Climate controlled mechanisms
of subpolar North Atlantic
carbon uptake

Friederike Frob

Thesis for the degree of philosophiae doctor (PhD)
at the University of Bergen

2017

Date of defence: 27.06.2017






Acknowledgements

First and foremost I would like to thank my supervisor Are Olsen for giving me the
opportunity to come to Bergen. Thank you for your generous help, constant good
advice and your dedication. I would not have been able to learn that much without your
guidance. I am also very grateful to Emil Jeansson, for his support, encouragement and
the best soundtrack during a cruise ever.

I would like to thank all my co-authors for the great collaboration and the excel-
lent discussions, especially Kjetil Vage, Abdir Omar, Meike Becker, Léon Chavik, Igor
Yashayaev, Kent Moore, and Siv Lauvset. Thanks also to those who gave last minute
input to this thesis!

I would also like to thank Fiz F Pérez and the colleagues at IIM-CSIC for giving
me the opportunity to spend some time abroad. Thank you, Maribel, for showing me
around Vigo and Galicia, without you, it would not have been such a great experience.

I would like to thank all my colleagues and friends at GFI and at the Bjerknes Center,
especially everyone at SKD, including the coffee maker. Thanks for all the scientific
discussions, after work beers, sailing trips, hiking trips and dance parties. The PhD
community in Bergen is truly great and I am glad to have met so many amazing people
here. Thank you Mari, Lea, and especially Marie, go team carbon!

A very special thank goes to all Ziiri houmies for always reminding me of the world
outside academia. Wiebke and Sophia, thanks for coming to Bergen in January and for
promising to return anyways. And last, thanks to my family for being always there for
me.

The work of this thesis was funded by the SNACS project (229752) through the
KLIMAFORSK program of the Norwegian Research Council.






Abstract

The North Atlantic is a key region for global climate variability. Earlier studies have
shown changes in the large-scale circulation, air-sea heat and freshwater fluxes and the
carbon cycle in the North Atlantic in relation to anthropogenic forcing, but changes
attributed to natural variability are less certain. However, in order to fully comprehend
the ocean carbon sink and its variability, both, anthropogenic and non-anthropogenic
driving mechanisms need to be evaluated.

The results of this thesis are presented in four papers. In the first paper, the impact
of atmospheric forcing on convection in the subpolar North Atlantic, in particular with
regard to ocean ventilation and carbon sequestration is presented based on a unique
dataset collected during a winter cruise to the Irminger Sea. In the second paper, a
long term perspective on inorganic carbon inventory changes and its natural and an-
thropogenic components is given. Inventory changes were decomposed into their main
driving mechanisms and related to the evolution and distribution of the main water
masses in the Irminger Sea. The third paper discusses surface fCOy and pH trends
across the Irminger Sea and Iceland Basin and their main driving mechanisms. The
North Atlantic shows large decadal freshening and cooling signal, which produce a large
non-anthropogenic driving mechanism on surface ocean fCOg trends. The fourth paper
discusses pH changes in the interior Irminger Sea and the Iceland Basin as well as the
driving mechanisms for the observed variability.

Combined, the four papers in this thesis increase our understanding of fundamen-
tal interactions between atmospheric, hydrographic and biogeochemical processes in the
subpolar North Atlantic. In particular, trends associated to natural variability and an-
thropogenic climate change are distinguished, which contribute to a better understanding
of the variability of carbon cycle processes in the modern ocean.
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1 Introduction

“As in most scientific problems, no substitute exists for adequate observations. With-
out sufficient observations, useful prediction will likely never be possible. Models will
evolve and improve, but, without data, will be untestable, and observations not taken
today are lost forever. The great difficulty facing scientists trying to understand and pre-
dict the system is the extremely limited duration over which even marginally adequate
observations of the climate system exist” (Wunsch et al., 2013, p. 4435).

Since the beginning of the industrial revolution in the mid 18th century, atmospheric
CO2 concentrations have increased almost exponentially from approximately 277 ppm in
1750 to 402 ppm in 2016 (NOAA-ESRL, 2015). Emitted via fossil fuel burning, cement
production and land use changes, particularly agriculture, human-induced CO2 has per-
turbed the natural carbon cycle. After the 2015 Paris Climate Conference, more than
190 countries agreed to limit their carbon emissions so global warming will not exceed
2°C above preindustrial levels (UNFCCC, 2015). One challenge will be to monitor the
fate of anthropogenic carbon in the relevant reservoirs of the earth system in order to
verify that the measures put in place to reduce the carbon emissions are effective. Es-
timates of the human perturbation of the global carbon budget in the atmosphere, the
ocean and on land as well as the fluxes between these reservoirs, shown in Figure 1.1,
reveal that the oceans play a crucial role in the global carbon cycle (Ciais et al., 2013).
The oceans are a vast reservoir of carbon and because they contain approximately 50
times more carbon than the atmosphere, small changes in the oceanic reservoir might
impact atmospheric COs concentrations significantly. Currently, the oceans take up
approximately 25 % of the annual emissions (Mikaloff Fletcher et al., 2006, Takahashi
et al., 2009). While the oceanic uptake of CO9 mitigates climate change, it also affects
the CO2 system in seawater, which is most visible in the decline of pH (Gattuso and
Hansson, 2011). Ecosystems will have difficulties to adapt to these pH changes and the
ongoing ocean acidification, which ultimately will impact societies that depend on ocean
resources for food and recreation.

On timescales of decades, the rate at which COy is transported from the atmosphere
into the ocean is limited by the physical mixing time between the surface and interior
(Sarmiento et al., 1992). The uptake rate is likely to decrease in the future because the
surface ocean will become even more stratified than it is today due to surface warming
and an increased input of freshwater, largely related to changes in the hydrological cycle
and ice sheet melt. Until the end of the 21st century, Earth System Models project this
decline in oceanic anthropogenic COg uptake efficiency (Arora et al., 2013, Friedlingstein
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Figure 1.1: Schematic of the global COg reservoirs and fluxes. The black numbers indicate
preindustrial values and the red numbers the anthropogenic perturbation averaged over the

years 2000-2009. The arrows indicate annual fluxes between the reservoirs. Figure from Ciais
et al. (2013).

et al., 2006, Schwinger et al., 2014), however, the magnitude of carbon cycle climate
feedbacks vary significantly among models. In order to improve projections of the future
ocean carbon cycle, a range of ocean carbon observation systems will help to better
understand the spatio-temporal variability of the oceanic carbon sink on global and
regional scales. While mooring stations and Argo (Array for Real-time Geostrophic
Oceanography) floats carry sensors that mainly report hydrographic parameters, ship-
board measurements are required to monitor the COg system in seawater. Dedicated
research cruises and autonomous measuring systems installed on board of Voluntary
Observing Ships (VOS) cover the main ocean basins and the data are synthesized in
global data products such as SOCAT and GLODAPv2 (Bakker et al., 2016, Olsen et al.,
2016). As observations in remote areas, particularly during the harsh winter season,
are often scarce, the detection of long term trends from limited observational records is
challenging (Gruber, 2009). However, as the observational records extend in time, direct
evidence of the climate sensitivity of the marine carbon cycle emerges.



The focus region of this study is the subpolar North Atlantic with particular emphasis
on the Irminger Sea. The subpolar North Atlantic plays a dominant role in the global
climate system, because relative to the area size, large amounts of carbon are taken up
due to strong meridional overturning circulation and the formation of North Atlantic
Deep Water. In the subpolar region, deep convection provides a direct pathway into the
deep ocean. Over the past decades, changes in the large-scale circulation, air-sea heat and
freshwater fluxes and the carbon cycle were observed in relation to anthropogenic forcing
and natural variability. Only if the understanding of the mechanisms of natural climate
variability can be improved, the climate sensitivity of the subpolar North Atlantic in
relation to anthropogenic forcing can be determined, particularly on decadal time scales.






2 Scientific background

2.1 Hydrographic setting

The Irminger Sea, Labrador Sea and the Iceland Basin are part of the subpolar North
Atlantic. Towards the north, the area is limited by the Greenland-Iceland Rise and the
Iceland-Faroe Ridge. The Denmark Strait connects the Greenland Sea and the Irminger
Sea and the Labrador Sea is connected to the Baffin Bay via the Davis Strait. The
Faroe-Shetland Channel and the Faroe Bank Channel connect the Norwegian Basin and
the Iceland Basin. The Irminger Sea and the Iceland Basin are divided by the Reykjanes
Ridge. Cape Farewell, located at the southern tip of Greenland, marks the boundary
between the Irminger Sea and the Labrador Sea. The southern boundary of the subpolar
North Atlantic is at approximately 50° N.

The large-scale circulation of the subpolar North Atlantic has been widely described
in the literature (e.g. Lavender et al., 2005, Vage et al., 2011, Yashayaev and Clarke,
2008). The upper ocean in this region is dominated by a cyclonic circulation feature
with strong boundary currents between 50° and 65° N - the subpolar gyre (see Fig. 2.1).
The strength and shape of the subpolar gyre varies on decadal timescales, and affects
the salinity and temperature of northward advecting water masses from the subtropical
gyre (Hékkinen and Rhines, 2004, Héttn et al., 2005). The North Atlantic Current
(NAC) carries warm and salty water masses from southwest to northeast, where they
largely recirculate to the south. As these water masses move cyclonically around the
northern and western boundaries of the Iceland Basin, Irminger Basin and the Labrador
Sea, they lose heat to the atmosphere and become fresher as freshwater is added to
the water column via precipitation and river runoff (Hatin et al., 2005, Yashayaev and
Clarke, 2008). Therefore, the subpolar North Atlantic shows strong east-west gradients in
temperature and salinity. The surface currents in the Irminger Sea and Iceland Basin are
mostly oriented parallel to the Reykjanes Ridge (Knutsen et al., 2005). In the Irminger
Sea, the East Greenland Current carries cold and fresh water of Arctic origin southwards
and turns into the West Greenland Current as it passes Cape Farewell. The Labrador
Current, a continuation of the West Greenland Current and the Baffin Island Current,
flows southwards along the western side of the Labrador Sea. The narrow cyclonic
recirculation feature in the southwest Irminger Basin is referred to as the Irminger Gyre
(Vage et al., 2011). At depth, the dense overflows across the Greenland-Scotland Ridge
interact with water masses formed via convective activity in the subpolar North Atlantic,
which ultimately leads to decadal variations in the Atlantic Meridional Overturning
Circulation (e.g. Hansen and @sterhus, 2000).
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Figure 2.1: Schematic subpolar North Atlantic circulation. The branches of the North At-
lantic Current (NAC) turning into the Irminger Current (IC) are shown in red and the East
Greenland Current (EGC) is plotted in orange. The Iceland-Scotland Overflow Water (ISOW)
and the Denmark Strait Overflow Water (DSOW), in dark blue, jointly with the Labrador Sea
Water (LSW), in cyan, contribute to the Deep Western Boundary Current (DWBC). The filled
contours show the bathymetry at 500m steps. Adapted from Lherminier et al. (2010) and
Pérez et al. (2013), taken from paper II.

2.1.1 Atmospheric forcing

The leading mode of interannual atmospheric variability over the mid-North Atlantic is
the North Atlantic Oscillation (NAO) (Curry et al., 1998, Hurrell and Deser, 2009). The
NAO describes a large-scale oscillation between a low pressure system located near Ice-
land and a high pressure system located near the Azores. The NAO index is calculated
as the sea level pressure difference between Stykkisholmur, Iceland and Lisbon, Portu-
gal (Hurrell, 1996). The NAO fluctuates between a weaker than normal and stronger
than normal state, affecting thereby the strength of westerly winds and storm tracks over
the Atlantic, which themselves induce changes in surface temperature and precipitation
patterns (Hurrell, 1996). The index is positive if the sea-level pressure near Iceland is
anomalously low, while that near the Azores is anomalously high. During this positive
phase of the NAO westerly winds are stronger than normal and storm tracks are more
meridionally oriented. Vice versa, the index is negative if the sea-level pressure gradient
across the North Atlantic is small and as a consequence the westerlies are more zonal.
Variations in the NAO have been linked to air-sea fluxes of heat and freshwater in the
North Atlantic, large-scale circulation changes and the extent and strength of convective
processes (e.g. Curry et al., 1998, Hurrell, 1996).
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The Irminger Sea is located beneath the North Atlantic storm track and thus strongly
affected by the passing of low pressure systems (Vage et al., 2011). Tip jets, which are
intense, periodic westerly winds, are formed more frequently during the positive phase of
the NAO (Moore, 2003) as a result of the interaction of passing extra-tropical cyclones
with the high topography of southern Greenland (Doyle and Shapiro, 1999, Moore and
Renfrew, 2005). Tip jets are associated with high wind speeds and lead to strong sea-
air heat fluxes over the Irminger Sea (Moore and Renfrew, 2005, Vage et al., 2008).
While these small scale wind events can potentially induce ocean convection, global
scale atmospheric models fail to accurately represent the magnitude of tip jet events
around Greenland due to their coarse resolution (DuVivier et al., 2016).

2.1.2 Dense water formation

A direct connection between the surface ocean and the deep ocean, as a result of open-
ocean convection, occurs only in a few regions across the global ocean: the Greenland and
the Iceland Seas, the Labrador and Irminger Seas, the Mediterranean and the Weddell
Sea. Mostly throughout the year, the ocean is stably stratified and only during winter
in regions with strong surface forcing, the thermocline can be locally erased and deep
mixing occurs (Bacon et al., 2003). Prior to the onset of convection, it is believed that
the water column needs to be preconditioned (Marshall and Schott, 1999). In late fall to
early winter, a cyclonic circulation brings weakly stratified water in its center towards
the surface due to a doming of the isopycnals. This surface cooling during winter causes
the weak stratification of the surface ocean to erode. If sufficient buoyancy loss occurs,
the dense surface water begins to sink down in plume-like features. As soon as the
surface begins to restratify during spring, these plumes collapse and the convection
ceases (Marshall and Schott, 1999).

In the early 20th century, Nansen (1912) argued that the deep water of the North
Atlantic is formed in an area south of the Greenland-Scotland Ridge, most likely the
Irminger Sea. Although follow-on winter cruises to the south and southeast of Cape
Farewell confirmed this hypothesis, evidence of deep convection also occurring in the
Labrador Sea emerged (Wiist, 1943). The idea of the Irminger Sea as a location of deep
convection fell out of favor and the Labrador Sea became the main area of interest for
subsequent convection studies. The Labrador Sea is indeed most important for North
Atlantic mode water formation, the so called Labrador Sea Water (e.g. Rhein et al.,
2002, Talley and McCartney, 1982). Once Labrador Sea Water is formed, it spreads
southwards in the Deep Western Boundary Current, into the Irminger Sea and towards
the Iceland Basin (Straneo et al., 2003). In the center of the cyclonic circulation of
the Irminger Gyre, preconditioning conditions for convection are in fact fulfilled (Bacon
et al., 2003, Marshall and Schott, 1999) and under favorable oceanic and atmospheric
conditions, high buoyancy loss also leads to deep convection in the Irminger Sea and
Labrador Sea Water formation (de Jong et al., 2012, Falina et al., 2007, Pickart et al.,
2003a,b, Straneo et al., 2003, Vage et al., 2011, 2008).
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2.1.3 Water mass composition

In the subpolar gyre, substantial deep and mode water formation takes place. At depth,
North Atlantic Deep Water is formed, the key component of the lower limb of the Atlantic
Meridional Overturning Circulation that is composed of Denmark Strait Overflow Water,
Iceland-Scotland Overflow Water and Labrador Sea Water (Dickson and Brown, 1994).
Denmark Strait Overflow Water originates from the Arctic Ocean and the Nordic Seas
(Jeansson et al., 2008, Tanhua et al., 2005). This water mass is relatively recently
ventilated, enriched in oxygen, CO2 and other dissolved atmospheric gases such as freons.
Iceland-Scotland Overflow Water originates most likely from intermediate waters of the
Nordic Seas (Hansen and Osterhus, 2000). The properties of Iceland-Scotland Overflow
Water are modified while it flows through the Iceland Basin to the Irminger Sea. As
mentioned in section 2.1.2, Labrador Sea Water is formed via recurring deep convection
in the subpolar North Atlantic, as a consequence of high heat loss during winter (Lazier
et al., 2002, Pickart et al., 2003a, Yashayaev et al., 2007b). Labrador Sea Water is a
cold, dense water mass with high concentrations of dissolved atmospheric gases, with
a minimum in potential vorticity. This water masses show high spatial and temporal
variability. For example, from 1987 to 1994 an extremely dense Labrador Sea Water class
build up in the subpolar North Atlantic, as a consequence of intense recurring winter
convection forced by a strong positive state of the NAO. As the NAO index shifted
towards a more neutral state in the mid 1990s, the Labrador Sea Water was not renewed
and started to decay, i.e. it accumulated heat and salt. After 2000, a shallower and less
dense Labrador Sea Water class build up, which was slightly warmer and saltier than
the LSW class of the early 1990s (Yashayaev et al., 2007a).
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2.2 Biogeochemistry and carbon cycle processes

As a consequence of global climate change, not only the physical state of the ocean will
be affected, but also biogeochemical cycles and ecosystems will be altered by increased
temperatures, ocean acidification and ocean deoxygenation. However, on small spatial
and temporal scales, natural variability is likely to mask the anthropogenic perturbation.
This thesis focuses on the most recent impact climate had on the carbon cycle in the
subpolar North Atlantic.

2.2.1 The CO; system in seawater

In the ocean, inorganic carbon occurs in different forms. When CO2 dissolved in sea
water, it first forms aqueous COg (COg,aq), which reacts with water to carbonic acid
(H2CO3). Both forms are electrically neutral and can not be analytically distinguished
from each other. The COj dissociates stepwise to bicarbonate (HCO3) and carbon-
ate (CO?,)_) ions. The CO9 system in seawater can be described by three equilibrium
equations:

COsy 2 CO, (2.1)

Ky - +
COs + 2H,0 = HCO; + H50 (2.2)
HCO; + H0 =8 CO% + H30" (2.3)

Here, Kq is the Henry constant for COg in seawater and K; and Ka are the first and
second dissociation constants of carbonic acid. All constants depend on temperature,
salinity and pressure of seawater (Lueker et al., 2000, Mehrbach et al., 1973). The
dominant species in seawater is bicarbonate, which constitute 88.6 % for global ocean
mean surface water properties, followed by carbonate (10.9 %) and carbonic acid (0.5 %)
(Sarmiento and Gruber, 2006). When COg is added to seawater, the carbonate acts as
a buffer:

CO; + CO3™ + HoO = 2HCOj (2.4)

This leads to a net decrease in carbonate ions, which in turn lowers the saturation
state of CaCQOs. The increase in surface ocean COy perturbs the COy buffer system in
seawater, as the bicarbonate partly dissociates again, which lowers the pH (Zeebe and
Wolf-Gladrow, 2001).

The COg system in seawater can be fully described if at least two of the following four
parameters are known: total dissolved inorganic carbon (DIC), total alkalinity (A¢), pH
and the fugacity of COg in seawater (fCOs).

Both DIC and Ay are conservative with respect to changes in temperature or pressure.
DIC is the sum of all dissolved inorganic carbon species:

DIC = [COg,aq] + [HyCO3] + [HCO3] + [CO27]. (2.5)

At can be understood as the access of proton acceptors over proton donors relative to a
pKa of 4.5 (Dickson, 1981, Wolf-Gladrow et al., 2007). The contributions of minor bases
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such as borate, phosphate, silicate or ammonia, are generally low.

Ay = [HCO;] + 2[CO37] + [B(OH);] + [OH"] — [H'] + minor bases (2.6)

The thermodynamic state of all acid-base-systems in seawater is represented by pH:
pH = —log [HT]. (2.7)
The amount of COs9 in seawater can be expressed as fugacity fCO in a gas phase

that is equilibrated with sea water. fCOgy accounts for the non-ideal behaviour of COq
in air (Zeebe and Wolf-Gladrow, 2001):

fCOgy = 2CO2 X p exp (p B+26>

e (2.8)

Here, xCO2 is the mole fraction of COq, p is the total pressure, T' the temperature and
R the ideal gas constant. B is the first virial coefficient of CO9 and ¢ is the cross virial
coefficient, which are coefficients of the virial equation (representation of the equation
of state) to approxiamte real gases (Weiss, 1974).

The capacity of the ocean to absorb CO2 can be quantified with the Revelle factor:

~ AfCOy DIC
- ADIC fCO»

(2.9)

Typical surface ocean values result in a Revelle factor of 12, which means that a 1%
change in DIC will result in a 12 % change in surface ocean fCOgz (Sarmiento and Gru-
ber, 2006). Increasing surface ocean COy concentrations lead to higher Revelle factors,
therefore the ocean becomes less efficient in absorbing COy. The oceans Revelle factor
has already increased by approximately 1 unit since the industrial revolution (Sabine
et al., 2004). The warmer sea surface in low latitudes has generally lower Revelle factors
than the colder waters of the subpolar gyre in the high latitudes.

2.2.2 Anthropogenic carbon

Anthropogenic COy (Capt) in the ocean can not be measured directly, but can be de-
rived from in situ observations. Different approaches have been made to quantify Capg
against the high oceanic DIC background concentration. Vézquez-Rodriguez et al. (2009)
compared different methods to estimate C,yt in the Atlantic. In general, the spatial dis-
tribution of estimated Capy for the different methods agrees well, except in the Nordic
Seas and the Southern Ocean. All methods have their advantages and disadvantages (ba-
sically all assume a circulation in steady state), which shall be presented here in more
detail for three methods.

Based on the works of Brewer (1978) and Chen and Millero (1979), Gruber et al.
(1996) proposed the AC* method to estimate Cuye. This back-calculation method cor-

rects the preformed DIC in the modern ocean against preindustrial preformed values
(7): Cant = DIC®' — DIC*™. Measured DIC is back-calculated to DIC°!, i.e. the
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DIC concentration of a water parcel that is in direct contact with the atmosphere be-
fore subduction, by taking changes in temperature, salinity, remineralisation of organic
matter and CaCOs dissolution into account. DIC®™ is quantified as the sum of the sat-
urated DIC concentration with respect to the preindustrial atmosphere and the air-sea
CO4 disequilibrium (ACg;s). Two main assumptions need to be made to apply the AC*
method: first, preindustrial and present day preformed alkalinity values do not need to
be differentiated and second, the air-sea COq disequilibrium has remained constant over
time.

The ¢CT method (Pérez et al., 2008, Vazquez-Rodriguez et al., 2009, 2012) follows
the same principles as the AC* method. However, preformed alkalinity and the disequi-
librium term are determined using data of the subsurface layer (100-200 m), which has
been shown to represent and preserve winter conditions during water mass formation
(Vézquez-Rodriguez et al., 2012). The ¢CT method corrects any spatial and temporal
variability of ACg;s and takes the effects of both, CaCOj3 dissolution changes and the sea
surface temperature increase since preindustrial times on parametrized preformed alka-
linity into account. The main advantage of the ¢C} method over other back-calculation
methods is that no data of age tracers, such as chlorofluorocarbons (CFCs), are needed.

The ’short cut’ version of the AC* method uses transient tracer data to compute Cant,
which is basically a transit time distribution (TTD) approach. The TTD is a tracer-
based method to estimate Cay, (Hall et al., 2002, Waugh et al., 2006), which relies on
the assumption that Cgyy acts as a passive and inert tracer. Combining the source
function of the tracer at sea surface and the transit time distribution, the concentration
of any passive, inert tracer is determined at any place and time in the ocean. The TTDs
can be approximated by inverse Gaussian functions at each location in the interior ocean
based on measurements of transient tracers such as chlorofluorocarbons (CFCs) or sulfur
hexafluoride (SFg). Cant can be estimated, assuming that (1) the biological pump is not
affected by the increasing concentration of Cupt in the ocean, because COs is not a
limiting nutrient for marine ecosystems, (2) circulation is in steady state and (3) there is
no spatial dependence for the surface source function (Waugh et al., 2006). Uncertainty
arises due to the need of assuming the saturation degree of the tracers in sea water,
which probably also changes in time, but ultimately effects surface history of the tracer
(Tanhua et al., 2008). In order to constrain the TTD, a ratio between the mean age
and the width of the TTD needs to be assumed, which affects the shape of the TTD.
The main advantages of the TTD method are that no direct measurements of DIC in
the ocean are needed and that the method is insensitive to biological processes in the
surface ocean.

2.2.3 Carbon uptake in the subpolar North Atlantic

The net transfer of CO2 across the air-sea interface is controlled by the fugacity difference
between the ocean and the overlying atmosphere (AfCOy = fCOS — fCO5™), the
solubility of COs2 in seawater and the gas transfer velocity. The gas transfer velocity is
limited by the turbulence at the air-water interface, which can be influenced by friction
velocity, breaking waves, bubble formation, temperature and humidity gradients. Mostly,
these parameters can be linked to wind speed, therefore gas transfer rates are often
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expressed as a function of wind speed (Nightingale et al., 2000, Wanninkhof, 1992). The
growth rate of fCOS relative to fCO5™ determines whether the oceanic sink strength
of CO4 increases or decreases with time.

The global annual mean air-sea COy flux is -1.42 Gt Cyr~! (Takahashi et al., 2009),
but when riverine input is taken into account, the net ocean uptake is close to -
2GtCyr~!. The North Atlantic, north of 50°N, contributes to the global flux with
roughly 20 %. A global sea-air flux map is shown in Figure 2.2 a, for the reference year
2000. The subpolar North Atlantic is a strong sink for CO2 with high interannual vari-
ability compared to other ocean areas (Figure 2.2b). During winter, the surface ocean
is saturated or slightly supersaturated with respect to atmospheric values (Olsen et al.,
2008) and to some extent, outgassing of COg occurs. During spring and summer, the
water column becomes highly undersaturated as a result of biological drawdown of COa.
The seasonal variability of fCO5° depends not only on intra-annual temperature and
salinity changes but also the timing and magnitude of phytoplankton blooms (Henson
et al., 2006, 2013). On interannual to decadal timescales, a combination of physical and
biological drivers leads to the observed high variability of the North Atlantic carbon sink.

Based on carbon measurements between 1982 and 2002 at the Bermuda time-series
station, Gruber et al. (2002) found substantial variability in air-sea COg fluxes. Most
likely, temperature changes and winter mixed layer depth variability, associated with the
state of the NAO, drove air-sea COs flux anomalies in the subtropical gyre. If scaled to
the entire North Atlantic, the variability of the carbon sink strength would be as large
as +50%. Several studies report a decline of North Atlantic COs uptake in the 1990s
and early 2000s, driven by surface warming in the western subpolar gyre (Corbiere et al.,
2007), local and advected changes in the AfCOy (Omar and Olsen, 2006), or declining
wintertime mixing and ventilation (Schuster and Watson, 2007). According to Metzl
et al. (2010), the sea surface fCOq growth rates in the western subpolar gyre accelerated
after 2003, explained by changes in the COs2 seawater chemistry and increased deep
mixing. The historic hindcast simulations between 1979 and 2004 by citetThomas2008
largely reproduce the observed trends by Corbiere et al. (2007), Omar and Olsen (2006),
Schuster and Watson (2007). Thomas et al. (2008) show that beyond the observational
records, the North Atlantic carbon sink shows large multiannual variability linked to
NAO-driven circulation changes, as well as surface warming and cooling patterns. Beside
the state of the NAQO, a reduction in the vertical supply of DIC, as a result of weaker
convection in the subpolar gyre in the early 2000s, has also been shown to lead to a
modeled decline in fCOg (Ullman et al., 2009). On longer timescales, however, the
fCO5° trends in the North Atlantic are mainly driven by the increase in DIC associated
with the uptake of anthropogenic carbon, but limited by the buffer capacity (McKinley
et al., 2011, Tjiputra et al., 2012). By year 2100, more than 40 % of the ocean surface
could have higher fCO$° than fCO3™ growth rates, assuming an RCP8.5 scenario
Tjiputra et al. (2012), leading to a substantial reduction in oceanic CO2 uptake.

The magnitude of ocean acidification is proportional to the amount of CO9 taken up
through air-sea gas exchange (Doney et al., 2009, Gattuso and Hansson, 2011). Since
the mid 18th century, global ocean average pH has dropped approximately 0.1 units and
it is predicted to decline further unless COg emissions are curbed. Over the past two
decades, the pH in North Atlantic surface waters has declined at a similar rate as global
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ocean pH (0.0018 yr~!) (Lauvset et al., 2015). In the high latitudes, the surface waters
are naturally low in carbonate as they have high DIC concentrations because of higher
CO2 solubility at low temperatures. Due to a lower buffer capacity against the uptake of
COa, ocean acidification will be strong. Lauvset et al. (2015) argue that changing DIC
in the ocean and its impact on the buffer capacity need to be quantified in order to fully
determine the important drivers for observed trends in surface ocean pH.

2.2.4 Carbon inventories in the subpolar North Atlantic

In general, CO4 uptake does not equal COs storage. For example, in equatorial upwelling
regions, old water masses are brought to contact with the atmosphere and take up Cypy.
However, the water is transported towards the subtropical gyres, where is is eventually
brought to the deep ocean so that the Cayy is actually stored (Sarmiento et al., 1992). The
cumulated amount of Cype stored in the ocean between 1750 and 2014 is 170420 PgC,
which is approximately 30 % of the cumulative emissions (Le Quéré et al., 2016). Because
of deep water formation, the subpolar North Atlantic is a key region for the storage and
transport of COg in the global ocean although the area covers only 14% of the global
ocean area (Sabine et al., 2004).

The anthropogenic CO3 storage rate is related to the extent and intensity of ven-
tilation processes, primarily driven by the NAO (section 2.1.1) (Levine et al., 2011,
McKinley et al., 2011, Pérez et al., 2008, 2010, Steinfeldt et al., 2009, Wanninkhof et al.,
2010, Woosley et al., 2016). In 1996, the NAO shifted from a positive to a negative
phase, leading to strong reductions in surface heat fluxes in the subpolar North Atlantic
and only weak formation of C,pe-enriched LSW. Pérez et al. (2008) find a decline in Cypy
storage rates after 1997 as a result of enhanced surface stratification and weakened deep
convection. Confirming results by (Pérez et al., 2008) Steinfeldt et al. (2009) show that
large reductions in Cayy storage occurred between 1997 and 2003 in the subpolar gyre, as
a consequence of absent deep ventilation and aging of the remnant water masses. How-
ever, they also reveal that a part of the variability of Cant storage rates is related to
volume changes of water masses, particularly the Labrador Sea Water layer, which de-
creased east of the Reykjanes Ridge, while it increased west of it. Based on deep repeat
hydrographic measurements Pérez et al. (2013) estimate fluxes and storage rates in the
North Atlantic and show, how a reduction in the Atlantic Meridional Overturning Cir-
culation has weakened the North Atlantic sink for C,,; between 1990 and 2006. After
2010, the NAO index has shifted again towards more positive values, leading to overall
higher storage rates of Cyp¢ in the early 2000s than in the 1990s (Woosley et al., 2016).

While a response of anthropogenic COs9 storage to atmospheric forcing in the North
Atlantic has been largely determined, less is known about variations in natural DIC,
its relation to atmospheric forcing and relevance for total DIC inventories (Tanhua and
Keeling, 2012). For the atmospheric CO2 concentrations, changes in DIC are most
important, however, the overall processes that lead to the observed changes remain
unclear. A first approach was done by Tanhua and Keeling (2012), who evaluated DIC,
abiotic DIC as a approxiamtion of C,pg, and oxygen trends in the North Atlantic, but
large uncertainties remain.
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Figure 2.2: (a) Sea-air COy flux based on empirical approaches relating in situ measure-
ments with satellite observations of wind and sea surface temperature for the reference year
2000 and validated against the ApCO; climatology of Takahashi et al. (2009). (b) Magni-
tude of interannual variability of the sea-air CO9 flux from a diagnostic model using empir-
ical subannual relationships between climatological pCOs in surface seawater and sea sur-
face temperature, along with interannual changes in SST and wind speed. Figure from
http://www.pmel.noaa.gov/co2/story/Surface+CO2+Flux+maps after Feely et al. (2006) and
Park et al. (2010).



3 Objectives

The overall goal of this study is to gain better understanding of fundamental interactions
between atmospheric, hydrographic and biogeochemical processes in a small but highly
dynamic key region for global climate variability. The results will document and help
to understand the mechanisms behind climate related changes on the biogeochemistry
and the carbon cycle in the subpolar North Atlantic through the 1990s and 2000s, with
particular emphasis on the Irminger Sea.

The main objectives of this thesis are divided into four topics, each covered by a
separate publication:

1. While deep convection has been shown to occur in the Irminger Sea under a specific
set of oceanic and atmospheric conditions, the imprint of winter mixing in the
Irminger Sea on biogeochemistry remains unclear. Moreover, direct observations of
deep convection are scarce due to the harsh wintertime conditions in the subpolar
gyre and only indirect evidence of the impact of atmospheric forcing on mixed
layer depth and anthropogenic CO2 and oxygen saturation concentration has been
presented. PaperI aims to better understand the process of convection in the
Irminger Sea, how it is linked to atmospheric forcing, and how it affects carbon
sequestration and ventilation based on a unique wintertime dataset.

2. The response of anthropogenic CO4 storage to atmospheric forcing in the subpolar
North Atlantic has been determined, however, less is known about the natural
carbon cycle. The variability of the strength of the ocean carbon sink can only be
fully understood if natural variability is separated from anthropogenically driven
trends. Paper IT determines, how interior DIC inventories, and their natural and
anthropogenic components, have changed over the past decades and how these
changes are related to the distribution and evolution of water masses in the Irminger
Sea.

3. While large scale changes in salinity and temperature have been observed on
decadal timescales in the North Atlantic, the impact on surface fCOs and pH
remains unclear. The aim of Paper III is to determine spatial trends of surface
fCO2 measurements across the Irminger Sea and the Iceland Basin based on data
collected by the VOS Nuka Arctica. A decomposition of the trends allows to iden-
tify the main drivers of the observed changes.

4. While the surface ocean tends to track the atmospheric perturbation, the acidifica-
tion at depth depends on the amount of anthropogenic COq9 that is brought to the
deep ocean through mixing processes and convection. However, in order to moni-
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tor pH changes through the water column, the trends and drivers of the observed
changes need to be determined, which is the aim of the analysis in the Irminger
Sea and the Iceland Basin performed in Paper IV.



4 Summary

The four papers combined in this thesis show that the carbon cycle in the subpolar North
Atlantic undergoes significant spatial and temporal variability. The main driver for ob-
served changes is the increasing input of anthropogenic COq into all depths of the ocean.
The natural carbon cycle is largely linked to changes in local water mass composition,
driven by large scale circulation changes and subpolar mode water formation as well as
the state of the atmosphere. In particular on shorter timescales, the non-anthropogenic
drivers become more import than the input of anthropogenic COs.

Paper I: Irminger Sea deep convection injects oxygen and anthropogenic car-
bon to the ocean interior,

Frob, F., A. Olsen, K. Vage, G.W.K. Moore, I. Yashayaev, E. Jeansson, and B. Ra-
jasakaren (2016), Nature Communications, 7, 13244.

The aim of Paper I was to describe the impact of atmospheric forcing on convection in
the subpolar gyre, in particular with regard to ocean ventilation and carbon sequestra-
tion. Based on an unique dataset, collected during a winter cruise to the Irminger Sea
in 2015, these processes are directly linked to each other. First, the origin, extent and
chemical properties of the winter mixed layer is described. While the mixing typically
does not exceed 500 m in the Irminger Sea, in the winter 2014/15 mixed layers were as
deep as 1400 m, driven by exceptional heat loss, which was enhanced by a large number
of tip jet events associated with a high North Atlantic Oscillation index. Precondition-
ing of the water column was of secondary importance for the onset of convection. As a
result of the deep convection, oxygen and anthropogenic COy concentrations were close
to saturation concentrations with respect to the atmosphere in the winter mixed layer.
Compared to historic data, depleted oxygen levels at mid-depth were replenished and
large amounts of carbon being sequestered to the deep ocean. The observations show
that local deep convection driven by strong atmospheric forcing leads to efficient ocean
ventilation and anthropogenic carbon uptake in the Irminger Sea.
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Paper II: Inorganic Carbon and Water Masses in the Irminger Sea since 1991,
Frob, F., A. Olsen, F.F. Pérez, M.I. Garcia-Ibanez, E. Jeansson, A. Omar, and S.K. Lau-
vset (2017), Biogeosciences Discussions, 27.

In Paper II, a long term perspective on inorganic carbon inventory changes in the inte-
rior Irminger Sea is given. Based on repeated hydrographic depth profiles between 1991
and 2015, the inventories of total dissolved inorganic carbon and its natural and anthro-
pogenic components are estimated. An extended Optimum MultiParameter method is
used to quantify the distribution and evolution of the main water masses in the Irminger
Sea. The overall inventory in DIC is driven by an increase in anthropogenic carbon,
while the natural component decreases over the entire period. As changes in the carbon
storage rate can be driven by concentration changes in the water column, for example
due to aging of water masses, or by changes in the distribution of water masses with
different concentrations, either by local formation or advection, the trends can be decom-
posed into their main drivers. Variations of natural DIC inventories are mainly driven
by changes in the layer thickness of the main water masses, particularly of the Labrador
Sea Water classes and surface water masses, while anthropogenic carbon is most affected
by concentration changes. The DIC inventory changes show a clear response to the NAO
and associated changes in the strength of convection, but for anthropogenic carbon the
signal is less robust. While the oxygen inventory has declined over the entire period
in all water masses, the deep convection event in 2015 was strong enough to replenish
oxygen at depth to levels of the early 1990s.

Paper III: Impact of recent North Atlantic freshening and cooling on the
carbon cycle,

Frob, F., A. Olsen, M. Becker, L. Chafik, T. Johanessen, G. Reverdin, and A. Omar,
prepared for submission to GRL.

In Paper III, a long term perspective on surface fCOs9 trends across the Irminger Sea
and Iceland Basin is given and the main driving mechanisms for the observed changes
are discussed. While the North Atlantic has undergone large changes in sea surface
temperature and salinity over the past decades, the impact on surface fCOy and pH
are less certain. Surface fCOg data were collected on the VOS M/V Nuka Arctica in
the subpolar North Atlantic between 2004 and 2014. Due to recurring deep convection,
surface fCOg trends are slightly lower in the Irminger Sea, while towards the east, the
surface fCOg trends largely track the atmosphere. Ocean acidification is weaker in the
west than in the east. The fCOq and pH trends are decomposed into their main drivers,
i.e. sea surface temperature, salinity, dissolved inorganic carbon and alkalinity. Over the
entire time period, the subpolar North Atlantic surface ocean significantly cooled and
freshened. While the fCOg trends maintain equilibrium, trends in DIC are significantly
decreased in the Iceland Basin, where alkalinity becomes a more important driver as a
consequence of the decrease in salinity. This effect is only partly compensated by the
increase in COg solubility due to the cooling. The freshening is not large enough to
induce a strong decline in pH, as pH trends in the surface ocean are ultimately limited
by the atmospheric fCOgy growth rate. The large freshening is not a local feature, but
has been linked to decadal large scale circulation changes, which impact the DIC growth
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rates in the North Atlantic. Surface ocean observations of carbon properties are highly
valuable in order to better understand the role regional internal climate variability has
on the oceanic uptake efficiency of atmospheric COs.

Paper IV: Ocean Acidification in the Subpolar North Atlantic: mechanisms
controlling pH changes,

Garcia-Ibanez, M. 1., P. Zunino, F. Frob, L.I. Carracedo, A. Rios, H. Mercier, A. Olsen,
and F.F. Pérez (2016), Biogeosciences, 13, 3701-3715.

The aim of Paper IV was to give a long term perspective on pH changes in the in-
terior Irminger Sea and the Iceland Basin and to discuss the main drivers for the ob-
served variability. Based on deep repeat hydrographic measurements between 1991 and
2015, basin-wide ocean COgy chemistry changes and ocean acidification in the main wa-
ter masses are discussed. Over the entire time period, pH has declined, in particular in
surface and intermediate water masses. A decomposition of the trends into their main
drivers revealed that the increase in anthropogenic COy dominated the decline in pH,
partially offset by increased alkalinity. In the upper ocean, pH declines at a lower rate
than expected from the rising atmospheric COy concentration due to large scale circu-
lation changes in the subpolar North Atlantic that transport saline and alkaline waters
northwards and hence, increase the buffer capacity. As LSW was not reventilated until
2015, a strong decline in pH is associated to the aging of this water mass. Overall, the
acidification trends in the Irminger Sea are stronger than in the Iceland Basin due to
the presence of younger water masses.






5 Future perspectives

The results of this thesis raise a number of open questions and possibilities for future
work, some might be of pure academic interest, others of more societal relevance.

The results of Paper I show that deep convection clearly occurs in the Irminger
Sea, however, it remains uncertain, how much COg is actually stores. If the production
rates of Labrador Sea Water in the subpolar North Atlantic would be known, the actual
amount of COg transported to depth could be calculated. Another question that could
then be addressed is how much the Labrador Sea Water formed by deep convection in the
Irminger Sea contributes to North Atlantic Deep Water. This could given an indication
of how important the Irminger Sea is in a global sense with respect to carbon storage.
It would also be interesting to analyze hydrographic and biogeochemical parameters
before, during and after deep convection. As preformed conditions for water masses
are set during water mass formation, assumptions that are made for e.g. saturation
concentrations of newly formed water masses could be compared to actual measurements.
This could also result in a more complete mechanistic description of the convection
process itself (more than what has been done in Paper I).

The OMP analysis used in Paper IT does not take temporal changes of source water
type properties into account. This could be solved by using a technique for tracing ocean
water masses (Gebbie and Huybers, 2010). The evolution of different Labrador Sea Wa-
ter classes could then be better resolved, but also water masses that have similar source
water type parameters could be better distinguished from each other. It would be inter-
esting to combine the results of Paper II with velocity fields in the ocean in order to
resolve volume transports of the different water masses and their respective concentra-
tion changes. Taking the horizontal and vertical advection of carbon into account, the
magnitude and the variability of the carbon budget in the Irminger Sea could be better
described in order to describe the horizontal and vertical advection of carbon.

The observational basis for assessing carbon cycle variability is limited in the subpolar
North Atlantic, particularly in the challenging winter season. Higher spatial and tempo-
ral resolution of the observational data might reveal more robust trends and drivers and
resolve intra-annual to interannual to decadal variability better. As shown in Paper II
and Paper III, the use of a salinity-alkalinity relationships to approximate alkalinity
in the surface and deep ocean is subject to uncertainty. Any impacts on alkalinity of
CaCOg3 dissolution changes are disregarded. Therefore, at least two of the four parame-
ters of the COg9 system in seawater should be reported either during dedicated cruises or
via autonomous measurement systems installed on VOS lines. In this way, a more com-
plete picture of surface carbon cycle processes could arise. If this is not possible, a more
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complex alkalinity relationship needs to be developed that does not only rely on salinity.

In Paper III only winter trends were analyzed, but it would be interesting to include
all seasons to investigate spatial and seasonal variabilities of the subpolar North Atlantic
carbon cycle. This could only be achieved, if biological processes are considered. In or-
der to account for variability related to biological processes, which were not discussed
throughout this thesis, nutrients need to be systematically observed as well. Addition-
ally, measurements of §'3C(DIC) across the surface ocean have the potential to help to
estimate future anthropogenic carbon uptake, however, this needs further investigation.

Another issue raised throughout this thesis, is that the connection between the surface
ocean and the deep ocean remains unsolved. It is not quite clear how signals attributed to
surface ocean variability affect processes at greater depths and vice versa. For example,
in Paper IIT lower fCOg trends in the Irminger Sea were attributed to deep convection,
however, in the actual fCOq surface data are no clear signals from the known events.
Moreover, it is not clear how these signals would actually look like, because the water
masses that are brought up from greater depths to the surface have lower anthropogenic
carbon concentrations, but might be enriched with DIC - depending on their age.

While in Paper IV the trends in pH in the interior ocean are larger in the Irminger
Sea than in the Iceland Basin, the results of Paper III show the opposite for surface
pH trends. This might be related to the different time periods that were considered,
however, the reasons are not entirely clear. Further investigation of the trends and
drivers on subdecadal scales are necessary to improve our understanding of the ongoing
ocean acidification.

Last, it is uncertain how changes in the interior and surface ocean uptake efficiency of
COy feed back to the atmosphere. High precision CO5 measurements could resolve the
imprint that interannual to subdecadal changes in the surface and interior ocean have
on the atmospheric CO2 concentrations.
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Irminger Sea deep convection injects oxygen and
anthropogenic carbon to the ocean interior

F. Fréb"2, A. Olsen"?, K. Vage2, G.W.K. Moore3, |. Yashayaev?, E. Jeansson?® & B. Rajasakaren?®

Deep convection in the subpolar North Atlantic ventilates the ocean for atmospheric gases
through the formation of deep water masses. Variability in the intensity of deep convection is
believed to have caused large variations in North Atlantic anthropogenic carbon storage over
the past decades, but observations of the properties during active convection are missing.
Here we document the origin, extent and chemical properties of the deepest winter mixed
layers directly observed in the Irminger Sea. As a result of the deep convection in winter
2014-2015, driven by large oceanic heat loss, mid-depth oxygen concentrations were
replenished and anthropogenic carbon storage rates almost tripled compared with Irminger
Sea hydrographic section data in 1997 and 2003. Our observations provide unequivocal
evidence that ocean ventilation and anthropogenic carbon uptake take place in the Irminger
Sea and that their efficiency can be directly linked to atmospheric forcing.
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oceanic sink for anthropogenic carbon and ventilating

the ocean for atmospheric gases such as CO, and
oxygen!. The renewal of oxygen at depth supports aerobic
remineralization of organic matter, and biogeochemical processes
respond sensitively to changes in the supply rate from the surface
ocean’. Regions where ocean ventilation and anthropogenic
carbon sequestration occur are limited, for example, 85% of
the total volume of the deep ocean is ventilated from only 15%
of the surface ocean®. The subpolar North Atlantic is such a
location. However, the processes that govern deep convection
there are highly variable and sensitive to changes in large-scale
ocean-atmosphere interactions.

In the northern mid-latitudes, strong declines in oxygen
between the 1970s and the 1990s were observed in the upper
ocean (100-1,000m). This decline in oxygen likely resulted
from reduced exchange between the surface mixed layer and
interior ocean, associated with warming and freshening in the
upper ocean®’. Furthermore, a series of papers have shown
how reduced deep water formation in the subpolar North
Atlantic from the mid-1990s to the mid-2000s affected ocean
anthropogenic carbon storage rates®. A recent acceleration in
anthropogenic carbon storage rates has been observed in the
North Atlantic from 2003 to 2014 compared with the 1989-2003
period, attributed to changes in water mass ventilation as well as
increasing atmospheric CO, concentration’. The frequency,
duration and intensity of deep water formation in the North
Atlantic subpolar gyre region is strongly related to atmospheric
variability. In particular, variability —associated with the
North Atlantic oscillation (NAO) is one of the main drivers for
hydrographic property changes in the subpolar North Atlantic on
interannual to decadal timescales'®!1.

Despite efforts to elucidate the relationship between
atmospheric forcing and ventilation processes, a complete
mechanistic understanding is still missing. There are insufficient
observational data to determine the impact of atmospheric
forcing on mixed layer depth and properties in the subpolar gyre,
in particular with regard to ocean ventilation and carbon
sequestration. Data collected during summer cruises only provide
indirect evidence, and signals that are advected from outside the
subpolar gyre are challenging to distinguish from signals that
reflect local mechanisms of deep water formation. With the
installation of mooring stations and the advent of autonomous
sampling systems such as Argo the problem of seasonal biases
in sampling is now being alleviated'>!3. However, the type
of sensors that are carried are limited and for the collection of
high-quality carbon and tracer data, ship-board measurements
are required. Since wintertime conditions are extremely harsh in
the subpolar gyre, ship data from the convective season are rare.
For example, between 1990 and 2014 the Irminger Sea was
occupied by more than 30 research cruises, but only once during
the potentially convective season'*.

In the Irminger Sea, deep convection takes
under favourable oceanic and atmospheric conditions
Here we present new observational data from a unique cruise
in winter 2015 that captured such a deep convective event.
These observations document the properties of the deepest
mixed layers directly recorded in this region and their impact on
oxygen and anthropogenic carbon, providing a link between
atmospheric forcing and anthropogenic carbon storage and
oxygen re-ventilation in the subpolar gyre.

Deep convection is a key process for maintaining the
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Results
Oxygen and anthropogenic carbon in the water column. Sulfur
hexafluoride (SFq) saturation values, here shown in a potential
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temperature-salinity diagram based on the 2015 Irminger Sea
cruise data (Fig. la), indicate that strong local convection took
place in the Irminger Sea in winter 2014-2015. The depth of the
mixed layer is derived from hydrographic profiles using a
threshold criterion®? (see Methods section). The mean density in
the winter mixed layer corresponds to the density of the lighter
Labrador Sea Water (LSW) class formed in the subpolar gyre after
2000 (ref. 23). SFq is typically undersaturated in the surface
ocean during active water mass formation with saturation values
of 86% in the North Atlantic?4. Here, within the winter mixed
layer the SF4 saturation varies strongly between undersaturation
and supersaturation, with supersaturated values testifying to
the recent formation through convective processes in winter
2014-2015. The highest supersaturated values of SFg were
observed at the base of the mixed layer with a mean saturation
of 116.2+8.2%, possibly driven by bubble formation at the
surface induced by high wind speeds?®.

Oxygen and anthropogenic carbon concentrations are
presented along the 2015 cruise transect across the Irminger
Sea with the coast of Greenland close to Cape Farewell to the west
and the Reykjanes Ridge to the east (Fig. 1b,c). Anthropogenic
carbon concentrations are computed using the transient time
distribution (TTD) method?®. Within the winter mixed layer,
they are based on SFs data. In the less recently ventilated water
masses below the mixed layer, dichlorodifluoromethane (CFC-12)
measurements provide more reliable estimates?4, Concentrations
of oxygen and anthropogenic carbon are high in the entire winter
mixed layer, indicative of its recent ventilation. Below lies an
older water mass layer with reduced levels of oxygen and
anthropogenic carbon. Towards the bottom of the western
Irminger Basin, elevated oxygen concentrations are found, a
characteristic feature of Denmark Strait Overflow Water.
In combination with Iceland Scotland Overflow Water and
LSW from the Labrador and Irminger Seas, this water mass forms
North Atlantic Deep Water?’, the key component of the lower
limb of the Atlantic Meridional Overturning Circulation.

With respect to atmospheric values in 2015, the surface waters
are saturated by 94-98% in oxygen and 90-100% in
anthropogenic carbon, respectively. Oxygen undersaturation
in the northern high latitudes during the convective season has
been described as a consequence of gas exchange lagging behind
strong heat loss>>%°.

Mixed layer depths in the North Atlantic subpolar gyre. Deep
convection in winter 2014-2015 was not confined to the Irminger
Sea, but occurred across the entire subpolar gyre. The mixed layer
depth estimates we present are based on individual Argo profiles
from December 2001 to May 2015, and hydrographic station data
from April and May cruises to the Irmin§er and Labrador Seas in
2015. For consistency with earlier studies 0 we use the 2000-2007
base period of February-April Argo data to contextualize the 2015
data. Compared with climatological conditions, wintertime mixed
layer depths were exceptionally deep in the entire subpolar gyre in
2015 (Fig. 2a) and the largest deviation from the long-term mean
occurred in the Irminger Sea (Supplementary Fig. 1). Here, mixed
layers were deeper than 1,400 m in early 2015 (Fig. 2a). While these
are the deepest mixed layers directly observed in the Irminger Sea,
exceeding the two previous winters by at least 800 m, there is
indirect evidence that even deeper convection took place in the
Irminger Sea in the early 1990s (ref. 15).

Convectively formed water masses are partly advected from
their main formation region in the Labrador Sea to the Irminger
Sea with a travel time of about 2 years, where these weakly
stratified water masses can precondition the water column for
convection™!>17:23 Alternatively, waters originating from the
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P ic carbon in the water column in winter 2014-2015. (a) Irminger Sea potential temperature,

salinity and sulfur hexafluoride (SF¢) saturation as observed during the April Irminger Sea cruise (58GS20150410). The contour lines show the potential
density anomaly (g, isopycnals). The filled circles show data below the depth of the mixed layer (MLD), the filled triangles show data within the winter
mixed layer and the stars highlight properties at the base of the winter mixed layer. (b) Interpolated oxygen and (¢) anthropogenic carbon concentrations in
pmol kg~ for a transect across the Irminger Sea based on April Irminger Sea cruise data. The black contour lines indicate saturation degree with respect to
2015 atmospheric concentrations. The white line shows winter mixed layer depth. The vertical lines show longitude bounds for the Irminger Sea region.
The black dots show sampling depths. The location of the transect is shown in the map.

region south of Greenland could possibly be advected into the
Irminger Sea on shorter timescales, but propagation rates are
difficult to determine. In winter 2012-2013, convection was
shallow and there was little dense water production in the
entire subpolar gyre (Fig. 2b; Supplementary Fig. 1). During the
subsequent winter of 2013-2014, dense water masses were
produced by deep convection in the Labrador Sea as well as
south of Greenland. However, in order for these water masses to
potentially precondition the water column in the Irminger Sea for
convection in winter 2014-2015, a fast eastward advection would
be required. This is implausible given the observed mid-depth
large-scale circulation®’. The February to April mixed layer
density evolution also reveals no eastward propagation of dense
waters, particularly in 2013-2014. It appears instead that the
deep mixed layers in the Irminger Sea arose locally in 2014-2015
by a gradual densification. That winter, deep convection resulted
in the production of almost equally dense water masses in the
Labrador Sea and the Irminger Sea. Therefore, advection of
convectively formed water masses from outside the Irminger
Sea cannot explain our observations. Hence, other mechanisms
are responsible for the strong local convection.

Atmospheric forcing and water column stratification. The
leading mode of atmospheric variability over the mid-latitude
North Atlantic is the NAO. The positive phase of the NAO is
characterized by a deeper Icelandic Low and stronger westerlies
across the North Atlantic’l. The NAO index (Supplementary
Fig. 2) attained the highest value observed since the mid-1990s in
winter 2014-2015. Atmospheric conditions during the positive
phase of the NAO are conducive for the formation of westerly tip
jets>2. Tip jets are intense, periodic westerly winds that develop
over the Irminger Sea as a result of the interaction of passing

extra-tropical cyclones with the high topography of southern
Greenland®3. " These local wind phenomena are typically
associated with high wind speeds and elevated sea-air heat
fluxes over the Irminger Sea'®. Due to their small spatial scale,
coarse-resolved global climate models fail to simulate the
magnitude of tip jet events around Greenland®>*°. Consistent
with the high NAO index, the number of westerly tip jet events as
well as the winter mean total oceanic heat loss over the Irminger
Sea during the winter of 2014-2015 attained values not seen since
the mid-1990s (Fig. 3a; Supplementary Fig. 2).

As a measure of water column stratification we use the
buoyancy frequency N, which represents the frequency at which a
neutrally buoyant parcel will oscillate in a stably stratified fluid.
It is calculated as:

d
sz—foa”, )

with g being the downward acceleration due to gravity and p,
the mean density. A preconditioned water column with reduced
stratification, for example through the presence of weakly stratified
water at intermediate levels, facilitates deep convection before the
onset of the convective season'>. The temporal evolution of
buoyancy frequency with depth based on Argo data from 2002 to
2015 illustrates the interannual variability of preconditioning in the
Irminger Sea (Fig. 3b). There is a seasonal cycle of surface
stratification connected to local winter convection. The lowest
values of buoyancy frequency are observed in the winter mixed
layers as a consequence of buoyancy loss from the surface, followed
by a period of restratification of the upper 500-1,000 m in spring
and summer. The deepest winter mixed layers (white bars) were
observed in winters 2007-2008, 2011-2012 and 2014-2015.
Compared with the moderate winters before 2007, buoyancy
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Figure 2 | Wintertime mixed layer depth distribution. February-April
mixed layer depths greater than 80% of the deepest recorded mixed layer
depth for individual Argo floats (triangles), Irminger Sea cruise data
(58GS20150410) collected in April (squares) and Labrador Sea cruise data
(2015006HUD) colleceted in May (diamonds). Note that mixed layers for
May Labrador Sea cruise data were isolated from the sea surface. Mixed
layer depths were calculated using a semi-subjective method following
Pickart et al.2. (a) Winter 2014-2015 data with 2000-2007 average winter
mixed layer depths as contours20. The crosses show locations of all data
points. The white box shows the region in the Irminger Sea selected for
further analysis. (b) Mean potential density anomaly (o) over the winter
mixed layer of the February-April Argo data for 2013 (blue scale), 2014
(grey scale) and 20715 (red scale). The vertical lines show longitude bounds
for the Irminger Sea region.

frequency at depth has generally been lower after the deep
convection in winter 2007-2008 (ref. 20).

The impact of these deep convection events on water column
stability becomes more evident by analyzing the mean buoyancy
frequency from individual Argo profiles (Fig. 3c). While the
features are robust over a wide depth range, the mean buoyancy
frequency between 500 and 1,000 m is presented here. During the
convective season (February-April, grey bars) in 2008, 2012 and
2015, the mean buoyancy frequency at depth was low as a
consequence of convection. Deep convection during these three
winters interrupted periods of restratification that led to higher
values of mean buoyancy frequency at depth, most likely due to
lateral advection or mixing of more stratified water masses into
the region. This variability can partly be explained by trends
deduced from least-squared fits over the low-passed envelope of
mean buoyancy. The envelope was computed by considering
every local minimum of the mean buoyancy frequency time series
and smoothing the result using a running mean filter for the
periods 2002-2007, 2008-2011 and 2012-2015. In general,
the Irminger Sea has shifted towards a state of weaker
mid-depth stratification after the strong convection in 2007-2008.

Deep convection occurs in the Irminger Sea despite strong
initial stratification during severe winters in terms of heat

removal from the ocean (for example, winter 2007-2008
(ref. 20)). Although surface buoyancy loss in winter 2013-2014
led to deep mixing in the Labrador Sea and parts of the subpolar
gyre, there is, as noted above, no indication that convectively-
formed water masses from that winter advected into the Irminger
Basin (Fig. 2b). The buoyancy frequency (Fig. 3b) substantiates
this. The water column in fall 2014 reveals no particular
sign of preconditioning for deep convection in 2014-2015.
Combined, all these observations indicate that the strong winter
surface buoyancy loss was the primary agent inducing deep
convection in the Irminger Sea in winter 2014-2015, while
preconditioning of the water column was only of secondary
importance.

Discussion

In the early twentieth century, deep convection was thought to
occur in the Irminger Sea®®, but in the decades that followed,
the Labrador Sea became the main area of interest for subsequent
convection studies as it is the primary location for deep water
formation in the North Atlantic. The Irminger Sea has, however,
been re-identified as a region where deep convection takes Place
under favourable oceanic and atmospheric conditions'>~2!.
The convection in winter 2014-2015 was the third deep water
formation event in the Irminger Sea since the winter 2007-2008,
with substantial impact on not only ocean circulation and
stratification processes but also, as presented here, ocean
biogeochemistry and carbon cycle variability.

The effect of convection and its variability in the Irminger Sea
on ocean oxygen and anthropogenic carbon is illustrated by
comparing saturation profiles at representative stations in April
2015 with cruise data from 1997 (ref. 37) and 2003 (ref. 38)
(Fig. 4a,b). The saturation degree of oxygen and anthropogenic
carbon in the Irminger Sea has undergone significant changes
related to deep water formation variability. The formation of
well-ventilated LSW during the mid-1990s is reflected by the
elevated oxygen and anthropogenic carbon saturation values
between 1,000 and 1,750m depth in the 1997 profiles (blue
curves). In 2003 (black curves) the saturation levels were reduced
throughout most of the water column, a consequence of no deep
ventilation between 1997 and 2003 and aging of the remnant
water masses®. In contrast, elevated oxygen and anthropogenic
carbon concentrations in 2015 in the Irminger Sea are a result of
high convective activity. At the tail end of the convective season
in 2015, the mixed layer was nearly saturated in oxygen and
anthropogenic carbon (>90%) to a depth of 1,250 m.

The efficiency of the air-to-sea flux ultimately determines
the degree of saturation and preformed concentrations of
atmospheric gases in seawater. Preformed concentrations are set
at the time of water mass formation, that is, the last time a
water parcel is in direct contact with the atmosphere before
subduction. For oxygen, preformed values are assumed to be close
to saturation, however, the exact concentration can only be
determined if measured directly. We observed a mean oxygen
undersaturation of 3.6 + 0.9%, possibly driven by solubility effects
due to the strong heat loss over winter and by the entrainment of
old, less recently ventilated water masses®. Since oxygen
concentrations at depth reflect the balance between supply and
consumption, this needs to be taken into account if apparent
oxygen utilization is used as in Feely? as a measure of biological
activity, to avoid overestimation of respiration processes.
The saturation degree of SF¢ in the winter mixed layer varied
from undersaturated to supersaturated conditions with
supersaturated values occuring at the base of the mixed layer
(Fig. 1a). The consistency of this signal across stations indicates
that this is not a measurement artefact. Supersaturation of SFg is
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Figure 3 | Temporal evolution of ocean heat loss, b f and mean © fr in the Irminger Sea. (a) The bars represent the

integrated ocean heat loss from November to April based on ERA-Interim reanalysis data. The hatched part indicates the heat loss associated with tip
jet events. The red solid line is the mean ocean heat loss from November to April from 1979 to 2015, the red dashed lines represent +1s.d. The blue solid
line is the mean ocean heat loss associated with tip jet events from November to April from 1979 to 2015, the blue dashed lines represent 1 s.d.

(b) Interpolated buoyancy frequency with depth and time, based on Argo data. The white bars represent the 95th percentile of the February-April mixed
layer depth (greater than 80% of deepest recorded mixed layer depth of individual floats). The black dotted lines highlight 500 and 1,000 m depth.
The vertical bars on top denote the sampling time of each profile in the Irminger Sea. (¢) Mean buoyancy frequency over 500-1,000 m. The grey bars
highlight the convective season (February-April). The black dotted lines are least-square fits over the low-passed envelope of mean buoyancy frequency for
2002-2007 (R?=0.50), 2008-2011 (R? = 0.65) and 2012-2015 (R?=0.20).

induced by bubble formation at high wind speeds®. The
reason why this water is found at the base of the mixed
layer is likely because the highest winds speeds also result in
the strongest heat loss and most active convection. Our
measurements thus show that transient tracers such as SF4 are
not necessarily undersaturated at the time of water
mass formation®%, and that physical processes such as bubble-
mediated gas transfer may influence saturation values during
winter convection.

Changes in the inventory of anthropogenic carbon reflect the
interannual variability of the convective activity in the subpolar
gyre (Fig. 4c). Exploiting the almost exponential time history of
atmospheric CO, and evoking the theory of transient steady-
state®”, the anthropogenic carbon concentrations in the ocean are
expected to increase by 1.90% per year over our considered time
period. Therefore, the anthropogenic carbon inventory is
expected to increase by 1.20 +0.16 mol Cm ~2 per year in the
absence of circulation changes and only based on rising
atmospheric CO, concentrations. In contrast, between 1997 and
2003, anthropogenic carbon inventories increased by
0.63 +0.50mol Cm ~2 per year, which leads to a lower-than-
expected inventory in 2003 due to absence of ventilation
processes and export of LSW from the western subpolar North
Atlantic. Between 2003 and 2015 however, the uptake rate of
anthropogenic carbon was 1.94+0.29mol Cm ~2 per year and
clearly larger than expected from the atmospheric CO, increase
alone. The fact that ocean variability increased the anthropogenic

carbon inventory rate by a factor three between 1997 and
2015, indicates that frequent observations of physical and
biogeochemical parameters in the subpolar North Atlantic are
required to fully quantify anthropogenic carbon uptake variability
and to distinguish between trends associated with long-term
climate change and signals attributed to natural variability.

Physical properties have been monitored for many decades in
the Atlantic, covering several phase shifts and amplitude changes
of modes of atmospheric variability such as the NAO. Carbon
chemistry data on the other hand have only been systematically
collected on a repeat basis since the early 1990s. As the time span
of the record is extended, the strong response of ventilation and
anthropogenic carbon storage in the Atlantic to variability in
atmospheric forcing becomes more evident>. In particular, the
observations presented here reveal a strong link between oceanic
heat loss enhanced by numerous tip jet events, ventilation and
anthropogenic carbon storage in the Irminger Sea, which is one of
the deep water formation areas in the North Atlantic.
On a broader scale, the variations in ventilation that are being
uncovered and attributed with our growing observational
data base may also help to understand the decadal variability
clearly present in North Atlantic sedimentary records*®!. For a
robust prediction of future changes in convective processes in the
subpolar gyre and their impacts on ocean oxygen and
anthropogenic carbon, atmospheric forcing needs to be well-
represented in global climate models by resolving small-scale
atmospheric patterns such as the Greenland tip jet.
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Figure 4 | Water column properties between 0 and 2,000 m for three selected cruises in the Irminger Sea. (a) Oxygen and (b) anthropogenic carbon
mean saturation with depth for selected stations for 1997 (blue curves), 2003 (black curves) and 2014 (red curves) in the Irminger Sea based on cruise
data (06MT19970815, 06MT20030723 and 58GS20150410). Note the different scales in (a,b). (¢) The specific anthropogenic carbon inventory (black)
and the expected evolution of anthropogenic carbon inventory based on actual atmospheric CO, increase and 1997 conditions (red) over 100-2,000 m in
the Irminger Sea. The shading and the error bars represent *1 s.d. over the station data, for (b,c) including the uncertainty of the TTD method.

Methods

Data. The Argo program consists of freely drifting profiling floats, which provide
real-time salinity and temperature measurements of the upper 2,000 m of the ocean
with accuracies of £0.01 for salinity and +0.002°C for temperature. We use
22,764 Argo profiles obtained in the subpolar gyre from 2002 to 2015 with a quality
flag of good (1) or probably good (2). Cruise data was collected during the cruises
58GS20150410, crossing the Irminger Sea from 16-20 April 2015, and
2015006HUD, crossing the Labrador Sea from 2-24 May 2015. The location of the
stations, used for Fig. 4, for the Meteor cruises in 1997 (06MT19970815, collected
from 15 August to 9 September)>” and 2003 (06MT20030723, collected from 23
July to 19 August)38 and 58GS20150410 cruise data are presented in
Supplementary Fig. 3.

At 58GS20150410, direct measurements of pressure, conductivity, temperature
and dissolved oxygen were obtained with a Seabird 911 4+ CTD. The CTD
measurements were calibrated against in situ samples obtained at all Niskin bottle
sample depths (usually 12) at every cast, following the Global Ocean Ship-based
Hydrographic Investigations Program (GOSHIP) calibration procedure*2. Bottle
salinities were analysed with a salinometer with an accuracy of +0.003. Winkler
titration was performed to analyse oxygen concentration of water samples using a
potassium iodate solution as a standard. The precision was % 0.005ml1~ .
CFC-12 and SF, was measured with a similar purge and trap system as described in
Bullister and Wisegarver*? and Stoven and Tanhua*¥, with gas chromatographic
separation and electron capture detection. The precision was +1.3% for CFC-12
concentrations and, due to some analytical issues, *6.2% for SFs concentrations.

Solubilities of CFCs and SFg are estimated from salinity and temperature
relations according to Warner and Weiss*> and Bullister and Wisegarver?®.

The accuracy of the atmospheric record for both CFC-12 and SF, is much better
than 1%, hence negligible. The accuracy of the solubility functions of CFC-12 and
SF¢ are about 1.5% and 2%, respectively. The combined calibration and analytical
uncertainties for CFC-12 saturation values is therefore 2.8% and for SF 8.2%.
According to Weiss, the accuracy for the oxygen solubility function in seawater
is £0.015ml1~ 1, therefore the combined uncertainty for oxygen saturation values
is in the order of 0.3%.

Mixed layer depth estimates. Mixed layer depths were estimated by manual
inspection of individual profiles. Following Pickart et al.??, the upper and lower
depth limits of the mixed layer were first determined visually; and over that depth
range, the mean density and its standard deviation were estimated. If no estimate
could be made from the density profile, the temperature or salinity profile was used
instead. The intersections between the original profile and the two-standard
deviation envelope was defined as the mixed layer depth (Supplementary Fig. 4).
This criterion also enabled determination of the depths of mixed layers isolated
from the surface (Supplementary Fig. 5), which have been shown to occur in the
subpolar gyre, either in the form of stacked multiple mixed layers or during the
early phase of surface restratification'*?2. For consistency with previous studies’,
only mixed layers deeper than 80% of the maximum recorded mixed layer depth

6

for each winter and each float were included in the analysis to avoid a shallow bias
associated with the non-uniform spatial and temporal character of convection.

Anthropogenic carbon. The concentration of anthropogenic carbon (C,y,,) was
estimated with the TTD method?® based on CFC-12 data and SF4 data. The
concentration of any passive, inert tracer is determined at any place x at any time ¢
by the source function of the tracer at sea surface C%(t) and the transit time
distribution G(x, 7):

Clx,t)= / : Ct—1)G(x, 1)’ @

This method allows to establish a transfer function between measured tracer
concentration and C,,,, with three assumptions made: (1) increasing C,p
concentration in the ocean does not affect the biological uptake of carbon, (2) the
ocean circulation is in steady-state and (3) C°(f) has no spatial dependence for a
given x (ref. 26).

TTDs can be approximated by inverse Gaussian functions at each location in

the interior ocean:
r —T(z-T)
G(r.T,A)= m“}’( )

1A%t
where I is the mean transit time and A defines the width of the TTD. In the
subpolar gyre, the ratio I'/A is assumed to be 1 (ref. 6). The source function
depends on the atmospheric history (compiled by Bullister*$ for CFCs and SF¢;
Mauna Loa updated records for CO, (ref. 49)) and the tracer solubility in sea water.
Since the atmospheric history of CFCs and SFy is well documented, the TTD at any
place x can be defined with direct observations of CFC-12 or SFs, respectively. In
case of excess SF, that is, supersaturated values within the mixed layers, age
estimates are set to zero (ref. 24). Observed temperature (T) and salinity (S) are
used to estimate preformed alkalinity (AIk%)*’. We use thermodynamic equations
of the seawater CO, system®! and the CO, dissociation constants of (ref. 52)
refitted by (ref. 53) to calculate the time history in the surface mixed layer for
anthropogenic CO,:

Canto(t) = Ceq (T, S, A", pCO, (1)) — Ceq (T, S, A", pCO, =280 p.p.m.) (4)

Here, Cyn is the difference between the total inorganic carbon C,q at air-sea
equilibrium with respect to the atmospheric CO, concentration at time ¢ and at
preindustrial atmospheric CO, levels (280 p.p.m.). The saturation of C,,, in the
ocean is the ratio between actual C,,, concentration and Cgpyo.

C,nt inventories are estimated by integrating C,,, concentrations over
100-2,000 m: INV = fz Cant 0 dz. Inventory increase rates are the difference in
column inventory divided by the time in years between the measurements. The
method-based uncertainty for C,y is + 6 molkg ~ ! (ref. 26). For the inventory
estimates, uncertainties were calculated by randomly propagating this standard
error over depth for the selected stations which led to an uncertainty of
+1mol Cm ~ 2 The expected rise of C,p is 1.9% a ~ !, calculated for equilibrium

()
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conditions in 1997 using the thermodynamic equations of the seawater CO, system
and assuming an exponential time history of dissolved CO, in the surface mixed
layer®. Multiplying this expected increase with the C,, concentration in 1997 yields
the C,,; concentration increase expected from rising atmospheric CO, levels only.

Atmospheric forcing. The atmospheric circulation is analysed using the
ERA-Interim reanalysis data product, archived by the European Centre for
Medium Range Weather Forecasts (ECMWF) and available at http://apps.ecmwf.
int/datasets/. The NAO, a large-scale pressure oscillation with centres of action
near Iceland and the Azores is the leading mode of variability in the North Atlantic
region®®. An index of the NAO can be defined using the sea-level pressure at
Stykkisholmur, Iceland and Lisbon, Portugal®®. The NAO is said to be in its
positive state when the sea-level pressure near Iceland is anomalously low, while
that near the Azores is anomalously high. Here, we used the sea-level pressure from
the ERA-Interim to define the NAO Index. The heat loss associated with tip jet
events is the heat loss during a fixed time period of 24 h, that is, +12h from the
peak wind speed during each event.

Data availability. The data that support the findings of this study are available
from the corresponding authors (F.F. and A.O., are.olsen@gfi.uib.no) upon request
and are available within the article.
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Supplementary Fig. 1: Mixed layer depth Irminger Sea - Labrador Sea.
February-April mixed layer depth estimates within 80% of deepest recorded mixed
layer depth for individual Argo floats for a the Irminger Sea and b the Labrador Sea
(55.6-59 °N, 55-46°W) over 2002 to 2015. Mixed layer depths more shallow than 150
m were excluded. The solid red lines represent the mean mixed layer depth, red dotted
lines + one standard deviation and dashed-dotted lines two standard deviations. The

largest deviation from the long-term mean is observed in the Irminger Sea in winter
2014-15.
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Supplementary Fig. 2: NAO index and oceanic heat loss over the Irminger
Sea. a, December to February NAO index from 1979 to 2015 based on ERA-Interim
reanalysis data. b, The winter mean ocean heat loss over the Irminger Sea from
November to April from 1979 to 2015 based on ERA-Interim reanalysis data. The
light grey shading indicates the heat loss associated with tip jet events. The red solid
line is the mean ocean heat loss over 1979 to 2015, the red dotted lines represent 4+ one
standard deviation. The blue solid line is the mean ocean heat loss associated with tip
jet events over 1979 to 2015, the blue dotted lines represent + one standard deviation.



6.1 Process perspective on deep convection

45

v 06MT19970815
® 06MT20030723
= 58GS20150410

60y

50 w 45w

Supplementary Fig. 3: Location of stations of cruise data. Selected stations for
Fig.4 for 06MT19970815, 06MT20030723 and 58GS20150410 cruise data in the Irminger

Sea. Depth contours every 500 m are shown.



Scientific results

46
a b c
0 0 0 ‘ ‘
X ——MLD: 1414m
250 250 250 -
500 - 500 500 -
750 - 750 750
E E E
<1000 <1000 < 1000
Q Q Q.
[9) [ [9)
fa o a
1250 1250 1 1250
1500 © 1500 | 1500 -
1750 1750 1750 |
2000 ' 2000 - 2000 . -
3 3.5 4 34.85 34.9 34.95 27.72 27.76 278
Potential temperature Salinity Potential density

Supplementary Fig. 4: Mixed layer depth estimates. Mixed layer depth (MLD)
determination for an example Argo profile of a potential temperature, b salinity and c
potential density from April 16th, 2015 in the Irminger Sea region. The dotted red lines
are the two-standard deviation envelope of the mean over the depth range indicated by
the red crosses, close to the mixed layer depth. The intercept of original profile with
two-standard deviation envelope marks the mixed layer depth.
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Supplementary Fig. 5: Estimate of mixed layer depth isolated from the sur-
face. Mixed layer depth (MLD) determination for a mixed layer that is isolated from
the surface for an example CTD profile of a potential temperature, b salinity and c
potential density from May 13th, 2015 in the Labrador Sea. The dotted red lines are
the two-standard deviation envelope of the mean over the depth range indicated by
the red crosses, close to the mixed layer depth. The intercept of original profile with
two-standard deviation envelope marks the mixed layer depth.
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Abstract.

The subpolar gyre region in the North Atlantic is a major sink for anthropogenic carbon. While the storage rates show
large interannual variability related to atmospheric forcing, less is known about variability in the natural Dissolved Inorganic
Carbon (DIC) and the combined impact of variations in the two components on the total DIC inventories. Here, data from 15
cruises in the Irminger Sea covering 1991-2015 were used to determine changes in total DIC and its natural and anthropogenic
components in relation to the distribution and evolution of the main water masses. The inventory of DIC increased by 1.43£0.17
mol m~2yr~! over the period, mainly driven by the increase in anthropogenic carbon (1.84-£0.16 mol m~2yr~1), but partially
offset by a loss of natural DIC (-0.5740.22 mol m~2yr~1). Changes in the carbon storage rate can be driven by concentration
changes in the water column, for example due to ageing of water masses, or by changes in the distribution of water masses with
different concentrations, either by local formation or advection. A decomposition of the trends into their main drivers showed
that variations of natural DIC inventories are mainly driven by changes in the layer thickness of the main water masses, while
anthropogenic carbon is most affected by concentration changes. The storage rates of anthropogenic carbon are sensitive to data

selection, while changes in DIC inventory show a robust signal on short timescales, associated with the strength of convection.

1 Introduction

Since the industrial revolution, atmospheric CO levels have been increasing almost exponentially as a result of human activi-
ties such as fossil fuel burning, cement production, and land use changes. The global ocean has acted as strong sink for this an-
thropogenic CO; (Sabine et al., 2004) and is currently taking up approximately 25 % of the annual emissions (Le Quéré et al.,
2016). While the ocean has capacity to store almost all of the anthropogenic CO; released to the atmosphere, the emissions
currently outpace the oceanic absorption rates (Sabine and Tanhua, 2010). This is because the transport of anthropogenic
CO; from the atmosphere into the ocean interior is limited by the rate of vertical exchange between the surface and deep
ocean (Sarmiento and Gruber, 2002). Warming of the ocean will decrease this rate as a consequence of the increased strat-
ification, and Earth System Models predict a decline in oceanic anthropogenic CO, uptake efficiency over the 21st century

(Friedlingstein et al., 2006; Schwinger et al., 2014). Warming of the ocean will also affect CO, solubility, primary production
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and other factors governing the distribution and inventory of natural carbon in the ocean (Arora et al., 2013; Schwinger et al.,
2014). It is important to constrain the magnitude of these feedbacks for policy planning, but current estimates vary significantly
among models. Observational based quantitative and qualitative insight in carbon cycle climate interactions are important for

the further improvement of projections of the future ocean carbon cycle.

Over the past three decades, ocean CO» chemistry data have been collected on a regular basis in the world’s oceans. As
the observational record extends, direct evidence of the climate sensitivity of the marine carbon cycle emerges. For exam-
ple, the Southern Ocean carbon sink exhibits clear variations in response to atmospheric circulation patterns; the sink was
weakening from the early 1980s to the early 2000s (Le Quéré et al., 2007), but has strengthened in the more recent decades
(Landschiitzer et al., 2015). In the subarctic western North Pacific, measurements from 1992 to 2008 at the two time series
stations KNOT and K2 reveal decadal trends in total dissolved inorganic carbon (DIC), related to alkalinity driven reductions
in CO, outgassing (Wakita et al., 2010). In the Mediterranean Sea, changes in the large-scale circulation result in variability of
the anthropogenic CO; concentration (Touratier and Goyet, 2009). Within the subpolar North Atlantic (SPNA), high-quality
carbon data have been collected almost every second year since the early 1990s (Olsen et al., 2016), enabling the determination
of subdecadal variability. This shows relationships between the anthropogenic COs storage rate and the extent and intensity of
ventilation processes, primarily driven by the North Atlantic Oscillation (NAO) (Pérez et al., 2010; Wanninkhof et al., 2010;
Frob et al., 2016; Woosley et al., 2016).

The SPNA is a key region for the storage and transport of CO5 in the global ocean (Sabine et al., 2004). While a response of
anthropogenic CO; storage to atmospheric forcing has been determined as mentioned above, less is known about variations in
natural DIC, any relations to atmospheric forcing and relevance for total DIC inventories (Tanhua and Keeling, 2012). Here, we
analyse changes in total DIC and its natural and anthropogenic components in the central SPNA, the Irminger Sea, in relation
to the distribution and evolution of water masses over a 24-year period from 1991 to 2015, covering three periods of variable

convective activity (Frob et al., 2016).

2 Hydrographic setting

The Irminger Sea, a central sea in the SPNA (Fig. 1), is a climatically sensitive area with strong hydrographic contrasts. The
SPNA circulation pattern has been extensively presented in the literature; here the description follows Lavender et al. (2005)
and Vage et al. (2011). In the upper ocean, the East Greenland Current (EGC) carries cold and fresh water of Arctic origin
southwards, in the west, close to the shelf of Greenland. In the east, the Irminger Current (IC) carries warm and salty water
northwards along the Reykjanes Ridge. The salinity and temperature signature of these warm water masses is affected by the
strength and shape of the subpolar gyre (SPG) (Hikkinen and Rhines , 2004; Hatun et al., 2005). South of the Denmark Strait,
they largely recirculate to the south. In the centre of the cyclonic circulation of the Irminger Gyre, preconditioning conditions

for convection are fulfilled (Marshall and Schott, 1999; Bacon et al., 2003; de Jong et al., 2012) and depending on heat loss,
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deep convection can occur (Pickart et al., 2003a; Vage et al., 2008, 2011; Frob et al., 2016; de Jong and de Steur, 2016). The
extent and strength of convective processes are mainly driven by the state of the NAO, which is the leading mode of atmo-

spheric variability over the mid-North Atlantic (Curry et al., 1998; Hurrell and Deser, 2009).

At depth, the circulation in the Irminger Sea is mainly characterized by the Denmark Strait Overflow Water (DSOW) and the
Iceland-Scotland Overflow Water (ISOW). DSOW, to the west, is a relatively recently ventilated water mass enriched in oxygen
(O2) as well as other dissolved atmospheric gases. It is composed of several water masses originating from the Arctic Ocean
and the Nordic Seas (Tanhua et al., 2005; Jeansson et al., 2008). ISOW originates from intermediate waters of the Nordic Seas,
which are modified as they flow through the Iceland Basin to the Irminger Sea (Hansen and @sterhus, 2000). In combination
with ISOW and DSOW, Labrador Sea Water (LSW) forms North Atlantic Deep Water (NADW) (Dickson and Brown, 1994),
the key component of the lower limb of the Atlantic Meridional Overturning Circulation. Two main LSW classes are identified
in the SPNA: the LSWi9g7_1994 and the LSWoq00. LSW19s7_1994, from now on called classical LSW (cLSW), is a dense,
cold and relatively fresh water mass with high concentrations of dissolved atmospheric gases, formed by the recurring winter
convection in the mid-1980s and mid-1990s in the Labrador and Irminger Seas (Lazier et al., 2002; Pickart et al., 2003b;
Yashayaev et al., 2007). After 2000, the lighter LSW3( or upper Labrador Sea Water (uLSW) has largely replaced cLSW
(Yashayaev et al., 2007).

3 Data

Data from 15 cruises in the Irminger Sea covering 1991-2015 are used in this study (see Table 1). Data from the first 13 cruises
were extracted from the GLODAPv2 data product, which provides bias-corrected, cruise-based, interior ocean data (Key et al.,
2015; Olsen et al., 2016). The more recent data are from the 2012 OVIDE cruise (expocode: 29AH20120623) and the 2015
SNACS cruise (expocode: 58GS20150410). In order to minimize seasonal bias due to primary production, the upper 100 m of
the water column are excluded from the inventory analysis. The region between 40.5° W and 31.5° W was covered by all 15

cruises.

All cruises intersect the ocean currents of the Irminger Sea described in the previous section. The cruises occupied either
WOCE section AOI/ARO7E, the FOUREX or the OVIDE section, and locations are presented in Fig. 1. In order for the sections
to be fully comparable, a coordinate transformation was performed for the 1997 FOUREX data. The latitude and longitude
coordinates were rotated to the ARO7E section using Cape Farewell as pivot point. Adjusting the distance between the stations
ensured that the adjusted coordinates of the station over the Reykjanes Ridge on the FOUREX line matched the station over the
Reykjanes Ridge on the ARO7E line. The inventory estimates are sensitive to depth, therefore the pressure coordinates of all
cruises were normalized. The location of every station for all cruises was mapped to the one arc-minute global relief model of
the Earth’s surface (Amante and Eakins, 2009) using a nearest-neighbour interpolation. The ratio between the bottom depth of

this bathymetry and the reported cruise station bottom depth was multiplied with the pressure coordinates of each station. This



54 Scientific results

Biogeosciences Discuss., doi:10.5194/bg-2017-27, 2017 . .
Manuscript under review for journal Biogeosciences Biogeosciences
This is just a preview and not the published paper. Discussions
(© Author(s) 2017. CC-BY 3.0 License.

normalization step mainly affected the adjusted FOUREX data, while for the other cruises the normalization changed sampling

depths by less than 20 meters.

The accuracy of the GLODAPv2 data product is better than 0.005 in salinity, 1 % in Oz, 2 % in nitrate (NO3), 2 % in

5 silicate (SiOy), 2 % in phosphate (POy), 4 umol kg~* in DIC and 6 umol kg~ in total alkalinity (A7) (Olsen et al., 2016).
For 29AH20120623, the overall accuracy of NO3, PO4 and SiO; was 1 %; the accuracy of DIC was 2 pmol kg’1 and for

Ar it was 4 umol kg1 (Rios et al., 2015; Garcia-Ibdfiez et al., 2016). For the SNACS cruise in 2015, pressure, conductiv-

ity, temperature and dissolved Oy were directly measured with a Seabird 911+ CTD profiler. At every station, water samples
were obtained at 12 depths using Niskin bottles, and used to calibrate the CTD measurements following the Global Ocean

10  Ship-based Hydrographic Investigations Program (GOSHIP) calibration procedure (Hood et al., 2010). The accuracy of bottle
salinities, analysed with a salinometer, was +0.003. The accuracy of O, concentration measured with Winkler titration using

a potassium iodate solution as a standard was 0.2 gmol kg~!. The precision was better than 2 % in POy, 1 % in SiO and 1

% in NOg as evaluated using samples drawn from sets of Niskin bottles tripped at the same depth. DIC and Ay was measured

according to Dickson et al. (2007), with an accuracy of 2 zmol kg ! for both (Frob et al., 2016).

The seawater CO5 chemistry can be fully described if at least two of the four variables DIC, A7, CO; partial pressure or pH
are known. The measured variables at each of the 15 cruises are listed in Table 1. For six cruises, A7 and pH were measured,
therefore DIC was calculated for these, using the dissociation constants of Lueker et al. (2000). For three cruises, only DIC was
measured. For these, A7 was approximated using the salinity-alkalinity relationship for the North Atlantic of Lee et al. (2006).

20 This relationship is defined for the surface ocean only, therefore its validity for the deep Irminger Sea was tested (Appendix
A). The mean difference between approximated and the measured A data available was less than 5 zmol kg™ this is better

than the target accuracy of A of the GLODAPvV2 data product. No bias with depth or position was evident.

4 Method

The total DIC concentration is partitioned into its natural and anthropogenic components (DIC = DIC,,,+ + Cqupt). The Cqpe

25 concentration was estimated with the ¢C'7: method (see section 4.1). The DIC,,,; concentration is the difference between DIC
and C,,,;. For all cruises, the column inventories were estimated for DIC, DIC,,,; and C,,,;. The inventories are sensitive to
depth, therefore column inventories were only estimated for the part of the transect covered by all 15 cruises, between 40.5° W
and 31.5° W. The column inventory is the concentration profile integrated over the entire water column (Tanhua and Keeling,
2012):

30 Invg= /c_; *0dz (1)
0
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Here, Inv; is the column inventory of any species s, ¢, its concentration, ¢ the density at in situ temperature and pressure
and z the depth of the water column. The storage rate is the slope of a linear least-squares regression over the mean column
inventories with time. The standard error of the slope is the error of the storage rate. Changes in inventories can be caused by
changes in the distribution of water masses with different species concentrations or by changes in species concentration within
the water masses. The distribution of water masses was determined using an extended Optimum MultiParameter analysis
(eOMP, see section 4.2). The change in concentration within each water mass was determined by applying the concept of water
mass mixing averaged concentration, i.e. archetypal concentration (Alvarcz—Salgado et al., 2013) (see section 4.2). Assuming
linearity, the inventory changes can then be decomposed into contributions from changes in the archetypal concentration of the

source water types (SWTs) and from changes in layer thickness of each water mass:

dInvier dInv @ dInv % @
at & de dt 0z dt
WM
Here, ag)’;” 95 is the mean layer thicknesses with variable archetypal SWT concentrations, while ‘)(’)Z' % can be calculated

as the mean archetypal SWT concentrations multiplied by the layer thickness changes over a specific time period. Hence, the

two drivers for the observed inventory variability of total DIC and its natural and anthropogenic components can be identified.

4.1 Anthropogenic CO- calculation

The ¢C'3 method was applied to all cruises in the Irminger Sea to estimate C,,,; concentrations (Pérez et al., 2008; Vizquez-Rodriguez et al.,

2009, 2012). The ¢ C'y- method is a back-calculation method that follows the same principles as the AC* method of Gruber et al.
(1996). In the pC7. method, Cant is quantified as the difference between the preformed DIC at the time ¢ and at preindustrial
times (7): Cype = DICt — DIC®™. DIC®! is calculated by correcting the measured DIC for changes due to remineral-
isation of organic matter and CaCOj dissolution, while DIC*™ is quantified as the sum of the saturated DIC concentra-
tion with respect to the preindustrial atmosphere and the air-sea CO disequilibrium (ACy;s). The major advantage of the
»C5 method over other back-calculation methods is that data for age tracers, such as chlorofluorocarbons (CFCs), are not
needed. For A%, and AC;, the parametrizations developed by Vazquez-Rodriguez et al. (2012) were adopted. These were
determined using data of the subsurface layer (100-200 m), which represents and preserves conditions during water mass
formation (Vazquez-Rodriguez et al., 2012). The ¢C'g: method also takes any spatial and temporal variability of ACg;, into
account. Further, the parametrized A7 is corrected for effects of CaCOj3 dissolution changes and the sea surface tempera-
ture increase since preindustrial times. Overall, the uncertainty of ¢C¢ derived C,,,; has been reported to be 5 yimol kg™t

(Vazquez-Rodriguez et al., 2009).
4.2 Extended Optimum MultiParameter Analysis (eOMP)

The Optimum MultiParameter (OMP) analysis (Tomczak and Large, 1989) is used to estimate the contribution of water masses,
which are represented through SWTs, to each water parcel along the Irminger Sea sections. The OMP analysis assumes that

all hydrographic parameters describing the water masses are affected by the same mixing processes. For each sampling point
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the contribution of the various water masses is quantified from an over-determined system of linear mixing equations, which is

solved in a non-negative least square sense:

Gr—d=R 3)

where G is the SWT matrix containing their properties, « the relative contributions of each SWT to the sample, d the ob-
served data and R the residual. The OMP was further developed into the extended OMP (eOMP) analysis, which is used here,
by Karstensen and Tomczak (1998) and Poole and Tomczak (1999). This accounts for the non-conservative behaviour of Oz
and nutrients by using Redfield ratios. In the eOMP, the remineralization of NO3 and POy is numerically related to an oxygen
consumption rate, which, if multiplied with a pseudo-age, is similar to apparent oxygen utilization (AOU) (Poole and Tomczak,
1999). OMP and eOMP analyses have previously been used to describe in detail the origin, pathways and transformation of the
main water masses in the SPNA (Tanhua et al., 2005; Alvarez et al., 2005; Garcia-Ibdnez et al., 2015). Here, the SWT proper-
ties were defined based on the cruise data from 1991, assuming that the properties of the SWTs do not significantly change over
time. The data for potential temperature (6), salinity, O2, NO3, PO4, SiO, and potential vorticity (PV) were used to characterize
11 SWTs that combined encompass the property features in the Irminger Sea (Fig. 2). The properties of the SWTs are provided
in Table 2, including their standard deviations. These values were determined from the 10 % of data in the relevant density
class that were closest to the property maximum or minimum used to delineate the SWT. For example, if a SWT was defined
as a salinity minimum, all data points within a specific potential density (o) range were sorted by salinity and the mean and
standard deviation over the first 10 % of the data points, gave the salinity properties for that SWT. The approximate locations
of all SWTs are shown in Fig. 3.

DSOW is the densest water mass in the Irminger Sea and defined as an O, maximum at o5 levels denser than 37.10 kg m 3
(Yashayaev et al., 2007). ISOW is defined as a salinity maximum between 36.89 and 37.10 kg m 2 (02) and @ between 2.3 and
2.6° C. North East Atlantic Deep Water (NEADW) is formed by the entrainment of ISOW with surrounding waters, mainly
deep water of Antarctic origin. In the North Atlantic two classes have been identified, upper and lower NEADW (uNEADW
and INEADW) (Castro et al., 1998), but in the Irminger Sea INEADW is non-existent (McCartney, 1992), while uNEADW
was identified as a maximum in SiO below 2500 m. The mid-depth weakly stratified layer of cLSW in the Irminger Sea was
identified by a PV and salinity minimum between 36.90 and 36.94 kg m~3 (02). uLSW is less dense than cLSW due to its
slightly different f-salinity signature and was identified as a minimum in PV in the 36.81-36.87 kg m~3 &, range.

The Icelandic Slope Water (IcSW), the Intermediate Water (IW), the Irminger Sea Water (ISW) and the uLSW are typi-
cally found at intermediate depths. IcSW is a warm and saline water mass, close the Reykjanes Ridge on the Iceland Slope
(Tanhua et al., 2005; Yashayaev et al., 2007). Here, IcSW was defined by a minimum in Oy, occupying the 36.80-36.86 kg
m~? oy range, effectively separating uLSW and cLSW. IW is a saline water mass, depleted in Oq, and of southern origin
(Sarafanov et al., 2008). IW was identified by O values below 250 zmol kg~! at o between 27.45 and 27.65 kg m—3. ISW
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is fresh, elevated in O,, and found between 4 and 5° C.

Finally the Subpolar Mode Water (SPMW), the Subarctic Intermediate Water (SAIW) and the North Atlantic Central Water
(NACW) are all typically found in the upper Irminger Sea. SPMW is oxygenated and of subpolar origin. It was defined as a
salinity maximum in the 7-8° C 6 range. SAIW is a salinity minimum in the 6.5-7.5° C ¢ range. NACW was defined as the

salinity maximum for 6 above 9° C.

The seven hydrographic parameters, describing the SWTs, limit the number of SWTs included in one eOMP analysis to a
maximum of seven. In addition, the requiered mass conservation over-determines the system of linear equations. Therefore,
the Irminger Sea was divided into four regions and for each data point in each region, an eOMP analysis was carried out with
a subset of the 11 SWTs. In the deep ocean (oo > 27.76 kg m~%), SWTs were limited to DSOW, ISOW, uNEADW, cLSW
and IcSW. In the intermediate ocean (27.61 < o < 27.76 kg m—?), only ISW, IW, IcSW, uLSW and cLSW were included.
The upper ocean (o < 27.61 kg m~3) was split into two basins: east of Reykjanes Ridge (NACW, SPMW, IW and SAIW)
and west of the Reykjanes Ridge (ISW, SPMW, IW and SAIW). The data presented in Fig. 2 are classified according to these
’mixing figures’. The equations were normalized and weighted, accounting for differences in measurement accuracies and po-
tential environmental variability. Weights were assigned according to the variability and accuracy of the parameters following
Garcia-Ibéfiez et al. (2015). The highest weight was assigned to mass to ensure its conservation. The second highest weights
were assigned to € and salinity, because they are the most accurate. PV was weighted high as well due to its good accuracy and
to enable resolution of both LSW classes. The eOMP results in a ratio r;;, this describes the contribution of each SWT to each

data point in space and time.

For reasons of simplicity, the number of SWTs were reduced from 11 to 9, by performing composite analyses for uNEADW
and IcSW. The uNEADW was determined to be a composite of 26 % ISOW, 14 % LSW, 58 % INEADW and 2 % Mediterranean
Water (MW), based on salinity, 6 and SiO5 following (van Aken, 2000). Properties for the SWTs representing INEADW and
MW were taken from Garcia-Ibéfiez et al. (2015). A decomposition based on salinity and 6 showed that I[cSW is a composite

of 30 % ISOW, 20 % cLSW and 50 % IW.

In order to determine the SWT concentrations of DIC, DIC,,,; and C,,,, the mixing-weighted concentration or archetypal

concentration, C;, of these species was calculated for each SWT, i (Alvarez—Salgado etal., 2013):

_ Z]ru x C;

C; 5
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Here, the concentration in each sampling point j, C;, is multiplied with the ratio of the SWT in that point 7;;. When summed
over all points and divided by the total fraction the SWT occupies, this estimates C;. Further, the layer thickness, T'h, of each

SWT at each station is estimated according to:

S
Thir, = 2 % di mas 5)
N

Here, the sum of the fractions over all sampling point divided by the number of sampling points at each station, ny, and
multiplied by its bottom depth, dj; 4z, gives the layer thickness per station for each SWT. The mean over all stations of the

Irminger Sea transect is the mean layer thickness.
4.3 Uncertainty analysis

Uncertainties for the distribution of water masses result from measurement uncertainties and errors of the eOMP analysis.
Here, the largest source of errors is the definition of the SWTs. The SWT matrix needs to represent the known features of the
circulation (Tanhua et al., 2005), but temporal shifts in SWT characteristics cannot be accounted for with the eOMP analysis.
A measure of uncertainty is given by the difference between measured and eOMP calculated values, the residual R in Eq. (3).
The total residual, calculated by taking the square of the largest parameter residual at each sampling point (Garcia-Ibdfiez et al.,
2015), and the individual parameter residuals are shown in Fig. 4. Below 1200 m, the total residual is close to zero, as are the
residuals of 6, salinity and Os. In the intermediate and surface ocean these residuals increase, in particular for O, which might
be a consequence of gas exchange. The residuals of PO4, NO3 and SiO, are larger, as expected due to their lower weights in
the eOMP, and do not show any trend with depth. The mean error for each parameter is listed in Table 2. These are of similar

magnitude as the errors determined for the Irminger Sea eOMP analysis by Tanhua et al. (2005).

In order to test how robust the results of the eOMP analysis are, a Monte-Carlo simulation was performed (Tanhua et al.,
2005). The properties of the SWT matrix were randomly perturbed, within the standard deviation of each parameter. 100 of
such perturbed SWT matrices were created and the eOMP was solved for each perturbed system. This allows for quantification
of the sensitivity of the eOMP to potential temporal variations of the SWT properties. The standard deviation of the mean SWT
contribution over all 100 perturbations is shown in the last column of Table 2. The uncertainties are generally low, hence the

robustness of the eOMP analysis is high.

The layer thickness uncertainties were estimated by scaling the averaged standard deviation of each SWT, which were
quantified with the Monte-Carlo simulation, to the width and depth of the Irminger Sea. The uncertainty of C,,,; concentrations
is 5 pumol kg~!, for DIC and for DIC,,,; it is 4 umol kg~!. Errors for the inventories were estimated by propagating the

uncertainties of the layer thicknesses and the concentrations through the water column.
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5 Results

Over the 24-year period considered here, the frequency and the amplitude of the mean-winter NAO changed significantly
(Hurrell and Deser, 2009). The convection in the SPG during winter, which is driven by the large-scale atmospheric circu-
lation (Lazier et al., 2002; Pickart et al., 2003b; Yashayaev et al., 2007), has varied in strength and extent accordingly. Three
distinctive time periods can be characterized from 1991 to 2015 by different levels of convective activity in the Irminger Sea.
In the first period, from 1991 to 1997, several consecutive positive NAO winters led to extensive deep convection in the entire
SPG (Pickart et al., 2003a, b). In the second period, from 2000 to 2007, the NAO was in a more neutral state and only shallow
convection occurred in the Irminger Sea. In the third period from 2008 to 2015, three deep convective events took place in the
Irminger Sea, in 2008, 2012 and 2015 (Vage et al., 2008; de Jong et al., 2012; Frob et al., 2016; de Jong and de Steur, 2016).
The DIC, DIC,,,+ and C,,,; inventory changes are presented with respect to these three periods and for the entire 24 years of

observations in the following sections.

The temporal change in DIC, DIC,,,; and C,,,; concentration in the Irminger Sea is clearly visible in Fig. 5, which shows
interpolated cruise station data for 1991, 1997, 2007 and 2015, start and end years of the three periods considered here. The
increase in DIC is evident throughout the basin. From 1991-1997, cLSW with a low DIC-signature dominates the basin, but a
tongue of older IW over the Reykjanes Ridge transports relatively high DIC concentrations into the Irminger Sea. By 2015 the
DIC concentration had increased by at least 10 umol kg~* compared to 1991, as visualized by the disappearance of the 2150
pumol kg~ contour line (Fig. 5a). Temporal changes in DIC,,,; concentration (Fig. 5b) are small compared to those in DIC and
less systematic. The C,,,¢ concentration increases over time, not only at the surface, but over the entire water column, which is

indicated by the disappearance of the 20 zzmol kg ~! contour line below 1500 m from 1991 to 2015 (Fig. 5c).

The column inventory time series of DIC, DIC,,4+ and Cg,,¢, shown in Fig. 6, quantifies this large temporal change in
the Irminger Sea sections. Typically, the DIC inventory increased by 1.43+0.17 mol m~2yr~!, from 1991 to 2015, from
approximately 5645 to 5685 mol m~2. The C,,,, storage rate was 1.84+0.16 mol m~2yr~! in the same time period, this is
larger than the rate of DIC inventory change. At the same time, the DIC,,,; inventory decreased at a rate of -0.57=0.22 mol
m~2yr~!. Therefore, the annual change in the DIC inventory is mainly driven by the large C,,; storage rate, but partially
offset by the loss in DIC,,,; inventory. The variability of the DIC and C,, inventories over the 24-year period is of similar
magnitude, as indicated by the error of the slope in Fig. 6, whereas the DIC,,,; inventory varies slightly more. It is notable that
the C,,¢+ inventory increased sharply from 2012 to 2015, while there was a comparably large decline in the DIC,,,; inventory.
This is not an artefact of the method, but can be explained by the fact that the 2015 data were obtained during active convection
in the Irminger Sea (Frob et al., 2016). In contrast to that, the peak in 2005 in the C,,,; inventory cannot be explained by a

similar mechanism, therefore it is unlikely a real signal but rather might reflect the true error or reveal measurement bias.
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5.1 SWT distribution

The layer thickness of the Irminger Sea SWTs from 1991 to 2015 is presented in Fig. 7. Because their individual contributions
are small, the upper ocean SWTs, i.e. NACW, ISW, and SPMW, are combined and titled upper waters (UW). Based on the
composite analysis, the contributions of UNEADW and IcSW are divided up and added to cLSW, IW and ISOW. MW and
INEADW only appear in the Iceland Basin and are not included for further analysis. Therefore, not all 11 SWTs used for
the eOMP analysis are shown, but only UW, IW, uLSW, cLSW, DSOW and ISOW. Since the FOUREX section, occupied in
1997, was located further south than the ARO7E section, covered that year by 06MT19970707, the SWT distribution differs
slightly between the two cruises. At the FOUREX section, the ISOW layer is on average 50 m and the SAIW layer about 15
m thicker than further north, while the ISW layer is about 47 m and the SPMW layer 19 m thicker for 06MT19970707 than at
the FOUREX section. For the other SWTs, differences are smaller than 8 m. Relatively speaking, 50 m is less than 2 % of the

entire water column, so that the discrepancy between the two cruises is small compared to the mean depth of the Irminger Sea.

The distribution of SWTs in the Irminger Sea, as shown in Fig. 7, changes substantially from 1991 to 2015. The overall
trend is indicated, but the rates of change are often larger, if sub-periods are considered. For example, the IW layer thickens
slightly from 1991 to 2015 at a rate of 6.5+2.0 m yr—!, but there is little change before 2004, while after, the layer thickness
increase is much stronger. The uLSW layer thickness increases by an average of 24.14-8.7 m yr~?!, but it is very thin before
1997 and the major build up occurs after 2004. In particular, after deep convection in the Irminger Sea in 2008, 2012 and 2015,
the layer thickness of uLSW increases substantially. The cLSW layer shows the largest changes in thickness at a loss rate of
-54.0+4.3 m yr—! from 1991 to 2015. The convective activity in the SPG in 1991 to 1997 lead to extensive production of
cLSW. After that, the cLSW layer was not renewed and strongly diminished until 2015. In contrast to that, the DSOW layer
decreases only little in thickness over the 24-year period covered by the data. The ISOW layer thins by -9.94-3.1 m yr—!. Over
the entire period from 1991 to 2015 the UW layer thickness increases at a rate of 26.24+4.8 m yr~!, but it has essentially a
constant thickness from 1991 to 2000, then thickens until 2007 and decreases in thickness after that. Overall, the change of the
distribution of the main SWTs is well captured by the eOMP analysis. Especially the transformation of the two LSW classes

seems to match the observations well (Yashayaev et al., 2007).

The mean layer thickness for each SWT in the time periods considered here are summarized in Table 3. The main variability
in the distribution of water masses is created by layer thickness changes of cLSW, uLSW and UW. With only small changes
over the 24-year period, DSOW, ISOW and IW occupy a little more than a third of the Irminger Sea sections. In the mid-1990s,
the cLSW layer occupied close to 50 % of the entire water column, which left thin uLSW and UW layers, corresponding to
less than 7 % and around 8 %, respectively, of the entire water column. As cLSW was advected out of the Irminger Sea, while
not being re-formed by convection, that layer was replaced mainly by UW in the early 2000s. In 2004, cLSW occupied 37
% of the water column and UW 24 %, while the uLSW layer only accounted for 4 %. With the recurring convection events

between 2008 and 2015, uLSW was formed more frequently while displacing UW as well as the remainder of the cLSW layer.
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The measurements from winter 2015 reveal that by then the fraction of cLSW was as low as 17 %, and that of UW only 5 %,

but that uLSW occupied 45 % of the entire water column.
5.2 Archetypal concentration changes

Within the SWTs, the archetypal concentrations of carbon species change over time due to e.g. remineralization of organic mat-
ter, which add DIC,,;, or air-sea gas exchange, which increases Cy,,+ in water masses that are in contact with the atmosphere.
The archetypal concentrations of DIC, DIC,,; and Cg,,¢ from 1991 to 2015 are shown in Fig. 8, for the same SWTs as in Fig.
7, and are also summarized in Table 3. In all SWTs, DIC is similar, except for UW, which have a more variable DIC that is
generally lower compared to all other SWTs. The older SWTs in the deep ocean have higher DIC,,,; concentrations and lower
Cant concentrations compared to SWTs that have been ventilated more recently. Therefore, the deep SWTs, namely ISOW and
DSOW, have the highest archetypal concentrations of DIC,,,; (both 2136 zmol kg ') and the lowest archetypal concentrations
of Cypy (22 prmol kg’1 and 20 pmol kg’l), respectively. In contrast, UW have the lowest archetypal concentrations of DIC,,,;
(2112 pmol kg~ 1) and the highest archetypal concentrations of C,,,; (40 umol kg 1), which are almost twice as high as in the
deep SWTs.

For all SWTs, the rate of change in the archetypal DIC concentration is similar, except for ISOW, where it is slightly smaller.
The archetypal concentration change over time for DIC,,; is not statistically different from zero for most SWTs, apart from
cLSW, where the DIC,,; concentration increases by 0.30+0.06 zzmol kg~ 'yr~—. In contrast, the archetypal C,,,; concentration
increases significantly in all SWTs over time. Further, the increase rate of the archetypal DIC concentration is not statistically
different from the rate of increase of the archetypal C,,,; concentration. This indicates that the increase in DIC can be explained
by the input of C,,,; to the entire water column. This is true for all SWTs, except cLSW. For this water mass the increase in the
archetypal C,,,; concentration contributes by 0.314-0.07 zmol kg ~'yr~" to the increase in DIC, which is only half of the DIC
concentration increase. This is because DIC,,,; accumulates as cLSW ages, while at the same time, a smaller fraction of C,,,;

is added to this water mass due to less frequent ventilation.
5.3 DIC storage rate decomposition

The decomposition of the inventory rates of change reveals the contribution of changes in the SWT distribution and of changes
in the concentration within these SWTs to the trends in DIC and its natural and anthropogenic components. Figure 9 summa-
rizes the storage rates of DIC, DIC,,,;, and C,,,; over the entire 24-year time period and for the periods 1991-1997, 2000-2007
and 2008-2015. The first bar shows the total storage rate summed over all SWTs. The second bar shows the concentration driven
storage rate and the third bar the layer thickness-driven storage rate. In theory, the first bar should be the sum of the last two
bars. However, since the storage rates have been calculated using a linear regression over only a small number of data points,
the residuals can become quite large, this is especially the case for the shorter time periods. Nevertheless, some conclusions
can be drawn. The increase of the DIC inventory from 1991 to 2015 is driven by the increase in the C,,,; inventory, partially

offset by a decrease in DIC,, 4+ inventory. The rise in the C,,,¢ inventory is primarily due to a rise in Cg,,+ concentration, but the

11
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contribution from layer thickness-driven changes is also significantly positive (Fig. 9a). While the rise in C,,,; concentration
occurs in all SWTs (Fig. 8), the contribution from the latter factor appears mostly driven by the increase in the thickness of
uLSW (Fig. 7), which is rich in C,,; (Fig. 8). The decrease in the DIC,,,; inventory is the result of the layer thickness-driven
reduction, which is larger than the concentration driven increase (Fig. 9a). This can be attributed to the replacement of cLSW

with uLSW and UW, which both have lower concentrations of DIC,, ;.

The variations at subdecadal timescales can be understood in terms of the convective activity in the Irminger Sea, although
with larger uncertainty. Figure 9b shows the decomposed trends from 1991-1997, a period when convective activity was high
in the SPG. The total DIC storage rate is driven by the C,,,; storage rate, while the changes in the DIC,,,, inventory are not
significantly different from zero. The C,,,; storage rate is mainly driven by increasing concentrations, which occur in all SWTs
(Fig. 8).

From 2000-2007, although the C,,,,; storage rate of 2.14+0.49 mol m~2yr~! was similar to that of the preceding period, the
DIC storage rate was much smaller because of the large loss of DIC,, ;. 2000-2007 has smallest DIC storage rate of all periods
considered, 0.65+0.39 mol m~2yr~!, compared to 2.53-£1.24 and 1.934:0.20 mol m~2yr~! for the earlier and later periods,
respectively. Also, unlike the other periods, changes in layer thickness and concentrations were almost equally important for
the C,,,, storage rate. The DIC,,,; storage rate, on the other hand, was almost entirely driven by changes in layer thickness:
-1.204:0.29 mol m~2yr~? of a total of -1.63£0.98 mol m~2yr~!. From Fig. 7 and Fig. 8 these features appear to be the result
of uLSW and UW replacing cLSW. Their larger concentrations of C,,,; leads to the relatively large layer thickness-driven
storage increase, while the advection of DIC,,4;-rich cLSW out of the Irminger Sea leads to the negative layer thickness-driven
decrease of the DIC,,,; inventory. The negative concentration-driven storage rate appears primarily driven by the loss of DIC,,,;

from uLSW and UW, outweighing the increase of DIC,,,; in the cLSW.

For the last period from 2008-2015 (Fig. 9d), the deep convection in 2015 had a large impact on all storage rates, as well
as their uncertainty estimates, i.e. the exceptional changes in 2015 incurs a large uncertainty on the regression slopes for this
time period. The DIC storage rate is 1.9340.20 mol m~2yr~! and the result of a large C,,,; storage rate, the largest in all three
periods considered, offset by a negative DIC,,; storage rate. Both of these are primarily the result of changes in concentrations,
indicative of the ventilation that occurred. As evaluated from Fig. 8, the C,,,, increase is greatest in IW, uLSW and UW, while
the loss of DIC,,,; occurred primarily in the IW and uLSW. However, also cLSW appears to be affected by the most recent
event in 2015.

6 Discussion

The data that have been collected in the Irminger Sea over the past decades provide unequivocal evidence for climate forcing

of the carbon cycle in this oceanic region. Over long time scales, the steady trend due to uptake of anthropogenic CO; clearly
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dominates, but at shorter time scales, it varies and can also be significantly masked by variability of DIC,,,;. In particular,
this was the case in the period from 2000 to 2007, when the negative DIC,,,; storage rate partially offset the increasing C,,,;
storage, resulting in a DIC storage rate that was only about a third of the storage rates in the preceding and later time periods
considered here. In that period when convection was shallow, the replacement of relatively DIC,, 4+ rich cLSW with relatively
DIC,,4¢-poor UW and uLSW led to the loss of DIC,,,;. Ageing might have increased the DIC,,,; concentration, but the water
masses in which these processes occur were flushed out the study area. Climate feedback mechanisms that involve natural
carbon cycling in the ocean are relevant to elucidate. While for example Zunino et al. (2015) found steady-state conditions for
the natural carbon cycle in the entire eastern SPNA between 2002 and 2010, this was not the case for the Irminger Sea from
1991-2015. A possible explanation for this discrepancy could be the longer time period considered here, or that if both the
Irminger Sea and the Iceland Basin are regarded, inventory changes might cancel each other out. This was shown to be the case
for C,pt by Steinfeldt et al. (2009), as a consequence of opposite changes in cLSW volume east and west of the Reykjanes
Ridge.

The results presented here do not indicate a consistent response in the storage rates for anthropogenic CO, to the NAO. The
storage rates were similar for the first two periods, with predominantly high and low values of the NAO index, while it was
clearly larger for the last period, with predominantly high NAO index. In that time period, the C,,,; storage rate increased by
a factor of 1.6 compared to the period from 2000 to 2007 (Fig. 9). The lack of change in C,,,, storage rates between the two
first periods, contrasts with the results of Pérez et al. (2008), who found that the storage rates were low from 1997-2006. This
is a result of the differences in data: when using the same cruises and the same periods of time (i.e 1997-2006 for the middle
period) as in Pérez et al. (2008) to estimate C,,,+ storage rates, we estimated a significant decline in C,,,; storage rates for the
middle period compared to the first (C,,,; storage rates: 2.784-0.28 mol m~2yr~! for 1991-1997: 1.06 pm0.47 mol m~2yr—"
for 1997-2006).

The DIC storage, on the other hand, do show a consistent response to the NAO index, it is larger in the periods with pre-
dominantly high NAO index winters (the first and the last) than in the middle period, with a predominance of low NAO index
winters. This response was also found when using the same cruises and time periods as Pérez et al. (2008) to calculate the
storage rates. Altogether, this shows that while calculation of C,,+ storage rates over small time periods is sensitive to data
selection, calculation of DIC storage rates is not. This is not unreasonable, as estimates of C,,,; inventories involves more
variables (for example AOU and alkalinity), which increases the risk of introducing sampling or measurement biases. Regard-
less, convective events increase the storage of C,,,, this is clearly demonstrated for the 2015 event, also presented in detail by
Frob et al. (2016), who also used an independent approach for estimating Cg,,¢. Most likely because the thick layer of Cqpt
rich cLSW was mostly established in 1991 when the first data were collected, no large storage rate is observed for the early

NAO positive period included here (Yashayaev et al., 2007).
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Tanhua and Keeling (2012) calculated North Atlantic column inventory changes of DIC using data extracted from GLO-
DAPv1 (Key et al., 2004) and CARINA (Key et al., 2010). For obtaining further insight on the governing processes, they also
included Oz, AOU and DIC,;;,, which is DIC corrected for the fraction of remineralised carbon and is closely related to
anthropogenic carbon. However, their inventories were only estimated over the upper 2000 m of the water column. For DIC,
the storage rate in the Labrador and Irminger Seas combined was estimated to be 0.57 mol m~2yr~! (Tanhua and Keeling,
2012). This is only a third of our estimates of 1.434-0.17 mol m~2yr~'. This difference is likely the result of the different
depth ranges, region and time periods evaluated. It is, however, noteworthy, that the DIC,;;,, storage rate calculated by Tanhua
and Keeling (2012) is not significantly different from zero. The entire increase in DIC inventory is explained by an increase of
the remineralised fraction, as determined from AOU and their assumed C:O ratio. This implies either that there is no storage

of C,,¢ in the region or that any increase in C,,,; is completely offset by reduced CO; solubility.

In order to compare to the Tanhua and Keeling (2012) results here, the DIC 3, storage rates as well as O, and AOU storage
rates are shown in Fig. 10 for the same periods as in Fig. 9. For the Irminger Sea cruise data from 1991-2015, the DIC,;, stor-

age rate is 1.40+0.17 mol m~2yr—!

, and explains the DIC storage rate almost entirely. The negligible trend in AOU explains
the lack of difference between the DIC and DIC,;;, storage rates. The estimated DIC,;;, storage rate is lower than the Cq,¢
storage rate (1.9240.17 mol m~2yr—!, Fig. 6), probably due to a decline in preformed DIC values, i.e. a loss of solubility as
a consequence of the positive surface temperature trends in the Irminger Sea from 1991-2015 (Stendardo and Gruber, 2012;
Maze et al., 2012). The long-term warming trends in the surface ocean and thus the decreasing O, solubility leads to a deoxy-

genation of -0.84-0.3 mol m~2yr~! over the 24-year period, which is consistent with the suggested loss in preformed DIC.

On shorter timescales (Fig. 10b-c) all variables show large variations in the storage rates consistent with the already dis-
cussed changes in hydrography. In contrast to the findings of Tanhua and Keeling (2012), DIC and DIC,;;,, storage rates are
positive over all time periods. This might be partly due to the increased data coverage in our study. Over the entire time period,
DIC i underestimates C,,,¢ by about 25%. However, if the time period is too short, DIC;, becomes much more variable,
because it includes solubility effects. For example, from 2000-2007, the DIC;;, underestimates the C,,,, storage rate by 40
%, (compare Fig. 9c and 10c), while from 2008-2015, the DIC,;;, overestimates the C,,,; storage rate by 20 % (compare Fig.
9d and 10d).

Similar to the C,,,; storage rates, both periods before and after 1997 show a loss in O, despite stronger convection in
the early 1990s. Again, this is attributed to the fact that cLSW was mostly formed before 1991 (Yashayaev et al., 2007). The

mean O saturation degree over the entire water column was 89 % in the period from 1991 to 1997, which resulted in a high

O inventory of 75044 mol m~2, indicative of the recent ventilation. After 1997, no re-ventilation took place and the mean

O, saturation dropped 2 %, while the inventory decreased to 732+4 mol m~2. From 2008 to 2015, the O, saturation values

1

increased to 89 % again due to the strong inventory increase of 4.3+2.6 mol m~2yr~!, which was mainly driven by the deep
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convection in 2015 (Frdb et al., 2016). In fact, the convection in 2015 was strong enough to restore the O inventory levels so

that the mean inventory from 2008 to 2015 was 749+4 mol m~2, the level of the well-ventilated early 1990s.

7 Conclusions

The repeat observations within the Irminger Sea show significant changes in total, natural and anthropogenic CO inventories
from 1991 to 2015 with large interannual variability in the natural component. The eOMP method results and the decomposition
of the inventory changes give valuable insight into the driving mechanisms to interpret the observed variability. Overall, changes
in layer thickness of the main water masses appear most important for the DIC,,,; inventory, while concentration change within
these water masses is the key factor for C,,;. Cq.,y 18 typically more important for changes in total DIC inventories than DIC,, ;.
‘While the DIC inventory changes show a clear signal associated to the NAO, for C,, the signal is less robust, especially before
and after 1997, likely because the data used here does not cover the period before 1991, when the thick layer of cLSW was
formed. From 1991 to 2015 the mean C,,,; saturation over the entire water column increased from 52 % to 67 %, increasing
the C,,,; inventory from 5343 mol m~2to 11743 mol m~2, mainly driven by the most recent convection in 2015. Despite the
negative trend in O inventory from 1991 to 2015, the convection in 2015 was strong enough to replenish O, levels at depth,
leading to a mean saturation of 89 % and an O, inventory of 7494 mol m~2, which was as high as in 1991. C,,,; is sensitive
to time period considered, while DIC appears more robust to sampling and measurement bias. Therefore, for a comprehensive

view on carbon cycle feedback mechanisms, not only C,,,, but also natural and total DIC should be taken into account.

Appendix A: Salinity - Alkalinity relationship

The application of the surface relationship between salinity, temperature and Ay by Lee et al. (2000) is tested for Irminger
Sea cruise data in the entire water column. Further, the linear relationship between salinity and A7 by Nondal et al. (2009) is
applied as well and compared to the Lee et al. (2006) relationship. For all cruise data between 1991 and 2015, the difference
between measured and calculated A is presented in Fig. Al. Both relationships perform reasonably well. For the Lee et al.
(2006) relationship there is no bias with depth, but measured A7 is slightly overestimated. The Nondal et al. (2009) relation-
ship tends to overestimate the measured A in the surface ocean and underestimate measured A7 below 2000 m. Therefore the
variance of the Nondal et al. (2009) relationship is much larger than for the Lee et al. (2006) relationship. Within this study,

the Lee et al. (2006) relationship was chosen in order to calculate A.

Further, the impact of the overestimated calculated A7 on Cg,¢, DIC,,; and DIC storage rates was tested. For that, 4.5 jzmol
kg™, which was the mean difference between measured and calculated A7 based on the Lee et al. (2006) relationship, were
added to the calculated A for the 3 cruises, where only DIC was measured. The archetypal C,,,, concentrations for all SWTs

were less than 1 mol kg~! smaller after the correction of Ar. No significant difference between the storage rates was evident.
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Appendix B: Location SWT

As aresult of the eOMP, the fraction of SWTs in each water parcel is estimated. Figure B1 shows this fraction for the 1991 (a)
and the 2015 (b) data for IW, uLSW, cLSW, DSOW, ISOW and UW, which is the sum over ISW, NACW and SPMW. Overall,

the position of the water masses is well represented through time.
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Figure 1. Schematic subpolar North Atlantic circulation. The location of the AR7E, OVIDE, FOUREX and SNACS lines are plotted in black
on the bathymetry (500 m intervals). The branches of the North Atlantic Current (NAC) turning into the Irminger Current (IC) are shown
in red and the East Greenland Current (EGC) is plotted in orange. The dark blue currents illustrate the spreading of the Iceland-Scotland
Overflow Water (ISOW) and the Denmark Strait Overflow Water (DSOW) at depth, which jointly with the Labrador Sea Water (LSW), in
cyan, contribute to the Deep Western Boundary Current (DWBC). Adapted from Lherminier et al. (2010) and Pérez et al. (2013).
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Figure 2. Source water type (SWT) parameters presented in a potential temperature - a) salinity, including potential density (oo) levels, b)
oxygen, c) nitrate and d) silicate space for Irminger Sea cruise-data from 1991-2015. The colours represent different mixing figures for the
eOMP analysis: red for the deep ocean (o9 > 27.76 kg m~?), orange for the intermediate ocean (27.61 < oo < 27.76 kg m~?%) and surface
ocean (09 < 27.61 kg m ™), east of Reykjanes Ridge (dark blue) and west of Reykjanes Ridge region (cyan).
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Figure 3. Vertical cross section through the Irminger Sea showing interpolated salinity based on the 1991 cruise data (06MT19910902). The

approximate location of the main water masses of the eOMP analysis, shown in Appendix B, is illustrated: Subarctic Intermediate Water
(SAIW), Intermediate Water (IW), classical and upper Labrador Sea Water (cLSW and uLSW), Denmark Strait Overflow Water (DSOW),
upper Northeast Atlantic Deep Water (uNEADW), Iceland-Scotland Overflow Water (ISOW), Icelandic Slope Water (IcSW), Irminger Sea

Water (ISW), Subpolar Mode Water (SPMW), North Atlantic Central Water (NACW). The longitudinal boundaries for the inventory estimates

at 40.5° W and 31.5° W are shown (black lines).
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Figure 4. Residuals of the eOMP analysis for all Irminger Sea cruise-data from 1991-2015 for the a) total residual as the squared largest

singular value for the set of residuals (Garcia-Ibdnez et al., 2015), and the residual of mass conservation in %, b) residuals of potential

temperature and salinity, c) residuals of phosphate and nitrate and d) residuals of oxygen and silicate with respect to pressure.
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Figure 5. Vertical cross sections through the Irminger Sea showing interpolated cruise station data of a) DIC b) DIC,,4+ and ¢) Capn¢ concen-
tration in 1991 (first row), 1997 (second row), 2007 (third row) and 2015 (last row). The white contour lines illustrate selected concentration

levels. All panels have a the same span of values of 40 zmol kg ~*.
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Figure 6. Total inventory for a) DIC, b) DIC,,q; and ¢) Car for Irminger Sea cruise-data from 1991-2015. The rates of change between
1991 and 2015 are given, including the R-squared value of the linear regression model. The significance on the 99 % level (***) is indicated.

Values of the two cruises in 1997 were averaged and are shown as one data point.
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Figure 7. Layer thickness for IW, uLSW, cLSW, DSOW, ISOW and the sum over the upper ocean waters (UW) based on Irminger Sea
cruise-data from 1991-2015. The mean depth between 40.5° W and 31.5° W is 2650 m. The error bars show the uncertainty based on a
Monte Carlo simulation scaled to width and depth of the Irminger Sea. The rates of thickness change between 1991 and 2015 are given for
all SWTs, including the R-squared value of the linear regression model. The significance on the 90 % level (*) or the 99 % level (***) is

indicated. Values of the two cruises in 1997 were averaged and are shown as one data point. All markers are slightly offset in time for clarity.
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Figure 8. Archetypal concentration for IW, uLSW, cLSW, DSOW, ISOW and the sum over the upper ocean waters (UW) in the Irminger
Sea from 1991 to 2015 for a) DIC, b) DIC,.4; and ¢) Can¢. The error bars represent o. The storage rates between 1991 and 2015 are given
for all SWTs, including the R-squared value of the linear regression model. The significance on the 90 % level (*) or the 99 % level (***) is

indicated. Values of the two cruises in 1997 were averaged and are shown as one data point. All markers are slightly offset in time for clarity.
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Figure 9. Decomposition of the total storage rates (red bars) into the concentration-driven storage rate (blue bars) and the layer thickness-

driven storage rate rate (cyan bars) for DIC, Copn¢ and DIC,,,¢ from a) 1991-2015, b) 1991-1997, ¢) 2000-2007 and d) 2008-2015. The error

bars represent the error of the linear regression model.
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Figure A 1. Difference between measured and calculated alkalinity for Irminger Sea cruise data. The dark grey dots use the salinity-alkalinity
relationship following Lee et al. (2006) and the light grey dots use the relationship following Nondal et al. (2009). The solid lines represent

the mean difference and dotted lines + one standard deviation.
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Figure B 1. Vertical cross section of fraction of water masses (IW, cLSW, uLSW, DSOW, ISOW and UW) in a) 1991 and b) 2015. Ratios

below 0.1 are set to zero for clarity.
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Table 1. Irminger Sea cruise information. The measured variables of the seawater CO2 chemistry are indicated.

Alias Expocode Month/Year ~ Ship Data Reference

ARO7E 64TR19910408 04-05/1991  Tyro DIC Stoll et al. (1996)

AOIE 06MT19910902  09/1991 Meteor DIC, A1 Meincke and Becker (1993)
AO01 06MT19941115 11-12/1994  Meteor DIC Thomas and Ittekkot (2001)
FOUREX 316N19970530 05-07/1997  Knorr DIC, A7, pH  Johnson et al. (2003)
ARO7W 06MT19970707 07-08/1997  Meteor DIC, At Kortzinger et al. (1999)
AR7E 64PE20000926 09-10/2000  Pelagia DIC Yashayaev et al. (2007)
OVIDE 2002  35TH20020611 06-07/2002  Thalassa A7, pH Lherminier et al. (2010)
OVIDE 2004  35TH20040604  06-07/2004  Thalassa Az, pH Lherminier et al. (2010)
ARO7E 64PE20050907 09-10/2005  Pelagia DIC, At van Heuven et al. (2012)
OVIDE 2006  06MM20060523  05-06/2006  Maria S. Merian Ar,pH Pérez et al. (2008)

ARO7E 64PE20070830 09/2007 Pelagia DIC, Ay van Heuven et al. (2013)
OVIDE 2008  35TH20080610  06-07/2008  Thalassa Ar, pH Mercier et al. (2015)
OVIDE 2010  35TH20100610 06/2010 Thalassa Ar,pH Mercier et al. (2015)
OVIDE 2012 29AH20120623 06-07/2012  Sarmiento de Gamboa A, pH Garcia-Ibafiez et al. (2016)
SNACS 58GS20150410  04/2015 G.O. Sars DIC, Ar Frob et al. (2016)
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Table 2. Source water type (SWT) parameters and their standard deviation used for the eOMP analysis for Subarctic Intermediate Water
(SAIW), Intermediate Water (IW), classical and upper Labrador Sea Water (cLSW ans uLSW), Denmark Strait Overflow Water (DSOW),
upper Northeast Atlantic Deep Water (iNEADW), Iceland-Scotland Overflow Water (ISOW), Icelandic Slope Water (IcSW), Irminger Sea
Water (ISW), Subpolar Mode Water (SPMW) and North Atlantic Central Water (NACW). Definitions for Mediterraneum Water (MW) and
lower Northeast Atlantic Deep Water INEADW) (*) from Garcia-Ibdfez et al. (2015) are used only for the composite analysis but not in the
e¢OMP. The weights for the equations are given. The mass weight is 150. The mean parameter residual is given (error). The last column gives
an uncertainty estimate (per one) for the SWT contribution based on a Monte Carlo simulation.
SWT 0 S 02 POy NO3 SiO2 PV Uncertainty
°C pumolkg™"  pmol kg™ pmol kg ™! pmol kg ! 1078 m~'s~!
w 5.85+£0.25 35.05+001 251.3+1.7 1.17+0.03 1682+0.56 9.87+0.27 0.0547 £ 0.0184 0.030
SAIW 7.25+£0.07 34.80+0.04 283.5+6.1 0.86+0.07 1321+153 6.01+1.20 0.1100+0.0158 0.005
uLSW 357+£0.12 3489 £0.07 296.0+93 1.06+0.02 16.07+0.35 9.68+0.47  0.0009 £ 0.0169 0.034
cLSW 2.96+0.01 34.85+0.01 3003+1.0 1.07+0.02 16214+023 9.74+0.13 0.0003 £ 0.0186 0.034
DSOW 1.11+0.16 3488 +£0.01 303.6£1.0 095+002 1416+035 9234030 0.0479 +0.0184 0.003
uNEADW 242+ 0.05 34944001 2543416 135+£0.04 19.88+034 32.824+246 0.0364+00158 3.6%107°
ISOW 2.50+£0.05 3498 £0.01 2775+£0.7 1.11+0.03 16.04+0.14 13.38+£0.51 0.0264 £0.0173 0.010
IeSW 4.13£0.12 3497+0.01 267.0+£34 1.124+0.01 17.87+£020 10.59 +0.30 0.0309 = 0.0184 0.038
ISW 4.68+0.30 34.86£0.02 2902+1.0 1.07+0.02 1651+090 835+0.85 0.0364 +0.0158 0.017
SPMW 7.28+0.25 35.14+0.02 250.0+£02 098+0.06 15.034+1.00 7.44+0.11 0.0479 + 0.0096 0.016
NACW 9.74+£0.13 3526 £0.02 2457+£56 089+0.01 1347+0.17 576+042 0.0547 £0.0158 0.006
MW# 11.70 36.50 210 0.7 10.9 4.88 - -
INEADW* 1.98 34.90 252 1.5 22.6 48 - -
Weight 25 15 8 2 2 1 3
Error 0.006 0.015 0.881 0.031 0.421 0.927 0.001
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Table 3. Mean layer thickness and concentration of DIC, DIC,,4¢ and Cqap in IW, uLSW, cLSW, DSOW, ISOW and UW in the time periods
from 1991-2015,1991-1997, 2000-2007 and 2008-2015.

Period Variable IW uLSW cLSW DSOW ISOW UW
19912015 Thickness (m) 301 338 860 170 474 411
DIC (umol kg~ 1) 2158 2157 2157 2157 2155 2152
DIC,q¢ (umol kg™) 2125 2121 2130 2136 2136 2112
Cant (pmol kg™') 33 36 27 20 22 40
1991-1997  Thickness (m) 244 163 1197 186 572 196
DIC (umol kg™ ') 2149 2151 2151 2149 2152 2144
DIC,q: (umol kg~%) 2121 2123 2127 2135 2136 2113
Cant (umol kg ™) 28 29 24 14 17 31
2000-2007  Thickness (m) 306 211 858 182 450 551
DIC (umol kg~ 1) 2161 2159 2158 2156 2158 2153
DIC,q¢ (umol kg™) 2129 2123 2131 2135 2136 2112
Cane (umol kg™ 1) 32 36 27 20 22 41
2008-2015  Thickness (m) 361 705 527 136 413 416
DIC (zzmol kg™ 1) 2162 2161 2161 2161 2161 2158
DIC,q¢ (umol kg™1) 2121 2117 2131 2138 2136 2112
Cant (umol kg ™) 41 44 30 24 25 46
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Abstract. Repeated hydrographic sections provide critically
needed data on and understanding of changes in basin-wide
ocean CO; chemistry over multi-decadal timescales. Here,
high-quality measurements collected at twelve cruises car-
ried out along the same track between 1991 and 2015 have
been used to determine long-term changes in ocean CO»
chemistry and ocean acidification in the Irminger and Ice-
land basins of the North Atlantic Ocean. Trends were deter-
mined for each of the main water masses present and are dis-
cussed in the context of the basin-wide circulation. The pH
has decreased in all water masses of the Irminger and Iceland
basins over the past 25 years with the greatest changes in
surface and intermediate waters (between —0.0010 £ 0.0001
and —0.0018 +0.0001 pH units yr~!). In order to disentan-
gle the drivers of the pH changes, we decomposed the trends
into their principal drivers: changes in temperature, salin-
ity, total alkalinity (Ar) and total dissolved inorganic car-
bon (both its natural and anthropogenic components). The
increase in anthropogenic COy (C,y) Was identified as the
main agent of the pH decline, partially offset by At in-
creases. The acidification of intermediate waters caused by
Cant uptake has been reinforced by the aging of the water
masses over the period of our analysis. The pH decrease of
the deep overflow waters in the Irminger basin was similar
to that observed in the upper ocean and was mainly linked to

the C,y increase, thus reflecting the recent contact of these
deep waters with the atmosphere.

1 Introduction

The oceanic uptake of a fraction of the anthropogenic CO,
(i.e. Cun; CO; released from humankind’s industrial and
agricultural activities) has resulted in long-term changes in
ocean CO; chemistry, commonly referred to as ocean acidi-
fication (OA; e.g. Caldeira and Wickett, 2003, 2005; Raven et
al., 2005; Doney et al., 2009; Feely et al., 2009). The changes
in the ocean CO, chemistry result in declining pH and re-
duced saturation states for CaCO3 minerals (e.g. Bates et
al., 2014). The average pH (—logjo[HT]) of ocean surface
waters has decreased by about 0.1 pH units since the begin-
ning of the industrial revolution (1750), and based on model
projections we expect an additional drop of 0.1-0.4 by the
end of this century, even under conservative CO> emission
scenarios (Caldeira and Wickett, 2005; Orr, 2011; Ciais et
al., 2013). The rate of change in pH is at least a hundred
times faster than at any time since the last ice age (Feely et
al., 2004; Raven et al., 2005), clearly outpacing natural pro-
cesses in ocean chemistry that have occurred in the past due
to geological processes (Raven et al., 2005). These changes
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in ocean CO; chemistry will most likely have adverse effects
on organisms, particularly calcifying ones; ecosystems (e.g.
Langdon et al., 2000; Riebesell et al., 2000; Portner et al.,
2004) and major marine biogeochemical cycles (e.g. Gehlen
et al., 2011; Matear and Lenton, 2014).

The global ocean has absorbed ~ 30 % of the Cyp emitted
to the atmosphere between 1750 and the present (Sabine et
al., 2004; Khatiwala et al., 2013; DeVries, 2014; Le Quéré
et al., 2015). This Cyun is not evenly distributed through-
out the oceans (Sabine et al., 2004), but enters the interior
ocean preferentially in regions of deep convective overturn-
ing and subduction (Maier-Reimer and Hasselmann, 1987;
Sarmiento et al., 1992; Lazier et al., 2002). This explains
why the meridional overturning circulation (MOC) makes
the North Atlantic Ocean one of the most important Cap
sinks of the global ocean, storing 25 % of the global oceanic
Cant (Sabine et al., 2004; Khatiwala et al., 2013) despite be-
ing only 11 % of the global ocean volume (Eakins and Shar-
man, 2010). The MOC transports Cyp-laden surface waters
from the Equator to the northern North Atlantic Ocean (e.g.
Wallace, 2001; Anderson and Olsen, 2002; Olsen et al., 2006;
Zunino et al., 2015), where deep water formation provides a
pathway for Cyp into the interior ocean (Lazier et al., 2002;
Pérez et al., 2008, 2013; Steinfeldt et al., 2009). Being re-
gions close to deep water formation areas and where water
mass transformation occurs (Sarafanov et al., 2012; Garcia-
Ibanez et al., 2015), the Irminger and Iceland basins are ge-
ographically well placed to monitor temporal changes in the
Atlantic MOC (Mercier et al., 2015) and to determine the
rates of Cyn penetration to the deep ocean and its conse-
quence for OA.

In this paper, we examine high-quality direct measure-
ments of ocean CO, chemistry from twelve cruises con-
ducted across the Irminger and Iceland basins between 1991
and 2015. Previous studies focused on Cype uptake and its
storage and effect on pH in the Irminger and Iceland basins
(e.g. Pérez et al., 2008; Olafsson et al., 2009; Bates et al.,
2012; Viazquez-Rodriguez et al., 2012b). Here we quan-
tify the pH change for a 25-year period and identify its
chemical and physical drivers by decomposing the observed
pH change into five numerically estimated factors (tem-
perature, salinity, alkalinity, anthropogenic CO; and non-
anthropogenic CO»), all based on direct measurements.

2 Materials and methods

2.1 Datasets

2.1.1 Cruise Information

We used data from twelve cruises along the same track across
the Irminger and Iceland basins, with the cruise dates span-

ning 25 years (1991-2015; Table 1, Fig. la). The bottle
data were accessed from the merged data product of the
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Figure 1. (a) Sampling locations of the twelve cruises used in this
study (1991-2015) plotted on bathymetry (500 m intervals). The
black line shows the boundary between the Irminger and the Ice-
land basins constituted by the Reykjanes Ridge. CGFZ stands for
Charlie-Gibbs Fracture Zone. (b) Limits of the layers and basins
considered in this study plotted on top of the salinity distribution
for the 2004 cruise. The isopycnals delineating the layers are de-
fined by potential density (referenced to 0 dbar, og; 1000 dbar, o7;
and 2000 dbar, o; all in kg m’3) and the vertical white line is the
limit (Reykjanes Ridge) between the Irminger (left) and Iceland
basins (right). The dashed vertical lines represent the longitude axis
marks. The layer acronyms are Subpolar Mode Water (SPMW), up-
per and classical Labrador Sea Water (uLSW and cLSW, respec-
tively), Iceland—Scotland Overflow Water (ISOW) and Denmark
Strait Overflow Water (DSOW).

Global Data Analysis Project version 2 (GLODAPv2; Olsen
et al., 2016) at http://cdiac.ornl.gov/oceans/GLODAPV2, ex-
cept for more recent data collected during the OVIDE 2012
and 2014 cruises and the 2015 cruise (58GS20150410). The
data of the 1991 cruises (64TR91_1 and O6MTI18_1) were
merged and treated as a single cruise.

2.1.2 Ocean CO; chemistry I t:

The twelve cruises selected for our study have high-quality
measurements of the seawater CO, system variables (Ta-
ble 1). Total alkalinity (A1) was analysed by potentiomet-
ric titration and determined by developing either a full titra-
tion curve (Millero et al., 1993; Dickson and Goyet, 1994;
Ono et al., 1998) or from single point titration (Pérez and
Fraga, 1987; Mintrop et al., 2000) and was calibrated with
certified reference materials (CRMs) with an overall accu-
racy of 4umolkg~'. For samples without direct AT mea-
surements, At was estimated using a 3-D moving window
multilinear regression algorithm (3DwWMLR), using poten-
tial temperature (6), salinity, nitrate, phosphate, silicate and
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Table 1. List of hydrographic cruises used in this study (Fig. 1a). P.I. denotes principal investigator, #St the number of stations used here and
“Measurements” refers to the seawater CO, system measurements performed during these cruises.

Cruise name Expocode Monthyr~!  Vessel PIL #St  Measurements  Reference
ARO7E 64TRI1_1 04-05/1991  Tyro H. M. van Aken 12 DIC Stoll et al. (1996)
AOIE 06MTI18_1 09/1991 Meteor J. Meincke 15 AT and DIC Meincke and Becker (1993)
AOIE 06MT30_3 11-12/1994  Meteor J. Meincke 27  DIC Koltermann et al. (1996)
ARO7E 06MT39_5 08-09/1997  Meteor A. Sy 32 DIC Rhein et al. (2002)
OVIDE 2002 35TH20020610  06-07/2002  Thalassa H. Mercier 38  pHand At Lherminier et al. (2007)
OVIDE 2004 35TH20040604  06-07/2004  Thalassa T. Huck 56 pHand At Lherminier et al. (2010)
OVIDE 2006 06MM20060523  05-06/2006  Maria S. Merian P. Lherminier 44 pHand At Gourcuff et al. (2011)
OVIDE 2008 35TH20080610 06-07/2008  Thalassa H. Mercier 45 pHand At Mercier et al. (2015)
OVIDE 2010 35TH20100610 06/2010 Thalassa T. Huck; H. Mercier 46 pHand AT Mercier et al. (2015)
CATARINA® 29AH20120623 06-07/2012  Sarmiento de Gamboa  A. F. Rios 44 pHand A1 This work
GEOVIDE" 35PQ20140517 05-06/2014  Pourquoi Pas? G. Sarthou 31 pHand Ar This work
58GS20150410  58GS20150410 04-05/2015  G.O. Sars A. Olsen 10 AT and DIC Frob et al. (2016)

* Both CATARINA iim.csic.es/en) and GEOVIDE (http: geovide.obs-VIfr.fr) cruises contain the OVIDE section (http: umr-lops. fi/Projets/Projets-actifs/OVIDE) and in the

study are referred to as OVIDE 2012 and 2014, respectively.

oxygen as predictor parameters (Velo et al., 2013). The to-
tal dissolved inorganic carbon (DIC) samples were analysed
with coulometric titration techniques (Johnson et al., 1993)
and calibrated with CRMs, achieving an overall accuracy of
2 umolkg~". For the cruises for which direct DIC measure-
ments had not been performed, it was computed from At
and pH using the thermodynamic equations of the seawa-
ter CO; system (Dickson et al., 2007) and the CO» disso-
ciation constants of Mehrbach et al. (1973) refitted by Dick-
son and Millero (1987). These calculated DIC values have
an associated uncertainty of 4 umol kg ', calculated by ran-
dom propagation of the reported At and pH accuracies. pH
was determined at 25 °C and | atm with a spectrophotomet-
ric method (Clayton and Byrne, 1993) using diode array
spectrophotometers and m-cresol purple as an indicator. The
spectrophotometric pH determination has a typical precision
of 0.0002-0.0004 pH units (Clayton and Byrne, 1993; Liu et
al., 2011). However, Carter et al. (2013) reported an inher-
ent uncertainty of spectrophotometric pH determinations of
0.0055 pH units, associated to the tris-buffer used for calibra-
tion. When direct pH measurements were not performed, pH
was computed from At and DIC using the thermodynamic
equations of the seawater CO; system (Dickson et al., 2007)
and the CO, dissociation constants of Mehrbach et al. (1973)
refitted by Dickson and Millero (1987). For these calculated
pH values, we estimated an uncertainty of 0.006 pH units by
random propagation of the reported At and DIC accuracies.
Ar values differing by more than two times the standard de-
viation (7 umolkg~") of the difference between measured
At and 3DWMLR-predicted At were replaced with the pre-
dicted At value. Note that the effect of At corrections on
pH trends is negligible, since At corrections of 4 umol kg~
lead to pH changes lower than a thousandth. The pH values
reported here are at in situ conditions (of temperature and
pressure) and on the total scale (pHry,).

www.biogeosciences.net/13/3701/2016/

2.1.3 Anthropogenic CO; (i.e. Cap¢) estimation

Cane concentrations were estimated using the back-
calculation method wC% (Pérez et al., 2008; Vazquez-
Rodriguez, 2009a) that has previously been applied for the
entire Atlantic Ocean (Vazquez-Rodriguez et al., 2009b).
Back-calculation methods determine Cyp for any sample in
the water column as the difference between DIC concentra-
tion at the time of the measurement and the DIC concentra-
tion it would have had in preindustrial times. Following Gru-
ber et al. (1996), this is represented as the difference in pre-
formed DIC between the time of observation and the prein-
dustrial:

Cant = DICyeas — ACip — DICpreind - ACdiseqv (1)
where the preformed DIC for the time of observation is rep-
resented as the measured DIC (DICyeqs) minus any DIC
added to the water due to organic matter remineralisation
and calcium carbonate dissolution (ACyi,). The preindus-
trial preformed concentration is represented by the DIC
concentration the water would have if in equilibrium with
the preindustrial atmosphere (DICpreing) minus any offset
from such an equilibrium value, known as the disequilib-
rium term (ACqiseq). The procedure requires DIC and At
as input parameters, and the empirical parameterisation of
the preformed At (A?-) for the computation of the calcium
carbonate dissolution and of the ACyiseq term (Vdzquez-
Rodriguez et al., 2012a). The A% is based on the con-
cept of potential alkalinity (PA7 = A+ NO3+PO4) and
is defined as A% =PAr — (N0g+ POQ) (Vazquez-Rodriguez
et al.,, 2012a), where Nog and POQ are the preformed
nitrate and phosphate concentrations, respectively. NOg
and POQ are determined as NOg =NO3 — AOU / Ron and
POB =PO4 — AOU / Rop. In the former equations AOU (ap-
parent oxygen utilisation) is the difference between the sat-
urated concentrations of oxygen calculated using the equa-
tions of Benson and Krause (1984) and the measured con-
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centrations of oxygen, while Ron and Rop are the Redfield
ratios proposed by Broecker (1974).

The (pC-(r) method presents two main advantages relative to
the previous method proposed by Gruber et al. (1996). First,
the spatiotemporal variability of A% is taken into account.
And second, the parameterisations of A% and A Cyiseq are de-
termined using the subsurface layer as a reference (Vazquez-
Rodriguez et al., 2012a), where the age of the water parcel,
and therefore its Cypy concentration, is estimated using CFC
measurements (Waugh et al., 2006). The overall uncertainty
of the wC% method has been estimated at 5.2 umolkg ™'
(Pérez et al., 2008; Vizquez-Rodriguez, 2009a).

2.14 Trend uncertainty

The uncertainties and reproducibilities of the analysis and
calculation methods were determined from the deep waters
sampled at the Iberian Abyssal Plain during the seven rep-
etitions of the OVIDE line, since these waters are expected
to be in near steady state. The standard deviations of those
samples for each cruise (Table 2) were taken as an esti-
mate of the uncertainty at each cruise. The uncertainties of
the AOU, Ar and pHr, for the seven cruises were simi-
lar. The standard deviations of Cyp (1.2-1.6 umol kg‘l) and
pHr,, (0.002-0.003 pH units) for each of the seven cruises
are lower than the inherent uncertainty of the wC-? estimates
(5.2 umol kg™') and the accuracy of the spectrophotometric
pH measurements (0.0055 pH units), which provides confi-
dence that these data are suitable for trend determination.
The standard deviations of the Cyy estimates are rather simi-
lar to those from other regions where Cypn has been compared
across many cruises (i.e. 2.4 umol kg~ in the South Atlantic
Ocean, Rios et al. (2003); 2.7 umol kg~ ! in the equatorial At-
lantic Ocean, 24° N, Guallart et al. (2015); and 2.7 umol kg’]
reported from a transect along the western boundary of the
Atlantic Ocean from 50° S to 36° N, Rios et al., 2015). The
standard deviations of the mean values of the Iberian Abyssal
Plain samples across all (last row of Table 2) were taken as
an estimate of the reproducibility of the methodologies. The
high reproducibility of the pH measurements, at an order
of magnitude higher than the uncertainty (0.0055 pH units,
Carter et al., 2013), is suggestive of high quality data. Us-
ing these standard deviations for the seven cruises, and tak-
ing into account the 25 years considered in this study, the
threshold of detectability of pH trends at 95 % of confidence
is 0.00012 pH units yr~!, which renders confidence to the es-
timated trends.

2.2 Water mass characterisation

Changes in ocean CO, chemistry were determined for the
main water masses in the Irminger and Iceland basins. These
are (1) Subpolar Mode Water (SPMW), (2) upper and clas-
sical Labrador Sea Water (uLSW and cLSW, respectively),
(3) Iceland—Scotland Overflow Water (ISOW) and (4) Den-
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mark Strait Overflow Water (DSOW; Fig. 1b). The lay-
ers defining the water masses were delimited using poten-
tial density following Azetsu-Scott et al. (2003), Kieke et
al. (2007), Pérez et al. (2008) and Yashayaev et al. (2008).
The advantage of working in layers is the relatively low vari-
ability of the physical and chemical properties within the lay-
ers, allowing us to assume linearity in the ocean CO, system.

To better determine the limits between layers and the av-
erage value of each variable in each layer, cruise bottle data
were linearly interpolated onto each dbar before determin-
ing average variable values, an improvement with respect
to the previous approaches of Pérez et al. (2008, 2010) and
Viazquez-Rodriguez et al. (2012b). Then, the interpolated
profiles were averaged over each density layer, defined in
Figure 1b. Finally, the average values in each density layer
were determined for each cruise taking into account the
thickness of the layer and the separation between stations.
The exception comes with pHr,, which is pressure sensi-
tive and for which we needed to define a unique reference
pressure to remove pressure effects due to varying sampling
strategies. pHr,, was calculated using the layer average val-
ues of DIC and Ar for the considered year but using the time-
averaged pressure of the layer over the studied time period as
reference pressure. To reduce the influence of seasonal dif-
ferences in sampling on the interannual trends, only samples
with pressure > 75 dbar were considered. The 75 dbar level
was determined by the depth of the seasonal nutrients draw-
down along the section. The average values of the variables
for each layer and their standard deviations can be found in
the Supplement (Table S1).

2.3 pH deconvolution

Changes in ocean pH may be brought about by changes in in
situ temperature (Tjs), salinity (S), At and/or DIC. Changes
in the latter may be brought about by C,y¢ uptake or by nat-
ural processes (Cpa) such as remineralisation. Cpy is de-
termined as the difference between measured DIC and esti-
mated Cype. Changes in temperature and salinity influence the
equilibrium constants of the oceanic CO; system. Addition-
ally, changes in salinity influence the borate concentration,
which is taken into account by the relationship proposed by
Uppstrom (1974).

To estimate how much each of these five factors have con-
tributed to the observed change in pH, we assumed linearity
and decomposed the observed pH changes into these poten-
tial drivers:

dpHr, _ OpHy, dT;; | dpHp, dS
dt )iy 0Ts dt 9s  dr
dpHr. opH
? Tlsdﬁ ,P Tis anm+ana( @
dAT dr aDIC dr dr
8pHT“

To estimate —* (where “var” refers to each of the drivers:
Tis, S, At and DIC) we calculated a pHr, for each layer and
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Table 2. Mean values of pressure (in dbar), potential temperature (¢, in °C), salinity, apparent oxygen utilisation (AOU, in umolkg~!),
total alkalinity (A, in pmol kg 1), anthropogenic CO (Cant, in umol kg ~!) and pH at total scale and in situ conditions of temperature and
pressure (pHr;) for the bottom waters of the Iberian Abyssal Plain sampled during the seven OVIDE cruises. “N” represents the number of
data considered in each cruise and “+” the standard deviation. The last row represents the intercruise standard deviation of the mean values.

Year (N) Pressure 0 Salinity AOU AT Cant pHTy,
2002 (144) 4205 2.18240.080 34.913 £0.008 86.1+£2.0 23513 64+13 8.0134+0.003
2004 (158) 4263 2.162£0.075  34.908 £0.007 87.1+£14 2352+3 62+12 8.0134+0.003
2006 (132) 4252 2.170£0.082  34.913 £0.008 854+1.6 2350£3 62413 8.01440.003
2008 (125) 4206 2.179£0.075 34.911£0.007 849+1.8 2353+4 7.0x16 8.01640.003
2010 (131) 4312 2.163£0.077  34.908 £0.008 859+1.6 23513 7.0%+12 8.0134+0.002
2012 (102) 4397 2.149£0.077  34.909 £ 0.008 879+£1.6 2352+3 5.1+12 8.01540.002
2014 (54) 4441 2.141£0.069 34.904+0.007 8744136 23534+3 55+15 8.016+0.003

0.015 0.003 1.1 1.1 0.7 0.0015

year using the layer average value of “var” for each year but
keeping the values of the other drivers constant and equal to
the time-average value for the layer over the studied time pe-
riod. Given that the variability of the physicochemical prop-
erties within each layer is relatively low (see standard devi-
ations of the averaged values in Table S1), we can assume
that these derivatives are constant over the studied time pe-
riod and use a constant derivative value for each layer. Note
that the sensitivity of pHr,, to changes in Cyy is the same as
the sensitivity to changes in Cpy since both are DIC; there-
fore only d;;g" is necessary. To estimate each d(‘l’—f’ term we
performed a linear regression between var and time for each
layer.

Due to the small range of pH change with which we are
working and the relatively low pH variability within each
layer, we can consider that pH follows a linear scale instead
of a logarithmic scale. As a consequence the contributions
of each of the terms considered in Eq. (2) to pH change are
equivalent to the contributions in terms of [H*].

Trends of all variables involved in Eq. (2) were calculated
based on the annual interpolation of the observed values to
avoid the bias due to the reduced availability of cruises dur-
ing the 1990s compared to the 2000s.

3 Results and discussion
3.1 Distribution of water mass properties

The Irminger and Iceland basins in the North Atlantic are
characterised by warm and saline surface waters as well as
cold and less saline intermediate and deep waters (Fig. 2a,
b). The central waters (here represented by the SPMW layer),
which dominates the upper ~ 700 m, are warmer and saltier
in the Iceland basin than in the Irminger basin, reflecting the
water mass transformation that takes place along the path
of the North Atlantic Current (NAC) (Brambilla and Tal-
ley, 2008). In particular, the mixing of the SPMW layer with
the surrounding waters while flowing around the Reykjanes

www.biogeosciences.net/13/3701/2016/

Ridge (evident in the salinity distribution; see also Garcia-
Ibafiez et al., 2015), in conjunction with the air—sea heat loss,
results in a colder and fresher SPMW layer in the Irminger
basin. The uLSW and cLSW layers below the SPMW layer
are saltier in the Iceland basin due to their mixing with the
surrounding waters during their journey from their forma-
tion regions (Bersch et al., 1999; Pickart et al., 2003; Garcia-
Ibanez et al., 2015). The ISOW layer dominates at depths
beneath the cLSW layer. This layer is saltier in the Ice-
land basin, reflecting its circulation. ISOW comes from the
Iceland—Scotland sill and flows southwards into the Iceland
basin, where it mixes with the older North Atlantic Deep Wa-
ter (NADW). Then it crosses the Reykjanes Ridge through
the Charlie—Gibbs Fracture Zone (Fig. la), where it mixes
with the cLSW and DSOW, becoming fresher. At the bottom
of the Irminger basin a fifth layer, DSOW, being the coldest
and freshest layer of the section, is distinguished.

The general pattern of pHr,, (Fig. 2c) by and large follows
the distribution expected from the surface production of or-
ganic material and remineralisation at depth. Consequently,
high pH values (>8.05) are found in upper layers, while the
values generally decrease with depth down to <7.95 in the
deepest layers. This overall pattern is disrupted at ~ 500 m
in the Iceland basin by a layer with relatively low pHr,, val-
ues (<7.98), coinciding with relatively high AOU and DIC
values (Fig. 2e, f). This layer could be associated with an
area of slower circulation where the products of the reminer-
alisation of the organic matter accumulate. This thermocline
layer could also be influenced by waters of southern origin
(Sarafanov et al., 2008) which are advected into the region
by the NAC, which has an extension that is closely related to
the North Atlantic Oscillation (Desbruyeres et al., 2013). The
presence of this low pH layer lowers the average pH of our
SPMW layer in the Iceland basin compared to the Irminger
basin (Fig. 3). The opposite pattern is found in the uLSW
layer. The water mass formation occurring in the Irminger
basin (Pickart et al., 2003; Garcia-Ibéiez et al., 2015; Frob
et al., 2016; Piron et al., 2016) transfers recently ventilated
low DIC and high pH waters to depth, which causes the mean
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Figure 2. Distributions along the cruise track from Greenland (left) to the Iceland basin (right) over the study period (1991-2015) for
(a) potential temperature (6, in °C), (b) salinity, (¢) pH at total scale and in situ conditions (pHry,), (d) total alkalinity (A, in umol kg’l),
(e) apparent oxygen utilisation (AOU, in umol kg’l), (f) total dissolved inorganic carbon (DIC; in pmol kg’l), (g) natural DIC (Cpat, in
umol kg’l) and (h) anthropogenic COy (Capt, in umol kg’l) for the 2004 cruise. The dashed vertical lines represent the longitude axis

marks, and isopycnals delineating the layers are shown as white lines.

pH of uLSW in the Irminger basin to be higher than in the
Iceland basin. Finally, the layers that contain the overflow
waters have the lowest pH values. The presence of the older
NADW in the ISOW layer in the Iceland basin decreases
the mean pH of this layer here, making it lower than in the
Irminger basin.

The upper layer waters of the section have low DIC values,
which rapidly increase when increasing depth (Fig. 2f). The
low DIC values in the uppermost ~ 200 m are a consequence
of the photosynthetic activity that withdraws DIC from sea-
water. Below ~ 200 m the DIC distribution is almost homo-
geneous, only disrupted by relatively high values in the Ice-
land basin at ~ 500 m, associated with the thermocline layer,
and at the bottom, associated with the old NADW. The gra-
dients in anthropogenic and natural components of DIC are
much stronger. The Cypy values are high, close to saturation
(approximately 80 % of the Cyn concentration expected from
a surface ocean in equilibrium with the atmospheric CO»),
near the surface and decrease with depth (Fig. 2h), because
Can enters the ocean from the atmosphere. The Cpy distri-
bution has an opposite pattern, with low surface values and
high bottom values (Fig. 2g), similar to that of the AOU dis-
tribution (Fig. 2e), since Cpy is linked to the ventilation of
water masses, i.e. respiration and renewal of the water mass.

Biogeosciences, 13, 3701-3715, 2016

The At distribution along the section resembles the salin-
ity distribution, with high values associated with the rela-
tively saline central waters and relatively low and almost ho-
mogeneous values in the rest of the section (Fig. 2d). The
exception comes with the ISOW layer. The high At values
found in the ISOW layer of the Iceland basin are not mir-
rored in the salinity distribution. This reflects the influence
of NADW that is traced by the relatively large amounts of
silicate related to the influence of the Antarctic Bottom Wa-
ter, which provides high At from dissolution of CaCO3. The
influence of these high At values is then transported by the
ISOW circulation to the Irminger basin.

3.2 Water mass acidification and drivers

Trends of pHr, in each layer and basin are presented in Ta-
ble 3, in Fig. 3 and in Supplement Fig. S1. The pHr, has
decreased in all layers of the Irminger and Iceland basins dur-
ing a time period of more than 20 years (1991-2015) that is
covered by the data. The trends are stronger in the Irminger
basin due to the presence of younger waters. The rate of pH
decline decreases with depth, except for the DSOW layer that
has acidification rates close to those found in the cLSW layer.
This indicates that DSOW is a newly formed water mass that
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Figure 3. Temporal evolution of average pH at total scale and in situ conditions of temperature and pressure (pHr;, ) in the main water masses
of the Irminger (a) and Iceland (b) basins between 1991 and 2015. Each point represents the average pHr, of a particular layer (SPMW
(red dots), uLSW (blue diamonds), cLSW (black asterisks), ISOW (green squares) and DSOW (magenta stars)) at the time of each cruise
(Table S1). The error bars are two times the error of the mean (200 =2 x (Standard Deviation)/~/N, where “N” is the number of samples of

each layer). The legends also give the trends (in 1073

pH units yr’l) =+ standard error of the estimate and the correlation coefficients (rz),

resulting from the annually interpolated values. *** denotes that the trend is statistically significant at the 99 % level (p value <0.01). Consult

Fig. 1 for layer acronyms.

has recently been in contact with the atmosphere. Moreover,
the acidification rate in the ISOW layer in the Irminger basin
is relatively low, which could be related to the increasing im-
portance of the relatively old NADW in this layer, with the
reduction in cLSW formation since the mid-90s (Lazier et
al., 2002; Yashayaev, 2007).

The observed rate of pHr, decrease in the SPMW
layer of the Iceland basin (—0.0016 = 0.0001 pH units yr—';
Table 3, Fig. 3b) is in agreement with that observed
at the Iceland Sea time series (68°N, 12.66° W; Olaf-
sson et al., 2009, 2010) for the period 1983-2014
(—0.0014 4 0.0005 pH units yr~!; Bates et al., 2014). How-
ever, our rate of pHr, decrease in the SPMW layer in the
Irminger basin (—0.0018 & 0.0001 pH units yr~") is lower
than that observed in the sea surface waters of the Irminger
Sea time series (64.3°N, 28°W; Olafsson et al., 2010)
for the period 1983-2014 (—0.0026 = 0.0006 pH units yr—';
Bates et al., 2014), which is exceptionally high com-
pared to the other time series summarised here. Bates
et al. (2014) linked the high acidification rate found at
the Irminger Sea time series to the high rate of increase
in DIC (1.6240.35 umolkg~! yr~!) observed at this site,
which is almost three times our rate of increase in DIC
(0.64+0.07 pmol kg ! yr~!, Fig. 5¢). This is based on data
from only one site, further north than our section, and
indicates that spatial variations are substantial in this re-
gion. Besides, the acidification rates in the SPMW layer
of both basins reported here are in agreement with the
rates of —0.0020 #+ 0.0004 pH units yr~! determined for the
North Atlantic subpolar seasonally stratified biome for the
period 1991-2011 (Lauvset et al., 2015). Compared to
the subtropical Atlantic time series stations, our rates in
the SPMW layer of both basins are in agreement with
those observed at ESTOC (European Station for Time se-
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ries in the ocean) (29.04°N, 15.50° W; Santana-Casiano
et al., 2007; Gonzélez-Dévila et al., 2010) for the period
1995-2014 (—0.0018 +0.0002 pH units yr~!; Bates et al.,
2014) and BATS (Bermuda Atlantic Time-series Study)
(32°N, 64°W; Bates et al., 2014) for the period 1983—
2014 (—0.0017 +0.0001 pH units yr’l; Bates et al., 2014).
Compared to the Pacific Ocean, the OA rates in the Ice-
land and Irminger basins are in agreement with those re-
ported for the central North Pacific based on data from
the time series station HOT (Hawaii Ocean Time-series)
(22.45° N, 158° W; Dore et al., 2009) for the period 1988—
2014 (—0.0016 4 0.0001 pH units yr’l; Bates et al., 2014),
but are slightly higher than those determined by Wakita et
al. (2013) in the winter mixed layer at the subarctic western
North Pacific (time series stations K2 and KNOT) for the pe-
riod 1997-2011 (—0.0010 = 0.0004 pH units yr—"). Wakita
et al. (2013) attributed the lower-than-expected pH trends to
an increasing A trend.

To infer the causes of the acidification trends reported
here, we decomposed the pH trends into their individual

components as described in Sect. 2.2. The values of each

opHr
term, —= and % (where “var” refers to each of the

drivers), described in Sect. 2.2 can be found in the Supple-
ment in Table S2 and Figs. 4-6, respectively. The results of
solving Eq. (2) are presented in Table 3. The sum of the pH

d
changes caused by the individual drivers, i.e. ( @ “) '
total

) ), which ren-
obs

dpHr.
matches the observed pH trends (( T

ders confidence to the method.

The temperature changes (Fig. 4a, b) have generally re-
sulted in small-to-negligible pH declines (Table 3). Specif-
ically, warming corresponds to a pH decrease of at least
0.0002 pH units yr~! in the SPMW layer of the Iceland basin

Biogeosciences, 13, 3701-3715, 2016
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and in the LSW and DSOW layers of the Irminger basin,
while the effect of temperature changes on pH in the other
layers is negligible. Temperature-driven pH change is larger
in the LSW layers in the Irminger than in the Iceland basin.
In the case of the uLSW layer, this is possibly explained by
the deep convection occurring in the Irminger basin (Pickart
et al., 2003; Garcia-Ibanez et al., 2015; Frob et al., 2016;
Piron et al., 2016). In the case of the cLSW layer, the higher
pH changes driven by temperature changes in the Irminger
basin could be explained by the rapid advection of the wa-
ter mass from the Labrador Sea to this basin (Yashayaev
et al., 2007). Temperature driven pH change in the DSOW
layer could be related to the entrainment of LSW into DSOW
that takes place downstream of the Greenland—Iceland sills
(Read, 2000; Yashayaev and Dickson, 2008). The tempera-
ture effect on pH evaluated here is thermodynamic. The same
applies to the salinity effect, which however is small to neg-
ligible, reflecting how salinity changes in the region (Fig. 4c,
d) are insufficiently large to significantly change pH.
Overall, the A has increased in the Irminger and Iceland
basins (Fig. 5a, b), corresponding to increasing pH (Table 3),
which counteracts the acidification from the CO; absorption.
The contribution from At to reduce ocean acidification is
significant in all layers except for uLSW of the Iceland basin

Biogeosciences, 13, 3701-3715, 2016

at the 99 % level (p value <0.01). Consult Fig. 1 for layer acronyms.

(where the trend in At is decreasing, but not significant;
Fig. 5b). The similar behaviour of the salinity and At trends
over time may indicate that the changes in At are mainly
driven by changes in salinity. The A increasing trends ob-
served in the SPMW layer could be related to the increasing
presence of waters of subtropical origin (with higher Ar) as
the subpolar gyre was shrinking from the mid-90s into the
2000s (e.g. Flatau et al., 2003; Hikkinen and Rhines, 2004;
Boning et al., 2006). In the case of the LSW layers, the in-
crease in At can be explained by the mid-90s cessation of the
cLSW formation (Lazier et al., 2002; Yashayaev, 2007), with
the consequent salinisation (and increase in At) of this wa-
ter mass. The signal of the cLSW salinisation was then trans-
mitted to the overflow layers due to the entrainment events
(Sarafanov et al., 2010).

The DIC increase (Fig. 5c, d) is the main cause
of the observed pH decreases (Table 3) and corre-
sponds to pH drops between —0.00099 £0.00014 and
—0.00205 £ 0.00011 pH units yr~!. The waters in both the
Irminger and Iceland basins gained DIC in response to the
increase in atmospheric COy; the convection processes oc-
curring in the former basin (Pickart et al., 2003; Thierry et
al., 2008; de Boisséson et al., 2010; Garcia-Ibafez et al.,
2015; Frob et al., 2016; Piron et al., 2016) and in the sur-
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Figure 5. Temporal evolution between 1991 and 2015 of average (a, b) total alkalinity (A, in umol kg" ) and (¢, d) total dissolved inorganic
carbon (DIC, in pmol kg_l) in the main water masses of the Irminger (a, ¢) and Iceland (b, d) basins. Each point represents the average
property of a particular layer (SPMW (red dots), uLSW (blue diamonds), cLSW (black asterisks), ISOW (green squares) and DSOW (magenta
stars)) at the time of each cruise (Table S1). The error bars are 20'. The legends also give the trends (in pmol kg~ ! yr~!) + standard error
of the estimate and the correlation coefficients (r2), resulting from the annually interpolated values. * denotes that the trend is statistically
significant at the 90 % level (p value <0.1) and *** at the 99 % level (p value <0.01). Consult Fig. 1 for layer acronyms.

rounding ones (i.e. Labrador and Nordic seas) provide an
important pathway for DIC to pass from the surface mixed
layer to the intermediate and deep layers. The effect of the
DIC increase on pH is generally dominated by the anthro-
pogenic component (Table 3). The exception comes with the
cLSW layer of the Irminger basin, where the natural com-
ponent resulting from the aging of the layer dominates. In
general, the Irminger basin layers have higher Cyp increase
rates than the Iceland basin layers (Fig. 6a, b) and therefore
larger pH declines, presumably a result of convection in the
Irminger basin itself and advection of newly ventilated wa-
ters from the Labrador Sea. The highest Cyy increase rates
are found in the SPMW layers, owing to their direct contact
with the atmosphere, and result in the strongest rates of pH
decrease. In the Irminger basin, the rise in Cyy levels of the
SPMW layer correspond to about 87 % of the rate expected
from a surface ocean maintaining its degree of saturation
with the atmospheric CO; rise (computed using the glob-
ally averaged marine surface annual mean pCO, data from
the NOAA as a reference, ftp://aftp.cmdl.noaa.gov/products/
trends/co2/co2_annmean_gl.txt), while in the Iceland basin,
this rate is about 73 % of the expected rate. The lower frac-
tion in the Iceland basin compared to the Irminger basin is
a consequence of the inclusion of the aforementioned poorly
ventilated thermocline waters in our SPMW layer (Fig. 2e,

www.biogeosciences.net/13/3701/2016/

h). Note than none of the Cyy trends of the SPMW layers
correspond to 100 % of the rate expected from assuming sat-
uration with the atmospheric CO; rise. This can be explained
by the fact that surface water CO; concentration rise lags be-
hind that of the atmosphere by between two and five years in
this region (Biastoch et al., 2007; Jones et al., 2014). We also
note that the temperature and At changes impact the pH of
the SPMW layer, decreasing and increasing it, respectively.
This could indicate that the increasing presence of warmer
and more saline (with higher A1) waters of subtropical ori-
gin partially counteracts the effects of increasing DIC val-
ues, because At effects dominate (as stated before, the effect
of salinity change on pH is negligible). Overall this change
can be explained as the result of the contraction of the sub-
polar gyre that took place since the mid-90s (e.g. Flatau et
al., 2003; Hikkinen and Rhines, 2004; Boning et al., 2006).
Wakita et al. (2013) also found lower-than-expected acidifi-
cation rates in the surface waters of the Pacific Ocean, which
they explained as being the consequence of increasing Ar.
Finally, the strong influence of the anthropogenic component
on the pH decrease of the DSOW layer stands out and is the
main agent of the pH decline in this layer.

The pH changes related to Cpa changes (Fig. 6¢, d) can
be interpreted as changes related to ventilation of water
masses and water mass changes (with different At and DIC).

Biogeosciences, 13, 3701-3715, 2016
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Stronger pH decreases related to Cpye changes indicate a lack
of ventilation and accumulation of DIC from remineralised
organic material. This is clearly the case for the cLSW layer,
where the observed pH decrease is caused by a combina-
tion of the effects of Cyp and Cpye (Table 3). The greater
influence of Cpy in the cLSW layer is the result of the ag-
ing of this water mass after its last formation event in the
mid-90s (e.g. Lazier et al., 2002; Azetsu-Scott et al., 2003;
Kieke et al., 2007; Yashayaev, 2007). A similar effect of
Chat changes on pH is observed in the overflow layers of
the Irminger basin, which are influenced by the mixing with
cLSW (Garcia-Ibafiez et al., 2015). Finally, there is a contrast
between the Cpy influence on the pH of the uLSW layer in
both basins. The interannual variability of the uLSW proper-
ties attenuates due to mixing over the length and timescales
of the transit from the Labrador Sea (Cunningham and Haine,
1995; Paillet et al., 1998), which causes the interannual vari-
ability in the Cyy values of the uLSW layer in the Iceland
basin to be smoother than in the Irminger basin (Fig. 6¢, d).
Therefore, the lower interannual variability in the Cyy val-
ues of the uLSW layer in the Iceland basin promotes better
detectability of the ventilation of the uLSW layer, resulting
in an offset up to 60 % of the effects of acidification on the
uLSW layer of the Iceland basin.

Biogeosciences, 13, 3701-3715, 2016

Vazquez-Rodriguez et al. (2012b) previously studied the
pH changes in the different water masses of the Irminger
and Iceland basins. These authors carried out a pH nor-
malisation to avoid potential biases due to different venti-
lation stages and rates of each layer from the different spatial
coverage of the evaluated cruises. The normalised pH val-
ues (pHn) for each layer were obtained using multiple lin-
ear regressions between the observed mean pHsws2s (pH
at seawater scale and 25°C) and the observed mean val-
ues of 0, salinity, silicate and AOU, referring to the mean
climatological values of 6, salinity, silicate and AOU com-
piled in WOAOS (http://www.nodc.noaa.gov/OC5/WOAOQ5/
pr_woa05.html). This normalisation, combined with the dif-
ferent temporal coverage (1981-2008), causes the rates re-
ported by Vazquez-Rodriguez et al. (2012b) to differ from
those obtained in the present work. The pHy trends reported
for the SPMW and uLSW layers of the Irminger basin and
for the ISOW layer of the Iceland basin are very similar to
our pHr, trends for these layers. However, the pHy trends
reported by Vazquez-Rodriguez et al. (2012b) for the cLSW
layer in both basins and for the ISOW layer in the Irminger
basin are significantly different from our pHr, trends for
these layers, but are very similar to pH changes derived from

dpH-
5DITC" % (Table 3). In the case of the DSOW

Cant changes:
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