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A subsurface warm-eddy off northern Baja California in July 2004
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[1] Upper-ocean eddies are commonly observed from
remote sensing, but submerged eddies are more difficult to
detect. During July 2004, a 21-day hydrographic survey in
the southern region of the California Current was carried out
to investigate the mesoscale variability. We observed for the
first time a subsurface anticyclonic eddy off northern Baja
California with the same water mass characteristics as the
California Undercurrent. The core of the eddy was quasi-
circular with radii of 35 km and thickness of 250 m. The
maximum swirl velocity was ~3 cms™'. The water mass of
the core of the eddy was characterized by potential
temperature of 11°C, salinity of 34.5, and dissolved
oxygen of 1.4 mll™'. The eddy propagated westward. The
subsurface warm-eddy could transport relatively saline
water into the North Pacific subtropical gyre.
Citation: Jeronimo, G., and J. Goémez-Valdés (2007), A
subsurface warm-eddy off northern Baja California in July
2004, Geophys. Res. Lett.,, 34, L06610, doi:10.1029/
2006GL028851.

1. Introduction

[2] Mesoscale eddies are commonly observed in the
California Current System. Using satellite altimetry, ship-
board hydrography, and surface/subsurface drifters, these
eddies have been regularly mapped. By using satellite
altimetry Strub and James [2000] illustrated the variability
of mesoscale eddy activity in the California Current. From
shipboard data, Huyer et al. [1998] found subsurface eddies
off northern California and Simpson and Lynn [1990]
observed similar features off southern California. Also,
from RAFOS floats deployed in the California Undercur-
rent, Garfield et al. [1999] showed eddy motion with
westward propagation.

[3] In the southern region of the California Current (off
Baja California) the sea surface circulation patterns are
characterized by mesoscale eddies, meanders, and fronts
[Lynn and Simpson, 1987; Soto-Mardones et al., 2004;
Espinosa-Carreon et al., 2004]. In this region, mesoscale
eddies are most frequently observed in boreal summer. For
example, in July 2001 the surface velocity field was
strongly perturbated by three eddies along the California
Current main axis [Schwing et al., 2002]. A large cyclonic
eddy centered at 117°W, 27.5°N was detected in July 2002
[Venrick et al., 2003], and its properties were described by
Soto-Mardones et al. [2004]. On the other hand, to our
knowledge, no subsurface eddy has previously been
reported off Baja California.
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[4] In this paper, we use satellite altimetry and shipboard
hydrographic data to describe the mesoscale field in July
2004 off Baja California. We found a subsurface warm-eddy
with the same water mass characteristics as the California
Undercurrent. The anticyclonic eddy is similar to those
eastern boundary formed eddies documented by Huyer et
al. [1998] and Simpson and Lynn [1990]. Since the eddies
are an efficient mechanism for offshore transport of slope
water with high spiciness, the recurrence of subsurface
eddies off Baja California must be very important in the
large-scale salinity distribution of the North Pacific sub-
tropical gyre.

2. Data and Methods

[s] Between 9 and 29 July 2004, a survey (hereinafter
referred to as 0407) aboard the Research Vessel Francisco
de Ulloa off Baja California was carried out as part of the
Investigaciones Mexicanas de la Corriente de California
(IMECOCAL) program. IMECOCAL is an ongoing obser-
vational program which started in the summer of 1997, and
continuous quarterly surveys have been carried out since
then. The sampling grid of IMECOCAL is a reduced
CalCOFI grid off Baja California (Figure la). Spacing
between stations is approximately 37 km and between lines
is approximately 74 km. At each station CTD casts are
taken from the surface to 1000 m depth, using a Sea-Bird
CTD. Temperature, conductivity, and oxygen sensors are
factory calibrated prior to each survey.

[6] In the 0407 survey all stations were successfully
sampled. Following Davis [1985] and Le Traon [1990]
objective mapping (optimum interpolation) was used to
estimate the thermodynamic variables from repeated hydro-
graphic observations (32 cruises). A three-dimensional box
with 18-km resolution in the horizontal and 1-m resolution
in the vertical was developed. The correlation scales for
the x-y (across and along coast) plane were 100 km
in x-direction and 125 km in the y-direction, and for
the x-z plane in the z-direction was 80 m. The geostrophic
method was used for calculating the relative velocities
referenced to 1000 dbar (1 bar = 10> Pa). The eddy’s relative
vorticity, & (@, r), where ¢ is the polar angle and r is the radial
distance, was computed according to Simpson and Lynn
[1990]. To compare rotation with strain, the Okubo-Weiss
parameter was computed according to Thompson and Young
[2006]. To analyze water mass origin, spiciness (I1(6, S)) was
calculated using the method of Flament [2002].

3. Patterns of Surface Circulation

[7] Figure la shows the dynamic height anomaly for
0/1000 dbar. The sea surface circulation pattern shows a
cyclonic eddy centered near 118°W, 28°N and an anti-
cyclonic eddy centered near 117°W, 29.5°N. The main flow

1 of 5


http://dx.doi.org/10.1029/2006GL028851

L06610

Latitude (°N)

24}

%0 18 116 114 12 110 108
Longitude (W)

32'N A

30°N

28'N

26'N

24'N

114'W
Sea Surface Height Anomaly (cm)

22'N
1200W

118'W 116'W 12'w 110w 108'W

B 25 20 45 40 5 0 5 10 15 20 25 30

Figure 1. (a) Dynamic height from hydrographic data at
the sea surface relative to 1000 dbar. (b) Sea surface height
anomaly from altimetry for the period 10—20 July 2004 in
centimeters. The IMECOCAL’s station grid is marked with
dots. The solid line marks the line 113.

of the California Current is perturbed by this dipole. The
core of the California Current is deflected shoreward at
30°N. Upon reaching the coast, this flow continues equa-
torward with slight meandering along the coastal boundary.
An outer branch of the California Current veers inshore at
27°N. North and south of Point Eugenia, between the core
of the California Current and the coast there is a surface
poleward flow.

[s] Figure 1b shows sea surface height (SSH) anomaly
map (in cm) for the period 10—20 July 2004. The map was
generated by the Colorado Center for Astrodynamics Re-
search at the University of Colorado, Boulder. It is note-
worthy that the snapshot shows a cyclonic mesoscale eddy
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along 28°N with the lowest SSH anomaly of ~ —15 cm.
However, the signature of anticyclonic eddies (positive
anomaly) is less organized, although visible along 30°N
and 26°N. From the 10-day repeat T/P satellite altimetry, we
estimated that the cyclonic eddy propagates to the west.

4. Patterns of Subsurface Circulation

[s] Figure 2a shows the dynamic height anomaly for 200/
1000 dbar. The geostrophic flow pattern in the subsurface
water column is strongly affected by mesoscale eddies. The
California Current is considerably weaker at this level. An
intense subsurface anticyclonic eddy centered near 117°W,
29°N and a weaker anticyclonic eddy centered near 115°W,
26.5°N are the dominant features. The cyclonic eddy is also
present at this depth, although is less organized. The inshore
poleward flow has similar pattern at this level as the upper
one.
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Figure 2. (a) Dynamic height from hydrographic data
at 200 m relative to 1000 dbar in dynamic meters.
(b) Distribution of O, in mll™' on the surface of 10°C
potential temperature. The dashed line indicates the 500-m
and 1000-m depth contours. The solid line marks the line
113.
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Figure 3. Vertical sections along line 113 of (a) potential temperature, (b) salinity, (c) potential density, and (d) spiciness.

[10] Oxygen provides an independent non-conservative
tracer of flow. In the subsurface waters (200 m) off southern
Baja California low values of oxygen (0.5—1.0 mll™") are
typically found [Reid et al., 1958]. Figure 2b shows the
distribution of O, in mll~'on the surface of 10°C potential
temperature. This surface is deeper (320 m) at the southern
region than at the northern region (120 m). From the O,
distribution, it is noteworthy that the subsurface anticyclonic
eddy is located near 117°W, 29°N. The core of the eddy (1.6—
1.4 mll ™" is at 220-m depth. At the north of Point Eugenia,
the signature of the poleward flow (1.6 mll™") is at 120-m
depth. The Okubo-Weiss parameter calculated from the
dynamic height anomaly for 200/1000 dbar was negative
(maximum magnitude ~ —2.5 x 1077 s~ at the center of
the core of the eddy identified by the O, distribution, which
means that rotation dominated. The IT distribution on the
surface 10°C (information not shown) showed the same
pattern as the O, distribution.

5. Water Characteristics of the Subsurface
Anticyclonic Eddy

[11] We present water mass characteristics of the subsur-
face anticyclonic eddy off Point Baja which centers at
117°W, 29°N, because of its extraordinary features.
Figure 3 shows sections of 6, S, oy, and II along line 113.
The seasonal thermocline is located ~50 m depth. A warm
dome is a conspicuous feature between station 55 and
station 45. The isotherms of 10°C and 9°C descend from
station 40 to station 35. Close to the surface, a core of cold
water of 10°C is centered between station 40 and station 35.
The minimum of salinity (33.2) is at the center of the line to
50 m depth. The seasonal halocline is located ~ 100 m
depth. A salty dome is a conspicuous feature in the salinity
subsurface pattern. Between station 55 and station 50 a

salty-core (34.5) is a conspicuous feature at 300—400 m
depth; between station 40 and station 35 another salty-core
(34.4) is present but at 200—350 m depth. The pycnocline is
located between the thermocline and the halocline. Isopyc-
nal surfaces are consistent with the warm dome at the
middle of the section. The inclination of the isopycnal
surface of 26.6 kgm > between station 35 and station 40
is consistent with a subsurface poleward flow. Salty and
warm subsurface waters have a II value >0.6 kgm—>. The
core of the anticyclonic eddy and the core of the subsurface
poleward flow are water bodies with IT > 0.6 kgm .

[12] Figure 4a shows T-S diagram for each station along
line 113 with constant potential density and spiciness lines.
From station 60 to station 40, the upper straight line of
constant salinity is associated with water mass of the
California Current [Durazo and Baumgartner, 2002]. The
water mass of the upper layer at station 35 is colder and
saltier than the rest. It is associated with water mass from
below (upwelling). The lower straight line of constant
salinity corresponds to North Pacific Intermediate Water’s
water [Durazo and Baumgartner, 2002]. The subsurface
water is characterized by a line of constant potential
temperature. In particular, the water mass of the subsurface
eddy is characterized by potential temperature of ~11°C,
salinity of 34.5, potential density of 26.5 kgm =, and II
value of 0.9 kgm . At the offshore boundary of the eddy
(station 60), there is no constant potential temperature layer.
On the other hand, the core of the subsurface poleward
flow (station 35) is characterized by potential temperature of
~10°C, salinity of 34.4, yotential density of 26.5 kgm
and II value of 0.7 kgm™".

[13] Figure 4b shows II-O, diagram for each station
of line 113. The water mass of the upper layer is charac-
terized by the straight line O, = 6.0 mll™'. On the other
hand, the water mass of the lower layer is characterized by
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Figure 4. For line 113’s stations, (a) potential temperature
versus salinity with lines of potential density and spiciness
and (b) spiciness versus oxygen.

low oxygen (<2.0 mll™"). Using II as a tracer, the core of
the eddy is marked by high values of II (>0.6 kgm ) and
low values of O, (<2.0 mll™"). Similarly, the core of the
subsurface poleward flow is indicated by high values of II
(>0.6 kgm ) and low values of O, (<2.0 mll™").

6. Discussion

[14] In July 2004 eddy activity was very intense in the
southern region of the California Current. A mesoscale eddy
dipole was established at the upper ocean. The eddy dipole
was discernible by both altimetry and hydrography. Below
the mixed layer two anticyclonic eddies reached more than
200 m depth. In this work, we presented for the first time
the three-dimensional structure of a subsurface warm-eddy
off northern Baja California. The subsurface anticyclone
eddy was no noticeable by snapshots from satellite altime-
try. The core of the eddy was warm and salty, thus with high
spiciness, and with low dissolved oxygen content. Similarly,
the core of the subsurface poleward flow was indicated by
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high values of spiciness and low values of O,. The eddy
probably was generated in the continental slope by the
California Undercurrent.

[15] The subsurface geostrophic current pattern shows
strong horizontal currents in the continental slope at the
north of Point Eugenia. Moreover, between Point Eugenia
and Point Baja the slope turns northwestward (Figure 2b),
which suggests that local bathymetry might trigger the
development of barotropic and baroclinic instabilities of
the California Undercurrent. Following McWilliams and
Flierl [1979] and Zamudio et al. [2006] we compute a Beta
Rossby number for the warm-eddy. This nondimensional
number is defined as the ratio of relative vorticity to
planetary vorticity advection Rz = v/3r%, where v is the
maximum swirl velocity and r is radius of the eddy. In this
case, § = 1.2556 x 107" m™! sfl, v=23 cmsfl, and r =
35 km. In our case, Rz = 1.95, which implies a role of
barotropic instabilities involving the first baroclinic mode in
the generation of the eddy [Murphy and Hurlburt, 1999;
Zamudio et al., 2006]. The eddy axis is characterized by a
local minimum in isopycnal surface, as the potential density
increases with depth; this minimum is moved toward the
coast. The inclination of the isopycnal surfaces (and iso-
thermal surfaces) suggests that the eddy is moving offshore.

[16] We found that in July of 2004 the path of the core of
the California Current was modified by a mesoscale eddy
dipole off Baja California. Goericke et al. [2005] described
the state of the California Current from April 2004 to
January 2005. Their map of dynamic height anomaly
relative to 500 dbar captured the strong cyclonic eddy
documented here. They found that the system was “nor-
mal” with respect to its climatology, and did not see, for
example, any effect of the weak El Nifio 2004. Durazo and
Baumgartner [2002] studied the effect of the stronger El
Nifio 1997-1998 off Baja California. They found that the
California Undercurrent had an increased volume transport
during this event. We found that in this study the subsurface
waters were dominated by subsurface warm-eddies and
countercurrents. It remains to be examined whether the El
Nifio 2004 might have a role in this pattern.

[17] The subsurface water mass off Baja California con-
sists of waters of both subarctic and equatorial origin [Lynn
and Simpson, 1987; Durazo and Baumgartner, 2002]. The
water mass of the California Undercurrent off Baja Cal-
ifornia is characterized by relatively high temperature (8—
11°C) and high salinity (>34.3) [Wooster and Jones, 1970]
and low dissolved oxygen concentration [Lynn and Simpson,
1987]. In this work, the California Undercurrent core is
identified near the continental slope and at intermediate
depths (200—400 m), with high temperature (8—10°C), high
salinity (34.4-34.5), and low dissolved oxygen content
(1.0-2.0 mll™"). Therefore the water mass of the core of
the eddy (station 55 and station 50) has the same signature as
the California Undercurrent water. This eddy is probably a
California Undercurrent mesoscale eddy comparable to
those observed off northern California [Huyer et al., 1998]
and off southern California [Simpson and Lynn, 1990].

[18] Meddies (Mediterranean eddies) are a very well
known subsurface mesoscale eddies. They transport salty
water from the Mediterranean Undercurrent to the northeast
Atlantic [Bower et al., 1997]. Therefore the Meddies modify
the distribution of salt at intermediate depths in the North
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Atlantic. Meddies are anticyclonic features, but mesoscale
subsurface cyclonic eddies also have been observed in the
North Atlantic [Zhurbas et al., 2004]. In our observations
off Baja California, a mesoscale subsurface eddy that
propagated westward was shown. Lukas and Santiago-
Mandujano [2001] documented subsurface water mass
anomalies during January 2001 at the Hawaii Ocean
Time-series (HOT). They suggested that an eddy off Baja
California was the source of these anomalies. In a previous
work, Kennan and Lukas [1996] observed also at HOT
frequent water mass anomalies at intermediate depths. It
remains to be demonstrated whether the generation of
subsurface warm eddies off Baja California is the cause
for the recurrent water mass anomalies reported by Kennan
and Lukas [1996] and Lukas and Santiago-Mandujano
[2001] in the North Pacific subtropical gyre.

[19] Acknowledgments. This study was partly supported by
CONACyT (México) grant SEP-2003-C0O2-42569 and CICESE. Gilberto
Jerénimo had a fellowship from CONACyT (México). We thank captain and
crew of the R/V Francisco de Ulloa of CICESE. We also thank the
anonymous reviewers for their valuable comments and encouragement.

References

Bower, A. S., L. Armi, and I. Ambar (1997), Lagrangian observations of
meddy formation during a Mediterranean Undercurrent seeding experi-
ment, J. Phys. Oceanogr., 27, 2545-2575.

Davis, R. E. (1985), Objective mapping by least squares fitting, J. Geophys.
Res., 90, 4773—-47717.

Durazo, R., and T. R. Baumgartner (2002), Evolution of oceanographic
conditions off Baja California: 1997—1999, Prog. Oceanogr., 54, 7-31.

Espinosa—Carreon, T. L., P. T. Strub, E. Beier, F. Ocampo—Torres, and
G. Gaxiola—Castro (2004), Seasonal and interannual variability of satel-
lite—derived chlorophyll pigment, surface height, and temperature off Baja
California, J. Geophys. Res., 109, C03039, doi:10.1029/2003JC002105.

Flament, P. (2002), A state variable for characterizing water masses and
their diffusive stability: Spiciness, Progr. Oceanogr., 54, 493—501.

Garfield, N., C. A. Collins, R. G. Paquette, and E. Carter (1999), Lagran-
gian exploration of the California Undercurrent, 1992-95, J. Phys. Ocea-
nogr., 29, 560—583.

Goericke, R., et al. (2005), The state of the California Current, 2004—2005:
Still cool?, CalCOFI Rep. 46, pp. 32—71, Calif. Coop. Oceanic Fish.
Invest., La Jolla, Calif.

Huyer, A., J. A. Barth, P. M. Kosro, R. K. Shearman, and R. L. Smith
(1998), Upper—ocean water mass characteristics of the California current,
summer 1993, Deep Sea Res., Part II, 45, 1411—1442.

JERONIMO AND GOMEZ-VALDES: SUBSURFACE WARM-EDDY OFF BAJA CALIFORNIA

L06610

Kennan, S. C., and R. Lukas (1996), Saline intrusions in the intermediate
waters north of Oahu, Hawaii, Deep Sea Res., Part II, 43, 215-241.
Le Traon, P. Y. (1990), A method for optimal analysis of fields with spa-

tially variable mean, J. Geophys. Res., 95, 13,542—13,543.

Lukas, R., and F. Santiago—Mandujano (2001), Extreme water mass anom-
aly observed in the Hawaii Ocean Time—series, Geophys. Res. Lett., 28,
2931-2934.

Lynn, R. J., and J. J. Simpson (1987), The California Current system: The
seasonal variability of its physical characteristics, J. Geophys. Res., 92,
12,947-12,966.

McWilliams, J. C., and G. R. Flierl (1979), On the evolution of isolated,
nonlinear vortices, J. Phys. Oceanogr., 10, 1155—1156.

Murphy, S. J., and H. E. Hurlburt (1999), The connectivity of eddy varia-
bility in the Caribbean Sea, the Gulf of Mexico, and the Atlantic Ocean,
J. Geophys. Res., 104, 1431—-1453.

Reid, J. L., G. L. Roden, and J. G. Wyllie (1958), Studies of the California
Current system, CalCOFI Rep. 6, pp. 27—57, Calif. Coop. Oceanic Fish.
Invest., La Jolla, Calif.

Schwing, F. B., et al. (2002), The state of the California Current, 2001 —
2002: Will the California Current system keep its cool, or is El Nifio
Looming?, CalCOFI Rep. 43, pp. 31-68, Calif. Coop. Oceanic Fish.
Invest., La Jolla, Calif.

Simpson, J. J., and R. J. Lynn (1990), A mesoscale eddy dipole in the
offshore California Current, J. Geophys. Res., 95, 13,009—13,022.

Soto-Mardones, L., A. Pares-Sierra, J. Garcia, R. Durazo, and S. Hormazabal
(2004), Analysis of the mesoscale structure in the IMECOCAL region
(off Baja California) from hydrographic, ADCP and altimetry data, Deep
Sea Res., PartIl, 51, 785—798.

Strub, P. T., and C. James (2000), Altimeter-derived variability of surface
velocities in the California Current system: 2. Seasonal circulation and
eddy statistics, Deep Sea Res., Part II, 47, 831—-870.

Thompson, A. F., and W. R. Young (2006), Scaling baroclinic eddy fluxes:
Vortices and energy balance, J. Phys. Oceanogr., 36, 720—738.

Venrick, E., et al. (2003), The state of the California Current, 2002—2003:
Tropical and subarctic influences vie for dominance, CalCOFI Rep. 44,
pp. 28—-60, Calif. Coop. Oceanic Fish. Invest., La Jolla, Calif.

Wooster, W. S., and J. H. Jones (1970), California Undercurrent off north-
ern Baja California, J. Mar. Res., 28, 225-250.

Zamudio, L., H. E. Hulburt, E. J. Metzger, S. L. Morey, J. J. O’Brien,
C. Tilburg, and J. Zavala-Hidalgo (2006), Interannual variability of Te-
huantepec eddies, J. Geophys. Res., 111, C05001, doi:10.1029/
2005JC003182.

Zhurbas, V., T. Stipa, P. Malkki, V. Paka, N. Golenko, 1. Hense, and V.
Sklyarov (2004), Generation of subsurface cyclonic eddies in the Baltic
Sea: Observations and numerical experiments, J. Geophys. Res., 109,
C05033, doi:10.1029/2003JC002074.

J. Gémez-Valdés and G. Jerénimo, Departamento de Oceanografia Fisica,
Centro de Investigacion Cientifica y de Educacion Superior de Ensenada,
Km 107 Carretera Tijuana-Ensenada, Ensenada 22860, México. (jgomez@
cicese.mx)

5of5



