10

15

20

Acidification of the Nordic SeasAeidification

Filippa Fransner!, Friederike Frob!, Jerry Tjiputra®, Nadine Goris®, Siv K. Lauvset®, Ingunn Skjelvan?,
Emil Jeansson®, Abdirahman Omar?, Melissa Chierici*, Elizabeth Jones*, Agneta Fransson®, Sélveig R.
Olafsdottir®, Truls Johannessen!, and Are Olsen!

!Geophysical Institute, University of Bergen, and Bjerknes Centre for Climate Research, Bergen, Norway

?Max Planck Institute for Meteorology, Hamburg, Germany

3NORCE Norwegian Research Centre, Bjerknes Centre for Climate Research, Bergen, Norway

“Institute of Marine Research, Fram Centre, Tromsg, Norway

3 Norwegian Polar Institute, Tromsg, Norway

SMarine and Freshwater Research Institute, Reykjavik, Iceland

Correspondence: Filippa Fransner (filippa.fransner @uib.no)

Abstract.

With-prevaiting ow-temperatures:-Due to low calcium carbonate saturation states, and deep winter mixing ;-and-eold-water
eorak-reefsthat brings anthropogenic carbon to the deep ocean, the Nordic Seas is-and their cold-water corals are vulnerable
to ocean acidification. Here, we present a detailed investigation of changes in pH and aragonite saturation s-and-itsimpaet-on
eotd-water-eoratsin the Nordic Seas ;-from pre-industrial times to 2100, by using in situ observations, gridded climatological

data, and Earth System Model (ESM) pro_]ectlons :

During the period of regular ocean biogeochemistry observations from 1981-2019 the pH decreased with rates of 2-3 103
in the upper 200 m of the Nordic Seas;—¢ i i idi i

penetrated-relatively-deep;insomeregions. In some regions, the pH decrease can be detected down to 2000 m —Fhis-has-depth.
This resulted in a signifieant-deerease-in-decrease of the aragonite saturation state, which are-now is close to undersaturation

in the depth layer of 1000-2000 min-the-m

to decrease at an overall faster rate than the global ocean from preindustrial to 2100, bringing the Nordic Seas pH closer to the
global average. In the esmRCP8.5 +-the-entire-scenario, the whole water column is projected to be undersaturated in-aragonite
by-with respect to aragonite at the end of the een i i i

the-emission-driven-REP42 st century, endangering all cold water corals of the Nordic Seas. In the esmRCP4.5 scenariothe
saturattonherizonis-, the deepest cold water coral reefs are projected to be tifted-to466-866-mbytheend-ofthisecentury;

endangering-the-deepest-living-cold-water-eoralsexposed to undersaturation. Exposure of all cold-water corals to corrosive
waters can only be avoided under-the-emission-drivenr- REP2with marginal under the esmRCP2.6 scenario.
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Over all time scales, the main driver of the pH drop is an-the increase in dissolved inorganic carbon, which-to-some-extentis

oppesed-by-inereasing-alkalinity—Temperature-and-followed by temperature. Thermodynamic salinity effects are of secondary
importance. We find substantial changes in alkalinity and dissolved inorganic carbon as a result of the salinification of the
Atlantic Water during all time periods, and as a result of an increased freshwater export in polar waters in past and future
scenarios. However, the net impact of this change in freshwater content on pH is negligible, as the effect of the freshwater-driven
alkalinity change is cancelled out by the effect of the freshwater-driven change in dissolved inorganic carbon that has an
opposite effect on pH. The effect of the salinification in the western Nordic Seas. and the increasing freshwater export in the
eastern Nordic Seas, on pH are therefore negligible.

Copyright statement. TEXT

1 Introduction

Since 1850, human activities have released 650 4= 65 Gt of carbon to the atmosphere, of which about 25% have-has been
taken up by the oceans (Friedlingstein et al., 2020) where it has been added to the pool of dissolved inorganic carbon (Cr).
The increasing Cr has resulted in surface seawater pH decline of approximately 0.1 in the global ocean from pre-industrial
to present-days, which corresponds to an approximately 30% increase in hydrogen ion (H*) concentration (e.g., Doney et al.,
2009; Gattuso and Hansson, 2011; Jiang et al., 2019). This-ecean-acidificationis-Furthermore, the decreasing pH also causes
a reduction in the calcium carbonate (CaCOs) saturation state (§2). It hence poses a serious threat to many marine organisms

e-(marine organisms that have shells or structures

consisting of CaCO3), such as pteropods and corals (Guinotte et al., 2006; Turley et al., 2007; Manno et al., 2017; Doney et al.,
2020; Doo et al., 2020)as-the-pH-drop-also-leads-to-areductionin-the- CaCOzsaturationstate(Q)-of seawater. Depending on the
CO;, concentration pathway, future projections suggest further reductions of surface ocean pH of 0.1-6:4-0.3 from the 1990s
until the end of the 21st century frem-the1990s-(Bopp et al., 2013). While global average acidification rates for surface waters,
both from pre-industrial times to presentpresent-day and as projected for the futurehave-been-dealt-with-, are investigated in
several studies (e.g. Caldeira and Wickett, 2003; Raven et al., 2005; Kwiatkowski et al., 2020), less is known about acidification
rates on regional scales, especially below the surface.

The Nordic Seas, comprised of the Greenland, Iceland and Norwegian seas (Fig. 1) and bounded by the Fram Strait in
the north, the Barents Sea Opening to the northeast and the Greenland-Scotland Ridge in the south, are of particular interest
when it comes to ocean acidification due to its-their specific dynamic, biogeochemical and ecosystem characteristics. The

surface circulation pattern {e-g

he-of the Nordic Seas

e.g. Blindheim and @sterhus, 2013; Vage et al., 2013) is dominated by the relatively warm, saline Atlantic waters that flow

northward as the Norwegian Atlantic Current in the east, mainly constrained to the Norwegian Sea, and relatively cold and

fresh waters of Arctic origin flowing southward as the East Greenland Current in the west. Thesurface-waters-are-undersatarated
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ir-pCO7s-e—theirIn the Greenland and Iceland Seas, deep and intermediate water masses are formed through open-ocean
convection (Vige etal., 2015; Brakstad et al., 2019). Some of these water masses ultimately overflow the Greenland-Scotland
Ridge and feed into the North Atlantic Deep Water helping to sustain the lower limb of the Atlantic Meridional Overturning.
Circulation (AMOC, Dickson and Brown, 1994; Vage et al., 2015; Chafik and Rossby, 2019). The surface water pCO» is generally

lower than that of the atmosphere, making them-the Nordic Seas important sinks for atmospheric CO5. This undersaturation

comes-as-aresultofresults from several processes, including streng-primary production, cooling of northward flowing Atlantic
waters, and the inflow of pCO4 undersaturated waters from the Arctic Ocean (Olsen-et-al;2008: Olafsson-et-al2020b)tn-the

Although the Nordic Seas are an overall sink for atmospheric CO,, the direct uptake of anthropogenic CO, through air-sea CO
exchange is limited. Instead, there is a large advective supply of excess anthropogenic CO5 from the south (Anderson and Olsen, 2002; Olse
contributes to the acidification. Part of the anthropogenic CO- that enters the Nordic Sea’s surface waters is brought to dee

nd A1 aon-+n-the-deep o A hao Naords o nd-North-A N1 1319 o 01-0-
anc-acia ato acecp-wa O NOTE as-ana—\o a pttra o3 praroive av i

have-negative-impaets-on-their-eold-watercoral-reefs—Due-tefrom where it is slowly advected to the North Atlantic Ocean
2010; Perez et al., 2018). The deep reaching anthropogenic CO

peratures ;-the-Nordie-Seas-already-have-naturalty-that give low saturation states of CaCO3 (Olafsson et al., 2009; Skjelvan
et al., 2014), making-their-make the cold-water coral reefs of the Nordic Seas particularly exposed to ocean acidification(Kutti
et al., 2014).

d v, tC

B W

Tjiputra et al., in combination with the prevailing low tem-

There has been extensive research on changes in the carbonate system and pH in the Nordic Seas, facilitated by the many re-

search and monitoring cruises in the area {e-g

SenbdliEensioa (el 2006; Olafsson et al., 2009; Skjelvan et al.

2008; Chierici et al., 2012

2014 Jones et al.,
Between the 1980s and 2010s, the pH has been shown to decrease with rates of -0.0023 to -0.0041 y~! have-been-observed-in

., Olsen et al., ; Skjelvan et al., p

2

surface waters, which is greater than expected from the increase in atmospheric CO- alone (()lafsson etal., 2009; Skjelvan et al.,
2014). This is consistent with the many observations that have indicated a weakening of the pCO, undersaturation of the Nordic
Seas surface waters, i.e., that surface ocean pCO, which-is-closelyrelated-to-pH;-has risen faster than the atmospheric pCO-
(Olsen et al., 2006; Skjelvan et al., 2008; Olafsson et al., 2009), i-e-a-weakening-of the pover the past decades. The future pH
Bellerby et al. (2005) investigated the impact of climate change on the Nordic Seas CO, system under a doubling of the
atmospheric CO, undersaturation 1o a value of 735 ppm. It was done by combining observed relationships between the
inorganic CO, system and temperature and salinity, with output of ocean physics from the Bergen Climate Model. They
found the pH to decrease by about 0.3, with the largest decrease taking part in the polar waters of the eastern Nordic Seas. For
the future scenario A1B (see _Meehl et al., 2007), which assumes approximately 700ppm atmospheric CO, by the year 2100,
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Skogen et al. (2014) found that the pH of the Nordic Seas surface waters might-have-oceurred-the-past-decades—Studies-on
They estimated C7. to be the overall driver of this acidification. Skogen et al. (2018) looked into future changes in the Nordic
Seas using-both-aregional-and-an h-SystemV en-publish ogen-et-ak 8)biogeochemistry
under the Representative Concentration Pathway 4.5 (RCP4.5) scenario, a stabilization future scenario used within Climate

Model Intercomparison Project Phase 5 (CMIP5 Taylor et al., 2012), and found the surface pH to drop by 0.18 between 1995
and 2070.

All the studies mentioned above have been focusing on selected periods of time and scenarios, using specific datasets. There
is, hewever;to our knowledge, no i s-work assessing pH changes and their drivers from

the pre-industrial until the end of the 21st century, under different scenarios, using both observational and modelling data-
and that provides a detailed regional perspective on the various drivers. In this study, we fill this gap by examining past,

present-present-day, and projected future ecean-acidificationrates-and-changes-in-changes in pH and aragonite saturation in
the Nordic Seas, over the full water column and in different regions, by using the best available information for the various

time periods. This includes a combination of in situ observations, gridded climatological data, and Earth System Model (ESM)

projections -

Mmmmwmm%mm

1.1 pHDrivers—Theoretical Background

2 Drivers of pH and saturation states - Theoretical Background

The rising atmospheric CO2 concentration in

teh-results in a flux of COy from the atmosphere into
the ocean. When-In the ocean CO, dissolvesinseawaterttreacts with water to form carbonic acid (HoCO3z):-

COsy+ HyO = HyCO;3

. which then dissociates into bicarbonate (HCO3 ) and hydrogen ions (H™):-

HyCO3 = HCO; + H*

. A large part of the resulting HT is neutralized by carbonate ions (CO?) that have been supplied to the ocean by the

weathering of carbonate and silicious minerals:-

CO;?+H'" = HCO;
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. Together, this forms the following equilibria:

COs + H30= HCOs M
HyCO3= HCO; + H" )
CO;?+ HY= HCO; 3)

Combined, the concentration of COQGGGQM—)%, H>CO3, HCO3 , and CO3 , constitute the concentration of dissolved inor-

. In seawater,

ganic carbon (Cr);-while < g :
approximately 90% of Cr exists in the form of HCO3', 9% as COQ_ and 1% as COqrggy2-
As seen from Equations 1 - 3, the dissolution of COs in seawater results in an increase in H concentration, which leads to

a decrease in pH;-. On total scale, pH is defined as:

pH = —logio([HT]+[HSO,]) 4)

where HSO, is sulphate. Apart from Cr, seawaterpH-is-alse-controlled-pH is influenced by temperature salinity, and total
alkalinity (Arp- q it —an- i ). Ag is mostly
determined by HCO; and CO2* carbonate alkalinity). Temperature and salinity enly-affect pH by altering the dissociation

constants and thus the partitioning of Cr between its different constituents. Ar—is-the-sum-of-the-concentration-of-bases{(proton
aeeepfefs%ﬁfh&seawa{e#The relation between Cr and Ap influences fh&pH by affecting the buffer capacuy of seawater.

ualitative, direct effects of an increase in each property are shown in Table 1. Note that this Table does not consider indirect

effects on pH, for example from the change in air-sea fluxes that will follow —from e.g.frem—, a temperature driven pCO,

change (e.g. Jiang et al., 2019; Wu et al., 2019).

Table 1. Direction of instantaneous-direct effects of an increase in temperature, salinity, Cr and Az on pH and €2.

Driver pH Q
Temperature - +
Salinity - -
Cr - -
AT + +

Equations 2-and-3-can-be-summarized-as:

HyCO3+CO;~ — 2HCO3
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showing-that-the-dissolution-of-1 to 3 show that an increase in anthropogenic CO in-seawater-and Cp results in a reduction
in CO%T This further-affects the saturation state of CaCOj3 (2), defined as:

_ [Cat)jCO} ]

5
K. ; o)
where Ky, is the solubility product. When 2 is less than one, the water becomes corrosive and CaCO3 exists-in-two-different

forms-in-seawater—starts to dissolve. The two most abundant forms of CaCOs in seawater are calcite and aragonite. Aragenite
wmefe%e}ub}e%afrea}eﬁe—wﬁhﬁ%ﬂgheﬂ%The saturation state of aragomte (£ 4,) is therefoere-lower than that of calcite
Qca) fve ' : es—as aragonite is more

in-a-reduction-in-the-saturation-state—The impact of Cr on the saturation state is alse-seen in the spatial distribution of €2 in

the surface ocean, which broadly follows temperature gradients (e.g. Orr, 2011; Jiang et al., 2019). The reason behind this

temperature dependency is the higher CO5 solubility of colder watersthat-give-them-the-eapacity-to-abserb-mere- COz-atagiven

a&me%pheﬁc—pegz—whielordeefea%e%ﬂwegbeeﬂeeﬂ&a&eﬂ Consequently, cold waters alse-have a relatively low 24, and
Qcq and are thus-more vulnerable to acidification. Apart-from-Cr(2 is also influenced by A, temperature and salinity, as

shown in Table 1.

The sensitivity of pH and Q to upﬁfkeﬂ#an anthropogenic CO» increase is dependent on the buffer capacity of the seawater
i i (e.g. Sarmiento and Gruber, 2006; Orr, 2011). Waters
with higher-eoneentrations-of €03~ higher buffer capacity, i.e.a-hi ity higher concentrations of O3, have

the capability of converting a larger fraction of the absorbed CO- into bicarbonate. A smaller fraction remains as dissolved

N2—
3

CO,, implying a smaller increase in the seawater pCO,. These waters therefore have the capability of absorbing more CO5 for

any given increase in atmospheric pCO, (assuming a uniform increase in pCO9 between water-masseswater masses), which

also implies a larger decline in CaCOj3 saturation state. :Fhe—dfep—lﬂ—‘pHM on the efhefhaﬂd—t&hfge%cm

more in waters with lower

is-tewerbuffer capacity as they are less effective in neutralising carbonic acid.

3 Dataand-methods
3.1 DataQbservational data
3.1.1 Observational-data

TFhis-stady-makes-use-of-As observational data, we used Cr, A7, temperature, salinity, phosphate, and silicate data collected
between 1981 and 2019 during dedicated research cruises, at two time-series stations, and in the framework of the Norwegian

program "Monitoring ocean acidification in Norwegian waters". Sampling locations are shown in Fig. 1.
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Figure 1. Map of the Nordic Seas with sampling locations (magentared). Also shown are the locations of the six regions where trends have
been analyzed separately (rectangles):-, that is BSO: Barents Sea Opening; FS: Eastera-eastern Fram Strait; GS: Greenland Sea; IS: Iceland
Sea; LB: Lofoten Basin +-and NB: Norwegian Basin. The dashed line marks the borders of the area that we define as the Nordic Seas. The
asterisk markers in the Norwegian Basin and the Iceland Sea show the positions of Ocean Weather station M and the Iceland Sea time-series

station, respectively. The filled contours illustrate the bathymetry at 250 m intervals.

Data from 28 research cruises (Brewer et al., 2010; Anderson et al., 2013a, b; Anderson, 2013a, b; Bellerby and Smethie,
2013; Johannessen and Golmen, 2013; Johannessen, 2013a, b; Johannessen and Simonsen, 2013; Johannessen and Olsen,
2013; Johannessen et al., 2013c, a, b; Jones et al., 2013; Olsen et al., 2013; Olsen and Omar, 2013; Omar and Olsen, 2013;
Omar and Skogseth, 2013; Omar, 2013; Pegler et al., 2013; Skjelvan et al., 2013; Wallace and Deming, 2014; Lauvset et al.,
2016; Tanhua, 2017; Jeansson et al., 2018; Marcussen, 2018; Schauer et al., 2018) in the Nordic Seas were extracted from
the GLODAPv2.2019 data product, which provides bias-corrected, ertise-basedcruise-based, interior ocean data (Olsen et al.,
2019). The GLODAPv2 data product is considered consistent to-among cruises within 0.005 for salinity, 2% for silicate , 2%
for phosphate, and 4 pmol kg—? for both Cr and 4-tmetke=1forAr (Olsen et al., 2019).



175 The-time-series-Time-series data are from the-Nerwegian-Sea-(Ocean Weather Station M )-and-in the Norwegian Sea, and
from the Iceland Sea. The data from the Ocean Weather Station M, located at 66 °N and 2 °E, have been described in Skjelvan
et al. (2008). At this station, sampling at 12 depth levels between surface and seabed (2100 m) was carried out each month
between 2002 and 2009, and 4-6 times each year between 2010 and 2019. HereFor these data, the uncertainty related to the
sample-data-measurements is 0.001 for salinity, 0.7 umol kg=! for silicate, 0.06 umol kg~ for phosphate, and 2 ymol kg=*

180 for C7 and 2pmelke—'forAr. The time-series station in the Iceland Sea, covering the period of 1985-2019, is situated at 68
°N and 12.67 °W. It is visited approximately 4 times a year and samples are taken at 10-20 depth levels between surface and
seabed (1900 m). The uncertainty related to the sampled-data-measurements at this station is 0.005 for salinity, 2% for silicate,
2% for phosphate, and 4 umol kg ! for both C7 and 4-tmetke—1For-Ar. These data have been described in Olafsson et al.
(2009).

185 The data from the program "Monitoring ocean acidification in Norwegian waters" eovers-the-pertod20H-2049204H-2012

progra ana—a pasea—on—wa otd atto ato peat-were

D

190 the period 2011-2019 (Chierici et al., 2012, 2013, 2014, 2015, 2016, 2017; Jones et al., 2018, 2019, 2020). The uncertainties
related to the sampled data is 0.005 for salinity, 0.1 for silicate, 0.06 for phosphate, 2 umol kg ! for both Cr and 2-prmetke=1
for-Ar.

Data for-the Eastern-from the eastern Fram Strait were collected on cruises with RV Helmer Hansen within the CarbonBridge
project, and on cruises with RV Lance (Chierici et al., 2019b) organized by the Norwegian Polar Institute.

195 For-Analytical methods for Cr and A, in all datasets described above (for GLODAP after the mid 1990s), follow Dickson et al. (2007) a

the accuracy and precision is controlled by Certified Reference Materials (CRM), and by participation in international intercomparison

studies (e.g. Bockmon and Dickson, 2015).

For estimates of atmospheric CO, datachange, we used the annual mean atmospheric CO, mole fraction (xCO2) from

the Mauna Loa updated records, downloaded from www.esrl.noaa.gov/gmd/ccgg/trends/. Although the absolute values of
200 atmospheric XCO» varies with latitude, the growth rates are the same across the globe.

3.1.1 Modeldata

3.2 Gridded climatological data

Climatological distributions of pH and §2.4, were calculated from Cr, Az, temperature, salinity, phosphate and silicate in the
205 estimate of anthropogenic carbon from the mapped climatology of present (i.e., 2002) Cr (Lauvset et al., 2016). We assumed
that the changes in the temperature, salinity and Az of the Nordic Seas are of minor importance for changes in pH between
pre-industrial times and present-day. The GLODAPV2 estimate of anthropogenic carbon have been calculated using the transit
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time distribution (TTD) approach. We note that we use the GLODAPY2 estimate of pre-industrial pH only for comparison with

the ESM data, specifically in Fig. 4 (5.2 ).

3.3 Earth System Model data

For the estimates of past and future ocean acidification and saturation states under various climate scenarios, we tised-ottptt-of
primarily used output from the fully coupled Norwegian Earth System Model
interactive atmospheric COp (NorESM1-ME, Bentsen et al., 2013; Tjiputra et al., 2013, 2016). NorESM1-ME includes the dy-
namical isopycnic vertical coordinate ocean model MICOM (Bleck and Smith, 1990) and the Hamburg Oceanic Carbon
Cycle model (HAMOCCS, Maier-Reimer et al., 2005), adapted to the isopycnic ocean model framework. The-HAMOCCS
medel-simulates lower trophic ecosystem processes up to the zooplankton level, including primary production, remineraliza-

tion and predation, and full water column inorganic carbon chemistry. While-the-simulations—of NorESMI-ME-are-used-to

feedbacks(Boothet-al;-2013)—Specifieally,we-utilise-For our assessment, we utilised emission-driven historical experiments
simulations for the period from 1850 to 2005 and emission-driven—futureseenariosfuture scenarios simulations for the pe-
riod from 2006 to 2100, with focus on Representative-ConeentrationPathways-RCP’s 2.6, 4.5 and 8.5 (RCP2.6, RCP4.5,
and RCPS8.5; Meinshausen et al., 2011; van Vuuren et al., 2011a). RCP2.6 represents a mitigation scenario, RCP4.5 a sta-
bilization scenario and REP-8:5-RCP8.5 a high-emission scenario. While-NorESMI-ME-outputs—are—availableforfuture
seenarios-with-towto-high-emissions (REP2For the emission-driven runs used here, the corresponding scenarios are named
esmRCP2.6, REP4esmRCP4.5 and REPSesmRCP8.5)--the-. Because the emission-driven simulations prognostically simulate

the atmospheric CO5 concentration, there is normally a deviation between the atmospheric CO5 concentrations in the esmRCP’s

and those prescribed in the RCP’s (e.g. Friedlingstein et al., 2014). The deviation between the simulated atmospheric CO

concentration by NorESMI-ME and the prescribed one, and its effect on pH, is shown in Table S1 in the supplementary
material. Prior to experiments, NorESMI-ME has undergone an extended spin-up procedure (>1000 years). The changes in
pH, in all considered depth layers, is minor (more than one order of magnitude less) in the preindustrial control simulation
compared to the historical run and the future scenarios, indicating that the impact of model drift on our results is negligible .
As a means of uncertainty assessment, we use the outputs from an ensemble of emission-driven ESMs that participated in

CMIP5 data-portals-only-contains ESM-outputsfor-the future-secenario-with-high-emissions(RCP85;referred-to-as—"esmrep8S’

within-the-data-pertab—We-therefore-utilised-(Taylor et al., 2012). We chose emission-driven rather than concentration-driven
scenarios, as they include the feedback of the carbon cycle on the physical climate (Booth et al., 2013) and thus give a more
comprehensive estimate of the effect of model-related uncertainties on climate projections, and in particular on atmospheric

CO», ocean carbon uptake and ocean acidification. It is well known that the inter-model spread is larger in emission-driven

scenarios than in concentration-driven ones (Booth et al., 2013; Friedlingstein et al., 2014). While NorESM1-ME te-inferm

2
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7-outputs are available for low to high future
emission scenarios, the CMIPS data-portals only contains emission-driven ESM outputs for the high emission-seenariofuture
emission scenario (esmRCP8.5). Our ESM-ensemble econtains—consists of all ESMs that have-participated-in-participated in

the experiment ‘esmrcp85” and RCP8.5, and whose output is publicly available in one of the CMIP5 data portals and contains
all variables needed for our analysis. This results in an ensemble of 7ESMs:+6 ESMs; 1) CESM1(BGC) (The Community
Earth System Model, version 1 - Biogeochemistry, Long et al., 2013), 2) CanESM2 (second-generation Canadian earth system
model, Arora et al., 2011)) , 3) GFDL-ESM2G (Geophysical Fluid Dynamics Laboratory Earth System Model with Modular
Ocean Model, version 4 component, Dunne et al. 2013a; 2013b), 4) GFDL-ESM2M (Geophysical Fluid Dynamics Laboratory
Earth System Model with Generalized Ocean Layer Dynamics (GOLD) component, Dunne et al. 2013a; 2013b), 5) IPSL-
CMS5A-LR ( L’Institut Pierre-Simon Laplace Coupled Model, version 5A, low resolution, Dufresne et al., 2013), and 6) MPI-
ESM-LR (Max Planck Institute Earth System Model, low resolution, Giorgetta et al., 2013). Both for NorESM1-ME and #

ARI-ESM1-(Meteorological Research-Institute-Earth-System-Model vl Yukimeto-et-al; 20H)—Fer-our model ensemble, we

3.4 Cold-water coral positions

To estimate the potential impact of the Nordic Seas acidification on cold-water corals, we used habitat positions in longitude and
latitude from EMODnet Seabed Habitats (www.emodnet-seabedhabitats.eu) together with information on depth from ETOPO1
(NOAA National Geophysical Data Center, 2020).

10
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3.5 Methods
4 Methods
4.0.1 Spatial-drivers

4.1 Spatial drivers of pH and saturation states

To elueidate-the-identify drivers of observed spatial vanablhty of surface pH and 2 Ardis%ﬂb&&eﬂ—as—extfaefed—ffem—the%@efdie

a&emp{—te—be&eﬂmdefsf&nd—ﬂieeffeemf—eaehdfwef we calculated pH and €2 4, by step-by-step-introducing-the-spatially-varying
elimatologies-of the-drivers-using spatially varying GLODAPV2 climatologies of specific drivers in Table 1, while keeping all
other drivers constant (set to the spatial mean value of the Nordic Seas surface waters). First-we-caleutated-Because the relation
between Cr and Az is a proxy for the buffer capacity, we decided to look at their combined effect on pH. meaning that both

changes in Ct and A7 are included in the calculations. Their combined effect we from now on refer to as Cr+Ax. First
pH and O, - . - . ) . .

ant-were calculated
with temperature being the only spatially varying climatology (pH(T), €4, (T)) Thereafter, we repeated-the—same-exereise
with-the-used spatially varying temperature, Cr and A climatologies to get-calculate pH(T, Cr, Ar) and Q4,(T, Cr, Ar).
Fmally, we-added-the sahmty Varlablhty WW% pH(T, Cr, A7.,S) and Q4. (T, Cr, Ar, S). We-started

To estimate the constribution of each driver, the

chosen-as-the last-vartable-due-to-the-minoreffeetit-has-onfields calculated with the different spatially varying drivers were
thereafter correlated with the actual pH and Q 4, —

11
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4.2 Temporal drivers of pH change
4.2.1 Present-day observational change

Measurements of temperature, salinity, C7, and Ar —temperature;—salinity-(Figs. S1-S4)phesphate-S1-S4), phosphate, and
silicate from the data sets described in Sect. 3.1.1 were used to calculate pH (en-total-seale}-and (2 4,, atin-situtemperatare

and-pressure;-using CO2SYS for MATLAB (Lewis and Wallace, 1998; van Heuven et al., 2011). pH was calculated on total
scale at at in situ pressure and temperature. Wherever nutrient data were missing, silicate and phosphate concentrations were

-1 , respectively, which are representative values for the Nordic Seas. For the CO2SYS
calculationswe-used-, the dissociation constants of Lueker et al. (2000), the bisulfate dissociation constant of Dickson (1990)

and 1 pmol kg~!

set to 5 pmol kg
and the borate-to-salinity ratio of Uppstrém (1974) were used. This ratio has recently been shown to be suitable for the western
Nordic Seas (Olafsson et al., 2020a).

Present-day-Present-day trends (1981-2019) in pH, and €24, were determined for six different regions in the Nordic Seas:
the Norwegian Basin (NB), the Lofoten Basin (LB), the Barents Sea Opening (BSO), Eastern-eastern Fram Strait (FS), the
Greenland Sea (GS) and the Iceland Sea (IS) (Fig. 1). These regions were chosen netenly-based on the data-availability(they-are
, being centered around stations and sections where repeated measurements are taken), but also in-erder-to get a representation
of the main surface water-masses-water masses of the Nordic Seas. Fhe-In the surface, the Norwegian Basin, Lofoten Basin,
and Barents Sea Opening are all-under-the-influenee-of-influenced by relatively warm and salty northward flowing Atlantic
Water, while the Greenland and Iceland seas-are-mere-Seas are influenced by relatively cold and fresh southward flowing polar

waters.

surface is influenced by Atlantic and polar watersin-the

As the Fram Strait

we constrain the Fram Strait box are-constrained-to the east -in-order-(hereinafter referred to as eastern Fram Strait) to ensure

that thi

ait-it mostly
represents Atlantic Waters. The geographical range of each regional box is kept small so that aliasing effects of latitudinal and

longitudinal gradients are minimized.
Regional trends were computed from annual means for five different depth intervals (0-200, 200-500, 500-1000, 1000-2000,

and 2000-4000 m) using linear regression. 2

of-The relatively thick upper layer was chosen to keep all depths influenced by the seasonal cycle in one layer, that is, to
minimize the number of layers where the trends may be affected by seasonal undersampling. As the winter mixed layer reaches

approximately 200 mwva%eé—fe%%he%u#aee—laye%%me&%hf&m (e . Skjelvan et al., 2008), this depth sets the approximate
lower limit for the infltenee-impact of seasonal variationsass

The significance of the trends (at 95% confidence level), were determined from the p-value of the t-statistic --(as implemented
in MATLAB’s fitlm function). For the comparison of trends, we-determined-95% confidence intervals of the slopes were
determined by the use of the Wald method (as implemented in MATLAB’s fitlm and coefClI functions).
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The observed long-term changes in pH were decomposed into contributions from changes in temperature (T), salinity (S),
335 Cr and Ar (Figs. S1-5451-S4, and Tables S2-S5), following the preceedure-procedure of Lauvset et al. (2015). First, the effect
of each of these processes on the CO4 fugacity (fCO») is determined following Takahashi et al. (1993)and-Metzl-et-al«2040):

dfCOy  0fCOydT  8fCOydS  0fCO;dCy  9fCO,y dAr
A oS dt OCr dt OAr dt

SeeondThe long-term mean values for the sensitivities (the fCO

Changes in A7 and Cp are driven by biogeochemical processes, transport, mixing and dilution or concentration by freshwater

340 fluxes, which is in direct proportion to the dilution or concentration of salinity. The freshwater-effect can be separated b
introducing salinity-normalized C+ (sCr) and A7 (sAr) (Keeling et al., 2004; Lovenduski et al., 2007):

artial derivatives) were approximated as in Frob et al.

S S
sCr = go(CT_CO)‘i‘CO? sAr = go(AT—Ao)-FAo @)

Here we set Sy to 35 (Friis et al., 2003) and used the intercept of Eq. 6 and 7 in Nondal et al. (2009) as the non-zero
freshwater end-member (A and Cg). Substituting A7 and Cr in Eq. 6 by Egs. 7 yields:

0fCOydCr  sCr—Cy0fCO2dS | S 9fCOs dsCr

M ooy a5, oGy &S, 90r ®
8fC’Og dAT - SAT — Ao 8fCOQ ﬁ é afCOQ dSAT (9)

OAp dt So.  9Av_ dt | So 94y dt

Subsequently, the magnitude of each fCOy driver is converted to [HT] by using Henry’s law ([CO2 ] =k x fCO> ) and the
expression for d[H* 1/d[CO;, | fequation+-5-87Zeebe-and-Wol-Gladrow 200 from equation 1.5.87 (Zeebe and Wolf-Gladrow, 2001):

d[HT]  d[H"] ko xdfCO, (10)
dt  d[COs] dt

350 Finally, we-converted-itH' in equation 10 was converted to pH by acknowledging that dpH=—H a0 —1dH—

2dpH = —([H]In(10)) ~*d[H T]. Here we consider the sulphate in Eq. 4
355 to be negligible, and did therefore not include it.
To understand-control whether the observed pH changes are consistent with the changes in atmospheric CO2, we additionall

determined the pH change that can be expected in seawater where the pCO» perfectly tracks the atmospheric pCOz (pHper £)
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was-determined-for each region. This was achieved by adding the observed change in atmospheric xCO» to the local mean
pCO;, for the first year with observations, and then calculating the pH with CO2SYS with the local temperature, salinity, A,
phosphate and silicate and their respective changes as inputs. We did-not-make-any-applied no corrections for water vapour
and atmospheric pressure beeause-as the rates of change for xCO5 and pCO; are the-sameproportional. Any deviation between
observed pH change and pH,,., ¢ is a consequence of changes in seawater pCO; that are smaller/larger than in the atmosphere,

i.e., a change in the air-sea pCO; difference.

Past-and future

4.2.2 Model- and observation-based past and future changes

As described in Sect. 2, the total change in pH and saturation states does not only depend on local changes in Cr, A,
temperature, salinity, and nutrients, but also on the initial buffer capacity of the seawater. ESMs-are-For the calculation of past
and future pH changes, we use ESM data, which is usually biased, i.e., there is an offset between modelled fields and reality
and this also holds for the buffer capacity. In particular, NorESM1-ME has high A7 and low Cr relative to observations in
deep waters, leading to a-biased high pH (Fig. $5S5) and saturation states (not shown). To alleviate this bias in our analysis of
past and future pH and 2 4,., we applied the modelled rates-ofchange of temperature, salinity, Cy, A7, phosphate and silicate
to the gridded GLODAPv2 climatology. From-this-Here, the modelled change between pre-industrial, present-day and future
we could not center our present-day 10-year mean around the year 2002 to which the GLODAPV2 climatology is normalized as

the future scenarios start in 2006. After we obtained past and future states of these-properties-which-were-used-to-caleulate-the
the properties listed above, we calculated past and future pH, 24, and ¢, in CO2SYS. Similar procedures have been used by

Orr et al. (2005) and Jiang et al. (2019) for-thecalenlation-of-future pH-—The-modeledrates-of change from-present-to

pH. Additionally, we used this methodology to calculate the drivers of past-to-present and +996-2005-and-+8560-1859-(10-year
means) present-day-to-future pH changes, following the methodology described in the previous section. Here we used a value
of zero for the freshwater end members Ag and Co as NorESMI-ME does not include any riverine input of Az and Cr..

To estimate the impact of acidification on the cold-water corals of the Nordic Seas, we calculated the mean saturation state in

the western and northern parts was done to constrain the mean to the Atlantic Water where the cold-water corals are located.
The saturation horizon was defined as the deepest vertical grid cell where 2 4, > 1.
In order to facilitate a comparison with other model-based acidification studies, we have chosen to present the past and future

changes for the surface ocean (i.e., 0 m) in Sect. 5.3 and 5.5. However, in Sect. 5.2, where the observed changes of the u
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Figure 2. H' change plotted against pH change for six different increases in Cr (colored lines), for a range of initial pH. The upper and

lower ends of the colored lines represents an initial pH of 7.38, and 8.41, respectively. The bold part of the lines represents the pH range in

the Nordic Sea surface water in the GLODAPv2 climatology. The circles are plotted at the initial pH where the initial and final C over A

ratio are centered around 1.

200 m are put into perspective to past and future changes, we have calculated and presented the model mean over the upper

200 m.

43 pHor H change?

In a recent publication, Fassbender et al. (2021) recommend to analyze changes in H'_concentrations in addition to changes
in pH, when comparing pH trends across water masses with different initial pH. The underlying reason is that a change in pH
represents a relative change, and that it is possible to obtain the same pH changes across water masses with different change
in HY concentration. We estimated the sensitivity of our results to the choice between pH and H by plotting the change in
HY concentration against the change in pH, Afor a given change in Cr and-at various initial pH. The different initial pH were
obtained by varying the Cr._over A ratio, and the calculations were done with a temperature and salinity of 5°C and 35,
respectively. For a given increase in Cr below 200 umol kg ", we see that the relationship between the H* and pH change is

approximately linear in the Nordic Seas. The maximum Cr data
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s change in this study amounts to 170 ymol kg in the surface waters under the esmRCP8.5 scenario.
The choice between pH or H therefore has little impact on our results. The linear relationship breaks down, if pH decreases
as a result of an increasing Cr. over Ay ratio. The maximum pH change takes place at the buffer minimum, which is close to
where Cr=Ar, approximately at (pK1+pK?2)/2 (Frankignoulle, 1994; Fassbender et al., 2017; Middelburg et al., 2020), which

in our example is at pH 7.6. The linear relationship between the HT and pH change does therefore not hold for pH ranges

where relatively low initial pH values are included, as is the case for the examples in Fassbender et al. (2021), as well as for

lareer C changes. In these cases it is more appropriate to use H for diagnosing ocean acidification.

4.3.1 Uneertainty-analysis

4.4 Uncertainty analysis

There are several sources of uncertainties () involved in our calculations of pH and €2: measurement uncertainty (,,,¢s), map-
ping uncertainty (0,4, ) for the gridded product, and uncertainties related to dissociation constants (o k) used in the CO2SYS
calculations. To estimate the total uncertainties in our calculations of pH and Qresultingfrom-these-, we used the uneertainty
error propagation routine in the MATLAB version of CO2SYS (Orr et al., 2018). The uncertainties in the input parameters
(A7, Cr, temperature, salinity, phosphate and silicate) were set to o, for the single measurements, and /02, + J?nap for
the mapped product and-fer-the-as well as for past and future estimates. AS 0,5 Wwe-tised-the-estimated-uncertainties-and 0.5,
the product consistency from Olsen et al. (2019), and for-qp-we-tused-the-mapping-uneertainty-the mapping error (3D field)
from Lauvset et al. (2016), were used, respectively. The correlation between uncertainties in A, Cr were set to 0. Inctading

a-This is a reasonable assumption given that C7+ and Ar are measured on different instruments using different analytical

methodologies. In addition, including a positive correlation term would decrease the vneertainty,and-possibly-everestimating

he uncertainty-is preferable to-including-a poorly constrained-correlationterm-(Lauvset et al.. 2020)overall uncertainty and
we prefer a potential overestimation. For the dissociation constants we-tised-the default uncertainties in €925¥Sthe errors.m

function were used. From here on, the calculated uncertainties will be presented as 10,5, for discrete data, when o, and
Omes are included, and 0 ;¢4 for 3D data, when 0 x4, Omes and 0,4y are included.
For the observations described in Section 3.1.1, the mean, maximum and minimum uncertainties (6T pgi,1) for our

calculations of pH, Q4,, Qcq and pCO, obtained-from-the-tuneertainty-propagation-are listed in Table 2. Variations in the

uncertainties arise from variations in temperature and salinity, which impact the uncertainty of dissociation constants. As

While systematic uncertainties would tend to cancel out
when calculating trends (i.e.,comparing measurements from the same location but from different times), unless—there-are

substantial-changes-in-the local-salinityand-temperatarerandom uncertainties would not (Orr et al., 2018). Therefore, to es-

timate to what extent these uncertainties could impact our trend estimates, we further investigated whether there is any trend in
the uncertaintiestFigs—56-57), This is discussed in Sect. 5.4.
used to calculate the anthropogenic CO». He et al. (2018) published a thorough analysis of the different sources of uncertainty.
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in this method, and concluded that the overall uncertainty is 7.8-13.6%. Combining this with the mapping errors, Lauvset et al. (2020) estim

that the global ocean anthropogenic carbon inventory calculated from the mapped fields is 16729 PgC. This results in an
uncertainty of 0.02 in the pre-industrial Nordic Seas upper layer pH.

Table 2. Uncertainties (610 po;nt, mean, max and min) in pH, Qar, Qcq and pCO2 (patm), calculated from the individual observations

described in Section 3.1.1.

mean max min
pH 0.017 0.022 0.014
Qar 0.085 0.174 0.037
Qca 0.134 0.271 0.058
pCO2 14.387 53.608 5.901

In eur-observational-datathe trends of the uppermost layer (0-200 m), there is also an uncertainty in-the-annual-mean-estimates

440 related to seasonal undersampling. Most samples (about 60% in total) from the data sets described in Sect. 3.1.1 were collected
during spring and summer (April-September, Figs. S8-S+3S8 -S13). The uneven sampling frequency of different seasons
introduces uncertainty in the annual means of the uppermost ocean layer, and can bias-the-lead to biases in our trend estimates.
Unfortunately, there are not enough data to allow for deseasonalization-de-seasonalization in order to remove such potential
biases. Fo-Therefore, to get an idea of the effect of seasonal undersampling we additionnaly-additionally calculated trends by

445 using annual means containing samples from the productive season only, both for a longer period (April-September;-and-) to

include both the spring bloom and the summer production, and for a shorter period (June-August;-enly), to include only the
SUmMMmer $eason.
Beeause-alargepartof-thisstudyModelled future projections are uncertain due to incomplete understanding or parameterization

of fundamental processes, as well as different and unknown future carbon emission scenarios (Frolicher et al., 2016). Because
450 this study primarily focuses on process understanding and the driving factors behind pH change, we do not consider model

uncertainty in Sect. 55.3,5.5, and 5.2.2, where the drivers of pH ehange-changes in the model projections are analysed;-here-we

455

for model uncertainty. The model dependent uncertainty, here defined as the model spread, of the future saturation horizon 5
under-the-emission-driven-REP8under the esmRCP8.5 scenario, is-was estimated by adding the modelled change in C7 and
Ar for each model of our ESM-ensemble to the GLODAPv2 climatologies. Here-we-negleet-the-Model differences in changes

460 of temperature, salinity, phosphate and silicate are neglected because they are minor in comparison to the effect of the changes

in Cp and Ap (Seet—5-2-This is further discussed in Sect. 5.2.2). Internal climate variability is an additional source of model
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uncertainty that we do not explicitly account for in this study. However, a large part of this variability is eliminated because we
use 10 year means for the future and past estimates of pH.

5 Results

465 5 Results and discussion

470
475
480 This Section is organized as follows: we will start to
describe the present distribution of pH and 8:22-+0-02;respeetively—From1850-2 4, and its drivers (Section 3. 1) In Section
5.2, we give an overview of pH changes from pre-industrial to
485
490




Table 3. Spatial correlation (r) and explained variance (r%, in paranthesis) between pH and pH(T), pH(T,C7.A7) and pH(T,C7,A7, S), and
between 2 4, and Q 4,-(C1,A7), Qa-(Cr, A7, T) and Q4. (Cr,A7, T, S) in the Nordic Seas surface (0 m) waters. Numbers in bold indicate

Dives (. (ICrAr)_ (ICrArS

pH. 038034 0.94089)  1.00(1.00)
Qay 0.85(0.73)  1.00(1.00)  1.00(1.00)

495
500
8&-5Thereafter we describe regional changes from
re-industrial to present-day (Section 5.3), present-day changes (Section 5.4 RGP%—&Hd—RGP%é—seeﬂaﬂeHespeeﬂve}y—"Phts
505
ef—fhegleba%eeaﬂ—ﬂw{—mefeases—meg}ebahwemge—pmhan es from present-day to future (Fig—S+4)—Section 5.5) and assess
its impacts on cold-water corals (Section 5.1). In Section 5.2 we analyze the drivers of pH change in the different time periods.
510

5.1 Presentdistribution-of pH-and-Q-sataratien-states

5.1 Present-day spatial distribution of pH and {2 saturation states

Due to the contrasting properties of the-Atlantie-waterstAtlantic waters, here defined as waters with salinity > 34.5)-, (Malmberg and Désert,

polar waters (defined as the waters with salinity < 34.5 detached from the Norwegian coast) that meet and mix in the Nordic
515 Seas, there are large spatial gradients in its—surface-surface (0 m) temperature, salinity and chemical properties (Fig. $153
and S14). The Atlantic Water, located in the eastern part of the Nordic Seas, is characterized by higher temperature, salinity,
and Ap, while polar waters are colder and fresher with lower Ap. This results in a decrease in temperature, salinity, and Ap
from seuth-and-east-to-north-and-westsoutheast to northwest. Within the Atlantic water s-there is a tendency of increasing Cr

inereases-with decreasing temperature;-. This is largely as a consequence of the increased CO; solubility in colder water—Fhe

520 ,i.e., a cooling of a water mass result in an increase in Cr assoetated-with-polar-watersdue to an uptake of CO, from the
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Figure 3. Maps of present-day surface (0 m) pH (a) and Q4, (b). The solid red line in (a) mark the border between Atlantic Water

salinity>34.5) and low salinity waters (salinity<34.5). The low saline waters include Norwegian coastal waters (constrained to the Norwegian

coast) and polar waters (constrained to the north-western part of the domain). pH and 2 4,- plotted against variations induced by temperature

¢,f), temperature and Cr + A7 (d,g) and temperature, C'r + A7 and salinity (e,h) in pH and €2 4,-, calculated as described in Section 4.1 in

Atlantic Water (red) and low salinity waters (blue). Each circle represents a value from a single grid cell
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atmosphere. In polar waters, Cp is lower than that-ef Atlantie-waters-in Atlantic waters due to the lower pCO, (Fig. S14)), and

also as a result of the large freshwater export from the Arctic Ocean that dilutes not only Cr, but also A7 and salinity.
The surface pH in the Nordic Seas increases from the-Atlantic waters to the-polar waters (Fig. 3). There-is-a-significant;

Fromthe—ecorrelation-between—the-pH-and-The correlation between the pH and the pH calculated with spatially varyin,

temperature only (pH(T);—we-nete-), keeping all other drivers constant, is 0.58. This means that temperature-induced vari-
ations (through the thermodynamic effect) are able to explain 34% of the spatial variability in pH (Fig. 3 )—Therange-in

06820} is verv_elose_to-the_observed-ome % 10-8- i e
the-observed-pH-range—and Table 3). Adding Crand—+Ar to-the-pieture-and salinity contributions explains an additional 55%

mperature; Cr-and A-explain-all-together 89%); and-are-therefore important contributors-to-spatial-variations+n-pHand 11%,
and the Norwegian coastal waters. In contrast to what is suggested by directly correlating these-variables(Table-22)-Thisshows

indicates that the influence of C and A7 on pH is masked out by temperature variations in Table??- S9 and Fig. S+6S15, which

can be explained by the two cancelling effects that temperature has on pH deseribed-inJiang-et-al+20+9)(Jiang et al., 2019).

For example, while the instantaneous, thermodynamic ;-effect of a drop in temperature leads to a pH increase, it also gives

rise-to-a-deerease-results in a drop in pCO,thatleads-to-a-, which subsequently leads to an anomalous CO uptake from the

atmosphere. which subsequently-increases the Co/Apratio-and-decreases the pH.-In-the Nordie Seas. the spatial pH-variations

initial thermodynamic affect.
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The saturation state €2 4, show an opposite pattern to pH, with low saturation states in polar waters, and high saturation states

r—From Fig. 3,d, it becomes

clear that the temperature effect on the solubility of €2 4,- (24,-(T)) only ean-explain 11% of the observed € 4,- range, although

it is able to explain 98% of the variability. When adding Cr+ Ar contributions, the observed range in {24, is reproduced,
and 100% of the variability is explained. Cz+Ar strongly influences Q 4., because with decreasing Cr. to Az ratio, the CO3~
concentration decreases as well. The Cr to Ay ratio itself strongly correlates with temperature as the CO, solubility increases
with decreasing temperature and vice versa (S9). The strong correlation with-temperatare-between {2 4, and temperature (Table

S9) is therefore largely a result of the temperature effect on CTkiAwawM&\(Sect. 2 and

Orr (2011); Jiang et al. (2019)). When-adding B B TN IS et

the-variability-is-explained—Salinity-Thermodynamic salinity induced variations only have a minor contribution to the spatial
variations in €2 4, —As-(less than 1%), and, as for pH, the effect of salinity is more prominent in the low salinity-regions.

5.2 Overview of modelled and observed pH changes from pre-industrial to the end of the 21st centur

Here we give an overview of upper layer, taken to be the upper 200 m for both model and observations, pH changes in the Nordic
Seas from 1850 to 2100 (Fig. 4). Note that in this section we use the actual modelled pH data, and not the modelled change
applied to observational data, and use this as an opportunity to evaluate the model’s performance. The pre-industrial average
Nordic Seas surface pH estimated in GLODAPYV2, using an atmospheric CO2 of 280 ppm, and NorESM1-ME, using year 1850
with an atmospheric CO; of 284 ppm, are in good agreement, with mean values of 8.2110.02 and 8.22:£0.02, respectively.
From 1850 to 1980, the emission-driven NorESMI1-ME simulates an average pH decline of 0.06 in the Nordic Seas, while
the concentration-driven run simulates a drop of 0.05 (Fig S3). The difference is caused by the slightly too strong increase
of atmospheric COy from 1850-1980 in the emission-driven run, and is on the same order of magnitude as the estimated pH
uncertainty in the observational data (Table 2) and in the GLODAPV2 pre-industrial pH estimate in the Nordic Seas (Sect. 4.4).
For the period between 1981 and 2019, the modelled pH largely encompasses the observed one (within the spatial standard
deviations), showing that the pH of the Nordic Seas surface water is reasonably well simulated. The pH trend estimated from
the observations for this period, -2.64+0.31 10~3

modelled pH trend, -2.2120.04 1072 yr™". Because the pH calculated from observational data is based on discrete samples
with a limited spatial and temporal coverage, its representativeness for the entire Nordic Seas is questionable, and we do not
expect an exact agreement with the model. For example, the stronger trend obtained from the observational data might be a
result of the samples in the beginning of the period being biased to regions with higher pH.

r~L, is not significantly different (at the 95% confidence level) from the
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Figure 4. Spatiakeorrelation-pH evolution, averaged over the Nordic Seas surface waters (+0-200 m)and-explained-varianee (%, in-paranthesis)
between pH-and-pHirom 1850 to 2100, separated into past (F1850-1980), pHpresent-day (F.€1-A71981-2019) and pHfuture (¥2020-2100).
Black dots with error bars show the observed annual mean pH, € with standard deviations (due to spatial/seasonal variations), A determined
from all available observations in the Nordic Seas as shown in Fig. 1. The solid black line shows the trend calculated from these observations.

data. The dashed lines show the evolution of global surface ocean pH from the same simulations. The black asterisk (Er-Ar++-51850)
-with error bars show an estimate of the Nerdie-Seassurface-waterspre-industrial mean pH with spatial standard deviation, derived from

the GLODAPv2 mapped product as described in Sect. Numbers-3.2. The numbers in beld-indieate-black and blue show the calculated and

significant eerrelationlinear trend with standard errors from the observations and the model, respectively, for the period of 1981-2019.

The future evolution of upper layer pH in the Nordic Seas depends strongly on the CO5 emission scenario (Fig. 4).

In the esmRCP2.6 scenario, where the CO, emissions are kept within what is needed to limit global warming to 2 °C
(van Vuuren et al., 2011b), pH drops by 0.04 from 2020 to 2099, and reaches a value of 8.03:£0.01. Note that in this scenario
there is a peak and decline, related to the overshoot profile of the atmospheric CO, concentration, with a minimum pH value
in mid-century. For the esmRCP4.5 scenario, which corresponds roughly to the currently pledged CO, emission reductions
under the Paris agreement, the surface pH is simulated to drop by about 0.15, reaching an average value of 7.9330.01 by
the end of the 215t century. Under the high-CO, esmRCP8.5 scenario, NorESMI-ME simulates the pH to decrease by 0.40
between 2020 and 2099 to an average value of 7.67:£0.02. This equals a pH decline of approximately to -5.00 1072 yr”!.
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The model related uncertainty in the esmRCP8.5 scenario, measured as the inter-model spread of the pH in 2099, displays

a pH range of 7.59-7.79, Fig. S5). The model uncertainty in the emission-driven ensemble is, as expected, larger than in the

3

concentration-driven ensemble where the pH spans arange of 7.71-7.75 in 2099. The intermodel-spread in the emission-driven
runs is reduced if only considering the pH change (Table S6). This shows that a large part of the uncertainty is removed if only
considering the pH change as we do in the following sections in this study.

The simulated Nordic Seas average upper layer pH is 0.11 higher than the global average in 1850, which is related to the
undersaturation of CO, in the surface waters of the Nordic Seas (Jiang et al., 2019). Our global average pH is about 0.1 lower
than that estimated by, e.g., Jiang et al. (2019) for the surface ocean due to our consideration of a 200 m thick upper layer. The
difference between the simulated upper layer pH of the global ocean and the Nordic Seas is decreasing with time. By the end
of the 2 st century, the Nordic Seas upper layer pH is 0.03, 0.07 and 0.08 higher than the global average for the esmRCP8.5,
esmRCP4.5 and esmRCP2.6 scenarios, respectively. This is partially a result of the colder waters of the Nordic Seas, which
gives them a lower buffer capacity. Additionally, in esmRCP8.5, there is an increase in the pCO; undersaturation of the global
ocean that increases the global average pH (Fig. S16). Other factors driving this decreasing pH difference between the global
ocean and the Nordic Seas can be differential heating. A quantitative assessment of the drivers is beyond the scope of this

aper.

5.3 €hanges-Modelled pH and €2 4, changes from pre-industrial to presentpresent-day

the modelled changes are referring to the 0 m surface, unlike the 0-200 m depth range that we use for the upper layer in Sect.
5.2 and 5.4.

From pre-industrial to present, the spatial pattern of changes in surface pH and 4, are similar (Fig. 5). The strongest
decreases, reaching -0.12 and -0.55, respectively, are found in Atlantic waters-Water along the Norwegian coast both for pH

and € 4,-. The smallest change is found in polar waters -

see more in depth discussion in Sect. 5.2.2). The corresponding maps for H (Fi

. S17 ) show a similar spatial distribution

as for pH. Due to the longer ventilation time scales of deeper waters, the pH decrease weakens with depth. As shown in the
section across 70°N (Fig. 6), waters below 2500 m are nearly unaffected. While the entire water column remains saturated with
respect to calcite, the saturation horizon (2=1) of aragonite shoaled from a mean depth of 2200 m (uncertainty range: 2100-
2400 m) during pre-industrial, to a present-day mean depth of 2000 m (uncertainty range: 1700-2300 )-min-present-timesm),
across this specific section. Note that these depths were obtained from the contour interpolation when creating Fig. 6, which

has a finer vertical resolution than the GLODAPv2 climatology.
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Figure 5. Maps of surface water (0 m) pH and €4, for pre-industrial (P.I., 1850-1859), present-times-present-day (1996-2005), and the

change in between the two periods. The maps were calculated from the GLODAPv2 gridded climatologies (Lauvset et al., 2016) applying

the simulated changes by NorESM1-ME, as explained in Sect. 4.2. The dotted btack-red line in (a) show the location of the erossection

cross-section presented in Fig. 6-

5.4 Present-day-Observed present-day changes (1981-2619)in pH and (2 4,.

Table 4. pH trends + standard error (1072 yr—') calculated from the data presented in Fig. 7. Bold numbers indicate that the trends are

significantly different from zero.

Depth (m) NB LB BSO FS GS IS

0-200 -3.04+0.32  -24-240+023  -1.67+0.77 -2.53+0.74 -2.19+0.37 -3.1-3.10+0.30
200-500  -2.22+0.32  -1.89+0.31  -1.05+0.82 -1.494+0.42 -1.61+£0.22  -2.51+0.27
500-1000  -1.17+0.27  -2.27+0.46 -1.09+0.52  -1.524+0.18  -1.84+0.29
10002000  -0.65+0.22  -6:8-0.80-+0.40 -0.55+0.81 -1.36+0.15  -1.340.21
2000-4000  0.46+0.55  -0.22+0.51 -0.03+0.69  -0.3140.23
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Figure 6. Zonal cross sections (at 70 °N) of pre-industrial (1850-1859) and present pH (1996-2005), and the change between the two periods.

The solid black line shows the saturation horizon of aragonite (£24,-=1). The dashed lines shows the associated uncertainties(ﬂgw).

Table 5. Q 4, trends + standard error (102 yr~!) calculated from the data presented in Fig. 8. Bold numbers indicate that the trends are

significantly different from zero.

Depthm)  NB LB, BSO FS. Gs. IS,

Regional trends in observed seawater pH between 1981 and 2019 for the-five different depth intervals are presented in Fig.

7 and Table 4. The corresponding trends in H* are shown in Fig. S17-and-Fable-S7¥n-surface-waters-S18 and Table S10. In

the upper layer (0-200 m), significant trends of 2-3 10~3 yr—! are found in all basins except for the Barents Sea Opening. The
uncertainties (standard errors) of these trends are approximately-between +6:3-0.2 and 0.8 1072 yr~!. Due to the difference

635 in sampled years, we cannot robustly compare the magnitude of trends between the basins. Fhe-Skjelvan et al. (2014) also

found significant trends in upper 200 m pH of the Norwegian and Lofoten basins and of the Greenland Sea for the period

of 1981-2013. Our estimated trend in the Norwegian Basin of -3.04 £ 0.32 1073 yr~! is weaker than the-their -4.1 1073
yr~! trendestimatedfor-the-period1981-2013-by-Skjelvan-et-ak(26+4), which can be a result of different sampling period

and slightly different definition of regions. However, our trend estimate-estimates in the Greenland Sea and Lofoten Basin of
640 -2.19£0.37 1073 yr—! and -2.40 £ 0.23 10~ yr~!, respectively, agrees well with theirthe trend of -2.3 1072 yr~! that they

calculated for both regions. The non-significant trend we find in the Barents Sea Opening is also in agreement with the results
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Figure 7. Annual mean pH (red dots) with standard deviation (error bars) in the different basins, at five different depth fevelsintervals,

calculated as described in Sect. 4.2. The solid black line show the trend estimate from the linear regression.

of Skjelvan et al. (2014). In contrast to their results, we obtained a significant trend in the eastern Fram Strait, which may be a
result of the larger time span of our dataset. As expected from the generally longer ventilation time scales of deep waters, the

trends in pH deelines—with-depth(butsee-Seet—5-5)decline with depth. Significant trends are detected down to 2000 m in the

NerwegianBasin,and-in-the-Greenland-and-leeland-seasGreenland Sea, in agreement with Skjelvan et al. (2014), but also in
the Iceland Sea and in the Norwegian Basin. In the Lofoten Basin and Eastera-eastern Fram Strait, hewever;-the decrease in pH

is significant down to the 1000 m and 500 m layers, respectively. in-the-shaltowBarents-Sea-Opening-there-is-As for the upper
layer, no significant trend betow-the-surface-tayer-is found in the 200-500 m layer in the shallow Barents Sea Opening.

Trends of aragonite saturation states are shown in Fig. 8 and Table 5. As for pH, the rates-rate of change is strongest in
surface-watersthe upper layer. For 4, the rates-of decline-are-decline is in the order of 1072 yr~! and significant in all
regions except for the Greenland Sea. The weak decline in the Greenland Sea surface layer is a result of a smaller increase in

Cr in combination with relatively strong increases in Ar and temperature, which counteracts the effect of Cy on the saturation

27



655

660

NB LB BSO FS GS IS

25] @7 [ (k) [m) (") (w)
N I S e %% :
= =2 X 53
1.5 T EEpetE §
1 3
2,51 (b) (9) (1 (n) (s) (x)
2 £
157 JTTTT | e S
. = T — T —
1 g
1990 2010
2.5} (c) (h) (0) (t) (y)
1 2
2.5 (d) (i) (p) (u) (2) c
2 8
o
1.5 3
1"—\1‘%" s "—,*Ii e =r—.-sia-_§§
1990 2010
2.5} (e) () (q) (v)
£
2 8
o
1.5 g
o
1 /I”?g — 3 = 8
1990 2010 1990 2010 1990 2010 1990 2010

Figure 8. Annual mean 2 4, (red dots) with standard deviation (error bars) in the different basins, at five different depth intervals, calculated
as described in Sect. 4.2.The solid black line show the trend estimate from the linear regression.

states (while the temperature amplifies pH declines, see Sect. 5:22). The reduction in {2 4, is significant down to 2000 m in the
Norwegian Basin and the Greenland and Iceland seasSeas. In the other regions, no significant decline has occurred below the
surface layer. In the depth layers considered, aragonite undersaturation occurs in the 2000-4000 m layer. The waters in the depth
range 1000-2000 m are close to the limit of undersaturation. The smallest values in this layer are 1.05, 1.07, 0.99, 1.02, and
1.01, for the Norwegian Basin, Lofoten Basin, Barents-Sea-Opening;Eastern-eastern Fram Strait, Greenland Sea and Iceland
Sea, respectively. Considering the associated uncertainties of 0.06 (Table 2), this is indistinguishable from undersaturation in
all regions except for the Lofoten Basin. i
MMMNM&&
in several regions and at several depth layers.
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During this-peried-of-time-the period 1981-2019, we detect trends in the uncertainties of pH and 2 4, (Figs. S6-and-S7HS6

and S7 ), reaching -0.04 102 yr—! and 0.53 102 yr—!, respectively. These are, however, about two orders of magnitude
smaller than the trends in pH and €2 4, and they do therefore not significantly impact our-estimated-trendsinterpretation of our

results.

In this section we go into regional details of future pH and () 4, undertow-and-high-emission-seenarios; REP2changes under
the esmRCP2.6 and REP8the esmRCP8.5 respectively;assimulated-by-NorESMI-MEscenarios. The results are presented for

the surface (0 m), and not for the upper layer 0-200 m as in Sect. 5.2 and 5.4.
In REP2esmRCP2.6, an-additional-a pH decline of 0.06-0.11 in the surface waters is simulated between present-present-day

(1996-2005 ) and future (2090- 2099) (Fig. 9¢c). The largest pH decreases are found in polar waters, leading to a weakening of the
i resent-day zonal pH gradient. Surface
Qa4 is projected to decrease by about 0.2-0.5 under esmRCP2.6, with the largest drops taking place in polar waters.

Surface waters are-expeeted-te-remain supersaturated with respect to both calcite and aragoniteunder RCP2:6—-An-interesting
feature-in-this-seenarior-is-that, Interestingly, the strongest ocean acidification occurs at depths of 1000-2000 m in this scenario

(Fig. 10c), which leads to a shoaling of the aragonite saturation horizon to a depth of 1100 m (uncertainty range: 800-1200 m).
This is discussed in more detail in Sect. 5:25.2.2.

Under-the-REP8Under the esmRCP8.5 scenario, the-pH-in-surface-waters-surface pH drops by about 0.4-0.5 frempresent;
to-a-value-of 7:6-7-9-in2100-between present-day and future (Fig. 11), with the largest decreases takingplaee-in polar waters.
The-surface-Surface {24, drop-drops by around 1.1-1.3. In contrast to REP2esmRCP2.6, the largest decline of €2 4,. take place

in the Atlantic Water. The reason behind this is discussed in Sect. 5.2.2. The strong ocean acidification in this scenario leads to

a reversal of the pH depth-dependeney-so-that-depth-dependency so that pH increases from surface to depth by the end of the
eentury-pH-inereasesfrom-the-surface-to-deep-ocean-21st century (Fig. 10c);reflecting-that the-input-of-anthropogenic-carbon
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Figure 9. Maps of surface water (0 m) pH and €24, for the present-present-day (1996-2005) and the REP2esmRCP2.6 future (2090-2099),
as well as the changes between the periods. The maps-are-drawn-from-data-input of the maps is based on GLODAPv2 gridded climatologies
combined with rates-of-the change from the NorESM1-ME. The dotted btackred line in (a) show the location of the crossection presented in
Fig. 10.

. Here, the anthropogenic carbon input at the surface overrides the effect of pressure and organic matter remineralization on
the vertical pH gradient. The change in €2 4,. is large enough to bring the entire water column, and consequently also the entire
seafloor, to aragonite undersaturation. The only exception is a thin surface layer (above 30 +10 m) in the Atlantic Water region.
.S19 and Fi

For all emission scenarios the spatial distribution of HT . S20) are similar to that of

pH.

700 and its change (shown in Fi

6 Discussion

5.1 Implications for cold-water corals

Cold-water corals build their structures out of aragonite, which is the more soluble form of calcium carbonate. These corals can
705 to some degree, compensate for aragonite undersaturation in seawater by increasing their internal pH by 0.3-0.6 (McCulloch et al., 2012; Al
For some time, they can therefore continue to calcify in waters with ) 4,.<1. However, the calcification rates and breakin
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Figure 10. Zonal cross sections (at 70 °N) of the-present (1996-2005) and future (2090-2099) pH under the emission-driven REP2esmRCP2.6
and REP8esmRCP8.5 scenarios, along with the change between the periods. The solid and dotted black lines show the saturation horizon of
aragonite (24-=1) with uncertainty (620 y;¢14). The solid and dotted blue line show the corresponding for calcite (Q2cqa=1).

strength of the structures of the most abundant coral organism, Lophelia pertusa, is reduced under such conditions (Hennige et al., 2015).

Furthermore, dead coral structures, which compose the major part of the reefs, cannot resist corrosive waters and experience

increased dissolution rates at ) 4,.<1. Cold-water coral reefs, along with their ecosystems, are consequently likely to collapse

710 if the water they live in becomes undersaturated with respect to aragonite, It has been estimated that about 70% of the deep
sea corals globally will be below the aragonite saturation horizon by the end-of-the-century under high-emission-scenarios
(Guinotte et al., 2006; Zheng and Cao, 2014).

Most of the reef sites that have been identified in the Nordic Seas (321 out of the 324 within the region defined in Fig. 1)
are at depths of 0-500 m (Fig. 12, see also Buhl-Mortensen et al. (2015)). The aragonite saturation horizon estimated from the

715 GLODAPY2 climatology for present climate is at 2000 m, with uncertainty range 1750-2500 m. Note that the uncertainty range
of the depth of the saturation horizon is not equally distributed around the mean because the uncertainty analysis is done for the
saturation state, from which the depth distribution is calculated. From the discrete measurements we also see that the waters
in the depth range 1000-2000 m are close to being undersaturated with respect to aragonite (Sect. 5.4). For the time being, the
saturation horizon is thus well below the majority of the cold-water corals in the Nordic Seas.

720 In the esmRCP2.6 scenario, NorESMI-ME projects that the aragonite saturation horizon will shoal to 900 m (uncertainty:

rojected to shoal to 600 m depth (uncertainty:

800-1100 m), while in the esmRCP4.5 scenario the saturation horizon is

400-700 m) by the end of this century. This implies that the deepest observed reefs will be exposed to corrosive waters
and thus experience elevated costs of calcification and dissolution of dead structures. The majority (315 out of 324) of the
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Figure 11. Maps of surface water (0 m) pH and €2 4,. for the present (1996-2005) and the esmRCP8.5 future (2090-2099), as well as the

changes between the periods. The data-input of the maps is based on GLODAPvV2 gridded climatologies combined with the change from the
NorESM1-ME. The dotted red line in (a) show the location of the crossection presented in Fig. 10.

coral sites in the Nordic Seas are, however, found at shallower depths than the projected saturation horizon with uncertainty,
although the margins are small. Also Garcia-Ibafiez et al. (2021) suggested that cold-water corals in the subpolar North Atlantic
will be exposed to corrosive waters if the 2-degree goal (which is the aim of RCP2.6) is not met. In the esmRCP8.5 scenario,
NorESMI-ME projects the whole water column below 20 m (uncertainty: 10-20 m) to be undersaturated with respect to
aragonite at the end of this century, such that all cold-water coral reefs in the Nordic Seas will be exposed to corrosive waters.
For esmRCP8.5 the NorESMI-ME results are consistent with our CMIPS model ensemble that suggests the future saturation
horizon lies in the range of 0 and 100 m. Comparison with the CMIPS ensemble is not possible for esmRCP2.6 and esmRCP4.5.
because few of the models have performed emission-driven runs under these scenarios. However, NorESMI-ME simulates one
of the stronger pH-declines in all depth layers considered in Fig. S5 (Table S6), and has also been shown to be on the upper end
of absorption of anthropogenic carbon in the Arctic Ocean (Terhaar et al., 2020a), suggesting that our estimates of the future
saturation horizon lies in the shallower end of possible future states.
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Figure 12. Number of observed reef sites per 50 m depth interval together with the aragonite saturation horizons (solid lines) in the Nordic
Seas for past (1850-1879), present-day (1980-2005) and future (2070-2099) under the esmRCP2.6, esmRCP4.5 and esmRCP8.5 scenarios
calculated from the GLODAPV2 climatology and NorESM1-ME simulations. The dashed lines show the uncertainty (g:e10). The red shading
shows the projection uncertainty as estimated from our ESM ensemble for esmRCP8.5. (a) and maps showing aragonite saturation state of
bottom waters (calculated from the GLODAPY2 climatology and NorESMI1-ME simulations) together with positions of observed reefs (b-f).

5.2 Drivers of Ocean Acidification

5.2.1 Present-day drivers

To understand what has caused the observed pH changes presented in Sect. 55.4, we decompose the trends into their different

drivers using Bg—2-and-subsequent-transformation-of #fCOzto-pH-as described in Sect. 4.2 (Fig. 13). In the surface-upper layer
(i.e.the-upper-200-, 0-200 m) the pH decrease in the period 1981-2019 is in agreement (within 95% confidence) with the pH

change expected from the increase in atmospheric CO2, except for in the Norwegian Basin and the Iceland Sea where the trends
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Figure 13. Contribution of observed changes in temperature, salinity, Cr, A to the observed trend in pH (OBS) over the 1981-2019 period.

The contribution of C7, A7 was divided into a freshwater (fw) component and a biogeochemical (bg) component. Bars showing trends

that are significantly different from zero are outlined with a black line. ’Sum’ indicates the total trend in pH calculated as the sum of the
trends associated with these four-six driving factors. The dashed line and black asterisks indicate the pH trends expected from the change in

atmospheric CO2 during the same period for the whole area and for the separate basins, respectively.
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Figure 14. Contribution of modelled changes in surface Cr, A, temperature, and salinity, to the change in pH between 1850-1859 and

1996-2005 (P.I.), and 1996-2005 and 2090-2099 (esmRCP2.6 and esmRCPS.5).

’Res.” shows the residual between the total change in pH

calculated as the sum of the trends associated with these four driving factors, and the actual change shown in Figs. 5,9,11.
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Figure 15. Contribution of the biogeochemical and freshwater components of Cr and of A1 (Arbgc and Arfw) to the change in pH between
1850-1859 and 1996-2005 (P.I.), and 1996-2005 and 2090-2099 (esmRCP2.6 and esmRCP8.5). Res. shows the residual between the total

change in C1 and A, calculated as the sum of the freshwater and biogeochemical components, and the actual change shown in Fig. 15
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Figure 16. Contribution of modelled changes in surface temperature, salinity, C, Az to the change in pH between 1850-1859 and 1996-2005
P.L), and 1996-2005 and 2090-2099 (esmRCP2.6 and esmRCP8.5) at the depth section at 70°N, Res. shows the residual between the total

change in pH, calculated as the sum of the trends associated with these four driving factors, and the actual change shown in Figs. 6,10.
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are rstronger. This is related to a faster increase in the seawater pCO2 compared with that of the atmosphere (Fig. S18S21),
meaning that the pCO- undersaturation of the Norwegian Basin and the Iceland Sea is diminishing—Fhe-significance-of-these

give-differentresults—The-has decreased. We note that this diminishing undersaturation is sensitive to seasons. In the Norwegian
basin there is no significant decrease if using data from only April to September and June to August, respectively. In the Iceland
Sea the decreasing undersaturation is absent for April-September, but it becomes stronger than the annual mean if using data

only from June-August. The sensitivity to the choice of seasons indicates that the strong positive trend in the air-sea pCO, that
we-see-difference as seen in our dataset can therefore-be a result of seasonal undersampling, and that this should be verified

with a larger dataset. Notwithstanding, diminishing pCO2 undersaturation have-has been observed in earlier studies of the
North Atlantic (Lefevre et al., 2004; Olsen et al., 2006; Olafsson et al., 2009; Metzl et al., 2010; Skjelvan et al., 2014), and
could be a result of a change in any of the mechanisms underlying the pCO, undersataration-undersaturation in surface waters
of the Nordic Seas (see Sect. 1), including cooling of northward flowing Atlantic waters, primary production and the outflow of

pCO, undersaturated waters from the Arctic Ocean.

in-proeduetivity—One other possible mechanism was suggested in Olsen et al. (2006) and Anderson and Olsen (2002), where

they associated the fast increase in seawater pCO» with a large advective supply of anthropogenic carbon from the south and

corresponding changes in the buffer capacity (see also Terhaar et al. (2020b)).

The main driver of the present-day (1981-2019) pH decrease in the surface-upper layer is increasing C7, which is-partly-effset
by-Aprimarily is caused by biogeochemical processes (Crinereases{see-also-Fig—S4bgc), including increasing anthropogenic
WM@MMMM&%) The effeemf—mefeaﬁﬂg
AW&W&M%AT i

e (Flg %&wefdlmefeaseﬁS@ As seen in Fig,

the freshwater components of Cr and A in-are of equal size but opposite sign
and there is therefore no net effect of freshwater fluxes on the pH change (see Sarmiento and Gruber (2006) for a theoretical

explanation). Also the thermodynamic effect of increasing salinity on pH is negligible. This increasing salinity of the Nordic

Seas in

The in g
as-the-contribution of the biogeochemical component of A driver;butin-eppesite-direetion-is generally negligible, except in

the Barents Sea Opening where it explains the lack of a significant pH decline (Fig. S19)>—The-7). In our dataset, the effect
of changes in temperature on pH in the surface-upper layer is relatively small. In contrast to several studies pointing towards

a warming of the Nordic Seas (e.g. Holliday et al., 2008; Blindheim and @sterhus, 2013; Lauvset et al., 2018; Ruiz-Barradas
et al., 2018), the Barents Sea Opening, the Eastera-eastern Fram Strait and the Iceland Sea here-shew-a-tendency;-although
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show no significant change in temperature. This might be an artefact of unequal distribution of sampling over the seasons. When
calculating trends with all available temperature data, not only the-ones-thataccompanied-those accompanying the Cr and Ar

data, we obtain a clear warming signal (not shown). In-an-attempt-to-estimate-the-effect-of seasenal-undersampling-on-ou

In deeper layers, there is an overall increase in C, A7 (except in the Iceland Sea), salinity, and temperature. Although the
effect of increasing Crbgc is reduced away from the surface as a consequence of the gradual isolation of deeper waters from the
atmosphere, it remains the main driver of pH change down to 2000 m;-with-a-few-exeeptions, The significant trends of Crbgc
at the 1000-2000 m depth level in the Greenland Sea could be a consequence of the deep winter mixing that has been shown
to reach down to 1500 m in this region (Brakstad et al., 2019). In the 200-500-m layer i the-other regions of the Nordic Seas the
However. intermediate water masses of the Greenland Sea has been shown to spread horizontally in the Nordic Seas, which
could also_explain the significant trends in the Norwegian and Lofoten Basin and the-Barents—Sea-Opening;-thereis—an

mperatureteading to-a-pH-decline-that is-almost-asJarge-as-that-from-the-Cr—inerease—tn-in the Icealand Sea
Blindheim, 1990; Blindheim and Re
of Ar is negligible in deep waters, except for in the Barents Sea Opening, where the increase of Arbgc in the 200-500 m layer

2004; Messias et al., 2008; Jeansson et al., 2017). The effect of the biogeochemical component

is as large as in the surface layer, and in the 1000-2000 m layer in the Norwegian Basin, where there is an increase in Apthat

o A d—A h = d-hH a
d a a d a y

almestbgc that nearly cancels the effect of increasing Cr
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bgc. The exceptionally strong trends in Arin-the-surface-bgc in the upper and the 200-500 m layer in the Barents Sea
Opening are intriguing. Considering that the strong A7bgc trend also exists in the 200-500 m layer, it is likely not a result

815 of seasonal undersampling. Further-the-salinity-decompeositioninFig—S19-in-the-Supplemen ary-material suggest tha

820

the Barents-Sea-Opening-Olsenet-al(2003)-One biogeochemical process that could have a potential impact the Barents Sea
Arbgc trend is the recurrent blooms of calcifying coccolithophorids (Giraudeau et al., 2016), which consumes A7 during
growth, and releases A7 when their shells are decomposed. There is—an-indication—are indications of an increase in their
presence in the Barents Sea (Giraudeau et al., 2016; Oziel et al., 2020). In which direction this would impact the Ar de-

825 pends on horizontal advection, remineralization and burial, and deserves separate dedicated process studies. The freshwater

components of Gz and A are mainly detectable in the upper 500 m. As for the surface, the thermodynamic effect of salinity.
changes on pH are neglibible in the deep water. The warming seen in deep waters, that has a negative contribution on the
pH trend, is an additional indication of that the absence of a temperature trend in the upper layer is a result of seasonal
undersampling. In deep waters, the warming signal do not only come from local vertical mixing, There is also an indication of
830  decreased deep-water formation in the Greenland Sea, which has caused an increased exchange with warmer Arctic deep waters
.g. @sterhus and Gammelsrgd, 1999; Blindheim and Rey, 2004; Karstensen et al., 2005; Somavilla et al., 2013). Below 2000

m, there are barely any detectable changes in the various pH drivers. The water masses at these depths are increasingl
2013). With ages exceeding 200 years

dominated by old Arctic deep waters (e.g. Somavilla et al., Jutterstrom and Jeansson, 2008; Stoven ¢

have been isolated from the increasing anthropogenic CO,, which explains the weak trends at these depths.
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5.2.2  Past and future drivers

For past and future changes, the drivers of surface pH change show similar spatial patterns over all time periods, except for

temperature (Fig. 14). As-for-the-present-day-changes;the-main-driverof pH-change- The main driver is an increase in C7, which
is larger in Atlantic Water than in polar waters. The-largerinerease-in-This is explained by the dilution of Cr in the-Atlantie

polar waters by the increased freshwater
export from the Arctic Ocean %M@%mﬁmk@mgegree counteracts the
effect of atmospheric CO, uptake. The-inereasingfreshwaterexport-also-resultsin-a-dilutionof- AA similar freshwater effect
has recently been observed also in the Arctic Ocean (Woosley and Millero, 2020). The biogeochemical component of the Cr
WMWWW@ polar waters that
hefor the changes from present to future in
both the esmRCP2.6 and esmRCP8.5 scenarios, in agreement with is what is expected from their lower buffer capacity (Sect.
2). The effect of A7 ditution-is-en-is most prominent in polar waters, where a reduced Ar concentration contribute to a pH
decrease that is of the same order of magnitude as the-effeet-of-that driven by Crdilution;the-effectof the reductionin-salinity
is-minor. From the freshwater decomposition in Fig. 15, we see that the Az changes are mainly driven by freshwater fluxes, and
that contributions from the biogeochemical component are negligible. Az dilution has also been shown to be important in the
future in the Arctic ocean in several CMIP6-models (Terhaar et al., 2021). However, as discussed earlier, the net effect of these
freshwater fluxes on pH are minor, as the dilution of A7 and Cy. is similar, but have opposite effects on pH (compare Fig, 15d-f

with 15j-k). The increasing freshwater export also results in a dilution of salinity in polar waters that has a positive contribution

to the pH trend. The Atlantic Waters show a tendency towards increasing Ar-and-salinity that partly reduecesfamplify-amplifies
the decrease in pH. The-temperature-Temperature has an overall negative effect on the pH trend as a result of an overall
warming. From past-te-presentpresent-to-future-REP2pre-industrial to present-day, and present-day to future esmRCP2.6,
the temperature increase is almost ren-existing-non-existent in polar waters, indicating that it has been shielded from warming
through the presence of sea ice. In some smaller regions there is even a sign of a cooling, which could be a result of an increased
presence of polar waters due to the increasing freshwater export.

The combined effect of these drivers explain the zonal gradients in the pH decrease that we-saw-are described in Sect. 5.3
and 5.5. From past to present;—present-day the largest pH decrease take-takes place in the Atlantic Water due to a stronger
uptake-increase of anthropogenic carbon and a stronger warming in these waters. From present-day to future the acidification
becomes larger in polar waters compared to Atlantic Water due to the stronger increase of anthropogenic carbon in these waters.
The increasing freshwater export from the Arctic -and-the-dilution-of-Athat is seen in all time periods is of importance when
regarding Cr - . . . . . p . .
\Vafe&&em@meﬁ-fuﬁe—&m«fre%kmﬁe&e*peﬁmkdﬁtﬂe&eﬂand Ar plays-a-biggerrole;and-the-acidification-becomes
targerin-polar-waters compared-to-/tlantie-Waterconcentrations separately, but their combined effect on pH is negligible. For
the changes from past-present-and-present-to-future-REP2past to present-day and present-day to future esmRCP2.6 +-the zonal
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gradient in 2 4, dreps-trend follows that of pH, showing the importance of the eompetingeffectof-A—dilution-in-polar-waters;
and-€Cr uptake in-Atlantie- Water, respeetivelytn-REP8driver. It is reinforced by the spatially variations in the warming, i.e.,
the stronger warming in the Atlantic Water compared polar waters results in a relatively stronger drop in €24, in polar waters.
In the esmRCP8.5 ;-there-isfuture, £ 4., in contrast to pH, exhibit a larger drop in the easterpartAtlantic Water. This can be

explained by the hfgeﬁrelatlvel small changes in temperature —wh&eheffeef&ﬁ;r&ﬂ—meeppesﬁeﬁfee&efr

ﬂﬂdefea%ufeﬁe&ef—%mfaeeﬁeeaﬂﬁ%m this region compared to the rest of the Nordic Seas, but-further-anabyses-of-these;

which affect {2 4,. in the opposite direction compared

10 pH.
Below the surface layer, C is also the main driver of past and future pH changes (Fig. 16). The change from pre-industrial

to present-present-day indicates a gradually weaker impact of C7 with depth, except for a tongue at about 1000 m depth that
connects to the surface in the Iceland sea. This is most likely related to the deep water formation in this region that spreads at
depth. The end-of-the-century Cr increase under-the-REP2for the esmRCP2.6 scenario is larger in the deep than in the surface
layer, resulting in the stronger pH reduction at mid-depths as seen in Fig. 10. This mid-depth layer with a strong acidification
is partly a result of the higher atmospheric CO» concentrations in the middle of the 21st century s-in combination with the rapid
ventilation of the water column in this area, i.e., when these waters were at surface they were exposed to peak atmospheric
CO,. However, the large Cr increase in deep waters is also partly explained by increased remineralization, as indicated by a
~1ml Oz 17! increase in the apparent oxygen utilization (AOU) at depths of 1800-2100 m in-beth-REP2throughout the Nordic
Seas in both esmRCP2.6 and REPZesmRCP8.5 (not shown)threughout-the Nerdie-Seas—Assuming Redfield ., Assuming a
Redfield ratio of O2:C=132:106)-, this corresponds to a change in C7 of ~30 pumol kg, which results to a pH decrease of
~0.1 at the alkalinity in question. Impacts of changes in A, salinity and temperature, are relatively modest at depth.

The residual between the sum of the four drivers and the actual pH change is small (Figs. 14 and 16) and can be attributed

to approximations involved in the decomposition, including the approximations of the partial derivatives, the assumption of a
linear trend and the use of temporal means (Takahashi et al., 1993; Lenton et al., 2012; Lauvset et al., 2015). These-assamptions

this-seenarto—Although the absolute numbers related to the drivers should be taken with care, this decomposition still gives a

good estimate of the relative importance of temperature, salinity, Cr, and A7 on pH changes.
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possiblefor-REP2increase in the oceanic pCO, lags behind the increase in the atmosphere. This means that the pH decrease is
less than that expected from the increase in atmospheric CO,. The lag continues into all the future scenarios, but from around

2040 and onward, the oceanic pCQO- increases faster than that of the atmosphere, resulting in a decreasing undersaturation.
In esmRCP2.6 and REP4esmRCP4.5 ission-driven runs under these scenari

esthis causes stronger decreases
in pH (from 1996-2005 to 2090-2099) than expected from the rise in atmospheric CO». In esmRCP8.5, however, the difference
between the end-of-the century ocean and atmospheric pCOs is still larger than the present-day, meaning that the decrease in
pHLis less than expected. As detailed above there are several mechanisms underlying undersaturation of surface ocean pCO;.
in the Nordic Seas, but further analyses of these, including their potential future changes, is beyond the scope of this paper.

6 Summary and Conclusions

We have provided a detailed analysis of spatial and temporal variations of past, present-present-day and future acidification,

and its drivers, in the Nordic Seas. We have further assessed the potential impacts of this acidification on aragonite saturation

and cold-water coral reefs. This work builds on (Skjelvan et al., 2014), who estimated pH trends, and their drivers, for various
sub-regions of the Nordic Seas from observational data sampled between 1981 and 2013, Here we have added data from the
Iceland Sea and from later years, to obtain the greatest possible temporal and spatial coverage. We have additionally made
an analysis of past and future pH changes by the use of the gridded GLODAP climatolgy and ESM:simulations, to put the
observed changes into the context of long-term climate change. In contrast to previous studies that have assessed the future pH
changes in the Nordic Seas for single scenarios (Bellerby et al., 2005; Skogen et al., 2014, 2018). we here analyse output from
one mitigation scenario, one stabilization scenario and one high-emission scenario. To our knowledge, no previous studies have
presented past pH changes in the Nordic Seas.

PH changes and its potential ecosystem impacts

From 1850 to 1980 both the model simulation of NorESM1-ME and observational data, together with the GLODAPvV2 pre-
industrial estimate, suggest that the pH of Nordic Seas surface waters has dropped by 0.06, which is similar to the pH decrease
of-in the global surface ocean. During this period, the aragonite saturation horizon has slightly shallowed, but has remained
well below the depths of known cold-water coral habitats. During the-tast-39-years-covered-by-this-study1981-2019, when
regular sampling of carbon system variables have been made in the region, the pH of the Nordic Seas surface-waters-upper
layer has decreased at a rate of -2.794+0.3 1073 yr—! on average, resulting in a pH decline of 0.1 1between+98+-and-2049-
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{Lauvvsetetal;20145). The pH reductions are significant all over the Nordic Seas surface-watersupper layer (0-200 m), except

in the Barents Sea Opening where the lack of significant change is a result of a strong increase in A7. In some regions the
acidification is detectable down to 2000 m, which we attribute to the deep water formation an-hoew-these-water-masses-spreads
at-depth;-and-the-and spreading of these water masses at depth. The waters at 1000-2000 m throughout the Nordic Seas have
approached-are now close to aragonite undersaturation. Qur results are in overall agreement with Skjelvan et al. (2014), but the

longer timeseries result in statistically significant (p<0.05) trends in even more regions and depth layers. An additional pH drop
of 0.1-0.4 in the surface waters is projected until the end of the 21st century, depending on the emission scenario. In the high-

emission scenario, REP8esmRCP8.5, all cold-water coral reefs will be exposed to corrosive waters by the end of the 21st cen-
tury, threatening not only their existence, but also that of their associated ecosystems. This is confirmed by an EMIPS-ensemble
of-7-medels;-whose-members-ensemble of 6 CMIPS models, who all agree on these consequences. The NorESM1-ME sim-
ulations suggest that some cold-water corals will be exposed to undersaturation also under the REP4esmRCP4.5 scenario,
and that this only can be avoided by keeping the emissions within the limits prescribed in the REP2esmRCP2.6 scenario. In
comparison-to-our-ESM-ensemble-Because NorESM1-ME tends to simulate a relatively strong decline of pH and shallow
saturation horizons —These-results-can-therefore-in comparison to our ESM-ensemble for esmRCP8.5, our estimated aragonite
saturation horizons for esmRCP2.6 and esmRCP4.5 should be considered as eareful-estimates-the shallow, lower bound of

P A NGNS N AN N
ossible future states. Our estimates of the future pH and €2 4,. in the Nordic Seas add more possible future states to the ones
resented for the A1B and RCP4.5 scenarios by Skogen et al. (2014, 2018).

pH drivers

The acidification during the last 39 years is, in all sub-regions, mainly driven by increasing Cr eomingfromthe-tuptake-of
anthropogenic-earbon-in response to the rising anthropogenic carbon concentrations. This is in agreement with the results for
Greenland Sea. The effects of increasing Cr is-are slightly opposed by increasing Ars-which-partly-comes-as-. The increasing
Ar is partly a result of the-inereasing-salinities;i-e-a "the-salinification" ;-of the Nordic Seas. While-in-the-deep-waters-there-is
Ar. The net effect of Gy and A on increasing pH is therefore a result of biogeochemical processes. We find a clear warming
signal in deep waters, which has contributed to the decreasing pH;-the-impact-of-temperature-in-the surface-is-ambiguous,and
evenrshows-a-cooling in-some places. In the upper 200 m, however, there is no clear temperature change. We find this apparent

cooling-to be a result of seasonal undersampling, which further complicates a comparison of the changes in sea surface pCO-
to the atmospheric one. In the Barents Sea Opening, there is an exceptionally strong increase in A7, which we cannot relate to
increasing salinity. The reasons behind this strong increase is then either a result of biogeochemical processes, or can also be a
result sampling issues. Unfortunately, we cannot pin this down with the dataset we have, and this remains as an open question
for future investigations.

Adse—for-For past and future changes, we also find increasing Cr is-to be the main driver of pH change in the Nordic

Seas;-but-here-we-ean—. This is in agreement with Skogen et al. (2014), but we distinguish some regional differences related
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to the different water-masses. In the -Atlantic--Wa

temperatures, that amplifiy the effect of increasing
alinification;as-we also-see in-our-observationa s, have the largest impact

in Atlantic Water in changes from pre-industrial to present-day and present-day to the future esmRCP2.6. The absence of a
warming signal in polar waters is a result of the shielding effect of sea-ice. In esmRCPS8.5, however, the warming is more
uniform over the Nordic Seas, which most likely is a result of the significantly reduced sea ice cover. In both past and future
scenarios, there is a clear signal of an increasing freshwater export from the Arctic which-has-animportant-impact-onthe
acidifieation-through-dilatien-ef-Ocean that dilutes Cr, A, and salinity —The-dilution-of-Cin polar waters, and there is a
anthropegenie-carbonwhichinereases-therelativeimpaet-of- deereasing-and A ren-the-pH-drop-—The-absence-of thisfreshwater

loecated-to-far-to-the East. The total effect of this change in freshwater content on pH is negligible as the effect of changing C
and A7 oppose each other, and because the thermal effect of salinity is minor in comparison to the other drivers.

Data availability. The GLODAPv2.2019 data and GLODAPv2 mapped climatologies are available for download at
https://www.glodap.info/index.php/merged-and-adjusted-data-product-v2-2019/
and https://www.glodap.info/index.php/mapped-data-product/ , respectively.

The data from Ocean Weather station M from 2001-2007 is available in GLODAPv2.2019. Data from the time period 2008-2019 will be
available in the next GLODAP version.

The data from the time-series station in the Iceland Sea can be obtained from the NCEI database (Olafsson, 2012; Olafsdéttir et al., 2020)

The data from the Norwegian ocean acidification monitoring program (2011-2012 Tilfgrselsprogrammet and 2013-2019 Havforsur-
ingsprogrammet) (Chierici et al., 2019a), and from the eastern Fram Strait (Chierici and Fransson, 2019) is available at the Norwegian
Marine Data Centre (NMDC).

The ESM simulations can be downloaded at https://esgf-node.lInl.gov/search/cmip5/

The cold-water coral positions have been derived from data that is made available under the European Marine Observation Data Net-
work (EMODnet) Seabed Habitats initiative (www.emodnet-seabedhabitats.eu), financed by the European Union under Regulation (EU) No
508/2014 of the European Parliament and of the Council of 15 May 2014 on the European Maritime and Fisheries Fund.
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