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A B S T R A C T   

Oceanographic features acting on different spatial-temporal scales influence the variation in the partial pressure 
of CO2 (pCO2) and ocean-atmosphere CO2 flux (FCO2). In this work, we regionally characterize regions of 
variability in the Mexican Pacific (MP) based on these chemical properties. We also evaluate the seasonal and 
interannual changes of each region: in the California Current System (CCS), Cabo Corrientes (CC), and Gulf of 
Tehuantepec (GT) regions. Sea surface temperature (SST), salinity, wind, pCO2, and FCO2 data from 1993 to 
2018 were analyzed. Bayesian t-tests (95% credibility intervals) determined showed that the three regions had 
high probabilities of being different. Typical FCO2 values in the CCS were higher (−27.6–29.8 mmol C m−2 d−1) 
than those of the CC and GT regions (−19.9–25.8 and − 11.8–12.5 mmol C m−2 d−1, respectively). The highest 
positive seasonal variation of FCO2 (mean ± standard deviation) was found in the CCS and CC (~4.6 ± 4.2 mmol 
C m−2 d−1) regions during spring, and in the GT region (1.2 ± 2 mmol C m−2 d−1) in autumn due to the strong 
northerly winds. It was found that during ENSO conditions the MP was a source (4.0 and 3.9 mol C m−2 y−1 for El 
Niño and La Niña, respectively), although on average over the last 25 years included in the study the MP acted as 
a slight-CO2 sink (~10.9 ± 0.005 mol C m−2).   

1. Introduction 

Anthropogenic activities (vg., deforestation, land use change, 
cement production), as well as the biogeochemical processes that 
participate (or interact) with the carbon cycle, influence the variability 
of atmospheric CO2 concentrations (Falkowski et al., 2000). When at-
mospheric CO2 encounters the ocean, it forms part of the carbonate 
system, which can be affected by various physical, chemical, and bio-
logical drivers (i.e., affecting the amount of inorganic carbon species; 
DeGrandpe et al., 1998). Thus, understanding the dynamics of this 
greenhouse gas in the ocean is extremely important given its role as a 
long-term climate regulator (Reid et al., 2009), particularly in a global 
warming scenario. As a whole, the ocean acts as a CO2 sink (Sabine et al., 
2004) and absorbs around 26% of anthropogenic emissions (Friedling-
stein et al., 2021), although both magnitude and trend vary according to 

the season of the year and geographic region. Overall, the Eastern 
Tropical Pacific is considered an emitting source of CO2gas to the at-
mosphere (Chavez et al., 2007; Takahashi et al., 2009), with high 
interannual variability (Feely et al., 2002; Park et al., 2010). 

At the sea surface, the partial pressure of CO2 (pCO2) is affected by 
several processes, such as photosynthesis, respiration, upwelling, 
changes in temperature, water-column mixing, and mesoscale or sub- 
mesoscale structures, some of them covarying simultaneously 
(DeGrandpe et al., 1998; Chavez et al., 2007; Chiodi et al., 2019). 
Although substantial efforts have been made to understand the global 
variability (mostly at seasonal and interannual scales) in pCO2 and CO2 
fluxes at the ocean-atmosphere interface (FCO2), only around 50% of the 
uncertainty in net annual ocean FCO2 estimates based on in-situ mea-
surements (Sutton et al., 2017) has been reduced in different spatial- 
temporal scales. This allows reducing the variability of gridded 
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products (Bakker et al., 2014) because cells without pCO2 observations 
are left empty (Bakker et al., 2016). Part of this uncertainty at regional 
and local scales is the result of multiple processes that modulate the 
ocean-atmosphere gas exchange at different time scales, ranging from 
hours to decades (Chavez et al., 2007; Coronado-Álvarez et al., 2017; 
Sutton et al., 2017). Thus, there is a need to better understand the factors 
that drive the variability in pCO2 and FCO2 in coastal and oceanic re-
gions at different spatio-temporal scales (Sutton et al., 2017). 

South of 35◦ N, the Pacific has been reported to be a slight source of 
CO2 (Chavez et al., 2007; Takahashi et al., 2009). The seasonal, inter-
annual and decadal variability of pCO2 and FCO2 in this area over the 
last decade have generated great research interest (Hales et al., 2012; 
Nakaoka et al., 2013; Chiodi et al., 2019; Yasunaka et al., 2014, 2019). 
However, questions remain regarding the dynamics of FCO2 at various 
spatio-temporal scales. A unique area in the Pacific Ocean, characterized 
by the commingling water masses of subarctic, tropical and equatorial 
origins, is the region of the Mexican Pacific (MP; ~9–34◦ N, ~86–125◦

W; Fig. 1). Particular oceanographic conditions in summer arise from 
the confluence of the equatorward flowing California Current water of 
subarctic origin, with the poleward flows of Transitional Water (TW) 
and Tropical Surface Water (TSW) up to ~27◦ N towards the Baja Cal-
ifornia peninsula (Trucco-Pignata et al., 2019; Portela et al., 2016). 

The tropical Mexican Pacific (south of ~22.5◦N) is located in one of 
the largest oxygen minimum zones (OMZ) in the world (dissolved oxy-
gen values of <20 μmol kg−1 are located as shallow as ~40 m depth, 
although these low values are found typically in deepest waters at 400 m 
depth). This OMZ is considered a warm water pool (Cepeda-Morales 
et al., 2013) that has intensified and expanded due to increases in at-
mospheric CO2 (Trucco-Pignata et al., 2019). In this work, the descrip-
tion of both pCO2 and FCO2 of the MP has been subdivided in three 
subregions: the California Current System (CCS), Cabo Corrientes (CC), 

and the Gulf of Tehuantepec (GT) (Durazo and Baumgartner, 2002; 
Flores-Morales et al., 2009; Fiedler et al., 2013; Fiedler and Lavín, 
2016). 

The CCS region is characterized by the equatorward flow of subarctic 
water through the California Current. This region is also characterized 
by the presence of wind-driven upwelling in spring. In winter, the 
southern limit of the California Current can be found at ~20◦ N, while 
this retracts to ~27◦ N in summer (Lynn and Simpson, 1987; Durazo, 
2015; Fig. 1). Additionally, the presence of a latitudinal gradient and 
seasonal variations in sea temperature, pCO2, and FCO2 have been 
documented in this region (Hernández-Ayón et al., 2010; De la Cruz- 
Orozco et al., 2010; Mariano-Matías et al., 2016). Measurements of 
pCO2 in the southern portion of the California Current using a moored 
autonomous high frequency sensor Moored Autonomous pCO2, 
(MAPCO2; 31.6◦ N, 116.6◦ W; https://www.pmel.noaa.gov/co2/fi 
le/MAPCO2) have found that pCO2 varies according to the time of 
year (Muñoz-Anderson et al., 2015), indicating that the CCS appears to 
act as both a source and sink of CO2, although in different magnitudes. 
However, at an annual scale, i.e., integrating those measurements over 
2009, indicated that the CCS was a source of CO2 to the atmosphere (0.3 
± 0.06 mol C m– 2 y– 1). In addition, Coronado-Álvarez et al. (2017) 
analyzed the MAPCO2 time series from 2008 to 2015 and identified 
several drivers that influenced the variation in FCO2, such as upwelling, 
El Niño and La Niña events, and high-frequency variability, describing 
how this region went from being a CO2 source to a CO2 sink in a matter 
of hours. 

In the CC region (~20◦ N; Fig. 1) within the tropical Mexican Pacific, 
warm ocean temperatures (>20 ◦C) result in notable water-column 
stratification. For this region, the nominal value of the stratification 
parameter (Φ, 0–300 m) is ~1200 J m−3, indicating a well-stratified 
water column (Franco et al., 2014; Trucco-Pignata et al., 2019). Sea-
sonal upwellings occur here, although a higher amount of energy is 
required for subsurface water to reach the surface compared with that of 
the CCS. In addition, latitudinal and seasonal variations in FCO2 have 
been reported in the CC region by Franco et al. (2014), signalling 
November as a source (2.5 mmol C m−2 d−1) and August as varying 
between −4.4 and 3.3 mmol C m−2 d−1. 

To the southeast of the CC lies the GT region, which is seasonally 
influenced by strong northerly winds (named Tehuanos) in autumn and 
winter (November to March) driven by sea level atmospheric pressure 
gradients between the Gulf of Mexico and the Mexican Pacific across the 
Isthmus of Tehuantepec promoting strong mixing and upwelling con-
ditions (Fiedler and Lavín, 2016). During the remainder of the year, 
warm water temperatures (~25 ◦C) prevail in the region. Seasonally, 
spatial variations in FCO2 (0–40 mmol C m−2 d−1) (Chapa-Balcorta 
et al., 2015) and notable stratification (1200 J m−3; Fiedler et al., 2013) 
have also been reported. 

Given the different oceanographic conditions and subregions within 
the MP, FCO2 dynamics vary greatly over diurnal to seasonal scales 
(Coronado-Álvarez et al., 2017), making it difficult to estimate and 
understand FCO2 controls (Friederich et al., 2008). Moreover, other 
phenomena that influence greater spatial and temporal scales also in-
fluence FCO2 dynamics, such as the El Niño Southern Oscillation 
(ENSO). These factors must be addressed to understand FCO2 variability 
in the MP. 

Despite the worldwide efforts to characterize the oceanic regions as 
either sources or sinks of CO2 (Takahashi et al., 2009) and understand 
the physical, chemical, and biological factors that influence pCO2 and 
FCO2 variability (Pennington et al., 2010; Coronado-Álvarez et al., 
2017; Sutton et al., 2017), many information gaps remain, likely due to a 
lack of data and their interpretation. In the MP, Chapa-Balcorta et al. 
(2019) indicated that a greater number of studies have focused on the 
CCS, while scarce data is available for the CC and GT regions. The main 
reason for the latter lies in the challenges associated with sampling in 
these regions, especially difficult during fall-winter due to the presence 
of strong northerly Tehuano winds. Studies conducted in the tropical 

Fig. 1. Data points (green dots) in the three regions of the Mexican Pacific (red 
polygons): the California Current System (CCS), Cabo Corrientes (CC), and Gulf 
of Tehuantepec (GT) regions. Sea surface temperature (SST), salinity, and 
partial pressure of CO2 (pCO2) data cover the period from 1993 to 2018 and 
were obtained from various databases (measurements and gridded products). 
The California Current mean spring (summer) circulation is represented by a 
black (dashed) arrow. The purple arrows represent the direction of Tehuano 
winds (November to March) in the GT. The polygon delimited by black lines 
indicates the area of the GT under the influence of Tehuano winds (GT-I). The 
remaining area of the GT with the tropical condition is referred to as GT-II. The 
red dots are the hydrographic stations for the estimation of the stratification 
parameter (Φ; J m−3). The orange, blue and yellow coastal solid lines represent 
the transects of each region at 33◦ (CCS), 20◦ (CC), and 15◦ N (GT-I), respec-
tively. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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Mexican Pacific date from ~2009 to the present; however, the ocean-
ographic cruises covered small areas, and thus a small amount of data 
has been collected. Therefore, being able to identify each driver that 
influences the variability of FCO2 at various spatio-temporal scales with 
limited data is a complex task. 

In this study, we used international databases from different sources, 
vg., National Oceanic and Atmospheric Administration (NOAA, 2018), 
and Lamont-Doherty Earth Observatory (Takahashi et al., 2009), which 
were available for the CCS, CC, and GT regions of the MP. The infor-
mation was used to (1) Characterize the different regions in terms of 
analysis of chemical variables, (2) Quantify the seasonal and interannual 
variation in pCO2 and FCO2, and (3) Estimate the net carbon flux in the 
MP over the last 25 years (1993–2018) in order to assess whether the MP 
is a net source of CO2 to the atmosphere. 

2. Materials and methods 

Data on sea surface temperature (SST; ◦C), salinity, and pCO2 (μatm) 
from oceanographic campaigns conducted in the CCS, CC, and GT re-
gions of the MP from the period 1993 to 2018 (Fig. 1), were obtained 
from the following sources: (1) the Ocean Acidification Data Steward-
ship project from NOAA (NOAA, 2018; https://www.ncei.noaa.gov/acc 
ess/oads/), (2) the Global Ocean Data Analysis Project (GLODAP_2020; 
https://www.glodap.info/; Lauvset et al., 2021); (3) the Lamont- 
Doherty Earth Observatory (LDEO; https://www.ldeo.columbia. 
edu/research/databases-repositories; Takahashi et al., 2017); (4) the 
Surface Ocean CO₂ Atlas (SOCAT; https://www.socat.info/; Bakker 
et al., 2016). Also, we used gridded data because the measurements in 
some zones of the study area are scarce. And we wanted to have thou-
sands of data with the aim that our results would be robust; this kind of 
information is described as follows: (5) gridded FCO2 data was used 
from Valsala and Maksyutov (2010) (Supplementary Material, SM; 
SM00_Database_MP); these authors referred that the error of their esti-
mation was similar to reported by Takahashi et al. (2009); and (6) pCO2 
gridded monthly data from Takahashi et al. (2014). Oceanographic 
cruise codes were considered to ensure no duplicated information, this 
was measurements; however, it is important that the gridded data is an 
estimation of measurements around the study area. A total of 15,000 
data points, which merge gridded and measurements. However, as 
quality control of data from repositories, we used the data-quality flags 
defined by the World Ocean Database (https://www.nodc.noaa. 
gov/OC5/WOD/CODES/Definition_of_Quality_Flags.html). Data with 
“bad” or “questionable” quality code flags were excluded. After this 
filtering, ~ 13,500 data were included in the integrated database. It is 
important to mention that the data point was occupied more than once; 
therefore, the number of data differs among seasons, with 18,816, 
20,711, 12,209, and 15,677 for winter, spring, summer, and autumn, 
respectively (SM1). Although our time series were assembled from 
different databases, it was assumed that original data had been subjected 
to rigorous quality control to verify precision and accuracy (overall 
average accuracy values  < ±5 μatm), according to assessments of pCO2 
accuracy from SOCAT (Bakker et al., 2016); however, the gridded data 
had different accuracy and variability in comparison with measure-
ments, that was mentioned and discussed in the results and discussion 
sections. 

This study aimed to identify the drivers of the changes in pCO2 and 
FCO2; therefore, the variations in satellite-derived SSTsat (◦C; NASA, 
2021a) and chlorophyll-a (Chlsat; mg m−3; NASA, 2021b) were analyzed 
seasonally to identify whether they corresponded to the fluctuations in 
the first two variables. Additionally, in-situ chlorophyll-a (Chlinsitu) data 
from various oceanographic surveys compiled by Soppa et al. (2017) 
were used to associate changes in the chlorophyll-a concentration with 
variations in FCO2. Satellite data (SSTsat and Chlsat) were obtained from 
the Modis-Aqua sensor and included weekly compositions spanning 
2002 to 2018 (level L3 and 4 × 4 km resolution). In addition, daily- 
satellite images of absolute dynamic topography (ADT; cm) were 

obtained from the Copernicus Marine Environment Monitoring Service 
(CMEMS, 2020; https://cds.climate.copernicus.eu/). This daily data 
spanned from 1993 to 2018 and had a spatial resolution of 0.25◦. 

Considering that ENSO conditions imprint its variability at an 
interannual scale in the Pacific (Trucco-Pignata et al., 2019), the 
Oceanic El Niño Index (ONI) was used to identify the strongest El Niño/ 
La Niña events recorded during the study period (https://origin.cpc. 
ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php). 
Various ENSO events were recorded during the study period 1993–2018, 
although temperature, salinity, pCO2, and FCO2 data were only avail-
able for three El Niño events in 1994 (moderate), 1997–1998, and 
2015–2016, and one La Niña event in 1998–2000. The data points 
(concluding gridded and measurements) per event were different, with 
~550 and ~ 500 stations for warm and cold anomalies, respectively; 
data points were distributed from south to north, although with much 
less coverage from east to west (for more detailed data point locations 
see SM11 and SM12). Regional fluxes were integrated into each recor-
ded event. In order to remove seasonality, monthly long-term climato-
logical averages (excluding ENSO years) of SST, pCO2, and FCO2 were 
subtracted from the original data values. A similar procedure was 
applied to satellite data to obtain anomalies of SSTsat, ADT, and Chlsat. 

The stratification parameter (Φ; J m−3), which is a measure of the 
stratification as it reflects the amount of energy required to completely 
mix the water column, was estimated between the surface and 300 m 
depth according to Simpson (1981). Density profiles derived from 
temperature and salinity recorded at 62 oceanographic stations 
distributed throughout the MP were used to calculate Φ. Casts selected 
were from March–May (2005) (CCS), November–June (2005–2006) 
(CC), and October–November (2006) (GT) (Fig. 1; 10 to 33◦ N and 96 to 
120◦ W; (https://www.ncei.noaa.gov/access/world-ocean-database/da 
tawodgeo.html; Boyer et al., 2018). 

In addition, FCO2 (mmol C m−2 d−1) values were calculated from in- 
situ SST, salinity, wind, and pCO2 (gridded and measurements) data 
using Eq. (1) proposed by Liss and Merlivat (1986): 

FCO2 = kαΔpCO2 (1) 
where k is the gas transfer velocity which is a function of the wind 

speed (U), for which the transfer coefficient proposed by Wanninkhof 
(2014) was used. The transfer velocity is expressed as k = 0.251(Sc/ 
660)0.5 × U2, and Sc is the Schmidt number as a function of temperature 
(for more details see Wanninkhof, 2014), α is the solubility of CO2 in the 
ocean, a function of temperature and salinity (Weiss, 1974), and ΔpCO2 
is the difference between pCO2 at the ocean's surface and the atmo-
sphere (ΔpCO2; ΔpCO2 = pCO2 − pCO2A). To calculate FCO2, monthly 
atmospheric pCO2 values were obtained from the Mauna Loa Observa-
tory in Hawaii (19.53◦ N and 155.57◦ W; Dr. Pieter Tans, NOAA/GML; 
https://gml.noaa.gov/ccgg/trends/gl_data.html) and the Scripps Insti-
tution of Oceanography (Dr. Ralph Keeling; https://scrippsco2.ucsd. 
edu/data/atmospheric_co2/primary_mlo_co2_record.html). These 
monthly air pCO2 values were obtained for the same dates as our in-situ 
pCO2 measurements. Also, to calculate FCO2 (Eq. 1) for each oceano-
graphic station included, we used the closest daily average wind data (m 
s−1) provided by the NOAA repository (https://psl.noaa.gov/data/gridd 
ed/data.ncep.reanalysis.html; Kalnay et al., 1996). Gridded FCO2 data 
that we used were estimated with the coefficient of Wanninkhof (1992); 
this fact implies a little difference with FCO2 estimated with pCO2 values 
(gridded and measurements) used in this study with Wanninkhof (2014) 
coefficient. The difference is around 20% (Wanninkhof, 2014), this was 
mentioned in the discussion section. 

Despite the effort to bring collected thousands of measured and 
gridded pCO2 and FCO2 data, our time series (1993 to 2018) has gaps, 
which are mentioned in the following sections and considered in the 
interpretation of our findings. This indicates the need for measurements 
in the study area with greater spatial and temporal coverage to have an 
optimal approach process that occurs in it. 

In order to quantify the effect of temperature on pCO2 (only mea-
surements without gridded data), a pCO2 anomaly was calculated as the 
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pCO2 value minus the calculated temperature effect on pCO2 (pCO2 

(norm)). This term was calculated with the annual mean pCO2 (i.e., 392, 
376, and 382 μatm values for CCS, CC, and GT region, respectively), and 
the difference between the temperature measurements (Tobs) and the 
annual mean (Tmean) temperature by region (18.6, 25.1 and 28.1 ◦C for 
CCS, CC, and GT, correspondingly), namely: 

pCO2(norm) = annual mean pCO2 × exp [0.0423(Tobs − Tannual mean)] 
(2) 

Due to the large dispersion of data values over a large geographic 
area, the statistical assumption of normality was not met. For this 
reason, we opted for Bayesian inference, as the normality assumption is 
not required because Bayesian inference is based on probabilities. 
Bayesian t-tests were used to evaluate the probability of differences 
between two sets of data: (1) contrasting among regions of the study 
area and (2) contrasting among the four seasons. For this analysis, 95% 
credibility intervals criteria were considered. Analyses were conducted 
using R-Studio and the ‘BEST: Bayesian Estimation Supersedes the t- 
Test’ package. A Bayesian estimator minimizes the loss of a punctual 
function (Kelter, 2020). For this reason, we performed our tests using the 
medians given the large dispersion of data values (Held and Sabanés, 
2014), and also because this type of analysis strengthened the region-
alization of the MP (Kruschke, 2013). These statistical analyses were 
performed to test for differences in SST, pCO2, FCO2, ADT, and Chlsat 
data among regions and seasons (January – March, April – June, July – 
September, and October–December, for winter, spring, summer, and 
autumn, respectively). 

In contrast to other studies that have estimated the variability of 
FCO2 in the MP region and worldwide, our results are presented as 
seasonal average values of each region with the corresponding, rather 
large, standard deviations. Our results were presented as follows: fluxes 
results (gridded and calculated) were integrated and re-scaled (mol m−2 

y−1, or g m−2 y−1) for the different spatial (study region) and temporal 
(seasonal and annual) scales studied. Integration of FCO2 values was 
performed in several ways. FCO2 seasonal means were estimated using 
the monthly means of whole database per region. Yearly means were 
obtained by estimating the FCO2 for the whole MP and then dividing by 
the total number of years (25) of the data set. 

3. Results 

3.1. Physical Onset 

In-situ SST long-term (1993–2018) data means by region and season 
were within the ranges previously reported (Table 1; Durazo et al., 2001, 
Fiedler et al., 2013). Temperature ranges for the CCS, CC, and GT re-
gions were 12.4–29.3, 18.1–30.6, and 19.7–31.5 ◦C, respectively 
(Fig. 2a). Typical spring to summer warming of the surface water was 
observed, with corresponding temperature decreases in autumn and 
winter. In addition, the temperature of the wind-influenced area of the 
GT (~10–15◦ N; Chapa-Balcorta et al., 2015; Fiedler et al., 2013) further 
decreases in autumn and winter, with a marked spatial pattern of tem-
peratures increasing from onshore (~24 ◦C) to offshore (~28 ◦C; Sup-
plementary Material 2, SM2). 

The ADT seasonal climatologies derived from the 25 years of satellite 
images (SM3) showed that, at this time scale, sea level changed in the 
three regions of the MP. Also, lower values (~40 cm) were observed in 
the north and higher values in the south (~60–100 cm in the CC and 
GT). Particularly, the offshore transport of coastal waters in the GT 
caused by Tehuano winds was observed in autumn and winter (area 
within 10–15◦ N and 92–100◦ W), and led to values of ~50 cm, which 
were a consequence of the highest wind magnitudes for this season and 
region. In the case of the CCS, the highest sea level values (~60 cm) were 
observed in winter (related to winds up to ~8 m s−1). Similarly, these 
highest wind values were observed in the GT during autumn and winter 
(wind >15 m s−1) when Tehuano wind conditions result in lower SST 
(SM2) and ADT values (SM3). 

3.2. pCO2 

Overall, we observed that pCO2 varied seasonally, and the ranges of 
the variability of pCO2 were between ~200 and 500 μatm in all regions. 
However, the highest and lowest values were present mainly in two 
different seasons, spring and autumn, correspondingly, as described 
next. In the CCS, maximum (495 μatm) and minimum (280 μatm) values 
were present in spring (average of 410 ± 28 μatm), with an annual mean 
of 391 ± 23 μatm. Similarly, in the CC, the highest (499 μatm) and 
lowest (280 μatm) values were present in spring (mean of 407 ± 22; 
Fig. 2b, Table 1; SM5), with an annual mean of 376 ± 32 μatm. The GT 
region was divided into two areas: a zone under the direct influence of 
Tehuano winds (GT-I; 10–15◦ N, 92–100◦ W) and another zone 
composed of all areas with tropical conditions (GT-II; 9–10◦ and 15 to 
16.5◦ N). In GT-I, the pCO2 values fluctuated between 286 and 500 μatm 
in spring and autumn, respectively, while minimum and maximum av-
erages were obtained in summer (372 ± 20 μatm) and winter (434.8 ±
10 μatm) (Table 1; Fig. 2b, SM4). Correspondingly, the seasonal pCO2 
averages for summer and winter in GT-II were 386 ± 7 and 379 ± 21 
μatm, respectively (Fig. 2b, Table 1) 

The monthly resolution of the pCO2 gridded data distributed 
throughout the study area satisfactorily represented the spatiotemporal 
variability; this was verified with the pCO2 measurements available in 
the MP for the period analyzed. The specific gridded values in the coastal 
zone could present lower pCO2 ranges since the averaging of several 
measurements would be underestimating the maximums recorded in the 
pCO2 measurement, this point was discussed in the next section. 

Table 1 
Mean (± standard deviation) of sea surface temperature (SST), partial pressure 
of CO2 in the ocean’ surface (pCO2), the difference of pCO2 between the ocean 
and atmosphere (ΔpCO2), and the flux of CO2 at the ocean-atmosphere boundary 
(FCO2) by regions and seasons. Regions included are the California Current 
System (CCS), Cabo Corrientes (CC), and Gulf of Tehuantepec, the latter with 
Tehuano wind influence (GT-I) and tropical conditions (GT-II). Season includes 
spring (Sp), summer (Sm), autumn (Au), and winter (Win).  

Region 
Season 

SST 
(◦C) 

pCO2 
(μatm) 

ΔpCO2 
(μatm) 

Wind 
(m s−1) 

FCO2 
(mmol C m−2 

d−1) 

CCS Sp 17.7 ±
1.2 

410 ± 28 30 ± 25 3.7 ±
2.0 

4.6 ± 4.2 

Sm 23.9 ±
3.6 

391 ± 22 −7 ± 19 3.8 ±
2.8 

−1.6 ± 6.0 

Au 23.6 ±
3.7 

401 ± 22 20 ± 16 3.8 ±
3.0 

3.2 ± 3.2 

Win 18.6 ±
1.2 

380 ± 12 −15 ±
16 

4.0 ±
2.2 

−4.3 ± 4.2 

CC Sp 23.4 ±
2.7 

407 ± 22 36 ± 24 7.6 ±
4.4 

4.2 ± 3.0 

Sm 29.2 ±
1.0 

363 ± 40 −22 ±
40 

2.7 ±
1.9 

−4.0 ± 7.7 

Au 27.0 ±
1.8 

381 ± 33 −4 ± 31 5.3 ±
4.2 

0.1 ± 4.2 

Win 22.9 ±
1.8 

359 ± 17 −32 ±
22 

3.0 ±
2.0 

−5.7 ± 3.0 

GT-I Sp 28.7 ±
1.2 

388 ± 40 1 ± 32 10.0 ±
4.0 

0.3 ± 3.6 

Sm 30.0 ±
0.4 

372 ± 20 3 ± 19 7.5 ±
5.5 

0.7 ± 2.0 

Au 27.7 ±
2.4 

416.9 ±
12 

34 ± 17 14.1 ±
2.5 

4.3 ± 2.2 

Win 25.8 ±
0.2 

434.8 ±
10 

61.4 ±
10 

11.0 ±
1.0 

8.9 ± 1.5 

GT- 
II 

Sp 28.5 ±
1.5 

387 ± 39 4 ± 29 9.1 ±
4.0 

0.5 ± 3.4 

Sm 30.2 ±
0.5 

386 ± 7 12 ± 5 2.5 ±
1.9 

1.3 ± 0.6 

Au 28.4 ±
1.2 

383 ± 16 4 ± 16 7.0 ±
3.2 

0.5 ± 2.0 

Win 26.3 ±
1.5 

379 ± 21 −16 ±
13 

7.0 ±
3.0 

−1.8 ± 1.8  
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3.3. ΔpCO2 

Overall, calculated ΔpCO2 values ranged from ~ − 130 to 105 μatm 
throughout the study period (Fig. 2c). However, ΔpCO2 presented a 
larger spatial variability (−132 to 105 μatm) within the CC region. CCS 
had values of −105 to 97 μatm, while GT exhibited a narrower ΔpCO2 
range (−58 and 88 μatm). The seasonal variability of ΔpCO2 values 
varied among regions. Higher values were found in the spring in the CCS 
(97 μatm), CC (105 μatm), and autumn in the GT (87 μatm). In winter, 
below equilibrium, values were present in the CCS (−39 μatm), CC (−55 
μatm), and GT-II (50 μatm). In the summer, the CCS (98 μatm) and CC 
(68 μatm) showed positive values, while the GT presented negative 
values (−50 μatm) and values near equilibrium (~10 μatm). In the 
autumn, the CCS (55 μatm) and GT (88 μatm) regions showed positive 
values, although the CC presented negative values (−132 μatm) 
(Fig. 2c). In general, the seasonal average ΔpCO2 values were higher in 
the CCS and CC regions in spring (30 ± 25 μatm and 36 ± 24 μatm, 
respectively; Table 1; Fig. 2c) and lower in GT-I (1 ± 32 μatm), with a 
maximum mean value observed in winter (61.4 ± 10 μatm) in this re-
gion. However, the minimum average value was found in winter in GT-II 
(−16 ± 13 μatm). Lastly, minimum mean values were present in winter 
in the CCS and CC (−15 ± 16 and − 32 ± 22 μatm, respectively). 

Therefore, positive (negative) ΔpCO2 values may help to infer what 
the FCO2 to the atmosphere (ocean) would be like. However, the role 
played by wind is very important in the estimation of FCO2 given its 
quadratic dependence on wind, and it may magnify the effect of sea-air 
exchanges. 

3.4. FCO2 

Overall, the calculated FCO2 values ranged between ~ − 30 to 30 
mmol C m−2 d−1 in the MP (Fig. 2d). Regarding spatial variability, the 

northern and central portions of the MP, corresponding to CCS and CC, 
had a greater dispersion of FCO2 values, while the GT exhibited the least 
variability. FCO2 values ranged from −27.6 to 29.8, −19.9 to 25.8, and 
− 11.7 to 20.8 mmol C m−2 d−1, in the CCS, CC, and GT, respectively. In 
the GT, fluxes showed a narrower range with slightly positive and 
negative values, which contrasted with the CCS with large negative 
values (near ~ − 30 mmol C m−2 d−1); in GT the minimum values 
reached ~ − 10 mmol C m−2 d−1, whereas CC's spatial pattern suggests a 
transition condition between CCS and GT 

On the other hand, seasonal variability in the CCS displayed the 
lowest seasonal mean flux estimated during winter (−4.3 ± 4.2 mmol C 
m−2 d−1), while the highest average value was registered in spring (4.6 
± 4.2 mmol C m−2 d−1; Table 1, Fig. 2d). CC presented the lowest mean 
FCO2 in winter (−5.7 ± 3 mmol C m−2 d−1), and the highest mean value 
during spring (4.2 ± 3 mmol C m−2 d−1). Considering the segmentation 
of the GT, we observed that GT-II presented a seasonal mean FCO2 of 
−1.8 ± 1.8 mmol C m−2 d−1 in winter and 1.3 ± 0.6 mmol C m−2 d−1 in 
summer; in GT-I, positive fluxes to the atmosphere were registered in 
winter of 8.9 ± 1.5 mmol C m−2 d−1, with a minimum average in spring 
of 0.3 ± 3.6 mmol C m−2 d−1 (Table 1, Fig. 2d, SM4, SM6). In summer, 
there were no minimum or maximum values in any region, perhaps due 
to the scarcity of data at this time of year (SM1). It is important to 
highlight that the FCO2 estimates from the pCO2 measurements made in 
this study are consistent with the monthly gridded FCO2 obtained from 
Valsala and Maksyutov (2010); that is, the range of values reported by 
these authors agrees with the values estimated in this work, both in 
magnitude and in the direction of flux. The gridded FCO2 data used in 
the oceanic area adequately described the changes in the area in the 
different season. However, variations in the onshore may be impercep-
tible due to the resolution of the data (pixel size), which is discussed in 
the next section. 

At the annual scale, the mean FCO2 values for each region were ~ 

Fig. 2. Observed data of (a) sea surface temperature (SST), (b) partial pressure of CO2 (pCO2), and calculated data of (c) ΔpCO2 and (d) ocean-atmosphere CO2 fluxes 
(FCO2). Colors indicate the season. Limits of the California Current System (CCS; 34–22.5◦ N), Cabo Corrientes (CC; 16.5–22.5◦ N), and Gulf of Tehuantepec (GT; 
10–16.5◦ N) regions are indicated by the dashed lines. For the GT region, both areas are depicted by symbols (crosses: GT-I; circles: GT-II). The zero balance is 
indicated by a dashed horizontal black line (c, d). Average (± standard deviation) are also included for each region. 
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−0.4, ~ − 0.8, and ~ 0.3 mol C m−2 year−1 for the CCS, CC, and GT 
regions, respectively. Finally, when FCO2 was integrated over the entire 
MP area (± standard deviation for whole data sets of the three regions), 
we found that ~ − 10.9 ± 0.6 mol C m−2 had been absorbed by the 
ocean over the 25 years included in the study (SM9). 

3.5. Stratification parameter 

A latitudinal gradient in Φ was observed, with lower (higher) values 
in the north (south) (Fig. 3a, b). In the CCS, Φ values ranged between 
200 and 500 J m−3, the lowest in the MP, which suggests that reduced 
stratification in the water column due to a lower solar heating effect 
results in a shallower seasonal thermocline, and the highest pCO2 values 
observed (Fig. 3b). Compared to that of the CCS, a higher Φ value (700 J 
m−3) was observed in the CC. These two regions averaged Φ values far 
below those that have been previously reported, such as ~1000 J m−3 in 
the CCS (Fiedler et al., 2013) and ~ 1200 J m−3 in the CC (Franco et al., 
2014). This was likely due to the data that were used here to estimate Φ 
being collected in winter and early spring. Although the range of our Φ 
values falls within those reported by Fiedler et al. (2013). Lastly, the 
highest Φ values (~700 to ~1100 J m−3; Fig. 3a) were registered in the 

GT and suggested that the water column was well stratified, which 
resulted in lower pCO2 values (Fig. 3b). However, during the Tehuano 
season, Φ decreased along with SST (SM2) while increasing pCO2 values 
(Fig. 2b, SM5). Differences of up to ~400 J m−3 in Φ values between GT- 
I and GT-II were observed, with noticeable larger values in GT-I 
reflecting the marked influence of vertical mixing induced by the 
intense winds. 

3.6. Temperature-normalized pCO2 

The pCO2 values normalized by temperature (pCO2(norm); Fig. 4a) 
allowed us to analyze pCO2 without thermodynamic effects. This pro-
cedure allowed us to recognize that in Region I, in spring and summer, 
changes in pCO2 are dominated by biological effects. Whereas in Region 
II pCO2 remained small after removing the thermal effects, suggesting 
that biological effects play a minor role in the observed pCO2 variability. 
Whereas, in Region II it remained constant when the thermodynamic 
effect was subtracted. In the case of the GT, only the GT-I zone is the one 
that presented greater variations during Tehuano's season, because the 
biological activity is a driver of change in pCO2; this was not observed in 
the GT-II zone, where tropical conditions remained without significant 

Fig. 3. (a) Latitudinal variation (by region) in the stratification parameter (Φ; J m−3), and (b) values of Φ associated with pCO2. The data used to estimate Φ come 
from World Ocean Database and correspond to the period of March–May (2005) (CCS), November–June (2005–2006) (CC), and October–November (2006) (GT). 
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changes in pCO2 values. 
The difference between the pCO2 values (pCO2obs) and pCO2(norm) 

(Fig. 4b) was calculated. In the CCS, ~ 85% of the resulting values were 
positive during spring; while for 100% of the rest of the seasons, the 
values were negative. To CC and GT, around 60% of the resulting values 
were positive for all four seasons. Therefore, in autumn and winter in 
GT-I due to the influence of Tehuano winds, displace the water offshore 
from this warm-pool region, and the values. Thus, the thermodynamic 
effect was demonstrated in this case and in CCS during spring, where the 
temperature is the main driver of pCO2. This result suggests that as 
global temperatures increase, the ocean capacity as a sink in this area 
will be reduced and thus the concentration of CO2 in the atmosphere will 
increase. 

3.7. Influence of ENSO events on carbon fluxes 

During all periods of ENSO events, the FCO2 values were positive, 
except in the El Niño event in 1994. The observed ENSO ranges of pCO2 
(~300 to ~470 μatm) and FCO2 (−15 to ~20 mmol of C m−2 d−1) 
decreased compared to those present under non-ENSO conditions (i.e., 
pCO2 and FCO2 ranges of 200 to 550 μatm and − 30 to 30 mmol C m−2 

d−1, respectively; Fig. 2d). Furthermore, the estimated FCO2 integral 
value for the ENSO period was 7.8 mol C m−2, and − 14.8 mol C m−2 for 
the non-ENSO. The mean FCO2 values in ENSO conditions per region 
were ~ 5.7 ± 4.0, ~4.5 ± 3.7, and ~ 0.8 ± 2.4 mmol C m−2 d−1 for CCS, 

CC, and GT, correspondingly. These flux averages were different 
compared to non-ENSO means: CCS, CC, and GT exhibited FCO2 of ~ 
−1.5 ± 6.0, ~ −2.9 ± 5.7, and ~ 0.9 ± 2.8 mmol C m−2 d−1, 
respectively. 

During the time frame of this study, three El Niño events (1994, 
1997–1998, and 2015–2016) were recorded, which were classified as 
either moderate, strong, and very strong by the ONI index. During El 
Niño conditions, the SST had a maximum positive difference of ~3 ◦C 
with respect to climatology conditions in March. Under these conditions, 
pCO2 and FCO2 showed higher values, with 36 μatm and 9 mmol of C 
m−2 d−1, respectively. However, SST registered lower values than the 
climatological means in September and October, with 1.2 and 2.1 ◦C, 
while pCO2 showed smaller values in September but larger in October, 
−13 and 25 μatm, respectively. Likewise, FCO2 values were larger under 
El Niño conditions in all cases, between 4 and 9 mmol of C m−2 d−1. 

Furthermore, each region showed distinct effects in both direct pCO2 
measurements and FCO2 during El Niño events. The pCO2 values in the 
CCS ranged from 320 to 460 μatm, while this variable ranged from 340 
to 400 μatm in both the CC and GT regions (Fig. 5a). The average FCO2 
values (± standard deviation) during El Niño of 1994 by region were 
estimated to be ~ − 4.0 ± 3.2, ~2.2 ± 6.3, and ~ −3.1 ± 4.5 mmol C 
m−2 d−1 for the CCS, CC, and GT regions, respectively. Additionally, 
mean values were 6.4 ± 2.3, 4.9 ± 2.7, and 1.5 ± 0.2 mmol C m−2 d−1 

for CCS, CC, and GT during El Niño 1998. Of particular interest, the 
average FCO2 values were ~ 1.1 ± 0.8, ~1.4 ± 0.4, and ~ 9.6 ± 1.2 

Fig. 4. (a) Temperature-normalized pCO2 and (b) difference between observed pCO2 (pCO2obs) and normalized pCO2 (pCO2(norm)) values. The zero balance is 
indicated by a dashed horizontal black line. Vertical black dash lines indicate the limits of each region: the California Current System (CCS), Cabo Corrientes (CC), 
and Gulf of Tehuantepec (GT). The symbols + and o represent the values in the area of influence of Tehuanos (GT-I), and the area with tropical conditions (GT-II), 
respectively. 

C.-Á.L. de Lourdes Aurora et al.                                                                                                                                                                                                             



Journal of Marine Systems 239 (2023) 103853

8

mmol C m−2 d−1 for the GT, CC, and CCS regions in El Niño 2015–2016. 
At an annual scale, FCO2 mean values indicate a positive carbon flux 
(~1.7 mol C m−2 year−1) in this same event. The interannual average 
variation of FCO2 for the MP was ~4.0 mol C m−2 y−1 (SM8). Finally, the 
associated flux anomaly (calculated as the difference between the 
average fluxes during non-ENSO conditions and El Niño periods) 
showed a positive deviation of ~23 g C m−2 year−1. 

Data was only available for one La Niña event (1998–2000), which 
was classified as strong according to the ONI (Fig. 5a). During this event, 
the pCO2 values ranged from 365 to 440 μatm, with higher values pre-
sent in the north of the MP and lower values in the south. During this 
condition, SST decreased by up to 3 ◦C compared with the long-term 
mean, while pCO2 and FCO2 values were up to 15 μatm and 7 mmol C 
m−2 d−1, respectively. The estimated average FCO2 values were 1.5 ±
0.3, 5.5 ± 2.7, and 5.2 ± 2.5 mmol C m−2 d−1 in the GT, CC, and CCS 
regions, respectively (Fig. 5b). Area-integrated FCO2 during this 
particular cold event was ~3.9 mol C m−2 for the entire MP (SM8). 

Satellite monthly anomalies of SSTsat, ADT, and Chlsat data from 
2002 to 2018 were contrasted using Hovmöller diagrams for three 
transects: Baja California (33◦ N), Cabo Corrientes (20◦ N), and the Gulf 
of Tehuantepec (15◦ N; see Figs. 1 and 6). We selected these specific 
coastal areas because we wanted to illustrate the changes in SSTsat, ADT, 
and Chlsat modulated by different processes in different regions of the 
MP, such as coastal upwelling and wind (e.g., Tehuanos' influence in the 
GT region). The influence of the El Niño/Blob 2014–2016 (Bond et al., 
2015) with unusual increases in SSTsat and ADT was identified in the 
three transects, while negative Chlsat anomalies dramatically decreased. 

ADT anomalies exhibited interannual variations. For example, the 

lowest anomalies were recorded during La Niña in the three transects, 
(around −20 to −15 cm in the three sites). CCS presented negative 
anomalies ~10 cm; while CC and GT had the lowest values around −15 
and − 20, respectively. El Blob/El Niño was also identified from mid- 
2015 to mid-2016, with maximum ADT anomalies of 15, 22, and 40 
cm in CCS, CC, and GT, respectively (Figs. 6-8). 

In general, during La Niña (El Niño) SST values were the lowest 
(highest) in these sites (Figs. 6 – 8); in cold conditions, the anomalies 
were up to −4.5 ◦C in CC and GT, and CCS had until −2.5 ◦C. While in 
the warm period the anomalies were 4◦ and 3 ◦C for CC – GT and CCS, 
respectively. Finally, in La Niña the chlorophyll-a concentration anom-
alies highest were in CCS and CC (2 and 7 mg m−3, respectively), and in 
GT greatest anomalies values were 2 mg m−3 for this condition. During 
El Niño conditions Chlsat anomalies were up to 7 mg m−3 in CC; while 
CCS and GT had 2 mg m−3 in this period (Figs. 6–8). 

3.8. Statistical analyses 

Although the distribution of pCO2 data throughout the study area 
suggested a heterogeneous pattern along regions, they presented sta-
tistical differences in both in-situ data and satellite information (i.e., 
SST, ADT, and Chl). Statistical analyses were conducted with the me-
dians of the SSTsat, SSTinsitu, ADT, pCO2, and FCO2, as the data were 
highly scattered around the mean. The results of the Bayesian t-tests for 
the five variables indicated that all sets of values, by region and season, 
had a high probability (> 90%) of the medians being different. The 
exception was in CC and GT in the summer, when we found that the 
probability dropped to 50% (with 95% credibility intervals) among all 

Fig. 5. Variations in (a) pCO2 and (b) ocean-atmosphere CO2 flux (FCO2) during ENSO periods: El Niño 1994, 1997–1998, and 2015–2016 and La Niña 1998–2000. 
The zero balance is indicated by a dashed horizontal black line and shows equilibrium. The vertical black dash lines indicate the limits of each region: the California 
Current System (CCS), Cabo Corrientes (CC), and Gulf of Tehuantepec (GT). The numbers in the figure are the mean ± standard deviation of each event in the MP. 

C.-Á.L. de Lourdes Aurora et al.                                                                                                                                                                                                             



Journal of Marine Systems 239 (2023) 103853

9

Fig. 6. Time evolution of anomalies from an onshore-offshore transect at 33◦ N (California Current System, CCS). Monthly anomalies of (a) Absolute dynamic 
topography (ADT, cm), (b) sea surface temperature (SSTsat, ◦C), and (c) chlorophyll-a (Chlsat, mg m−3). Values are referred to as the long-term (2003–2018) monthly 
climatological mean. Vertical dash lines indicate the La Niña (2010−2012) and El Niño (2015–2016) conditions. 

Fig. 7. As in Fig. 6 but for transect at 20◦ N (Cabo Corrientes, CC).  

C.-Á.L. de Lourdes Aurora et al.                                                                                                                                                                                                             



Journal of Marine Systems 239 (2023) 103853

10

variables 

4. Discussion 

4.1. MP regionalization 

While the Mexican Pacific subdivision has been analyzed from a 
physical oceanography perspective (Durazo and Baumgartner, 2002; 
Flores-Morales et al., 2009; Fiedler et al., 2013), our study has shown 
that the chemical conditions of the MP may also be used to consistently 
subdivide the MP into the three proposed geographic areas at any time 
of the year. The identification of the main physical processes in each 
region that modulate the chemical oceanographic conditions allowed us 
to discern which are the forcing agents that characterized them: a) in the 
CCS, seasonal upwelling; b) in CC, being a transition area of commin-
gling water masses, with the presence of tropical water and upwelling in 
a specific area (around 20◦ N); and c) in GT, where the wind is the driver 
that allowed us to subdivide into two subregions. However, despite 
being a chemical regionalization (based purely on pCO2, and FCO2), it is 
important to note that chemical parameters are modulated directly by 
the physical dynamics (SST, ADT), as was substantiated by the statistical 
results. 

The results of Φ suggest that increased surface water heating at lower 
latitudes acts as a barrier to water-column mixing. At higher values of Φ, 
more energy is required for mixing and the transport of subsurface water 
to the surface. The highest Φ values were present in the southern areas of 
each region. Therefore, the CCS region presented greater mixing ease 
due to its low Φ values (Fig. 3a), whereas the GT region showed greater 
stratification (Fig. 3a) and high ADT values (SM3) and anomalies (~20 
cm; Fig. 8) during the non-Tehuano season. The GT is located within an 
OMZ, and during the Tehuano season (autumn and winter), the water in 
GT-I that reaches the surface has lower temperatures (SM2), high con-
centrations of dissolved inorganic carbon, high total alkalinity, and low 
oxygen values. In GT-II, the Φ values were maintained relatively high 
(Fig. 3a; Fiedler and Lavín, 2016; Chapa-Balcorta et al., 2015). 

When evaluating the estimates of Φ (Fig. 3a), it is necessary to 

highlight that subsurface water reaches the surface in the CC and GT 
regions when water-column stratification is weakened by either up-
welling or Tehuano-wind conditions. During these seasonal events, the 
surface water is enriched with high levels of pCO2 (Chapa-Balcorta et al., 
2015; Coronado-Álvarez et al., 2017), which implies that these regions 
act as sources of CO2 to the atmosphere. However, for the GT, each 
scenario presented an exception. This is, in autumn and winter, the in-
fluence of Tehuano winds resulted in low Φ values due to vertical mixing 
(i.e., GT-I), but these winds also produce two convergence conditions to 
the north and south of the area influenced by Tehuano winds (Fiedler 
and Lavín, 2016; Chapa-Balcorta et al., 2015). Both areas under this 
convergence condition showed higher Φ values than the area in which 
the Tehuano winds were present. 

This suggests that GT-I (e.g., the area directly influenced by Tehuano 
winds) is a CO2 source (on average) in autumn and winter. During spring 
and summer, the mean FCO2 value was near equilibrium (0.3 ± 3.6 and 
0.7 ± 2.0 mmol C m−2 d−1, respectively). During autumn and winter, 
GT-II behaved (on average) as a source and sink, correspondingly. 
Nevertheless, variability was lost when these variables were averaged 
for the whole GT region. This has two implications. Firstly, as expected 
this region alternates its role as a CO2 source and sink (Takahashi et al., 
2009; Walker Brown et al., 2015). Thus, the same region can emit or 
absorb CO2, depending on the time of year and the reigning conditions 
(e.g., El Niño events or strong northerly winds). Secondly, the upward 
transport of CO2-rich water to the surface under upwelling conditions 
initially turns the area into a CO2 source; however, this is counteracted 
by a greater biological effect due to elevated nutrient concentrations, 
which promotes the uptake of carbon species (Lluch-Cota et al., 1997). 
In the 25 years of data included in this study, it was found that during 
winter the GT-I region acts as a source of CO2 while GT-II acts as a sink in 
this season, whereas the CCS and CC regions act as sources during 
spring. 

4.2. pCO2 regionalization 

The range of pCO2 values was similar in the three regions, although 

Fig. 8. As in Fig. 6 but for transect at 15◦ N (Gulf of Tehuantepec, GT).  
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the CCS resulted in the highest mean of whole data sets (gridded and 
measurements) (Fig. 2). In autumn and winter, the GT-I presented 
maximum values due to Tehuano winds, while the CC region acted as a 
tropical-subtropical transition zone dependent on the confluence of two 
large oceanic currents: the equatorward California Current and near- 
surface poleward Mexican Coastal Current (Kessler, 2006; Godínez 
et al., 2010). This pattern may be explained by the seasonal oceano-
graphic conditions of each region. 

The study regions, i.e., CCS and CC, present seasonal coastal up-
welling (from March to September and to May, respectively), with 15 
days upwelling period (intensification – relaxation; Coronado-Álvarez 
et al., 2017), which results in increased primary productivity during the 
relaxation of these conditions (around five days after the intensifica-
tion). This promotes greater CO2 fixation in the ocean (inducing a 
reduction in pCO2 levels), although the initial intensification of these 
events results in the emission of CO2 to the atmosphere (Coronado- 
Álvarez et al., 2017). However, it is necessary to further the under-
standing of the effects of Tehuano winds at high-frequency time scales to 
discern changes in the carbon system during different periods, in addi-
tion to evaluating the changes in the seasonal enrichment of the GT in 
their chemical implications vg., pCO2 and FCO2 fluctuations. 

In addition, in the CCS region, the surface waters are colder due to 
the influence of Sub-Arctic Water (Durazo and Baumgartner, 2002), 
while surface waters from the CC and GT regions are warm and of 
tropical origin (Fiedler and Lavín, 2016). If we only take into account 
the thermodynamic factor and its influence on pCO2 in the latitudinal 
gradient, thus it is possible to state that gas solubility is greater in water 
with low temperatures as can be observed in waters of higher latitudes 
(Sabine et al., 2004). This implies that the CC and GT regions have lower 
abilities to absorb atmospheric CO2 compared to the CCS region. 

In our regionalization, we used gridded and measurement data. It is 
important to mention that we found that the gridded pCO2 data repre-
sent temporal changes; however, when short periods are analyzed, the 
detail of spatial-temporal oscillations caused by different drivers is lost, 
e.g., physical and biological: upwelling and Tehuanos winds, and 
blooms, respectively, among others. This fact has implications when 
analyzing gridded data because it emphasizes the need to understand 
the dynamics of each study area, and to have measurements that provide 
an overview of the changes in pCO2 over time. The use of measurements 
and gridded data was analyzed in the special subheading in this section. 

4.3. Ocean-atmosphere CO2 dynamics 

There have been reports that pCO2 and FCO2 variability is lower in 
oceanic areas, while in coastal regions these could be underestimated 
(Takahashi et al., 2009). Several studies have established that the MP is 
a source of CO2 to the atmosphere (Chavez et al., 2007), or an area near 
equilibrium (Zhang and Tian, 2019; DiNezio et al., 2015). Also, these 
kinds of studies have assumed that the MP has homogeneous oceano-
graphic features and carbon fluxes resulting in the whole MP as a source 
of this gas. In contrast, our study found that the MP showed high 
geographical and seasonal heterogeneity within each region. This sug-
gests that the general assumption that this area is a net source of CO2 
must be reconsidered. Our results have established that: 1) regionali-
zation based on physical features also corresponded with chemical 
conditions (i.e., pCO2 and FCO2), 2) Seasonal variations in FCO2 in each 
area occur with different magnitudes, suggesting that the impacts of SST 
and local atmospheric forcings (such as Tehuano winds and upwelling 
events) vary seasonally. This is especially true for CCS and CC physical 
seasonal processes, such as upwellings (that occur in spring), that in-
crease FCO2 variability (Coronado-Álvarez et al., 2017; Franco et al., 
2014). In GT-I, the FCO2 values are high in autumn-winter because 
Tehuano winds cause upwelling that brings high-pCO2 subsurface water 
to the surface. However, GT-II alternated its role as a source and sink of 
CO2 among seasons. Therefore, the wind plays an important role in both 
water-column mixing and FCO2 estimations, as suggested by Coronado- 

Álvarez et al. (2017). 3) The results of this study raise new questions that 
address these subjects from different perspectives (e.g., FCO2 trends 
during different periods, flux variations associated with biological ac-
tivity, and the impacts of climatic phenomena on the sea-air exchange of 
CO2 at different spatial-temporal scales). Regarding the seasonal FCO2 
variability in the GT, new questions have been raised that need to be 
investigated such as Tehuano and non-Tehuano conditions, and the 
high-frequency variability to identify the drivers that impact pCO2 
changes. 

On average, GT-I acts as a source during Tehuano conditions; the 
water that rises to the surface has high pCO2 values and low levels of 
oxygen. It should be noted that the MP is located within one of the 
largest oxygen minimum zones on the planet (Paulmier and Ruíz-Pino, 
2009) where denitrification processes also occur (Thomas, 1966). 
Therefore, it is necessary to understand how biological conditions are 
affected by chemical changes in the ocean in this region. For example, it 
is expected that upwelled waters in the area would have low pH values 
due to ocean acidification (Caldeira and Wickett, 2003), which causes 
harmful effects on calcifying organisms. This has a series of re-
percussions on the ecosystem, such as the loss of biodiversity and im-
pacts on fisheries and, therefore, socio-economic impacts. 

4.4. ENSO conditions 

The occurrence of ENSO events modifies oceanographic dynamics. 
For example, during El Niño conditions, a decrease in the intensity of 
trade winds in the eastern Pacific yields reduced precipitation and bio-
logical activity, while SST increases (Rasmusson and Carpenter, 1982). 
The opposite is observed under La Niña conditions. 

As described by Franco et al. (2014), in situ data anomalies in this 
work suggest that during warm months, the SST in La Niña conditions is 
lower (~ − 1.0 ◦C) due to seasonal masking, while temperature anom-
alies of up to 3 ◦C were observed during the El Niño. Likewise, satellite 
data (Figs. 6 – 8) showed SST anomalies up to −5 ◦C in GT, and around 
−3 and − 4 ◦C in CCS and CC during La Niña (2010−2011). Despite El 
Niño/Blob, the SST anomaly was between 3 and 4 ◦C. Also, ADT 
anomalies (Figs. 6 – 8) were observed, with positive (negative) values 
during El Niño (La Niña). This illustrates the impact, which differed in 
magnitude, of these warm (cold) conditions. These results showed that 
the wind intensity is reduced, causing ADT monthly anomalies to be 
higher, resulting in thermocline sinking, which leads to low Chlsat 
monthly anomalies (Figs. 6 - 8). 

Studies that contrast the effects of El Niño in the ocean and the effects 
that occur over various spatial-temporal scales are needed (Chatterjee 
et al., 2017), particularly since CO2 emissions from the ocean to the 
atmosphere are reduced by around 40–60% when ENSO conditions are 
present. Park et al. (2010) estimated a high negative correlation be-
tween El Niño and FCO2, indicating that the ocean acts as a CO2 sink 
under these conditions. Chavez et al. (1999) and Feely et al. (1999, 
2002, 2006) also indicated that during El Niño conditions, FCO2 is 
seaward. This means that according to the largest estimations about 
FCO2 during El Niño conditions, FCO2 must reduce (in some cases is 
negative) and temperature increase; however, our results showed that 
the temperature increased while the FCO2 values were positive, varying 
degrees for each region, this flux was positive (around 4 to 9 mmol m−2 

d−1. This suggests that the impact of El Niño in the MP varies depending 
on the particular geographic area being considered, as well as the season 
in which ENSO conditions occur (Franco et al., 2014), and highlights the 
likely influence of local oceanographic features (Trucco-Pignata et al., 
2019). 

The FCO2 values during the El Niño/Blob decreased in magnitude, 
although with fluxes towards the atmosphere. In addition, Chat anom-
alies indicated that photosynthetic activity was reduced, varying its 
value in each transect, as the results indicated negative values in the 
most intense El Niño/Blob period (2015–2016) (from 2 to 7 mg m−3; 
Figs. 6 -8). This supports the conclusion that the degree of interannual 
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variations differed depending on the region. On the contrary, greater 
CO2 fixation through photosynthesis that favored a reduction in the flow 
of CO2 to the atmosphere was observed under La Niña conditions 
(Chiodi et al., 2014; Coronado-Álvarez et al., 2017). This last point was 
corroborated with Chlinsitu data (not shown) for the La Niña of 
1998–2000, during which the highest recorded values were present in 
the CCS (~13.8 mg m−3; De La Cruz-Orozco et al., 2010) and GT (4.5 
mg m−3) regions. Moreover, we estimated FCO2 anomalies for this cold 
period, and its values were higher, up to 7 mmol C m−2 d−1 to the at-
mosphere. Also, with satellite data anomalies of chlorophyll, we 
observed that during La Niña (2010–2012), in the three transects the 
Chlsat were the highest (among 2 and 7 mg m−3; Figs. 6 – 8). This sug-
gests that in these cold periods the ocean is a source and at the same time 
it has high primary productivity, using chlorophyll as a proxy for it. 
During this condition, the extension of California Current Water (CCW) 
can be found between southern Cabo San Lucas and the CC region due to 
the intensification of winds and an increase in southward surface 
advection (Baumgartner and Christensen Jr., 1985; Portela et al., 2016). 
Jones et al. (2001, their Figure 9b) found FCO2 anomalies under La Niña 
conditions that ranged between 3 and 15 g C m−2 year−1. Based on our 
calculations, the estimated anomaly under La Niña conditions was ~29 
g C m−2 year−1, which was consistent with what was reported by Jones 
et al. (2001), as it was positive, although of a different magnitude. 

Even though more information is needed, these differences could in 
part be associated with two concepts. First, it is possible that the local 
physical dynamics of each region dominate the effects of ENSO events, 
resulting in interannual signals that are concealed, as noted by Franco 
et al. (2014) and Durazo et al. (2017) for the CC and CCS regions, 
respectively. That is, the impact of a cold (warm) event during a warm 
(cold) season will likely be clearly exposed. It is perhaps for this reason 
that our results were different among the three regions in this study. The 
periods in which the ENSO events occurred and their interactions with 
the conditions of each region may have resulted in these differences. For 
example, for the El Niño of 1994, the pCO2 and FCO2 values were lower 
than those of the 1997–1998 and 2015–2016 El Niño events. This is 
primarily because the El Niño of 1994 was classified as moderate ac-
cording to the ONI, while those of 2015–2016 and 1997–1998 were 
classified as some of the strongest events ever recorded (Bond et al., 
2015; https://ggweather.com/enso/oni.htm). However, there is a lack 
of data during the period in which the El Niño of 1997–1998 had the 
greatest influence to fully substantiate the statement. Second, these 
differences could in part be associated with the precipitation ranges, 
which oscillate seasonally. For example, in the CCS, a direct relationship 
between the ENSO multivariate index (MEI) and precipitation occurs. 
This could be associated with a greater anomalous presence of Tropical 
Surface Water during the El Niño conditions of 2015–2016, as described 
by Trucco-Pignata et al. (2019). However, from the CC region to lower 
latitudes, the relationship is inverted (Bravo-Cabrera et al., 2017). Thus, 
the magnitude of FCO2 varied in each event, suggesting that the impact 
of ENSO conditions will fluctuate depending on both: the geographic 
area and the season in which it occurs, and also, the seasonal oceano-
graphic conditions of a particular region. 

Therefore, our study showed that the proposed regionalization based 
on chemical dynamics responds to the physical oceanographic condi-
tions in the MP. Likewise, the spatio-temporal changes such as season 
and ENSO conditions of the analyzed variables (e.g., SST, pCO2, FCO2) 
were identified. Also, we observed that the MP is a CO2 sink that fluc-
tuates seasonally in each region. This has not been described in detail in 
a time series as long as the one studied in this work. However, further 
efforts are required to identify the drivers influencing pCO2 through 
time, with high-frequency resolutions. Additionally, there is a need to 
analyze more data in the GT region to identify the changes in the region 
under Tehuano and non-Tehuano conditions, and their chemical and 
biological implications. It remains necessary to explore other factors 
that may be at work to understand how physical, chemical, and bio-
logical processes must be taken into consideration to determine how 

they are modified by ENSO events in both time and space. 
The sea absorbs about 30% of the CO2 emitted into the atmosphere 

(Sabine et al., 2004), the increase in atmospheric CO2 is followed by the 
ocean, which increased pCO2 to ~1.5 μatm per year (Cai et al., 2020). 
Therefore, the equilibrium conditions between the sea and the air in-
crease over time, and in turn the ocean's capacity to absorb this gas 
decreases. In the case of MP, in the 25 years of study, it was observed 
that in warm conditions the pCO2 of the sea is higher than the atmo-
spheric pCO2. Therefore, it is assumed that an increase in sea tempera-
ture in MP would cause positive ΔpCO2, although it is necessary to 
analyze long-term trends in SST. 

4.5. Implications of the use of measured and gridded data 

One of the implications of working with thousands of data of 
different kinds (measured and gridded), as in this work, is that when 
integrating it, it is important to ensure that the latter are consistent with 
the spatiotemporal variation of the variables studied, pCO2 and FCO2. 
Therefore, it was decided to take a sample of the measured versus 
gridded data and compare the magnitude of the values with measure-
ments. To cite an example: the gridded pCO2 value of ~361 μatm (16◦ N 
107.5◦ W) was similar to measurements by Nojiri (2014) ~376 μatm 
(~16◦ N ~ 108◦ W) (data that we used in both cases). Our findings were 
consistent and strengthen what was mentioned by Takahashi et al. 
(2014), the gridded products are means resulting from pCO2 measure-
ments reported decades ago (Takahashi et al., 2013). This was consistent 
with Takahashi et al. (2014), who mentioned that the pCO2 gridded 
values are lower because they were the result of the average of many 
measurements. The pCO2 gridded values were taken offshore of the MP, 
it is considered that the spatiotemporal changes adequately describe the 
variability of the zone, according to Pennington et al. (2010), because 
the area has low variability, as discussed below. Our findings suggest 
that gridded pCO2 represented the changes in MP offshore. And there-
fore, the identification of small changes in pCO2 onshore may be difficult 
to identify. 

On other hand, Franco et al. (2014) reported FCO2 close to equilib-
rium (~ < −1 mmol m−2 d−1) at Cabo Corrientes (20◦ N, 105◦ W) in 
November 2009; our gridded results showed a CO2 flux of ~ − 1.05 
mmol m−2 d−1, for that point in the same month in 2014. Although the 
magnitudes of the fluxes were similar in this case, it should be noted that 
this gridded product always presents lower values than the measure-
ments due to the very nature of being average calculations. However, 
the similarities of our results may be because the gridded FCO2 was 
calculated with a coefficient (Wanninkhof, 1992), whose results are 20% 
higher in magnitude (Wanninkhof, 2014), concerning the one used in 
the estimations we made (Wanninkhof, 2014). Perhaps this difference 
was compensated by the underestimation and therefore the values were 
similar, this issue needs to be verified. Therefore, we can affirm that the 
gridded data represent variations in MP in time and space; however, the 
values of these variables could be subestimated at lower spatiotemporal 
scales of lower resolutions and not detect local processes. Thus, this must 
be considered when making use of gridded data. 

These gridded products are considered useful as a proxy for the 
existing variation generally over time; however, in coastal areas, they 
have their limitations as mentioned above. With the spatial resolution 
they have (1 × 1◦ or others of 5 × 4◦; Takahashi et al. (2013), Valsala 
and Maksyutov (2010), respectively) processes such as upwelling, 
advection, Tehuanos that affect the FCO2 in temporal scales of days and 
smaller spatial their signals decrease or disappear, v.g. the Tehuanos 
zone, the upwelling season located at Baja California Peninsula; whose 
geographical areas are smaller concerning the whole MP. Therefore, the 
onshore, the gridded products lose details of processes that affect both 
pCO2 and FCO2; while at a larger spatial scale and offshore, they 
adequately represent the changes over time of these variables. This is 
because the greatest variability in pCO2 and FCO2 has been reported in 
the first ~50 km from the coastline to the open ocean, at greater 
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distances over time, this variation decreases oscillating at or near 
equilibrium values, as reported by Pennington et al. (2010). Although 
these findings were made for a transect of the California Current up-
welling system, the coast-ocean dynamics are similar; the range of FCO2 
and pCO2 values will depend on the processes prevailing in any partic-
ular coastal area (Laruelle et al., 2014). 

We observed that FCO2 coincides in direction and in many cases in 
magnitude as mentioned in the Cabo Corrientes area. However, there are 
differences between estimated and gridded values, with a variance of 
~1.1 mol m−2 d−1. This value was obtained from the maximum variance 
(0.4 mol m−2 y−1) shown by Valsala and Maksyutov (2010) (see Fig. 5 of 
these authors); who did not report the FCO2 estimation error or uncer-
tainty in their gridded data. The latter is crucial to provide, as it allows 
us to interpret the data appropriately. Another relevant issue is that 
gridded FCO2 was estimated based on Wanninkhof (1992) coefficients 
while our FCO2 estimates are based on Wanninkhof (2014), which are 
about 20% higher. Future comparisons should consider standardizing 
the gridded FCO2. 

Another important aspect to mention in our work is that we use a 
reanalysis of wind data (Kalnay et al., 1996). The calculation of the gas 
transfer coefficient (k, see Eq. 1) with a reanalysis of wind data was 
within the reported ranges (Wanninkhof, 2014). Therefore, this type of 
product for FCO2 estimation is considered adequate (Kisler et al., 2001), 
but also provides a more robust flux estimate than a single interpolation 
method based on a single wind product (Dong et al., 2022). 

Finally, this implies that, as mentioned above, gridded data provide a 
general idea of the spatiotemporal conditions of pCO2 and FCO2, 
although they underestimate the measured values, especially in the 
nearshore whose dynamics affect these variables. Also, provide the un-
certainty or error of the measurements and estimates for greater reli-
ability of the use of this data. Therefore, our results are valid in order to 
categorize and describe the three proposed regions; it is essential to have 
pCO2 and FCO2 measurements that support the gridded information and 
provide us with elements to understand the impact of the drivers in the 
coastal zone. 

5. Conclusions 

The results of the statistical analyses indicated that the three regions 
presented high probabilities of being different from each other. With 
these results, it was possible to strengthen the regionalization of the MP 
with both physical and chemical variables. 

The FCO2 values during the 25 years of data included in this study by 
season, region of the MP, and year, showed high probabilities of being 
different between areas and seasons. Fluxes were different between re-
gions in terms of magnitude and direction. For example, in spring, the 
ocean in the three regions acted as a source of CO2 but to varying de-
grees. In summer, the CCS and CC regions acted as sinks, while GT-I 
acted as a source in autumn and winter. In the same seasons, GT-II 
acted as a source and sink. Overall, it was estimated that the MP has 
acted as a CO2 sink (−10.9 mol C m−2). Nonetheless, the MP presented 
variations by region, indicating that the CCS and CC are net sinks of CO2, 
while the GT is a net source of CO2 to the atmosphere. 

The use of different sources of pCO2 and FCO2 data with different 
products (measured and gridded) and integrating them to describe their 
spatiotemporal variation and discuss the drivers that affect them, rep-
resents a great challenge that was addressed in this work. It can be 
concluded that 1) in order to adequately describe changes across space 
(onshore - offshore), frequent measurements over time are required in 
order to identify the processes that affect them. 2) The coastal area is the 
zone with the greatest temporal and spatial variation of pCO2 and FCO2; 
the variations in the seaward are small. 3) The gridded products provide 
a very close idea of the temporal changes in the oceanic area; however, 
in the near shore, the spatial resolution has limitations since the iden-
tification of processes occurring in that area is lost. Both products, pCO2, 
and FCO2 gridded values are subestimated the magnitude of 

measurements, around 10 μatm, and 1.1 mmol m−2 d−1, respectively. 
Finally, it was identified that the impact of ENSO conditions was 

different in each region, which caused the FCO2 to vary depending on 
the season and the area of the MP (SM9). We found also that El Niño 
conditions caused both positive and negative FCO2, while during La 
Niña it was reported as a source of this gas. 
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