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Abstract Ocean acidiﬁcation alters the oceanic carbonate system, increasing potential for ecological,
economic, and cultural losses. Historically, productive coastal oceans lack vertically resolved
high‐resolution carbonate system measurements on time scales relevant to organism ecology and life
history. The recent development of a deep ion‐sensitive ﬁeld‐effect transistor (ISFET)‐based pH sensor
system integrated into a Slocum glider has provided a platform for achieving high‐resolution carbonate
system proﬁles. From May 2018 to November 2019, seasonal deployments of the pH glider were conducted
in the central Mid‐Atlantic Bight. Simultaneous measurements from the glider's pH and salinity sensors
enabled the derivation of total alkalinity and calculation of other carbonate system parameters including
aragonite saturation state. Carbonate system parameters were then mapped against other variables, such as
temperature, dissolved oxygen, and chlorophyll, over space and time. The seasonal dynamics of carbonate
chemistry presented here provide a baseline to begin identifying drivers of acidiﬁcation in this vital
economic zone.
Plain Language Summary Seawater chemistry affects the ability of organisms to survive in the
ocean. Past monitoring of seawater chemistry has missed key times and locations that are important to
natural life cycles. In order to ﬁll in those gaps, we put a chemical sensor into a deep‐sea robot that we can
control from land. This robot, called a Slocum glider, glides from the top of the ocean down to 200‐m depth
and collects ocean chemistry data along the way. We used our Slocum glider to measure how seawater
chemistry differs between seasons in the Mid‐Atlantic, which will help us understand how organisms might
be affected by water conditions.

1. Introduction
Ocean acidiﬁcation (OA) results from the uptake of atmospheric carbon dioxide (CO2), which alters oceanic
carbonate chemistry (Doney et al., 2009; Gledhill et al., 2015; Orr et al., 2005). The ocean has absorbed
approximately one third of the CO2 emitted by human activities since the Industrial Revolution (Gruber
et al., 2019). During this time, atmospheric CO2 has risen from approximately 280 parts per million (ppm)
to 410 ppm (Dlugokencky & Tans, 2020). When CO2 is absorbed by the ocean, it reacts with seawater and
results in complex chemical reactions that reduce seawater pH and calcium carbonate saturation state, Ω.
Saturation states governing the formation and dissolution of the two mineral forms of calcium carbonate,
calcite and aragonite, are expressed as Ωcal and Ωarag, respectively. A saturation state above 1 indicates carbonate supersaturation and thermodynamic favorability of carbonate calciﬁcation, while a saturation state
below 1 indicates carbonate undersaturation and thermodynamic favorability of carbonate dissolution.
However, carbonate saturation states approaching 1, and as high as 1.92, have been shown to cause negative
impacts on calcifying organisms, despite carbonate supersaturation (Gazeau et al., 2007; Gledhill et al., 2015;
Gobler & Talmage, 2013, 2014; Hettinger et al., 2012; Talmage & Gobler, 2009, 2010; Waldbusser et al., 2014),
likely due to impacts on metabolism and increases in the energetic cost of mitigating stress (Melzner
et al., 2019; Miller et al., 2009; Pan et al., 2015).
The rate of oceanic uptake of atmospheric CO2 has increased in the last two decades due to increasing levels
of atmospheric CO2 (Intergovernmental Panel on Climate Change [IPCC], 2019). The global ocean is acidifying at unprecedented rates, with open ocean surface water pH decreasing by 0.017–0.027 pH units per decade
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since the late 1980s (Gledhill et al., 2015; IPCC, 2019; Sutton et al., 2016; Zeebe, 2012). Global surface ocean
pH is predicted to decline by up to 0.29 pH units by 2081–2100 relative to 2006–2015 under RCP8.5
(IPCC, 2019). In addition to global changes in pH, the rate of change in global Ωarag since the Industrial
Revolution has been 5 times greater than natural variability over the last millennium (Friedrich et al., 2012;
Gattuso et al., 2015). Under RCP8.5, there will be no ocean water with Ωarag greater than 3.0, and the total
volume of water with Ωarag less than 1.0 will increase from 76% (1990 value) to 91%, by 2100 (Gattuso
et al., 2015).
In coastal oceans, carbonate chemistry is inﬂuenced by a range of drivers including productivity‐respiration
cycles, nutrient loading, freshwater inputs, and other coastal processes (Gledhill et al., 2015; Saba,
Goldsmith, et al., 2019). Because of its multiple contributors, acidiﬁcation in coastal zones can be highly
variable and episodic both spatially and temporally (Baumann & Smith, 2017). The hydrodynamic and biological processes inﬂuencing coastal environments can vary on the order of minutes to days (Runcie
et al., 2018; Xu et al., 2017). These extreme short‐term events likely have a more immediate impact on
carbonate‐dependent organisms compared to gradual change due to increases in atmospheric CO2
(Baumann & Smith, 2017; Cai et al., 2011; Waldbusser & Salisbury, 2014). However, a global increase in
atmospheric CO2 will increase the frequency of extreme acidiﬁcation events, pushing organisms past critical
survival thresholds more regularly (Gledhill et al., 2015). Furthermore, acidiﬁcation can cooccur with other
metabolic stressors, including low dissolved oxygen (DO) and warm temperatures (Cai et al., 2011, 2017;
Saba, Goldsmith, et al., 2019).
The Mid‐Atlantic Bight (MAB), located within the U.S. Northeast Shelf (NES), is an ecologically and economically vital coastal zone. This region is home to some of the most proﬁtable commercial and recreational ﬁsheries in the United States (Colvocoresses & Musick, 1984; Hare et al., 2016; NEFSC, 2020), ecosystems that
protect coastal communities from inundation, storms, and erosion (NRC, 2010), and offshore wind energy
development sites (Musial et al., 2013; NEFSC, 2020). The MAB is prone to acidiﬁcation due to freshwater
sources (primarily riverine), eutrophication and photosynthesis‐respiration cycles, coastal upwelling, and
other inﬂuences. Coastal inputs and biological activity alter carbonate chemistry more quickly than gas
equilibrium and therefore play a major role in determining the carbonate system, speciﬁcally the partial
pressure of CO2 (pCO2) and pH (Cai et al., 2020). Mid‐Atlantic coastal waters are acutely affected by
seasonal changes in temperature and inputs from shore. Because MAB oceanography is highly variable
between seasons, it is necessary to monitor changes in the carbonate system seasonally (Huret et al., 2018).
While there may be no net change in pH or Ωarag over a full annual cycle, seasonal changes operate under
a time scale that could affect biological processes in the nearshore (Gledhill et al., 2015; Waldbusser &
Salisbury, 2014). Monitoring seasonal changes also provide a basis for identifying long‐term changes in
carbonate chemistry due to shifts in salinity, temperature, atmospheric CO2, and coastal inputs (Gledhill
et al., 2015; Goldsmith et al., 2019; Xu et al., 2020).
Acidiﬁcation monitoring efforts to date are limited in temporal and spatial resolution and lacking in economically important coastal regions including the MAB (Goldsmith et al., 2019). Traditionally, monitoring in the MAB has been conducted through large ﬁeld campaigns every few years. These ship‐based
surveys depict large spatial variability and decadal changes of surface water carbonate chemistry in the
U.S. NES but lack seasonal resolution across the system (Cai et al., 2020; Z. A. Wang et al., 2013;
Wanninkhof et al., 2015). In addition to cruise campaigns, there are few ﬁxed (moored) stations monitoring carbonate system parameters on the MAB shelf. These ﬁxed stations are capable of characterizing
temporal changes in carbonate chemistry but lack spatial resolution in terms of location and depth.
Additionally, many existing MAB monitoring stations measure only one of the four carbonate system
parameters (pH, dissolved inorganic carbon [DIC], total alkalinity [TA], and pCO2), two of which are
necessary to fully characterize the carbonate system (Pimenta & Grear, 2018). Along with cruise campaigns and surface‐ﬁxed stations, satellite imagery can be used to estimate a suite of surface water carbon
system factors, including biological productivity, pCO2, salinity‐derived carbonate parameters, and
large‐scale coastal inputs (Salisbury et al., 2015; H. Wang et al., 2017).
The ability to monitor carbonate chemistry in high resolution throughout the water column is critical in
order to detect low pH in water masses and to derive relationships between physical, biological, and carbonate system variability. Autonomous underwater gliders, capable of collecting data in highly variable
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Figure 1. Seasonal glider deployments completed between May 2018 and November 2019.

currents in water depths up to 1,000 m, are a reliable platform that fulﬁll this role (Rudnick, 2016;
Schoﬁeld et al., 2007). A deep ion‐sensitive ﬁeld‐effect transistor (ISFET) pH sensor was recently
developed and integrated into a Teledyne‐Webb Slocum G2 glider (Saba, Wright‐Fairbanks, et al., 2019).
In addition to measuring pH, this glider has a suite of sensors that provide proﬁles of conductivity,
temperature, DO, chlorophyll ﬂuorescence, and spectral backscatter. This allows users to compare
seawater pH to other ocean properties and conduct salinity‐based estimates of TA in order to constrain
the carbonate system. Here, we present data from four seasonal deployments of the pH glider in the
central MAB, which have produced the ﬁrst spatially and temporally high‐resolution characterization of
seasonal carbonate system dynamics in this region.

2. Materials and Methods
2.1. Seasonal Deployments
The pH glider was deployed on four seasonal missions in the MAB (2–22 May 2018 [spring], 1–19 February
2019 [winter], 17 July to 12 August 2019 [summer], and 15 October to 6 November 2019 [fall]; Figure 1).
Before deployment, the glider pH sensor was fully conditioned following the guidelines described in Saba,
Wright‐Fairbanks, et al. (2019). After deployment from the small vessel R/V Rutgers, the glider was sent
on a shallow mission during discrete water sample collection (see below). Once discrete sampling was completed, the glider was sent to its ﬁrst offshore waypoint. The winter, summer, and fall missions followed a
cross‐shelf transect starting ~15 km off Sandy Hook, New Jersey, traveling 200 km eastward to the shelf
break. The glider then completed various transects and triangles back to shore, covering a total of
469.6 km in winter, 503.5 km in summer, and 471.4 km in fall. The spring mission followed an established
glider observation line from Atlantic City, New Jersey, 140 km eastward to the shelf break and back, for a
total of 317.0 km.
Timing for sensor repairs and recalibrations prevented four sequential seasonal deployments on the Sandy
Hook transect line. A mission planned for spring of 2019 on the Sandy Hook line was postponed due to technological difﬁculties and rough seas, and the postponed mission was terminated within hours of deployment
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due to a glider pump failure. The spring deployment was rescheduled for April 2020 but was canceled due to
research restrictions during the coronavirus disease 2019 (COVID‐19) pandemic.
Upon each deployment and recovery of the pH glider, discrete water samples were collected following best
practice guidelines for autonomous pH measurements with DuraFET sensors (Bresnahan et al., 2014;
Johnson et al., 2016; Martz et al., 2015; Saba, Wright‐Fairbanks, et al., 2019). Discrete samples were collected
near the glider at various depths either by a hand‐lowered 5‐L Niskin (spring and winter; within 5 m of
glider) or using an SBE55 6‐bottle rosette with an SBE19 conductivity, temperature, and depth sensor
(CTD) attached (summer and fall; within 100 m of glider). Samples were collected into 250‐ml borosilicate
glass bottles and preserved with 50 μl of saturated mercuric chloride then transported to the Cai laboratory
(University of Delaware) for analysis (section 2.2.3).
2.2. Sensor QA/QC
2.2.1. Glider CTD, Oxygen, and Chlorophyll Sensors
The glider was equipped with a pumped CTD modiﬁed for integration with an ISFET pH sensor, an
Aanderaa oxygen optode, and a Sea‐Bird Scientiﬁc BB2FL ECO puck to measure chlorophyll ﬂuorescence,
colored dissolved organic matter (CDOM), and optical backscatter. The CTD and DO data were run through
quality assurance/quality control (QA/QC) guidelines outlined in an Environmental Protection Agency
(EPA) QA Project Plan for glider deployments along the coast of New Jersey (Kohut et al., 2014). Both sensors are factory calibrated annually, and data were veriﬁed predeployment and postdeployment (Saba,
Wright‐Fairbanks, et al., 2019). The BB2FL ECO puck is factory calibrated by WET labs every 1–2 years.
Between each seasonal deployment, the integrated CTD/pH sensor was cleaned and recalibrated by the
manufacturer (Sea‐Bird Scientiﬁc).
2.2.2. Glider pH Sensor
Each time the glider surfaced throughout a mission, a subset of collected data was sent to shore via an
Iridium satellite phone located in the tail of the glider. This allowed for preliminary inspection of all science
data and software metrics to assess glider functionality. Full data sets were collected postrecovery from
memory cards stored in the glider. Data were processed using Slocum Power Tools (https://github.com/kerfoot/spt/) and analyzed using MATLAB data analysis software (version R2019a).
pH data were initially inspected for sensor time lags, which were identiﬁed as skewed upcast and downcast
proﬁles in pH reference voltage data and were often associated with areas of steep gradients in salinity or
temperature. To correct for sensor lag, upcast and downcast pairs were run through potential time shifts
from 0 to 60 s at 1‐s intervals. The optimal time shift minimized the difference between reference voltage
at a certain depth in an upcast/downcast pair (Saba, Wright‐Fairbanks, et al., 2019).
After time shifts were applied, pH data were run through QA/QC measures based on the Integrated Ocean
Observing System (IOOS) Manual for Real‐Time Quality Control of pH Data Observations (IOOS, 2019). pH
reference voltage data were ﬂagged and removed in instances where more than 1 hr has passed between
observations (≪1% of observations) or in instances without a valid time stamp (~20% of observations).
Next, observations of other scientiﬁc variables without both a corresponding pH reference voltage and pressure value were removed (~40% of observations). Observations outside of the latitude and longitude bounds
of the MAB were ﬂagged and removed (≪1% of observations). pH values were validated in a gross range test,
ﬂagging and removing values outside the calibration bounds of the glider pH sensor (pH < 6.5 and pH > 9;
≪1% of observations). As more deployments of the pH glider provide a mean climatology for the MAB, the
gross range test can be restricted to a user‐speciﬁed local or seasonal pH range. Next, a spike test identiﬁed
and removed single value spikes in pH reference voltage observations (≪1% of observations). Lastly, data
were inspected visually for unrealistic rates of change, ﬂat‐lining, and attenuated signals, which would indicate sensor failure. Tests for multivariate failure and comparisons to nearby pH sensors were not applicable
to these deployments, but should be considered in future pH glider deployments.
2.2.3. Discrete Samples
Discrete sample pH was measured spectrophotometrically at 25°C using puriﬁed meta‐Cresol Purple dye
(Clayton & Byrne, 1993; Liu et al., 2011). pH accuracy was determined against Tris buffers (DelValls &
Dickson, 1998; Millero, 1986). Additionally, discrete TA and DIC measurements were used to calculate
pH and check the internal accuracy of spectrophotometric measurements. TA titrations were run via open
cell Gran titration on an Apollo Scitech TA titrator AS_ALK2 (Cai et al., 2010; B. Chen et al., 2015;
WRIGHT‐FAIRBANKS ET AL.

4 of 20

Journal of Geophysical Research: Oceans

10.1029/2020JC016505

Huang et al., 2012). DIC was quantiﬁed using a nondispersive infrared method on an Apollo Scitech DIC
Analyzer AS‐C3 (B. Chen et al., 2015; Huang et al., 2012). TA and DIC accuracies were determined using
certiﬁed reference materials (CRMs) from Andrew Dickson's group at the Scripps Institution of
Oceanography.
Discrete pH measurements were converted to in situ pH values using in situ, depth‐speciﬁc temperature and
salinity measured by SBE19 CTD. Discrete pH was then compared to glider ISFET measurements at the
same, or closest, depth from the glider's ﬁrst proﬁle at deployment and its last proﬁle before recovery.
Groundtruthing offsets were determined as glider pH—discrete pH at each depth. Glider agreement was calculated as the average absolute offset between all depths at deployment or recovery. Uncertainty in glider
agreement was calculated as one standard deviation between glider pH measurements in the surface layer
during the discrete sampling period. Because there was little variation in temperature and salinity in the surface layer over a short period of time, variation in glider pH introduced by the environment was small. Glider
pH science bays were sent to SeaBird Scientiﬁc for postdeployment analysis, cleaning, and recalibration
between deployments.
2.3. Data Analysis
Salinity was calculated based on glider‐measured conductivity, temperature, and pressure. TA and salinity
exhibit a conservative relationship in U.S. East Coast waters (Cai et al., 2010; Z. A. Wang et al., 2013); thus,
TA is estimated using glider‐derived salinity (Saba, Wright‐Fairbanks, et al., 2019). In each season, a linear
regression to estimate TA from salinity was derived from a combination of discrete samples taken at glider
deployment/recovery and discrete samples from transects across the U.S. NES during the East Coast Ocean
Acidiﬁcation (ECOA)‐1 cruise in summer 2015 (supporting information Text S1). Discrete samples from
glider deployments and the ECOA‐1 cruise were both analyzed by the Cai group using the same method.
Sampling during glider deployments and recoveries took place only in relatively low salinity nearshore
waters (Figure S1). Conversely, the ECOA‐1 cruise sampled across the entire shelf to the shelf break but
missed lower salinity areas. Using both seasonal discrete samples and shelf‐wide ECOA samples ensured
that seasonal TA‐salinity regressions accounted for the entire scope of salinities the glider encountered
in the MAB while minimizing uncertainty due to seasonal differences in TA‐salinity relationships. Full‐
deployment salinity‐estimated TA was also compared to TA derived using the CANYON‐B algorithm,
which is trained on GLODAPv2 and GO‐SHIP bottle samples, and calculates carbonate system parameters
using measured latitude, longitude, time, depth, temperature, salinity, and oxygen (Bittig et al., 2018).
Glider pH was calculated on the total hydrogen concentration scale using glider‐measured reference
voltage, salinity, pressure, temperature, and sensor‐speciﬁc calibration coefﬁcients (Johnson et al., 2017;
Saba, Wright‐Fairbanks, et al., 2019). The remaining carbonate system parameters were calculated using
CO2SYS for MATLAB (v3.0) with glider temperature, salinity, pressure, pH, and salinity‐derived TA as inputs
(Lewis & Wallace, 1998; Sharp et al., 2020; van Heuven et al., 2011). Other CO2SYS inputs included total pH
scale (mol kg−1‐SW), K1 and K2 constants of Mehrbach et al. (1973) with reﬁts by Dickson and Millero (1987),
KSO4 dissociation constant of Dickson (1990), KHF dissociation constant of Uppstrom (1974), and borate‐to‐
salinity ratio of Perez and Fraga (1987). Carbonate system parameters reported here are pH, Ωarag, and ratio of
TA to DIC (TA:DIC). TA:DIC provides context for the CO2 buffering capacity of seawater. Oceanic buffering
capacity for CO2 reaches a minimum at TA:DIC = 1, meaning water with TA:DIC closest to 1 is most susceptible to acidiﬁcation (Cai et al., 2020; Egleston et al., 2010; Z. A. Wang et al., 2013).
Slocum gliders are propelled by purposeful changes in buoyancy, allowing the glider to dive and climb in a
sawtooth pattern from surface to bottom waters. The pH glider system used here was equipped with a
200‐m pump, allowing it to operate in depths as shallow as 4 m and as deep as 200 m. Coastal gliders travel
approximately 20 km day−1 horizontally, while proﬁling vertically at 10–15 cm s−1. Sensors sample at
0.5 Hz, providing observations at 20‐ to 30‐cm intervals vertically. All measured and derived variables were
bin‐averaged into 1‐m depth by 1‐km‐distance bins. At a sampling rate of 0.5 Hz and vertical proﬁling velocity of 10–15 cm s−1, a 1‐m depth average incorporated three to ﬁve measurements, minimizing the effect
of small‐scale physical and biological water column dynamics. At a horizontal speed of 20 km day−1, a
1‐km‐distance bin averaged 1.2 hr of data, which could include between 3 and 30 individual proﬁles
depending on water column depth.
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Brunt‐Vaisala frequency squared (N2) was calculated between adjacent 1‐m layers in each depth‐ and distance‐binned proﬁle. The mixed‐layer depth (MLD) for each binned proﬁle was determined as the depth
of maximum N2 (max(N2)) (Carvalho et al., 2017). Each proﬁle's mixed layer was assigned a quality index
(QI), which indicates the signiﬁcance of the stratiﬁcation index based on relative homogeneity in and below
the mixed layer (Carvalho et al., 2017; Lorbacher et al., 2006). Proﬁles with QI < 0.5 were considered well
mixed and removed from MLD analysis.
For analysis, deployment data were split into spatial and depth‐deﬁned regions. Distinctions between
surface and bottom waters were made using the mean MLD in each season, with surface waters deﬁned
as surface to MLD, and bottom waters from MLD to the bottom. During winter, there was no signiﬁcant
MLD (QI < 0.5). Therefore, winter surface and bottom parameters were represented by an average of the
top 5 m and bottom 5 m of the water column, respectively. The nearshore region was deﬁned as extending
from shore to the 35‐m isobath, where sea slope begins to increase in the central MAB, or 1–40 km offshore
(Levin et al., 2018). Midshelf was deﬁned from the 35‐ to 100‐m isobaths or 40–160 km offshore (40–120 km
offshore in the spring). The shelf break was deﬁned as beyond the continental shelf (>160 km offshore or
>120 km offshore in spring), where depth increases to >100 m.
Signiﬁcances of regional and seasonal comparisons of measured and derived variables were calculated using
a Kruskal‐Wallis analysis with Dunn post hoc, unless otherwise noted. Signiﬁcance is reported as a p value,
with p < 0.05 demonstrating a signiﬁcant difference between the values being compared. All averages are
presented as mean ±1 standard deviation, and a table of averages is included in the supporting information
(Table S1). Along with being depth‐averaged into 1‐m bins, chlorophyll and oxygen concentrations were
integrated to 35‐m depth to analyze mixed layer productivity. Integration to 35 m, as opposed to full‐water
column integration, ensured that the majority of mixed layer productivity in each season was captured while
minimizing skewed integrations that could arise due to seasonal differences in proﬁle depths. The 35‐m integrated chlorophyll and oxygen are presented along with 1‐m depth‐averaged chlorophyll and oxygen.
To visualize the spread of data in each season, box‐and‐whisker plots displaying medians, 25th and 75th
percentiles, minimums, and maximums were created for glider‐measured and derived variables. To summarize carbonate system interactions with the development and degradation of seasonal stratiﬁcation and
chlorophyll maxima, physical, biological, and carbonate system properties from the ﬁrst cross‐shelf transect
of each deployment were plotted on common color axes. Finally, full‐deployment carbonate parameters
were plotted as a function of distance from shore and season in order to visualize spatial differences in carbonate system seasonality.

3. Results
3.1. Sensor Performance
A full record of groundtruthing offsets is available in Tables S2 and S3. Seasonal mean glider agreement
ranged from 0.005 to 0.042 pH units and within‐mixed‐layer variability ranged from 0.001 to 0.027 pH units.
Given these observations, we believe that glider pH measurements are accurate to better than 0.05 pH
units, which agrees with the manufacturer accuracy speciﬁcation for this sensor (±0.05 pH units).
Short‐term reproducibility is likely signiﬁcantly better than 0.03 because the source of error is short‐term,
within‐mixed layer repeatability. This conclusion is supported by the manufacturer precision speciﬁcation
for this sensor (±0.001 pH units), which implies that spatial variability along a section can be resolved to
±0.001 pH units. Therefore, pH is reported here to the third decimal place.
pH sensor time lag varied seasonally. No shift was necessary for the winter mission, while 47‐ and 30‐s shifts
were applied to the spring mission, a 36‐s shift was applied to the summer mission, and a 45‐s shift was
applied to the fall mission. Spring required two lag corrections because of a shift in the sensor lag between
the ﬁrst third and last two thirds of deployment, likely due to a shift in water column structure (Saba,
Wright‐Fairbanks, et al., 2019).
The magnitude of uncertainty in derived variables varied based on the accuracy of TA estimation. Average
absolute differences between discrete TA and estimated TA ranged from 5.5 (winter) to 27.4 μmol kg−1
(summer). Average uncertainty in Ωarag and TA:DIC due to TA offsets ranged from 0.005 to 0.024 and
0.0001 to 0.0003, respectively (Table S4). A full analysis of TA offsets, as well as a list of seasonal
WRIGHT‐FAIRBANKS ET AL.
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Figure 2. Comparisons of mixed layer depth (MLD) and maximum buoyancy frequency (max(N )) during seasonal glider deployments. Targets indicate median
values, box limits indicate the 25th to 75th percentiles, and whiskers represent the full range of data. Data points beyond 1.5 times the interquartile range
away from the top or bottom of the box were identiﬁed as outliers and are shown as black dots extending from the whiskers. Notches depict the 95% conﬁdence
interval around the median. If notches do not overlap, there is 95% conﬁdence that the medians are different (p < 0.05). Winter had a well‐mixed water column
with insigniﬁcant MLD QI values; thus, no data are shown for winter MLD.

TA‐salinity regressions, can be found in the supporting information (Text S1 and Tables S4 and S5). Full‐
deployment salinity‐derived TA was similar to CANYON‐B algorithm estimates of TA, differing at most
by a seasonal average of 2.0 ± 4.3 μmol kg−1 (~0.1%).
3.2. Seasonal and Spatial Water Column Dynamics
The winter mission collected 4,933 proﬁles of science data over 19 days, spring collected 6,426 proﬁles over
20 days, summer collected 6,948 proﬁles over 26 days, and fall collected 5,333 proﬁles over 22 days. On average, about 270 proﬁles were generated per day. Although the four seasonal deployments were not sequential,
they highlight stratiﬁcation and mixing patterns typical of the MAB, revealing seasonal transitions in physical, biological, and chemical characteristics described in detail below.
3.2.1. Physical Dynamics
Seasonal changes in stratiﬁcation occurred in the MAB (Figures 2 and 3). The winter water column was cold
(<13°C) and well mixed, with no signiﬁcant MLD (QI < 0.5) and the lowest observed max(N2)
(0.0010 ± 0.0010 s−1, n = 187, p < 0.001). Surface waters were warmer in the spring compared to winter
(p < 0.001), resulting in stronger stratiﬁcation (max(N2) = 0.0015 ± 0.0005 s−1, n = 129, p < 0.001) and
MLD of 14.4 ± 8.2 m (n = 129). Surface temperature peaked in the summer (23.64 ± 1.13°C, n = 188,
p < 0.001), while bottom waters remained cold, resulting in continued shoaling of MLD to 10.4 ± 3.7 m
(n = 188) and the greatest max(N2) observed seasonally (0.0082 ± 0.0025 s−1, n = 188, p < 0.001). Strong stratiﬁcation in the spring and summer trapped a cold (<12°C) water mass below the mixed layer, which was
consistent with the well‐known summer Cold Pool (Z. Chen et al., 2018; Houghton et al., 1982). Surface
waters cooled in the fall, causing a lower max(N2) (0.0011 ± 0.0009, n = 358), and a deep MLD
(44.7 ± 27.7 m, n = 180).
Surface and bottom water salinity were signiﬁcantly lower in the nearshore than at the shelf break in every
season (p < 0.001; Figures 3 and 4). With the exception of spring (full water column) and summer bottom
water, surface and bottom temperature also increased from nearshore to the shelf break in each season
(p < 0.004; Figures 3 and 4). The lowest salinities were recorded in nearshore summer surface waters
(p < 0.001), averaging 30.06 ± 0.37 PSU (n = 28). In the summer, midshelf surface waters were also signiﬁcantly fresher than the other seasons (p < 0.001), due to heavy rainfall during the mission. The highest
WRIGHT‐FAIRBANKS ET AL.
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Figure 3. Contour plots of temperature, salinity, and density from four seasonal glider deployments in the MAB (W = winter, Sp = spring, Su = summer, and
F = fall). Data shown are from the ﬁrst cross‐shelf transect of each deployment. Mixed layer depth (MLD) for each binned proﬁle is plotted in white.
Winter had no signiﬁcant mixed layer. The nearshore region was deﬁned as 1–40 km offshore, midshelf was 40–160 km offshore (40–120 km in spring), and the
shelf break was >160 km offshore (>120 km offshore in spring).

salinities were recorded in fall shelf break surface and bottom waters (p < 0.001), averaging 35.66 ± 0.26 PSU
(n = 38) and 35.37 ± 0.17 PSU (n = 38).
3.2.2. Biological Characteristics
Phytoplankton biomass varied seasonally as water column structure changed in the MAB (Figures 4 and 5).
The deeply mixed fall water column and the productive spring water column had the highest 35‐m integrated chlorophyll concentrations of 43.39 ± 11.23 mg m−2 (n = 180) and 42.82 ± 19.79 mg m−2
(n = 129), respectively (p < 0.001). Fall and spring integrated chlorophyll levels were not signiﬁcantly different from one another. Winter and summer had signiﬁcantly lower 35‐m integrated chlorophyll concentrations than the seasons preceding them (p < 0.001).
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Figure 4. Comparisons of physical, biological, and chemical ocean properties during seasonal glider deployments. Targets indicate median values, box limits
indicate the 25th to 75th percentiles, and whiskers represent the full range of data. Data points beyond 1.5 times the interquartile range away from the top or
bottom of the box were identiﬁed as outliers, and are shown as black dots extending from the whiskers. Notches depict the 95% conﬁdence interval
around the median. If notches do not overlap, there is 95% conﬁdence that the medians are different (p < 0.05).

In each binned proﬁle, the chlorophyll maximum was identiﬁed as the 1‐m depth bin with the highest 1‐m
depth‐averaged chlorophyll concentration. Depth‐averaged chlorophyll concentrations at the chlorophyll
maximum were 1.55 ± 0.48 mg m−3 (n = 187) in winter, 3.35 ± 2.16 mg m−3 (n = 129) in spring,
2.52 ± 0.88 mg m−3 (n = 188) in summer, and 1.80 ± 0.58 (n = 180) mg m−3 in fall.
In each season, surface and bottom depth‐averaged chlorophyll was highest in the nearshore and lowest at
the shelf break (p < 0.001), except in fall bottom water which saw no signiﬁcant spatial change (Figure 5).
The highest depth‐averaged chlorophyll concentrations occurred in nearshore spring bottom water
(2.86 ± 0.49 mg m−3, n = 13, p < 0.001), which captured the spring chlorophyll maximum layer. High
WRIGHT‐FAIRBANKS ET AL.
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Figure 5. Contour plots of depth‐averaged chlorophyll and oxygen from four seasonal glider deployments in the MAB (W = winter, Sp = spring, Su = summer,
and F = fall). Data shown are from the ﬁrst cross‐shelf transect of each deployment. Mixed layer depth (MLD) for each binned proﬁle is plotted in white.
Winter had no signiﬁcant mixed layer. The nearshore region was deﬁned as 1–40 km offshore, midshelf was 40–160 km offshore (40–120 km in spring),
and the shelf break was >160 km offshore (>120 km offshore in spring).

depth‐averaged chlorophyll was also present in spring and summer nearshore surface waters, averaging
2.13 ± 0.71 mg m−3 (n = 13) and 2.30 ± 0.45 mg m−3 (n = 28), respectively.
3.2.3. Chemical Dynamics
3.2.3.1. Oxygen
The chlorophyll‐rich, stratiﬁed spring and deeply mixed fall water columns exhibited the highest 35‐m integrated DO concentrations of 41.55 ± 20.12 g m−2 (n = 129) and 41.86 ± 12.46 g m−2 (n = 180) (p < 0.001;
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Figures 4 and 5). Like chlorophyll concentration, winter and summer 35 m integrated oxygen levels were
signiﬁcantly lower than both fall and spring (p < 0.001).
In spring, summer, and fall, high depth‐averaged DO was observed at the chlorophyll maximum depth
(Figure 5). Shelf break bottom waters exhibited the lowest depth‐averaged DO concentrations in winter,
spring, and fall (p < 0.001), averaging 6.20 ± 0.88 g m−3 (n = 35), 8.20 ± 0.49 g m−3 (n = 20), and
6.32 ± 0.36 g m−3 (n = 39), respectively. The DO optode malfunctioned shortly after summer deployment,
so summer shelf break measurements are not available.
3.2.3.2. Carbonate System
Figures 6 and 7 display seasonal and spatial differences in the carbonate system. Full water column pH
ranged from 7.701 to 8.166 throughout all seasons, while Ωarag ranged from 0.83 to 3.72, and TA:DIC ranged
from 1.019 to 1.180. Deployment‐averaged pH was highest in winter and lowest in summer (Table S6).
Deployment‐averaged Ωarag and TA:DIC were highest in fall and lowest in summer (Table S6). Areas that
differed from the means were localized in space and time. For example, areas of high pH were associated
with the chlorophyll maximum in spring and summer, and areas of high pH, Ωarag, and TA:DIC were found
at the shelf break in all seasons (Figure 6). Conversely, areas of low pH, Ωarag, and TA:DIC were associated
with the nearshore region in spring, summer, and fall, and with shelf bottom waters in the summer
(Figure 6).
In summer and fall, surface and bottom pH, Ωarag, and TA:DIC were lowest in the nearshore and signiﬁcantly higher at the shelf break (p < 0.001; Figure 7). The highest spring pH, Ωarag, and TA:DIC values were
also present at the shelf break (p < 0.005, Figure 7). Winter followed a different spatial pattern, with surface
and bottom pH highest in the nearshore and signiﬁcantly lower at the shelf break (p < 0.001). Winter surface
Ωarag and TA:DIC were highest in the midshelf region (p < 0.05), while bottom Ωarag and TA:DIC increased
from nearshore to shelf break (p < 0.002).
In the nearshore, surface and bottom pH were highest in winter, averaging 8.124 ± 0.007 (n = 31) and
8.080 ± 0.014 (n = 31) respectively (p < 0.005; Figures 6 and 7). The lowest nearshore pH occurred in summer bottom waters (p < 0.001), averaging 7.827 ± 0.029 (n = 28). Bottom waters also reached a minimum in
Ωarag and TA:DIC in summer (p < 0.03), averaging 1.29 ± 0.11 and 1.048 ± 0.007 respectively (n = 28).
Contrary to seasonal patterns in pH, nearshore surface water saw the highest Ωarag and TA:DIC in the summer/fall and lowest in the winter/spring (p < 0.001).
In the midshelf, the highest seasonal pH occurred in well mixed, cold winter surface water (p < 0.002;
Figures 3, 6, and 7). Average winter midshelf surface pH was 8.107 ± 0.013 (n = 121). Conversely, winter
midshelf surface waters had low Ωarag and TA:DIC, averaging 1.84 ± 0.09 and 1.082 ± 0.004, respectively
(n = 121). The lowest midshelf pH occurred in summer surface and bottom water, averaging
7.934 ± 0.016 in the surface and 7.922 ± 0.053 in the bottom (p < 0.001, n = 120). Low pH summer bottom
water was associated with the Cold Pool bottom water mass and also exhibited the lowest Ωarag and TA:DIC
in the midshelf (1.47 ± 0.15 and 1.059 ± 0.009, respectively; p < 0.001; n = 120). While summer midshelf bottom water had the lowest seasonal Ωarag and TA:DIC, summer midshelf surface water had the highest values
in the region, averaging 2.30 ± 0.18 and 1.101 ± 0.008 respectively (p < 0.001, n = 120), though these values
were not signiﬁcantly different than fall.
At the shelf break, a warm, salty water mass persisted throughout all four seasons (Figure 3). The highest
shelf break Ωarag and TA:DIC occurred in fall (p < 0.001), when this water mass mixed into the surface layer
(Figure 6). There, Ωarag averaged 3.13 ± 0.12 (n = 39) and TA:DIC averaged 1.138 ± 0.006 (n = 39). The lowest shelf break Ωarag and TA:DIC occurred in winter surface waters (p < 0.05), averaging 1.73 ± 0.06 and
1.075 ± 0.003 (n = 35), respectively. The lowest seasonal shelf break pH occurred in summer surface waters
(p < 0.001), averaging 7.969 ± 0.014 (n = 39).

4. Discussion
High‐resolution data resulting from deployments of a glider equipped with novel pH sensor technology
highlight seasonal and spatial carbonate chemistry dynamics in the MAB for the ﬁrst time. Results underscore the importance of seasonality, water mass mixing, biological production, and freshwater inputs in controlling the carbonate system in the MAB.
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Figure 6. Contour plots of in situ pH, Ωarag, and TA:DIC from four seasonal glider deployments in the MAB (W = winter, Sp = spring, Su = summer, and
F = fall). Data shown are from the ﬁrst cross‐shelf transect of each deployment. Mixed layer depth (MLD) for each binned proﬁle is plotted in white.
Winter had no signiﬁcant mixed layer. The nearshore region was deﬁned as 1–40 km offshore, midshelf was 40–160 km offshore (40–120 km in spring),
and the shelf break was >160 km offshore (>120 km offshore in spring).

4.1. Drivers of MAB Seasonality
Seasonal glider deployments recorded physical water column changes caused by intense MAB seasonality.
Observations aligned with established MAB physical climatology (Castelao et al., 2010, 2008). Warming of
surface waters in the spring and summer, combined with freshening of surface waters, increased the
strength of stratiﬁcation and trapped a Cold Pool water mass below the mixed layer. Cold Pool bottom water
generally contains relatively fresh (<34 PSU) and cold (<10°C) water, with source water likely originating
from the Labrador Sea (Z. Chen et al., 2018). Wind‐ and storm‐driven seasonal overturn in the fall caused
surface and Cold Pool bottom waters to mix, resulting in a cool, well‐mixed water column that persisted
through winter.
WRIGHT‐FAIRBANKS ET AL.
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Figure 7. Comparisons of carbonate system parameters measured during and derived from seasonal glider deployments. Targets indicate median values, box
limits indicate the 25th to 75th percentiles, and whiskers represent the full range of data. Data points beyond 1.5 times the interquartile range away from the
top or bottom of the box were identiﬁed as outliers and are shown as black dots extending from the whiskers. Notches depict the 95% conﬁdence interval around
the median. If notches do not overlap, there is 95% conﬁdence that the medians are different (p < 0.05).

The occurrence of low surface water Ωarag and TA:DIC in winter and high Ωarag and TA:DIC in summer surface waters supports the ﬁndings of Cai et al. (2020) who concluded that surface water Ωarag and DIC are
controlled additively by thermodynamic equilibrium and air‐sea gas exchange in the MAB. Unlike Ωarag
and TA:DIC, shelf surface water pH during glider deployments exhibited a decoupling from the effect of
gas exchange, with the highest pH recorded in winter and lowest pH values in summer. This indicated a
more complicated system of seasonal surface pH drivers, including freshwater input (summer) and biological removal of CO2 (winter), which acted on a time scale faster than gas equilibrium (Cai et al., 2020).
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In areas and periods of dense chlorophyll biomass, primary producers remove CO2 from the water, increasing DO and pH (Kemp et al., 1994). Fall and spring glider missions captured the highest seasonal integrated
chlorophyll levels, due to high phytoplankton biomass. High fall integrated chlorophyll supports the ﬁndings of Y. Xu et al. (2011), who identiﬁed a bimodal cycle of biological production in the MAB, in which a
dominant fall‐winter phytoplankton bloom between the 20‐ and 60‐m isobaths accounts for almost 60% of
the region's annual chlorophyll production. This bloom forms when fall overturn injects nutrient‐rich bottom water into the surface, promoting phytoplankton production. High productivity captured in the fall
deployment led to high integrated DO and increased surface pH in the nearshore and midshelf. The second
mode of MAB phytoplankton production described by Y. Xu et al. (2011) indicates a less dominant
spring‐summer bloom triggered by stratiﬁcation, which allows phytoplankton to overcome light limitation
caused by deep mixing during the winter. Spring and summer glider deployments captured the development
of strong seasonal stratiﬁcation, isolating a chlorophyll maximum just below the mixed layer predominantly
in the midshelf region that was colocated with high pH (Figure 6).
High depth‐integrated chlorophyll and DO in the fall and spring were followed by periods of lower integrated
chlorophyll and DO in the winter and summer. In summer, this was likely inﬂuenced by Cold Pool bottom
water, where respiration of surface‐derived particulate carbon produces CO2 and reduces DO. Once seasonal
stratiﬁcation is set up, the Cold Pool has little ventilation to seawater above the thermocline, and accumulation of respired CO2 reduces pH, Ωarag, and buffering capacity for CO2 (Cai et al., 2011, 2017; Waldbusser &
Salisbury, 2014; Wootton et al., 2008). Our summer mission captured the full extent of low bottom water pH,
Ωarag, and TA:DIC associated with stratiﬁcation and the Cold Pool (Figures 6 and 7).
In summer nearshore surface and bottom waters, high‐low‐high cycles in pH, Ωarag, and TA:DIC appeared
in ~20‐km increments (Figure 8). Cycles observed there align with the glider's average horizontal movement
of 20 km day−1, indicating potential diel variability in pH, Ωarag, and TA:DIC. Daily swings in surface water
pH were as large as 0.145 pH units, corresponding to swings in surface Ωarag of 0.52 and TA:DIC of 0.033.
These pH swings were about half the amplitude of those observed previously in nearby Mid‐Atlantic estuaries, which can exhibit swings of up to 0.26 pH units day−1, attributed to high productivity and shallow
waters (Baumann & Smith, 2017). The pattern of daily variability was not always consistent (day vs. night),
suggesting that these complex carbonate chemistry dynamics are likely driven by a combination of biological
productivity, temperature swings, ﬂuctuations in salinity, and mixing. For example, pH and Ωarag in nearshore bottom water exhibited strong positive correlations with temperature and chlorophyll (Spearman's
r > 0.75, p < 0.001) and strong negative correlations with salinity (Spearman's r < −0.67, p < 0.001). In nearshore surface water, these correlations were weaker and, in one case, the direction of the correlation ﬂipped
(Spearman's r between Ωarag and chlorophyll = −0.50, p < 0.001). Therefore, trends in pH and Ωarag cannot
be explained by any one driver. Additional observations are needed in order to thoroughly analyze and establish the relative importance of these drivers to diel variability.
4.2. Year‐Round Water Column Features
In every season, nearshore waters experienced the lowest surface salinities, highlighting the inﬂuence of
freshwater inputs to the coastal system (Castelao et al., 2010). During the summer, freshening extended into
the midshelf due to heavy rainfall and typical seasonal freshening due to peak seasonal runoff from the
Hudson River (Castelao et al., 2010; Richaud et al., 2016). Freshwater inputs from rivers and storms introduce low TA water into the coastal system, decreasing CO2 buffering capacity (Siedlecki et al., 2017;
Waldbusser & Salisbury, 2014). Spring, summer, and fall exhibited their lowest respective pH, Ωarag, and
TA:DIC in nearshore waters compared to the midshelf and shelf break regions. Summer nearshore and midshelf surface waters had the lowest seasonal pH, pointing to freshwater input as a major driver of pH there.
However, as discussed in section 4.1, summer nearshore and midshelf surface waters had the highest seasonal Ωarag and TA:DIC, indicating that thermodynamic control was a stronger inﬂuence on Ωarag and TA:DIC
than salinity. These complex carbonate system dynamics indicate that freshwater inﬂuence is a complicated
but important driver of the carbonate system on the shelf.
Throughout all seasonal deployments, a warm (>12°C), salty (>35 PSU) water mass persisted at the continental shelf break. This slope water mass signiﬁed that the glider traveled through a shelf‐break front, formally called the MAB shelf‐break jet, which is inﬂuenced by warm, saline Gulf Stream waters entrained into
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Figure 8. Seasonal differences in surface water pH (top), Ωarag (middle), and TA:DIC (bottom) expressed as a function of distance from shore. Surface water is
deﬁned as above MLD in spring, summer, and fall, and as the top 5 m in winter. Data presented are from the entire deployment and are 1 m depth and 1 km
distance binned.

the MAB by eddies (K. Chen & He, 2010; Fratantoni et al., 2001; Linder & Gawarkiewicz, 1998; Wanninkhof
et al., 2015). The front was pushed progressively farther off‐shelf with the onset and persistence of seasonal
stratiﬁcation and inﬁltrated back onto the shelf during fall overturn, following MAB shelf‐break jet
climatology described by Linder and Gawarkiewicz (1998). The deepest water sampled at the shelf break
(>150 m) exhibited the lowest depth‐averaged oxygen levels in each deployment, suggesting that this
water mass is not well ventilated to the atmosphere, and ongoing respiration there depletes oxygen and
adds CO2. Despite ongoing respiration, shelf break jet deep water had high Ωarag and TA:DIC, reﬂecting
its Gulf Stream source and consistently high salinity levels. High TA:DIC indicated that this water mass
had a high buffering capacity for CO2 and therefore had high pH in spring, summer, and fall, regardless
of high net respiration.
The intrusion of the highly buffered shelf break jet onto the shelf during fall overturn, along with the high
fall phytoplankton biomass and a decrease in freshwater input, resulted in a well‐mixed water column with
high pH, Ωarag, and TA:DIC. High pH persisted through winter, while thermodynamic interactions led to
low winter Ωarag and TA:DIC after the fall bloom. This suggests that seasonal intrusion of the shelf break
jet could be an important mitigator of acidiﬁcation on the MAB shelf during fall.
4.3. Potential Ecological Implications
It is important to consider natural seasonal, spatial, and depth variability when investigating MAB habitat
suitability. Surface water pH, Ωarag, and TA:DIC exhibited seasonal differences across the MAB shelf, with
Ωarag and TA:DIC diverging to a greater extent at the shelf break (Figure 8). Bottom water pH exhibited seasonal swings on the MAB shelf, but values converged at the continental shelf break, while bottom water
Ωarag and TA:DIC saw seasonal divergence at the shelf break (Figure 9). Seasonality in pH, Ωarag, and TA:
DIC across the shelf and shelf break demonstrated seasonal and spatial ﬂuctuations in carbonate system drivers in the MAB.
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Figure 9. Seasonal differences in bottom water pH (top), Ωarag (middle), and TA:DIC (bottom) expressed as a function of distance from shore. Bottom water is
deﬁned as below MLD in spring, summer, and fall, and as the bottom 5 m in winter. Data presented are from the entire deployment and are 1 m depth and 1 km
distance binned.

Shelf water masses, speciﬁcally the MAB Cold Pool, have been linked to the distribution and recruitment of
economically important ﬁsh species, including the calcifying shellﬁsh Atlantic sea scallop (Placopecten
magellanicus) and Atlantic surfclam (Spisula solidissima), which are vulnerable to acidiﬁcation
(Colvocoresses & Musick, 1984; Cooley et al., 2015; Steves et al., 2000; Sullivan et al., 2000;
Weinberg, 2005). These organisms are able to survive and reproduce through observed seasonal swings in
carbonate chemistry on the MAB shelf, but the extent to which survival and reproduction may be negatively
impacted by current levels of pH and Ωarag is unknown. Potential vulnerability of these organisms during late
summer/early fall spawning events on the MAB shelf should be a consideration for future ﬁshery
management.
4.4. Limitations and Beneﬁts
While the pH glider has undergone signiﬁcant ﬁeld testing for robustness, it is not exempt from limitations
common to autonomous underwater vehicles (AUVs) and other sensors used in oceanographic ﬁeld work.
Gliders deployed in areas of high productivity are subject to biofouling over time, which can increase offsets
between glider and discrete pH measurements (Saba, Wright‐Fairbanks, et al., 2019). Increased offsets from
deployment to recovery in winter, summer, and fall might indicate biofouling throughout deployment.
Primary production associated with algal biofouling near the sensor intake would remove CO2 from water
in close vicinity to the glider, thereby increasing pH. Additionally, biofouling from barnacles or juvenile
bivalves can occur on gliders. Saba, Wright‐Fairbanks, et al. (2019) reported an instance of biofouling by a
juvenile clam which settled onto the glider pH sensor intake valve. In that case, respiration would decrease
pH around the sensor. Increases in offsets over time can also occur due to pH sensor drift. Sensor drift generally arises due to a lack of full conditioning to Br− anion in seawater and is a common issue for autonomous pH monitoring platforms (Johnson et al., 2016).
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Seasonal TA‐salinity relationships derived from discrete samples perform generally well when compared to
the CANYON‐B algorithm and discrete sample TA values. Large offsets between discrete and
regression‐based TA corresponded to a break in the TA‐salinity relationship at approximately 30–31 PSU
(Figure S1). These offsets were particularly large in summer and fall, with discrete and calculated TA differing by up to 51.1 and 87.6 μmol kg−1 respectively (Table S5). Uncertainty in Ωarag and TA:DIC due to TA
uncertainty was as extreme as −0.08 and 0.0013 (fall; Table S4). However, the difference between
CANYON‐B‐estimated TA and salinity‐derived TA was quite small, averaging ~0.1%. Because of this, we
are conﬁdent that seasonal TA‐salinity regressions are applicable to full glider deployments.
While none of the seasonal deployment pH offsets described here exceeded manufacturer speciﬁcations for
the sensor, changes in offsets over time underscore the importance of taking discrete samples at each glider
deployment and recovery to ensure continued accuracy and data quality. These missions therefore require a
vessel with water sampling capabilities, but the data provided during the otherwise automated 30‐ to 60‐day
missions far outweigh the cost to collect data of this resolution during major research cruises (Schoﬁeld
et al., 2010). Furthermore, gliders have proven their effectiveness for high‐quality observations in a range
of coastal and open ocean environments, including locations that are not conducive to vessel operation or
human presence (e.g., polar environments and hurricane seas) (Testor et al., 2019).

5. Signiﬁcance
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The work presented here highlights the distinct capability of an autonomous Slocum glider equipped with a
deep‐ISFET based pH sensor to make highly accurate, high‐resolution observations of the marine carbonate
system. The use of pH glider technology can be scaled up to address regional, national, and global OA observing needs. Using this glider sensor suite, we have observed seasonal patterns in the carbonate system
directly associated with changes in other physical, biological, and chemical properties. While it is beyond
the scope of this paper to quantify the relative importance of different carbonate system drivers, these data
make clear that several drivers impact the strength of acidiﬁcation. These include air‐sea CO2 exchange, seasonal stratiﬁcation, biological activity, and freshwater input, as well as physical mixing of the MAB shelf
break front. Importantly, data presented here describe the typical seasonal patterns of carbonate system
dynamics in the MAB, but absolute values will change from year‐to‐year due to differences in regional climate, temperature, precipitation, wind patterns, and storm activity. Continued seasonal glider observation
efforts, together with other carbonate monitoring platforms, will assist in developing a mean carbonate
chemistry climatology for the MAB. This will help to inform the design of laboratory experiments investigating the response of commercially important species to acidiﬁcation using realized carbonate system values
and variability (Goldsmith et al., 2019; Saba, Goldsmith, et al., 2019). Furthermore, ongoing monitoring
efforts can be used to identify areas or time periods prone to acidiﬁcation due to interaction with other potential stressors, and the derivation of synergistic relationships between these variables. Continued simultaneous collection of chemical, physical, and biological metrics will allow the development of algorithms
linking carbonate chemistry to other ocean properties. These quantitative relationships are necessary to
develop broader predictive forecast models for the coastal ecosystem, which will ultimately aid in ﬁsheries
management planning and mitigation of short‐term acidiﬁcation events in the MAB.
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