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A brief history of the numerical modeling of the circulation of the Gulf of California
(GC) is presented. It started from homogeneous models in one- and two-dimensions
studying the tidal propagation along the Gulf, tidal dissipation, generation of residual currents and the wind-induced currents. More complete inhomogeneous models
followed, also in a one-, two- and three-dimensions fashion. Obviously, details of the
circulation with the latter models were better modeled but also new findings came.
Understanding sometimes the physics of observations or measurements, which
includes the reality with all time and spatial scales unfiltered, is difficult. The actual
state of the art of the models of the GC are close to be functional (not operational
yet) and will be a useful tool to understand both the dynamics of the Gulf and,
combined with biological models, the behavior of some fisheries which would allow
the decision makers to properly manage some important fisheries of the Gulf.

1. Introduction
The physical oceanography of the Gulf of California (GC) has been studied since
the early 1940’s. Observations from ships, instrumental arrays, satellite measurements and numerical modeling have advanced the understanding on how its general
circulation is driven and a comprehensive review of the actual knowledge can be
consulted in Lavín and Marinone (2003). Briefly, “the engine” behind the Gulf ’s
circulation is the result of the combined forcing of the Pacific Ocean (PO) through
its opening, the atmospheric forcing/interaction over its entire surface, and the local
stirring induced by bathymetric features such as sills, capes and basins. Obviously,
this large spectrum produces several features which interact and produces many

100

⦿

conservation science in mexico’s northwest

structures with a broad band of spatial and temporal scales. However, the time scales
from hours (due to tides) to seasonal (due to the earth’s journey around the sun) are
pretty well studied.
Due to the large communication with the PO, the water masses of the Gulf are the
same as the adjacent ocean, namely, Pacific Deep, Pacific Intermediate, Subtropical
Subsurface, California Current, Tropical Surface, plus the Gulf of California Water
(GCW), locally produced in the northern Gulf (Bray and Robles 1991). Another
particular feature of the Gulf, related to the production of the GCW, is that the Gulf
is an evaporative basin that gains heat in the annual average.
Also, because of the direct communication with the PO, features such as currents, coastal trapped waves, tides and El Niño signals, freely enter the Gulf and
dominate the Gulf ’s circulation, especially at the seasonal scale (Ripa 1997). The
seasonal surface circulation induced by the PO is in phase with that produced by
the monsoonal winds over the surface resulting in a summer cyclonic and winter
anticyclonic circulation. The tides of the Gulf are in co-oscillation with the PO and
the semidiurnal components are near resonance resulting in a four fold increase in
amplitude at the head of the Gulf. The associated tidal currents increase accordingly
and especially at the midriff islands area where extensive mixing occurs (Paden et al.
1991). This intense mixing over the sills, interpreted as tidal pumping, dominates the
mean and low frequency deep circulation (López et al. 2006, 2008) around Ángel
de la Guarda Island. Many mesoscale features are produced by local processes that
interact with this seasonal circulation and produce structures such as plumes, jets,
fronts, gravity currents, etc., which still needs to be studied.
In this chapter, a brief chronological story of the numerical modeling studies of
the Gulf ’s circulation is presented. Some of these models have focus on known
features of the Gulf circulation and dynamics; others have resulted in key contributions to the present knowledge of the physical oceanography of the Gulf. As there
are many numerical models adapted to the Gulf, here they are presented in three
groups as follows: Section 2 and 3 are devoted to homogeneous (barotropic) and
inhomogeneous (baroclinic) models, respectively, adapted to or developed for the
GC. Section 4 presents global models that have zoom into the Gulf. Within each
group, the models are presented almost in chronologically order and Tables 1, 2 and
3 present (almost) all of them, with their forcing, some basic characteristics and the
main topic modeled/studied. There will be no critical analyses about the validation of
their results, for that the reader should consult the original papers; only the achieved
goal is highlighted and taken as valid. Finally, in Section 5 different applications with
interdisciplinary focus are presented.
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2. Homogeneous models: one-, two-, and
three-dimensional
Homogeneous models were initially devoted to study the tides in the Gulf with
both, one- and two-dimensional models (see Table 1). The first numerical model
was the two-dimensional (2D) model of Grijalva (1972), who reproduced the general
behavior of the M2 tidal constituent, i.e., the propagation of the tide around the Gulf
with its amplification due to resonance. His model included a non linear parameterization of the friction term but excluded advection. Stock and Filloux (1975)
and Stock (1976) followed with both one-dimensional (1D) linear model and a 2D
model including also non linear friction only. He made the first calculations of the
energy dissipation from a numerical model (Filloux 1973, calculated the tidal energy
dissipation from few observations before) due to the tides and studied the resonance
behavior of the different tidal constituents.
As mentioned before, the semidiurnal band is close to resonance. A direct consequence of this amplification is the large tidal currents that are produced, and their
interaction with topography leads to tidal rectification (Zimmerman 1978), that is,
the generation of mean or residual currents. Quirós et al. (1992) first modeled the
residual currents produced by the M2 component with the use of a full nonlinear
model. Only over the shallow northern Gulf and in the midriff archipelago, the
currents were found significant.
Two more one-dimensional models followed (De León and Ripa 1989, Ripa and
Velázquez 1993) with the intention to model the general behavior of the tides along
the Gulf exploiting the fact that they are simpler and faster than the 2D models (in
a computational sense) to explore, for example, the dependence of dissipation with
different parameters. But, with the development of more powerful computers, the
two- and three-dimensional (3D) models were pursued as they give much more
detailed information.
In the second half of the 1990s several two- and three-dimensional models were
reported (see Table 1). All of them were fully nonlinear and focused on the residual
flow (tidal rectification) generation with one or many tidal constituents and more
calculations of tidal energy dissipation. Tidal rectification was known to be important in the northern Gulf and at the islands area, where also more energy dissipation
happens. Marinone (1997) found that the residual currents are mainly produced by
the M2 tidal constituent, difficult to ‘see’ from observations only. The effect of the
wind and topographic stress on the residual circulation was studied by Argote et al.
(1998) and Marinone (1998) (see also Salas de León et al. 2003, and Makarov and
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Table 1. One-, two- and three-dimensional homogeneous models. These models were only forced by

tides and winds. In the forcing column W stands for wind, and M2, N2, K1, O1 are tidal constituents.
MTC mean that more than the previous 4 tidal constituents were included. L and FNL stands for
linear and fully nonlinear, respectively, and NA for not available.

Numerical study

Forcing

Characteristics

Resolution

Modeled

Grijalva (1972)

M2

2D, non-linear
friction

7×7 km

Elevation and tidal
currents - First model

Stock and Filloux
(1975)

M2

1D, L

NA

Energy flow and
dissipation

Stock (1976)

M2, S2,
N2, K1

2D, non-linear
friction

10×10 &
20×20 km

Energy dissipation, resonance character, shape of
the ‘modeled’ Gulf

Quirós et al. (1992)

M2

2D, FNL

7×7 km

Elevations, tidal currents
and residual circulation

De León and Ripa
(1989)

M2

1D, L

6.6 km

Energy dissipation,
amplitudes and phases
along the Gulf

Ripa and
Velázquez (1993)

MTC

1D, L

6.6 km

Amplitudes and phases
along the Gulf

Argote et al. (1995)

M2

2D, FNL

6.6×6.6 km

Elevation, tidal currents
and energy dissipation

Marinone (1997)

MTC

2D, FNL

6.5×6.5 km

Mean and low frequency
residual circulation,
momentum and energy
budgets

García-Silva and
Marinone (1997)

M2

2D, FNL

14×14 to 2×2
km

Effect of grid size on
mean residual circulation

Carbajal and
Backhaus (1998)

MTC

2D, FNL

10.2×9.4 km

Residual current and
energy budget

Marinone (1998)

M2
and W

2D, FNL

6.5×6.5 km

Effect of topographic
stress on mean residual
currents

Argote et al. (1998)

M2
and W

2D, FNL

6.6×6.6 km

Garcia-Silva and
Marinone (2000)

MTC

2D, FNL

6.5×6.5 km

Effect of tidal and wind
forcing on mean residual
currents
Tidal dynamics and
energetics
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Table 1 (continued).

Numerical study

Forcing

Characteristics

Resolution

Modeled

Marinone (2000)

M2, S2,
K1, O1

2D and 3D,
FNL

3D modeling of tidal
currents

Salas de León et
al. (2003)

M2

3D, FNL

6.5×6.5 &
4.6×3.9 km
and 12 layers
& 20 s levels
5.1×4.7 km, 12
layers

Effect of tidal stress on
residual currents

Makarov and
Jiménez-Illescas.
(2003)

Potential
vorticity
conservation

2D, FNL

7.8×9.2 km

Stationary currents
due to planetary and
topographic effects

Jiménez-Illescas 2003 whom focus more on theoretical aspects such as tidal stress
and potential vorticity conservation). The inclusion of the wind forcing produces
stronger currents, especially along the coast at the southern half of the Gulf.
An interesting result comparing 2D and 3D modeling of the tides showed that
the tidal heights are better modeled with a simple two-dimensional model, while
the three-dimensional model reproduced better the tidal currents (Marinone, 2000).
Diagnostic analyses such as momentum, vorticity and energy budgets, effects of
tidal stress, and combinations of the forcing are included in many of the papers
(from the models) to explain different features. With these models, tidal heights and
currents, the associated residual circulation, and the circulation produced with the
wind forcing with the rectified tidal currents were well studied. But perhaps the most
important lesson from these models was the building of knowledge as a reference
towards the understanding of the general circulation which is rich in thermohaline
structure, such as water masses, sea surface temperature, heat and salt fluxes, etc.
As examples of the results obtained by these homogeneous numerical models,
Figure 1 shows the amplitudes of the M2 and K1 tidal constituents which are the
largest of the semidiurnal and diurnal bands, respectively, and the factor form which
measures the relative importance of the diurnal to semidiurnal bands. Note that the
amphidromic point is shifted to the west, which is due to the energy dissipation as
the tidal wave propagates around the Gulf. If there were no energy dissipation, the
amphidromic point would be at the center of the Gulf. These results were recreated
from the model of Marinone (2003) but were obvious since Grijalva (1972).
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Figure 1. Amplitude of the largest semidiurnal and diurnal tidal (a) M2 and (b) K1, respectively,
and (c) factor form calculated as the sum of the amplitudes of the K1 and O1 diurnal constituents
divided by the sum of amplitudes of the M2 and S2 semidiurnal constituents.

3. Inhomogeneous models: one-, two-, and
three-dimensional
The first three-dimensional baroclinic model was that of Carbajal (1993) (see Table
2). He studied the general circulation with a stratified Gulf but forced only with
the tides and the winds. No structure of the hydrography or associated currents
in the opening was included. Many results are presented in this work about the
baroclinic circulation of the currents due to the M2 tidal component, winds and
their combinations.
A key simple linear “one-dimensional” two-layer numerical model for the understanding of the origin of the seasonal variability of the Gulf ’s circulation was that
of Ripa (1997). He demonstrated that most of the dynamics and thermodynamics
are controlled by the PO, with the wind stress and heat fluxes playing a secondary
role. No tidal forcing was included in his analyses. Beier’s two-dimensional two-layer
linear model followed and corroborated Ripa’s result but found that the wind stress
forcing is almost as important as that of the PO. This model was used also to study the
seasonal evolution of the circulation and the effect of the stratification on the circulation of the northern Gulf (Beier and Ripa 1999 and Palacios-Hernández et al. 2002).
Table 2 (RIGHT). One-, two- and three-dimensional inhomogeneous models. In the forcing column
W stands for wind, M2, N2, K1, O1 are tidal constituents. MTC mean that more than the previous 4

tidal constituents were included. PO, H and E mean forcing by the Pacific Ocean, heat, and evaporation,
respectively. L and FNL stands for linear and fully nonlinear, respectively, and NA for not available.
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Studies

Forcing

Characteristics

Resolution

Modeled

Ripa (1997)

W, H,
PO

L, 1D

2 layers

Relative importance of
the three forcing at the
annual scale

Carbajal (1993)

MTC
and W

3D, FNL

López (1997)

W, H, W 3D, FNL

Beier (1997)

W, H,
PO

L, 2D

Beier and Ripa
(1999)

W, H,
PO

L, 2D

10.2×9.4 km, Tidal currents and
12 layers
general circulation

6.6×6.6 km,
19 levels
6.6×6.6 km,
2 layers

Water mass formation

Sea level and surface
annual circulation, heat
balance

6.6×6.6 km,
2 layers

Annual surface circulation, heat balance

Mean and seasonal
circulation, SST, heat
and salt balances

Palacios et al.
(2002)

W, H,
PO

L, 2D

6.6×6.6 km,
2 layers

Marinone (2003)

MTC,
W, H, E,
PO

3D, FNL

3.9×4.6 km,
12 layers

Mesoscale
waves
from PO

3D, FNL

3.0×3.0 km,
50 s levels

MTC,
W, H, E,
PO

3D, FNL

3.9×4.6 km,
12 layers

Tidal currents ellipses

W, H,
PO

3D, FNL

NA

MTC,
W, H, E,
PO

3D, FNL

3.9×4.6 km,
12 layers

Energetics of physical
processes

MTC,
W, H, E,
PO

3D, FNL

3.9×4.6 km,
12 layers

MTC,
W, H, E,
PO

3D, FNL

1.3×1.5 km,
12 layers

W, H,
PO,
MTC

3D, FNL

E-O 3 km

Martinez and
Allen (2004a,b)
Marinone and
Lavín (2005)
Allende (2005)
Mateos et al.
(2006)
Marinone (2007)
Marinone (2008)
Gómez (2008)

Zamudio et al.
(2008)

Nested
models

Effect of the seasonal
stratification on the
circulation

Propagation of waves

Eddy formation

Deep circulation at
large islands area, tidal
mixing
Deep circulation at
large islands area, tidal
mixing
Effect of tidal mixing
on SST

N-S 3.3-5.6
km

3D, FNL

20 levels

7.8×9.2 km,
20 z-levels

Generation of eddies
during summer
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The only model dealing with water mass formation in the Gulf of California is
that of López (1997). Modeling only the northern Gulf with wind, surface heat flux
and evaporation forcing found that water mass is formed in the shallow areas where
the water cools and sinks and then follows a cyclonic circulation. The latter modeled
winter circulation is in accordance with future findings with more complete models,
as shown below.
Then, a combination of the previous models and forcing with a multi-layer baroclinic model by Marinone (2003) followed. The numerical model is the same as that
of Carbajal (1993) but the forcing is inspired on all the knowledge mentioned before,
i.e., by the PO through temperature, salinity and sea level at tidal and climatological
time scales and at the sea surface by climatological winds, heat and freshwater fluxes
in order to model the mean and seasonal circulation. The relative importance of
the different forcing to reproduce the SST and the general circulation in different
regions was determined. In general, the PO and the winds largely determine the
overall seasonal circulation of the Gulf but the contribution to the mean circulation
by the tides was found (with a full 3D baroclinic model) to be important in the
northern Gulf and islands region. Also, from this model, the tidal currents ellipses
were modeled overall the Gulf (Marinone and Lavín 2005) for a broad number of
tidal constituents.
The propagation of coastal trapped waves entering the Gulf was modeled by Martínez and Allen (2004a, b). They found that most of their energy, when reaching the
sill area, returns through the Peninsula side and a small fraction enters the northern
Gulf where it is dissipated. Bravo (2011) studied the propagation of internal tides
produced by the interaction of the barotropic tide and sills at the central Gulf.
The bottom circulation around Ángel de la Guarda Island proposed by López
et al. (2006, 2008) was modeled by Marinone (2007, 2008) after a refinement of
the model of Marinone (2003) in which the horizontal resolution was reduced by
a factor of three. This deep circulation is persistent along the year and explains the
cold surface and nutrient rich waters of Canal de Ballenas by means of a deep convergence of the currents that leads to a semi-permanent upwelling. Also, Gómez
(2008) modeled the effect of the bathymetry and the tides on the generation of cold
SST of the northern Gulf.
The propagation and generation of anticyclonic eddies in the southern Gulf was
modeled by Zamudio et al. (2008) with a series of nested models and found that they
are not locally generated and are produced by the remote forcing of the Pacific, in
accordance with previous models of the Gulf.
As examples of the results obtained with the inhomogeneous models, Figure 2
shows the surface seasonal circulation induced by the seasonal forcing of the PO
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Figure 2. Surface seasonal circulation. The currents represent the average of the indicated month.

The model was forced with tides and climatological temperature and salinity fields at the mouth,
climatological heat and freshwater fluxes and winds at the sea surface. Only one every eleven vectors
are plotted for clarity.

(climatologic temperature and salinity fields and the tides), wind, heat, freshwater
fluxes and tides. The northern Gulf is dominated during winter by the basin wide
cyclonic gyre and during summer by the anticyclonic gyre. The southern Gulf develops a strong coastal surface current at the mainland side. Figure 3 shows the bottom
circulation around Ángel de la Guarda Island for February and September for the
last and penultimate model layers. This circulation is persistent almost all year round.
The results of Figure 2 and 3 were obtained from the model of Marinone (2008).

4. Three-dimensional global models:
zoom into the GC
The first model of this kind (see Table 3) is that of Zamudio et al. (2002) who study
also the propagation of coastal waves into the Gulf, however, this model only ‘sees’
half the Gulf. López et al. (2005) using two models, one the same as Zamudio et al.
(2002) and the other a model that includes the entire Gulf, studied the effects of
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Figure 3. February and September bottom circulation. Shown for each month are the last
and penultimate model layer velocities for each mesh point. The model was forced with tides and
climatological temperature and salinity fields at the mouth, climatological heat and freshwater fluxes
and winds at the sea surface. Only one every three vectors are shown.

Table 3. Output of large scale numerical models zooming into the Gulf of California. FNL stands
for fully nonlinear.

Studies

Forcing

Characteristics

Resolution

Modeled

Bravo (2011)

W, H, PO,
MTC

3D, FNL

E-O 3 km

Internal waves

N-S 3.3-5.6
km

Zamudio et
al. (2002)

López et al.
(2005)

Nearly
global,
operational,
only half
Gulf

Two global
models

3D, FNL,
baroclinic

3D, FNL,
baroclinic

20 levels

2.0×2.3 km,
7 layers

Incursion and evolution of coastal trapped
waves generated
outside the Gulf

2.0×2.3 km,
7 layers and
7.8×9.2 km,
19 verticallevels

Effect of El Niño on
flow exchange
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Figure 4. Lagrangian circulation for the months of January and July. The trajectories are obtained by

integrating the instantaneous velocity fields whose time averaged current are shown in Figure 2. The
trajectories follow a three-dimensional path, but the figure shows only the horizontal expression. The
arrows are visual aids to indicate the flow direction.

El Niño on the exchange of water within the Gulf. He found an increased inflow
in the upper part of the water column compensated with an increased outflow at
underlying waters as compared to ‘normal’ years.

5. Applications of the numerical models
The results from Marinone’s model (2003) which cover time scales from tidal to
seasonal made possible the development of an online tool that predicts sea level and
currents overall the Gulf. This tool is available at http://Gulfcal.cicese.mx/ and produces the variables with several options (in a friendly way) to the user. The options
range from different regions of the Gulf, different layers, dates, etc. Also, the variables can be reconstructed in such a way that tidal currents and seasonal circulation
can be obtained separately.
From the numerical models the Lagrangian circulation of the GC has been characterized in many papers (e.g., Velasco and Marinone 1999, Gutiérrez et al. 2004,
Marinone 2006, Marinone et al. 2008) both with homogeneous and inhomogeneous
models and in two- and three- dimensions. Figure 4 shows one-month trajectories
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Figure 5. Three-dimensional view of some of the trajectories shown in Figure 4 for January. The
arrow is a visual aid to indicate the anticyclonic surface flow direction.

for January and July, representatives of the winter and summer circulation. From this
type of results, one can visualize the fate of a float (pollutant or any passive tracer),
which are not strictly the same as those inferred by eye by observing the Eulerian
currents (see Figure 2), especially when strong horizontal and/or vertical shears are
present in the velocity field.
The currents shown in Figure 2 are the horizontal component of the surface layer,
and the path shown in Figure 4 is only the horizontal expression, however the particles are moving in the three dimensions advected by the full 3D velocity field as,
for example, shown in Figure 5 for the northern Gulf. Several applications with this
information have been used to study the possible path of larvae and tracers. With
these Lagrangian models several indexes such as the time that particles take to leave
or escape from a determined area, preferred paths of circulation, final destination
after some time, etc., can be constructed, by demand, which can be very useful to
characterize the water movements for different applications that require the knowledge of the distribution and evolution of certain properties.
Studies of connectivity, in which the possible destination from one region to
another, without the proper knowledge of the species behavior have been done for
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the northern Gulf (Marinone et al. 2008, Peguero-Icaza et al. 2008, Sánchez-Velasco
et al. 2009). The management of the different fisheries needs a proper knowledge of
population connectivity/dispersal as well. Useful information can be generated from
these models to test and understand the effect of reserves in marine fisheries as did
Cudney-Bueno et al. (2009). Both, biology and physics are indispensable to properly
model the fate of different species in their journey from spawn to settlement. Obviously, with fishes it is more difficult than with species that settle as they dominate
the circulation at will when they are adults.

6. Final remarks
At present, models of the Gulf of California are still in the process of improving and
incorporating more realistic forcing. Several projects are also including the behavior
of different key species of the Gulf in order to understand and properly manage their
fisheries. However, the models results need to be continuously challenged and the
best way to do so is to continue measuring the different variables at the sea.

Acknowledgments
This study was financed by CICESE’s regular budget and by PANGAS project.
Critical review of Miguel Lavín and Lucila Lares is greatly appreciated.

References
Allende, M. 2005. Giros de mediana escala en el Golfo de California: balance energético,
estudio numérico. M.Sc. Thesis, CICESE, Ensenada, Mexico, 61 pp.
Argote, M.L., A. Amador, and M.F. Lavín. 1995. Tidal dissipation and stratification in the
Gulf of California. J. Geophys. Res. 100(C8): 16103–16118.
Argote, M.L., M.F. Lavín, and A. Amador. 1998. Barotropic eulerian residual in the Gulf of
California due to the M2 and wind stress. Atmósfera 11: 173–197.
Beier, E. 1997. A numerical investigation of the annual variability in the Gulf of California. J.
Phys. Oceanogr 27(5): 615–632.
Beier, E., and P. Ripa. 1999. Seasonal gyres in the northern Gulf of California. J. Phys.
Oceanogr. 29: 305–311.
Bravo, M. 2011. Ondas internas en la parte norte del Golfo de California observadas en el
modelo ROMS. M.Sc. Thesis, CICESE, Ensenada, Mexico, 53 pp.
Bray, N.A., and J.M. Robles. 1991. Physical oceanography of the Gulf of California. In: The
Gulf and Peninsular Province of the Californias. Mem. Assic. Pet. Geol. 47: 511–553.

112

⦿

conservation science in mexico’s northwest

Carbajal, N. 1993. Moldelling of the circulation in the Gulf of California. Ph.D. Thesis,
Hamburg University, Hamburg, Germany, 186 pp.
Carbajal, N., and J.O. Backhaus. 1998. Simulation of tides, residual flow and energy budget in
the Gulf of California. Oceanolog. Acta 21(3): 429–445.
Cudney-Bueno, R., M.F. Lavín, S.G. Marinone, P.T. Raimondi, and W. Shaw. 2009. Rapid
effects of marine reserves via larval dispersal. PLOS ONE 4(1): e4140, doi:10.1371/
journal.pone.0004140.
De León, A., and P. Ripa. 1989. Hacia un entendimiento de la marea en el Golfo de California.
In: J. González, F. Medina, M. Romo and M. Martínez (eds.), Memorias de la Reunión
Anual 1987. Unión Geofísica Mexicana, pp. 206–213.
Filloux, J.H. 1973. Tidal patterns and energy balances in the Gulf of California. Nature 243:
217–221.
García-Silva, G., and S.G. Marinone. 1997. Modeling of residual currents in the Gulf of
California using different grid sizes. Cienc. Mar. 23(4): 505–519.
García-Silva, G., and S.G. Marinone. 2000. Tidal dynamics and energy budget in the Gulf of
California. Cienc. Mar. 26(2): 323–353.
Gómez, F. 2008. Efectos de la marea y la batimetría en la temperatura superficial del norte del
Golfo de California. M.Sc. Thesis, CICESE, Ensenada, Mexico, 53 pp.
Grijalva, N. 1972. Tidal computation in the Gula of California. Geofís. Int. 12(2): 13–34.
Gutiérrez, O.Q., S.G. Marinone, and A. Parés-Sierra. 2004. Lagrangean surface circulation
in the Gulf of California from a 3D numerical model. Deep-Sea Research II, 51/6-9:
659–672.
Lavín, M.F., and S.G. Marinone. 2003. An overview of the physical oceanography of the
Gulf of California. In: O.U. Velasco Fuentes, J. Sheinbaum and J. L. Ochoa de la Torre
(eds.), Nonlinear Processes in Geophysical Fluid Dynamics. Kluwer Academic Publishers,
Dordrecht, The Netherlands, ISBN 1-4020-1589-5.9640, pp. 173–204.
López, M. 1997. A numerical simulation of water mass formation in the northern Gulf of
California. Cont. Shelf Res. 17(13): 1581–1607.
López, M., L. Zamudio, and F. Padilla. 2005. Effects of the 1997-1998 El Niño on
the exchange of the northern Gulf of California. J. Geophys. Res. 110(C11005),
doi:10.1029/2004JC002700.
López, M., J. Candela, and M.L. Argote. 2006. Why does the Ballenas Channel
have the coldest SST in the Gulf of California? Geophys. Res. Lett. 33, L11603,
doi:10.1029/2006GL025908.
López, M., J. Candela, and M.L. Argote. 2008. Two overflows in the Northern Gulf of
California, J. Geophys. Res. 33, L11603, doi:10.1029/2007JC004575.
Makarov, V., and A. Jiménez-Illescas. 2003. Barotropic background currents in the Gulf of
California. Cienc. Mar. 29(2): 141–153.

Marinone

⦿

Numerical modeling of the circulation of the G. of C.

⦿

113

Marinone, S.G. 1997. Tidal residual currents in the Gulf of California: Is the M2 tidal
constituent sufficient to induce them? J. Geophys. Res. 103(C4): 8611–8623.
Marinone, S.G. 1998. Effect of the topographic stress on the tide- and wind-induced residual
currents in the Gulf of California. J. Geophys. Res. 103(C9): 18437–18446.
Marinone, S.G. 2000. Tidal currents in the Gulf of California: Intercomparisons among twoand three-dimensional models with observations. Cienc. Mar. 26(2): 275–301.
Marinone, S.G. 2003. A three-dimensional model of the mean and seasonal circulation of the
Gulf of California. J. Geophys. Res. 108(C10), 3325, doi:10.1029/2002JC001720.
Marinone, S.G. 2006. A numerical simulation of the two- and three-dimensional Lagrangian
circulation in the northern Gulf of California. Estuar. Coast. Shelf Sci. 68: 93–100.
Marinone, S.G. 2007. A note on “Why does the Ballenas Channel have the coldest SST in
the Gulf of California?”. Geophys. Res. Lett. 34, L02607, doi:10.1029/2006GL028589.
Marinone, S.G. 2008. On the three-dimensional numerical modeling of the deep circulation
around Ángel de la Guarda Island in the Gulf of California. Estuar. Coast. Shelf Sci. 80:
430–434, doi:10.1016/jecss.2008.09.002.
Marinone, S.G., and M.F. Lavín. 2005. Tidal current ellipses in a three-dimensional
model of the Gulf of California. Estuar. Coast. Shelf Sci. 64: 519–530, doi:10.1016/j.
ecss.2005.03.009.
Marinone, S.G., M.J. Ulloa, A. Parés-Sierra, M.F. Lavín, and R. Cudney-Bueno. 2008.
Connectivity in the northern Gulf of California from particle tracking in a threedimensional numerical model. Journal of Marine Systems, vol. 71/1-2: 149–158,
doi:10.1016/j.marsys.2007.06.005.
Martínez, J.A., and J.S. Allen. 2004a. A modeling study of coastal-trapped wave propagation
in the Gulf of California. Part I: Response to remote forcing. J. Phys. Oceanogr. 34:
1313–1331.
Martínez, J.A., and J.S. Allen. 2004b. A modeling study of coastal-trapped wave propagation
in the Gulf of California. Part II: Response to idealized forcing. J. Phys. Oceanogr. 34:
1332–1349.
Mateos, E., S.G. Marinone, and M.F. Lavín. 2006. Role of tides and mixing in the formation
of an anticyclonic gyre in San Pedro Mártir Basin, Gulf of California. Deep Sea Res. (II
Top. Stud. Oceanogr.) 53: 60–76.
Paden, C.A., M.R. Abbot, and C.D. Winant. 1991. Tidal and atmospheric forcing of the
upper ocean in the Gulf of California. 1: Sea surface temperature variability. J. Geophys.
Res. 96: 18337–18359.
Palacios-Hernández, E., E. Beier, M.F. Lavín, and P. Ripa. 2002. The effect of the seasonal
variation of stratification of the northern Gulf of California. J. Phys. Oceanogr. 32(3):
705–728.

114

⦿

conservation science in mexico’s northwest

Peguero-Icaza, M., L. Sánchez-Velasco, M.F. Lavín, and S.G. Marinone. 2008. Larval fish
assemblages, environment and circulation in a semienclosed sea (Gulf of California,
Mexico). Estuar. Coast. Shelf Sci. 79: 277–288, doi:10.1016/j.ecss.2008.04.008.
Quirós, G., A. Badan-Dangon, and P. Ripa. 1992. M2 currents and residual flow in the Gulf
of California. Neth. J. Sea Res. 28(4): 251–259.
Ripa, P. 1997. Towards a physical explanation of the seasonal dynamics and thermodynamics
of Gulf of California. J. Phys. Oceanogr. 27(5): 597–614.
Ripa, P., and G. Velázquez. 1993. Modelo unidimensional de la marea en el Golfo de
California. Geofis. Int. 32(1): 41–56.
Salas de León, D., N. Carbajal-Pérez, M. Monreal-Gómez. 2003. Residual circulation
and tidal stress in the Gulf of California. J. Geophys. Res. 108(C10), 3317,
doi:10.1029/2002JC001621.
Sánchez-Velasco, L., M.F. Lavín, M. Peguero-Icaza, C.A. León-Chávez, F. Contreras-Catala,
and S.G. Marinone. 2009. Seasonal changes in larval fish assemblages in a semi-enclosed
sea (Gulf of California). Cont. Shelf Res. 29: 1697–1710.
Stock, G. 1976. Modeling of tides and tidal dissipation in the Gulf of California. Ph.D.
Thesis, University of California, San Diego, USA.
Stock, G., and J. Filloux. 1975. Direct gravitational driving and tidal energy balance in
elongated Gulfs. J. Phys. Oceanogr. 5(2): 376–379.
Velasco, O., and S.G. Marinone. 1999. A numerical study of the Lagrangian circulation in the
Gulf of California. J. Mar. Sys. 22: 1–12.
Zamudio, L., H.E. Hurlburt, E.J. Metzger, and O.M. Smedstad. 2002. On the evolution of
coastallt trapped waves generated by Hurricane Juliette along the Mexican west coast.
Geophys. Res. Lett. 29(23), doi:10.1029/2002GL014769.
Zamudio, L., P. Hogan, and E.J. Metzger. 2008. Summer generation of the Southern
California eddy train. J. Geophys. Res. 113(C06020), doi:10.1029/2007JC004467.
Zimmerman, J.T.F. 1978. Topohgraphuc generation of residual circulation by oscillatory
(tidal) currents. Geophys. Astrophys. Fluid Dynamics 11: 35–47.
* Departamento de Oceanografía Física, CICESE, Ensenada, BC, México,
marinone@cicese.mx

Exploring Mexico’s northwest, the Baja California
Peninsula, its surrounding oceans, its islands, its rugged

mountains, and rich seamounds, one feels diminished

by the vastness and the greatness of the landscape while
consumed by a sense of curiosity and awe. In a great

natural paradox, we see the region’s harsh arid nature

molded by water through deep time, and we feel that its
unique lifeforms have been linked to this desert and sea
for thousands of years, as they are now.

These landscapes of fantasy and adventure, this territory

of surprising, often bizarre growth-forms and of immense
natural beauty, has inspired a wide array of research for

over two centuries and continues to inspire the search for a
deeper knowledge on the functioning, trends, and conservation status of these ecosystems in both land and ocean.

This book offers a compilation of research efforts aimed

at understanding this extraordinary region and preserving its complex richness. It is a synthesis of work done by

some exceptional researchers, mostly from Mexico, who
indefatigably explore, record, and analyze these deserts
and these seas to understand their ecological processes and
the role of humans in their ever-changing dynamics.
Elisabet V. Wehncke

