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Abstract: This study analyzed monthly and inter-annual variability of mesoscale phenomena,
including the El Niño Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO) climate
indexes and wind intensity considering their influence on sea surface temperature (SST) and
chlorophyll a (Chl-a). These analyses were performed to determine the effects, if any, of climate
indexes and oceanographic and environmental variability on the central and southern coastal
ecosystem of Sonora in the Gulf of California (GC). Monthly satellite images of SST (◦C) and Chl-a
concentration were used with a 1-km resolution for oceanographic and environmental description,
as well as monthly data of the climate indexes and wind intensity from 2002–2015. Significant
differences (p > 0.05) were observed while analyzing the monthly variability results of mesoscale
phenomena, SST and Chl-a, where the greatest percentage of anti-cyclonic gyres and filaments
was correlated with a greater Chl-a concentration in the area of study, low temperatures and,
thus, greater productivity. Moreover, the greatest percentage of intrusion was correlated with
the increase in temperature and cyclonic gyres and a strong decrease of Chl-a concentration values,
causing oligotrophic conditions in the ecosystem and a decrease in upwelling and filament occurrence.
As for the analysis of the interannual variability of mesoscales phenomena, SST, Chl-a and winds,
the variability between years was not significant (p > 0.05), so no correlation was observed between
variabilities or phenomena. The results of the monthly analyses of climate indexes, environmental
variables and wind intensity did not show significant differences for the ENSO and PDO indexes
(p > 0.05). Nonetheless, an important correlation could be observed between the months of negative
anomalies of the ENSO with high Chl-a concentration values and intense winds, as well as with
low SST values. The months with positive ENSO anomalies were correlated with high SST values,
low Chl-a concentration and moderate winds. Significant inter-annual differences were observed for
climate indexes where the years with high SST values were related to the greatest positive anomaly
of ENSO, of which 2002 and 2009 stood out, characterized as moderate Niño years, and 2015 as
a strong El Niño year. The years with the negative ENSO anomaly were related to the years of
lower SST values, of which 2007–2008 and 2010–2011 stood out, characterized as moderate Niñas.
Thus, variability associated with mesoscale oceanographic phenomena and seasonal and inter-annual
variations of climate indexes had a great influence on the environmental conditions of the coastal
ecosystem of Sonora in the Gulf of California.
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1. Introduction

The Gulf of California (GC), one of the 24 marginal seas, one of the five largest gulfs of the Pacific
Ocean [1] and considered one of the most productive seas of the planet [2,3], shows two periods
separated by two short transition phases, a cold one with high biological productivity and a warm
one with low productivity, attributed to mesoscale processes, such as thermocline, surface circulation
induced by the wind, gyres, filaments and upwelling [4,5]. These mesoscale processes are the result
of atmospheric forcing (wind) interaction in the eastern border of the Pacific, inducing a significant
(barotropic) variability of eddy kinetic energy, which is associated with current forcing fluctuations
in most regions [6,7].

The central region of the GC has intense seasonal upwelling, which takes place from January–April
and from November–December [8,9]. The surface circulation pattern is influenced by seasonal winds
with a flux toward the south in winter and toward the north in summer with important differences
in temperature between both periods [10–14]. High temperatures and oligotrophic characteristics are
generated during the summer with the arrival of the Mexican Coastal Current (MCC) intrusion to the
area of study, generating a cyclonic circulation in this zone [13,15], while wind forcing in the winter
generates filaments of cold water associated with high chlorophyll a (Chl-a) concentrations; likewise,
cyclonic gyres (with counterclockwise circulation in the Northern Hemisphere) are responsible for the
dispersion of high Chl-a concentration [16,17].

These oceanographic conditions of the GC vary in a wide interval of spatial scales (from a few
to hundreds of km) and of temporal scales (monthly, seasonal, annual and inter-annual to decadal),
exerting an influence on marine ecosystems and providing biologically-rich and productive habitats
for a great diversity of ecologically- and commercially-important species [18–22]. These enriching
processes of nutrient upwelling and mixing affect the trophic network, while the processes of particle
concentration (gyres and currents) generate favorable conditions for spawning, survival and larval
dispersion of phytoplankton organisms [14,23–26].

Many large-scale phenomena that act on varied time scales from the El Niño-Southern Oscillation
(ENSO) occur in the Pacific Ocean with month-year cycles from decadal to multi-decadal frequency
events, such as the Pacific Decadal Oscillation (PDO). Their effects are detectable from global to local
ecosystems, and their aggregate contributions establish climate shifts that have shown fluctuations
in atmospheric and oceanic conditions, such as sea temperature [27], wind fields associated with
atmospheric pressure variations [28], ocean currents [29], coastal upwelling [30] and mixed layer
depths [31]. Many of these climate variations occur via atmospheric-oceanic teleconnections [32],
which extend from the troposphere to the ocean surface, including fluctuations in sea level pressure
that are closely linked to changes in surface winds, sea surface temperature (SST), heat content,
mixed layer and thermocline depth. Climate variability receives considerable attention because of
large-scale influences in the North Pacific due to their impact on tropical and extra-tropical climate [33]
and weather over North America [34].

The El Niño Southern Oscillation, perhaps the most studied large-scale phenomenon, comprises
two phases. The warm El Niño phase, which has been studied extensively in the Pacific
Ocean [12,32], is characterized by the weakening of trade winds, warming the sea surface layer
in the tropical-subtropical eastern Pacific, a switch from low to high atmospheric pressure near Darwin,
Australia, and the opposite effect near the Tahiti Islands, where it is termed the Southern Oscillation.
The La Niña cold phase of ENSO is much less studied in the Pacific. It is characterized by an
intensification of trade winds, cooling the sea surface layer in the tropical-sub-tropical Eastern Pacific,
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very low atmospheric pressure near Darwin, Australia, and very high pressure near the Tahiti
Islands [35,36].

The Pacific Decadal Oscillation, another large-scale phenomenon, is a pattern of ocean variability
over the entire Pacific, similar to ENSO in some respects, but with a much longer cycle [37,38]. It is
also defined by two phases; the positive phase in the North Pacific occurs when SST anomalies are
cold in the central North Pacific and warm along the Pacific coast and when sea level pressure is below
average in the North Pacific [39], while the converse occurs during the negative phase. Both phases
are calculated by the standardized difference between SSTs in the north-central Pacific and Gulf of
Alaska. The PDO phases may be important in enhancing or dampening ENSO impacts [40].

The Pacific Ocean exerts a strong influence over the oceanographic conditions of the Gulf of
California because of its connection to the eastern tropical Pacific [4]. The dynamic forcing from the
Pacific over the gulf is one of the most important oceanographic features because it integrates relevant
phenomena, such as salt and heat, global balances, thermohaline circulation and barotropic ocean
circulation [12,41].

Studies have demonstrated the effects of these large-scale phenomena on the Gulf of California
region, and satellite analyses have shown the influence of ENSO over SST variability. Based on satellite
records of SST anomalies [11,42], it has been shown that temperature in the gulf registered up to 3 ◦C
above normal during El Niño, while it was up to 3 ◦C below normal during La Niña.

Similarly, studies on the PDO have shown its influence on pressure, wind, temperature and
precipitation patterns of the North Pacific [37,43,44]. Its temporal modulations are linked to several
important biological and ecosystem variables in the ocean [45,46]. Nevertheless, other parameters,
such as decadal fluctuations in salinity, nutrients and Chl-a in the eastern North Pacific, are often
poorly correlated with the PDO [47].

The GC is complex in terms of climate variability in different time scales (ENSO), decadal to
interdecadal and long-term trend besides the influence of climate change (CC) in the long-term
trend [48] affecting marine communities [49,50]. It is located in the transition zone between the tropical
and subtropical climate regimes and exposed to natural variability modes at a large scale, as ENSO,
PDO and their spatial-temporal interactions [51]; in addition to the previous effects, this environmental
variability causes changes in the limits of species distribution; mismatches between predators and
prey; massive mortality events; and the increase of diseases, which are some of the biological effects
attributed to CC [50,52]. Moreover, impacts in the GC ecosystem are caused by harmful algal blooms,
deterioration in the mangrove area and morphology besides changes in hydrographic conditions in the
coastal zone affecting aquaculture, mortality and changes in the distribution of benthic communities
and important species for fisheries [53].

Because the GC remains free of clouds most of the year, this region is ideal for using
high-resolution satellite-derived data to study surface variability and climate effects on some variables,
such as SST and Chl-a. These effects have been well documented in the GC with more than
three decades of satellite measurements (1980–2015). Soto-Mardones et al. [11], Lavín et al. [42]
and Herrera-Cervantes et al. [13] examined high-resolution satellite-derived SST and chlorophyll
data and their relationships to ENSO spatial signatures for different periods (1984–2004 and
1997–2006 respectively); they found that ENSO is the most important inter-annual variability
signal. Kahru et al. [54], based on satellite data from the Ocean Color Temperature Scanner
(OCTS), Sea-viewing Wide Field-of-view Sensor (SeaWiFS), the Moderate Resolution Imaging
Spectroradiometer (MODIS-Aqua and MODIS-Terra), the Advanced Very-High-Resolution Radiometer
(AVHRR) and the Vertically Generalized Production Model (VGPM) primary productivity model,
found that the semiannual cycle of surface Chl-a concentration was higher during the spring and
fall transition periods when the GC surface circulation was switching between cyclonic gyres in the
summer and anti-cyclonic gyres in the winter. Satellite images, jointly with hydrographic surveys,
suggest that the mesoscale variability in the GC is characterized by a complex pattern of filaments,
meanders and semi-permanent eddy structures. These events carry organisms and properties from the
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entrance to the whole length of the GC [14], which cause important seasonal variability in the mean
field of variables, such as SST and Chl-a, impacting the GC ecosystem, one of the most diverse marine
biological communities in the world and a strategic region for marine fisheries in Mexico, ideal for the
use of SST and Chl-a satellite images for its environmental characterization.

Therefore, the objective of this work was to perform a temporal-spatial characterization of the
mesoscale processes and their relationships with the variations of SST and Chl-a concentration using
high-resolution satellite-derived MODIS data. The influence of ENSO and PDO signals on SST,
Chl-a and wind variations, as well as their influence on the coastal ecosystem of Sonora in the GC are
included in the analysis.

2. Materials and Methods

2.1. Study Area

This study comprised the central and southern coastal regions of Sonora, Mexico, in the GC
(from Bahía Kino to Yavaros, Sonora (Figure 1)), with several sub-basins, low tide amplitude,
high productivity in winter due to coastal upwelling processes associated with winter wind
patterns [8,9] and low productivity during the summer causing oligotrophic conditions [2,55].
Important differences in SST have been reported in the zone from winter to summer [11], as well as an
important generation of cyclonic and anti-cyclonic gyres occupying the entire width of the GC [2,56].
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Figure 1. Central and southern coastal zone of Sonora in the Gulf of California and regionalization
(continuous line) for environmental and oceanographic analyses.

2.2. Environmental Characterization and Oceanographic Dynamics

For spatial-temporal environmental characterization and oceanographic dynamics analyses,
monthly averaged composite images of SST (◦C) and Chl-a (mg/m3) were used with a spatial resolution
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of 1 km, produced by Dr. Mati Kahru (Scripps Institution of Oceanography, http://www.wimsoft.
com/CAL/). To produce monthly composite images, Kahru et al. (2012) processed and averaged
daily images of SST and Chl-a Level-2 and unmapped datasets from multiple sensors: SeaWiFS,
MODIS-Terra and MODIS-Aqua, MERIS (Medium Spectral Resolution Imaging Spectrometer) and
VIIRS (Visible and Infrared Imager/Radiometer Suite) downloaded from the NASA’s Ocean Color
website (https://oceancolor.gsfc.nasa.gov/). Individual swaths were mapped to a common projection
using an Albers Conic Equal Area projection to make each one comparable; because of the Earth’s
curvature, the viewing geometry is different for each pixel, and the ground projection of each satellite
swath is also different. Cloud-free pixels from many satellite passes were merged to create composite
images. As clouds move around during the day, it is possible to use holes in the clouds and composite
data from multiple sensors and multiple overpasses during the day to get maximum coverage. Merging
data from multiple sensors has improved spatial and temporal coverage compared to a single sensor
and correspondence to in situ data because of regional optimization [57]. Sub-images of 1438 × 1397
pixels were cut for the gulf from the supplied images, and mean Chl-a and SST for each month were
calculated using routines included in the Windows Image Manager Automation Module software
(WIM/WAM) [58].

Satellite data were processed by Mati Karhu (www.wimsoft.com/Satellite_Projects.htm),
who grouped them for the region of the California Current and at the same time included the region
of the Gulf of California by using two types of measurements: sea surface temperature (SST) and
superficial chlorophyll a concentration (Chl-a). In case they are required, other variables can be
added, such as the diffuse attenuation of downwelling light at 490 nm (Kd490) and the remote sensing
reflectances at various wavelengths (e.g., Rrs443, Rrs490, Rrs555, and so on).

For each year, these data are composed of different time intervals: day, 5 days, 15 days, month
(www.wimsoft.com/CAL/). Likewise, if possible, similar data of different sensors are merged to
increase coverage and reduce lost data due to clouds.

The set of high-resolution data (1 km) of SST and Chl-a with numerical values are in HDF4 and
PNG format, which can be read by different image-processing programs where the attributes within
the HDF files provide information on the same data. The complete resulting image is 3840 pixels wide
and 3405 pixels high. Image annotations are reduced four times and include longitude/latitude grid,
etc., so special care should be taken while interpreting pixel value. The corresponding latitudes and
longitudes of each pixel can be obtained from the HDF4 file (spg.ucsd.edu/Satellite_Data/California_
Current/cal_aco_3840_Latitude_Longitude.hdf).

The SST and Chl-a products are simple averages of all valid data of all of the sensors available:
MODIST and MODISA for SST; sensors such as MODIST, MODISA, MERIS and VIIRS for Chl-a.
Not all sensors are always available. The most advanced data merging is described in Kahru et al.
(2012, 2015, 2016). Both SST and Chl-a values in the HDF files use 1 byte per pixel with specific scaling.

Linear scaling is used for SST and logarithmic scaling for Chl-a. The scaling equations using the
pixel value (PV) as the unsigned byte (from 0–255) are: SST (deg C) = 0.15 × PV − 3.0 and to Chl
(mg m−3) = 10ˆ(0.015 × PV − 2.0), i.e., 10 to the power of 0.015 × PV − 2.0. Pixel values of 0 and 255
(and the corresponding scaled values) are considered invalid and must be excluded in any statistics
(www.wimsoft.com/CAL/).

Additionally, a database was built for an area centered at Guaymas basin (27.5◦ N and 111◦ W)
to observe the relationship between climate indexes, SST, Chl-a, mesoscale structures, wind and
a monthly time series of wind data. These wind data derived from the NCEP Reanalysis Dataset
of zonal and meridional wind website at https://www.esrl.noaa.gov/psd/data/timeseries/ from
January 2002–December 2015.

To determine a more precise scheme of environmental fluctuations and their possible
consequences on SST, Chl-a, and mesoscale phenomena in the gulf and central and southern coastal
zone of Sonora, the monthly values of the following climate indexes were used: (1) Oceanic Niño Index
(ONI) for ENSO, defined as the three-month running mean of SST anomalies in the Niño 3.4 region

http://www.wimsoft.com/CAL/
http://www.wimsoft.com/CAL/
https://oceancolor.gsfc.nasa.gov/
www.wimsoft.com/Satellite_Projects.htm
www.wimsoft.com/CAL/
spg.ucsd.edu/Satellite_Data/California_Current/cal_aco_3840_Latitude_Longitude.hdf
spg.ucsd.edu/Satellite_Data/California_Current/cal_aco_3840_Latitude_Longitude.hdf
www.wimsoft.com/CAL/
https://www.esrl.noaa.gov/psd/data/timeseries/
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(5◦N–5◦S, 120◦–170◦W); (2) Pacific Decadal Oscillation (PDO), the first principal component of the
North Pacific SST anomaly field (20◦N–70◦N) with the subtracted global mean [59].

For the environmental and oceanographic analysis, a study zone was delimited, including from
Bahía Kino to Bahía de Yavaros, Sonora, Mexico, given its importance in ecology and fisheries and to
the diversity of oceanographic processes that occur there (Figure 1).

Each of the monthly images of SST and Chl-a were used to identify mesoscale phenomena (MCC
water intrusion, filaments, upwelling and cyclonic and anti-cyclonic gyres), recording the monthly
frequency of these phenomena observed (months in which the same phenomenon was observed) and
the length (month in which they started, persisted and ended) in the study zone. Criteria established
in the previous studies of Pegau et al. [56], López [60], Zamudio et al. [2] and García-Morales et al. [61]
were followed for their identification. Upwelling and filaments were identified by a major concentration
of pigments in their border compared to that in their surrounding; gyres, and their directions were
determined by observing their origin and amplitude (originating mostly in the coastal zone with
concentration values greater than the gyre border and the end of low concentrations; on many
occasions, gyres did not show a closed circle, giving as a result the gyre direction). The observed
length, monthly frequency and arrival of water induced by the MCC forcing toward the interior
of the gulf were identified when monthly temperatures were greater than 26 ◦C [62,63] and when
Chl-a concentrations were less than one mg/m3 [17,64,65], taking them as warming and oligotrophic
condition markers, respectively, in the area of study.

After identification, the observed cumulative monthly frequency of each mesoscale phenomenon
was plotted for all of the years and months from 2002–2015; the length in months for each phenomenon
observed was also determined, as well as SST and Chl-a variability of the coastline of Sonora and the
adjacent oceanic zone from Bahía de Kino to Bahía Yavaros in the GC.

The percentage of observed mesoscale phenomena was calculated (MCC water intrusion,
filaments, upwelling, cyclonic and anti-cyclonic gyres) and shown by month and year from 2002–2015;
as a reference the total phenomena for each temporality (month and year) in such a period, as well as
the correlation between these phenomena, SST, Chl-a, winds, PDO and ENSO climate indexes were
taken to determine their influence and effects on the coastal ecosystems of Sonora, Mexico.

2.3. Statistical Analyses

A one-way analysis of variance (Kruskal-Wallis; p < 0.05) was applied to all data generated
for percentages of the mesoscale phenomena observed per month (MCC water intrusion, filaments,
upwelling, cyclonic and anti-cyclonic gyres), SST, Chl-a, winds, PDO and ENSO climate indexes per
month and year from 2002–2015, in each case, all posterior to not complying with the normality
Kolmogorov-Smirnov (α = 0.05) test and/or Bartlett’s (α = 0.05) homogeneity of variance test.
Significant differences were determined between months or years by phenomenon, SST, Chl-a, winds,
PDO and ENSO by Tukey’s (α = 0.05) multiple comparison test. Square-root arcsine transformation
was applied to data expressed as a percentage (MCC water intrusion, filaments, upwelling, cyclonic
and anti-cyclonic gyres) for processing Zar, 1999. A Spearman analysis was performed to correlate the
mesoscale phenomena observed (MCC water intrusion, filaments, upwelling, cyclonic and anti-cyclonic
eddies), SST, Chl-a, winds, PDO and ENSO (R2; α = 0.05).

Time series analysis: The Fourier analysis was applied to both series (StatSoft, Inc. (2007).
Statistica (data analysis software system), Version 8.0. www.statsoft.com), SST and Chl-a to obtain
cyclical patterns and their lengths.

www.statsoft.com
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3. Results

3.1. Analyses of Cumulative Annual and Monthly Frequency of Mesoscale Phenomena Observed in the Central
and Southern Coastal Region of Sonora in the Gulf of California from 2002–2015

A total of 336 monthly images of SST and Chl-a were analyzed, for which a total of 353 mesoscale
phenomena were observed in the coastal region of Sonora and the adjacent deep zone to the GC with
a cumulative monthly average of 29 ± 1.2, highlighting the months of February, March, April, May,
June and July with greater frequency of mesoscale structures (37, 43, 42, 38, 29 and 29, respectively).
The most frequent phenomena were cyclonic gyres, upwelling, and water intrusion with values of
occurrence of 88, 90 and 84, respectively, followed by filaments and anti-cyclonic gyres. The upwelling
seasonal pattern was clearly defined and extended from November–May with peaks in the months
from January–April from 3.3–5.11 mg/m3. On the other hand, cyclonic gyres showed two maximum
peaks of occurrence from February–April and from June–July. Another very persistent phenomenon
in the GC was MCC water intrusion, which showed its arrival to the gulf with major frequency starting
from May and extended permanency up to September. The highest wind magnitudes occurred from
March–July and a period of less intensity from October–February (Figure 2).
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Figure 2. Cumulative monthly frequency observed of mesoscale phenomena and winds in the central
and southern coastal region and adjacent deep zone in the Gulf of California.

Major structure frequencies were observed interannually in 2005, 2007, 2011, 2012 and 2014 with
values of 28, 29, 31, 34 and 32, respectively, and a notable decrease in 2002, 2003, 2006, 2010 and
2015, of which 2015 was the year that showed the least number of phenomena with an annual total
of 18. Likewise, an increasing trend was observed in the frequency of cyclonic gyres, filaments and
intrusions and a decreasing trend in upwelling. As for anti-cyclonic gyres and upwelling, no trend
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was observed throughout the period of study, as well as no observation of anti-cyclonic gyres in 2006
due to the difficulty of determining them by the low concentration of Chl-a and intensification of
the intrusion. The highest wind magnitudes occurred in 2006–2008 and 2011–2013. Variability was
observed, although none of these trends were significant (Figure 3).
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Figure 3. Cumulative annual frequency observed of mesoscale phenomena and winds in the central
and southern coastal region of Sonora and adjacent deep zone in the Gulf of California.

3.2. Analyses of Mesoscale Phenomena Observed Monthly by Images of Chlorophyll a

Monthly images of Chl-a were taken indistinctly in 2004 and 2012 to exemplify the analysis of
the mesoscale phenomena; the years were chosen at random after determining that no significant
differences were observed in the phenomena between years. Figure 4 shows the analysis for 2004
with a total frequency of 24 phenomena observed, mainly cyclonic and anti-cyclonic gyres from
February–September and upwelling from February–April and in November. The presence of intrusion
was observed from April–September, but more intensity was detected in August, reaching inclusively
the northern GC area. Filaments were also observed with higher concentration of Chl-a extending
toward the deep zone from April–November (Figure 4).

The year 2012 (Figure 5) was characterized by the greatest monthly frequency of the mesoscale
phenomena observed with a total of 34. It was also characterized by showing a greater presence
of cyclonic and anti-cyclonic gyres from January–September when March and April stood out with
trains up to four gyres and intense upwelling in the area of study during the first half of the year.
Water intrusion from the Pacific also took place from April–October 2012.
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Figure 6 shows an example of warm water intrusion from the tropical Pacific through the MCC
with SST greater than 26 ◦C by monthly SST images in May 2004 and 2012.

The results of analyzing the number of monthly observations and the length of the phenomena
determined that the cyclonic gyres had a minimum length from one month up to a maximum of nine
where 2003, 2009, 2011 and 2012 were the years when the greatest length of this phenomenon was
observed with 5, 7, 5 and 9 months, respectively; 2011 and 2012 were those showing the greatest
observation frequency of this phenomenon, recording an increasing trend the first 11 years with
a sudden decrease the last three (2013–2015) (Table 1 and Figure 5). As for anti-cyclonic gyres,
a minimum length of one month was established for the phenomenon in most of the years with
a maximum of three months in 2002, 2007 and 2014 with an observation frequency of 4, 6 and 5,
respectively, and a decreasing trend in the period of study. It is worth mentioning that no observation
was recorded on this phenomenon in 2006.
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Figure 6. Satellite images of sea surface temperature ◦C of May 2004 (A) and 2012 (B) of the Gulf of
California and temperature isolines of 26 ◦C (I 26) arriving to the central and southern coastal region of
Sonora and the adjacent deep zone in the Gulf of California.
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Table 1. The number of monthly observations of phenomena per year, length in months of phenomenon per year, its mode of observation per month and its maximum
length in the central and southern coastal region of Sonora and adjacent deep zone in the Gulf of California, Mexico, from 2002–2015.

Phenomena Year

Cyclonic Gyres 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
No. of monthly observations of the phenomenon per year 3 6 5 5 3 7 6 7 4 11 13 6 8 4
Length of the phenomenon in months per year 1 1 1 5 1 3 1 2 1 1 1 1 2 2 3 2 1 2 7 1 3 6 3 1 9 2 2 2 2 2 4 4
Mode of phenomena observations per month 1 1 1 1 1 1 1 1 1 2 1 1 1 1
Maximum duration of the phenomenon in months 1 5 3 2 1 3 2 7 3 5 9 2 4 4

Anticyclonic Gyres
No. of monthly observations of the phenomenon/year 4 2 5 5 6 3 1 1 1 2 4 5 2
Length of the phenomenon in months per year 3 1 1 1 2 1 1 1 1 1 3 1 1 1 1 1 1 1 1 1 1 2 3 2 1 1
Mode of phenomena observations per month 1 1 1 1 1 1 1 1 1 1 1 1 1
Maximum duration of the phenomenon in months 3 1 1 1 3 1 1 1 1 1 2 3 1

Upwelling
No. of monthly observations of the phenomenon/year 6 7 4 7 7 9 6 7 7 8 7 5 7 3
Length of the phenomenon in months per year 5 1 5 2 3 1 4 3 5 2 6 3 2 2 2 5 2 5 2 6 2 6 1 4 1 5 2 3
Mode of phenomena observations per month 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Maximum duration of the phenomenon in months 5 5 4 4 5 6 2 5 5 6 6 4 5 3

Filaments
No. of monthly observations of the phenomenon/year 3 2 4 5 3 2 4 3 2 4 6 4 5 3
Length of the phenomenon in months per year 1 1 1 2 1 1 2 2 1 3 1 1 1 1 2 1 2 3 1 4 1 1 2 2 1 3
Mode of phenomena observations per month 1 1 1 2 1 1 1 1 1 1 1 1 1 1
Maximum duration of the phenomenon in months 1 2 2 2 3 1 1 2 2 3 4 2 2 3

Intrusion
No. of monthly observations of the phenomenon/year 6 6 6 6 6 5 6 5 6 7 6 6 7 6
Length of the phenomenon in months per year 6 6 6 6 6 5 6 5 6 7 6 6 7 4 2
Mode of phenomena observations per month 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Maximum duration of the phenomenon in months 6 6 6 6 6 5 6 5 6 7 6 6 7 5

Numerical values by columns and rows show the total number of phenomena observed by month and year, the length of the phenomenon by month (when there was more than one
observation of the phenomenon per month, its length was considered for one month); thus, in some cases, the sum of lengths per month does not agree with the total observation of the
phenomena per month.
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In the analysis of monthly upwelling, a minimum length of one month and a maximum of six
were observed with two upwelling periods, one five-month and two-month periods in 2002, 2003,
2006, 2009–2010 and 2014, although periods of up to six months were observed in this phenomenon
in 2007 and 2011 with a decreasing trend. Filaments with high Chl-a were observed in the area of
study with a minimum concentration of one month and a maximum of up to four in 2012, as well
as a period of predominant observation of two months for this phenomenon in the majority of the
years of study with an increasing trend. As for MCC water intrusion, a minimum of five months was
observed in 2007, 2009 and 2015 and a maximum of seven in 2011 and 2014, where a six-month period
predominated in the rest of the years, keeping stable during all of the period of study (Table 1).

3.3. Monthly and Annual Analyses of Chlorophyll a, Sea Surface Temperature and Climate Indexes of the El
Niño Southern Oscillation and Pacific Decadal Oscillation from 2002–2015

The average concentration of Chl-a showed a seasonal pattern with high values from
3.13–5.11 mg/m3 from November–April, reaching a maximum average of 5.11± 1.68 mg/m3 in March
and low values with an average of 1.02 ± 0.25 mg/m3 from May–October, contrary to the SST, which
showed average values ≥26 ◦C from June–October with a maximum average of 31.67 ± 0.51 ◦C
in August and low values from 18± 1.29–24.9± 0.84 ◦C from November–April. It is worth mentioning
that when SST values were ≥26 ◦C in May, they showed a decline of Chl-a; and when these values
were ≤26 ◦C, they showed increased concentration of Chl-a in November (Figure 7).
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An inverse lineal relationship (R2 = 0.73) was observed between temperature and Chl-a
concentration (Figure 8).
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Higher concentrations of Chl-a were observed interannually from 2004–2012 with a temporal
decrease in 2010. The highest one was recorded in 2009 with average values of 4.11 ± 3.58 mg/m3;
the minimum value observed was 1.79 ± 1.03 mg/m3 in 2004 (Figure 9).Remote Sens. 2017, 9, 925  13 of 26 
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Figure 9. Average annual variability of chlorophyll a in the central and southern coastal region of
Sonora, Mexico, and adjacent oceanic zone in the Gulf of California.

A minimum increasing trend in values of Chl-a was observed from 2002–2009, which started
decreasing from 2013. As for average SST, fluctuations with values ranging from 23.89 ± 5.83–
26.34 ± 4.39 ◦C were observed in 2008 and 2014, respectively, with a clear increasing trend (Figure 10).
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In the annual analysis of environmental variables and the percentage of the mesoscale phenomena,
no statistical differences (p > 0.05) were observed in the years assessed, indicating lesser variability
in yearly values for the percentage of phenomena reported (Table 2). Whereas the monthly analyses
of the phenomena observed from 2002–2015 showed significant differences (p < 0.05) between
months for temperature, chlorophyll, cyclonic gyres, upwelling and intrusions, no monthly statistical
differences (p > 0.05) were observed in the anti-cyclonic gyres recorded by variability between
months. For Chl-a, an increase in concentration was recorded from November–April with significantly
higher concentrations in March (5.11 ± 1.68 mg/m3) and April (4.55 ± 1.53 mg/m3) (p < 0.05).
Similar trends in upwelling and filaments were recorded with observations of significantly greater
upwelling in November, January and February (55.00 ± 41.98, 42.86 ± 35.37 and 37.34 ± 19.66%,
respectively) and for filaments in December and January (35.00 ± 31.16 and 28.57 ± 21.08%) (p < 0.05).
For temperature and percentage of the intrusions observed, the increasing trend was recorded
from June–September, showing August and September to be significantly hotter (31.67 ± 0.51 and
31.23 ± 0.39 ◦C, respectively, p < 0.05); for the intrusions observed, September showed a significantly
greater percentage (60.37 ± 27.095; p < 0.05). According to the previous information, the increase
in Chl-a concentration was related to similar increasing upwelling and filament trends in the same
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period; on the contrary lower concentrations agree with the periods where the percentages of upwelling
and filaments decreased and with the temperature increase due to an increase of the MCC water
intrusion percentage.

Table 3 shows the environmental variables and mesoscale phenomena with significant correlations
(<0.05); the greatest correlations (R2) were inversely observed between temperature and Chl-a in
February and April (−0.78 and −0.74, respectively); between upwelling and filaments directly in
October (0.74); and upwelling and intrusions inversely in June (−0.75), while inversely between
cyclonic gyres in September (−0.76). According to the previous information, when SST decreased from
February–April, greater Chl-a concentrations were observed; when water intrusion was observed from
May–September, a decrease was observed in Chl-a, cyclonic and anti-cyclonic gyres, upwelling and
filaments, and an increase in SST from September–October. It could be observed that when upwelling
and filaments increased and in turn when upwelling increased, filaments also increased.

In the monthly analyses of the environmental variables, winds and data of the ENSO and PDO
climate indexes, no statistical differences were observed for ENSO and PDO (p > 0.05) among the
months assessed; however, a period of negative anomalies for ENSO could be appreciated from
January–April with values from −0.05 ± 0.44–−0.16 ± 0.71 and a period of positive anomalies from
May–December with values from 0.01 ± 0.39–0.21 ± 0.96 with a negative anomaly of −0.21 ± 1.15 in
August, which differs from the pattern previously observed. Whereas the annual analyses of climate
indexes from 2002–2015 showed significant differences (p < 0.05) among the years analyzed, for ENSO
and PDO, a five-year period of positive anomalies was observed from 2002–2006 with values from
0.16 ± 0.57–0.43 ± 0.26; it was followed by a restoration period of negative anomalies from 2007–2013
with values from −0.26 ± 0.10–−0.70 ± 0.34 except for 2009 when a positive anomaly was recorded,
different from the pattern that had been observed. The years that showed greater anomalies were
2002 and 2009, both characterized as moderate Niños, and 2015, characterized as a very strong Niño;
the years with greater negative anomalies were 2007–2008 and 2010–2011, characterized as moderate
Niñas. In terms of wind intensity, a period of greater intensity was observed from March–June with
values from 3.4–4 m/s (Table 4).

The environmental variables, mesoscale phenomena, winds and climate indexes that showed
significant correlations (p < 0.05) are shown in Table 5. Significant correlations (R2) were observed
inversely between ENSO, PDO, and Chl-a in January, February, May, June, July and October
(−0.63, −0.70, −0.68, −0.67, −0.71, −0.59, −0.64, −0.71, −0.66, respectively), which indicates that
when positive anomalies of PDO and negatives of ENSO are present, Chl-a concentrations decrease.
Moreover, inverse correlations were observed between ENSO and winds in January, April, May,
September, and October (−0.65, −0.53, −0.57, −0.55 and −0.53, respectively), which clearly showed
that as the negative phase of ENSO increased, so did wind intensity. This same effect happened
with the correlation of PDO and winds for the months of February, April, June and September
(−0.53, −0.63, −0.56 and −0.55, respectively) when the positive phase of PDO decreased. In March,
an inverse correlation was recorded between ENSO and filaments of −0.55 and between PDO and
cyclonic gyres with an inverse correlation of −0.67, that is when negative ENSO anomalies decreased
in the positive PDO phase, the frequency of these two mesoscale phenomena increased. On the
other hand, when negative ENSO anomalies occurred by August, the frequency of anti-cyclonic gyres
increased with a correlation of 0.65. The significantly positive correlations were recorded between
PDO, ENSO and SST for January, February, March and December (0.63, 0.54, 0.62, 0.62, 0.61, 0.74, 0.72,
0.55 respectively), which indicated that temperature increased in the area of study in the months when
positive PDO and negative ENSO anomalies were recorded. The positive PDO and ENSO correlations
were recorded in January, February, April, May, September, November and December (0.68, 0.79, 0.59,
0.53, 0.60, 0.72 and 0.73, respectively). Thus, when PDO anomalies were positive, ENSO anomalies
were negative.
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Table 2. Monthly and annual analysis of temperature, chlorophyll a and percentage of mesoscale phenomena observed in the central and southern coastal regions of
Sonora and adjacent deep zone in the Gulf of California, Mexico, from 2002–2015.

Environmental Variables Percentage of Mesoscale Phenomena

SST ◦C Chl-a mg/m3 Cyclonic Gyres Anti-Cyclonic Gyres Upwelling Filaments Intrusions

Month

January 18.00 ± 1.29 bh 3.31 ± 2.22 ab 10.71 ± 16.17 ab 17.86 ± 18.13 a 42.86± 35.87 a 28.57± 21.08 a 0.00 ± 0.00 c

February 18.41 ± 1.83 bgh 3.74 ± 2.24 ab 27.03 ± 21.46 ab 16.22 ± 22.27 a 37.84± 19.66 a 18.92 ± 20.38 ab 0.00 ± 0.00 c

March 19.44 ± 1.46 bfgh 5.11± 1.68 a 32.56 ± 22.63 ab 18.60 ± 21.56 a 30.23 ± 28.18 ab 18.60 ± 18.29 ab 0.00 ± 0.00 c

April 21.36 ± 1.28 bdefgh 4.55± 1.53 a 23.81 ± 22.89 ab 11.90 ± 16.47 a 30.95 ± 16.77 ab 19.05 ± 23.18 ab 14.29 ± 21.15 bc

May 24.92 ± 0.84 bcdef 2.01 ± 1.07 bcf 23.68 ± 20.58 ab 5.26 ± 10.03 a 28.95 ± 20.26 ac 5.26 ± 7.26 ab 36.84 ± 20.08 ab

June 28.47 ± 0.65 ae 1.68 ± 1.68 cf 41.38± 23.36 a 0.00 ± 0.00 a 10.34 ± 12.67 bc 0.00 ± 0.00 b 48.28 ± 27.90 ab

July 30.61 ± 0.65 ac 1.02 ± 0.25 f 41.38± 23.99 a 10.34 ± 13.15 a 0.00 ± 0.00 c 0.00 ± 0.00 b 48.28 ± 28.21 ab

August 31.67± 0.51 a 1.02 ± 0.37 f 24.00 ± 18.54 ab 12.00 ± 0.00 a 0.00 ± 18.62 c 12.00 ± 31.09 ab 52.00 ± 0.27 ab

September 31.23± 0.39 a 1.31 ± 0.39 cf 30.43 ± 25.08 ab 8.70 ± 15.48 a 0.00 ± 0.00 c 0.00 ± 0.00 b 60.87± 27.09 a

October 28.50 ± 0.76 ad 1.70 ± 0.65 bcf 15.70 ± 27.66 ab 10.53 ± 10.72 a 15.79 ± 18.62 bc 10.53 ± 14.47 ab 47.37 ± 47.86 ab

November 24.27 ± 1.26 bcdefg 3.73 ± 1.37 ab 10.00 ± 14.01 ab 10.00 ± 10.03 a 55.00± 41.98 a 25.00 ± 20.69 ab 0.00 ± 0.00 c

December 19.92 ± 1.97 bfgh 3.00 ± 1.34 ac 00.00 ± 0.00 b 15.00 ± 16.98 a 50.00 ± 36.75 ab 35.00± 31.16 a 0.00 ± 0.00 c

Year

2002 24.52 ± 5.46 a 2.27 ± 1.62 a 13.64 ± 15.54 a 18.18 ± 17.53 a 27.27 ± 32.07 a 13.64 ± 17.21 a 27.27 ± 47.02 a

2003 24.65 ± 5.04 a 2.45 ± 1.90 a 26.09 ± 23.67 a 8.70 ± 10.76 a 30.43 ± 45.59 a 8.70 ± 15.05 a 26.09 ± 32.11 a

2004 24.61 ± 5.53 a 1.79 ± 1.03 a 20.83 ± 21.32 a 20.83 ± 22.29 a 16.67 ± 22.98 a 16.67 ± 33.43 a 25.00 ± 31.38 a

2005 24.24 ± 5.19 a 2.61 ± 2.02 a 17.86 ± 22.34 a 17.86 ± 22.95 a 25.00 ± 22.91 a 17.86 ± 24.31 a 21.43 ± 43.25 a

2006 24.62 ± 5.76 a 2.80 ± 1.99 a 15.79 ± 22.61 a 0.00 ± 0.00 a 36.84 ± 37.69a 15.79 ± 22.61 a 31.58 ± 43.30 a

2007 24.09 ± 5.22 a 2.75 ± 1.80 a 24.14 ± 21.65 a 20.69 ± 23.69 a 31.03 ± 28.45 a 6.90 ± 15.54 a 17.24 ± 22.98 a

2008 23.89 ± 5.83 a 3.17 ± 1.99 a 24.00 ± 23.81a 12.00 ± 16.57 a 24.00 ± 32.82 a 16.00 ± 14.97 a 24.00 ± 38.92 a

2009 24.83 ± 5.44 a 4.11 ± 3.58 a 30.43 ± 23.96 a 4.35 ± 7.22 a 30.43 ± 31.67 a 13.04 ± 19.82 a 21.74 ± 32.92 a

2010 24.71 ± 4.90 a 2.39 ± 1.34 a 20.00 ± 33.43 a 5.00 ± 9.62 a 35.00 ± 41.72 a 10.00 ± 16.60 a 30.00 ± 33.43 a

2011 24.16 ± 6.18 a 3.39 ± 1.78 a 35.48 ± 26.42 a 3.23 ± 4.81 a 25.81 ± 36.32 a 12.90 ± 16.76 a 22.58 ± 42.12 a

2012 24.48 ± 5.70 a 3.53 ± 1.94 a 38.24 ± 21.12 a 5.88 ± 8.25 a 20.59 ± 17.48 a 17.65 ± 18.45 a 17.65 ± 22.32 a

2013 25.23 ± 4.81 a 2.32 ± 1.71 a 24.00 ± 22.60 a 16.00 ± 18.28 a 20.00 ± 30.64 a 16.00 ± 17.53 a 24.00 ± 38.57 a

2014 26.34 ± 4.39 a 2.07 ± 1.05 a 25.00 ± 22.71 a 15.63 ± 18.23 a 21.88 ± 17.81 a 15.63 ± 18.23 a 21.88 ± 31.67 a

2015 25.90 ± 4.73 a 1.89 ± 1.08 a 22.22 ± 20.55 a 11.11 ± 11.49 a 16.67 ± 13.97 a 16.67 ± 13.97 a 33.33 ± 46.87 a

Median ± standard deviation. Different superindexes show statistical differences between months or years per environmental variable or mesoscale phenomenon (p < 0.05;
i.e.,a 6= b 6= c). Shaded values indicate the months that showed similar characteristics for each variable and mesoscale phenomenon. Numbers in bold represent the months
that showed a greater difference than the other months in terms of their values and frequency of phenomena.



Remote Sens. 2017, 9, 925 16 of 27

Table 3. Spearman’s (R2) correlation by month between temperature, chlorophyll a and mesoscale phenomena observed in the central and southern coastal regions of
Sonora and adjacent deep zone in the Gulf of California, Mexico, from 2002–2015.

Correlation Per Month between Mesoscale Phenomena and Environmental Variables

Environmental
Variables Mesoscale Phenomena Effect

January SST Chl-a Cyclonic Gyres Anti-Cyclonic Gyres Upwelling Filaments Intrusions
Upwelling ↑-Cyclonic and Anticyclonic Gyres ↓Cyclonic Gyres −0.56

Anti-cyclonic Gyres −0.62

February
SST ↓-Chl-a ↑SST −0.78

March
SST ↓-Chl-a ↑SST −0.63

April
SST ↓ -Chl-a ↑,

Filaments ↑-Intrusions ↓SST −0.74
Filaments −0.53

May Cyclonic Gyres ↑-Upwelling ↓,
Intrusion ↑-Filaments
and Cyclonic Gyres ↓

Cyclonic Gyres −0.67 −0.69
Filaments −0.65

June
Intrusions ↑-Cyclonic Gyres and Upwelling ↓Cyclonic Gyres −0.67

Upwelling −0.75

July Cyclonic Gyres ↑-Chl-a ↑,
Intrusions ↑-Cyclonic

and Anticyclonic Gyres ↓

Chl-a 0.59
Cyclonic Gyres −0.64

Anti-cyclonic Gyres −0.69

August Anticyclonic Gyres and Filaments ↑-Chl-a ↓,
Intrusions ↑-Anticyclonic Gyres ↓Chl-a −0.60 −0.51

Anti-cyclonic Gyres −0.54

September Intrusions ↑-SST ↑,
Intrusions ↑-Cyclonic Gyres ↓SST 0.54

Cyclonic Gyres −0.76

October Intrusions ↑-SST ↑, Cyclonic and Anticyclonic Gyres ↑-SST ↓,
Upwelling and filaments ↑-Chl-a ↑, Intrusions ↑-Chl-a ↓,

Upwelling ↑-Filaments ↑

SST −0.55 −0.54 0.54
Chl-a 0.69 0.60 −0.56

Upwelling 0.74

December
Upwelling ↑-Chl-a ↑, SST ↑-Upwelling ↓SST −0.58

Chl-a 0.65

The numerical values by the intersection of rows and columns show Spearman’s (R2) correlation between the environmental variables of the mesoscale phenomena and among them with
significant statistical differences between the two variables (p < 0.05); the highest correlations are shown in bold. Arrows pointing upward (↑) mean increase and downward (↓) decrease.
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Table 4. Monthly and annual analyses of temperature, chlorophyll a, winds and climate indexes of the El Niño Southern Oscillation and Pacific Decadal Oscillation
in the central and southern coastal regions of Sonora and adjacent deep zone in the Gulf of California, Mexico, from 2002–2015.

Environmental Variables Climate Index

Month

TSM ◦C Chl-a mg/m3 Winds m/s ENSO PDO

January 18.00 ± 1.29 bh 3.31 ± 2.22 ab 2.40 ± 0.57 b −0.12± 0.84 a 0.22 ± 1.17 a

February 18.41 ± 1.83 bgh 3.74 ± 2.24 ab 2.90 ± 0.79 bd −0.16± 0.71 a 0.16 ± 1.08 a

March 19.44 ± 1.46 bfgh 5.11 ± 1.68 a 3.48± 0.59 ad −0.11± 0.54 a 0.11 ± 1.07 a

April 21.36 ± 1.28 bdefgh 4.55 ± 1.53 a 4.00± 0.49 ac −0.05± 0.44 a 0.17 ± 0.96 a

May 24.92 ± 0.84 bcdef 2.01 ± 1.07 bcf 4.04± 0.42 a 0.01 ± 0.39 a 0.23 ± 1.05 a

June 28.47 ± 0.65 ae 1.68 ± 1.68 cf 4.05± 0.44 a 0.07 ± 0.42 a 0.06 ± 0.87 a

July 30.61 ± 0.65 ac 1.02 ± 0.25 f 3.38± 0.40 ad 0.11 ± 0.51 a −0.18± 1.15 a

August 31.67 ± 0.51 a 1.02 ± 0.37 f 0.65 ± 0.48 bcd −0.21± 1.15 a −0.14± 1.42 a

September 31.23 ± 0.39 a 1.31 ± 0.39 cf 2.34 ± 0.72 b 0.17 ± 0.80 a −0.33± 1.21 a

October 28.50 ± 0.76 ad 1.70 ± 0.65 bcf 2.96 ± 0.51 bd 0.21 ± 0.96 a −0.31± 1.08 a

November 24.27 ± 1.26 bcdefg 3.73 ± 1.37 ab 2.58 ± 0.59 bd 0.21 ± 1.02 a −0.31± 1.14 a

December 19.92 ± 1.97 bfgh 3.00 ± 1.34 ac 2.60 ± 0.52 bd 0.14 ± 1.09 a 0.06± 1.18 a

Year

2002 24.52 ± 5.46 a 2.27 ± 1.62 a 3.13 ± 0.79 a 0.62 ± 0.52 ac 0.22 ± 0.86 ae

2003 24.65 ± 5.04 a 2.45 ± 1.90 a 2.96 ± 0.94 a 0.28 ± 0.31 acd 0.97 ± 0.59 a

2004 24.61 ± 5.53 a 1.79 ± 1.03 a 2.77 ± 0.67 a 0.43 ± 0.26 acd 0.35 ± 0.46 ad

2005 24.24 ± 5.19 a 2.61 ± 2.02 a 3.06 ± 0.86 a 0.14 ± 0.41 ae 0.38 ± 1.03 ad

2006 24.62 ± 5.76 a 2.80 ± 1.99 a 3.44 ± 0.59 a 0.16 ± 0.57 ae 0.19 ± 0.61 ae

2007 24.09 ± 5.22 a 2.75 ± 1.80 a 3.30 ± 0.62 a −0.40± 0.62 bde −0.20 ± 0.63 bcde

2008 23.89 ± 5.83 a 3.17 ± 1.99 a 3.49 ± 0.91 a −0.68± 0.42 be −1.29 ± 0.37 b

2009 24.83 ± 5.44 a 4.11 ± 3.58 a 2.95 ± 0.67 a 0.33 ± 0.70 ac −0.61 ± 0.79 bde

2010 24.71 ± 4.90 a 2.39 ± 1.34 a 3.12 ± 0.77 a −0.33± 1.03 bce −0.31 ± 0.95 bcde

2011 24.16 ± 6.18 a 3.39 ± 1.78 a 3.59 ± 0.94 a −0.70± 0.34 be −1.23 ± 0.66 be

2012 24.48 ± 5.70 a 3.53 ± 1.94 a 3.33 ± 0.96 a −0.12 ± 0.39 bce −1.10 ± 0.58 be

2013 25.23 ± 4.81 a 2.32 ± 1.71 a 3.30 ± 0.76 a −0.26 ± 0.10 bde −0.52 ± 0.41bde

2014 26.34 ± 4.39 a 2.07 ± 1.05 a 2.89 ± 0.84 a 0.01 ± 0.40 bce 1.13 ± 0.65 ac

2015 25.90 ± 4.73 a 1.89 ± 1.08 a 2.79 ± 0.77 a 1.26 ± 0.70 a 1.63 ± 0.49 a

Median ± standard deviation. Different superindexes show statistical differences among months or years per environmental variables, winds and climate indexes of the El Niño Southern
Oscillation and Pacific Decadal Oscillation (p < 0.05; i.e., a 6= b 6= c). Shaded values in monthly analyses indicate the months that showed warm characteristics for ENSO and PDO climate
indexes. Numbers in bold represent the months that showed cold characteristics for climate indexes and the months that showed higher wind intensity.
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Table 5. Spearman’s (R2) correlation by month among temperature, chlorophyll a, mesoscale
phenomena, winds and climate indexes observed in the central and southern coastal region of Sonora
and adjacent oceanic zone in the Gulf of California, Mexico, from 2002–2015.

Environmental Variables Climate Index Effect

January SST Chl-a Winds ENSO PDO
SST 0.63 0.54 PDO and ENSO ↑-SST ↑-Chl-a ↓,

ENSO ↓-Winds ↑,
PDO ↑-ENSO ↑

Chl-a −0.63 −0.70
ENSO −0.65 0.68

February SST Chl-a Winds ENSO PDO
SST 0.62 0.62 PDO and ENSO ↑-SST ↑-Chl-a ↓,

PDO ↓-Winds ↑
PDO ↑-ENSO ↑

Chl-a −0.68 −0.67
ENSO 0.79
PDO −0.53

March SST Chl-a Winds ENSO PDO
SST 0.61 0.74

PDO and ENSO ↑-SST ↑,
PDO ↓-Chl-a and Cyclonic Gyres ↑,

ENSO ↓-Filaments ↑

Chl-a −0.67
Cyclonic

Gyres −0.67

Filaments −0.55

April SST Chl-a Winds ENSO PDO
SST −0.59 PDO and ENSO ↓-Winds ↑,

SST ↑-Winds ↓, PDO ↑-ENSO ↑ENSO −0.63 0.597
PDO −0.53

May SST Chl-a Winds ENSO PDO
SST −0.63 SST ↑-Winds ↓, ENSO ↓-Winds ↑,

ENSO ↑-Chl-a ↓ PDO ↑-ENSO ↑Chl-a −0.71
ENSO −0.57 0.53

Jun SST Chl-a Winds ENSO PDO
Chl-a −0.59 −0.64
PDO −0.56

PDO and ENSO ↑-Chl-a ↓,
PDO ↓-Winds ↑

July SST Chl-a Winds ENSO PDO
Chl-a −0.71 PDO ↑-Chl-a ↓

August SST Chl-a Winds ENSO PDO
Chl-a −0.62 ENSO ↑-Chl-a ↓,

ENSO ↓-Anti-cyclonic Gyres ↑,
ENSO ↓-Intrusions ↓

Anti-cyclonic
Gyres 0.65

Intrusions −0.53

September SST Chl-a Winds ENSO PDO
ENSO −0.55 0.60
PDO −0.55

PDO and ENSO ↑-Winds ↓,
PDO ↑-ENSO ↑

October SST Chl-a Winds ENSO PDO
Chl-a −0.66

PDO ↑-Chl-a ↓, ENSO ↑-Winds
and Cyclonic Gyres ↓,
PDO ↑-Intrusions ↑

Cyclonic
Gyres −0.63

Intrusions 0.58
ENSO −0.53 0.77

November SST Chl-a Winds ENSO PDO
ENSO 0.72 PDO ↓-ENSO ↑

December SST Chl-a Winds ENSO PDO
SST 0.72 0.55

ENSO 0.73

PDO ↑- ENSO ↓-SST ↓,
PDO ↑-ENSO ↑

The numerical values by intersection of rows and columns show Spearman’s (R2) correlation among the
environmental variables of mesoscale phenomena and El Niño Southern Oscillation and Pacific Decadal Oscillation
climate indexes and among them with significant statistical differences between the two variables (p < 0.05);
the highest correlations are shown in bold. Arrows point upward (↑) mean increase and downward (↓) decrease.

The performed analysis showed an important annual component and minor variability associated
with the semiannual cycle (4–6 months). Chl-a series also showed evidence of a higher variation period
variation, related to interannual (three year) cycles, possibly generated by El Niño-La Niña events.
However, those frequencies are not supported by the analysis, because the sampling does not expand
10-times the period of the event (Figure 11).
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Figure 11. Spectral analysis and periodograms for sea surface temperature (SST) (A,B) and the concentration of chlorophyll a (Chl-a) (C,D). 
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Figure 11. Spectral analysis and periodograms for sea surface temperature (SST) (A,B) and the concentration of chlorophyll a (Chl-a) (C,D).
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4. Discussion

It is common to find mesoscale structures in the GC that have lead it to stand out as one of the
most productive water bodies of the Pacific [5,12,62] because of the great number of oceanographic
phenomena that occur, which agrees with the monthly analyses of the phenomena observed. They can
be generated by the coupling processes of macroscale atmospheric phenomena and regional mesoscale
events, which seem to occur each year [14].

The monthly frequency analyses showed a total of 353 mesoscale phenomena in the central and
southern coastal regions of Sonora during the period of study where the months that stood out with
greater observations per month of cyclonic gyres, upwelling and MCC water intrusion were from
February–July. All of these phenomena have been the result of atmospheric forcing interaction in the
Pacific where seasonal winds (with flux toward the southeast in winter and toward the northwest
in summer) induced a significant barotropic variability in kinetic energy associated with gyres and
upwelling, as well as in energy associated with fluctuations of the current force as mentioned by
Badan-Dangón [15], Stammer and Wunsch [6] and Lavín et al. [14].

The results have shown a seasonal pattern of intense upwelling from November–May with
a maximum observed from January–April, similar to that reported by Maluf and Lluch-Cota [8,9],
who mentioned a period extending from November–April. In this same period, filaments with high
Chl-a were observed, which according to Navarro-Olache et al. [16] Lavín et al. [54] and Zamudio [2]
were generated by wind forcing in winter transporting cold water with a high concentration of
Chl-a. They also mentioned that this same wind forcing forms cyclonic gyres responsible for high
dispersion of Chl-a, as could be observed from January–April in our results. Likewise, these gyres play
a fundamental role in the transport of suspended material, contributing to nutrient transport between
the sub- and superficial layers, affecting the vertical and horizontal distribution of phytoplankton [66].
According to the previous information, the distribution and abundance of phytoplankton depend on
the type of gyre and its time length, where anti-cyclonic gyres cause sinking of nutricline originating
a low in primary local production. On the other hand, cyclonic gyres displace nutricline, and when this
displacement is strong enough, it generates enrichment in the water column as for primary production
exporting organic material to the ecosystem [67–70].

Likewise, according to the results of the monthly analyses and correlation, this pattern of
upwelling and filaments of high Chl-a concentration was influenced by that of moderate and
strong winds from November–April, caused by the cold phase of ENSO. It is characterized by
wind intensification during these months, as well as a cooling factor of the superficial water layer
in the tropical Pacific affecting the area of study [39,40]. Nonetheless, in the results of this study,
the wind pattern was not correlated directly with the mesoscale phenomena, but the variations of
these indexes affected wind intensity generating the type of mesoscale structures, such as upwelling,
anti-cyclonic and cyclonic gyres, that are in charge of concentrating and dispersing high Chl-a
concentration, respectively.

In the following months, climate indexes were directly correlated; in March, an increase in
cyclonic gyres showed a decrease in the positive anomalies of PDO and an increase of filaments when
ENSO showed a decrease in its negative anomalies; in August, an increase in anti-cyclonic gyres
was observed when ENSO showed a sudden change from positive to negative anomalies, which also
caused a decrease in intrusions. Finally, in October, a decrease of winds and cyclonic gyres was
observed when the positive anomalies of ENSO increased. In the same manner, when the positive
anomalies of PDO decreased in this month, intrusions increased.

The results showed a clear difference between cold and warm periods and variations between
the same months in the central and southern coastal region of Sonora in the GC. The image analysis
of Chl-a showed a similar variability to that of Espinosa-Carreón and Valdez-Holguín [17,71] who
found a marked variability of Chl-a in the GC; they reported a high concentration during the cold
period and a low one in the warm period, which agree with those shown in this study, where it could
be clearly observed that as SST increased over 26 ◦C in the warm period, Chl-a showed a decrease;
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and when SST decreased, Chl-a showed a recovery in the area of study. This monthly variability
was due to gale winds and upwelling during the cold period, as well as to gentle winds and warm
water intrusion with oligotrophic characteristic of the Pacific to the GC [54,65,72]. The variability in
Chl-a concentration previously mentioned, caused by changes in wind intensity and CCM intrusion,
was also modulated by changes in the ENSO and PDO phases where our results showed that when
the positive PDO phase decreased, Chl-a concentration increased, and when the positive ENSO phase
increased, such a concentration decreased.

The results of the SST analysis corroborated the presence of two extreme periods in the annual
temperature cycle in the area of study previously reported by Soto-Mardones et al. [11] Lavin and
Marinone [42] and Godínez-Sandoval [63]. They concluded that SST variability was due to changes in
solar radiation incidence that changed evaporation rates and wind intensity, as well as to the strong
influence of MCC water intrusion from the Pacific Ocean through the mouth of the GC by means
of coastal Kelvin type waves that spread along the continental coastline of the gulf, which were the
ones transmitting signals from the Pacific to the inner GC [13]. Additionally, such extreme periods of
high temperatures that went from June–October were influenced by the positive ENSO phase and by
the negative PDO phase. On the contrary the period of lower temperatures was modulated by the
negative ENSO phase and the positive PDO phase from November–May.

On the contrary, one of the intriguing results in the statistical analyses was that no significant
differences were observed among the years of study for the SST and Chl-a variables and mesoscale
phenomena. Nonetheless, in the analysis of climate indexes of PDO and ENSO, significant statistical
differences were observed when a five-year period of positive temperature anomalies was observed
for both indexes; a period of negative anomalies of up to seven years was also observed for both
indexes with extreme years, such as 2002 and 2009 with positive anomalies, which were characterized
as moderate Niños; 2015 was characterized as a strong Niño followed by a restoration period named
Niña from 2007–2008 and 2010–2011. As explained by Bernal et al. [73], they suggested that annual
temperatures were modulated mainly by the influence of great scale phenomena in the Pacific, as ENSO
and PDO.

Likewise, the mesoscale phenomena that occurred in the area of study and those at the mouth of
the GC were modulated by the three time scales that occur in the Mexican Tropical Eastern Pacific:
(1) seasonal current (California Current and Mexican Coastal Current); (2) gyres (3–5 months) at
the mouth of the gulf; and (3) interannual anomalies as El Niño and La Niña. These two last ones
apparently play a role in MCC intensification during El Niño, as well as an increase in the number
of gyres generated [13,74–76], which affect oceanographic dynamics of the GC. Likewise, Chl-a
concentrations were observed in our results where its gradual increase and a gradual decrease of SST
could be appreciated during the negative PDO and ENSO anomalies (2003–2009) with a decrease in
Chl-a and an increase in SST in 2004, 2010 and 2015 caused by extreme warm events characterized as
Niños (ENSO-NOAA).

According to the previous information, the decrease of Chl-a indicates an oligotrophic area
associated with a low presence of organisms integrating phytoplankton and zooplankton, thus causing
changes in their distribution and abundance, such as species displacement toward more productive
areas or habitats where planktonic food is more abundant [50–52,77]. This behavior of the organisms
could be explained by rotation movements or mechanisms of cyclonic gyres, which transport nutrients
vertically toward the eutrophic zone, fertilizing it, and the phytoplankton responds to this pulse
causing a phytoplankton bloom according to Coria-Monter et al. [26].

Likewise, according to Maluf [8], the interaction of the water mass from the Pacific with that of
the GC and its characteristic topography and important circulation processes allow the formation of
oceanic fronts provoking a convergence of organisms in the frontal areas of this mass of water and
in the phenomena provoked by the same intrusion. Moreover, gyres retain and transport organisms
and enrichment processes as upwelling and filaments that favor the habitat of a great number of
organisms [14,24–26].
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Previously in other studies, Soto-Mardones et al. (1999) showed that on average, the sea surface
temperature (SST) of the Gulf of California decreases from the mouth to the head and its variability
increases by using fourteen years of infrared satellite images (1983–1996) to examine SST variability.
The annual scale accounts for most of the variability of the SST, which oscillates in phase with small
variations from north to south. Escalante et al. (2013) using satellite-derived data from 1997–2010,
sea surface temperature, chlorophyll a and primary productivity variations showed that interannual
signals of El Niño (EN) and La Niña (LN) were more evident at the entrance to the gulf.

Likewise coinciding with these two works and with a series of larger data, López-Martínez et al.
(2001) showed that interannual variation is one of the dominant signals in the Gulf of California by
making a spectral analysis of TSM from 1952–1993 with data from a tide-chart located in Guaymas,
Sonora, in the central part of the gulf, which agrees with that obtained in this study.

All of the physical, biological and atmospheric processes mentioned previously take place at
different temporal and spatial scales, as our results have shown in the number of monthly observations
of phenomena per year, their length in months per year and maximum length. Likewise, climate
indexes and winds exert an influence on the coastal pelagic ecosystem of Sonora, providing productive
and biologically-rich habitats for a great diversity of commercially-important species. Moreover,
these different types of mesoscale phenomena in the area of study and their length could exert a
positive or negative effect on some species, such as the production of eggs and larvae and the growth
and survival in the stages of the different species populations that inhabit the GC as mentioned by
Hammann et al. [78], Daskalov [79] and Nevarez-Martinez [24,25,80].

5. Conclusions

During the period analyzed, a large number of mesoscale phenomena could be observed in
the area of study by analyzing images of Chl-a and SST, which determined the seasonal and annual
variations in these two variables, as well as the frequency among phenomena from 2002–2015.

The mesoscale structures that could be detected were anti-cyclonic gyres, filaments of Chl-a
concentrations besides upwelling, cyclonic gyres and MCC water intrusion, which were those that
stood out. Likewise, the frequency observed of each one of the phenomena and their length could be
determined to establish their possible effect on the ecosystem.

The analyses of oceanographic dynamics performed for months and years in the coastal central
and southern area of Sonora in the Gulf of California allowed determining, in great measure,
the evolution of its mesoscale superficial dynamics, which permitted establishing the oceanographic
framework affecting the coastal area.

As for the Chl-a concentration, a wider period with high concentrations could be identified
compared to those traditionally proposed for this area due to the upwelling phenomena, the negative
phase of ENSO and the positive phase of PDO that took place from January–May and from
November–December with a maximum in winter and spring. The minimum values were recorded in
summer because of the strong impact in the area of study due to the effects of MCC water intrusion;
in previous months, highly favorable conditions prevailed for the primary sustenance of the trophic
nets, and all of a sudden, these conditions strongly decreased by such an intrusion with a consequent
increase in SST in the positive phase of ENSO and the negative phase of PDO.

It was also determined that in the annual analyses of environmental variables and the percentage
of mesoscale phenomena recorded, no significant differences were observed between the years
assessed. While the monthly analyses of the phenomena recorded from 2002–2015 showed significant
differences between months, for temperature, Chl-a, cyclonic gyres, upwelling, filaments and
intrusions, no statistical monthly differences were observed in anti-cyclonic gyres because of the
variability between months. A high correlation was observed between some environmental variables
and mesoscale phenomena.

All of the physical and biological processes mentioned in this work, as well as their length, have a
bearing in the state of health of the pelagic ecosystem of the coastal zone of Sonora, and they exert
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a positive or negative effect on the requirements of some biologically- and commercially-important
species. Therefore, because of their importance, this type of studies should be monitored periodically
to have updated environmental information of the ecosystems and their possible implications on
the organisms.
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