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Abstract Oxygen minimum zones (OMZs) are important sources of CO2 to the atmosphere when physical
forces bring subsurface water with high dissolved inorganic carbon (DIC) to the surface. This study examines,
for the first time, the influence of the OMZ of the coastal North Eastern Tropical Pacific off Mexico on surface
CO2 fluxes. We use variations in the oxycline depth and subsurface water masses to discern physical oceano-
graphic influences. During two cruises, in November 2009 and August 2010, DIC and total alkalinity (TA) meas-
urements were used to estimate pCO2 and air-sea CO2 fluxes. At the OMZ layer, Subtropical Subsurface Water
(StSsW) was found to have high pCO2 values (1290 6 70 latm). Due to strong vertical stratification, however,
the relationship between DpCO2 at the air-sea interface and the oxycline/StSsW upper limit depth was weak.
During November, the region was a weak source of CO2 to the atmosphere (up to 2.5 mmol C m22 d21), while
during August a range of values were observed between 24.4 and 3.3 mmol C m22 d21). Strong stratification
(>1200 J m23) prevented subsurface mixing of water from the OMZ to the upper layer; particularly in Novem-
ber 2009 which was during an El Ni~no event. Results suggest that advection of surface water masses, rein-
forced by strong vertical stratification, controlled surface pCO2, and air-sea CO2 fluxes.

1. Introduction

Shallow and extensive oxygen minimum zones (OMZs) are known to be important sources of CO2 and other
greenhouse gases to the atmosphere [Paulmier et al., 2008; Friederich et al., 2008]. OMZ layers occur at inter-
mediate depths (100–800 m) where oxygen is consumed and dissolved inorganic carbon (DIC) is produced
due to remineralization of sinking organic matter from the surface layer. Consequently, OMZs have also
been called carbon maximum zones (CMZ) [Paulmier et al., 2011]. OMZ formation and maintenance is
favored by strong vertical stratification and sluggish ventilation. Previous studies on OMZs have related the
magnitude and direction of the air-sea CO2 fluxes to physical mechanisms, which connected the surface
and subsurface layers [Paulmier et al., 2008]; specifically, vertical mixing and upwelling events. For example,
Friederich et al. [2008] found that the OMZ off Peru (5�S–20�S), a region of intense upwelling, acts as a
source of CO2 to the atmosphere year round (providing up to 5.7 mol m22 y21). The OMZ in the Arabian
Sea (10�N–18�N) also acts as a source of CO2 to the atmosphere (DpCO2 � 450 latm) when subsurface
water rises to the surface as a result of intense vertical mixing during the monsoon season [K€ortsinger et al.,
1997].

The most extensive OMZ is found in the North Eastern Tropical Pacific (hereafter NETP). Here the concentra-
tion of oxygen is less than 45 lmol kg21 at depths shallower than 100 m [Fern�andez-�Alamo and F€arber-
Lorda, 2006; Cepeda-Morales et al., 2009, 2013], and the DIC concentration is greater than 2200 lmol kg21

within 50 m of the surface [Maske et al., 2010]. The CO2 flux in the OMZ of the NETP, however, has not yet
been estimated and its contribution to the global carbon balance has not been defined. In this region, the
coastal oxycline and carboncline occur at shallow depths, between 50 and 100 m [Fern�andez-�Alamo and
F€arber-Lorda, 2006; Cepeda-Morales et al., 2009, 2013], with an inverse relationship between the oxycline
depth and the surface pCO2 value [Maske et al., 2010]. Many CO2 flux studies have been carried out in the
open ocean [Takahashi et al., 2009]. However, there are few in conjunction with coastal OMZ, including the
NETP off Mexico. Due to the lack of studies in the NETP OMZ, there is an ongoing debate as to whether this
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region acts as a year-round source of CO2, or whether it may also act as a carbon sink due to the high rates
of productivity [L�opez-Sandoval et al., 2009].

The objective of this study is to determine the primary processes affecting the air-sea CO2 flux above the
OMZ of the coastal NETP off Mexico. Fluxes were calculated during two temporal (seasonal) and spatial dis-
tributions of the OMZ, providing a breadth of different oceanographic conditions to investigate surface car-
bon dynamics.

2. Data and Methods

2.1. Data Collection and Analysis
Two oceanographic cruises were carried out in the NETP off Mexico: the first was from 18 to 30 November
2009 on board the R/V El Puma and covered 38 stations (Figures 1a and 1c); the second was from 3 to 31
August 2010 on board the Mexican Navy’s R/V Altair and covered 85 stations (Figures 1b and 1c). During
the November 2009 cruise, a SeaBird SBE-911 Plus CTD was used to measure temperature, conductivity,
oxygen, and fluorescence to 1000 m depth. In addition, at several stations measurements were taken to
2000 m, or near the bottom at shallow stations. In August 2010, the same parameters were measured with
a SeaBird SBE-19 Plus CTD to 500 m depth. For both cruises, the potential temperature (h) and salinity (S)
data were used to construct h-S diagrams for defining regional water masses as proposed by Fiedler and
Talley [2006], Castro et al. [2006], and Lav�ın et al. [2009].

Discrete water samples for DIC and total alkalinity (TA) were collected at 19 stations in November (Figure
1a) and 30 stations in August (Figure 1b). During November 2009, 12 L Niskin bottles mounted on a rosette
were closed at 12 depths to 1000 m. During August 2010, six depths were sampled to 200 m with 5 L Niskin
bottles attached to a hydrographic wire using a messenger. Seawater was stored in 500 mL borosilicate bot-
tles and preserved with 100 lL of a saturated solution of mercuric chloride (HgCl2). The bottles were sealed
with Apiezon grease to prevent evaporation and contact with the atmosphere.

DIC was measured following the coulometric method described by Johnson et al. [1987]. Prior to the analy-
sis, accuracy and precision were assessed using certified reference material for DIC provided by Dr. Andrew
Dickson from Scripps Institution of Oceanography [Dickson et al., 2003]. Reference material gave an average
difference relative to the certified value of 1.5 6 1.1 lmol kg21, with a maximum of 4 lmol kg21; a measure-
ment error of 0.2%.

The potentiometric method described by Dickson et al. [2003] was used to measure TA. Reference standards
were used for the measurements and the differences relative to the certified value were not greater than 5
lmol kg21 (with an average of 2.0 6 1.5 lmol kg21), indicating a measurement error of 0.2%. The altimeter
data analyzed in this study (to determine sea surface height) are the high-resolution sea level anomalies dis-
tributed by Ssalto/Duacs at 7 day intervals on a 1/3� Mercator grid, objectively interpolated onto a uniform
1=4
� grid and referenced to a relative 7 year mean (1993–1999) (http://www.aviso.oceanobs.com) [Ducet

et al., 2000; Le Traon et al., 2003]. The data extend from October 1992 to October 2010 and represent the
updated multimission gridded product referred by AVISO (The Archiving, Validation, and Interpretation of
Satellite Oceanographic) as the ‘‘Delay Time maps of sea level anomaly (DT-mslaupd).’’ The geostrophic
velocities for the period comprising the cruises were calculated from sea surface height (SSH) fields.

2.2. Data Processing
For the November 2009 survey, the oxygen data were calibrated with discrete samples taken at 10, 100,
and 450 m for the profiles were carbon data were collected. The oxygen samples were measured following
the World Ocean Circulation Experiment (WOCE) Operations Manual (http://cchdo.ucsd.edu/manuals.html).
Percent oxygen saturation was calculated using the Ocean Data View software [Schlitzer, R., Ocean Data
View, http://odv.awi.de, 2013], which uses the method proposed by Weiss [1970].

Oxycline depth for every profile was defined as described by Maske et al. [2010], using the depth of maxi-
mum oxygen difference over 4 m depth calculated for every meter: D[O]/m 5 ([O] Z22 – [O] Z122])/4, where
Z is depth in meters until the maximum gradient was determined.

To eliminate the effects of evaporation or precipitation of freshwater for surface data, the DIC and TA meas-
urements were normalized as described by Friis et al. [2003]. This method considers an end member for DIC
different from zero when S 5 0 (DICS50). The following normalization equation was used:
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Figure 1. Distribution of (a and b) dissolved Inorganic carbon (DIC), (c and d) salinity, (e and f) temperature (�C), and (g and h) % oxygen
saturation at 10 m depth during the cruises conducted in (left) November 2009 and (right) August 2010. The primary transects (T) are
indicated.
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NDIC 5 ðDIC measured 2 DIC S50Þ=Smeasured
� �

� Sreference 1 DIC S50;

where NDIC is the normalized DIC concentration, Smeasured is the measured salinity for the sample, and Srefer-

ence is a reference salinity. The mean salinity value for the upper 30 m for both surveys was used as the refer-
ence salinity value (34.29). To obtain DICS50, a multiple linear regression was used to fit the surface layer
(<30 m) values of temperature (T), salinity (S), and DIC to the equation:

DIC 5mT T1ms S1b0;

where b0 5 DICS50. The regression yielded:

DIC 524:5ð61:0ÞT 180ð62:5ÞS2680ð698Þ

thus DICS50 5 2680(698).
In situ pH (seawater scale) and pCO2 were calculated using the CO2Sys.xls program [Lewis and Wallace,
1998] from discrete DIC and TA measurements with an accuracy of 65 latm for pCO2 (<2%) and 60.01 for
pH. The dissociation constants of Mehrbach et al. [1973] as refitted by Dickson and Millero [1987] were used
for the calculations. Calcium concentration was considered conservative and calculated based on salinity.

CO2Sys.xls was also used to calculate DIC and pH (seawater scale) in equilibrium with the atmos-
phere using the atmospheric pCO2 for the date and sampling latitude (�387 latm) [GLOBALVIEW-
CO2, 2013, http://www.esrl.noaa.gov/gmd/ccgg/globalview/co2/co2_intro.html), and average surface TA.
The estimated DIC and pH in equilibrium with the atmosphere were 1968 (66) lmol kg21 and 8.04
(60.01), respectively.

The stratification parameter (U) was calculated according to Simpson [1981]. It is expressed in J m23 and
represents the amount of work per volume needed to mix the water column to a specified depth (in this
case, 300 m).

2.3. Calculation of Air-Sea CO2 Flux
The air-sea CO2 fluxes (FCO2) were calculated using the formulation FCO2 5 Ka(DpCO2), where K is the gas
transfer velocity; a is the solubility of CO2 in seawater, estimated based on in situ salinity and temperature
[Weiss, 1974]; and DpCO2 is the difference between the partial pressure of CO2 in the water and atmosphere
(DpCO2 5 pCO2water 2 pCO2atm). A pCO2atm of 387 latm was used for the sampling date and latitude [GLOB-
ALVIEW-CO2, 2013]. K is parameterized as a function of wind velocity following Wanninkhof [1992, equation
(3)]. Wind data used were a cross calibrated, multiplatform ocean surface wind velocity product (CCMP)
obtained from http://podaac.jpl.nasa.gov/DATA_CATALOG/ccmpinfo.html, with resolution of four data
points per day and 0.25 3 0.25 latitude/longitude. This data set is a gridded product obtained from combin-
ing remote sensed wind data, cross calibrated with available conventional ship and buoy data as described
in Atlas et al. [2011]. Differences between CCMP analyses and wind observations are small, approximately
0.5 m s21. The wind speed data were linearly interpolated to the date and sampling position shown in Fig-
ure 1. Positive FCO2 values indicate a gas flux from the sea to the atmosphere, whereas negative values indi-
cate a flux from the atmosphere to the sea.

As the calculation of pCO2water had an error of 65 latm, the error associated with the FCO2 estimation is
60.1 mmol C m22 d21 when wind speed was low (<2.5 m s21) and 60.9 mmol C m22 d21 when wind
speed was high (6–8 m s21).

3. Results

The work presented here examines the primary physical and biogeochemical mechanisms controlling the
air-sea CO2 fluxes in the NETP off Mexico for two different oceanographic conditions: November 2009 and
August 2010. Additionally, El Ni~no and La Ni~na conditions occurred during the first and second cruise,
respectively (NOAA; http://www.esrl.noaa.gov/psd/enso/mei/#ElNino). First, the distribution of DIC, salinity,
temperature, and % oxygen saturation in surface waters are described, then the air-sea CO2 fluxes, and
finally the water masses and associated pCO2 values are presented.
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3.1. Surface Distribution
Similar distributions for surface DIC and salinity were observed during each survey. In November 2009, DIC
values at 10 m ranged from 1950 to 1980 lmol kg21 (Figure 1a). The highest values (1980 lmol kg21) coin-
cided with the maximum salinity value of 34.55 (Figure 1c), and were observed along T1 (�107�W). The low-
est DIC concentrations (<1960 lmol kg21) were found in areas with salinity <34.35, at the stations farther
offshore at both (T1 and T2) and in the nearshore stations of T2. For the November cruise, the mean DIC
concentration at 10 m was 1966 6 9 lmol kg21.

Distribution of temperature at 10 m during November 2009 is shown in Figure 1e. Mean temperature was
28.1 6 0.3�C and did not vary greatly over the study area. The highest values (28.5�C) were observed at the
stations closest to coast and in the middle of T2 (�107�W), while the lowest values (27.5�C) were observed
at the oceanic stations for both transects.

The spatial pattern of the above variables at 10 m depth showed maximum values in the middle part of T1
(except for temperature), and minimum values at the offshore stations of T1 and T2. A different distribution
pattern was observed in percent oxygen saturation at 10 m (Figure 1g): low oxygen saturation values (85–
100%) were registered in the middle of T1 and toward the coast, while high values (105–110%) were
observed at the oceanic stations of T1 and throughout T2.

During August 2010 a north-south concentration gradient was observed in the surface distribution of DIC
(Figure 1b) and salinity (Figure 1d), with a decrease of �170 lmol kg21 and 1 U, respectively. Water with
high DIC concentration (1940–1980 lmol kg21) and salinity values (34.00–34.90) was observed in the north-
ern and central transects, suggesting an equatorward intrusion of high salinity water. The lowest DIC con-
centrations (<1900 lmol kg21) were measured in the southern region of the study area, with values as low
as 1810 lmol kg21 at the stations closest to the coast of T10. Also, in this southern region the lowest salinity
values (<33.50) were found.

Temperature was slightly higher (up to 2.0�C) during August 2010 (Figure 1f) than in November 2009. Val-
ues ranged from 30.1�C in coastal areas to 28.1�C offshore. The 29�C isotherm divided the surveyed area
into oceanic and coastal regions. Unlike salinity, there was no north-south gradient for temperature in this
campaign.

Surface oxygen saturation during the August 2010 survey fluctuated between 110% and 100% (Figure 1h),
unlike November 2009 where values below 100% were not observed. The highest values (110%) were meas-
ured in the southern sector of the study area at the nearshore stations of T10. The lowest DIC and salinity
values were also found at the nearshore stations along T10. In the rest of the study area, the values were
similar and close to saturation (100%).

3.2. CO2 Flux
Previous DpCO2 and FCO2 analysis in the study region has excluded measurements made from coastal
regions (<200 km) or during El Ni~no conditions [Takahashi et al., 2002, 2009]. The first FCO2 calculated for
the coastal zone in the OMZ off Mexico are presented in this section. Differences between our findings and
fluxes calculated in other OMZs will be discussed in section 4.3. Positive DpCO2 (Figures 2a and 2b) and
FCO2 values (Figures 2c and 2d) were obtained in most of the study area for both cruises, except in the
southernmost part of the area surveyed in August 2010, where negative FCO2 were found (Figure 2d). In
November 2009, FCO2 ranged from 20.4 to 2.5 mmol C m22 d21 (Figure 2c), and most stations exhibited
positive fluxes, indicating that the region acted as a weak source of CO2. The highest DpCO2 values and
FCO2 (30 latm and 2.5 mmol C m22 d21, respectively) were measured along T1, approximately 200 km
from the coast (�107�W). Similar values were also observed at �106�W along T2, 120 km offshore. The low-
est FCO2 (20.4 mmol C m22 d21) were observed in the oceanic area of T1, where DpCO2 was as low as 27
latm. The nearshore stations were close to equilibrium in both transects.

A wider range of DpCO2 and flux values was observed in August 2010 (Figures 2b and 2d) than in Novem-
ber 2009, ranging from 280 to 70 latm and 24.4 to 3.3 mmol C m22 d21, respectively. The highest DpCO2

values (70 latm; Figure 2b) were observed in the northern part of the study area and at the oceanic stations
of T5, along with the highest FCO2 values (2.7–3.3 mmol C m22 d21; Figure 2d). Negative or near-
equilibrium values occurred along the southern transects (T8 to T10) and at the stations closest to the coast
(Figure 2d). The lowest DpCO2 values (280 to 0 latm) were observed between T8 and T10. Also, the lowest
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FCO2 values (23.8 and 24.4 mmol C m22 d21) were found at the offshore stations of T10. There was a
�150 latm difference between DpCO2 in the northern and southern regions of the study area.

3.3. Water Masses and Stratification
Four water masses were detected during both surveys, each with a characteristic pCO2 value as shown in
the h–S diagrams (Figure 3). Tropical Surface Water (TSW) and Subtropical Subsurface Water (StSsW) were
observed over the first 500 m of the water column. Also, a minor influence of California Current Water
(CCW) was detected at the offshore, northernmost stations. Below StSsW and CCW (when present), Pacific
Intermediate Water (PIW) occurred. The mean depths at which the water masses were detected, as well as
their potential temperature, salinity, and pCO2 values are shown in Table 1. Subarctic Water (SAW) and Gulf
of California Water (GCW) were not detected; however their presence has been reported at the northern
end of the study region [Cepeda-Morales et al., 2013].

In both surveys, TSW was found from the surface to an average depth of 70 6 10 m. The lower limit of this
water mass was �10 m deeper in the stations sampled in November 2009 (84 6 8 m) than August 2010
(69 6 7 m). The average pCO2 value for this water mass was 560 6 260 latm for both surveys. TSW with a
salinity higher than 34.5 was identified in the northern transects of the August 2010 cruise (Figure 1d) and
at some stations during November 2009 (T1 at �107�W; Figure 1c). In these regions, surface pCO2 values

Figure 2. Surface distribution of sea-air pCO2 differences (DpCO2) in matm for (a) November 2009 and (b) August 2010. Distribution of sea-air CO2 flux (mmol C m22 d21) for (c) Novem-
ber 2009 and (d) August 2010 surveys, calculated using the gas transfer coefficient of Wanninkhof [1992]. Values below zero (green to purple tones) indicate that the area can act as a
carbon sink.
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were �100 latm higher than in the regions where fresher TSW (salinity< 33.5) was found (Figures 2c and
2d) and resulted in positive CO2 fluxes (Figures 2a and 2b). In August TSW with salinity <34.5 most com-
monly occurred from the central to the southern region following the salinity gradient (Figure 1d).

Typical stratification values from the NETP [Fiedler et al., 2013] were found in the region covered during the
November 2009 cruise (>1200 J m23, Figure 4a) and in the coastal zone of the August 2010 cruise (Figure
4b). During August 2010 more weakly stratified regions (<1100 J m23) were found along T1, and at the
more oceanic stations of T5, T8, and T10. For this cruise, the calculated mean was 1120 6 110 J m23, while
during the November 2009 cruise the mean was 1230 6 80 J m23.

Temporally, a difference in stratification values of �200 J m23 was observed between the southernmost
transect of November 2009 (T2) and the northernmost transect from August 2010 (T1), the first one being
�50 km farther north from the latter. Vertical distributions of temperature, potential density anomaly, oxy-
gen, and pCO2 for T1 and T2 are shown in Figure 5. The differences in density fields between T2 from
November 2009 (Figure 5a) and T1 from August 2010 (Figure 5b) are consistent with the higher stratifica-
tion values observed during November 2009 (�1200 J m23) compared to August 2010 (�1000 J m23).

The upper limit of StSsW was characterized by a potential density anomaly of 25 kg m23 (white squares, Fig-
ures 5a and 5b). Along T2 from November 2009, StSsW was found at �90 m (Figure 5a). At the stations close
to the coast, however, the upper limit of this water mass was shallower (�70 m), with lower stratification
values (<1180 J m23; Figure 4a). Oxygen concentration decreased to less than 20 lmol/kg at this depth

Table 1. Physical Characteristics of the Water Masses Detected in the Study Regiona

Water Mass Cruise Upper Limit (m) Lower Limit (m) Temperature (�C) Salinity pCO2 (matm)

Tropical Surface Water (TSW) 9 Nov 84 6 8 25.70 6 3.30 34.40 6 0.09 540 6 230
(T� 18, S< 34.9) 10 Aug 69 6 7 25.70 6 4.00 34.40 6 0.36 580 6 280

Mean 70 6 10 560 6 260
Subtropical Subsurface Water (StSsW) 9 Nov 91 6 13 419 6 21 11.60 6 1.80 34.69 6 0.07 1290 6 70
(9� T� 18, 34.5� S� 34.9) 10 Aug 70 6 7 11.95 6 1.95 34.72 6 0.06 1340 6 180

Mean 77 6 14

aMean values are given for each water mass. In the August 2010 survey, the profiles did not cover the total volume occupied by Subtropical Subsurface Water (StSsW) so the lower
limit and mean pCO2 is not reported. Mean temperature, salinity, and pCO2 for this survey should be taken with caution. Pacific Intermediate Water and California Current Water are
not included due to scarce data.

Figure 3. Potential temperature (h) and salinity diagram for cruises conducted in (a) November and (b) August 2010. h–S diagram for
August shows the upper 500 m of the water column. The color bar indicates the pCO2 value for each temperature and salinity measure-
ment. TSW 5 Tropical Surface Water, StSsW 5 Subtropical Subsurface Water, GCW 5 Gulf of California Water, CCW 5 California Current
Water, SAW 5 Subarctic Water, and PIW 5 Pacific Intermediate Water. Water masses were classified according to Fiedler and Talley [2006]
and Le�on-Chavez et al. [2010].
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(Figure 5c), and a pCO2 value of �1200 latm was found (Figure 5e), which implies an increase of �800
latm from the surface to the StSsW upper limit (a gradient of 9 latm m21).

Along T1 from August 2010, the StSsW upper limit was identified at �70 m (Figure 5b). That was 20 m shal-
lower than in T2 from November 2009, except on the coastal region. Additionally, the oxygen concentration
of 20 lmol kg21 was �30 m shallower than in the T2 from November 2009. Immediately below the oxygen
concentration of 20 lmol kg21, pCO2 values higher than 1400 latm were observed. Similar pCO2 values
were not observed during November 2009.

Along the other transects (and contrary to what was observed in November 2009), StSsW was present �20
m shallower at the oceanic stations (up to 50 m depth) than in the nearshore stations. This reflects differen-
ces in stratification between the oceanic and coastal region (Figure 4b) especially in the southern part of

Figure 5. Vertical distribution of temperature (colors) and potential density (a and b) contours, (c and d) oxygen, and (e and f) pCO2 along
T2 in (left) November 2009 and T1 in (right) August 2010. White squares indicate the upper limit of StSsW, black dots indicate discrete sam-
ple locations.

Figure 4. Stratification (J m23) calculated for the first 300 m for (a) November 2009 and (b) August 2010.
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the survey along T10. The pCO2 found at the upper limit of StSsW and the mean pCO2 value for the whole
survey (1280 6 180 latm) were similar to the values during November 2009 at this depth; as well as for the
whole water mass in both surveys (Table 1).

4. Discussion

In the NETP off Mexico, the oxycline depth and upper limit for the OMZ are associated with StSsW [Cepeda-
Morales et al., 2013], where changes in this water mass depth may be driven by interannual, seasonal, and
local phenomena that affect vertical mixing [Maske et al., 2010; Cepeda-Morales et al., 2013]. The high pro-
ductivity of the region leads to significant organic matter remineralization at the oxycline and within the
OMZ core, therefore producing DIC [Paulmier et al., 2006], increasing pCO2, and helping to maintain the
OMZ [Paulmier et al., 2006, 2011].

Due to the fact that shallow (�80 m) StSsW is characterized by high pCO2 values (mean 1300 6 180 latm;
Table 1), we analyze the influence of this water mass on the surface values of pCO2 and FCO2. Several physi-
cal phenomena, such as upwelling and mesoscale eddies that could influence the FCO2 are considered. But
first, the surface distributions of DIC and salinity are examined in order to understand the influence of
advection on the spatial patterns of DIC and consequently pCO2 and FCO2.

4.1. Spatial Variability
The water masses detected in the upper 500 m of the water column (TSW and StSsW) were consistent with
those reported by other authors for the region [Fiedler and Talley, 2006; Kessler, 2006; Le�on-Ch�avez et al., 2009;
Cepeda-Morales et al., 2013]. Additionally, in both surveys subsurface salinity and temperature (between the iso-
pycnal surface of 24.5 and 26.2 kg m23; Figure 3) were lower at the offshore stations (T1 and T2 from November,
only in T1 for August) due to influence from the California Current which carries more oxygenated water to the
northern end of the study [Cepeda-Morales et al., 2013]. Surface salinity during the November 2009 survey (34.3–
34.6; Figure 1c) was consistent with mean seasonal climatology values for fall reported by Fiedler and Talley
[2006]. Surface temperature, however, was up to 0.5�C higher than climatology values for the same season.

During August 2010, surface salinity along the northern transects was �34.9, which is consistent with mean
summer values for the region [Fiedler and Talley, 2006]. Although, surface salinity found on the southern
end of the survey (<33.5), was as much as one unit lower compared with climatology data. The north-south
salinity gradient (Figure 1d) may be attributed to a summertime intensification of the pole-ward Mexican
Coastal Current (MCC). The MCC carries fresher TSW with low salinity (�33.5) and high temperature (>29�C)
to the study region [Lav�ın et al., 2006; Kessler, 2006]. TSW surface water mass is formed in the tropics where
precipitation is greater than evaporation [Fielder and Talley, 2006]. Furthermore, the influence of freshwater
from the Balsas River which flows into the coastal region of T9 may have contributed to a decrease in salin-
ity [De la Lanza-Espino et al., 2004] of the stations closest to the coast (3 km).

The NETP off Mexico is a transition zone [Fiedler and Talley, 2006; Roden, 1971], where more saline (>34.5)
TSW was identified in some stations of the survey in November 2009 (Figure 1c) and in the northern region
for August 2010 (Figure 1d). TSW with these characteristics has been called modified or evaporated TSW
(mTSW) to indicate a transitional condition [Le�on-Ch�avez et al., 2009]. This high-salinity TSW could partially
be the result of mixed TSW and Gulf of California Water (S> 34.9), which has been observed in previous
work in the study region [Cepeda-Morales et al., 2013].

Variation in pCO2 can result from changes in DIC and TA concentration [Sarmiento and Gruber, 2006]; there-
fore, surface DIC data were analyzed with respect to surface salinity (Figure 6, open circles). A strong relation-
ship was observed between these two variables (r2 5 0.95, n 5 48, p< 0.001). The DIC values in the present
study were consistent with data collected along WOCE transect P18 in April 1994 [Feely et al., 1994]; however,
we found lower concentrations (�80 lmol kg21 lower) relative to P18. The lower concentrations may be
because our data were collected closer to the coast and some stations may have been influenced by biologi-
cal carbon consumption (see below). Also, DIC concentration can be affected by physical processes such as
evaporation, precipitation, upwelling, and/or mixing of water masses [Sarmiento and Gruber, 2006].

To examine whether the observed spatial variability of DIC (Figures 1a and 1b) was associated with physical
processes, DIC was normalized as mentioned in section 2.2. Upon normalizing the data the gradient disap-
pears (crosses, Figure 6). Since no evidence of upwelling was found in the surface layer (see below), we
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propose that the distribution of surface DIC
and pCO2 was largely controlled by horizontal
advection, and possibly evaporation of TSW
given the highly stratified surface layer (Figure 4).
TSW originates close to the Equator, a region
with high rainfall, but its salinity and chemical
properties may be modified in transition zones
such as the NETP off Mexico. Furthermore, the
evaporation of TSW causes concentration of
chemical components such as DIC and salinity.

The solubility of gases decreases as water tem-
perature increases, favoring an increase in
pCO2 in surface waters. To eliminate this effect
the correction proposed by Takahashi et al.
[1993] was applied. The temperature-induced
changes in pCO2 were found to be minimal
(up to 610 latm; data not shown) and the dis-
tribution gradient shown in Figures 2a and 2b
remained.

Advection of surface water masses largely determined DIC concentration and thus the value of surface
pCO2. Nonetheless, high values of primary productivity have been reported for the region (up to 447 mg C
m22 d21); particularly during the summer [L�opez-Sandoval et al., 2009]. Given that inorganic carbon con-
sumption during photosynthesis favors an increase in pH [Simpson and Zirino, 1980; Zirino and Lieberman,
1985]; the in situ pH (Figure 7) was taken as first approximation for the ‘‘productivity footprint’’ for the
August 2010 survey.

High values of pH (>8.04; Figure 7) were found in three regions in August 2010: the coastal zone, the oce-
anic region of T2, and along T10, where the lowest DIC concentration (Figure 1b), DpCO2, and FCO2 values
occurred (Figures 2b and 2d). These results suggest that in these three regions inorganic carbon uptake by
phytoplankton, in addition to CO2 evasion, may have also contributed to a decrease in surface DIC and
therefore to low positive or negative FCO2.

4.2. Temporal Variability
During November 2009, temperatures were up to 0.5�C higher than those reported in climatologies (27–
28�C) for the fall in the area. This may be due to El Ni~no influence, since variability of this magnitude has
previously been reported for this region [Fiedler and Talley, 2006]. The maximum surface temperatures
(�30�C), however, for both surveys were detected in the coastal zone in August (Figure 1f), which is typical

for the region and the season.

Sea surface height anomalies (SSHA) and the
derived geostrophic velocities for the time of
both surveys are shown in Figure 8. God�ınez
et al. [2010] reported that during November
2005 (a non-El Ni~no year), the SSH gradient
was directed onshore producing favorable
upwelling conditions. On the other hand, the
climatological coastal upwelling index shows
values which favor upwelling from January to
June [Kurczyn et al., 2012, Figure 12c].

During the November 2009 cruise, upwelling
favorable winds (north-northwest) prevailed
during the time of the survey. The isopycnals
were found �25 m shallower near the coast
(Figure 5a), and values for stratification were
�80 J m23 lower in the coastal regions than
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D
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Figure 6. Surface dissolved inorganic carbon (DIC) measured in the
present study versus surface salinity (r2 5 0.95, n 5 48). Also shown are
DIC measurements of transect P18 from the World Ocean Circulation
Experiment (WOCE) and salinity-normalized DIC (NDIC; S 5 34.294).
Equilibrium DIC is the expected surface DIC value when surface waters
are in equilibrium with the atmosphere (1968 6 8 mmol kg21).

Figure 7. In situ pH (total proton scale) versus salinity. Data from the first
10 m are shown. Also the value of pH in equilibrium with the atmosphere
(8.04) is indicated.
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in the oceanic stations. Despite the above, evi-
dence of upwelling was not observed in the
surface (i.e., lower surface temperature, lower
SSH on the coast). A possible explanation is the
combination of effects of the seasonal variabili-
ty and an El Ni~no event; both of which favor
the development of higher sea level in the
region [God�ınez et al., 2010] and may have pre-
vented this particular upwelling event from
bringing StSsW water with high pCO2 values
(Table 1) to the surface.

During August 2010, warm water (>29�C) accu-
mulation was observed at nearshore stations
(Figures 1f) and downwelling favorable wind
direction (south-southeast) was observed. This
is consistent with the monthly climatology
upwelling index for September [Kurczyn et al.,
2012], and with the positive SSHA near the
coast in Figure 8b. The SSHA field observed for
August 2010 was influenced by the seasonal
signal and interannual effect of La Ni~na (NOAA;
http://www.esrl.noaa.gov/psd/enso/mei/-El
Nino). La Ni~na events in the tropical Pacific
cause negative SSH anomalies [God�ınez et al.,
2010]. The seasonal signal that causes maxi-
mum SSH near the coast during August and
September (primarily due to the MCC) may
explain up to 50% of the total variance in the
area [God�ınez et al., 2010]. Although influence
of La Ni~na on SSHA cannot be discarded, the

observed higher temperatures and positive SSH anomalies near the coast more likely represent a seasonal
effect rather than interannual variability by La Ni~na.

Figure 9 shows the potential density anomaly (rh) vertical profiles for both surveys as well as discrete pCO2

values. Water from the OMZ with high pCO2 values (1290 6 70 latm; Table 1) occurred below the oxycline
and at rh greater than 25 kg m23 (StSsW upper limit; Figures 3, 5a, and 5b). Increased depth of this water
mass is expected to cause decreased DIC input from the OMZ, therefore decreasing DpCO2 and affecting
FCO2 direction at the surface. Conversely, increased DIC input to the surface is expected if the StSsW upper
limit is found at shallower depths [Maske et al., 2010; Paulmier et al., 2008, 2011].

Despite the shallow upper limit of the OMZ, high stratification values (>1200 J m23) were determined for
both surveys, particularly during November 2009 (Figure 4a). Stratification values were consistent with the
climatology for the region presented by Fiedler et al. [2013]. Also, the influence of El Ni~no during November
2009 resulted in an increase in SSHA (Figure 8a), and is in agreement with results shown by Filonov and
Tereshchenko [2000] in the same study area during the 1997–1998 El Ni~no. In November, the upper limit of
StSsW was found between 75 and 95 m (Figure 9a) and up to 125 m at the oceanic station of T1. This
station was influenced by CCW, where the upper limit of StSsW did not corresponded to 25 kg m23. DpCO2

values at the surface showed little variability (16 6 9 latm), with a range between 30 (maximum) and
27 (minimum) latm.

In August 2010, the StSsW upper limit was �20 m shallower than in November 2009 (Figures 9b, 5a, 5b
and Table 1). In this case, surface DpCO2 varied greatly, from 280 to 80 latm (Figure 2b). Moreover,
during this cruise, the presence of cyclonic and anticyclonic eddies affected stratification, the depth of
StSsW, and surface pCO2 values. This is in agreement with results reported by God�ınez et al. [2010] who
mention that mesoscale phenomena may explain up to 50% of the variance of SSHA in offshore
regions.

Figure 8. Sea surface height anomaly (SSHA) for (a) November 2009
and (b) August 2010. These satellite images correspond to the days
when the cruises were conducted. White points indicate the location
of the sampling stations. The locations of a cyclonic eddy (C1) and anti-
cyclonic eddy (A1) are shown.
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The cyclonic eddy mentioned above was detected at the farther offshore stations of T5 (C1; Figure 8b),
where the upper limit of StSsW was 20 m shallower (at �40 m; top profile in Figure 9b) than at all other sta-
tions. The influence from the eddy was reflected in the surface by a decrease in temperature of �0.7�C (Fig-
ure 1f) and an increase of �13 latm in seawater pCO2; hence, the area acted as a CO2 source during the
study period, with a flux of 2.8 6 0.9 mmol C m22 d21 (Figure 2d). The lowest stratification value was also
observed here (�700 J m23), which is similar to values reported in upwelling regions such as the California
Current and the Peru-Chile Current [Fiedler et al., 2013].

The anticyclonic eddy detected in the oceanic area of T2 (A1, Figure 8b) increased the mixed layer depth by
�20 m (Figure 8b). Surface temperature in the region was �0.5�C greater than surrounding waters (29.2�C;
Figure 1f), and stratification was higher (>1200 J m23); similar to November 2009 values. No significant dif-
ferences between stations along the same transect were observed for FCO2 magnitude or direction.

Maske et al. [2010] reported that when the upper limit of the OMZ (or CMZ) is shallow, the influence on sur-
face pCO2 is greater and the DpCO2 values tend to be positive (favoring evasion), whereas in regions where
the oxycline is deeper, the DpCO2 values are lower. In the present study, no significant relationship was
found between surface DpCO2 and either oxycline depth or StSsW upper limit depth (r2< 0.1; Figure 10).
For example, a DpCO2 value of 50 latm was found with two different oxycline depths (30 and 70 m; Figure
10a). Furthermore, when the StSsW upper limit was �60 m different DpCO2 values were found to vary
between 280 and 80 latm (Figure 10b). Also, during August 2010, a region with DpCO2 values between
220 and 280 latm was found at the southern transects (Figure 2b). Consequently, the resulting FCO2 were
negative (�24 mmol C m22 d21, Figure 2d) even though the oxycline and StSsW were near the surface
(less than 50 and 80 m, respectively).

Low correlation of subsurface water with DpCO2 at the surface (Figure 10) and a strong relationship between sur-
face DIC and salinity (Figure 6) shows that the dynamics of surface CO2 were controlled by horizontal advection
of water masses above the oxycline, and to a lesser extent, the influence of subsurface water from the OMZ.

4.3. CO2 Flux
FCO2 for November 2009 and August 2010 were lower than 5 mmol C m22 d21 (Figures 2c and 2d), which is
the criterion to determine high CO2 flux values proposed by Paulmier et al. [2008] based on the highest flux
reported for the open ocean by Takahashi et al. [2002]. In fact, FCO2 and DpCO2 values reported here were
highly comparable with those found in the open ocean off Mexico (>200 km from the coast) during non-El
Ni~no years (Table 2). The highest FCO2 observed along T1 and T2 (off Cabo Corrientes) for both surveys
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the pCO2 (matm). Density at the upper limit of StSsW is indicated (25 kg/m3).
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ranged from 2.5 to 3.3 6 0.9 mmol C m22 d21. Thus, this region acted as a weak carbon source while the
southernmost sector surveyed acted as a carbon sink, with values ranging from 23.8 to 24.4 6 0.1 mmol C
m22 d21. In this region, the high pH values (>8.04) suggest prior biological carbon consumption (Figure 7).

Surface water mass advection played an important role in defining whether an area acted as a carbon
source or sink. The influence of fresher TSW (Figure 6) and biological carbon fixation (Figure 7) favored a
negative DpCO2, which results in an invasion of CO2.

In general, lower FCO2 than those reported for other OMZs (Table 2) were observed in the study area. FCO2 of
up to 18.8 mmol C m2 d21 has been reported for the OMZ of the northern Humboldt Current off Peru [Friederich
et al., 2008]. Reported fluxes for the northern Humboldt Current are up to 4 times greater than the values pre-
sented herein for the NETP off Mexico, indicating significantly different dynamics. The difference may be attrib-
uted to lower stratification due to intense upwelling that occurs in the OMZ off Peru year round, which
transports subsurface waters with high concentrations of DIC to the surface. In the present study, seasonal vari-
ability of SSHA combined with the interannual El Ni~no signal in November 2009 produced strong stratification
in the coastal areas; while in August 2010 the seasonal signal dominated over the La Ni~na condition in the
coastal region, with accumulation of surface water with low DIC on the coast (Figure 1b). Though the StSsW was
deeper in November 2009 due to the influence of El Ni~no, there were no large differences in FCO2 magnitude
relative to that observed in August 2010 except in the southern region (T8, T10) where negative FCO2 occurred.

In this study, a mean wind speed of 5 6 1 m s21 was observed during the November 2009 cruise, however DpCO2

values were low (Figure 2a) resulting in moderate CO2 evasion in the region (Figure 2c). Although mean wind speed
in the August 2010 survey was lower (mean 3 6 2 m s21) compared with the November 2009 cruise, DpCO2 values
were higher (280 to 80 latm; Figure 2b), which favored an enhanced gas exchange with the atmosphere.

Finally, subsurface water with high DIC concentrations did not play a major role in controlling surface FCO2

due to strong stratification found in the coastal NETP off Mexico. Rather, the advection of surface water
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Table 2. Sea-Air CO2 Fluxes Reported for Other Regionsa

Region Sea-Air CO2 Flux 6 SD (mmol C m22 d21) Reference

Baja California 26�N (Feb to May, minimum) 22.7 Hern�andez-Ay�on et al. [2010]
Open Oceanb 21.08, 2.28 Chavez et al. [2007] and Takahashi et al. [2013]
OMZ off Peru (not upwelling) 6.9 Friederich et al. [2008]
Baja California 26�N (Jul to Nov, maximum) 8.3 Hern�andez-Ay�on et al. [2010]
OMZ off Chile 9.1 6 8.2 Paulmier et al. [2008]
OMZ off Peru (annual mean) 14.2 6 9.8 Friederich et al. [2008]
OMZ Peru (upwelling, maximum) 27.8 Friederich et al. [2008]
OMZ Arabian Sea (upwelling, maximum) 119 Kortzinger et al. [1997]
OMZ Pacific off Mexico (minimum) 24.4 This work
OMZ Pacific off Mexico (maximum) 3.3 This work

aAll the studies compared here used the gas transfer coefficient from Wanninkhof [1992].
bMean flux calculated based on 1.75 million measurements of pCO2, excluding coastal zones, as well as measurements made in the

Equatorial Pacific (10�N–10�S) during El Ni~no events.
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masses and their productivity determined whether the region acted as a CO2 source or sink. However, in
view of the occurrence of StSsW at shallow depths, the influence of subsurface water transported to the sur-
face by physical forcing cannot be discarded [Maske et al., 2010], as this could increase the region’s capacity
to act as a source of CO2 to the atmosphere.

5. Conclusions

The coastal Tropical Pacific off Mexico is characterized by a prominent OMZ, where high values of pCO2 (Fig-
ures 5e and 5f) occur below the oxycline, which is generally strong and shallow (�70 m). In this region, we
expected to find a strong carbon source to the atmosphere (>5 mmol C m22 d21), however, the region
behaved only as a weak source (maximum FCO2 of 3.3 mmol C m22 d21). In addition previous studies have
reported a negative relationship between the oxycline depth and the DpCO2 value at the surface, indicating
influence from the OMZ [Maske et al., 2010]. In the present study, however, we observed a large range of
values on the surface (Figure 2), which resulted from the combination of diverse surface processes.

In most of the study region, tropical surface water (TSW) was found in the upper layer of the water column,
and TSW with salinity >34.5 (known as modified TSW) was identified along the northern transects of both
cruises. This region behaved as a weak carbon source to the atmosphere, however, FCO2 values were 4 times
lower than those reported for other OMZs. The southernmost region sampled in August 2010, behaved as a
carbon sink due to low DIC concentration (1910 6 45 lmol kg21) and low pCO2 values (400 6 50 latm). These
values were primarily influenced by the presence of diluted TSW (S< 34.5) and biological productivity which
increased the pH measured up to 0.2 U over the equilibrium value with the atmosphere.

During November 2009 the oxycline and the upper limit of StSsW were found at a mean depth of 90 6 13
m, with high stratification values (>1200 J m23) due to El Ni~no influence. There were no major FCO2 differ-
ences at the surface with respect to August 2010, where StSsW was shallower (�70 m). Contrary to what
has been reported for other OMZs (Northern Humboldt Current, Arabian Sea), the influence from the StSsW
from the OMZ, with high pCO2 values (1290 6 70 latm), was not observed for surface DIC and pCO2 due to
the strong stratification. In fact, influence of OMZ water on the surface was only observed at a station
affected by a cyclonic eddy that brought subsurface water to the surface, slightly increasing the FCO2.

Therefore, we conclude that the primary physical factor that controlled the distribution of surface pCO2 and
FCO2 in the NETP off Mexico were the horizontal advection and mixing of surface water masses and strong strat-
ification. StSsW with high values of pCO2 could have an influence on the surface during mesoscale phenomena
or upwelling events if El Ni~no conditions (deeper mixed layer and higher stratification) are not present.
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