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Abstract. A three-dimensional numerical model is used to describe mixing and tidal and
residual flow in the archipelago of the central Gulf of California. The model is forced at
the gulf’s opening by prescribing the sea surface elevation (tidal, annual and semiannual)
and the climatological (annual and semiannual) fields of temperature and salinity on the
cross-section at the mouth. At the sea surface, forcing is with the climatological annual
variations of the wind and of the heat and freshwater fluxes. The tidal currents dominate
the instantaneous circulation, which floods and ebbs twice a day with speeds as large
as 60 cm s−1 ; the currents present a strong fortnightly modulation, with springs tidal
currents being twice than those during neaps. The tidal flow over bottom features (like
sills) generate internal tidal currents, which although less energetic than the barotropic
currents, imprint their spatial variability on the total current field. Strong mixing is
caused by the tidal flow, both by friction against the bottom and in the interior of the
fluid. Mixing is tidally modulated, at the diurnal, semidiurnal and fortnightly frequencies.
The strongest mixing occurs over and close to the sills, even during neap tides. The
residual circulation in the upper layers reverses sign along the year and is rich in gyres
over basins and sills. Over San Pedro Basin, a permanent anticyclonic gyre is produced.
In the San Esteban and San Lorenzo sills the near-bottom current is always up-gulf,
which causes a vertical structure that consists of two layers in winter and three layers
in summer. The latter consists of a surface layer that flows into the northern gulf, a
middle out-flowing layer, and the permanent near-bottom inflow. The residual currents
are fortnightly modulated, with faster currents in springs than in neaps. The dynamics of
the currents are such that in the transversal direction the dominant balance is geostrophic
with some contribution of the advective terms, while in the along gulf direction all the
terms are equally important, reflecting the non-linear and diffusive character of the area.
Key words: tidal currents, seasonal circulation, tidal mixing, Gulf of California

1. Introduction
The Gulf of California (GC) is a semi-enclosed sea between mainland Mexico and the Baja California peninsula (Figure 1); it is approximately 150 km
wide and 1100 km long, with mean depths ranging from about 200 m in the
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Figure 1. Bathymetry of the Gulf of California. The horizontal and vertical lines indicate
the transversal and longitudinal sections along the gulf where some results are presented.
BLA stands for Bahia de los Ángeles.

northern gulf to a maximum of 3600 m in the mouth. Between the shelf-like
northern province and the deep southern province there is an archipelago
containing sills, channels, basins, and islands of different sizes which reduces
the communication between the northern and the southern gulf. Two large
islands, Ángel de la Guarda and Tiburón, and several smaller islands, from
which San Esteban and San Lorenzo protrude, constitute the archipelago.
Two important time scales of variability of the GC are tidal (diurnal,
semidiurnal, fortnightly) and seasonal (annual, semiannual).
The tides are in co-oscillation with the Pacific Ocean and the semidiurnal constituents are near resonance, with amplitudes at the head 4 times
those at the mouth (Marinone, 2003); the tidal currents increase accordingly, becoming dominant in the northern region and more so in the midriff
islands zone, where extensive mixing is produced (Argote et al., 1995; Paden
et al., 1991).
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The seasonal variability of the GC is due to the seasonality of the main
forcing agents: the Pacific Ocean at the gulf’s entrance (Ripa, 1997), the
monsoonal wind regime (Badan et al., 1991a), and the air-sea heat exchange
(Beier, 1999; Marinone, 2003). In addition, Paden et al. (1991) suggest that
tidal mixing also presents a considerable seasonal signal. Ripa (1990, 1997)
proposed that the Pacific Ocean forces the gulf in the annual frequency
by means of an internal baroclinic Kelvin wave of annual period which
enters the GC on the eastern coast and then traverses cyclonically around
the entire coastline. The hypothesis has been proved to explain the seasonal circulation and the balances of temperature and salinity (Beier, 1997;
Palacios-Hernández et al., 2002; Berón-Vera and Ripa, 2000 and 2002).
The non-linear interaction of the tidal and the residual currents with
the bathymetry cause richly varied residual flow patterns, which includes
gyres, coastal currents and other features (e.g. Zimmerman, 1980). The
best-documented feature of the circulation in the GC is the large-scale
seasonally reversing gyres in the northern gulf. They have been documented
by Lavı́n et al. (1997) with satellite tracked drifters, by Carrillo et al. (2002)
from geostrophic calculations, and by Palacios-Hernández et al. (2002) with
current meters. The cyclonic gyre lasts about 4 months (June to September) and the anticyclonic one about 6 months (November to April). In
the southern gulf, there are no equivalent observations, but estimates from
ships drift and from the distributions of temperature and salinity indicate
surface outflow during winter and inflow during summer, mass conservation
requiring a compensating flow at depth (Bray, 1988). At the mouth of the
gulf, different studies, mainly in winter, show currents of 10 cm s−1 that
are cyclonic with a large vertical extension, reaching depths greater than
1000 m (Collins et al., 1997; Castro, 2001).
There are several numerical-modelling studies of the tidal and residual
circulation in the GC. Barotropic models were used by Argote et al. (1995,
1998) and by Marinone (1997). The first baroclinic model of the circulation
in the GC was that of Carbajal (1993), which was forced locally by the wind.
Beier (1997) used a two-layer linear model to explore Ripa’s (1990, 1997)
proposed forcing at the mouth by the Pacific Ocean. The model reproduced
the observed annual surface height amplitude, the seasonal heat balance and
the seasonally reversing gyres in the northern province of the GC. In the
southern province, he found that the circulation is cyclonic (anticyclonic)
in summer (winter) with inflow in the continental (Baja California) side.
Beier’s model was improved by Palacios-Hernández et al. (2002) by adding
vertical mixing and the advective terms, which allowed the model to reproduce the annual-average heat balance and the annual-mean residual flow.
Marinone (2003) has recently presented a full three-dimensional baroclinic
model of the GC; it includes the tides, the seasonal circulation and ther-
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modynamics, and vertical and lateral mixing. In addition to the seasonal
wind stress and surface heat fluxes, the model is forced at the mouth, with
annual and semiannual variations of the thermohaline structure. This model
reproduces the seasonally-reversing gyre in the northern GC, while for the
southern gulf, the residual circulation, below the Ekman layer, presents a
pattern that is cyclonic during winter and summer, and anticyclonic during
autumn and spring.
There are surprisingly few studies focusing on the oceanography of the
very interesting region between the midriff islands. It is through this zone
that the northern and southern provinces intercommunicate, and it is there
that tidal currents and tidal mixing are strongest. It is one of the few places
in the world where deep stratification is affected directly by tidal mixing
(Simpson et al., 1994), producing intense thermal fronts (Badan et al., 1985;
Argote et al., 1995). Internal tides and internal solitons are produced by
the tide flowing over the sills (e.g. Badan et al., 1991b; Filonov and Lavı́n,
2003). In this area the tidal currents interact strongly with the background
currents, and they also feed energy to these currents by means of tidal
rectification and by currents produced by the distortion of the density field
at tidal mixing fronts.
Considering that some recent observational studies in the area are producing very interesting results, and more observations are being carried out
at present, the objective of this paper is to use the outputs of the numerical
model of Marinone (2003) to describe the characteristics of tidal mixing and
of the residual circulation in the zone of the archipelago. The seasonal and
fortnightly variability will be described by analyzing two fortnightly cycles
at the phases of the seasonal cycle (February and July) when the residual
circulation is strongest but in opposing direction.
2. Model
The numerical model used is the layerwise vertically integrated Hamburg
Shelf Ocean Model (HAMSOM). The model equations are solved semiimplicitly with fully prognostic temperature and salinity fields, thus allowing time-dependent baroclinic motion. The model domain has a mesh size of
2.5’ x 2.5’ (∼3.9 km × ∼4.6 km) in the horizontal, and twelve layers in the
vertical with nominal lower levels at 10, 20, 30, 60, 100, 150, 200, 250, 350,
600, 1000, and 4000 m. The model is described in detail in several papers
(e.g. Backhaus, 1985; Marinone et al., 1996), to which the reader is referred.
The implementation of the model for the GC is described by Marinone
(2003), who focused on the mean and seasonal global residual circulation,
after proving that the model reproduces the main seasonal signals of the
surface temperature, the heat balance and the tidal elevation.
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Forcing. Several runs were performed forcing the model with the most
important tidal constituents (M2, S2, N2, K2, K1, O1, P1, Ssa, and Sa)
and varying the coefficient of bottom friction (Cd ) until the best agreement
with observed tidal harmonics at several tidal stations around the gulf was
obtained. This was achieved with a constant value for Cd = 4.4 x 10−3
(Marinone, 1997). The temperature and salinity fields are prescribed at
the gulf’s entrance cross-section using the available historical database.
Boundary gridpoints are interpolated for each month of the year by means
of objective analysis and then least square fitted to obtain the annual and
semiannual harmonics. At the sea surface a simple up- and down-gulf sinusoidal seasonal wind is imposed with amplitude of 5 m s−1 , with maximum
up-gulf in August. Heat and fresh water fluxes were calculated with bulk
formulae as in Castro et al. (1994) using the monthly meteorological data,
from 6 stations around the gulf (also fitted to seasonal functions), and the
calculated model SST. Finally, at the open boundary radiation conditions
were implemented (Orlanski, 1976) on the dynamical variables and a sponge
was also applied in the first 10 grid rows of the domain.
The model is started from rest, with a time step of 300 s. It becomes
periodically stable in three years; the results presented here were obtained
from the fourth year. While Marinone (2003) analyzes the model results
by alternate choices of forcing agents, the results shown in this article
come from the model that is forced with all of them, namely: (a) tides,
(b) climatological hydrography at the mouth, (c) winds, and (d) heat and
fresh water fluxes at the sea-air interface.
Definitions. The coordinate axes are defined with the gulf’s axis along
the y coordinate (positive toward the NW) and the x axis pointing across
the gulf toward the mainland. The total instantaneous horizontal velocity
field u(x, y, z, t) = (u, v), sampled every hour, can be separated into a
barotopic and a baroclinic fields. The barotropic velocity field U(x, y, t) =
(U, V ) is defined by
1
U=
H +η

 η

u dz,

(1)

−H

where η is the surface elevation, and H is the bottom depth. The internal
or baroclinic current field ui = (ui , vi ), is defined as the difference between
the instantaneous and barotropic currents: ui = u − U. The low-frequency,
or residual, current ur = (ur , vr ) is obtained by passing the velocity fields
three times through a 25 hour running average. Therefore residual currents
also depend on time; the fortnightly, semiannual and annual variations are
included.
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(a) η: Feb
Np

2

Sp

0
−2
395

400

(b) η: Jul

405

410

Sp

2

Np

0
−2
562
2

564

566

568

570

(c) 1/2 feb 2001

572

574

576

(d) 7/8 feb 2001

1
0
−1
hi=9538:9562 hr=9552
−2

397.6

397.8

hi=9688:9712 hr=9696
398

398.2

398.4

403.8

404

404.2

404.4

404.6

2
(e) 27/28 jul 2001

(f) 21/22 jul 2001

1
0
−1
hi=13774:13798 hr=13776
−2

574

574.2

574.4
days

hi=13614:13638 hr=13632
574.6

574.8

567.4

567.6

567.8
days

568

568.2

Figure 2. Time series of the surface elevation for (a) February and (b) July. Time is in
Julian days starting in January 2001. The horizontal lines labeled Sp and Np stands for
spring and neap tides and corresponds to a 25 hour period where results are shown and
are expanded in (c) for neap and (d) for spring in February, and (e) for neap and (f) for
spring in July. The * show the exact times for which some results will be shown. In c, d,
e, and f, hi (instantaneous hour) and hr (residual hour) stands for the hour in which the
results were sampled.

3. Results and discussions
The modelled residual circulation of the gulf presents different periods of cyclonic and anticyclonic circulation along the year, as described above. Based
on the results of Marinone (2003), two fortnightly periods representative
of these regimes were selected for analysis, in February and July. The time
series shown in Figures 2a and b are the tidal elevations for the selected
fortnightly periods at a grid point close to Bahı́a de los Ángeles, and is
representative of the time series in this area. For each of these Springs-Neaps
periods (henceforth abbreviated Sp-Np), 25-hour time series were selected
during neap and spring tides, marked by horizontal lines in Figures 2a and
b, and labelled Sp and Np, respectively. The time series are 25 hours long,
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TABLE I. Temporal average and standard deviation, in a 25 hour cycle, of the root
mean square of the magnitude over the horizontal area of the different components
of the velocity field. Ins for the instantaneous currents, BT stands for the vertically
integrated velocity, BC for the baroclinic currents, and Res for the residual or low
frequency currents. The rms of the BT currents is independent of depth, however
the reported value correspond to the rms calculated only with the wet gridpoints of
the indicated layer. The residual current rms is from one day and therefore it has
no standard deviation
Depth (m): layer
Feb neaps

0-10: 1
30-60: 4
150-200: 7
350-600: 10

Feb springs

0-10: 1
30-60: 4
150-200: 7
350-600: 10

Jul neaps

0-10: 1
30-60: 4
150-200: 7
350-600: 10

Jul springs

0-10: 1
30-60: 4
150-200: 7
350-600: 10

Ins
13.9
12.1
10.6
8.7

±
±
±
±

5.7
4.4
4.6
3.2

32.1 ± 12.9
30.7 ± 12.4
28.8 ± 12.6
23.1 ± 8.7
16.4
13.7
12.2
10.0

±
±
±
±

6.1
4.7
5.3
3.5

31.4 ± 11.8
29.6 ± 11.7
27.9 ± 12.1
22.1 ± 8.6

BT
11.2
10.9
10.3
8.5
27.8
27.2
27.6
23.0

12.0
12.0
12.0
10.0
25.8
26.0
26.0
21.8

8.4
4.6
3.4
4.5

±
±
±
±

0.5
0.4
0.6
0.7

9.2
5.3
2.6
2.9

12.4
12.7
12.8
10.9

12.0
9.3
8.5
10.9

±
±
±
±

1.3
1.2
2.1
2.2

10.7
7.1
5.7
4.5

4.9
5.0
5.1
4.4

10.0
5.0
4.0
5.0

±
±
±
±

0.7
0.5
0.5
0.8

9.8
5.3
4.1
2.5

11.7
11.9
12.1
10.4

13.0
9.0
8.0
11.0

±
±
±
±

1.0
0.8
1.6
2.0

10.7
7.3
5.8
4.0

±
±
±
±

±
±
±
±

Res

4.2
4.2
4.4
4.0

±
±
±
±

±
±
±
±

BC

in order to cover from LLW (low low water), to LHW (low high water),
to HLW (high low water), to HHW (high high water), and finally to LLW
again(as shown in Figures 2c, d, e, and f) The 25-hour period will be called
”tidal cycle” when integrating or averaging certain quantities.
3.1. INSTANTANEOUS CURRENTS AND MIXING

The instantaneous current fields are interesting because little is known in
this respect from direct measurements, and because they are the source
of mixing. In the area under study the instantaneous currents are larger
than the residual currents, by an order of magnitude in some places. The
pattern is illustrated in Figure 3 for the July springs 25-hour barotropic
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Figure 3. Time series of the vertically integrated velocity during July at spring tides.
The numbers at the central and left of each frame is the rms magnitude in cm s−1 . The
corresponding phase of the tide is shown in Figure 2f. Only one every four arrow vectors
are shown. Speed scale is given by the background color and the length of the arrow.

current time series, sampled every 3 hours (see Figure 2f); in neap tides the
currents are about half in magnitude and the spatial structure is the same.
The numbers on the left center of each frame is the root mean square of
the magnitude in cm s−1 . The flow is dominated by the tidal signal, so that
only the twice-daily ebb and flow can be detected. The rms of the speed
for the area, averaged over the tidal cycle, is ∼28 cm s−1 (in some sites
it reaches 80 cm s−1 ); by contrast, that for the residual flows is only ∼10
cm s−1 (see Table I). The barotropic currents suggest a funneling effect in
all the area, but most clearly over constrictions such as channels and sills.
For example, over San Esteban Sill, speeds reach ∼120 cm s−1 at springs.
The lower speeds are in the southern area, where the depths are larger and
speed are ∼40 cm s−1 at most. The associated transport oscillates during
neaps from ∼ ±12 Sv (1 sverdrup = 106 m3 s−1 ) to ∼ 30 Sv during
springs. (The residual transport is ∼50 times smaller.)
The three dimensional total instantaneous current field corresponding
to Figure 3g (i.e. hour 13632 see also Figure 2f) is shown for layers 1(0-
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Figure 4. Snapshots of the barotropic (BT), instantaneous (inst), and baroclinic (BC)
currents for the layers 1, 4, 7, and 10, respectively. The time corresponds to hour 13632,
which is during spring tides in July. Only one every four arrow vectors are shown.

10m), 4(30-60m), 7(150-200m), and 10(350-600m) in Figures 4b, e, h, and k,
respectively, together with its separation into barotropic (Figures 4a, d, g,
and j) and baroclinic components (Figures 4c, f, i, and l). Table I shows the
25-hour average and standard deviation of the rms of the magnitude of the
different velocity fields. At the time Figure 4 was sampled, the flow is ebbing
(see Figure 3g) and the barotropic velocity field shows a southward flow
that follows the coastlines in all layers. The u fields have more horizontal
variability than those of U, with very large horizontal gradients, especially
in the upper layers (Figures 4b and e); the spatial variability diminishes
with depth. The variability is due to the baroclinic field ui (Figures 4c, f, i,
and l), which shows a series of patches of high baroclinic speeds, especially
in the upper layers, which according to Beier (1999) and Filonov and Lavı́n
(2003), may be due to internal tides.
To the west of Tiburón Island (henceforth, TI), the surface total current
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field (Figure 4b) shows a patch of low current flowing to the east, against
the ebbing barotropic flow (Figure 4a). The reason for this minimum speed
patch is that the surface baroclinic flow is strongly flooding at this time on
this patch (Figure 4c); meanwhile, in layer 10 the baroclinic flow is ebbing
(Figure 4l). This suggests an internal tide of mode 1, generated by the tidal
barotropic flow over San Esteban Sill, as proposed by Filonov and Lavı́n
(2003). Conspicuously strong baroclinic flows are found over San Lorenzo
and San Esteban sills, and over San Pedro Basin, where the flow shows
very large divergence/convergence; a permanent anticyclonic gyre will be
shown to form in the latter. Table I shows that in general, the barotropic
and instantaneous currents are twice as energetic as the internal currents
and about three times larger than the low frequency currents present at
the time of sampling of Figure 4. The time evolution of the instantaneous,
u and ui currents varies little from what is shown in Figure 4, with the
exception that the direction reverses with the flood of the tide.
Transversal sections. Figure 5 illustrates the distribution of the along-
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Figure 5. Snapshots of the along gulf instantaneous currents for the transversal sections
I to V (see Figure 1 for their location) for flood (left) and ebb (right) currents during
spring tides in July.

gulf current in Section I through V at spring tides in July during maximum
flood and ebb phase (corresponding to Figures 3f and 3h); at these phases
of the tide, the currents flow northward and southward all across every
section, respectively. However, there is much spatial shear which is due
to the low frequency currents (see below in Figure 10) and the baroclinic
flow, which at the particular time of this figure reveals up- and down- gulf
currents depending on position. The flow is most intense in the narrower
sections III and IV close to San Esteban and San Lorenzo islands and over
the sills. At section V the current is stronger at the surface and from the
center to the peninsula side.
Dynamics of the instantaneous currents. A budget analysis of the
different terms of the momentum equations for the area in general shows,
with some exceptions, that the largest terms are those of the across-gulf
geostrophic balance. In the longitudinal direction, the Coriolis and pressure
gradient terms are equal to or larger than the other terms, i.e. all terms are
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equally important almost everywhere. In general all the forces are larger
during springs than during neaps and there is almost no difference between
winter and summer. The vertical and horizontal diffusive terms are smaller
but not insignificant, reflecting vigorous mixing specially over the sills.
Mixing. From the first hydrographic measurements in the GC (Sverdrup, 1941), the area of the archipelago was identified as of strong tidal
mixing, due to the low surface temperatures found there; the advent of
satellite infrared measurements in the early 80s showed this in a very
graphic way (Badan et al., 1985). The coldest water is usually located
over the sills, but the entire area has cool surface water. Thermal fronts
are usually sharp close to the sills, weaker further away and distorted by
intermediate scale flows like jets and gyres.
Energy for mixing in this area comes mainly from the tidal flow. There
are two principal mechanisms for the transfer of energy from the mean flow
to turbulent mixing: friction against the bottom and internal mixing by the
breaking of internal waves (Kelvin-Helmholtz, internal jumps and bores).
Bottom-friction mixing in the GC was investigated by Argote et al.
(1995) with a barotropic model of the M2 tide and by Garcı́a and Marinone
3
(2000) with several tidal constituents. They used Df = Cd (u2 + v 2 ) 2 and
found that the largest amount of energy is dissipated in the archipelago
and in the shallow part of the upper north of the gulf. Calculations with
this model show the same results, the largest amount of energy by bottom
friction occur in the archipelago area with and average of ∼ 0.1 W m−2
with a Cd = 3 × 10−3 ; this is twice the amount dissipated in the northern
gulf and 20 times larger than in the central and southern gulf.
There are no published measurements or numerical investigations of
internal mixing in the area under study. A bulk measure of the degree of
internal mixing is the Froude number, defined as
Fr =



(∂u/∂z)2 /N 2 ,

(2)

where N 2 = − ρg ∂ρ
∂z is the Brunt-Väisälä frequency. F r is the square root
of the inverse gradient Richardson number Ri. For continuously stratified
parallel flows the inequality Ri > 14 guarantees stability (LeBlond and
Mysak, 1978); thus, F r < 2 is a sufficient condition for stability. A flow
with F r > 2 is not necessarily unstable, but very likely to become unstable
leading to turbulence and mixing.
As an example of the evolution of the distribution of F r over a tidal
cycle, Figure 6 shows the time series of F r along the Ballenas-Salsipuedes
vertical section (see location in Figure 1), for 24-hours every two hours,
during neap tides in February (for spring tides F r exceeds 2 everywhere,
and is not shown). The figure clearly shows values larger than 2 appearing
first over the sills (San Lorenzo and North Ballenas) and then, as the
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Figure 6. Time series of F r number along the Ballenas section during a tidal cycle at
neap tides in February. See Figure 2c for the phase of the tide.

mechanical energy increases, the mixing occurs in more places including
the deeper reaches of the channel.
Figure 7 shows F r vertically and time averaged over the selected 25hour periods; the distributions for February (top panels) and July (bottom
panels) and for neap (left panels) and spring tides (right panels) are shown.
In general and for the whole area, F r varies from values less than two to
much larger than 2, and for a particular area, it is larger during spring
tides than during neap tides. Over and close to the sills it is always large.
In agreement with the previous figure, over San Esteban, San Lorenzo, and
North Ballenas channel sills, F r is larger than 2 even during neap tides.
During spring tides the areas of large F r extend all around Ángel de la
Guarda Island (henceforth, AGI) and to the south of San Esteban and San
Lorenzo sills. These changes are reflected in satellite infrared images (Soto
et al., 1999) where the coldest SST appear in these areas.
Filonov and Lavı́n (2003) reported in the area to the east of AGI internal
tides with velocity amplitudes of 10-15 cm s−1 , and they estimate that
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Figure 7. Froude number vertical and time averaged over a tidal cycle during neap and
spring tides for February and July, respectively.

about 45% of the barotropic M2 tidal energy is transferred to the internal
tide.
As a measure of the internal energy, Figure 8 shows the average of

2
ui + vi2 over the selected 25-hours time series (neap and spring tides in
February and July) and over the water column. Even at neap tides there are
high energy levels around the sills (San Lorenzo, San Esteban, and North
Ballenas channel). During spring tides the area with high energy covers a
much wider area, including San Pedro, Tiburón, and Delfı́n basins. The
July distributions (Figure 8, bottom panels) show wider coverage of the
area with high internal energy than in February (Figure 8, top panels),
especially during neaps. This internal energy is mainly produced by the
barotropic tide as it moves over sills and basins, and then it is radiated
away as internal tides and solitons (Filonov and Lavı́n, 2003). Although
the spatial distributions of the high F r shown in Figure 7 also show the
Sp-Np and the seasonal variation, they are constrained to a smaller area
around the sills than the distribution of the rms of the speed of the internal
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Figure 8. Time and vertical average of the magnitude of the internal currents during a
tidal cycle at neap and spring tides in February and July.

currents (Figure 8), which suggests that baroclinic flow causes mixing only
close to the sills.
3.2. RESIDUAL CURRENTS

After low-pass filtering the time series of u, the low-frequency signal ur was
sampled in the middle of the Sp and Np periods shown in Figure 2, for both
February and July. Figure 9 shows the horizontal residual currents for model
layers 1(0-10m), 4(30-60m), 7(150-200m) and 10(350-600m) during spring
tides for February (top panels) and July (lower panels). The corresponding
residual currents during neap tides have very similar spatial patterns, but
they are weaker (by a factor of 2) and smoother than those during spring
tides; they are not shown, but this result means that the residual flow has a
fortnightly modulation, with more energy being transferred from the tidal
currents to the residual flow during spring tides than during neap tides
(this modulation will be demonstrated below in Figure 12).
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Figure 9. Snapshots of the residual currents for layers layers 1(0-10m), 4(30-60m),
7(150-200m), and 10(350-600m) for February (top) and July (bottom) during spring
tides (phase correspond to Figures 2d and 2f. Only one every four vectors are shown.

The surface residual flow in February (Figures 9a), when the wind is
blowing from the NW, enters the area over the mainland shelf as a wide
well organized southward flow. In the area opposite AGI, it separates into
three branches: (i) one branch turns back to the north and goes on to
form an anticyclonic gyre in the NW of AGI; (ii) another branch crosses
Tiburón basin and flows south parallel to the SE coast of AGI, then goes
on to Salsipuedes Channel, and out over San Lorenzo and San Esteban
Sills; (iii) the third branch goes on flowing parallel to the mainland coast
until TI, where it separates into a fast flow in Infiernillo channel (between
TI and the mainland) and another that follows the western coast of TI
and then exits through the channel between TI and San Esteban Island.
After flowing over the sills, the three branches join back, turn to the east
and form an anticyclonic gyre over San Pedro Basin. In the 150 to 200
m layer (Figure 9c) the flow over San Esteban Sill is the reverse of that
at the surface, while that over San Lorenzo Sill is still flowing out of the
archipelago. In Tiburón basin, the flow is to the NW in the deepest part,
while off the mainland coast it is to the SE, like in the surface layers. In
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the 350-600 layer (Figure 9d) the flow over the sills is toward the interior
of the archipelago. It is to be noted that there is almost no residual flow in
Ballenas Channel; however, over NBS the residual flow organizes in a small
cyclonic gyre (this is better appreciated when zooming and plotting all the
arrows).
The surface residual flow in July (Figure 9e), with the wind blowing from
the SE, also enters the area over the mainland side. Over San Pedro basin
an anticyclonic gyre is traced before flowing across the channels between
the islands Tiburón, San Esteban and San Lorenzo. Some water also flows
into Salsipuedes Channel over San Lorenzo Sill, which later turns east to
join the main inflowing current. The main inflowing residual current flows
over Tiburón Basin and in the mainland shelf, leaving an area of very
weak residuals adjoining the eastern coast of AGI. In the 30-60 m layer
(Figure 9f), the flow in Salsipuedes Channel and over San Lorenzo sill is
out of the area; this outgoing flow can be traced up to the east of AGI. The
main ingoing flow occurs like in the surface layer, in the channels between
the islands of San Lorenzo, San Esteban and Tiburón. The residual flow
in the 150-200 m layer (Figure 9g) is very similar to that just described,
except that the main flow over the mainland shelf is not present. In the
350-600 m layer (Figure 9h) the flow over the sills is toward the interior,
but in Tiburón basin the flow is in the opposite direction. Therefore, in
the bottom layer over San Esteban and San Lorenzo sills the currents are
always up-gulf (Figures 9d and h).
A cyclonic gyre is always present NE of AGI, while an anticyclonic
gyre is found over San Pedro basin. The latter is clearly connecting, during
July, the northern and southern parts of the gulf, while during February
it appears to be isolated. Marinone (2003) has shown that this gyre is due
to tide-induced mixing processes by means of model simulations with and
without tides and stratification. Without stratification, the residual tidal
currents over San Pedro basin reach only 1-2 cm s−1 , while in Figure 9 they
reach around 35 cm s−1 . When the tides are switched off, no gyre develops
at all over San Pedro basin.
López and Garcı́a (2003) reported at the NE of AGI a strong bottom
current from November 1997 to March 1998, with a mean speed of ∼25 cm
s−1 . Here we found strong currents as well, but with speed about half the
observed magnitude, maybe due to the low vertical resolution of the model.
More details of these circulation patterns can be appreciated in Fig, 10,
which shows the vertical distribution of the along-gulf residual currents for
the across-gulf sections I to V (see Figure 1 for their location). On the left
panels are the February springs data corresponding to Figure 10a-e, and
on the right panels are those corresponding to July springs (Figure 10f-j);
as before, during neap tides the residual currents are weaker and present a

230

MARINONE AND LAVÍN
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Figure 10. Snapshots of the along gulf residual currents for transversal sections I to V
(see Figure 1 for their location) for February (left) and July (right) during spring tides.

similar pattern, and are not shown. A very rich vertical structure is revealed.
In the upper layers, the February southward flow that enters the area over
the mainland shelf can be tracked from section I (Figure 10a) to section V
(Figure 10e); in July, the reverse surface flow in the same areas is apparent
(Figure 10f-j). During February, from section V in the south (Figure 10e) to
section I in the north (Figure 10a), there is a coherent near-bottom ingoing
flow, which reaches section I (Figure 10a) on the eastern side of the section
to feed the cyclonic gyre there. During July, this bottom current reaches
only up to Tiburón basin (section III, Figure 10h), although traces of a very
weak northward bottom current are still present in section I (Figure 10f).
The vertical structure of the gyres described in Figure 9 can be appreciated in Figure 10. Section I (Figures 10a and f) show the seasonally
reversing gyre over Delfı́n basin; as observed [Lavı́n et al., 1997; Carrillo
et al., 2002] it covers the entire water column it is tilted to the east, and
not centered on the basin. On the right side of Section V (Figures 10e and
j), which crosses San Pedro Basin, the anticyclonic gyre described before is
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quite apparent; it extends over the entire water column, and seems to feed
the northward flow over the sills just north of the basin, which is clearly seen
in Sections III (Figures 10c and h) and IV (Figures 10d and i). In February
a two-layer system is present with inward bottom flow and outward surface
flow (Figures 10c and d); in July (Figures 10h and i) northward flow occurs
in the bottom and in the surface layers adjacent to San Esteban Island,
while southward flow occurs only on the peninsula side.
The vertical structure of the along-gulf residual currents for the longitudinal sections (see Figure 1 for their location) through Tiburón Basin
(Tiburón Section, TS hereafter) and through the Ballenas-Salsipuedes Channel (BS hereafter) are shown in Figure 11. Once again, the springs February
(Figure 11a and b) and Springs July (Figure 11c and d) data are shown
(note that the first few points, from the extreme left to the * symbol,
just before San Lorenzo and San Esteban sills, are the same in the two
sections). There is two-layer flow (going into the northern gulf in the bottom
layers, going out in the top layers) in the two seasons over San Lorenzo and
North Ballenas Channel sills as well as in the Salsipuedes-Ballenas Channel
(Figures 11a and c). San Esteban sill shows two layer flow only during
February (Figure 11b). The strong currents over the sills cause extensive
mixing, as shown, for example, in Figure 6.
The temporal evolution for 30 days of the along-gulf residual flow over
San Lorenzo Sill (the cross-point of Sections IV and BS) is shown in Figure 12, for February (Figure 12a) and July (Figure 12b). During February
(Figure 12a), with winds from the NW, there is a two-layer flow system:
outgoing flow is from the surface to about 220 m, and from there to the
bottom is into the northern gulf. The strongest residual currents are found
at the surface and at the bottom. The Sp-Np modulation of the twolayer system can clearly be appreciated, with stronger outward and inward
currents during spring tides than during neap tides. Also, the interface
between the two layers seems to rise ∼40 m during neap tides. During
July (Figure 12b) there is a three-layer flow system, which switches to two
layers during spring tides. There is a wind-driven in-flowing surface layer
10-20 m thick (which disappears during springs), then there is an outgoing
layer down to 300-320 m, and lastly there is an ingoing bottom layer. The
maximum of the outgoing flow is in the middle of the second layer, while the
inflowing currents are maxima in the surface and at the bottom. This seasonally changing two and three-layer system of residual flow was proposed
by Bray (1988), and first reproduced in a numerical model by Marinone
(2003). Observations of inflowing bottom currents over San Lorenzo sill
were first reported by Badan et al. (1991b) for a short period of time, and
by Argote et al. (2003) for many months. The observations of Badan et al.
(1991b) show the residual flow arresting and overcoming completely the
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Figure 11. Snapshots of the along gulf residual currents for Ballenas (top) and Tiburón
(bottom) longitudinal sections during February (left) and July (right). See Figure 1 for
their location. SLS, NBCS, SES, and TB stands for San Lorenzo sill, North Ballenas
channel sill, San Esteban sill, and Tiburón basin, respectively.

ebbing tidal currents, while in this model the tidal currents are stronger
than the residual flow.
4. Conclusions
The three-dimensional numerical model of the dynamics and thermodynamics of the GC of Marinone (2003) is used to describe in some detail
the distribution patterns of the tidal flow, the seasonal circulation and
some vertical mixing parameters in the archipelago of the central gulf.
The model is forced at the mouth of the gulf with the 7 principal diurnal and semidiurnal tidal harmonics of the surface elevation, and with the
climatological annual and semiannual variations of the sea level height and
of the temperature and salinity fields. The model was also forced at the
surface with the climatological (annual) variation of wind and air-sea heat
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Figure 12. Time series of the along gulf residual velocity during February (top) and
July (bottom) over San Lorenzo Sill (the cross-point of Sections IV and BS, see Figure 1).

and water fluxes; the latter were calculated from climatological (annual)
meteorological variables and the modelled sea surface temperature.
The instantaneous barotropic currents are dominated by the tidal signal,
with an rms of the speed, averaged over the area and over the tidal cycle, of
∼30 cm s−1 (Table I). These currents are strongest in some shallow areas
and especially in constrictions like silled channels between the islands (San
Esteban Sill, San Lorenzo Sill, and North Ballenas Sill) where they reach
values close to 1 m s−1 . The instantaneous baroclinic (or internal) currents,
which are produced by the barotropic tide as it passes over sills and basins,
present extensive spatial varability (suggesting internal tides), and although
they are generally less energetic than the barotropic flow (Table I), they
imprint their variability on the total velocity field. The internal currents
show much larger shears than the barotropic currents over topographic
features, reflecting the topographic steering of the tidal currents. The areas
where the largest total currents are found are the southern sills and over
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San Pedro Basin, where a permanent anticyclonic gyre is produced.
The barotropic tidal flow causes strong mixing by friction against the
bottom, and the internal tidal flow causes mixing in the interior of the
fluid by rising F r above the critical value of 2. In both cases the strongest
mixing occurs over and close to the sills, where F r > 2 even during neap
tides. Also, mixing is tidally modulated, at the diurnal, semidiurnal and
fortnightly frequencies.
It was found that the residual currents are modulated by the Sp-Np cycle, being stronger during spring tides than during neap tides. They are also
strongly seasonal, the surface flow being in opposite directions in summer
and winter (mostly following the seasonal wind changes) in areas where no
drastic topographic features are present. However, over some basins (e.g.
San Pedro Basin) the residual flow is in the same direction all year round,
leading to permanent gyres. The residual currents show large vertical shear,
forming a two or three-layer system during February and July, respectively.
Close to the bottom over of San Esteban and San Lorenzo sills the residual
currents are always up-gulf.
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