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We investigated the physical dynamics of San Quintin Bay, a coastal lagoon located on the Pacific coast of north-
ern Baja California, Mexico. We implemented, validated and used a finite element 2-D hydrodynamic model to
characterize the spatial and temporal variability of the hydrodynamic of the bay in response to variability in
the tidal regime and inmeteorological forcing patterns. Our analysis of general circulation, residual currents, res-
idence times, and tidal propagation delays allowed us to characterize spatial variability in the hydrodynamic
basin features. The eulerian water residence time is –on average and under reference conditions– approximately
7 days, although this can change significantly by region and season and under different tidal and meteorological
conditions. Ocean upwelling events that bring colder waters into the bay mouth affect hydrodynamic properties
in all areas of the lagoon and may affect ecological dynamics. A return to pre-upwelling conditions would take
approximately 10 days.
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1. Introduction

Coastal lagoons are almost fully enclosed shallow water bodies that
are connected to a sea by one or more inlets. Typically being shallow,
these lagoons respond quickly to meteorological conditions and exter-
nal forcing and present marked seasonality in terms of water tempera-
ture, salinity and other environmental parameters (Möller et al., 2001;
Solidoro et al., 2004). Lagoons are often very productive systems and
are exploited for fishing and aquaculture. However, they can also be
fragile ecosystems, vulnerable to a variety of effects originating from an-
thropogenic sources (Bricker et al., 2003, Newton et al., 2014, Solidoro
et al., 2010, Elliott and Quintino, 2007). An understanding of lagoon dy-
namics and responses to natural and anthropogenic variability is thus
needed to support ecosystem-based management of these water
bodies.

Transitional waters are often classified on the basis of exchange pat-
terns with adjacent seas (Basset et al., 2013, Melaku Canu et al., 2012),
basin morphologies (Kjerfve, 1994) and the relative importance of dif-
ferent factors (river discharges, winds, and tides) in defining internal
general circulation and biogeochemical properties. The role of tides is
particularly relevant among coastal lagoons connected to oceans. In
fact, as observed in several lagoons along the Pacific US coast, even in es-
tuarine lagoons (i.e., lagoons that originate at a river mouth and that
therefore are heavily influenced by river discharge such as Willapa
Bay, Yaquina Bay, Tillamook Bay and Tomales Bay) oceanic supplies
become the most significant source of nutrients during the upwelling
season (Smith and Hollibaugh, 1997; Hickey and Banas, 2002; Colbert
and McManus, 2003). Oceanic contributions are even more influential
in the southern region of the California Current domain (e.g., San
Quintin Bay (SQB), Ojo de Liebre Lagoon and Magdalena Bay), where
freshwater inputs are scarce (Valle-Levinson et al., 2009). However,
each of these coastal lagoons follows a different exchange pattern that
is forced mainly by tides and intermittently by wind and that is
constrained by basin morphology.

SQB is a coastal lagoon (sensu Largier et al., 1997) located on the Pa-
cific coast of Mexico and in the southern region of the California Current
domain (Fig. 1). SQB dynamics are dominated by tidal exchanges with
the Pacific Ocean and are characterized by minor anthropogenic im-
pacts, strong atmospheric thermal exchanges, sporadic freshwater in-
puts and coastal upwelling that is considered to be the main source of
nutrients for the Bay, as already shown for other similar systems
(Ribas-Ribas et al., 2011).

Although several studies (Lara-Lara et al., 1980; Farfán and
Álvarez-Borrego, 1983; Camacho-Ibar et al., 2003, Ribas-Ribas et al.,
2011, Carriquiry et al., 2015) have already explored the patterns and ex-
tents of the exchange of biogeochemical properties between SQB and
the sea, less is known of the role of physical forcing and upwelling in
shaping hydrodynamic and thermohaline properties in SQB. Over the
past decades, monitoring activities have been carried out in the bay to
address its biogeochemistry and to support aquaculture management
(García-Esquivel et al., 2004). Conversely, in a very few cases, numerical
models have been applied with a focus on specific and limited issues.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpolbul.2016.04.030&domain=pdf
http://dx.doi.org/10.1016/j.marpolbul.2016.04.030
Journal logo
http://dx.doi.org/10.1016/j.marpolbul.2016.04.030
Unlabelled image
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/marpolbul


Fig. 1. (A)Map of SanQuintin Bay showing (red) sampling stations (1–30) of the salinity and temperature parameters, (yellow) the locations of theADCPs (A, B, C), (green) the locations of
the thermometers (T2, T3, T7, T9, T13) and the location of the meteorological station (Aandera). (B) Model bathymetry and mesh.

204 D. Melaku Canu et al. / Marine Pollution Bulletin 108 (2016) 203–214
For example, Delgado-González et al. (2010) explored the suitability of
sites for oyster culture using a 15-box representation of Bahia Falsa
forced by the outputs of a 2D hydrodynamic model, and Delgado-
González et al. (2012) used a particle trackingmodel forced by a 2D hy-
drodynamicmodel to describe aspects of circulation patterns and flush-
ing times. Moreover, several knowledge gaps must still be addressed to
support ecological studies at the local (SQB) scale and to support com-
parisons of climate-induced changes in upwelling-patterns between
coastal bays and lagoons along the Pacific coast (Garcia-Reyes and
Largier, 2012; Iles et al., 2011). In particular, seasonal and diurnal ther-
mohaline spatial and temporal variability and the relative impacts of
tidal actions, wind forcing and ocean water property changes such as
those induced during upwelling events must be addressed.

In thiswork,we combinemodels and observations to explore hydro-
dynamic and thermohaline properties of SQB. We implement and use a
numerical model that is particularly designed to describe coastal lagoon
dynamics (Shallow water HYdrodynamic Finite Element Model
SHYFEM, Umgiesser et al., 2004) and that has successfully been adopted
to study various lagoons for several specific applications (Melaku Canu
et al., 2001; Melaku Canu et al., 2003, 2012; Solidoro et al., 2004.,
Ferrarin et al., 2010). In using a variably sized spatial mesh, this model-
ing tool optimizes computational requirements and allows one tomain-
tain high resolution where needed. In particular, in this study we
customize and calibrate the model for SQB using available datasets,
and we then characterized basin hydrodynamics and thermohaline
properties by identifying dominant circulation features inside the bay
and their temporal and spatial variability in relation to physical forcing
and to wind and upwelling conditions in particular.

2. Study area

SQB is located on the Pacific coast of the northern Baja California
Peninsula (30°27′N, 116°00′W) of Mexico and in the southern region
of the California Current domain (Fig. 1). SQB is a y-shaped coastal la-
goon with an eastern arm referred to as Brazo San Quintin (BrazoSQ)
and a western arm referred to as Bahia Falsa (BFa). The lagoon covers
an approximate area of 42 km2 and has an average depth of 2 m,
reaching 10–13 m in depth in channels close to the inlet. It shows
hypersaline conditions throughout the year (Camacho-Ibar et al.,
2003), with salinity levels increasing from the ocean inlet toward the
inner regions. The mean annual rainfall level of the region is approxi-
mately 150mm, and themean annual evaporation level is approximate-
ly 1400 mm. Rainfall is restricted to the period from November to
March. Water and other terrigenous materials are (only episodically)
driven into the lagoon by the San Simon stream during severe rainfall
events. SQB is a typical wind-driven coastal upwelling system that is in-
fluenced by the California Current (Bakun and Nelson, 1977). The tidal
regime is mixed, with a predominance of semidiurnal components
and amplitudes of 2.5 m and 1 m during the spring and neap tides, re-
spectively. Upwelling occurs throughout the year in the region and in-
tensifies from April to August (Camacho-Ibar et al., 2007). Local
anthropogenic pressures on SQB are negligible, as the area does not
host other relevant human activities or urban settlements, most of
which are located away from the shore (Aguirre-Muñoz et al., 2001)
with the exception of Pacific oyster (Crassostrea gigas) farming conduct-
ed in BFa (García-Esquivel et al., 2004).

3. Materials and methods

3.1. Hydrodynamic model set-up and available data

The SHYFEMmodel was applied to SQB in its two dimensional ver-
sion using both hydrodynamic and transport/diffusion modules. While
the lagoon presents a channel that reaches considerable depths near
the inlet, most previous studies implicitly examine the lagoon as a two
dimensional water body, and virtually no information is available on
the vertical distribution of physical or biogeochemical properties within
the bay. Furthermore, experimental measurements of currents in the
inlet (st. C in Fig. 1) collected using ADCP profilers from May to June,
show homogeneous velocities along the vertical profile suggesting the
existence of a barotropic regime, as concluded also by previous studies
(Angulo-Larios, 2006). Similarly, the temperature structure, despite
beingmeasured during the stratification season, does not show a signif-
icant vertical structure (Angulo-Larios, 2006). These arguments corrob-
orate the hypothesis that hydrodynamics in SQB can be considered, on
first approximation, as barotropic and that a two-dimensional model
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serves as a suitable tool for accurately investigating hydrodynamic pat-
terns of the lagoon.

The 2D SHYFEM model solves the depth integrated shallow water
equations –that are the equations for the conservation of momentum
and mass– and is therefore particularly suitable for the hydrodynamic
characterization of shallow basins with complex morphologies, includ-
ing channels and tidal flats (Umgiesser et al., 2004). Themodel uses a fi-
nite element mesh that has been discretized to solve hydrodynamic
equations and a semi-implicit time stepping algorithm. Via a “staggered
approach,” water levels are described by linear form functions defined
on nodes of the grid, while velocities are described through constant
form functions which are defined at the center of elements. The model
also takes into account –in a mass consistent way– the immersion/
emersion of shallow water flats that are subjected to dry and flooding
periods. When the water level reaches a critical value, the shallow
water flats are taken out of the algebraic system and then reintroduced
again once the interpolated water level at all nodes in the element is
higher than another critical value. This approach conserves the mass
of each element. A detailed description of the numerical model has
been provided by Umgiesser et al. (2004) and can be found in the
model download section (see https://sites.google.com/site/shyfem/
home).

Salinity and heat are advected and diffused by the model using a
conservation equation for a scalar (see Umgiesser et al., 2004) that ap-
plies equally well to dissolved tracers as it does to temperature and sa-
linity. In the case of temperature, the source term is given by the solar
radiation level at the surface while for salinity, sink and source terms
are denoted as precipitation and evaporation through the surface and
as water exchanges with the sea. Themodel computes the temperature
field in the SQB domain using a thermal radiative module (Dejak et al.,
1992) as a function of irradiance, wind speed, cloud cover, humidity
and air temperature. The conservation equations are uncoupled from
the solution of hydrodynamic equations of mass and momentum. Vari-
able friction coefficients have been used based on morphological
features.

The SQB domainwas represented by a finite element grid composed
of 1481 nodes (vertices) and 2633 triangular elements varying in shape
and dimension (from 7m along the channels and at the inlet to 35 m in
the shallower areas (Fig. 1 (B). Themodel bathymetrywas derived from
a dataset by Flores-Vidal (2006) thatwas updatedwith data collected in
2009, 2010 and 2011. Depths were measured along several transects
using a raft equippedwith an echo sounder and GPS (Global Positioning
System). The distance between transects was 100 m near the mouth of
the bay and 500 m in areas far from themouth. The data were then ref-
erenced to themean sea level (NMM) and interpolated to a regular grid
of 100 m × 100 m in spatial resolution.

The setup and tuning of the hydrodynamic model were conducted
using a continuous and validated experimental dataset. In the present
study, we examined the period from January to December 2004, for
which a nearly complete time series of experimental data is available
(Delgado-González et al., 2012). Part of the analysis focuses on process-
es occurring in May, when upwelling intensification occurs. Values of
the coastal upwelling index (CUI) (Bakun and Nelson, 1977) were
here calculated as the magnitude of the offshore transport component
normal to the coastline (m3 s−1 per 100 m of coastal line) (www.pfeg.
noaa.gov).

Ocean open boundary conditions were set using sea level and tem-
perature values measured at the SQB mouth (st. C, Fig. 1) in 2004: sea
level values collected at 30 min intervals were measured using a RDI
acoustic Doppler current profiler. Moreover, higher-frequency temper-
ature data were obtained via thermograph measurements (HOBO,
Onset Computer, USA) at themouth (st. 3, and at the ocean st. 1, record-
ed every 10 min from February to August 2004).

Because a one-year-long time series of salinity is not available for
SQB, salinity boundary conditions were obtained by integrating data
measured at st. 3 (Fig. 1) in May and August 2004 with monthly
measurements collected at an ocean station located a few kilometers
away from the SQB mouth (Fig. 1, st. 1) using the IMECOCAL data
(http://calcofi.org/affiliates/228-aer-imecocal.html last accessed 2nd
March, 2015). Monthly datawere first interpolated following the yearly
pattern given in Pennington and Chavez (2000). Then, to take into ac-
count the spatial gradient between the two sampling stations, we com-
puted the salinity gradient from the data collected when both stations
were sampled and added the resulting small bias correction to the inter-
polated S3 series. It is clear that access to a complete salinity time series
data for the bay mouth would increase simulation reliability levels.
However, given the lack of data, the implemented approach was the
best method available.

The model was forced with hourly observations of wind velocity, ir-
radiance, humidity, air temperature and atmospheric pressure for the
year 2004 sampled at the Aandera meteorological station located
along the northeastern end of BFa (30.45°N, 116.03°W; Fig. 1)
(Aveytua-Alcázar et al., 2008).Model outputswere calibrated using var-
ious datasets of temperature and salinity obtained from two field sur-
veys conducted quasi-synoptically at 17 stations distributed
throughout the lagoon as shown in Fig. 1.

Three simulations were run:

1) Reference simulation (Ref) forced with the 2004 forcing;
2) Scenario simulation run without wind forcing (no-wind);
3) Short scenario for No upwelling conditions forced by the 2004 forc-

ing but for May 2004 when (in correspondence with upwelling
events) salinity and temperature were capped to values observed
immediately prior to upwelling (33.3 and 14.5 °C, respectively).

3.2. Calculation of eulerian water residence time

Water transport time scale measures are important indicators of
coastal systems that are frequently used to assess hydrodynamic and
ecological features of a system. Several measures (including residence
time, renewal time, flushing time, confinement, and water age) have
been proposed for different reasons, although they are typically referred
to using the generic (and possibly misleading) term “residence time”
(Cucco et al., 2009, Delhez et al., 2014). Here, we compute the eulerian
residence time following the definition and methodology given by
Cucco and Umgiesser (2006) and Cucco et al. (2009) and implemented
in SHYFEM. This measure is related to “confinement” (Melaku Canu
et al., 2012) and is therefore useful in supporting the ecological classifi-
cation of water bodies. It corresponds to “influence time” as defined by
Delhez et al. (2014).

The tracer is initially released into the lagoon at an initial concentra-
tion of 100% that decays overtime due to water exchanges through in-
lets. At each node, the remnant function of the concentration is given as:

r tð Þ ¼ C tð Þ=C0 ð1Þ

where C(t) is the tracer concentration at time t and C0 is its starting
value.

Using the mathematical expression given by Takeoka (1984), resi-
dence times are computed as:

τ ¼
Z ∞

0
r tð Þdt ð2Þ

Assuming an exponential decay of the concentration C:

C tð Þ ¼ C0e−αt ð3Þ

The residence time τ=1/e can be computed as the time required for
the initial concentration to be reduced to 1/e of its initial value.

The tracer is subjected to the eulerian transport, calculated by solv-
ing the advection–diffusion equation in its vertically integrated form
(Cucco et al., 2009).

https://sites.google.com/site/shyfem/home
https://sites.google.com/site/shyfem/home
http://www.pfeg.noaa.gov
http://www.pfeg.noaa.gov
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3.3. Model calibration

We calibrated themodel, using the Ref simulation setup, by compar-
ing the measured data with a set of simulated temperature and salinity
outputs obtained by varying the Strickler coefficient Ks. We selected
these variables because salinity and temperature stations are well dis-
tributed across the bay compared to current data, which are available
only for stations located near the mouth. This enabled us to calibrate
the space variable friction coefficients. Ks is inversely proportional to
friction; therefore, increasing this value means decreasing the bottom
friction value (Umgiesser et al., 2004). From a default constant
(=30 m2 s−1), Ks was manually adjusted according to the bathymetry
value and based on the different nature of the bottom: higher values
(lower friction) were set for the entrance channel, and lower values
(higher friction) were assigned to the shallower regions, where dense
seagrass meadows induce greater resistance to flows. We identified
five area types: areas shallower than 1 m, areas with depths ranging
from 1 to 2 m, areas with depths ranging from 2 to 6 m, areas deeper
than 6 m and the innermost part of SQB, north of latitude 30.48°. Each
area is characterized by a different bottom friction coefficient: Ks of
15, 25, 30, 35 and 3 m2 s−1, respectively. The adopted variable friction
coefficients improved the simulation of seasonal and annual trends in
temperature and salinity in SQB (see the next section and Figs. 2 and
3), as confirmed by the root mean square deviation (Table 1) calculated
for the two periods (May and August), which decreased by ~40%.

A comparison (shown in Fig. 2)wasmade between average values of
the simulated and observed data obtained from two field surveys con-
ducted quasi-synoptically at 17 stations distributed throughout the la-
goon (Fig. 1) for 10 days in May 2004 and for 10 days in August 2004.
Fig. 2. Comparison between10-day average simulated (red) andobserved (blue) values forMay
from the mouth. The black bar shows the variability of the model outputs.
Samples were collected during high water tidal periods and within the
main channels at depths between 2 and 10 m (not corrected by tidal
height).

4. Model validation

The model output for the reference run was validated against tem-
perature and current velocity data.

High frequency temperature data were sampled at a depth of 1.5 m
every 15min at aquaculture buoys in the spring (May–June) andwinter
(October–December) at themouth of the bay (T2-st. 6 and T3-st. 8) and
in BrazoSQ (T9-st. 10 and T13-st. 19) and only in the spring in BFa (T7-
st. 30) (Fig. 1). The model shows good agreement with the measure-
ments as reported in Fig. 3a and b for stations 8 and 19. On average,
for all of the stations, the correlation factor between observed and pre-
dicted values was found to be 0.90 in the winter and 0.83 in the spring,
with the highest values (0.95 in thewinter and 0.97 in the spring) found
for station 19. In the longer scales, temperature variability is clearly
governed by tides (ebb–flood and spring–neap cycles) and by the sea-
sonal solar radiation cycle as shown in Fig. 3.

The spectral analysis of both the experimental and model data
(obtained by applying a FFT algorithm to the temperature time series
in the two selected stations) emphasizes periodic features of thermoha-
line properties of the basin (Fig. 4). SQB physical dynamics are driven by
wind, heat flux and tidal patterns. All of these forcing patterns have pe-
riodic components: land and sea breezes and solar shortwave radiation
are characterized bydiurnal frequency. The fourmain tidal components,
in order of decreasing amplitude, areM2, K1, O1 and S2 (Angulo-Larios,
2006); they have periods of 12.42, 23.93, 25.82 and 12.00 hours,
(left) andAugust (right) based on thebottom layer friction band by their relative distances

Image of Fig. 2


Fig. 3. Temperature and salinity time series for the entire simulation (blue line, left), andmodel/data comparisons (blue/red lines, right) for station 8 during thewinter and spring (upper
right) and for station 19 during the winter and spring (bottom right). Right: the light background denotes neap tide, dark gray background denotes spring tide.

Table 1
Rootmean square error ofmeasured and predicted temperature and salinity values for the
two simulations run with constant and variable bottom friction coefficients.

Variable Constant
bottom friction

Constant
bottom friction

Variable
bottom friction

Variable
bottom friction

May August May August

Temperature ±1.03 ±0.85 ±0.61 ±0.40
Salinity ±0.80 ±0.58 ±0.38 ±0.23
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respectively. The spectra of both the observed and model temperature
time series highlight fourmain peaks, with two occurring at diurnal fre-
quency and two occurring at semidiurnal frequency. The peak precisely
matching a period of 12 h occurred as a result of the S2 tidal component,
while the peak with a period of 24 h is attributable to the diurnal
warming and cooling cycle induced by air-sea heat flux and land and
sea breeze patterns. The two peaks characterized by slightly lower fre-
quencies are associated with M2 and O1 tidal components.

The observed data show that close to themouth of the lagoon (st. 8),
dynamics are strongly influenced by tides. The model tends to overesti-
mate semidiurnal tides and daily air-sea fluxes occurring in the spring
while during winter there is a better match, even if the model underes-
timates the measured signal for all four main frequencies observed.

Dynamics are completely different in the inner section of the bay (st.
19), where the diurnal signal is the strongest in the spring and winter.
Tidal signals are much less important at both diurnal and semidiurnal
frequencies. Time variability levels are well reproduced by the model,
showing a sensible overestimation only of the diurnal meteorological
signal. Non-negligible contributions are also provided by quarterdiurnal
and tridiurnal tidal components. Overall, as also observed by Lara-Lara
et al. (1980) and Angulo-Larios (2006) in reference to experimental
datasets, the spectral analysis shows that tides heavily influence areas
close to the mouth of the lagoon, while temperatures in the very shal-
low interior areas are modulated mainly by the daily meteorological
cycle and bybreeze patterns.Moreover, our analysis reveals a fair agree-
ment between the model results and measured data from the selected
stations.

Tidal currents were derived from ADCP data measured at fixed loca-
tions (st. A and B; Fig. 1), fromMay to June 2004. The sampling time pe-
riod covered two neap tide cycles and one spring tide cycle. The
instruments recorded currents at a rate of one sample every 10 min.
The comparison between the modeled currents and ADCP data (Fig. 5)
shows satisfactory agreement, even if themodel tends to underestimate
currents at ADCP station B. More than 80% of the variability of the cur-
rent velocity can be reproduced by the model: the coefficient of deter-
mination (R2) is 0.87 for ADCP A and 0.80 for ADCP B, denoting that
themodel captures overall current variability patterns. Simulated veloc-
ities at ADCP stationA are also comparablewith the results presented by
Delgado-González et al. (2012).

Currents are oriented according to the bathymetry of the channels in
which the measurements were performed (Fig. 6). Generally speaking,
velocities at ADCP station B (average 0.29 m s−1, with peaks of
1.15 m s−1) are stronger than those at ADCP station A (average
0.28m s−1, with peaks of 0.97m s−1) possibly because the former is lo-
cated in an area of higher exposure to wind forcing. The highest veloci-
ties in both stations are observed under ebb flow conditions, with peaks
recorded during spring tide ebb periods (~1.00 m s−1).

In addition,we determined clockwise and counterclockwise compo-
nents of the rotary power spectrum (Gonella, 1972) at ADCP stations A
and B for both experimental data andmodel results in order to estimate
the intensity and rotational sense of the currents as a function of
frequency. Rotary spectral analyses transform generic cartesian two-

Image of Fig. 3


Fig. 4. Energy spectral density values of observed and simulated temperature data at the sampling stations (8 and 19) during the spring and winter of 2004.
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dimensional velocity vectors for specified frequencies into circularly
polarized clockwise (CW) and counterclockwise (CCW) rotating com-
ponents; their sum is proportional to the amount of velocity variance
Fig. 5. Observed and simulated current speed and rotary spectral density
ascribed to that frequency. The fact that clockwise and counterclock-
wise components have almost the same amplitude in both experimen-
tal and model datasets implies that the tidal current is simply reversing
levels during May and June 2004 recorded at ADCP stations A and B.

Image of Fig. 4
Image of Fig. 5


Fig. 6.Residual currents computed by themodel for two periods duringMay 2004 (spring tide and neap tide). (A) Spring tidewithwind (averagewind velocity of 4m s−1). (B) Spring tide
without wind. (C) Neap tide with wind (average wind velocity of 5 m s−1). (D) Neap tide without wind.
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(i.e., the tidal ellipses degenerate into segments) due to the bathymetric
constraint imposed by the morphology of channels where ADCPs were
deployed. The experimental data and model results show high energy
content in the diurnal and semidiurnal bands that is due to the tidal sig-
nal (Fig. 5). Overall, both stations show good agreement between the
model results and observed values.

5. Results and discussion

5.1. Residual velocities and residence times under varying tidal and wind
conditions

To analyze the relative effects of winds and tides on dynamics found
in SQB, the reference simulation (Ref) was compared with a simulation
performed while disregarding wind-forcing effects (no-wind scenario).
Residual currents were calculated every 72 h after applying a low-pass
filter. The results are shown in Fig. 6 for two periods in May 2004. In
the Ref simulation, along the main channels, residual currents are
higher during spring tides than during neap tides. These observations
are consistent with experimental (Angulo-Larios, 2006; Flores-Vidal,
2006) and theoretical results (Valle-Levinson et al., 2009).

In the no-wind simulations, the directions of the residual currents in
the bay arewell defined,with prevailing currents entering the bay along
themain channels and outflowingmainly across the shallowwater flats
(in agreement with Valle-Levinson et al. (2009)) with higher residual
currents occurring in spring tide conditions (Fig. 6B–D). Residual cur-
rents in the bay are lower than those obtained from the Ref simulations,
particularly in the more confined areas of BrazoSQ and BFa.

In the Ref simulation,wind action is clearly evident in the spring (av-
erage wind velocity of 4m s−1) and neap tide conditions (averagewind
velocity of 5 m s−1), inducing stronger residual currents in the
shallower and more confined areas where currents respond rapidly to
wind stress and tend to be aligned with wind directions (Fig. 6A–C).
Strongwind effects are observed in BFa alongside an increase of residual
currents (maxima of 0.08 m s−1), especially in the eastern channel
(Fig. 6A) and during the neap tide, promoting the flushing out of

Image of Fig. 6
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water. This is due to the orientation of BFa, which is aligned with the
prevailing wind direction. This pattern, as already described in Laguna
San Ignacio (Baja California, Mexico), is characterized by a higher corre-
lation between residual circulation andwind stress in the northern part
of the lagoon and by a higher correlation between residual circulation
and tidal forcing in the southern part (Winant and Gutierrez de
Velasco, 2003).

The tide propagates into the bay with a variable delay (according to
the tidal energy level, wind effects and bathymetric features) as can be
seen in Fig. 7A and B, which show tidal levels measured at the five sta-
tions. The differences in levels indicate a variable delay in tidal signals
based on their locations. Model outputs show that the head of BrazoSQ
(Fig. 7, st. 21) is reachedwith a delay on the order of 4 h during the neap
tide and 6 h during the spring tide (in the flooding phase; Fig. 7A). The
delay is even longer during the ebb tide, reaching approximately 8–10h.
This can induce the emergence of opposing currents along some sec-
tions of the BrazoSQ, which segregate the northernmost area of the
Brazo, as can be observed from the analysis of residence times. The
time lag estimated from the 2D hydrodynamical model presented
here is much higher than the value of 40 min estimated with a one di-
mensional model application, as reported in Delgado-González et al.
(2012).

Spatial distribution and time average (monthly and yearly) values
were computed to address spatial and seasonal variability induced by
tides and wind forcing. Yearly averaged residence time maps are given
in Fig. 8A and B for the Ref and no-wind scenarios, and Fig. 8C depicts
the time course of spatially aggregated data for the two scenarios.

In the Ref simulation, the residence time ranges from a few hours
near the mouth of the bay to more than 15 days in the interior areas
(Fig. 8 A). In the no-wind simulation (Fig. 8B), the residence time in-
creases throughout the domain, particularly in the innermost areas of
the bay. The yearly averaged basin turnover time in SQB according to
the Ref simulations and no-wind scenario simulations amount to 6.7
and 7.8 days, respectively. This seasonal pattern is clearly evident in
Fig. 8C, which shows that fromMarch–April and in December water re-
newal processes in the bay are significantly faster, possibly in agree-
ment with tidal dynamics. The average difference between values
obtained from the two simulations is equal to 17%, with higher values
(22%) found for April (Fig. 8C)when thewinds are stronger: this feature
reveals the relative effect of wind action patterns on circulation in SQB
Fig. 7. Sea level at st. 3, st. 30, st. 14, st. 16 and
and on the effectiveness of water exchange in the Pacific Ocean. Season-
ally, residence times are higher in the winter due to the orientation of
the system mouth relative to the prevailing wind direction and to the
scarcity (almost negligible) of winter surface runoff, which does not in-
duce flushing by storm river flows (Camacho-Ibar et al., 2003).

Our estimates are in reasonable agreement with those computed
from a three-boxmodel by Camacho-Ibar et al. (2003), which presented
periods of 2 days at the mouth box, 4 days at BFa, and 11 days at
BrazoSQ. However, they provide a detailed description of space–time
variability patterns for this key parameter. Indeed, water exchange
and confinement levels reflected in our work as water residence times
and their range in variability are important factors that shape ecological
niches in estuaries and lagoons.

5.2. Thermohaline properties of the SQB and responses to changes in ocean
water mass properties

Our analysis of model output highlights that thermohaline spatial
gradients in SQB are mainly regulated by interactions between the
inlet buffer and atmospheric heatflux level. These interactingdrivers in-
duce positive and negative gradients along the SQBmain axes according
to seasonal and diurnal conditions (Fig.). During the daytime, and espe-
cially during the warmer seasons, temperatures increase from the SQB
mouth to the internal and shallower areas. Hourly computed tempera-
ture values were analyzed: average, minimum and maximum values
were computed at each grid node. Maximum (up to 39 °C) and mini-
mum yearly values are found in the shallowest areas mainly located in
the easternmost part of SQB and in the heads of BrazoSQ and BFa. The
maximum values recorded at stations 21 and 30 are 32 °C and 30 °C, re-
spectively, in agreement with the data. Yearly averaged temperature
values are lowest at the mouth and highest at the head of BrazoSQ
close to station 21. During the winter, and especially at nighttime, min-
imum temperatures are found in the interior areas, while closer to the
mouth, variability levels are lower and are buffered by tidal exchanges.

The spatial and temporal variability of salinity is similar to that of
temperature, although not during thewinter, when the spatial gradient
from themouth to the inner sections remains positive or rather negligi-
ble. This positive gradient is a characteristic feature of bays like SQB,
which receives low and only sporadic freshwater inputs from themain-
land. In the summer, salinity levels range from 34 to 35 at station 30
st. 21 during spring (A) and neap (B) tides.

Image of Fig. 7


Fig. 8.Maps of the yearly averaged residence time calculated for the ref. (A) andno-wind (B) simulations. (C) Averagewater residence time in SQB calculated at the end of eachmonth and
corresponding variance levels: blue = no-wind, red = reference simulation.
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(inner part of BFa), from 35 to 38 at station 21 in BrazoSQ and from 33.5
to 34.5 at station 8 (the mouth of the bay). Higher salinity values at the
head of the bay are due to the combined effects of shallow bathymetry
values, high residence times, and absent freshwater inputs (and thus ef-
fects of evaporation).

We investigated the influence of different tidal and thermohaline
conditions at the boundaries on thermohaline properties of SQB by
comparing results of the reference andno-upwelling simulations during
spring and neap tide periods.

Daily averaged salinity and temperature maps for May 16 (spring
tide conditions) are shown in Fig. 9A and C, and corresponding anoma-
lies relative to the no-upwelling scenario are shown in Fig. 9B and D.

During upwelling and spring tidal conditions (Fig. 9C), the lowest sa-
linity level is simulated at the mouth of the bay along the main channel
(close to st. 8) and in the BFa channel (~33.6 close to station 26). In
agreement with conclusions drawn by Millán-Nuñez et al. (1982)
based on a limited number of experimental observations. Under the
same conditions, salinity values found in BrazoSQ are higher than
those found in BFa, (monthly averages of 33.5 and 33.9, respectively)
due to higher residence times (Fig. 9C).

Fig. 9A and C show how colder and fresher upwelled water entering
the bay extends inside the bay, inducing a general decrease (Fig. 9B and
D) in temperature and salinity levels, particularly at the lagoon mouth
and along the main channels. Temperature and salinity levels along
the innermost edges of BrazoSQ are less sensitive to these changes,
while some differences are identifiable (only for temperature) at the
end of BFa.

Average salinity and temperature values (Table 2) were calculated
for four sub-basins of the bay as defined following Camacho-Ibar et al.
(2003) on the basis of morphological features (see Fig. 9A): ocean
inlet, BFa, BrazoSQ and Molino Viejo.

For each sub-basin, average salinity and temperature values in up-
welling (reference simulation) and non-upwelling (scenario simula-
tion) conditions during spring and during neap tides were compared
in order to assess the relative effects of upwelling and tides in the differ-
ent sections of the bay.

The simulations show that upwelled water penetration into arms of
SQB varies according to tidal amplitude levels and that when upwelling
events occur during spring tides, large injections of water into SQB are
induced by tidal pumping, as suggested by Ribas-Ribas et al., 2011.
The average salinity level increases from the ocean inlet to BFa, BrazoSQ
and Molino Viejo following the expected pattern. The salinity anomaly,
determined between the reference and non-upwelling simulations, de-
creases following the same pattern, as differences in salinity values be-
tween the two scenarios are higher at themouth andminimal inMolino
Viejo. In the latter basin, however, the effects of changes in inlet water
properties (including changes induced by upwelling) are negligible,
while tidal effects are more important. Anomaly patterns in

Image of Fig. 8


Fig. 9.Daily averagedmodeled temperature (A) and salinity (C) levels during spring tide, for the reference scenario duringupwelling, and corresponding anomalies of temperature (C) and
salinity (D) calculated as the difference between upwelling and no-upwelling simulation values.

Table 2
Results of temperature (°C) and salinity averages at the four sub-basins shown in Fig. 9
(Ocean inlet, Bahia Falsa, Brazo San Quintin and Molino Viejo), under different physical
conditions, simulated for one month (May, 2004), varying the related forcings.

Spring tide Neap tide

Upwelling Temperature Salinity Temperature Salinity
Ocean Inlet 14.28 33.4 14.34 33.5
BFa 17.08 33.5 17.23 33.6
Brazo 18.00 33.9 18.51 34.0
Molino 19.21 35.1 19.12 35.2

No upwelling Temperature Salinity Temperature Salinity
Ocean Inlet 15.27 33.7 15.32 33.8
BFa 17.47 33.8 17.56 33.9
Brazo 18.51 34.1 18.85 34.2
Molino 19.22 35.2 19.12 35.5
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temperature and salinity shown in Fig. 9B andD present areas of the bay
that aremore heavily influenced by changes in inlet watermass proper-
ties. While changes in passive tracers (e.g., salinity) considerably influ-
ence nearly the entire bay (except for Molino Viejo and the
northernmost areas of BrazoSQ), changes in temperature are less pro-
nounced due to buffering actions of heat fluxes at the bay surface.

Upwelling effects are minimal in Molino Viejo due to delays in tide
propagation (as already described in section 5.1) and because of the
high levels of confinement in this area. Under certain spring tide condi-
tions, this confinement becomesmore pronounced, aswarmwater out-
flow is blocked in the narrowest section of Molino Viejo by the entering
tide.

As expected (Table 2), themouth area is themost sensitive to chang-
es in upwelling conditions during the spring and during neap tides. In
the absence of upwelling conditions, changes in tidal regimes (spring
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and neap) induce the highest temperature anomalies in BrazoSQ, while
salinity anomalies are (spatially) more homogenous along the bay.

The effects of upwelling events persist in thebay for a fewdays in the
ocean inlet sub-basin and for 10 days on average in BFa and BrazoSQ de-
pending on spatial and temporal patterns of the residence times, as
shown in Fig. 8.

As already described and shown in Fig. 8C, upwelling effects are also
evident in the monthly variability of basin average residence periods:
when local wind action is removed, the residence time is increased by
17% on average, while seasonal patterns persist in response to
upwelling-induced coastal circulation. Moreover, because there are no
rivers or other nutrient inputs in the lagoon, trophic conditions of SQB
depend on oceanic inputs and, in particular, on the upwelling intensity
levels, as also observed by Camacho-Ibar et al. (2003).

6. Conclusions

We used an experimental dataset to drive and validate a numerical
model on SQB. Themodel is capable of reproducing spatial and temporal
patterns of physical and thermohaline properties of the basin
(e.g., current velocity, residual current, temperature and salinity values)
over a one-year-long simulation. The model outputs confirm and ex-
tend the findings obtained through previous observation-based studies,
integrating them with analyses on hydrodynamic and thermohaline
properties. The model offers a broad and comprehensive description
of space and time variability in the bay aswell as new insight on the rel-
ative importance of external forcing in driving physical properties of the
system.

Spatial patterns of residence times and their yearly values for the
basin were calculated: on average, a residence time of 6.7 days was
found for the whole basin, varying from 5.6 days in April and May,
when wind velocities and coastal upwelling are stronger, to 7.8 days
in January, constituting a weak wind forcing period. Residence times
vary throughout the bay, with differences up to 20 days found between
themouth and interior areas. This affects thermohalineproperties of the
bay and their variability in response to changes in ocean water mass
properties, such as those occurring during upwelling events. Moreover,
water residence times and consequent variability levels critically shape
ecological niches in estuaries, and thus their assessment can support the
ecological characterization of transitional ecosystems and ecosystem-
based management.

With an analysis of residence times, we determined the spatial am-
plitude of the effect of changes in ocean water properties on thermoha-
line properties in the bay. Through the scenario analysis we also
determined the temporal scale of this effect, which is computed as an
average over 10 days.

Our results may prove helpful when addressing how upwelling and
ocean conditions in the California Current System modulate ecological
properties of SQB and other coastal lagoons. Changes in the timing, per-
sistence and strength of upwelling events can significantly alter physical
and ecological processes that have a direct effect on water temperature,
chemistry and exchange dynamics. Consequently, upwelling variability
levels can affect the timing and strength of phytoplankton blooms and
ecosystem productivity.

This analysis offers quantitative insight into the effects of changes in
upwelling patterns in the California Current System on physical and
(potentially) ecological dynamics in SQB. A similar approach could be
applied to the study of other coastal lagoons influenced by ocean vari-
ability and low freshwater inputs.
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