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Abstract
During 2015–2016, a strong El Niño event, nicknamed the “Godzilla El Niño,” similar to events in 1982–1983 and 1996–1997
occurred in the Pacific Ocean. Based on in situ and satellite observations, this paper aims to assess the water masses and
chlorophyll-a surface distribution in the Bay of La Paz, Gulf of California, Mexico, after this event. A conductivity, temperature,
and depth (CTD) rosette system equipped with a fluorescence sensor was used to obtain high-resolution measurements and
surface water samples for spectrophotometric determinations of chlorophyll-a. Satellite images of sea surface temperature and
chlorophyll-awere obtained for the dates when the cruise took place. The results showed the presence of three water masses: Gulf
of California Water, Subtropical Subsurface Water, and Pacific Intermediate Water, the last present in Boca Grande. The highest
surface chlorophyll-a concentrations observed were 4.51 mg m-3, 4.63 mg m-3, and 1.00 mg m-3 from the fluorescence sensor,
spectrophotometric determination, and satellite observations, respectively. The horizontal distribution patterns for the three
methods employed matched well. Despite the fact that Godzilla El Niño had several adverse effects in different regions, at the
Bay of La Paz, they seem to have had no dramatic effect on the chlorophyll-a at the time of our observations, even though the
values observed were higher compared to previous reports. This apparent lack of effect on the surface waters due to this climate
disruption could be associated to the seasonal variability of the phytoplankton productivity, which presents a peak during autumn
and winter and to the local fertilization mechanisms reported in the study area; however, further observations are required to
confirm this.
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Introduction

The Bay of La Paz (BoP), located on the southeastern margin
of the Baja California peninsula between 24.1° and 24.9° N
and 110.3° and 110.8° W, is the largest basin within the Gulf

of California (GC), Mexico (Fig. 1). The region represents an
environment of great biodiversity and productivity that sup-
ports an abundant variety of megafauna (Silverberg et al.
2014). The bay communicates with the GC by two openings:
Boca Grande (wide and deep) to the north and San Lorenzo
Channel (narrow and shallow) to the south. The regional cli-
mate is semiarid and the cloud cover is one of the lowest in
Mexico, occurring only when a tropical storm or an atmo-
spheric front approaches the area. Evaporation (300 mm/year)
exceeds precipitation (180 mm/year) and river discharge is
nonexistent (Monreal-Gómez et al. 2001).

The BoP exchanges water masses with the GC predomi-
nantly through Boca Grande, involving Tropical Surface
Water (TSW), Gulf of California Water (GCW), and
Subsurface Subtropical Water (StSsW) (Lavín et al. 2009).
The circulation pattern is dominated by a quasipermanent me-
soscale cyclonic gyre (Monreal-Gómez et al. 2001) which
induces nutrient pumping (Coria-Monter et al. 2017), differ-
ential distribution of phytoplankton (Coria-Monter et al.
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2014), and differential aggregation of zooplankton (Duran-
Campos et al. 2015) by different mechanisms that have been
associated with the rotational movement of the eddy, transport
of nutrients to the euphotic zone, and morphological struc-
tures, as well as the feeding habitats and ecological character-
istics of each plankton group.

Because of its location, near the connection of the GC to
the open Pacific Ocean, the site represents a sensitive recorder
of regional variations in the gulf and the larger scale climate
circulation of the subtropical Eastern Pacific Ocean (Pérez-
Cruz 2006). The major source of interannual and monthly
variability in the southern GC, and consequently the BoP,
has been related to the El Niño/Southern Oscillation (ENSO)
(Pérez-Cruz 2013; Guevara-Guillén et al. 2018), which clas-
sified them into two different ENSO: one has its most prom-
inent equatorial Pacific sea surface temperature anomalies ex-
tending westward from the South American Coast and the
other has its most prominent sea surface temperature anoma-
lies extending toward eastern Pacific (Kug et al. 2009). For
these reasons, they are referred to as the eastern Pacific ENSO
and central Pacific ENSO (Paek et al. 2017).

In 2015, one of the strongest ENSO events on record was
forecast by the National Oceanic and Atmospheric
Administration (NOAA) to intensify in the winter of 2015–
2016 (Klein 2015;Whitney 2015); it was named the “Godzilla
El Niño” (Schiermeier 2015), with an intensity similar to the

two previous very strong ENSO years documented, 1982–
1983 and 1997–1998, the latter of which was also referred
to as “the climate event of the twentieth century” (Changnon
2000) and both having a negative effect on the hydrographic
properties of the water column as well as on the biological
production. During the 1997–1998 ENSO, persistent warm
anomalies throughout the GC were documented (Pavia et al.
2006). In the BoP, during the 1982–1983 ENSO, a major input
of TSW that modified the plankton assemblages was docu-
mented (Pérez-Cruz and Molina-Cruz 1988), and an increase
in the temperature resulting in the sinking of the thermocline
and isotherms was reported (Obeso-Nieblas et al. 2004). Also,
this climate disruption has been associated with changes that
affect the habitat where some organisms perform biological
functions, producing behavioral changes in the BoP popula-
tions (Shirasago-Germán et al. 2015). To date, the effects of
the Godzilla El Niño event in the southern GC have been
evaluated by Sánchez-Velasco et al. (2017) who, contrary to
expectations, did not report dramatic changes in the total fish
larvae abundance during this warm event, suggesting that the
unexpected relatively high larval abundance indicated a pos-
sible adaptation of tropical species to prolonged periods of
warming in the oceans. Similar observations where document-
ed by Coria-Monter et al. (2018) who reported that, due to the
dynamics and the mechanism of productivity enhancement in
the area, the Godzilla El Niño event did not have as large of an

Fig. 1 Study area: left panel, Gulf of California, and right panel, Bay of La Paz. Bathymetry is in m; bold dots represents hydrographic and sampling
stations
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impact on the phytoplankton biomass, expressed as chloro-
phyll-a, in the southern GC compared to other areas and pre-
vious strong El Niño events.

Although the Godzilla El Niño apparently did not have a
negative impact on the biological production of the southern
region of GC (Sánchez-Velasco et al. 2017; Coria-Monter
et al. 2018), there is still controversy about the role of this
event, particularly on the planktonic ecosystem, perhaps due
to the lack of in situ observations, both hydrographic and
phytoplankton samplings, from ships. This paper aims to as-
sess the effects after the Godzilla El Niño on the hydrographic
structure and surface phytoplankton biomass, expressed as
chlorophyll-a concentrations, in the BoP, from in situ obser-
vations collected on an oceanographic research cruise during
November of 2016 and by satellite observations. We hypoth-
esized an incursion of warm water masses into the bay with a
negative effect on the phytoplankton biomass.

Materials and methods

High-resolution hydrographic data and water samples for
chemical analyses were obtained on board the R/V El Puma
from the Universidad Nacional Autónoma de México during
the multidisciplinary research cruise “Paleomar-II” to the BoP,
November 15–21, 2016.

Sampling

ACTD Seabird 19 plus equipped with a calibratedWET Labs
ECO series fluorometer sensor was used to record conductiv-
ity, temperature, pressure, and chlorophyll-a fluorescence at
43 stations within the bay (Fig. 1, right panel). A General
Oceanics rosette equipped with 10-L Niskin bottles was used
to take surface water samples (at 2 m depth) for spectropho-
tometric determination of chlorophyll-a. Immediately after
collection, sub-samples of ~ 3 L were vacuum-filtered at less
than 10 psi through 47-mm-diameter nitrocellulose membrane
filters with a pore size of 0.45 μm (Millipore Corp., Bedford,
MA, USA) and then stored in dark conditions at − 20 °C in
plastic centrifuge tubes prior to processing.

Data reduction

The CTD data were initially processed using the manufac-
turer’s standard package (SBE Data Processing V.7.26.7), av-
eraged to 1 dbar. Then, the conservative temperature (Θ, °C),
absolute salinity (SA, g/kg), and density anomaly (σΘ, kg m

-3)
were calculated from the in situ temperature and practical
salinity using the Thermodynamic Equation of Seawater
2010 (IOC et al. 2010). The chlorophyll-a concentration (mg
m-3) was estimated from the in situ fluorescence using the
nominal factory calibration of the fluorometer.

Satellite images of sea surface temperature (SST) and chlo-
rophyll-a were obtained for the dates with concurrent in situ
SST and chlorophyll-a measurements from the Moderate
Resolution Imaging Spectroradiometer (MODIS-AQUA),
launched in 2002 and still in operation. Available images were
obtained from NASA Data Browser (https://oceancolor.gsfc.
nasa.gov/cgi/browse.pl) on November 15, 17, 18, and 20,
2016. The images, with a spatial resolution of 1 km/pixel,
were processed as follows: first, using level 2 (before
mapping), values of SST and chlorophyll-a were extracted
with SeaDAS version 7.4. In order to screen bad or low-
quality data when generating the images, LAND, CLDICE,
HILT, and STRAYLIGHT flags/masks were applied. LAND
and CLDICE are raised then a mask pixel is applied to
MODIS L2 products. HILT is flagged if any of the bands or
detectors reach the physical saturat ion, whereas
STRAYLIGHT indicates the influence of brightness of adja-
cent pixels on pixels reflectance value (Pieri et al. 2015).
Then, maps of both variables were generated with Matlab
(Mathworks, Inc. 2011).

Laboratory analyses

In the laboratory, chlorophyll was extracted for > 12 h in dark
conditions at − 20 °C using 90% acetone as the solvent
(Strickland and Parsons 1972; Parsons et al. 1984). The ab-
sorbance in three replicates was measured at 750, 664, 647,
and 630 nm in a Genesys 10S UV-VIS (Thermo Scientific)
spectrophotometer, and then the chlorophyll-a concentration
(mg m-3) was calculated according to Strickland and Parsons
(1972).

Results

According to the classification proposed by Lavín et al.
(2009), the water mass distribution determined by the T-S
diagram showed the presence of three water masses: GCW,
StSsW, and Pacific IntermediateWater (PIW), the last in Boca
Grande region (Fig. 2).

The surface conservative temperature was in the range of
27.4 to 27.8 °C (Fig. 3a). Its horizontal distribution showed
the presence of areas, one warm, located in the southwestern
bay off San Juan de la Costa and reaching values of 27.7 °C,
and another cold area, located at the central part of the bay
with a value of 27.5 °C. A third warm area was observed with
a value of 27.8 °C located close to Espíritu Santo Island.

The concentrations obtained by the fluorescence sensor
rose in a range from 0.01 to 4.51 mg m-3 (Fig. 3b). An area
of high concentration (> 3.8 mg m-3) was observed in the
southwestern bay, close to San Juan de la Costa. Another area
of relatively high concentration (> 1.2 mg m-3) was observed
close to Espíritu Santo Island. The spectrophotometric
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determination of chlorophyll-a showed values from 0.13 to
4.63 mg m-3 (Fig. 3c). A consistent pattern of distribution
was observed with an area of high concentration off San
Juan de la Costa reaching values > 3.6 mg m-3. A secondary
area of enhancement was observed close to the coast at 24.5°
N latitude reaching values > 2.0 mg m-3.

The satellite images obtained for the dates of the cruise
showed a pattern that matched well with the in situ measure-
ments obtained at the surface. In November 15, the SST (Fig.
4a) and the chlorophyll-a images (Fig. 4e) strongly support
the results derived from in situ measurements of both SSTand
chlorophyll-a levels, ranging from 27.8 to 28.5 °C and from
0.5 to 2.2 mg m-3, respectively. The images of November 17
showed SST values ranging from 28 to 29.5 °C, the highest
anomalies observed at the southern bay and in a region close
to Espíritu Santo Island (Fig. 4b), whereas the chlorophyll-a
values (Fig. 4f) showed changes inside the bay with values
similar as observed in Fig. 3b and c, in the range 0.5 to 2.2 mg
m-3 with the highest concentration in the southern bay near the
coast. The SST values, as well as the phytoplankton pigment

concentrations on November 18 (Fig. 4c, g) and 20 (Fig.
4d, h) are also reasonably similar to those shown in the in situ
measurements, showing values in the same order of magni-
tude. From Fig. 4, it is also evident the presence of filaments
inside the bay, related to mesoscale processes reported as re-
current in the area.

While in situ chlorophyll-a fluorescence is a proxy for the
chlorophyll-a concentration, and hence phytoplankton bio-
mass, there is a large natural variation in the relationship be-
tween in situ fluorescence and extracted chlorophyll-a con-
centration due to variability in the specific absorption of the
phytoplankton and in the fluorescence quantum yield (Roesler
et al. 2017). This is the reason for the slight variation in the
chlorophyll-a concentration observed between the methods
used in this study.

Discussion

The water masses observed in this study are partially in agree-
ment with previous studies in the BoP when a strong El Niño
event took place. Monreal-Gómez et al. (2001) evaluated the
hydrographic structure at the end of spring 1998 and observed
the presence of Equatorial Surface Water (now renamed as
TSW), GCW, and StSsW inside the bay and also at Boca
Grande the presence of PIW. Similar observations were also
made during the 1997–1998 El Niño when TSW filled the GC
but was blocked on the Pacific side of the peninsula (Durazo
and Baumgartner 2002). Obeso-Nieblas et al. (2014) pointed
out that in periods not affected by El Niño, TSW and StSsW
are not usually present in the southern GC, but during this
episode, their presence varies in space showing a strong signal
in the interior of the gulf and in the BoP. The presence of
StSsW was also documented by Álvarez-Borrego and
Schwartzlose (1979) who reported important incursions of
this water mass during 1957 (an El Niño year) and by Castro
et al. (2000) who reported a strong signal in the mouth of the
GC during the 1997–1998 El Niño. Although the presence of
the water masses observed in this study are partially in agree-
ment with those described for the previous El Niño events,
their presence seems to have no effect on the trophic state of
the study area, even when considering that the high tempera-
ture of the GCW could confer an oligotrophic regime in the
area. Monreal-Gómez et al. (2001) documented values of
chlorophyll-a ranging from 0.04 to 0.50 mg m-3 at the end
of spring 1998, under a predominance of GCW inside the
BoP; however, our results indicate higher concentrations of
chlorophyll.

To date, although there are reports on the negative effects of
the Godzilla El Niño such as a strong convection of warm air
masses along the Equator (Kintisch 2016), low nutrient values
in the upper 350-m layer in the Pacific Ocean (Stramma et al.
2016), and a decrease in nutrient transport resulting in

Fig. 2 Conservative temperature (Θ, °C)—absolute salinity (g/kg)
diagram: Tropical Surface Water (TSW), Gulf of California Water
(GCW), Subtropical Subsurface Water (StSsW), and Pacific
Intermediate Water (PIW).
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substantial reductions in phytoplankton biomass in the eastern
North Pacific (Whitney 2015), the Godzilla El Niño seems to
have had no apparent effect on the chlorophyll-a concentra-
tion observed inside the BoP. Similarly, Sánchez-Velasco et al.
(2017) described no dramatic changes in the pelagic ecosys-
tem and documented a relatively high abundance of fish larvae
during the 2015 event in the southern GC as a result of the
high tolerance of species with tropical affinity characterized
by their domain in the Eastern Tropical Pacific to sustained
warming. More recently, Coria-Monter et al. (2018) docu-
mented the absence of an effect of the Godzilla El Niño on
the phytoplankton biomass in the southern portion of the GC,
associated with the dynamics of the gulf which are character-
ized by the presence of intense tides that are produced mainly
by co-oscillation with those of the Pacific Ocean, which in
turn generate hydrodynamic processes such as mesoscale cy-
clonic eddies. Particularly at Bay of La Paz, Shirasago-
Germán et al. (2015) also documented that the sea lion popu-
lation inside the bay is not directly affected by the changes
caused by El Niño.

The chlorophyll-a concentrations observed here seem to be
more closely related to a typical seasonal variation reported. In
the BoP, the chlorophyll-a mean annual cycle showed two
concentration periods, a higher one from December to
March and lower one from April to November (Guevara-
Guillén et al. 2018). High values of chlorophyll-a (> 6.8 mg
m-3) were observed during the winter season (Martínez-López
et al. 2001). At the end of spring 2004, chlorophyll-a values of
~ 2.1 mg m-3 were associated with the pycnocline and

nutricline (Coria-Monter et al. 2017), whereas in summer of
2009, the surface chlorophyll-a concentrations within the BoP
were ~ 0.10 mg m-3 (Coria-Monter et al. 2014). The relatively
high concentrations observed in this study suggest a strong
relation with environmental conditions close to the winter sea-
son, due to the seasonal changes resulting from periods of
heating and cooling of the surface layers; during summer, a
strong stratification in the water column prevents flux of nu-
trients to the euphotic zone, and in contrast, winter winds and
convection induce mixing in the water column which in turn
promotes an increase in the phytoplankton biomass. This is in
agreement with the paradigm for the seasonal variation in
phytoplankton biomass in subtropical zones, where the limit-
ing factor is the nutrient supply (Reynolds 2006).

Several mechanisms associated with the dynamics of the
BoP could be involved in this apparent lack of effect due to
the Godzilla El Niño. The presence of a quasipermanent meso-
scale cyclonic eddy, which induces nutrient pumping, has been
suggested as the main mechanism of fertilization within the bay
(Coria-Monter et al. 2014; Coria-Monter et al. 2017). Coastal
upwelling along the GC and the advection of high-nutrient
waters to the BoP is another mechanism involved in the high
productivity of the region (Martínez-López et al. 2001).
Another mechanism of fertilization could be related to the pres-
ence of a bathymetric sill along Boca Grande, close to Espíritu
Santo Island (Molina-Cruz et al. 2002), where mixing induced
by the interaction between the currents and the bottom could
promote a high concentration of nutrients. Additionally, this
particular Godzilla El Niño occurred after a negative (cold)

Fig. 3 Surface horizontal distributions (at 2 m depth): (a) in situ conservative temperature (°C), (b) chlorophyll-a (mgm-3) derived from the fluorescence
sensor, and (c) chlorophyll-a (mg m-3) from spectrophotometric determination. The black dot on the west coast is the location of San Juan de la Costa.
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phase of the multivariate ENSO index, whereas the two previ-
ous mega ENSOs (1982–1983 and 1997–1998) occurred after
a prolonged positive phase, which would set the stage for dif-
ferent ecosystem responses, especially in the higher trophic
level that has a longer response time, as discussed by Coria-
Monter et al. (2018). However, why were the “Godzilla El
Niño” and previous extreme El Niños different? Paek et al.
(2017) showed that the 1997–1998 event evolved in a way that
suggests that it was dominated by the eastern Pacific El Niño
dynamics, while the evolution of the Godzilla event suggests
that a mixture of both the eastern Pacific and the central Pacific
El Niño dynamics was at work, and the two events began to
differ from each other in their decaying phases, during which
SST anomalies retracted to the South American Coast begin-
ning in January 1998 for the 1997–1998 event but stayed in the

equatorial central Pacific from late winter to spring of 2016 for
the 2015–2016 event. This framework shows that the two last
strongest extreme El Niño events on record are very different in
terms of their underlying dynamics and climate impacts. This
would also set the stage for different ecosystem responses in the
southern GC.

The consistent high chlorophyll-a concentration area ob-
served off San Juan de La Costa by the three methods
employed could be strongly related to the high phosphorite
content of the lithology in the zone where mining takes place
(Roca Fosfórica Mexicana II, Rofomex), which represents an
additional fertilization process in the water column.

Satellite remote sensing observations of ocean color are
crucial for understanding marine biology from a synoptic
view with an adequate spatial and temporal resolution which

Fig. 4 Satellite images fromMODIS-AQUA, for the period of study (November 15–20, 2016). Top panel shows the SST images in November (a) 15, (b)
17, (c) 18, and (d) 20. In the bottom panel are the chlorophyll-a images in November (e) 15, (f) 17, (g) 18, and (h) 20
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in turn represent a powerful tool to evaluate the impacts of
extreme events (Pieri et al. 2015), as ENSO events, bringing a
unique opportunity to observe daily changing characteristic of
the phytoplankton structure, a fundamental component of the
ecosystem due to their capability to control the carbon dioxide
uptake in the oceans and, therefore, in the global carbon cycle
(Siegel et al. 2014). The results from in situ and satellite data
presented here agrees on the important opportunity to com-
bine both methods and highlight the values of effort to under-
stand the impacts of ENSO events on high-productive ecosys-
tems, and also show that combining both in situ observations
from ships and satellite-derived observations are needed.

Based on the previous studies and our results, the principal
remarks may be during winter, the northwesterly wind is
strong, about 12 m s-1, inducing mixing and the sinking of
the thermocline, and also a southward current along the
Peninsula coast induces an output of GCW and inhibits the
input of TSW. The mixing promotes the nutrient resuspension
into the euphotic layer, then stimulated the phytoplankton
production and high chlorophyll-a values. The results at the
time of this research cruise have shown the absence of the
TSW, which could be evidence that the Godzilla had no effect
in the bay, or may be that the phytoplankton community has
been in recovery after six months of the end of Godzilla

Conclusion

Based on the results, the surface chlorophyll-a concentra-
tion values apparently seem to have not been dramatically
affected by the Godzilla El Niño, although the water
masses detected in the T-S diagram showed an incursion
of warm water as GCW and the concentrations observed
are higher with respect to previous reports. This could be
strongly related to the seasonal variability of the phyto-
plankton productivity, which presents a peak during au-
tumn and winter and to the different fertilization mecha-
nisms reported for the area, which promote nutrient avail-
ability for the phytoplankton. There are many other aspects
such as differences in hydrographic properties and food-
web dynamics that could be modified by the advection of
warm oligotrophic waters, therefore many more detailed
studies of these relationships in the BoP are required.
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