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[1] The study of air-sea CO2 fluxes (FCO2) in the coastal region is needed to better
understand the processes that influence the direction and magnitude of FCO2 and to
constrain the global carbon budget. We implemented a 1 year (January through
December 2009) paired study to measure FCO2 in the intertidal zone (the coastline to
1.6 km offshore) and the near-shore (�3 km offshore) off the north-western coast of
Baja California (Mexico); a region influenced by year-round upwelling. FCO2 was
determined in the intertidal zone via eddy covariance; while in the near-shore using
mooring buoy sensors then calculated with the bulk method. The near-shore region was
a weak annual net source of CO2 to the atmosphere (0.043 mol CO2 m�2 y�1); where
91% of the outgassed FCO2 was contributed during the upwelling season. Sea surface
temperature (SST) and DpCO2 (from upwelling) showed the strongest relationship with
FCO2 in the near-shore, suggesting the importance of meso-scale processes (upwelling).
FCO2 in the intertidal zone were up to four orders of magnitude higher than FCO2 in
the near-shore. Wind speed showed the strongest relationship with FCO2 in the
intertidal zone, suggesting the relevance of micro-scale processes. Results show that
there are substantial spatial and temporal differences in FCO2 between the near-shore
and intertidal zone; likely a result of heterogeneity. We suggest that detailed spatial
and temporal measurements are needed across the coastal oceans and continental
margins to better understand the mechanisms which control FCO2, as well as reduce
uncertainties and constrain regional and global ocean carbon balances.
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1. Introduction

[2] The coastal ocean along continental margins is an
important environment in terms of the uptake of CO2 as
this region is responsible for approximately 15% to 30% of
oceanic primary production [Gattuso et al., 1999]; yet esti-
mates of net global air-sea CO2 fluxes (FCO2) in the
coastal ocean are largely uncertain as there is a wide range
of values reported in the literature and for the various
coastal ocean processes involved [Borges et al., 2005;
Laruelle et al., 2010]. Therefore, it is necessary to better
understand the ocean carbon cycle and, more specifically,
the air-sea exchange of CO2 along the continental margins
[Alin et al., 2012], which are ecologically and socially
important [Vargas et al., 2012].

[3] A variety of methods are used to determine the
FCO2, including both direct and indirect methods. FCO2

has been directly measured using shipboard and stationary
eddy covariance (EC) as well as bulk calculation methods
based on the air-sea differential. Other methods have calcu-
lated FCO2 across ocean basins using climatological data
[Takahashi et al., 2002, 2009]. Unfortunately, the output of
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these calculations fails to produce information along the
global coastline due to limitations in the temporal and spa-
tial distribution of data (i.e., wind fields and partial pressure
of carbon dioxide (pCO2)) of the surface ocean. Based on
in situ FCO2 measurements in the coastal ocean, indirect
scaling calculations using the surface area of a particular
region and reported FCO2 have also been applied [Frank-
ignoulle and Borges, 2001; Borges, 2005; Borges et al.,
2005; Laruelle et al., 2010]. Scaling studies, though impor-
tant as broad scale estimations, cannot capture important
fine scale spatial differences which in situ studies of coastal
FCO2 have the ability to determine. The wide range in val-
ues of in situ coastal FCO2 is likely to lead to even greater
uncertainties in the global FCO2 as there is the potential to
under or over estimate FCO2 when integrated over time
and space [Wollast, 1991; Takahashi et al., 2009; Ribas-
Ribas et al., 2011]. Therefore, understanding of the differ-
ent biological and physical processes that control FCO2

along the various coastal settings of continental margins is
necessary in order to better constrain the global FCO2.

[4] Over the last 2 decades, there has been a wide range
of FCO2 values reported for various near-shore, coastal,
and inner shelf environments: �5.1 to 5.1 mol m�2 y�1 for
continental shelves [Bates, 2006; Friederich et al., 2008,
respectively], and �3.9 to 76 mol m�2 y�1 for coastal
embayments and estuaries [Kon�e et al., 2009; Frank-
ignoulle et al., 1998, respectively]. This wide range of val-
ues has been attributed to the heterogeneity and coupled
biogeochemical processes in near-shore and coastal sys-
tems [Laurelle et al., 2010]. Due to present uncertainties,
there is a critical need for the implementation of long-term,
high-resolution (temporal and spatial) studies of CO2 dy-
namics in the coastal region in order to reduce the various
sources of uncertainty and constrain the range of FCO2 val-
ues [Borges et al., 2009; Vargas et al., 2012].

[5] The region through which the California Current
passes (from the Pacific Northwest of the United States to
the southern tip of the Baja California peninsula) is impor-
tant in terms of the various fisheries, including shellfish
[Barton et al., 2012], sardines, and anchovies [Chavez et
al., 2003], which depend on the high rates of phytoplankton
production in the upwelling regime [Palacios et al., 2004].
It is important to understand the CO2 dynamics in this
region due to its biological and economic relevance, yet the
available literature present varying magnitudes and/or
direction for FCO2. For example, for the region between
30� to 60�N synthesis studies have concluded that the
region is a weak sink for CO2: �0.11 and �1.0 mol m�2

y�1 [Borges et al., 2005; Cai et al., 2006, respectively],
while Laurelle et al. [2010], using a slightly higher shelf
area (0.06 � 106 km2) than two former studies, estimated
3.2 mol m�2 y�1 (a net source of CO2). The California Co-
operative Fisheries Investigations (CalCOFI) line 67 in
front of Monterey Bay has been reported to be both a net
annual source and sink for CO2: from July 1997 to July
1998 (El Ni~no) �0.30 mol m�2 y�1 and 2.2 mol m�2 y�1

for the following 12 month La Ni~na period [Friederich et
al., 2002]. According to the previous in situ and synthesis-
based studies, the direction of the flow of CO2 for the
region depends on the study location and/or El Ni~no South-
ern Oscillation mode (i.e., synoptic-scale climatic condi-
tions). The area between 30�N to 60�N is quite large;
within this region there are many spatial differences,

including locally specific river outflows with estuarine con-
ditions, arid climates, wave size, and upwelling strength; in
other words, variability due to different biological and
physical processes. There is a need to first understand the
magnitudes and location of these differences and then the
processes which drive these differences.

[6] The objective of this study was to determine the tem-
poral patterns and magnitudes of FCO2 in an upwelling
region in the intertidal zone and near-shore waters influ-
enced by the California Current. We established a paired
study and evaluated how wind speed (physical forcing for
water column turbulence) and sea surface temperature
(SST; as an indicator of upwelling as well as for gas solubil-
ity) influenced the temporal pattern and magnitude of FCO2

in the two zones during one calendar year. We implemented
the paired study to show the importance of obtaining data
from distinct ocean environments within close proximity,
which exhibit both similar and dissimilar water column con-
ditions (depending on the season) with the same atmospheric
conditions, and yet different FCO2 values. Our combined
experimental approach was based on high frequency meas-
urements (1 to 3 hour resolution) and lower frequency meas-
urements (daily averages (24 hour resolution)). First, we
studied the magnitude (daily and hourly) of FCO2 in the
region in front of Ensenada, Baja California, Mexico. Sec-
ond, we focused on three specific times of the year (i.e., case
studies: upwelling, relaxed conditions, and the onset of an
upwelling event) to investigate the relevance of high-
(changes in wind speed) and low-frequency (changes in SST
and the air-sea gradient of pCO2 (i.e., DpCO2)) controls on
the dynamics of FCO2 in two environments: the near-shore
and intertidal zone. We show that even when it appears that
biological and chemical properties of the water column are
similar, it is the different physical processes that drive the
direction and magnitude of FCO2 between the intertidal
zone and near-shore waters.

2. Methods

2.1. Study Site

[7] For the purposes of this work, we define the ‘‘interti-
dal zone’’ as the area that a stationary eddy covariance
(EC) tower was measuring: because the measurement of
FCO2 using EC is sensitive to the direction and speed of
the wind, the footprint (i.e., the area with high probability
of being measured) is always changing; therefore, the
dimensions of this region are not fixed but varied over the
course of the study. Depending on the wind speed, the foot-
print for this study typically ranged from approximately
500 to 900 m but reached up to 1.6 km with the strongest
winds (�12 m s�1). The method of Schuepp et al. [1990]
was used to calculate the footprint. During the study, even
with the dynamic footprint, the intertidal zone was always
composed of the both the neritic zone (supralittoral, littoral
and sublittoral regions) and the oceanic zones (extending
over the continental slope). We define the ‘‘near-shore’’ as
the region where the buoy was measuring: the oceanic
region 3 km off the coast (this site is located at a distance
greater than that of the footprint from the EC tower), char-
acterized by deeper waters (>90 m) than the intertidal
zone, and is located over the continental slope (Figure 1).
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[8] It should be noted that the Pacific coast off Baja Cali-
fornia lies in a region where upwelling occurs year round
[Bakun, 1975], but that the spring and summer months
(March to August) typically present the strongest and most
sustained upwelling with the lowest SSTs [Feely et al.,
2008]. The paired study was carried out during 2009 and
consisted of FCO2 measurements from the two discrete
sites just outside of Todos Santos Bay near Ensenada, Mex-
ico (Figure 1).

[9] Due to physical differences in the location of the
sites, different techniques were used to measure FCO2.
Measurements of FCO2 and wind were recorded at the EC
tower was located on Todos Santos Island (31.81056�N,
116.80889�W) approximately 19 km off the coast of Ense-
nada. The EC tower was physically located in the supralit-
toral zone on the windward side of Todos Santos Island,
slightly landward of mean high water (sensors at 23.6 m
above sea level: this height is that of the tower plus the ele-
vation of the land surface above sea level). The surf zone in
front of the EC tower is characterized by rocky outcrop-
pings and a narrow (2–3 m) rocky beach at low tide, other-
wise at high tide the waves break on the natural rocky
outcroppings. This site was chosen to be on an island due
to the fact that it is offshore away from potential anthropo-
genic influences yet still in the coastal upwelling region
and in a high surf zone. We also collected data from a
mooring buoy, which consisted of CO2, SST, and salinity
sensors (as well as other sensors not part of the present
study) located approximately 3 km off the coast of Banda
Point (31.66694�N, 116.68500�W; Figure 1).

2.2. Data Collection and Analysis: Eddy Covariance
Tower

[10] First, we calculated FCO2 in the intertidal zone
using an EC tower equipped with an infrared gas analyzer
(LI-7500, LICOR, Lincoln, NE, USA) and a sonic ane-
mometer (Young 8100, Traverse City, MI, USA) with vari-
ables measured at 20 Hz. The infrared gas analyzer sensors
were calibrated using an ultra pure CO2 gas standard every
3–4 weeks. The manufacturer determined precision of the
instrument was 0.11 mmol mol�1 CO2. Initially, half-hour
averages of FCO2 (i.e., high frequency data: mmol m�2

s�1) for this region were determined using the EC method,
which has become the primary method used to study terres-
trial FCO2 [Baldocchi et al., 2001]; and has also been used
in coastal [Lueker et al., 2003; Riley et al., 2005] and open
ocean environments [McGillis et al., 2001; Grachev et al.,
2011]. The general EC equation is

FCO2 ¼ �aw0s0 ð1Þ

where FCO2 is the CO2 flux, �a is the mean air density, w0

is the vertical wind speed, and s0 is the mixing ratio of
CO2; the prime indicates that these values are the fluctua-
tions about their respective means and the overbar indicates
covariance of FCO2 in passing air masses. Wanninkhof
et al. [2009] point out that the EC method is not only the
‘‘purest’’ measurement for FCO2, but that it is best suited
for regions with high magnitude sources/sinks of CO2, such
as coastal and/or upwelling regions. From the initial

Figure 1. Map of the study region outside of Todos Santos Bay (TSB) showing the location of the EC
tower (northwestern tip of Todos Santos Island [TSI]) in the intertidal zone and the buoy (star) in the
near-shore off of Banda Point (BP). The ‘‘x’’ shows the location of IMECOCAL station 100.30 (salinity
and water column temperature data). Insert shows the location of Todos Santo Bay (square) on the Baja
California Peninsula.
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half-hour values, we calculated the high frequency (i.e., 1 h
averages: mmol m�2 s�1) and low frequency measurements
(i.e., daily averages : mol m�2 d�1). Daily averages were
calculated in order to observe the annual time series (year
2009). When the half-hour averages were determined, qual-
ity control/quality assurance procedures were applied for
FCO2 calculations; these include: de-spiking [Vickers and
Mahrt, 1997], de-trending [Moncrieff et al., 2004],
temperature and water vapor fluctuation (Webb-Pearman-
Leuning) correction [Leuning, 2007], and sonic corrections
[Schontanus et al., 1983]. The average wave height (data
obtained from the daily average wave height model
available at http://www.previmer.org) was used as the
roughness height (i.e., the height above a surface of
the roughness sublayer that creates a turbulent flow) for the
application of the post processing corrections for FCO2 in
the intertidal zone.

[11] In order to analyze only marine-derived FCO2 from
the EC tower, we excluded FCO2 associated to winds from
the directions of the island and mainland (from the north-
east, east, and southeast : �150 and �330 degrees) prior to
the calculation of 1 h averages. It should be mentioned that
winds from the northwest typically induce upwelling along
the coast in this particular region [Bakun, 1975]. Prior to
the calculation of the 1 h FCO2 averages and the applica-
tion of the wind direction filter, we also eliminated FCO2

outliers (arbitrarily chosen as 6 3 standard deviations)
which were <�61 and >61 mmol m�2 s�1. It is assumed
that since FCO2 associated to wind directions from the
island and mainland were eliminated, there are no local
anthropogenic emissions included in the dataset. There is a
large gap in the data between the 107th day of the year
through the 230th due to instrument failure. The present
dataset allows us to analyze the dynamics of FCO2 under
different conditions (upwelling and nonupwelling) because
upwelling in this region occurs year round, although
typically more sporadically during the ‘‘non-upwelling sea-
son,’’ generally from September through February [Bakun,
1975].

2.3. Data Collection and Analysis: Mooring Buoy at
Station Ensenada

[12] Second, we measured pCO2 of the air 1 m above sea
level and pCO2 just below the surface as well as SST at 3 h
intervals using the buoy-mounted sensors at Station Ense-
nada: 31.66694�N, 116.68500�W [Linacre et al., 2010].
The pCO2 system was designed and constructed at the
Monterey Bay Aquarium Research Institute. The mooring
system is described in detail in Friederich et al. [1995] and
Friederich et al. [2002]; instrument uncertainty was
<1 ppm, with calibration errors accounting for <1% of the
value of the measurements. This instrumentation autocali-
brates in situ using air. Then when the data are processed,
this calibration is factored into the calculations for pCO2.
The performance of the sensor is revised approximately
every 2 months.

[13] We calculated FCO2 in the near-shore using the
widely accepted bulk air-sea CO2 equation. FCO2 (mmol
m�2 s�1) was determined at 3 h intervals and were then
used to calculate daily averages (mol m�2 d�1) and the
annual net FCO2 (mol m�2 y�1). FCO2 from the buoy was
calculated using the bulk equation with a transfer velocity

based on the cubic wind speed relationship [Wanninkhof
and McGillis, 1999]

FCO2 ¼ ksDpCO2 ð2Þ

where FCO2 is the air-sea CO2 flux, DpCO2 is the dif-
ference between the partial pressure of CO2 in the sur-
face water and the air 1 m above sea level, k is the gas
transfer velocity (cubic wind speed), and s is the solubil-
ity coefficient. The transfer velocity was calculated using
various Schimdt numbers (assuming a smooth surface re-
gime) normalized to 600 in accordance with Wanninkhof
and McGillis [1999]. The bulk equation with a k calcu-
lated using the cubic wind speed relationship has been
repeatedly chosen to use at study sites with stronger and/
or more persistent winds [De La Cruz-Orozco et al.,
2010; Edson et al., 2011; Ribas-Ribas et al., 2011;
Vandemark et al., 2011]. An analysis of the different
formulations of the bulk calculation [including Wannink-
hof and McGillis, 1999; Ho et al., 2006; Nightingale et
al., 2000] was carried out to determine the differences in
the value of FCO2; the results showed that both the Ho
et al. [2006] and Nightingale et al. [2000] calculations
gave much higher (by up to 97%) results than data
derived using the Wanninkhof and McGillis [1999] for-
mulation (data not shown). Edson et al. [2011] suggest
that at wind speeds up to 18 m s�1, the cubic relation-
ship offers a good representation of bubble-mediated gas
transfer ; in the present study, wind speeds reached up to
about 15 m s�1. Most importantly, the Wanninkhof and
McGillis [1999] formulation was calibrated using data
obtained via the EC method. This may reduce the vari-
ability in the data between the two sites as well as due
to the use of the two methods; this is based on the
assumption that this formulation will pick up all the fea-
tures that the EC method would. Therefore, we believe
that the Wanninkhof and McGillis [1999] formulation of
the bulk equation is the best representation to use in the
present study. We use the widely accepted convention
that negative FCO2 values represent transfer of CO2

from the atmosphere into the ocean (uptake), and a posi-
tive value represents the release (outgassing) of CO2 out
of the ocean into the atmosphere for both methods (i.e.,
EC tower and buoy).

[14] Missing air pCO2 data from the buoy due to sensor
failure (approximately 44% of the data) was replaced by
the air pCO2 from the Globalview database [Takahashi et
al., 2002, 2009; McNeil et al., 2007]; specifically from the
Scripps Institute of Oceanography station (the La Jolla
Pier). We identified good agreement between the Global-
view and our buoy data sets based on linear regression
analysis (r2¼ 0.80; p> 0.001; n¼ 365). Furthermore, the
percent difference between in situ measurements and
Global-view data ranged from �0.55% to 6.98% with an
average difference of 1.40% 6 1.60%.

[15] FCO2 from the buoy was calculated using wind data
collected from a meteorological station located on Todos
Santos Island. The meteorological station used for calcula-
tion of the buoy FCO2 is located <1 km from the EC
tower; we found a significant correlation between wind
speed measurements at both stations (r¼ 0.82, p< 0.001).
For all statistical analyses between the FCO2 (from both
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stations) and wind velocity, the wind data collected at the
EC tower was used because it was recorded at a higher fre-
quency than that of the meteorological station used to cal-
culate FCO2 at the mooring buoy.

[16] Water column temperature (Figure 2 and Figure S1,
online only) and salinity data (Figure S2, online only) were
collected during Investigaciones Mexicanas de la Corriente
de California (IMECOCAL; part of the Mexican Carbon
program [FLUCAR]; [see Vargas et al., 2012]) cruises on
April 23 and October 30, 2009 along IMECOCAL/Cal-
COFI line 100 (see Linacre et al. [2010] for IMECOCAL
transect information), which is in the same general region
as our buoy (Station Ensenada). Level three (L3), 8-day, 4
km SeaWiFS chlorophyll a (Chla) data was obtained from
the NASA Giovanni server (http://disc.sci.gsfc.nasa.gov/
giovanni/overview/index.html). The time series of Chla is
an average of data for the area of 31.4681�N to 31.8481�N
and 116.8169�N to 116.6519�N. Due to the proximity of
both sites to the coast (<4 km from a land mass), we chose
one representative region in between both sites: the region
between Todos Santos Island and the buoy outside of the
mouth of Todos Santo Bay and more than 4 km off Todos
Santos Island and the tip of Banda Point.

[17] For analysis between sites, first, half-hour data from
the intertidal zone were averaged at 3 h intervals for appro-
priate comparisons (the sampling interval of the buoy was
3 hours while the EC tower fluxes were calculated as half-
hour averages). Second, we used multiple linear regression
(MLR) analysis to determine which variable (i.e., DpCO2,
SST, or wind speed) contributed most to the variability of

FCO2 at each site for each of the case study time periods
(see section 2.3). The MLR was chosen as we are not aware
of a nonlinear equation that is commonly used to represent
the complex interactions between biophysical and geo-
chemical processes with FCO2. Therefore, we were con-
servative and followed linear approaches due to the
parsimony principle, as well as to avoid over-fitting the
data by using a nonlinear approach, which may be poten-
tially difficult to interpret. We recognize that the complex-
ity of FCO2 ocean processes are nonlinear and must be
addressed as a priority research topic [Bates and Merlivat,
2001]. We interpret the remaining variability (i.e., residual
values of the MLR) as variability likely due to an unmeas-
ured variable or to nonlinear processes that are not captured
by the empirical MLR approach. It should be pointed out
that the overall biological component (i.e., photosynthesis/
respiration and bacterial-mediated remineralization) is rep-
resented in the DpCO2 measurements. We are unable to
separate this term as we did not explicitly measure biologi-
cal components associated with CO2 fixation/production.
The MLR was used to determine the importance of the dif-
ferent independent variables in predicting FCO2 at the two
selected locations across three case studies: upwelling,
relaxed conditions, and the onset of an upwelling event.

[18] Third, we applied regression tree analysis, which
uses recursive partitioning to predict nonlinear responses
grouped into clusters [Breiman et al., 1984]. This analysis
serves as a visual representation of how the combination of
the different factors analyzed (DpCO2, SST, and wind
speed) may be used to predict the FCO2 at each site. We
used a minimum node size of five, meaning that in each ter-
minal point the predictive R2 of the model is represented by
at least five values. We applied this model to both the EC
tower and buoy data combining all the data from the three
case studies of different conditions, and used it as a com-
parison with the MLR approach.

[19] Fourth, FCO2 data from both sites were compared
with SST and wind speed using cross correlation analysis
to determine the lags (if any) with FCO2. This analysis was
applied as a measure of similarity between two different
measurements (time series) as a function of a time lag
applied to one of them. We interpreted the results of this
analysis as the delay (lags) between two measurements,
which provides information on the nature and origin of
coupling between the processes and causality under the
assumption that the effect (FCO2) must follow the cause
(DpCO2, SST, and wind speed). Specifically, one lag unit is
equal to one 3 h period (the frequency of measurements)
for this study. The data was analyzed based on the assump-
tion that the FCO2 was the dependent variable (the effect)
and that DpCO2, SST, or wind speed was the independent
variable (the cause). Cross correlation results were deter-
mined for a p< 0.05. Similar analysis has been done to
evaluate lags for CO2 fluxes in terrestrial ecosystems
[Vargas et al., 2010]. All statistical analyses were con-
ducted using Minitab 15 software and Matlab 2013a (Math-
Works) for data processing and the tree regression analysis.

2.4. Identifying Upwelling Conditions for
Case Studies

[20] Lower SST data (�14�C) in combination with posi-
tive DpCO2 (i.e., outgassing) was used to identify

Figure 2. Temperature profiles for the water column at
IMECOCAL station 100.30 outside of Todos Santos Bay.
The solid line is the April 23, 2009 cruise and the dashed
line is the October 30, 2009 cruise.
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upwelling events at the specific sites used in this study over
the course of the year. A temperature of 14�C is the lower
limit for the 95% confidence interval of the mean of SST
for the year. Using physical variables (i.e., SST and wind
speed), we selected three representative case studies in
which all measured variables were available (SST, wind
speed, DpCO2, and FCO2 in both regions), but with distinct
physical conditions in order to determine the dynamics and
relationships between SST, wind speed, DpCO2, and FCO2

during: (1) an upwelling event (days 80 through 83;
March) with high wind speeds (�10 m s�1 out of the north-
west), low SST (�14�C) and high positive DpCO2; (2) a
relaxed upwelling period (days 257 through 260; August)
with lower wind speed (<10 m s�1 out of the west), higher
SST (>14�C) with low positive DpCO2; and (3) a mixed,
upwelling/nonupwelling scenario (days 300 through 302;
October) with higher wind speeds (�10 m s�1 out of the
northwest), decreasing SST (approximately 18�C at the be-
ginning of the case study going down to �15�C by the end
of the case study), and low positive DpCO2.

3. Results

3.1. Net FCO2

[21] Data collected in the near-shore region was obtained
for the entire calendar year of 2009 and was used to calcu-
late an annual CO2 budget. The net FCO2 was calculated
from the highest frequency data obtained from the mooring
buoy and has as a unit of magnitude of mol m�2 y�1. This
region was an overall weak net source of CO2 to the atmos-
phere with a FCO2 of 0.043 mol m�2 y�1; where 91% of
the positive FCO2 (outgassed from the ocean) was contrib-
uted during the upwelling season (days 106 through 222;
Figure 3). The upwelling season may be seen in the tend-
ency of the direction of the wind from March through Sep-
tember during this particular year (Figure 3c). Furthermore,
the SST and DpCO2 indicate that the upwelling events
were sporadic (Figure 3a) during the season. The spring
bloom occurred from the middle of February through
March (Figure 4d), during which there were relatively
strong winds out of the northwest (Figures 3b and 4a) and
low SSTs (Figure 3a) accompanied by low positive and
negative FCO2 (Figure 3e).

[22] Due to instrument failure, we are unable to report an
annual net flux for the intertidal site. In situations where
there is a lack of data, terrestrial studies using EC typically
apply a gap-filling technique to determine the missing
FCO2 [Moffat et al., 2007]. In this case, a gap-filling
approach (e.g., artificial neural networks, MLR, lookup
tables) is not possible because the missing data gaps are
large (>4 months) and the environmental conditions for the
missing data for the entire upwelling season were likely
different from the data we were able to capture (i.e., shorter
upwelling events as opposed to longer, sustained events).
For shorter data gaps (no more than 1 day for low fre-
quency data or two half-hour periods for high frequency
data), we used linear interpolation to determine the missing
FCO2, otherwise the missing data is represented as a data
gap (i.e., missing values). Our instrument failure happened
to occur during the season where the most intense upwell-
ing occurred (Figure 4).

3.2. Results of Regression Tree Analysis

[23] The regression tree for the intertidal zone (Figure
5a) shows that wind speed was the most import factor for
predicting the FCO2 (top node) and was able to predict
85% of the overall variability of FCO2 (predicted-
R2¼ 0.85; p< 0.001; n¼ 86; data includes the 3 case stud-
ies). Regardless of the DpCO2 value, the highest predicted
FCO2 (>25.77 mmol CO2 m�2 s�1) was influenced by
wind speeds �9.75 m s�1. Only at wind speeds of >5.51 m
s�1 but <9.75 m s�1 was the DpCO2 an important factor
for predicting the FCO2. In this region, the SST (proxy for
upwelling or gas solubility) was not a predictive factor for
overall FCO2.

[24] In the near-shore, the DpCO2 value (top node) was
the most important factor for predicting the FCO2 (Figure
5b). This regression tree predicted 86% of the overall vari-
ability of FCO2 (predicted-R2¼ 0.86; p< 0.001; n¼ 86;
data includes the 3 case studies). The highest predicted
FCO2 (mean of 8.68 mmol CO2 m�2 s�1) were due to a
combination of high DpCO2 values (>29.28 ppm) and
higher wind speeds (�5.49 m s�1). In this region, the SST
was important for predicting the FCO2 when DpCO2 was
<29.28 ppm, although at higher SST (�13.45oC) we found
the lowest FCO2 rates (mean of 0.010 mmol CO2 m�2 s�1).

3.3. Case Study 1 With Upwelling: High Winds, Low
SST, and High Positive DpCO2

[25] For case study 1, the winds prevailed from the
northwest (approximately 315� ; Figure 4), there was no
substantial stratification in the water column (Figure 2),
and the SST was �14�C (Figure 6a); indicating upwelling
conditions based on our criteria as well as those of previous
studies [i.e., Palacios et al., 2004]. The average pCO2 dur-
ing this case study was 426.3 6 47.5 ppm (n¼ 32); pCO2

was most variable (i.e., 11% change during this case study)
during this period compared with the other two of the
three cases. The FCO2 in the intertidal zone was up to 4
orders of magnitude greater than that of the near-shore
(Figure 6a). The MLR shows that in the intertidal zone,
wind was more significant (p < 0.001) than either SST or
DpCO2, whereas in the near-shore, DpCO2 was the most
significant (p< 0.001) factor contributing to the variability
of FCO2 (Table 1). MLR analysis also shows that SST,
wind speed, and DpCO2 explained 51% and 67% of the
variability of FCO2 in the intertidal zone and near-shore
regions, respectively (Table 1). Cross correlation analysis
in the intertidal zone shows that FCO2 was in phase with
wind speed (no lags; r¼ 0.74), while SST and DpCO2

showed negative correlations with longer lags (Table 2).
For the near-shore, however, the FCO2 was in phase with
the SST and DpCO2 (r¼�0.68 and 0.82, respectively),
while there was a lag in relation to the wind (Table 2). The
Chla was 9.23 mg m�3 during this case on the 81st day of
the year (Figure 4d), and was 990% higher in comparison
to values during non-upwelling conditions.

3.4. Case Study 2 Nonupwelling: Low Winds, High
SST, and Low Positive DpCO2

[26] During case study 2 (Figure 6b), the SST was higher
by approximately 3�C than during case study 1 and the
winds were weaker by about 2 m s�1 and out of the west
and east (wind from the east is not graphically represented
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as these data were filtered out as non-marine origin;
Figure 4b). The higher SST values and temperature at depth
indicate that the water column was stratified for this period
(Figure S1, online only). During this case, the FCO2 in both
the near-shore and intertidal regions were lower by approxi-
mately 99% and 31%, respectively, than during case 1 (i.e.,
upwelling). The average pCO2 during this case was the low-
est of the 3 case studies (385.1 6 12.4 ppm; n¼ 32) and var-

ied by 3.2% over the course of the case study. The Chla
concentrations were lower than they were during the upwell-
ing season (including case study 1) with a value of 1.03 mg
m�3 on the 257th day of the year (Figure 4d).

[27] According to the MLR analysis, there were no sig-
nificant relationships (p> 0.05) between SST, wind, or
DpCO2, and FCO2 in the intertidal zone (Table 1). In the
near-shore, the DpCO2 was the most significant factor

Figure 3. Daily averages for (a) sea surface temperature (SST); (b) wind speed; (c) wind direction;
(s) DpCO2; and (e) FCO2 at the near-shore site for 2009. The solid black line in (c) shows general tend-
ency of the wind direction, which originates from directions out of the northwest during the middle of
the year (i.e., the ‘‘upwelling season’’); the dashed horizontal black line represents 315�, or northwest,
the wind direction which induces upwelling. Vertical dark grey lines at days 80 to 83, 257 to 260, and
300 to 302 represent the case studies, which are discussed in detail later on in the text.
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explaining the variability of FCO2 (p< 0.001) while nei-
ther SST nor wind speed showed a significant relationship
to FCO2 (p> 0.05; Table 1).

[28] Cross correlation analysis shows that the lag
between the wind and FCO2 in the intertidal zone increased
to 6 hours (r¼ 0.32), whereas this lag decreased in the
near-shore to 3 hours (r¼ 0.49) from case study 1 (Table
2). The lag between SST and FCO2 (r¼�0.65) in the
intertidal zone increased by 3 hours in comparison to case
study 1. The r values all decreased (weaker relationship)
except for SST versus FCO2 in the near-shore (r¼ 0.46). In
the intertidal zone, the DpCO2 was negatively correlated to
FCO2 (r¼�0.31) as in case study 1, but with a shorter lag
of only 12 hours. In the near-shore, again the DpCO2 was
in phase with FCO2 (r¼ 0.74).

3.5. Case Study 3 Mixed Scenario: High Winds, High
SST, Low Positive DpCO2

[29] In case study 3, the SST was 18�C but then
decreased by 3�C by the end of the 3 days; the winds out
of the northwest were between approximately 10 and 16 m
s�1 (Figure 6c). The water column was stratified to approx-
imately 30 m at IMECOCAL station 100.30 according to
the temperature profile (Figure 2). The deep CO2 rich
waters, which were brought to the surface due to upwelling
during case study 1 (when wind speeds were lower than the
present case), were not present during case study 3. Fur-
thermore, there were no large positive DpCO2 values (Fig-
ure 6c) as there were in case study 1 but high positive
FCO2 in the intertidal zone. During this particular case, we
observed the highest measured FCO2 (up to almost 60

Figure 4. Daily averages for (a) wind speed; (b) wind direction; (c) FCO2 at the intertidal site; and (d)
chlorophyll a (Chla) for 2009. The horizontal dashed black line in (c) represents 315�, or northwest, the
wind direction that induces upwelling. Vertical dark grey lines at days 80 to 83, 257 to 260, and 300 to
302 represent the case studies, which are discussed in detail later on in the text. Grey boxes in (d) repre-
sent the dates closest to the case studies. The Chla data from SeaWiFS sensors was obtained for the study
period from the NASA Giovanni server: http://disc.sci.gsfc.nasa.gov/giovanni/overview/index.html.
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mmol m�2 s�1) in the intertidal zone, yet near neutral con-
ditions in the near-shore (Figure 6c). The average pCO2 for
this case was 394.3 6 6.19 ppm (n¼ 24) and only varied by
1.57% during this case study. The Chla, approximately
0.80 mg m�3 on the 297th day of the year (Figure 4d), is
similar to case study 2.

[30] Results from the MLR analysis show that the wind
and DpCO2 were highly significant for both the intertidal
zone and near-shore (p¼ 0.001 and p< 0.001, respectively)
for explaining the variability in FCO2 (74% and 80%,
respectively; Table 1). During case study 3, the cross corre-
lation shows that wind speed and FCO2 were in phase
(r¼ 0.85; Table 2) in the intertidal zone. In the near-shore,
we still observe a relatively strong negative correlation
between SST and FCO2 with a 6 h lag (r¼�0.67), even
though the FCO2 is weak. The DpCO2 in the intertidal zone
lagged 9 h behind the FCO2 with a negative correlation
(r¼�0.48), while in the near-shore it was positively in
phase with FCO2 (r¼ 0.79).

4. Discussion

4.1. Net FCO2

[31] The annual net FCO2 for the near-shore in the
Ensenada region for 2009 was close to neutral, suggesting
that on this time scale in-water processes were the domi-
nate control on the FCO2 as well as advective and

biological flow of carbon [Pennington et al., 2009]. The
weak net source of FCO2 (0.043 mol m�2 y�1) was likely
due to the fact that the region along northern Baja Califor-
nia is characterized by CO2 rich waters brought to the sur-
face via Ekman driven upwelling with a strong meso-scale
seasonal variation caused by the wind-induced upwelling
(Figure 3b and 3c) [Palacios et al., 2004]. The results of
the net annual FCO2 from buoy data in the present study
are in general agreement with the results of the Takahashi
et al. [2009] estimates for the closest point where the data
was available: the given data indicates the region is close
to neutral. The highest Chla values occurred during the
early part of the upwelling season, but coincided with pos-
itive FCO2 for the area that incorporates both the intertidal
zone and near-shore; suggesting that the pCO2 from
upwelling was so high that biological uptake was insuffi-
cient to prevent outgassing of FCO2 [Smith and Holli-
baugh, 1993]. We are cautious to make any firm
conclusions of the biological component of FCO2 variabil-
ity based on Chla from satellite data due to the low (8
days) temporal resolution of the data set [Lueger et al.,
2008].

4.2. Case Study 1 With Upwelling: High Winds, Low
SST, and High Positive DpCO2

[32] During case study 1 the wind speed was more im-
portant in the intertidal zone than in the near-shore for the

Figure 5. Results of the regression tree analysis for the intertidal (a) and near-shore (b) regions using
the combined data of the three case studies when eddy covariance and buoy measurements were avail-
able. Where w is the wind speed (m s�1), SST is the sea surface temperature (�C), and DpCO2 is the air-
sea CO2 differential (ppm). Terminal nodes represent the mean predicted air-sea FCO2.
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explanation of the variability of FCO2. Our results from
MLR analysis suggest that the FCO2 in the intertidal zone
in the present study was more sensitive to physical

turbulence (wind speed) than the near-shore (Table 1). Physi-
cal mechanisms could involve the transfer velocity of CO2 that
is related to breaking waves, white capping [Yelland et al.,

Figure 6. High temporal resolution time series for 3 distinct cases during 2009 from the intertidal (1
hour averages) and near-shore sites (3 hour intervals) for (a) days 80 through 83 (case study 1), (b) 257
through 260 (case study 2), and (c) 300 through 302 (case study 3). In the top panel for each case study,
the solid line is the intertidal zone and the dots are the near-shore data: black dots are the FCO2 and the
white dots are the DpCO2. In the bottom panel of each case study, the solid line is the wind speed (1
hour averages) and the dashed line is the SST (3 hour intervals). It should be noted that the scale for the
near-shore FCO2 and DpCO2 in case study 1 is different than case studies 2 and 3. This was done in
order to be able to see the behavior of FCO2, as the magnitude of the values is smaller in case studies 2
and 3 than they are in case study 1.
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2009], the spray liberated from breaking waves [de Leeuw et
al., 2000], and finally bubble formation and dispersion
[Zhang, 2012]. In the intertidal zone, the combination of
waves (driven by the wind) and bathymetry may cause turbu-
lence in the water column that is not present in the near-
shore. The waves off Todos Santos Island are known for
attracting surfers from all over the world; although there are
presently no specific studies on the wave height on the wind-
ward side, it has been determined that the wave height within
Todos Santos Bay (to the leeward side) is up to 2.5 times
higher than at any other point along the Baja California
Peninsula [Martinez-Diaz-De-Leon, 2004]. We therefore infer
that the wave height on the windward side of the island is
larger than the leeward side. Higher wind speeds, which
cause white capping [Yelland et al., 2009], are also important
for the formation and dispersion of bubbles [Norris et al.,
2008]. As the bubbles disperse, they release sea spray (also
created/enhanced by breaking waves), which is an important
factor in the release of CO2 from the ocean [Zhang, 2012].
Furthermore, Norris et al. [2008] showed a positive linear
relationship between wind speed and particle flux (0.15 to
1.25 micron radius), thus suggesting the importance of sea
spray on CO2 release specifically in regions with high air tur-
bulence. Inherently, there is more turbulence in an intertidal
zone where waves are breaking than in a near-shore region.
The regression tree analysis shows the importance of moder-
ate wind speeds (5.51�w 13.32 m s�1) even in the absence
of higher DpCO2 values (�4.80 ppm; Figure 5a) when using
the combined information of FCO2 for all case studies.

Clearly, more studies on the influence of wind speed in rela-
tion to breaking waves in regulating FCO2 are needed in
intertidal regions around the world.

[33] Our results suggest that the FCO2 in the near-shore,
measured with the bulk gradient method, were less sensi-
tive to the fast temporal dynamics and finer spatial scale
processes influenced by changes in wind speed over the
surface of the ocean as it is to meso-scale processes, such
as upwelling (SST and DpCO2; Table 2). In contrast, FCO2

in the intertidal zone, measured by the EC method, were
more sensitive to the influence of wind speed on the fast
temporal dynamics and fine spatial scale processes (such as
wind; Table 2). It should be pointed out that the wind speed
data used to calculate the FCO2 is the 30 minute average
for the intertidal zone and the 3 h average for the
near-shore. This averaging inherently will influence the
near-shore results to appear less sensitive to micro-scale
processes; therefore, high temporal resolution measure-
ments are needed to accurately calculate the nonstationary
influence of physical forcing [Katul et al., 1994].

[34] Upon further investigation into the reason for the
several magnitude difference in FCO2 between the sites,
we used the salinity data from the April 2009 IMECOCAL
cruise (Figure S2, online only) and found that the windward
side of Todos los Santos Island was located in the Califor-
nia Current (characterized by low salinity and pCO2 in
comparison to surrounding surface water and other water
masses present throughout the region [i.e., Takesue and van
Geen, 2002]); whereas, the near-shore was located within
an upwelling zone confined close to the coastline. The
regression tree shows that the overall lower DpCO2 values
that are associated with waters of the California Current in
the near-shore are not the most important driver for overall
larger FCO2 in the intertidal zone (Figure 5a). Even though
lower pCO2 values are occurring in the intertidal zone in

Table 1. Results for Multiple Linear Regression Analysis for Both
the Intertidal Zone and Near-Shore for the Three Explanatory Varia-
bles (DpCO2, SST, and Wind) for the Control of FCO2 Variabilitya

p value Adjusted R2 Predicted R2

Case 1
Intertidal zone 0.51 0.41

SST 0.45
Wind <0.001
DpCO2 0.79

Near-shore 0.67 0.62
SST 0.51
Wind 0.31
DpCO2 <0.001

Case 2
Intertidal zone 0.05 0

SST 0.20
Wind 0.42
DpCO2 0.57

Near-shore 0.53 0.36
SST 0.16
Wind 0.83
DpCO2 <0.001

Case 3
Intertidal zone 0.74 0.69

SST 0.12
Wind <0.001
DpCO2 0.05

Near-shore 0.80 0.78
SST 0.14
Wind 0.001
DpCO2 <0.001

aResults in bold are statistically significant.

Table 2. Results of Cross Correlation Analysis for Both the
Near-Shore and Intertidal Zonea

Correlation (r) Time Lag (Hours)

Case 1
Wind vs intertidal 0.74 0
Wind vs near-shore 0.64 15
SST vs intertidal �0.58 15
SST vs near-shore �0.68 0
DpCO2 vs intertidal �0.39 21
DpCO2 vs near-shore 0.82 0

Case 2
Wind vs intertidal 0.32 6
Wind vs near-shore 0.49 3
SST vs intertidal �0.65 18
SST vs near-shore 0.46 3
DpCO2 vs intertidal �0.31 12
DpCO2 vs near-shore 0.74 0

Case 3
Wind vs intertidal 0.85 0
Wind vs near-shore 0.67 15
SST vs intertidal 0.69 18
SST vs near-shore 0.67 6
DpCO2 vs intertidal �0.48 9
DpCO2 vs near-shore 0.79 0

aAll cross correlations were significant at p< 0.05.

REIMER ET AL.: AIR-SEA CO2 FLUXES IN THE NEAR-SHORE AND INTERTIDAL ZONES

11



the California Current, the FCO2 is higher than the near-
shore. This phenomenon may be explained by the fact that
wind (which explains the majority of variance in the interti-
dal zone) enhanced turbulence and caused the release of
more CO2 than the air-sea differential (DpCO2) alone as in
the near-shore; further highlighting the importance of
future research to determine the transfer function for wave
turbulence in the intertidal zone and how it likely differs
from the near-shore and open ocean. We are presently
unaware of studies that have determined a transfer function
specifically for high energy intertidal waters.

[35] The distinct water masses at the two sites may also
explain why we only found a positive correlation between
DpCO2 and FCO2 in the near-shore and not in the intertidal
zone (Table 2). Because the upwelling core was isolated in
the region where the buoy is located, the effect of the
DpCO2 due to upwelling (seen as a positive correlation)
was not necessarily detectable in the intertidal zone. This
result suggests that horizontal advective processes may be
important for the transport of high concentrations of CO2

[Pennington et al., 2009] into the intertidal zone from the
near-shore where the turbulent energy was the principle
factor for its liberation into the atmosphere. According to
IMECOCAL salinity data, we did not see evidence of high
pCO2 waters in this region. It is not possible to have in situ
pCO2 data in the intertidal zone, at this time, due to the
presence of large waves and rocky shores, which will
destroy the equipment and threaten the lives of the
researchers.

4.3. Case Study 2 Nonupwelling: Low Winds, High
SST, and Low Positive DpCO2

[36] During this case study, we did not see evidence of
upwelling at either site. This is demonstrated by the higher
SST values during this case study, in comparison to case
study 1, implying that the cold CO2 rich deep waters from
upwelling were not reaching the surface. Therefore, the
FCO2 representing outgassing from the ocean was not as
high as during periods with weaker water column stratifica-
tion (upwelling). Even though there was no evidence of
upwelling reaching the surface ocean during this period,
there were no substantial negative FCO2 values that would
indicate uptake; this may have been due to the decreased
solubility of CO2 at higher SSTs [Sarmiento and Gruber,
2006]. Another possible reason for near neutral FCO2 may
have been due to sufficient uptake by biological processes
of the low pCO2 associated with nonupwelling conditions
at this time of the year. Even though the Chla was low in
comparison to the rest of the year (Figure 6b), the DpCO2

was also relatively low, indicating that biologically medi-
ated processes (i.e., bacterial remineralization and photo-
synthesis) may have been responsible for controlling the
variability of FCO2 [Bianchi et al., 2009]. This hypothesis,
however, would require further investigation as we did not
measure the variables necessary to determine the direct bio-
logical uptake and release of CO2.

[37] In case study 1, the majority of FCO2 variability
could be explained by wind in the intertidal zone (Table 1),
however, in case study 2, the wind was not a significant
factor in explaining the variability of FCO2 at either site.
Moreover, the MLR results are not significant for explain-
ing any of the variability in the intertidal zone (Table 1). In

contrast, for the near-shore the MLR was significant for
case study 2 where DpCO2 was the most important factor
explaining over 50% of the variability of FCO2 (Table 1).
It is likely that the physical differences in the two regions
are responsible for the fact that MLR may only explain var-
iability in one region (see discussion below). These results
suggest that the parsimony principle for using a linear
model is useful to represent a large proportion of the vari-
ability of FCO2, but during some specific conditions other
unmeasured variables or an unrepresented nonlinear pro-
cess controls FCO2 in the intertidal zone.

[38] Cross correlation analysis suggests that during this
nonupwelling scenario the relationships between physical
forcing variables and FCO2 were not as pronounced as dur-
ing upwelling (case study 1; Table 2). The longer lags sug-
gest that in the absence of upwelling the FCO2 did not
respond as rapidly to physical forcing variables. During
this case, even though FCO2 is close to neutral, the major-
ity of the data points were slightly positive and indicated
outgassing (Figure 5b). The increased SST during this case
study may have promoted the outgassing of FCO2 due to
the decreased solubility of CO2 in warmer waters [Sar-
miento and Gruber, 2006]. In the near-shore, similar to the
results of SST, the correlation is positive for DpCO2,
although the lag is longer, suggesting that in the absence of
upwelling the FCO2 in this region did not respond as
quickly to the DpCO2 as it did when upwelling was
occurring.

4.4. Case Study 3 Mixed Scenario: High Winds, High
SST, Low Positive DpCO2

[39] The almost neutral values of DpCO2 during case
study 3 suggest that the presence of upwelled deep CO2

rich waters may not always be a requisite for larger outgas-
sing of FCO2 in the intertidal zone. In fact, during October
2009, waters with characteristics of the California Current
(which inherently have lower pCO2 than upwelled waters
[Feely et al., 2008]) were found at the near-shore site (Fig-
ure S2, online only), while Todos Santos Island was charac-
terized by waters with a higher salinity (likely due to
evaporation in the surface layer), which, in combination
with the water column temperature (Figure 2), suggests that
intertidal zone was stratified, at least at the beginning of the
case study. Linacre et al. [2010] also described this occur-
rence of the California Current close to the coast during
periods of relaxed upwelling. In this case, the outgassing
FCO2 in the intertidal zone was higher than any other case
study at either site, even during the upwelling season (Fig-
ure 3). Furthermore, based on the salinity data from the
IMECOCAL cruise, it is not likely that CO2 rich waters
were being advected from surrounding water masses, as the
given salinity data are indicative of the California Current
and its counter flows [Linacre et al., 2010]. Because we use
SST in combination with high DpCO2 as an indicator of
upwelling, we see that these criteria were not met during
this case study and that in the absence of upwelling the
SST and wind (which was higher during this case study
than the other two) became even more important for regu-
lating the variability of FCO2 (Table 1). According to the
results for the MLR in the intertidal zone, wind (and associ-
ated turbulence) explained the majority of the variation of
FCO2 (between 74% and 80%), followed by DpCO2 (Table
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1). The aforementioned relationship between particle size
(sea spray) and wind friction [Norris et al., 2008] were
likely the controls for FCO2, even though upwelling is not
occurring.

[40] The weaker FCO2 observed during this case study
in the near-shore in comparison to case study 1 were due to
the absence of CO2 rich waters; and in comparison to the
intertidal zone during the same time of year were likely due
to weaker influence from turbulent processes (waves)
driven by wind. Based on these results, we hypothesize that
spray will be more important where waves break and crash
on rocks, and therefore drive the higher FCO2 values that
we found in the intertidal zone. We encourage further stud-
ies on this potential effect across upwelling zones and
rocky shores to test this hypothesis.

[41] Satellite Chla was relatively low and constant
before, during, and after this case study, suggesting that for
both sites there is little evidence to assume that the positive
FCO2 was principally due to high rates of biological activ-
ity [Smith, 1981]. As in case study 2, because Chla and
DpCO2 were lower than during other times of the year, it is
likely that the high positive FCO2 values (outgassing) were
primarily influenced by wind forced turbulence. Because
the p value for SST in both regions is not significant, then
we assume that neither upwelling nor the effect of SST on
solubility was contributing to the variability of FCO2. Even
in the absence of high positive DpCO2 values, which are
associated with outgassing during upwelling, we found
high positive FCO2, thus highlighting the important role of
the wind (and wind-driven turbulence) in the liberation of
CO2 from intertidal zone waters. In the near-shore, we find
that again there is a positive cross correlation between SST
and FCO2 indicating that the relationship between FCO2

was not driven by upwelling (Table 2) or gas solubility into
lower SST in this case. Furthermore, the lag for FCO2 ver-
sus SST was longer in this case than the other two suggest-
ing weaker coupling, while the results for the wind are
similar to those during upwelling (case study 1; Table 2).

4.5. Spatial Variation Across Continental Margins

[42] We find that the FCO2 was always higher in the
intertidal zone than in the near-shore. The MLR and regres-
sion tree approaches agree that the most important forcing
variables for influencing FCO2 rates are different at the two
sites. Even if we assume a homogeneous distribution of
pCO2 between the two sites, we postulate that breaking
waves and wind would be the most likely factors contribut-
ing to this spatial difference. Wave heights during the study
period were between 1.5 and 4.5 m and it is assumed that
in the break zone the wave height (enhanced by steep slop-
ing bathymetry) was higher than the reported wave height
by the model output as well as in the near-shore site.
Because the wave height is actually greater in the intertidal
zone than the near-shore, it was likely amplifying the
FCO2 due to increased turbulence [Zhao et al., 2003]. Spe-
cifically for case study 3, the wave turbulence was impor-
tant because the California Current was found close to the
coast and is inherently lower in pCO2 than upwelled
waters. Bathymetry-enhanced wave height was not a factor
in the near-shore, which is characterized by deep waters
(�90 m) without breaking waves, only occasional white
capping, and, most importantly, pCO2 from upwelling

(during case study 1). In the intertidal zone, the wind (and
related physical processes) played a clearer role in the vari-
ability of FCO2 than in the near-shore. According to IME-
COCAL water column data, it is not likely that the actual
pCO2 concentrations were homogeneous over the study
region, but were lower in the intertidal zone where the
greater fluxes were observed (Figure 6 and Supplementary
Figure 2, online only). These results suggest the importance
of the physical turbulence (and biological processes of
intertidal regions; not measured in the present study) as pri-
mary biophysical drivers for liberating CO2 from the sur-
face ocean.

[43] Ocean processes controlling FCO2 are complex but
we were able to explain between 50% and 80% of the vari-
ability in FCO2 using an MLR in most cases, and nearly
90% of the variability when we combined all case studies
and used a tree regression approach. Only in the intertidal
zone during case study 2 the MLR approach explained
<50% of the variability (Table 1). Other studies have used
this linear approach to determine the influence of different
variables on the variability of FCO2. For example, Jiang et
al. [2008] using linear regression concluded that the SST
explains most of the observed seasonal variation in FCO2.
Boehme et al. [1998] also reported a similar finding using a
linear regression model as well as pointed out that nonlinear
relationships are difficult to accurately discern, while other
studies have highlighted the importance of quantifying non-
linear processes [Bates and Merlivat, 2001]. We use the
MLR and regression tree approaches as methods to show
that different biophysical processes influence the variability
in FCO2 as represented by the relevance of each measured
variable for each case study and across the overall measure-
ments. Our results show the need for the separation of
regions to accurately and precisely determine the dynamics
of CO2 along continental margins as forcing variables exert
differing influences over FCO2 within this region.

[44] The variables measured in the present study alone
cannot explain why higher FCO2 is always seen in the
intertidal zone. Typically, there is a steep gradient for
DpCO2 extending offshore, which has, in part, been attrib-
uted to biological controls [Torres et al., 1999, 2003;
Friederich et al., 2008]. This would suggest that biological
components exert varying degrees of the control of vari-
ability over FCO2 both spatially and temporally. In the
present study, due to the location of upwelling (Supplemen-
tary Figure 2, online only) in the near-shore, the DpCO2

(which includes the biological component) is more statisti-
cally significant for the explanation of variability than in
the intertidal zone. Therefore, specific site variability of
unaccounted factors (biological and physical) may play an
important role in the FCO2 and nonlinear processes should
be incorporated in further near-shore and intertidal zones
studies.

[45] Our results indicate substantial spatial differences of
FCO2 across the continental margin influenced by the Cali-
fornia Current and upwelling. These results are supported
by previous studies not only for the regions affected by the
California Current, but for various other regions; for exam-
ple, Boehme et al. [1998], off the northeast coast of the
United States, found that FCO2 decreased offshore and that
inner and outer shelf regions varied on different time
scales. This was also the case for our near-shore and
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intertidal regions based on the response to different physi-
cal and biological mechanisms (cross correlation analysis;
Table 2). Another study conducted by Jiang et al. [2008] in
the South Atlantic Bight, concluded that there were sub-
stantial spatial differences offshore in the FCO2 due to SST
and autotrophic respiration. The two previously mentioned
studies indicate that SST and biological factors are the
most important controlling mechanisms, while Vandemark
et al. [2011] determined that FCO2 on the inner shelf of the
Gulf of Maine were greater than those farther from the
coast (but still within the gulf) due to tidal mixing and
wind stress. The different mechanisms documented as rele-
vant controls of the FCO2 show the importance of identify-
ing the relevance of the various forcing mechanisms across
temporal and spatial scales in the near-shore and intertidal
regions. The present study shows that even when it appears
that biological and chemical properties of the water column
are similar across sties, it is the different physical processes
that drive the direction and magnitude of FCO2.

4.6. Limitations and Future Considerations

[46] Using an underway EC system in the open ocean
Kondo and Tsukamoto [2007] showed that FCO2 calculated
using the bulk gradient method (with the formulation of
Liss and Merlivat [1986] and the transfer velocity of
Wanninkhof [1992] based on tracer experiments) was lower
than the EC method by up to three orders of magnitude.
Because the bulk formulation of Wannikhof and McGillis
[1999] for the transfer velocity (k) used in this study was
calibrated using EC measurements of FCO2, we assume
that our measurements of FCO2 in the near-shore were also
picking up all the features of the EC tower measurements
in the intertidal zone. Therefore, the most likely reason for
greater FCO2 in the intertidal zone is not, in fact, due to the
use of different measurement techniques, as was the con-
clusion of Kondo and Tsukamoto [2007], but due to actual
greater FCO2 (higher magnitude) in this region. We recog-
nize that this interpretation must be validated at multiple
sites around the world. The similar results (i.e., spatial dif-
ferences) found in the present study as well as those by
Boehme et al. [1998], DeGrandpre et al. [1998], Jiang et
al. [2008], Leinweber et al. [2009], and Vandemark et al.
[2011], may indicate the importance of the precise sam-
pling location in terms of the physical turbulence generated
in the water column by wind, waves, and tides and not nec-
essarily the pertinence of the method used.

[47] Apart from the difference in magnitude of FCO2

between the two regions, another important feature is the
fact that the cross correlation results between DpCO2 and
FCO2 in the intertidal zone were negative during the 3 case
studies, while this relationship was positive in the near-
shore (Table 2). This could be due to the fact that the DpCO2

data in the present study are from the near-shore and the neg-
ative cross correlation result for the intertidal zone was
because of the spatial difference (i.e., no actual relation-
ship). Furthermore, the general behavior of these two varia-
bles in the intertidal zone is opposite (Figure 6) suggesting
that the DpCO2 in this study was not the same in the interti-
dal zone and near-shore. This could be a result of feedbacks
and nonlinear processes not measured or explored in this
study. We suggest that future studies include more continu-
ous measurements of physical and biological variables that

could be used within a data-model-fusion approach to
improve our understanding and predicting capability of
FCO2 across the continental margins.

[48] Another argument to warrant further study into the
separation of intertidal and near-shore regions when deter-
mining an annual net FCO2 is that the detail that is seen in
the high frequency data measurements from the EC tower
are not seen in the data from the buoy. The temporal resolu-
tion of the buoy in the present study is not as high as the
EC tower and may lead to under or overestimations of the
FCO2 for the region because it is not well represented by
the location of a single study site. It is also likely that a re-
solution of only 3 h in the near-shore is not fast enough to
measure some of the larger fluctuations that are seen in the
near-shore zone related to wind gusts or mid-day increases
(Figure 6) and therefore underestimate the FCO2. In light
of the results in the present work, which shows that the
FCO2 in the near-shore region is not as sensitive to the
wind as those in the intertidal zone, it is even more impor-
tant to determine why two sites so close together present
distinct FCO2. It has been well established that the inter-
tidal ocean presents typically greater FCO2 (both for out-
gassing and uptake) than the open ocean (i.e.,
Frankignoulle and Borges, 2001; Thomas et al., 2004;
Borges, 2005; Vandemark, et al., 2011]), and it is therefore
essential to clarify for scaling studies where the ‘‘intertidal
zone’’ ends and ‘‘open ocean’’ like characteristics begin.
Furthermore, reporting the annual net FCO2 for different
regions of the ocean will help to reduce the uncertainty in
global FCO2 estimates.

5. Conclusions

[49] The results presented here suggest that there are
large differences in FCO2 within the 3 km of ocean from
the coast over the continental margin influenced by the Cal-
ifornia Current. Due to the dynamics in the region of the
continental margin, it is likely that the annual budgets are
different between the two sites observed in this study and
that the annual FCO2 presented here for the near-shore is
not a good representation of the whole coastal region (near-
shore and intertidal zones). The near-shore in this study is
more heavily influenced by meso-scale processes (SST and
DpCO2 from upwelled waters) and likely reflects a larger
spatial scale ocean CO2 budget rather than is inclusive of
our intertidal zone. In the intertidal zone, even in the ab-
sence of high DpCO2 values driven by upwelling, wind
(and wind-driven physical processes) created significantly
larger and positive FCO2 (outgassing). Differences in the
FCO2 are primarily due to the different physical processes
at the two sites. MLR and regression tree analyses provide
insight into the complexity of the processes driving FCO2

over the continental margin. The MLR model does not
account for the nonlinear processes, but the regression tree
is an alternative approach to visualize the interaction
among variables that influence FCO2. Therefore nonlinear
approaches are needed to study the details of interactions
and feedbacks across this region. The distinct FCO2 in the
two regions studied is likely due to turbulent energy with a
secondary affect due to the bathymetry. Separation of the
intertidal zone into the breaker zone and non-breaker zone
may also be necessary for regions with high surf to better
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estimate FCO2. Uncertainties of FCO2 on the continental
margins are likely due to spatial differences, which stem
from different physical controls of variability over FCO2

and are especially important in the absence of high DpCO2

values due to upwelling. We encourage the scientific com-
munity to derive a parameterization for the transfer velocity
of CO2 over intertidal zones as it is likely different from
that used in typical applications of the bulk method. Future
research along continental margins should consider paired
studies for determining FCO2. We do not consider one
method to be better than the other, but that each serves a
different purpose. The EC tower may provide a greater
range for a study area (i.e., larger footprint for measure-
ments) and could be used to include the dynamic intertidal
zone (due to the high sampling frequency), but will require
more maintenance (cleaning and calibration) than a moor-
ing buoy. Larger memory cards and a faster sampling pro-
tocol that includes multiple sensors will allow solving for
fast ocean-atmosphere dynamics using both methods. Fur-
ther analysis of the difference between mooring buoy and
the EC methods are needed to reduce uncertainty between
these two methods along continental margins across the
world. Finally, this manuscript shares the vision of system-
atic carbon cycle observations across the continental mar-
gin of Mexico (as well as other global regions), and calls
for the need of implementing a long term land-sea carbon
cycle science program [Vargas et al., 2012, 2013].
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