k

S
ea
gu

ar
d

11
26

11
59

U
,V

…
N
or
te
k

…
13

39
U
,V

N
or
te
k

S
ea
gu

ar
d

15
42

15
75

U
,V

N
or
te
k

N
or
te
k

17
98

18
31

U
,V

…
S
ea
gu

ar
d

…
23

38
U
,V

…
N
or
te
k

…
28

46
U
,V

W
H
60

0
(d
w
)

W
H
60

0
(d
w
)

32
82

33
05

32
84
–3
29

1
33

07
–3
31

7
0.
5

H
3

Ju
l
20

08
–J
ul

20
09

Ju
l
20

09
–A

pr
20

10
25

� 3
1.
64
′N
,

86
� 0
8.
51
′W

25
� 3
1.
40
′N
,

86
� 0
8.
84
′W

33
58

33
25

U
,V

W
H
30

0
(u
p)

W
H
30

0
(u
p)

12
6

14
4

36
–1
16

30
–1
34

8

U
,V

L
R
75

(d
w
)

L
R
75

(d
w
)

12
6

14
4

15
1–
72

7
16

8–
66

5
16

U
,V

L
R
75

(d
w
)

L
R
75

(d
w
)

57
4

55
1

59
9–
10

31
57

6–
10

08
16

U
,V

N
or
te
k

N
or
te
k

11
83

10
60

U
,V

…
S
ea
gu

ar
d

…
13

40
U
,V

N
or
te
k

N
or
te
k

15
99

15
76

U
,V

…
N
or
te
k

…
18

32
U
,V

N
or
te
k

S
ea
gu

ar
d

23
63

23
39

U
,V

…
N
or
te
k

…
28

47
U
,V

W
H
60

0
(d
w
)

W
H
60

0
(d
w
)

33
39

33
06

33
41
–3
34

8
33

08
–3
32

0
0.
5

P
S
ep

20
08
–J
ul

20
09

Ju
l
20

09
–J
ul

20
10

25
� 1
2.
32
′N
,

95
� 0
2.
25
′W

25
� 1
2.
77
′N
,

95
� 0
2.
53
′W

35
28

35
19

U
,V

W
H
30

0
(u
p)

W
H
30

0
(u
p)

13
6

12
8

30
–1
26

30
–1
18

8

U
,V

L
R
75

(d
w
)

L
R
75

(d
w
)

13
6

12
8

13
1–
72

1
15

3–
72

9
16

U
,V

L
R
75

(d
w
)

L
R
75

(d
w
)

74
3

73
5

76
8–
11

04
76

0–
11

28
16

U
,V

S
ea
gu

ar
d

N
or
te
k

13
52

13
44

U
,V

R
C
M
11

N
or
te
k

15
33

15
25

U
,V

R
C
M
11

N
or
te
k

17
68

17
60

U
,V

R
C
M
11

N
or
te
k

20
24

20
16

U
,V

R
C
M
11

N
or
te
k

25
32

25
24

U
,V

R
C
M
11

N
or
te
k

30
39

30
31

KOLODZIEJCZYK ET AL.: DEEP CURRENTS AND EDDIES C09014C09014

4 of 20



T
ab

le
1.

(c
on

tin
ue
d)

M
oo

ri
ng

P
er
io
d

L
at
itu

de
,
L
on

gi
tu
de

W
at
er

D
ep
th

(m
)

V
ar
ia
bl
e

In
st
ru
m
en
t
(L
oo

ki
ng

)
In
st
ru
m
en
t

D
ep
th

(m
)

R
an
ge

D
ep
th

(m
)

B
in

S
iz
e
(m

)
L
eg

1
L
eg

2
L
eg

1
L
eg

2
L
eg

1
L
eg

2
L
eg

1
L
eg

2
L
eg

1
L
eg

2
L
eg

1
L
eg

2

U
,V

W
H
60

0
(d
w
)

W
H
60

0
(d
w
)

35
08

35
00

35
11
–3
51

8
35

02
–3
51

6
0.
5

T
,S

M
ic
ro
C
at

M
ic
ro
C
at

13
6

12
8

T
,S

M
ic
ro
C
at

M
ic
ro
C
at

18
9

18
1

T
,S

M
ic
ro
C
at

M
ic
ro
C
at

44
1

43
3

T
,S

…
M
ic
ro
C
at

…
73

5
L

S
ep

20
08

–J
ul

20
09

Ju
l
20

09
–J
ul

20
10

23
� 2
2.
58
′N
,

95
� 0
7.
25
′W

23
� 6
3.
92
′N
,

95
� 0
8.
56
′W

35
34

35
13

U
,V

W
H
30

0
(u
p)

W
H
30

0
(u
p)

14
3

12
2

45
–1
33

32
–1

12
8

U
,V

L
R
75

(d
w
)

L
R
75

(d
w
)

14
3

12
2

16
8–
74

4
14

7–
72

3
16

U
,V

L
R
75

(d
w
)

L
R
75

(d
w
)

75
0

72
9

77
5–
11

59
75

4–
11

54
16

U
,V

R
C
M
11

N
or
te
k

13
59

13
38

U
,V

R
C
M
11

N
or
te
k

15
40

15
19

U
,V

S
ea
gu

ar
d

R
C
M
11

17
76

17
54

U
,V

R
C
M
11

N
or
te
k

20
31

20
10

U
,V

R
C
M
11

R
C
M
11

25
39

25
18

U
,V

…
R
C
M
11

…
30

25
U
,V

W
H
60

0
(d
w
)

W
H
60

0
(d
w
)

35
15

34
94

35
18
–3
52

5
34

96
–3
50

7
0.
5

A
Ju
l
20

08
–J
ul

20
09

Ju
l
20

09
–J
ul

20
10

22
� 2
9.
62
′N
,

95
� 0
0.
73
′W

22
� 3
0.
33
′N
,

95
� 0
1.
29
′W

34
83

34
89

U
,V

W
H
30

0
(u
p)

W
H
30

0
(u
p)

92
98

26
–8
2

16
–8
8

8

U
,V

L
R
75

(d
w
)

L
R
75

(d
w
)

92
98

11
7–
69

3
12

3–
68

3
16

U
,V

L
R
75

(d
w
)

L
R
75

(d
w
)

69
9

70
5

72
4–
10

76
72

9–
11

13
16

U
,V

N
or
te
k

R
C
M
11

13
08

13
14

U
,V

N
or
te
k

N
or
te
k

14
89

14
95

U
,V

N
or
te
k

R
C
M
11

19
80

17
30

U
,V

N
or
te
k

N
or
te
k

17
25

19
86

U
,V

N
or
te
k

R
C
M
11

24
88

24
94

U
,V

N
or
te
k

R
C
M
11

29
95

30
01

U
,V

W
H
60

0
(d
w
)

W
H
60

0
(d
w
)

34
64

34
70

34
66
–3
47

4
34

72
–3
48

5
0.
5

T
,S

M
ic
ro
C
at

M
ic
ro
C
at

93
98

T
,S

M
ic
ro
C
at

M
ic
ro
C
at

14
5

15
1

T
,S

M
ic
ro
C
at

M
ic
ro
C
at

39
7

40
3

T
,S

…
M
ic
ro
C
at

…
70

5
K

Ju
l
20

08
–J
ul

20
09

Ju
l
20

09
–J
ul

20
10

21
� 5
0.
84
′N
,

94
� 0
1.
24

W
21

� 5
0.
87
′N
,

95
� 0
1.
54
′W

35
34

35
37

U
,V

W
H
30

0
(u
p)

W
H
30

0
(u
p)

14
3

12
6

61
–1
33

28
–1

16
8

U
,V

L
R
75

(d
w
)

L
R
75

(d
w
)

14
3

12
6

16
8–
64

8
15

1–
50

3
16

U
,V

L
R
75

(d
w
)

L
R
75

(d
w
)

75
0

73
3

77
5–
11

27
75

8–
11

26
16

U
,V

N
or
te
k

N
or
te
k

13
59

13
42

U
,V

S
ea
gu

ar
d

R
C
M
11

15
40

14
95

U
,V

N
or
te
k

N
or
te
k

17
76

17
78

U
,V

…
R
C
M
11

…
19

86
U
,V

…
N
or
te
k

…
25

42
U
,V

N
or
te
k

N
or
te
k

30
46

30
49

U
,V

W
H
60

0
(d
w
)

W
H
60

0
(d
w
)

35
15

35
18

35
18
–3
52

5
35

20
–3
53

3
0.
5

a T
he

R
C
M
11

an
d
S
ea
gu

ar
d
cu
rr
en
t
m
et
er

ar
e
m
an
uf
ac
tu
re
d
by

A
an
de
ra
a.

L
R
75

,
W
H
30

0,
W
H
60

0
ar
e
A
D
C
P
s
of

75
,
30

0
K
H
z
an
d
60

0
K
H
z,

re
sp
ec
tiv

el
y.

‘U
p’

an
d
‘d
w
’
in
di
ca
te

A
D
C
P
s
lo
ok

in
g
up

w
ar
d
an
d

do
w
nw

ar
d,

re
sp
ec
tiv

el
y.

D
ot
s
in
di
ca
te

th
at

no
da
ta

ar
e
av
ai
la
bl
e
du

ri
ng

th
e
pe
ri
od

.

KOLODZIEJCZYK ET AL.: DEEP CURRENTS AND EDDIES C09014C09014

5 of 20



the deepening of the mooring was not as intense as during the
“events” at the mooring.
[21] At mooring A (Figures 2e and 2f), the deep layer

energy is mainly explained by the presence of three energetic
events (4, 8 and 10, Table 2); one occurring in February 2009
with speeds exceeding 20 cm.s�1 at 2000 m and 50 cm.s�1

just below the surface, and two others during August and
October 2009 with a maximum velocity of 16 cm.s�1 at
2000 m depth, and 60 cm.s�1 at the shallowest level of
measurements. Again, in April 2010, deep currents higher
than 10 cm.s�1 are observed between 1000 m depth and the
bottom, but with no surface intensification; thus they are
likely related to TRWs.

3.2. Mooring Hydrology

[22] The upper layer variability of the GM is mainly
explained by the presence of the LC and LCEs [e.g.,Merrell
and Morrison, 1981; Brooks and Legeckis, 1982; Vukovich
and Waddell, 1991; Hamilton, 1992; Vidal et al., 1992;
Hamilton et al., 2002; Vukovich, 2007]. They are charac-
terized by their warm and saline Subtropical Under Waters
(SUW; >22.5�C and >36.5 PSS), originated from the
Caribbean Sea and transported within the GM by the LC and
LCEs [Vidal et al., 1992]. Thus, the observations of those
waters are a good indicator of the anticyclonic LCE and LC
features.
[23] At H1 (Figure 3a) in the EGM, the maximum tem-

perature around 150 m depth reaches 26�C, but it decreases
to 16�C during July–August 2008 and from mid-August to
December 2009. Two other periods of low temperature
(below 18�C at 200 m) are observed in early April 2008 and
February–March 2009. A concomitant variability in salinity
is also observed at 200 m depth during the same period
(Figure 4a). The warm waters (>22.5�C) are associated with
a maximum of salinity (>36.5 PSS) and cool water (<20�C)
with a relative minimum of salinity (<36.00 PSS).
[24] The northward (southward) extension (retraction) of

the LC or shedding of LCEs leads to high variability of the
water masses present at the site of moorings H1, H2 and H3

and explains the large variability of the temperature
(Figure 3a), reaching, for example, a difference of 10�C at
the surface between early August 2009 and September 2009
(Figure 3a). The energetic events are mainly associated with
periods of strong variations of temperature and salt, as
observed between 150 and 600 m depth in early August
2009 or in August 2008, during the retraction/extension of
the LC, or the penetration of frontal cool cyclones (‘necking’;
Figure 3a) into the mooring location.
[25] At P (Figures 3b and 4b, P), the near-surface tem-

perature is about 18�C from October 2008 to mid-May 2009
and increases to about 22�C after June 2009. During early
April 2009 an energetic event is associated with a 2�C
cooling at 200 m depth due to the presence of a cool cyclone
during this period, while the June 2009 event is concomitant
with warmer/saltier waters that indicate the crossing of an
LCE named DARWIN (name as defined by Horizon Marine
Inc., http://www.horizonmarine.com/loop_current_Eddies.php).
[26] At mooring A, the variability of the near-surface

temperature is larger than in the northwestern part of the GM
(mooring P) ranging from 25�C to 18�C, and the salinity
varies from 36.5 to 36.8 PSS (Figures 3c and 4c, A). The
warmest and saltiest waters (over 22�C and 36.6 PSS in
January–February 2009; August–September 2009; and
January–February 2010) are associated with successive LCEs
crossings, namely CAMERON (name as defined by Horizon
Marine Inc., http://www.horizonmarine.com/loop_current_
Eddies.php) during January–February 2009 and DARWIN
during April 2009. Thus, the energetic events in February
2009, August–October 2009 are associated with LCEs
crossing the mooring site.
[27] In summary, energetic distinct events are observed

in several locations and times within the GM. They are
characterized by intense, deep flows with an apparent large
equivalent barotropic contribution (up to 40 cm.s�1 at 2000 m
depth), i.e., the flow, although with magnitude varying ver-
tically, is unidirectional from top to bottom [Gille, 2003].
They are associated with mesoscale cyclone and anticyclone
surface variability that manifests below by strong temperature-

Table 2. Deep Current Events in the Gulf of Mexico Currentmeters Recordsa

Event Mooring

Maximum Speed
at 2000 m Depth

(cm.s�1) Period
Approximately
Duration (days) Situation at the Surface

1 H1 32 Mar 2008 10 Interaction between a cyclone and LC north of Campeche Bank
2 H1,H2,H3 30 Aug 2008 15 Interaction between a cyclone and LC north of Campeche Bank
3 H1,H2,H3 26 Dec 2008 20 Interaction between a cyclone and LCE west of Florida
4 A,L 20 Feb 2009 30 Interaction between a cyclone and the LCE CAMERON in north of Bay of Campeche
5 H1,H2,H3 28 Mar 2009 15 Small cyclones north of Campeche Bank and west of Florida ‘necking’ a LC
6 P 10 Apr 2009 12 Interaction between a cyclone with small anticyclone in the northwestern corner of GM
7 P 10 Jun 2009 15 LCE DARWIN arriving in the northwestern corner of GM and interacts with a cyclone
8 A,L,K 16 Aug 2009 30 Interaction between a cyclone and the LCE DARWIN in north of Bay of Campeche
9 H1,H2,H3 40 Sep 2009 12 Cyclones north of Campeche Bank and west of Florida ‘necking’ a LCE
10 A 16 Oct 2009 5 Interaction between a cyclone and LCE DARWIN at north of the Bay of Campeche

aBold mooring numbers indicate events described in text. The names of the LCEs (CAMERON, DARWIN) are defined by Horizon Marine Inc. (http://
www.horizonmarine.com/loop_current_Eddies.php).

Figure 2. (a) Zonal and (b) meridional velocities (in cm.s�1) time series at H1 between near-surface and bottom depth
(3300 m) between February 2008 and April 2010. (c) Zonal and (d) meridional velocities (in cm.s�1) time series at
P between near-surface and bottom depth (3500 m) between September 2008 and July 2010. (e) Zonal and (f) meridional
velocities (in cm.s�1) time series at A between near-surface and bottom depth (3500 m) between July 2008 and July
2010. Blanks indicate no data. The intermittent deep events are listed in Table 2.
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salinity changes in the upper layer with a signature down
to 600–800m depth related to the crossing of the LC or LCEs.
The events are more intense in the eastern region, where the
surface mesoscale variability is more energetic (LC and LCE
shedding, mooring H1), but they also exist on the westward
path of LCEs, at moorings A and P.
[28] It is difficult to depict in detail the complete structure

of such events from the available mooring data alone.
However, these events repeat consistently in the data set. To
obtain insight into a potential link with the surface eddy
field, the next section shows the surface variability of ADT
and the associated surface geostrophic currents in relation
with the data from moored instruments.

3.3. Surface Relative Vorticity

[29] The surface geostrophic relative vorticity (V = ∂v/
∂x� ∂u/∂y, where u and v are the longitudinal and meridional
velocity components, x and y are the longitudinal and
meridional coordinates) at moorings A, P and H1 is com-
puted and plotted in Figure 5. Surface velocities are deduced
from altimetry. At mooring A, during events 4 and 8 (within
black lines in Figure 5c) the surface relative vorticity changes

from negative to positive values. These changes suggest that
the mooring is initially located in surface anticyclonic cur-
rents of an LCE, then in a cyclonic circulation. The events
(Table 2) occur concomitantly with the changes in sign of the
surface vorticity, as, for example, when a dipole-like eddy
translates across the mooring (see also Figure 2f). Similar
features occur in Figure 5a at mooring H1. The sign change
in relative vorticity can be either from positive to negative
(events 2 and 5), or vice versa (events 1, 3 and 9) and can be
explained by the crossing of the confluence zone between
counter rotating flows at the mooring location. In the EGM,
such counter rotating flows occur between the LC (or a LCE)
and the frontal cyclones surrounding it, in the WGM,
between anticyclone-cyclone pairs.
[30] By contrast, Event 10 in Figure 5c and Events 6 and 7

in Figure 5b do not show a change of sign of relative vor-
ticity but show short-term variations of the relative vorticity.
From the altimetry data (not shown), moorings A and P were
located next to the confluence zone of counter-rotating sur-
face flows during these three events. The mooring was not
exactly in the confluence zone of the dipole-like structures
and remained in the cyclonic or anticyclonic side (not

Figure 3. Temperature (in �C) time series at (a) H1 between about 100 and 600 m depth and at (b) P and
(c) A between about 100 and 800 m depth. The time range is the same as those for the velocities in
Figure 2. Blanks indicate no data. The presence of LCE/LC or cyclonic circulation and separation events
identified with altimetry data are indicated at each mooring location. The names of the detached LCEs
(Brazos, Cameron, Darwin and Ekman) are defined by Horizon Marine Inc. http://www.horizonmarine.
com/loop_current_Eddies.php.
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shown). Note also that these events are the weakest of all in
the speeds at 2000 m depth (Table 2).

4. Example of Deep, Energetic Events

4.1. Western Gulf of Mexico: Dipole Interaction

[31] Each event has its own peculiarities. In this section,
the common features from surface to bottom of the two most
striking events in the WGM (events 4 and 8 of Table 2) are
described with corresponding Figures 6 and 7.
4.1.1. Event 4, February 2009
[32] On January 20, 2009 (Figure 6a) the intense LCE

CAMERON (AC) had a maximumADT of 1.80 m, a negative
relative vorticity of �1.10�5 s�1 (blue shading), and a near-
surface velocity greater than 40 cm.s�1 at mooring L. On this
date, CAMERONwas centered at mooring A (22.5�N–95�W)
and had a diameter of about 300 km. Northeast of CAMERON
around 24�N–93.5�W, a cyclone (labeled C on Figure 6a) of
smaller intensity having 1.20 m of maximum ADT and a
maximum swirl velocity of about 20 cm.s�1, is evident in the
altimetry data. This cyclone is separating from a larger
cyclone, centered on 25.5�N–95�W,which extends northward
of the anticyclone.
[33] The vertical distribution of velocities at L (Figure 6d)

shows close to eastward flows with a clear intensification
toward the surface; from less than 5 cm.s�1 around 1000 m
depth to more than 40 cm.s�1 near the surface (�100 m
depth). At mooring A (Figure 6g), the velocity, mainly

oriented southward but northward at the shallowest level, is
weak without exceeding 10 cm.s�1 over the full water col-
umn. At mooring K, the velocities are southwestward and
intensified from 1000 m depth toward the surface, reaching
about 50 cm.s�1 in the shallowest measurements. Below
1000 m the velocity reverses its direction and remains weak
with speeds below 10 cm.s�1 down to the bottom. The ver-
tical distribution of the velocities at the three moorings shows
the surface intensification during CAMERON’s crossing.
[34] On February 19 (Figure 6b), CAMERON has been

translating west-southwestward, thus further approaching the
western coast, and the smaller C has translated southwest-
ward. The cores of CAMERON and C become closer as those
translations take place. Mooring A is now exactly between
both eddies: at the confluence of the dipole-like structure.
The near-surface velocities have increased (up to 50–60 cm.s�1)
and are mainly southward following the dipole confluence
flux. Through the whole water column, the main velocities are
southward and have increased to �10 cm.s�1 at L (Figure 6e)
and more than 20 cm.s�1 at A (Figure 6h). In Figures 6e and
6h, the velocities exhibit a near-alignment over the vertical,
although a small, near-surface deviation of about +13� occurs
at L. This feature corresponds to Event 4 listed in Table 2 and
observed at A and L during February 2009 (Figure 2c).
[35] From February 19 to March 1 2009, the dipole

structure rotated about 45� clockwise. By March 1 2009,
eddy C has slowed down (with a maximum swirl velocity of
20 cm.s�1), while CAMERON had acquired a bean-shape,

Figure 4. Same as Figure 3 but for salinity (in PSS).
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probably due to its interactions with the western topography
and eddy C. Similar deformations have been reported by
various authors [Vukovich and Waddell, 1991; Vidal et al.,
1992; Frolov et al., 2004; Hyun and Hogan, 2008]. At L,
the velocities below 1000 m depth were, by this date, about
null (Figure 6f), leaving only the near-surface high speeds of
36 cm.s�1 oriented southwestward. Mooring A was then on
the northern-western edge of C (Figure 6c), with southwest-
ward near-surface velocities of about 19 cm.s�1. At depth,
the vertical distribution of velocities was southward, main-
taining a speed of about 10 cm.s�1 (Figure 6i) suggesting that
the cyclone retained a deep signature.
4.1.2. Event 8, August 2009
[36] Six months later, another, deep, energetic event is

recorded at moorings L, A and K during the crossing of the
LCE DARWIN that interacts also with a companion cyclone
(Table 2 and Figure 2c). On July 25 2009, DARWIN with a
diameter of about 200 km is located northeast from the L, A
and K moorings’ area. The southwestern edge of DARWIN
swirls across the moorings (Figure 7a). Northeast of DAR-
WIN a cyclone (C) with a �170 km diameter is also
observed. The vertical distribution of velocities (Figures 7e,
7i and 7m) at each mooring indicates a weakening from the
surface up to 1000 m depth. Below 1000 m depth, speeds are
not greater than 7 cm.s�1 (Figures 7e, 7i and 7m).
[37] On August 5 2009 (Figure 7b), the dipole-like vortex

composed of DARWIN-C pair had rotated counter-clockwise
and translated southwestward. As during the February 2009
event previously described, DARWIN becomes bean-shaped
between the western topography and the eddy C. Mooring L

is located near the rear of the dipole axis, while A is
near DARWIN’s center and K in the southeastern part of
DARWIN. At mooring L, located on the northwest side along
the dipole axis, the near-surface velocities are southeastward
of about 50 cm.s�1 (Figure 7f), the velocity turns clockwise
and decreases in magnitude toward the bottom reaching
about 10 cm.s�1 and southward. At mooring A, near the
center of DARWIN (Figure 7j) southwestward near-surface
velocities greater than 30 cm.s�1 decrease toward the deep
and below 1000 m the currents remain greater than 15 cm.s�1

and almost unidirectional southward. AtmooringK (Figure 7n),
located in the southeastern region of DARWIN, the surface
velocities are westward with speeds reaching 40 cm.s�1,
then diminish with depth and reverse, being eastward below
800 m depth.
[38] The cyclonic currents below 1000 m depth, at moor-

ings L, A and K, follow the 3500 m isobath (Figures 7b, 7f,
7j and 7n). In contrast with Event 4, the currents in this event
were bottom intensified at the three moorings, and by
August 5, no mooring was yet in the dipole’s confluence
zone, but rather toward DARWIN’s core.
[39] On August 19 2009 (Figure 7c), the DARWIN-C

dipole had translated southwestward, and moorings L, A and
K were now along the dipole-like axis. The near-surface
speeds reached more than 50 cm.s�1 at mooring L and A
(Figures 7f and 7g). Below 1000 m depth, velocities are
uniformly aligned over the vertical with speeds greater than
10 cm.s�1 at A, although a little smaller than on August 5
2009. In contrast, at L and K (Figures 7g and 7k) the speeds
are intensified, reaching 20 cm.s�1 at K. The surface

Figure 5. Relative vorticity deduced from the geostrophic currents from AVISO at the location of
moorings (a) H1, (b) P and (c) A. The ten deep events listed in Table 2 occur between the solid vertical
lines.
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velocities were twisted southward (eastward) at K (L). As
stated previously, the observation indicates deep layer
velocity intensification at moorings A, L and K with a
cyclonic circulation along the 3500 m isobath. Moorings L
and K are respectively 99 km and 126 km away from A.
[40] By September 5 2009 (Figure 7d), C had dissipated,

and DARWIN recovered a circular shape. Mooring A
(Figures 7d and 7l), located on the northeastern edge of
DARWIN, indicated near-surface speeds of about 40 cm.s�1.
At L and A, the speeds below 1000 m have diminished to less
than 5 cm.s�1 (Figures 7h and 7l), while at K (Figure 7p) the
deep speeds are still over 10 cm.s�1, uniform over the vertical
and along isobaths.
[41] Event 8 is the second example of energetic events

characterized by intense currents over the whole water
column with an apparent enhanced barotropic contribution.
The alignment of the current occurs at the confluence
between two counter-rotating eddies (Figures 6b and 6h for
CAMERON and 7c, o for DARWIN), where the velocities of

both eddies are in the same direction. However, in contrast
with Event 4 (CAMERON), during August 2009 at A (Event
8; DARWIN), the maximum velocities in the lower layer did
not occur when the mooring was located at the confluence of
the dipole (Figures 6b, 6h, 7c and 7k), but when located
within the core of DARWIN. At this moment, the flow was
not aligned over the entire water column (Figures 7b and 7j).
While DARWIN had a circular shape, possibly when its
interaction with C was weak, during the early and last stages
of the event (Figures 7a and 7i and Figures 7d and 7l), the
velocities in the deep layer were less energetic. Frolov et al.
[2004] in simplified, two-layer numerical simulations
noticed that a surface-trapped, deformed and translating
anticyclone causes vertical stretching/compression of the
lower layer leading to an increase/decrease of its relative
vorticity. This sequence occurs under the interaction of
the anticyclone with both the western boundary and a sur-
rounding smaller cyclone and leads to the formation of deep
eddies in the lower layer. This behavior is also consistent

Figure 6. Event 4: (a–c) Geostrophic surface velocities from AVISO (arrows) and relative vorticity com-
puted from surface geostrophic velocities (in s�1; color shading). Red squares are the location of the moor-
ings P, L, A and K. Isobaths are plotted in gray with 1000 m depth intervals from 3500 to 500 m. (d– l)
Vertical distribution of horizontal velocities (in cm.s�1) between the near-surface and bottom depth
(3500 m depth) at mooring L (Figures 6d–6f), A (Figures 6g–6i) and (Figures 6j–6i). Each column of
the figure depicts the surface and subsurface condition corresponding to the date indicated in the title of
maps.
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with the present observations of the intensification of the
southward velocities, in early August 2009, that occurred
concomitantly with the deformation of DARWIN under the
interaction with C. However, in contrast with Frolov et al.
[2004], during Event 8, the currents were aligned over the
vertical during a short time at the location of the confluence
zone of the dipole-like vortex (Figure 7k).

4.2. Eastern Gulf of Mexico: Cyclone Interacting
With LC and LCE

[42] The EGM and the LCE shedding zone, northwest of
the LC, have the most energetic surface mesoscale activity.
Here, two examples of deep, energetic events (3 and 9 in
Table 2) will be described and discussed in detail.
4.2.1. Event 3, December 2008
[43] On December 5 2008 (Figure 8a), the mooring trian-

gle (H1, H2, H3) was located near the center of an almost
shed LCE characterized by a negative relative vorticity and a
�450 km diameter. The LC, also characterized by negative
relative vorticity, had its edge retracted east of 87�W and
south of 24.5�N. The mooring measurements indicated
southwestward near-surface currents (Figures 8a, 8d, 8g and
8j) with speeds between 15 cm.s�1 and 30 cm.s�1. The
velocities decreased downward, reversing or flowing north-
eastward just below 800 m at H1 and H3, while it was
southeastward at H2. The current speed remained nearly

constant, between 11 cm.s�1 and 13 cm.s�1. As shown in
Figure 2a, the LCE centered at the mooring’s location in
late-November and early December had a rather strong
baroclinic structure, with a flow reversal near 800 m.
[44] On December 15 2008 (Figure 8b), the LCE had been

reconnected with the LC, and eastward of the LCE a small
cyclone (with positive relative vorticity) appears and ‘necks-
down’ the LCE-LC [Schmitz, 2005; Oey, 2008]. During
Event 3, velocities at the mooring triangle had intensified
and aligned in the southward direction over the whole water
column (Figures 8e, 8h and 8k). The speeds are between
46(18) cm.s�1 and 71(28) cm.s�1 near the surface (bottom) at
H3 and H2, respectively (Figures 8h and 8k).
[45] On December 25 2008 (Figure 8c), the small cyclone,

intensified and approached the LCE core. The deep layer
intensification reached 23 cm.s�1 and 27 cm.s�1 with
westward velocities at H1 and H3, but they were not well
aligned with the strong surface currents that remained
southwestward.
[46] During the development of the cyclone and its trans-

lation nearing the LCE, a barotropic intensification of the
currents occurred between them, but with a very short dura-
tion. After 10 days, the upper and lower layer currents became
less aligned, although the speeds remained comparable with
those existing during the barotropic intensification.

Figure 7. Same as Figure 6 but for event 8.
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4.2.2. Event 9, August–September 2009
[47] The AVISO maps from August 15 to September 10

2009 (Figures 9a–9c) show an LCE detachment. Two frontal
cyclones, one situated north of the LC, off the western
Florida shelf, and another south of the LC, near Campeche
Bank, ‘necked-down’ the LC giving birth to an LCE. The
mooring triangle was located near the center of the necking
pattern formed by the two frontal cyclones (north and south)
and two anticyclones (east and west).
[48] On August 15 2009, the near-surface currents are

intensified following the anticyclonic circulation of the
twisted LCE (Figure 9a, blue), with velocities varying from
29 cm.s�1 to 51 cm.s�1 at H3 and H1, respectively
(Figures 9d and 9j). Below 800 m depth, the currents are
oriented mainly northward with speeds between 12 and
15 cm.s�1 (Figures 9g, 9h and 9j). Sixteen days later, on
August 31 2009 (Figure 9b), the two cyclones separated the
LCE into two anticyclones. The near-surface speeds had now
decreased to less than 30 cm.s�1 at each mooring location,
while the sub-surface and deep speeds had strongly increased
to reach 29 cm.s�1 and 41 cm.s�1 at H2 and H1, respectively
(Figures 9e, 9h and 9k). This event was the most intense in its
deep manifestation, and occurred during intense upper-layer

eddy interaction, but curiously, it differed from the previous
events because it was not as intensified at the surface.
[49] On September 10 2009 (Figure 9c), both cyclones had

merged, while the eastern fraction of the temporarily
detached LCE had merged back, east of 86�W, to the LC.
The velocities at the mooring triangle remained uniformly
distributed over the vertical (Figures 9f, 9i and 9j) with
speeds not greater than 30 cm.s�1 except around 1700 m
depth at H2 (Figure 9i) and currents rotated westward fol-
lowing the cyclonic circulation of the recently merged
cyclone. This most energetic event leads to intense currents
in the deep layer, but without the common, much larger,
velocities in the upper-layer between the cyclones’ cores.

5. Time-Vertical Structure Analysis

5.1. Dynamical Modes

5.1.1. Mooring A
[50] The variability over the water column at mooring A

has been projected onto the barotropic and baroclinic normal
modes. The normal mode analysis can be justified by the
nearly flat bottom topography in the moorings areas. The
barotropic and first to fourth baroclinic modes (Figure 10b)
were computed from the mean of two full column, high

Figure 8. Same as Figure 6 but for event 3.
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resolution, hydrographic profiles located near 23�N–91�W
(Figure 10a). Both U- and V-components were projected on
these modes. The modal decomposition is examined for the
U (light gray) and V (dark gray) velocity components
(Figure 11). The barotropic and first baroclinic modes cap-
ture the largest part of the variability and contribute with
91.7% of the full variance; 55.0% by the barotropic mode
and 36.7% by the first baroclinic mode.
[51] Figure 12 (top) presents the time evolution of

the amplitudes in cm.s�1 of the barotropic and first baroclinic
modes for the V-components. Figure 12 (bottom) presents
the norm of the barotropic velocity coefficients divided by
the norm of the first baroclinic velocity coefficients (black),
and its inverse (gray). Such ratios show the dominance of
either mode. When, the magnitude of the sum of the baro-
tropic and first baroclinic velocity coefficients is weaker than
5 cm.s�1 (Figure 12, top), the results are meaningless for this
analysis and therefore removed. The barotropic and first
baroclinic modes have comparable amplitudes with the same
sign before the January and early August 2009 events
(Figure 12, top), during the early stage of an AC crossing the
moorings (Figures 6 and 7). The vertical structure of LCEs,
with velocities diminishing at depth without reversal,
requires significant contributions of the barotropic and first

baroclinic modes. The barotropic mode is clearly dominant
(black curve Figure 12, bottom) during the events, in partic-
ular during the event of February 2009 (vertical solid lines,
Figures 12, top and 12, bottom).
[52] On the other hand, during late July 2009, the contri-

bution of the first baroclinic mode was maximum
(Figures 12, top and 12, bottom, gray curve, dashed vertical
line), and in early September 2009 (last dashed vertical line),
the barotropic and first baroclinic modes had comparable
amplitudes. During this period, the ACs had circular shapes
and, it appears, were weakly interacting with companion
cyclones (e.g., C in Figure 7).
5.1.2. Mooring H1
[53] The U- and V-components of the velocities over the

water column at H1 mooring have also been decomposed in
terms of the barotropic and the lowest four baroclinic normal
modes as previously done for mooring A. Figure 13 shows
the percentage of the total variance per mode for each
component; U in light gray and V in dark gray. The baro-
tropic and first baroclinic modes captured 46.7% and 43.3%
of the variance, respectively.
[54] Figure 14 (similar as Figure 12) shows that energetic

events (solid vertical lines) occur when the amplitudes in
both modes reach a relative extreme. Second, both

Figure 9. Same as Figure 6 but for event 9.
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amplitudes have comparable values and track each other,
revealing the trapping aspect of the surface mesoscale field.
The amplitude of the barotropic mode peaks during each
event (Figure 14, top). Figure 14 (bottom) indicates that the
events (as listed in Table 1) occur during a relative maxi-
mum of the ratio of the barotropic amplitude divided by the
first baroclinic amplitude (black curve). During late August
2009, this ratio is particularly large (its inverse, in gray
curve, was almost null), and characterized the strongest
event at H1 (Event 9, Table 2).

5.2. Deep Relative Vorticity Below the LC
at Mooring Triangle

[55] The relative vorticity, V = ∂v/∂x � ∂u/∂y, is calculated
following Hamilton and Badan [2009] at fixed-depth levels
(z) from the triangle of moored currents measurements by a
linear fit to the 5-day low-pass-filtered data

u x; y; z; tð Þ ¼ u0 z; tð Þ þ x⋅
∂u
∂x

z; tð Þ þ y⋅
∂u
∂y

z; tð Þ; ð1aÞ

v x; y; z; tð Þ ¼ v0 z; tð Þ þ x⋅
∂v
∂x

z; tð Þ þ y⋅
∂v
∂y

z; tð Þ; ð1bÞ

where (x, y) are measured from the center position of the

mooring triangle and t is time.
∂u
∂x

,
∂v
∂x

,
∂u
∂y

and
∂v
∂y

are the

functions of depth and time that reproduce via the previous

equations the velocity measurements at the mooring’s posi-
tions. The low-pass-filter reduces noise in what is usually a
noisy calculation. The linear fit is essentially averaging z
over the triangle formed by the moorings as vertices. The
relative vorticity has been plotted on Figure 15.
[56] On Figure 15, the energetic events reported in Table 2

are indicated by solid vertical green lines. Near the surface,

Figure 10. (a) Potential density profile (red) at 23�N–91�W in kg.m�3 and Brunt-Väisälä frequency
(black) in s�1, from CTD profiles collected near 23�N–91�W. (b) Normalized barotropic (gray) and the
four first baroclinic modes (black lines).

Figure 11. Distribution of the explained variance (in %) for
each normal mode and for U- (dark gray) and V-component
(light gray) for the velocity time series at A between near-
surface and bottom depth between July 2008 and July 2010.

KOLODZIEJCZYK ET AL.: DEEP CURRENTS AND EDDIES C09014C09014

15 of 20



at 100 m depth, the relative vorticity is negative for most of
the observational period; the triangle is in a zone of anticy-
clonic near-surface currents (LC or LCE). Notice that during
February 2009, and from late August to early December
2009, the triangle area is momentarily filled with cyclonic
circulation. This pattern is consistent with the cool/fresh
signature of cyclones observed during the same period
(Figures 3a and 4a).
[57] Below 1000 m, the relative vorticity exhibits strong

variability during the events. For example, in mid-August
2008, between 500 m and 3300 m depth, the intensification
to the north (Event 2) is concomitant with a bottom-ward
increase of relative vorticity, up to a maximum of 0.9 10�5

s�1. This intensification of relative vorticity, suggests the
presence of a deep cyclone during late August 2008
(Figures 2b and 15). Such intensification was also observed
during December 2008 when Event 3 occurred, with a strong
intensification of the positive relative vorticity between
100 m depth to the bottom up to 1 10�5 s�1. Moreover,
during events 2 and 3, the deep intensification of relative
vorticity (below 1000 m) leads the near-surface (100 m
depth) intensification of the relative vorticity. During Event
5 in late March 2009, only a very weak intensification of
the deep relative vorticity occurred (from less than �0.5
10�5 s�1 to 0 s�1 in late March early April 2009).
[58] In late August 2009 (Figure 15, Event 9), an intense,

cyclonic, anomaly occurred over the whole water column.
The relative vorticity had increased to a maximum value of
about 0.5 10�5 s�1 below 100 m and over 2 10�5 s�1 near
the surface at 100 m depth, with a minimum between 500

and 1000 m depth. Following the same evolution as during
events 2 and 3, the increase of deep relative vorticity led
(by about 10 days) the near-surface change of sign of rela-
tive vorticity, as clearly shown in mid-August 2009, in
Figure 15. From September to November 2009 an intense
extreme of relative vorticity (up to 0.7 10�5 s�1) occurred
below 500 m depth, suggesting that the strong, deep currents
(Figure 2a) can be explained by deep cyclones and
anticyclones.
[59] In summary, in the LC region the relative vorticity

analysis shows a supplementary feature associated with
the events. In particular, during events 3 and 9, the

Figure 12. (top) Amplitude time series (in cm.s�1) for barotropic (black curve) and first baroclinic mode
(gray curve) for V-component of the velocity time series at A. (bottom) Time series of the barotropic ver-
sus baroclinic amplitude ratio (black) and its inverse (gray). The gaps in blank are when the modal ampli-
tudes are lower than 5 cm.s�1, and were removed. The solid vertical lines indicate when the mooring A is
exactly at the confluence of a dipole (Figures 6b and 7c for the two first solid vertical lines). The dashed
vertical lines indicate the date corresponding to the map of the Figures 6a, 6c, 7a, 7b and 7d.

Figure 13. Same as Figure 11 but for the velocity time
series at H1.
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intensification of relative vorticity occurs first at depth,
then at the surface when the frontal cyclone off Campeche
Bank and West Florida ‘necks’ the LC or LCE (see Figures 8
and 9). The increase of deep relative vorticity could be a
signature of a deep cyclone in the lower layer of the EGM.

6. Discussion and Conclusion

[60] Observations of velocities in the water column from
moorings and surface dynamic height from AVISO show
several events characterized by a strong increase in the bar-
otropic or equivalent barotropic contribution of the currents.
These events are associated with a prominent deepening of
moored instruments. In the LC region, where the most intense
events were found, the deepening reached up to 350 m for the
shallowest instrumented buoy, designed to sit close to 100 m

below the surface. In the WGM, the deepening of the
shallowest instrumented buoy reached close to 90 m. The
deepening of buoys is due to the drag that sways the mooring
line from its vertical standing. The intense deepening or
drawdowns occur when the drag, coming from the horizontal
currents, has uniform direction throughout the water column,
as due to barotropic or equivalent barotropic currents. Currents
with a large barotropic or equivalent barotropic contribution
occur at the confluence region between counter-rotating flows.
In all the events within the EGM, the concomitant presence of
intensified deep cyclones is suggested.
[61] Two types of events in the WGM have been

discussed. In both types, they are the manifestation of
a barotropic central intermittent intensified current occurring
in the middle of a dipole vortex as previously reported by
de Ruijter et al. [2004] near the South Madagascar Current.

Figure 14. Same as Figure 12 but for the velocity time series at H1.

Figure 15. Time series of relative vorticity (in s�1) computed from H1, H2 and H3 velocity time series
from 100 to 3300 m depth between August 2008 and April 2010. Solid green vertical lines indicate the
date of the events listed in the Table 2.
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In the EGM, in the region of the LC penetration, the baro-
tropic intensified currents are observed between two counter-
rotating eddies or between the anticyclonic circulation of the
LC and surrounding frontal cyclones.
[62] The dynamical vertical mode analysis shows that,

during the events, there is an enhanced coherence between
the upper and lower layer currents, manifested by an
increased contribution of the barotropic mode. The lower
layer is driven, most of the time, by mechanisms indepen-
dent of the surface LC and LCEs [Sturges and Leben, 2000;
Oey, 1996, 2008; Welsh and Inoue, 2000; Ramanou et al.,
2004; Chérubin et al., 2006]. As suggested here, an
increased contribution in the barotropic mode of the currents
is the result of the interaction of surface eddies or counter-
rotating flows. Previous works have noticed such kinds of
events up to 1000 m depth [Cochrane, 1972; Vukovich,
1986; Vukovich and Maul, 1985; Zavala-Hidalgo et al.,
2003; Schmitz, 2005]. Inoue et al. [2008] have observed
with a 3-yearlong moored array of current meters in the LC
region similar energetic events, with a phase-locking over
the vertical (their events 2 and 3). With altimetry data, they
show that these deep, energetic events appear during the LC
tip separation. On their Figures 3–15 to 3–18, the altimetry
data show the LC ‘necking’, dominantly due to a cyclone.
Their observations are consistent with the events studied
here in the LC region, where surrounding cyclones come
into play.
[63] The existence of the intermittent, deep, intensified

currents described opens many questions. The intensifica-
tion of the flow between counter-rotating flows is expected
by the conservation of transport when convergence occurs.
The interaction of surface eddies or convergence of counter-
rotating flows is not rare. In the events here described,
however, the deep extension of the intensification remains
unclear in origin and nature.
[64] Different causes could be responsible for such fea-

tures. The AC that crosses the mooring area in event 4 is
obvious surface-trapped, without any aligned flow at depth,
before or after the event, and it is plausible that the Cs have a
more barotropic structure than the ACs, as observed in the
EGM (Figure 15) during events 3 and 9.
[65] Therefore, the evidence of the deep intensification

and alignment as a result of nearing the cores of surface
counter-rotating eddies is not conclusive; it does not show in
all cases. From potential vorticity conservation, the stretch-
ing of the lower layer, below the path of a surface trapped
anticyclone, contributes probably to an intensification of the
deep circulation that induces a larger contribution of the
barotropic mode (event 8).
[66] It is plausible that the interaction of the ACs with

cyclones could force velocities in the layer below with a
barotropization tendency [Rhines, 1977, 1979], when sur-
face and deep underlying eddies tend to become locked to
each other over the vertical. However, in the EGM, the rel-
ative vorticity shows a 10-day delay in the upper layer rel-
ative to the lower layer. This delay is in agreement with a
baroclinic instability process; given the expected 90� phase
difference [Hurlburt and Thompson, 1980; Chérubin et al.,
2006], the periodicity of the LC/LCE frontal meanders
should be �40 days. Under this scenario, the lower layer
eddies/waves lead and do not coincide with the surface

perturbations of the front. Therefore, the perturbations are
only occasionally aligned over the vertical. This strong rel-
ative vorticity signal may not be as important in the WGM.
[67] Hamilton [2007] reveals that TRWs can be observed

up to the surface. Nevertheless, at the mooring triangle
and other mooring locations, the bottom topography is
nearly flat. Thus, interaction with a sloping bottom is not a
requisite.
[68] These observations (of intermittent, intense, deep

currents) suggest that the transmission of energy from the
upper to deep layer occurs through the interaction of meso-
scale eddies dominantly residing in the upper layer. Indeed,
deep eddies are also suggested in the present data. In the
WGM, during August 2009 the currents at moorings L, A
and K illustrate intensification of cyclonic circulation
(Figure 7), concomitantly with the crossing of the LCE
DARWIN and the interaction between DARWIN and a
cyclone. Hurlburt and Thompson [1982], in a two layer
model of the GM, demonstrated that the westward transla-
tion of LCEs under the beta effect was associated with deep
‘modons’: a pair of eddies constituted by a deep anticyclone
ahead of the LCE and a deep cyclone at its rear. The cou-
pling of this modon with the surface LCE, as explained by
Cushman-Roisin et al. [1990], results from the compression/
stretching of the lower layer ahead/behind the LCE trajec-
tory. Hurlburt and Thompson [1982] also found a rapid
dissipation of the anticyclone and an enhancement of the
deep cyclone in their numerical experiments. Frolov et al.
[2004] show that a moving, deformed, surface-trapped
eddy generates eddies in the lower layer. This mechanism
can be a cause of enhancement of deep cyclonic circulation
during the interaction of DARWIN in August 2009. Welsh
and Inoue [2000], using a primitive equations model of the
GM, have shown also that the deep eddies tend to be con-
strained by the bottom topography, and contribute to force
TRWs [Kolodziejczyk et al., 2011].
[69] The increase of kinetic energy and positive vorticity

in the deep layer of the EGM suggests the presence of deep
cyclones, particularly when frontal cyclones interact with the
LC or LCEs, mainly during the ’necking-down’ process as
defined by Schmitz [2005]. One of such events is remarkably
obvious during August 2009, as characterized by high
cyclonic relative vorticity in the lower layer. This feature
suggests the passage of a cyclone in the lower layer, gener-
ated under the LC [Inoue et al., 2008].
[70] With the use of a high resolution (grid size 5–2 km)

numerical model, Oey [2008] describes a standard scenario
for LC eddy shedding. Basically, after an extension phase of
the LC into the GM, a frontal cyclone located off Florida
penetrates into the LC extension, intensifies at depth and
then cleaves the LC developing the ‘necking’ [Schmitz,
2005; Oey, 2008, Figure 3]. According to Oey [2008], this
scenario involves a baroclinic instability process that inten-
sifies a deep cyclone beneath the LC. The scenario of Oey
[2008] is discussed for the LC extension and ring shed-
ding, but the ‘necking’ is not exclusive of the LC as it does
occur, also, in the subdivision of an already detached LCE
[Chérubin et al., 2006]. The present observations are con-
sistent with the scenario of Oey [2008], suggesting an
intensification of a deep cyclone below the LC shortly
before the ‘necking-down’ of the LC. In the present data, it
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is a LCE that is ‘necked’ by frontal cyclones. These obser-
vations add details to a consistent set of features within this
scenario. First, a noticeable rise of positive relative vorticity
at depth propagates from the deep layer to the surface during
the ‘necking phase’ which can end up with LCE shedding
[Chérubin et al., 2006; Oey, 2008]. Second, interaction of
the frontal and deep cyclones with the LCE is associated
with a barotropic intensification of the currents.
[71] Intermittent, intense, deep currents have been described

in view of moored (hydrographic and current) observations
and satellite altimetry in the GM. These intense currents occur
as deduced by altimetry, at the confluence region between
counter-rotating flows when the surface convergence of the
flow is in agreement with the surface intensification, and have
a large contribution from the barotropic mode. In the EGM,
these intensified barotropic currents and the ‘necking’ of the
LC or LCE are associated with the increase of positive relative
vorticity in the deep layer. In the WGM, deep cyclonic circu-
lation is associated with the crossing of surface-trapped LCEs
interacting with cyclones.
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