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Abstract: We analyzed the peak spring tidal current speeds, annual mean tidal power densities 
(TPD) and annual energy production (AEP) obtained from experiment 06.1, referred as the "HYCOM 
model" throughout, of the three dimensional (3D), global model HYCOM in an area covering the 
Baja California Pacific and the Gulf of California. The HYCOM model is forced with astronomical 
tides and surface winds alone, and therefore is particularly suitable to assess the tidal current and 
wind-driven current contribution to in-stream energy resources. We find two areas within the Gulf of 
California, one in the Great Island Region and one in the Upper Gulf of California, where peak spring 
tidal flows reach speeds of 1.1 meters per s econd. Second to fifth-generation tidal stream devices 
would be suitable for deployment in these two areas, which are very similar in terms of tidal in-stream 
energy resources. However, they are also very different in terms of sediment type and range in water 
depth, posing different challenges for in-stream technologies. The highest mean TPD value when 
excluding TPDs equal or less than 50 W m−2 (corresponding to the minimum velocity threshold for 
energy production) is of 172.8 W m−2, and is found near the town of San Felipe, at (lat lon) = (31.006
-114.64); here energy would be produced during 39.00% of the time. Finally, wind-driven currents 
contribute very little to the mean TPD and the total AEP. Therefore, the device, the grid, and any 
energy storage plans need to take into account the periodic tidal current fluctuations, for optimal 
exploitation of the resources.

Keywords: Tidal Power Density; In-Stream Renewable Energy; Peak Spring Tide Flow; Annual 
Energy Production; Gulf of California

1. Introduction

Tides, winds, and density gradients contribute to the generation, the characteristics, and the
evolution of ocean currents, but their percentage contribution may vary in space and time. In the
open ocean, tidal currents are assumed to play a small role because the water depth is usually large.
In contrast, in estuaries, inlets, and marginal seas, the tidal amplitudes and speeds increase due to
funnelling and resonance effects caused by the bathymetry and the geometry of the basin. Tidal
currents can be identified very easily in in-situ measurements or numerical simulations, because the
tidal forcing is harmonic with well defined frequencies given by the tidal potential [1]. However,
in general it is more complex to separate the residual current into wind-driven and density-driven
components. From a renewable energy characterization perspective, there are multiple studies that
have assessed water level ranges for tidal barrages or tidal lagoons [2–4], and tidal and marine current
speeds for in-stream device deployments [5–8], at different sites around the world.
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Most studies focus on one type of energy only, because generally the best sites for energy
exploitation do not overlap. Also, the energy conversion devices themselves, together with the
necessary infrastructure, may be different. Moreover, from an economic perspective it makes more
sense to consider one development at a time, and ensure best return on investment before moving
on. However, in some specific cases, assessing a combination of options is the main deliverable of
a project [9]. In some other cases, combining technologies is considered financially robust, but most
studies conclude that such combinations refer rather to co-location of multiple users rather than
co-location of tidal energy technologies [10].

The purpose of this paper is to characterize the tidal currents and wind-driven currents in the Gulf
of California, with some comments about tidal resources in the Baja Californian Pacific, and analyze
their respective contributions to in-stream renewable energy generation. In Sec. 2, we present the
model validations, and evaluate the contribution of the barotropic tidal currents and the wind-driven
currents to the mean peak flow speeds, in-stream power density, and annual energy production. In
Sec. 3, we describe the HYCOM model configuration used in this work. We also describe the in-situ
measurements and the methodology adopted for the verification of the model predictions. In Sec. 4,
we close with some concluding remarks.

2. Results and Discussion

The HYCOM model is used to analyse the percentage contributions to Tidal Power Density (TPD)
and Annual Energy Production (AEP), of the wind-driven currents and the tidally-driven currents.
The analysis is performed over the domain and with the bathymetry shown in Fig. 1. The red markers
in the Great Island Region (GIR) correspond to ADCP moorings in the San Lorenzo Channel (SLC),
the San Esteban Channel (SEC), the Ballenas Channel (BC). and the Delfin Sill (DS). Another ADCP
mooring near Isla San Jorge (ISJ) was also used for verification.
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Figure 1. Model domain and bathymetry with markers showing ADCP moorings.

2.1. Verification of model predictions against in-situ measurements

Fig. 2 shows the vertically-integrated flow speed obtained with the HYCOM model (in red) and
the measurements (in dashed blue) from the 1st of October to the 16th of October 2011, in the San
Esteban Channel (SEC) mooring (shown in Fig. 1). The verification is carried out for the barotropic tidal
currents only, and to compare the hourly tidal current time series obtained from the measurements to
those from the model, the former had to be reconstructed for the period of simulation of the latter, i.e.
for the period between 01/10/2011 01:00:00 and 01/10/2012 00:00:00 - this is explained in more detail
in Sec. 3. Table 1 shows the yearly average of the modelled (mod) and measured (obs) values (shown
next to each other in "mod/obs" format) of U (see Eqn. 1), TPD (see Eqn. 2), the AEP (see Eqn. 3), the
relative error REx (see Eqn. 5) and the RMSEx (see Eqn. 6) for x = U and x = TPD, as well as the
correlation coefficient ρX,Y (see Eqn. 4), at the five verification sites. In the GIR ρX,Y is either 0.91 or
0.92, and it is 0.71 at ISJ. ρX,Y is much lower at ISJ because the bathymetry used by the model in the
region of San Jorge Bay is not as good as the bathymetry used in the GIR. Please note that no results of
the RE or RMSE for AEP are shown because they are the same as for the TPD.
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Table 1. Verification table for mean values.

Units: U
[
m s−1], TPD

[
W m−2

]
, AEP

[
kWh m−2

]
, RE [%], RMSEU

[
m s−1], RMSETPD

[
W m−2

]
Mooring U mod/obs TPD mod/obs AEP mod/obs ρX,Y REU RETPD RMSEU RMSETPD

ISJ 0.202/0.206 7.56/10.48 66.45/92.07 0.71 2.0% 27.8% 9.1 × 10−2 14.13
DS 0.182/0.182 7.44/7.67 65.35/67.33 0.92 0.2% 3% 4.8 × 10−2 6.05
BC 0.190/0.360 8.69/60.60 76.33/532.3 0.92 47% 86% 21 × 10−2 98.2

SEC 0.372/0.417 56.28/85.24 494.4 / 748.7 0.91 10.8% 34% 11.7 × 10−2 63.98
SLC 0.263/0.388 21.98/72.75 193.1/639.1 0.92 32.2% 69.8% 17.3 × 10−2 102.0

The model underestimates U and TPD at all verification sites. The agreement is significantly
worse at BC and at SLC, the two moorings furthest to the west. However, good agreement between
model and observations is obtained at DS, ISJ and SEC. We also have significantly worse agreement at
BC and at SLC for the annual mean maximum spring tide speeds and TPD, shown in Table 2, but the
REU and RMSEU at the other three sites, are less than 10% and less than 3.7× 10−1 m s−1, respectively.

Table 2. Verification table for mean maximum spring tidal values.

Units: U
[
m s−1], TPD

[
W m−2

]
, RMSEU

[
m s−1], RMSETPD

[
W m−2

]
Mooring USTM mod/obs TPDSTM mod/obs REU RETPD RMSEU RMSETPD

ISJ 0.415/0.459 38.76/55.80 9.8% 30.6 % 11.9 × 10−2 38.56
DS 0.417/0.399 39.6/35.62 -4.6% -11.2% 4.5 × 10−2 12.23
BC 0.467/0.822 54.6/311.1 43.2% 82.5% 36.7 × 10−2 290.2

SEC 0.866/0.928 347.4 /437.7 6.6% 20.6% 8.3 × 10−2 119.36
SLC 0.568/0.918 101.7/436.7 38.2% 76.7% 36.8 × 10−2 390.6

The RMSEU in Table 2 are of the same order as those reported in Defne et al. [7] for their tidal
resource characterization study along the coast of Georgia (USA), and although we considered a
different study site and we used a different model, this shows that the model predictions are reliable.
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Figure 2. Tidal harmonic reconstruction of the modelled (solid red) and measured (dashed blue) tidal
speed

[
m s−1] time series at the SEC mooring, for the same two-week period.

2.2. Analysis of the barotropic tidal signal

The map of USTM, the annual mean of the spring tide maxima, is shown in Fig. 4. The map shows
two regions with USTM values close to 1 m s−1. These two regions define two approximate transects
that are shown in Fig. 3.
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Figure 3. Northern (left) and southern (right) regions with largest tidal current speeds, with
geographical markers for: San Felipe (SF), El Tornillal, Punta San Francisquito (PSF), San Lorenzo
Island (SLI), San Esteban Island (SEI), and Tiburón Island (TI). The six locations with highest tidal
current speeds are also shown.

The first region is in the Upper Gulf of California, in the Colorado River Delta approach in the
North, approximately along a transect running between San Felipe (SF) and El Tornillal, shown on
the left of Fig. 3. The second region is in the GIR, approximately along a transect joining Punta San
Francisquito (PSF) to the western shore of Tiburón Island (TI), shown on the right of Fig. 3. These
landmarks are also shown in the first close-up figure, corresponding to Fig. 5. Now, although most
tidal stream devices operate at mean spring tidal speeds of 2.5 m s−1 or larger, some devices can
operate at locations where spring tidal currents are as low as 1.3 m s−1 [11,12], and where depths are
between 60 m and 120 m. It is possible that such values of USTM are reached in the Upper Gulf or in
the Great Island Region. The location where the model predicts a maximum of Umax is near San Felipe,
and this maximum is of 1.11 m s−1 (see Table 3), which is not far from the minimum threshold of the
GreenDeep device [12]. There are three other location where Umax is above one. However, the model
used here predicts USTM values between 0.8 m s−1 and 0.9 m s−1. Tidal energy developers need to
design technologies that can exploit lower flow speeds than first generation devices. Higher resolution
models need also to be developed in order to characterize the flow speeds with better spatial detail, in
particular in the GIR.
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Figure 4. Map of Annual Mean of the Spring Tide Maximum Speed [m s−1].

Figure 5 shows the regions where TPD reaches values above 50 W m−2, and the resulting
annual mean of those values, defined as TPD>50. We chose 50 W m−2 because it corresponds to
a minimum threshold speed, Um of 0.46 m s−1, which is roughly the minimum speed at which
Tidal Energy Converters (TECs) start reacting to the flow and produce energy. Any speeds below
Um do not contribute to TPD or the AEP. This minimum threshold defines the regions with no
commercially viable mean tidal power density. Based on the HYCOM model, such non-commercially
viable regions appear as blank patches in Fig. 5. The model defines a transect that joins (lat
lon) = (28◦N 112◦ 45′ 54.5′′W) in the Peninsula to (lat lon) = (28◦ 27′ 05.7′′ N 111◦ 41′ 07.8′′W) on
mainland Sonora, in the Gulf of California. According to the model, any commercially viable regions
for tidal energy exploitation in the Gulf of California would be located north of this transect. According
to the model as well, except for the Colorado River Delta Approach, there are very few places with
water depths below 50 m which are commercially viable. However, as discussed by Magar [13], there
are some known exploitable locations in the Channel between Tiburón Island and mainland Sonora.
Therefore, the HYCOM model may serve as a guidance to identify some locations with exploitable
resources, but has some limitations at shallow water depths, which may only be solved with better
bathymetric data, and models with higher resolution. It may be noted that the only location in the
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Baja Californian Pacific that may have exploitable tidal energy resources, would be the channel just
north of Punta Eugenia (shown in Fig. 5), as the small colored area in the Baja Californian Pacific coast
suggests. However, the sites along this coast will not be discussed further in this paper.

Figure 5. Map of TPD>50, corresponding to the mean of TPD when TPD > 50 W m−2.

Figure 6 shows the percentage time (%T) when TPD > 50 W m−2. The best locations in terms of
percentage time would correspond to those with largest %T. Along the San Francisquito − Tiburón
Island transect (the southern transect), the three most relevant locations are LS1, LS2 and LS3 (ordered
from west to east), their details are in Table 3. Along the San Felipe − El Tornillal transect (the northern
transect), the three most relevant locations are LN1, LN2 and LN3 (ordered from west to east), their
details are summarized in Table 3. These six locations are highlighted as void circles in Fig. 6.
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Table 3. Locations with largest six maximal speeds, Umax, over the simulation year.

Units: U
[
m s−1] and TPD

[
W m−2

]
Location (lat lon) USTM %T TPD>50 Umax

LN1 (31.006 -114.64) 0.899 39.00 172.8 1.11
LN2 (31.348 -114.48) 0.800 33.58 145.1 1.02
LN3 (31.480 -114.40) 0.758 31.1 141.62 1.02
LS1 (28.506 -112.80) 0.733 23.54 106.7 0.89
LS2 (28.646 -112.64) 0.858 33.34 145.1 1.04
LS3 (28.786 -112.48) 0.676 17.30 92.94 0.83

In terms of barotropic mean tidal power density, the two transects that we have identified are
very similar, with slightly lower TPD>50 values in the southern transect compared to the northern one.
However, the tidal range, the water depth, and the characteristics of the seafloor are distinctly different.
The southern transect changes drastically from very shallow to depths of several hundred meters, has
a seafloor composed of sand and rocks [14], and the tidal range is mostly below 2 m (check the tidal
charts produced by CICESE for the tidal gauges in the GIR, by consulting: http://predmar.cicese.mx/).
In contrast, the northern transect is macrotidal and with water depths mostly below 50 m, with seafloor
composed of cohesive and sandy sediments, and a tidal range that can reach around 6 to 7 m [15,16].
The difference in water depths and seabed sediment composition has important implications on
the type of TEC that can be installed. In particular, the TEC moorings would need to be designed
differently, and a detailed bathymetry would need to be generated in order to find the locations with
depths that are appropriate for deployment. This is not in any way a limitation of the sites, but
an opportunity for device and device deployment innovation [17], from 2nd (Gen2) to 5th (Gen5)
Generation tidal turbine systems [18], and for local scale site characterization studies [19].
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Figure 6. Map of percentage time %T when TPD > 50 W m−2. The red circles correspond to the six
most energetic locations, defined in the text.

Figure 6 shows the percentage time, %T, when the barotropic TPD is above 50 W m−2, within
the Gulf of California and for latitudes above the 28◦ parallel. The two transects that have been
discussed previously stand out significantly in Fig. 6, in particular the locations along these transects
with TPD>50 above 140 W m−2. The most energetic cells are LN1 near San Felipe in the northern
transect, where TPD>50 = 172.8 W m−2, and LS2 and LN2, where TPD>50 = 145.1 W m−2. LS2 is
between San Esteban Island (SEI) and San Lorenzo Island (SLI) - shown on the left of Fig. 3, and LN2
is approximately midway between San Felipe and El Tornillal, in the Upper Gulf – shown on the right
of Fig. 3. At these three locations, the %T when TPD > 50 W m−2 is above to 30%.

Figure 7 shows the tidal AEP when considering only values of TPD above 50 W m−2. In the
regions where production is largest (in the region closest to San Felipe), we reach AEP values of
592 kWh m−2 yr−1. One tidal stream device with a cross-section diameter of 20 m, or a cross-sectional
area of A = 314.16 m2,and an efficiency Cp of 0.35 [20,21], would produce a technical AEP of around
65 MWh yr−1. A Mexican household requires an average of 1.7 to 3.9 MWh yr−1 [22], depending on
their consumption habits, so one device may supply enough energy for 16 to 38 households. In order to
produce a minimum of 1.0 TWh yr−1, a minimum of 15 devices with a 20 m diameter and an efficiency
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of at least 35% would be required, conservatively providing enough energy for 240 to 570 households.
As the coastal regions are mostly rural, and with poor transmission line development [23], the energy
produced should be consumed locally, to reduce costs. A tidal farm with 15 devices would be large
enough for that purpose, but it would need to be combined with other energy sources and with energy
storage systems.

Figure 7. Map of AEP when TPD > 50 W m−2.

2.3. Analysis of the wind-driven in-stream energy resource contribution

The plots in Fig. 8 show the residual TPD at 0 m, 60 m, 100 m, and 200 m below Mean Sea Level.
This residual TPD is linked to the wind-driven currents generated by the Navy Global Environmental
Model (NAVGEM) forcing. The plots show a region between Mulegé and Guaymas, another region
near the southern tip of the Baja California Peninsula, and some locations along the southern transect,
joining San Francisquito to Tiburón Island (identified in the barotropic tides analysis), where TPD ≈
20 W m−2. From the plots in 8, we deduce that the TPD due to the wind forcing is either around or
less than 20 W m−2. This is much lower than the economically viable threshold of 50 W m−2 assumed
earlier. Therefore, these TPD values are on their own too low for energy generation, but in locations
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where tidal currents are strong, such as in the Punta San Francisquito to Tiburón Island transect, they
may play some role in enhancing the tidal energy densities and the annual energy production.

Figure 8. Residual TPD at (a) 0 m, (b) 60 m, (c) 100 m, and (d) 200 m below Mean Sea Level.

Finally, the plots in Fig. 9 show the relative importance of the AEP produced by the wind-driven
currents in relation to the total AEP. The areas where the contribution of the wind-driven current
to the total AEP is really small are also areas with large in-stream tidal energy resources, and where
discussed in Sec. 2.2. The AEP is dominated by the wind-driven component almost everywhere south
of the 28◦ parallel, except for the region in the Baja Californian Pacific that was briefly mentioned at the
end of Sec. 2.2. As the annual TPD is less than 20 W m−2, it is not large enough to produce energy by
itself. Therefore, the results indicate that the locations for best in-stream energy resource exploitation
are still the two transects identified in Sec. 2.2.
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Figure 9. Relative importance of residual AEP against total AEP at 0 m, 60 m, 100 m, and 200 m below
Mean Sea Level.

3. Materials and Methods

The “Hybrid Coordinate Ocean Model”, referred to as HYCOM since its inception [24], was
developed as an outgrowth of the “Miami Isopycnic Coordinate Ocean Model”, or MICOM, described
in Bleck et al. [25]. The model is a primitive equation model with two prognostic equations for the
horizontal velocity components (which we express in terms of the velocity vector), one representing
the mass continuity or layer-thickness tendency, one for salinity and one for temperature.

The HYCOM experiment we used employs atmospheric forcing from the Navy Global
Environmental Model (NAVGEM) [26], and geopotential tidal forcing from the five largest principal
tidal components: M2, S2, N2, K1 and O1. A self-attraction and load (SAL) term is added to the
tidal forcing. The SAL term accounts for the self-gravitation of the tidally deformed ocean and solid
earth [27], and for the load deformations of the solid earth [28]. The model has a nominal horizontal
resolution of 1/12.5◦ at the equator and 41 isopycnal layers in the vertical. The NAVGEM has a
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horizontal resolution of 0.33◦, and is interpolated to the finer resolution of the hydrodynamic grid
for the simulations. First, the model is run from 1996 to 2003 with a climatological forcing, then from
2003 to 2011 with the atmospheric forcing from the Navy Operational Global Atmospheric Prediction
System, NOGAPS [29], and finally, the atmospheric NAVGEM forcing is applied after 30 June 2011.
Tidal forcing is initiated on 3 July 2011. Global three-dimensional fields are stored every hour for one
year, from 1 October 2011 to 1 October 2012. More details can be found in [30,31].

The analysis is performed over the domain and with the bathymetry shown in Fig. 1, which is
the ETOPO1 bathymetry with some sounding corrections in the Great Island Region (GIR) courtesy
of CICESE (Zamudio, pers. comm.), described in [32]. The GIR moorings were deployed during the
“umbrales” (2002-2006) project; these moorings were first reported in [33,34]. The ISJ mooring was
deployed between June 2017 and November 2017 during the “CeMIE-Océano” (2017-2021) project,
and was first reported in [35].

The in-situ data mentioned above were used to verify the model predictions in the GIR and in
ISJ. Since the modelling period extended between 01/10/2011 01:00:00 and 01/10/2012 00:00:00 in
hourly timesteps, but the ADCP data were collected at different periods, the verification analysis of
the model against the data was performed for the period modelled in the simulations, and focused
on the depth-averaged tidal signal alone. The tidal principal component analyses for the ADCP and
the simulation results were performed with the T_TIDE tidal analysis package [36], and the tidal
signal was reconstructed from the tidal principal components for the simulation period. From this
reconstruction, we computed the annual mean tidal speed U, the annual mean tidal power density
TPD, and the annual energy power AEP:

U =
1
N

N

∑
i=1

Ui, (1)

TPD =
1

2N
ρ

N

∑
i=1

U3
i , and (2)

AEP =
1
2

ρ
N

∑
i=1

U3
i , (3)

with Ui =
√

u2
i + v2

i , N = 8784 (2012 is a leap year), and ρ = 1024 kg m−3 is the water density. U, TPD,
and AEP are computed for the model (mod) and the mooring (obs) data, at each mooring location.

The agreement between model X = xmod and observation Y = xobs was assessed using the
Pearson correlation coefficient, ρX,Y, defined as [37]:

ρX,Y =
cov(X, Y)

σXσY
, (4)

where cov is the covariance between the two time series, and σX and σY the standard deviations
of X and Y, respectively; the relative error REx,

REx =

∥∥∥∥ xobs − xmod
xobs

∥∥∥∥ ; (5)

and the root mean square error RMSEx,

RMSEx =

√√√√ 1
N

N

∑
i=1

(xi,obs − xi,mod)
2, (6)

over the simulation period. Once the model was validated at the mooring locations, we analysed
the field maps of U, TPD, and AEP, as well as the annual means of the spring tide maxima, USTM and
TPDSTM, to determine the best sites for tidal and wind-driven current energy extraction, based on
U, TPD, and AEP. We also assessed the percentage contribution of each of them throughout the case
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study domain, and discuss some implications for tidal and wind-driven current power generation. It
is worth noting that here we will not consider any techo-economic or socio-ecological constraints, but
the analysis would be similar to that for wind energy resource characterization studies developed in
previous work [23,38].

4. Conclusions

A tide and wind-driven shallow water global model was used to make a mesoscale evaluation of
in-stream renewable energy resources in the Gulf of California and the Baja Californian Pacific. The
region is characterized by low current speeds, relative to regions that are adequate for first generation
in-stream energy devices. With this model, some regions within the Gulf of California with mean
annual tidal power densities between 141 and 173 W m−2 during energy producing periods were
identified. The tides would be producing energy at these sites for around 31% to 39% of the time, when
assuming that second to fifth generation technologies can generate electricity at this minimum TDP
threshold. The in-stream energy resources are strongly dominated by the tidal stream component, with
wind-driven currents generating TPD generally below 20 W m−2. The installation of 15 devices with a
diameter of 20 m and an efficiency of 35% would provide enough energy for 240 to 570 households.
These devices could be installed along two transects, either between San Felipe and El Tornillal in the
Upper Gulf of California, or between San Francisquito and Tiburón Island, in the Great Island Region.
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