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Satellite observations of the effect 
of the “Godzilla El Niño” on the Tehuantepec 
upwelling system in the Mexican Pacific
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Abstract 

During 2015–2016, a strong El Niño, the “Godzilla El Niño,” which is similar to El Niño events that occurred in 
1982/1983 and 1997/1998, occurred in the Pacific Ocean. In this paper, we report on the influence of the “Godzilla 
El Niño” on the sea surface temperature (SST) and chlorophyll-a (Chla) concentrations in the Tehuantepec upwelling 
system using satellite observation data. A time-series of the SST and Chla levels in a circular site with a diameter of 
approximately 54 km centered at the fixed position (15°N, 94.75°W) for the period from January 2003 to December 
2016 was obtained using a Moderate Resolution Imaging Spectroradiometer. To estimate the vertical water velocity, 
a wind velocity time series was obtained from the Copernicus Marine Environment Monitoring Service to assess its 
variation over the period from January 2014 to December 2016. The results showed unusually high SSTs (> 28 °C) and 
atypically low Chla concentrations (< 0.1 mg m−3) in the domain of interest during the winter of 2015/2016. In the 
region of study, the SST in January 2016 was 5.13 °C higher than it had been in January of 2015, whereas the Chla con‑
centration was 1.56 mg m−3 lower over this period. We found that the “Godzilla El Niño” impacted the Tehuantepec 
upwelling system in the following ways: (1) the wind and vertical water velocity during the winter of 2015/2016 were 
slightly higher than those observed during the winters of 2013/2014 and 2014/2015; (2) the coastal SST values were 
elevated during the winter of 2015/2016 compared to their levels during the previous two winters, revealing nutrient-
poor water advection; and (3) the Chla concentrations during the 2015/2016 winter season were unusually low com‑
pared to their levels during the previous two winters. Our interpretation of these results is that in the Tehuantepec 
Gulf the wind was strong and induced vertical water velocities reaching up to 6 m day−1 during the “Godzilla El Niño” 
event (winter 2015/2016); however, the levels of Chla during this period were lower than they had been in previous 
years. In particular, the levels were lower than they had been during the previous winters. This suggests that, although 
the wind during the event favored strong upwelling, the water that was advected to the upper layer was nutrient 
poor.
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Introduction
The Gulf of Tehuantepec is located along the Mexican 
margin of the eastern tropical North Pacific (Fig.  1a). 
Because of its location within a region where the Inter-
tropical Convergence Zone shifts latitudinally, sea-
sonally, and interannually, the gulf exhibits several 

climatic and oceanographic processes. One of them is 
an upwelling system that induces high primary pro-
ductivity. This productivity in turn supports abundant 
and productive fisheries that provide primarily shrimp, 
tuna, and shark [10, 19].

In the Gulf of Tehuantepec, northerly winds occur 
throughout the year [28]. Although in the summer 
these winds (~ 10  m  s−1) are not as intense as they 
are in the winter (~ 20  m  s−1), they induce vertical 
water velocities ranging from 0.11 to 1.64 m day−1 [2]. 
The comma-shaped Tehuantepec upwelling system 
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is induced by strong winds (> 10 m s−1) from the Gulf 
of Mexico (referred to locally as “tehuanos”). In the 
upwelling process, as the wind passes over the Isthmus 
of Tehuantepec (Paso Chivela; Fig.  1c), the wind per-
pendicular to the coast facilitates the movement of the 
surface water seaward. The surface water is replaced by 
cold, subsurface, nutrient-rich water that fertilizes the 
euphotic zone and supports the region’s primary and 
secondary production from November to April [3, 10, 
23]. In regions where upwelling is present throughout 
the year, nutrients tend to be unlimited and primary 
production levels are generally high. However, the 
occurrence, persistence, and intensity of these highly 
productive systems can be impacted on interannual 
time scales by changes in the weather conditions asso-
ciated with the El Niño-Southern Oscillation (ENSO). 

A reduction in the intensity of a classical wind-driven 
coastal upwelling can limit the nutrient supply and 
negatively impact primary production and fisheries [9], 
which can cause the loss of tens of billions in U.S. dol-
lars [18].

The National Oceanic and Atmospheric Administra-
tion (NOAA) forecasted a strong ENSO event that was 
to occur during the winter of 2015–2016 [15]. It was 
named the “Godzilla El Niño” [26] and the event was 
predicted to be similar to those that occurred during 
1982/1983 and 1997/98. The latter of these events was 
referred to as “the climate event of the twentieth cen-
tury” [7].

Some authors have evaluated the effects of the pre-
vious ENSO events in the Gulf of Tehuantepec and 
adjacent regions. During 1987, an ENSO year, unusual 
warm coastal waters, followed by high coral mortality 
rates, were documented [12]. Based on satellite obser-
vations, Aguirre-Gómez et  al. [1] observed a rise in 
Sea Surface Temperature (SST) of between 3 and 4  °C 
during the 1997/1998 ENSO event and the inhibition 
of upwelling. Romero-Centeno et  al. [24] noted an 
influence of the ENSO events on the interannual vari-
ability in the winds over the Gulf of Tehuantepec. They 
observed an increase in the wind speed and an effect on 
the upwelling system in the Gulf of Tehuantepec.

To date, there has been no research on the effects 
of the “Godzilla El Niño” on the Gulf of Tehuantepec 
coastal upwelling system. Our goal was to assess the 
effect of this climate disruption on the variations 
in the sea surface temperature and the phytoplank-
ton biomass. The latter was studied by measuring the 
chlorophyll-a (Chla) concentration in the Tehuantepec 
upwelling system using data derived from satellite 
observations obtained during the period from January 
2003 to December 2016.

The study of extreme ENSO events is vitally impor-
tant for understanding the influence of these phenom-
ena on higher trophic levels and improving our ability 
to construct diagnostic and predictive models.

Materials and methods
To study the ENSO phenomena during the period from 
January 2003 to December 2016, we obtained data from 
two different indices: the Multivariate ENSO Index (MEI) 
from the NOAA Earth System Research Laboratory 
(www.esrl.noaa.gov/) and the NIÑO 3.4 from the NOAA 
Working Group on Surface Pressure (https​://www.esrl.
noaa.gov/psd/gcos_wgsp/Times​eries​/Nino3​4/). The MEI 
is derived from several oceanographic and meteorologi-
cal parameters, including sea-level pressure, zonal and 
meridional components of the sea surface wind, sea sur-
face temperature, surface air temperature, and cloudiness 

Fig. 1  a Study area; b the Gulf of Tehuantepec. The circle represents 
an area with a ≈ 54 km in diameter. The black point was selected to 
analyze the wind conditions; and c section showing the altitude (km) 
of Paso Chivela

http://www.esrl.noaa.gov/
https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Nino34/
https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Nino34/
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fraction of the sky, over the tropical Pacific and reflects 
the nature of the coupled ocean–atmosphere system bet-
ter than other indices [33]. Large positive MEI values 
indicate El Niño conditions, while large negative values 
indicate La Niña conditions. Measurements for the Niño 
3.4 index have been collected and recorded for decades. 
These observational data are easily accessible via the 
Internet and have been widely used for managing food 
security policies [22, 29]. Satellite images of SST and Chla 
during the period (2014–2016) in which the Godzilla 
El Niño took place were obtained from the NASA Data 
Browser (https​://ocean​color​.gsfc.nasa.gov/cgi/brows​e.pl). 
The images, which had a spatial resolution of 1 km/pixel, 
were processed as follows: before mapping (Level 2), the 
values of the SST and Chla were extracted using SeaDAS 
version 7.4. To filter out low-quality data as the images 
were generated, LAND, CLDICE, HILT, and STRAY-
LIGHT flags/masks were applied. When a pixel from a 
MODIS L2 image was flagged, it was masked by LAND 
and CLDICE. HILT was flagged if any of the bands or 
detectors reaches physical saturation, whereas STRAY-
LIGHT showed the brightness of adjacent pixels on a 
pixel’s reflectance value [21]. After this, maps for each 
month for both SST and Chla were generated using Mat-
lab [17].

Using standard algorithms, time-series of SST and Chla 
on cloudless days were obtained using the Moderate Res-
olution Imaging Spectroradiometer (MODIS) during the 
period from January 2003 to December 2016. As already 
discussed, the selected time period is representative of 
the variability in the surface waters of the gulf, before, 
during and after the ENSO event. MODIS orbits around 
the Earth from north to south across the equator in the 
morning and from south to north over the equator in the 
afternoon. The satellite acquires an image with high radi-
ometric sensitivity in 36 spectral bands with a period of 
1–2 days.

To quantitatively assess the variation in SST and 
Chla concentration, a disc-shaped site centered at 15°N 
and 94.75°W with an average diameter of ≈ 54  km was 
chosen (black circle in Fig.  1). The site was selected to 
exclude the coastline to minimize background error due 
to the presence of suspended organic matter. Next, we 
estimated the regional variation in both the SST and Chla 
concentration over the chosen time period. SST is a basic 
parameter phytoplankton communities, but variations 
in SST also reflect changes in the mixing and advection 
of surface waters as well as changes in the air-sea fluxes 
that are associated with daily weather fluctuations. To 
obtain the desired variations in these parameters, we 
first obtained the SST and Chla typical values or yearly 
means, which were obtained by calculating the daily 
average with respect to time over the 14 year time series. 

The SST and Chla anomalies were obtained by subtract-
ing these mean values from the observed SST and Chla 
concentration values.

To assess the variations in the wind during the period 
from January 2014 to December 2016, a wind velocity 
time series at 16.16°N and 95.2°W (black point in Fig. 1b) 
was obtained from the Copernicus Marine Environment 
Monitoring Service (http://marin​e.coper​nicus​.eu). These 
wind data were used to estimate the vertical water veloc-
ity at the base of the upwelling layer wH (=

τsy
f ρL

) [5], 
where f  is the Coriolis parameter, ρ is the water density, 
L is the extension of upwelling or distance from the 
y-axis, and τsy
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ity (Wy).

Results
The intertropical convergence zone around the equator is 
marked by high convection and energy fluxes, resulting 
in persistent cloudy conditions and only several weeks 
of clear sky during the year. However, satellite observa-
tions reveal clear SST and Chla signals in the domain of 
interest.

Our time series are derived from satellite observa-
tions and include data from January 2003 to December 
2016. The figures below only show the period when the 
Godzilla El Niño took place (2014–2016); the complete 
time series show that the NIÑO 3.4 is maximum (> 2.0) 
during the period coincident with the Godzilla El Niño 
(Fig.  2a). The Multivariate ENSO Index (MEI) is posi-
tive (> 1.0) during the years 2007, 2010, and 2015–2016, 
indicative of El Niño conditions, but is negative dur-
ing 2008, 2011, and 2012, indicative of La Niña condi-
tion (Fig.  2b). The data also show that there is a wide 
seasonal variability in SST and Chla between the winter 
and summer months, i.e., high Chla concentrations dur-
ing the winter months and low Chla concentrations dur-
ing the summer (Fig.  2c). These results are consistent 
with the values obtained by the anomalies of both vari-
ables (Fig.  2d). From Fig.  2c, we see that the Chla con-
centration decreases dramatically during 2015 due to the 
abrupt increase in SST.

During the period when the Godzilla El Niño occurs, 
the MEI is positive and achieves its maximum (2.2) 
during the 2015/2016 winter. This indicates high SSTs 
(Fig.  2b), which agrees with results from studies of the 
two previous ENSO events, where values of 2.5 and 2.2 
were reported for the 1982/1983 and 1997/1998 events, 
respectively [33]. The monthly variation in SST and the 
Chla concentration at the selected fixed position and 

https://oceancolor.gsfc.nasa.gov/cgi/browse.pl
http://marine.copernicus.eu
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its average over the selected domain (Fig.  2c) show a 
decrease in the Chla concentration of 1.56 mg m−3 due 
to the “Godzilla El Niño” during the winter of 2015/2016 
that is associated with a 5.13  °C increase in the surface 
water temperature. The time series show the differences 
in SST and Chla concentration between January 2015 
and January 2016; they also show that during December 
of 2016, the SST (~ 22  °C) returns to “neutral,” or non-
ENSO, conditions in the Tehuantepec gulf. Figure  2c 
shows that when the SST increases, the Chla concentra-
tion decreases. Correlation analysis performed to sup-
port these observations reveals an inverse (R = − 0.67) 
and statistically significant relationship (p = 0.00001) 
between the parameters. Figure 2d shows that the posi-
tive anomalies in the SST are associated with the months 
in which the “Godzilla El Niño” occurred.

During 2014, before the “Godzilla El Niño” event 
(Fig.  3), the satellite images show that an area of 
upwelling extends off the coast. The SST ranges from 23.1 
to 29.8  °C, reaching its maximum in May (Fig.  3e) and 
minimum during November when a strong cold tongue 
is observed (Fig. 3k). The Chla concentration ranges from 
0.06 to 2.09  mg  m−3, achieving a maximum during the 

winter when high concentration patches are observed as 
a result of an upwelling during the season.

During 2015 (Fig.  4), the Chla images clearly show 
the presence of a comma-shaped area representing 
the January, February, and March upwelling system 
(Fig. 4a–c). During this year, the SST rises from 22.4 to 
30.6  °C, achieving its maximum value during the sum-
mer (Fig.  4f–h). However, high values up to 28.8  °C are 
observed for November and December (Fig.  4k–l). The 
Chla concentration varies from 0.14 to 2.80 mg m−3 and 
reaches its highest values during January, February, and 
March. A minimum is reached during the summer. These 
values show a dependence on SST, i.e., as SST increases, 
the Chla concentration decreases. The presence of clouds 
creates some gaps in the data, particularly during July, 
August, and September; however, it is possible to obtain 
and visualize the distribution of both variables.

In January, February, and March of 2016, a region of 
cold water with a high Chla concentration is observed; 
however, it does not have the same extension or intensity 
as the upwelling event in 2014 does, nor is it as cold or 
Chla-enriched (Fig.  5a–c). During October, November, 
and December of 2016, a well-shaped upwelling system 

Fig. 2  Time series for the period from January 2003 to December 2016 of: a The NIÑO 3.4 index; b Multivariate ENSO Index (MEI); c SST (°C, red 
line) and Chla concentration (mg m−3, green line) at a fixed position (15°N, 94.75°W) averaged for a circular area ≈ 54 km in diameter; and d data 
anomalies of SST (red line) and Chla (green line)
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Fig. 3  Monthly images of SST (°C) and Chla concentration (mg m−3) during 2014
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Fig. 4  Monthly images of SST (°C) and Chla concentration (mg m−3) during 2015
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develops (Fig. 5j–l); this is in contrast with 2015, during 
which no signal is observed. The SST during October-
December 2016 is higher than it is in 2015, achieving a 
maximum of 30.9 °C during June and a minimum of only 
20.6 °C in November. In January, the SST is high, reach-
ing > 27.7  °C. It increases 5.13  °C over its value in 2015, 
as is shown in Fig.  2b. The Chla concentration during 
this year also shows changes with respect to 2015 and 
rises from 0.18 to 1.33  mg  m−3, with a minimum dur-
ing June (Fig.  5f ). During January of 2015, the concen-
tration of Chla is 2.00  mg  m−3. During January 2016, it 
is 0.44 mg m−3, representing a decrease of 1.56 mg m−3. 
During 2016, the Chla concentration shows a similar 
trend as in 2015: as the SST increases, the Chla concen-
tration decreases. As in the previous years, clouds gener-
ate some gaps in the data; however, it is possible to clearly 
visualize the patterns of distribution of both variables.

The wind time series show intensities of about 20 m s−1 
during winter; an important northerly component is pre-
sent throughout the period 2014/2016. However, during 
“Godzilla El Niño”, a northeasterly wind (Fig.  6a), with 
values slightly higher than those observed during the 
2013/2014 and 2014/2015 winters, (Fig.  6b) is present. 
The vertical water velocity reaches its maximum dur-
ing the winter of 2015/2016, when the Godzilla event is 
observed, i.e., when it reaches 6 m day−1 (Fig. 6c).

Discussion
The impact of ENSO in the Mexican Pacific Ocean and 
adjacent areas has been well documented. The focus has 
been on strong events that modulated the sea surface 
temperature and nutrient and Chla concentrations. In the 
southern Gulf of California, near its connection with the 
Pacific Ocean, El Niño in 1982/1983 caused an increase in 
SST (≈ 3–3.5 °C) and a considerable ecosystem modifica-
tion that negatively affected the distribution of silicoflag-
ellates and other phytoplankton populations living in the 
Pacific Ocean [20]. During the 1997–1998 event, a clear 
impact on the SST and salinity fields was documented off 
Baja California [8] that induced low levels of Chla (aver-
age concentration of 0.13 mg m−3) [16]. Recently, based 
on satellite observations during the period from 2002 to 
2015, the impact of ENSO events on the southern Gulf 
of California, which induced high SST values (> 24  °C), 
low Chla concentrations (< 2.00 mg m−3), and moderate 
winds [11], was detected. This was particularly notable 
during the years 2002 and 2009, when moderate ENSOs 
took place. However, during 2015, an increase in SST 
was shown (up to ≈ 26.5 °C) and low levels of Chla were 
observed (< 2.00 mg m−3) [11].

It has been established that ENSO affects the Mexican 
Pacific Ocean in two principal ways: (1) it is associated 
with a reduction in the upwelling productivity and raises 

the ocean temperature by ≈ 5 °C [24]; and (2) the south-
ward motion of warm equatorial waters combined with 
high solar radiation at the surface induces an increase in 
sea surface temperature, which in turn reduces the pri-
mary biological productivity. Zamudio et al. [34] pointed 
out that the ENSO event that occurs along the southwest 
coast of Mexico has three distinct stages: (1) the genera-
tion of a coastal jet characterized by strong vertical shear 
flow; (2) an increase in the horizontal component of the 
shear flow along with an increase in the amplitude of its 
oscillations; and (3) the development of an instability in 
the jet, in which it breaks into anticyclonic eddies that 
separate from the coast and drift southwestward.

The results of this study reveal a clear impact of the 
“Godzilla El Niño” on the Chla concentrations in the 
Tehuantepec upwelling system. Based on satellite obser-
vations, Aguirre-Gómez et  al. [1] identified a slight 
increase in the sea surface temperature from 3 to 4  °C 
during the 1997/1998 ENSO in the Gulf of Tehuantepec; 
the authors emphasize an inhibition of the upwelling 
events in the gulf compared with previous and subse-
quent years; their wind and vertical water velocity values 
were shown to favor the development of the upwelling. 
The increase of SST observed by the authors is in agree-
ment with the results of this study, where an increase in 
SST of 5.13 °C resulted in a dramatic decrease in the Chla 
concentration in January 2016 compared with its value in 
January 2015, resulting in a difference of 1.56 mg m−3.

Similar observations have been documented for other 
regions, such as for the Peruvian upwelling system (also 
known as the Northern Humboldt Current System), 
where a pronounced bottom-up control mechanism 
was observed during the 1982/1983 ENSO years that 
resulted in a decrease in primary production associated 
with Chla-poor waters (< 0.3  mg  m−3) [9, 30]. Values 
varying from 0.5 to 1 mg m−3 were reported during the 
1997/1998 ENSO in the same region [6]. Most recently, 
using a regional coupled physical-biogeochemical model, 
Espinoza-Morriberón et  al. [9], studied the dynamical 
processes involved in the productivity changes during El 
Niño events in the Peruvian system, where the nutrient 
content decreased dramatically (especially nitrate and 
iron). This in turn affected the phytoplankton growth 
(particularly diatoms) and triggered habitat changes, 
such as a high mortality for several fish populations.

In studies of the effects of ENSO events on the Cali-
fornia Current System, significant chemical and biologi-
cal perturbations have been documented. During the 
1997/1998 events, the nutrient levels were limited sub-
stantially, which reduced the area available for biological 
production, increased the survival rate at higher tropical 
levels, and increased the flux of carbon dioxide from the 
ocean to the atmosphere [4]. Based on satellite-derived 
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Fig. 5  Monthly images of SST (°C) and Chla concentration (mg m−3) during 2016
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ocean color, similar observations were made by Kahru 
and Mitchell [13], who documented a significant decrease 
in surface Chla (< 0.10  mg  m−3) off the U.S. west coast 
during the 1997/1998 ENSO. The impact of this event on 
the northern Chile upwelling system was also addressed 
by Thomas et  al. [31]. Based on satellite observations, 
they documented strong variations in both SST and Chla, 
which had a negative impact on the whole area.

To date, several consequences of the “Godzilla El Niño 
2015/2016” event have been documented with respect 
to various domains of interest in the Pacific Ocean. For 
example, the warmest water and strongest convection 
was reported to be hundreds of kilometers farther west 
along the Equator during this event than during previ-
ous events [14]. Two strong anomalies were documented 
in the eastern North Pacific: anomalous winds from the 
south, which weakened nutrient transport and resulted 

in substantial decreases in phytoplankton biomass, and a 
3.5 °C increase in water temperature by January [32]. An 
abnormal increase in temperature led to decreased den-
sities and nutrient concentrations in the upper 350 m at 
the Equator [27].

Santoso et  al. [25] examined several variables that 
are relevant to ENSO genesis that characterized the 
2015/2016 event. They found that the 2015/2016 event 
was marked by a record-breaking warm anomaly in the 
central Pacific, revealing similarities between this event 
and the 1982/1983 and 1997/1998 events.

The monthly and inter-annual variability in SST and 
Chla concentration has been widely attributed to ENSO 
events. For instance, in the Gulf of California, an impor-
tant association was observed between the values of these 
variables and the months with negative ENSO anomalies 
(La Niña), i.e., high Chla concentration values and low 

Fig. 6  a Wind velocity (m s−1), b wind speed time series (every 3 h) obtained from Copernicus Marine Environment Monitoring Service, and c 
vertical water velocity (m day−1)
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SST values. Months with positive ENSO anomalies (El 
Niño) were correlated with high SST values and low Chla 
concentrations [11] results which agree with our obser-
vations. Significant inter-annual differences in climate 
index values were observed, i.e., the years with high SST 
values, such as 2009, were correlated with large positive 
ENSO anomalies and were identified as strong El Niño 
years. Years with negative ENSO anomalies (2007–2008 
and 2010–2011) had lower SST values and had moderate 
La Niña events [11].

Based on the observations presented in this study, there 
are three consequences of the effects of the “Godzilla El 
Niño 2015/2016” on the Tehuantepec upwelling: (1) wind 
velocities and vertical water velocity were higher dur-
ing this event than those observed during the 2013/2014 
and 2014/2015 winters; (2) SST values were higher 
(> 28 °C) off the coast during winter 2015/2016 than they 
were during the previous winters, with a rise of 5.13  °C 
between January 2015 and January 2016; and (3) the Chla 
concentration was lower (< 1  mg  m−3), which suggests 
the advection of nutrient-poor waters.

Although there were no measurements of the primary 
productivity in the Gulf of Tehuantepec during this event, 
it is assumed that there was a marked effect on the phy-
toplankton community and thus on the biological pro-
ductivity. Because the impacts of ENSO tend to be more 
dramatic during extreme events, the changes associated 
with the structure of the water column and Chla sur-
face concentration can lead to significant fatalities, eco-
nomic loss, and large-scale environmental degradation 
[9, 25]. Our interpretation is that the wind and vertical 
water velocity slightly increased in the Tehuantepec gulf 
during the “Godzilla El Niño” event (winter 2015/2016); 
however, the levels of Chla were lower compared to pre-
vious years, particularly in the winter season. This indi-
cates that although the wind favored strong upwelling, 
the upwelled water was oligotrophic.

The results of this study show that, from a synoptic 
point of view, the use of remote sensing for monitoring 
large-scale processes leads to a better understanding of 
systems in which the high biological productivity influ-
ences the economy of the region. However, many more 
detailed studies are required, including in  situ and sat-
ellite observations as well as numerical modeling, to 
understand the impact of these ENSO events on higher 
trophic levels, address globally relevant questions, and 
improve the predictability, preparedness, and response 
on seasonal time-scales to this abnormal climate dis-
ruption. Finally, the results presented here highlight the 
value of efforts to improve knowledge of the effects of the 
largest ENSO event on record on systems with high bio-
logical productivity.
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