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[1] The California Current System (CCS) is expected to experience the ecological impacts
of ocean acidification (OA) earlier than most other ocean regions because coastal
upwelling brings old, CO2-rich water relatively close to the surface ocean. Historical
inorganic carbon measurements are scarce, so the progression of OA in the CCS is
unknown. We used a multiple linear regression approach to generate empirical models
using oxygen (O2), temperature (T), salinity (S), and sigma theta (sq) as proxy variables
to reconstruct pH, carbonate saturation states, carbonate ion concentration ([CO3

2�]),
dissolved inorganic carbon (DIC) concentration, and total alkalinity (TA) in the southern
CCS. The calibration data included high-quality measurements of carbon, oxygen, and
other hydrographic variables, collected during a cruise from British Columbia to Baja
California in May–June 2007. All resulting empirical relationships were robust, with r2

values >0.92 and low root mean square errors. Estimated and measured carbon chemistry
matched very well for independent data sets from the CalCOFI and IMECOCAL programs.
Reconstructed CCS pH and saturation states for 2005–2011 reveal a pronounced
seasonal cycle and inter-annual variability in the upper water column. Deeper in the water
column, conditions are stable throughout the annual cycle, with perennially low pH
and saturation states. Over sub-decadal time scales, these empirical models provide a
valuable tool for reconstructing carbonate chemistry related to ocean acidification
where direct observations are limited. However, progressive increases in anthropogenic
CO2 content of southern CCS water masses must be carefully addressed to apply
the models over longer time scales.

Citation: Alin, S. R., R. A. Feely, A. G. Dickson, J. M. Hernández-Ayón, L. W. Juranek, M. D. Ohman, and R. Goericke
(2012), Robust empirical relationships for estimating the carbonate system in the southern California Current System and
application to CalCOFI hydrographic cruise data (2005–2011), J. Geophys. Res., 117, C05033, doi:10.1029/2011JC007511.

1. Introduction

[2] The uptake of anthropogenic CO2 by the surface
oceans has led to declining surface ocean pH and carbonate
saturation states globally, through the process of ocean
acidification (OA) [Caldeira and Wickett, 2003;Doney et al.,
2009; Feely et al., 2009, 2004; Orr et al., 2005]. Water
masses in the North Pacific Ocean are naturally rich in CO2,
as a result of being at the terminus of the global ocean ther-
mohaline circulation system [Broecker and Peng, 1982].
These water masses are thus characterized by water chemis-
try with relatively lower pH and calcium carbonate saturation
states (W) than many other areas of the world oceans. As a
result, the California Current System (CCS) is poised to
experience the impacts of OA on ecological communities
sooner than other regions, particularly because the process of
upwelling brings deeper water masses (�50–250 m deep)
[Chhak and Di Lorenzo, 2007], rich in CO2, to the ocean
surface in this region.
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[3] Recent time series of data collected in the CCS show
trends toward increasing CO2 concentrations and declining
pH since 1993, with an inferred parallel decline in W values
for the two dominant mineral forms of calcium carbonate,
aragonite (Warag) and calcite (Wcalc) [Borges et al., 2009;
Wootton et al., 2008]. However, within the period of record,
inter-annual variability driven by climatic changes in ocean
circulation is substantially larger than the trend of increasing
CO2 due to ocean acidification [Borges et al., 2009, Figure 2].
To accurately characterize the past trajectory of ocean acid-
ification in the CCS, it is necessary to rely on models sup-
ported by observations of proxy variables that can provide
robust estimates of the state of the carbonate system. A
method for reconstructing pH and W values can yield insight
into the seasonality and ultimately the longer-term rate of
ocean acidification in coastal CCS waters [cf. Feely et al.,
2008b; Juranek et al., 2009].
[4] Longer time series exist for non-carbon oceanographic

variables in the CCS, such as temperature (T), salinity (S), and
oxygen (O2) concentrations. The California Cooperative Oce-
anic Fisheries Investigations (CalCOFI) program has con-
ducted frequent hydrographic (T, S, O2, and other variables)

and biological surveys of the CCS since 1949, with quarterly
cruises throughout the southern sector (Monterey Bay south
through San Diego waters) since 1984. The CalCOFI time
series has generated insights into long-term changes in O2

concentrations in the southern CCS, including shoaling of the
hypoxic boundary between 1984 and 2006 [Bograd et al.,
2008], which should correspond to shoaling of low pH, low
W water masses as well. Though the depth of the hypoxic
boundary has oscillated throughout the CalCOFI 60-plus year
time series record, it is unclear whether the recent shoaling
trend in the hypoxic boundary (and inferred for low pH, low
W waters) will reverse as seen in earlier decades [McClatchie
et al., 2010] or continue to shoal as predicted by coupled
physical-biogeochemical circulation models [Rykaczewski and
Dunne, 2010]. Long-term declines in water column transpar-
ency and increases in nitrate concentrations have been docu-
mented in this region [Aksnes and Ohman, 2009], as well as
changes in zooplankton composition [Lavaniegos and Ohman,
2007]. The CCS is home to rich marine fish and shellfish
populations, which play important ecological and economic
roles in the region, and the ecological consequences of shoal-
ing hypoxic and acidified waters could be significant as habitat
space on and above the continental shelf becomes increasingly
limiting [e.g.,McClatchie et al., 2010].
[5] Here we develop empirical equations for estimating

the state of the carbonate system—specifically pH, W, dis-
solved inorganic carbon (DIC), total alkalinity (TA), and
carbonate ion concentrations ([CO3

2�])—from proxy hydro-
graphic variables for the southern CCS. These predictive
relationships can be applied at sub-decadal time scales to
estimate carbonate system parameters when direct mea-
surements of carbon chemistry are not available or cost-
effective.

2. Study Region

[6] The CCS is comprised of an equatorward-flowing
California Current (CC), a seasonally poleward-flowing
Inshore Countercurrent (IC) derived from the CC, and a
poleward-flowing California Undercurrent (CU) [Hickey,
1998; Lynn and Simpson, 1987]. The CC originates in the
subarctic North Pacific Ocean, is characterized by relatively
fresh (S = 33–34), oxygen-rich ([O2] > 100 mmol kg�1)
water and constitutes a relatively shallow flow at the surface
(0–300 m depth), with the core of its flow 200–300 km
offshore [Lynn and Simpson, 1987]. The nearshore IC flows
poleward predominantly in the fall and winter and is a nar-
row current typically comprised of water from the CC that
has turned shoreward and poleward due to seasonal winds.
The CU is a subsurface current (strongest flow at 100–300 m
depth) that flows poleward along the continental shelf/slope,
originates in the eastern equatorial Pacific Ocean, and is
comprised of relatively salty (S > 34), oxygen-poor ([O2] <
100 mmol kg�1) water [Gay and Chereskin, 2009].
[7] The southern CCS, for the purposes of this paper, is

considered to consist of the region along the North American
west coast from Monterey Bay, California (37�N), south
to Punta Eugenia, Baja California (27�N) (Figure 1). This
range includes the areas sampled most frequently by Cal-
COFI from 1949 to the present and the northern half of the
transects sampled regularly by Investigaciones Mexicanas

Figure 1. Map of transects and stations from the North
American Carbon Program West Coast Cruise (WCC) in
2007 from which the calibration data set was collected (solid
diamond symbols). CalCOFI stations where verification
samples were collected are indicated with open circles, and
IMECOCAL verification sampling locations are shown with
open squares. Numbers next to each line of stations repre-
sent transect numbers that correspond to WCC stations
(bold) and CalCOFI and IMECOCAL transects (regular
text). CA, California; BC, Baja California; MB, Monterey
Bay; PC, Point Conception; PE, Punta Eugenia. The larger,
thick open circles show the location of the time series sta-
tions shown in Figures 7 (CalCOFI line 76.7, station 55)
and 8 (CalCOFI line 93.3, station 26.7).
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de la Corriente de California (IMECOCAL) from 1997 to
the present.
[8] The southern CCS encompasses three sub-regions

with differing seasonal circulation dynamics: central Cali-
fornia (Monterey Bay to Point Conception), the Southern
California Bight (SCB, from Point Conception to roughly
the U.S.-Mexico border), and northern Baja California
(the U.S.-Mexico border south to Punta Eugenia) [Lynn and
Simpson, 1987]. However, in all three sub-regions, equa-
torward winds along the coast can drive upwelling of deeper
water masses (frequently the oxygen-poor, nutrient-rich CU)
in the nearshore environment, typically in spring throughfall
months. Eddy circulation in the SCB can also bring deeper
isopycnals closer to the surface during summer and fall
months.

3. Data Sets

[9] The calibration data set used for developing the empirical
relationships was collected during the North American Carbon
Program West Coast Cruise (WCC), which occurred in May–
June 2007 [Feely et al., 2008a; Feely and Sabine, 2011]. The
WCC transects used in the development of the proxy relation-
ships included lines 8–12, extending from Monterey Bay,
California, to Punta Eugenia, Baja California (Figure 1). All
samples collected between 15 and 500 m water depth at the
46 stations on these transects were included in the calibration
data set (n = 692). Independent verification samples were
collected during quarterly CalCOFI cruises in 2008–2010 (n =
279) and during 14 IMECOCAL cruises between 2006 and
2008 (n = 72) (Figure 1).
[10] For the calibration and verification data sets, the

requirement for inclusion of samples was the availability of
high-quality CTD measurements of temperature, salinity,
and pressure, and high-quality water column measurements
of TA, DIC, and dissolved O2 concentrations. For all sam-
ples, DIC was analyzed coulometrically, following the
method of Johnson et al. [1985, 1987]. The precision and
accuracy of DIC analyses are on the order of �2 mmol kg�1.
Total alkalinity was quantified using the potentiometric
titration method [Dickson et al., 2003]. The precision and
accuracy of TA analyses are on the order of �3 mmol kg�1.
With data for two inorganic carbon parameters (here using
DIC and TA), T, and S, we used CO2SYS to calculate all
other inorganic carbon parameters at in situ temperatures,
including pH (seawater scale), Warag, Wcalc, and [CO3

2�]
[Lewis and Wallace, 1998; Pierrot et al., 2006]. Phosphate
and silicate concentrations were available for most samples,
and these values were included in the CO2SYS calculations.
Oxygen samples were analyzed by the modified Winkler
method [Anderson, 1971; Carpenter, 1965]. Estimated pre-
cision for O2 analyses is�0.9 mmol kg�1 [Scripps Institution
of Oceanography, 2007].

4. Development and Verification
of Empirical Relationships

[11] Juranek et al. [2009] developed an empirical rela-
tionship for estimating the value of aragonite saturation state
in the northern CCS (nCCS) using T and O2 data as proxy

parameters. Key assumptions underpinning this approach
are that the stoichiometry of the CO2:O2 relationship in the
constituent water masses is controlled primarily by aerobic
respiration that has occurred in these water masses in the few
decades since they were last exposed to the atmosphere and
that upwelling is the main process that controls the exposure
of the continental shelf to these water masses. The approach
and reasoning are described in detail in Juranek et al. [2009]
and Kim et al. [2010]. Here we apply this approach to the
southern CCS (sCCS), and extend it to allow the robust
estimation of pH, Wcalc, DIC, TA, and [CO3

2�] in addition to
Warag, using T, O2, S, and sq data as proxy variables. We also
expand the depth coverage of the empirical relationships to
15–500 m water depth (from 30 to 300 m in Juranek et al.
[2009]), to facilitate the assessment of interactions between
inorganic carbon chemistry and biological activity in near-
surface waters. The method has not been extended to the
ocean surface because differential exchange rates of CO2

and O2 at the air-sea interface will alter the CO2:O2 ratio
in the water and thus violate one of the core assumptions
behind the empirical relationships, which depend on a linear
relationship between dissolved inorganic carbon and O2. In
addition, surface heat absorption or loss will alter the rela-
tionship between temperature and estimated variables, and
may bias estimates.
[12] Saturation states for the carbonate biominerals ara-

gonite and calcite are calculated as

Wphase ¼ Ca2þ
� �

CO2�� �
=K ′

sp; ð1Þ

where Ksp′ is the apparent stoichiometric solubility product
for the aragonite or calcite mineral phase of calcium car-
bonate and is governed by in situ temperature, salinity, and
pressure conditions. Accurate pH and saturation states can
be calculated from high-quality DIC and TA data. In the
open ocean, DIC has been approximated as a function of
some combination of T, S, nitrate (NO3

�) or O2 concentra-
tions, and mixed layer depth [Anderson and Sarmiento,
1994; Barbero et al., 2011; Lee et al., 2000], and TA as a
function of T and S [Lee et al., 2006].
[13] We tested combinations of the variables T, S, O2,

NO3
�, and sq using forward and backward stepwise multiple

linear regressions to identify the strongest predictive vari-
ables for estimating pH, Warag, Wcalc, TA, DIC, and [CO3

2�]
in the southern CCS. We tested all independent variables for
collinearity using pairwise regression and the variance
inflation factor (VIF) test with an upper cutoff value of 10
indicating excessive collinearity [Kutner et al., 2004]. The
variables with less predictive power that were deemed to be
collinear were eliminated. All empirical relationships had
very robust statistics for the calibration data set, with low
root mean square errors (RMSE) and high r2 values (>0.92)
for all carbonate system parameters (Table 1).
[14] The best predictors for pH, Warag, Wcalc, and [CO3

2�]
were the independent variables T and O2, and with an added
interaction term, T� O2, to reduce bias in the residuals, as in
Juranek et al. [2009]. To reduce the magnitude of the
product of T � O2 and resultant errors in the least squares
regression analysis, we subtracted a mean reference value
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from each independent variable. The final form of the
empirical equations for these dependent variables was

pHest or West or CO2�
3

� �est� �
¼ a0 þ a1 T� Trð Þ þ a2 O2 � O2;r

� �

þ a3 T� Trð Þ � O2 � O2;r

� �
; ð2Þ

where pHest, West, and [CO3
2�]est are the estimated proxy

values of pH, W, and [CO3
2�]; all a terms are model-

estimated coefficients; and the subscript r denotes a refer-
ence value, in this case the mean for the calibration data set
(Table 1). The best empirical relationship for TA included
the variables S and T, as well as an interaction term (S � T),
and took the form

TAest ¼ a0 þ a1 T� Trð Þ þ a2 S� Srð Þ þ a3 T� Trð Þ � S� Srð Þ:
ð3Þ

[15] Finally, the strongest relationship for DIC was with
sq, O2, and an interaction term (sq � O2) and was in the form

DICest ¼ a0 þ a1 sq � sq;r
� �þ a2 O2 � O2;r

� �

þ a3 sq � sq;r
� �� O2 � O2;r

� �
: ð4Þ

[16] Consistency of the calibration data set was assessed
through cross-validation analysis, in which the calibration
data set was randomly divided into 10 equal subsets, a
regression model was created with 9/10 of the data, and the
performance of the model was tested by comparing the
predicted and observed values for the other 1/10 of the data
set. Root mean cross-validation error (RMCVE) values were
essentially identical to the RMSE values for the whole data
set, indicating consistency across the calibration data set
(Table 1).
[17] Estimates of pH and W could also be calculated from

DIC and TA estimates, although it is simpler to use the direct
equations to estimate these parameters. The RMSEs for TA
and DIC are two to four times higher than measurement
error for laboratory analyses of TA and DIC, so we would
expect somewhat greater error to be introduced to estimates
of pH and W by using estimated DIC and TA to calculate
them. Juranek et al. [2011] found that the uncertainty was
similar for pH and W whether they were calculated directly
or from DIC and TA estimates, but the error around their
DIC estimate was much smaller than in this study (�3.5
versus �9.5 mmol kg�1).
[18] As an independent means of verification, the empiri-

cal relationships were applied to O2, T, S, and sq data from

Table 1. Best Empirical Models for pH, Aragonite Saturation, Calcite Saturation, Total Alkalinity, Dissolved Inorganic Carbon, and
Carbonate Ion Concentration for the CalCOFI Sampling Region (27�N–37�N) Using Temperature, Oxygen, Salinity, and Sigma Theta
as Proxy Variablesa

Equation Parameterb VIFc

First
Parameter
Selected
in Model

Variance
Explained
by First
Parameter

Final
r2 RMSE RMCVE Coefficients � SE

I pHest

= a0 + a1 (T � Tr)
+ a2 (O2 � O2,r)
+ a3 [(T � Tr)
� (O2 � O2,r)]

4.4, 3.8, 1.3 O2 96% 0.980 0.024 0.024 a0 = 7.758 � 0.001
a1 = 1.42 � 10�2 � 7.4 � 10�4

a2 = 1.62 � 10�3 � 2.2 � 10�5

a3 = 4.24 � 10�5 � 5.2 � 10�6

II Warag
est

= a0 + a1 (T � Tr)
+ a2 (O2 � O2,r)
+ a3 [(T � Tr)
� (O2 � O2,r)]

4.4, 3.8, 1.3 T 90% 0.988 0.062 0.063 a0 = 1.112 � 0.003
a1 = 9.59 � 10�2 � 1.6 � 10�3

a2 = 3.54 � 10�3 � 4.9 � 10�5

a3 = 5.91 � 10�4 � 1.1 � 10�5

III Wcalc
est

= a0 + a1 (T � Tr)
+ a2 (O2 � O2,r)
+ a3 [(T � Tr)
� (O2 � O2,r)]

4.4, 3.8, 1.3 T 89% 0.988 0.097 0.099 a0 = 1.749 � 0.005
a1 = 0.147 � 0.003
a2 = 5.61 � 10�3 � 7.8 � 10�5

a3 = 8.02 � 10�4 � 1.9 � 10�5

IV TAest

= a0 + a1 (T � Tr)
+ a2 (S � Sr)
+ a3 [(T � Tr)
� (S � Sr)]

2.0, 2.0, 1.1 S 84% 0.927 6.4 6.4 a0 = 2246.67 � 0.31
a1 = �3.70 � 0.14
a2 = 67.79 � 1.02
a3 = �13.28 � 0.41

V DICest

= a0 + a1 (sq � sq,r)
+ a2 (O2 � O2,r)
+ a3 [(sq � sq,r)
� (O2 � O2,r)]

8.1, 7.1, 1.4 sq 95% 0.988 9.5 9.6 a0 = 2165.76 � 0.54
a1 = 80.75 � 1.57
a2 = �0.45 � 0.012
a3 = �0.052 � 0.0087

VI [CO3
2�]est

= a0 + a1 (T � Tr)
+ a2 (O2 � O2,r)
+ a3 [(T � Tr)
� (O2 � O2,r)]

4.4, 3.8, 1.3 T 89% 0.987 4.2 4.3 a0 = 73.94 � 0.21
a1 = 5.85 � 0.12
a2 = 0.23 � 0.0035
a3 = 0.040 � 0.00084

aWarag, aragonite saturation; Wcalc, calcite saturation; TA, total alkalinity; DIC, dissolved inorganic carbon; [CO3
2�], carbonate ion concentration; T,

temperature; O2, oxygen; S, salinity; sq, sigma theta.
bO2,r, Tr, Sr, and sq,r for the calibration data set were 138.46 mmol kg�1, 10.28�C, 33.889, and 26.01 kg m�3, respectively.
cVIF, variance inflation factor (see text).
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the CalCOFI and IMECOCAL verification data sets col-
lected between 2006 and 2010. Plots of observed versus
predicted values for all verification samples indicate excel-
lent agreement of model estimates of pH, Warag, Wcalc, TA,
DIC, and [CO3

2�] with measured values (Figure 2). Agree-
ment is weakest for TA, with a looser correlation at the low
end of the range (measured TA < 2260 mmol kg�1) as well
as a tendency for the relationship to underestimate TA at the
high end of the range (TA > 2280 mmol kg�1). The loose
relationship between measured and estimated values is at the
shallow end of the depth range (15–30 m) and is likely
explained by a combination of biological calcification pro-
cesses and/or input of freshwater. Regressions between mea-
sured and estimated values for all carbonate system
parameters for pooled CalCOFI and IMECOCAL verification
data had r2 values of 0.96–0.98 and regression slopes (m) of
0.97–0.98, with the exception of TA (r2 = 0.93, m = 0.87).

Four samples were outliers (visually detected) on all plots
except TA, and were not included in the regressions (gray
symbols in Figure 2).
[19] We compared the skill of our Warag relationship (i.e.,

equation II in Table 1) for the sCCS with that of Juranek et
al. [2009] for the nCCS by applying both relationships to the
full suite of CalCOFI and IMECOCAL verification samples
(n = 352). We found that there was a mean offset of 0.19
between the observed Warag values and those calculated
using the nCCS relationship, with the Juranek et al. [2009]
relationship consistently underestimating Warag in the
sCCS, particularly at low Warag values. To determine the
cause of this offset, we generated an empirical relationship
for the entire CCS with the same final structure as equation
II and tested it on the combined CalCOFI/IMECOCAL
sample set. We found that the full CCS relationship had very
similar coefficients and performed essentially identically to
equation II for this sCCS sample set, although the overall
model RMSE was higher (0.091). (Note: We have not
addressed how well the full CCS model would perform rel-
ative to an independent nCCS sample set, as it is outside the
scope of this study.) The two main differences between the
nCCS relationship and equation II are a smaller intercept for
the nCCS relationship (0.9242 versus 1.112) and the lack of
a temperature term in the nCCS model. We suspect that the
lack of a temperature term drives the observed offset, as the
mean temperatures over the calibration data set for the nCCS
(WCC lines 3–5) and sCCS (WCC lines 8–12) relationships
are substantially different (8.61�C versus 10.28�C, respec-
tively). Mean values for other proxy variables also differ
sufficiently between the calibration data sets for the nCCS
([O2]mean = 181.2 mmol kg�1, sq,mean = 25.76 kg m�3, and
Smean = 33.26) and the sCCS ([O2]mean = 138.5 mmol kg�1,
sq,mean = 26.01 kg m�3, and Smean = 33.89) that careful
analysis of the coefficients for all relationships must be
undertaken to extend the applicability of equations I–VI
generated here (Table 1) for the sCCS to the nCCS. The
difference in means between regions reflects the greater
contribution and shallower depth of California Undercurrent
water in the sCCS than in the nCCS [Chhak and Di Lorenzo,
2007; Thomson and Krassovski, 2010].
[20] In developing the empirical relationships in Table 1,

tradeoffs were evaluated between minimizing RMSE values
and maximizing the geographic coverage of the relation-
ships. We expected that the empirical relationship for esti-
mating aragonite saturation would be similar between the
northern and southern CCS, but because no calibration data
from locations south of Trinidad Head in northern California
were used in generating the Juranek et al. [2009] Warag

relationship, it was necessary to reevaluate the coefficients
of the relationship. Further, many important drivers of car-
bon cycle processes differ in magnitude between the north-
ern and southern CCS: continental shelf width [Chase et al.,
2007], primary production [Hickey and Banas, 2008], ter-
restrial inputs [Chase et al., 2007], and average upwelling
intensity (http://www.pfeg.noaa.gov/products/pfel/modeled/
indices/upwelling/NA/click_map.html). In addition, despite
the presence of the same constituent water masses in the
northern and southern CCS, evolution of temperature and O2

characteristics of the major currents occurs during transit
along the coast. All of these factors may influence the values

Figure 2. Measured versus estimated values of pH, arago-
nite saturation (Warag), calcite saturation (Wcalc), carbonate
ion concentration ([CO3

2�]), total alkalinity (TA), and dis-
solved inorganic carbon concentration (DIC) for all verifica-
tion samples. Black lines represent a 1:1 relationship.
CalCOFI (Ca) data are shown in diamonds and IMECOCAL
(Im) data are represented by pluses, with different colors for
each sampling year as shown in the key. Outliers are shown
in gray.
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of the coefficients or the relative importance of a proxy
parameter. As an example, Juranek et al. [2011] found that
the North Pacific Ocean required distinct relationships for
estimating carbonate system parameters in the subarctic and
subtropical gyres because the drivers of carbon cycling in
the two sub-basins differ substantially.

5. Application of Empirical Relationships:
Temporal and Spatial Variability in the
Carbonate System in the Southern
CCS (2005–2011)

[21] The empirical relationships were subsequently applied
to O2, T, S, and sq data collected between 15 and 500 mwater
depth on all CalCOFI cruises between January 2005 and
January 2011 to generate proxy hindcast values for pHest,
Warag
est , Wcalc

est , TAest, DICest, and [CO3
2�]est. Here we focus our

discussion on observed magnitudes and variability of pH and
saturation states, and we use DIC and TA records to interpret
the influence of biological activity on pH and W values.
Reconstructed Warag and pH values at 20 and 30 m show
seasonal variability, with higher maxima during summer and
to a lesser extent fall when biological drawdown of CO2 in
warm surface waters leads to higher pH and W values (Table
2 and Figure 3). The range of pHest and West values at 20 and
30 m tends to be largest in summer and smallest in winter,
indicating that spatial variability across the CalCOFI region
is typically strongest in summer and weakest in winter. The
widest range of estimated DIC and TA values occur during
spring and summer across the time series, coinciding with the
seasonal peaks of upwelling and biological production,
respectively, both of which can drive strong gradients of
organic and inorganic carbon concentrations in the euphotic
zone (Table 2). Mean DICest concentrations during summer
and fall are lowest, reflecting biological drawdown, which is
apparently sufficient to overcome the signal of increased DIC
due to upwelling of deeper CO2-rich water masses on aver-
age (Table 2). Mean TA is higher during summer and fall,
suggesting that upwelling of water masses with higher TA
overwhelms any signal of biological carbonate production
that might reduce TA in the surface ocean (Table 2). On
average, oxygen concentrations at this depth tend to be
highest in winter, likely as a result of surface ocean mixing,
re-aeration, and temperature-driven solubility effects, while
average summer conditions are marked by great variability,
as a result of the complex interplay between primary pro-
duction producing O2 and upwelling or eddy formation
bringing O2-poor waters to the surface (Table 2).
[22] At depths of 75 and 125 m, spatial variability is still

substantial, as indicated by the wide range of pHest and West

values observed on all cruises, but variability is not as
strongly tied to the seasonal cycle (Figure 3). At 75 m, the
highest and lowest cruise-wide averages for pHest and West

frequently co-occur with highs or lows for T or O2, but
at 125 m, O2 shows stronger covariability with pHest

and West than T, as T variability is diminished at this depth
(Table S1).1 At 300 m and deeper, both variability and
values of pHest and West are low throughout the time series,

indicating perennially corrosive conditions with limited
spatial, seasonal, and inter-annual variability (Figure 3 and
Tables 2 and S1). At this depth, corresponding values of
DICest and TAest are high and variability low (Tables 2 and S1).
[23] The order of parameter selection in the regressions

also indicates which independent variable (T, S, O2, sq)
offers the most explanatory power for the variance in the
dependent variable (pHest, Warag

est , Wcalc
est , TAest, DICest,

[CO3
2�]est). For pHest, the first parameter selected by the

model was O2, whereas for West and [CO3
2�]est, T was

selected first (Table 1). For TA and DIC, S and sq were the
parameters explaining the most variability in the models,
respectively (Table 1). Covariation between the predictor
variables (T, O2) and the estimated variables (pHest, West) in
cruise-wide averages (Table S1) and in the full data set (not
shown) further confirm that Warag

est and Wcalc
est are more

strongly influenced by T, whereas pHest is more strongly
influenced by O2. Thus, W appears to be more strongly tied
to temperature-driven changes in calcium carbonate solu-
bility, while pH is more responsive to biological and phys-
ical processes affecting the stoichiometry of O2 and CO2

concentrations. Comparing relationships among predictor
and estimated variables across depths reveals that the
strength of the relationship between O2 and estimated vari-
ables increases with depth, whereas the strength of T versus
pHest or West relationships diminishes with depth as T vari-
ability diminishes (Tables 2 and S1). Near-surface processes
(heating and gas exchange) can explain some of this pattern.
At the surface, temperature ranges are largest due to seasonal
heating of surface water masses. Gas exchange will tend to
alter the stoichiometric relationship between O2 and CO2

because O2 reaches equilibrium with the atmosphere more
rapidly than CO2, so water masses closer to the surface that
may be affected by gas exchange would not have as strong a
relationship between O2 and pHest or West. In addition,
shifting contributions of CC and CU water masses with
depth likely contribute to the observed tradeoff between the
importance of T and O2 influence.
[24] To illustrate patterns of spatial variability in the state

of the carbonate system through the southern CCS, we
plotted pHest, Warag

est and Wcalc
est proxy values on 20, 75, 125,

and 300 m depth surfaces for CalCOFI cruises characterized
by large and small ranges in observed proxy values (Figures 4
and 5, time windows selected are indicated by vertical gray
and black lines, respectively, in Figure 3). For both Warag

est and
pHest, the widest range of values was observed during the
summer of 2005, and the smallest range was observed dur-
ing the winter of 2010. During the high-variability summer
2005 CalCOFI cruise, spatial patterns in reconstructed pH,
Warag, and Wcalc showed the strongest gradients along an
onshore-offshore axis, with the lowest estimated values of
pH and saturation states present nearshore at each depth
(Figure 4). In the upper few hundred meters, pHest varied
from 7.71 to 8.08 at 20 m (Dmax�min = 0.37), from 7.65 to
8.07 at 75 m (D = 0.42), and from 7.62 to 7.98 (D = 0.36),
with the strongest onshore-offshore gradient at intermediate
depth. At 300 m depth, pH variability spanned a range of
7.55–7.69 (D = 0.13). Aragonite saturation estimates varied
from 1.01 to 2.88 on the 20 m depth surface (D = 1.87),
from 0.84 to 2.67 at 75 m (D = 1.83), and from 0.78 to 2.00
at 125 m depth (D = 1.22), with values and variability

1Auxiliary materials are available in the HTML. doi:10.1029/
2011JC007511.
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continuing to decrease with depth to a range of 0.64–0.82
at 300 m (D = 0.19) (Figure 4). Calcite saturation across
each depth surface ranged from 1.58 to 4.47 at 20 m (D =
2.89), from 1.33 to 4.16 at 75 m (2.83), from 1.23 to 3.13
at 125 m (D = 1.90), and finally from 1.00 to 1.30 at 300 m
(D = 0.30). During the summer, upwelling of CO2-rich
subsurface water masses brings low-pH and low-W water
masses into nearshore surface waters north and south of
Point Conception. Upwelling and eddy formation in the
Southern California Bight both act to steepen the gradients
of pHest and West along depth surfaces in shallower water by
bringing deeper water masses closer to the surface during
spring throughfall months.
[25] In contrast, during the winter 2010 CalCOFI cruise,

spatial variability was quite low in reconstructed pH, Warag

and Wcalc (Figure 5). Variability predominantly reflected
differences in oceanographic conditions north and south of
Point Conception, with lower estimated values for pH and
saturation states north of CalCOFI line 80 (extending off of
Point Conception) in the core of the California Current
upwelling system and higher values in the Southern Cali-
fornia Bight. On average, winter months (DJF) between
Monterey Bay and the Southern California Bight are rela-
tively quiescent with respect to upwelling, with only epi-
sodic bursts of upwelling or downwelling activity (36� and
33�N plots on http://www.pfeg.noaa.gov/products/PFEL/
modeled/indices/upwelling/NA/daily_upwell_graphs.html).
Estimated winter 2010 pH values were much less variable
across the depth surfaces in Figure 5, with a range of 7.99–
8.05 at 20 m depth (D = 0.06), 7.82–8.04 at 75 m depth (D =
0.22), and 7.73–7.97 at 125 m depth (D = 0.25). In contrast
to the summer variability maps, depth-surface variability dur-
ing this winter cruise increased with depth between 20 and 125
m, with very low variability at 20m reflecting wintertime wind
mixing and weaker stratification. pH variability at 300m depth
was the same as during summer 2005 (7.55–7.69, D = 0.13)
with essentially the samemean, which only varies from 7.60 to
7.61 throughout the time series (Figure 3 and Table S1),
indicating that seasonal and inter-annual variability are not
strong at this depth. Aragonite saturation ranges from 1.97 to
2.52 along the 20 m depth surface (D = 0.55), from 1.24 to
2.37 at 75 m (D = 1.13), and from 0.96 to 1.87 at 125 m depth
(D = 0.90), with peak variability at 75 m, and values and
variability falling at 300 m (0.65–0.80, D = 0.15). Calcite
saturation followed the same pattern as aragonite with ranges
of 3.09–3.93 at 20 m (D = 0.84), 1.96–3.69 at 75 m (D =
1.73), 1.52–2.92 at 125 m (D = 1.40), and 1.02–1.27 at 300 m
(D = 0.25). Together, the maps for high- and low-gradient
CalCOFI cruises delineate the envelope of variability seen in
pH and saturation states in the southern CCS between 2005
and 2011. While the variability in all parameters is relatively
low in the low-variability snapshot (i.e., Figure 5), it is well
within the ability of the empirical relationships to resolve the
variability at all depths (Table 1).
[26] Seasonal shifts in isopycnal depths and the associated

pHest and West conditions may have ramifications for living
organisms. Depth profiles (15–500 m) from quarterly cruises
along CalCOFI line 86.7 in 2005 reveal the magnitude of
depth migration of pHest and Warag

est surfaces during an annual
cycle (Figure 6). Under winter conditions (January 2005),
pHest and Warag

est isopleths are horizontal along most of the
onshore-offshore transect, with deepening of the surfacesT
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from station 90 offshore (�450 km offshore). During the
spring 2005 CalCOFI cruise, pHest and Warag

est isopleths begin
to slope upward. Summer to fall conditions in 2005 were
influenced by the strong expression of the Southern Cali-
fornia Eddy, centered on stations 45 and 50, which caused
the upward doming of pHest and Warag

est surfaces nearshore
relative to their spring depth distribution [Peterson et al.,
2006]. Between January and July 2005, upward doming
caused the aragonite saturation horizon (ASH, Warag

est = 1) to
shoal by �100 m from 150 to 200 m to �25–70 m in the
nearshore region (between stations 33 and 50). This indi-
cates that calcifying aragonitic organisms living in the upper
100 m of the water column experienced corrosive conditions
for some or all of the spring to fall upwelling season in some
locations.
[27] On the sub-decadal time scale of this time series

reconstruction for pHest and Warag
est , we see clear evidence for

seasonal and spatial variability in carbonate chemistry
related to OA in the upper few hundred meters of the water
column (Figure 3). The depths of pH and Warag surfaces
appear to oscillate by approximately 100 m through an
annual cycle, bringing low pH, low Warag water masses near
the surface in summertime (Figure 6). The seasonal incur-
sion of the aragonite saturation horizon into the upper 100 m
of the water column may have implications for biological

productivity in the southern CCS during the summer grow-
ing season. In addition, a growing body of evidence suggests
that many, but not all, calcareous organisms will experience
an increasingly difficult time synthesizing calcium carbonate
skeletons, shells, or tests under decreasing saturation states
[Hendriks et al., 2010; Hofmann et al., 2010; Kroeker et al.,
2010]. The only biological time series of calcareous organ-
isms in the southern CCS showed no decline in abundance
of calcareous holozooplankton over the last six decades,
although the study was not able to address changes in spatial
or depth distributions or shell morphology that may have
occurred during the study period [Ohman et al., 2009].
Research on the shoaling hypoxic boundary suggests that the
coupled effects of low O2 and high CO2 may act to limit
habitable benthic substrates for many calcifying and non-
calcifying organisms over the coming decades [cf.
McClatchie et al., 2010].
[28] Although decadal trends and variability in pH and W

cannot be evaluated during a time series of this duration, we
can gain some insight into inter-annual variability from this
reconstruction. In a time series plot for station 55 on line 76.7
(see Figure 1 for location), differences in the annual depth
oscillation of pHest and West surfaces are evident across years
(Figure 7). The largest seasonal oscillations in depth surfaces
at this location occurred during 2005 and 2006, and the

Figure 3. Time series for proxy (left) aragonite saturation (Warag
est ) and (right) pHest values for CalCOFI

cruises between January 2005 and January 2011 at standard CalCOFI sampling depths of 20, 30, 75,
125, and 300 m. Within each cruise, the spread of the data reflects the spatial variability of Warag

est and pHest

at each depth. Black dashes at the top of the figure indicate timing of summer and fall cruises for all years.
The vertical gray line marks the summer 2005 CalCOFI cruise (high spatial variability, Figure 4), and the
vertical black line denotes the winter 2010 cruise (low spatial variability, Figure 5). The shaded gray
region highlights all 2005 CalCOFI cruises, which are profiled in Figure 6 to show the seasonal variability
of pHest and Warag

est with depth.
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Figure 4. Maps of proxy (top) pH, (middle) aragonite saturation (Warag), and (bottom) calcite saturation
(Wcalc) at 20, 75, 125, and 300 m for the CalCOFI cruise conducted in summer 2005, a period of high spa-
tial variability. Warag and Wcalc share the same color scale. Conditions that are below saturation for Warag or
Wcalc (W < 1) and the corresponding pH values are shown in red, with all other colors representing W values
above 1.0. The location of Point Conception is shown in Figure 1.

Figure 5. Maps of proxy pH, aragonite saturation, and calcite saturation at 20, 75, 125, and 300 m for the
CalCOFI cruise conducted in winter 2010, a period with low spatial variability. Arrangement of figures,
color scales, and other details is the same as in Figure 4.
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weakest in 2008. The total magnitude of the seasonal oscilla-
tion of the aragonite saturation horizon (ASH) ranged from
�130 m in 2005, when the ASH impinged on the upper 30 m
of the water column during the summer, to �30 m in 2008,
when the ASH remained relatively stable around 100 m depth
throughout the year. Through the whole time series, the mean
depth of the ASH at this location was 136 m (Figure 7). The
calcite saturation horizon (Wcalc

est = 1) oscillated around an
average depth of 382 m at this station, with a smaller ampli-
tude depth oscillation (�20–60 m) through the seasonal cycle.
Values of pHest between 15 and 100 m depth ranged from 7.68
to 8.02 during this time series, with values as low as 7.54 at
500m depth (Figure 7). Corresponding to these conditions, the
carbonate ion showed a pronounced concentration gradient
from 15 to 500 m (Figure 7). At 20m, [CO3

2�]est ranged from a
low of <70 mmol kg�1 (summer 2005) to a high of�150 mmol
kg�1 (fall 2006). At depths of 300–500 m, [CO3

2�]est is con-
tinually <50 mmol kg�1. TA and DIC values observed during
the time series in the 15–100 m depth range were 2210–
2260 mmol kg�1 and 2040–2200 mmol kg�1, respectively,
with the seasonal variation likely reflecting a combination
of biogenic carbonate production (DTA), biological CO2

drawdown (DDIC), and physical movement of water masses
through the water column by upwelling, downwelling, or
eddy circulation (Figure 7). Below the euphotic zone,
changing isopycnal depths should drive most observed

variability in carbonate parameters. This five-year time series
demonstrates that the southern CCS experiences pronounced
seasonal and inter-annual variability in the depth of pHest and
Warag
est surfaces and other carbonate chemistry parameters. CCS

time series stations in Monterey Bay and northern Baja Cali-
fornia show suppressed upwelling during warm El Niño
anomalies and enhanced upwelling during cold La Niña
anomalies [cf. Borges et al., 2009; Friederich et al., 2002;
Linacre et al., 2010]. At this CalCOFI time series station,
comparison to the Oceanic Niño Index (ONI, http://www.
cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/
ensoyears.shtml) reveals that isopleths are substantially
deeper than the 2005–2011 average during El Niño condi-
tions in the first half of 2005 when the ONI was in decline
from the July–December 2004 El Niño, the second half of
2006, and the first half of 2010 (Figure 7). The depression of
isopleths observed between June 2009 and April 2010,
corresponding to the highest values of the ONI (El Niño
phase) during this time series, however, was weaker than the
response to the weaker El Niño anomalies in July–December
2004 and August 2006–January 2007. The oceanic response
to the El Niño of 2009–2010 may be somewhat unusual as it
appears to have propagated into the southern California
Current region primarily via atmospheric teleconnections
rather than through oceanic advection [Todd et al., 2011].
The strongest upwelling of isopleths during the 2005–2011

Figure 6. Cross-sections of proxy (left) pH and (right) aragonite saturation for CalCOFI line 86.7 for all sea-
sonal cruises in 2005. Depths shown are from 15 to 500 m. The bathymetric peak between 100 and 150 km
offshore represents a shallow sampling station near San Nicolas Island. The true contours near the island are
likelymore complicated than shown, but those shown in the figure are meant to represent conditions just north
of the island.
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time series at this station was during the spring and summer
of 2005, when the ONI index was declining from the 2004
El Niño anomaly. There is no evidence at this station of
enhanced upwelling during the La Niña conditions in the
second half of 2010.
[29] A five-year mooring time series (2006–2011) study

off of northern San Diego, California, examined the 2009–
2010 El Niño and 2010–2011 La Niña events in more detail
and found evidence for enhanced O2 depletion and acidity in
nearshore, near-surface water masses because of the addi-
tional uplifting of isopycnals associated with La Niña con-
ditions [Nam et al., 2011]. We compared a reconstructed time
series of carbonate chemistry from the nearest CalCOFI sta-
tion to the mooring site (line 93.3, station 26.7) (Figure 8). At
this station, pronounced deepening of isopleths occurred with
respect to all carbonate parameters during the 2009–2010 El
Niño, as well as some shoaling of isopleths during the 2010–
2011 La Niña relative to preceding years (Figure 8). How-
ever, the strongest depression and shoaling of isopleths in
this station’s time series also occurred in 2005 (prior to the
Nam et al. [2011] time series) and reflects a response to the

weaker El Niño conditions in the second half of 2004. Nam
et al. [2011] argue that the relatively late seasonal timing
of the 2010–2011 La Niña (fall 2010–winter 2011) miti-
gated its impact on the low-O2, low-pH event observed,
and that the coincidence of La Niña conditions with the
normal seasonal peak of upwelling in this region (spring–
summer) could result in previously unseen depletions in O2

and peaks in acidity. The more pronounced fluctuations in
isopleth depth observed in response to the weaker 2004 El
Niño are consistent with Nam et al.’s [2011] interpretation.
During the 2005–2011 time series, organisms living at or
below �70 m in the water column at this station experi-
enced undersaturated conditions (Warag

est ≤ 1) for a minimum
of about three months each year (e.g., 2008 and 2009). In
2007 and 2010, aragonite undersaturation persisted for
roughly six months each year, and corrosive conditions
were continuous in the bottom waters at this station from
roughly March 2005 to October 2006. The shallowest
depth that undersaturated waters reached at this station was
�30–35 m in March–July 2005 (noting the possibility that
worse conditions existed during the time series that were

Figure 7. Time series (January 2005–January 2011) of pHest, aragonite saturation (Warag
est ), calcite satura-

tion (Wcalc
est ), [CO3

2�]est, total alkalinity (TAest), and dissolved inorganic carbon (DICest) for water depths of
15–500 m at station 55 on CalCOFI line 76.7. The Oceanic Niño Index (ONI) time series is shown at the
top, with periods meeting the criteria for El Niño anomalies shaded in red, and those for La Niña in blue.
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not sampled on a CalCOFI cruise and therefore are not
accurately represented in Figure 8).

6. Limitations to Applying the Empirical Model

[30] While these empirical models can provide very
robust estimates of carbonate system parameters from
proxy variables, several aspects of this approach require
further research to extend the applicability of this model to
the full range of potential data sets. For instance, the length
of the reconstructed CalCOFI time series presented here is
insufficient to evaluate decadal variability. In order to
extend the reconstruction further back in time (e.g., applying
the model to the full CalCOFI time series to 1949), it would
first be necessary to account for the progressive addition of
anthropogenic CO2 to the water column during the last sev-
eral decades, as this addition will change the CO2:O2 rela-
tionship through time [e.g., Kim et al., 2010]. However,
physical circulation within the southern CCS is complex
[Hickey, 1992], and past studies of chlorofluorocarbon (CFC)
distributions indicate that corrections for anthropogenic CO2

penetration within the southern CCS may be difficult [Min
et al., 2002]. In order to extend the reconstructions further
back in time, a better understanding of the age distribution
of water masses within the study area (i.e., the time of last
contact with the atmosphere) would be necessary, so that
the anthropogenic CO2 content could be accurately quan-
tified and corrected for in hindcasts extending further back
in time. No robust estimates exist for this presently, but the

current thinking is that it is on the order of a few decades
[Feely et al., 2008a; Hales et al., 2005]. Without further
development, analysis by Juranek et al. [2011] indicates
that the it would take approximately 10 years for the error
caused by anthropogenic CO2 addition to exceed the
uncertainty limits of these estimates; thus, the models
presented here should be robust for and applicable to the
southern CCS during roughly the period 1997–2017 (i.e.,
date of calibration data set �10 years). We expect that
extending the model significantly beyond this time window
will result in proxy estimates with increasing error because
of secular changes in concentration of anthropogenic CO2

in source water masses. Continued collection of calibration
and tracer data will allow careful assessment of the actual
rate of anthropogenic CO2 increase in southern CCS water
masses and can serve as the basis for long-term recon-
structions taking anthropogenic CO2 contributions into
account.
[31] A separate but related issue is that on a decadal scale,

large-scale shifts in coastal ocean circulation may affect the
depth distribution of the water masses in the CCS, resulting
in different chemical signatures in the water masses over the
depth zone that these empirical models cover. Detailed
information on the long-term variability of the physical and
chemical properties of the CCS is required to understand
how such inter-annual to decadal changes will affect the
state of the carbonate system in our coastal ecosystems. In a
recent analysis of the CalCOFI data set, large-scale cooling

Figure 8. Carbonate system time series (January 2005–January 2011) reconstruction for CalCOFI line
93.3 station 26.7.
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and freshening of the water from 50 to 200 m within the
California Current was attributed to an enhancement of the
amount of cool, lower-salinity subarctic water transported
southward from the subarctic North Pacific [Di Lorenzo et al.,
2005]. In other examples, West Coast time series of CO2

and pH data suggest that another significant shift in source
water depth distribution may have occurred since 2005
[Borges et al., 2009; Wootton et al., 2008]. Off of northwest
Washington, a drop of �0.4 in summertime average surface
pH was observed between 2002 and 2008, which may
reflect stronger upwelling of a more acidic water mass than
was previously observed [Wootton et al., 2008]. On the
Central California coast, the rate of increase in pCO2 and the
rate of pH decrease were substantially higher in surface
waters between 2006 and 2008 than the long-term trend
(1993–2008) [Borges et al., 2009]. In both cases, the pH
declines observed are larger over a shorter period of time
than can be explained by the atmospheric accumulation and
surface ocean uptake of CO2 alone. These observations
indicate that it is critical to consider circulation processes
when assessing ocean acidification in coastal oceans. Earth
system models predict large changes in the carbon, oxygen,
and macronutrient content of upwelling water masses in the
CCS by 2100 [Rykaczewski and Dunne, 2010]. Both the
steady accumulation of anthropogenic CO2 in CCS water
masses and the potential for large-scale shifts in circulation
to affect CCS chemical signatures indicate that it is critical
to continue collecting new observations to extend and verify
the applicability of these empirical models to new data sets
over longer time periods.
[32] Another consideration is that, under hypoxic condi-

tions, the empirical relationships may change as a result of
changing respiratory CO2:O2 stoichiometry [e.g., Chen,
2002]. A recent reassessment of anaerobic remineralization
and resulting changes in alkalinity (and thus CO2:O2 stoi-
chiometry) in continental shelf settings indicates that
upwelling systems such as the CCS may be among the only
places where this effect can be significant, albeit just on a
local scale [Hu and Cai, 2011]. Hypoxic conditions have
been observed throughout the CCS increasingly since 2000
[Bograd et al., 2008; Chan et al., 2008; Grantham et al.,
2004] and are predicted to increase further by 2100
[Rykaczewski and Dunne, 2010], although CalCOFI time
series data indicate multidecadal oscillations in the depth of
the hypoxic boundary [McClatchie et al., 2010]. In order to
keep pace with the changing chemistry of CCS water mas-
ses, continued development and verification of these
empirical relationships will be necessary over the coming
decades.
[33] Finally, river-dominated continental margins such as

the U.S. East Coast may present a greater challenge to
developing the types of empirical relationship described
here. River inputs may be very localized, and individual
rivers may have quite different chemical signatures [e.g., Cai
and Wang, 1998; Raymond et al., 2004], creating a situation
with three or more end-members for a model. Except in the
case of very large rivers, it may be the case that the influence
of the freshwater inputs is limited to parts of the continental
shelf or water column that are excluded from this type of
approach anyway, due to considerations of surface heating
and gas exchange [Jiang et al., 2010]. Enhanced subsurface
acidification due to eutrophication driven by river-borne

nutrients may still complicate matters by altering CO2:O2

relationships [Cai et al., 2011].

7. Conclusions

[34] Empirical models for estimating the parameters pH,
Warag, and Wcalc using oxygen, temperature, and other
hydrographic proxy data provide robust reconstructions of
the state of the carbonate system within the southern CCS on
sub-decadal time scales and can lend insight into the process
of ocean acidification in this upwelling coastal ecosystem.
Applying these models to CalCOFI hydrographic data for
2005–2011 revealed seasonal variability in pH and calcium
carbonate saturation states and shallower saturation horizons
in the summer and fall than during winter and early spring.
In addition, spatial variability during summer conditions
appears to be dominated by onshore-offshore gradients due
to upwelling and eddy formation in the southern CCS, in
contrast to winter, when north-south gradients are more
prevalent.
[35] These empirical models are robust for reconstructing

pH, W, and other inorganic carbon parameters at sub-decadal
time scales, but for longer reconstructions, it will be neces-
sary to correct for anthropogenic CO2 increases in the sur-
face ocean. Continued observations are critical for providing
a solid observational basis for estimating the effects of this
long-term CO2 accumulation on the empirical relationships,
as well as for addressing the potential effects of hypoxia on
the underlying CO2:O2 relationship.
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