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Abstract
A three-dimensional numerical model of the seasonal evolution of the hydrography and circulation of the Gulf of
California predicts a quasi-permanent anticyclonic gyre in the central part of the gulf, over San Pedro Mártir Basin
(SPMB), just South of the mid-gulf archipelago. A historical hydrographic data bank is used to search for evidence of the
predicted gyre. Despite 363 useful proﬁles (in 15 cruises from 1939–1996), sampling in the area of interest only allowed
climatological average distributions of temperature and salinity to be obtained, from which dynamic height and
geostrophic currents were calculated. The average distributions of temperature, salinity and density all show a concave
shape over SPMB, which translate into a dynamic height dome and therefore into and anticyclonic gyre. Vertical sections
(across and along the gulf axis) of geostrophic velocity show that the gyre occupies most of the water column, which is
800 m deep in the center of SPMB. Experiments with the numerical model indicate that stratiﬁcation is necessary, and that
the tidal currents are responsible for the formation of the gyre; this occurs through nonlinear interactions (friction and
advection) and vertical mixing, mechanisms that are enhanced in SPMB due to the proximity of the sills and channels of
the midriff archipelago, where internal tides are generated.
r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
The Gulf of California is a marginal sea between
mainland Mexico and the Baja California Peninsula
(Fig. 1); it is approximately 150 km wide and
1100 km long. The general circulation of the gulf
results from the tidal forcing and low-frequency
motions at its opening, the forcing of the wind and
atmospheric conditions at the sea–air interface and
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the nonlinear interaction of the ﬂow with the
topography. Seasonal circulation variability is due
to the seasonal variability of these forcing agents
(for a review, see Lavı́n and Marinone, 2003).
The tides in the gulf are in co-oscillation with the
Paciﬁc Ocean and the semidiurnal constituents are
near resonance, with head amplitudes four times
larger than those at the mouth of the gulf; e.g., the
M2 tide has 36 cm of amplitude in the mouth and
150 cm in the head. The diurnal constituents are
basically in phase in the entire gulf, and their
amplitude increases toward the head by continuity
(Lavı́n and Marinone, 2003).
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Fig. 1. Study area in the Gulf of California with bathymetric contours in meters. The square in (A) is expanded in (B) to show the San
Pedro Mártir Basin (SPMB). The thick lines, labeled ‘‘T’’ and ‘‘L’’, are the transverse and longitudinal sections, respectively, for which
salinity, temperature, density and geostrophic velocity sections are shown. In (A) CSL, MZT and SR with an asterisk mark the positions of
Cabo San Lucas, Mazatlán and Santa Rosalı́a, respectively. In (B) SES, SLS and TIs stand for San Esteban sill, San Lorenzo sill and
Tiburon Island, respectively.

The near-resonance of the semidiurnal tides,
coupled with abrupt changes in bottom depth and
cross-sectional area, causes very strong tidal currents in some places, especially in the shallow areas
in the extreme North, and over the sills (1.2 m/s
over San Esteban Sill) and in channels of the midriff
archipelago. This leads to dissipation of tidal
energy in the northern region of the Gulf, as
attested by the virtual amphidrome for the semidiurnal constituents inland of Santa Rosalı́a (SR in
Fig. 1A) (Hendershott and Speranza, 1971; Filloux,
1973; Argote et al., 1995). The energy released by
the barotropic tide in the northern region of the
Gulf has very important physical and biological
consequences; a fraction of this energy is used in
vertical mixing.
Argote et al. (1995) used a vertically integrated
numerical model to calculate the dissipation rate of

semidiurnal tidal energy by bottom friction, and
found an overall value of 4 GW, most of it
occurring in the northern region. They also found
that in the shallow upper Gulf and in the island
region (speciﬁcally over the sills) the dissipation rate
is one order of magnitude stronger than elsewhere.
Marinone and Lavı́n (2003) used a three-dimensional (3D) baroclinic model to show that internal
mixing is also important in the channels and over
the sills of the midriff archipelago. Physical evidence
that mixing is occurring in those areas is provided
by the well-established observation that the lowest
sea-surface temperature (SST) in the Gulf occurs
year-round precisely between the midriff islands,
and especially over the sills. Argote et al. (1995) also
showed that the observed stratiﬁcation (measured
by the potential energy) was weakened in the same
areas. Paden et al. (1991) carried out a quantitative
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analysis of satellite infra-red images of the Gulf, and
concluded that the variability of the SST patterns is
dominated by tidal mixing in the presence of surface
heat ﬂux and coastal upwelling; in the channels and
sills, the semiannual and fortnightly variability of
SST is strongly correlated with tidal mixing. Further
observational evidence that tidal mixing around the
midriff sills affects the thermohaline ﬁelds was
provided by Simpson et al. (1994), who also
suggested that this vertical mixing may have
inﬂuence on the circulation and thermohaline
structure over a wide area.
In addition to the extraction of tidal energy by
bottom friction, and as a possible step toward
dissipation and mixing, internal waves of various
frequencies, from internal tides to high-frequency
solitons are generated in the vicinity of the sills (Fu
and Holt, 1984; Badan-Dangon et al., 1991; Filonov
and Lavı́n, 2003). The internal solitons carry
around 10% of the barotropic tide energy (Fu and
Holt, 1984), while the energy of the semidiurnal
internal tide is 40% of that of the barotropic tide
(Filonov and Lavı́n, 2003).
In a previous study, Marinone (2003) showed a
3D numerical model of the Gulf of California,
forced by the Paciﬁc Ocean through specifying the
sea level, the temperature and the salinity ﬁelds at
the gulf entrance; at the sea surface, the wind and
heat and freshwater ﬂuxes are speciﬁed. The model
reproduces the well-know general seasonal circulation of the northern gulf reported by Lavı́n et al.
(1997). Additionally, Marinone (2003) predicts an
anticyclonic gyre over the San Pedro Mártir Basin
(SPMB, Fig. 1B), a small basin with maximum
depths of 850 m; the gyre does not show much
seasonal variability. Marinone (2003) attributed the
anticyclonic gyre formation over San Pedro Mártir
Basin to tidal mixing, but no details were given.
Mesoscale gyres are common in the Gulf of
California (Lavı́n et al., 1997; Pegau et al., 2002;
Navarro-Olache et al., 2004), and for the southern
part the observational evidence has been summarized by Figueroa et al. (2003); however, they did not
look for a gyre over SPMB, because the analysis
was made before it was predicted by Marinone
(2003).
The objectives of this study are: (a) to use the
numerical model to describe the characteristics of
the gyre and to identify the agents and mechanisms
responsible for its formation and maintenance and
(b) to look for evidence of the existence of the gyre
in a historical hydrographic data collection.

2. Methodology
2.1. Model
In order to ﬁnd the forcing agents responsible for
producing the anticyclonic gyre over SPMB, several
runs with a 3D numerical baroclinic model were
produced using combinations of different forcing
agents: (a) the tidal forcing, (b) the Paciﬁc forcing,
(c) the winds, and (d) the heat and fresh-water
ﬂuxes. The run with all the forcing agents will be
called the ‘‘Ref’’ run, the other runs are labeled with
a P, W, and/or T indicating that the Paciﬁc, wind or
tidal forcing is included (see Table 1). The numerical
model used in this study is the layerwise vertically
integrated Hamburg shelf ocean model (HAMSOM). The governing equations of the model are
a set of vertically averaged equations for each layer.
For momentum:
q=qt u ¼  h1 rH  ðvuhÞ  uH 1 DðwÞ  fv
1
2
 r1
0 q=qx P þ H Dðtx Þ þ nr H u,

and
q=qt v ¼  h1 DH  ðvvhÞ  vH 1 DðwÞ þ fu
2
1
 r1
0 q=qy P þ H Dðty Þ þ nDH v;

for continuity:
wzd ¼ q=qxðuHÞ þ q=qyðvHÞ þ wzu ;
for temperature and salinity:
q=qtðT; SÞ ¼  rH  ½vðT; SÞ  h1 D½ðT; SÞw
þ K h r2H ðT; SÞ þ q=qz K v ðT; SÞ;
Table 1
Forcing agents included in the different simulations
Forcing agents

Run name
Ref
PWT
PW
PT
WT
P
W
T

Paciﬁc

Wind

Tides

Heat and fresh
water ﬂuxes

X
X
X
X

X
X
X

X
X

X

X

X
X

X
X
X

The nomenclature used in the run names is as follows: P for
Paciﬁc, W for winds, T for tides and Ref for all forcing mentioned
before, plus heat and fresh-water ﬂuxes.
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the hydrostatic equation:
q=qz P ¼ rg;
the overall continuity equation:
q=qt Z ¼ r  ðVÞ;
where v ¼ (u,v) is the horizontal velocity, w is the
vertical velocity, V ¼ (U,V) are the transport for
each layer, f is the local Coriolis parameter,
r ¼ r(S,T,P) is the density ﬁeld, (S, T, P) are
salinity, temperature and pressure, g is the acceleration due to gravity, P ¼ (Z–z)r0g+p(x,t) is the
total pressure, p is the baroclinic pressure, h is the
layer thickness which is equal to H, the nominal
thickness, except in the ﬁrst and last layers where it
accommodates the surface elevation, Z, and the
topography, respectively. The operator D(y) is the
difference of (y) taken between the upper (zu) and
lower (zd) surfaces of the layer.
The vertical stresses are t ¼ Av(q/qz v) where Av is
the vertical eddy coefﬁcient deﬁned, following
Kochergin (1987), as
Av ¼ ajq=qz vj=ð1 þ bRiÞ,
where Ri is the Richardson number, a ¼ 10 m2 and
b ¼ 10. At the top and bottom, the surface and
bottom stress boundary conditions are
ts ¼ C da Vw ðU 2w þ V 2w Þ1=2 ,
and
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side of the Gulf entrance, and in Cabo San Lucas, at
the tip of the peninsula (see Fig. 1A). From these
points, the sea-surface elevation was obtained at
each time step and then interpolated along the open
boundary. The bottom friction coefﬁcient was
varied in the different runs until the best agreement
with observed tidal harmonics at several tidal
stations around the gulf was obtained. The associated tidal currents, both barotropic and baroclinic, produced by the model have been compared
with observations by Marinone and Lavı́n (2005),
who ﬁnd good overall agreement for the different
tidal constituents. The best agreement is for the
semidiurnal components, while the diurnal components are a little underestimated.
2.2. Hydrographic data
With the purpose of ﬁnding observational evidence of the anticyclonic gyre over SPMB, the Gulf
of California hydrographic data bank was used. For
this study area (Fig. 1), 15 cruises from 1939 to
1996 were extracted; producing a total of 363 casts
(Table 2). Before 1980, temperature and salinity data
were collected with reversing thermometers and sampling bottles, while from 1980 until 1996 CTDs were
used; data every 10 db were obtained from all proﬁles.
Because there is poor spatial and temporal
coverage in the historical hydrographic record, all

tb ¼ C db vðu2 þ v2 Þ1=2 ,
respectively, where Vw ¼ (Uw,Vw) is the wind
velocity vector, Cda and Cdb are drag coefﬁcients
for the air/water interface and for the sea bottom,
respectively. Finally, Kh and Kv are the horizontal
and vertical eddy diffusion coefﬁcient for scalar
quantities, which in the model are equal to n and Av,
the horizontal and vertical eddy viscosities. Note
that the vertical eddy coefﬁcients are function of
space and time.
The model domain has a mesh size of 2.50  2.50
(3.9  4.6 km). Twelve layers are used in the vertical,
with nominal lower levels at 10, 20, 30, 60, 100, 150,
200, 250, 350, 600, 1000 and 4000 m. The number of
layers depends on the local depth.
Several runs were performed forcing the model
with the seven most important tidal constituents,
viz. M2, S2, N2, K2, K1, O1 and P1, which account
for more than 95% of the total tidal variance. The
harmonic constants were estimated from several
years of observations in Mazatlán, in the mainland

Table 2
Cruises used to obtain hydrographical data
Cruise Month

Year Casts Used casts Vessel

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

1939
1957
1961
1972
1983
1983
1984
1984
1984
1985
1985
1990
1990
1995
1996

Total

March
February
November
November
March
October
March
May
November
March
November
January
February
June
August

47
53
40
97
103
44
119
172
97
77
147
125
143
132
65
1461

4/5
5/6
9/11
6/11
11/16
6/14
13/19
31/31
15/23
10/21
43/74
66/73
13/22
12/19
9/18

E.W. Scripps
Horizon
H.M. Smith
El Puma
New Horizon
New Horizon
New Horizon
El Puma
El Puma
Francisco Ulloa
Francisco Ulloa

253/363

The ﬁrst ﬁgure in used casts indicates the number of casts that
reach at least 250 db.
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available data had to be combined and interpolated
to form a single climatological average map. Of the
363 casts available, only 253 could be used to
calculate an average dynamic topography map
using 250 db as a reference level. Geopotential
anomalies were calculated according to Pond and
Pickard (1983), from salinity and temperature
proﬁles, and then objectively interpolated in a
regular grid with a resolution of 7 km. The
correlation function used was a Gaussian, exp(l2/L2) with l ¼ 40 km and L ¼ 200 km. As will
be shown below, the data were sufﬁcient to test for
the presence of the quasi-permanent gyre.
Vertical proﬁles of T, S and r were explored with
the purpose of identifying structures revealing the

(A)

(B)

Ref 10-20 m
10 cm s

(C)

gyre over SPM Basin. Longitudinal and transverse
sections (‘‘L’’ and ‘‘T’’ sections, respectively,
Fig. 1B) of the variables mentioned above were
made. These proﬁles were obtained from the
objective interpolation of all the 363 casts. Geostrophic velocity ﬁelds also were obtained from the
interpolated T and S ﬁelds. The geopotential
anomalies were estimated using the maximum
common depth of each pair of casts as reference
level, following the traditional dynamic method
(Pond and Pickard, 1983). For the across-gulf
section (‘‘T’’ section), an estimate of the absolute
velocity was made, by requiring mass conservation
in the section, following Fomin (1984) and Marinone and Ripa (1988).

-1

(D)

T 10-20 m
10 cm s

Ref 60-100 m

-1

10 cm s

-1

10 cm s

-1

T 60-100 m

Fig. 2. Annual mean of the Ref (top) and T (bottom) simulations on a surface (10–20 m) and an intermediate (60–100 m) layer. The thick
lines correspond to that part of the transverse section where the gyre is located and for which vertical sections are shown below.
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3.1. Model circulation
3.1.1. Climatological structure
The annual average current distribution for the
10–20 m and 60–100 m layers produced by the Ref
simulation (Figs. 2(A) and (B)) show a well-deﬁned
anticyclonic gyre over SPMB, with speeds 12 cm/s
in the 10–20 m layer. The distribution of the speed
normal to the ‘‘T’’ cross-section (Fig. 3A) show that
the gyre occupies most of the water column; the
outﬂow branch of the gyre is over the continental
shelf on the mainland side (maximum speed 9 cm/s)
and is 350 m deep, while the inﬂow takes place in
the deep central region of the basin (maximum
speed 6 cm/s) and seems to be as deep as the basin
(although the speed is only 2 cm/s from 100 m
depth to the bottom). Over the peninsular continental shelf, outﬂow is present in the upper 250 m,
which is also apparent in the surface distribution
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velocity ﬁeld (Fig. 2 top). The equivalent results for
the PWT run were almost identical to Fig. 3A, and
therefore are not shown.
The annual-average distributions of velocity
produced by the T simulation (only tidal forcing)
are almost identical to those of the Ref run,
both in the horizontal (Fig. 2) and in the vertical
(Figs. 3(A) and (B)); they contain the gyre over
SPMB and the coastal ﬂow over the peninsular
continental shelf. All the runs that included tidal
forcing (Table 1) produced horizontal and
vertical distributions of velocity (not shown)
that are very similar to those of the T or Ref runs
(Figs. 3(A) and (B)).
The runs in which only the wind or Paciﬁc forcing
(W and P simulations) are used do not produce the
anticyclonic gyre, therefore their horizontal velocity
distributions are not shown. The speeds normal to
the ‘‘T’’ section for these two runs (Figs. 3(C) and
(D)) are much smaller (o1 cm/s) than those in the
Ref run (Fig. 3A).
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Fig. 3. Transverse cross-section (looking up-gulf, see Fig. 1) of the annual mean along gulf velocity (cm/s) for the (A) Ref, (B) T, (C) P,
and (D) W simulations. The horizontal thick line shows the position of the gyre (see Fig. 2). Negative and positive velocities are to the
South and North, respectively. The section is viewed from the South, so that the left side corresponds to the West coast, i.e., the Baja
California peninsula.
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The results above mean that tidal forcing is
responsible for the generation of the anticyclonic
gyre over SPMB. The possibility that the nonlinear
interaction of the tidal currents with the bathymetry
(tidal rectiﬁcation) was causing the gyre was
investigated by removing the temperature and
salinity structure (homogeneous condition) and
running the model with only tidal forcing; the
anticyclonic gyre was not produced. Thus, it can be
concluded that stratiﬁcation and tidal forcing both
play an important role in the formation and
permanence of the anticyclonic gyre. It is proposed
that this occurs because of vertical mixing, through
the generation and breaking of internal tides, as
discussed below.
In addition to the annual-average velocity structure, the monthly averages also were analyzed. For

the T run, the gyre over SPMB is present in every
month. In the Ref run, however, the gyre is
hidden or modiﬁed in some layers, mainly in the
Summer. From the analysis of the several combined
runs shown in Table 1, it is concluded that although
the Paciﬁc and wind forcings are not sufﬁciently
strong to affect the gyre on an annual mean,
they can inhibit or modify the gyre in the months
when they are most intense (e.g. in August for
the wind).
3.1.2. M2 simulation from rest, and evidence of
mixing
It was found that the gyre was formed very soon
after the initiation of the runs that contained tidal
forcing. In order to investigate this feature, a
simulation from rest under stratiﬁed conditions

Fig. 4. Evolution of the velocity ﬁeld across section ‘‘T’’(looking up-gulf, see Fig. 1) with only the M2 tidal forcing during ﬂood and ebb
for: (A) and (B) second day, (C) and (D) fourth day, (E) and (F) sixth day. The horizontal thick line in (A) shows the position of the gyre.
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with only the M2 tidal constituent was made (the
M2 run). Fig. 4 shows the instantaneous velocity
ﬁeld on the ﬂood and ebb on the indicated days,
which correspond to the second, sixth and tenth
tidal cycle of this run. At the beginning of the
simulation (ﬁrst tidal cycle, not shown) the ﬂow
basically comes in and out as a barotropic ﬂow. By
the second day, vertical and horizontal shears are
present. During the ﬂood (Figs. 4(A), (C), and (E))
the isolines of velocity acquire an almost vertical
structure in the central zone, producing strong
lateral shear even in the deep area.
The very strong vertical shear in the basin’s
central zone (Fig. 4A) suggests that turbulent
mixing may be generated in that zone. Evidence
for mixing is present in the evolution of the
temperature ﬁeld in the ‘‘T’’ section at days 2, 4, 6
and 60 of the M2 run (Fig. 5): (a) the isotherms
above 10 1C acquire a concave shape by the sixth
day of the run (Fig. 4F) and (b) by day 60 vertical
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The distribution of dynamic height (relative to
250 m) was obtained for every cruise (not shown),
and it was found that the gyre was not deﬁned in
most of the individual cruises, mainly because the
sampling was not adequate: either the station
separation was too large or the sampled area was
too small, or there were very few stations in the
area. It was not even possible to construct a
seasonal evolution of the dynamic height. Since
the gyre was predicted to be present in the annual
average, climatological means were constructed
separately with data from the cruises that did or
did not show some evidence of the gyre; both
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discussed below.
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Fig. 5. Daily mean temperature ﬁeld for the M2 run on section ‘‘T’’ (looking up-gulf), for days (A) 2, (B) 4, (C) 6, and (D) 60. The right
panels, (E), (F), (G), and (H) correspond to the ﬁrst 225 m of the corresponding left panels ((A), (B), (C), and (D)).
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Fig. 6. (A) Dynamic topography in Dyn m (relative to 250 db) using all hydrographic data available. (B) Error percent of the interpolation
method. Dots indicate the position of the individual cast. The thick lines in (A) mark the ‘‘L’’ and ‘‘T’’ sections for which vertical
distributions are shown below.
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Fig. 7. (A) Salinity, (B) temperature (1C), (C) density (s units), and (D) geostrophic velocity (m/ s) across ‘‘T’’ section in the SPMB
(looking up-gulf).

climatologies produced the gyre. Therefore a
climatology of dynamic height with all the data
was constructed; it shows (Fig. 6) quite deﬁnitely the
anticyclonic gyre over the SPMB, thus proving the

model prediction. The rms error is less than 2% in
the area occupied by the gyre.
The average distributions of salinity, temperature, density and geostrophic velocity on the ‘‘T’’
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Fig. 8. (A) Salinity, (B) temperature (1C), (C) density (s units), and (D) geostrophic velocity (m/ s) across section ‘‘L’’ (looking West) in
the SPMB. Positive velocities point toward the mainland (approximately NW).

section are shown in Fig. 7. The temperature and
density distributions show some doming in the
layers below 400 m, and upward concavity of
the isolines above that depth. Above 100 m, the
isotherms and isopycnals show a strong downward
(upward) tilt toward the mainland (peninsula) side.
Surface temperature and salinity in the peninsula
side are 19 1C and 35.25, while in the mainland
side they are 23 1C and 35.3. The density ﬁeld is
similar to the temperature ﬁeld, although the
vertical gradients are weaker in the top layers due
to the opposing inﬂuence of salinity decreasing
downward. The velocity ﬁeld (Fig. 7D) shows, in the
upper 300 m, two cores of southward ﬂow immersed
in mostly northward ﬂow; the velocities are maximum at the surface (0.1 m/s). The two southward
cores ﬂank a northward core in the center of the
basin. The gyre in SPBM is formed by the positive
core and the eastern southward one. The gyre spans
a large proportion of the water column. There is

also inward ﬂow close to the bottom on both shelves
and platforms, except in the eastern side where
outward ﬂow occurs between 300 and 800 m.
The vertical distribution of salinity and temperature on the ‘‘L’’ section (Figs. 8(A) and (B)), show a
concave structure of the isohalines and isotherms,
even clearer than for the ‘‘T’’ section, reaching to
300 m. This concavity of the isolines is a product of
a general downward tilt to the North, and a fanning
out in the vertical over the shallower area. The
corresponding isopycnals (Fig. 8C) display the same
general shape as the isotherms and the isohalines,
although below 300 db they are less tilted. The
geostrophic velocity in this section (Fig. 8D) shows
a very clear anticyclonic gyre: westward ﬂow in the
South of the basin and eastward ﬂow in the North.
Both branches have a maximum velocity 0.6 m/s,
which is several times faster than in the ‘‘T’’ section
(0.1 m/s). The gyre occupies almost all the water
column.
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4. Discussion
The observations support the existence, in the
long-term mean, of the SPMB gyre predicted by the
numerical model. However, more appropriate data
are needed to resolve its features and variability; the
position and dimensions of the gyre are such that a
series of short cruises may sufﬁce. Meanwhile, the
numerical model results can be used to improve our
understanding of the gyre and to areas where
further studies are needed.
Observational and model results both indicate
that the anticyclonic gyre over SPMB is, at least in
part, a consequence of the vertical spreading of the
isopycnals in the vicinity of the northern limit of the
southern gulf. This area has long been known to be
characterized by strong vertical mixing, associated
to the strengthening of the tidal currents as the
bathymetry rises to the archipelago (Badan-Dangon

et al., 1985; Paden et al., 1991; Simpson et al., 1994;
Argote et al., 1995). The vertical spreading of
isotherms as the shallow area is approached from
the South was described by Navarro-Olache et al.
(2004), who also ascribed it to vertical mixing.
By weakening or breaking down stratiﬁcation,
tidal mixing changes the density ﬁeld, sometimes to
the extent of producing thermal fronts, and consequently residual currents parallel to the front
(Simpson, 1981; Takeoka et al., 1997). The way in
which spatially varying tidal mixing leads to
currents and gyres has been well studied in the
context of tidal-mixing fronts in shelf seas, for
instance in the Irish Sea (Hill, 1993) and in Georges
Bank (Garrett et al., 1978; Loder, 1980; Loder and
Wright, 1985; Naimie et al., 1994). The salinity,
temperature and density structure in those frontal
areas is similar to those in SPMB (Fig. 7) in the
sense that the isoclines are spread vertically close to

Fig. 9. Distribution on section ‘‘T’’ (looking up-gulf) of the time averaged terms of the momentum u ((A), (C), and (E)) and v ((B), (D),
and (F)) equations: (A) and (B) advection, (C) and (D) horizontal diffusion, and (E) and (F) vertical diffusion. The horizontal thick lines
show the position of the gyre.
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in the model, the vertical eddy coefﬁcient is assigned
a maximum value of 0.2 m2/s, until static stability is
attained.
The capacity for mixing by the interaction of tidal
currents with the bottom is proportional to the
dissipation rate of tidal energy due to bottom
friction, Db (Argote et al., 1995):
Z T
Db ¼ C db rT 1
ðu2 þ v2 Þ3=2 dt,

the area where stirring is strong. Although in the
Gulf stratiﬁcation is not broken down to complete
vertical homogeneity (Argote et al., 1995), mixing
has profound consequences for the thermohaline
structure, the circulation and the biological richness
of the area (Alvarez-Borrego and Lara-Lara, 1991;
Lavı́n and Marinone, 2003). Despite the obvious
importance of mixing in the Gulf, there are no
reported direct observations of the dissipation rate
or generation of turbulent kinetic energy. Rather,
parameterizations based on numerical models have
been used, and we will do likewise here.
Energy transfer between different scales occurs
through the nonlinear terms, viz. advection, friction
against the bottom and internal mixing. In our
model, we found all of these terms to be important
in the area. As an example, Fig. 9 shows the timeaveraged advection, horizontal and vertical diffusion terms of the momentum equations for the ‘‘T’’
section over SPMB (see Fig. 1). The Coriolis and
pressure gradient terms, which are not shown, are
equal or larger than those shown. Advection and
vertical diffusion are larger than the horizontal
diffusion term. The advective terms are largest on
the West side (left of the ﬁgure), while vertical
mixing is large in the upper part of the water
column. Note that, when static instability is present

where (u,v) is the horizontal bottom velocity and T a
period of time long enough to achieve a stable
mean, r is density and Cdb ¼ 0.0037. This term
enters into the model in the vertical mixing term as a
boundary condition (see Section 2.1). Fig. 10 shows
this parameter integrated over a tidal period (M2)
along the ‘‘T’’ section, calculated from the model
outputs. Energy dissipation is largest in the deepest
zone (40 km) just at the western edge of the gyre and
in the East side (90–105 km) of the gyre, which is
indicated in the ﬁgure as a horizontal line.
An important difference with the shelf seas is that
in the Gulf of California tidal mixing occurs in the
proximity of deep-water stratiﬁcation (Simpson
et al., 1994), so that in addition to bottom friction,
internal mixing can be important (Marinone and
Lavı́n, 2003; Filonov and Lavı́n, 2003), as also
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Fig. 10. Time-averaged dissipation energy rate (W/m) by bottom friction, on the ‘‘T’’ section in SPM Basin (the mainland is on the righthand side). The horizontal line indicates the position of the SPBM gyre.
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suggested by Fig. 9. A bulk measure of the degree of
the internal mixing is the Froude number, deﬁned as

1=2
Fr ¼ ðqv=qzÞ2 =N 2
¼ Ri1=2 ,
where N 2 ¼ ðgr1 qr̄=qzÞ is the Brunt–Vaisala
frequency (see, e.g., Kundu,1990). For continuously
stratiﬁed parallel ﬂows, Ri414 guarantees stability
(Leblond and Mysak, 1978); thus, Fro2 is a
sufﬁcient condition for stability. A ﬂow with
Fr42 is not necessarily unstable, but very likely to
become unstable, leading to turbulence and mixing.
In the surprising absence of detailed observational studies of turbulence and mixing in the Gulf
of California, we have to resort to bulk estimates
from our numerical model. Although the vertical
scale over which these criteria were obtained is
much smaller than the vertical resolution of our
numerical model, it is useful to calculate Fr, at least

as an indication of areas were relative Fr maxima
are attained. Fig. 11 shows the distribution of Fr
during the ﬂood and the ebb, calculated from the
model outputs, for the same times as Fig. 4.
Although values of Fr are smaller than 2, there is
some structure in the Fr ﬁeld, suggesting that
internal mixing processes may be occurring:
(a) close to the bottom in the eastern side of the
gyre and (b) in the thermocline in the central zone.
West of the gyre, close to the peninsula coast, the Fr
number is also large.
The model runs with and without tides demonstrate that the gyre is due mainly to the tides, and
the density structure of both model and observations suggests that it is due to tidal mixing; but the
speciﬁc mechanisms have not been discussed. Once
again, in the absence of turbulence observations,
indirect evidence must be used. A possible mechanism is the internal tide, which has been shown to be

Fig. 11. Froude number evolution during ﬂood and ebb on section ‘‘T’’ (looking up-gulf) for: (A) and (B) second day, (C) and (D) fourth
day, (E) and (F) sixth day. The line in (A) marks the position of the gyre.
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present in the area, caused by the interaction of
the barotropic tide with steep bottom features in the
presence of stratiﬁcation (Marinone and Lavı́n,
2003; Filonov and Lavı́n, 2003). As a means of
visualizing the internal tides, Fig. 12 shows the
hourly evolution of qv/qz (the vertical shear of the
along-gulf velocity), which is related to the lateral
density gradient through the thermal wind relation.
Fig. 12 suggests the formation of mode one internal
tides in the thermocline at 50 km (western side of
the gyre) and their propagation toward the coasts,
where they may brake and dissipate producing
mixing. The calculations were made from the
M2 model run at a stage when the model was
periodically stable; similar plots before 3–4 M2
cycles after the initiation of the run do not show
internal tides.
Therefore, it seems that after forming the hydrographic structure that gives rise to the gyre very
soon after the initiation of the model (as shown in
Fig. 5), the barotropic tide maintains the structure

73

by feeding energy for mixing through internal tides.
Another possible source of internal mixing is the
internal soliton packets reported by Fu and Holt
(1984) and Badan-Dangon et al. (1991). GaxiolaCastro et al. (2002) report that internal waves and
tides have an effect on the Gulf of California
phytoplankton, through pumping across the thermocline of nutrients and phytoplankton acclimatized to low light levels.
A conceptual model of the processes maintaining
the gyre, and their respective zones of inﬂuence is
sketched in Fig. 13. The top panel (Fig. 13A) shows
the basin, the resultant shape of the isopycnals and
the dynamic height of the surface. The bottom panel
(Fig. 13B) shows distributions across the basin
of smoothed versions of the time- and vertically
averaged terms representing three different processes: bottom friction (compare this line with
Fig. 10), internal mixing (vertical diffusion) and
advection. The lines in the sketch are not comparable with one another, except for the advection and

Fig. 12. Time series of the vertical shear of the along gulf velocity (in 103 s1) on section ‘‘T’’ (looking up-gulf).
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Fig. 13. (A) Sketch of the density structure and processes causing the anticyclonic gyre over SPMB; the mainland is on the right-hand side.
Tidal mixing modiﬁes the initially horizontal isopycnals, producing a dynamic height dome and therefore anticyclonic ﬂow. (B) Sketch of
the across-gulf distribution of processes leading to mixing (see text): the advection and vertical diffusion terms of the momentum
equations, and the dissipation of tidal energy by bottom friction. On the East side of the gyre bottom dissipation (BD) and internal mixing
(VD) occurs, while bottom dissipation (BD) and advection (Ad) are important on the West side.

vertical diffusion terms of the momentum equations; however, the relative importance for each
individual process is suggested. In the East side of
the gyre, mixing occurs due to both, boundary and
internal mixing over the shelf. In the West side of
the gyre, mixing and the transfer of energy to the
water column are due to bottom dissipation and
advection. The ﬁnal consequence is the vertical
spreading of the pycnocline to the sides of the gyre
(Fig. 13A), giving rise to the anticyclonic gyre.
5. Conclusion
Evidence of the existence of the anticyclone gyre
over SPMB, predicted by Marinone (2003) from a
three-dimensional numerical model of the Gulf of
California, was found in the geostrophic calculations and in the vertical proﬁles (S,T and r) from
historical hydrographic data. The average distributions of temperature, salinity and density all show a

concave shape over SPMB, which translates into a
dynamic height dome and therefore into an anticyclonic gyre. Data from some individual cruises
with good enough sampling showed the gyre, but
most cruises sampling was poor, which forced the
investigation to focus on the average conditions.
More data, with higher sampling density over
SPMB, are necessary to investigate more details
and the seasonal cycle of the gyre; a cruise will soon
be made to collect data with the speciﬁc purpose of
further conﬁrming the existence and describing the
properties of the gyre.
The three-dimensional numerical-model investigation revealed that the tidal currents are responsible for the formation of the gyre; we propose
that this occurs through vertical mixing and nonlinear interactions through bottom friction and
advection, which are enhanced in SPMB due to
the proximity of the sills and channels of the midriff
archipelago where internal tides and soliton packets
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are generated. The presence of stratiﬁcation is also
necessary, otherwise internal tides are not produced.
Forcing by wind and the Paciﬁc only alter the gyre
in some months, and have no effect on the mean.
Considering the important role that mixing seems
to play in many physical and biological features of
the Gulf of California, the absence of turbulence
studies is as surprising as potentially rewarding such
studies would be.
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