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ARTICLE INFO ABSTRACT

Keywords: The Ocean Weather Station M (OWSM) is situated at a fixed position in the Norwegian Sea, one of the major
Time series basins of the Nordic Seas, which represents an important area for uptake of atmospheric CO5 as well as deep
Carbon o water formation. At OWSM, the inorganic carbon cycle has been regularly monitored since 2001, and significant
?::r?;‘saadlﬁcatwn interannual changes of the carbonate system have been determined. Data collected at this site since the 1990s

have been included, and over the 28 last years the surface fugacity of CO, (fCO2) has increased by 2.92 + 0.37
patm yr~!, while surface pH and aragonite saturation (Qs;) have decreased by —0.0033 + 0.0005 yr ! and
—0.018 + 0.003 yr}, respectively. This corresponds to a surface pH change of —0.092 over 28 years, which is
comparable to the global mean pH decrease of —0.1 since the onset of the industrial revolution. Our estimates
suggest that 80% of the surface pH trend at OWSM is driven by uptake of COy from the atmosphere. In the
deepest layer, Q,; has decreased significantly (—0.006 + 0.001 yr~') over the last 28 years, now occasionally
reaching undersaturated values (Qa; < 1). As a rough estimate, the saturation horizon has shoaled by 7 m yr~?
between 1994 and 2021. The increase in surface fCO; is confirmed by semi-continuous measurements of COy
from the site (2.69 + 0.14 patm yr’l), and thus, the area has become less of a net sink for atmospheric CO,,
taking into consideration an atmospheric CO5 increase at OWSM of 2.27 + 0.08 patm yr .

Nordic seas
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In situ observations
66°N 2°E

1. Introduction seawater (calcite and aragonite), we focus on aragonite, which is the
most soluble form. The combined effect of reduction in pH and Q is
commonly referred to as ocean acidification, OA (e.g., Gattuso and

Hansson, 2012). In waters with Q < 1, the seawater is undersaturated

Friedlingstein et al. (2020) report that during the last decade a sig-
nificant amount of carbon has been released into the atmosphere from

fossil fuel combustion (9.4 + 0.5 Pg C yr™!) and due to land use change
(1.6 + 0.7 Pg C yr1). Of this anthropogenic carbon, about a quarter has
been absorbed by the ocean annually (2.5 + 0.6 Pg C yr™1). This is a
matter for concern since, over long term, absorbed CO; is perturbing the
natural marine inorganic carbon cycle, where loss of carbonate (Co3)is
increasing H' ion concentrations and reducing the pH of the ocean:

CO,(aq) + H,O—~H" + HCO; (¢}

H" +CO¥ -HCO; @)

Further, a consumption of CO%~ lowers the ratio between dissolved
carbonate ion and the saturation concentration of carbonate ion in
seawater, which is defined as the saturation state of calcium carbonate
(Q). Of the two forms of calcium carbonate minerals apparent in
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with respect to calcium carbonate, and thus, the health of calcifying
organisms is at potential risk (Kleypas et al., 2006; Doney et al., 2009).

Over the last century, the global pH has decreased by 0.1, which
reflects an increase in the hydrogen ion concentration, [H'] of nearly
30% (Gattuso and Lavigne, 2009). The Arctic is assumed to experience
the largest pH changes in this century (Steinacher et al., 2009; Chierici
and Fransson, 2009). This is connected to the combined effect of tem-
perature and salinity: cold water can hold more CO, than warm water
and fresher water has a weaker buffer capacity compared to more saline
water. Thus, the concentration of carbonate ion is low in Arctic waters,
and regions in the Arctic Ocean are undersaturated with respect to
aragonite during summer season (Azetsu-Scott et al., 2010; Chierici and
Fransson, 2009). The seasonal variability of the marine carbon cycle
often exceeds changes caused by anthropogenic input. Therefore, time
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series are of particular importance when small anthropogenic signals are
to be detected, as shown by e.g., Bates et al. (2014). They compared
seven Atlantic and Pacific Ocean time series, spanning 15-30 years, with
negative pH trends varying from —0.0013 yr’1 off New Zeeland (Currie
etal., 2011) to —0.0026 yr~ ! in the Irminger Sea (Olafsson et al., 2009;
Olafsson et al., 2010).

This paper focus on time series data from the fixed Ocean Weather
Station M (OWSM) in the Norwegian Sea of the Nordic Seas (Fig. 1).
OWSM is one of very few stations at high latitudes where inorganic
carbon has been monitored over several decades. The Nordic Seas
comprises a surface mixture of relatively warm and saline northwards
flowing Atlantic Waters and cold and fresh southwards flowing Polar
Water with origin in the Arctic (Hansen and @sterhus, 2000), and is one
of few places where deep and intermediate water are formed and fed
into the North Atlantic. In addition to heat, carbon is also transported
into the Nordic Seas and the area represents the northern limb of the
conveyor belt. Thus, OWSM is located in a key area to observe changes
related to climate change.

Many trend studies of carbon evaluate the surface water only (e.g.,
Bates et al., 2014; Hartman et al., 2015). In the Nordic Seas, the water
exchange between surface and deep waters is reflected in the chemical
characteristics of the water at different depth layers, and thus, timeseries
which include intermediate and deep-water data in addition to surface
data are of particular value as they contribute to highlight the changing
carbonate cycle within the whole water column. Changes in pH and Qx,
are seen throughout the water column (Fransner et al., 2021), however,
the reasons for the observed changes might vary between the water
mases.

Here, we use decades of carbon data from OWSM to examine the
changes in the Norwegian Sea inorganic carbon cycle, with focus on
temporal pH changes. The aim of this study was to estimate the rate of
pH change and to understand the driving forces behind the observed
changes.
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Fig. 1. The Nordic Seas in the northern North Atlantic with bathymetry, main
currents (red = Atlantic water, blue = Arctic water, green = Coastal water), and
position of OWSM. Modified from Gonzdlez-Pola et al., 2020. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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2. Area

The Atlantic Water flows northwards via the Iceland Scotland ridge
and into the Norwegian Sea (Fig. 1) primarily as a two branched current:
the Norwegian Atlantic Current (NAC). The eastern branch follows the
bathymetry of the Norwegian continental slope on its way northwards,
while the western branch is characterized as an unstable frontal jet
located above the 2000 m isobath (Orvik et al., 2001; Nilsen and Falck,
2006). The Atlantic Water is saline and carries large amounts of heat and
carbon, which will be lost and removed, respectively, from the sea
surface when the waters cools and overturns further north (Blindheim
and @sterhus, 2005). OWSM is situated at 66°N 2°E at the western
branch of the northwards flowing NAC where the bottom depth is 2100
m. The Norwegian Sea Arctic Intermediate Water, which is a mixture of
upper Polar Deep Water, Iceland Sea Arctic Intermediate Water, and
Greenland Sea Artic Intermediate Water (Jeansson et al., 2017), oc-
cupies the depth below the Atlantic Water. The area is highly dynamic,
and the depth of the transition layer between Atlantic Water and Nor-
wegian Sea Arctic Intermediate water can vary significantly (200-600
m) over short time (Mosby, 1962). However, in general, the Atlantic
Water, with temperature > ~3 °C and salinities >35, occupies the upper
300-400 m at the OWSM site. The Norwegian Sea Deep Water is found at
depths below 1000 m, and in between these water masses is the Nor-
wegian Sea Arctic Intermediate Water. In general, the mixed layer depth
(MLD) at OWSM varies between 20 m during summertime and 300 m
during winter (Nilsen and Falck, 2006; Skjelvan et al., 2008).

3. Data

OWSM started in 1948 as the northernmost of 13 ocean weather
stations in the North Atlantic. Weather ships, of which M/S Polarfront
was the last, operated the station until 2009. From 2010 and onwards
the station has been visited typically 5-6 times every year by research
vessels from the fleet of the Norwegian Institute of Marine Research.
From 1994 and onwards, the intermediate and deep water at the site
have also been monitored by use of moored instruments, and between
2011 and 2021 a surface buoy (Polarbuoy) was deployed at the site. The
various variables collected at the station are described below and in
Table S1.

3.1. Discrete samples

Temperature and salinity have been measured over the full water
depth at OWSM for >70 years (Jsterhus and Gammelsrgd, 1999; Nilsen
and Falck, 2006), and presently, these variables are determined using a
Sea-Bird Electronics (SBE) 911plus CTD calibrated towards bottle
salinity samples. The salinity calibration samples are analysed on a
Guildline Portasal Salinometer to an accuracy of +0.003. Dissolved
Inorganic Carbon (DIC) and Total Alkalinity (TA) have been monitored
monthly between 2001 and 2009, and approximately every 2 months
from 2010 onwards. The DIC and TA samples, which in general have
been collected at 12 depth levels between surface and bottom, were
conserved with saturated mercury chloride (HgCl,) solution and ana-
lysed on shore following standard operational procedures (SOP, Dickson
et al., 2007). DIC was determined by coulometric titration (SOP 2,
Dickson et al., 2007; Johnson et al., 1993) thoroughly described in
Skjelvan et al. (2008), while TA was measured using two versions of
potentiometric open cell titration (SOP 3a, Dickson et al., 2007): one
described in Haraldsson et al. (1997) for samples between 2001 and
2003 and another described in Mintrop et al. (2000) for samples from
2005 and onwards. Certified reference material (CRM) supplied by A.
Dickson, Scripps Institution of Oceanography, USA, was regularly used
to determine the accuracy of the measurements. For both DIC and TA the
precision was determined to +2.0 pmol kg ™!, based on duplicate sam-
ples. The discrete carbon data from OSWM are made available in
GLODAPv2.2020 (Olsen et al., 2020). Comparison of deep-water TA
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from OWSM over the last two decades indicated an offset of the
2001-2003 TA data, and, consequently, these early data have been
corrected by +50 pmol kg~ . The spread of the deep-water TA data was
larger (2288-2316 pmol kg ! at 2000) compared to other cruises in the
Nordic Seas (Olsen, 2009). The measured TA data was compared with
TA calculated from the TA-SSS (sea surface salinity) relationship of
Nondal et al. (2009) where TA = 49.35* SSS + 582 (for salinity >34.5).
The measured TA is equally distributed around the calculated TA
(Fig. S1 in Supplementary material) with an average difference of —2.5
pmol kg ! with a standard error of +0.2 pmol kg 1. Therefore, when TA
data was lacking, TA was calculated from salinity.

From 1990, macronutrients from OWSM were measured weekly and
from 2010 the frequency was reduced to 4-5 times per year. Dissolved
inorganic nutrient concentrations were determined by standard colori-
metric methods on an automated nutrient analyser (see Gundersen et al.,
2021, for details). Briefly, nitrate and silicate are measured with a pre-
cision of <0.2% and has a calculated accuracy of +1% at concentrations
ranging from 0.5 to 20 pmol kg~! (nitrate) and 0.7-20 pmol kg ! (sili-
cate). Since 2017, the range of concentrations was expanded to 0.5-50
pmol kg™! for nitrate and 0.7-150 pmol kg™! silicate. Phosphate is
measured with a precision of <2% and an accuracy of +2% at concen-
trations 0.05-3 pmol kg~ (expanded to 0.05-5 pmol kg~ ! in 2017).

Between 1981 and 2009, air samples were collected in glass flasks
from M/S Polarfront at OWSM twice a week and analysed for CO, by
NOAA/ESRL (Dlugokencky et al., 2021; Tans and Conway, 2005). The
data between 2002 and 2009 are used here.

3.2. Semi-continuous samples

Semi-continuous measurements (once every 5 min or so) of sea
surface fCO, at OWSM were performed onboard M/S Polarfront between
2005 and 2009 and from a surface buoy (Polarbuoy) between 2011 and
2021. At M/S Polarfront, the fCO, measurements were performed ac-
cording to Pierrot et al. (2009), with shower head equilibration, non-
dispersive infrared detection (LI-COR 6262), and frequent (every 3 h)
use of three reference gases, and traceable to reference standards from
National Oceanographic and Atmospheric Administration/Earth System
Research Laboratory (NOAA/ESRL), of concentrations approximately
200, 350, and 420 ppm CO,. Approximately once a day, the LI-COR was
forced to adjust the zero and span using nitrogen with zero CO, and the
reference gas with highest CO, concentration. Sea surface and equili-
brator temperatures were continuously determined using Heart Scien-
tific 1521 instruments with 5610 probes (precision +0.01 °C), while the
sea surface salinity was determined using a SBE 45 micro thermosali-
nograph (precision +0.01 °C) calibrated towards weekly bottle salinity
samples analysed at a Guildline Portasal Salinometer (model 8410A) to
an accuracy of £0.003 psu. The water intake for the system was at
approximately 3 m depth. The accuracy of the fCO, data was +2 patm,
and the data is available at https://www.socat.info/ (Bakker et al.,
2016). Atmospheric measurements were performed using the same in-
strument at a frequency of once every 4 h and at an accuracy of +1 patm.

The Polarbuoy deployed at OWSM (2011—-2021) was equipped with
the Moored Autonomous pCOy (MAPCO>) system. The system is thor-
oughly described in Sutton et al. (2014), and here only a brief descrip-
tion is included. Partially dried xCO; from approximately 0.5 m depth
was measured using a bubble equilibrator (Friederich et al., 1995) and
an infrared detector (LI-COR 820 CO, gas analyser), which was cali-
brated prior to every measurement using gas purged for CO» and a
reference gas from NOAA/ERSL (order of 500 ppm CO3). The MAPCO,
system also included an air intake mounted approximately 1 m above
sea surface, and measurements of sea surface and air pCOy were per-
formed once every three hours. Sea surface temperature and salinity
were determined using a SBE 37 MicroCAT, and these measurements
were used to calculate the pCO, and fCO5 according to Pierrot et al.
(2009). The MAPCO, system delivers data with an accuracy in general
better than +5 patm, and the data is available at https://www.socat.info
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/ (Bakker et al., 2016). The system performance has been compared with
a General Oceanic pCO3 system (Pierrot et al., 2009), similar to that used
on M/S Polarfront, in the lab over 1.5 days with an average offset of 0.4
patm and a standard error of 1.2 patm.

3.3. Ancillary data

The discrete timeseries described above have been extended with
three stations from 1994 (expocode 58AA19940826, station 7), 1998
(expocode 58JH19980801, station 485), and 2002 (expocode 216
N20020530, station 111) collected in the close vicinity of OWSM
(65.6-66.4°N 1.7-2.3°E), where DIC and TA in addition to hydrography
were collected and analysed using the same instruments as described
above. These data are available from GLODAPv2.2020 (Olsen et al.,
2020). Furthermore, atmospheric xCO5 flask measurements from Mace
Head, Ireland (Dlugokencky et al., 2021) were converted to fCO2 by
using sea level pressure close to Mace Head downloaded from the NOAA
ERDAP site (https://coastwatch.pfeg.noaa.gov/erddap/griddap/erdla
sEnPres6.html) and sea surface temperature and salinity from OWSM.

4. Methods

PH at total scale, saturation state for the calcium carbonate mineral
aragonite (Qa,), and fCO, were calculated at in-situ temperature,
salinity, and pressure using the carbon speciation software CO2SYS (van
Heuven et al., 2011) with discrete DIC and TA data as input. In this
calculation, the carbonate system constants from Lueker et al. (2000),
the HSO4 constant from Dickson (1990), the total borate-salinity rela-
tionship of Uppstrom (1974), and the solubility product for calcite and
aragonite, Kgp, from Mucci (1983) were used.

Interannual trends in temperature, salinity, DIC, TA, fCO,, pH, and
Qar have been determined by calculating annual averages of the
measured discrete data over the depths 0-200 m, 200-500 m, 500-1000
m, and 1000-2100 m. These depth intervals are chosen based on a
balance between vertical water mass extension and to ensure sufficient
amount of data within each depth layer. The upper layer of 200 m is in
general the depth which is influenced by seasonal variations. The trends
were defined to be linear and significantly different from zero when the
associated uncertainty was within the 95% confidence interval (based
on t-test hypothesis). The standard error was calculated for each trend
value. Trends in surface fCO, were also determined based on the semi-
continuous surface data, where only months January to March were
included to avoid influence of the biologically active seasons. These
months were chosen because the winter mixed layer developed to its
maximum values.

The drivers for the observed annual trend in pH were quantified by
first assuming that the change in [H*] equals the sum of partial con-
tributions from each of the drivers temperature (T), salinity (S), DIC, and
TA:

dH"] _d[H']dT 0[H']dS OJ[H']dDIC [H']dTA
dt 0T dt 0SS dr ODIC dt  OTA dr

3)

The partial derivatives of the above equation were determined by
using the Matlab function derivhum as described in Orr et al. (2018).
Their software package CO2SYS was modified from that of van Heuven
etal. (2011). Further, the [H"] drivers were transformed into pH change
by using the definition: pH = —log[H™].

5. Results and discussion
5.1. Seasonadlity

The climatology of OWSM surface water (0-25 m) is shown in Fig. 2,
where the monthly values are determined from averaging over the years

2001-2021. The surface water of OWSM is primarily affected by rela-
tively warm and saline Atlantic Water, however, during late summer the
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Fig. 2. Climatology of surface water (upper 25 m) of (a) temperature(°C) and salinity, (b) DIC (umol kg’l) and TA (pmol kg’l), (c) nitrate (pmol kg’l) and silicate
(pmol kg™, (d) pH and fCO, (patm), and (e) QAr and Revelle factor at OWSM calculated as monthly binned averages of the discrete timeseries (2001—2021). TA is
calculated from salinity according to Nondal et al. (2009). The error bars represent one standard deviation. The grey triangles in panel (d) are monthly climatology of
fCO; based on semi-continuous surface measurements performed onboard M/S Polarfront during 2006-2009.

salinity decreases due to intrusion of fresher water from the Norwegian
Coastal Current (Fig. 2a). In April, surface DIC and nutrient concentra-
tions decreased due to primary production and transfer of carbon into
organic matter (Fig. 2b and c) leading to a decrease in fCO; (Fig. 2d).
The timing and magnitude of the spring bloom is determined by several
factors, where light is the most prominent factor, followed on a close
second by thermal stratification of the water column. According to Dale
et al. (1999), a pre-bloom accumulation of biomass starts in April in
surface waters, while the main bloom event is beginning in May fol-
lowed by a secondary short bloom in early fall. However, the latter is not
visible in the climatology presented in Fig. 2. Nitrate and silicate con-
centrations appeared to be depleted equally but, although this was not
examined further in this study, there is some skewness from a 1:1 M ratio
between the two macronutrients. From the climatology (Fig. 2), there is
no evidence of complete silicate or nitrate limitation in surface waters.
However, observations show that, on occasion, nitrate concentration
can reach zero at station OWSM. Findlay et al. (2008) and Moore et al.
(2006) speculate that the lack of complete nutrient depletion in surface
waters could be connected to iron limitation in this region.

The minimum levels of DIC and nutrients are reached in August.
Further, the increasing pH during spring is a result of the combined
effect of warmer water, which lowers the pH, and primary production,
which increases pH. The latter effect dominates over the first during this
time of year. Qu, has a slightly slower response during the spring and
increase, to some extent, with the increase in temperature. During fall,
with cooling and deepening of the mixed layer, DIC and nutrients are
remineralised from organic matter and are introduced into the surface
layer, which, therefore, experiences increasing fCO,. The winter mixed
layer develops from further cooling and mixing and reaches its
maximum depth usually in March. Typical winter values for surface
water, the seasonal amplitudes, and the deep-water characteristics are
presented in Table 1. The relatively low winter surface pH and Qa, of
8.07 and 1.95, respectively, are comparable to the Icelandic timeseries
(Olafsson et al., 2009; Bates et al., 2014), which is dominated by cold
Arctic Intermediate Water originating from mixing between Atlantic
Water and low salinity Polar Water (Hansen and @sterhus, 2000). Thus,
the lack of Polar Water at OWSM contribute to explaining the differences

Table 1
Water characteristics at OWSM based on data averaged over 2001-2021 (SD =
standard deviation).

Surface winter average Seasonal Deep average +
+1SD amplitude 1SD
Temperature 7.0 £0.6 5.2 —0.81 + 0.03
(9]
Salinity 35.19 £+ 0.06 0.23 34.913 £ 0.003
DIC (umolkg™!) 2141 +5 81 2166 + 3
TA (umol kg™!)  2315+9 8 2304 + 7
fCO4 (patm) 373 £16 70 317 £ 12
pH 8.07 £ 0.02 0.08 8.03 + 0.02
Qar 1.93 £ 0.07 0.76 1.00 £+ 0.04
Revelle 13.1+0.3 2.3 149+0.3
NO3 (pmol 114+ 04 10.6 14.7 £ 0.4
kg™h)
PO4 (umolkg™)  0.77 + 0.06 0.6 1.00 + 0.05
Si (umol kg™1) 47402 3.7 123+ 0.5

between seasonality at OWSM and at the Iceland and Irminger Sea time
series.

Fig. 2d shows the seasonal fCO5 amplitude of 65-73 patm and con-
firms the expected similarity between calculated fCO2 (from DIC and
TA) and measured fCO,. The Revelle factor (ocean buffer factor), which
is defined as the fractional change in CO» relative to the fractional
change in DIC, is high (13.1) in winter surface water at OWSM with a
seasonal amplitude of approximately 2. This is characteristic for sub-
polar water and indicates that these waters have less capacity to absorb
CO; from the atmosphere compared to waters further south.

The relatively large seasonal amplitudes observed at OWSM are
comparable to those observed in the subpolar sites Irminger Sea and
Iceland Sea located further west (Olafsson et al., 2009; Bates et al., 2014)
and at Porcupine Abyssal Plain (PAP) located further south in the
Northeast Atlantic Ocean (Frigstad et al., 2015).

5.2. Surface fCOz variability

Fig. 3a shows time series of fCO, from semi-continuous
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Fig. 3. a) Surface water variability of fCOY over the
years. Monthly averages from M/S Polarfront (red

450 colour) and from the surface buoy (blue colour).
Calculated fCO¥ from discrete DIC and estimated TA
(Nondal et al., 2009) from the upper 25 m (grey
400 - colour). Standard deviations of the monthly averages
| L r are shown. b) Monthly averages of January - March
% 3 4 of atmospheric fCO, (fCO3) from OWSM (black
250 ¥ 1 “[ colour) and sea surface fCO, (grey and violet colour)
E “ 1 ¢{# ] . L as a function of years. The sea surface averages are
2 { | ] ;‘” b based on continuous fCO, measurements onboard M/
z L
s I ¥ o ® S Polarfront during 2007 - 2009 and continuous fCOY
= 300 ;. B K i measurements from the Polarbuoy between 2011 and
¥ 2021 (violet colour), and calculated fCOY from the
. 1 discrete DIC and estimated TA data over 0-200 m
. depth between 2001 and 2021 (grey colour). (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
a version of this article.)
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measurements (M/S Polarfront and Polarbuoy) as well as fCOy calcu-
lated from discrete DIC and TA data from the upper 25 m. The seasonal
variation is clearly seen with fCO, amplitudes varying from year to year
and occasionally being larger (75-110 patm) than the climatological
fCO4 amplitude of 70 patm (Fig. 2d). Furthermore, the fCO, amplitudes
seem to be increasing over the years and reached a maximum in the
years 2013-2017. The limited amount of semi-continuous data makes it
difficult to conclude regarding this matter, however, the temperature
amplitude (Fig. S2) does not show such a pattern but rather fluctuates
irregularly from year to year. Thus, the change in fCO, amplitudes could
be connected to changes in the primary production and other non-
thermal processes. According to multi-sensor satellite observations
made available by Copernicus Marine Services (product identifier:
OCEANCOLOUR _ATL_CHL_L3_REP_OBSERVATIONS_009_067; https
://marine.copernicus.eu/access-data/ocean-monitoring-indicators/nor
th-atlantic-ocean-chlorophyll-time-series-and-trend), the Chl-a concen-
tration of the North Atlantic increased by +0.17 =+ 0.013% yr ™! over the
years 1997-2019. It is reasonable to assume that this is also valid for the
OWSM area, however, this needs to be confirmed by additional studies.

The seasonal oscillations are overlying a positive trend in surface
water fCO; indicating an increasing content of CO3 in the surface ocean,
which is connected to the increasing atmospheric CO, concentrations.
Fig. 3b shows monthly fCO, values from the winter season (January to
March), and significant surface fCO, trends of +2.69 + 0.14 patm yr
and + 2.42 + 0.20 patm yr'. These trends are determined from semi-
continuous surface fCO, measurements during the years 2007-2021
and from fCO5 calculated from discrete DIC and TA measurements in the

upper 200 m during the years 2002-2021, respectively. The 200 m deep
surface interval for the discrete samples was chosen because it is well
within the winter mixed layer at the station. Moreover, Fig. 3b shows
semi-continuous winter atmospheric fCO» (fCO3%) (January to March)
data from OWSM determined from air flask samples from M/S Polar-
front 2002-2009 (Dlugokencky et al., 2021), semi-continuous air sam-
ples from M/S Polarfront 2007-2009, and semi-continuous air samples
from Polarbuoy between 2012 and 2021. The fCO3 winter trend of
+2.27 £ 0.08 patm yr~! is weaker than that of the semi-continuous fCO
data from the site (+2.69 + 0.14 patm yr~1), but within the uncertainty
interval of the fCO, data calculated from discrete data (+2.42 £+ 0.20
patm yr~1). Thus, it is ambiguous if the site is a decreasing sink for at-
mospheric CO; or not. However, considering the uncertainty in calcu-
lating fCO, from DIC and TA, we have more confidence in comparing the
directly measured fCO, in atmosphere and sea surface when it comes to
determining the direction of A fCO,. Thus, we conclude that the sea
water fCO, at OWSM is increasing faster compared to that of the at-
mosphere and the area appears to be a decreasing sink for atmospheric
CO,. This conclusion is confirmed by replacing the atmospheric CO,
data from OWSM with those from Mace Head, Ireland (Dlugokencky
et al., 2021), of which the latter shows a winter trend in fCO; of +2.12
+ 0.07 patm yr ! over the years 2002-2020, i.e., weaker than the trend
in oceanic fCO; at the site.

The finding of OWSM being a decreasing sink for atmospheric CO,
corresponds to results presented by e.g., Olsen et al. (2006), who
explained the decreasing sink with an increasing amount of CO3 in the
surface water entering the Nordic Seas from the south due to a reduced
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buffer capacity. This is in line with the decreasing buffer capacity
calculated from OWSM timeseries data in the upper 200 m (not shown).
Metzl et al. (2010) explained a strong positive trend in surface fCO; in
the North Atlantic subpolar gyre with a) an increase in surface tem-
perature over the period 1993-2003, and b) an increase in convection
which increased the DIC/TA ratio during 2001-2008. Their increasing
temperature observations were connected to changes in NAO (North
Atlantic Oscillation) index from a positive to a negative phase.

b) Monthly averages of January—March of atmospheric fCO, (fCO3)
from OWSM (black colour) and sea surface fCO; (grey and violet colour)
as a function of years. The sea surface averages are based on continuous
fCO2 measurements onboard M/S Polarfront during 2007-2009 and
continuous fCOY measurements from the Polarbuoy between 2011 and
2021 (violet colour), and calculated fCOY from the discrete DIC and
estimated TA data over 0-200 m depth between 2001 and 2021 (grey
colour).

5.3. Water column variability and trends

Fig. 4 shows how a selection of variables is distributed and varies in
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the water column over two decades from 2001 to 2021. The seasonal
signals in the uppermost 200 m seem to diminish during the last decade,
however, this is an artefact due to lower sampling frequency between
2010 and 2021 than between 2001 and 2009. The winter mixed layer as
shown in Skjelvan et al. (2008) varies between 250 and 350 m at the site,
and no seasonal signals are seen below 200-300 m, which is similar to
what was shown over a shorter period in Skjelvan et al. (2008). Fig. 4
shows that over the years, the intermediate and deep-water character-
istics changes, with increasing DIC and fCO, and decreasing pH as the
most prominent, but Qa, is also decreasing over the years.

The interannual trends in four depth layers (0-200 m, 200-500 m,
500-1000 m, and 1000-2100 m) have been quantified and are presented
in Fig. 5 and Table 2. DIC and fCO» are increasing significantly over the
years (positive trend) in all depth layers, except for fCO5 in the deepest
layer. Furthermore, in all depth layers there are negative and significant
trends in pH and Q4;. The trends are strongest in the surface layer, where
DIC, fCOs, pH, and Q4 change by +1.48 + 0.22 pmol kg~ yr1, +2.92
+ 0.37 patm yr*, —0.0033 + 0.0005 yr !, and — 0.018 + 0.003 yr !,
respectively. The surface fCO; trend is within the uncertainty interval of
the trend calculated from the semi-continuous winter surface
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Fig. 4. Distribution of (a) temperature (°C), (b) salinity, (¢) DIC (umol kg‘l), (d) fCO,, (patm), (e) pH, and (f) Q4 from the OWSM timeseries of discrete data between

2001 and 2021.
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Fig. 5. Observed temperature (°C yr~'), salinity
(yr’l), DIC (pmol kg’1 yr’l), TA, (pmol kg’1 yr’l),
pCO, (patm yr~Y), pH (yr™1), and Qa, (yr™!) over 5
depth intervals at OWSM. Black dots with vertical
error intervals are annual averages and standard
deviation, solid black lines represent the overall
trend during the period investigated, with the
corresponding standard error. Dotted lines indicate

the 95% confidence interval of the trend and

numbers in cursive represent significant trends (see

Table 2 for details).

DIC

2160

2140

2120

2100

1481.37+21849107 yr '

2330 |...

2320 |

2310

3 o1 .‘
L pmme 2080 2300 -386.66+130.63 10° yr” 2423.16+360.38 107 yr”! 7.8 -3.2540.46 10° yr! 1] -17.5143.25 107 yr'
10 _
2160 2330 | 4291£139.66 107 yr .
5| 2140 _— |

............. - 2120
- e:._ 2310 15 i
. 1 i . 2100 300 |
0| 37834387 10% yr' B 282:163 107y . 101152412343 107 ' | 2300 2805.48:+452.53 107 yr'? -2.17:40.47 107 yr! 1| 13362183107 yr”
78
10 3 3
27. 2941041 107 yr 2160 |- 23130 ~17.43493.82 107 yr
35.2 :
5 2140 2920
35
5 <20 2310
. 2100 . 0|
1.02+0.13 107 yr' 537.02+8616 107 yr”’ 2300 841.94380.4 107 1.740.33 107 yr! 1| 8294123107 yr?
2080 78
10 s 3
013617107 yr o = 2930 | 304548016 107 yr 400 28
35.2 8.2
2140
g . 2320 2
2120 - m g -
D aE i— ::—:-mﬂ_.. .r: m i
548 L 2100 e v s s P 1 I
0 | 0.5540.08 107 yr - 237.85+78.29 107 yr'! 2300, I 3439542761210 yr' 139403 107y 1| 6.2741.09107 yr
. 7.8
1990 2000 2010 2020 1990 2000 2010 2020 1990 2000 2010 2020 1990 2000 2010 2020 1990 2000 2010 2020 1990 2000 2010 2020 1990 2000 2010 2020

500-1000m

0-200m

200-500m

1000-2100m



L. Skjelvan et al.

Table 2
Trend values with corresponding standard error at different water depths at
OWSM based on data between 1994 and 2021.

0-200 m 200-500 m 500-1000m  1000-2100 m
Temperature —0.041 + —0.038 £ -0.027 + 0.0001 +
Cccyr™h 0.017 0.037 0.010 0.002
Salinity (yr ') —0.002 + —0.003 + 0.001 + 0.0006 +
0.001 0.002 0.0001 0.00008
DIC (umol kg™!  1.48+0.22 1.01+0.12 0.54+0.09 0.24 + 0.07
yrh)
TA (pmol kg™ —0.36 + —0.42 + —0.02 + 0.03 + 0.08
yr ) 0.13 0.14 0.09
fCO, (patm 2.92+0.37 2.60+0.45 0.84+0.38 0.34+0.28
yrh
pH (yr H -0.0033+  —0.0032+  —0.0017 + —-0.0014 +
0.0005 0.0005 0.0003 0.0003
Qar (yr' h) -0.018 + ~0.013 + ~0.008 + ~0.006 +
0.003 0.002 0.001 0.001

Bold and cursive numbers represent significant trends (p < 0.05).

measurements between 2007 and 2021 (2.69 + 0.14 patm; Fig. 3b). As
expected, the trends (Fig. 5) weaken from the surface layer towards the
deepest water layer, and at 1000-2100 m the DIC, fCO5, pH, and Qa,
change by +0.24 + 0.07 pmol kg! yr™!, +0.34 + 0.28 patm yr !,
—0.0014 + 0.0003 yr !, and — 0.006 + 0.001 yr!, respectively. The
negative pH trend of the deepest layer at OWSM is less than half
compared to that of the surface layer (—0.0033 yr~1), while the corre-
sponding relationship between deep and surface water Qj; is approxi-
mately 1/3. Furthermore, at 1000-2100 m the annual averaged Q,, is
approaching undersaturated values. Over a narrower depth interval
(1850-2100 m, not shown), the water is occasionally undersaturated
with respect to aragonite, however, the fluctuations are large.

In general, the long-term trends calculated for various depth in-
tervals in the current study (Fig. 5 and Table 2) are similar and within
the uncertainty limits to those calculated for the Norwegian Sea by
Fransner et al. (2021). They used data from a larger area in the Nor-
wegian Sea (64-67.7°N, —3.4-3.3°E) and a longer time period
(1981-2019) compared to our study, which allowed for more stations
and more data in their study. In their study, data from and a TTO-NAS
station (Transient Tracers in the Ocean - North Atlantic Study, e.g.,
Tanhua and Wallace, 2005) from 1981 and OWSM (2001-2019) were
included. Discrepancies between the trends in the current study and that
of Fransner et al. (2021) are, e.g., the pH trends at 200-500 m and
1000-2000 m depth, and the Q,, trends deeper than 200 m, which all
are significantly stronger in the current study. This difference is likely
connected to more similar water masses having the same water history
at the fixed OWSM compared to the larger Norwegian Basin area
examined in Fransner et al. (2021) where water masses with different
water histories are mixed. Furthermore, the pH trends at OWSM are
similar to those from the Iceland Sea presented in Fransner et al. (2021),
and similarities are also seen in DIC and fCOs. The trend in Qa;, on the
contrary, is stronger at OWSM compared to that for the Iceland Sea,
which is likely an effect of Qa, being positively correlated to temperature
while the opposite is the case for pH. The Iceland Sea warmed signifi-
cantly over the period 1981-2019 (Fransner et al., 2021), which has
counteracted decreasing Qa; due to increased CO,.

In the current work, we have included a few extra stations from
OWSM from the 1990s, as these data are within 12 km from the fixed
position of 66°N 2°E. Without these early data, the trend in pH over the
years 2001-2021, is —0.0022 (not shown) based on annual averages
within the 200 m upper layer, and this is comparable to the surface pH
trends in the Lofoten Basin, Greenland Sea, and the Fram Strait
(Fransner et al., 2021) and to that in the Irminger Sea (Bates et al.,
2014). The annual pH over the years 1994-2021 has been examined by
pieces, which reveals a varying strength of the trend over time, e.g., over
the years 2002-2006 and 2013-2017 (Fig. S3) the pH trends were
particularly strong, amounting to —0.0053 yr ' (R? = 0.95) and —
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0.0098 yr ! (R? = 0.93), respectively, while during the years
2006-2010 (Fig. S3) the pH trend was positive (+0.0023 yr 1, RZ=0.9).
Even if these time periods are short, the changing trends are still
indicative of the highly variable nature of this ocean area and underpins
the importance of long time series to be able to determine significant
changes in the hydrographic system as well as the carbonate system.

Overall, the trends decrease as the depth increase (Fig. 5 and Table 2)
since the strongest drivers for the observed change are found primarily
in the shallowest water (see the section below on Drivers). However, the
significant trends in DIC, fCO5, pH, and Q4 seen in intermediate water
(Fig. 5 and Tables 2, 500-1000 m depth) is connected to advection from
the Iceland and Greenland Sea, while the significant trends in DIC, pH,
and Qa, at 1000-2000 m depth (Fig. 5 and Table 2) is partly caused by
influence from Greenland Sea deep water, and, to a larger extent, in-
fluence from the Arctic deep water (Jsterhus and Gammelsrgd, 1999;
Blindheim and @sterhus, 2005).

The saturation horizon (Qa, = 1) fluctuates around 2000 m (median
depth) over the years 2002-2021 (Fig. 4), with a significant negative
trend in Q4 over the depth layer 1000-2100 m. It is difficult to estimate
the rate of shallowing of the saturation horizon, however, a coarse es-
timate of 7 m yr’1 is calculated based on an average Qx; of 1 found at
1950 m depth in 2002 and at 1820 m depth in 2021. This is higher than
the saturation horizon shoaling of 4 m yr~" estimated for the Iceland Sea
by Olafsson et al. (2009), however, taking into consideration the high
uncertainty of the OWSM estimate, the numbers are likely comparable.

Interestingly, the water column seems to have cooled significantly
(—0.041 £ 0.017 °C yr ! at surface and — 0.027 + 0.010 °C yr " at
500-1000 m depth) since 1994, which is surprising. The semi-
continuous surface temperature measurements from M/S Polarfront
between 2006 and 2009 and from the Polarbuoy between 2011 and
2021 also showed a cooling, though not significant (0.0086 °C yr™1).
However, the temporal variability is large, and as an example, over the
years 2004-2011, the temperature of the upper 200 m increased
significantly (Fig. $3) with +0.13 + 0.04 °C yr ! (R = 0.7), while
during the years 2014-2017, the temperature increase was +0.29 +
0.13 °C yr ! (R? = 0.7). Even if warming of the North Atlantic Water is
indisputable (e.g., Holliday et al., 2008; Mork et al., 2019), the high
temporal variability is also commented in previous studies. Holliday
et al. (2008) concluded that the temperature of the Atlantic inflow to the
Nordic Seas has increased since the 1990s, but they also highlighted
cooling of the water between the Faeroe-Shetland Channel and OWSM
during 2002-2006. Furthermore, Mork et al. (2019) examined Norwe-
gian Sea Argo data between 2002 and 2018 and they found that the
water temperature increased between 2011 and 2018, while during the
previous years the temperature anomalies varied between cold and
warm periods. The temporal variability in temperature is briefly
compared with the change in the NAO index (Hurrel, 2005), which is the
difference between the normalized the sea-level pressure at Lisbon (PT)
and Reykjavik (IS), where a positive NAO index is associated with
warmer and wetter Northern Europe compared to negative NAO index,
which reflect colder and drier northern Europe. Mork and Blindheim
(2000) found a correlation between high winter (JFM) NAO index and a
reduced westward extension of the Atlantic Water in the Norwegian Sea
and, thus, increased influence of cold Arctic water. There is no clear
correlation between the winter temperature (JFM) of the upper 200 m at
OWSM and the winter NAO index, however, there seems to be a ten-
dency of high winter NAO indexes occurring simultaneously with low
temperature (Fig. S3) between 2007 and 2021.

Furthermore, there is no significant temperature change in the
deepest layer (1000-2100 m) at OWSM, which is in contradiction to
earlier studies in the area (e.g., ¥sterhus and Gammelsrgd, 1999;
Blindheim and @sterhus, 2005). @sterhus and Gammelsrgd (1999)
proved a warming of the deepest layer (~2000 m) at OWSM of 0.01 °C
yr~! between 1985 and 1997. The discrepancy between our study and
that of Usterhus and Gammelsrgd (1999) has several possible explana-
tions. One explanation is that our trend analysis is based on a depth layer
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of 1100 m, while @sterhus and Gammelsrgd (1999) based their analysis
on data primarily collected at 2000 m depth. Furthermore, their
timeseries was based on a higher frequency of data (5 times a week)
compared to our monthly data from 2002 to 2009 and 4-6 times per year
after 2009. Lastly, there is only minor overlap between the timeseries
used in the current work and that of Usterhus and Gammelsrgd (1999),
and, thus, there might be a possibility that the warming of the deep
water has weakened. We checked the temperature trend in our times-
eries data within a 250 m depth range from the bottom (data from 1850
to 2100 m depth; not shown), and this resulted in a significant warming
of the depth layer of 0.0045 + 0.0003 °C yr~* over the years 1994-2021.
This is in line with the warming described in @sterhus and Gammelsrgd
(1999), but still weaker than they observed.

O[H'] dDIC  JH") dTA _ O|H"] dDICy,  O[H"] dTAy,  O[H'] dDICy,

O[H] dTAy,
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OWSM have evidenced that the sea surface CO, in the area increases
faster than that of the atmosphere.

To further investigate the driving processes for the observed change
in pH, we first examined the freshwater effect. The TA and DIC were
salinity normalized by using the approach from Friis et al. (2003) where
the salinity normalized TA (nTA) is defined as:

TAmea: - TA =l
nTA =~ 5035 4 TAg 4

The term TAg_ is determined from Nondal et al. (2009) and equals
582 (for salinities >34.5, which is the case for basically all OWSM data).
nDIC is determined as above by replacing TA with DIC. Furthermore, Eq.
5 is used where the DIC and TA terms are split into contribution from
freshwater (fw) and biogeochemistry (bg):

()

ODIC di ' OTA di  0ODIC,, di ' OTA,, dt ' ODIC, dr

5.4. Drivers of the observed trends

The drivers of the observed long-term trends in pH have been
explored by using the decomposition approach with respect to [H'] as
described in Eq. 3 where changes in temperature (T), salinity (S), DIC
and TA are assumed to influence the observed changes in [H] and, thus,
also pH. The annual observed change in [H'] and drivers of the [H']
change are shown in Fig. S4, while the corresponding results in pH are
presented in Fig. 6a, where the bars represent annual changes in pH due
to changes in each of the drivers (see Table 3). The analysis shows that
for all depth layers, increasing DIC is the major driver for the decrease in
pH (shown as the largest bars of the drivers in the plot). Change in
temperature and TA counteract each other and result in no net change in
pH. Furthermore, the sum of driver induced pH changes (SUM) equals
the pH change calculated based on observations (OBS), at least for the
upper 1000 m. This indicates that it is realistic to assume temperature,
salinity, DIC and TA to be the drivers for pH changes in these waters.
Deeper than 1000 m the assumption of Eq. 3 and 4 does not seem to
hold, which could be connected to a combination of uncertainties in the
decomposition approach and processes excluded by this approach.
Deeper than 1000 m, primarily Norwegian Sea Deep water is found. As
mentioned above, the deep water in the Norwegian Sea seems to be
replaced with increasing amount of deep and relatively warm water
from the Arctic and less so from the relatively cold Greenland Sea
(Wsterhus and Gammelsrgd, 1999). Our decomposition method does not
specifically calculate the contribution from advection; however, the
process is to some extent included as it affects the rate of change in the
drivers. It is likely that advection is the dominating process in the
deepest layer of the Norwegian Sea basin.

DIC changes, being the primary driver for the pH trend, are influ-
enced by air-sea gas exchange, biological activity, vertical mixing, and
advection, and all these processes except air-sea gas exchange also affect
TA. If air-sea gas exchange was the only process and the CO5 increase in

O[H"] dDIC,,  O[H'] dTA,,  O[H'] dDIC.;  O[H'] dDICjuq

O[H"] dTAp

6TAbg dt

where both dDICg,/dt and dTAg,/dt are assumed approximately
equal to dS/dt. The biogeochemistry term (bg) in Eq. 5 is determined
from nTA and nDIC and still comprises contribution from air-sea gas
exchange, biological activity, vertical mixing, and advection. In more
detail, the terms are determined the following way:

d[H*] dDIC;, oH"] ds

5 - = (6)
DIC;, dt o(DIC — nDIC) dt

OH'] dTAs, _ O[H'] dS o
OTAs, dt — O(TA —nTA) dt

0[H*] dDICy,,  O[H'] dnDIC ®
oDIC,, dt ~— onDIC dt

O[H*] dnTA _ O[H] dnTA

[H*] dnTA _ 0[H"] dn ©)

onTA dt — onTA dt

As previously, [H'] changes are converted to pH changes. Fig. 6b
and Table 3 show that the freshwater component of DIC and TA are
small for all depth layers. Furthermore, the sum of the drivers (SUM) is
similar to the pH change from observations (OBS) at the depth 200-500
m, but less so for the remaining depths.

Furthermore, we examine how changes in biological activity, i.e.,
primary production/remineralization and production/dissolution of
calcium carbonate shells and skeletons will affect the pH. We assume
that DICpg and TAyp,g represents all the biological activity which are split
into carbon fixation in organic material during primary production
(called “soft” in the equations below) and carbon fixation into shells and
skeleton (called “hard” in the equations below), and thus, the DICp; and
TApg terms in Eq. 5 are written as:

O[H"] dTApua 10)

ODIC,, dt  OTA,, dt — ODIC,; dt ODIC)rg  dt

surface ocean was similar to that of the atmosphere, the pH trend would
have been approximately half of the observed value (Fig. 6a, crosses in
the upper panel). However, the semi-continuous measurements at

OTA o5

dt 0TAhard dt

Carbon fixed into organic material (DICsos and TAsog) is determined
by assuming that:
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Fig. 6. Estimated drivers of annual change in pH (1994-2021) at various depth intervals. Histograms show pH change for each driving factor, with standard error.
Significant (at 95% confidence level) changes in pH are encircled with a black line. SUM is the accumulated effect of all drivers, while OBS (observed) refers to the
calculated pH trend from observed data. a) The drivers are split into temperature (T), salinity (S), Dissolved Inorganic Carbon (DIC), and total alkalinity (TA). Crosses
show expected level of change in pH where increase in atmospheric CO is the only driver; b) the drivers are split into T, S (see panel a for these two drivers),
freshwater component of DIC (DIC,) and TA (TAg,), and primary production component of DIC (DICy,) and TA (TAyg); c) the drivers are split into T, S, freshwater
component of DIC (DICg,) and TA (TAg,) (see panel a and b for these fours drivers), soft tissue component of DIC (DICsy), soft tissue component of TA (TAsof),
Ealcium carbonate component of DIC (DICp,.q), and calcium carbonate component of TA (TAparq). See Results and discussion for detailed explanation.

<

Table 3
Contribution to the pH trend from various variables.

Effect on pH trend ~ 0-200 m 200-500m  500-1000 m 1000-21,000

from change in m

DIC 103 yr ) -3.9+ -2.7 + -1.4+02 -0.6+02
0.6 0.3

DICy,, (103 yr™) 0.04 + 0.05 + —0.019 + —0.010 +
0.03 0.03 0.003 0.001

DICp (10 3 yr™H) —4.2+ -3.0+ -1.3+0.2 —0.6 £ 0.2
0.5 0.5

DICswn 10 3yr'h) 1.2+ -05+0.3 —0.1+0.2 -0.2+0.2
0.6

DIChara(103yr™)  0.4+0.2 03+0.2 —0.1+0.1 —0.04 +0.11

TA (103 yr ) -0.9 + ~1.1+ —0.04 + 0.08 + 0.21
0.3 0.4 0.24

TAz, 1072 yrh) -0.3 + -0.3+02 0.12+0.02 0.064 + 0.009
0.2

TApg (103 yr' 1) —0.6 + —0.7+04 —02+02 0.009 + 0.2
0.4

TAsope 102 yr 1) -0.18 + —-0.07 + —-0.02 + —0.03 + 0.02
0.09 0.04 0.03

TAparg (103 yr™)  —0.8 + -0.7+04 02+03 0.07 +0.21
0.3

The numbers represent annual pH change + standard error. Bold and cursive
numbers represent significant trends (p < 0.05).

DIC,y = a(NO3 — NO3 prey) an

TAyp = — 1.36(NO3 — NO; pery) 12)
where a is the stoichiometric ratio C:N = 6.6 & 0.1 (R% = 0.71), which is
determined from OWSM data deeper than 25 m. The coefficient 1.36 is
included to account for TA contribution from the oxidation of organic
nitrogen, phosphorous, and sulphur according to Wolf-Gladrow et al.
(2007). The term NOg3 pey is the preformed nitrate concentration, here
taken from the preformed nutrients fields by Carter et al. (2021). We use
the 1°x1° covering the OWSM location. The preformed nitrate value is
defined as the nitrate concentration in seawater when it was last at
surface, which in the ocean interior change only as a result of advection
and mixing. Thus, changes in DICsf and TAs.g represent only changes
due to biotic processes. Further, changes in DIC and TA due to formation
and dissolution of calcium carbonate shells and skeletons are deter-
mined by 1) using the fact that when calcium carbonate is formed, TA
and DIC are reduced in the rate 2:1, i.e., DICpq.q equals half that of TApgq
(e.g., Zeebe and Wolf-Gladrow, 2001) and 2) TApgrq is determined as the
residual after subtracting TAso; and preformed TA (TAprp) from the
observed TA:

chlmrd = 0~5(TAhard) (13)

TAhard =TA - TAsz)ﬁ - TApmf (14)

Here TAyy is the preformed total alkalinity, which is also extracted
from the Carter et al. (2021) product. [H'] changes are converted to pH
changes, and the results of the decomposition analysis are shown if
Fig. 6¢ and Table 3. The most prominent result is that the sum of the
driver induced pH changes (SUM) differs substantially from the
observed pH change (OBS), and thus, our assumption presented in Eq.
10 does not tell the whole story. The reason for this is that the latter
decomposition approach neither includes air-sea gas exchange, vertical
mixing nor advection. Despite the uncertainties, the TA induced change

11

in pH (Fig. 6a) is relatively similar to the sum of pH change driven by
changes in TAgy, TAsoft, TAhara (Fig. 6b and ¢), and thus, it is reasonable
to assume that neither vertical mixing nor advection influence the pH
trend to a noticeable degree. Therefore, the effect of air-sea gas ex-
change can be estimated by subtracting the pH changes driven by DICg,,
DIC;oft and DICpqrg from the pH changes driven by DIC. Thus, the surface
pH trend driven by uptake of atmospheric CO, amounts to —0.0031
yr~!, which represents as much as 80% of the total DIC induced change
in pH. As expected, the major part of the pH trend is driven by uptake of
atmospheric CO,, however, previously, the actual amount has not been
quantified. The remaining change in DIC over the years is primarily due
to changes in primary production and remineralization. However, the
variability of biological production is high from year to year and is in
general dependent on physical factors like transport of water into the
Nordic seas, solar radiation, sea ice, and the North Atlantic Oscillation
(Skogen et al., 2007). Thus, future climate will be an important factor for
how much biological material will be produced and obviously, future
climate will be vital for how the trend in pH will develop.

6. Conclusion

Time series data from Ocean Weather Station M (OWSM) in the
Norwegian Sea collected with a variety of frequencies and from a variety
of platforms are used to examine the inorganic carbon cycle over the
years 1994-2021. From semi-continuous CO, measurements, the winter
surface fCO; is increasing at a higher speed (2.69 patm yr~!) than that of
the atmosphere (2.27 patm yr1), and thus, the area appears to be a
decreasing sink for atmospheric CO,. This might be explained by a
reduced buffer capacity, which results in a higher content of CO; in the
Atlantic Water entering the Nordic Seas from the south. If this continues,
the sea surface in this area could turn into a source for atmospheric CO,
in the future. Furthermore, over the years 1994-2021 the pH and Qa; of
the surface water have decreased significantly with —0.0033 + 0.0005
yr ' and —0.018 =+ 0.003 yr?, respectively. This pH change amounts to
0.092 over the 28 years of study, which is comparable to the global pH
decrease (0.1) since the onset of industrial revolution. Thus, ocean
acidification it is occurring at a faster rate in the Norwegian Sea
compared to the global average.

Significant ocean acidification is also seen in the deepest layer at
OWSM (1000-2100 m) with pH and QA values of —0.0014 + 0.0003
yr! and —0.006 + 0.001 yr™?, respectively. The saturation horizon at
the station fluctuates irregularly over the period 1994-2021 and a rough
estimate indicate that the horizon has shoaled by 7 m yr~! over this
period of nearly three decades.

Based on decomposition analysis, changes in DIC are determined to
be the primary cause for the negative trend in pH. These DIC changes are
primarily due to uptake of atmospheric CO», but also changes in the
primary production/remineralization plays a role. This work proves the
importance of long and sustained time series for identifying and quan-
tifying changes in the biogeochemistry and climate.
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