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Abstract: The Gulf of California (GC) is the only interior sea in the Eastern Pacific Ocean and is the
most important fishing area in the northwestern region of the Mexican Pacific. This study focuses
on the oceanographic variability of the GC, including its southern portion, which is an area with a
high flow of energy and exchange of properties with the Pacific Ocean (PO), in order to determine
its role in physical–biological cycles and climate change. The purpose of this work is to analyze
the sea surface temperature (SST) and chlorophyll a concentration (Chl-a) during the period from
1998–2022 as indicators of long-term physical and biological processes, oceanographic variability,
and primary production in the GC. In total, 513 subareas in the GC were analyzed, and a cluster
analysis was applied to identify similar areas in terms of SST and Chl-a via the K-means method
and using the silhouette coefficient (>0.5) as a metric to validate the clusters obtained. The trends
of the time series of both variables were analyzed, and a fast Fourier analysis was performed to
evaluate cycles in the series. A descriptive analysis of the SST and Chl-a series showed that the SST
decreased from south to north. Six bioregions were identified using a combined of both SST and
Chl-a data. The spectral analysis of the SST showed that the main frequencies in the six bioregions
were annual and interannual (3–7 years), and the frequencies of their variations were associated
with basin-level weather events, such as El Niño and La Niña. The SST in the GC showed a heating
trend at an annual rate of ~0.036 ◦C (~0.73 ◦C in 20 years) and a decrease in Chl-a at an annual
rate of ~0.012 mg/m3 (~0.25 mg/m3 in 20 years), with potential consequences for communities and
ecosystems. Additionally, cycles of 10–13 and 15–20 years were identified, and the 10–13-year cycle
explained almost 40–50% of the signal power in some regions. Moreover, mesoscale features (eddies
and filaments) were identified along the GC, and they were mainly associated with the clusters of the
SST. All these spatial and temporal variabilities induce conditions that generate different habitats and
could explain the high biodiversity of the GC. If the warming trend of the SST and the decreasing
trend of the Chl-a continue in the long term, concerns could be raised, as they can have important
effects on the dynamics of this important marine ecosystem, including habitat loss for numerous
native species, declines in the catches of the main fishery resources, and, consequently, support for
the arrival of harmful invasive species.

Keywords: environmental variability; oceanographic dynamics; mesoscale phenomena; Gulf of
California; SST, Chl-a, ENSO, and PDO
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1. Introduction

The GC is a marginal sea surrounded by the semi-desert of northern Mexico, which di-
vides the Baja California Peninsula (BCP) from the Mexican mainland and is approximately
1200 km long and 80–200 km wide [1–3]. On the surface, the GC shows the presence of
different water masses, including California current water, tropical surface water, and the
GC water, which originates in the northern Gulf and is found in the upper layer (<200 m),
with temperature and salinity typical of the GC [4]. The GC (Figure 1) is the most important
fishing region in the northwestern area of the Mexican Pacific. It is one of the marine
systems that is most closely observed by the worldwide conservation sector, and there is a
scientific research focus on the detection of the impacts of anthropogenic climate change
on coastal ecosystems, including on some small pelagic fish, shrimps, and jellyfish [2,5–9].
Variations in these ecosystems have been attributed to large fishing efforts, overfishing,
and environmental factors, which can alter natural mortality in early life stages and have
effects on new-generation recruitment in the adult fish population [10] in addition to the
potential entry of invasive species.
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the GC during the period from 1998–2022.

Circulation studies have indicated that the combined action of wind forcing, the
PO’s influence at the gulf’s mouth, tides, and solar radiation creates a typical circulation
pattern, resulting in anticyclonic circulation during the winter and cyclonic circulation
during the summer [11,12], which suggests that inflow occurs next to the southern coast
of the mainland and that outflow occurs next to the tip of the coast of the BCP. This
mainly causes changes on the annual and semiannual temporal scales, so it is important to
delimit the fronts and gradients of SST in semi-closed areas such as the GC. This circulation
includes mesoscale structures such as filaments, meanders, and eddies, which transfer
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important properties from one coast to another [13], influence the mixed-layer depth [12],
and exhibit different spatiotemporal scales [14,15]. Mesoscale eddies can be identified by
their gradients of temperature and photosynthetic pigments; their dynamic properties
allow them to transfer heat, salt, and nutrients to the water column [16]. They can be
generated by different pressure phenomena, by ocean–atmosphere interchange, and by
mixing of different masses of water, currents, and irregularities in the coastline, islands, or
capes [17,18]. Cyclonic eddies present a counterclockwise rotation and have cold cores and
one outcrop thermocline, while anticyclonic eddies present a clockwise rotation and possess
warmer cores [19,20]; nevertheless, during warm conditions, anticyclonic eddies can display
higher productivity than cyclonic ones due to a weaker stratification [21]. In many cases, the
anticyclonic eddies concentrate pigments, causing an increase in Chl-a in its center [22,23].
The use of satellite images allows a synoptic analysis of the distribution and spatiotemporal
variability of mesoscale phenomena such as eddies, upwelling, and filaments in areas
influenced by marine current systems [24,25], contributing to the continuous observation
of the environmental variability in large marine ecosystems.

Ripa [26,27] and Beier and Ripa [28] suggested that annually, the PO forces an internal
baroclinic Kelvin wave that enters the gulf on the continental coast, causing a cyclonic
circulation coastline. This explains the seasonal pattern of circulation and the interchanges
of temperature and salinity observed in the GC [29–31]. Through hydrographic studies,
it has been found that in winter, the oceanic forcing is associated with the influx of cold
water with high salinity for the tip of the coast of the BCP, whereas in summer, there is a
water intrusion along the mainland coast of the GC [12,32,33]. This inflow and outflow of
water along the coast and the interaction with the coast generate cyclonic and anticyclonic
mesoscale gyres. Recently, studies have shown a relationship of the increase or decrease
in SST and Chl-a concentration values with the presence of mesoscale phenomena in the
GC [34–36].

The wind patterns and the air–sea heat exchanges observed in the GC during the
annual cycle are characterized by northwesterly strong winds from November to May
and weak southwesterly winds with frequent calms in summer [37,38]. Under winter
conditions, the gulf shows upwelling processes and high primary productivity levels on
the mainland coast, caused by strong northwest winds that induce Ekman transport, which
generates the coastal upwelling, increasing the phytoplankton biomass. However, under
summer conditions (weak southwesterly winds), the water column is strongly stratified,
weakening the upwelling processes [39]. These high productivity levels make the GC
an important fishing zone, with enterprises ranging from highly industrialized pelagic
fisheries to coastal artisanal fisheries, which obtain different products with high economic
value in terms of economic income, employment, and social impact, such as large pelagic
fish (tuna and marlin), small pelagic fish (sardine and anchovy), shrimp, as well as squid;
the associated catch volumes largely depend on the availability of food in the first trophic
levels [39].

The interannual variability of the ecological and oceanographic features in the GC
is significantly influenced by the PO. The presence of the El Niño (ENSO) events (the
main frequency of variation in interannual scales) [40] is associated with changes in the
ocean–atmosphere forcing and northward propagation of warm waters along the mainland
coast [41]. Strub and James [42] suggested that the link of the ENSO signals to the NE
Pacific is given by two physical mechanisms: (1) through by an increase in poleward winds
caused by changes in the equatorial zone atmospheric circulation [43] and (2) the poleward
advection of water along the coast and characterized by changes in water temperature, sea-
level rises, climatic meteorological variations, and poor biological productivity. Filonov and
Tereschenko [44] used hydrographic observations along the west coast of Mexico during
the strong El Niño of 1997–1998 to analyze the poleward propagation of this phenomena,
suggesting that water masses of the equatorial that occupied the surface were carried
by these coastal-trapped waves, deepened the thermocline, and replaced local water in
the surface.
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The presence of the ENSO signals within the GC and Its relationship with the physical
and biological processes have been documented in several studies [34,39,41,42,45]. Lavín
et al. [46] found a significant relationship between the Southern Oscillation Index (SOI) and
a spatially averaged anomaly time series of the GC, mainly during the strongest ENSO
events. Likewise, Sánchez-Cabeza et al. [47] found a significant positive correlation between
the Oceanic El Niño Index (ONI) and SST anomalies. During La Niña events, negative
anomalies (up to 4 ◦C) were identified, and during El Niño events, positive anomalies
(up to 7 ◦C) in the minimum SST in the southern GC region were documented [47]. The
minimal positive SST anomalies were caused by (i) inhibition of the coastal upwelling
and (ii) limited cold-water intrusion from the California current, and the rapid warming
rate could be due to (i) the shallowness and coastal dynamics, (ii) warmer surface tropical
waters the Mexican coastal current, (iii) the transport of warmer waters from the western
Pacific during El Niño, and (iv) global warming.

Herrera-Cervantes et al. [48] studied the relationship between the spatial signatures
of ENSO and satellite-derived Chl-a trends showing the coherence between the spatial
distribution of the EOF amplitudes and the MEI correlation coefficients. Lluch-Belda
et al. [49] proved that, when considering SST in the GC since the early 1960s, no significant
trends could be detected, and in fact, the slope was negative. Robles-Tamayo et al. [40]
used a spectral analysis to show that the interannual frequencies of the SST in the GC
southern region were associated with the climatological phenomena of El Niño y La Niña,
and Lluch-Cota et al. [41] found coherent trends among SST series, ecological components
of the GC, and the Pacific decadal oscillation (PDO).

Several regionalizations of the GC have been proposed [50–52], as the natural regions
are areas that share the same environment and, in many cases, biological characteristics.
Regionalization can be conducted by using direct or indirect methods, thus enabling the
study of large areas through patterns of similar variations. For this, different indicators are
used (SST, water masses, physical barriers, types of climate, bathymetry, and productive
zones) to regionalize an area through the grouping of specific features [53]. To perform
regionalization based on indirect methods, SST and satellite images of Chl-a concentration
have been used, highlighting that the regionalization of an area helps to manage the
biological resources of that system [54]. Based on oceanographic information obtained
through remote sensing and historical in situ data, Petatán-Ramírez [51] proposed an
oceanographic zonation of the GC with 14 oceanographic regions, while Heras-Sánchez
et al. [52] proposed the separation of the GC into 12 regions, in which the eutrophic zones
(coastal) covered 15% of the area and contributed to 38% of the total Chl-a estimated.

In this work, we explored the monthly, seasonal, and interannual variability of the
SST and Chl-a at 513 stations in the GC for the period from 1998–2022 and included a
regionalization based on a cluster analysis with the purpose of grouping the sampling
points with the greatest homogeneity in SST and Chl-a concentration, which were obtained
through monthly composite satellite images.

2. Materials and Methods
2.1. Study Area

The GC exhibits complex climatic, oceanographic, and ecological characteristics due
to its location in the temperate–tropical transition zone [42,55]. The PO, wind forcing, and
heat interchanges determine the general circulation in the GC [56]. The southern region
is a transitional zone where different masses of water meet, thus displaying a complex
thermohaline circulation generating mesoscale phenomena that are visible in satellite
images [57].

2.2. Environmental and Oceanographic Characterization

For environmental and oceanographic analyses, a composite of satellite images of
SST (◦C) and Chl-a (mg/m3) with a spatial resolution of one km were used; they were
supplied by Mati Kahru (Scripps Institution of Oceanography). Composites of the satellite
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images from the MODIS-Aqua, Terra, and VIIRS sensors were used for the SST analysis
during the period from 2000–2022; for the period from 1998–1999, monthly SST satel-
lite images from the AVHRR sensor (available at https://www.ncei.noaa.gov/products/
avhrr-pathfinder-sst (accessed on 21 February 2023)) were processed. Additionally, a
composite of monthly images from the MODIS-Aqua, Terra, VIIRS, SeaWiFS, and OLCI
sensors were used for the analysis of the Chl-a. The monthly images of the SST and
Chl-a are available at http://spg-satdata.ucsd.edu (accessed on 23 January 2023). The
images were in HDF (hierarchical data format), and the SST and Chl-a values used 1 byte
per pixel, with linear scaling for SST (◦C = 0.15 × PV − 3.0) and logarithmic scaling
for Chl-a (mg/m3 = 10(0.015 * PV − 2.0)). Image processing and analysis were performed
with the Windows Image Manager (WIM/WAM) [58].

To obtain the values of SST and Chl-a, 513 subareas were selected in the GC (Figure 1).
Each subarea represented an area of 400 km2 (20 × 20 km). Mean SST and Chl-a values
were obtained from ~400 pixels in each subarea, with a total of 300 SST images and
300 Chl-a images for the 25 years of study. The analysis covered a total of 205,000 km2,
which represents 82% of the total marine surface of the GC’s approximate 247,000 km2 [59].

We carried out the cluster analysis using both variables (SST and Chl-a) together. We
used fuzzy clustering methods as the grouping method. The partitional clustering method
K-means of Ralambondrainy [60], Koren et al. [61], and Li et al. [62] is the division of data
objects into non-overlapping subsets such that each data object is in exactly one subset. The
K-means algorithm proposed by MacQueen [63] is an algorithm that allows discovering
clusters in datasets; each cluster is associated with a centroid (center point), and each data
object is assigned to the cluster with the closest centroid. The method by which K-means
algorithm works is as follows:

1. Initialize centroids by first shuffling the dataset and then randomly selecting K data
points for the centroids without replacement;

2. Keep iterating until there is no change to the centroids; i.e., the assignment of data
points to clusters does not change;

3. Compute the sum of the squared distance between data points and all centroids;
4. Assign each data point to the closest cluster (centroid);
5. Compute the centroids for the clusters by taking the average of the all data points that

belong to each cluster.

Once the groups were attained for both environmental variables, a contingency analy-
sis was applied to validate (p < 0.05) the dissimilarities from the clusters obtained.

The relationship between SST and Chl-a was evaluated by means of nonlinear esti-
mation. Subsequently, the SST and Chl-a climatology from each cluster was estimated,
and the anomalies were built based on the time series of each one of the clusters; the
seasonal cycle was removed by subtracting the monthly average climatology on a cluster-
by-cluster basis. The interannual variability was evaluated with a time-series analysis
(fast Fourier transform) of each one of the clusters obtained from the cluster analysis, and
cross-correlation analysis was executed between the SST and the El Niño ONI and PDO
index. The ONI was used as a quantitative measure of the remote forcing associated with
the intensity of equatorial Pacific ENSO events. The PDO index is often described as a
long-lived El-Niño-like pattern of Pacific climate variability [64]. All of the analyses were
performed in Statistical Software version 7.5 and PAST version 4.12.

Based on the study of Farach-Espinoza et al. [35] that determined the annual and
interannual frequency and duration of mesoscale processes (eddies, coastal upwelling,
cold filaments, and water mass intrusion) in the GC during the period from 1998–2018,
by analyzing a composite of 1 km resolution, 5-day SST and Chl-a satellite images, in this
study, random years were chosen for their satellite images to be processed and for the
presence of mesoscale features to be identified by using criteria from previous studies
in which visual inspection was used to identify mesoscale features by following thermal
and primary production fronts [34,65]. Additionally, the method of Kahru et al. [19] was
followed, in which the front detection method of Cayula and Cornillon [66] was applied

https://www.ncei.noaa.gov/products/avhrr-pathfinder-sst
https://www.ncei.noaa.gov/products/avhrr-pathfinder-sst
http://spg-satdata.ucsd.edu
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via the subroutine Single-Image Edge Detection (SIED) in WIMSoft® (San Diego, CA, USA).
Finally, we applied a modification proposed by Diehl et al. [67] to detect the edges in the
one-month satellite images of both Chl-a and SST. The identified eddies were validated by
assessing images of sea water velocity available at https://resources.marine.copernicus.eu
(accessed on 29 January 2023).

3. Results
3.1. Cluster Analysis

The values of the silhouette coefficient need to be greater than 0.5 to significantly
discriminate the groups from each other; therefore, six clusters were identified from the
K-mean cluster analysis of SST and Chl-a (Figure 2). This result allowed analysis of the
time series, climatology, and interannual variability of each cluster individually. Through
this cluster analysis, six bioregions were obtained in the study area, which are spatially
distributed in Figure 3.
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Figure 2. Silhouette coefficient from the K-means cluster analysis of SST and Chl-a concentration in
the subareas of the GC.

Through the contingency analysis, it was estimated that there were no associations
(p < 0.05) between clusters identified for SST and for Chl-a (Table 1), thus validating further
analyses of the six clusters individually.

Table 1. Contingency analysis of the clusters obtained in the GC.

Pearson’s Chi-Square Test

N Chi-Square Chi-Square
(Critical) d.f. p-Value

SST 72 2.784
67.505

55 1

Chl-a 72 3.099 55 1

Figure 3 shows the spatial pattern of the six clusters, where most of the subareas were
grouped according to their latitude except cluster 1, which is located along the mainland
coast. Cluster 5 included the northernmost regions, areas with strong tidal and vertical
mixing in the presence of seasonal heating and cooling [68] from the upper gulf to south of
the Midriff Islands with an average depth of 200 m and characterized by connecting active
basins to the west (Delfin, Wagner, Cerro Prieto, and Salton) and inactive basins to the east

https://resources.marine.copernicus.eu
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(Tiburón and Aldair-Tepoca). These are wide and shallow with sediment packages of up to
6 km, a product of terrigenous input from the Colorado River, including the Midriff Islands,
characterized by high vertical mixing, the main mechanism by which deeper-reaching
nutrients ascend to the surface, creating the conditions for the high primary productivity
observed in the upper GC–south of Midriff Islands area [69] (Table 2). In the Midriff Islands,
there is a strong exchange between the north and the south [70,71]. Cluster 3 included the
deep region (2000 m of depth) of the central gulf between 26◦ to 28◦N, and it is characterized
by large water courses and a narrow and elongated basin, with sedimentary thickness of
up to 1 km, connected by a well-defined arrangement of faults, which develop over oceanic
crust (Guaymas and part of the Carmen Basin), and where jets and mesoscale gyres are
located roughly over Carmen Basin [71]. This region is encompassed by areas that are
under the influence of summer and winter coastal upwelling [12]. Cluster 6 comprised the
limit between Sonora and Sinaloa (24◦ to 26◦N), including Farallon, Carmen, and Pescadero
Basins, with depths between 500 to 2000 m. In this area, the basins are characterized
by deep waters and low sedimentation rates and are strongly fractured by subsidiary
structures (Table 2), where the surface circulation appears to be dominated by mesoscale
eddies structures that have an alternating sense of rotation [71]. Cluster 4 included the
oceanic region of the southern GC surrounding areas down to the southern tip of Baja
California Peninsula, including Pescadero and Alarcon Basins, where the anticyclonic gyres
observed during summer may be caused by instabilities of the poleward propagation of
coastally trapped waves along the mainland coast of GC [71]. While cluster 2 comprised
the area around the entrance of the gulf, including the southern coastal region of Sinaloa
(mainland coast), cluster 1 included only the coastal area of Sinaloa in which important
upwelling events occur during winter and spring, and together with discharges from rivers
and coastal lagoons, these contribute to the high primary productivity observed in this
region (Table 2).
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Table 2. The bioregions derived from the combination of the clusters for SST and Chl-a in the GC.

Region Cluster Sea Surface Water Characteristics

Upper GC–south of Midriff Islands 5 Cold water (23.43 ◦C), eutrophic (1.81 mg/m3)

Central gulf between 26◦ to 28◦N 3 Intermediate water (24.59 ◦C), eutrophic (1.53 mg/m3)

Limit between Sonora and Sinaloa (24◦ to 26◦N) 6 Intermediate water (25.46 ◦C), mesotrophic
(0.92 mg/m3)

Northern and central coast of Sinaloa 1 Warm water (25.99 ◦C), eutrophic (1.49 mg/m3)

Oceanic region at the southern GC surrounding
areas down to the southern tip of Baja

California Peninsula
4 Warm water (26.29 ◦C), oligotrophic (0.37 mg/m3)

Around the entrance of the gulf, including the
southern coastal region of Sinaloa 2 Warm water (26.83 ◦C), mesotrophic (0.95 mg/m3)

The mean values of the six bioregions were obtained, each one with a unique com-
bination of temperature and Chl-a concentration values. For SST, the ranges were cold
water (<24.5 ◦C), intermediate water (24.6–25.9 ◦C), and warm water (>25.9 ◦C); for Chl-a
concentration, the ranges were oligotrophic water (0.1–0.5 mg/m3), mesotrophic water
(0.6–1 mg/m3), and eutrophic water (>1.0 mg/m3) (Table 2).

3.2. Time Series and Climatology

The time series of each cluster showed values of SST between 15 and 32 ◦C (Figure 4).
Cluster 4 presented the highest values (between 19 and 32 ◦C (Table 3)), and cluster 5
presented the lowest (15 to 31 ◦C). On the other hand, the average Chl-a concentration was
between 0.37 and 1.81 mg/m3, with the lowest value in cluster 4 with 0.11 mg/m3 and the
highest values exhibited in cluster 1 with 11.13 mg/m3 (Table 3).
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Figure 4. Climatology of the SST (a) and Chl-a concentration (b) of each cluster in the GC during the
period from 1998–2022.
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Table 3. SST and Chl-a concentration of each cluster in the GC.

Cluster

SST Chl-a

Mean ± S.D.
(◦C) Minimum (◦C) Maximum (◦C) Mean ± S.D.

(mg/m3)
Minimum
(mg/m3)

Maximum
(mg/m3)

1 25.99 ± 4.17 16.98 31.96 1.49 ± 1.27 0.28 11.13
2 26.83 ± 3.40 18.58 31.98 0.95 ± 1.02 0.13 8.89
3 24.59 ± 4.94 16.17 32.43 1.53 ± 0.49 0.84 3.08
4 26.29 ± 3.32 19.62 31.66 0.37 ± 0.22 0.11 1.10
5 23.43 ± 5.21 15.27 31.60 1.81 ± 0.55 0.90 4.01
6 25.46 ± 4.04 17.89 31.99 0.92 ± 0.56 0.24 4.85

The climatology obtained for SST for all the clusters in the GC showed a marked
seasonality. The mean of cluster 1 (coast of Sinaloa) was 25.99 ◦C, with a maximum value
of 31.98 ◦C and a minimum value of 16.98 ◦C (Table 3). The mean SSTs in the central region
(clusters 3 and 6) were 24.59 ◦C and 25.46 ◦C, and in the southern region (clusters 4 and 2),
the means were 26.29 and 26.83 ◦C. Cluster 5 was the coolest all year.

Figure 5 shows that the annual mean SST increased from the northern to the southern
region (R = −0.99), with a coefficient of determination of R2 = 0.985, and the opposite oc-
curred with the Chl-a concentration; on average, it increased from south to north (R = 0.80),
with a coefficient of determination of R2 = 0.643. The concentration of Chl-a showed the
same marked seasonality. Cluster 5 (the northernmost region) presented the highest concen-
tration of Chl-a throughout the year. Cluster 4 (GC western entrance) showed the lowest
Chl-a concentrations from throughout the year (Table 3, Figure 4).
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Figure 5. Trends of the annual mean SST (a) and Chl-a (b) concentration of each cluster in relation to
their mean latitude in the GC during the period from 1998–2022.

The mean SST and Chl-a concentration of all clusters showed a high inverse correlation
(R = –0.819) with a high coefficient of determination (R2 = 0.670) (Figure 6). Some variation
was exhibited—high values of Chl-a and high SSTs, which was probably because of the
vertical and tidal mixing, which are important modes of variation at the sampling stations.

Figure 7 shows the seasonality, annual evolution, and transitional period (scattergram)
of the Chl-a concentration and SST in the GC by using the mean fits of the clusters’ cli-
matological Chl-a versus SST values. All of the points in the climatological array of the
clusters within the GC region were fitted. The distribution of the monthly values in the
climatological band indicates that the winter bloom occurs for temperatures lower than
23 ◦C, when strong north winds alongshore mainland coast are more intense, causing the
Ekman transport to increase upwelling events and creating the conditions for the high
primary productivity observed along the east coast of the GC [37,38], while the summer
non-bloom period (June to September) begins above 27 ◦C, when high solar radiation
causes strong stratification in the mixed layer; although there are upwellings on the west
coast of GC generated by weak southern winds, they are of lesser intensity [12]. This
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winter bloom differs in timing from the annual blooms of other parts of the GC (such as the
Bay of La Paz), where the main bloom occurs in fall to winter, with a secondary bloom in
spring [72].
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Figure 6. Correlation of SST and Chl-a concentration in the GC during the period from 1998–2022.
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Figure 7. Exponential relationship between the monthly averages Chl-a and SST in the Gulf of
California. The numbers in the plot indicate the value for the corresponding month of the year.

3.3. Interannual Variability

Figure 8 shows the annual evolution of the mean SST and Chl-a in the GC during
la Niña conditions (such as in 1999), El Niño conditions (2015), and average conditions
(2019). Summer conditions start as early as late May during El Niño conditions, whereas
during La Niña conditions, they begin during late June. Winter conditions during El Niño
are shortened to last from late December to March, while during La Niña conditions, they
begin in December and end in May (Figure 8a). As for the Chl-a concentration during El
Niño conditions, the winter blooming period is present from January to March, whereas
during La Niña conditions, it is from December to May; a higher Chl-a concentration is
also noticeable during summer under La Niña conditions in comparison to El Niño and
average conditions (Figure 8b).

The interannual variability was predominant with respect to the seasonal variability.
Under strong La Niña conditions (1999), relatively warm water (>25 ◦C) was found near the
entrance of the Gulf, while under average conditions (2019), it reached the central region;
under strong El Niño conditions (2015), it reached up to the Midriff Islands. To obtain a
statistically reliable estimate of the trends of Chl-a and SST for the GC over the last two
decades, the monthly time series of the Chl-a and SST anomalies were smoothed twice with
a 12-month running mean; the smoothed series and the linear trends are shown in Figure 9.
The correlation coefficient, the effective degrees of freedom (Edf ), and the confidence
interval were estimated according to the method Davis [73] and Trenberth [74]. For the Chl-
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a anomalies, a decrease of 0.25 ± 0.05 mg/m3 was obtained, and for the SST anomalies, an
increase of 0.73 ± 0.15 ◦C over 20 years was obtained, as shown in Figure 9. Both correlation
coefficients (RChl-a = 0.46 and Rsst = 0.50) had a weak coefficient of determination (R2 = 0.21
and R2 = 0.25, respectively), meaning that the straight lines were moderately significant and
explained ~40–45% of the variability of both parameters. The observed trend was probably
part of the combined interannual and interdecadal variability of the PO [75], which was
unresolved by the short length of the records used here (~25 years).
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non-bloom period in the GC, resultant of Figure 7.
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Figure 9. Low-passed series of monthly averages of: (A) Chl-a and (B) SST anomalies in the GC after
the removal of the annual cycle. The 12-month running mean was passed twice. The least-squares
linear fit is also shown.



Remote Sens. 2023, 15, 4088 12 of 24

3.4. Fourier Analyses

The spectral analysis of the SST showed that the main frequencies of variation were
annual, interannual, and decadal (3 to 7 years and 10–12 years) in most of the clusters
(Figure 10). In cluster 5, which is the northernmost region of the GC, a 3-year cycle with a
peak power of 12.28 was the most important, followed by a 12-year cycle with a peak power
of 11.38, whereas in the clusters from the central GC (clusters 3 and 6), the most important
cycles were of 12 years (peak power = 16.36) and 18 years (peak power = 14.30), respectively.
On the other hand, the main cycle of the southernmost cluster (2) was of 13 years (peak
power = 17.35), followed by a 6-year cycle (peak power = 10.33). In cluster 1, which
was the most coastal one, a 16-year cycle was the most important (peak power = 15.83).
On the other hand, the spectral analysis of the Chl-a estimated that the main frequency
was the interannual one (5 to 10 years), with peak power between 10.60 and 16.08 for
most of the clusters with the exception of cluster 5, whose main frequency was of 3 years
(peak power = 8.29).
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Figure 10. Spectral analysis of the SST (a) and Chl-a concentration (b) for each cluster in the GC.

3.5. Mesoscale Processes, SST, and Chl-a Concentration

Figure 11 shows the mean SST and Chl-a concentration of 2010–2011 for cluster 5;
during summer conditions (Figure 11A,B), long filaments from the Midriff Islands carrying
relatively cooler water with high concentration of Chl-a towards the northern GC were
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identified. In addition, a cyclonic eddy formed, and it comprised a great area of the
northern region. During winter and spring (Figure 11C,D), anticyclonic eddies were
identified, mostly in the western side of the northern GC.
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Figure 11. Oceanic mesoscale events identified in the northern GC (cluster 5) during summer (A,B)
and during winter (C,D) from a composite of the mean conditions of SST and Chl-a satellite images
of 2010 and 2011.

In the mean SST and Chl-a concentration of 2010–2011 for clusters 1–4 and 6, the central
and southern GC exhibited several eddies with different rotations year-round (Figure 12).
In the central region (cluster 3 and northern portion of 6), the outer edges of the eddies
reached both coasts of the gulf during most of their lifespans. Moreover, during winter,
northwestern winds act parallel to the eastern coast, inciting coastal upwelling in this
region, while the southeastern winds during summer act along the western coast, causing
a less-intense coastal upwelling; filaments can be seen along both coasts during the coastal
upwelling periods. In the southern region (cluster 4), a series of anticyclonic eddies were
identified, mostly over the oceanic region. In cluster 1, the effects of northwestern winds
over the coast that generate coastal upwelling are seen due to the high Chl-a concentration
over this region (Figure 12A,B).
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Figure 12. Oceanic mesoscale events identified in the central and southern GC from a composite of
the mean conditions of SST (A) and Chl-a (B) satellite images of 2010 and 2011. Roman numerals
indicate the number of the cluster, while discontinuous lines indicate the limits of each cluster.

3.6. Association of the SST and Chl-a Concentration with Climate Indices (ONI and PDO)

According to the cross-correlation of Figure 13a, it takes about 2–4 months for ENSO
to reach the GC, inducing increase in the SST, whereas it takes about 4 months for the
ENSO to exhibit effects on the Chl-a, decreasing its concentration (Figure 13b). Similarly,
an increase in the SST occurs around 3–11 months as associated with PDO, while the Chl-a
concentration decreases at around 5–14 months related to PDO (Figure 3d).
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According to the Spearman rank-correlation, the mean SST and Chl-a concentration
showed a significant (p < 0.05) correlation (R = 0.440 and R = −0.448, respectively) with the
ONI, while with the PDO the correlation was relatively lower for SST (R = 0.379) and for
Chl-a (R = −0.445). Regarding the Pearson linear correlation, the coefficients were similar:
in for SST and Chl-a, the relationship was (R = 0.498 and R = −0.411, respectively). On the
other hand, the relationship with the PDO was (R = 0.422 for SST and R = −0.424 for Chl-a)
(Table 4).

Table 4. Rank-correlation (Spearman) and linear correlation (Pearson) analysis (p < 0.05) between the
ONI index, PDO index, and the time series of SST and Chl-a of the GC for the period from 1998–2021.

Spearman Rank-Correlation (p < 0.05)

SST Chl-a

ONI 0.440 −0.448
PDO 0.379 −0.445

Pearson Linear Correlation (p < 0.05)

SST Chl-a

ONI 0.498 −0.411
PDO 0.422 −0.424

4. Discussion

Because the GC is in a transition zone, it exhibits a temperate–tropical climate, while
its adjacent continental regions present an arid climate in its northern portion and a sub-
humid tropical climate in its southeastern portion. These characteristics lead to complex
ocean–atmosphere interactions that regulate its environmental variability [3,27,33,76,77].
As it is in a transition zone, the seasonal and interannual modes of variation dominate
in the GC [34,40,47], which was confirmed by the results of this study focusing on the
oceanography variability of the GC, including its southern portion, which is an area with
a significant flow of energy and exchange of properties with the PO [47]. In addition, the
seasonal and non-seasonal variability and the connection of the SST and Chl-a during
the period from 1998–2022 were analyzed by means of a cluster analysis. The GC is an
area that exhibits high biological productivity [1,2,35] and is affected by the presence of
remote forcing, which is mainly associated with ENSO signals. The climate variability due
to ENSO events in the GC has been studied, but strong controversy remains about the
ecological impacts of ENSO [1,5,9,10,76,78]. The biophysical coupling between Chl-a and
SST was found (Figures 7 and 8).

The division of marine ecosystems into large regions allows a comprehensive study
of their climatological and biological processes, which could have an impact on the dis-
tribution and abundance of organisms [53] by producing unique habitats, communities,
and ecosystems; it would, thus, be necessary to exploit and manage them independently.
Globally, Longhurst et al. [79] proposed the division of the oceans into 57 biogeochemical
provinces based on the regional physical oceanography and net primary production. The
GC was considered as part of the Central American Coast [53,79,80].

Round [81] proposed the division of the GC into four regions: mouth, south, center,
and north. Subsequently, on the basis of the abundance and composition of diatoms,
Allen [53] and Cupp and Allen [82] separated it into three areas: (1) the region south of
25◦N (southern oceanic), (2) the region between 25◦ and 27◦N (central), and (3) the gulf
north of 27◦N (northern). Gilbert and Allen [83] differentiated the inner region of the gulf
north of 29◦N, and they considered the northern gulf as the area between 27◦ and 29◦N. The
divisions were preserved by Gilbert and Allen [83], and these divisions corresponded to
between the antinodes of Sverdrup [84], who theorized a standing internal wave along the
axis of the gulf. Santamaría-del-Ángel et al. [85] divided it into 14 biogeographic regions
after analyzing Chl-a satellite images from the 1978–1986 period.
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Arias-Aréchiga [50] divided it into three regions considering the primary productivity—
north, center, and south—while Soto-Mardones et al. [86] divided the gulf into four regions
(north, Midriff Islands, center, and south) based on satellite data on the SST. Lluch-Cota
and Arias-Aréchiga [55] divided the northern region proposed by Arias-Aréchiga [50],
adding the Ballenas Channel region based on its high Chl-a concentrations. Lavín et al. [46]
divided the gulf into four regions based on SST anomalies from the 1984–2000 period.

Recently, different regionalizations have been proposed by several authors [33,51,52,87–89].
Heras-Sánchez et al. [52] suggested the division of the area into 12 regions. The most recent
characterization of the regions in the GC by Robles-Tamayo et al. [36] involved the analysis of
24 priority marine regions in the Pacific and GC through monthly Chl-a values.

In this study, the monthly SST and Chl-a data from 513 sampling stations were ex-
tracted. Six regions were obtained for both the SST and Chl-a data as a result of the cluster
analysis of the 513 sampled stations, and each region was characterized by a distinct SST
and Chl-a concentration (Table 2). The differences and strengths of the analysis applied
in this study are the following: (1) the higher spatial resolution of the data (1 km), (2) the
longer time series of the data (1998–2022), and (3) the consideration of mesoscale processes
(eddies and filaments) for the first time, which allowed the potential mechanisms of the
concentration and dispersal of Chl-a and temperature to be explained with higher precision.
If the locations of eddies and filaments are examined in the area of cluster 5, it can be noted
that during summer, long filaments from the Midriff Islands carried relatively cooler water
with a higher Chl-a concentration towards the northern GC (Figure 11A,B). Additionally, a
cyclonic eddy formed in this region every summer (Figure 11B). However, during winter
and spring, anticyclonic eddies were identified (Figure 11c,d). In the central and southern
GC (cluster 3 and 6), several eddies with different rotations were identified year-round,
where the northern boundary of cluster 3 and southern boundary of cluster 6 seemed to be
associated with the edges of the eddies (Figure 12A,B). On the other hand, the high Chl-a
concentration from cluster 1 was associated with the wind regime responsible for winter–
spring coastal upwelling. At the entrance of the GC (cluster 4), a series of eddies, mostly
anticyclonic, were found to contribute in the retention of the high Chl-a concentration in
regions far from the coast (Figure 12B).

The variability of the environmental variables analyzed in the six regions is the result
of the patterns of atmospheric circulation and seasonal winds [89–91], which established
clear differences in the annual SSTs and Chl-a concentrations. These variables also exhib-
ited variations based on a range of latitudinal characters in the zonal component of the
gulf, which, together with the influence of mountain ranges on the circulation patterns,
resulted in the variability of SST and Chl-a. The regions in the GC were also the result of
the atmospheric circulation pattern, which determined the seasonal variability and was
characterized by a warm and a cool period, which established an annual cycle with effects
on both environmental variables. Even though years with distinct climatic and oceano-
graphic conditions were included in this study, the results agree with what was reported
by Heras-Sánchez et al. [52]. The climatology in the GC showed a marked seasonality. The
temporal evolution of the pigment concentration presented two regimens throughout the
year: the winter–spring bloom period from December to April and the summer non-bloom
period from July to October (Figure 7). Transitions occurred in two periods: in spring
(May and June), when thermal stratification started, and in autumn (November), when
northwestern wind forcing started, and destratification within the gulf occurred, as shown
in the study carried out by Robles-Tamayo [39].

The main source of productivity in the GC is due to upwelling events, the most
important being those that occur on the east coast of the GC [37,38] and that occur in
the cold season, when the northwesterly winds are more intense, causing the Ekman
transport to increase, increasing the upwelling of nutrient-rich bottom waters to the surface
and thus enriching the water, which in turn increases the phytoplankton biomass and
therefore primary production [34,39]. During the warm season of the year, although there
are upwellings on the west coast of GC generated by southeasterly winds, they are of lesser
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intensity [12]. All the above explains the inverse relationship between SST and Chl a. Other
events winds of a different nature occur in the region of the Ballenas-Salsipuedes Channel,
and upwellings occur throughout the year and are generated by mixing and turbulence
processes due to changes in bathymetry [92].

This average weather pattern is substantially modified during El Niño and La Niña
events since the cold season of the year does not occur during El Niño; even in that period,
the warmest months occur, coinciding with what happens in the countries from South
America, Ecuador and Peru (referring to its name, El Niño) [93]. During La Niña events,
the opposite occurs; that is, the warm season is absent throughout the year.

Contrary to what was previously described as occurring regarding Chl-a, during
average years, the months with the highest Chl-a concentration occur from January to May
and a second smaller maximum from October to December; that is, the highest Chl-a con-
centration values occur in the cold season of the year, conforming to the relationship shown
in the Figure 6. This pattern is also modified during warm and cold events, increasing
productivity in the GC during cold events. This can be explained by the fact that in La
Niña years, the northwesterly winds intensify and upwelling increases due to the Ekman
effect [34].

The annual mean SST increased, and the Chl-a decreased from north to south in the
gulf. Soto-Mardones [86] and Heras-Sánchez et al. [52] reported similar results. At the
southern limit and mouth of the gulf, warm waters from the PO predominated [94,95] and
had effects on the average conditions that reached the Agiabampo–Loreto Bay area (26◦N).
However, during La Niña, these effects were evident north of the state of Sinaloa and south
of Bahía La Paz (24◦N). Under El Niño conditions, the water from the Pacific reached the
region of 29◦N (Ángel de La Guarda Island and Tiburon Island, Figure 11). Additionally, in
the Fourier series analysis, the cycles associated with ENSO events were obvious in all of
the clusters (Table 4, Figure 10).

In the GC, the transition to the warm period occurs during June, resulting in an increase
in the SST due to the advection process as a result of the direct interaction with the PO.
This allows tropical subsurface water, which is warmer than the GC water [90,96], to enter
the gulf. This causes a significant stratification process, which inhibits the effects of coastal
upwelling along the western coast from July to October (summer–autumn), together with
relatively weaker southeasterly winds [82]. However, the transition to the cold period starts
during November and lasts from December to May (winter–spring), resulting in strong
northwesterly seasonal winds that incite coastal upwelling and mixing processes along
the eastern coast of the GC, thus increasing the phytoplanktonic biomass [34,85,86,97].
Moreover, other mechanisms such as tide mixing and direct interaction with the PO,
which determine oceanographic conditions in the GC, favor high levels of phytoplanktonic
material, which increases the Chl-a concentration.

The SST has an important variability in the gulf due to the dynamics of the water
column, particularly through the effects of tidal mixing, upwelling events, and seasonal
wind patterns, especially in the region of the Midriff Islands [98] and in the northern
GC [89]. This effect was reported by López et al. [99] and Álvarez-Molina et al. [100] in the
Ballenas Channel, where the SST decreased due to the constant flux of currents and tidal
mixing, which generated very particular circulation in the area in comparison with other
areas of the gulf. Upwelling of deep water with high content of nutrients, which enhanced
the high Chl-a concentrations and primary productivity, was regularly produced. These
characteristics make the region an important area of biomass concentration of commercially
important species such as small pelagic fish, which are food for many other commercially
and ecologically important species.

As shown in the graph of the climatology (Figure 4) and the scattergram of SST and
Chl-a in Figure 7, the values support the seasonal progression. The values of Chl-a and SST
fell within the climatological band in the GC with Chl-a (between +1.0 and 1.5 mg/m3). The
distribution indicated that bloom occurred for temperatures lower than 23.2 ◦C (winter),
while the non-bloom period began above 27.5 ◦C (summer). May, June, and November



Remote Sens. 2023, 15, 4088 18 of 24

fell outside these SST criteria (transition period) (Figure 7). In the spectral analysis of the
clusters in the SST and Chl-a, predominant cycles of 3–7 years were estimated and were
associated with ENSO events (10 a,b) with a mean lag of 4 months (Figure 13), and cycles
of 10–20 years were found to be related to the PDO (Figure 10, Table 4) in all of the regions.

The combination of SST and Chl-a data in carrying out the clustering analysis al-
lowed us to obtain the bioregions with the greatest statistical certainty; the clusters are
bioregions that represent types of habitats (sets of local physical, chemical, and biological
characteristics) that provide an environment for biota since a habitat is the integration
of the characteristics of seawater that determine the potential for biological communi-
ties [101,102]. This is crucial because the quantity and quality of available habitats largely
determine the structure and composition of communities [102,103]. Three of the regions
found in this study coincide with the fish communities obtained by Acevedo-Cervantes
et al. [104] in deep areas and by Rábago-Quiroz et al. [105] in areas near the coast of the
GC. Acevedo-Cervantes [106] postulated that the biogeographical overlap of the fauna
in the GC is a reflection of (1) the gulf’s geographic position (at the limits of the distri-
bution of species with affinities for temperate, tropical, and temperate–warm transition
environments), (2) the regions that characterize the GC (north, center, and south), and
(3) oceanographic events that develop in the gulf, which generate a vigorous circulation
that interacts with the variable depth to create a spectrum of kinetic energy with well-
defined periods. These produce events of high dynamism that support marine fauna and
flora and benefit fish by allowing them to establish themselves and dwell in areas of high
biological productivity [107].

The trend analysis showed that the SST increased while Chl-a decreased during the
period of this study. The GC showed a heating trend at an annual rate of 0.03 ◦C (0.73 ◦C
in 20 years) and a decrease in its productivity at an annual rate of 0.008–0.012 mg/m3.
Although the presence of the cold anomaly related to La Niña in 1999–2000 in combination
with the large warm anomaly during ENSO in 2015–2016 helped in the trends observed
in Figure 9, there was a non-El-Niño interdecadal signal of Chl-a and SST in the GC that
showed decreases (increases) of about ~0.25 mg/m3 and ~0.7 ◦C, respectively. McPhaden
and Zhang [108] and Lavin et al. [46] (with records of SST anomalies that were previous to
the period studied here) showed increases of ~0.8 ◦C and ~1 ◦C in the SST in the equatorial
Pacific and GC regions, respectively. Herrera-Cervantes et al. [48] showed the trend of the
interannual variability of Chl-a, and Robles-Tamayo et al. [39,40] showed that high peaks
of the interannual frequencies of SST and Chl-a observed in the southern GC region were
associated with global climatological–oceanographic phenomena (ENSO events). Therefore,
the trends observed for Chl-a and SST could mainly be driven by interdecadal changes in
the equatorial PO.

This agrees with Hakspiel-Segura et al. [95] and Sánchez-Cabeza et al. [48], although
it differs in terms of the rate of temperature increase since they estimated a rate of
0.57 ± 0.01 ◦C per decade, while the rate estimated in our study was ~0.27–0.35 ◦C. It
should be clarified that the region analyzed by Sánchez-Cabeza et al. [48] comprised the
shallow coastal waters at the entrance of the GC, which is an area that is under the constant
influence of the warmer tropical surface water carried by the Mexican coastal current and
under the influence of the PO. This was revealed in the mean annual temperature estimated
for this region (cluster 6), which was 27.16 ± 2.96 ◦C, and its climatology was greater than
that of any other region in the GC.

On the other hand, Hakspiel-Segura et al. [97] concluded that the Pacific Meridional
Mode (PMM) is the principal mode of variation in the GC. The PMM modulates the
development of the ENSO [109]. Since the PMM can be driven by the North Pacific Oscilla-
tion [110–112], tropical North Atlantic SST anomalies [113], and the anomalous Kuroshio
Extension [114], changes in these variabilities potentially strengthen the PMM [115–117].
The authors concluded that because global warming favors the growth of the PMM, it will
exert a greater impact on ENSO [109].
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These conditions (warming and reduction of productivity) in the GC will have reper-
cussions at the ecosystem level by modifying its communities and ecosystems. For example,
Gilly et al. [118] stated that this trend has likely changed trophic webs throughout the
GC and impacted many taxa, including small pelagic fish (as they are forage fish), as
well as larger teleost fishes; the authors concluded that a long-term pattern of decline
is emerging across multiple taxa [118]. Coastal ecosystems are especially vulnerable to
climatic variability and the impacts of climate change. Increasing the SST induces changes
of species dwelling relevant ecosystems [2,47,119,120], affects primary production [121],
and generates changes in populations of marine organisms [47,122]. All of the variabilities
shown here induce variable conditions that generate different habitats and could explain
the high biodiversity of the GC.

This environmental change that is taking place alters the biophysical and ecological
properties of the ocean, affecting life at various levels of functional organization, such as
genes, species, populations, and communities, and modifying the routes of food chains
and even generating distribution of species [123], favoring some and affecting others.
We believe that more than a decline in the ecosystems, there may be a replacement of
species of the communities that inhabit the Gulf of California (dissociation of communities),
predominating species of tropical affinity and decreasing species of temperate affinity and
the increase of invasive species, in addition to favoring the population growth of some
species such as coelenterates (which are structuring ecosystems due to their voracity), for
example, the jellyfish, which in recent years has been the object of fisheries worldwide.
This change can affect food security, necessitating public policies aimed at achieving the
adaptation of socio-ecological systems.

5. Conclusions

In this work, by using the monthly averages of composite satellite images of SST (◦C)
and Chl-a (mg/m3), we showed with a descriptive analysis of the SST and Chl-a series
that the SST and the amplitude of the warm period decreased from south to north (the
cold period increased from south to north). By means of a cluster analysis of the SST and
Chl-a concentration, six bioregions were identified. The six bioregions showed that the
main frequencies in the SST were annual and interannual, and the frequencies of variation
were associated with basin-level weather events such as El Niño and La Niña. In addition,
cycles of 10–13 and 15–20 years were identified. The cycle of 10–13 years explained almost
40–50% of the signal power in some regions. The SST and Chl-a showed a heating trend at
an annual rate of ~0.036 ◦C (~0.73 ◦C over 20 years) and a decrease in productivity at an
annual rate of ~0.012 mg/m3 (~0.25 mg/m3 over 20 years). Moreover, mesoscale features
(eddies and filaments) were identified in the GC, and they were mainly associated with the
clusters of the SST and Chl-a. All of the variability shown here induced variable conditions
that generated different habitats and could explain the high biodiversity of the GC. If
the warming trend in the SST and the decreasing trend in the Chl-a continue in the long
term, this could raise concern, as they can have important effects on the dynamics of this
important ecosystem, which could be less resilient to future environmental disturbances,
including habitat loss for numerous native species, thus supporting the arrival of harmful
invasive species.
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