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Abstract. The CO,—carbonate system dynamics in the North
Atlantic subpolar gyre (NASPG) were evaluated between
2009 and 2019. Data were collected aboard eight summer
cruises through the Climate and Ocean: Variability, Pre-
dictability and Change (CLIVAR) 59.5° N section. The ocean
acidification (OA) patterns and the reduction in the satura-
tion state of calcite (2c,) and aragonite (£24rsg) in response
to the increasing anthropogenic CO; (Can) were assessed
within the Irminger, Iceland, and Rockall basins during a
poorly assessed decade in which the physical patterns re-
versed in comparison with previous well-known periods. The
observed cooling, freshening, and enhanced ventilation in-
creased the interannual rate of accumulation of C,y in the
interior ocean by 50 %—86 % and the OA rates by close to
10 %. The OA trends were 0.0013-0.0032 units yr~! in the
Irminger and Iceland basins and 0.0006-0.0024 units yr—! in
the Rockall Trough, causing a decline in Q2c, and Qarag Of
0.004-0.021 and 0.003-0.0013 units yr~!, respectively. The
Cant-driven rise in total inorganic carbon (Ct) was the main
driver of the OA (contributed by 53 %—68 % in upper layers
and > 82 % toward the interior ocean) and the reduction in
Qc, and Qarag (> 64 %). The transient decrease in tempera-
ture, salinity, and At collectively counteracts the Ct-driven
acidification by 45 %—-85 % in the upper layers and in the
shallow Rockall Trough and by < 10 % in the interior ocean.
The present investigation reports the acceleration of the OA
within the NASPG and expands knowledge about the future
state of the ocean.

Key points.

— During the 2010s, the subpolar North Atlantic experienced a
50 %—86 % increase in anthropogenic CO,, accelerating by
7 %—10 % the acidification.

— Anthropogenic CO, contributed to acidification by 53 %—68 %
in upper layers and > 82 % in the interior ocean.

— The acidification trends (0.0006 and 0.0032 units yr_l) de-
clined the Qc, and Qarag by 0.004-0.021 and 0.003-0.0013

1

units yr~ ', respectively.

1 Introduction

The ocean uptake of approximately one-third of the CO, re-
leased into the atmosphere (Friedlingstein et al., 2023; Gru-
ber et al., 2019) has an important role in climate regulation,
causing changes in marine carbonate chemistry. The expo-
nential increase in the global ocean CO; sink in phase with
that of anthropogenic emissions (Friedlingstein et al., 2023)
has resulted in a long-term decrease in the concentration of
carbonate ions ([CO?]) and pH. This process has been col-
lectively referred to as ocean acidification (OA; Caldeira and
Wickett, 2003, 2005; Doney et al., 2009; Orr et al., 2005;
Raven et al., 2005; Feely et al., 2009) and favours the dis-
solution of calcium carbonate (CaCQOs3). It affects not only
calcifying marine organisms and ecosystems which use the
biogenic CaCOj3 forms of calcite and aragonite (e.g. Gattuso
et al., 2015; Langdon et al., 2000; Portner et al., 2004, 2019;
Riebesell et al., 2000) but also the global biogeochemical cy-
cles (Gehlen et al., 2011; Matear and Lenton, 2014).
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The absorption of anthropogenic CO; has reduced the pH
of the global surface ocean by 0.1 units since preindustrial
times, representing an approximately 30 % increase in acid-
ity (Caldeira and Wickett, 2003). According to the IPCC’s
Representative Concentration Pathway (RCP) scenarios (Van
Vuuren et al., 2011; Moss et al., 2010), which project vari-
ous future trajectories of greenhouse gas concentrations, the
model projections estimate a potential pH decrease of 0.3—
0.4 units by the end of the century under the RCPS8.5 sce-
nario, which assumes continued high CO, emissions. In con-
trast, the most conservative RCP2.6 scenario, which includes
significant emission reductions, anticipates a pH drop of 0.2—
0.3 units (IPCC, 2013, 2021). However, as the absorption
and storing of anthropogenic carbon (Cqyy), defined as the
fraction of inorganic carbon resulting from human emissions
(Sarmiento et al., 1992), is not uniform within the ocean
(Sabine et al., 2004), OA rates may show a significant spa-
tial variability and should be studied regionally. The tempo-
ral evolution of the carbonate system variables in surface wa-
ters are monitored and assessed in several time series stations
located across different ocean regions (Bates et al., 2014).
The largest OA rates are expected to occur across high north-
ern and southern latitudes (Bellerby et al., 2005; Orr et al.,
2005), where deep convective overturning and subduction
occur, favouring the entrance of Cyy in the interior ocean
(Maier-Reimer and Hasselmann, 1987; Lazier et al., 2002;
Sarmiento et al., 1992).

The North Atlantic is one of the strongest CO; sinks and
stores over 25 % of the Cyy accumulated in the global ocean
(e.g. Gruber et al., 2019; Khatiwala et al., 2013; Pérez et al.,
2008, 2010, 2024; Sabine et al., 2004; Takahashi et al., 2009).
The Atlantic Meridional Overturning Circulation (AMOC)
plays a significant role by conveying acidified Cyp-loaded
waters polewards and exporting them to the ocean interior
across deep-water formation areas (Lazier et al., 2002; Pérez
et al., 2008, 2013; Steinfeldt et al., 2009). It contributes to
homogenizing the Cay and pH in the whole water column
in such regions and exports these properties southwards to
the global deep ocean (Pérez et al., 2018). Thus, the North
Atlantic behaves as a crucial region for understanding the
impacts of anthropogenic forcing on the global ocean.

OA has been widely studied in the North Atlantic through
the monitoring of the ocean physicochemical properties at
time series stations (summarized by Bates et al., 2014) placed
in subtropical and subpolar latitudes: the European Station
for Time-Series in the Ocean of the Canary Islands (ESTOC;
29.04° N, 15.50° W; Gonzalez-Davila et al., 2010; Gonzalez-
Davila and Santana-Casiano, 2023; Santana-Casiano et al.,
2007), the Bermuda Atlantic Time-series Study (BATS;
32.0°N, 64.0°W; Bates et al., 2012), the Irminger Sea time
series (IRM-TS; 64.3°N, 28.0° W; Olafsson et al., 2010),
and the Iceland Sea time series (IS-TS; 68.0°N, 12.66° W;
Olafsson et al., 2009, 2010). OA rates have also been
evaluated along transects through repeated hydrographic
cruises (i.e. Guallart et al., 2015; Garcia-Ibaiiez et al., 2016;
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Viazquez-Rodriguez et al., 2012b) or even covered by vol-
unteer observing ships (Frob et al., 2019). These investiga-
tions have revealed a rate of decrease in pH of ~0.001-
0.002 units yr~!. Moreover, Gonzilez-Dévila and Santana-
Casiano (2023) recently indicated that these rates have been
increasing since 1995.

The assessment of OA is of special interest across the
North Atlantic subpolar gyre (NASPG; 50-60° N), where the
atmospheric CO; sink is particularly strong and the deep-
water formation processes favour the storage of Cyy, through
the whole water column (Gruber et al., 2019; Sabine et al.,
2004; Watson et al., 2009; Pérez et al. 2008). Likewise, the
deep-water formation processes create the largest and deep-
est ocean environments supersaturated for aragonite (at more
than 2000 m depth; Feely et al., 2004; Jiang et al., 2015),
which is the main CaCO3; mineral for cold-water corals
(CWCs; Roberts et al., 2009) and some pteropods (Bathmann
etal., 1991; Urban-Rich et al., 2001). These deep biomes are
predicted to be among the first in the global ocean affected
by OA, mainly due to the shoaling of the aragonite saturation
horizon and its progressive exposition to undersaturated con-
ditions for aragonite at intermediate and deep waters (Gehlen
et al., 2014; Guinotte et al., 2006; Raven et al., 2005; Roberts
et al., 2009; Turley et al., 2007).

The physical processes along the NASPG, which are sub-
ject to significant spatiotemporal variability introduced by
the atmospheric forcing and climatology on an interannual
scale, directly influenced the biogeochemistry (Corbiere et
al., 2007; Frob et al., 2019). The changes in the North At-
lantic Current (NAC) modify the poleward heat transport
from subtropical latitudes and air—sea interactions, influenc-
ing temperature patterns (Josey et al., 2018; Mercier et al.,
2015). Recent studies noticed the surface cooling and fresh-
ening of the NASPG in the 2010s (Holliday et al., 2020;
Josey et al., 2018; Robson et al., 2016; Tesdal et al., 2018)
contrasting with the period of warming and salinification in
the 1990s extended until 2005 (Hikkinen and Rhines, 2004;
Hatdn et al., 2005; Robson et al., 2014). Anomalous heat loss
and winter deep convection were found to be of high inten-
sity since 2008, contributing to the extreme cold anomaly
along the NASPG (e.g. de Jong et al., 2012; de Jong and de
Steur, 2016; Frob et al., 2019, 2016; Gladysheyv et al., 2016a,
b; Piron et al., 2017; Vage et al., 2009). These fluctuations in
the vertical mixing and ocean circulation patterns introduce
changes in the distribution of the carbonate system variables.

The estimated OA trend over 1991-2011 for surface
waters across the North Atlantic subpolar biome was
—0.0020 £0.0001 units yr_l (Lauvset et al., 2015). Chau
et al. (2024) recently reported that the surface waters in
the Irminger and Iceland basins acidified over 1985-2021 at
rates of —0.0016 & 0.0001 and —0.0014 = 0.0001 units yr—'.
Several observation-based investigations have evaluated the
drivers, trends, and impacts of OA through the entire water
column in the Irminger and Iceland basins (e.g. Fontela et
al., 2020; Garcia-Ibafiez et al., 2016, 2021; Perez et al., 2018;
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Pérez et al., 2021; Rios et al., 2015), while few studies have
addressed it in the Rockall Trough (e.g. McGrath et al., 2013,
2012a, b; Humphreys et al., 2016) due to the lack of repeated
hydrographic sections or time series stations and the subse-
quent limitation of continuous surface-to-bottom data. The
high longitudinal variability in the NASPG caused by the
influence of different circulation patterns and water masses
(Garcia-Ibafiez et al., 2015, 2018) introduced several physic-
ochemical heterogeneities between the Irminger and Iceland
basins and the Rockall basin (Ellett et al., 1986; McGrath
et al., 2013, 2012b; Holliday et al., 2000). These differences
in the distributions of marine carbonate system (MCS) vari-
ables should be considered to improve our understanding of
OA in the entire North Atlantic.

This study evaluated the OA in the NASPG across the
Irminger, Iceland, and Rockall basins during the 2010s.
High-quality direct measurements of CO; system variables
from eight hydrographic cruises occupying 59.5° N between
2009 and 2019 were used to evaluate the drivers and trends
of pH and the potential effects of OA on calcifying organ-
isms of changes in calcite (2Ca) and aragonite (S2Ar) sat-
uration states. This study advances our understanding of the
complexities associated with OA in the NASPG and supports
ongoing efforts to model and predict future acidification sce-
narios in the North Atlantic and global ocean.

2 Methodology
2.1 Data collection

Data were collected from eight summer cruises conducted
along the transverse hydrographic section at 59.5°N be-
tween 2009 and 2019 (Daniault et al., 2016; Gladyshev et
al., 2016b, 2017, 2018; Sarafanov et al., 2018). This section
is part of the World Climate Research Programme (WCRP)
within the framework of the Climate and Ocean: Variabil-
ity, Predictability and Change (CLIVAR) project and cov-
ers the length of the subpolar North Atlantic between Scot-
land and Greenland (4.5-43.0°W), crossing the Irminger
and Iceland basins and the Rockall Trough (Fig. 1). Gen-
erally, the sampling stations were equidistantly spaced ev-
ery 20 nmi (~ 1/3° longitude), and this was repeated in all
the cruises except for the cruise of 2016, when the station
spacing was decreased to 10 nmi over the Reykjanes Ridge
western and eastern slopes. The distance between stations
over the eastern Greenland slope and shelf always decreased
from 10 nmi to about 2 nmi. The surface-to-bottom sampling
and in situ measurements were performed by using an SBE
911plus CTD with an SBE32 Carousel containing 24 Niskin
bottles (10L) with additional sensors for pressure (P), dual
temperature (7'), salinity (S), and dissolved oxygen (DO).
The eight cruises included in the new dataset are the re-
sult of an international collaboration between researchers
from the P. P. Shirshov Institute of Oceanology at the Rus-
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sian Academy of Science and the Marine Chemistry research
group from the Oceanography and Global Change Institute
(QUIMA-IOCAG) at the University of Las Palmas de Gran
Canaria (ULPGC). A detailed overview of the cruises is
given in Table 1.

2.1.1 CO; system variable measurements

The analysis of the MCS variables followed the same an-
alytical methodology and provided high-quality CO, mea-
surements on all the hydrographic cruises. This includes the
sampling and data collection techniques and the quality con-
trol and calculation procedures published in the updated ver-
sion of the DOE method manual for CO» analysis in seawater
given by Dickson et al. (2007). The seawater samples were
analysed on board for total alkalinity (AT) and total inorganic
carbon (Ct) determination by using a VINDTA 3C and fol-
lowing Mintrop et al. (2000). The At was analysed by po-
tentiometric titration with HCI to the carbonic acid endpoint
and determined through the development of the full titration
curve (Millero et al., 1993; Dickson and Goyet, 1994). The
Ct was determined through coulometric titration (Johnson et
al., 1993). The VINDTA 3C was calibrated through the titra-
tion of certified reference materials (CRMs; provided by An-
drew Dickson at the Scripps Institution of Oceanography),
giving values with an accuracy of + 1.5 umolkg™! for At
and # 1.0 umol kg~! for Cr.

Spectrophotometric pH measurements (Clayton and
Byrne, 1993) in total scale at a constant temperature of 15 °C
(pHr,15) were performed for the cruises between 2009 and
2016. A spectrophotometric pH sensor (SP101-SM) devel-
oped by the QUIMA-IOCAG group at the ULPGC in collab-
oration with SensorLab (Gonzalez-Davila et al., 2014, 2016)
was used. The method uses four wavelength analyses for
pH indicator dyes (m-cresol purple), includes auto-cleaning
steps, and performs a blank for pH calculation immediately
after the dye injection. The spectrophotometric sensor was
in situ tested by using a Tris seawater buffer (Ramette et
al., 1977) and provided pHr ;5 values with an accuracy of
4 0.002 units. To account for the systematic uncertainty re-
ported by DelValls and Dickson (1998) related to the pK*
values of m-cresol purple, and in line with their recommen-
dations, a correction of +0.0047 units was applied to the
measured pHr,15. This adjustment ensures that the calculated
pH values are consistent with the more accurate pK* deter-
minations.

2.1.2 Dissolved oxygen (DO) measurements

The Winkler method introduced by Winkler (1888) and opti-
mized by Carpenter (1965) and Carrit and Carpenter (1966)
was used to analytically determine the dissolved oxygen
(DO) of the seawater samples in all the cruises from 2009—
2016. The seawater samples for DO determination were
collected from the bottle samples in pre-calibrated wide-
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Figure 1. (a) Map of the North Atlantic subpolar gyre (NASPG) with the schematic diagram of the surface and deep circulation patterns com-
piled from Lherminier et al. (2010), Pérez et al. (2021), Sarafanov et al. (2012), Schmitz and McCartney (1993), Schott and Brandt (2007),
and Sutherland and Pickart (2008). The acronyms are defined as follows: the bathymetric features are shown in grey (RR: Reykjanes Ridge;
HB: Hatton Bank; GBB: George Bligh Bank; CGFZ: Charlie-Gibbs Fracture Zone; GIR: Greenland—Iceland Ridge; and GSR: Greenland—
Scotland Ridge), the surface currents are shown in orange (NAC: North Atlantic Current; IC: Irminger Current), and the deep-water cir-
culation is shown in blue and purple (ISOW: Iceland—Scotland Overflow Water; DSOW: Denmark Strait Overflow Water; LSW: Labrador
Sea Water; and DWBC: Deep Western Boundary Current). The longitudinal distribution of the surface-to-bottom sampling stations along
the cruise track of 2016 (repeated throughout the cruises) is shown with red dots. The black lines along the cruise track delimit the three
basins. (b) Vertical distribution of the water masses considered in this study for each of the basins. The isopycnals, plotted over the salinity
distribution for the cruise of 2016, show the limits of the layers and were defined by potential density (in kg m~3) referred to 0 dbar (00)-
The vertical grey lines show the limits between basins. The water masses (ENACW: eastern North Atlantic Central Water; SPMW: Subpolar
Mode Water; uLSW: upper Labrador Sea Water; LSW: Labrador Sea Water; ISOW: Iceland—Scotland Overflow Water; DSOW: Denmark
Strait Overflow Water) and the selection of potential density values delimiting the layers are described in Sect. 2.2.4. Figure produced with
Ocean Data View (Schlitzer, Reiner, Ocean Data View, https://odv.awi.de, last access: 9 December 2024, 2021).
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Table 1. Metadata list of hydrographic cruises.

Year Cruise ID Date Research Vessel (R/V) Chief Scientist Number of MCS measured
stations  variables

2009 AI28 15 Aug-27 Sept  Akademik Ioffe A. Sokov 67 Ar, CT,and pH
2010 AI31 2-27 Sep Akademik loffe A. Sokov 84 A, CT,and pH
2011 SV33 9-28 Sep Akademik Sergey Vavilov A. Sokov 98 AT, Ct, and pH
2012 AI38 25 May-1 Jul Akademik Ioffe S. Gladyshev 66 Ar, CT, and pH
2013  Al41 26 Jun-23 Jul Akademik loffe S. Gladyshev 75 At, CT, and pH
2014 Al44 27 Jun-20 Jul Akademik Ioffe S. Gladyshev 76  Art, CT, and pH
2016  AIS1 3 Jun—13 Jul Akademik Ioffe S. Gladyshev 104  Ar, Ct, and pH
2019 AMK77 8 Aug-10 Sep Akademik Mstislav Keldysh ~ S. Gladyshev 47  Atand Ct

neck glass bottles, avoiding bubble formation. The temper-
ature of the water was recorded during the sampling. All
the reagents and solutions used for dissolved oxygen deter-
mination were prepared following the procedures described
by Dickson (1995), and their possible impurities were con-
trolled by determining a blank every 2 d.

As DO could not be analytically measured during the
cruise of 2019 (due to limitations related to the oceano-
graphic cruise plan), it was computed for this year by com-
paring the performance of the DO sensor during the cruise
of 2019 versus (1) DO data estimated by a neural network
for the cruises of 2016 and 2019 and (2) Winkler-measured
DO data during the cruise of 2016. The neural network ES-
PER_NN (Empirical Seawater Property Estimation Routine)
introduced by Carter et al. (2021) was used for DO esti-
mations. The computational procedure is detailed in Ap-
pendix A.

2.2 Data processing

2.2.1 Evaluation of the internal consistency of the data
using CANYON-B

The measured and determined data were compared with es-
timations given by the Bayesian neural network “CANYON-
B” (Bittig et al., 2018), a re-developed and more robust
neural network based on CANYON (CArbonate system and
Nutrients concentration from hYdrological properties and
Oxygen using a Neural-network; Sauzede et al., 2017).
CANYON-B estimates the four MCS variables (AT, Ct, pH,
and pCO;) and macronutrient concentrations (PO?[, NO; ,
and Si(OH)4, hereinafter PO4, NO3, and Si(OH)4) as a func-
tion of a simple set of input variables which include P, T,
S, DO, latitude, longitude, and date. This neural network is
trained on and validated against bottle data from GLODAPv2
and recent GO-SHIP profiles and compared with sensor data
from Argo floats. The standard errors of estimation reported
for CANYON-B by Bittig et al. (2018) are 6.3 umol kg~! for
At, 7.1 umol kg~! for Cr, 0.013 units for pH, 20 patm for
pCO,, 0.051 umolkg~! for POy, 0.68 umolkg~! for NO3,
and 2.3 umolkg~! for Si(OH)4. The crossover analysis be-
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tween measured and estimated data did not show system-
atic differences but showed individual outliers. The measured
data that were higher/lower than the CANYON-B estimate
by plus/minus twice the predicted variable uncertainty of the
neural network were regarded as outliers and removed from
the dataset.

The total number of measured data was 8974 for A, 7495
for Ct, 8706 for pHr 15, 9656 for DO, 9114 for POy, and
9192 for Si(OH)4. The difference between the measured and
CANYON-B-estimated variables (referred to hereinafter as
canyon-estimated variables) was performed for each sample
in which CANYON-B could be applied (samples with avail-
ability of 7', S, and DO measurements). The number of data,
mean values, and standard deviation of the measured vari-
ables for each cruise are summarized in Table S1. The av-
erage differences with the 95 % confidence interval for each
cruise are shown in Table S2. The average differences for the
entire period (2009—2019) were lower than 2.1 umol kg~! for
At, 2umolkg~! for Ct, 0.0002 for pH, 0.02 umolkg~! for
POy, and 0.25 umolkg~! for Si(OH)4. The minimal differ-
ence between the measured and the canyon-estimated pH in-
stils confidence in the correction applied to the measured pH
following DelValls and Dickson (1998).

2.2.2 Computational methods

The computational procedures to calculate MCS variables
applied in this investigation used the CO gys programme
developed by Lewis and Wallace (1998) and were run with
the MATLAB software (van Heuven et al., 2011; Orr et al.,
2018; Sharp et al., 2023). The set of constants used for com-
putations includes the carbonic acid dissociation constants
of Lueker et al. (2000), the HSO, dissociation constant of
Dickson (1990), the HF dissociation constant of Pérez and
Fraga (1987), and the value of [B]T determined by Lee et
al. (2010). The pH in total scale at in situ temperature (pHr)
was computed from the measured At and pHr 15 (the com-
puted Ct was given as an output). The pHrt for the cruise of
2019, in which direct pH measurements were not performed,
was computed from the measured At and Cr.

Biogeosciences, 21, 5561-5589, 2024
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The saturation states of calcite (2c,) and aragonite
(S2Arag), determined from the product of the ion concentra-

tions of calcium ([Ca2+]) and carbonate ([Cog_]) divided by
the stoichiometry solubility products (Kp) for calcite (Kc,)
and aragonite (Karag) given by Mucci (1983), were gener-
ated as outputs of the COy sys computational routine. The
decrease in Q¢ and 4, reports the adverse impacts of OA
on marine calcification processes (e.g. Gattuso et al., 2015;
Langdon et al., 2000; Portner et al., 2004, 2019; Riebesell et
al., 2000).

An internal consistency test was conducted on the three
measured MCS variables. The measured variables were com-
pared with canyon-estimated and CO» gys-computed vari-
ables. The average differences and standard deviations were
summarized in Table S2 and ensure the consistency of the
observations. In addition, due to gaps in data, an intercom-
parison between measured and computed Ct and pHr s
was performed. It considers the availability of measurements
for each latitude, longitude, and time and the differences
between the measured and computed pH with the canyon-
estimated pHt. The use of measured or computed Ct fol-
lowed these conditions: (1) if there was measured Ct but
not measured pH, measured Ct was used; (2) if there was
measured pH but not measured Ct, computed Ct was used;
(3) and if there was measured Ct and pH, measured Ct was
used when the differences between measured and canyon
pHt were lower than the differences between computed and
canyon-estimated pHr, while computed Ct was used when
the opposite happened. In total, 6375 measured and 2872
computed Ct data were used in this study (69 % and 31 %,
respectively). The average differences on each cruise be-
tween the combined (measured and computed, also referred
to as “Cr (new)””) and canyon-estimated Cr variable are pro-
vided in Table S2. The amount and percentage of measured
and computed Ct data per cruise are given in Table S3. As
the measured Ct was on average 1.9 umolkg~! higher than
the canyon-estimated and the computed Ct was on average
1.7 umol kg~! lower, the new compilation based on these
previous conditions allowed us to reduce the difference to

1.5 umol kg~

2.2.3 Anthropogenic CO; (Cjant) calculation

The anthropogenic CO; (Cyp) was estimated by using the
biogeochemical back-calculation ¢ Ct° method, which has
an overall estimated uncertainty of 4= 5.2 umol kg ~! (Pérez et
al., 2008; Vazquez-Rodriguez et al., 2009). The method con-
siders the change in Ct between the preindustrial era (1750)
and the time of the observations, along with the processes
involved in the uptake and distribution of Cjy; (biogeochem-
istry, mixing processes, and air—sea fluxes). The C,n¢ was cal-
culated (Eq. 1) as the difference between the Cr at the time of
observation, the Ct that the seawater would have in equilib-
rium with a preindustrial atmosphere (preformed Cr, C%re),
the offsets of such equilibrium values (air—sea CO, disequi-
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librium, AC%iS), and the changes in Ct due to the organic
and carbonate pumps (AC%‘O). The Ct and ATt at the time of
observations and the preformed At (A%) are needed as input
parameters, and the computational procedure was described
by Vézquez-Rodriguez et al. (2012a).

Cant = C1 — C}° — ACYS — ACP® (1)

The ¢ C1° method is an improved process-based Cap estima-
tion method tested and widely applied in the Atlantic Ocean
(Véazquez-Rodriguez et al., 2009), which presents distinctive
characteristics relative to existing C,y approaches, such as
the classical AC* (GSS’ 96; Gruber et al., 1996) and the
TrOCA (Touratier et al., 2007). The main advantages of the
¢Ct° method were described by Pérez et al. (2008).

2.2.4 Hydrographic characterization

The characterization of the basins and water masses was done
by considering the 2009-2019 mean combined 59.5° N sec-
tion constructed with potential vorticity, dissolved oxygen
and salinity together with the large-scale circulation in the
North Atlantic (e.g. Lherminier et al., 2010; Pérez et al.,
2021; Sarafanov et al., 2012; Schmitz and McCartney, 1993;
Schott and Brandt, 2007; Sutherland and Pickart, 2008). A
schematic diagram with the main surface and deep currents
in the NASPG is depicted in Fig. 1a. The basin division con-
sidered the NAC pathways and revealed a west-to-east dis-
tribution comprising the Irminger and Iceland basins and the
Rockall Trough. The Iceland basin was delimited along its
eastern boundary by the central NAC branches around the
northern part of the Hatton Bank and George Bligh Bank
and along its western boundary by the return current over the
eastern flank of the Reykjanes Ridge slope. This suggests that
the Iceland basin could be longitudinally separated into two
subregions: the western Iceland basin (24.0-29.5° W) and the
eastern Iceland basin (14.0-24.0° W).

The upper layers were mainly occupied by Subpolar Mode
Water (SPMW) and North Atlantic Central Water (NACW).
SPMW is formed in the Iceland basin (McCartney and Tal-
ley, 1982; Brambilla and Talley, 2008; Tsuchiya et al., 1992;
van Aken and Becker, 1996), flows eastward to the Rockall
Trough, and recirculates across the Reykjanes Ridge (Bram-
billa and Talley, 2008). In the Irminger basin, SPMW flows
with the Irminger Current to the north over the western Reyk-
janes Ridge flank and to the south over the eastern Green-
land slope (Fig. 1a). Thus, SPMW signal was detected in the
western and eastern Irminger basin up to 400-700 m depth
and limited to subsurface depths in the central part of the
basin. NACW was placed above SPMW east of the Irminger
basin and separated into two branches: eastern North At-
lantic Central Water (ENACW), formed by winter convec-
tion in the inter-gyre region and moved poleward from the
Bay of Biscay through the Rockall Trough (Harvey, 1982;
Pollard et al., 1996), and western North Atlantic Central Wa-
ter (WNACW), flowing northward with the NAC along the
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western Iceland basin. The intermediate layers were mainly
occupied by Labrador Sea Water (LSW), formed in the
Labrador Sea and transported eastward (e.g. Pickart et al.,
2003; Frob et al., 2016). The LSW path diverges into two
cores when it reaches the Reykjanes Ridge (Alvarez et al.,
2004; Pickart et al., 2003): a fraction of LSW rapidly moved
to the Irminger basin and incorporated into the Deep West-
ern Boundary Current (DWBC) (Bersch et al., 2007), and
a second LSW core was transported eastward into the Ice-
land and Rockall basins. In the Irminger and western Ice-
land basin, LSW placed above Iceland—Scotland Overflow
Water (ISOW), which originated from the overflow of Nor-
wegian Sea waters over the Iceland—Scotland ridges and
flowed southward and below 1500 m depth through the west-
ern NASPG (van Aken and de Boer, 1995; Dickson et al.,
2002; Fogelqvist et al., 2003). The bottom of the western
Irminger basin was occupied by Denmark Strait Overflow
Water (DSOW), recently formed from deep waters from the
Nordic seas flowing southward over the Greenland—Iceland
ridge and sinking through the eastern Greenland slope (Read,
2000; Stramma et al., 2004; Yashayaev and Dickson, 2008).
LSW core transported eastwards rises in depth through the
western Hatton Bank flank and occupies the bottom depths
in the eastern Iceland basin and in the Rockall Trough. A
low-ventilated thermocline layer is placed between SPMW
and LSW in the eastern NASPG (Garcia-Ibéiiez et al., 2016),
which represents the product of mixing with waters coming
from the south (i.e. Mediterrancan Waters; MW).

To enhance the comprehension of the spatial distribution
and trends of the biogeochemical variables and to facili-
tate comparisons with previous studies along the NASPG,
the hydrographic characterization was simplified based on
the following principles: (1) the Iceland basin was not di-
vided into its western and eastern parts, and its longitudi-
nal span was delimited by the Reykjanes Ridge (29.5° W)
and the Hatton Bank (17° W); (2) upper Labrador Sea Wa-
ter (uLSW) was separated from deeper LSW (e.g. Stramma
et al., 2004); (3) the weak and spatially limited influence of
the return current and WNACW was removed by consider-
ing the upper and intermediate layers of both the Irminger
basin and the Iceland basin fully occupied by SPMW above
uL.SW; and (4) only the eastern branch of NACW (ENACW),
placed above SPMW, was contemplated for the upper Rock-
all Trough.

The whole water column was separated into layers de-
limited by potential density isopycnals at a reference pres-
sure of 0 dbar following Azetsu-Scott et al. (2003), Kieke et
al. (2007), Pérez et al. (2008), and Yashayaev et al. (2008).
The vertically distributed water masses separated into den-
sity layers are represented for the entire section in Fig. 1b.
The vertical characterization in density layers allows us to
consistently compare the low-variable physical and chem-
ical properties within each water mass, enabling us to as-
sume linearity in the ocean CO, system. The determina-
tion of the isopycnal limits between layers in the Irminger

https://doi.org/10.5194/bg-21-5561-2024

5567

and Iceland basins followed previous biogeochemical stud-
ies in the western boundary of the North Atlantic (Fontela
et al., 2020; Garcia-Ibafiez et al., 2016; Pérez et al., 2008,
2010; Vazquez-Rodriguez et al., 2012a). The surface-to-
bottom distribution of the main water masses in these basins
(with their respective op lower limits shown in brack-
ets) was SPMW (27.68kgm™3), uLSW (27.76kgm™3),
LSW (27.81kgm™3), and ISOW (27.88kgm™>). The low-
temperature and low-salinity DSOW was considered at the
bottom of the westernmost part of the Irminger basin. The
hydrography of the Rockall Trough has been characterized
in previous studies in the northeastern Atlantic (e.g. Ellett et
al., 1986; Harvey, 1982; McGrath et al., 2012a, b; Holliday et
al., 2000), with the main water masses surface-to-bottom dis-
tributed as ENACW (27.35kgm™3), SPMW (27.68 kg m~3),
and LSW (bottom).

2.2.5 Data adjustment for trend computation

The interannual trends were analysed through the whole wa-
ter column across the Irminger, Iceland, and Rockall basins
by yearly averaging the variables for each layer, following
previous studies in the NASPG (e.g. Fontela et al., 2020;
Garciia-IbainPez et al., 2016). Linear regressions were ap-
plied to the mean values, in which the value of the slope gives
the ratios of interannual changes. The errors of the means
were calculated through the relation of the standard deviation
and the square root of the number of bottle samples in each
layer and cruise (standarddeviation/+/n). The standard er-
rors of the slopes were calculated by accounting for the error
propagation of the annual mean values. The Pearson correla-
tion test was employed to assess the strength and direction of
the linear regressions and to evaluate the significance of the
interannual trends. This test provided correlation coefficients
(r?) and corresponding p-values to determine statistical sig-
nificance. The p-values <0.01 indicated that the trends were
statistically significant at the 99 % confidence level, the p-
values < 0.05 indicated that the trends were statistically sig-
nificant at the 95 % confidence level, and the p-values <0.1
indicated that the trends were statistically significant at the
90 % level. Trends with p-values > 0.1 were regarded as not
statistically significant but provided an estimation of the tem-
poral evolution of the variables in their respective layers.
These not statistically significant trends were explained by
the high variability and changes in the low-limit depth of the
layers encountered between consecutive years.

As there was a lack of in situ measurements and sampling
along the western half of the Irminger basin (36.5-42.5° W)
on the cruise of 2019 (due to permit restrictions on studying
the national waters of Denmark), the GO-SHIP A25-OVIDE
data for the cruise of 2018 (available at SEANOE, https://
www.seanoe.org/, last access: 9 December 2024; Lherminier
et al., 2022) were considered to adjust the 2019 data. The av-
erage values were calculated with both the available data in
the easternmost part of the Irminger basin during the cruise
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of 2019 and the A25-OVIDE-2018 data available in the same
part of the section (29.6-36.5° W). The difference between
these average values provides the variation in each variable
from 2018 to 2019, which can be extrapolated to the west-
ern part of the Irminger basin by assuming linearity in the
temporal evolution. Thus, the average values for 2019 were
adjusted by applying the product with the calculated change
between 2018 and 2019.

2.2.6 Deconvolution of the trends

OA trends arise due to the combined variations in T, S, Cr,
and At. The influence of each driver on OA and subsequent
impacts on marine calcification processes was analysed by
assuming linearity and employing a first-order Taylor series
deconvolution (Sarmiento and Gruber, 2006) to evaluate the
trends for pHt (Frob et al., 2019; Garcia-Ibéiiez et al., 2016;
Pérez et al., 2021; Takahashi et al., 1993; Tjiputra et al.,
2014) and Q (Garcia-Ibanez et al., 2021). The interannual
rates of change in pHt and €2 result from the sum of their
partial derivatives versus T, S, Ct, and A, calculated based
on the mean properties of each layer. The most recent equa-
tion defined by Pérez et al. (2021) was used (Eq. 2), in which
X represents pHr, Q2ca, and Qaryg. and salinity-normalized
Ct and AT (NCt and NAT, normalized to a constant salinity
of 35) were used to remove the effect of the freshwater fluxes
and evaporation/precipitation effects.

dX 9XdT N X N NCt X NAt 9X \ dS
dr ~ 9T dr as So 9Ct Sy 9AT/ dr
S 89X dNC S 39X dNA
o - @
So 0Ct dr So 0AT dt

It is important to remark that the changes in NAT and NCrt
are linked with biogeochemical processes which have differ-
ent influences: the processes involved in the organic carbon
pump contribute to strongly change the NCt weakly affect-
ing the NAT, while those involved in the carbonate pump
affect the NAT twice as much as NCt. The complexity and
heterogeneity of the processes that govern the pHt change
were considered by this equation.

3 Results

The vertical distribution of the physical and biogeochemi-
cal variables is depicted for the cruises of 2009 and 2016 in
Figs. 2, 3, S2, and S3. The subsurface layers were charac-
terized by warmer and saltier waters than intermediate and
deep layers among the three basins (Fig. 2a and b). A west-
to-east increase in temperature and salinity throughout the
water column was observed in all the cruises. The tempera-
ture and salinity signals were highest in the Rockall Trough
(4.5-11.0°C and 35.0-35.4, respectively), followed by the
Iceland basin (3.0-7.5°C and 34.9-35.2, respectively) and
the Irminger basin (1.5-6.5 °C and 34.8-35.1, respectively).
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The longitudinal differences in temperature were more re-
markable toward the upper layers through the SPMW and
uLSW.

The spatial variability in the physical properties intro-
duced heterogeneities in the distribution of the CO; system
variables. The At shows a well-correlated linear relationship
with salinity throughout the region (At =54.57 (£ 0.36)
salinity +396.7 (£ 12.7); r2=0.90 and p-value < 0.01;
standard error of estimate of 2.9 umolkg™!), with lower
and vertically homogenized average values in the Irminger
basin (2302.8-2307.3 umolkg~! in subsurface waters and
2298.8-2301.0umolkg™! in bottom waters) and Iceland
basin (2308.7-2315.0 umolkg™! in subsurface waters and
2305.2-2308.0 umol kg~! in bottom waters) compared to
the Rockall Trough (2317.9-2329.1 umol kg~! in subsurface
waters and 2308.5-2310.9 umol kg~ ! in bottom waters).

The upper layers were characterized by low Ct values
(2153.7-2160.8 umol kg~! in the Irminger basin, 2158.1—
2168.4umolkg™" in the Iceland basin, and 2120.1-
2131.0pmolkg™! in the Rockall Trough), while a rapid
increment with depth was found below 100-200m depth
(2154.7-2171.2 umol kg~ ! throughout the section). The no-
table difference in the distribution of At and Ct (Figs. 2c and
3a, respectively) compared to that of NAT and NCr (Fig. S2)
elucidated the remarkable significance of freshwater fluxes
on the carbon variable fluctuations during the period of study.
The entrance of Cyp through the atmosphere—seawater inter-
face caused higher Cyy values in the upper layers (higher
than 50 umolkg™! in the first 1000 m depth; Fig. 3b). The
natural component of the Ct (Cpat = CT — Cany; Fig. 3¢) cor-
related with Ct (r2 = 0.87), and showed a distribution char-
acterized by low surface (<2110 umolkg~") and high bot-
tom (> 2130 umol kg~!) concentrations.

The pHt (Fig. 2d) rapidly decreased with depth, showing
the effect of biological uptake in the upper layers and rem-
ineralization in deeper areas. The subsurface layer up to 100-
200 m depth exhibited pHt values higher than 8.025 units,
which fell to 7.975 units in the bottom layers. The pHr pro-
files reported an intrusion of remineralized and poorly oxy-
genated water between 500 and 1000 m depth with relatively
low pHt (< 7.975) compared to adjacent layers in the Ice-
land basin and in the western part of the Rockall Trough. This
thermocline layer was previously observed at ~ 500 m depth
by Garcia-Ibafiez et al. (2016) along a more meridional tran-
sect which crossed the Iceland basin northwest—southeast. It
introduces differences in the intermediate water masses be-
tween the Iceland and Rockall basins and the Irminger basin.

The spatial and interannual fluctuations in the ventilation
rates through changes in the water mass formation and res-
piration processes represent a source of variability in the
biogeochemical patterns. The apparent oxygen utilization
(AOU), defined as the difference between saturated oxygen
(calculated following Benson and Krause, 1984) and mea-
sured oxygen, was used to assess the ventilation of the water
masses (Fig. 2e). The high AOU values indicate low ventila-
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Figure 2. Water column distribution along the longitudinal transect of (a) temperature, (b) salinity, (¢) AT, (d) pHT, and (e) AOU for the
cruises of 2009 (left plots) and 2016 (right plots). The vertical white lines show the limits between basins. Figure produced with Ocean Data
View (Schlitzer, Reiner, Ocean Data View, https://odv.awi.de, last access: 9 December 2024, 2021).
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tion, while low AOU values indicate the opposite. The slow intermediate depths and should be considered in their tempo-
renewal of waters with high AOU favours the accumulation ral evolution.
of the product of remineralization (de la Paz et al., 2017). The temporal distribution and trends of the average physic-

Thus, the areas with higher AOU (Fig. 2e) were found to ochemical properties (Figs. 4, 5, 6, S4, S5, and S6) re-
have a high concentration of Ct and a low pHt (Figs. 3a vealed remarkable heterogeneities in their interannual evolu-
and 2d, respectively). The near-surface waters permanently tion within the period 2009-2019 among the different basins

in contact with the atmosphere exhibited the lowest AOU val- and water masses. The interannual trends are presented along
ues (< 20 umol kg~!). The Irminger Basin presents the most with their respective standard error of estimate and correla-
significant water column ventilation among the entire sec- tion factors (#2 and p-value) in Tables 2 and S4. The ob-
tion, with maximum AOU ranging from 35 to 50 umol kg ™! served decrease in temperature and salinity, which was more
at the LSW and ISOW and the remarkable intrusion of oxy- pronounced in subsurface layers, and its implication on the

genated DSOW (> 260 umolkg~! DO) over the continen- MCS variations are discussed in Sect. 4.

tal slope with AOU ranging from 30 to 40 umolkg~'. The

intermediate and deep layers of the Iceland and Rockall

basins were less ventilated, with AOU values higher than 4 Discussion

45-50 umol kg~ !. The thermocline layer placed between 500

and 1000 m depth along these two basins presented the high- 4.1 Reversal of the physical trends during 2009-2019
est maximum AOU throughout the period (> 60 umolkg™!).

The stagnation of these waters corresponds with the high C The present investigation revealed the cooling and freshening

and low pHt (Figs. 3a and 2d, respectively) encountered at of the upper ocean in the NASPG within the period 2009-
2019 (Fig. 4; Table 2), as recently reported since the reversal

of climatic trend and surface physical properties occurring
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Table 2. Interannual trends in temperature, salinity, C1, Cant, Cnat, PHT, Ca, and Arag in each of the layers and basins. The ratios of change are based on linear regressions applied to
the average values (as represented in Figs. 4-7) and are presented together with their standard error of estimate. The correlation coefficients (%) and p-values are also provided. Values

in bold denote trends statistically significant at the 95 % level of confidence.
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after 2005 (Holliday et al., 2020; Josey et al., 2018; Robson
et al., 2016; Tesdal et al., 2018). The temperature decreased
in the upper ocean (with more than 95 % level of confidence
in SPMW, while not statistically significant in ENACW) by
0.05-0.08 °C yr~! (Table 2), which is consistent with the ra-
tio of heat loss per decade among the first 700 m depth equiv-
alent to approximately —0.45 °C decade ™! (—0.045°Cyr—!)
encountered over the period 2005-2014 (Robson et al., 2016).
The interannual temperature trends in subsurface layers (Ta-
ble 2) similarly draw the cooling observed in the Irminger
basin between 2008 and 2017 (—0.05 and —0.11 °C yr~! for
summer and winter, respectively; Leseurre et al., 2020) and
the winter average surface cooling along the entire NASPG
between 2004 and 2017 (—0.08 £0.02 °C yr‘l; Frob et al.,
2019). The decrement in subsurface salinity (with more than
95 % level of confidence in both SPMW and ENACW) of
0.006-0.018 yr~! (Table 2) agreed with the interannual rates
provided by Tesdal et al. (2018) for the Irminger basin
(—0.007 £ 0.002 yr‘l) and for the central eastern NASPG
(—0.020 4 0.003 yr—!) over the period 2004-2015.

The fluctuations in physical properties were linked to a
decrease in oceanic heat transport and storage within the
NASPG, which has been attributed to changes in the AMOC
over decadal to multidecadal timescales (Balmaseda et al.,
2007; Desbruyeres et al., 2013; Mercier et al., 2015; Smeed
et al., 2018). However, the assessment of the temporal evo-
lution of the AMOC in high latitudes remains uncertain, and
there is no evidence of its impact on physical patterns across
the NASPG on an interannual scale (Jackson et al., 2022).
The changes in the atmospheric forcing also account for the
variability in the upper-ocean physical properties and can
have a cumulative effect over several years (Balmaseda et
al., 2007; Boning et al., 2006; Eden and Willebrand, 2001;
Marsh et al., 2005).

The distribution of the water mass properties, the pro-
cesses of vertical and horizontal mixing, and the circulation
patterns in the Irminger and Iceland basins were described
by Garcia-Ibafiez et al. (2016, 2018). The poleward path of
the ENACW (Pollard et al., 1996) and its mixing with wa-
ters moving from the west across the NASPG (Ellett et al.,
1986) accounted for the highest subsurface temperature and
salinity signals observed in the Iceland basin and even more
in the Rockall Trough. The SPMW and LSW in the Rockall
Trough exhibited higher temperature and salinity signals in
the order of ~ 1 °C and ~ 0.05-0.1, respectively, compared
to the Irminger and Iceland basins (Fig. 4). The NASPG cir-
culation patterns account for these differences by the east-
ward transport of these water masses, which subduct below
the ENACW in the Rockall Trough and mix with warmer
and more saline intermediate waters (i.e. Mediterranean Wa-
ter) moving from the south (e.g. Ellett et al., 1986; Harvey,
1982; Holliday et al., 2000).

The low temperature and salinity signals in the less strat-
ified Irminger basin (Fig. 2) experienced weaker interannual
decreases in subsurface layers and higher rates of cooling
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Figure 4. Temporal distribution (2009-2019) of the average temperature and salinity in each of the layers considered for the Irminger (a, d),
Iceland (b, e), and Rockall basins (¢, f). The average values were calculated for each cruise and layer and are represented with coloured points
together with their respective error bars at the time of each cruise (the method used for calculations is described in Sect. 3.2). In the Irminger
plots, the empty points represent the average values for 2019 calculated with the measured data available in the easternmost part of the basin
(sampled part during this cruise), while the coloured points for 2019 represent the average values corrected with A25-OVIDE-2018 data. The
interannual trends are given by the linear regression of the average values, with the values of the slope, the standard error of estimate, and

the r2 presented in Table 2.

and freshening in intermediate and deep waters compared
with the Iceland and Rockall basins (Fig. 4; Table 2). These
longitudinal thermohaline heterogeneities were related to the
enhancement of vertical mixing processes in areas of wa-
ter mass formation along the western NASPG (Frob et al.,
2016; Garcia-Ibafiez et al., 2015; Pickart et al., 2003; Piron
et al., 2017) and to the water mass transformation along the
NAC (Brambilla and Talley, 2008). The strongest decrement
in subsurface temperature and salinity along the Iceland and
Rockall basins (Fig. 4; Table 2) coincided with the significant
event of heat loss and freshening observed by Holliday et
al. (2020) in the eastern NASPG over the period 2012-2016,
the so-called Great Salinity Anomaly. This pattern was not
easily discernible in the Irminger basin due to the transport
of freshwater through the Fram Strait and due to the redirec-
tion of the Labrador Current combined with changing wind
stress curl (Holliday et al., 2020).

4.2 Evaluation of the interannual trends in Cy in
response to changes in Cyp¢ and Cpy¢

The changes in the physical patterns influenced the in-

terannual variability in the MCS. The increase in Ct ex-
pected in the upper ocean due to the atmospheric CO;, up-
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take was offset by the cooling and freshening (and de-
alkalinization) of the subsurface layers. The observed rates
of increase in Ct (Table 2) did not show notable differences
with respect to the interannual trends determined from previ-
ous decades in the Irminger and Iceland basins (0.62—0.82
and 0.38-0.64 pmol kg~! yr~!, respectively; Garcia-Ibéfiez
et al., 2016) and at IRM-TS and IS-TS (0.49-0.71 and 0.39-
0.94 umol kg~ ! yr~!, respectively; Pérez et al., 2021). The
interannual rates of increase in NCt were higher than those
of Ct in the subsurface layers, while the trends were similar
among the intermediate and deep layers (Table 2). A detailed
description of the interannual AT trends is provided in Ap-
pendix B.

The entrance of Cyy through the air—sea interface and its
accumulation dominated the observed increase in Ct (Fig. 5
and Table 2). The increase in ventilation over 2009-2019,
shown by the negative AOU trends (Fig. S6 and Table S4),
favoured the vertical mixing. The upper waters, due to be in
contact with the atmosphere and have high biological pro-
duction rates during the warm months, show high Cyy and
low Cpga contents. The enhanced transport of upper waters
toward the interior ocean explained the rapid growth in Cyp
at intermediate and deep layers. The Cyy; trends ranged be-
tween 0.85 and 1.77 umol kg~! yr~! (statistically significant
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at the 99 % level). They were higher than those observed on
a decadal to multidecadal scale since the late 20th century in
the Irminger and Iceland basins (0.21-0.89 umolkg~! yr~!
during 1991-2015; Garcia-Ibafez et al., 2016; and 0.38-
1.15umol kg~! yr=! during 1983-2013; Pérez et al., 2021),
which show the enhancement in the Cy,¢ accumulation on
interannual scales during periods of high ventilation, as pre-
viously reported by Pérez et al. (2008). The Cpye shows an
inverse relationship with C,p¢ at intermediate and deep lay-
ers (r>>0.5; statistically significant at the 95 % level of
confidence) and weakly decreased across the western deep-
convection NASPG (Fig. 5 and Table 2). The growth in phy-
toplankton biomass (Ostle et al., 2022), together with the
enhanced export toward the interior ocean under increasing
ventilation, accounts for the observed decrease in Cpy in up-
per waters. The Cpy showed a weaker decrease at interme-
diate and deep layers due to the dominance of remineraliza-
tion, which was not intense enough at this time of the year to
neutralize the downward transport of low-Cpae water from the
surface but partially compensated for its effect. The observed
variations in Cpy between years, which were strongly linked
with fluctuations in the biological processes, explained its
non-significant trends at several layers. The changes in the
circulation pattern of the NASGP, and thus in the horizon-
tal advection related with the climatological forcing (Bal-
maseda et al., 2007; Desbruyeres et al., 2013; Mercier et al.,
2015; Thomas et al., 2008; Xu et al., 2013), could behave as
a source of variability for both Cyy; and Crye and also implies
differences between consecutive years.

The vertical distribution of Cyy and Cpye along the tran-
sect (Fig. 3b and c) reflects the higher stratification in the
Iceland and Rockall basins compared to the well vertically
mixed Irminger basin. It represents a source of variability
in the interannual changes in Cap among the different lay-
ers and basins (Fig. 4; Table 2). In the western NASPG, the
surface heat loss and enhanced deep convection processes
favour the solubility and subsequent uptake of atmospheric
CO; and inject oxygenated and CO,-rich waters into deeper
layers (Messias et al., 2008). It likely accounts for intermedi-
ate and deep layers in the Irminger basin exhibiting the high-
est Can accumulation rates in the NASPG (Fig. 5; Table 2).
The highest ventilation of the interior ocean in the Irminger
basin was demonstrated by its minimum AOU values (Figs. 2
and S6). It induced a rapid surface-to-bottom transport of
Cant shown by its highest rates of increase in intermediate
and deep waters throughout the region (Fig. 5; Table 2). The
high Cyp values and their rapid increment at DSOW were
explained by the improved oxygenation of this layer at shal-
lower depths (interannual AOU trends given in Table S4) and
its subduction through the continental slope below ISOW.

In the eastern NASPG, the stratification weakened due to
the path of the NAC warming the upper water column east-
ward and accounted for slowing down the increase in Cyp in
the Iceland basin. An exception is the Rockall basin, in which
the relatively warm and salty ENACW (Figs. 2 and 4) showed
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the maximum Cype (58—68 umol kg’l) and minimum Cr
(2120-2131 pmolkg™!) and Cpa (20582070 umolkg™")
throughout the region (Figs. 3 and 5). The enhanced oxy-
genation of the ENACW (AOU < 20 umol kg~! and reaching
the oxygen saturation after 2014) was related, with its high
rates of renovation due to its path from the south (Pollard et
al., 1996) and its mixing with waters moving eastward (EI-
lett et al., 1986). This favoured the transport of subsurface
waters with relatively high Cype content from lower latitudes
into the Rockall Trough and introduced wide differences with
respect to adjacent deeper layers moving from the western
NASPG, which strengthened the stratification. As the NAC
transports nutrient-rich waters northward and eastward into
subsurface layers in the Rockall Trough, biological produc-
tion tends to increase, and it actively reduced the CO; ex-
cess from the ENACW (McGrath et al., 2012b), as proved
by the observed low Ct and Cp,. The ENACW presented
relatively low Cpae and Ct (Fig. 5) and high At and NAT
in 2014. These variations indicated that the increase in car-
bonate and bicarbonate concentrations raising At and NAT
was compensated for by the depletion in dissolved CO;. The
relatively high temperature and NAT in 2014 likely indicated
an improved spreading of subsurface waters from subtropi-
cal latitudes into the Rockall Trough. The enhanced biolog-
ical production in these waters, together with the reduction
in solubility due to warming which favours the CO; evasion
to the atmosphere, accounts for the decreasing Cpy and thus
Cr.

The strong interannual increase in the ENACW ventila-
tion during this decade increased the Cyn and decreased
the Cpar (Rodgers et al., 2009), keeping the Ct approxi-
mately constant (Table 2). The poorly ventilated thermo-
cline (AOU > 60 umol kg 1), placed between 500-1000 m in
the eastern NASPG, induced a Cpu-driven increase in Ct
among the SPMW and uLSW. However, its intrusion does
not present relevant variations with time and thus does not
introduce differences in the interannual trends in the biogeo-
chemical properties.

4.3 Acidification trends

The interannual pHt trends (Fig. 6, Table 2) exhibited
the acidification of the whole water column in NASPG
during the period 2009-2019. Despite the acidification
rates observed in most subsurface waters among the three
basins not being significant at the 90 % confidence level
(Table 2), they were consistent in the interval of 0.001
unitsyr~! with the rates observed during longer peri-
ods at time series stations located across the North At-
lantic: at subtropical latitudes (0.0018 & 0.0002 units yr~!
during 1995-2014 and 0.002040.0001 unitsyr—! dur-
ing 1995-2023 at ESTOC; Gonzilez-Ddvila and Santana-
Casiano, 2023; and 0.0017 £ 0.0001 units yr_1 during 1983-
2014 at BATS; Bates et al., 2014) and subpolar latitudes
(—0.00174 0.0002 units yr~! at IRM-TS during 19832013
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Figure 5. Temporal distribution (2009-2019) of the average CT, Cant, and Cpgy in each of the layers considered for the Irminger (a, d, g),
Iceland (b, e, h), and Rockall basins (¢, f, i). The average values were calculated for each cruise and layer and are represented with coloured
points together with their respective error bars at the time of each cruise (the method used for calculations is described in Sect. 3.2). In the
Irminger plots, the empty points represent the average values for 2019 calculated with the measured data available in the easternmost part of
the basin (sampled part during this cruise), while the coloured points for 2019 represent the average values corrected with A25-OVIDE-2018
data. The interannual trends are given by the linear regression of the average values, with the values of the slope, the standard error of

estimate, and the r2 presented in Table 2.

and —0.0026 & 0.0002 unitsyr~' at IS-TS during 1985—
2013, summarized by Pérez et al., 2021). In addition, the
changes in the surface pHrt trends were reported by Leseurre
et al. (2020) in the western NASPG within a wide latitudinal
area (54—64° N) during the period 2008-2017 in comparison
with the periods 1993-1997 and 2001-2007. However, the
highly significant cooling observed in SPMW, the year-to-
year variations in ventilation (shown by the annual average
AOU and its trends in Fig. S6), and thus the variations in
Chat and Cyye (Fig. 5) introduced relevant changes in pHrt
on an interannual scale and explained the low-significance
trends. The extremely negative NAO index of 2009-2010
(Jung et al., 2011) weakened the wind forcing, which im-
plies variability in the circulation patterns and physical prop-
erties of the surface waters, consequently reducing deep con-
vection. This was observed in the slowdown in ventilation
from 2009-2010 (Fig. S6) in the Irminger and Iceland basins
which caused a relative increase in Cp, and decrease in Cype
(Fig. 5).

The highest acidification rates were found through inter-
mediate and deep waters in the Irminger and Iceland basins,
coinciding with the highest rates of increase in Cyy (Table 2;
trends statistically significant at more than 95 % level of con-
fidence). The exception is the DSOW, which presented an
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interannual decrease in pHr in phase with that of the uLSW.
This singularity was previously observed by Garcia-Ibafez et
al. (2016), who noticed the similar trends between the DSOW
and LSW attributed to the recent formation and sink through
the continental slope of the DSOW. The acidification rates
found among the uLSW, LSW, and ISOW (0.0026-0.0032
units yr~!) experienced, on an interannual scale, an accelera-
tion in comparison with previous reports based on long-term
records (e.g. 0.0009-0.0017 units yr~! estimated for 1981-
2008 by Vazquez-Rodriguez et al. (2012b); 0.0013-0.0016
units yr~! estimated for 1991-2015 by Garcia-Ibafiez et al.,
2016; 0.0015-0.0019 unitsyr~! estimated for 1983-2013
at the IRM-TS by Pérez et al., 2021; and 0.0019 £0.0001
units yr~! estimated for 19932017 by Leseurre et al., 2020).
Contrasting the rates of change in pHt during the decade of
study with those encountered by these multidecadal evalua-
tions (and considering the total number of years comprising
each of the studies and the changes in the ion hydrogen con-
centration [er' 1), we estimate an acceleration in the rates of
acidification of 0.4 %—5.4 % in the Irminger basin and 1.0 %—
9.0 % in the Iceland basin during the 2010s since the late 20th
century. This acceleration was mainly attributed to increased
deep-water ventilation (shown in the rapid decrease in AOU
in Fig. S6) favouring the progressive increase in the accumu-
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Figure 6. Temporal distribution (2009-2019) of the average pHr (in situ temperature) in each of the layers considered for the Irminger (a),
Iceland (b), and Rockall basins (c¢). The average values were calculated for each cruise and layer and are represented with coloured points
together with their respective error bars at the time of each cruise (the method used for calculations is described in Sect. 3.2). In the Irminger
plots, the empty points represent the average values for 2019 calculated with the measured data available in the easternmost part of the basin
(sampled part during this cruise), while the coloured points for 2019 represent the average values corrected with A25-OVIDE-2018 data. The
interannual trends are given by the linear regression of the average values, with the values of the slope, the standard error of estimate, and

the r2 presented in Table 2.

lation of Cypr and Cpy toward intermediate deep layers, in
which cooling was not significant in the Irminger basin and
not intense enough in both basins to compensate the acidifi-
cation.

Despite the similarities encountered in the pHt trends
among both basins, the average values presented differences
which may be closely linked with the transport and transfor-
mation of the water masses along the NASPG and mainly
modulated by the Reykjanes Ridge (Garcia-Ibafiez et al.,
2015, 2016, 2018). The transformation of the SPMW formed
in the Iceland basin (McCartney and Talley, 1982; Bram-
billa and Talley, 2008; Tsuchiya et al., 1992; van Aken and
Becker, 1996) and flowing with the NAC across the Reyk-
janes Ridge (Brambilla and Talley, 2008) accounted for the
lower pHr values in the Irminger basin. The differences in
pHr found at intermediate and deep layers were related to the
divergence of the LSW path into two cores when it reaches
the Reykjanes Ridge (Alvarez et al., 2004; Pickart et al.,
2003) and the ISOW path flowing southward along the west-
ern Iceland basin and recirculating northward into the eastern
Irminger basin (Dickson and Brown, 1994; Saunders, 2001).
These differences in the spreading of water masses enhanced
the ventilation in the Irminger basin favouring the fall in pHt
compared with the Iceland basin. The rise in the ISOW fol-
lowing the Reykjanes Ridge slope through its eastern flank
favoured a strong vertical mixing over and around the ridge
(Ferron et al., 2014) and a reduction in the LSW core in the
Iceland basin (Garcia-Ibafiez et al., 2015), contributing to the
resemblance of pHt values and trends among the uLSW and
LSW in this basin.

The upper waters of the Rockall Trough presented the
maximum pHrt throughout the transect (8.02-8.08 units).
The observed strong pHt fluctuations between years related
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to interannual changes in the NAC do not allow us to dis-
cern trends with an interval of confidence equal to or greater
than 90 %. The interannual decrease in pHt in the ENACW
(~0.001 units yr~!) was half that observed along southern-
most transects in the Rockall Trough between 1991 and 2010
(~0.002 units yr‘l; McGrath et al., 2012a). The temporal
distribution of the average pHr (Fig. 6), highly influenced by
the high ventilation (seen in minimum AQOU values that are
highly variable between years and which tend to decrease
with 99 % statistical confidence; Fig. S6 and Table S4), al-
lows us to discern two periods: the approximately constant
ventilation rates keep a steady state in terms of pHt during
2009-2011, while the progressive renewal and oxygenation
of subsurface waters after 2012 (and peaking in this year) in-
crease the pHr. The renewal of waters in the shallow Rockall
Trough, in contrast with the westernmost NASPG, was pri-
marily driven by lateral rather than vertical advection. The
modifications of the ENACW through air—sea exchange and
mixing with adjacent waters modulated its properties at dif-
ferent timescales (Holliday et al., 2000) and caused the ob-
served variations in the MCS. The variations in pHt between
consecutive years after 2012 may be attributed to the fluctua-
tions in the spreading into the Rockall Trough of several wa-
ter masses occupying different depths coming from the south
and east (Ellett et al., 1986; Pollard et al., 1996). Holliday et
al. (2020) reported the reduction in the spreading of saline
subsurface waters from subtropical latitudes and the diver-
sion of Arctic freshwater from the western boundary into the
eastern NASPG during 2012-2016. The subsequent freshen-
ing of the ENACW compensated for the increase in At ex-
pected without the effect of salinity (seen in the decreasing
AT against the increasing NAT; Fig. S4 and Table S4) and
weakened the increase in Ct expected due to poleward ad-
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vection (see in the slowdown in the rise of Ct in compar-
ison to that of NCr; Figs. 5 and S5 and Tables 2 and S4).
The Ct remains approximately constant (Fig. 5 and Table 2)
due to the increase in Caye (0.85+0.11 umolkg™!yr~!;
p-value < 0.01) being neutralized by the decrease in Cpy
(—0.84 4 0.50 umol kg~ yr~!; p-value <0.1). These find-
ings suggest that the atmospheric CO; invasion was offset by
the growing phytoplankton biomass favouring its biological
uptake (Ostle et al., 2022) and by the weakening transport
of remineralized and saline water from the south (Holliday
et al., 2020), thus compensating for the acidification of the
ENACW.

The SPMW among the Iceland and Rockall basins showed
similar pHt trends (Table 2) due to the emplacement of
the poorly oxygenated thermocline at these depths (Garcia-
Ibafiez et al., 2016). The approximately constant AOU at
SPMW in the eastern NASPG (Fig. S6) proved its steady
ventilation, which can introduce differences in the acidifica-
tion rates among the layers comprising the Rockall Trough.
The influence of the cooling and freshening of deeper areas
due to the spreading and horizontal mixing was notable in
the LSW, which presented slightly higher pHt values in the
Rockall Trough with respect to the adjacent Iceland basin.

4.4 Interannual changes in 2, and 2arag

The analysis of the changes in Qc, and Qar,g hold signif-
icance in elucidating the potential effects of OA over the
CaCOg3 species calcite and aragonite, thereby offering in-
sights into their potential implications for marine calcifying
organisms and ecosystems. The vertical distribution of Qc,
and €2, 1s presented in Fig. S3. The upper and intermediate
layers up to 2100-2400 m depth of the Irminger and Iceland
basins and the whole Rockall basin were supersaturated for
aragonite (2arag > 1), while the DSOW was undersaturated
(Arag < 1). The ISOW, with 4, ranging between 1.0 and
1.1 at the beginning of the decade, crossed to undersatu-
rated conditions at the end of the decade due to the progres-
sive rise of the aragonite saturation horizon (depth at which
Qarag =1). The whole water column throughout the section
was supersaturated for calcite (2c, > 1) due to its lower solu-
bility (Mucci, 1983). The Qc, and Q4r,g in the SPMW (2.2—
2.7 and 1.4-1.7 units, respectively) were lower than those
encountered equatorward in the subsurface Atlantic (> 4.0
and > 2.5 units, respectively; Gonzalez-Davila et al., 2010;
Gonzélez-Dévila and Santana-Casiano, 2023). The poleward
pathway of low-latitude upper waters through the Rockall
Trough explained the higher Qc, and Q4 found in the
ENACW (3.0-3.6 and 1.8-2.3 units, respectively). The re-
duction in Qc, and Qar,g towards higher latitudes in the up-
per and intermediate layers smooths the vertical gradients in
the NASPG compared to the subtropical latitudes (Gonzalez-
Davila et al., 2010; Gonzalez-Davila and Santana-Casiano,
2023).
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The correlation of Q with pHt (r2 = 0.90) with a level
of significance higher than 99 % explains that the individ-
ual components driving OA accompanied the decline in
Q2. The interannual trends in Qc, and Qapg (Fig. 7, Ta-
ble 2) exhibited the decrement through the whole water
column along the NASPG with a level of statistical confi-
dence generally higher than 90 %. The rates of decline for
Qc, and Qarqe in the SPMW (0.011-0.021 and 0.007-0.013
units yr—!, respectively) were consistent with the trends ob-
served up to 100 m depth at ESTOC between 1995 and 2023
(0.019£0.001 and 0.012+0.001 units yr~!, respectively;
Gonzalez-Davila and Santana-Casiano, 2023) and in surface
waters at the IS-TS between 1985 and 2008 (0.0117 +0.0011
and 0.007240.0007 units yr~!, respectively; Olafsson et
al., 2009). The Qaryg trend estimated for SPMW in the
Irminger basin (—0.007 £0.003 unitsyr—!) is consistent
with that reported for surface waters by Bates et al. (2014)
over 1983-2014 (—0.008 + 0.004 units yr—!) and falls within
the range of those estimated during summer by Leseurre
et al. (2020) over 2008-2017 (—0.005 +0.001 units yr_l).
Chau et al. (2014) recently deduced from reconstructed prod-
ucts a slower decrease (—0.004 40.001 units yr—!), high-
lighting the large uncertainty in the estimations of interan-
nual trends for pH and Qarg across the NASPG due to
the low data-sampling frequency at their monitoring sites.
The decline in Qarag in the SPMW accelerated by ~ 26 %
and ~ 51 % in the Irminger and Iceland basins, respectively,
in comparison with the trends given for the period 1991-
2018 (0.0052 4 0.0006 and 0.0049 +0.0015 units yr~!, re-
spectively; Garcia-Ibafiez et al., 2021). The observed de-
crease in $2arag in the SPMW was ~ 23 % faster in the Rock-
all Trough than in the adjacent Iceland basin. The interan-
nual decline in Qc, and Qarg in the ENACW (0.012 and
0.008 units yr~!, respectively) agreed with these previous
observations but were not statistically significant, likely due
to the high variability modifying the changes in pHr in this
layer (see Sect. 4.2). Despite the acceleration of the acidifi-
cation rates toward intermediate and deep layers, the declin-
ing rates weakened for ¢, and even more for Qarag (Ta-
ble 2). Moreover, the vertical profiles were approximately
constant throughout the section in contrast with the hetero-
geneous vertical distribution of pHt between basins. This
behaviour was previously observed in the Irminger and Ice-
land basins by Garcia-Ibafiez et al. (2021) and explained by
pressure- and temperature-induced changes in the speciation
of the COy—carbonate chemistry species (Jiang et al., 2015)
and in the solubility of calcite and aragonite (Mucci, 1983).
Their combined action counterbalanced the alterations re-
sulting from acidification, particularly in colder deep wa-
ters, where the solubility of calcite and aragonite was re-
duced (Garcia-Ibaiiez et al., 2021). However, the decrease
in Qcy and Qapg along the uLSW, LSW, and ISOW ac-
celerated by 40 %—75 % in relation to the trends reported
by Garcia-Ibafiez et al. (2021) for the Irminger and Iceland
basins. The LSW and ISOW presented faster-declining rates
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for Qc, and Qarag in the Irminger basin (Table 2), which
may be caused by the enhanced ventilation of the interior
ocean which accelerated the acidification (see Sect. 4.2). The
westward rise in the depth of these layers along the Green-
land continental slope, accompanied by a subsequent eleva-
tion in the horizons of solubility, resulted in reduced buffer-
ing capacity against acidification effects in the Irminger basin
when compared to the Iceland basin. In contrast, the rise in
the depth of LSW in the Rockall Trough favours the incre-
ment of ~ 0.2 units in Qc, and Arag with respect to the Ice-
land basin but had no influence on the interannual trends,
which coincided. The Qc, and Qarag in the DSOW, despite
showing a trend accelerated by ~ 30 % compared to that ob-
served by Garcia-Ibafiez et al. (2021), presented the weakest
interannual decreases throughout the section (0.004 £=0.003
and 0.002 4 0.001 units yr~!, respectively) due to the high
pressure and low temperatures compensating for the rapid
acidification (Fig. 6, Table 2).

The decrease in 2 could have severe consequences on or-
ganisms reliant on aragonite, which is less resistant to disso-
lution than calcite (Mucci, 1983; Broecker and Peng, 1983)
and is thus expected to experience relatively higher suscep-
tibility to the effects of OA over shorter timescales (Raven
et al., 2005). The progressive reduction in Qar,g has driven
a long-term decrease in the depth of the aragonite satura-
tion horizqn (Qarag = 1) by 80-400m since the preindus-
trial era (Alvarez et al., 2003; Feely et al., 2004; Pérez et
al., 2013, 2018; Tanhua et al., 2007; Wallace, 2001) and is
projected to shoal by more than 2000 m by the end of the
century under the 1S92a scenario (Orr et al., 2005). The ver-
tical section of Qar,g in Fig. S3 shows the shallower arag-
onite saturation horizon during 2009 and 2016 compared to
preindustrial times. Likewise, Orr et al. (2005) suggested that
high-latitude surface waters could become undersaturated if
the atmospheric CO, concentration doubles the preindustrial
concentration within the next 50 years. This would reduce
the calcification rates in some shallow calcifying organisms
by more than 50 % (Feely et al., 2004).

The planktonic aragonite-producing pteropods (e.g. Li-
macina helicina and Clio pyramidata), which have high pop-
ulation densities in subpolar regions up 300 m depth (Bath-
mann et al., 1991; Urban-Rich et al., 2001) and play a key
role in the export flux of both carbonate and organic car-
bon (Accornero et al., 2003; Collier et al., 2000), are ex-
pected to be highly vulnerable to OA if the aragonite satu-
ration horizon continues to shoal (Orr et al., 2005). The un-
dersaturation toward the intermediate and upper layers neg-
atively influences the aragonite-based CWCs (e.g. Lophelia
pertusa and Madrepora oculata), which show their highest
diversity and population along the NASPG between 200 and
1000 m depth in the global ocean (Roberts et al., 2009). In
fact, several studies reported that CWC ecosystems are an-
ticipated to be among the first deep-sea ecosystems to expe-
rience acidification threats (Gehlen et al 2014; Guinotte et al.,
2006; Maier et al., 2009; Raven et al., 2005; Roberts et al.,
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2009; Turley et al., 2007), particularly in the North Atlantic
(Pérez et al., 2018). The findings presented here contribute
to a deeper understanding of the biological impacts of OA
along the NASPG.

4.5 Processes controlling OA and € trends

Due to the variety of processes involved in OA, a decompo-
sition of the pHt and trends into the individual components
that govern their spatiotemporal variability took place (see
Sect. 2.2.6). The interannual variations in pHr (d%I;IT) and
Q (%) explained by fluctuations in temperature (ag}TIT %

Q3T _— dpHT 95 Q23S dpHy dAT
and 57 ), salinity (=55t 5 and 55 ¢7). AT ( 9Ar i and

% %), and Ct ( apgTT % and %%) were calculated for
each layer and basin (Eq. 2) and are summarized in Tables 3
and 4. The positive contributions of each of the drivers in-
dicate increments, while negative contributions indicate the
opposite. The cumulative changes resulting from the distinct
drivers (referred to with the subscript “calculated” in Tables 3
and 4) were consistent with the observed pHr trends (re-
ferred to with the subscript “obs” in Tables 3 and 4), thereby
instilling confidence in the methodology. An exception was
found at the DSOW, in which the strong NAT decrease had a
crucial influence on the declining 2.

The minimal differences between observed and calculated
rates of change have added coherence to the non-significant
trends identified for pHt and 2 trends and/or their drivers
in some basins and layers (Tables 2, 3, and S4). In the en-
tire section at SPMW, the d%It{T (calculated), explained by
the cumulative impact of its drivers (all of them statistically
significant at the 95 % level of confidence), aligns within a
range of < 0.0002 units yr’1 with d%# (obs) (which was not
significant). In the Irmindger and Iceland basins at intermedi-
ate and deep layers, the %}:T (obs) (statistically significant at
least at the 95 % level of confidence) was consistent within
the range of < 0.001 units yr~! with dI:il;lT (calculated) (7', S,
and NAT show non-significant trends at some of the interme-
diate and deep layers). The interannual variations were non-
significant for pHr for its drivers in the Rockall Trough at
LSW and ENACW. The high temporal dispersion of average
data in these layers was mainly related to the rise in depth
of LSW along the eastern continental slope and its mixing
with shallower waters coming from subtropical latitudes (El-
lett et al., 1986; Harvey, 1982; Holliday et al., 2000). The
substantial variability in the Rockall Trough made it diffi-
cult to discern OA patterns and its drivers on an interannual
scale. Therefore, long-term monitoring and the development
of multidecadal-scale studies are required in this area to de-
rive significant conclusions.

The cooling and freshening modified the physically driven
pHt changes compared with those encountered by Garcia-
Ibafiez et al. (2016) during previous decades in the west-
ern NASPG. The cooling contributed to an increase in the
pHt and compensated for the observed acidification rate.
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Figure 7. Temporal distribution (2009-2019) of the average Ca and Arag in each of the layers considered for the Irminger (a, d), Iceland
(b, e), and Rockall basins (¢, f). The average values were calculated for each cruise and layer and are represented with coloured points
together with their respective error bars at the time of each cruise (the method used for calculations is described in Sect. 3.2). In the Irminger
plots, the empty points represent the average values for 2019 calculated with the measured data available in the easternmost part of the basin
(sampled part during this cruise), while the coloured points for 2019 represent the average values corrected with A25-OVIDE-2018 data. The
interannual trends are given by the linear regression of the average values, with the values of the slope, the standard error of estimate, and

the r2 presented in Table 2.

The increase in pHt due to temperature fluctuations was
at its maximum at SPMW (~ 0.001 units yr—!) and negligi-
ble in deeper layers (< 0.0003 units yr—! at uLSW and be-
low). The increase in pHt due to salinity fluctuations was
minimal (< 0.0001 units yr~!) through the whole water col-
umn in the three basins, reflecting that the observed fresh-
ening caused insignificant changes in pHt. The temperature
and salinity contributed by 19.1 %-26.5 % and 1.2 %-3.3 %,
respectively, to the total pHt change in the upper layers,
while presented an influence 3 times lower toward the in-
terior ocean (1.3 %-7.6 % and < 0.6 %, respectively). The
enhanced convective processes in the Irminger basin (e.g.
Frob et al., 2016; Garcia-Ibafiez et al., 2015; Gladyshev et
al., 2016a, b; Piron et al., 2017), together with the rapid
transport of LSW from the Labrador Sea to the Irminger
basin (Yashayaev et al., 2007), introduced differences to the
thermally driven pHr in the Iceland basin, as previously re-
ported by Garcia-Ibafiez et al. (2016). The advection of LSW
through the Greenland continental slope also affected the
DSOW (Read, 2000; Yashayaev and Dickson, 2008), which
shows thermally driven pHt changes consistent with those
encountered through the LSW in the Irminger basin.

Biogeosciences, 21, 5561-5589, 2024

Despite the negligible direct contribution of the salinity
fluctuations over the pHt changes, the freshwater fluxes in-
fluence the distribution of At and Cr, indirectly affecting
pHr trends. After removing salinity effects, NAT shows pos-
itive trends in subsurface layers and negative trends toward
the interior ocean (Fig. S4 and Table S4; detailed in Ap-
pendix B). The changes in NAT described the 7.8 %—10.1 %
of the total pHt change at SPMW. The NAr-driven pHt
changes weakened with depth (Table 3) due to the insignifi-
cantly interannual changes in NAT through LSW and ISOW
(Table S4). The weak contribution of NAT in these layers
(1.3 %-5.1 %) could be related to the difficulty in revers-
ing the large alkalinization until the 2000s, resulting from
the slowdown in the formation of LSW since the mid-1990s
(Lazier et al., 2002; Yashayaev, 2007), which was transmit-
ted towards deeper overflow waters (Sarafanov et al., 2010).
The substantial interannual changes and the abrupt change
between periods of increase and decrease in the seawater
properties at DSOW (Yashayaev et al., 2003; Stramma et al.,
2004) linked with changes in the LSW formation (Dickson
et al., 2002) explain the rapid decrease in NAT (Table S4),
which explains the 14.6 % decline in the pHr.

https://doi.org/10.5194/bg-21-5561-2024
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Table 3. Temporal changes in pHt (in 103 units yr_l) explained by fluctuations in temperature (

dpHt dNAT dpHt 9NCt
ArGar T ) and Cr (e g

2009-2019. The sum of the changes explained by the individual drivers represents the calculated interannual pH change (
dpHrp

as detailed in Sect. 2.2.5. The observed interannual pHt trends (
the table for comparison.

dt

5579
apHy aT ity (2PHr a8
o ), salinity (=55 G2,

) in each of the layers considered for the Irminger, Iceland, and Rockall basins during the period

d%It{T calculated),

observed), shown in Fig. 7 and provided in Table 2, are also added to

Basin Layer dg}TIT % BS?T % agprT 31\(11/?T aangT T MXICT d%I;IT (obs) d%I;IT (calculated)
SPMW 091+£0.38 0.054+0.02 031043 —-2.67+£0.63 —1.25+0.93 —1.414+0.85
uLSW 0.22+0.17 0.024+001 -0.10+040 —-299+0.53 —-2.62+0.69 —2.86+0.68

Irminger LSW 0.16£0.12 0.014+001 —-0.044+0.39 —-285+0.62 —3.174£0.52 —2.724+0.74
ISOW 0.03£0.05 0.00+£0.00 —-0.13+0.30 —-2.38+0.88 —2.97+0.70 —2.484+0.93
DSOW 0.13£+0.12 —-0.01+0.00 —-0.60+0.18 —-3.41+062 —2.41+0.87 —3.90+0.66
SPMW 1.15+£0.35 0.104+0.02 0.61+£0.19 —4.144+1.76 —2.32+1.63 —2.27+1.81

Ieeland uLSW 0.19£0.08 0.014+£0.00 —-0.244+045 —-2.08+£0.66 —2.314+1.01 —2.124+0.80
LSW —0.08 £0.05 0.00+£0.00 —-0.044+044 —-226+0.57 —-226=+1.06 —2.38+0.72
ISOW 0.04 £0.10 0.01 +0.00 0.12+£040 —2.70+043 —2.58+0.99 —2.534+0.60
ENACW 1.13+£0.94 0.14 +0.04 0.73£066 —2254+1.39 —-0.58+2.31 —0.25+1.80

Rockall SPMW 1.31£0.29 0.104+0.02 047+£022 —-3844+123 —-243+£1.90 —1.964+1.28
LSW 0.30+£0.24 0.014+001 —-0.144+0.37 —-094+086 —1.36+0.97 —0.76 £ 0.96

The increase in NCt driven by the rise in Cape was found to
govern the acidification, with a contribution higher than the
67 % across the entire water column. The NCr-driven pHt
decline was close to twice the observed and calculated acid-
ification rates through the SPMW (Table 3). However, the
contribution of NCt at SPMW (67 %—69 %) was lower than
that encountered toward the interior ocean (82 %-96 %) due
to the relevance of temperature and At over pHr trends in the
upper layers. The cooling and increase in NAT counteracted
the acidification expected by the increasing Ct at SPMW by
28 %—-34 % and 11 %—-15 %, respectively. In the intermediate
and deep layers, the thermal neutralization of the Ct-driven
acidification was weaker (1.5 %-9.3 %) and the decreasing
NAT contributed to decreasing the pHt by < 15 %. Freshen-
ing played a minor role in countering acidification (< 6 % in
upper layers and < 2 % in the interior ocean).

In line with the declining pHr, 79 %—-83 % of the decrease
in Q in subsurface layers was attributed to the Cyy-driven
rise in NCr, with this influence reaching up to 97 % in deeper
waters. The increase in NAT in the SPMW accounted for
10.4 %—13.0 % in the trends and counteracted its NCt-driven
decrease by 12.6 %—16.2 %. The contribution of the NAT fall
and reversal toward deeper waters explained < 6 % of the de-
cline in the uLSW, LSW, and ISOW in the Irminger basin and
< 11 % in the Iceland basin. The pronounced impact of the
rapid decrease in NAT on the acidification of the DSOW (see
Sect. 4.3) depicted the greater contribution of NAt encoun-
tered in the Irminger basin (16 %) and compensated for the
NCr-driven decrease in 2 by 36.4 %. In the Rockall Trough,
the contribution of NCt changes was reduced in the LSW
(78.2 9%—79.0 %) compared to the Irminger basin (94.5 %),
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while the effect of NAT fluctuations tripled until reaching
12.6 %-12.7 %.

Despite the crucial role of cooling in mitigating acidifica-
tion, temperature fluctuations have the opposite effect on Q2
due to the thermodynamic relationship inherent in the acid-
base equilibrium of the CO,—carbonate system (Dickson and
Millero, 1987). In the Irminger and Iceland basins, the ob-
served decrease in temperature contributed negligibly to the
decline in 2 (3.6 % in the SPMW and less than 2 % in in-
termediate and deep waters). The influence of salinity, as
with the pHt trends, was minimal: the observed freshening
slightly elevated the trends, offsetting the decline by 4.6 %—
4.7% in the SPMW, 1.1 %-2.1 % in the uLSW and LSW,
and 0.5 %-1.2% in the ISOW and DSOW. Even with the
slightly faster cooling and freshening observed in the Rock-
all Trough, the contributions of temperature and salinity to
did not exceed 7 % in any of its layers.

5 Conclusions

This research has evaluated the interannual changes in the
basin-wide MCS dynamics along the NASPG during 2009-
2019. Despite the observational period being relatively short
for quantifying long-term trends and formulating significant
future projections, the findings have allowed us to evaluate
the ocean response, in terms of MCS dynamics and on an in-
terannual scale, to changes in deep-water convection and to
isolate events affecting the physical patterns. The assessment
of OA within the Irminger and Iceland basins was enhanced
by supplying novel data and trends spanning 1 decade in
which the physical patterns reversed. Additionally, the study
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Table 4. Temporal changes in Ca and Arag (in 103 units yr_l) explained by fluctuations in temperature (57 ‘g), salinity (5% 3,

99 INAT 3Q NCr
At(ga; —ar > and Cr(ger —g

) in each of the layers considered for the Irminger, Iceland, and Rockall basins during the period 2009—

2019. The sum of the changes explained by the individual drivers represents the calculated interannual €2 change (%calculated), as detailed

in Sect. 2.2.6. The observed interannual €2 trends (%observed), shown in Fig. 6 and provided in Table 2, are also added to the table for

comparison.
: y Y o A o aN

Basin Layer % % % % % ? 7 T % d dICT % (obs) %(calculated)
spyw | Caldite  —0.57£024 —043+018 1684237 1335314 —1103£557  —12.674+3.94

Aragonite  —0.49+£020 —02940.12  1.07+£1.50 —847+199  —7.17+346 8174250

Lsw Caldite  —017£013 0124005 —046+182 —12614224  —828+516 —1336+2.89

Aragonite  —0.13£0.10 —0.08£0.03 —029+1.16 —803+143  —555+£321 853+ 1.84

fmineer - Caldie  —015E011 0093005 0174155 —1042+227 13542288 —1083+275
Aragonite  —0.11£0.08 —0.06£0.03 —0.11+£099 —669+£145  —865+£183  —6.97+176

sow  Calcite  —0.04£005  000+£001 —044£103  —7484£275  —1035£323  —7.964+2.94

Aragonite  —0.02+£0.04  0.00+£001 —029£067 —484+178  —6.66+£2.04  —515£190

Dsow | Caldite  —013£0.12 0034002 —178+052 923168  —430£276 —1L11£177

Aragonite  —0.09£0.09  0.02£0.01 —116£034 —601+£110  —3.02£168  —7.24+LI5

sy | Caldite  —0.88:£026  —0.86+016 3164100 —1959+£835 157741040 —18.174+842

Aragonite  —0.72+£0.22  —0.58+0.10  2.02+£064 —1248+532 —1037£655 —11.77£537

sy | Calcite  —017£007 —0.09£003 —102+18)  —798£252  —OI8L511  —9.26+3.15

Iceland Aragonite  —0.12£0.05 —0.06£0.02 —065+£121 —511+£161  —592£323  —5.95+2.02
Lgw  Calcite 0.08£0.05  0.02+£001 —0.I5£170 7924200  -7.53+4.64  —7.97+263

Aragonite  0.06+£0.03  0.01+£001 —0.09£1.09 —510+129  —483+296  —512+169

sow  Caldite  —004£010 -003£002  041+137  —838+133  —7224434 805191

Aragonite  —0.03+£0.07 —0.02£001  027+£089 —543+086  —472+£276  -522+124

Enacy  Calte  —082+£060 —1504£038 5164463 —14214878 —1160%1267 —11.37+9.95

Aragonite  —0.79+£0.66 —1.00£025  329+£295 —9.06+560  —7.66+£796  —7.57+637

Rockall (oo Caleite  —115£026 —0824£018 244115 —18214583 205741340 —17.74%595
Aragonite  —0.93£021 —0.55+0.12  156£074 —1166+£373 —1324+847 —11.58+381

Lgw  Calcite  —028:+£022 0104008 —058+157 —3624330  -788+£441 4504366

Aragonite  —0.21£0.16 —0.07£005 —037+£101 —233+2.12  —497+28  —297+235

provides an unprecedented analysis of the physicochemical
variations in the Rockall Trough, which is crucial for the
assessment of the entire longitudinal span of the NASPG.
It facilitates a more accurate understanding of the mecha-
nisms dictating basin-scale acidification processes and ad-
vances our understanding of OA in the North Atlantic and
the global ocean.

Overall, the entrance and accumulation of C,y¢ and in-
terannual acidification trends were strongly affected by the
cooling, freshening, and enhancement in the oxygenation
during this decade. The longitudinal span of the NASPG
and the differences in circulation patterns, water masses, and
bathymetry behaved as a source of spatiotemporal variabil-
ity. The interannual acidification trends of the main water
masses across the NASPG ranged between 0.0006-0.0032
units yr—! and caused a decline in the QCa and QArag of
0.004-0.021 and 0.003-0.013 units yr~!, respectively. The
convective processes increased the accumulation rates of Capg
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in the interior ocean by 50 %—86 % and accelerated the acid-
ification rates by around 10 % compared to previous decades
in the Irminger and Iceland basins. The shallower hydrogra-
phy of the Rockall Trough and the poleward circulation pat-
terns accounted for differences in the acidification rates with
respect to the surrounding waters.

The Cyne-driven increase in NCt was found to govern the
acidification of the NASPG, with contributions exceeding
60 %. The combined effect of the decreasing temperature,
salinity, and NAT neutralized close to one-half of the acid-
ification along the entire longitudinal span of the SPMW.
The enhanced deep-water ventilation in the western NASPG
slowed down the cooling and freshening toward the interior
ocean, weakening the physical counterbalance of acidifica-
tion.

The present investigation emphasizes the progressive in-
crease in the uptake and accumulation of Cyy and the sub-
sequent acceleration in OA along the NASPG. Novel data
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and results provided could be compared with other repeated
hydrographic section data at mid- and high latitudes in the
North Atlantic, such as the A02, A25, ARO7E, and AR28
framed in the GO-SHIP programme, and are used in con-
junction to develop future investigations. Additionally, they
contribute to the improvement of the projections pertaining
to the future state of the oceans run by models and forecasts.
Considering the important variability in the mechanism con-
trolling the distribution of the physico-biogeochemical prop-
erties and particularly the OA in the North Atlantic, this re-
search aims to highlight the necessity of continuing to moni-
tor and sample the whole water column through repeated hy-
drographic sections, especially through the highly variable
but less assessed easternmost part.

Appendix A: Correction of dissolved oxygen records for
the cruise of 2019

The sensor-measured DO data for the cruise of 2019 were
corrected by considering the DO output data given by the
neural network ESPER_NN (Carter et al., 2021) for the
cruises of 2016 and 2019 (hereinafter ESPER-estimated DO)
and the Winkler-measured DO during the cruise of 2016.
Among the 16 equations provided by the ESPER_NN, which
differently combine seawater properties as predictors, we use
Eq. (8), which only needs the 7 and S an inputs (due to
lack of measured macronutrients during the cruise of 2019),
along with latitude, longitude, depth, and date (see Table 2
in Carter et al., 2021). The reported root-mean-square error
(RMSE) of Eq. (8) for DO estimations in the global ocean
is +9.7 umol kg !, which is reduced for intermediate waters
(1000-1500 m) to 4 5.9 umol kg’1 (see Table 7 in Carter et
al., 2021). Additionally, a new set of DO for 2019 based on
Winkler data for 2016 was computed, which was referred to
in this study as “pseudo-Winkler” data. The difference be-
tween Winkler-measured and ESPER-estimated DO during
2016 was interpolated to the longitudes and depths of the
samples of 2019 by applying Delaunay triangulation. The
pseudo-Winkler data were described as the sum of these in-
terpolated differences and the ESPER-estimated DO data for
2019. The longitudinal distribution of measured and ESPER-
estimated DO data for 2016 and 2019 is depicted in Figs. Sla
and S1b. The interpolated pseudo-Winkler data for the cruise
of 2019 are included in Fig. Sla.

The sensor records of DO in 2019 were on average
490umolkg~! lower than the ESPER-estimated and
10.31 umol kg~! lower than the pseudo-Winkler. A higher
discrepancy was observed in the average sensor-measured
DO in the eastern part (237.60+ 15.00 umolkg™') com-
pared with the western part (281.40 & 14.75 umol kg ™). The
average differences (measured minus ESPER-estimated DO
and measured minus pseudo-Winkler DO, ADOyeas-ESPER
and ADOmeas-pseudowinkler, Tespectively; Figs. S2c¢ and
S1d) show that the sensor records were strongly un-
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derestimated in the eastern part (—20.98£+10.91 and
—28.77 4+ 12.60 umol kg~!, respectively) and weakly
overestimated in the western part (8.59+8.53 and
5.18 4 12.02 umol kg ™!, respectively) during the cruise of

2019. These differences were corrected separately west and

. . . ADOmeas-pseudoWinkler
o meas-pseudo Win!
east of 21.5° W by using the relationship —— ~=E==ome==

The averages of this relationship in the western and eastern
parts of the transect (0.016 and —0.12pumolkg~!, respec-
tively) were used as corrector factors. The corrected DO

values were given by the product of the measured DO and

] — ADOmeas pseudoWinkler
measured DO :

Appendix B: Interannual trends in At and NAt

The interannual trends in At (Fig. S4 and Table S4) were
found to be highly impacted by freshening, with decreas-
ing rates ranging from —0.33 to —0.71 umolkg~!yr~!
among the SPMW and ENACW and from —0.01 to
—0.18 umol kg~! yr~! within the uLSW, LSW, ISOW, and
DSOW. It contrasts with the minimal interannual changes
and slight rates of increase in At encountered among
the different layers by Garcia-Ibafiez et al. (2016) from
1991 to 2015 in the Irminger basin (between 0.10 and
0.28 umolkg=!yr~!) and in the Iceland basin (between
—0.04 and 0.07 umol kg~ ! yr~!) and with the trends reported
for the period 19832013 by Pérez et al. (2021) at the IRM-
TS (between 0.13 and 0.22 umolkg~! yr=!) and at the IS-
TS (between —0.04 and 0.15 umol kg ~! yr=!). These hetero-
geneities in the temporal evolution of the AT were driven
by the decadal salinification of the whole water column ob-
served since the late 20th century and interrupted by interan-
nual freshening episodes such as during the 2010s.

The interannual increase in NAT in upper layers could be
related to acidification, which favours the dissolution of car-
bonates, combined with increasing biological production re-
ported for upper layers across the NASPG (Ostle et al, 2022).
It contrasts with the constantly weak decrease in NAT in in-
termediate and deep layers, in which the accelerated acidifi-
cation was compensated by the dominance of remineraliza-
tion processes over lower biological uptake. Consequently,
the positive NAT trends encountered in the upper layers led
to a rise in pHt, while the diminished NAT contributed to
decreasing the pHt toward the interior ocean.

The At/S relationship has increased at a rate of
0.5+0.2umol kg~ yr=! (p-value < 0.05) due to the com-
bined action of the freshening (Fig. 4) and the progressive
increase in At-rich water inflows through upper layers (ob-
served in the positive trends in NAT in SPMW and ENACW;
Fig. S4). This was likely associated with the stagnation of
Ar-rich subtropical waters in the upper layers due to the
slowdown of the NASPG since the mid-1990s (e.g. Boning et
al., 2006; Hikkinen and Rhines, 2004), along with changes

Biogeosciences, 21, 5561-5589, 2024



5582

in the spreading of waters from higher latitudes influenced
by melting.
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