
Introduction 

Photosynthesis is a key process for life on the planet, 
it provides food with the primary producers, and oxygen for 
the majority of the heterotrophs, it is controlled by both 
catabolic (light) and anabolic (nutrients) requirements 
(Rabinovich, 1969). 

The process of photosynthesis produces biomass, typically 
rich in carbon or nitrogen. This biomass can be found in pigments 
like chlorophyll-a. Phytoplankton, which are photosynthetic or-
ganisms, contain chlorophyll. The highest Chlorophyll concen-
tration is found in parts of the water where there is plenty of 
sunlight, allowing photosynthesis to happen more effectively. 
However, the amount of chlorophyll in the ocean can change due 
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ABSTRACT 

This study aims to describe the response of two persistent 
chlorophyll-a maxima to physical processes that affect the po-
sition of the thermocline/nitracline in the Eastern Tropical North 
Pacific (ETNP). We focused on Long Rossby Waves (LRWs) 
due to their relevance to the ETNP circulation and their potential 
role in introducing nutrients into the euphotic zone. We found 
that the shallower chlorophyll-a maximum in oxygenated waters 
became more intense when denser waters (containing more nu-
trients) moved toward the surface. This suggests that changes in 
isopycnals and nitracline displacements modify nutrient supply 
in the euphotic zone, leading to changes in phytoplankton 
growth. The suboxic and deeper chlorophyll-a maximum 
showed a strong association with the 26 kg m-3 isopycnal, which 
was only mechanically displaced, and its chlorophyll-a content 
did not seem to covary with irradiance or nutrients. The decor-
related responses of the chlorophyll-a maxima could be ex-
plained if different phytoplankton groups are associated with 
them. LRWs can affect the position of the thermocline/nitracline 
and isopycnals in an annual cycle, but it seems to be a “back-
ground” signal modulated by higher frequency processes such 
as mesoscale eddies and other Rossby waves. The co-occurrence 
of processes can control the nitracline depth, and thus the input 
of nutrients into the euphotic zone, leading to sporadic enhance-
ments in chlorophyll-a concentration in one maximum. 
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to factors like the availability of nutrients, water temperature, and 
ocean movements (Lalli et al., 2006) 

Chlorophyll-a maxima are significant aspects of the pelagic 
ecosystem, originating from several processes. For instance, 
they may develop near the nitracline due to an increase in the 
phytoplankton growth: coinciding with biomass peaks typically 
occurring in stratified waters with mesotrophic or eutrophic con-
ditions (Cullen, 2015). Chlorophyll-a maxima can also arise 
through photoacclimation: wherein phytoplankton increase their 
intracellular pigment concentration in response to the low-light 
availability (Mignot et al., 2014; Cullen, 2015). This case is 
commonly found in oligotrophic regions, and the chlorophyll-a 
maximum only represents changes in the pigment concentration, 
not in biomass. 

The Eastern Tropical North Pacific (ETNP) region strongly 
influenced by wind jets, ocean currents, and the ENSO phenom-
enon. One of the characteristics of the ETNP is its prominent 
thermocline and nutricline, which directly affect marine life. In 
Oxygen Minimum Zones (OMZs), such as the Eastern Tropical 
North Pacific (ETNP) and the Arabian Sea, multiple chloro-
phyll-a maxima can develop in the water column (Goericke et 
al., 2000; Lavin et al., 2010; Garcia-Robledo et al., 2017; 
Márquez-Artavia et al., 2019). One chlorophyll-a maximum 
forms near the nutricline in well-oxygenated waters, while an-
other develops below the nutricline, in the lower part of the eu-
photic zone, and within suboxic waters (<20 µmolO2 kg–1). This 
suboxic maximum is caused by an increase in the cell number 
of Prochlorococcus ecotypes specific to the OMZs (Goericke et 
al., 2000; Lavin et al., 2010). This chlorophyll-a maximum is 
significant biogeochemically because it serves as a source of lo-
cally consumed organic matter and oxygen (Garcia-Robledo et 
al., 2017). However, little is known about the physical mecha-
nisms influencing and sustaining phytoplankton populations. 

Various physical processes affecting phytoplankton popula-
tions have been discussed in the literature, including the impacts 
of mesoscale eddies and the Long Rossby Waves (LRWs) 
(Siegel et al., 1999; Uz et al., 2001; Killworth et al., 2004; 
McGillicuddy, 2016). Both processes alter the vertical distribu-
tion of properties such as nutrients, oxygen, and chlorophyll-a 
(Sakamoto et al., 2004; McGillicuddy et al., 2007; 
McGillicuddy, 2016), albeit on different spatial (~900 km) and 
temporal scales (~1 year). The effects of LRWs on chlorophyll-
a distribution can be either physical or biological (Killworth et 
al., 2004). Physical effects encompass mechanical displace-
ments through horizontal or vertical advection (Killworth et al., 
2004; Belonenko et al., 2018), while biological processes relate 
to phytoplankton responses to the nutrient availability and light., 
Uz et al. (2001) suggested that LRWs may transport nutrients 
into the euphotic zone, thereby promoting an increase in chloro-
phyll-a concentration. 

In the Arabian Sea OMZ, LRWs have been observed to alter 
the depth and intensity of the two chlorophyll-a maxima, one of 
which sporadically occurs within the suboxic waters (Ravichan-
dran et al., 2012). In the ETNP, LRWs are recognized as a sig-
nificant factor in regional circulation, controlling the 
thermocline position on seasonal scales (Kessler, 1990, 2006). 
Despite extensive reviews of chlorophyll-a and primary produc-
tivity in the ETPN (Pennington et al., 2006), the effects of LWRs 
on chlorophyll-a maxima have not yet been evaluated. Further-
more, Pennington et al. (2006) did not consider the formation 

and variability of the chlorophyll-a maximum found in suboxic 
waters, a persistent feature in some regions of the ETNP 
(Márquez-Artavia et al., 2019). 

This study aims to describe the temporal evolution of phy-
toplankton communities indicated by the chlorophyll-a concen-
tration in the ETNP OMZ, utilizing high-resolution data from a 
Biogeochemical Argo float (BGC-Argo float) with a relatively 
long record. This data set allows for a more detailed resolution 
of processes than the monthly climatology of the ship and satel-
lite-based on observations used previously by Pennington et al. 
(2006). We particularly focus on LRWs due to their significance 
at 13ºN and their potential as a mechanism for introducing nu-
trients into the euphotic zone. Considering this, we test the fol-
lowing hypothesis: when LRWs displace isopycnals towards the 
surface (cyclonic phase) they will increase the nutrient supply 
into the euphotic zone, thereby stimulating phytoplankton 
growth. Conversely, the opposite scenario is anticipated when 
LRWs deepen the isopycnals around 60 m (anti-cyclonic phase).  

 
 

Materials and methods 
Data sources 

We used vertical profiles collected by a BGC Argo Float 
(WMO3901531) from November 30th, 2016 to March 10th, 
2019. The float was deployed at 110°W and 13°N, pro-
grammed to surface at local noon after drifting for five days at 
a depth of 1000 meters. Although the BGC-Argo float trajec-
tory exhibited several loops, most stations concentrated along 
the east-west axis with a mean position at 112.16°W and 
13.19°N (Figure 1). This predominantly zonal trajectory en-
abled us to compare it with latitudinal-dependent phenomena 
such as Rossby waves.  

The float was sampling in oceanic waters where the mean 
surface chlorophyll-a concentration was slightly above 0.1 mg 
m-3 (Figure 1), which corresponds to mesotrophic conditions 
according to the classification of Antoine et al. (1996). Notably, 
the float´s trajectory lay between the western flank of an anti-
cyclonic circulation known as the Tehuantepec Bowl (centered 
at 13ºN and 105ºW), and the onset of the North Equatorial Cur-
rent, which manifests as a zonal flow west of 125ºW (Figure 1). 
The mean speed of the float, estimated from station locations 
and time was 3.6±2.3 cm s–1, akin to the speed at 1000 m depth 
(2.88±1.70 cm s–1) in the ANDRO dataset (Ollitrault and Ran-
nou, 2013). Consequently, the float sampled along the bound-
aries of the ETNP, with its trajectory predominantly influenced 
by intermediate-depth currents, typical of an instrument drifting 
for five days at 1000 m. 

The WMO3901531 BGC-Argo float is equipped with sen-
sors to measure temperature, salinity, oxygen, chlorophyll-a flu-
orescence, light backscattering at an angle of 124º at two 
wavelengths (532 and 700 nm.), and irradiance in several chan-
nels (380, 412, 490 nm and integrated into the Photosyntheti-
cally Active Radiation spectral band, PAR). Given the diverse 
sampling schemes and resolutions of each sensor, we employed 
synthetic profiles where all variables are reported on the same 
pressure axis. The detailed procedure for constructing these syn-
thetic profiles can be found in Bittig et al. (2018), and the data 
are accessible from the Coriolis Global Data Assembly Center 
(ftp://ftp.ifremer.fr/ifremer/argo/etc/argo-synthetic-profile). 
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Sea Surface Level Anomalies 
Sea Surface Level Anomalies (SLA) from the delayed 

mode multi-mission altimeter gridded fields Level-4, with a 
resolution of 0.25ºx0.25º from January 1st, 2014 to May 13th, 

2019, were obtained from the Copernicus Marine Environment 
Monitoring Service (http://marine.copernicus.eu). We utilized 
SLA data to investigate whether the observed variability in the 
float time series could be linked to oceanographic phenomena 
at meso and large scales, such as eddies and Rossby waves. 
The phase speed of LRWs was calculated from a longitude-
time diagram, whereby lines following slanted features were 
visually defined and their slopes estimated (Barron et al., 2009, 
Glatt et al., 2011).  

 
Mesoscale eddies 

To identify mesoscale eddies, we employed the py-eddy-
tracker software, which detects eddies based on closed contours 
of SLA (Mason et al., 2014). Closed contours were computed at 
1 cm intervals within the range of -100 to 100 cm. Each closed 
contour was compared with a fitted circle with the same area, and 
the shape error, defined as the sum of the areas deviating from the 
fitted circle, was expressed as a percentage of the total area 
(Kurian et al., 2011). Criteria for identifying eddies included en-
suring the shape error did not exceed 55%, the number of pixels 
within the closed contour should be between 8 and 100, all SLA 
values were either above or below those defined by the closed 
contour, there was only a local maximum or minimum within the 
closed contour and, the amplitudes ranged from 1 to 150 cm. Ed-
dies defined by the closed contours tended to be irregular rather 
than perfect circles, delineating an effective contour, used to de-
termine whether the BGC-Argo float was within or outside a 

given structure. Additionally, eddy identification was conducted 
on raw SLA, without screening based on any eddy characteristics 
such as lifespan or size.    

 
BGC-ARGO float data handling 

We used temperature and salinity records from the synthetic 
profiles to compute absolute salinity, conservative temperature, 
and the potential density anomaly relative to the surface, employ-
ing the thermodynamic equation of seawater, TEOS-10 (Mc-
dougall and Barker, 2017). The depth of the 20 °C isotherm (Z20) 
was selected as a proxy of the thermocline depth for comparison 
with model predictions, following the precedent set by Kessler 
(1990, 2006). Additionally, we calculated the pycnocline depth to 
demonstrate how Z20 reflects the dynamics of the pycnocline in 
ETNP near 13°N, determined as the maximum gradient of density 
relative to depth. 

We derived the vertical distribution of nitrate using tempera-
ture, salinity, oxygen, geographical position, and profile dates ob-
tained by the BGC-ARGO float, employing the CANYON 
algorithm developed by Sauzède et al. (2017). While CANYON 
provides a convenient method of estimating nitrate concentration 
when direct measurements are unavailable, it tends to produce bi-
ased estimations in the OMZ, likely due to its inability to accu-
rately represent denitrification processes in oxygen-deficient 
waters. Consequently, we only used the CANYON nitrate profiles 
to determine the nitracline depth, calculated as the maximum ver-
tical gradient. The depths of Z20, pycnocline, and nitracline were 
then correlated using Pearson’s coefficient. 

 
Calculations of the annual cycles 

The annual cycles Z20, pycnocline, nitracline, and the chloro-

Figure 1. Representation of main oceanographic features of the Eastern Tropical North Pacific (ETNP) and the trajectory of the BGC-
Argo float. Surface chlorophyll-a measured by satellite radiometers and geostrophic currents from altimetry were averaged using the 2014-
2018 period. The white point represents the deployment location of the float and the black line its trajectory. The position of the North 
Equatorial Counter Current (NECC), Costa Rica Dome (CRD), Tehuantepec Bowl (TB) and the North Equatorial Current are also indicated. 
Chlorophylll-a data correspond to the version 5 of the ESA-CCI ocean color product (Sathyendranath et al. 2019). 
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phyll-a concentration were obtained by least squares fitting of a 
sinusoidal function such as:  

 
where _y   is the mean of the record estimated from the fitting, A 
and ϕ denote coefficients indicating the amplitude and phase of 
the cosine function, respectively, while ω represents the angular 
frequency (2π/365.25 days) and t signifies time. The least-square 
fitting was conducted according to Ripa (2002) to obtain uncer-
tainties of the coefficients.  

 
Chlorophyll-a data 

Chlorophyll-a derived from fluorescence and light backscat-
tering was processed and quality controlled by the Argo Data 
Management Team (Schmechtig et al., 2018; Schmechtig et al., 
2019; Schmechtig et al., 2023). For chlorophyll-a fluorescence, 
this process involved negative spike removal, non-photochem-
ical quenching correction, and the application of a global cor-
rection factor to obtain the least biased estimation of 
chlorophyll-a, as described by Roesler et al. (2017). Regarding 
light backscattering, the Argo program estimates the particle 
backscattering coefficient (bbp) at single angles following the 
methodology of Boss & Pegau (2001), with quality control also 
incorporating negative spike removal. Although the BGC-float 
measures bbp at 532 and 700 nm, only the latter was used as a 
proxy of particulate organic carbon or phytoplankton biomass 
due to its lesser sensitivity to pigment and dissolved material 
absorption in seawater (Boss & Häentjens, 2016). We smoothed 
the chlorophyll-a and bbp700 data by using two consecutive 
running median filters of five and seven points (Briggs et al., 
2011; Rembauville et al., 2017). Given the mean vertical reso-
lution of the synthetic profiles (0.8 m), this process is equivalent 
to averaging in layers of approximately four and six meters.  

The quality control of irradiance in the Argo program involves 
a global test to identify values outside the expected range (Poteau 
et al., 2019). Additionally, we implemented the protocol described 
by Organelli et al. (2016). Following this quality control, only 
32% of the profiles measured at PAR were deemed acceptable 
quality (good or probably good). We considered this a percentage 
too low. Consequently, we derived profiles of PAR irradiance 
based on the Lambert-Beer law, estimating the attenuation coef-
ficient (KDPAR) and the irradiance just below the surface 
(EPAR0-) from the measurement at 490 nm, in which 64% of the 
profiles were deemed of acceptable quality. 

EPAR0- represents an instantaneous value. To ascertain the 
daily light regime of phytoplankton, we integrated over the length 
of a day at the float´s location, following the procedure described 
by Mignot et al. (2018). At the conclusion of this procedure, we 
obtained profiles of daily integrated irradiance, which served two 
purposes: i) to compute the euphotic zone depth based on the 
depth of an isolume, ii) to get the daily integrated irradiance re-
ceived at the depth of the chlorophyll-a maxima alongside the 
BGC-Argo float time series.   

The euphotic zone was defined by the depth of the 0.04 molQ 
m–2 day–1 isolume corresponding to an instantaneous PAR irradi-
ance of 1 µmolQ m–2 s–1, assumed constant for 12 hours. The light 
level was chosen as the mean compensation irradiance estimated 
for low-light adapted ecotypes of Prochlorococcus (Moore et al., 
1995). that the 12-hour assumption aligns with the daytime dura-

tion at the mean float position, and is consistent with the condi-
tions used in laboratory experiments to assess Prochlorococcus 
photo-physiology. 

The vertical distribution of chlorophyll-a in the OMZ of the 
ETNP frequently exhibits two maxima, although profiles with a 
single maximum or with a more complex distribution are also ob-
served (Márquez-Artavia et al., 2019). All these cases were ob-
served in the analyzed dataset used in this work, some 
representative profiles are shown in Figure 2. Nonetheless, we fo-
cused on profiles with single or double maxima to analyze the 
evolution of the physical and biogeochemical conditions related 
to them. 

We obtained the oceanographic conditions associated with the 
chlorophyll-a maxima by considering the shape of the chloro-
phyll-a profile, defined by a fitting function with one or two 
Gaussian curves (one for each maximum) plus an exponential 
decay. Similar approaches have been used elsewhere in the liter-
ature (Mignot et al., 2011; Muñoz-Anderson et al., 2015; Barbi-
eux et al., 2018). We fitted the functions with the 
Levenberg-Marquardt algorithm to determine the parameters 
defining the depth and width of the chlorophyll-a maxima. The 
depth of each maximum corresponds to the center of the Gaussian 
curve, while the width covers the region between the center ±1 
standard deviation. Properties such as chlorophyll-a, and PAR, 
were represented by averaging the values within the width of each 
maximum. Linear correlations between variables were calculated 
using Pearson’s coefficient.  

At each time step, the conditions related to each maximum 
are defined by the values of chlorophyll-a (chla), bbp700 (as a 
proxy of carbon or phytoplankton biomass: bbp), the depth of the 
nitracline (Z_nitracline), Dissolved Oxygen (DO), downwelling 
irradiance at PAR (PAR) and the ratio between bbp700 and chloro-
phyll-a, which serves as a proxy for the carbon to chlorophyll-a 
ratio (bbp:chla). We used Z20 to identify how the conditions of the 
chlorophyll-a maxima were related to the thermocline/nitracline 
movements. 

 
Principal Component Analysis 

To identify patterns of co-variability, and decompose the tem-
poral evolution of the chlorophyll-a maxima conditions into a set 
of uncorrelated modes, we performed a Principal Component 
Analysis (PCA). The eigenvalues and eigenvectors were obtained 
by singular value decomposition of the standardized data. Indi-
vidual observations were discarded if at least one of the variables 
did not have valid data. PCA was conducted using the FactoMine 
package version 1.42 in R 3.5.3 (Sébastien et al., 2008; R Core 
Team, 2019). 

 
Long Rossby Wave model 

We used a simple analytical linear model to simulate the ther-
mocline depth influenced by LRWs, which accounts for both the 
local effects of wind stress on the thermocline depth and the re-
mote effects caused by the propagation of perturbations (Kessler, 
2006). This simplified linear model has been employed in several 
previous studies and successfully replicates the propagation of 
Long baroclinic Rossby waves in tropical regions. It explains the 
observed annual cycle of Z20 in the entire ETNP, and it has toad-
ied in understanding the local circulation of the Pacific off Mexico 
(Kessler, 2006; Godínez et al., 2010; Watanabe et al., 2016). Most 
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of these prior studies involved comparing the model with obser-
vations. Given the correspondence between the model and obser-
vations, they concur that LRWs are a significant physical process 
in explaining the dynamic of the ETNP, and particularly the low-
frequency variability of the thermocline.  

In line with the methodology of the studies, as mention before, 
we employed the model to compare the simulated thermocline 
depth (Z20) with the observations from BGC-Argo float in the 
ocean interior and with satellite altimeter measurements of SLA 
at the surface. These comparisons were conducted considering the 
baroclinic nature of LRWs implying that the surface expression 
as SLA is also observed as thermocline movements. Additionally, 
we computed the Ekman pumping velocity to compare and cross-
correlate it with Z20. This enables us to assess whether thermo-
cline movements can be solely explained by local wind forcing. 
Ekman pumping velocity was computed daily for the dates sam-
pled by the BGC-Argo float (Bernades et al., 2021) using the 
CCMP version 2 data product (Li et al., 2021) with a spatial res-
olution of 0.25°x0.25°. It was linearly interpolated to the BGC-
Argo float positions and the highest correlation and lag were 
reported. 

 
 

Results 
Sea Level Anomalies and the westward                
propagation of signals 

The spatial and temporal variability of SLA exhibited three 
prominent features around the BGC-Argo float locations. Firstly, 
there was a large-scale process annual period: In May 2017, the 

BGC-ARGO floats sampled within a region of positive SLA val-
ues spanning more than 8000 km in longitude (8-15ºN and 80-
130ºW; Figure 3a), transitioning to negative SLA after six months 
and with a similar spatial pattern (Figure 3b). Secondly, this signal 
seemed to originate in the east and propagate westward, manifest-
ing as slanted features in the longitude-time diagrams of the SLA 
(Figure 3c). Thirdly, the westward propagating signals showed an 
estimated phase speed of 13.1±1.6 km day–1 (Figure 3c), akin to 
values reported near 13ºN by Chelton and Schlax (1996). In sum-
mary, SLA displayed an annual signal with westward propagation 
and a phase speed characteristic of LRWs. 

Interestingly, the evolution of SLA and its LRW-like char-
acteristics coincided with the temporal variability of chloro-
phyll-a depicted in Figure 4. The time series revealed two 
persistent chlorophyll-a maxima changes in depth over time. 
During the period of positive SLA (e.g. May 2017), the chloro-
phyll-a maxima were deeper, while in the negative period (e.g. 
November 2017) they were shallower (Figures 4a and 4b). Both 
chlorophyll-a maxima exhibited depth changes of approximately 
40 m with a nearly annual signal, tracking the movements of 
Z20, the pycnocline, and nitracline (Figure 4b). Notably, the 
shallower maximum showed an increase in chlorophyll-a con-
tent when the pycnocline, Z20, and nitracline moved towards 
the surface, while the deeper maximum showed minimal 
changes in pigment concentration over the record but generally 
remained within the euphotic zone (Figure 4b). 

Given the differing positions of the chlorophyll-a maxima in 
the water column, variations in other properties were expected. 
For instance, we observed that the shallower maximum occurred 
in more oxygenated waters (112.4±31 µmolO2 kg–1) compared to 
the deeper chlorophyll-a maximum (0.8±0.8 µmolO2 kg–1). Based 

Figure 2. Representative vertical profiles gathered by the BGC-Argo float. It is shown examples where the chlorophyll-a presented 
one (a), two (b) and three maxima (c). It is also shown the vertical distribution of density, dissolved oxygen and particle backscattering 
(proxy of phytoplankton biomass). Note that chlorophyll-a and particle backscattering maxima coincided in depth. 
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on this difference in the dissolved oxygen concentration, we 
termed each Chlorophyll-a Maximum (CM) as the oxic-CM and 
the suboxic-CM respectively. It is worth noting that while profiles 
with one or several maxima were observed (Figure 2), they ac-
counted for only 3.1% of the good quality profiles analyzed in 
this study, with the case of two maxima dominating, and found in 
96.9% of cases. 

To discern whether the chlorophyll-a maxima resulted from 
phytoplankton growth enhancements or photoacclimation, we also 
examined the temporal evolution of bbp700 a proxy for organic 
carbon or phytoplankton biomass (Stramski et al., 2004; Mar-
tinez-Vicente et al., 2013; Boss et al., 2015; Rasse et al., 2017). 
Both the oxic and suboxic-CM coincided with peaks in the bbp700 
or biomass (Figure 2 and 4c). Chlorophyll-a, bbp700 and dissolved 
oxygen at each maximum exhibited a nearly annual signal in their 
depth displacements (Figure 4). Person’s correlation coefficients 
between the time series of chlorophyll-a and bbp700 were 0.76 
(n=153, df=151, p-value <0.05) for the oxic-CM, and 0.89 
(n=149, df=147, p-value <0.05) for the suboxic-CM. The nearly 
annual oscillation was observed in other properties such as density 
and oxygen (Figure 5).  

 
 

Chlorophyll-a on density coordinates and     
effects of Long Rossby Waves 

As illustrated above, the two persistent chlorophyll-a and 
bbp700 maxima (oxic-CM and suboxic-CM) exhibited depth vari-

ations simultaneously (Figure 4). However, in the density space, 
both maxima responded differently (Figure 5a). The oxic-CM 
(shallower and in less dense water) showed sparse distribution in 
the density space, moving between isopycnal surfaces throughout 
the year (Figure 5a). In May 2017, the oxic-CM resided in water 
with a density lower than 23 kg m–3 at approximately 70 m depth, 
with a thickness of approximately 20 m. Subsequently, it moved 
to denser waters, reaching the 25 kg m–3 isopycnal in November 
2017, where it became wider and shallower (Figures 4 and 5a). 
By contrast, the suboxic-CM displayed low variability in density, 
remaining near the 26 kg m–3 isopycnal throughout the record 
(Figure 5a). 

Based on the results, the response of each maximum to the 
pycnocline displacements differ, though they could be associated 
with isopycnal movements caused by the propagation of LRWs. 
Considering the large-scale spatial pattern of SLA (Figure 3a and 
b), and the nearly annual oscillation observed in the pycnocline 
depth (Figure 4), LRWs as regarded as a potential mechanism, as 
discussed in previous works (Kessler, 1990, 2006).  

The analytical model presented in section 2 was then em-
ployed to assess if the observed Z20 followed the theoretical pre-
diction caused by the propagation of LRWs. Notably, the mean 
position of Z20 from the fitting procedure was 78.67±0.72 m. with 
an annual harmonic amplitude and phase of 19.25±1.01 m and 
2.32±0.05 radians, respectively. This annual signal of Z20 closely 
matches the model results. accounting for 61.5 % of the total vari-
ance observed of Z20. Although the direct effect of the wind-in-
duced Ekman pumping could serve as an alternative explanation 

Figure 3. Spatial and temporal evolution of the Sea Level Anomaly (SLA) near the BGC-Argo float position. It is shown the spatial 
distribution of SLA on November 16th, 2017 (a) and May 15th, 2017 (b). A longitude-time plot at 13.125°N is shown in (c) with two ex-
amples of the lines used to estimate the phase speed of Rossby Waves.
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to the temporal evolution of Z20, a comparison of the temporal 
variability of Ekman pumping and Z20 reveals a lag between the 
time series. Maximum Ekman pumping velocities occurred before 
those of Z20 (Figure 5b and 5c). with cross-correlation indicating 
when Z20 was lagged by 85 days (r=-0.3, p-value <0.05, n=239). 
This phase difference indicates that a local response of Z20 to 
wind cannot fully explain the observed temporal variability.  

Throughout the analyzed record, Z20 observations displayed 
significant deviations from the annual signal and the predicted 
results derived from the LRWs model (Figure 5b). For instance, 
in October-November of 2017, Z20 anomalies reached -40 m 
instead of the -20 m predicted by the annual harmonic and the 
model (Figure 5b). It implies that the termocline was 20 m shal-
lower than expected, likely due to processes with frequencies 
higher than the annual.  

It is during these periods of significant departures from the 

annual cycle that  chlorophyll-a substantially increased in the shal-
lower chlorophyll-a maximum, resembling bursts or atypical 
events rather than a cyclic phenomenon (Figure 5). The annual 
cycle of the chlorophyll-a had an amplitude of 0.03 mg m–3, ac-
counting for the 4.6% of the total variance. The chlorophyll-a en-
hancements in November 2017 and December 2018 (Figure 4a 
and 5a) surpassed a concentration of 0.9 mg m–3 and lasted for 3 
months. In standardized data terms, these short bursts of chloro-
phyll-a enhancements exceed the mean (0.34±0.1 mg m–3) by 
more than 3 standard deviations.   

LRWs model can explain the low-frequency variability of 
Z20, but not the higher-frequency variability. Here, we first pres-
ent supporting information regarding the occurrence of LRWs 
with annual periods in the ETNP and analyze eddy occurrences 
in the studied region. It can be noted that there is a quite good cor-
respondence between the spatial patterns of the annual cycle from 

Figure 4. Temporal evolution of Sea Level Anomaly (SLA) represented by the gray line and the black line is the annual cycle of SLA 
(a), chlorophyll-a. (b), the particle backscattering coefficient measured at 124° and 700 nm wavelength (bbp700) in (c), and the dissolved 
oxygen (d). The position of the 20°C isotherm (Z20), pycnocline, nitracline and the euphotic zone depth are also shown.
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sea level anomalies and the model presented in Figure 6. Thus, 
this provides supporting evidence to relate the low-frequency vari-
ability of the ETNP with the propagation of LRWs.  

Secondly, the role of eddies in departures from the annual 
cycle is explored in Figure 7 where we classified the observa-
tions of SLA depending on whether the float was inside or out-
side eddies. For example, on January 15th, 2017 the float was 
inside an anticyclone, resulting in a positive SLA (Figure 7b), 
and hence a deeper thermocline. The opposite scenario was 
recorded on December 31st, 2018, during the influence of a cy-
clonic eddy (Figure 7c). However, some events with remarkable 
differences from the annual cycle were not associated with ed-
dies, as can be noted on June 19th, 2019 (Figure 7d). During this 
event, the float was within a region of relatively strong positive 
anomalies extending from 112-124°W (~1200 km). As seen in 
Figure 7d, several eddies were detected inside this region of pos-

itive SLA, but the float was not within any of them or their edges 
(Figure 7a and d). Finally, this region with positive sea level 
anomalies, with a spatial extent of ~1200 km, originates at the 
coast and propagates westward.  

 
Principal Component Analysis 

We implemented a PCA to decompose the variability of 
conditions at the depth of each chlorophyll-a maximum (the 
oxic-CM and suboxic-CM), and most importantly to identify 
patterns of co-variability between variables. The variables used 
were the Dissolved Oxygen (DO), nitracline depth (Z_nitra-
cline), daily integrated PAR (PAR), chlorophyll-a (chla), 
bbp700 (bbp), and the ratio between bbp700: and chlorophyll-a 
(bbp:chla). The results of the PCA are presented as bi-plots 
(Gabriel, 1971; Legendre and Legendre, 2012) in Figure 8, and 

Figure 5. Temporal variability of chlorophyll-a (a), the depth of 20C isotherm: Z20 (b) and the Ekman pumping velocity (c). In (b) it 
is depicted the BGC-float observations of Z20 (dots), their annual harmonic (black line) and the estimated Z20 from a theoretical Rossby 
wave model (gray thick line). 
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Figure 6. Comparison between the annual cycle from altimetry observations (a-d) and theoretically estimated from a Rossby wave 
model (e-h). The annual cycle of both datasets was quarterly averaged. 

Figure 7. Temporal evolution of the Sea Level Anomaly (SLA) and occurrence of eddies on the float position. In (a) it is shown the 
SLA at the BGC-Argo float position. Each observation of SLA was classified and colored considering if the BGC-Argo float was outside 
of any Eddy (gray), inside anticyclonic (red points) or within cyclonic eddies (blue).  The black line in (a) represents the annual cycle. 
Three temporal snapshots of the SLA (T1, T2, T3) are represented in the lower panels (b-d). The red and blue contours in the maps de-
lineate spatial boundaries of anticyclonic and cyclonic eddies and the little white triangle is the position of the float. We do not screen 
eddies by lifespan or size.
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the correlation coefficient of each variable and the statistical 
significance with a given principal component are shown in 
Tables 1 and 2.  

In the bi-plots, the individual observations are projected into 
a nondimensional space defined by the Principal Components 
(PCs). In our case, the coordinates for the individual observations 
in each PC, are obtained by multiplying the eigenvectors (load-
ings) by the square root of the corresponding eigenvalues. The 
contribution of each variable (Z_nitracline, chlorophyll-a, bbp700, 
etc.) is represented using arrows. In general terms, the angle be-
tween the arrows and the PCs is related to their correlation, rang-
ing from 0° for a positive correlation and 180° for a negative 
association. An angle of 90° between an arrow and a given PC in-
dicates no correlation. Variables with arrows in the same direction 
and with similar angles will have strong positive correlations. The 
arrow representation is employed to seek a physical/biological ex-
planation for the mathematically constructed PCs.  

The first PC of the oxic-CM accounts for 44.2% of the 

variance and is dominated by the contribution of bbp700, 
chlorophyll-a, and the nitracline depth, which covaried (Figure 
8a and Table 1). Along with this first PC, observations with the 
highest (intense red points at the left) and lowest (intense blue 
points at the right) Z20 values were separated, indicating that 
they are not seasonal events (Figure 8a). The second PC for 
the oxic-CM (22.2 % of the total variance), had the major con-
tributions from the ratio bbp700:chla, which were positively 
correlated with this axis (Figure 8a). Chlorophyll-a exhibited 
a negative correlation with the second PC (Table 1), suggesting 
that the second mode could be attributed to photoacclimation 
(chlorophyll-a increases when PAR decreases).  

The pattern found after performing PCA with the condi-
tions of the suboxic-CM was different (Figure 8b). In the first, 
PC Chlorophyll-a, bbp700, and the ratio bbp700:chla co-varied 
(36.6 % of the total variance) but, they were nearly orthogonal 
to the changes in PAR and nitracline depth, which were signif-
icantly associated with the second PC (Figure 8b and Table 2). 
Oxygen had a significant correlation with PC1 although it was 
low (Table 2).  

The PCA conducted with the conditions of the oxic-CM 
suggests that the depth of the nitracline or the nutrient concen-
tration is the main factor causing the chlorophyll-a and bio-
mass enhancements, while light seems to have a limited effect. 
This behavior differs from those observed in oligotrophic re-
gions, where irradiance drives seasonal changes in the chloro-

Figure 8. PCA bi-plots for the conditions associated with the 
oxic-CM (a) and the suboxic-CM (b). Each dot represents an in-
dividual observation projected into PCs, which are linear com-
binations of the original variables: chlorophyll-a (chl), particle 
backscattering coefficient (bbp: proxy of carbon), nitracline 
depth (z_nit), daily integrated PAR (PAR), dissolved oxygen 
(DO), and the ratio between bpp700 and chlorophyll-a (bbp:chl). 
Each dot is colored according to the vertical position of the 20°C 
isotherm (Z20). 

Table 1. Pearson’s correlation coefficients between the Principal 
Components (PCs) and the original variables describing the con-
ditions at the oxic-CM. Correlations marked with the star sym-
bol (*) were statistically significant at the 95% confidence level.  

Variable         Oxic-CM, PC-1           Oxic_CM, PC-2 

bbp                                 0.87*                                  -0.05 
chl                                 0.82*                                 -0.45* 
bbp:chl                           -0.21                                  0.88* 
Z_nit                            -0.74*                                -0.38* 
PAR                              0.43*                                  0.38* 
DO                               -0.68*                                -0.23* 
CM, chlorophyll-a maximum; PAR, photosynthetically activeradiation; DO, dis-
solved oxygen. 
 
 
 
Table 2. Pearson’s correlation coefficients between the Principal 
Components (PCs) and the original variables describing the con-
ditions at the suboxic-CM. Correlations marked with the star 
symbol (*) were statistically significant at the 95% confidence 
level.  

Variable       Suboxic-CM, PC1       Suboxic-CM, PC2 

bbp                                 0.90*                                 -0.165 
chl                                 0.97*                                  -0.04 
bbp:chl                          -0.80*                                -0.110 
Z_nit                              0.20                                   0.57* 
PAR                              0.30*                                  0.58* 
DO                               -0.25*                                 0.78* 
CM, chlorophyll-a maximum; PAR, photosynthetically active radiation; DO, dis-
solved oxygen.
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phyll-a maximum, which follows the movements of isolumes. 
For this reason, we plotted the chlorophyll-a as a function of 
PAR (Figure 9). We first compared the mean chlorophyll-a 
profiles gathered during April-June and from October-Decem-
ber. This represents two contrasting conditions in which the 
chlorophyll-a maxima reach their deepest and shallowest po-
sitions along the seasonal cycle. The chlorophyll-a during 
these contrasting conditions was quite similar, although the 
PAR changed remarkably with the maximum during April-June 
and the minimum in October-December (Figure 9a). In the 
case of the enhancement events, the PAR does not exceed the 
1 molQ m–2 d–1 at the center of the oxic-CM, but it seems to 
cover a wider range of PAR values than in normal conditions 
(Figure 9b).  

 
 

Discussion 
The analysis presented here is supported by three years of 

measurements obtained by a BGC-ARGO. This kind of instru-
mentation is providing an unprecedented view of relevant biogeo-
chemical processes, including those regulating chlorophyll-a and 
phytoplankton growth in the world oceans (e.g. Mignot et al., 
2014; Barbieux et al., 2018). Using BGC-ARGO floats in the Ara-
bian Sea OMZ, researchers have identified two chlorophyll max-
ima regulated by propagating LWRs (Ravichandran et al., 2012). 
However, in the ETNP, this is the first time there is a sufficiently 

long time series to resolve those processes and, simultaneously, a 
data set that allows studying the role of light and nutrients in the 
dynamic of the phytoplankton communities. Here we will discuss 
the effects of physical phenomena on the vertical distribution of 
properties, and then we will address the implications for the vari-
ability of chlorophyll-a.  

Several physical phenomena can be considered to explain the 
thermocline movements in an annual cycle. For example, 
mesoscale eddies (hundreds of km in diameter), the local Ekman 
pumping alone, and the propagation of LRWs (~900 km). 
Mesoscale eddies can be easily discarded to explain the low-fre-
quency variability because they are not expected to cause an an-
nual signal, as demonstrated in Figure 7. On the other hand, if the 
thermocline responds directly to local wind forcing, we would ex-
pect a high correlation with zero or short lag. However, that was 
not the case and the thermocline lagged by 2.8 months from the 
Ekman pumping velocity, supporting the idea that the thermocline 
responds to a remote forcing, as previously suggested by Fiedler 
and Talley (2006). The remote forcing can be the pattern of LRWs, 
whose occurrence in the ETNP is supported by the large-scale pat-
tern in SLA (Figure 3a and b), the westward propagating signals 
at phase speeds characterizing LRWs (Figure 3c), and also given 
the correspondence between the theoretical LRWs model and ob-
servations of Z20 and SLA (Figure 5 and 6). The occurrence of 
annual Rossby waves and their effect on the low-frequency vari-
ability of the thermocline is not new, and has been extensively 
documented in previous works (Meyers, 1979; Kessler, 1990; 

Figure 9. Distribution of chlorophyll-a as a function of daily integrated PAR. Chlorophyll-a profiles gathered on “normal” conditions 
between April-June (AMJ) and October-December (OND) are compared to represent differences along the seasonal cycle (a). The en-
hancement events observed during November 2017 and December of 2018 are represented in (b).
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Chelton and Schlax, 1996; Qiu et al., 1997; Capotondi et al., 
2003; Polito and Liu, 2003). Hence, at 13°N the thermocline/ni-
tracline annual cycle is driven by the propagation of LRW forced 
by the wind stress curl as a cumulative forcing from the eastern 
coast to the open ocean, rather than a direct effect of the wind by 
Ekman pumping alone. 

The annual cycle of the thermocline/nitracline accounts for 
a considerable portion of the total variance, but other events at 
lower periods (~4 months) were observed and they caused re-
markable differences from the annual cycle (Figure 5b). Again, 
we can attribute these events to several processes. We first as-
sessed the mesoscale eddies because the BGC-Argo float was 
near the path of eddies generated in Tehuantepec by the Central 
America wind jets (Chelton et al., 2007; Aleynik et al., 2017). 
Our analysis showed that several eddies pass over the BGC-
Argo float (Figure 7), and some of them seem to cause strong 
departures from the annual cycle. Nonetheless, other events were 
not associated with eddies, such as the event occurring on June 
19th, 2019. In this case, strong departures from the annual cycle 
corresponded to a larger scale process than eddies (Figure 7d), 
originating at the coast and propagating westward. Given these 
characteristics, the phenomenon could be associated with 
Rossby waves of shorter periods than annual, which have been 
reported to occur in the ETNP (Polito and Liu, 2003). It seems 
that eddies propagate along with these Rossby waves, as has 
been demonstrated previously (Polito and Sato, 2015). In sum-
mary, the propagation of LRWs of the annual period generates 
a “background” signal over the thermocline/nitracline that is 
modulated by higher frequency processes, including, but not 
limited to mesoscale eddies.  

We have shown that the thermocline/nitracline and isopyc-
nals are affected by the occurrence of several processes. Here, 
we are going to focus on the implications it has on the chloro-
phyll-a field. Firstly, in the analyzed dataset from the BGC-float, 
the vertical distribution of chlorophyll-a presented two persistent 
maxima, which coincided with a local increase in the bbp700 
signal: a proxy of the particulate organic carbon or phytoplank-
ton biomass (Stramski et al., 2008; Boss et al., 2015). Conse-
quently, the chlorophyll-a maxima can be interpreted as 
phytoplankton biomass maxima with a remarkable depth vari-
ability (Figure 4). The vertical displacements of the maxima 
were synchronized, following the evolution of SLA, and the 
temporal variability of the thermocline/nitracline (Figure 4). 

Because both Rossby waves and eddies modify the position 
of isopycnals in the water column, they can also alter the vertical 
distributions of nutrients, and consequently the chlorophyll-a. 
However, the movement of isopycnals can affect the chloro-
phyll-a through either mechanical action if phytoplankton is as-
sociated with a specific isopycnal’s surface, or as a biological 
response of phytoplankton to changes in nutrients and light. 
Thus, if chlorophyll-a is plotted in density space (Figure 5a), 
where the effects of circulation are removed, the chlorophyll-a 
maxima will appear flat over time if only mechanical action oc-
curs in response to the isopycnals movements. It is noticeable 
that the shallower chlorophyll-a maximum, which we call the 
oxic-CM, oscillated in the density space. In contrast, the deeper 
maximum or the suboxic-CM remains tightly coupled to the 26 
kg m–3 isopycnal. The oxic-CM intensifies when it moves to 
denser waters, possibly in response to an increase in the nutrient 
supply (Figure 5a). By contrast, the suboxic-CM is only me-

chanically displaced (Figure 5a). Hence, each maximum has a 
different response to the isopycnals movements. 

A more detailed view of the factors controlling the evolution 
of each chlorophyll-a maximum is based on the interpretation 
of the PCA (Figure 8). In the case of the oxic-CM, the first PC 
was dominated by the co-variability between chlorophyll-a, 
bbp700, and the variability in nitracline depth, supporting the 
idea that changes in chlorophyll-a are controlled by the nitrate 
supply (Figures 4 and 8). Given these observations and consid-
ering that the oxic-CM is located near the nitracline, we suggest 
that it fits into the typical stable water structure proposed by 
Cullen (2015) from meso and eutrophic conditions, in which the 
movements of the nitracline control the chlorophyll-a concen-
tration, the biomass, and the primary production. 

The explanation above implies that the variability of chloro-
phyll-a in the oxic-CM is driven by nutrients rather than by light. 
Light-driven cycles are common in oligotrophic environments. 
For instance, in the North Pacific subtropical gyre, the chloro-
phyll-a maximum follows the depth of the isolumes, exhibiting 
a seasonal cycle in the chlorophyll-a concentration: it intensifies 
during the summer when light penetrates deeper into the water 
column, while during the winter, chlorophyll-a decreases due to 
light limitation, even when nutrients are available (Letelier et 
al., 2004). In contrast, in our study region, the seasonal cycle of 
the chlorophyll-a at the oxic-CM had a very low amplitude, ac-
counting for less than 5% of the total variance, and the chloro-
phyll-a maxima do not align with a specific isolume (Figure 9).  

Chlorophyll-a enhancements occurred at higher PAR values 
than the expected mean, but did not exceed the maximum mean 
value observed during April-June (~1 molQ m–2 day–1). During 
enhancements events, chlorophyll-a increased by a factor of 4, 
which is difficult to explain solely considering the observed PAR 
variability. Thus, the dynamics of the oxic-CM differ from those 
of oligotrophic conditions, which are seasonally light-driven. In-
stead, it aligns with a typically stable water structure scenario, 
where chlorophyll-a is primarily controlled by nutrient supply 
(Cullen 2015).  

Here, we will discuss the second PC of the oxic-CM, which 
was dominated by changes in the bbp:chla ratio, and presented a 
weak negative correlation between chlorophyll-a and PAR. This 
could be attributed to photoacclimation, but the profiles of 
chlorophyll-a as a function of PAR indicates that the chloro-
phyll-a concentration remains unchanged despite variability in 
light under seasonally contrasting conditions (Figure 9a). Hence, 
we do not find strong evidence of photoacclimation, and the sec-
ond PC could be associated with changes in phytoplankton com-
munity composition. Assessing this is challenging with the 
current datasets but could be explored in future works on phy-
toplankton of the ETNP.  

According to our analysis (Figure 8 and Table 1), dissolved 
oxygen is another variable that appears to be related to the 
chlorophyll-a enhancements of the oxic-CM. Generally, the 
oxic-CM significantly intensifies when denser and deeper waters 
move toward the surface. Given the strong oxygen gradients of 
the OMZ, this implies a substantial decrease in the dissolved 
oxygen, ranging from a maximum of 187.3 µmol O2 kg–1 during 
“normal conditions” to a minimum of 20.6 µmol O2 kg–1 during 
enhancements. The significant decrease in oxygen could limit 
the distribution and abundance of organisms at the depth of the 
oxic-CM, thereby reducing grazing pressure: a source of phyto-
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plankton cell loss. While these changes in phytoplankton loss 
have been considered relevant factors affecting phytoplankton 
accumulation (Behrenfeld and Boss 2014, Arteaga et al., 2020). 
they may not be the primary cause here, but they could con-
tribute to some degree.  

The suboxic-CM can be considered a special case, exhibiting 
a pattern that deviates from the typical stable water structure. It 
was located below the nitracline at a depth of 118 meters, where 
oxygen concentrations were below 5 µmol kg–1, and the mean 
PAR was 0.26 molQ m–2 d–1 (equivalent to 0.6% of irradiance just 
below the sea surface): conditions favoring the growth of low 
light-adapted ecotypes of Prochlorococcus in the OMZs (Goer-
icke et al., 2000; Lavin et al., 2010; Garcia-Robledo et al., 2017).  

In the multivariate analysis of the suboxic-CM conditions, the 
chlorophyll-a, bbp700, and the ratio bbp700: chla were the dom-
inant variables in the first component, nearly orthogonal (~90° 
angle) to the second principal component, where PAR and nitra-
cline depth dominate the variability (Figure 8b). Thus, chloro-
phyll-a and bbp700 do not co-vary with nitrate and light. Oxygen 
showed a low correlation with the second component, and there 
was a clear pattern explaining the variability of chlorophyll-a or 
bbp700 in the suboxic-CM. We considered that other variables, 
such as biological interactions between Prochlorococcus and other 
bacteria of the OMZ, could be responsible for the maintenance of 
the suboxic-CM, but further assessment is needed.  

Finally, we highlight the persistence of the suboxic-CM ob-
served in the BGC-float data set, present in 96.9% of all profiles 
(Figure 2). This persistence was also reported in the Pacific off 
Mexico between 16-21°N (Márquez-Artavia et al., 2019), and 
here it is corroborated for a more extended region of the ETNP. 
In contrast, the suboxic-CM seems to occur sporadically in the 
Arabian Sea, and the eastern tropical South Pacific (Whitmire et 
al., 2009; Ravichandran et al., 2012; Wojtasiewicz et al., 2018). 
The reasons for the persistence of the suboxic-CM persists in the 
ETNP are not well understood, but it demonstrates differences in 
the dynamics of the OMZs across the global ocean.  

Future studies on the process affecting the phytoplankton 
communities of the OMZ are required. There is a definite need 
for more instruments to measure regularly in the OMZs. For ex-
ample, direct measurements of nitrate concentration are needed 
to shed more light on the use of this nutrient by the phytoplankton 
populations, especially in the suboxic waters of the OMZ.  

 
 

Conclusions 
The findings of this study are consistent with previous re-

search highlighting the significant contribution of annual LRWs 
to the variability of thermocline/nitracline depth, which in turn af-
fects the movement of isopycnals. However, we also identified 
other physical processes with higher frequencies than annual vari-
ations (e.g. mesoscale eddies and shorter-period Rossby waves), 
which modulate the background annual signal. Constructive in-
teractions among these processes can lead to extraordinary events, 
characterized by a shallow nitracline, and increased nutrient sup-
ply into the euphotic zone. These extraordinary events are ex-
pected to happen more frequently during October-December 
when annual LRWs displace the nitracline closer to the surface 
along with the annual cycle. 

The response of each chlorophyll-a maximum to the vertical 

displacements of the isopycnals varied. The oxic-CM appears to 
be primarily influenced by increased nutrient concentration and 
possibly reduced grazing pressure due to significant changes in 
dissolved oxygen. This was observed during short periods of in-
tensified chlorophyll-a and biomass (bbp) suggesting enhanced 
phytoplankton growth. A secondary variation in the oxic-CM, 
dominated by changes in the bbp:chla ratio may be linked to 
changes in phytoplankton community composition, as there was 
evidence of photoacclimation in response to seasonal changes in 
irradiance. Lastly, the deeper chlorophyll-a maximum, referred 
(suboxic-CM), persisted at a depth where PAR can sustain net 
growth of low-light adapted Prochlorococcus ecotypes. This 
deeper chlorophyll-a maximum was displaced mechanically along 
with the isopycnals and its temporal evolution appears to be de-
coupled from irradiance and nitrate levels. 

 
Appendix: the linear Long Rossby Wave model 

The linear model simulating the thermocline depth variabil-
ity by the effect of LRW, has a solution with two terms: i) the 
wind component (hW) associated to the wind stress curl forcing 
(τ) and, ii) LRWs radiating from the eastern boundary (hB) due 
to the variability of the thermocline depth near to the coast (hE). 
Solution ii is important only near the coast and quickly decayed 
in the open ocean. 

 
where cr denotes phase speed of LRWs (–βc2/ƒ2), R is the damping 
timescale, ƒ is the Coriolis parameter and ρ is considered as a 
mean ocean density (1027 kg m–3). The value for the gravitational 
waves speed was c = 2 m–s   . The lower limit of the integration, xE, 

is the longitude at the eastern boundary and the values of all pa-
rameters are the same used previously by Kessler (2016) 
for consistency. The boundary condition (hB) was the annual 
cycle of the thermocline, averaged in the first four degrees from 
the coast. 

We used wind data from the Cross-Calibrated Multiplatform 
version 2 (CCMPv2), between the period 2010-2018. From this 
data, the annual cycle of the wind stress curl has been estimated. 
The wind dataset has a spatial resolution of 0.25°x0.25° and it 
was acquired from Remote Sensing Systems (www.remss.com). 
We used the EN4 gridded dataset (Good et al., 2013) to compute 
the boundary condition (hB). EN4 dataset is available at the Met 
office-UK website (https://www.metoffice.gov.uk/hadobs/en4/). 
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