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As part of an effort to monitor changes in inorganic carbon chemistry of the coastal ocean, near-synoptic
cruises are being conducted in the Northern Gulf of Mexico and along the East Coast of the United States.
Here we describe observations obtained on a cruise in the summer of 2012 and compare them with
results from a cruise following a similar track in 2007. The focus is on describing spatial patterns of
aragonite saturation state (ΩAr). This parameter is an indicator of ecosystem health, in particular for
calcifying organisms. The results show large-scale regional trends from different source waters at the
northeastern and southwestern edges of the domain, along with the modulating effects of remineralization/respiration and riverine inputs. The broader patterns and changes over ﬁve years along the
coast can be well described by the impacts of large-scale circulation, notably changes in source water
contributions. Changes in the well-buffered Loop Current and Gulf Stream with high ΩAr impact the
waters in the southern part of the study area. The less buffered southward coastal currents with low ΩAr
originating from the Labrador Sea and Gulf of St. Lawrence impact the ΩAr patterns in the Northern
regions. The expected 2% average decrease in ΩAr in the surface mixed layer due to increasing atmospheric CO2 levels over the 5-year period is largely overshadowed by local and regional variability from
changes in hydrography and mixed layer dynamics.
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Changes in the inorganic carbon chemistry of seawater due to
invasion of anthropogenic carbon dioxide (CO2) from the atmosphere is referred to as ocean acidiﬁcation (OA). The increase of
surface water CO2 leads to a decrease in the buffering capacity of
the ocean due to loss of carbonate ions (CO32−) following the
stoichiometry shown in Eq. (1).
CO2 þCO32  þH2O ¼2 HCO3 

(1)

This decrease of CO32− has a direct impact on the growth and
survival of calcifying organisms. Other changes associated with
increasing atmospheric CO2 levels and uptake of the excess CO2 by
the ocean, such as increases in the hydrogen ion concentration and
increasing partial pressure of CO2, impact a variety of organisms as
well (Wittmann and Portner, 2013).
Increases in surface water CO2 levels dependably follow
*
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increasing atmospheric levels, particularly in the open ocean.
While deviations from these trends can have impacts on global
ocean carbon uptake on seasonal to interannual scales (Le Quéré
et al., 2010; Takahashi et al., 2009; Wanninkhof et al., 2013), they
generally do not have appreciable impacts on global OA trends
within the current uncertainty of measurements. Locally, and
particularly in the coastal ocean and nearshore, there are several
confounding effects that can impact ocean acidiﬁcation. These
processes affect the inorganic carbon speciation shown in Eq. (1)
and are often included in a broader description of OA. The processes effecting OA, and OA changes and trends in the coastal
oceans must be monitored and understood as most of the commercial and recreational ﬁsheries and aquaculture industries occur
near the coast.
Effects that modulate the general trend of ocean acidiﬁcation
include respiration and remineralization of organic matter, releasing CO2 in the aquatic environment (Cai et al., 2011). These
processes are generally associated with oxygen drawdown, which
in stratiﬁed waters can lead to hypoxia and have detrimental
inﬂuences on ocean biota as well (Zhang et al., 2013; Rabalais
et al., 2014). Upwelling of water with high CO2 levels can have a
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large effect on OA both as a direct inﬂuence and because upwelled
CO2-rich water is less buffered such that invasion of anthropogenic
CO2 causes an enhanced decrease in CO32− (Feely et al., 2008;
Harris et al., 2013). Continental contributions from rivers,
swamplands, estuaries, and groundwater inputs can also have
appreciable and variable impacts, and these effects are often
measured along the salinity gradients from continental sources to
the coastal ocean (Cai and Lohrenz, 2007; Cai et al., 2010; Huang
et al., 2015; Liu et al., 2014; Salisbury and Green, 2008). Such
impacts are expected to be particularly signiﬁcant for rivers with
low alkalinity and thus weak buffer capacity (Hu and Cai, 2013).
In response to the threats of ocean acidiﬁcation and
confounding factors, the Ocean Acidiﬁcation Program (OAP) of the
National Oceanic and Atmospheric Administration (NOAA) has
been charged with setting up an ocean acidiﬁcation monitoring
network to quantify the increase in near surface water CO2 (and
decrease in pH) and associated changes in inorganic carbon
speciation. As part of the observing scheme, dedicated research
cruises are conducted to investigate the water column properties
along select transects, and pertinent surface water characteristics
are evaluated along the cruise track.
The second Gulf of Mexico and East Coast Carbon Cruise
(GOMECC-2) took place on NOAA ship Ronald H. Brown from July
21 through August 13, 2012 with 8 cross-shelf transects in the Gulf
of Mexico (GOM) and East Coast of the United States covering
distinct biogeochemical regimes. The overall characteristics of the
regions are described in Wang et al. (2013) based on the ﬁrst
GOMECC study in 2007. From the Louisiana line to the Cape
Hatteras line (Fig. 1), the study region is bounded by the Loop
Current, Florida Current, and Gulf Stream system. These waters
serve as endmembers in coastal mixing dynamics and act as a
conduit for northward movement of chemical constituents that
originate from the adjacent coastal seas and gyres. To the north of
Cape Hatteras, impacts of the Labrador Sea slope water and associated coastal jets prevail in coastal waters (Fratantoni and Pickart,
2007; Han et al., 2014). The data from the GOMECC-2 cruise are
used to describe the state of the inorganic carbon system in this
realm and, in combination with the GOMECC-1 data, are used to
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evaluate differences over the last 5 years. Our discussion is focused
on the dynamics of the aragonite saturation state (ΩAr) as a prime
indicator of OA. The GOMECC-2 data are used to show spatial
distributions in this parameter, and with data from GOMECC-1
provide a comparison of ΩAr between the summers of 2007 and
2012.
While different organisms have varying sensitivities to the
different forms of inorganic carbon, their sensitivities can often be
categorized by the physical and chemical state of seawater, in
particular ΩAr. The ΩAr is a primary control on calcifying rates and
the mortality of calcifying organisms (Andersson, 2014; Waldbusser et al., 2015). The ΩAr can also serve as an indicator of the
state of the inorganic carbon system, encompassing alkalinity
(TAlk), total dissolved inorganic carbon (DIC), salinity, temperature
and pressure effects.
The ΩAr is not measured directly but is calculated from
observed variables. It is deﬁned as the product of calcium and
carbonate ion concentrations divided by the solubility product of
the calcium carbonate mineral phase aragonite:

ΩAr ¼ [Ca2 þ ] [CO32  ] (K'Ar spP)  1

(2)

where [Ca2 þ ] is the total calcium concentration and is derived
from salinity. It is based on the constancy of composition of major
cations in seawater. The [CO32−] is the total carbonate ion concentration determined from two of the four measured inorganic
carbon system parameters, and K'Ar spP is the apparent solubility
product of the calcium carbonate mineral phase aragonite in
seawater at a speciﬁed salinity, temperature and pressure. If ΩAr is
less than one, the mineral phase is thermodynamically unstable.
Here we investigate the surface and subsurface patterns of ΩAr
along the Gulf Coast and East Coast of the United States and factors
that inﬂuence it. The sensitivity and uncertainty of the calculations
are discussed. The geographical and temporal variations of ΩAr are
presented along with the confounding effects of continental inputs
and remineralization. Following Wang et al. (2013) the Gulf Stream
is used as a demarcation in the coastal region up to Cape Hatteras,

Fig. 1. Map of the study area. The cruise track for the GOMECC-2 cruise is the black dashed line and CTD station locations are the black circles. The gray numbers are the
station numbers described in Fig. 2. The bathymetry is a color scale with the legend at the right. The areas of the Northern Gulf of Mexico (NGOM), West Florida Shelf (W-FL
shelf), South Atlantic Bight (SAB) and Mid Atlantic Bight (MAB) are delineated by the dashed gray lines. The black numbers identify the different transects: (1) Louisiana, LA
line, (2) Tampa line, (3) 27°N line, (4) Georgia, GA line, (5) Cape Hatteras line, (6) New Jersey, NJ line, (7) Line W, and (8) New Hampshire, NH line. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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while farther north the 200 m isobath is used. Differences in ΩAr
between the summer cruises in 2007 and 2012 are discussed in
the context of anthropogenic CO2 increases in the coastal waters
and natural variability.
The methods section describes sampling, analysis, calculation
of saturation state and uncertainty of parameters used in the
analyses. The results and discussion section evaluates how Ca2 þ ,
CO32−, and K'Ar sp input parameters impact the calculated ΩAr. The
large-scale surface patterns of relevant parameters affecting ΩAr
are described in terms of inorganic carbon system parameters and
nutrients using relevant endmembers. The observed variations,
including subsurface patterns, are placed in physical context.
Following the descriptions of patterns and processes observed
during GOMECC-2, a comparison is made with the summer of
2007 GOMECC-1 cruise. Differences in surface pCO2, sea surface
temperature (SST) and sea surface salinity (SSS) are described
followed by observed surface and subsurface changes of ΩAr and
attribution based on large-scale changes in boundary and coastal
currents.

Table 1
Accuracy and precision of chemical and physical measurements during GOMECC-2.
Parameter

Method

SST (°C)
SSS
UWpCO2 (matm)
T (°C)
S
O2 (mmol kg  1)
O2 (mmol kg  1)
DIC (mmol kg  1)
TAlk (mmol kg  1)
pCO2 (20)a (matm)
pHT (25)b
NO3 (mmol kg  1)
PO4 (mmol kg  1)
SiO4 (mmol kg  1)

Thermistor seachest
TSG
Infrared
CTD probe
CTD probe
CTD probe
Winkler
Coulometry
Open cell titration
Infrared
Spectrophotometric
Colorimetric
Colorimetric
Colorimetric

Vertical resolution (dbar)

1
1
1
10–200
10–200
10–200
10–200
10–200
10–200
10–200
10–200

Precision Accuracy

0.001
0.01
0.2
0.001
0.002
2
1
2
2
0.2%
0.0004
0.1
0.01
0.1

0.02
0.02
2
0.002
0.003
3
1.5
2
3
1%
0.001
0.2
0.02
0.3

a
Fugacity of CO2 at 20.00 °C. All pCO2 values reported throughout are corrected
for the non-ideality of CO2 in air mixtures.
b
The pH on the total scale at 25.00 °C.

2. Methods
2.1. Sampling
Underway samples were taken along the entire cruise track
from the scientiﬁc seawater supply line, with an intake 5-m below
the water line at the bow of the ship. To eliminate potential artifacts from bacterial respiration of organic material in the pipes, the
sampling line was ﬂushed thoroughly with bleach and freshwater
prior to the cruise (Juranek et al., 2010).
Full water column measurements were performed with a CTD/
Rosette system containing 24 10-l Niskin-type bottles. The bottles
were subsampled on deck for biogeochemical parameters
including DIC, TAlk, pHT(25), pCO2(20), O2, silicate, phosphate and
nitrate. Details on all parameters sampled can be found in a
comprehensive cruise report (Wanninkhof et al., 2014).
Here, the description is limited to the parameters used in the
analysis. Automated systems were used to sample the surface
seawater line for fugacity of carbon dioxide (underway pCO2), SST
and SSS at a frequency of 3-min. While the thermosalinograph
(TSG) near the bow intake was used for SST, the conductivity cell
in the TSG malfunctioned during the cruise such that a TSG unit
next to the underway pCO2 system in the hydrolab was used for
salinities. The underway pCO2 system and its performance
characteristics are described in Pierrot et al. (2009). Discrete underway samples for DIC, TAlk, pHT(25), pCO2(20), O2, silicate,
phosphate, and nitrate were taken from the scientiﬁc seawater
supply line at 3-h intervals. Estimated precisions and accuracies
are provided in Table 1.
A hull-mounted 75 kHz ADCP was used to determine water
velocities, and data were reduced using CODAS 3 software protocols and standards (Firing and Hummon, 2010). The data were
averaged to 5-min intervals and depth bins of 4 m. The “surface”
bin was at 20–24 m depth due to the draft of the ship and
instrument blanking. The ADCP data were primarily used to
determine the position of the Gulf Stream, Loop Current and other
large-scale oceanographic features.
The CTD was equipped with dual T, S, and O2 sensors that were
compared to assess stability and precision of sensors over time.
The sensors were post-calibrated after the cruise and ﬁnal data
were provided using the post-calibrated values from the primary
sensor. Differences between the primary and secondary sensors
were used to assess the accuracy. They were 0.002 °C in temperature and 0.001 S/m in conductivity. The high accuracy of hydrographic measurements (T, S, and P) was such that their

imprecision did not impact the interpretation of the biogeochemical parameters and the calculated values that utilize this
information. The salinities and O2 values from the CTD sensors
were adjusted using the shipboard measurements of salinities and
O2 from Niskin bottle samples following the correction routines
outlined in the cruise report (Wanninkhof et al., 2014).
2.2. Chemical analyses
The sampling and analysis protocols for discrete samples closely follow the exacting requirements of the CLIVAR/CO2 repeat
hydrography, ocean acidiﬁcation, and GO-SHIP programs (Dickson
et al., 2007; Hood et al., 2010; Dickson, 2010a). DIC was sampled in
300 mL borosilicate bottles and analyzed onboard using a coulometer with an automated sample delivery and gas extraction
system using aliquots of about 25 ml. The system was calibrated
each time the coulometer cell solution was changed (about every
12 h) by injecting two gas loops of pure CO2 bracketing the sample
concentrations. TAlk was measured by open cell Gran titration of a
25-ml volume of seawater, with daily calibrations of the pH electrode at 3 pH levels ( E4, 7, and 10) (Cai et al., 2010). The DIC and
TAlk samples were referenced twice a day against certiﬁed reference materials (CRMs) (Dickson, 2010b). The pH was measured
at 25 °C and reported on the total scale, pHT(25). The measurements were performed using 10-cm pathlength cuvettes, puriﬁed
m-cresol purple dye (Liu et al., 2011) and an Agilent 8453 spectrophotometer (Clayton and Byrne, 1993). Samples (500-ml) were
measured for discrete pCO2 with an IR based system similar to that
described in Wanninkhof and Thoning (1993), but using a
permeable membrane extractor rather than a bubble-type equilibrator. All samples were analyzed within 0.04 °C of 20.00 °C and
corrected to 20.00 °C (pCO2(20)) using the empirical correction
dpCO2/dT ¼4.23% °C  1 (Takahashi et al., 1993). The IR system was
calibrated every 3-h using six traceable compressed gas standards
with CO2 concentrations ranging from 248 to 1533 ppm (parts per
million by volume).
Carbonate ion concentrations [CO32−] were calculated from DIC
and pCO2(20). The [CO32−] was also measured using a rapid spectrophotometric technique (Patsavas et al., 2015) but the calculated
values showed better precision and provide internal consistency
with other parameters such as ΩAr calculated from the CO2SYS
program (Pierrot et al., 2006).
Silicate, phosphate and nitrate were sampled in 30-ml acid-
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cleaned plastic bottles and measured with a gas-segmented continuous ﬂow autoanalyzer. Samples were analyzed onboard the
ship following the procedure outlined in the GO-SHIP Repeat
Hydrography Manual for nutrient measurements (Hydes et al.,
2010). Method details and reagent recipes used on this cruise are
those routinely used by the AOML nutrient lab (Zhang and Berberian, 1997, Zhang et al., 2000, 2001). Stock standard solutions
were prepared with high purity dried solids (KNO3, KH2PO4, and
Na2SiF6) and the working standards were prepared in low nutrient
seawater and referenced against the nutrient CRMs provided by
the Meteorological Research Institute of Japan.
Oxygen determinations were performed by Winkler titration.
Upon ﬁlling the ﬂasks directly from the Niskin, an aliquot of
manganous chloride solution was added, followed by the addition
of an alkaline sodium hydroxide–sodium iodide solution. The
resulting reaction of manganous hydroxide with dissolved oxygen
in the water forms a hydrated tetravalent oxide of manganese, and
the iodine that is released in stoichiometric proportions is then
titrated with sodium thiosulfate. Analysis was performed using an
amperometric endpoint detection method following the procedures in Langdon (2010).
2.3. Aragonite saturation state
The aragonite saturation state, ΩAr is deﬁned in Eq. (2). In the
ΩAr calculations for seawater, [Ca2 þ ] is assumed to be con-

servative and directly related to salinity: [Ca2 þ ] ¼293.86 S where
[Ca2 þ ] is expressed in mmol kg  1 (Millero, 1995). [Ca2 þ ] is 50–100
times higher than [CO32−]. Accuracy of the [CO32−] estimate depends on the accuracy of the input parameters (Table 1) and the
carbonate dissociation constants. The K′Ar sp is expressed in terms
of in situ temperature, pressure, and salinity using the equations of
Mucci (1983). For surface waters (ambient pressure):
pK ′Ar sp0

(

= − −171.945 − 0.077993 T + 2903.293/T + 71.595 log(T )
+ ( −0.068393 + 0.0017276 T + 88.135/T )S 0.5 − 0.10018 S

)

+ 0.0059415S1.5

Table 2
Difference in calculateda aragonite saturation states (ΩAr) using different input
parameters.
Combinationb

Average difference

Std. deviation

#Samples

ΩAr(pH, pCO2)–ΩAr(DIC, pCO2)
ΩAr(pH, pCO2)–ΩAr(DIC, TAlk)

0.02
0.007

0.04
0.08

1041
931

a
Salinity and temperature dependence of carbonic acid dissociation constants
as ﬁt by Lueker et al. (2000) and K′Ar sp from Eqs. (3) and (4).
b
The parameters in parentheses are the input parameters for ΩAr calculations
using the CO2SYS program. For example, ΩAr(pH, pCO2) is the aragonite saturation
state calculated from pHT(25) and pCO2(20).

et al., 1978). A saturation state of 1 is a biogeochemical threshold
and waters with levels below this are termed corrosive.
Values of ΩAr were calculated using the CO2SYS program coded
in Excel (Pierrot et al., 2006). Since all four inorganic carbon system parameters were measured at high accuracy on GOMECC-2,
several different combinations of parameters can be used to calculate ΩAr. No appreciable differences in the determination of ΩAr
were observed from either the combination of pCO2(20) and
pHT(25); DIC and pCO2(20); or DIC and pHT(25). The determination
of ΩAr from DIC and TAlk showed twice as much scatter as other
parameter combinations (Table 2). The highest precision for the
ΩAr and the calculated [CO32−] can be obtained from the combination of DIC or TAlk combined with either pHT(25) or
pCO2(20) (M. Patsavas, personal communication). The combination
of pHT(25) and pCO2(20) yields excellent precision in [CO32−] as
well, but this combination is not well suited to calculate TAlk or
DIC. Besides differences in precision, each combination shows
characteristic biases in ΩAr (Table 2). Here we use DIC and
pCO2(20) to determine [CO32−] and ΩAr as they were measured by
similar methods and high precision on both the GOMECC-1 and
GOMECC-2 cruises. The interpretations focusing on large-scale
changes are not unduly inﬂuenced by the combination used to
calculate ΩAr. In general, both [CO32−] and ΩAr will decrease as the
TAlk/DIC ratio decreases.

(3)

where pK′Ar sp0 ¼ log K′Ar sp0, T is temperature in Kelvin (K), and S
is salinity. The pressure dependence is formulated in terms of
the change in molal volume and compressibility as described in
Millero (1995) using the corrected constants as presented in
Appendix A.11 of Zeebe and Wolf-Gladrow (2001):
pK ′Ar spP = pK ′Ar sp0
− 0.434( −(( −46 + 0.5304(T − 273.15))/RT (P /10)))
+ (0.5( − 0.011760 + 0. 003692(T − 273.15))/RT (P /10)2)
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(4)

where the subscripts 0 and P on the solubility products denote
conditions at the surface and at pressure P (dbar). The equations
for molal volume and compressibility changes with pressure have
been converted from the expressions in Zeebe and Wolf-Gladrow
(2001) to a log base 10 scale, and all temperatures in Eq. (4) are in
K. The original equations are expressed on a natural log scale and
°C. The ideal gas constant, R, is 83.13 cm3 bar (mol K)  1.
Each mineral phase, such as aragonite, calcite, and metastable
forms of calcium carbonate, has a characteristic solubility product,
Ksp. For a given seawater, the mineral's saturation state, Ω is deﬁned such that values less than one mean that the mineral phase
is thermodynamically unstable and has a tendency to dissolve
while for values greater than one there will be a tendency to
precipitate. In temperate surface seawater, ΩAr values range from
2 to 5 but there is no evidence of precipitation in open waters. This
is attributed to kinetic factors inhibiting crystal formation (Berner

3. Results and discussion
3.1. Parameters for determining

ΩAr

To place the spatial and temporal trends of ΩAr in geochemical
context, the parameters determining the magnitude of ΩAr, as
deﬁned in Eq. (2) are discussed. For calculations of ΩAr, concentrations of calcium and carbonate ions need to be determined
as well as solubility products. The ranges for each parameter for
GOMECC-2 are shown in Fig. 2. Four proﬁles are highlighted, one
in deep water in the GOM (Station 12), one in deep water along
line W (Station 82), a proﬁle with high ΩAr in slope waters of the
South Atlantic Bight (SAB) (Station 44), and a shallow proﬁle with
low ΩAr in the Gulf of Maine (Station 88).
Fig. 2a shows in situ [CO32−] values for the upper 2000 m calculated for GOMECC-2, with a spread of 80–250 mmol kg  1 in
surface water and narrowing to a range of 90–100 mmol kg  1
below 1500 m. Proﬁles in deep water in the Gulf of Mexico (GOM)
and in the Northeast are similar below 1500 m. Minimum [CO32−]
values of E80 mmol kg  1 are observed at intermediate depths
(500–1200 m) of the GOM associated with waters that can be
traced to Antarctic Intermediate water (AAIW). Surface waters
with lowest [CO32−] for the survey are found in the Gulf of Maine.
Subsurface waters with the highest [CO32−] are seen in slope
waters in the 200–600 m range along the SAB and Mid Atlantic
Bight (MAB).
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Fig. 2. Parameters used to determine ΩAr in the upper 2000 m for GOMECC-2. Gray open circles are all the data; the symbols and lines are for the speciﬁc stations listed in
the insert with locations shown in Fig. 1, [CO32−] versus depth (a); [Ca2 þ ] versus depth (b); solubility product K′Ar spP versus depth at the T, S, and P ( ¼ Pressure) of the
samples (c). Aragonite saturation state ΩAr versus depth at the T, S, and P of the samples (d).

Calcium concentrations [Ca2 þ ] are derived from its proportionality with salinity (Fig. 2b). While there is a 3-fold range in
[CO32−], the spread in [Ca2 þ ] is only 7 10% and therefore less of a
determinant for variations in ΩAr. Samples were taken during
GOMECC-2 for Ca2 þ analysis but have not yet been analyzed. Since
many of the rivers in the realm contain appreciable Ca2 þ , the net
effect of the assumed zero intercept of the Ca2 þ to S relationship
will lead to a slight underestimate in the saturation state for low
salinity waters inﬂuenced by river and groundwater inputs. Low
salinity estuarine waters showing variations in [Ca2 þ ] not tied to
salinity could affect ΩAr in areas inﬂuenced by these realms.
Eqs. (3) and (4) indicate that K′Ar spP increases with increasing
pressure and salinity, and decreases with increasing temperature.
K′Ar spP decreases 10% over the temperature range from 0 to 30 °C.
The salinity effect results in a 4% increase in K′Ar sp per unit salinity
change. The pressure effect on solubility effectively doubles K′Ar spP
between the surface and the bottom of the ocean (6000 dbar).
Pressure effects are most noticeable in deep water since salinity
and temperature do not vary appreciably below 2000 m. The
proﬁles of K′Ar spP (Fig. 2c) show an increase in the top 200 m
mainly due to salinity increases. The more gradual increase

between 200 and 2000 m is dominated by an increase in pressure.
The effect of pressure on K′Ar spP is such that, when a parcel of
water with ﬁxed [Ca2 þ ] and [CO32−] is upwelled to the surface, the
decrease in K′Ar spP causes the saturation state to increase. As such,
ΩAr is not a conservative property of seawater.
Fig. 2d shows ΩAr calculated from DIC and pCO2(20) for in situ
conditions. It closely follows the trends of [CO32−] (Fig. 2a) with
some modulation from K′Ar spP (Fig. 2c). All ΩAr values are greater
than 1 in the upper 2000 m. The ΩAr decrease to values less than
1 at greater depths is primarily due to increasing K′Ar spP.
3.2. Surface patterns of

ΩAr during GOMECC-2

Surface ΩAr in the study region is strongly inﬂuenced by largescale oceanographic features and processes. Because the cruise
tracks were well offshore, only the largest nearshore features were
observed in our dataset. The nearshore is deﬁned as the region
directly impacted by continental processes and runoff, in particular the inﬂuence of rivers. Important biological and biogeochemical transformations occur in the nearshore realm, including
sediment-water interactions that impact the continental
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Fig. 3. The ΩAr on the 10-dbar isosurface. The ΩAr are accurately represented near the sampling points (black circles) and are interpolated based on an optimal interpolation
scheme between locations, DIVA (http://modb.oce.ulg.ac.be/projects/1/diva).

endmembers as inferred from our offshore measurements.
A detailed description of spatial trends of inorganic carbon
parameters in the study region can be found in Wang et al. (2013)
based on the 2007 GOMECC-1 cruise. The general features in
GOMECC-2 are similar to those observed during the 2007 cruise. In
short, there is a northward decrease in surface water ΩAr on the
shelf. The observed decrease, from E4 to E3 (Fig. 3) is attributed
to northward decreases in TAlk and salinity while northward
decreases in DIC are smaller than those of TAlk (Fig. 8a, Wang
et al., 2013). As such, the TAlk/DIC ratio decreases substantially
from south to north. Decreases in both TAlk and DIC correspond to
decreases in salinity but the changes do not follow from a simple
dilution; rather they are caused by changes in water mass properties. The northern coastal regions are strongly impacted by
waters originating from the Labrador Sea and Canadian shelf,
whereas those in the south are inﬂuenced by mixing between the
Gulf Stream and nearshore waters. For Gulfstream waters farther
offshore along the shelfbreak, a decrease of approximately 0.5 in
ΩAr is observed between the Florida Current at 27°N 80°W and
more northerly Gulf Stream waters at 37°N 68°W. This can largely
be explained by a decrease in the TAlk/DIC ratio. Wang et al. (2013)
attributed this to entrainment of Sargasso Sea waters into the
Gulfstream and perhaps the production of calcium carbonate, although there is no independent corroboration of the latter. Multiendmember mixing of Gulf Stream waters with coastal inputs and
currents from the North could contribute as well.
3.3. Biogeochemical inﬂuences
Several investigations, notably Cai et al. (2010), describe trends
of salinity and alkalinity in the nearshore region. They attribute
many of the nearshore patterns of alkalinity with salinity directly
to coastal inputs. Here, trends of ΩAr and salinity in the surface
mixed layer are investigated to determine the impact of coastal
inputs on shelf waters, recognizing that ΩAr is not conservative
with respect to mixing and temperature changes. Changes in
temperature are not the sole inﬂuence on ΩAr in the region. The
10 °C temperature decrease observed along the coast up to line W
would decrease ΩAr by 0.2 but greater changes are observed.

Fig. 4a shows trends of ΩAr versus salinity on transects near
signiﬁcant continental (river) outﬂow including the LA transect
impacted by the Mississippi–Atchafalaya river system (MARS), the
Cape Hatteras transect inﬂuenced by the Chesapeake Bay outﬂow,
the NJ line experiencing the Hudson River outﬂow and the NH
transect that is impacted by the Labrador shelf current. Fig. 4b
shows the TAlk–salinity relationship and Fig. 4c shows the DIC–
salinity relationship. The TAlk–salinity relationships are robust and
suggest near-conservative mixing of a continental endmember
with an open ocean endmember. Extrapolation to zero salinity
provides an estimate of the alkalinity of coastal inputs, TAlk0.
These endmember alkalinities are in general agreement with the
endmembers provided in a more detailed analysis by Cai et al.
(2010) considering that seasonal variations in TAlk0 of E 200
mmol kg  1 are observed (Guo et al., 2012). TAlk0 and DIC0 endmembers computed from GOMECC-2 observations are shown in
Table 3. As described by Cai et al. (2010), the zero salinity endmembers are not exactly the concentrations of the constituents in
the rivers inﬂuencing the domain because of biological and geochemical modiﬁcation in estuaries and nearshore, and multiendmember mixing of nearby rivers, and coastal and continental
efﬂuents. These effects modify TAlk0 and in particular DIC0 values.
The lowest salinities measured on the cruise are around 31 and
thus far removed from the actual river inputs such that nearshore
processes will affect the extrapolated endmember values. The DICsalinity relationship (Fig. 4c) shows signiﬁcantly more scatter than
the TAlk–salinity relationship (Fig. 4b) due to the greater impact of
biological processes (i.e., respiration and photosynthesis) on DIC
than on TAlk. Accordingly, the extrapolation of DIC to zero salinity,
and the resulting (TAlk/DIC)0 ratios, should be interpreted with
caution. The scatter in DIC is also manifested in the scatter of the
ΩAr versus salinity, indicating how the DIC, and speciﬁcally the
TAlk/DIC ratio has a ﬁrst order inﬂuence on ΩAr. The low
(TAlk/DIC)0 ratios along the East Coast means that when mixing
with shelf waters occurs, coastal inputs will draw down the ΩAr
while, for the MARS outﬂow with a high (TAlk/DIC)0, increased
buffering increases ΩAr.
The offshore surface patterns of ΩAr for the region are shown in
Fig. 5 in terms of TAlk and DIC with the ΩAr isopleths
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Fig. 4. Relationship of ΩAr with salinity (a); TAlk with salinity (b); and DIC with salinity (c) in surface water for transects where observations are inﬂuenced by riverine
outﬂow. The data include bottle data from the upper 10-m and samples taken from the underway seawater line. The lines are linear regressions through the bottle data to
guide the eye. The stippled line is through the LA transect data (solid circles); the dashed line through the Cape Hatteras transect data (open squares); the solid line is
through the NJ transect data (squares with vertical line); and the long dashed line is through the NH transect data (triangles).

superimposed. Compared to the continental endmembers, the
ranges are smaller. The isopleths follow a TAlk: DIC ratio of 1. Most
of the surface ΩAr values greater than 4 are in the GOM. Samples
with ΩAr between 3 and 4 occur offshore along the East coast. The
lowest ΩAr are found nearshore along the East Coast north of Cape
Hatteras, in particular in the Gulf of Maine (also see Fig. 4a). The
inset in Fig. 5 depicts an arrow diagram showing the impacts of
predominant processes on DIC and TAlk in the absence of coastal
inputs. The DIC and TAlk of the GOM samples follow the ΩAr ¼ 4
Table 3
Endmember surface values for ΩAr, TAlk and DIC from linear extrapolation to zero
salinity for cross sections impacted by nearshore processes and runoff.
Transect

TAlk0

TAlk0a

DIC0

(TAlk/DIC)0

Louisiana
Cape Hatteras
New Jersey
New Hampshire

2303 752
891 740
492 7108
690 758

2400
670
NA
800–1150

19247 67
1396 7 126
8917 173
1522 7 81

1.19
0.66
0.55
0.45

a

From a comprehensive study of Cai et al. (2010) with more nearshore data.

isopleth, suggesting the predominant effect is evaporation/dilution. The lower ΩAr ( o3) in the Gulf of Maine, and intermediate
ΩAr (3–4) along the Southeast coast, show values spanning a large
range of DIC and TAlk with decreasing ΩAr at lower DIC and TAlk.
While this is in accordance with calciﬁcation, it is more likely that
mixing of northern and southern component waters with different
endmembers largely contribute to the observed patterns. Of note,
there is no clear signal of photosynthesis in the distribution of
data, which suggests that this is not a major contributor in offshore waters and is masked by other processes.
3.3.1. Relationship of ΩAr with oxygen and nutrients
Oxygen and macronutrients are key indicators of organic
matter remineralization that increases DIC and causes a slight
depression of TAlk (Brewer et al., 1975), thus decreasing ΩAr. The
remineralization process can be described by the following
equations:
(CH2O)106(NH3)16(H3PO4)þ 106O2106CO2 þ16NH3 þ H3PO4 þ106H2O

(5)
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Fig. 5. Surface TAlk plotted against DIC with contours of ΩAr overlain. The solid
squares are samples in the GOM; the open squares are samples offshore of the
Southeast coast of the US; while the solid circles are samples on the shelf north of
Cape Hatteras. The isolines of ΩAr are at 0.5 intervals. The arrows in the inset show
how TAlk and DIC are impacted by physical and biogeochemical processes with the
processes listed in the insert to the right. The ﬁrst process listed refers to the direction of leftward arrowhead and the second to the rightward arrowhead.

and
16NH3 þ32O2-16 H þ þ 16NO3  þ16H2O

(6)

where the coefﬁcients are based on a Redﬁeld stoichiometry. The
reverse reaction in Eq. (5) is the stoichiometry of aquatic organic
material formation by photosynthesis. The changes in ΩAr during
the photosynthesis/remineralization cycles are primarily through
CO2 consumption /production and only secondarily a result of TAlk
reduction due to H þ release (Eq. (6)) and H3PO4 production.
The stoichiometric approach to determine processing in the
water column is powerful but several caveats should be noted. For
shallow water coastal regimes, benthic process can have an inﬂuence on the water column and impact the inorganic carbon
dynamics. In particular, the anoxic sediments prevalent and possibly expanding in nearshore regimes can inﬂuence the alkalinity
balance (Hu and Cai, 2011) and change the stoichiometry of DIC
production. The ΩAr in pore waters are often less than 1 with
active dissolution. For NO3, nitriﬁcation in surface waters and
denitriﬁcation in the sediments will impact ratios throughout
water column. In particular, Fennel et al. (2006), and Seitzinger
and Giblin (1996) suggest large denitriﬁcation rates for the MAB.
As the GOMECC-2 observations were offshore in water depths
greater than 15 m, benthic and nearshore processes do not have
determining inﬂuence. Wang et al. (2013), Cai et al. (2011) and
Jiang et al. (2010), show that signals of continental inputs are
largely constrained to the nearshore, except in the MARS system.
On local scales, the impact of remineralization and photosynthesis on ΩAr can be observed from the vertical patterns of DIC,
nutrients and O2. Higher ΩAr in the surface layer corresponds to
lower DIC and higher O2 while lower ΩAr below the mixed layer
corresponds to higher DIC, nutrients and lower O2. On regional
scales, relationships between nutrients, O2 and ΩAr are heavily
inﬂuenced by mixing and the endmember characteristics of the
water. As part of GOMECC-1, Wang et al. (2013) provide an extensive analysis of carbon dynamics in terms of TAlk and DIC
trends as related to salinity and nitrate. Their general results and
conclusions hold for the GOMECC-2 effort as well. In broad brush
the nutrient and carbon dynamics and their impact on ΩAr can be
explained by a combination of continental inputs, chemical and
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biological dynamics on the shelf, and offshore endmembers mixing with shelf waters. For the 27°N and GA transects up to Cape
Hatteras, the offshore endmembers are the Florida Current and
Gulf Stream system that primarily interact with the adjacent shelf
water through mixing. For the East Coast transects north of Cape
Hatteras, the Labrador Coastal Current deﬁnes the endmember.
The inﬂuence of this coastal current is largely advective as it ﬂows
over the shelf.
We build upon these analyses and focus on the trends of ΩAr
with biogeochemical parameters that can be measured autonomously, NO3, O2, and pCO2 (Emerson et al., 2011). For these purposes, pH can be used as well, and the combination of pH and
pCO2 accurately predicts ΩAr from basic chemical equilibria. NO3
and O2 sensors can provide additional information about productivity patterns not available from pH and pCO2 measurements
alone. While remineralization causes changes in NO3, O2 and DIC
in stoichiometric fashion (i.e., Redﬁeld ratios, e.g. Takahashi et al.,
1985), there is no ﬁxed stoichiometry between O2, NO3 and ΩAr.
Moreover, the Redﬁeld stoichiometry can break down in the surface layer due to changes in the O2 and DIC ratio due to air–sea gas
exchange. Despite these caveats, Jiang et al. (2010) show for the
SAB that trends in NO3, O2, and inorganic carbon parameters can
be used to qualitatively investigate the impact of productivity on
ΩAr. This analysis is extended to all the cross-shelf transects.
The analysis is performed by determining differences in the
mixed layer and immediately below ( E60–80 m). Admittedly
qualitative, this simple approach avoids a detailed analysis of a
mixing scheme of multiple endmembers that are variable at different transects along the coasts. More importantly, it can provide
a ﬁrst-order assessment of local biological impact on observed
subsurface distributions of ΩAr. The apparent oxygen utilization
(AOU) deﬁned as the oxygen concentration at saturation (at in situ
S, T) minus the measured oxygen concentrations is used instead of
O2.
To put the differences in the mixed layer and immediately
below in context, surface water values are important. In the mixed
layer of the offshore oligotrophic southern regions the AOU is
about –5 mmol kg  1, where the minus sign indicates supersaturated conditions, due to heating and bubble dissolution (air
injection) in the mixed layer. Supersaturation of up to  40 m
mol kg  1 near the coast is observed in the Northeast. This indicates high productivity as large negative AOU values can only be
maintained in situations with large O2 production. When net
productivity diminishes, the AOU will trend to zero due to gas loss
through air–sea gas exchange. Nitrate is consistently close to zero
and below the detection limit in surface waters, suggesting that
the productivity is largely fueled by recycled nutrients in late
summer.
In Fig. 6 decreases in ΩAr, ΔΩAr between the mixed layer and
below (60–80 m depth), are expressed as a % of the surface value
to provide a relative magnitude of change. The differences between biogeochemical parameters between the surface and below,
ΔNO3 (Fig. 6a), ΔAOU (Fig. 6b), ΔDIC (Fig. 6c) and ΔpCO2(20)
(Fig. 6d), all show lower values in the surface compared to below
the mixed layer in accordance with remineralization. The ΩAr is
higher at the surface. The scatter for the different parameters
varies greatly, with the correlation of ΔpCO2(20) and ΔΩAr being
strongest, and ΔNO3 and ΔΩAr being weakest. There is an inherent
chemical relationship between pCO2(20) and [CO32−], and thus
ΩAr, while NO3 and ΩAr are only indirectly related. The correlation
between ΔΩAr and ΔAOU is stronger than that with ΔNO3, which
is attributed to other processes impacting nitrate dynamics such as
a greater inﬂuence of endmembers and denitriﬁcation. NO3 can
denitrify to N2 and is removed from further biological use on
shelves, in particular in bottom waters near the sediments. The
smallest NO3 increases in relation to ΔΩAr decreases are observed
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Fig. 6. Differences (Δ) between mixed layer and sub-mixed layer ( E60–80 m). The ΔΩAr are plotted against the increases of chemical properties with depth ΔNO3 (a): ΔAOU
(b); ΔDIC (c); and ΔpCO2(20) (d). The ΔΩAr is expressed as a % decrease relative to the surface ΩAr value. The symbols in the inserts indicate the different transects shown in
Fig. 1.

on the shelves of the MAB (NJ line, Fig. 6a) suggesting a denitriﬁcation signal. The stronger correlation between ΔpCO2(20) and
ΔΩAr, compared to ΔDIC and ΔΩAr is because increases of TAlk
and DIC below the mixed layer have opposite effects on ΩAr with
higher TA increasing ΩAr and higher DIC decreasing ΩAr. The
pCO2(20) will increase with increasing DIC and decrease with increasing TAlk and is thus closely inversely related to ΩAr.
On regional scales observed subsurface variations of biogeochemical parameters are largely controlled by endmembers. Fig. 7
shows patterns of ΩAr with AOU (Fig. 7a), pCO2(20) (Fig. 7b) and
silicate (Si) (Fig. 7c) for depths greater than 60 m. The prevailing
features of the AOU and pCO2(20) plots versus ΩAr are curved
“mixing lines” with low ΩAr at high AOU or pCO2(20). The low
endmember ΩAr values occur at 300–1000 m along the continental slope, and the high ΩAr endmember is in near-surface
waters of the GOM. The appendices are from deep waters
(4 1000 m) north of Cape Hatteras, and waters in the GOM at
greater than 1500 m depths with salinities slightly less than 35.
These deviations are largely caused by the pressure dependence of

K′Ar spP. Fig. 7c shows a ΩAr versus silicate relationship that is
characteristic of parameters impacted by slower remineralization
(Rubin and Key, 2002). Within the broad trend, the waters with
the lowest ΩAr and highest silicate values are the deepest waters
of the Tampa, Cape Hatteras, and W lines.
3.4. Physical oceanographic inﬂuences
3.4.1. Large-scale cross-shelf patterns
The dependencies of ΩAr on S, T and inorganic carbon parameters, and their variation with water mass and depth set the
large-scale spatial patterns of ΩAr. Fig. 3 shows the large-scale
patterns of ΩAr at the surface (10 dbar) while the ΩAr at 100 dbar
is presented in Fig. 8. Large-scale patterns at 10 and 100 dbar are
coherent and show the strong inﬂuence of the endmembers. At
the surface and at 100 dbar, waters with low ΩAr from the North
impact coastal ΩAr down to Cape Hatteras. At the surface the Loop
Current and Gulf Stream feature relatively high ΩAr values and
result in high ΩAr in the GOM and SAB to Cape Hatteras where the
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Fig. 7. The AOU (a); pCO2(20) (b); and silicate (c) plotted against ΩAr (at in situ T and P) for samples 4 60 m. Anomalies in the trends are circled in the graphs and discussed
in the text.

Fig. 8. The aragonite saturation state on the isosurface of 100-dbar. The ΩAr are
accurately represented near the sampling points (black circles) and are interpolated
on the pressure surface based on an optimal interpolation scheme.

Gulf Stream separates from the coast. This pattern is reﬂected at
100 dbar for the Gulfstream but is less clear for the Loop Current
due to station locations in the GOM that did not reach the Loop
Current in the summer of 2012 (see Appendix A Fig. A3). Of note
are the lower ΩAr values along the shelfbreak at 100 dbar along
the Southeast Coast (Fig. 8). These waters contain AAIW and are
forced onto the slope through physical dynamics (Atkinson, 1983).
They are a source of depressed ΩAr in an area of otherwise high
ΩAr. While much of the depression of coastal ΩAr along the East
coast occurs through mixing at the bottom of the mixed layer
rather than upwelling, coastal storms can cause episodic upwelling and impact local ecosystems by bringing high pCO2 waters to
the surface (Manzello et al., 2013).
Differences between the offshore and nearshore ΩAr values in
the upper 200 m of the water column are shown by cross sections
in Fig. 9 arranged in sequence from the LA transect to NH line. The
ΩAr offshore at depth impacts ΩAr nearshore at shallower depths
as can be seen by the shallowing of isopleths of ΩAr. On largescale, the nearshore pattern mimics the offshore pattern from the
LA to the GA line, indicating the prevailing inﬂuence of the open
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Fig. 9. Cross sections of ΩAr of the upper 200 m for the transects (Fig. 1) in the sequence they were occupied (a through h). All sections are plotted as nominal distance from
the coast (in km) with different length scales. Sampling depths are shown as solid circles. Plots are created in Ocean Data View (Schlitzer, 2014).

ocean on the coastal region. On closer inspection there are
discernable differences between the nearshore and offshore. For
example, due to the MARS inﬂuence, the nearshore surface ΩAr
values near the coast of Louisiana are higher (ΩAr E4.3) than the
corresponding offshore values (ΩAr E 4.0), due to high ΩAr in the
lower salinity waters with high (TAlk/DIC)0. This is due to a
combination of high TAlk riverine water and biological drawdown
of DIC in the plume (Guo et al., 2012) (Fig. 4, Table 3). Also of note
is the low ΩAr along the western boundary of the Florida Straits
(27oN line), showing the impact of AAIW-inﬂuenced waters
ﬂowing through the straits close to the surface. From Cape
Hatteras northward there are appreciable differences between
offshore and nearshore due to the southward ﬂowing coastal
currents on the shelf. The offshore trends show the waning inﬂuence of the Gulfstream, with surface values ΩAr decreasing to 3.
The ΩAr at 100 m reaches as low as 2 further north. Nearshore
surface ΩA values show a similar decrease but with values that are

E0.5 less than the corresponding values offshore. For the Cape
Hatteras line, fresh water from the Chesapeake Bay contributes to
lower nearshore surface ΩAr values (Fig. 4a).
3.4.2. The deep ΩAr minima along the 27oN line and Cape Hatteras
and New Jersey sections
The ΩAr is less than 1.5 in the central and western section of
the 27oN line at depths below 400 dbar (Fig.10a). These waters
have AAIW origins and move northward (Atkinson, 1983). The
feature gets to within 75 m of the surface on the western edge of
the 27°N section. The waters are characterized by low temperature, low salinity (not shown), high AOU (Fig. 10b), and low alkalinity (Fig. 10c) but have high DIC (Fig. 10d) and silicate. The low
ΩAr water moves along the western edge of the Gulf Stream (see
GA and Cape Hatteras lines, Fig. 9) and can enter into the euphotic
zone of the SAB shelf due to eddies (Lee et al., 1991). Because of its
high DIC to TAlk ratio and therefore low ΩAr, these waters have an
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Fig. 10. Contour plots of ΩAr (a); AOU (b); DIC (c); and alkalinity (d) in the Florida Straits (27oN line). The plots are created in Ocean Data View (Schlitzer, 2014).

Fig. 11. Differences between GOMECC-2 and GOMECC-1. Data from the underway sea water system along the cruise tracks for the two cruises are extrapolated and binaveraged in 0.5° grids and subtracted: SST difference (a); salinity difference (b); pCO2 difference (c); pCO2(27) difference (d).

appreciable inﬂuence on the coastal ΩAr in this region.
Another key low ΩAr subsurface feature is observed on the
shelf at the edge of the shelfbreak of the Cape Hatteras and NJ
lines. The waters originate from the north as a cold water coastal
ﬂow (Fig. 9). Moving southward, the DIC in these waters increase
due to remineralization, causing lower ΩAr (Jiang et al., 2010).
Exactly how these boundary currents impact the surface values

and benthos nearshore is difﬁcult to quantify, but the proximity of
these currents with low ΩAr to the surface, suggests that the
inﬂuence and variability of these currents on coastal waters is
signiﬁcant. High-resolution physical dynamical models that incorporate biogeochemistry will aid to properly determine the
contribution of offshore subsurface ΩAr minima to nearshore impacts (Hofmann et al., 2011).
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Fig. 12. Differences in ΩAr along isosurfaces of 10 dbar (a) and 100 dbar (b) between GOMECC-2 and GOMECC-1. Data from the cross-shelf transects are extrapolated, binaveraged in 0.5° grids and then subtracted. GOMECC-2 stations are shown.

3.5. Changes between GOMECC-1 in 2007 and GOMECC-2 in 2012
3.5.1. Changes in surface water pCO2, SST and SSS
The GOMECC-1 cruise in 2007 and GOMECC-2 cruise in 2012
were both performed during the summer season (July/August).
Over the 5-year period atmospheric CO2 levels increased by
10 ppm or 2.5% (from 384 ppm to 394 ppm) based on the Mauna
Loa, HI and Key Biscayne, FL marine atmospheric boundary layer
time series (Cooperative Global Atmospheric Data Integration
Project, 2013). This translates to a 10 matm increase in surface
water pCO2 levels if the surface ocean tracks the atmosphere, as is
the case for most of the global ocean (Takahashi et al., 2009). The
change in ΩAr due to increases of pCO2 and DIC will depend on the
absolute ΩAr level and the buffer capacity of the water, but is
roughly 2% over the time period. Assuming a 10 matm increase in
pCO2 and using a representative surface water DIC of 1980 m

mol kg  1, a TAlk of 2340 mmol kg  1, a SSS of 36 and a SST of 24 °C,
this would lead to an ΩAr change of 0.08. Observations between
the two cruises show both large positive and negative changes in
ΩAr, indicating that natural changes rather than anthropogenic
inputs dominate in this coastal regime.
The surface maps (Fig. 11) provide a regional representation,
but the spatial extent of riverine and nearshore anomalies are
likely exaggerated in space due to the gridding approach and the
paucity of data in the horizontal. Higher resolution approaches for
pCO2 mapping along the East Coast can be found in Signorini et al.
(2013). A qualitative measure of smaller scale variability and differences is gleaned from comparison of high-resolution (1/4°)
model output of SST and SSS (Appendix Figs. A1 and A2) with
along-track SST and SSS (Fig. 11a and b). While on small scale there
are differences, particularly along the Gulfstream, on broader
scales there is good correspondence.
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Fig. 13. The ΩAr (in situ T and P) for deep stations at the end of the Tampa line and
line W (see Fig. 1). The solid symbols are for the station on the Tampa line and the
open circles for line W, with circles and thick solid line depicting GOMECC-2 (G2)
and squares and thin line GOMECC-1 (G1).

Appreciable differences in SST and SSS are observed between
the summer of 2012 and 2007, with strong positive correlations
between anomalies in SST and SSS (Fig. 11a and b). On large
scale, the GOM and the track up to Cape Hatteras show lower
SST and SSS in 2012 while, at higher latitudes, SST and SSS
predominantly show increases between 2007 and 2012. If we
only consider the thermodynamic controls of SST and SSS on
the pCO2, lower SST would decrease the pCO2 by E 4.23% °C  1 ,
and lower SSS would decrease the pCO2 by E 10 matm per mil
salinity (Takahashi et al., 1993). Thus, after accounting for an
increase of 10 matm in response to increased atmospheric CO2 ,
surface water pCO2 is expected to be less in the regions with
lower SST and SSS in 2012 compared to 2007 and higher in
regions with the opposite trends. Fig. 11c shows that this is not
universally the case. As such, water mass changes play a signiﬁcant role. In the GOM, East Florida shelf and SAB regions
there are large areas where the pCO2 decrease follows the SST
and SSS decreases observed in 2012 compared to 2007. However, North of Cape Hatteras where the Gulf Stream departs the
coast there is a strong anti-correlation. SST and SSS increase
and a pCO2 decrease over the ﬁve-year period between GOMECC-2 and GOMECC-1.
The MAB and large parts of the Gulf of Maine had the highest
SST on record for the summer of 2012 driven by air–sea heat
ﬂux anomalies during the preceding winter and spring (Chen
et al., 2014). The changes in pCO2 cannot be explained merely
by heating. Fig. 11d shows changes in surface water CO 2 levels
after accounting for thermodynamic effects (caused by changes
in SST and SSS) calculated by normalizing the data of both
cruises to SST ¼27 °C and SSS ¼34.5 using the CO2SYS program
(Pierrot et al. 2006). The SST and SSS values of 27 °C and 34.5
used for the normalization are roughly the averages for the
2012 cruise. The ﬁgure shows predominant increases of
pCO 2(27) in the GOM and along the East Coast, ranging from
5 to 20 matm, in broad agreement with the 10 matm increase
expected from the rising atmospheric CO2 levels. The large
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decreases in pCO2(27) between cruises further north are closely
associated with positive SSS anomalies in 2012 compared to
2007, and are attributed to a smaller contribution of low-salinity, high pCO 2, northern component waters to the coastal
ocean in the Northeast.
Changes in the GOM are closely associated with the trajectory of the Loop Current and are described in terms of relative
2012 and 2007 observations. The salinities and temperatures
were lower in the MARS outﬂow region in 2012. These did not
correspond with river outﬂow values that showed 25% lower
ﬂows from the MARS system in 2012 compared to 2007 during
the spring and summer (based on the St Francisville, MS stream
gaging site 07373420). Remotely sensed altimetry, SST and
model derived SSS (Appendix A) show a well-developed Loop
Current in 2007 that reached the coast just east of the MARS
outﬂow (Fig. A3a). Most of the SSS anomalies associated with
the MARS ﬂow extended towards the west in 2007. The salty
waters of the loop current are seen all along the West Florida
Shelf in 2007. The model ﬂows for 2012 showed a predominantly weak easterly current in the Northern GOM (Fig.
A3b). This ﬂow pattern is conducive to entraining the MARS
water southeastward along the West Florida shelf (Le Hénaff
et al., 2014), contributing to the low SST, SSS and pCO 2 in the
region in 2012.
Like the regional differences in SSS and SST, the differences in
pCO2 between the cruises are not systematic, and large differences
between the two cruises mask the expected pCO2 increase of
E10 matm. In broad brush, nearshore areas in the Northern GOM
and most of the East Coast up to and including the Cape Hatteras
transect show pCO2 increases of E10–30 matm. For large regions
offshore in the GOM and West Florida Shelf, and in the Northeast,
the pCO2 levels in surface waters are signiﬁcantly less for GOMECC-2 compared to GOMECC-1. As seen by comparing Fig. 11c
and d, some of these differences diminish when changes in SST
and SSS between the cruises are taken into account, particularly in
the Southeast, but thermodynamic inﬂuences due to variations in
SST and SSS do not explain the observed changes in the GOM and
Northeast.
3.5.2. Surface and subsurface changes in ΩAr
Contoured sections of ΩAr differences between 2007 and 2012
in the subsurface at 10 and 100 dbar are based on the cross-shelf
transects at the same locations for both cruises (Fig. 12). For the
surface, the underway pCO2, SSS, and SST measurements are
shown (Fig. 11) as these parameters are sensitive indicators of
changes in inorganic carbon chemistry and strong predictors of
ΩAr. The large-scale differences between cruises are evident in
both the surface and subsurface ΩAr. For consistency and comparison, surface (10 dbar) and subsurface (100 dbar) ΩAr data for
the two cruises are compared along the 8 transects (Fig. 1) utilizing
the isosurface interpolating routines of Ocean Data View (Schlitzer,
2014). They are coarse interpolations in the horizontal but, based
on high-resolution SST and SSS (Appendix A Fig A1 and A2) and
inspection of observations along the transects, the large features
reﬂect real differences. In the vertical there are negligible interpolation artifacts onto the 10 and 100 dbar surfaces since samples
were taken at 10–20 dbar intervals.
The ΩAr at 10 dbar in the GOM and East Coast up to the MAB,
are 0.1 to 0.2 less in GOMECC-2 than GOMECC-1 with decreases up
to 0.5 along the Cape Hatteras transect. Further north there is an
increase of up to 0.5 in ΩAr between the two cruises. At 100 dbar
the pattern of ΩAr changes differs from the surface. In the GOM
there is a greater decrease in ΩAr at 100 dbar than at 10 dbar,
while in the SAB and MAB there is an increase over the 5-year time
span. The changes in ΩAr can be largely explained in terms of
changes in major circulation features and corresponding changes
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in T, S and inorganic carbon parameters controlling ΩAr. In the
GOM the Loop Current, with high ΩAr, was less pronounced during
GOMECC-2, causing slope waters with lower ΩAr to exert a greater
inﬂuence at the surface and particularly in the subsurface. Along
the East Coast the increase in ΩAr at 100 m shows that the low ΩAr
waters from the north were less prevalent during GOMECC-2,
causing an increase along much of the shelf and slope with the
greatest increase nearer to the northern origin waters. At the
surface, waters from Chesapeake Bay, with low ΩAr, exerted a
greater inﬂuence on the shelf in 2012 and caused a large depression in salinity and ΩAr during GOMECC-2, while at 100 m the ΩAr
is higher for GOMECC-2. Further North the ΩAr increase over the
entire top 100 m and changes are up to 0.6 at 10 dbar compared to
0.2 at 100 dbar, again attributed to decreased northern endmember waters.
The Ω Ar at 10 dbar is generally anti-correlated to the pCO2 as
is expected from the relationship between [CO32−] and [CO2].
This is seen along the East Coast where increasing/decreasing
pCO2 (Fig. 11c and d) corresponds to decreasing/increasing ΩAr
(Fig. 12 a). However, in the GOM there are regions where decreases in pCO2 correspond to decreases in ΩAr, particularly
along the Tampa transect. The decreases in Ω Ar in the GOM at
the surface and 100 m also manifest themselves as small but
consistent changes in the deepwater Ω Ar down to 2500 dbar as
shown in Fig. 13 for deep water stations at the end of the Tampa
line and line W. The deep water changes correspond to decreases in TAlk of about 5 mmol kg  1 in water between 500 m
and 2000 m; small increases in DIC of 1–3 mmol kg  1, and increases of 10–15 matm in pCO2(20) in the deep waters of the
Tampa line. The T and S was 0.03 °C warmer and 0.003 fresher
over this depth range, conﬁrming the existence of a different
water composition rather than effects from internal waves or
mixing. For Line W, the Ω Ar surface water was greater in 2012
than in 2007. However, the deep ΩAr values are systematically
less between 300 and 1500 m in 2012 (Fig. 13). The deep water
also showed a 0.02 decrease in salinity, and 15 matm higher
pCO2 (20) in 2012 compared to 2007. Differences in ΩAr between the cruises for the two locations converge at depths
4 3000 m.

4. Conclusions
As it pertains to ocean acidiﬁcation, aragonite saturation
states, Ω Ar, are a good thermodynamic indicator of changes in
inorganic carbon chemistry in that they provide a means to
determine the impact of increasing seawater CO2 levels on the
stability of the aragonite mineral phase. Many shell-forming
organisms are sensitive to the magnitude and change of aragonite saturation state. The Ω Ar is proportional to the [CO32−]
that can be determined at greatest precision using DIC or TA in
combination with either pCO2 (20) or pH(25). The combination
of pH(25) and pCO2 (20) provides equal precision and is attractive since both parameters can be determined autonomously. The GOMECC cruises provide a regional view of ΩAr
and changes thereof. High values, with ΩAr E 4.5, occur in the
GOM and decrease going northward along the Eastern Seaboard
with Ω Ar values reaching 2 in the Gulf of Maine during summer.
There are decreases as large as 0.5–1 going towards shore along
the East coast that are caused by a combination of riverine
outﬂow, vertical mixing and excess remineralization resulting
from nearshore eutrophication. Subsurface values of Ω Ar decrease appreciably below the mixed layer. The largest changes
in Ω Ar with depth are observed in the GOM but Ω Ar remains
4 1. Large changes in Ω Ar are observed between the two
summertime occupations in 2007 and 2102. While survey-wide

patterns in Ω Ar are similar between cruises there are large regional differences in Ω Ar ranging from  0.5 to 0.5 in surface
water. This is 5–10 times greater than expected from anthropogenic CO 2 input from the atmosphere which would lead to a
change in Ω A of 0.05–0.1 in surface water. At 100 m, below the
summer mixed layer, changes vary from  0.2 to 0.2. Decreases
in Ω Ar of E 0.1 are observed down to a depth of E 2000 m at
the end of the Tampa line, and slightly smaller changes are
observed offshore at depth along line W. The large differences
are primarily attributed to changes in current strength and location. In the Northern GOM and West Florida shelf the inﬂuence of the Loop Current with high Ω Ar is less in 2012, and
waters with lower Ω Ar prevail in the upper 2000 m. In the
Northeast, a decrease in inﬂow of the Labrador Sea slope water
containing low ΩAr caused an increase in ΩAr of 0.5 between
occupations. Follow-up surveys to document the long-term
trends in inorganic carbon dynamics and ocean acidiﬁcation in
these spatially complex and temporally variable coastal environments are necessary. Furthermore, detailed regional studies are needed to improve process level understanding and
promote the development of predictive models of ocean acidiﬁcation in the coastal realm.

5. Data Availability
All measurements from GOMECC-1 and GOMECC-2 can be
found at: http://www.aoml.noaa.gov/ocd/gcc/GOMECC1/ and
http://www.aoml.noaa.gov/ocd/gcc/GOMECC2/
The GOMECC-2 bottle data and underway pCO2 data are also
available at NODC: http://www.nodc.noaa.gov/oceanacidiﬁcation/
data/0117971.xml

Acknowledgments
We express sincere thanks to participating scientists, captain,
ofﬁcers and the crew of the NOAA ship Ronald H. Brown for their
assistance in carrying out the GOMECC-2 cruise. Support from the
NOAA Ocean Acidiﬁcation Program (OAP) and the Atlantic Oceanographic and Meteorological Laboratory (AOML), both part of the
NOAA Ofﬁce of Oceanic and Atmospheric Research (OAR) is
gratefully acknowledged. Joaquin Trinanes of University of Santiago de Compostela and NOAA Coastwatch provided the remotely
sensed and model data in Appendix A.

Appendix A
Sea surface temperature (SST), sea surface salinity (SSS) from
remote sensing and modeling.
For surface waters there are several products that aid in determining if the observations from the GOMECC-2 cruise are representative by providing information about spatial heterogeneity.
Sea surface temperature (SST) can be obtained at high resolution
from a variety of satellites and optimally gridded products. Sea
surface salinities near the coast are model-derived based on the
Atlantic operational Real Time Ocean Forecasting System (Atlantic
RTOFS). The model is a basin-scale ocean forecast system using the
HYbrid Coordinate Ocean Model (HYCOM) (Mehra and Rivin,
2010). For consistency the SST is obtained from the same model,
which shows excellent agreement with the optimally interpolated
SST product (OISST) (http://www.ncdc.noaa.gov/sst/; Reynolds
et al., 2007).
Fig. A1 shows the 2-week average SST for July 15–30, 2007 and
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Fig. A1. SST from RTOFS for 2007 (a), 2012 (b) and difference between 2012 and
2007 (c). The bottom panel can be compared with the differences along the cruise
track shown in Fig. 11a.

July 15–30, 2012 and the difference between them, which can be
compared with the extrapolated values from the SST differences of
cruise observations shown in Fig. 11a. Fig. A2 shows the same information for SSS that can be compared with Fig. 11b. The RTOFS
output for the ﬁrst two weeks in August are very similar to the July
output shown. While there are differences on scales that the
cruise track does not resolve, the overall pattern is similar, with
cooler, fresher water in the Eastern GOM and SE US, and distinctly warmer and saltier waters north of Delaware Bay, with
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Fig. A2. SSS from RTOFS for 2007 (a), 2012 (b) and difference between 2012 and
2007 (c). The bottom panel can be compared with the differences along the cruise
track shown in Fig. 11b.

fresher, colder water along line W and in parts of the Gulf of
Maine.
Fig. A3 shows the currents in the GOM based on altimetry in
July 2007 and July 2012 (www.aviso.altimetry.fr). The 2007 plot
shows a well-developed loop current as a source of high ΩAr
waters. In 2012 the loop current does not extend into the GOM.
The lower salinities observed on the eastern side of the GOM
during GOMECC-2 are attributed to the lack of the northward
extension in the loop current in 2012.
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Fig. A3. Surface velocities based on sea surface height (SSH) for July 2007 (top) and July 2012 (bottom),
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