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Abstract: Priority Marine Regions (PMR) are important areas for biodiversity conservation in the
Northwest Pacific Ocean in Mexico. The oceanographic dynamics of these regions are very important
to understand their variability, generate analyses, and predict climate change trends by generating an
adequate management of marine resources and their ecological characterization. Chlorophyll a (Chl a)
is important to quantify phytoplankton biomass, consider the main basis of the trophic web in marine
ecosystems, and determine the primary productivity levels and trends of change. The objective of this
research is to analyze the oceanographic variability of 24 PMR through monthly 1-km satellite image
resolution Chl a data from September 1997 to October 2018. A cluster analysis of Chl a data yielded
18 regions with clear seasonal variability in the Chl a concentration in the South-Californian Pacific
(maximum values in spring-summer and minimum ones in autumn-winter) and Gulf of California
(maximum values in winter-spring and minimum ones in summer-autumn). Significant differences
(p < 0.05) were observed in Chl a concentration analyses for each one of the regions when climate
patterns—El Niño/La Niña Southern Oscillation (ENSO) and normal events—were compared for all
the seasons of the year (spring, summer, autumn, and winter).

Keywords: chlorophyll a concentration; variability; Priority Marine Regions; Northwest Mexico

1. Introduction

In Mexico, diverse marine and coastal areas are characterized for their high levels of
biodiversity because of the interaction between the ocean and atmosphere with a constant
material-energy exchange in conjunction with geographical aspects [1]. Examples of these
areas are the Baja California Peninsula and Gulf of California recognized as some of the
most significant marine habitats rich in biota, such as marine mammals and sharks [2,3],
Totoaba, and Marine Vaquita [4,5], respectively. Both marine areas have important and
diverse species because of their primary productivity levels and conservation besides
representing principal fishing zones of different species, such as shrimp, squid, and small
(anchovy and sardine) and large (marlin and tuna) pelagic fishes [4,6,7].

This study aims to protect these environments and generate an adequate conservation
and research management of their biodiversity. The National Biodiversity Commission
(CONABIO, for its acronym in Spanish) determined some zones as Priority Marine Regions
(PMR), considered important areas for biodiversity and natural resource conservation.
Thus, these PMR were identified by analyzing environmental (biotic and abiotic) and
economic (fishing areas, tourism, ecotourism) factors, as well as threat (environmental
modification, pollution, and impact) criteria [8]. All these data were analyzed to establish a
spatial delimitation of each one of the PMR polygons through bathymetry and mapping
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processes at oceanic and coastal zones. Biological aspects of the study area were considered
to provide information on the marine and coastal ecosystems [8,9].

Different oceanographic variables have been used to describe environmental variability
and oceanographic dynamics in marine and coastal ecosystems at different spatiotemporal
scales. One of them is chlorophyll a (Chl a), which is useful to quantify phytoplankton
biomass—considered the main base of the trophic web in marine ecosystems. In addition,
primary productivity levels were determined to allow for quantifying the inorganic-organic
conversion rate during the photosynthesis process [10]. Phytoplankton transforms light
energy and inorganic carbon compounds in trophic webs, determining phytoplankton
production, also known as primary production [11]. The importance of phytoplankton
biomass relies in the fact that it comprises the largest portion of ocean primary producers,
developing a consumer food chain, and determining specific richness of higher trophic and
primary productivity levels [12].

The Chl a analysis is essential for finding trends of changes that can be associated
with natural or anthropogenic factors [13], as well as interannual events, such as El Niño
Southern Oscillation (ENSO), causing atypical global atmospheric circulation features
and impacts due to a reversal of the Pacific pressure patterns associated with extremes
in the Southern Oscillation as well to changes in the oceans during the two phases of
ENSO (El Niño or La Niña events) [14], which have effects on Sea Surface Temperature
(SST) levels and Chl a concentration [7,15]. All these factors and events have an influ-
ence on phytoplankton distribution that can be considered an important climate change
indicator [16,17].

In this sense, using satellite remote sensing is useful to measure Chl a concentration,
which allows characterizing oceanographic conditions and variability [18]. Additionally,
physical and biological aspects of the ocean are described at different spatiotemporal
scales [19,20] through constant availability of data in time and space. Satellite measurements
of ocean color provide a large scale and wide coverage sampling of global chlorophyll,
which help us to understand the phytoplankton’s role in biochemical cycling, its variability
due to climate change, and its effects on the ecosystem and some fisheries [21,22].

Ocean surface organized by regions reflect the interactions between environmental
forcing and biological responses, showing homogeneous properties in the dynamics and
structure of the ecosystem through surface partitioning [23]. Partitioning allows a better
understanding of oceanographic processes, supporting marine management decisions
based on ocean color remote sensing [24]. This process is useful for describing phyto-
plankton patterns, such as phenology, linked to ocean dynamics and atmospheric forcing
that have an impact on ecosystem functioning and are considered important indicators of
environmental variability and trends of change [25].

The Chl a analysis has also been used for determining regions, an important topic
in resource management and environmental characterization. The final regions are de-
termined by combinations of physical, chemical, and biological factors. Ocean Chl a
concentration typically shows large spatiotemporal variability, thus making it necessary to
establish regions [26]. Therefore, regionalization analyses are essential for environmental
modeling [27] through the analysis of data for supporting marine management decisions.

The ecological and oceanographic Importance of appropriate regionalization has re-
sulted in many proposals, mainly based on environmental, oceanographic, and biological
parameters along the Pacific Ocean. To analyze the spatiotemporal variability of chlorophyll
concentration in the concentration in the Baja California Peninsula, Millán-Núñez et al. [28]
divided the California Current System in six regions that comprise the southern and central
area of the Pacific coast during warm and cold periods. Thomas et al. [29] determined five
regions from British Columbia, Canada to the west coast of the state of Baja California,
Mexico as a result of a cluster analysis for spatiotemporal chlorophyll variability. The
authors used Chl a measurements from a Sea-viewing Wide Field-of-view Sensor (SeaWiFS)
(1997–2010) for all the study area, finding three regions that showed positive significant
trends of change in chlorophyll concentration. Hernández-de la Torre et al. [30] character-
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ized oceanographic and coastal variabilities of the North Pacific Ocean on the western
coast of Baja California by temperature and primary productivity cluster analyses, finding
a total of nine regions (three oceanic, six coastal). On the other hand, the Gulf of Cali-
fornia has been also regionalized using different criteria. Santamaría-del-Angel et al. [31]
determined 14 regions in the Gulf of California, as a result of a principal component
analysis (PCA) through weekly time series for eight years. Kahru et al. [32] obtained
12 regions along the gulf, using cluster analyses throughout the chlorophyll annual cycle.
Heras-Sánchez et al. [26] determined 12 regions using monthly SST and Chl a data for a
period of 18 years. Nowadays, some studies of oceanographic variability of SST and Chl a
data have focused on the classification of marine regions in the Mexican Pacific Ocean,
where this variability is in the function of the oceanographic conditions, as well as for
environmental characteristics of the continental area. However, all these studies have been
done only for specific areas. For example, the Baja California Peninsula or Gulf of Califor-
nia lacks studies that could provide more information about its oceanographic variability
on these PMR trough variables, such as Chl a concentration that allows for establishing
ecological characterizations and change trends and promoting oceanographic knowledge.

The PMR are considered vulnerable to natural and anthropogenic changes. Thus,
more information that contributes to long-term studies of Chl a concentration should be
obtained, since it is an important variable to study biological and physical processes in the
oceans, as well as the analyses and predictions of changes in marine and coastal ecosystems.
The Chl a analysis through regionalization is useful to understand how Chl a variability has
an influence on the distribution and abundance of marine organisms and the effect on the
ecosystems and fisheries [26,33,34]. This information provides not only knowledge about
environmental variability and oceanographic dynamics but also on resilience capacity
of the marine regions of northwest Mexico, allowing a proper management of natural
resources in the PMR. Therefore, the objective of this research is to describe the oceano-
graphic and environmental variability in Priority Marine Regions of the Baja California
Peninsula and Gulf of California based on Chl a concentration, using 253 months’ time
series (September 1997–October 2018) of the measurements obtained from remote sensors
through a regionalization process using a cluster analysis. This study assumes the hypothe-
sis that the oceanographic conditions of the Baja California Peninsula and Gulf of California
are influenced by continental climatology and direct interaction with the Pacific Ocean
in conjunction with climate variability associated with climate change. A high frequency
scale variability is linked to seasonal and annual changes, whereas low frequency scales
are associated with interannual (El Niño and La Niña Southern Oscillation) events, which
have effects both on Chl a concentration and resilience capacity.

2. Materials and Methods
2.1. Study Area

The study area covers a total of 24 PMR (Figure 1), located and georeferenced at
the Northwest Pacific Ocean (Table 1). The polygon assignment of these regions was
determined by CONABIO (in English, National Commission for Knowledge and Use
of Biodiversity) in conjunction with governmental and non-governmental organizations
through cartography and bathymetry processes at oceanic and coastal levels. These poly-
gons were formulated to have an adequate description of the physical and biological aspects
of these areas, provide better information about the marine ecosystems and oceanographic
variability, thus generating appropriate research development and conservation of their
natural resources [8].

All 24 PMR are located in two different marine areas of the Northwest Pacific Ocean:
South Californian Pacific and Gulf of California. The South-Californian Pacific is influenced
by diverse currents and upwelling systems throughout the year, particularly from the
California Current System, characterized by transporting cold and rich waters in nutrients
from north to south. From south to north, the marine areas in the peninsula are influenced
by the Southern California Counter-current, which is warmer, has a seasonal variability that
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is observed from August to October, and affects the area until winter. In addition, intense
coastal upwelling events occur during spring and summer, which develop high biological
diversity and productivity [9,35,36]. The Gulf of California is considered a marginal sea
with physical dynamics associated with tidal currents, seasonal winds, upwelling systems,
and high solar radiation that determines a general circulation along the gulf [37], which
generates high productivity levels and nutrients [38,39] associated with the seasonal wind
patterns that determine winter and summer conditions [37,38].
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Table 1. List of geographic coordinates of the Priority Marine Regions (PMR) in the Northwest of
Mexico. South Californian Pacific and Gulf of California.

Number Area in Pixels (Km2) Priority Marine Region Latitude Longitude

1 47,157 Ensenada 32◦31′48′′ to 29◦45′36′′N 117◦58′12′′ to 115◦42′W
2 44,049 Vizcaíno 28◦57′36′′ to 26◦47′24′′N 116◦10′48′′ to 113◦43′48′′W
3 9410 San Ignacio 27◦18′36′′ to 26◦4′48′′N 114◦1′48′′ to 112◦46′48′′W
4 25,724 Magdalena Bay 25◦47′24′′ to 23◦43′48′′N 112◦55′48′′ to 111◦21′36′′W
5 30,501 Barra de Malva-Cabo Falso 24◦21′ to 22◦30′36′′N 111◦51′ to 109◦54′36′′W
6 3797 Guadalupe Island 29◦22′12′′ to 28◦42′ N 118◦36′ to 118◦2′24′′W
7 2829 Alijos Rock 25◦08′24′′ to 24◦46′12′′N 115◦55′48′′ to 115◦32′24′′W
8 262,849 Revillagigedo Islands 21◦05′24′′ to 17◦24′00′′N 115◦57′36′′ to 109◦30′00′′W
9 2171 Los Cabos 23◦39′ to 22◦49′48′′N 109◦57′36′′ to 109◦21′36′′W

10 37,965 Baja California Sur Island Complex 26◦31′48′′ to 23◦41′24′′N 111◦28′12′′ to 109◦47′24′′W
11 1780 Concepción Bay 27◦07′12′′ to 26◦31′48′′N 112◦05′24′′ to 111◦33′W
12 1751 Eastern Vizcaíno Coast 27◦59′24′′ to 27◦29′24′′N 112◦47′24′′ to 112◦18′36′′W
13 19,220 Baja California Island Complex 29◦57′36′′ to 28◦31′36′′N 114◦31′48′′ to 112◦12′36′′W
14 5093 Upper Gulf 32◦10′12′′ to 30◦55′48′′N 115◦31′48′′ to 114◦11′24′′W
15 1270 Infiernillo Channel 29◦22′12′′ to 28◦43′48′′N 112◦28′48′′ to 111◦43′48′′W
16 853 Cajón del Diablo 28◦16′48′′ to 27◦58′48′′W 111◦33′ to 111◦09′36′′W
17 9632 Southern Sonora Lagoon System 27◦34’12′′ to 26◦21′36′′N 110◦41′24′′ to 109◦21′36′′W
18 8460 Santa María La Reforma Lagoons 25◦26′24′′ to 24◦22′12′′N 108◦51′ to 107◦49′48′′W
19 8460 Chiricahueto Lagoon 24◦29′24′′ to 24◦49′48′′N 107◦33′ to 107◦25′48′′W
20 2911 Piaxtla-Urías 23◦48′ to 23◦5′24′′N 106◦55′48′′ to 106◦13′48′′W
21 19,424 Marismas Nacionales 22◦41′24′′ to 21◦14′24′′N 106◦47′24′′ to 105◦9′36′′W
22 7219 Banderas Bay 21◦27′36′′ to 20◦23′24′′N 105◦54′ to 105◦11′24′′W
23 75,088 Entrance of the Gulf 22◦51′ to 20◦22′48′′N 109◦56′24′′ to 107◦14′24′′W
24 6597 Guaymas 27◦49′12′′ to 27◦17′24′′N 112◦09′36′′ to 110◦54′36′′W

2.2. Oceanographic Characterization and Monthly Chlorophyll a Data

For spatiotemporal oceanographic characterization, Chl a monthly data were obtained
from averaged composite images with 1-km spatial resolution processed by Dr. Mati
Kahru, from Scripps Institution of Oceanography (http://www.wimsoft.com/Satellite_
Projects.htm, accessed on 29 September 2020) and downloaded from Wimsoft Web (http:
//www.wimsoft.com/CAL/, accessed on 29 September 2020), covering the area of the
California Current and Gulf of California with specific time intervals (daily, days 5 and
15, monthly) [40]. The development of these monthly composite images is made through
daily images of SST and Chl a Level-2 and unmapped dataset from multiple sensors:
Sea-viewing Wide Field-of-view Sensor (SeaWiFS); Moderate Resolution Imaging Spectro-
radiometer (MODIS) Terra and Aqua; Medium Resolution Imaging Spectrometer (MERIS);
Visible Infrared Imaging Radiometer Suite (VIIRS); Visible Infrared Imaging Radiometer
Suite-Joint Polar Satellite System (VIIRS-JPSS1); Ocean and Land Color Instrument-Water
Reduced Resolution (OLCI-WRR) A and B (OLCIA-WRR). All these images were obtained
from NASA Ocean Color (https://oceancolor.gsfc.nasa.gov/, accessed on 29 September
2020) [41]. The satellite images were processed with Windows Image Manager Automation
Module software (WIM/WAM) Wimsoft version 9.06 Software (Copyright Mati Kahru
1995–2015) (http://www.wimsoft.com/, accessed on 29 September 2020) [42] to obtain
Chl a monthly mean data for the 24 PMR of the northwest of Mexico and be able to describe
Chl a variability for a period of 253 months (September 1997–October 2018) (Figure 2).

http://www.wimsoft.com/Satellite_Projects.htm
http://www.wimsoft.com/Satellite_Projects.htm
http://www.wimsoft.com/CAL/
http://www.wimsoft.com/CAL/
https://oceancolor.gsfc.nasa.gov/
http://www.wimsoft.com/
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The black boxes indicate the regions from which the chlorophyll a concentration data was obtained.
The image corresponds to April 2006.

2.3. Processing and Statistical Analyses of Monthly Chlorophyll a Data

For the environmental characterization of Chl a concentration, a spatiotemporal analy-
sis was performed through monthly satellite images during the September 1997–October
2018 period in the Northwest Pacific Ocean for each one of the 24 PRM. Once monthly
Chl a data of all the study areas were obtained, a joining (tree clustering) analysis was
performed, which is characterized by an algorithm that combines objects into successively
larger clusters, using some measure of similarity or distance. In this case, the cluster analy-
sis grouped the homogeneous PRM, obtaining regions based on Chl a concentration. This
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multivariate technique allows for exploring datasets by evaluating whether or not they can
be summarized in small numbers of groups that correspond to objects or individuals similar
to each other and different from the other groups [43]. This technique allows for setting up
ecological regionalization on large and extensive areas, which enables the construction of
clusters with similar patterns for the interest variables, such as Chl a concentration.

After that, monthly Chl a time series analyses were performed to describe its vari-
ability. The time series anomalies were calculated in each one of these time series by
subtracting from each monthly Chl a value their respective monthly mean that corre-
sponds to a specific month for the whole time series. The result was divided by the
standard deviation and compared with monthly data of the Southern Oscillation In-
dex (SOI), from the National Oceanic and Atmospheric Administration (NOAA) (https:
//www.ncdc.noaa.gov/teleconnections/enso/soi, accessed on 29 September 2020) as well
as the time series of Chl a concentration. In addition, the graphs of time series and time
series anomalies were transformed by exponential smoothing to eliminate stationarity and
observe the trends of chance in Chl a variability in each one of the time series and time
series anomalies. Thus, weights of past observations decay exponentially as they get older,
whereas higher weights are linked to recent observations. A Fast Fourier Transform (FFT)
was performed in each one of the time series to determine the main variability frequencies
through spectral density.

For the statistical analysis, an Elliot-Rothenberg test (p < 0.05) was performed to de-
tect significant change trends, regarding a non-stationary behavior in Chl a concentration
throughout the period of study for each one of the regions. This test was based on the
null hypothesis that the time series is not stationary, that is, a trend of change exists on
Chl a values. The p-values obtained throughout the Elliot-Rothenberg test allowed for
determining if the evidence existed against the non-stationarity null hypothesis. Addi-
tionally, a Permutation test (p < 0.05) was performed to know if evidence existed against
a null hypothesis of no differences on Chl a concentration in each one of the regions
during interannual ENSO events and normal conditions during the period of study per
year. This test allows us to develop the process of inference, testing a null hypothesis
that treatment groups do not differ in the outcome, thus, outcomes independently of the
treatment assignment were observed. This kind of test can be conducted with a large
number of resamples, providing an approximate permutation distribution. In addition,
to classify interannual events or normal conditions, they were determined by identify-
ing which events are dominant (cold, warm, and neutral) from the Oceanic Niño Index
(ONI) by a 3-month running mean temperature of the NOAA Extended Reconstruction
Sea Surface Temperature Version 5 (ERSST.v5) SST anomalies from the El Niño 3.4 region
(5◦N–5◦S, 120◦–170◦W). Index values of +0.5 or higher indicate El Niño. Values of −0.5
or lower indicate La Niña.”, data obtained from the Climate Prediction Center (https:
//origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php, ac-
cessed on 29 September 2020).

3. Results
3.1. Regional Characterization

The cluster analysis grouped Chl a values into four main groups, composed of two to
four PMR and 14 individual regions that were determined with a linkage distance around
eight units. This result is supported by the fact that these final regions are composed of
a geographically close PMR and are also located in the same marine areas (Gulf of Cali-
fornia or South Californian pacific). Thus, these regions share similar oceanographic and
environmental characteristics—a fundamental aspect on determining this regionalization
process—as discussed later. The groups provided by the cluster analysis are numbered
from right to left (Figure 3): Group 1 (Ensenada and Vizcaíno); Group 2 (Baja California Sur
Island Complex and Guaymas); Group 3 (Guadalupe Island, Alijos Rocks, Revillagigedo
Islands and Gulf Entrance); and Group 4 (Magdalena Bay and Barra de Malva-Cabo Falso);
the rest of the regions only have one PMR, which gives a total of 18 regions.

https://www.ncdc.noaa.gov/teleconnections/enso/soi
https://www.ncdc.noaa.gov/teleconnections/enso/soi
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
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Figure 3. Cluster analysis of the regions using Priority Marine Regions (PMR) of the northwest of
Mexico based on monthly Chlorophyll a (Chl a) data. Linkage Distance (dotted line).

3.2. Time Series Analyses and Anomalies

The Chl a monthly data time series showed different variability levels that ranged
from 0.12 to 8.55 mg/m3 (Figure 4), showing the highest range of Chl a levels in regions
from the Gulf of California (Banderas Bay, Chiricahueto Lagoon and Infiernillo Channel),
whereas the regions from the South Californian Pacific (groups 3, 2) obtained the lowest
ones. Some regions had a similar variability in their Chl a time series. For example,
groups 1 and 4 from the South Californian Pacific were similar in many periods (September
1997–December 1999, December 2014–October 2018) due to a latitudinal effect on Chl a
concentration. Similar behavior was observed in Eastern Vizcaíno Coast and Baja California
Island Complex from the Gulf of California in diverse periods (1997–2000, 2005–2006,
2009–2010), as well as the majority of the regions. Figure 4c shows high Chl a levels in the
periods 1999–2001, 2005–2006, 2008–2009, 2010–2012, and 2017–2018, and low ones were
observed in 1997–1999, 2002–2005, and 2014–2016.

The Chl a concentration anomalies varied from −1.24 to 2.06 units (Figure 5), showing
the highest range at the Upper Gulf, Marismas Nacionales, and San Ignacio, whereas
the regions with the smallest range levels were Baja California Island Complex (−0.72
to 1.01); Piaxtla-Urías (−0.64 to 1.11); and Group 2 (−0.80 to 0.99) units. The time series
and the time series anomalies graphs of each region were compared with SOI Anomalies
which showed a range from −0.93 to 1.45 units of anomalies, which indicates the presence
of positive values associated with La Niña Events and negative ones linked to El Niño
Events. These results explain that Chl a concentration shows an effect of interannual events,
derived from the presence of warm waters (El Niño) and cold waters (La Niña). In addition,
during the analyses of the time series anomalies, a delayed response of Chl a values was
observed, regarding SOI database during the periods 1997–1998 (very strong), 2009–2010
(moderate) and 2015–2016 (very strong), corresponding to El Niño events; whereas, the
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delayed response is linked to La Niña events with different intensity levels during the
periods 1998–1999 (strong), 1999–2000 (strong), 2000–2001 (weak), and 2007–2008 (strong).
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In addition, monthly images of Chl a corresponding to March and August from 2011
and 2015 were taken to show the variability of the Chl a concentration, derived from the
results of the time series, and the time series anomalies where it is observed that the years
with greater and lesser Chl a levels are using years characterized as La Niña and El Niño,
respectively (Figure 6).
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Figure 6. Variability of Chl a concentration during March and August 2011 (a,b) (La Niña), where
high concentration ca be observed along the western coast of the Baja California Peninsula (South
Californian Pacific) and in the Gulf of California for March, contrary to August where a clear decrease
is observed. However, (c,d) corresponds to the Chl a concentration of March and August 2015
(El Niño) where a significant decrease is observed for the two months along the western coast of the
Baja California Peninsula (South Californian Pacific) and in the Gulf of California in comparison with
2011. This general pattern describes the variability of Chl a concentration observed in the time series
(Figure 4) and time series anomalies (Figure 5).

3.3. Fourier Analyses

The Fourier analyses showed a total of four frequencies of variation (Figures 7–9).
The results indicated that the annual frequency is the most important, followed by the
semi-annual one associated with six-month periods—seasonal frequency that determines
the 3–4-month periods—and the interannual, whose 3–5-year periods are associated with
ENSO climate events. In some of the regions, the semi-annual frequency had a similar
spectral density as the annual one, such as the Upper Gulf. Other regions (Concepción Bay,
Cajón del Diablo and Southern Sonora Lagoon) obtained equal levels of seasonal spectral
density with the semi-annual frequency, whereas the Eastern Vizcaíno Coast showed a
higher semi-annual frequency than the annual one. Seasonal frequency was higher than
the semi-annual in Group 2. On the other hand, interannual frequency was significant
in Marismas Nacionales and Banderas Bay, where this frequency was one of the most
important in Chl a variability during the period of study.



Remote Sens. 2022, 14, 4891 12 of 26Remote Sens. 2022, 14, x FOR PEER REVIEW 13 of 27 
 

 

 

Figure 7. Fourier analyses of Chlorophyll a (Chl a) concentration for the regions of the northwest of 

Mexico (Group 1, Group 2, Group 3, Group 4, San Ignacio, and Los Cabos). 

 

Figure 8. Fourier analyses of Chlorophyll a (Chl a) concentration for the regions of the Northwest of 

Mexico (Concepción Bay, Eastern Vizcaíno Coast, Baja California Complex Island, Upper Gulf, In-

fiernillo Channel and Cajón del Diablo). 

Figure 7. Fourier analyses of Chlorophyll a (Chl a) concentration for the regions of the northwest of
Mexico (Group 1, Group 2, Group 3, Group 4, San Ignacio, and Los Cabos).

Remote Sens. 2022, 14, x FOR PEER REVIEW 13 of 27 
 

 

 

Figure 7. Fourier analyses of Chlorophyll a (Chl a) concentration for the regions of the northwest of 

Mexico (Group 1, Group 2, Group 3, Group 4, San Ignacio, and Los Cabos). 

 

Figure 8. Fourier analyses of Chlorophyll a (Chl a) concentration for the regions of the Northwest of 

Mexico (Concepción Bay, Eastern Vizcaíno Coast, Baja California Complex Island, Upper Gulf, In-

fiernillo Channel and Cajón del Diablo). 

Figure 8. Fourier analyses of Chlorophyll a (Chl a) concentration for the regions of the Northwest
of Mexico (Concepción Bay, Eastern Vizcaíno Coast, Baja California Complex Island, Upper Gulf,
Infiernillo Channel and Cajón del Diablo).
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Figure 9. Fourier analyses of Chlorophyll a (Chl a) concentration for the regions of the northwest of
Mexico (Southern Sonora Lagoon System, Santa María La Reforma Lagoons, Chiricahueto Lagoon,
Piaxtla-Urías, Marismas Nacionales and Banderas Bay).

3.4. Statistical Analyses

To determine if significant changes in Chl a concentration occurred, an Elliot-Rothenberg
test was performed. In all the regions of the northwest of Mexico, null hypotheses were
rejected (p < 0.0001). Seemingly, no trends of changes in Chl a concentration were recorded
in these regions.

In addition, for comparison of the monthly Chl a data for all the regions during ENSO
and normal conditions, a Pairwise Permutation Test was performed. Monthly Chl a values
in all the regions were statistically different (p < 0.05) during all the seasons; most of
them were observed during winter and autumn, which were detected by using a Pairwise
Permutation Test comparison as a post hoc test. The significant p-values are denoted with
letters (Tables 2–5). When events, into a group or region and for a specific season, share the
same letter, no evidence of statistical difference was found.

To illustrate the results shown in Tables 2–5, box-whisker plots were performed for
the monthly Chl a data observed in one region (Piaxtla-Urías), located south of the Gulf of
California (Figure 10), showing significant differences in the majority of the seasons of the
year (summer, autumn, and winter).
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Table 2. Pairwise Permutation Test for the mean monthly spring chlorophyll a (Chl a) values during
El Niño and La Niña events, as well as in normal conditions, in the regions of the Northwest Pacific
Ocean, Mexico. Columns sharing the same letter (for a fixed row) are not statistically different.

Number Region El Niño
Event

La Niña
Event

Normal
Conditions

1 Group 1 (Ensenada and Vizcaíno) 2.66 3.79 3.52
2 Group 2 (Baja California Sur Island Complex and Guaymas) 2.98 3.42 3.50

3 Group 3 (Isla Guadalupe, Alijos Rocks, Revillagigedo Islands
and Gulf Entrance) 0.44 (a, b) 0.53 (a) 0.43 (b)

4 Group 4 (Magdalena Bay and Barra de Malva-Cabo Falso) 3.12 3.96 3.81
5 San Ignacio 6.52 8.29 7.83
6 Los Cabos 1.55 2.03 1.60
7 Concepción Bay 5.16 6.36 6.27
8 Eastern Vizcaíno Coast 7.57 7.02 6.84
9 Baja California Island Complex 9.77 8.57 7.90
10 Upper Gulf 9.99 8.86 8.50
11 Infiernillo Channel 15.94 17.10 17.68
12 Cajón del Diablo 6.69 9.13 10.26
13 Southern Sonora Lagoon System 4.98 7.09 8.75
14 Santa María La Reforma Lagoons 6.04 9.04 10.76
15 Chiricahueto Lagoon 15.62 20.39 21.31
16 Piaxtla-Urías 4.00 9.50 8.80
17 Marismas Nacionales 2.30 7.42 3.41
18 Banderas Bay 5.21 16.20 7.26

Table 3. Pairwise Permutation Test for the mean monthly summer chlorophyll a (Chl a) values during
El Niño and La Niña events, as well as in normal conditions, in the regions of the Northwest Pacific
Ocean, Mexico. Columns sharing the same letter (for a fixed row) are not statistically different.

Number Region El Niño
Event

La Niña
Event

Normal
Conditions

1 Group 1 (Ensenada and Vizcaíno) 2.38 2.34 2.39
2 Group 2 (Baja California Sur Island Complex and Guaymas) 1.41 1.71 1.52

3 Group 3 (Isla Guadalupe, Alijos Rocks, Revillagigedo Islands
and Gulf Entrance) 0.42 0.40 0.39

4 Group 4 (Magdalena Bay and Barra de Malva-Cabo Falso) 3.29 3.75 3.87
5 San Ignacio 9.25 8.85 9.24
6 Los Cabos 1.70 1.88 1.96
7 Concepción Bay 2.30 3.11 2.56
8 Eastern Vizcaíno Coast 3.56 3.54 3.78
9 Baja California Island Complex 3.44 4.39 3.85
10 Upper Gulf 6.98 7.54 6.68
11 Infiernillo Channel 8.11 10.70 10.37
12 Cajón del Diablo 1.13 2.40 1.81
13 Southern Sonora Lagoon System 1.87 2.88 2.33
14 Santa María La Reforma Lagoons 2.87 4.04 3.24
15 Chiricahueto Lagoon 10.73 12.46 11.65
16 Piaxtla-Urías 2.11 (a, b) 3.52 (a) 2 (b)
17 Marismas Nacionales 2.54 (a, b) 3.40 (a) 1.83 (b)
18 Banderas Bay 2.86 (a) 3.49 (a) 1.84 (b)
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Table 4. Pairwise Permutation Test for the mean monthly autumn chlorophyll a (Chl a) values during
El Niño and La Niña events, as well as in normal conditions, in the regions of the Northwest Pacific
Ocean, Mexico. Columns sharing the same letter (for a fixed row) are not statistically different.

Number Region El Niño
Event

La Niña
Event

Normal
Conditions

1 Group 1 (Ensenada and Vizcaíno) 1.27 1.52 1.23
2 Group 2 (Baja California Sur Island Complex and Guaymas) 1.72 (a, b) 1.93 (a) 1.47 (b)

3 Group 3 (Isla Guadalupe, Alijos Rocks, Revillagigedo Islands
and Gulf Entrance) 0.44 0.39 0.36

4 Group 4 (Magdalena Bay and Barra de Malva-Cabo Falso) 0.81 1.12 0.95
5 San Ignacio 1.77 2.32 1.98
6 Los Cabos 0.59 0.80 0.71
7 Concepción Bay 3.31 4.56 4.45
8 Eastern Vizcaíno Coast 5.65 5.86 5.58
9 Baja California Island Complex 4.55 4.66 4.32
10 Upper Gulf 7.60 8.44 7.10
11 Infiernillo Channel 12.33 13.04 13.42
12 Cajón del Diablo 4.76 4.74 4.37
13 Southern Sonora Lagoon System 3.29 (a) 4.60 (b) 3.51 (a)
14 Santa María La Reforma Lagoons 3.82 (a) 5.54 (b) 4.48 (a, b)
15 Chiricahueto Lagoon 17.59 20.07 18.00
16 Piaxtla-Urías 3.18 (a) 4.91 (b) 3.54 (a, b)
17 Marismas Nacionales 2.44 3.84 2.65
18 Banderas Bay 1.83 5.35 2.99

Table 5. Pairwise Permutation Test for the mean monthly winter chlorophyll a (Chl a) values during
El Niño and La Niña events, as well as in normal conditions, in the regions of the Northwest Pacific
Ocean, Mexico. Columns sharing the same letter (for a fixed row) are not statistically different.

Number Region El Niño
Event

La Niña
Event

Normal
Conditions

1 Group 1 (Ensenada and Vizcaíno) 1.34 (a) 2.10 (b) 1.54 (a, b)
2 Group 2 (Baja California Sur Island Complex and Guaymas) 3.16 3.54 3.27

3 Group 3 (Isla Guadalupe, Alijos Rocks, Revillagigedo Islands
and Gulf Entrance) 0.50 (a, b) 0.65 (a) 0.47 (b)

4 Group 4 (Magdalena Bay and Barra de Malva-Cabo Falso) 1.03 (a) 1.67 (b) 1.30 (a, b)
5 San Ignacio 1.87 (a) 2.93 (b) 2 (a)
6 Los Cabos 1.59 2.64 1.87
7 Concepción Bay 6.11 7.74 8.07
8 Eastern Vizcaíno Coast 3.96 4.76 5.44
9 Baja California Island Complex 4.03 5.15 5.18
10 Upper Gulf 6.95 8.40 8.01
11 Infiernillo Channel 12.94 15.83 17.45
12 Cajón del Diablo 5.93 6.55 7.41
13 Southern Sonora Lagoon System 6.11 7.30 7.00
14 Santa María La Reforma Lagoons 6.30 8.56 8.23
15 Chiricahueto Lagoon 15.22 18.43 19.87
16 Piaxtla-Urías 5.22 (a) 10.59 (b) 6.31 (a)
17 Marismas Nacionales 2.30 (a) 5.22 (b) 2.78 (a)
18 Banderas Bay 3.07 (a) 7.98 (b) 4.36 (a)
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Figure 10. Box-whisker plots for monthly Chlorophyll a (Chl a) concentrations in different seasons
during the interannual events for Piaxtla-Urías region of the Northwest of Mexico.

4. Discussion

A total of 18 regions were determined for the whole northwestern region of Mexico
through cluster analyses. Four of these regions are located along the South Californian
Pacific (Group 1, Group 3, Group 4, and San Ignacio) and the rest of them (14) in the Gulf
of California (Group 2, Los Cabos, Concepción Bay, Eastern Vizcaíno Coast, Baja California
Complex Island, Upper Gulf, Infiernillo Channel, Cajón del Diablo, Southern Sonora
Lagoon System, Santa María La Reforma Lagoons, Chiricahueto Lagoon, Piaxtla-Urías,
Marismas Nacionales, and Banderas Bay).

In the case of the South Californian Pacific, diverse similar regionalization studies have
been done through short time series analyses to describe Chl a variability and the effect
of the interannual events [44,45] as well as for long periods describing Chl a variability
and macro and mesoscale phenomena, related to distribution and abundance of sardine
stocks [46] besides other studies describing seasonal variability [29]. The resulting number
of regions in this marine area can be associated with ocean–atmosphere interaction and
effects of the water column physical dynamics that have influence on SST values and
nutrient levels in the euphotic zone, changing primary productivity levels of the western
coast of the peninsula during spring and summer [47,48] showing variation in the seasonal
flow of the California Current System [49]. The physical dynamic influence in Chl a
concentration along the western area of the Baja California through geostrophic currents
with two large scale cyclonic structures that establish a seasonal variability (summer and
autumn) [50,51] in conjunction with strong seasonal winds patterns in spring [52], and
consequently, these environmental and oceanographic variabilities generate advection
processes showing low temperature water from north to south as well the development
of upwelling events in the west coast that increase the nutrient levels [10], of which the
effects are significative in the northwestern area of the peninsula; whereas in the south, they
occur during spring-summer [49], jointly with the advection of tropical and subtropical
waters [53]. In addition, these environmental and oceanographic variabilities have an effect
different in the coastal zone due to it being characterized for being areas more dynamic in
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comparison with the open ocean, developing different Chl a values that can influence the
number of regions obtained in the cluster analysis, such as the ones obtained in the South
Californian Pacific with a total of three groups (Group 1, Group 3 and Group 3) and an
individual region (San Ignacio).

On the other hand, in the Gulf of California, many regionalization proposals have
been done based on diverse criteria, such as distribution and abundance of phytoplankton
in sediments [54] and satellite-derived images in different periods of study to analyze
time series of Chl a concentration [26,31,32,55]. The resulting regions can be associated
with atmospheric circulation in conjunction with seasonal winds [37,38,56] that determine
circulation patterns in the gulf and influence Chl a concentration. These circulation patterns
determine a seasonal variability with a warm period during summer-autumn, which
increase SST levels due to an advection process for the direct communication with the
Pacific Ocean that allows the entrance of Equatorial Subsurface Water, characterized by
being warmer than that of the gulf [56,57] in conjunction with a high solar radiation and
evaporation effects causing stratification in the water column, which inhibits the quantity
of nutrients along the western zone of the gulf, as well as the presence of southern weak
winds that do not have an important effect on the dynamics of the water column [58].
However, winter-spring is the season that corresponds to the cold period, characterized by
the development of strong northwestern seasonal wind patterns that generate upwelling
events and tidal mixing increasing the phytoplanktonic biomass [31,37,39]. Yet, some
of these processes are fairly constant in specific areas of the gulf, generating different
phytoplankton concentrations, which explain why the results obtained along the gulf were
most of the regions classified as individual ones and only one group was obtained with
two regions.

The diverse physical and climatological factors presented in the South Californian
Pacific, as well as in the Gulf of California, determine the variability of the Chl a con-
centration, which is analyzed and considered the aspect of the geographical factors that
determine a regionalization process through a cluster analysis based on an oceanographic
variable, as is the case of the Chl a concentration, considering a distance of optimal link to
establish the regionalization that is taking into account the environmental characteristics
and oceanographic aspects of the two marine areas located in northwestern Mexico and
thus, be able to describe the environmental variability and oceanographic dynamics in an
optimal form.

The descriptive statistical analyses of the time series showed that the lowest Chl a con-
centrations were observed in Group 3 (0.15 mg/m3) and Los Cabos (0.54 mg/m3). Similar re-
sults were reported by Espinosa-Carreón and Valdez-Holguín [59] and Escalante et al. [55],
indicating an influence from the Tropical Pacific Ocean through the Inter-Tropical Con-
vergence Zone (ITCZ) movements [60,61]. The ITCZ allows the entrance of oligotrophic
and warm waters, which in conjunction with the high solar radiation and evaporation ef-
fects [56,57], generates an advection process of tropical waters and, consequently, low Chl a
levels in the water column, such as in Los Cabos at the south of the Gulf of California. On
the other hand, these low Chl a concentrations can be associated with the fact that regions lo-
cated in the open sea have systems of oceanic ridges generated by the expansion of oceanic
plates, such as R.B. Revillagigedo, from the Group 3 that has a depth of approximately
5000 m [9]; in addition, for being directly influenced by the Eastern Tropical Pacific Ocean,
it is considered an area of low phytoplankton productivity due to its clear waters and
low concentrations of chlorophyll [62]. Consequently, these regions tend to develop Chl a
concentrations below 1 mg/m3 compared to the epipelagic zone and coastal areas where
there are physical, climatological, and biological factors that promote higher levels of Chl a.
Concerning those regions where the highest Chl a values were observed, they occurred at
the Upper Gulf (2.69 mg/m3) in the northern Gulf of California, and particularly the coastal
areas of Infiernillo Channel (4.72 mg/m3) and Chiricahueto Lagoon (5.80 mg/m3). Similar
results were reported by Millán-Núñez et al. [63] and Ramírez-León [64] in the Upper Gulf,
an area with a high concentration of inorganic nutrients, terrigenous types, and total matter



Remote Sens. 2022, 14, 4891 18 of 26

in suspension, deriving from tidal mixing and upwelling processes that develop high Chl a
concentration [65–67]. In the case of the Infiernillo Channel coastal zone, high Chl a values
were reported by García-Morales et al. [33] and Robles-Tamayo et al. [68], indicating that
these results are associated with tidal mixing and upwelling processes, which derive from
intense seasonal wind patterns in the Gulf of California [69,70], particularly in the region
of the Infiernillo Channel, considered a shallow area that develops a constant well-mixed
water column [71]. Another factor that can explain these high Chl a concentrations in
coastal regions of the gulf, such as the Chiricahueto Lagoon, is shrimp farmland runoff,
particularly south of the state of Sonora and north of Sinaloa, raising inorganic nutrient
levels, such as nitrogen, phosphorous, and iron [72,73], and modifying phytoplankton
community composition and ecosystems of the coastal zone of the gulf [74]. Similar effects
were reported by Miranda et al. [75] in southern Sonora that are also related to shrimp farm
runoffs increasing nitrogen and phosphorous levels, thus influencing a nutrient increase
in ecosystems in the coastal zone of the gulf. Additionally, Martínez-López et al. [76] re-
ported high Chl a concentration (15 mg/m3) in northern Sinaloa, associated with farmland
runoffs as well as wastewater effluents and seasonal rains that influence variability of
phytoplankton and cyanobacteria.

The analyses of Chl a concentration anomalies in the regions from the South Californian
Pacific and the Gulf of California showed negative and positive anomalies associated
with ENSO interannual events. In general, the effect of anomalies in Chl a levels in
each one of the areas are observed in the following periods: July 1998–February 2001,
November 2005–March 2006, June 2007–March 2009, and June 2010–April 2012 during La
Niña event; positive anomalies were generated, increasing the Chl a concentration while the
periods of September 1997–September 1998, June 2002–February 2003, July 2004–February
2005, September 2006–January 2007, July 2009–March 2010, and October 2014–April 2016
influenced by the El Niño event developed negative anomalies, decreasing Chl a values.
These effects of interannual variability have been reported by different authors [77–80] in
the South Californian Pacific, which were associated with the direct influence of the cold
water of the California Current Systems that developed upwelling processes of subsurface
water. These upwelling processes have a significant effect on Chl a variability along the
area [77], as well as poleward advection of subtropical water [53] and the North Pacific
Decadal Oscillation phase [79]. Some other research works [81,82] have reported the
presence of anomalous subarctic water along the west area of the state of Baja California,
influencing interannual variation in deep waters, and determining the intensity of these
interannual events.

The effects of interannual events were also observed in the regions from the Gulf of
California. Similar results to the ones reported were obtained by other authors [55,68,83],
where hydrographic characteristics are influenced by the direct communication with the
Tropical Pacific Ocean that enables the entrance of equatorial surface water [57]. These
regions are characterized by being warmer and more oligotrophic than the water of the gulf,
which also has the effects of the El Niño event. Chl a concentration decreases from north to
south, which is more significant in the southern gulf because of its direct communication
with the Pacific Ocean, such as the regions of Marismas Nacionales, Banderas Bay, and the
Gulf Entrance. However, the El Niño event has a minor effect within the gulf, particularly
in the regions of Midriff Islands and the Ballenas Channel [69,70,84], due to the different
circulation patterns when compared to other gulf areas that develop constant tidal mixing
and upwelling processes. A similar effect was reported in the Upper Gulf [65,66] where
phytoplankton biomass response was low due to these interannual events and their oceano-
graphic conditions that derive from wind patterns. Nevertheless, other research works [85]
reported a disruption in wind patterns due to the effect of ENSO events, modifying up-
welling processes, which was more significant during strong warm ENSO, influenced by
wind intensity and increased SST levels [83]. This effect was mainly observed in most of the
Chl a time series anomalies, during strong El Niño events (1997–1998, 2002–2003, 2009–2010
and 2014–2016).



Remote Sens. 2022, 14, 4891 19 of 26

In addition, the effects of the El Niño (1997–1998; 2009–2010 and 2015–2016) and La
Niña (1998–1999; 1999–2000 and 2000–2001, 2007–2008) events had important effects on Chl
a variability along the period of study, decreasing and increasing the levels during these
interannual events and having a delayed response from 2010 to 2018. A similar effect was
reported by Robles-Tamayo et al. [68] in the eastern coastal zone of the Gulf of California;
the authors detected a delayed response during the periods of 2009–2010 and 2015–2016,
which continued until the final period of this study, associated with moderate and very
strong El Niño events [86]. All the occurring factors in the South Californian Pacific
and Gulf of California explain the results that some regions are more responsive to SOI
variability, mainly those south of the Gulf of California that have a direct communication
with the Pacific Ocean, as well as the significant statistical differences observed in Chl a
concentration during interannual events and normal conditions for all the seasons of
the year.

For all the regions, the main variability frequency for Chl a concentration was the
annual one, which was also reported by Ortíz-Ahumada et al. [79] on the southern Cal-
ifornia Current System and by García-Morales et al. [33] in the central coastal zone of
the Gulf of California. Ortíz-Ahumada et al. [79] indicated that the annual Chl a cycle
is associated with the dynamics of the California Current System that determines Chl a
variability throughout the year with high levels from February to July and minimum
ones from August to December. A similar result was previously reported by Espinosa-
Carreón et al. [87] along the western region of Baja California in the California Current
System. They obtained maximum values of Chl a during spring, mainly in inshore areas,
causing phytoplankton biomass growth derived from upwelling processes and wind pat-
terns that determine the annual signal of Chl a during the year. In the case of the Gulf
of California, García-Morales et al. [33] explained that annual frequency derives from
the ocean–atmosphere interaction that occurs along the year, determining seasonal wind
patterns, which play an important role in upwelling events of the gulf, in conjunction with
mesoscale phenomena (cyclonic and anticyclonic gyres). These interactions are present in
the current systems from the Mexican Coastal Zone, modulated by the movements of the
ITCZ, determining oceanographic conditions of the marine and coastal ecosystems, such as
Chl a concentration. López-Calderón et al. [88] analyzed mesoscale variability in the Pacific
Ocean; the authors observed that Chl a variability is also associated with the development
of cyclonic and anticyclonic gyres during winter and spring, causing an increase in Chl a
levels. The semi-annual frequency is the one that occurs every six months and is character-
ized by developing specific circulation patterns of the water column, reported by different
authors [66,70], and we concluded that the frequency of variation is mainly determined by
upwelling effects and mesoscale processes that develop these changes every six months
in Chl a variability. Herrera-Cervantes [89] analyzed the main frequencies of variation at
La Paz Bay and observed that the semi-annual frequency of variation plays an important
role in Chl a variability, determining 31% of the Chl a concentration, reaching high levels
around 1.5 mg/m3 along the coast. The author concludes that Chl a variability is mainly as-
sociated with upwelling events and coastal currents determined by seasonal wind patterns.
Seasonal frequency is associated with changes occurring every three or four months and
can be associated to gyre circulation patterns in the water column [61], which have an effect
during water exchange, such as in the eastern coast of the Gulf of California [56,90]. This
frequency of variation influences upwelling effects during different seasons throughout the
year with an increase in phytoplankton biomass, which was observed in Group 2 and in
coastal regions of the gulf.

Interannual frequency varies from three to five years and is associated to the warm
(El Niño) and cold (La Niña) events. This interannual variability has been reported in
the South Californian Pacific [78,80] and Gulf of California [55,59] due to advection of
subtropical water effects of the North Pacific Decadal Oscillation and the presence of
anomalous waters, such as subarctic ones [77,79,82]. According to the spectral analysis
of the regions in this study, interannual frequency was greater in the areas of the state
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of Nayarit (Marismas Nacionales and Banderas Bay), which is south of the gulf. This
area has a wide and direct communication with the Tropical Pacific Ocean, in comparison
with the other regions of northwestern Mexico, which has the effect of warmer waters
compared with the gulf, and declining nutrient and, consequently, Chl a levels. Cepeda-
Morales et al. [91] also reported this interannual variability at the continental shelf in front
of Nayarit; the authors analyzed Chl a temporal variations and observed clear interannual
events with a variation from 0.7 to 11.5 mg/m3, attributed to ENSO events. Moreover, it is
important to consider that diverse human activities may have the capacity to modify the
Earth ecological systems and large-scale components, developing “tipping points”, that
is, a variation of phenomena that generate alterations in the Earth’s climate systems [92].
An example of climate variation is the ENSO event, where the gradual anthropogenic
influence modifies its intensity levels through an increase in ocean heat. This variation
causes deepening in the thermocline in the East Equatorial Pacific and, consequently, a high
variability in the amplitude and frequency of El Niño [93] and La Niña events, causing
an increase in easterly winds and developing more of an upwelling process in the water
column [94]. This interannual variability is observed in south of the regions of Northwest
Mexico, mainly in those located south of the Gulf of California (Marismas Nacionales and
Banderas Bay), where the Fourier analysis showed a significant influence in interannual
variability of Chl a levels throughout the period of study. This situation is due to the ITCZ
system movements that allow the entrance of warmer waters to the southern area of the
Gulf of California and are characterized with low nutrient levels, affecting Chl a variability
when compared with the central and northern areas of the gulf where ENSO variability has
a different effect due to the physical dynamics along the area that influence Chl a levels.

According to the results previously discussed regarding Chl a variability, the analyses
show that it is influenced by diverse climatological and physical processes, observed in dif-
ferent spatiotemporal scales. Therefore, its variation can have an effect on the structure and
function of marine and coastal ecosystems due to possible changes in distribution and abun-
dance of the marine resources. This effect was also reported by García-Morales et al. [33]
and García-Morales et al. [34], concluding that Chl a variation can affect the number of
species in the marine ecosystems.

Howrever, despite chlorophyll a concentration variability caused by the processes
previously mentioned, as well as the interannual phenomena (ENSO events), the South
Californian Pacific and Gulf of California have shown a resilience capacity to these adverse
condition effects along the period of study, mainly where SOI Index and time series showed
an important correlation in the first year of the period of study, whereas after the period
2009–2010, a delay in Chl a increase and a lag with SOI Index were observed. Nevertheless,
the statistical analysis showed no significant trend of change in Chl a concentration for all
the regions, indicating a maintenance of the normal environment in the ecosystem, thus,
supporting a large diversity of species. This effect was reported by Escalante et al. [55] in
the Gulf of California where a delayed response of about three to six months was observed,
re-establishing normal conditions in Chl a levels after the effects of interannual events.
This study showed that in time series analyses and time series anomalies, high and low
chlorophyll concentrations returned to normal conditions during the period of study.

Different studies of environmental variability and oceanographic dynamics have been
performed in northwestern Mexico through the analysis of Chl a to describe its influence
on the marine ecosystems and their natural resources. An important one is from Sandoval-
Lugo et al. [95], who analyzed the movement of loggerhead sea turtles (Caretta caretta) in
the Gulf of California through satellite tracking and SST and Chl a data to determine their
movements and habitats, determining that this species is distributed in waters from 10 to
80 m in depth with eutrophic levels, showing a mean Chl a concentration that varies from
0.28 to 13.14 mg/m3. Another research work corresponds to Silveyra-Bustamante et al. [96]
at Cabo Pulmo National Park, in the Gulf of California. They described seasonal variability
of gelatinous zooplankton, concluding that the abundance of gelatinous zooplankton had a
positive association with sea surface chlorophyll a concentration, and also with the direction



Remote Sens. 2022, 14, 4891 21 of 26

and velocity of wind patterns; both of these influenced its abundance in October, indicating
that mesotrophic conditions sustain high biomass and diversity of the zooplankton in Cabo
Pulmo. The research results in this study showed that the analysis of Chl a concentration
and its variability are fundamental to study environmental variability and oceanographic
dynamics, which are necessary to describe diverse physical, climatological, and biological
aspects of the marine and coastal ecosystems, such as distribution and abundance of their
marine resources. An appropriate analysis of Chl a concentrations allows for the developing
of suitable ecological characterization to be able to determine possible trends of change
associated with environmental and oceanographic factors.

5. Conclusions

The variability of the Chl a concentration variability of the Chl a concentration from
the South Californian Pacific and Gulf of California derive from geographic location effects
that show a direct interaction with the Pacific Ocean, determining environmental and
oceanographic conditions and different Chl a concentration at different spatiotemporal
scales, from seasonal to interanual, as well as to the climate variability associated with
climate change, which generates diverse physical, climatological, and biological processes.
The analysis of Chl a concentration allowed us to perform an optimal characterization of
different regions in the South Californian Pacific and Gulf of California through a cluster
analysis defining a total of 18 regions, based on the Chl a concentration and considering
the grouped regions with similar oceanographic and environmental characteristics with an
adequate linkage distance, which showed an annual variation with higher Chl a levels in
coastal zones than the oceanic ones.

Evidence was found for rejecting the non-stationary assumption in each one of the time
series despite the effects of different interannual events as El Niño (1997–1998, 2004–2005,
2010 and 2014–2016) and La Niña (1999–2001, 2007–2009 and 2011–2013) that caused a
change in Chl a concentration and a delay with the Southern Oscillation Index, showing
a resilience capacity in the analyzed PMR. In addition, statistical evidence against the
assumption of no seasonal differences in Chl a concentration was observed between the
interannual (El Niño and La Niña) events and normal conditions in many regions. The
Fourier analysis determined four frequencies of variation that influence Chl a concentration
variability at different temporal scales, of which the annual frequency is the main one in all
the regions.

To conclude, based on the results obtained from this study, the analysis of the Chl a
concentration, as well its constant monitoring and the regionalization process using this
variable, show evidence of its importance in obtaining updated oceanographic and en-
vironmental information of different areas; therefore, this allows us to study different
climatological and biological processes that can impact the abundance and distribution of
marine organisms and natural resources, as well in the functioning of marine and coastal
ecosystems. The information obtained will be also very useful to generate an adequate
conservation and research management of the biodiversity and develop recommendations
on the future environmental activity allowed or required for these regions.
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