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Abstract
The partial pressure of carbon dioxide (pCO2) in surface seawater is an important biogeochemical variable

because, together with the pCO2 in the atmosphere, it determines the direction of air–sea carbon dioxide
exchange. Large-scale observations of pCO2 are facilitated by Ships-of-Opportunity (SOOP-CO2) equipped with
underway measuring instruments. The need for expanding the observation capacity and the challenges involv-
ing the sustainability and maintenance of traditional equilibrator systems led the community toward develop-
ing simpler and more autonomous systems. Here we performed a comparison between a membrane-based
sensor and a showerhead equilibration sensor installed on two SOOP-CO2 between 2013 and 2018. We identi-
fied time- and space-adequate crossovers in the Skagerrak Strait, where the two ship routes often crossed. We
found a mean total difference of 1.5 ± 10.6 μatm and a root mean square error of 11 μatm. The pCO2 values
recorded by the two instruments showed a strong linear correlation with a coefficient of 0.91 and a slope of
1.07 (± 0.14), despite the dynamic nature of the environment and the difficulty of comparing measurements
from two different vessels. The membrane-based sensor was integrated with a FerryBox system on a ship with a
high sampling frequency in the study area. We showed the strength of having a sensor-based network with a
high spatial coverage that can be validated against conventional SOOP-CO2 methods. Proving the validity of
membrane-based sensors in coastal and continental shelf seas and using the higher frequency measurements
they provide can enable a thorough characterization of pCO2 variability in these dynamic environments.

The most recent global carbon budget study estimated the
atmospheric carbon dioxide concentration growth for the
2009–2018 period at 2.3 ± 0.01 ppm yr−1 (Friedlingstein
et al. 2019). This increase would have been larger had the
ocean not taken up 2.5 ± 0.6 Pg C yr−1 over the same period
(Friedlingstein et al. 2019). Overall since the industrial revolu-
tion, the ocean has taken up approximately a quarter of the
anthropogenic carbon emitted (Le Quéré et al. 2018). While
the global ocean is on average a carbon sink, there is substan-
tial seasonal and regional variability (Takahashi et al. 2009).
This heterogeneity is particularly evident in coastal seas and
continental shelves, where low-latitude regions are generally

considered to be carbon sources to the atmosphere, while
mid-latitude regions are carbon sinks (Borges et al. 2006; Cai
et al. 2006). On a global scale, this has led to continuous
efforts to quantify the contribution of the coastal ocean to
atmospheric carbon dioxide uptake. Estimates have ranged
from 1 Pg C yr−1, when the concept of the “continental shelf
pump” was first introduced (Tsunogai et al. 1999), to
0.21 Pg C yr−1 with more recent estimations (Laruelle
et al. 2010). A key limitation in accurately assessing this value
is the limited number of observations available for determin-
ing air–sea CO2 fluxes (Roobaert et al. 2019).

Ships-of-Opportunity equipped with instruments measur-
ing carbonate system parameters (SOOP-CO2) have been used
since the 1990s to complement the limited observational
capacity of scientific research cruises and fixed-point observa-
tories in oceanic regions around the world (Cooper et al. 1998;
Lüger et al. 2004; Chierici et al. 2006). Often making use of
repeating commercial vessel routes, they provide a cost-
effective way to observe the surface ocean at a relatively large
temporal resolution and spatial coverage (Jiang et al. 2019).
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Measurements of carbon parameters collected by SOOP-CO2

have been used for scientific studies ranging from small, conti-
nental shelf scale (Dumousseaud et al. 2010; Jiang et al. 2013)
to large, ocean basin scale (Schuster and Watson 2007; Olsen
et al. 2008), as well as for long-term investigations (Fröb
et al. 2019; Wanninkhof et al. 2019; Macovei et al. 2020).
Every year there are more observations of the partial pressure
of carbon dioxide (pCO2) in seawater collected into quality-
controlled databases such as the Surface Ocean Carbon Atlas
(SOCAT), which grows with every published version (Bakker
et al. 2018). Traditional showerhead equilibrator-style pCO2

measuring instruments are relatively large, expensive, and
require a lot of power. Their general complexity means trained
technicians are needed and a strict set of rules assuring that
suitable on-board operations are followed. Furthermore, the
use of standard gases for calibration, as recommended in the
standard operating procedures, complicates the logistics of
their installation (Dickson et al. 2007).

There is still potential to expand data collection through
the use of commercial ships, but the challenges of initial
installation, logistics, and data quality remain. With these
challenges in mind, instruments with semipermeable mem-
branes for dissolved gas equilibration, which are autonomous,
and easy to install and operate, have been developed in the
past 10 years (Byrne 2014). The technical design of these sys-
tems requires less frequent and less costly maintenance and
often does not require standard gases for calibration during
deployment. While showerhead-equilibrator systems with cali-
bration gases capable of claimed accuracies better than 2 μatm
remain the “gold standard” in marine observations,
membrane-based instruments are being produced and contin-
uously developed by several companies. Therefore,
intercomparison exercises which can validate the accuracy of
commercial pCO2 sensors alongside established shipboard
instruments have become important for the scientific commu-
nity (Tamburri et al. 2011). Such studies are valuable for
maintaining high standards in ocean observations and are
considered essential deliverables in large international projects
with a focus on environmental observational infrastructures
(González-Dávila et al. 2016). Intercomparison studies have
been performed with instruments running in parallel in the
laboratory, on the same ship, on the same mooring, or even
on different ships at nearby locations. The results from these
studies suggest that membrane-based sensors have high poten-
tial for achieving the high standard of accuracy required by
the scientific community (Körtzinger et al. 1996; Jiang
et al. 2014; Lorenzoni et al. 2017; Laakso et al. 2019; Arruda
et al. 2020).

FerryBoxes are automated instrument packages usually
installed on commercial ships that make use of the regular
shipping routes to provide surface seawater measurements.
Current active routes are found in the North, Baltic, Norwe-
gian, and Mediterranean Seas (www.ferrybox.org). The setup
of FerryBox systems involves a water inlet from where

seawater is pumped into an array of sensors. A basic FerryBox
includes sensors for temperature, salinity, turbidity and chlo-
rophyll- a (Chl- a) fluorescence, and a GPS receiver for posi-
tion control (Petersen 2014). The system is computer-
controlled and data is transmitted directly to shore, which
gives it a high degree of autonomy and makes it ideal to use
on SOOP-CO2. The compact nature and modular functioning
of the autonomous carbon sensors allows simple integration
with existing FerryBox systems. The basic FerryBoxes have
been measuring since the start of the century (Petersen
et al. 2018) and more recently, membrane-based pCO2 and
alkalinity sensors have been integrated on some of the routes
(Voynova et al. 2019).

One of the main regions covered by the FerryBox commu-
nity is the North Sea. Continental shelf seas receive significant
inorganic nutrient inputs from surrounding terrestrial sources,
which makes them highly productive regions important in
the global carbon cycle (Gattuso et al. 1998). The North Sea is
no exception—with a relatively short residence time (Otto
et al. 1990) and strong circulation connection to the North
Atlantic, it is considered a major sink for atmospheric carbon
dioxide (Thomas et al. 2004) and an efficient carbon export
pathway below the permanent thermocline (Thomas
et al. 2005). Will these characteristics be maintained in the
context of increasing atmospheric pCO2 and sea surface tem-
peratures? Clargo et al. (2015), for example, demonstrated that
the North Sea has already experienced years when the sum of
the processes leading to carbon outgassing exceeded the car-
bon uptake and transformed it into a carbon source. Their
study, however, calculated seawater pCO2 from dissolved inor-
ganic carbon and total alkalinity measurements, a method
which usually has limited temporal and spatial coverage, espe-
cially in shelf seas like the North Sea, which experiences large
pCO2 gradients (Salt et al. 2013). To properly evaluate whether
a trend exists and to further investigate and quantify the
regional variability in coastal sinks and sources, a need arises
for direct high frequency and long-term pCO2 measurements,
such as those obtained from underway instruments (Omar
et al. 2010, 2019; Laruelle et al. 2018). Traditionally,
equilibrator-based instruments have been used, but recently,
membrane-based sensors are becoming more common. Hav-
ing long time series of both systems makes the North Sea an
excellent fit for studying the benefit of supplementing
equilibrator-based observations with validated, high-
resolution membrane-based observations.

This study performs a crossover investigation between
pCO2 measurements taken by membrane sensors on FerryBox-
equipped SOOP-CO2 and measurements taken by a SOOP-CO2

equipped with a conventional equilibrator-based instrument
(Pierrot et al. 2009). Unlike previous intercalibration studies,
this study is done on two long-term data sets in a dynamic
coastal environment, where not only background environ-
mental characteristics are changing, but also sensors were
swapped and recalibrated multiple times between 2013 and
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2018. Based on the validated data set, the advantages of the
higher temporal resolution of the FerryBox measurements are
explored. This work contributes toward the community need
for intercomparison studies and, by validating a new data set,
increases our observational capacity, in line with operational
oceanography recommendations (Davidson et al. 2019).

Materials and procedures
Instrument descriptions

Oceanographic data were collected via a flow-through
FerryBox (Petersen 2014) installed aboard the cargo vessel
(CV) Lysbris Seaways (DFDS Seaways), traveling in the North
Sea since 2007. While the vessel changed routes between 2007
and 2018, in this study we only examine data part of the route
between (1) Immingham, UK, (2) Moss/Halden, Norway, and
(3) Zeebrugge, Belgium. The FerryBox contains instruments
that measure a variety of oceanographic variables, but the
main focus of this study is on the partial pressure of carbon
dioxide instrument—HydroC CO2-FT (formerly Kongsberg
Maritime Contros GmbH, Kiel, Germany; now 4H-Jena Engi-
neering GmbH, Kiel, Germany; accuracy of ± 1%). Tempera-
ture and salinity sensors (Falmouth Scientific, Cataumet,
Massachusetts, U.S.A. and Teledyne RD Instruments, Poway,
California, U.S.A.), oxygen optode (Aanderaa Instruments,
Xylem Analytics, Germany), and pH electrode (Sensortechnik
Meinsberg, Xylem Analytics, Germany) are also used to aid
interpretation of data.

The HydroC CO2-FT pCO2 instrument has been operated
on the Lysbris line since late 2013. It measures the concen-
tration of carbon dioxide in a stream of wet air using a non-
dispersive infrared (NDIR) detector following equilibration
through a semipermeable silicone membrane. From here on,
this instrument is referred to as MBS (membrane-based sen-
sor). While the instrument takes a reading every second,
only the 20-s averages are recorded. These averages were
processed according to manufacturer recommendations
(Fietzek et al. 2013). No response time correction was
applied since the τ63 response time factor (time it takes for
the measurement to reach 63% of the final value) is between
70 and 120 s for the HydroC sensors (Fiedler et al. 2013;
Fietzek et al. 2013) and this is small enough to not interfere
with the crossover selection (details below). Anti-biofouling
measures were taken during every port visit. The instrument
automatically entered a wash cycle where sulfuric and oxalic
acids were flushed through the system for about 5 min at a
pH of 2. The intake lines were then rinsed with freshwater
and freshwater was kept inside the lines until the next
journey.

A deployment was defined as the time from when a sen-
sor was initially installed on the ship until it was replaced.
In all cases but one, the sensor had been recently cali-
brated. For each deployment before 2017, the
precalibration information from the manufacturer data

processing sheet was used for calculations. After 2017, both
pre- and postcalibration coefficients were used. The NDIR
detector uses a dual-beam system according to two wave-
lengths at which carbon dioxide is efficiently absorbed (the
raw signal), and at which no absorption occurs (the refer-
ence signal). The two-beam signal was obtained by dividing
the raw signal by the reference signal. No external gas stan-
dards were used, but regular zeroing during the lifetime of
a sensor allowed for a correction for instrument drift to be
applied. The zero drift was anomalously strong for the
deployment between April and June 2015, so those results
were excluded from this analysis. A linear trendline was
fitted through the dual beam ratio at the times of zeroing
and thus an equivalent “zero” value was calculated for each
real measurement. The drift-corrected signal was then used
in conjunction with the three coefficients of the calibration
polynomial and the gas temperature to calculate the wet
mole fraction of CO2 (xCO2). The correction for the pres-
sure inside the sensor was the final step for converting the
values to pCO2. An alternative drift correction method of
linear interpolation between each zeroing event was also
checked. The mean difference between the calculated pCO2

with the two methods was 0.06 ± 1.94 μatm, which suggests
that the drift correction method does not affect the results.
Since the start of 2017, the instruments were calibrated
again at different concentrations at the end of their deploy-
ment (postcalibration) to cover concentration-dependent
effects that equate to changes in the characteristics of the
NDIR sensor’s calibration polynomial (Fietzek et al. 2013).
Using both the pre- and postcalibration coefficients, a span
drift correction was applied by linearly interpolating the
calibration polynomials according to the change in the
zero signal during the deployment lifetime. For the two
deployments when postcalibration was available, the
observed span drift was approximately 1.9 μatm month−1.
This becomes particularly important when a sensor is
deployed over a long period of time. A final correction was
done by eliminating any data points outside the
200–800 μatm instrument calibration range. The MBS data,
as well as the other measurements taken on the Lysbris Sea-
ways, are available from the European FerryBox Database
(http://ferrydata.hzg.de/).

Showerhead equilibrator-based measurements were col-
lected on the commercial vessel M/V Nuka Arctica (Royal Arc-
tic Lines). The ship operated between Ilulissaat, Greenland,
and Aalborg, Denmark crossing the Skagerrak region in an
eastward (westward) direction when sailing into (out of) Aal-
borg port. The pCO2 measuring system (GO system model
8050, General Oceanics, U.S.A.) was located in the engine
room of the vessel. Regular cleaning and exchanges of hoses,
filters, and equilibrators were done during port visits to pre-
vent biofouling. A detailed description of the setup can be
found in Olsen et al. (2008). The instrument uses a NDIR
CO2/H2O gas analyzer (LI 6262, LI-COR Biosciences, U.S.A.),
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equipped with one zero and three nonzero reference gases,
which are used for calibration every 3 h. Seawater carbon diox-
ide fugacity (fCO2) is calculated according to Pierrot
et al. (2009), with a final reported uncertainty of 2 μatm,
although the lack of a certified water standard for fCO2 makes
direct assessment of the accuracy impossible. Furthermore,
field deployments can introduce additional sources of error
such as respiration due to biofouling in the pipes (Juranek
et al. 2010) or positive bias in the measurement of the temper-
ature of equilibration (Arruda et al. 2020). Nevertheless, the
Nuka Arctica line is well established in the SOCAT database
with 38 transects having a quality flag of A indicating a high
quality crossover with another data set during each of these.
An example of such a comparison is shown by Pierrot
et al. (2009). The combination of the more stable measure-
ments on the long trans-oceanic lines and the membrane-
based systems on coastal lines is a good network setup for
crossover comparisons in the coastal area. The CO2 data are
available through the Surface Ocean Carbon Atlas (www.socat.
info) or the Integrated Carbon Observation System (ICOS)-
Norway website (https://no.icos-cp.eu). The salinity data can
be accessed via the LEGOS website (http://www.legos.obs-mip.
fr/observations/sss/datadelivery/dmdata). The reported fCO2

was converted to pCO2 using CO2SYS in order to compare
equivalent units (van Heuven et al. 2011). From here on, this
instrument is referred to as showerhead-equilibrator sys-
tem (SHS).

On the Nuka Arctica, the sea surface salinity was measured
using an SBE 21 Seacat thermosalinograph and calibrated
using in situ salinity samples according to Alory et al. (2015).
The sea surface temperature was measured by a regularly cali-
brated thermometer (model 1524, Fluke, The Netherlands)
right after the water intake, which was located at about 5 m
water depth. All pipes were insulated with Styrofoam and the
warming between the water intake and the equilibrator is

usually in the order of 0.2–0.3�C. This warming is taken into
account by correcting the fCO2 using the relationship of Taka-
hashi et al. (1993).

Crossover selection
Comparison of measurements collected by different vessels

has always been a challenge for the oceanographic commu-
nity due to the combination of uncertainties given by instru-
mental precision and dynamic heterogeneity of the sampled
water masses. Crossover studies for cruises with deep stations
in the open ocean define a crossover as stations within 1�

(� 100 km) of each other, and biogeochemical variables are
compared only below 2000 m depth to minimize the effect of
real variations (Olsen et al. 2016). For surface observations,
SOCAT guidelines recommend a maximum distance of 80 km
where an algorithm of both space and time is used:
[dx2 + (30dt)2]0.5 ≤ 80 km, meaning that 1 d of separation in
time is equivalent (heuristically) to 30 km of separation in
space (Olsen et al. 2015). In the much more dynamic coastal
ocean, this recommended distance needs to be shortened
when surface measurements from different platforms are com-
pared. When defining crossover criteria for surface seawater
fCO2 in a shelf sea setting, Kitidis et al. (2019) used a maxi-
mum distance of 40 km by defining 1 d time difference as
equivalent to a distance of 30 km.

Since both instruments investigated in this study were
installed on commercial ships, the routes across the North Sea
varied according to the required port calls and the weather
(Fig. 1a). An area where the routes sampled by the MBS and by
the SHS often overlapped was the Skagerrak Strait between
Denmark and Norway. Within this region, five subregions
(Fig. 1b) had the highest numbers of voyages where the two
ships came in close proximity of each other. Since the size of
these subregions is small (largest possible difference is 32 km),
valid crossovers were identified as those when the two ships

Fig 1. (a) Bathymetric map of the North Sea displaying the locations of the MBS pCO2 measurements taken by the Lysbris Seaways cargo ship between
2013 and 2018 (black) and the SHS pCO2 measurements taken by the Nuka Arctica container ship during the same time on its route toward Greenland
(red). (b) The zoom-in on a restricted area in the Skagerrak (green box) identifies five subregions with the highest probability of valid crossovers.
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passed through one of the subregions within 24 h of each
other.

As an exercise in testing the typical water mass drift in this
area, data were retrieved from the Drift App of the CoastMap
Geoportal (www.coastmap.org) under CC BY-NC 4.0 license.
The application uses marine currents, wind drag and an
underlying Lagrangian transport algorithm to simulate water
mass movement (Callies et al. 2017). Drifter trajectories were
forward modeled for 24 h after release from the middle of the
restricted Skagerrak box once per month for the 2014–2018
period. The mean distance traveled after 24 h was 12.9 km
and 97% of the drifters traveled less than 31 km. Further
details are provided in the Supporting Information, but we
conclude that 24 h is an appropriate window of time for cross-
over selection in this region.

Results
Sampling in the Skagerrak

The FerryBox sampling of the North Sea covers a wide
range of environments with various degrees of coastal influ-
ence and different seasonality characteristics. The deeper
northern part of the North Sea experiences seasonal stratifica-
tion as summertime warming of the surface establishes a
strong pycnocline (Wakelin et al. 2012), while the shallower
southern part is typically permanently mixed due to strong
tidal forcing (Bozec et al. 2005). More recent studies have
defined biome boundaries on an even finer scale depending
on the stratification regime and on the freshwater influence
on biogeochemical processes showcasing the high spatial vari-
ability in the North Sea (van Leeuwen et al. 2015; Kerimoglu
et al. 2020). While the Lysbris FerryBox-MBS pCO2 measure-
ments are available over a large area of the North Sea, in order
to check and validate the long-term MBS pCO2 record, we
focus on the small restricted box in the Skagerrak where many

crossovers with the SHS system on Nuka Arctica were
identified.

Figure 2 displays the available pCO2 data in the Skagerrak
from the MBS and SHS sensors compared in this study. The
temporal coverage varies during 2013–2018 according to the
shipping schedules, route variations and instrument function-
ing status. The years of 2014, 2017, and 2018 have particularly
good coverages in this region by both observing platforms. In
these years, the maximum MBS pCO2 values before mid-
March increased from 388 μatm to 411 μatm and 438 μatm
respectively, while the mean variability (taken as standard
deviation of measurements for each passage through the Skag-
errak box) was 7.4 μatm, 6.4 μatm, and 11.9 μatm respectively.
The high sampling resolution allows observations of a distinct
seasonal cycle in the evolution of surface pCO2, with a typical
decrease during the spring bloom, usually starting in early
March, and an increase in the summer. This is a result of bio-
logical production in the spring season consuming dissolved
inorganic carbon and consequently lowering the pCO2, and of
increasing sea surface temperature during the summer season,
which increases pCO2. The combined effect of biological and
physical processes on the variability in surface pCO2 in both
midlatitude oceanic and shelf regions has been discussed
before (Takahashi et al. 2002; Omar et al. 2010; Jiang
et al. 2013; Macovei et al. 2020). Seasonal variability was cap-
tured by both instruments with some differences. In particu-
lar, discrepancies are observed in the second part of 2017
and 2018.

Range of measurements
The range of measurements during a single voyage through

the 90 × 55 km Skagerrak box was large, so the crossover study
was performed only where the distance between sampling
locations was minimal. This was done to compare and validate
the instruments and minimize the influence of natural vari-
ability. The small size of the five selected subregions means
that each ship will pass through one subregion in less than
1 h. Even so, the ranges of recorded pCO2 per passage can be
large. Figure 3 shows the ranges in measurements during one
passage for both the MBS and SHS instruments. Values larger
than the whiskers, which represent 2.7 standard deviations
from the median, were classified as outliers. A similar analysis
was performed for the temperature sensors and is detailed in
the Supporting Information.

Crossover differences
A total of 21 crossovers were identified using the geographi-

cal and temporal selection criteria. During these times, due to
the high sampling frequency, the two ships took several mea-
surements inside one subregion. In some cases, the range of
these measurements was large (Fig. 3). In order to avoid com-
parisons when the ships might have been sampling multiple
water masses, seven crossovers were eliminated from the anal-
ysis when at least one of the instruments reported a pCO2

Fig 2. Time series of the pCO2 measurements taken by the two different
types of sensors (MBS on Lysbris Seaways and SHS on Nuka Arctica) in the
restricted box in the Skagerrak shown in the zoom-in of Fig. 1 (lighter sha-
des) and an emphasis on the valid crossovers identified (darker shades—
details below). The horizontal axis tick labels represent the start of the
respective year.
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range above the outlier threshold while passing through a sub-
region. The means of the pCO2 measurements in the
remaining 14 crossovers could be directly compared to iden-
tify differences between the two instruments. The geographi-
cal separation did not introduce any patterns in the crossover
analysis (Fig. 4a), so henceforth, all the valid crossovers will be
analyzed together, irrespective of subregion.

The MBS and SHS measurements in all the valid crossovers
within a 24 h time window (n = 14) were linearly dependent
(Pearson’s coefficient of 0.91, p < 0.01) and the linear model

(MBS = 1.07 [± 0.14] × SHS − 25 [± 51]) had a slope not statisti-
cally different from 1 and a root mean square error of 11 μatm
(Fig. 4a). The mean difference (MBS − SHS) was
1.5 ± 10.6 μatm and the range was between −16.9 and
25.0 μatm. We performed the same crossover analysis by all-
owing a 48 h time window and obtained similar results
(details in the Supporting Information). Given the dynamic
nature of the environment, we preferred to restrict our com-
parison to the 24 h time difference allowance. The MBS and
SHS have reported uncertainties of ± 1% and ± 2 μatm, respec-
tively. These were used to determine instrument-related uncer-
tainty around the 1:1 line. The data points that fall within the
shaded boundary in Fig. 4a also fit the high-quality crossover
criterion of less than 5 μatm difference as defined in the
SOCAT cookbook (Lauvset et al. 2018). The larger temperature
differences and the fact that an “alternative” sensor (according
to the SOCAT definitions) was used means however that the
data set cannot have a quality flag better than E.

The temperature measurements from the two ships were
also linearly correlated with a Pearson’s coefficient of 0.97,
p < 0.01 (Fig. 4b). The seawater temperature measured on the
Lysbris Seaways was in most cases higher than the one on the
Nuka Arctica. No trend was found in the temperature differ-
ence during the time series. While the temperature sensor on
the Nuka is located immediately after the water inlet, the tem-
perature sensor on the Lysbris is located at least 7 m away from
the inlet, and around 0.5�C of warming may be expected
(W. Petersen, pers. comm., May 2020). A past study compar-
ing a FerryBox temperature sensor from a different ship
against a fixed buoy found that the ship-based measurements
were on average 0.37�C warmer than the in situ temperatures
(Haller et al. 2015). While this comparison was performed for
a different ship, the FerryBox installation is similar between
the two ships so we can assume a similar warming inside the
intake pipes of Lysbris Seaways. The big intercept of the linear

Fig 3. Box and whisker plots showing the range of pCO2 measured by the MBS (a) and SHS (b) during individual passages through a respective subre-
gion. On each box, the central red mark indicates the median, and the bottom and top edges of the blue box indicate the 25th and 75th percentiles,
respectively. The whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted individually using red “+” symbols.
The total number of passages through each subregion during the 2013–2018 period is shown in brackets. In one of the passages through subregion 5,
the SHS instrument measurements range was nearly 140 μatm. This data point is not shown for better visualization.

Fig 4. Comparison between the pCO2 measured by the MBS and the
SHS (a) and the seawater temperature measured by the temperature sen-
sors on the two ships (b) at the valid crossovers after removal of outliers.
The data points are split based on the subregion they come from (1 = blue,
2 = green, 3 = black, 4 = red, 5 = cyan). In subplot (a), the gray shaded
area denotes the uncertainty around the 1:1 line given by the respective
instrument uncertainties and the thicker black line is the best fit of the lin-
ear regression model. The error bars represent 1 standard deviation of the
mean of the measurements taken during the respective passage through
the subregion. Only error bars larger than 1 μatm are shown for clarity. In
subplot (b), the dashed line is the 1:1 line and the solid line is the best fit
of the linear regression model with the equation shown on the plot. No
error bars are shown since they are all smaller than 0.2�C.
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fit equation for the temperature comparison suggests that the
difference between the sensors is greater at low temperatures,
when there is a stronger gradient between seawater and ambi-
ent engine room temperature. However, no seasonal bias was
identified in the pCO2 comparison, and the difference
between the pCO2 instruments was not correlated with tem-
perature difference between the sensors.

wAs expected, most of the valid crossovers were identified
when the density of available data was highest (Fig. 5a). Of the
14 valid crossovers, 10 fall within the ± 10 μatm difference,
but for 2 crossovers near the start of the time series, and for
2 others near the end, the difference was larger than 10 μatm.
There is a moderate (ρ = 0.54, p < 0.05) correlation between
the pCO2 difference and the MBS pCO2, but this is likely occur-
ring because seawater pCO2 was higher toward the end of the
time series, when some of the MBS measurements at the cross-
overs were higher than the SHS ones. Instrument drift cannot
explain the apparent trend in the difference since the sensors
have been replaced multiple times. Furthermore, MBS data for
the final three deployments in Fig. 5a (after December 2016)
were both corrected for the zero drift and recalculated follow-
ing postcalibration with both pre- and postcalibration coeffi-
cients. The deployments when crossover differences were
larger than 10 μatm also included smaller crossover differences
(< 10 μatm), so any apparent trend in the evolution of these
differences is coincidental. There is also no evidence that the

time differences between the measurements influence the
pCO2 differences. Most of the valid crossovers happen at night
and none occurred at the two extremes of the diel cycle.

Figure 5b shows the pCO2 difference between the two plat-
forms vs. the sea surface temperature difference. There are
fewer data points shown in this subplot since, in three cases,
the temperature range did not pass the valid temperature
crossover criteria. Seawater pCO2 changes between two hypo-
thetical temperatures states of the water mass (Tinitial and
Tfinal) according to the (pCO2 at Tfinal) = (pCO2 at Tinitial) × exp
[0.0423 × (Tfinal − Tinitial)] relationship (Takahashi et al. 2002).
For example, at typical seawater pCO2 values in our study area,
the pCO2 measured in a ≈ 1�C warmer water mass would be
≈ 16 μatm higher without any change in the chemical compo-
sition. An idealized line of no-difference between the two
instruments following the temperature dependence is also
shown. Any points that fall on this line would yield a 0 μatm
crossover difference if either pCO2 measurement would be
corrected to the in situ temperature measured by the other
ship. While some crossover differences appear to fall on this
line, there was no conclusive evidence that a temperature
adjustment to a common value would decrease the crossover
pCO2 difference. The ship intake valves and piping, and the
location of the temperature sensors are different, so correcting
one set of measurements to the temperature of the other risks
introducing artificial errors. In addition, the SHS pCO2 was
corrected for the difference between the in situ and equilibra-
tion temperature, while this was not done for the MBS data
since the seawater temperature was not measured immediately
after the intake location. Attempts were made to correct the
MBS pCO2 data to satellite-derived in situ temperature. While
this improved the crossover differences in 2018, it increased
the differences in earlier crossovers. We also calculated a hypo-
thetical pCO2 correction range assuming a warming between
the intake and the MBS from 0.2 to a more drastic 0.8�C. This
translated to a 3.1–12.2 μatm decrease of the MBS pCO2

values, which similarly improves positive crossover differences
and worsens negative ones. The lack of directly measured
in situ temperature remains a limitation of the current setup.

Discussion
Advantages of higher frequency sampling

The shipping schedules mean that Lysbris Seaways samples
the Skagerrak at a higher frequency than Nuka Arctica. In the
fall of 2016, the direct comparison of the two instruments in
the restricted Skagerrak box revealed that some measurements
from the MBS were substantially higher. These are highlighted
in blue in Fig. 6a. Measurements from two crossings of Nuka
Arctica in this period match closely with the Lysbris Seaways
measurements from the nearest (with respect to time) cross-
ings and with most other measurements in-between. Investi-
gating the location of the anomalously high measurements
revealed that these were taken when the ship was using a

Fig 5. Difference between pCO2 measured by MBS and SHS during the
valid crossovers vs. (a) date of measurement and (b) difference between
the temperature sensors on the two ships (Lysbris − Nuka). The colormap in
subplot (a) shows the time difference between the passages of the two
ships through a subregion in 6 h intervals. The colormap in subplot (b) rep-
resents MBS pCO2. Vertical dashed lines in subplot (a) show the dates when
newly calibrated MBS were installed on the Lysbris. Subplot (b) also shows
the idealized temperature-dependent line of no difference in red using a ref-
erence pCO2 of 363 μatm − the mean of the MBS crossover values.
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different route (Fig. 6b). Crossing the shallower, south-eastern
part of the Skagerrak, the ship was transiting a region with a
different water mass type. It has been shown that pCO2 values
and total alkalinity concentrations and their seasonal cycles
can vary tremendously depending on the proximity to the
coast (Voynova et al. 2019). FerryBox salinity measurements
in the Skagerrak were not significantly different during this
period, irrespective of sampling location. Therefore, the bio-
geochemical rather than physical properties drive the differ-
ences in pCO2 in this case. These measurements were taken at
the end of the March–October “biologically active” period
(Andersson and Rydberg 1993). Some of the dissolved inor-
ganic carbon will have been consumed and thus lower pCO2

levels are expected. While this was true for the western loca-
tions, the eastern regions had high pCO2 values. Furthermore,
investigating additional FerryBox measurements confirmed
that, compared to the western side, the water mass in the east-
ern side of the Skagerrak in the fall of 2016 was distinctly dif-
ferent, with lower dissolved oxygen (Fig. 6c) and lower pH
(Fig. 6d).

In this example, the high frequency FerryBox sampling
captured both the spatial and temporal variability of pCO2 in
the Skagerrak. The water mass in the eastern Skagerrak had
higher pCO2 levels, but this was a short-lived event, since at
the end of October, when Nuka crossed the region again, the
measurements were back to levels from early October. The

exact reason for this event is beyond the scope of this manu-
script, but the finding does show that larger and more fre-
quent observational footprints are necessary for accurate
biogeochemical characterizations, particularly in coastal
regions where seasonal and spatial variations can be large
compared to the open ocean. The Skagerrak is an important
region since 70% of North Sea water passes through here before
being exported to the North Atlantic (Danielssen et al. 1996). It
is also a location where mixing between water masses with dif-
ferent biogeochemical characteristics takes place, so it is impor-
tant to resolve for inclusion in models, which are used to
create larger scale budgets or basin-wide gas exchange esti-
mates. The lack of observations in nearshore and estuarine
regions is the largest factor contributing to uncertainties in air–
sea CO2 fluxes (Legge et al. 2020). While shelf seas as a whole
are considered to be carbon sinks, the coastal input of carbon
to the water column makes the very nearshore waters a likely
source of CO2 to the atmosphere (Borges et al. 2005; Chen and
Borges 2009). The atmospheric dry air mole fraction of carbon
dioxide in October 2016 was 404 ppm at Mace Head, Ireland
(World Data Centre for Greenhouse Gases 2020). Using atmo-
spheric pressure and dew point temperature from the ERA-
Interim reanalysis product in the Skagerrak (Dee et al. 2011),
we calculated the water vapor pressure (Alduchov and
Eskridge 1996; Lawrence 2005) and subsequently an atmo-
spheric partial pressure of carbon dioxide of 406 μatm. Had

Fig 6. Continuously measured pCO2 (a) during the fall 2016 passages through the restricted Skagerrak region using the SHS (red) and the MBS (black/
blue) instrument. Blue was used to identify the crossings with the highest pCO2 values. Map of the restricted Skagerrak box (b) with the locations of the
measurements shown in the respective color. Dissolved oxygen saturation (c) and NBS scale pH (d) measured on the Lysbris and shown in relation to the
ship routes during fall 2016. Subplots (c) and (d) were produced with the ocean Data View software (Schlitzer 2020).
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only the available measurements (SHS and MBS) on the usual
route through the middle of the Skagerrak been considered
(Fig. 6, red and black colors), one could conclude that the
entire region was acting as a sink for atmospheric carbon in the
fall of 2016 (seawater pCO2 < atmospheric pCO2). The high
MBS pCO2 measurements taken on the route closer to the Dan-
ish coast (Fig. 6, blue color) revealed that this nearshore region
was in fact a carbon source during the second part of October
2016. This highlights the issue that observation-based estimates
of shelf-wide CO2 uptake are likely to be overestimated (Legge
et al. 2020).

Considerations for present and past intercomparisons
The comparison between the MBS and SHS instruments in

this study indicated that these two measurement methods
were both able to capture the seasonal variability of the sur-
face waters in the Skagerrak and, when instrumental precision
and the rapidly changing environment are considered,
showed similar results. The comparison yielded a small aver-
age difference of 1.5 μatm considering the dynamic environ-
ment investigated, but a large range between the biggest
positive and negative differences. The MBS data were not
corrected to in situ temperature since this measurement was
not available. As seen from Fig. 5b, correcting the MBS data to
the in situ temperature of Nuka improves some of the compar-
isons and worsens others. However, this correction does not
resolve the difference between the diurnal cycles of tempera-
ture and pCO2 and it assumes the temperature measured
inside the FerryBox is the same as the in situ temperature. A
further attempt was made to correct the MBS data to satellite
derived OSTIA sea surface temperature (Donlon et al. 2012).
This correction improves the 2018 comparisons but worsens
the overall difference to −12.2 ± 22.4 μatm. The satellite prod-
uct has a grid resolution of approximately 28 km which might
be too big for such a dynamic region. Finally, the MBS data
were recalculated assuming a 0.2–0.8�C range of warming
between the intake and sensor. The corresponding range of
pCO2 decrease is between 3.1 and 12.2 μatm so, as before, this
correction is inconclusive in improving the comparison and
we do not use it to avoid introducing artificial errors.

Diurnal variations of biologically mediated parameters such
as pCO2 are large in coastal surface waters. Rapid drawdowns
of more than 50 μatm were observed after dawn in a high lati-
tude coastal environment during the productive season
(Tortell et al. 2014). Daily variations ranging from 10 μatm in
an oligotrophic setting to over 60 μatm in a coral reef system
were seen in a low latitude coastal environment (Dai
et al. 2009). Photosynthetically active radiation, temperature,
and biological metabolism variability dominate the pCO2 vari-
ability in coastal settings. We expect that diurnal variability
may have an influence on our comparison, since the MBS and
SHS instruments discussed here were installed on different
ships and their measurements were not synchronous. While
the agreement between the instruments is better when a 24 h

time allowance is used compared to a 48 h one, further
restricting this does not improve the comparison and limits
the number of available valid crossovers.

In addition, the Skagerrak Strait in particular is a challeng-
ing location for a crossover study, due to mixing of multiple
water masses (Albretsen et al. 2011; Kristiansen and Aas 2015).
This is true especially for biologically mediated parameters. A
comparison study between FerryBox data and conventional
research vessel observations in the nearby Kattegat Strait and
Baltic Sea found a very good match for temperature and salin-
ity, but a weaker match for oxygen and Chl- a (Karlson
et al. 2016). Similarly, pCO2 is controlled by biological pro-
cesses and can vary significantly over short spatial and tempo-
ral scales.

The Skagerrak Strait is characterized by a counter-clockwise
circulation (Gröger et al. 2019) and is a mixture of water
masses, including Atlantic, Central North Sea, Coastal North
Sea, and Baltic (Albretsen et al. 2011). The slow flushing times
of the Baltic Sea means that the ratio of water entering the
Skagerrak from the east compared to the west is about 1:10
(Rodhe 1996). In addition, the Baltic Sea water outflow flows
next to the Norwegian coast, away from our restricted box.
What instead makes a difference in the restricted Skagerrak
box is the Coastal North Sea water, which is shown to influ-
ence the eastern region (Holt and Proctor 2008; Kristiansen
and Aas 2015). This water mass contains the products of
remineralized organic matter and mostly influences the sites
of the “blue” sampling points in Fig. 6. Higher dissolved inor-
ganic carbon concentrations in this coastal water could be
causing the unusual observations.

While ICOS/SOCAT remain the reference networks with
the highest quality data and long distance routes, the quality
of membrane sensors can be verified against them. Through
the benefit of a high temporal resolution given by short voy-
age times, the two data sets can complement each other to fill-
in temporal and spatial gaps. Crossover studies such as the
present one should be repeated regularly to detect any poten-
tial issues with the membrane sensors and add confidence to
the results. A summary of such past comparisons is shown in
Table 1.

In a previous attempt to compare MBS data from Lysbris
Seaways to a SHS reference instrument, Kitidis et al. (2019)
found a regression slope statistically indistinguishable from
unity and a residual of 16.7 μatm for their 91 identified cross-
overs. The comparison was done with a previous version of
the MBS data, which have since been reprocessed. In the study
of Jiang et al. (2014), the difference between MBS and SHS
data on two different ships was −0.3 ± 3.9 μatm, but the com-
parison was done for one single crossover with a time differ-
ence of less than 12 h when the two ships were in proximity
in the equatorial ocean. In addition, a temperature correction
was applied. The study of Arruda et al. (2020) also compared
instruments installed on the same ship. Their mean differ-
ences between the MBS instruments and the SHS one were
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−5.7 ± 4.0 and −4.7 ± 2.9 μatm during their first deployment
but as high as −26.0 ± 6.8 μatm during a second deployment
affected by biofouling and a storm event.

The mean residual in this study including its uncertainty
interval is larger than the usual goals of weather (2.5%
relative—so 10 μatm for a 400 μatm measurement) and climate
(0.5% relative—so 2 μatm for a 400 μatm measurement) accu-
racy in marine carbonate system observations (Newton
et al. 2015). However, the dynamic nature of the coastal ocean
where the crossovers are located makes the difference between
the data sets relatively small. Compared to previous
intercomparison studies, ours is done over a period of over
5 yr, on separate ships and with different instrument types.
Even when two similar instruments (both equilibrator type
sensors) installed on the same ship were compared by Ribas-
Ribas et al. (2014), the range in the differences varied by up to
41 μatm in spite of having fewer factors that can introduce
uncertainty compared to our study. Despite having a lower
reported accuracy than SHE, MBS pCO2 instruments can ade-
quately handle the variability in the coastal ocean.

Conclusion and recommendations
Despite the lack of reference gases for MBS checks, we dem-

onstrated that the MBS measurements are comparable to SHS
pCO2 data over a long period in a dynamic shelf sea environ-
ment. This was accomplished by carefully selecting crossovers in
the extremely dynamic Skagerrak region. Integrating the instru-
ments on the high-frequency FerryBox sampler allowed captur-
ing the high spatial and temporal variability in this area.

Public availability of data from coastal observation research
infrastructures is a key deliverable in many international pro-
jects (DANUBIUS, JERICO, etc.) and necessary for a better
understanding of these highly dynamic environments. Follow-
ing this crossover analysis, we will submit FerryBox pCO2 data
from Lysbris Seaways for inclusion in the widely used SOCAT
database. This will increase the temporal coverage in regions
such as the Skagerrak and the spatial coverage in the Central
and Southern North Sea.

We recommend that such crossover studies continue to be
performed in the future, as membrane-based instruments can
provide valuable pCO2 data sets when compared to gas
standard-calibrated equilibrator-style instrument data. Future
technological developments and participation in field and lab-
oratory intercalibration exercises will likely increase even fur-
ther the agreement between the two instrument types.

Following the lessons learned through this study, we com-
pile a list of recommendations for the future improvement of
the installation on Lysbris Seaways as well as new sensor instal-
lations. It is important to measure the temperature at the
water intake to correct for any potential warming before the
equilibration takes place. If possible, antifouling piping mate-
rial should be used. It is important to test the performance of
the sensors by comparing their results to pCO2 calculated from
bottles samples that have had two other carbonate system
parameters analyzed in a quality-controlled manner. If post-
calibration of a MBS is not possible, the deployment length
should be limited to minimize the span drift. The user can
have more control on the quality of the data if the processing
is done starting from the raw instrument values. Finally,
intercomparison studies between different ships, such as the

Table 1. The mean residual between the results of membrane-based and equilibrator-based pCO2 instruments for previous crossover
and intercalibration studies on moving platforms.

Reference MBS instrument Mean residual (μatm) Comments and study duration

Fietzek et al. (2013) Contros HydroC FT −3.1 ± 2.9

1.8 ± 3.4

−0.7 ± 2.8

• Two deployments (the first one with two MBS
instruments) on the same ship

• Two 1-month cruises

Jiang et al. (2014) ProOceanus CO2-Pro CV −0.3 ± 3.9 • One crossover on different ships
• 1 d time window

Kitidis et al. (2019) Contros HydroC FT* 16.7 • 91 crossovers on different ships
• 1 yr

Arruda et al. (2020) SubCTech OceanPack2† −4.7 ± 2.9

−12.6 ± 2.0

• Two deployments on the same ship
• A 1-week and a 1-month cruise

Arruda et al. (2020) ProOceanus CO2-Pro CV −5.7 ± 4.0

−8.7 ± 3.9‡

−26.0 ± 6.8§

• Two deployments on the same ship
• A 1-week and a 1-month cruise

This study Contros HydroC FT 1.5 ± 10.6 • 14 crossovers on different ships
• 5 yr

*Comparison done with a previous version of the data.
†Calibrated with standard gases during deployment.
‡Only using data before a severe storm.
§Only using data after a severe storm.
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current one, while undoubtedly useful, should be done
together with and not as a replacement for side-by-side com-
parisons of multiple sensors.

Alongside the Lysbris Seaways, MBS-equipped FerryBoxes exist
on other SOOP-CO2 that have been transiting the North Sea on
various routes. There are now nearly a decade of data covering
different regions of the seasonally dynamic and rapidly changing
North Sea. The successful comparison with SHE data combined
with the higher sampling frequency and spatial coverage in
North Sea can allow for a better-characterized marine carbonate
system, especially in terms of short-lived anomalous events.
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