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Abstract

The paper analyzes oceanographic and meteorological data registered by an oceanographic buoy
in the Mexican Pacific. In 2005 the Marine Science and Limnology Institute of the National Auto-
nomous University of Mexico moored an oceanographic buoy off the coast of Socorro Island in the
Mexican Pacific that transmitted data hourly from July 11, 2005 to November 15, 2007. The buoy
recorded oceanographic (current speed and direction, conductivity, temperature, salinity, density,
turbidity, pH, fluorescence, sea level, waves, and tides) and meteorological (wind speed and direc-
tion, temperature, relative humidity, and pressure) data. Linear spectral analysis and wavelet
analysis revealed annual, seasonal, and biweekly frequencies, as well as frequencies associated
with the main tidal components, and those corresponding with inertial oscillations and Madden-
Julian oscillations.
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1. Introduction

In light of increasing concerns about climate change, global warming, the decline of fisheries of commercial
importance, extreme drought or rainfall, and increased navigation with business objectives, it is clear that a bet-
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ter understanding of the oceanographic and meteorological processes is needed. To address this issue, in 2005
the Marine Science and Limnology Institute (ICML) of the National Autonomous University of Mexico (UNAM)
deployed an oceanographic buoy near Socorro Island as part of the Telemetry Oceanographic Monitoring of the
Mexican Pacific Ocean Project. Socorro Island is part of the Revillagigedo Archipelago in the Mexican Pacific
Ocean (Figure 1). The Revillagigedo Islands constitute one of three Mexican island groups in the Pacific Ocean
that are not on the continental shelf; the other two are Guadalupe and Rocas Alijos Islands. The Revillagigedo
Archipelago occupies the same geographical position relative to Mexico as the Galapagos Islands to Ecuador,
each being several hundred kilometers west of mainland America. For this reason, some researchers call the Re-
villagigedo the Mexican Galapagos [1]. The archipelago consists of four volcanic islands that are located 455
km south of San Lucas Cape in Baja California Sur and 674 km west-southwest of Corrientes Cape in Jalisco.
The Mexican Navy established a naval base on Socorro Island in 1957, and in 1994 the archipelago was classi-
fied by UNESCO as a Natural Protected Area under the denomination of Biosphere Reserve. In 2002 the Mex-
ican government banned commercial fishing in the area [2].

The Revillagigedo Archipelago consists of oceanic islands of volcanic origin that emerge from a volcanic
floor along the Clarion Fracture Zone, west of the union of the Pacific, Rivera, and Cocos geologic plates. The
Insular Arch of the Revillagigedo Archipelago represents an authentic submarine mountain system, with some
summits above sea level, such as the Roca Partida, Socorro, and San Benedicto islands. These islands are sur-
rounded by cliffs, with mountainous areas and interior volcanoes as well as rugged sites, lava fields, and soft
crests. The topographic forms are of an endogenous and accumulative nature, but exogenous processes have
modified the original volcanic physiognomy, mainly in the central and higher parts, which reach up to 1040 m
above sea level. A submarine volcano is emerging along the northwest coast of Socorro Island [3]. Seismic ac-
tivity in the region is high; three earthquakes in the Rivera Fracture Zone were recorded in 2010, leading to the
expectation of continued activity in nearby fracture zones as well as earthquakes generated by volcanoes on So-
corro and San Benedicto Islands [4].

The marine fauna of the archipelago is known for its high diversity of invertebrates, particularly crustaceans
[5], mollusks [6]-[8], echinoderms [9], sponges [10], and corals [11] [12], and also for its high level of endem-
ism. Twenty-two species of hermatypic (reef-building) corals inhabit the area; of these, more than a half occur
only near oceanic islands of the eastern Pacific and nearly one-third occur only at Revillagigedo Archipelago
[13]. In addition, 156 species of mollusks [14], 99 species of echinoderms [9], and 92 species of crustaceans (3
of which are endemic) [5] inhabit the archipelago. The fish fauna also is species rich, with at least 321 species,
including 20 species of shark and 5 species of ray [15]-[17]. The waters surrounding the archipelago are an
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Figure 1. Location of Revillagigedo Archipelago. The heavy line delimits the perimeter of the 50 species contour of reef-
building corals, and the dashed line shows the four eastern Pacific reef coral provinces: 1) equatorial; 2) northern; 3) Clip-
perton; and 4) central Pacific. Adapted from [25] [26] [37]-[39].
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important feeding, breeding, and transit area for cetaceans of the Mexican Pacific, in particular humpback
whales [18] [19]. Sixteen species of whales and dolphins have been reported in the area [20]. Four species of sea
turtle feed, nest, and grow in the region [21]. Previously, the coral reefs at Socorro were used for paleoclimate
studies [22] and EI Nifio event analysis [23].

Mexican Pacific waters are impacted by a number of natural events. For example, three coral species disap-
peared from the Revillagigedo Reef after the 1982-1983 ENSO. Recent information about the strong affinity
between eastern and central Pacific coral faunas, the abundance of teleplanic larvae in oceanic currents, high
genetic similarity of numerous reef-associated species, and the appearance of numerous Indo-western Pacific
species in the eastern Pacific following ENSO activity suggest that a mechanism of bridging the East Pacific fil-
ter bridge (formerly the East Pacific barrier) could exists.

Despite the critical role of the Revillagigedo Archipelago in the migration of coastal marine species across the
eastern Pacific Barrier and the evidence that El Nifio-La Nifia cause abnormal weather and affect socioeconomic
activity all over Mexico, few oceanographic studies in open ocean have been conducted in the region. For this
reason, in 2005 the ICML of the UNAM initiated the “Oceanographic Monitoring of Mexican Pacific Ocean
Project using Telemetry” mooring an oceanographic buoy near Socorro Island in the Mexican Revillagigedo
Archipelago (Figure 2). This paper highlights the information generated during the two years that this buoy was
in operation.

2. Buoy Characteristics and Data Reduction

The buoy consists of several sensors for monitoring oceanographic and meteorological parameters. Table 1 lists
the sensors used. The oceanographic sensors are installed in a S4 Inter Ocean electromagnetic current meter, and
the meteorological sensor consists of a Davis weather station. In addition to the buoy sensors, there is a coastal
station on Socorro Island equipped with a pressure sensor for recording sea level, tides, and waves. The system
was programmed to recognize abnormal variations of sea level (e.g., tsunamis) (Figure 3).

~

g a)
Roca
207 Partidals  sn. Benedicto Is \_Mexico
1 Clarion Is. A
Socorro Is
Revillagigedo Archipelago

15

18.94

18.84

1874 | e w——

I, =SS

-111.0 -110.9
Figure 2. Socorro Island, relief and location of the buoy.
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Figure 3. (a) Schematic representation of the buoy; and (b) buoy photograph.

Table 1. Sensor characteristics.

Minimum Maximum Precision Units Comments
Meteorological
Davis Station
Speed 1 80 5% ms™
Direction 0 360 5% Degrees
Barometer 540 1100 0.1 hPa
Relative humidity 0 100 1% %
Temperature 0 60 0.05 °C
Oceanographic
Inter Ocean S4
Speed 0 750 2% cms™?
Direction 0 360 0.5 Degrees
Memory 20 Mb - 7 billion vectors
Clock derive +12 minutes by year
Tilting 2% 45 degrees with 1% of correction
Conductivity 1 70 +0.2 mS
Temperature -5 45 +0.02 °C
pH 2 12 0.001
Turbidity 0 200 0.01 FTU
Salinity Calculated
Density Calculated
Chlorophyll 0 400 0.1 pg-L? Calculated
Pressure sensor
Inter Ocean glrI;/Z?; 0.006% 2 Hz sampling, £0.15 FS
Data logger

. 6 modes and 15 1/O directions with
Zeno 3200 Motorola 68332 at 32 bits 8 channels 48 options of connections
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The buoy transmitted data hourly from July 11, 2005 to November 15, 2007 and recorded oceanographic data
(current speed and direction, conductivity, temperature, salinity, density, turbidity, pH, fluorescence, sea level,
waves and tides) and meteorological data(wind speed and direction, temperature, relative humidity, and pressure)
in a distant region of the continental part of Mexico (18°42'50.693"N, 110°56'44.372"W). Additionally it had a
computer remote station which allowed us to review via satellite, the buoy conditions and make adjustments.
This monitoring station was in the ICML in Mexico City. Data were reduced to eliminate noise, and analyzed
via FFT and Morlet wavelets transforms. It must be noted that hurricane effects were filtered from the time se-
ries, this information will be used in another publication.

3. Results and Discussions

The basic statistics of the recorded data (Table 2) show that the maximum oceanic current component u (1.9
m-s™) was twice as large as the maximum velocity component v (0.598 m-s™) but that the v negative component
was more persistent, meaning that particle displacement was West-South dominant. This current pattern is con-
sistent with data reported by Fiedler [24], Molina-Cruz and Martinez-L6pez [25], Glynn et al. [26], and Pantoja
et al. [27]. Water temperature oscillated between 21.53°C and 25.74°C, with a mean of 23.65°C. Turbidity va-
ried widely, with a maximum value of 158.12 FTU and a minimum value of 37.91 FTU. During the middle of
2005 and the beginning of 2006 the turbidity sensor was not working due to fouling of part of the sensor’s sur-
face. This problem could not be solved from the remote station, but it was manually fixed during a maintenance
cruise. Afterward, the sensor worked correctly for the remainder of the buoy’s deployment. Salinity ranged from
33.59 to 35.37. pH had a maximum value of 8.36 and a minimum value of 8.34. The average Chlorophyll a (Chl
a) concentration was 4.854 pg-L™, while the maximum was 4.87 and the minimum 4.84. Both Chla, and pH da-
ta had a very low standard deviation. For other oceanic areas in the Pacific Lopez-Sandoval et al. [28] reported
Chla values higher than 2 mg-m™ in an area off Cabo Corrientes, and Aguirre-Gomez et al. [29] estimated 0.49
mg- m™® in a moreoceanic zone. Off the Costa Rican coast, a mean Chla value of 2 ug-L™ was reported [30], and
in the Ecuador-Peru-Chile Ocean region, the average value was 0.141 pg-L™ [31]. Thus, the average Chla con-
centration measured in this study was comparatively high relative to other oceanic records but lower than values
measured along Mexican continental coasts. Socorro Island reef productivity may be affected by this relatively
high Chla value.

Sea level ranged from 0 to 2.12 m, with a linear increasing trend that resulted in a 1.4 mm difference over the
two year observation period. The highest level recorded was coincident with a temperature increase. This was

Table 2. Basic statistics.

Units Maximum Minimum Mean Std Dev
Oceanographic
u speed cms™ 100.90 -100.00 -0.97 20.53
v speed cms™ 41.45 -59.85 -7.49 16.35
Temperature °C 25.74 21.53 23.65 0.70
Turbidity FTU 158.12 37.91 108.21 30.63
Salinity 35.37 33.59 34.49 0.34
Density Kg'm™ 1025.95 1024.35 1025.09 0.25
pH 8.36 8.34 8.35 <107
Chlorophyll pgL™? 487 4.84 485 <107
Sea level M 2.12 <107 0.64 0.41
Waves M 4.97 1.03 2.74 0.69
Waves period S 15.44 8.70 11.89 1.18
Meteorological
u speed m-s™ 11.99 -9.91 -1.11 472
v speed m-s™ 8.88 -12.32 -2.79 355
Temperature °’C 29.41 25.66 27.64 0.69
Relative humidity % 98.33 68.10 84.10 5.26
Barometer hPa 1114.97 1000.74 1055.46 27.19
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related to the intrusion of waters from the southwest or the retraction of the currents coming from the northeast.
Maximum wave height was almost 5 m and the minimum value was 1 m, with an average of 2.742 m. Maximum
and minimum wave periods were 15.44 s and 8.70 s, respectively, with an average of 11.893 s. Wave height and
period showed a behavior similar to that of sea level, temperature, salinity, and currents. This suggests that
waves may be influenced by current oscillations or eddies [32] that cross the Revillagigedo Islands.

On January 6, 2006, a 7.6 magnitude earthquake in the Banda Sea generated atsunami. The buoy recorded this
has a small teletsunami approximately 8 h later, as a sea level variation of 25 cm (Figure 4).

Ocean currents generally showed similar behavior as wind. In the open ocean, surface currents are strongly
correlated to wind stress forcing. In coastal regions, friction plays an important role in reducing the magnitude of
the ocean currents and the relationship between the currents and the wind is not so linear. The fact that ocean
currents and winds were highly correlated in Socorro Buoy shows that there is not a significant island effect,
which means that the data are representative of open ocean data. Like ocean currents and winds, air temperature
and ocean temperature exhibited a similar relationship. The maximum wind speed was 12.32 m-s™, relative hu-
midity varied between 84.10% and 98.33%, and barometric pressure varied between 1100 and 1000.74 hPa. It
must be noted that hurricane effects were filtered from the time series.

Analysis of the current time-series data (Figures 5-7) and the spectral density (Figure 8) revealeda three
month periodic illation among the astronomical principal tidal lunar and solar peaks. The linear spectral analysis
(Figure 8) and the wavelet analysis (Figure 9) showed annual, seasonal, and biweekly frequencies, frequencies
associated with the main tidal components, and frequencies corresponding to inertial oscillations. The spectral
components of the u and v ocean current components showed peaks at 12.42 and 24 h, corresponding to the
principal lunar (M,) and solar (K,) tidal components, respectively. At this location, the theoretical inertial oscil-
lation (f in Figure 8) indicated a period of 37.40 h, the Chla, pH, temperature, turbidity, and u component of
velocity all showed well-defined peaks at this period, whereas they were not so evident in the v component.
Nevertheless, three more peaks at low frequencies that contributed significantly to the spectral energy of the
time series were detected. Salinity, u, and v component spectra also showed these three peaks, but in a semi-
square band configuration that can be attributed to spectral aliasing. The oceanic spectral peaks occurred mainly
between frequencies of 107 to 107 cph, representing diurnal to monthly periods. This spectral band represented
more than 80% of the total variance. Figure 6 shows a close up view of a 6 month time series of Chla, turbidity,
and pH in which the spring tidal effects are evident. The meteorological time-seriesspectrum (Figure 8) shows
peaks at the same frequencies as the oceanographic time series.

We also applied MorletTrans form (MWT) to obtain wavelets and to analyze signals with high frequency
harmonic components during very short periods and low frequency harmonics during long periods. Fourier

40
30

20

[
o

(=]

Ml

—
S)

Sea Level (cm)

0 500 1000 1500 2000 2500 3000
Time (s)

Figure 4. Sea level and teletsunami of the January 6, 2006 at Banda Sea along the Socorro Island coast.
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transform is a powerful technique useful for analyzing the frequency component over whole time, but it cannot
match the changes in frequency response with respect to time. In the wavelets of the oceanic and atmospheric
series (Figure 9), separation of the different frequencies is clearly visible. The Morlet wavelet established a
clear distinction between the random fluctuations and the periodic patches. A shift in frequencies occurred at
200, 400, 500, and 700 - 800 days in the u currents, whereas the v component followed a more stable path.
Temperature, density, wave high, and sea level showed a perturbation at 100 days. Salinity, wave period, and the
v current component did not exhibit clear time perturbations. Except for air temperature, the atmospheric time
series exhibited lower time variations in periodicities. The u and v air velocity components had time lags at 200
and 550 days, where as temperature was noisier, with variation periods every 200 - 300 days.

Finally, the wavelet map revealed a gradual shift of local maxima and minima toward shorter durations. An
oscillation centered at 30 - 40 days is clearly visible in all of the wavelet representations, and these wave packets
had periods similar to those of the Madden-Julian Oscillation [33]-[35]. This oscillation has been associated with
extreme precipitation events in western North America. Yimin and Stocker [36] reported that fire, wind, and
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precipitation data showed a pattern similar to that of the Madden-Julian 30 - 60 day oscillation mode of meteo-
rological parameters in the tropics.

4. Conclusion

The linear spectral analysis and wavelet analysis revealed annual, seasonal, and biweekly frequencies, frequen-
cies associated with the main tidal components, and frequencies corresponding to inertial oscillations. Statistical
analysis showed a southwest dominant current and variations induced by the passing of different types of me-
soscale eddy in this region, as well as the possibility of Madden-Julian Oscillations.
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