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ABSTRACT: Ocean carbon monitoring efforts have in-
creased dramatically in the past few decades in response to
the need for better marine carbon cycle characterization.
Autonomous pH and carbon dioxide (CO,) sensors capable of
yearlong deployments are now commercially available;
however, due to their strong covariance, this is the least
desirable pair of carbonate system parameters to measure for
high-quality, in situ, carbon-cycle studies. To expand the
number of tools available for autonomous carbonate system
observations, we have developed a robust surface ocean
dissolved inorganic carbon (DIC) sensor capable of extended
(>year) field deployments with a laboratory determined

uncertainty of +5 pmol kg™'. Results from the first two field tests of this prototype sensor indicate that measurements of
DIC are ~90% more accurate than estimates of DIC calculated from contemporaneous and collocated measurements of pH and
CO,. The improved accuracy from directly measuring DIC gives rise to new opportunities for quantitative, autonomous carbon-

cycle studies.

B INTRODUCTION

The marine biogeochemical cycles are among the more difficult
components of the climate system to characterize and thus
project the impacts on, and feedbacks from, climate change.
This difficulty largely derives from the challenges in developing
robust autonomous marine sensors with the endurance and
accuracy needed for long-term observational efforts that can
resolve environmental variability at the scale needed for
synthesis and modeling work." In the past few decades,
increased emphasis on understanding the marine carbon cycle
and its feedback mechanisms has led to greater demand for
autonomous marine carbon sensors. While advancements have
been made in the development of some sensors, there remains
a need for the development of additional sensors that provide
greater insight into the carbonate system than those currently
in existence.

To accurately describe the inorganic carbon chemistry of
seawater, two carbonate system parameters must be measured
simultaneously. The four carbonate system parameters that
have been routinely measured from ships are dissolved
inorganic carbon (DIC), total alkalinity (TA), partial pressure
of carbon dioxide (pCO,), and pH. Measurement of any two of
these parameters in seawater makes it possible to calculate all
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other carbonate system parameters using equilibrium constants,
temperature, pressure, and salinity.””

Technological advances over the past decade have led to the
development of commercially available autonomous carbon
dioxide (CO,) and pH sensors that are capable of yearlong
mooring deployments. These sensors have been particularly
helpful in further elucidating the episodic nature of biological
productivity and the significance of stochastic environmental
variability in altering seawater—carbonate chemistry.*”® Con-
tinuous and simultaneous observations of two carbonate-system
parameters from autonomous platforms will make it possible to
learn about the drivers of carbon cycling in remote ocean
regions. In addition, times-series of this type will be essential for
the development and ground truthing of satellite products that
may ultimately resolve the current spatiotemporal gaps in
surface ocean carbon monitoring capabilities.'*'> Unfortu-
nately, the strong covariance between pH and pCO, makes this
the least desirable pair for constraining seawater—carbonate
chemistry.">™"* In order to advance the current state of
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Figure 1. MADIC sensor (A) Zero Loop, (B) Span Pathway, (C) Equilibration Loop, and (D) Evacuation Pathway with gas pathways highlighted in
red. A silica gel dryer (Dryer), relative humidity sensor (RH), infrared gas analyzer (LI-820), and two soda lime columns (Soda) can be found along
the flow pathways. Liquid and gas flow is controlled by multiple 3-way solenoid latching valves, a 10-port valve, and three diaphragm pumps.
Components housed within the instrument are enclosed in solid boxes in the diagram, while waste and external materials are not.

autonomous carbon monitoring capabilities, pH and pCO,
sensor field accuracies must be improved further, or another
carbonate system parameter must be measured in addition to
either pH or pCO,.

We have developed an accurate autonomous DIC sensor that
has the endurance required for extended deployments on
moorings. DIC is a particularly desirable parameter to
characterize because it integrates all of the processes that
influence the marine carbonate system, has a larger magnitude
response to photosynthesis and respiration than TA, and
reflects gas exchange, which TA does not. A number of
analytical methods have been utilized for the direct
determination of DIC in natural and marine waters."'® Our
method includes nearly complete conversion of DIC to CO, by
acidification, followed by equilibration of the CO, in the
acidified liquid sample with a closed loop of air, which is
quantified using nondispersive infrared (NDIR) spectropho-
tometry. NDIR spectrophotometry has been utilized by
numerous investigators in similar laboratory and ship based
techniques'’™2® but has not previously been adapted for an
autonomous mooring based DIC sensor. In addition, the NDIR
approach is suitable for autonomous operation on a mooring'
and has the added benefit of being the core technology used in
the Moored Autonomous pCO, (MAPCO,) system that was
originally developed at the Monterey Bay Aquarium Research
Institute, improved upon at the Pacific Marine Environmental
Laboratory (PMEL) and is now commercially manufactured by
Battelle Memorial Institute.””

To the best of our knowledge, there have been three
published field tests of other autonomous DIC sensors.'%*%%°
These sensors represent substantial progress toward in situ DIC
monitoring; however, excluding the 56-day field test described

by Sayles and Eck (2009), deployments have thus far been
limited to 8 days or less. The sensor we have developed is
capable of 2640 in situ analyses, which is equivalent to a 3
hourly sampling frequency over the course of 330 days. Two-
way Iridium satellite communication is used to telemeter data
back to the laboratory after every two DIC sample measure-
ments allowing for near real-time data delivery and in situ
modifications to instrument parameters, such as sampling
frequency, in response to changing environmental conditions.
Here, we describe this novel Moored Autonomous DIC
(MADIC) system and present results from a one month test
deployment in Seattle, Washington and a seven month field test
near Honolulu, Hawaii.

B METHODS

Principle. Dissolved inorganic carbon (DIC) refers to the
sum of the concentrations of carbonic acid (H,CO,),
bicarbonate ion (HCO;"), carbonate ion (CO;*~), and carbon
dioxide (CO,) in aqueous solution. Because it is impractical,
and infeasible at this time, to measure each of these molecular
species autonomously, our sensor converts DIC into the CO,
molecular form by acidifying ~1 mL of seawater to a pH of
~3.5. CO, in the acidified liquid sample escapes to the gas
phase as air, previously stripped of CO,, is bubbled through the
liquid in a recirculating loop. Once equilibrium is reached, CO,
in the gas phase is measured. The concentration of CO, in the
gas phase is used with Henry’s Law and the Ideal Gas Law to
determine the number of moles of carbon in the liquid and gas
phases. These numbers are summed and divided by the mass of
the injected sample to give the seawater DIC concentration in
units of moles per unit mass.
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Measurement Procedure. The DIC measurement meth-
od relies on infrared detection of the mole fraction of CO, in
air, denoted xCO,, in units of parts per million (ppm). At the
start of each sample measurement, the infrared detector (LI-
820) performs a two point calibration at 0 ppm xCO, and at a
higher xCO, value near 1000 ppm; dependent on the
calibration gas used. Calibration prior to each measurement is
required because the LI-820 response is temperature depend-
ent, and the sensor’s temperature stabilization mechanism is
disabled to reduce power consumption on the mooring. For the
zero calibration, air inside the system is recirculated in the Zero
Loop (Figure 14; including the equilibration chamber) through
CO,-scrubbing soda lime for 30 s before the air pump is turned
off and the detector is zeroed. For the high xCO, calibration, a
compressed calibration gas is flushed through the LI-820 optical
chamber in the Span Pathway (Figure 1B) for 30 s before the
detector’s calibration function is initiated. The LI-820 samples
at 2 Hz, and 10 s of CO, readings made at atmospheric
pressure are averaged for each measurement.

After the LI-820 is calibrated, 8.5% phosphoric acid is
pumped through a calibrated-volume (~200 yL) tubing loop
on a 10-port valve until the loop has been flushed and filled.
The acid is then injected into the equilibration chamber, and air
is bubbled through the acid and recirculated in the Zero Loop
until all of the CO, is removed (~30 s). Seawater from ~1 m
depth is pumped through a copper—nickel housed 150 pum
intake filter, where it mixes with tributyl tin from an
antibiofoulant puck, and into a ~1 mL calibrated-volume
tubing loop on the 10-port valve. This loop is flushed with ~30
mL of seawater before the sample is collected and injected into
the equilibration chamber. As the seawater and acid mix inside
of the equilibration chamber, the pH falls to ~3.5 causing DIC
in solution to shift from being mostly bicarbonate to mostly
CO, (>99%). This rapid transformation of nearly all DIC into
the CO, form causes CO, to escape from the solution into the
gas phase. Air inside the instrument that was previously
stripped of CO, is bubbled through the acidified mixture and
recirculated in the Equilibration Loop (Figure 1C) for ~S min
to facilitate the transfer of CO, from the liquid into the gas
phase. During this process, CO, evolved from the ~1 mL
acidified seawater sample is diluted throughout the Equilibra-
tion Loop volume (~60 mL) resulting in xCO, values in the
range of ~900—1200 ppm, depending on the sample
temperature, salinity, and surface ocean DIC content. At
equilibrium, < 2% of the DIC originating from the seawater
sample remains in solution, primarily as CO,. The air
circulation pump is turned off and the xCO, of the gas phase
is measured by the LI-820. The acidified sample is then ejected
from the equilibration chamber through the Evacuation
Pathway (Figure 1D) and air in the system is stripped of
CO, before the system is put into an idle rest state until the
next sample measurement. The entire measurement sequence
takes ~12 min.

Calculation of DIC. The sample DIC concentration is
calculated by summing the number of moles of CO, in the gas
and liquid phases at equilibrium and dividing by the mass of the
injected sample. The Ideal Gas Law is used to determine the
number of moles of CO, in the gas phase (ngas). Because CO, is
not an ideal gas, the fugacity of CO, (fCO,; atm) is computed,
which is a parameter that takes into account intermolecular
interactions that occur between nonideal gas molecules.

fCO, =xC02XP><exp[((B+2X5) XP)]

RXT (1)

This correction relies on the temperature dependent virial
coefficients B and &, the ideal gas constant (R), and LI-820
measurements of temperature (T), pressure (P), and xCO,.>
The Ideal Gas Law may then be applied using fCO,, R, T, and
the laboratory calibrated Equilibration Loop Volume (Veq) to
determine the number of moles of CO, in the gas phase (11,,,).

_feo,x v,
©= T RxT ®)

Henry’s Law is used to calculate the concentration of CO,
([CO,J; mol kg™) in the acidified liquid sample at equilibrium
with the gas phase.

[CO,] = Ky X fCO, 3)

Henry’s constant (Ky; mol kg™ atm™) is dependent on
temperature and salinity,® so measurements from an external
conductivity-temperature-depth (CTD) recorder are used
along with temperature readings from a thermometer housed
inside the base of the equilibration chamber to compute Ky, for
each sample measurement. The number of moles of CO, in the
liquid phase (rq,:q) is equal to the product of [CO,] and the
mass of liquid (kg) in the equilibration chamber.

nliquid = (Gsw X 1)sample + Gig X Vacid) X [COZ:] (4)

The mass of liquid in the equilibrator is derived from
empirically determined sample and acid loop volumes (vsample,
V,q; m°) and calculations of seawater and acid density (o,
6, kg m™) based on in situ temperature and salinity
measurements. The seawater DIC concentration (mol kg™") is

determined by summing n;q,4 and n,,, and dividing by the mass
of the injected sample.
DIC = ngas + nliquid
Oy X I)sample (5)

Laboratory Calibration and Accuracy. The LI-820 is
calibrated in situ at the start of every measurement. To collect
repeatable sample and acid volumes for each measurement, a
10-port valve with fixed volume tubing-loops and two distinct
flow pathways is utilized (Supporting Information, SI). The
sample (vsample) and acid (v,q4) loop volumes are determined
gravimetrically in the laboratory prior to deployment. The
Equilibration Loop volume (V,,) is also determined empirically
in the laboratory by connecting the loop to a Ruska high-speed
digital pressure controller (Ruska Series 7250xi) and injecting a
discrete volume of air from a NIST traceable calibrated
Hamilton Gastight syringe (model 102STLL). The pressure
change inside the loop after injection is used with the Ideal Gas
Law to determine the loop volume. Although air is not an ideal
gas mixture, it behaves nearly identical to an ideal gas near a
pressure of 1 atm and temperature of 25 °C, hence a correction
is unnecessary.

DIC sensor accuracy is highly dependent on these laboratory
volume calibrations. Laboratory measurement uncertainties for
Vampls Vaciw and Vg are +0.34%, +0.69%, and +0.32%
respectively. Sensitivity of the DIC calculation to these
uncertainties was determined using a Monte Carlo approach
in which the volumes were varied around ~3 standard
deviations of their uncertainties in a Gaussian manner for
1000 calculations of DIC. The standard deviation of the
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Figure 2. Diagram of the MADIC system. Equilibrator and Electronics Tubes are depicted without the airtight housings used during deployments. A
zoom in of the Equilibrator Tube is shown in the upper left to highlight the 10-port valve and equilibration chamber.

resulting 1000 DIC values was then used as an estimate of the
theoretical calculation uncertainty. The calculation is most
sensitive to the v, and V. accuracies, which result in
theoretical DIC calculation uncertainties of +6.5 umol kg_l.
This value is a worst-case scenario because laboratory
measurement uncertainty in vgmpe and Vg is likely larger
than the actual variability in these volumes between sample
runs.

DIC sensor accuracy was determined in the laboratory by
running replicate samples of seawater poisoned with mercuric
chloride that was previously analyzed for DIC to +2 umol kg™
via coulometry.”" The reference seawater was measured every 3
h for 3 days (n = 23) yielding an accuracy of 2.5 ymol kg™ with
a precision (16) of +S5 umol kg™, resulting in a sample
measurement uncertainty of +5 ymol kg™ The primary source
of measurement uncertainty during laboratory testing came
from inconsistent volumes of liquid being retained in the
equilibration chamber after sample evacuation, which influ-
enced V., and the overall liquid volume between samples.

System Components. The MADIC system was modified
from the PMEL MAPCO, design,”’” and is nearly identical in
size, weight, and mounting platform requirements. A custom
PMEL ultralow power 332-based controller runs a modified
version of PMEL’s MAPCO, firmware. The system interfaces
with third party sensors, and provides remote command and
control functionality. The average power draw is 0.36 W, and
the system will sample autonomously for 330 days, at 8 samples
per day, when running off of a MAPCO, sized battery pack.
The sensor is composed of two ~1 m X 15 cm cylindrical
towers (Figure 2). The electronics tube contains a LI-COR LI-
820 CO, gas analyzer and a Sensirion SHT71 relative humidity
and temperature sensor. Six ASCO 3-way latching solenoid
valves and a Thomas 3003—0312 Pump are used to control gas
pathways and flow during different sequences of the measure-
ment. The equilibrator tube contains a Valco 10-port valve and
its controller, an acid reservoir, and a 30 cm cylindrical PTFE
tube equilibration chamber with an internal diameter (ID) of
~9.5 mm. A Seabird Electronics (SBE) 38 thermometer is
housed (without its case) inside the base of the equilibration
chamber to record the temperature of the acidified sample at

the time of measurement. Three Takasago 3-way latching
solenoid valves are used to control fluid pathways in the
equilibrator tube and two KNF Neuberger, Inc. miniature liquid
diaphragm pumps are used to pump the acid and seawater
sample during measurement cycles. Gas flow pathways linking
the electronics and equilibrator tubes are made of ~1.6 mm ID
Zeus PTFE tubing with a small portion of ~1.6 mm ID
Nalgene PVC tubing outfitted with Upchurch Scientific fittings.
External temperature and salinity measurements are required to
determine the sample density needed for the DIC calculation. A
compressed gas cylinder (traceable to World Meteorological
Organization standards), antenna, and a battery pack (2900 W-
hour Alkaline) are mounted on the buoy. Approximately 0.75 L
of 8.5% phosphoric acid is contained within a Pollution
Measurement Corporation Tedlar bag with a Tedlar
compression tube fitting that is enclosed within a liquid tight
Seal Line Padded Storm Sack to protect the Tedlar bag during
the deployment. The acid bag is positioned in the base of the
instrument housing and is connected directly to a pump with
PTFE tubing and Upchurch Scientific fittings.

B RESULTS AND DISCUSSION

Field Testing—Seattle Aquarium. The MADIC sensor
was first field tested in waters from Washington State’s
productive Puget Sound estuary using a flow-through system
housed in the pump room of the Seattle Aquarium (SI). Water
from ~12 m depth was pumped through a 150 ym mesh filter
before entering the flow-through system. The DIC sensor, a
SBE 16plus V2 SeaCAT CTD recorder and a SAMI*-pH unit
collected samples every 3 h while a wall mounted General
Oceanics CO, gas analyzer 7000 took xCO, measurements
every 2 min over the course of one month. Twenty discrete
bottle samples were collected throughout the deployment and
analyzed for DIC via coulometry (+2 umol kg™') at PMEL and
are considered the highest quality data in this analysis.

In situ DIC measurements are shown in Figure 3A with
bottle sample values overlain. The mean difference between
MADIC measurements and bottle samples was —6 + 11 gmol
kg™!, indicating that there was not a statistically significant
measurement bias. The mean absolute difference between
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Figure 3. Results from the Seattle Aquarium deployment for (A) DIC
(umol kg™"), (B) xCO, (uatm) interpolated onto the DIC sample
times, and (C) pH. Black lines in each panel are in situ sensor
measurements (Meas) and teal lines are values calculated (Calc) from
the other two measured parameters using the program CO,sys. Yellow
diamonds in subplot A are discrete DIC samples.

MADIC measurements and bottle samples was 10 ymol kg™’
The SAMI*-pH and General Oceanics CO, gas analyzer 7000
sensors have manufacturer stated accuracies of +0.003 pH units
and ~ + 4 patm (+1%) respectively. In situ measurements of
pH and xCO, (Figure 3B,C) were used to calculate DIC
concentrations with the program CO,sys” using constants from
Lueker®” and Dickson.” The calculated DIC values (Figure
3A) have a range of over 300 umol kg™'; significantly larger
than the range observed by the MADIC sensor and bottle
samples. The average difference between calculated DIC values
and the bottle samples was 52 + 93 pmol kg™.'*

The bias and large variability in calculated DIC may be due
to different response times in the pH (~5 min) and xCO, (~2
min) systems and/or mismatches in the timing of sample
readings, particularly during rapid changes in seawater proper-
ties.'"* To evaluate the utility of coupling the measured DIC
with the other commercially available autonomous sensors, in
situ DIC and pH values were used to calculate xCO,, and the
DIC-xCO, pair was used to calculate pH for comparison with
the measurements. The calculated xCO, and pH values (Figure
3B,C) are lower than the measured values (—15 + 15 gatm and
—0.02 + 0.02, respectively); however, there is good agreement
in the temporal variability between measured and calculated
values. This indicates that calculations of pH and xCO, from
DIC paired with either of these parameters can reproduce
environmental variations, even when considering the flow-
through system limitations.

Field Testing—Honolulu, HI. After successful testing in an
estuarine environment, the DIC sensor was deployed in a
fringing reef environment outside of Kewalo Harbor in
Honolulu, HI on October 31, 2013. The MADIC buoy was
deployed ~400m from shore in ~13.5m of water and ~25m
from an existing MAPCO, buoy operated by the University of
Hawaii and PMEL. A SBE 16plus V2 SeaCAT CTD recorder

and a SAMI*-pH unit were mounted on the buoy bridle. In situ
measurements were taken every 3 h for seven months and were
timed synchronously with the neighboring MAPCO, buoy
measurements. The buoy and sensors were left unattended for
the entire seven month duration of this completely
autonomous field test.

The deployment location was selected for three reasons.
Stable seawater—carbon chemistry conditions in this region
were ideal for testing sensor stability over time.>* The near
shore deployment location made it possible to collect discrete
bottle samples via kayak twice per month, with three additional
higher-frequency (every 3 h for 24 h) sample collection periods.
Finally, colocation of the existing MAPCO, buoy provided an
ideal opportunity to measure three carbonate system
parameters continuously over a seven month period for
thorough evaluation of the MADIC sensor field performance.

Throughout the deployment, 51 discrete bottle samples were
collected next to the MAPCO, buoy and analyzed for DIC
concentration via coulometry (+2—3 umol kg™') at the
University of Hawaii. Early in the DIC sensor deployment,
the xCO, measurements began to drift over time due to debris
in the LI-820 optical path. The xCO, data were detrended
using a linear least-squares regression to account for this drift
and a small nonlinear temperature correction was applied
(average influence of 1.4 ppm; SI). The resulting instrument
and discrete bottle sample DIC concentrations are shown in
Figure 4A. The mean difference between the DIC bottle
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Figure 4. Results from the Honolulu deployment for (A) DIC (umol
kg™!), (B) xCO, (uatm), and (C) pH. Black lines in each panel are in
situ sensor measurements (Meas) and teal lines are values calculated
(Calc) from the other two measured parameters using the program
CO,sys. Yellow diamonds in subplot A are discrete DIC samples.

samples and sensor measurements is 1 + 11 umol kg™ (SI),
indicating that the MADIC sensor did not show a statistically
significant measurement bias throughout the deployment. The
mean absolute difference between MADIC measurements and
bottle samples was 7 ymol kg™

The SAMI*-pH sensor has a manufacturer stated accuracy of
+0.003 pH units and the MAPCO, system has a field accuracy
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of +2 patm.”” In situ measurements of pH and xCO, (Figure
4B,C) were used to calculate DIC concentrations with the
program CO,sys.” The calculated DIC values (Figure 4A)
range over 400 umol kg™, well beyond the range of DIC
concentrations determined from the MADIC sensor and bottle
samples. The average difference between the DIC bottle
samples and calculations is 21 + 37 ymol kg'. To determine if
these errors were due to sensor malfunction, in situ DIC and
pH (xCO,) values were used to calculate ¥CO, (pH) for
comparison with the sensor measurements. Agreement
between calculated and measured xCO, and pH values (—3
+ 9 patm and 0.006 + 0.009, excluding May data due to a
SAMI*-pH sensor clog) suggests that neither sensor malfunc-
tioned during the field deployment (Figure 4B,C).

A sustained decrease in the calculated DIC values appears to
coincide with a divergence in the measured and calculated pH
values around February 2014. This suggests that SAMI*-pH
sensor measurements may have been biased low during the
second half of the deployment, likely due to biofouling near the
sensor intake, which was covered in growth upon sensor
recovery. Disagreement between the measured and calculated
DIC values at higher temporal frequencies (~daily) may be due
to slight differences in the water being sampled by the pH and
xCO, sensors, which were mounted on buoys ~25m apart,
and/or differing sensor response times. It is possible that better
results could be achieved by mounting the sensors on the same
buoy; however, it is also likely that this would not result in
computations of DIC that exceed the field accuracy of the
MADIC system. If laboratory accuracies were attained in the
field, then DIC concentrations could be calculated from
MAPCO, and SAMI*pH measurements to an accuracy of
~15 pumol kg™! in waters off shore of Honolulu. On the basis of
the results herein, this level of accuracy was not achieved during
the Honolulu deployment, although it appears that neither
sensor malfunctioned (excluding the May SAMI*-pH sensor
clog) and useful environmental data were collected. Increasing
the accuracy of pH and xCO, sensors and fine-tuning sampling
protocols for simultaneous measurement timing and duration
may eventually make it possible to achieve high-quality
calculated DIC estimates;*® however, the challenge of further
improving autonomous pH and xCO, sensor accuracies has
limited the utility of this pair for autonomous carbon cycle
analyses thus far. Direct measurement of DIC with either xCO,
or pH would eliminate the need for such challenging sensor
advancements, while producing the quality of data needed to
constrain the carbonate system with confidence.

Weekly to monthly variations in the DIC concentration near
Honolulu tracked seawater density. Superimposed on the
lower-frequency variability were intermittent rain events that
caused xCO, and DIC concentrations to increase, indicating
that freshwater runoff from nearby marinas and land was adding
carbon to the near shore marine environment (Figure S). This
finding corroborates prior work by Tomlinson et al.*® near the
Ala Wai Canal who identified elevated nutrient and suspended
particulate matter concentrations during the first pulse of
stormwater runoff. On the basis of xCO, data alone, it was
challenging to determine whether observed xCO, increases
during storms were caused by low pH levels or high inorganic
carbon content in the freshwater runoff. With the DIC sensor
measurements, it became clear that the freshwater runoff
contained more inorganic carbon than ambient seawater, and
that a transfer of carbon from land to sea was occurring during
these events.
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Figure 5. In situ (A) DIC (umol kg™') and (B) salinity measurements
during November and December 2013 of the Honolulu field
deployment. Yellow diamonds in subplot (A) are DIC bottle sample
concentrations. Gray regions highlight elevated DIC concentrations
associated with rain events.

A distinct diel cycle was found in the DIC time-series, where
concentrations were lower during the day and higher at night
with an average oscillation magnitude of 17.5 pmol kg™’
(Figure 6). Higher diel cycle amplitudes, as previously
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Figure 6. Zoom in on two 6 day periods of the Honolulu DIC (ymol
kg™') time series; (A) at the start of the deployment in 2013 and (B)
near the end of the deployment in 2014. Gray bars indicate night time
(8pm to 8am local time) and yellow diamonds show DIC bottle
sample concentrations.

described by Drupp et al.** for other parameters, were observed
for DIC during periods of low wind speed (<2 m s™'). This
suggests a strong link between the mixed layer stratification that
occurs in association with low winds and the magnitude of the
diel DIC cycle, as CO, gas exchange was found to be negligible
in this location under such conditions. The large daily DIC
variations are likely caused by calcium carbonate (CaCOj;)
precipitation and photosynthesis during the day, which
decrease the DIC concentration, and CaCOj dissolution and
respiration at night, which increase in the DIC concentration.
Interestingly, CaCO; precipitation results in an increase in
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xCO, (due to the reduction in CO;*~ concentration), which
counteracts the effect of photosynthetic x*CO, drawdown
during the day, and CaCOj dissolution decreases xCO,, while
respiration causes xCO, to increase at night. The opposing
effects of these processes on xCO, result in a muted and more
erratic xCO, daily cycle, while these processes have an additive
effect on the DIC concentration, giving rise to a large daily
cycle. As a result, the MADIC sensor may be especially
informative in environments where both primary production
and calcium carbonate processes are occurring.

Implications. Results from the first two field deployments
of the MADIC sensor indicate that DIC sensor measurements
are ~90% more accurate (((52—6)/52) = 88%; ((21-1)/21) =
95%) than calculations of DIC from in situ measurements of
pH and xCO,, based on discrete DIC bottle samples. The
MADIC sensor did not show any signs of measurement bias or
biofouling during the two deployments and provided new
insights about seawater—carbon chemistry not obtainable from
the pH or xCO, sensors alone, or when paired together. The
MADIC sensor was robust throughout seven months of
unattended field operation, and was still functioning properly
at the time of recovery.

Many investigators have engaged in the development of
autonomous marine carbon sensors that can be used to better
constrain ocean carbon storage and learn about complex carbon
cycle feedback mechanisms. As advancement continues, careful
consideration of the long-term utility and robustness of these
sensors is needed. A growing emphasis on carbon cycle
research in coastal seas and high latitude oceans, where
freshwater input and sea ice melt can dramatically influence the
characteristics of seawater, brings new challenges to the carbon
cycle community. pH and TA are carbonate system parameters
that have been defined by charge balances that are themselves
based on various assumptions about seawater composition that
may not hold true in these regions.” Direct measurement of
DIC may provide clearer information in areas where riverine
and freshwater fluxes result in complex carbonate chemistry and
observed variations are outside of the range of modern
empirically derived definitions and equilibrium constants.

Air—sea CO, fluxes have been a powerful way to constrain
ocean CO, uptake;37 however, the ultimate goal is to describe
changes in the carbon storage of the ocean. As the integrator of
all processes influencing seawater inorganic carbon chemistry,
DIC is the master variable for ocean carbon storage and cycling
studies. Continuous observations of DIC coupled with pH or
xCO, will make it possible to unravel carbon dynamics in
complex and highly variable systems that require continuous
monitoring in order to quantify their contribution to the global
carbon budget. These systems include areas influenced by rivers
or sea ice, coastal upwelling, and areas with significant calcium
carbonate production. In such regions, the integrating power of
autonomous high-frequency determinations of DIC, which is
not biased by carbonate system speciation shifts that can
complicate interpretation of pH and xCO, signals, will be a
powerful measurement tool for studying marine carbon cycling.
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