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ABSTRACT. Spatial and temporal surface marine circulation patterns in Bahía de Banderas were inferred employing wind speed,

sea surface temperature (Advanced Very High Resolution Radiometer, and thermograph), sea level time-series, and ascending and

descending tracks of the altimeter radar ERS-2. The period of these data set covered ~4 years, beginning in the summer of 1997

and ending in the winter of 2002. Tides in the bay are mixed (F=0.25) with predominance of the M2 harmonic. The bay not

showed features of resonance with the open-sea tide. Mean amplitudes of 30 cm resulted in tidal velocities of less than few cm/s.

Lower frequencies (periods larger than ~3 days) seem to be the main generators of marine circulation in this area, with the

predominance of seasonal signals over others. EOF methodology was applied to velocity components computed from altimeter

observations measured at the Bay’s mouth, showing to main patterns. The first pattern occurred from ~February to ~July, showing

an inflow at the northern/southern portion of the Bay with an outflow at its mouth (anticyclonic pattern). The other pattern

extended from ~August to ~December, with opposite characteristics (cyclonic pattern). Those circulation patterns are hypothetical

until velocity in-situ observations provide evidence for confirmation.

KEYWORDS. Oceanography, Mexican Pacific Ocean, time series, EOF methodology

RESUMEN. La distribución espacial y temporal de la circulación superficial de la Bahía de Banderas se obtuvo con el empleo de

series temporales de rapidez de viento, temperatura superficial del mar (AVHR radiómetro y un termógrafo), nivel del mar y

trazas ascendentes y descendentes del radar altimétrico ERS-2. El período que abarca dichos datos es de cuatro años, ya que

comenzó en el verano de 1997 y finalizó en el invierno de 2002. La marea en la Bahía es mixta (F=0.25) con predominio del

armónico M2. La bahía no muestra características de resonancia con la marea del mar abierto. Amplitudes promedio de 30 cms.,

resultan en corrientes de marea de pocos cms./s. Las bajas frecuencias (periodos mayores a tres días) parecen ser los principales

generadores de la circulación marina en esta área, en la que predomina el periodo estacional sobre los otros periodos. FEOs fueron

aplicadas a las componentes de velocidad, calculadas con observaciones de altimetría medidas en la boca de la Bahía, las cuales

mostraron dos principales distribuciones espaciales. El primer periodo de distribución, que se extendió desde febrero hasta julio,

muestra un flujo de entrada por la porción norte/sur de la bahía, con un flujo de salida por su boca (distribución anticiclónica). El

segundo periodo se extiende desde agosto hasta diciembre y es opuesto al primero (distribución ciclónica). Las características de

la circulación aquí presentadas son hipotéticas y observaciones de velocidad medidas in-situ deben confirmarlas.

PALABRAS CLAVE. Oceanografía, Oceano Pacifico Mexicano, series de tiempo, FEO.
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Figure 1. Bahía de Banderas location, and its bathymetric distribution taken from GEBCO atlas. The

bathymetric contours depicted in the map are distributed at 0, 100, 200, 500, 1000, and 2000 m of depth.

Ascending (southwest-northeast) and descending (northwest-southeast) tracks of the ERS-2 radar altimeter,

together with those observations satellite-tracks of the AVHRR are marked with an asterisk. The

thermograph location is indicated with a circle, the location of the gauge station at Pto. Vallarta, Jalisco,

with a square, and the wind grid point was indicated with letter x.

Introduction

The Bahía de Banderas is located at the northwestern portion of the Mexican Pacific coast, between the M

exican states of Jalisco and Nayarit (Figure 1). This Bay constitutes the basis of the economic develop ment

of the area, through commercial and recreational fishing, sailing, and tourism. Consequently, the knowledge

of its oceanographic features is an imp ortant element to be investigated in order to conduct a responsible

exploitation of its natural resources. Marine circulation is one basic oceanographic feature to be considered

in any oceanic region because it controls the basic dynamics processes of the biogeochemical p arameters at

sea.

At present, the marine circulation of Bahía de Banderas stills completely unknown due to the lack of a

program of study with oceanographic tools (CTD, classical current-meters, ADCP, etc.) that allow in-situ

experimentation. However, there are sparse observations such as tide heights recorded from a gauge station

situated at the Bays head, some moored thermographs, and several satellite sensors (Figure 1), i.e., radars

altimeters [1] and the Advanced Very High Resolution Radiometer (AVHRR), which tracks conditions at

the mouth and inside of the Bay, respectively. These observations allow us to infer, in a indirect way ,

temporal-spatial patterns of the sea surface circulation, despite the limitations imposed by the sampling

interval and location of each data.

The marine circulation inside Bahía de Banderas must resemble that of the M exican Pacific Ocean,

configured by tides, mesoscale circulation, winds and large-scale current fluctuations [2-11], but it also must

be a function of its geometric (coastline and bottom floor) features. The Bay has a semicircular geometric

shape with an open communication with the Mexican Pacific Ocean at its mouth (Figure1). The M arietas
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Islands are located in the northern portion of the Bay, (~105.6W°-20.7°N). Their p osition in relation to the

coastal zone forms a shallow (~80 m) and a narrow (~6.5 km) channel, short in length (~ less than 10 km

inside to the Bay). It is uncertain whether or not this channel plays a significant role in regulatingthe water

exchange between the open-sea and the northern p ortion of the Bay .

The Bay’s major axis (~75 km) runs from the eastern coast toward open-sea, situated to the west. In

contrast, its minor axis (~40 km) measured at the Bay’s mouth, runs from south to north and it is

characterized by marked top ographic irregularities of ~10 km, locally named Cabo Corrientes, and Punta M

ita (Figure 1). The bathymetry from the coast to open-sea distributes accordingly with its boundary shape.

The Northeast the Continental Shelf is shallower ~100 m and wider ~20 km than the Southwest continental

shelf ~12 km and less than 10 km, a difference introduced by a submarine canyon of ~15 km width at its

head, and ~30 km at the Bays mouth, and ~60 km of length. This canyon extends from the coast (with a rim

depth of about 100 m) to op en-sea (with a maximum dep th of about 800 m) (Figure 1). The mean depth

inside the bay is about 300 m.

From the Bay’s geometry it is expected that surface marine circulation paths inside it steer to flow around

their boundary and under the canyon bathymetric contour, probably under the Coriolis parameter f. That

assumption must be tested in terms of the external Rde=sqrt (g H)/f and the internal radius of deformation

Rdi=NH/f (where N represents the Brünt Väisala frequency and H represented depth [12]. The earth rotation

must steer the surface flow around the boundary contour of the Bay , it is if the width size of the Bay (Wb)

>> Rde [12]. Below the surface, i.e. at the canyon rim depth, the earth rotation could have effect on the

current, if the width size of the canyon (Wc) relative to the internal radius of deformation is Wc>>Rdi [13-

14] .

Following a former study, the objective of this is to combine several types of in-situ and remote sensing

measurements, to identify the most energetic frequency components of the marine circulation, and their

main fluctuation periods as well as preliminary depict the marine circulation diagrams of Bahía de

Banderas.

1. Data set and methodology

During the period from September of 1997 to Sep tember of 2001, Corrected Sea Surface Height (CSSH)

measurements collected with the radar altimeter ERS-2 [1] were analyzed to infer some patterns of the

marine circulation in Bahía de Banderas. Due to its temporal coverage (35 days) ERS-CSSH observations

resolve a periodical signal of 70 days with a spatial coverage of 160 km [15]. Therefore, these observations

are frequently used to study mesoscale signals of marine circulation [15]. Large-scale circulation is

frequently study with observations taken with the precise (rms 2 cm) radar altimeter Topex/Poseidon.

However, in this study we can not show information derived from that altimeter radar because there were no

tracks near the Bahía de Banderas’ mouth.

The ERS altimeter data used in this study completed the processes of quality control, validation and

corrections, of instrumental errors, environment p arameters and high frequency signals (waves, tides,

among others) to generate CSSH observations [1]. The high accuracy of the Top ex/Poseidon radar orbits

are used as a reference level to correct the ERS orbits with an accuracy of 2-3 cm rms [16]. The ERS-2 data

set was measured during El Niño event of 1997-1998 and La Niña event of 1998-2001.

So, during these p eriods, the marine circulation dynamics of this area was influenced by such inter-annual

events [10].
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The analysis made use the ascending (southwest-northeast) and descending (northwest-southeast) tracks

described by the radar altimeter around the area. Unfortunately, there are no tracks of the radar altimeter p

assing just inside the Bay, thus we could not study directly the spatial distribution of its low-frequency

circulation. Only two tracks were found near to the Bay’s mouth (Figure 1). Those tracks were isolated from

the complete orbit described by the satellite around the Pacific Ocean. Sea Level Anomalies (SLA) were

computed with the so-called rep eat track method [1]. For a given track the sea level is computed by

removing the mean profile over several cycles [15], which contains the geoid and the mean dynamic

topograp hy (not explicitly rep resented in the next equation):

SLAi=CSSHi-<CSSH> (1) where i=1, 2, º, n, denote instantaneous CSSH observations along the track

(ascending/descending), and <CSSH> is the mean sea surface computed from several cycles. However, this

kind of estimation removes the signal associated with a permanent current, and thus eddies features only

remains in the SLA data. Therefore we perform the estimation, employing the MSSH of the reference

ellipsoid at along the position i of the track in order to preserve slopes in sea level data, associated with a p

ermanent current, i.e. the large scale current of the area, which also preserve the gravity signal (marine

geoid). Then SLA observations were filtered with a running-mean low pass filter of 3 p oints. Then, from

(1), the velocity components along the satellite track were computed using the geostrophic relation, it is:

Vi=±g/f �SLAi/�y i (2) where g is the gravity , and y is the distance estimated along the satellite-tracks [12].

Each isolated ascending or descendingtrack, is composed of ~12-13 points per day with a sampling interval

of ~1 second (~7 km), as usual. The descending track was measured in the morning, about UTC

(01/01/1950) 5.34 hrs+Z, while the ascending track was measured in the afternoon, approximately UTC

(01/01/1950) 17.77 hrs+Z. The time interval between ascending and descending satellite tracks is about 15-

16 days, and at their extremes are about 18 km apart.

The normal velocity component allowed depict the spatial distribution of the water exchange, occurred at

that location, in response of the adjacent op en-sea forced into Bahía de Banderas. Therefore from the

spatial distribution of the water exchange taking place at the Bay’s mouth, it is p ossible to depict

subjectively the spatial distribution of the marine circulation inside the Bay. Along with the altimeter

observations at the Bay’s mouth, the AVHRR p oints (January 2000-December 2002, there were no data for

p revious years) inside the Bay and its surrounding areas (Figure 1) allowing us to build long time-series

(one year) of sea surface temperature (SST). That prevented us to extract the most dominant frequencies and

their related energies, which must be in association with the water exchange hap pen at the Bay ’s mouth as

response of the open-sea water motion.

The AVHRR measured the SST every two days (Dt), with a sp atial resolution of 14 km, these are a

composite gridded-images derived from 8-km resolution SST (www.saa.noaa.gov) . The length of the SST

time series (one year), gives information of the low-frequency signals (semi-monthly or fortnightly,

monthly, seasonal, semi-annual, annual and inter-annual signals), but their sampling interval (2 days) does

not allow to define the high frequencies signals (wind-waves, tides, inertial period, daily heating) (Figure 2).
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Figure 2. Temperature records of punctual two-daily SST time-series building from the track of the

AVHRR. Its location is indicated in figure 1, with the number 3. Superimposed were plotted the raw/filtered
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(white-line) SST time-series recorded from the thermograph. a) SST time-series of 2000. b) SST time-series

of 2001. c) SST time-series of 2002. d) Daily wind speed time series, building from the QuickScat.

Locations of these time-series are indicated in figure 1, with *, letters b and c, respectively.

To overcome that problem, six time-series of temperature recorded with a submarine digital thermograph

model TDS-85 (Oceanologic Research Institute of Universidad Autónoma de Baja California instrument),

and sampled at intervals of Dt=5 min, Dt=10 min. and Dt=15 min., were used (Figure 2). That instrument

measures the temperature with precision of ± 0.2ºC and resolution of 0.01ºC. The instrument was deployed

at about 10 m of depth and just behind of the Marietas Islands (105.56°W-20.7°N) (Figure 1). The

thermograph recorded time-series of temperature in spring and summer: one period from July 10 to August

15 of 2000, and the others (five) from M arch 01 to August 24 of 2001 (Figure 2). These data-set have a

length of ~1 month, enough to resolve the most important high frequency signals of the temperature field

near of Bay ’s Islands. Wind fields (ERS-2 AM I-Wind) between periods of 1996/03/25 to 1998/03/01 are

available only at weekly and monthly intervals and interpolated in a grid of 1ºx1º [17]. For this kind of wind

fields there is a point inside the Bay located at the next geographic coordinates: 105.5ºW-20.5ºN. Weekly

vectors of wind fields, were averaged in order to plot them at the central time of the ascending or

descending tracks of the altimeter radar. Because, it is the best way to fulfill sinopticity, at least

qualitatively, between wind speed and the water exchange taking place at the bay’s mouth.

Quick Scat daily wind speed (V) fields, interpolated in boxes of 0.5ºx0.5º, were used to detect the wind

speed influence in generating circulation at the Bay’s mouth. The p eriod covered by wind fields (data-base)

ranges from the year 2000 to the present date. Then, analysing the wind-grid at that period, two points were

located along of y ears 2000-2001, outside of the Bay at 105.75°W-20.75°N and 105.75ºW-20.25ºN, just in

front of the M arietas Islands and south of Cabo Corrientes. The first one, closer to the Bay was employed as

a fixed meteorological station to compute the oscillation periods of this parameter. Hence that daily wind sp

eed time-series was taken as representative of the temporal wind fluctuations occurring inside the Bay

(Figure 2d).

The spatial distribution of the wind field inside the Bay could be more complex than their time-fluctuations,

due to the mountains surrounding this place. However, the information p rovided for these two locations rep

resent an ap proximation on how wind works over a period of time to induce currents in the Bay. Predicted

hourly tidal amplitudes were obtained from two gauge stations: (reference level: lower low-tide) one located

at 105.25°W-20.61°N near Bahía de Banderas head (Zlocal=+6), and another outside of it (southwestward),

about 700 km apart of the first one, in the locality named Isla Socorro (111.01ºW-18.83ºN) (Zlocal=+7)

(Figure 1) (www.cicese.mx/predob) . Both stations were analysed between the years1997-1998 and 2000-

2001, to determine how oceanic tide amplitudes work to generate tides and tidal currents inside the Bay

during their ebb/flood and sp ring/neap cycles (Figure 3).



© 2005, e-Gnosis [online], Vol.3, Art.3 Preliminary temporal and spatial… Salas P. J. et al.

ISSN:1665-5745 -7/ 29- www.e-gnosis.udg.mx/vol3/art3

Figure 3. Hourly variations of the predicted tidal amplitudes of 1997. a) Pto. Vallarta gauge station. b) Isla

Socorro gauge station. Before extractingthe most dominant frequencies measured in the time series, these

were manually despiking from erroneous data, and then they were detrending, i.e. the annual and monthly

signals were removed from the AVHHR series (sp anning one year) and the thermograph records (spanning

one month), respectively . Finally, comparing low-frequency and high-frequency energies computed from a

spectral analysis were applied to the time-series, to determine which component of the Pacific Ocean marine

circulation must control the fluctuations in these records, and thus the water motion in the Bay.

2. Results
2.1 Temporal Patterns

The thermograph records and tidal height time-series showed a seasonal trend, a fortnightly fluctuation, and

fluctuations associated with daily or hourly signals superimposed over them (Figure 2 and 3), while the

AVHRR time-series presented a seasonal variation, with a predominantly semi-annual signal (Figure 2).

During summer, a good correlation was obtained between the raw temporal pattern of the SST time-series

measured with the AVHRR and the thermograph (Figure 2) although they were measured at different

locations of the Bay, app roximately 11 km apart (Figure 1). The cross-correlation between AVHRR and

thermograph time-series was about of ~0.99 (lag=0).
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In spring of 2001, however (March 1 and April 1, and April 28 to May 14), there were large differences

(<DT>=~ 3.35-3.7 ºC) between those time-series (Figure 2). The differences between the records of

temperature probably must be associated with a local event occurred at the Island wake. Although at higher

periods (lower frequencies) they showed an concurrence between their temporal patterns (Figure 2).

2.1.1 Spectral analysis
From the time-series of SST measured with the AVHRR, the thermograp h, and the wind speed time-series

presented in Figure 2, relevant energies and periods (frequencies) were computed. in order to discern which

were the most energetic components of these parameters, and relate their fluctuations with the main

generators of the marine circulation in the Bay.

Those parameters were estimated to the unfiltered time-series presented in Figure 2 by an ensemble average

(annual and seasonal) spectral analysis. Only the summer time-series recorded with the thermograph were

used to apply the analysis, since they showed the better correlation with the SST time-series built from the

satellite. Those series were re-sampled previously at Dt=1 hr. from their original sampling interval, to do the

spectral analysis. These estimations are summarized in Table 1.

Data-Source Date Period Energy

(dd/mm/yy) (hour or day) (°C_/Dtime)

Thermograph 10/07/00-15/08/00 ~12.0-~12.5 hrs. 0.1-0.2e+01

Thermograph 10/07/00-15/08/00 ~23.8-~24.4 hrs. 0.2-0.3e+01

Thermograph 10/07/00-15/08/00 26.9-~31.0 hrs. 0.1e+01

Thermograph 10/07/00-15/08/00 ~7-~11 days 0.9-3.5e+01

Thermograph 10/07/00-15/08/00 ~14-~20 days 3.7-9.9e+01

Thermograph 10/07/00-15/08/00 ~41.7 days 5.9e+01

Thermograph 12/07/00-24/08/01 ~12.0-~12.5 hrs 0.1-3.6e+01

Thermograph 12/07/00-24/08/01 ~23.8-~24.4 hrs 0.3-0.7e+01

Thermograph 12/07/00-24/08/01 ~26.9-~31.0 hrs 0.1-0.2e+01

Thermograph 12/07/00-24/08/01 ~7-~11 days 0.7-1.1e+01

Thermograph 12/07/00-24/08/01 ~14-~20 days 0.9-2.3e+02

Thermograph 12/07/00-24/08/01 ~41.7 days 6.5e+02

<SST> - 14.36 days 1.2e+01

<SST> - 85.33 days 1.6e+02

<SST> - ~128.2 days 3.7e+04

<SST> - 256.4 days 3.8e+04

Quick Scat winds 01/01/01-31/12/01 ~3-~5 days 0.7-2.6e+02

Quick Scat winds 01/01/01-31/12/01 ~7-~11 days 0.3-3.0e+02

Quick Scat winds 01/01/01-31/12/01 ~15-~20 days 0.9-3.1e+02

Quick Scat winds 01/01/01-31/12/01 ~85.33 days 1.4e+02

Quick Scat winds 01/01/01-31/12/01 ~128.2 days 7.1e+02

Quick Scat winds 01/01/01-31/12/01 ~256.4 days 2.4e+03

Table 1. Only the most energetic frequencies computed from the spectrum are listed in the table. The

spectrum parameters of SST are averaged values of three years.

The mean spectrums computed by the three seasons cap tured with AVHRR observations, contained in the

low-frequencies (~14< periods <256 days) accounted for about 98% of the total variance of the three years

analy sed here (Table 1). The spectrum parameters from wind speed and temperature (thermographs) time-
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series spread their variances in periods ranging between ~3< p eriods <256 days (Table 1). As expected, the

results showed that low-frequency signals (fortnightly, monthly, seasonal and semiannual) had energies

larger than those of high frequencies signals (daily heating).

Particularly, the most dominant low-frequency signals of the SST-AVHRR records were found at periods

~14 days and ~8 months, with a predominance of the ~5-~8 month periods over the others. In general, the

thermograph spectrums showed peaks of energy at semidiurnal and diurnal bands with the same order of

magnitude that peaks of energy at low-frequency bands (Table 1). The thermograph spectrum of 2001,

showed a twice order of magnitude in its energy at low frequency bands of ~14~20 days and ~41.7 days,

with a slight dominance of the band of ~14-~20 days over the others (Table 1).

The wind speed spectrum parameters showed concordance with the SST spectrum parameters. Nevertheless,

there were periods of ~4-~11 day s which have energies with an order of magnitude equal to the ~3-~5

month periods (Table 1). Those periods (~4-~11 day s) must be associated with the passage of storm surges

generated by meteorological phenomena (i.e. a hurricane) around the area.

2.1.2 Tidal analysis
Mixed predicted tidal amplitudes during the years 1997-1998 and 2000-2001 (Figure 3) had a mean

amplitude at Isla Socorro of <Ais>=53 cm, while their mean amplitude at Bahía de Banderas was

<Abb>=51 cm, with maximum heights of <Amaxis>=143-106 cm and <Amaxbb>=139-148 cm, and a

minimum height of <Aminis>=39-490.3 cm and <Aminbb>=40-45 cm, respectively . A harmonic analysis

was app lied to sea-level time-series of Isla Socorro and Bahía de Banderas, to compute the main amplitudes

of the tidal frequencies, using the [18] software.

The analysis showed tidal amp litudes greater than 10 cm, oscillatingat periods of the main semidiurnal (M2

and S2) species and the main diurnal (K1 and O1) harmonics (Table 2). The low-frequency tidal species

mainly, the solar semi-annual (Ssa), solar monthly (M sm), lunar monthly and fortnightly constituents (Msf,

Mf) showed amplitudes smaller than 8cm frictional species showed values lesser than 1 cm, (not

summarized in Table 2). Therefore the tide action in Bahía de Banderas was predominantly forced at

semidiurnal (M2and S2) and diurnal (K1, O1) periods, with a clear dominance of the first one (semidiurnal)

over the second one (diurnal), because the “Form-Zahl” of the tides is F=0.25. The most predominant

constituent at semidiurnal periods was the M 2, and the K1 at diurnal periods. But the M2 harmonic

dominated in amplitude over the others, including low-frequency species.

By comparing the amplitudes between the stations of Isla Socorro (open-sea) and Bahía de Banderas it was

observed that the open-sea tide wave amplitude at semidiurnal (M2) and diurnal (K1, O1) species

experienced a reduction in their amplitudes: of 3 cm for the M2 harmonic, and 1 cm or less to K1 and O1

species at Bahía de Banderas head (Table 2). While the S2 harmonic, associated with the heat and wind

fluctuations [19], slightly increased its amplitude ~0.4-0.5 cm at the Bay’s head (Table 2). Although in the

year 2000 there was a large difference, 15 cm, between the amplitudes of the S2harmonic computed at Isla

Socorro and Banderas Bay (Table 2).

Another observed feature was the tidal amplitude of the all species in the year 2000, showing an increase of

their amplitude from open-sea to the Bay’s head. Particularly, the harmonic M2doubled its amplitude to

about 15 cm (Table 2).
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Tide harmonic Amplitude (cm) Phase (º)

Isla Socorro Pto. Vallarta Isla Socorro

M2 (12.4 hrs)

1997 34.58±0.11 31.22±0.21 64.43±0.23

1998 34.45±0.12 31.11±0.22 324.26±0.21

2000 15.58±0.00 30.58±0.00 141.10±0.02

2001 33.48±0.12 30.23±0.23 47.60±0.19

Average 29.52±0.08 30.78±0.16

S2 (12.0 hrs)

1997 21.81±0.11 22.30±0.24 132.61±0.34

1998 21.83±0.121 22.29±0.20 132.57±0.30

2000 7.12±0.00 22.30±0.00 118.86±0.02

2001 21.82±0.12 22.30±0.23 132.40±0.31

Average 20.64±0.08 22.29±0.16

Table 2. Amplitude and phase (refereed to central time) of the chief semidiurnal, and diurnal constituents

derived from tidal amplitude time-series, spanning from1997-1998, and from 2000-2001 years. Another

species (Ssa, Mmm, Msf) having amplitudes less than 8 cm were not considered in the analysis.

Neither of the semidiurnal (M2and S2) phases between Isla Socorro and Bahía de Banderas were nearly

uniform (Df=16º-37º), nor the diurnal (K1 and O1) phases, which were almost in phase by about 1º to 4º

(Table 2). The phase of the diurnal constituents of 2000, were not uniform (Table 2). From previous results,

one may compute the tidal p rism P, the volume of water that enters through the Bay’s mouth during flood

flow and then exits during ebb flow, its tidal transport and finally, the tidal speed following [20].

The tidal prism was computed from the relationship P=2 AT Abay, where AT is the bay tidal amp litude

(one-half the bay tide range) and Abay is the surface area, Abay=p r_=p (a b)=p 40 kmx75 km=9.42x10^13

cm_, where r_= a b, is the radius of Bahía de Banderas. The transport was estimated taking the temporal

derivative of the tidal prism in a p articular tidal cycle (Q=dP/dt). The tidal velocity was computed as

v=Q/Abmouth,where Abmouthis the area of the Bay ’s mouth, computed in terms of their width size or

mouth Wb ,and the mean depth at the bay s mouth. Hence Abmouth= Wb <depth>=40 km*<500

m>=2.00x10^11 cm_). These quantities are summarised in Table 3.

Table 3. Tidal Prism, Transport and velocity for semidiurnal and diurnal constituents, from tidal records of

Puerto Vallarta gauge station.

Tidal velocity at main tidal semidiurnal and diurnal p eriods, were less than 1 cm/s at the mouth of the

Banderas Bay, which a priori did not seem to dominate the motion dynamics of the Bay.

Harmonic Tidal Prism Transport Velocity

Tide
amplitude

P Q V

(cm) (10^15 cm_) (10^11 cm_/s) (cm/s)

<M2>=30.78 5.80 1.29 0.64

<S2>=22.29 4.20 0.97 0.48

<K1>=16.65 3.13 0.36 0.18

<O1>=11.39 2.14 0.23 0.11
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3.2 Spatial Patterns from altimetric data

To describe the flow patterns along of the satellite-tracks (ascending and descending), we divided the tracks

into the following three regions: a northern region, starting from the M arietas Islands to the north ~20.9°N,

a second location, named the mouth region, distributed between M arietas Islands and Cabo Corrientes

(20.65°N-20.4°N), and a third region, extending to the south of Cabo Corrientes (20.4°N-20.2°N). The

normal velocity components along the satellite-tracks (ascending and descending) were plotted together in

Figure 4 and 5. Also the wind sp eed vector at locations mentioned in section 2, were plotted in these 

pictures. The daily wind speed vectors are synoptic in time with the satellite tracks observations. A weekly

wind speed vector was plotted in conjunction with vectors rep resenting the water exchange at the Bay ’s

mouth.
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Figure 4. Normal velocity component along the ascending (southwest-northeast) and descending (northwest-

southeast) tracks of the ERS-2 radar altimeter, during September of 1997 to October of 1998. The weekly

wind speed vector synoptic to the descending track is represented with a dashed arrow. The magnitudes of

the normal velocity component are expressed in cm/s, and the wind speeds are expressed in m/s.

In general, it could be observed that the flow between satellite tracks near the Bay’s mouth showed slight

changes in magnitude and direction. Sometimes, these fluctuations seem to be induced by the wind action

over the sea surface, because the exchange is nearly in the same direction of it. However, in other examples,

see Figures 4 and 5, the wind and currents vectors were almost p erpendicular each other, occasionally

current vectors were at about 90º to the right of the winds vector, but in other cases, the currents were at 90

to the left of wind vectors (Figure 4 and 5).

3.2a Normal velocity along ascending–descending satellite tracks (September 1997 to October 1998)

At the Bay’s mouth, the normal velocity componentscompleted along the tracks of September 4/20-1997,

showed magnitudes of few cm/s, with a outflow pattern of circulation nearly in concurrence with the north-

west wind direction (Figure 4a). Maximum magnitudes were observed in front of Islas M arietas canyon’s

mouth and in front of Cabo Corrientes. In October 9/25, at the mouth centre the flow magnitude decreased

and reversed its direction to the bay (Figure 4b).

The outflow in front of Islas M arietas remained, while at the southern region the flow was nearly zero. The

wind vectors synoptic to the altimeter tracks, were mainly oriented to the south-east, remaining in this

direction until M arch 13 (Figures 4c to f).

In the next period, November 13/29, at the Bay’s mouth there was an inp ut stream, extending from the mid

of the mouth to Islas M arietas and an output flow to the south (Figure 4c).

The track completed in December 20 1997/January 03 1998, showed a well-defined outflow-inflow pattern

with maximum velocity magnitudes at the centre of the Bay’s mouth (Figure 4d). That pattern strengthen on

January 22/February 07 (Figure 4e). The inflow presented higher magnitudes than outflow magnitudes. On

February 26/ March 13, the mouth’s flow in to the bay, the northern and southern region showed a strong

outflow (Figure 4f).

In the next period, the radar altimeter did not record information of the ascending track (Figure 4g), so there

was a gap of about 20 days with the next tracks measured on May 7/23 (Figure 4h). During this period the

normal velocity component showed an alternated outflow-inflow-outflow pattern along the satellite-track,

with a well-defined inflow component at the mouth’s region, and a predominant outflow at the northern and

southern region (Figure 4h).

In the next track measured in June 11/27, the Bay’s mouth region was dominated by an outflow stream

(Figure 4i). One month later (July 15/31), the flow pattern decreased its magnitude considerably along the

satellite track, particularly in the mouth’s region (Figure 4j).

On August 19/September 07, along the track there was a predominantly inflow with large magnitudes

(Figure 4k). For the next period there was a gap in the ascending track (Figure 4l). Therefore, only in

October 10, it was possible to compute the normal velocity component along this track (Figure 4l). During
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this period, there was an inflow at the mouth’s region, which was opposite in the northern and southern

regions.

3.2.b Normal velocity along ascending–descending satellite tracks (September 2000 to August 2001).
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Figure 5. Normal velocity component along the ascending (southwest-northeast) and descending (northwest-

southeast) tracks of the ERS-2 radar altimeter, during September of 2000 to August of 2001. The daily wind

speed vector synoptic to the descending track is represented with a dashed arrow. The magnitudes of the

normal velocity component are expressed in cm/s, and the wind speeds are expressed in m/s.

The southern portion and the mouth’s region showed a high inflow pattern (September 28/October 172000),

which turns as a relatively weak outflow to the northern portion (Figure 5a). The satellite track measured on

November 2 (there were not ascending track measurements), showed an increased inflow from the mouth’s

cores to the northern, and the southern p ortions maintain an outflow pattern (Figure 5b). In the next two

months, December 7/23 (Figure 5c) and January 11-2001 (Figure 5d, only ascending track) the p revious p

attern remained similar to those of Figure 5b. However there were clear fluctuations (increasing/decreasing)

of the flow along the tracks.

During the next period 15 February/March 03 (Figure 5e), an inflow predominated the centre and southern

regions. This pattern reversed on March 22/April 07 (Figure 5f), and remained until the first days of July

(Figures 5g and 5i), when a weak inflow was observed along the ascending track (Figure 5i). The

descending altimetric track of August 9 (Figure 5j), showed the same pattern observed on Figure 5d. From

Sep tember to last days of June the wind vectors were oriented toward the south-east (Figures 5a to f),

although during this period, some vectors were oriented toward the south-west and north-south direction. In

the next period, from July to August the wind fluctuated mainly in the east-west direction (Figure 5g to i).

3.2 Empirical Orthogonal functions (EOFs)
EOFs methodology [21] was app lied to the velocity components presented in the previous subsection with

the aim of define the spatial-temporal p atterns and their associated variances. The exchange observed on

those images showed inflow-outflow patterns, which seems induced, by the large-scale flow represented in

the Wyrtki’s maps [2], where two main patterns are rep resented from February to July, with the California

current flowing to the south, and a second period from August to January , with the Costa Rica Current

flowing to the north. The ascending and descending velocity components were grouped apart, in these two p

eriods. Then the matrix of data M (x,t) was building to conform a matrix of JxK elements, where the rows J

exemplified stations (in this study are the geographic points of the track) and the columns K exemplified the

times, conformingabout17-19 tracks per matrix. This matrix is irregularly sp aced in time, due to the gaps of

the altimeter observations in the period analysed in this study, therefore we decide to include altimetric

observations from 1999 to 2000.

The analysis accounted to the first mode, between the 50-75% variance of the observations, following by the

subsequent three modes with less than of 50-25 %. The spatial patterns of the first ascending and

descendingmodes are rep resented in Figure 6.

They showed two main patterns: Between February to July, there was an inflow entering to the north part of

the Bay, which exits for its central and southern part (Figure 6a), and at the other period (August to January)

it reversed, with a input flow at the bay’s mouth and a output flow at the northern portion (Figure 6b).

However, at the northern and southern p ortions of the tracks, there were vectors which showed an op posite

direction to the main pattern. The other patterns, i.e., the second and third modes of the ascending and

descending tracks (not shown here) had some features of the first mode pattern, but in some parts it was op

posite as well as random. This could be attributed to the influence of other low-frequency scales.
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Figure 6. Spatial patterns of the first mode computed from the EOF methodology. a) From February of 1998

to July of 2001. b) From September of 1997 to December of 2001. Additionally, the low-frequency current

was inferred subjectively inside the bay from the EOF first mode. Vectors depicted inside the bay are not

scaled with measured magnitudes and directions of the current. Dotted vectors are represented flows which
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must change by interaction between flow-flow and canyon-currents accounted to 50%. However we decided

to discard the analysis of such modes, because the variance of each mode does not constitute a variance

comparable with the variance of the first mode. Moreover, we do not have plausible physical arguments to

relate their contribution to a specific low frequency mode of the current.

The temporal variation of the first mode resulted in a spiky curve (not shown here), with a curve shaped by

a through and a crest, spanning in a temporal interval of about 4 to 5 months, closely corresponding with the

temporal periods of Wyrtki’s maps.

3. Discussion
In spite of the lack of in-situ measured currents inside the Bay, temporal and sp atial patterns of that

oceanographic parameter were inferred employing sea level, wind sp eed, SST (AVHR radiometer and a

thermograph) time-series and altimeter observations taken from the radar ERS-2.

The spectral values of the thermographs, showed tide action at their main high frequency bands (semidiurnal

and diurnal) and also at their main low-frequency bands (fortnightly and monthly) having participation to

promote the marine circulation in the Bay (Table 1). The results of the harmonic analysis applied to tidal

height records at Isla Socorro (at open-sea and 700 m southward of the bay) and Bahía de Banderas, allowed

to define the main high frequency species mixed in the records, with contributions of the M2 and S2

semidiurnal periods, and the diurnal K1 and O1 species, with a remarkably predominance of the M2 period

over the others (Table 2). The Form-Zahl is F=0.25. Its value classifies the tide inside the bay as mixed with

a semidiurnal predominance.

As Bahía de Banderas is in open communication with the Pacific ocean it is expected that the tides in this

semi-enclosed sea be induced by Pacific Ocean tide fluctuations through a co-oscillation phenomena like the

documented in the Gulf of California [20, 22]. The dimensions of our study area differed considerably from

the Gulf’s dimensions, and thus the equations of movement representing its dynamic of movement must also

differ in their mathematical representation. The contribution of the direct astronomical forcing inside semi-

enclosed seas (like Gulfs, bays, etc.) usually is expected to contribute with an insignificant percentage of

energy to drive tides [6, 23].

Employing the geometric parameters of Bahía de Banderas, its fundamental mode of co-oscillation was

computed from the Merian’s formula (T=4L/C), represented for a rectangular semi-enclosed basin [6,23].

According to the length of the Bay (about Lª75 km), and a mean depth of about Hª 300 m, the phase speed

of the long wave tide was C =÷(g H)=54 m/s. This implied a fundamental mode of oscillation of the bay of

T=4L/C =2 hrs. Thus, there is not resonance between the open-sea tide wave period (M2) (forcing) and the

fundamental mode of oscillation of Bahía de Banderas. This is in agreement with the amplitudes computed

from the harmonic analysis to each tidal species, which showed that harmonics M2, K1 and O1 decrease

monotonically from Isla Socorro (located southward) to the bays head (despite their length of separation and

location), without taking in account the reverse of this tidal pattern in year 2000 for all tidal species, which

resembles a resonant feature observed in channels, bays or gulfs, with open-sea communication [12, 20], but

which not represent the typical pattern of the tide at Bahía de Banderas.

We analyzed records of other y ears, and we found that tide amplitudes diminish slowly from Isla Socorro to

Bahía de Banderas, thus the tide records of 2000 represent an unusual tide behavior. Resonance at M2

period could occur only if Banderas bay has a length of 600 km, according with the relation X=TC/4, given

by [6].
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Using the external Rossby radius of deformation before defined, and taking f=p/6*sin (Lat*pi/180)=0.1842

h-_ of the Bay, Rde ª1100 km, we investigated if the open-sea tide wave enters to the Bay as a barotropic

Kelvin wave. The width (Wb) of the bay’s mouth is Wb ª40 km, compared with the external Rossby radius

of deformation Rde, it is Rde>>Wb, thus an incoming Kelvin wave at the Bay’s mouth is negligible,

according to the sufficient narrow-channel approximation [12]. Hence, the tide ebb and flood flows in the

Bay are not deviated by the earth rotation to the right/left side of the bay by two non dispersive Kelvin

waves traveling in opposite direction, as in the Gulf of California or in the Adriatic Sea [6,12, 20].

The amplitude and phase of the M2 tide in Bahía de Banderas, distributes each other in a perpendicular

pattern [7]. This pattern of a tide wave is typical of a progressive wave [3]. A lagrangian trajectory

completed along a semidiurnal cycle (M2) and during a spring tide period of May 2003 [24] near to the

centre of the canyon axis, showed the next relationship between the tide amplitude and tidal current

computed from one buoy trajectory. The north-south component (v) showed instantaneous values lesser than

the east-west velocity component (u) which showed instantaneous values larger than 15 cm. On the mean

the u velocity had a value of -20.08 cm/s, 25 times larger than the mean value of v (0.79 cm/s).

The tide amplitude and its phase at the interval of the trajectory was 51.83±8.46 and 160.99º±9.25 (central

time), respectively and the parameters of the tidal current showed the next values of their parameters

(despite this, current signal is not stable and that record is of short duration): major axis=31.58±4.00; minor

axis=-5.82±1.71 (rotating in a clockwise sense) and a phase equal to 338.35º±8.47 (central time). The ebb

current follows high water with a phase lag of 177.36º (central time). The phase difference for the tide and

current for a progressive wave is 180º, thus our result fits that feature. The difference of about 4º could be

determined by friction processes over the wave tide.

However it is important to stress that our current observations had not a statistical confidence to support the

previous result, thus that feature must be handle with care, when this is referred in future research studies.

The computations derived from tidal prism analysis, showed a small tidal velocity at the bay’s mouth (Table

3). This result was consistence with a laboratory experiment in which a narrow submarine canyon was

represented [25]. The results of the experiment showed tidal motions generated by a large horizontal

pressure, which induce tidal velocities (barotropic and baroclinic) increasing from the mouth to the head of

the canyon [25]. It is important to remark that Bahía de Banderas canyon is wide, with Wc>>Rdi [13,14],

compared with the narrow canyon (Wc<<Rdi) simulated in the Baine’s [25] experiment. Thus, the dynamics

of motion of Bahía de Banderas must work different than the dynamics described in Baine’s study.

However, it is expected that tidal velocities at Bahía de Banderas head could increase its magnitude by

frictional effects and depth changes.

It was evident among the low frequency signals computed from SST observations the dominance of the

seasonal period (~128-256 days) over the others low-frequency constituents. Particularly, the seasonal

signal linked with the fluctuation of the large-scale circulation of the adjacent open-sea. Consequently the

circulation in Bahía de Banderas is expected to be driven mainly by this low-frequency signal [9]. It is well

known that the large-scale circulation (low-frequency current) in the Pacific Ocean is p romoted by three

main flows. Two coming from the north, and formed by the California current (15°-25°C and 34 up s) and

the Gulf of California water (S�35.0 up s, T�12°, depth < 150 m) [5]. The other coming from the southern

region, known as the Mexican current, which is a branch of the Costa Rica Current, its flow comprise by the

Surface Tropical Water (25°C-34 ups), which distributes vertically between 20-50 m of depth. During El
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Niño event, this water mass can be distributed vertically in the first 100 m of depth. Below that water, found

in the Subsurface Tropical water, typically shows a salinity minimum of 34.55 ups [2, 4-5].

These large-scale currents evidently fluctuate with the wind patterns of the Pacific Ocean [4-5], as follows:

From February to July the California and Gulf of California flows are vigorous, and extends to the south,

about 13°N. Therefore the Mexican current flow at this period probably does not spread its waters in front

of the coast of Jalisco and Nayarit [2, 4-5]. However, from August to December, the northern flows

(California Current and Gulf of California water) becomes weaker, while the Mexican current strengthens,

reaching the states of Jalisco and Nayarit [2,4].

Hence, if the flow of the large-scale circulation, has well known fluctuations patterns, the Bahía de

Banderas needs to be filled by an inflow (going into the Bay) feed by the branches of the large-scale flow.

The generation of an outflow (directed to open-sea) is predictable by continuity. So, the basic questions to

be answered at this point are: Where does the inflow and outflow associated with the large-scale circulation

occur?, and, What are the spatial distributions of the large-scale circulation branches inside the Bay?.

The answers to both questions, are summarised in the hypothetical diagrams depicted in Figure 6, following

the results obtained with the normal velocity component patterns computed from the EOFs analysis at the

Bay’s mouth. This allows us to infer subjectively the low-frequency spatial distribution inside the Bay,

following the spatial patterns depicted by the water exchange occurring at that location and to subsequently

infer the first marine circulation schematic diagrams of Bahía de Banderas (Figure 6).

For the first period of time, extending from February to July, there is a branch of the large-scale flow

entering to the Bay at its northern portion (Figure 6a). This inflow inside the Bay is expected to travel to its

southern portion and then continue its journey outside, completing an anticlockwise path, by cross gradients

(above the rim of the Canyon), and steered by the bathymetric contours of the canyon [13-14], because

Rdi=11-15 km, taking <N>=7-8 cph, is lesser than the bay canyon wide Wc ª30 km.

For the second period, from August to December, the large-scale flow fluctuation changes, and probably

inside the Bahía de Banderas a reversing circulation probably hap pens, with an inflow occurring at its

southern portion, and with a conservative outflow at its northern portion. The expected direction of the flow

at this period will have a cyclonic path (Figure 6b). Another complex pattern of circulation in the bay

canyon could be induced by the interaction between the flow and canyon. Probably, an eddy or an up

welling system could be induced, as it was documented in Astoria canyon [14].

Our results showed some similarities with numerical outputs, representing the marine circulation patterns

forced by wind action inside this Bay [7]. That numerical model was forced with a wind of an average

magnitude of 5 m/s, and blowing toward: North, East, North-West, and North-East directions. In general the

wind forcing tends to generate a gy re-sy stem inside the Bay, due to the increment of the wind stress in

shallow areas of the bay, where the flow is steered to follow its contour [7]. Thus, for a wind blowing

toward the North, about the period of August to December or when the Mexican current goes to the north,

an anticyclonic gyre is generated over the shallow northern shelf, centered at the Bay’s mouth. At the

canyon’s area there is an inflow of water which is redistributed by a cyclonic eddy near to the Bay’s head.

The flow of that structure, induce a flow toward open-sea, generating a frontal zone about and along to the

main axis of the Bay. The first mode computed from September to December agrees well with the pattern

described at the canyon’s mouth, where an inflow takes place. However, to the south or front to Cabo

Corrientes, the first mode showed a vigorous thin stream, which is directed toward the sea (Figure 6b).
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While to the north, the first mode showed an exchange opposite to that induced by an anticyclonic gyre

(Figure 6b). Near to Punta Mita, an anticlockwise cell in the numerical model is reproduced, similar to the

exchange of water described to the first mode (Figure 6b).

Regarding to the first mode quantified from February to July, which corresp onded for a wind blowing

toward a south-eastern direction. However that pattern cannot be compared with the current patterns

generated by winds blowing to NWº, NEº, and Eº. However, the current pattern generated for a wind

blowing to the east [7], showed a good agreement with the first mode computed from February to July. Due

to the temporal and spatial sampling differences between wind observations and the water exchange

occurred at the bay’s mouth, here we cannot correlate results provided by time-series analysis, to give

definitive conclusions about the relationship between those parameters.

Also, the normal velocity component along the tracks did not always show a well-defined inflow-outflow

pattern, and, moreover, at some periods their magnitudes increased. That behavior could be created by the

addition of other low-frequency components, such as the fortnightly harmonic M sf or other low-frequency

circulation components. For example, merged Topex-Poseidon and ERS 1-2 maps captured several eddy-

like features at the entrance of the Bay, mainly during the El Niño event of 199798 [9]. These features may

disrupt the input-output flow patterns previously proposed. But also the coastal trapping Kelvin waves

generated by the poleward propagation of the El Niño event of 1997-1998 [9] may also induce some

exchange between the open-sea and the Bay. In this study, it was not possible to relate each of those low-

frequency contributions from the ascending and descending tracks, nor to compute their role in generating

marine circulation inside the Bay. In this sense, the analysis conducted in this study represents a first

approach to understand the spatial distribution of the marine circulation in this area.

Another limitation of the results presented here is that they represent surface patterns of the marine

circulation. In this sense, it is relevant to pose following question: What is the depth extension of these

surface patterns inside the Bay?.

4. Conclusions
The temporal and spatial patterns of the marine circulation of Bahía de Banderas were computed from

satellite and in-situ measurements for a period of about 4 years (beginning in summer of 1997 and ending in

winter 2001).

The tide in the bay is mixed (M2, S2, K1, O1), F=0.25, predominantly semidiurnal, with dominance of the

M 2 harmonic over the other ones, with a mean amplitude of 30 cm, the expected tidal currents generated by

that forcing mechanism are minimal currents of few cm/s at the entrance of the Bay, since they could

increase to about 20 cm/s in their centre, and to the head could be more intense. The bay is not in resonance

with the semidiurnal tide of the Pacific Ocean. Some trails seem to fit the features of a progressive tide

wave.

The main low-frequency periods estimated from the records ranges from the fortnightly to the seasonal

periods, with a dominance of the last one over the others.

At the Bay’s mouth low-frequency circulation patterns were established in terms of the normal velocity

component computed from the altimeter radar ERS-2. From these results two circulation patterns inside the

Bay were depicted: From February to July, an anticyclonic path must represent the circulation in the area

with an inflow occurring at its northern portion and a conservative outflow, taking place at its southern

portion. This flow path reverses to cyclonic between August and December. It is important to emphasize,

that this is the first attempt to study formally the marine circulation inside the Bay, and that the hypothetical

diagrams proposed in this study must be improved with in-situ current-meters (Lagrangian buoys or eulerian
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current-meters arrays), which would allow to mapping the spatial structure, and temporal fluctuations of

marine circulation in the area.
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