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Deviations of surface ocean dissolved oxygen (O2) from equilibrium with the atmosphere should be rectified
about twenty times more quickly than deviations of dissolved carbon dioxide (CO2). Therefore, persistent Oy
disequilibria in the Labrador Sea, while CO is close to equilibrium, has been a matter of interest to many
previous works. Here we investigate this phenomenon by using a novel analytical technique, the ‘CORS (Carbon
Dioxide and Oxygen Relative to Saturation) method’, and also by using more data than was available previously.
We compare observations to results from a model we developed for the Labrador Sea which combines plankton
ecology with biogeochemical cycling of oxygen, carbon and nitrogen. In contrast to earlier works which mostly
considered individual factors in isolation, here we used the model, together with data, to distinguish between the
varying influences of several processes potentially contributing to the long-lasting O, undersaturation: mixed
layer depth, duration of mixed layer deepening, convection, entrainment and bottom water Oy content. Our
model experiments confirm that, for the same gas exchange rate, the effects on surface O, concentration differ
significantly among the identified drivers. Our results suggest that prolonged surface Oy undersaturation is not
always dependent on the extreme winter mixed layer depths, but rather that even moderately deep mixed layers
(e.g. 300 m), when prolonged and in conjunction with continuous entrainment of oxygen-depleted deep water,
can also drive persistent surface O, anomalies. An implication of our results is that regions in the North Atlantic
with maximum winter mixed layer depths of only a few hundred metres should also show persistent surface Oz
undersaturation. We further reveal that convection in deep water formation regions produces trendlines that do
not pass through the origin of a plot of CO3 vs. Oy deviations which have previously been thought to indicate
erroneous data.

1. Introduction

Oxygen (O») carries a special importance in biogeochemical studies
owing to its fundamental role in maintaining life on earth and regulating
nutrient and carbon cycles. Dissolved concentrations of Oz [O2] in the
global ocean are a reflection of the balance between air-sea gas ex-
change, biological fluxes (i.e. organic matter production and reminer-
alization) and physical fluxes (i.e. cooling, warming, deep convection,
upwelling). O is slightly supersaturated almost everywhere in the sur-
face ocean (Sarmiento and Gruber, 2006) due to Oy production via
photosynthesis. Respiration below the mixed layer reduces Oy concen-
trations below solubility equilibrium, creating oxygen minimum zones
(Wyrtki, 1962). The slow thermohaline circulation causes O, to ventilate
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the deep global ocean, ensuring survival and existence of aerobic marine
life forms in nearly all bottom waters. Climate models predict that
increased emissions of greenhouse gases would weaken the thermoha-
line circulation and impact deep-ocean ventilation (Manabe and
Stouffer, 1993; Matear et al., 2000; Wood et al., 1999), eventually
resulting in vertical expansion of oxygen minimum zones in tropical
waters (Bograd et al., 2008; Stramma et al., 2008; Whitney et al., 2007)
which may dramatically alter marine ecosystem structures. Boyer et al.
(2013) estimated that the global ocean’s oxygen inventory is equal to
200 Pmol Oy. Schmidtko et al. (2017) recently found that deep ocean O4
inventory has been declining by approx. 700 Tmol decade * since the
1960s.

O, equilibration in the ocean-atmosphere system is brought about by
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gas exchange which acts to restore surface ocean oxygen concentrations
towards equilibrium with the atmosphere (Keeling et al., 1998). Given
that O, only dissolves in the ocean and is not reactive with seawater,
unlike carbon dioxide (CO3) which undergoes equilibria reactions to
form carbonic acid (H,CO3), carbonate (CO%‘) and bicarbonate (HCO3),
the surface ocean is predicted to be kept close to O, saturation contin-
uously through rapid air-sea gas exchange (Oschlies et al., 2018). Hence,
following a perturbation, such as caused by a bloom of phytoplankton, it
is expected that Oy returns to its equilibrium approximately twenty
times faster than COy (Sarmiento and Gruber, 2006; Zeebe and Wolf-
Gladrow, 2001), leading to ephemeral O, disequilibria while CO dis-
equilibria remain persistent. Vachon et al. (2020), from a study of the
two gases in lakes, state that ‘measurements of Oz and CO, concentration
often show decoupling over diel and longer time scales’. In line with this
argument, results from a simplified model to investigate how surface
ocean O3 and dissolved inorganic carbon (DIC) concentrations (in a 40 m
deep surface mixed layer of constant temperature, salinity and alka-
linity; a detailed model description is given in supplementary informa-
tion) predicted to change following a phytoplankton bloom find that in
the presence of air-sea gas exchange, the e-folding time for O; to recover
towards equilibrium (for 66.7% of a perturbation to be removed) is 13
days, whereas for CO; it is 3 months (Fig. 1).

The distribution of O3 disequilibrium in the surface global ocean has
been investigated previously by several studies, focusing on regional and
temporal trends and forcing factors. Broecker and Peng (1982) and
Najjar and Keeling (1997) showed that the global ocean maintains long-
term surface Oy equilibrium with the atmosphere. Conkright et al.
(2002) and Sarmiento and Gruber (2006) noted, from data compilations,
a near ubiquitous slight Oy supersaturation globally, with [O2] nearly
always close to and usually slightly above the temperature-related sol-
ubility value. Observations by Carrillo et al. (2004) in waters off West
Antarctic Peninsula, Emerson (1987) and Emerson and Stump (2010) in
the Subarctic Pacific Ocean, and Tortell et al. (2014) in coastal Antarctic
waters showed oxygen’s ability to recover from a perturbation within
several weeks. Craig and Hayward (1987) and Giomi et al. (2019) noted
the prevalent slight O, supersaturation in the tropical and subtropical
oceans, and the importance of biological fluxes in bringing this about.
Nevertheless, the understanding above suggests that surface O, should
return to saturation quickly after a perturbation, compared to CO,, and
therefore we should expect to often see CO, disequilibria in the absence
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of Oy disequilibria.

A new perspective was provided by Wu et al. (2022) when they
plotted 0,-CO, deviations from the atmospheric equilibrium in the
global surface ocean and found coupled deviations to be more common
than uncoupled deviations. The frequency of substantial deviations of
[O2] from the saturation value is surprising in light of the foregoing, and
seems in need of explanation. O, undersaturation can be brought about
either by a decrease in in-situ [O2] or by an increase in O solubility.
Several earlier studies (e.g. Bushinsky et al., 2017; Duteil et al., 2013;
Gordon and Huber, 1990; Kortzinger et al., 2004; Russell and Dickson,
2003) have suggested possible mechanisms capable of producing O,
undersaturation through the following: (1) increased solubility due to
heat loss and subsequent cooling; (2) entrainment of O,-poor deep water
into the surface waters and, (3) seasonal sea ice-cover preventing air-sea
gas exchange from restoring the surface ocean to saturation. These
mechanisms have the potential to produce persistent surface O;
undersaturation in polar and subpolar oceans, thus shedding light on the
findings of Wu et al. (2022).

The Labrador Sea, a semi-enclosed sea in the Subpolar North Atlantic
basin, is one such oceanographic region which exhibits long duration
undersaturation of surface O (Clarke and Coote, 1988; Kortzinger et al.,
2008); it has therefore been the focus of many oceanographic studies
over the past years. The Labrador Sea is one of the few areas in the global
ocean where O from the atmosphere can directly reach the deep ocean,
hence, ventilating the intermediate and deep waters of the North
Atlantic basin (Koelling et al., 2022; Rhein et al., 2017). It is charac-
terised by deep water convection reaching to depths between 700 and
2300 m during winter which results in the formation of Labrador Sea
Water, a significant contributor to the formation of North Atlantic Deep
Water (Avsic et al., 2006; Kieke and Yashayaev, 2015; Lazier, 1973;
Marshall and Schott, 1999; Yashayaev, 2007). The time taken for the
Labrador Sea’s mixed layer to deepen and the maximum depth it reaches
are determined by the severity of winter each year (Curry et al., 1998;
Pickart et al., 2002; Schulze et al., 2016). Supporting this, studies by
Bacon et al. (2003), Centurioni and Gould (2004) and de Jong et al.
(2012) discussed the importance of mixed layers over convective mixing
in deep water formation regions. Density based mixed layer depth
(hereafter known as ‘MLD’) maps derived by Kara et al. (2003) show
that, in general, the maximum MLD in the deep water formation regions
are the greatest anywhere in the global ocean.
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Fig. 1. Behaviour of surface [0O5] and pCO, over a period of one year. To produce this figure, the model used in this study was simplified so that the only envi-
ronmental driver affecting the system would be air-sea gas exchange (all other processes, such as entrainment and mixing were excluded). [O,] and pCO, were
perturbed away from the equilibrium at day 169, by adding photosynthesis and remineralization to the model for a period of 50 days, in order to observe how the
system responds to a phytoplankton bloom in the presence of air-sea gas exchange. (a) Evolution of surface O; concentration. (b) Evolution of surface pCO; content.
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When the Labrador Sea’s winter mixed layer loses its buoyancy and
deepens, extending to great depths, the consequent incorporation of
deep water into the deepening mixed layer drives a strong ocean-
atmosphere Oy gradient (Atamanchuk et al., 2020; Koelling et al.,
2017; Koelling et al., 2022; Wolf et al., 2018). When the mixed layer
stays very deep for months, the resulting convection carries O-poor
bottom waters to the surface at rates too rapid to be balanced by air-sea
gas exchange which eventually leads to a persistent surface O, under-
saturation in the Labrador Sea waters (Clarke and Coote, 1988; Koelling
et al., 2017; Koelling et al., 2022; Kortzinger et al., 2008; Wolf et al.,
2018). This extremely deep convection of the Labrador Sea leads to
strong nutrient replenishment subsequently fuelling intense phyto-
plankton blooms during summer (Frajka-Williams and Rhines, 2010;
Head et al., 2000; Longhurst, 2007). Due to thermohaline stratification
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of the Labrador Sea, these blooms occur in the mixed layer, driving near-
surface Oy levels towards supersaturation (Frajka-Williams et al., 2009;
Wau et al., 2008). Therefore, significant seasonality in these physical (i.e.
heat, wind, convection) and biological (i.e. organic matter production
and remineralization) processes make the Labrador Sea an interesting
region to study for its dynamic yet persistent surface O disequilibria.
Kortzinger et al. (2008) studied full surface seasonal cycles of both
O, and CO5 in the region using a mooring station time series and
concluded that the Labrador Sea shifts from a prolonged surface Og
undersaturation of 6% during winter to a short Oy supersaturation of
10% during summer, making the region act as a net Oy sink. O is thus
pushed away from saturation for the majority of its annual cycle, with
air-sea gas exchange able to bring about equilibrium only for a period of
30 days. Wolf et al. (2018) used Argo float-derived data to estimate that
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Fig. 2. Study sites and sampling locations. (a) The location of the Labrador Sea in the North Atlantic Ocean basin. (b) Sampling locations from where K1 data (white
circle) and GLODAPv2 data (red points) were taken. (c) Locations in the south of Iceland (amber circle) and Porcupine Abyssal Plain (yellow circle) from where
NCEP/NCAR reanalysis MLD results were taken. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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at the end of convection, Oy in the Labrador Sea reaches an under-
saturation of 6.1% to 7.6%. An earlier model study by Clarke and Coote
(1988) demonstrated that the saturation state of the wintertime surface
O, is constrained by the region’s MLD. According to Koelling et al.
(2022) and McKinley et al. (2003), this O disequilibrium causes intense
uptake of atmospheric Oy in the Labrador Sea which in turn ventilates
the Labrador Sea Waters and contributes significantly in ‘quenching’ the
O, ‘thirst’ in the deep Atlantic Ocean.

In this paper, we revisit the Labrador Sea’s O, anomaly using a novel
analytical approach: the ‘CORS (Carbon dioxide and Oxygen Relative to
Saturation) method’. Devised by Wu et al. (2022), this technique com-
pares concentrations of Oz and CO, with the atmospheric equilibrium as
well as with each other, and identifies possible bio-physical drivers
responsible for the deviations. Here, the CORS method is applied to
mooring data and quality controlled ship-board measurements. In
addition, we present a newly developed coupled ecosystem-
biogeochemical model that studies Oy and CO, cycles of the region
and their constraints. The main aim of this work was to use model
simulations, informed by data, to examine the relative importance of
different physical and biological processes in producing the region’s
months-long surface Oz undersaturation.

2. Method
2.1. Data sources

The primary data source in this study was data from the K1 site
(hereafter referred to as ‘K1°) in the Central Labrador Sea (Figs. 2a and
b), an oceanographic mooring site (56.5°N, 52.6°W) in the subpolar
region of the Northwest Atlantic Ocean (the dataset was obtained upon
request from GEOMAR: Helmholtz-Centre for Ocean Research, Kiel).
The K1 site has been in operation since 1996, for the fundamental
purpose of studying deep convection trends of the region (Avsic et al.,
2006; Lavender et al., 2002). Sensors deployed at different depths be-
tween 38 m and 798 m were used to measure physical and chemical
properties with a temporal resolution between 15 min and 2 h
(DeGrandpre et al., 1995; Kortzinger et al., 2005; Tengberg et al., 2006).
For this study, the main variables we used were the quality-controlled
[O2] and the partial pressure of CO, (pCO3) measurements for the
period of September 2004 to July 2005, together with sea surface tem-
perature (SST) and sea surface salinity (SSS) data, within a mixed layer
that was on average 38 m deep. Oxygen Optode 3830 (Aanderaa Data
Instruments) and SAMI-CO, (Sunburst Sensors LLC) were used to mea-
sure Oy and pCOs, respectively. SST and SSS measurements were made
with SBE-37 MicroCAT recorders (Sea-Bird Electronics Inc.). Given that
the mooring was a subsurface floatation platform instead of a surface
buoy, the measurements closely reflect the surface mixed layer proper-
ties of the region (Kortzinger et al., 2008).

A major drawback of using the K1 dataset for our analyses was its
lack of nutrient and deep water measurements. Surface nutrient data is
important for understanding the effects of biological processes. Mea-
surements from deeper in the water column reveal physical processes
such as deep-water convection and upwelling which are generally
marked by inputs of water with high nutrients, low O3 and high COs.
Therefore, to compensate the absence of these data in the K1 data, we
also used a secondary data source: the GLODAPv2_2023 data product
(hereafter known as ‘GLODAPv2’) of the Global Ocean Data Analysis
Project (https://glodap.info/index.php/merged-and-adjusted-data-prod
uct-v2-2023/). With surface-to-bottom ocean biogeochemical data
collected during the period 1973-2022 on >900 scientific cruises
covering all the major ocean basins in the world, GLODAPv2 contains
quality-controlled bottle measurements of Oy, DIC, Alkalinity (TA),
temperature, salinity and nutrients (Lauvset et al., 2022; Olsen et al.,
2020). For this study, cruise data points in the region 54°N - 64°N and
46°W — 66°W were used (Fig. 2b) with the ‘surface ocean’ defined as
waters shallower than 30 m (Wu et al., 2022). To calculate the deep-
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water characteristics of the Labrador Sea, data from between 700 and
1300 m depth were used as this was the maximum thickness of the
wintertime MLD identified for 2004 and 2005 during which the K1
measurements were collected (Avsic et al., 2006).

Monthly MLD values for the Labrador Sea (hereafter known as
‘MLD;s’) were obtained from Fig. 2 of Kortzinger et al. (2008) which
gives the MLD of the K1 site from September 2004 to August 2005,
estimated from Argo float profiles. To compare with the MLDg, monthly
MLDs of Porcupine Abyssal Plain (hereafter known as ‘MLDppp’) and
south of Iceland (hereafter known as ‘MLDg;’) were obtained using
monthly mean ocean mixed layer depth below sea surface results from
the NCEP/NCAR Reanalysis Project (Kistler et al., 2001: https://psl.
noaa.gov/data/gridded/data.ncep.reanalysis.surface.html). The loca-
tions of MLDg; (60°N, 20°W) and MLDpap (48°N, 16°W) are given in
Fig. 2c. Annual MLD patterns observed for the three locations are pre-
sented in Fig. 3.

2.2. Surface Oz and CO; deviations

Deviations of Oy and CO; from atmospheric equilibrium (hereafter
known as ‘AOy’ and ‘ACOy’, respectively) were computed using the
following two equations:

AOZ = [OZObS]_[OZSat] (1)

ACOZ = [COZObs}_[COZSat] (2)

All the concentrations are expressed in pmol kg™, The subscripts
‘obs’ and ‘sat’ stand for observed concentrations and saturated con-
centrations (when net air-sea gas exchange is zero), respectively. [O2obs]
was directly extracted from the K1 and the GLODAPv2 datasets since
their Oy measurements were given as concentrations. [Oggy¢] was
calculated using the O3 solubility equation of Garcia and Gordon (1992,
1993), modified to account for in-situ sea level pressure, using daily sea
level pressure calculated from the NCEP/NCAR Reanalysis Project, as
described by Wu et al. (2022). Although the effect of bubble-mediated
gas exchange was not accounted for in the [Ogg,] calculations, we
acknowledge that bubbles can also contribute to Oz disequilibrium
(Sarmiento and Gruber, 2006).

[COg0bs] for the K1 dataset was calculated using the Henry’s Law
Equation:
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Fig. 3. Monthly MLD variability for 2004-2005 annual cycle in the Labrador
Sea (purple line), south of Iceland (green line) and Porcupine Abyssal Plain
(yellow line). MLD;g was obtained from Kortzinger et al. (2008); MLDg; and
MLDpap values were obtained from the NCEP/NCAR Reanalysis Project. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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[COZObS] = KH X pCOZobs (3)

Ky is the solubility constant of CO5 at a given temperature and
salinity, computed using the equation proposed by Weiss (1974). Sur-
face pCO2ops was directly extracted from the K1 data. [COxsat] was also
calculated based on Eq. 3 (modified as [COyst] = Ky x atmospheric
pCO;3 in equilibrium with seawater pCO3). To calculate atmospheric
pCOs, the equations proposed by Takahashi et al. (2009) with average
atmospheric mole fraction of CO3 in dry air (hereafter known as ‘xCOy’
which is equal to 378.8 ppm for the year 2004/5), in-situ sea level
pressure, and the water vapour pressure (calculated from in-situ hu-
midity data as proposed by Weiss and Price, 1980) were used.

Since the GLODAPv2 data do not have pCO, measurements, both
surface and bottom [COy.ps] values were calculated using the Matlab
version of the CO2SYS v1.1 calculator (van Heuven et al., 2011) with in-
situ DIC, TA, temperature, salinity, phosphate and silicate data as inputs.
[COgsat] values were also estimated based on Eq. 3 where globally
averaged surface annual mean xCO, data (published in https://www.
esrl.noaa.gov/gmd/ccgg/trends/) was used to calculate annual atmo-
spheric pCO, values for each corresponding sampling year. The disso-
ciation constants for carbonic acid and sulphate were taken from Lueker
et al. (2000) and Dickson (1990) respectively.

2.3. ACOz vs. AOz on a ‘CORS’ plot

Calculated AO3 and ACO values were used to construct a CORS plot,
the primary output of the CORS method. A CORS plot is a scatter plot
with the x-axis representing AO5 and the y-axis, ACOs. The two axes
intersect at the origin (0,0), dividing the CORS plot into four quadrants.
Quadrant 1 indicates a signal of AOy > 0 and ACO3 > 0, implying
simultaneous supersaturation of the two gases which could be driven by
surface warming or sea ice formation events. Quadrant 2 is characterised
by AO; < 0 and ACO; > 0, i.e. Oy undersaturation coupled with COy
supersaturation that could be caused by organic matter remineraliza-
tion, deep water convection and/or upwelling. Quadrant 3 is marked by
a signal of simultaneous undersaturation of Oy and CO2 (AO, < 0 and
ACO3 < 0) which could be the result of surface cooling or ice melting
events. Quadrant 4 corresponds to an anti-correlated pattern for Oy and
CO4 with the former being supersaturated (AO, > 0) and the latter
undersaturated (ACOy < 0), the typical signal of organic matter pro-
duction. When the large majority of points in a dataset are at or near to
the origin of the CORS plot, then this indicates that the system is usually
close to equilibrium with regards to Oy and COy, i.e. that air-sea gas
exchange dominates. When AO and ACO; are decoupled (when one gas
is at saturation while the other is pushed away), the points in a CORS
plot will be aligned along the axis which represents the deviated gas.
These ‘signal — driver(s)’ relationships were described previously by Wu
et al. (2022).

2.4. Monthly changes of AO2 and ACO,

The monthly changes to AO2 and ACO; were calculated using
average monthly AO5 and ACO; values, using the following equation:

AXepg = AX(n)=4X(n-1) 4

‘X’ is either O3 or CO5 and ‘n’ is the month number. For example, if n
= 5, then this indicates the month of May; ‘n-1' represents the month of
April. Thus, when average AO, for April is —24 pmol kg ! and average
AO; for May is —0.4 pmol kg’l, AOQ2cng of May (from April) would be
23.6 pmol kg1 (Table 1).

2.5. Expected trends for biological drivers

In order to re-analyse the role of biological drivers in the Labrador
Sea as identified by previous work, we computed predicted photosyn-
thetic and deep-water respiration effects using GLODAPv2 data.
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Table 1

Month to month AO; and ACO; changes (AOzcng and ACOacpg) in the Labrador
Sea. The changes were calculated as differences between adjacent monthly av-
erages (given by Eq. 4 in the main text). ‘+’ and ‘-’ symbols indicate ‘increase’
and ‘decrease’, respectively. AOacng and ACOachg for September was calculated
from July due to the absence of August data (Hence AOacng and ACOxcng for
September indicate changes of concentrations since the month before previous).

Month Average AO, AOgcng Average ACO, ACOachg
(pmol kg™1) (pmol kg™) (pmol kg™1) (pmol kg™1)

May —-0.4 +24 -2.0 -1.8
June +11 +11 -39 -1.9
July -1 -12 -3.1 +0.8
September —4 -3 -3.0 +0.1
October -5 -1 -2.5 +0.5
November -11 -6 -1.9 +0.6
December -16 -5 -1.4 +0.5
January -25 -9 -0.7 +0.7
February -27 -2 +0.1 +0.8
March —22 +5 —0.2 -0.3
April —24 -2 -0.2 0.0

Considering the Redfield ratio of DIC/O, (equivalent to 117/170;
Anderson and Sarmiento, 1994), corresponding changes of DIC when
[O,] is changed by +25, +50, +75, +£100 pmol kg’1 were calculated.
For example, during photosynthesis a 25 pmol kg™! increase in Oy
should be accompanied by a corresponding 17.2 pmol kg ™! decrease in
DIC. Initial DIC and [CO;] were calculated using average SSS, SST, TA
and atmospheric pCO,. Applying the calculated changes of DIC to the
initial DIC concentration, final DIC and [CO5] values corresponding to
O, changes were calculated. The changes of [CO,] (the difference be-
tween initial [CO3] and final [CO]) with respect to the changes of [O3]
were then used to build up predicted photosynthesis and respiration
curves on a CORS plot. For example, when SSS is 34, SST is 3.7 °C,
surface TA is 2268 pmol kg™!, initial DIC is 2128.7 pymol kg~?, initial
[CO4] is 20.8 pmol kg~ and initial pCO, is 380 patm, a 25 pmol kg™
increase of [O2] would lead to a corresponding [CO,] decrease of 2.3
pmol kg1, Similarly, the expected respiration curve for the Labrador
Sea deep water, was produced by assuming that water leaves the surface
with ACO, and AO, = 0 pmol kg™! and then has DIC progressively
added and O, removed in Redfield ratio proportions.

2.6. Biogeochemical model for the Labrador Sea

A coupled ecosystem-biogeochemical model was developed (here-
after known as ‘LSM’) to further investigate the persistent surface Oq
undersaturation of the Labrador Sea, by adapting the models proposed
by Taylor et al. (1991) and Tyrrell and Taylor (1995). The LSM consists
of a system with a single species of phytoplankton and a single nutrient
(nitrogen) in a surface mixed layer (Py and Ny, respectively) with a
seasonally varying depth of Hy (forced by MLD;s) and a thermocline
directly below with a fixed thickness of Hr (40 m). Phytoplankton and
nutrient concentrations (expressed in mg Chl-a m~>and pmol NO3 kgfl,
respectively) in the mixed layer are denoted by Py and Ny and those in
the thermocline by Pt and Nr. In addition, a bottom layer with fixed
concentrations of phytoplankton (Pg) and nutrient (Ng) was also
imposed where Pg < Pt < Py; and Ng > Nt > Ny. The model runs showed
that the system exhibits a repeatable annual cycle from the second year
onwards. Therefore, the LSM results of the third year were used for this
study.

The following model equations show the functions describing the
relationships among the above mentioned variables. Fig. 4 is a schematic
diagram of the variables, processes, and parameters involved in the
model. The subscripts ‘y’, ‘T" and ‘g’ stand for the mixed layer, the
thermocline and the bottom layer, respectively. A description of the
model parameters along with their units and values is given in Table A1.
The parameterizations and numerical methods used to develop the
model egs. (5) to (14) are given in Taylor et al. (1991) and Tyrrell and
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Taylor (1995).

dPy/dt = Py [(om@y) —m — (v/Hwm) | + [ka(Pr—Pwm)/Hu | (5)

dPr/dt = Pr [(0r¢py)-m [-[(Pr—Pw)(v/Hr) |

+ [k1 (Pg—Pr)/Hr—k(Pr—Pwu)/Hr | (6)
dNy/dt = —yPy; [(omPy)—em | 4 [k (Nr—Ny ) /Hy | (2]
dNr/dt = —yPy [(ar@r)—em] + [ki (Ng—Nr) /Hr—Ko (NN ) /Hr] 8)

Variability in TA and DIC (both expressed in pmol kg ™) were used to
explain how total carbon content in the LSM is affected by phyto-
plankton growth and decay. Ay and Cy are the mixed layer concentra-
tions while At and Cr are the thermocline concentrations. Ag and Cg, the
fixed concentrations below the thermocline, were forced from the
average deep TA (2300 pmol kg ) and DIC (2155 pmol kg~1) values for
the Labrador Sea, calculated from the GLODAPv2 data. The interactions
between these state variables are shown below:

dAm/dt = —TayPy [(ampy)—em] + [Ka(Ar—Awm)/Hu | (C))

dAT/dt = —}’PT [((qu)T)—em] -+ [k1 (AB*AT)/HT*kZ (ATfAM)/HT] (10)

dCu/dt = Py [(Tcom@y)~Tc ecm] + [Ko(Cr—Ca)/Hu |

+ [Kcoz (Pair—Pm) /Hu | an
dAT/dt =-Pr [(TCaT(pT)—TC*SCm] + [k] (CB—CT)/HT—kz (CT—CM)/HT}
12

The relationships of the functions that determine the balance of the
dissolved O, concentrations (expressed in pmol kg™1) in the mixed layer
(On) and the thermocline (Or) are given by egs. (13) and (14). Average
deep O3 concentration in the Labrador Sea, calculated from the GLO-
DAPlv2 data, was used to force the bottom O3 content (O = 290 pmol
kg™ ).

dOw/dt = tcPum [(qampy)-ecm] + [ka(Or—Owm) /Hu ]

+[Go (Osac—Om) /Hut ] 13)

dOT/dt = TCPT [(an(pT)—Scm] + [k] (OB—OT)/HT—kz (OT—O]\/I)/HT ] (14)

Several studies show the significant role of bubbles on air-sea gas
exchange across turbulent ocean surfaces (Blomquist et al., 2017;
Hamme and Severinghaus, 2007; Hamme et al., 2017; Seltzer et al.,
2023). Bubbles have a bigger effect on gas transfer properties of less
soluble gases like Oy than more soluble gases like CO, (Keeling, 1993;
Memery and Merlivat, 1985; Woolf and Thorpe, 1991; Woolf et al.,
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2007). Supporting these arguments, Atamanchuk et al. (2020) and empirically determined to be 9.1 x 102 m s~ by Ito et al. (2011), ‘xOy’
Koelling et al. (2017) showed that the bubble-mediated gas transfer is a is the atmospheric mixing ratio of Og (0.21). NCEP/NCAR Reanalysis

non-negligible flux component in the Labrador Sea’s wintertime O, gas results of daily average wind speed for September 2004 — August 2005
exchange, due to the region’s high-wind conditions. Atamanchuk et al. (at the sigma 0.995 level; pressure altitude at 99.5% of the surface air
(2020) also suggest that the incorporation of the bubble-effect into pressure) were used for Us.
global models can eliminate possible underestimations to Oy uptake in A set of equations that describe the effect of entrainment and
deep water formation regions. Therefore, we applied a ‘bubble inclusive’ detrainment on the mixed layer and thermocline concentrations were
flux component (Fp) to our model, calculating ‘Uy’, the wind speed above also applied in the model. They were developed based on the fact that
the sea surface in m s}, following the equation proposed by Ito et al. when the mixed layer depth increases (entrainment), each layer will
(2011): gain water (together with its dissolved constituents) from the layer
When U; > 2.27 ms™ !, below and the thermocline will lose water to the mixed layer above.
3 When the mixed layer depth shoals (detrainment) only the concentra-
Fp = Vb x [(PamXO2)/RT] x [(Us=2.27)/(Uo-2.27) | 1s) tions in the thermocline change with water being left behind in the
When Uy < 2.27 m s}, F, = 0. bottom layer and water being gained from the mixed layer. Thus, when
Uy is the reference wind speed (10 m s™1). ‘Pam’, ‘R’, and “Ty’ are sea the change in the mixed layer is ‘AHy;’ and the change in the concen-
level pressure (N m~2), universal gas constant (8.31 Jmol ™! K1) and in- tration of any given variable is ‘AY’, the following equations explain the
situ SST (K), respectively. The empirically determined wind speed which effects of entrainment and detrainment in the mixed layer and the
initiates bubble-mediated gas transfer by forming white caps is 2.27 m thermocline:
s, as suggested by Monahan and Torgersen (1991). ‘Vy,’ is a coefficient When AHy > 0 (mixed layer getting deeper),

proportional to the volume of air bubbles per unit area at Uy and
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Fig. 5. Deviations of surface [O,] and [CO;] in the Labrador Sea for the period of September 2004 — July 2005, calculated from K1 data (Supplementary Fig. 1). (a)
Time series plot showing seasonality of AO, (blue line) and ACO (red line) for the studied year. The black dashed line shows the value at saturation (when net gas
exchange is zero). Shaded and unshaded sections indicate the periods P; and P3 and, P, and P4, respectively. CORS plots presenting variability of AO, against ACO, of
all data (b) and by monthly average (c). The insert in (b) shows the expected trends on CORS plots from major oceanic processes. ‘asg.’, ‘w.’, ‘r.’, ‘c.’, ‘m.’, ‘con.’, ‘up.’
and ‘p.” stand for ‘air-sea gas exchange’, ‘warming’, ‘respiration’, ‘cooling’, ‘melting’, ‘convection’, ‘upwelling’ and ‘photosynthesis’, respectively. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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AYy = [(YmHwm + YrAHy)/(Hu + AHu) | — Yo (16) for the 2004-2005 period (Supplementary Fig. 1), we developed a time
series plot (Fig. 5a), and two CORS plots (Fig. 5b: all data points; Fig. 5c:
AYr = [(YrHr-YrAHy + YsdHy) /Hr |-Yr an monthly averages); they show coupled AO,-ACO, patterns for the sur-

face Labrador Sea, identifying four distinctive co-variations over the

When AHy < 0 (mixed | tting shall X .
en Atim (mixed layer getting shallower) studied cycle: (1) AOy > 0 when ACO; < 0 from May to July (hereafter

AYy =0 (18) referred to as ‘P;’), (2) AOz ~ 0 when ACO; < 0 from July to October
(hereafter referred to as ‘Py’), (3) AO5 and ACO, < 0 from October to

AYy = [(YrHr-YrAHy + YudHy) /Hr |-Yr a9 February (hereafter referred to as ‘P3’), and (4) AO3 < 0 when ACO5 ~
0 from February to May (hereafter referred to as ‘P4’).

3. Results Table 1 presents monthly AOachg and ACOxchg in the region over the
studied year. June is marked by maximum average AOy (+11 pmol kg!)

3.1. Observed Oy against CO2 when average ACO; (—3.9 pmol kg~ !) is minimum. Although AO, de-

clines to —1 pmol kg ! by July, according to our results, the net AO2chg
Based on the annual cycles of surface Oy and COs in the Labrador Sea for the P period (May, June and July) is recorded to be +23 pmol kg~ *.

NO; (1mol kg™)
-1 ACO, (umol kg1 13
ACO,(umol kg™') o1
51 e 5 .
(<] o
-50 5.8% | ¢ 5 50 75 50 oNZ5 « 25 50 75 10
. ‘ . .
° 000 ® AO,(pmol kg™) ) AO,(umol kg™)
o [ ]
8 Oo 00 Oo
o Oo &5 Lo o g0 .
" el o 0 @0 00 ’ . 5
(o] & oo
(o]
000 (e) %0% oo c°>o e
-10
ood’ ® 08%o0° et
g‘ o 3
GLODAPV2: y = -0.13x + (-2.8) ® Og =-0.13x + (-2.8) - .
K1:y =-0.10x + (-2.9) ® °
0

(a) (b)

ACO,,(umol kg™)

Exp ACO, =3.5

AO,(pmol kg™')
Obs ACO, =0.3 |

25 50 75

1
Obs AO, =-32

(©)

Fig. 6. AO,-ACO, variability of the Labrador Sea calculated from GLODAPv2 data. (a) CORS plot showing a comparison of AO»-ACO, distribution patterns in surface
waters for GLODAPv2 (blue) and K1 (red) datasets. Best-fit straight lines and line equations are given in blue (for GLODAPv2) and red (for K1). (b) CORS plot for
surface GLODAPv2 data where datapoints are colour-coded according to surface nitrate concentrations. The best-fit line and line equation (in brown) are same as
those in (a) (shown in blue) whereas the black curve indicates the predicted photosynthetic trajectory as explained in Section 2.5. (c) CORS plot of deep water
GLODAPvV2 data, for the convection depth range of 700-1300 m (open circles). Black curve is the predicted deep water respiration behaviour for the dataset as
explained in Section 2.5. Blue diamond shows the average observed deep water composition (ACO; = +0.3 pmol kg~ and AO, = —32 pmol kg™ 1). Green diamond
shows the expected deep water ACO, (+3.5 pmol kg ! due to deep water respiration) for the observed average deep water AO,. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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From September onwards O, slowly starts declining over the course of
the next five months, while CO, gradually starts increasing. February
marks the minimum average AOy (—27 pmol kg™!) with a maximum
value of 0.1 pmol kg~! for near-saturated ACO,. Before the large in-
crease of AO, observed from April to May, cumulative AOxcpg for the P3
and P4 periods when surface Oz shows prolonged undersaturation is
calculated to be —20 pmol kg™, Cumulative ACOgz¢pg from the begin-
ning of P; to the end of P35 when surface CO5 is undersaturated is —0.5
pmol kgL,

Comparison of the K1 and the GLODAPv2 data on a CORS plot
(Fig. 6a) reveals that the two distributions overlap (slopes: —0.10 and —
0.13 and, y-intercepts: —2.9 and — 2.8, respectively), although the latter
shows more spread (due to its inter-annual and spatial variability).
Hence, based on the overlapping data distributions, it is reasonable to
assume that it is valid to use the GLODAPv2 data to help further
investigate the K1 data. Following this, Fig. 6b shows a comparison
between the observed CORS pattern for the surface GLODAPv2 data,
coloured by nitrate concentrations, together with its statistically
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estimated best-fit regression line (brown; same as shown in Fig. 6a) to
the region’s expected photosynthetic trajectory (black line; calculated as
explained in Section 2.5). The average surface nitrate concentration of
~6.0 pmol kg’1 in GLODAPvV2 data for the Labrador aligns well with the
findings of Garcia et al. (2019) for the World Ocean Atlas 2018 where
surface nitrate concentrations of the North Atlantic basin were estimated
to be in the range of 0-10 pmol kg~!. Moreover, a comparison between
the region’s expected photosynthetic curve (black) and the observed
GLODAPv2-derived best-fit line (brown) shows a significant difference;
the expected curve is developed by assuming that before the onset of
photosynthesis the waters are saturated with Oy and CO,. Therefore, its
y-intercept, which quantifies the value of ACO; when AO2 = 0, has a
value of zero. In contrast, the observed curve has an anomalously
negative y-intercept value of —2.8 (ACO, = —2.8 pmol kg~! when AO,
=0).

Fig. 6¢ shows the deep water CORS signal in the Labrador Sea at the
convection depths of 700-1300 m, with the coordinates of the blue
diamond calculated by averaging GLODAPv2 data from that depth
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Fig. 7. Results from the coupled ecosystem-biogeochemical model (LSM) for the Labrador Sea. Predicted vs. measured (a) [O2] and (b) pCO, over a span of one year.
Blue points in (a) are surface [Oy0ps] measurements (from the K1 data) and the blue curve shows mixed layer [O5] values (Oy) from the model. Red points in (b) are
observed pCO, (from the K1 data) while the red curve shows modelled pCO5 (py,). Black dots in (a) are [Oag,¢] derived from the K1 observations. Black lines represent
modelled results for (a) saturated [O2] (Os,e) and (b) atmospheric pCO2 (pair). (¢) Annual AO, and ACO, variability from the simulations and (d) CORS plot from the
model results, together with best-fit straight line and line equation. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)



A.N. Silva et al.

interval. The deep water CORS plot reveals a conspicuous lack of cor-
relation between its AO5 and ACO- values, an observation not further
explored in this manuscript. The estimated averages for deep water AO5
and ACO, values (as indicated by the blue diamond) are —32 pmol kg !
and +0.3 pmol kg1, respectively. The black curve indicates the pre-
dicted respiration curve of the region, calculated as explained in Section
2.5. The estimated average deep water ACO, value (+0.3 pmol kg™!)
was compared against (1) the average surface ACO; value during P4
period (—0.3 pmol kg’l; Table 1) and (2) the corresponding ACO, value
on the predicted respiration curve (Fig. 6¢; black curve) when AO,
equals to —32 pmol kg! (+3.5 pmol kg™'; as indicated by the green
diamond). The first comparison reveals that the average ACO, values for
the deep and the wintertime surface of the Labrador Sea are similar in
magnitude whereas the second comparison demonstrates that for the
same AO, value, the deep water ACO, in the Labrador Sea shows a
deficit of ~3 pmol kg™!. In addition, the ranges of the deep water AO,
values (between —15 pmol kg_l and -50 pmol kg_l) and surface water
wintertime AO, values (between —10 pmol kg~! and -45 pmol kg™%;
Fig. 5b) also exhibit close agreement.

3.2. Predicted O5 and CO; trends

Fig. 7 shows the model results for the annual Oy and pCO; cycles in
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the surface Labrador Sea. The highest [O,] peak in the model run is at
365 pmol kg_1 during summer, while [O2] from late winter to late spring
(January to April) is nearly constant at a value of 292 pmol kg™!
(Fig. 7a). According to the K1 data, the summer [O] peak is lower (340
pmol kg_l) with wintertime [O,] fluctuating within a range of
~290-305 pmol kg’l, until the next bloom event. [Ogs,¢] values from
the model and the data are in agreement (325 pmol kg~!). Model pCO,
reaches a minimum of 286 patm in May, whereas the lowest pCOs in the
K1 data is recorded in June (290 patm; Fig. 7b). In-situ pCO, measure-
ments in the region reveal a sudden CO supersaturation (380 patm) in
July, which the model fails to replicate fully, exhibiting a peak of 360
patm in August. From early winter to late spring (November to April),
pCO;, is observed to increase from 330 patm to 380 patm (saturation)
and then remains at this value. The LSM also behaves similarly in this
period.

A time series plot (Fig. 7c) shows the model-calculated surface AO,-
ACO,, variability for the Labrador Sea. According to the LSM, there is a
maximum O supersaturation of +23 pmol kg! and maximum O,
undersaturation of —30 pmol kg™, which compares to the observed
values (Fig. 5a) of +25 pmol kg~! and -38 pmol kg !, respectively. The
LSM produces a maximum CO, undersaturation of —6 pmol kg™ and a
peak very close to saturation (—0.06 pmol kg~1) while the values from
the observed data are —5 pmol kg~! and +0.3 pmol kg, respectively.
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Fig. 8. Model results showing seasonality of surface [O5] (blue line) and AO, (yellow line) after the removal of each major process. Seasonality in surface [O,] and
AO, when the effects of (a) biology and (b) air-sea gas exchange are absent from May to October and, (c) when the effects of deep mixing and entrainment/
detrainment are absent from October to May. Shaded areas indicate the periods when each driver is absent. The black dashed line indicates AO, = 0 (at saturation).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The slope (—0.08) and the y-intercept (—2.5) of the CORS plot from
model results (Fig. 7d) compare well with those from the K1 data (—0.10
and —2.9, respectively). Model simulated Oy and CO; results are
strongly correlated with the K1 observations (r = 0.93; Supplementary
Fig. 2).

3.3. Interactions among model processes

The three panels in Fig. 8 show the changes in model [O] (blue line)
and corresponding AOy (yellow line) behaviour when air-sea gas ex-
change, deep water mixing and bloom-driven biology are each indi-
vidually excluded from the Labrador Sea for defined time periods (based
on P; to P4). These results should be compared to the results of the full
model with no processes omitted (Fig. 7a). Removal of photosynthesis
and remineralization from May to October (P; and P3) pulls the [O3]
curve towards the [Ogsa] curve where it is held for the entire period
(Fig. 8a) during which the corresponding AO; curve tracks the AOy =
0 line (dashed black). When air-sea gas exchange is absent instead, [O2]
is pushed to an extreme level of supersaturation which exceeds 380
pmol kg1, as shown by the AO, curve, and the gas does not return to
equilibrium until the missing driver is restored in October (Fig. 8b).
When deep water mixing and entrainment are no longer allowed to act
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on the region from October to May (P3 and P4), [O2] stays within ~10
pmol kg_1 of saturation (Fig. 8c).

Fig. 9 shows results from a final set of model experiments. The
model’s Hy (MLD) and Og (bottom water [O3]) were changed in order to
investigate their influences over the wintertime surface Oy of the Lab-
rador Sea. The corresponding AO variability of each experiment is
given in Supplementary Fig. 3. According to Fig. 9a, when Og = 290
pmol kg’1 (observed deep water [O-] for the Labrador Sea) and the LSM
is forced with shallower MLDg; (max. 657 m) and MLDpap (max. 395 m)
instead, it causes average wintertime surface [O2] to be at 294 pmol
kg~! and 297 pmol kg~!, respectively, only slightly higher than for
deeper MLD;s (max. 1150 m) at 292 pmol kg’l. However, when the
MLD was restricted to a maximum depth of 50 m (hereafter referred to as
‘MLDghallow’), average wintertime [O5] reaches to 319 pmol kg_1 which
is only ~6 pmol kg~! away from saturation. Moreover, when the MLD
was kept static (fixed at 10 m) for the annual cycle (hereafter referred to
as ‘MLDsixeq’), [O2] curve tracks the [Oasa¢] curve from October to April.
On the other hand, Figs. 9b, ¢, and d show that when the Op was
increased in 10 pmol kg™ intervals until it reaches 320 pmol kg~!
(thermocline O; content: Or), the degree of O, surface undersaturation
is progressively reduced in all of the runs with different winter mixed
layers (MLDs, MLDg; and MLDpap). Hence, in all of the runs with altered
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Fig. 9. Model results showing seasonality of surface [O.] under different MLDs and deep O, concentrations. (a) [O,] responses to the model being forced with five
different MLD seasonal patterns (Fig. 3). (b), (c) and (d): [O2] responses under different MLDs when Og is made equal to (b) 300 pmol kg’l, (c) 310 pmol kg’1 and (d)
320 pmol kg~ !. The black thick line in the four subfigures indicates the [O,] saturation curve. Shaded areas indicate the period of interest.
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Op, similar patterns of winter [O3] are obtained for MLD;g, MLDg; and
MLDppp regardless of their maximum winter mixed layer depths. In
support of this, annual surface AO cycles investigated for the PAP and
the SI using GLODAPv2 data also suggest months’ long wintertime Oy
undersaturation for those regions (Fig. 10).

4. Discussion
4.1. Insights from the novel analytical approach (CORS)

One of the novel aspects of this paper is revisiting the Labrador Sea’s
surface Oy deviations using the CORS method. Although a number of
previous studies examined the trends of Labrador Sea’s O, (as presented
in Section 1 and later explained in detail) and CO, (later mentioned)
separately, our work is the first to adopt an analytical approach in which
the Labrador Sea’s O3 and CO; behaviour are analysed in a coupled way
and their deviations from saturation are compared to each other.
Furthermore, the CORS findings of this study shed light on O3 and CO,
data quality assessment which will be discussed separately in Section
4.4.

Annual 0,-CO; cycles of the Labrador Sea are marked by two
distinctive periods when surface O, is pushed away from atmospheric
equilibrium along with surface CO, (Fig. 5). During the P; period,
spring/summer phytoplankton blooms in the area result in a strong O,
supersaturation in early summer, which is quickly restored within less
than three months, thus ensuring an ephemeral disequilibrium (as ex-
pected, according to Fig. 1a). A simultaneously occurring CO5 deviation
prevails even after Oy atmospheric equilibrium is fully restored (as ex-
pected, according to Fig. 1b). Low surface nitrate concentrations during
this period (Fig. 6b), which are associated with nutrient utilization by
primary producers, further confirm this biological impact. Also, it is
evident in our results that the Labrador Sea spring blooms are a highly
significant driver for the region; their onset causes about 30% and 23%
of the annual changes in AO3 and ACO», respectively (Table 1) within a
period of one month (from April to May). The entire bloom period (‘P;’
months: Table 1) accounts for an overall AOy increase and ACO,
decrease of 59% and 56%, respectively, of the annual changes. Frajka-
Williams and Rhines (2010) observed that these blooms arrive at the end
of the winter convection. A mesoscale variability study by Klein and
Lapeyre (2009) suggested that eddy-influenced vertical advection of
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nutrient rich deep waters to the surface can be the reason for such
intense spring blooms. Vage et al. (2009) further presume positive cor-
relations between the maximum winter MLD and the bloom intensity of
the Labrador Sea.

The second annual surface O, deviation event in the Labrador Sea
occurs when Oy is gradually pushed away from its saturation towards
undersaturation, starting from September/October (Fig. 5c¢), while
ACO3 < 0 in the summer slowly changes towards ACO3 ~ 0 by winter,
eventually maintaining a surface CO, saturation from January until the
onset of the next bloom (Fig. 5¢). According to the CORS results, the
progressively increasing surface O, undersaturation in the Labrador Sea
during periods P3 and P4 accounts for ~44% of the annual AOzcpg. The
net movement of the average monthly CORS signals in a northwest di-
rection on the CORS plot (Fig. 5c¢) identifies deep water convection to be
the primary driver. Supporting this, a comparison between Fig. 5b and
Fig. 6¢c show that the deep water AO; and ACO; distribution in the
Labrador Sea is similar in magnitude to the surface water AO; and ACO,
distribution of the P4 period, thus confirming that the surface waters of
the Labrador Sea during winter carry similar O,-CO, properties as deep
water at the convection depths. This is also supported by the fact that the
difference between the observed and the expected y-axis intercepts
(representing ACO» at constant AO3) in the surface Labrador Sea (—2.8
pmol kg~; Fig. 6b) is similar to the difference between the observed and
the expected ACO- (at constant AQ3) in the deeper Labrador Sea (—3.2
umol kg~!; Fig. 6¢). The afore-mentioned ‘AO, < 0’ state persists for a
period exceeding six months which strongly disagrees with our general
understanding of oxygen’s expected behaviour following a perturbation
(Fig. 1a).

This question has been addressed by many studies (discussed later in
detail), which concluded that, during winter convection, strong deep-
ening of the MLD followed by rapid mixing of O2-poor deep waters into
the surface waters prevents sufficient O, transfer to the mixed layer from
the atmosphere, thus maintaining the visibly persistent Oz under-
saturation in the surface Labrador Sea. The rest of this paper discusses
the results from the LSM which examines this scenario with an emphasis
on the individual and combined roles of the major processes that alter
surface O in the region.
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Fig. 10. Annual surface AO, cycles at the (a) PAP and (b) SI, as shown by GLODAPv2 data. Yellow (a) and green (b) circles indicate monthly averaged AO, with each
month’s value being the average of all data collected in that month (grey circles), regardless of which year it was collected in. (a) presents PAP data from 1981 to
2017 for the geographical region of 45°N — 53 N and 6°W — 20°W. (b) presents SI data from 1981 to 2015 for the geographical region of 55°N — 62°N and 10°W —
25°W. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.2. Insights from the Labrador Sea model

Several models in the existing literature have provided insights into
the Labrador Sea’s persistent O2 anomaly. Clarke and Coote (1988)
presented a simple mixed layer model combined with gas exchange, in
order to examine the evolution of oxygen saturation in the mixed layer.
Their model used fixed values for O, piston velocity and was run for a
maximum period of hundred days. The model elaborated the importance
of the depth of the mixed layer against counteracting O fluxes. A sea-
sonal winter convection model developed by Hamme and Severinghaus
(2007) used inert gases to explain response differences of thermal- and
bubble-sensitive gases to disequilibriation in the Labrador Sea under
deepening MLD conditions. Ito et al. (2004) modified an existing ocean
circulation model (MITgcm: Massachusetts Institute of Technology
General Circulation Model) by including biogeochemical processes, and
examined how wintertime O3 disequilibrium in the Labrador Sea affects
Apparent Oxygen Utilization of the interior waters. Sun et al. (2017)
forced the same MITgcm model with air-sea O, transfer via both diffu-
sion and bubble injection to find that duration and strength of surface
cooling during winter determines the degree of mixing and the intensity
of the O, sink in the Labrador Sea.

The model presented in our study (LSM) for the first time combines
major ecosystem processes in the area with biogeochemical cycling of
oxygen, carbon and nitrogen. Contributions from six main drivers are
considered in the model simulations: (1) photosynthesis, (2) respiration,
(3) wind-dependent air-sea gas exchange, (4) vertical mixing, (5)
entrainment/detrainment and (6) bubble-mediated O transfer. Fig. 7
and Supplementary Fig. 2 assess the LSM’s ability to reproduce the
observed O2-CO5 trends of the Labrador Sea, and Figs. 8 and 9 show the
dependence on how these factors were included. A series of experiments
which estimated the magnitudes of these controls on Oz (by switching
on/off the processes listed above) suggest that spring blooms account for
a maximum O supersaturation of 7.2% in the region with a counter-
acting maximum Oy out-flux of 0.35 mol m~2 day . In the absence of
this air-sea gas exchange flux, Labrador Sea blooms would push sum-
mertime O, towards ~30% supersaturation (Fig. 8b). The model also
confirms the significance of deep winter mixing in the area on entrain-
ment of bottom waters that acts against winter O fluxes (max: 0.33 mol
m~2 day ! into the ocean). The entrainment of bottom waters pushes
surface O, to a maximum undersaturation of 9.4%. If the model is
adapted so that entrainment and convection do not follow as a conse-
quence of mixed layer deepening then the wintertime O, deviation drops
down to a maximum undersaturation of only 1.5%. A comparison be-
tween these model-predicted estimations for O, and the findings from
Kortzinger et al. (2008) is given in Supplementary Table 1.

4.3. Role of different factors in producing the long-lasting Oz
undersaturation

Several previous studies elaborated the crucial role Labrador Sea’s
deepening winter mixed layer plays on the intensity of the region’s
surface Oz anomaly: Wolf et al. (2018) used float-derived data to argue
that the deeper the Labrador Sea’s MLD reaches, the greater its surface
O, undersaturation will be. Koelling et al. (2017) investigated the re-
gion’s Oy uptake during the 2014-2015 period when the wintertime
MLD reached 1700 m. The estimated results were then compared to a
similar study done by Kortzinger et al. (2004) for the period of
2003-2004, when the region’s MLD reached to 1400 m, drawing the
conclusion that winters with deeper wintertime MLDs lead to uptake of
more O5 from the atmosphere compared to the winters with relatively
shallower MLDs. In agreement with these studies, this paper also con-
firms that the variability of the Labrador Sea’s MLD is crucial in deter-
mining the magnitude of its wintertime O, budget: we found that the
model results could only be fitted to the K1’s winter data for 2004-2005
year once ‘Hy;” was forced with local in-situ MLD observations (MLDyg)
for the same time period (obtained from Kortzinger et al., 2008).
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To better understand the role of the winter MLD in producing O,
undersaturation, we left the calculations for mixing and entrainment
unchanged while forcing the model with different MLD patterns
(Fig. 9a). The four MLD ranges used in the LSM were chosen based on the
hypothesis that shallower mixed layers would reduce the intensity of
winter convection and entrainment and, therefore, would not drive a
long-term Oy undersaturation. MLDg; and MLDppp are examples of
mixed layer dynamics in the northern and eastern parts of the North
Atlantic basin where no deep water formation occurs. These two
oceanographic regions are characterised by winter mixed layers with
maximum depths of ~650 m and ~400 m, respectively. However, when
the ‘Hy is forced by these shallower MLDs (shallower than the MLDyg),
our model still fails to restore the winter Oy anomaly, suggesting that the
effect of introduction of low O deep water is not outcompeted by gas
exchange even at these shallower MLDs. This is, however, not the case
when the winter MLD shoals to extremely low depths (max. 50 m;
MLDghaiiow) Or is fixed at its lowest summertime value (10 m for MLD;s)
throughout the year (MLDgixeq). As expected, this last modification
greatly amplifies the atmosphere’s ability to dampen surface Oy de-
viations in winter (Hy = 10 m should lead to 100-fold more rapid
restoration of equilibrium than Hy; = 1000 m). Hence, forcing the model
with MLDgha10w brings Oz undersaturation to negligible levels (~1.5%)
whereas MLDgixeq prevents undersaturation altogether.

These model runs confirm that the MLD deepening needs to be
continuous and long-term to drive a persistent O, disequilibrium in the
region. At the same time, the model runs imply that although the
extremely deep maximum winter mixing depth in the Labrador Sea is
important in determining the magnitude of the region’s Oy under-
saturation (O5 values of the model could be matched with those of the
K1 data only when the Hy; of the LSM was forced by MLDyg), such
extreme depths are not necessarily required for its long-term continua-
tion. Even if the maximum mixing depth is only one-third of that (400
m), the effect is still severe enough to resist the air-sea gas exchange
rates of Oy and therefore to drive a prolonged anomaly (Fig. 9a). These
conclusions lead to the suggestion that both PAP and SI should experi-
ence surface Oy undersaturation in winter. In support of this, a pre-
liminary investigation using GLODAPv2 data from near to the PAP site
indicates a persistent surface Oy undersaturation during winter
(Fig. 10a), previously identified also in Porcupine Abyssal Plain Sus-
tained Observatory (PAP-SO) data (Binetti et al., 2020; Hartman et al.,
2021) but not investigated more widely. Furthermore, although GLO-
DAPv2 data did not contain O, measurements for the full winter season
in the SI (Fig. 10b), undersaturated O, values observed for November
and April in the region hint at the occurrence of a similar surface Oq
undersaturation event there that persists for many months.

Sun et al. (2017) state that, during intense entrainment, surface O
deviations are dominated by deep O5 deviations. Confirming this, model
experiments performed by forcing the bottom layer of the LSM with O,
concentrations higher than the observed deep water O, concentration
for the region show the influence of bottom O, (Figs. 9b, c and d). The
degree of wintertime O, undersaturation is seen to be directly linked to
the bottom water [O2]. Thus, we argue that if the bottom water is not
strongly undersaturated with respect to O, then prolonged Oz under-
saturation will not occur in winter. Fig. 8c provides further evidence to
confirm this by showing that in the absence of entrainment and there-
fore the influence from bottom waters, Labrador Sea’s surface O stays at
near-equilibrium with the atmosphere.

4.4. New insights into CORS plot y-intercepts

Although the primary focus of this paper is to better understand the
surface Oy anomaly of the Labrador Sea, the results also have a wider
implication. A Southern Ocean study by Wu et al. (2022) found negative
y-intercepts on CORS plots for selected surface float data from the
SOCCOM (Southern Ocean Carbon and Climate Observations and
Modelling) project. The authors attributed these offsets to possible issues
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with float data quality, stating that “the anomalous float y-intercepts
suggest offsets most likely due to pH-related biases” in the CO9 sensors. The
y-intercepts on a CORS plot reveal the magnitude of ACO5, (y-axis) when
AO; = 0 (x-axis). High quality GLODAPv2 data reveal that the global
ocean shows near-zero y-intercepts for both quiescent and less quiescent
oceanographic regions (Wu et al., 2022). Nevertheless, the CORS plots
for the surface layer of the Labrador Sea (Figs. 5b and c and Fig. 6)
intersect the y-axis at significantly negative ACO; values, indicating that
when surface O, of the Labrador Sea is in equilibrium with the atmo-
sphere (x = 0), surface CO, shows an undersaturation (y < 0). Our deep
water CORS results for the Labrador Sea also confirm this observation by
showing that the observed deep water ACO3 signal is significantly lower
than the expected deep water signal for respiratory CO», making the
Labrador Sea an important sink for the gas (Martz et al., 2009; McKinley
et al., 2004; Terenzi et al., 2007). Time series observations from SUR-
ATLANT data, which comprises ship-collected measurements since 1993
along transects between Iceland and Newfoundland (Reverdin et al.,
2018), further suggest that this surface CO, anomaly can also be present
across the Central North Atlantic Subtropical Gyre (Supplementary
Fig. 4). Therefore the CORS results from this paper demonstrate that the
negative anomalies in CORS plots’ y-intercepts noted by Wu et al. (2022)
can in fact be genuine and do not necessarily indicate data error.
Autonomously-collected (e.g. biogeochemical float) data should not,
therefore, be discarded or corrected just because it has a negative y-
intercept.

5. Conclusions

This paper improves understanding of the Labrador Sea’s persistent
surface Oy undersaturation by analysing results from two novel ap-
proaches: (1) observations plotted using the CORS method, and (2)
simulations using a coupled ecosystem-biogeochemical model. The
model introduced here examines the biological and physical forcing in
the region and successfully reproduces the observed magnitudes of the
O, anomalies and fluxes. The study also elucidates the combined influ-
ence of the deepening mixed layer, winter convection, deep water
entrainment and bottom water O, concentrations in maintaining a
persistent surface O undersaturation in winter despite the counter-
acting effects of air-sea gas exchange. Our model experiments indicate
that the long-lasting nature of the region’s Oy undersaturation is not
exclusively caused by the great depth of mixing in winter. Rather, it is
suggested that even maximum mixing depths only a third as deep (400
m instead of 1200 m) will produce similar O3 behaviour at the surface, as
long as the deep water is also O,-depleted and is continuously entrained
to the surface. This hypothesis could be tested in future O investigations
in the North Atlantic basin. Moreover, this study also shows that non-
zero y-axis intercepts on CORS plots can be genuine and therefore
should not automatically be assumed to indicate data error.

Code availability

The computational codes are available upon request to A.S.

Appendix A. Appendix

Journal of Marine Systems 245 (2024) 103996

Author contribution

A.S. and T.T. conceived the presented idea and designed the study. A.
S. performed computational framework, designed the model, carried out
simulations and wrote the manuscript in consultation with T.T. In
addition, T.T., D.P. and N.B. supervised the findings of this study. All
authors provided critical feedback and helped shape the study, analysis
and article.

Funding

This work was supported by the Presidential Scholarship Scheme
2020 of the University of Southampton, United Kingdom.

CRediT authorship contribution statement

Amavi N. Silva: Writing - original draft, Visualization, Validation,
Methodology, Investigation, Formal analysis, Data curation, Conceptu-
alization. Duncan A. Purdie: Writing — review & editing, Visualization,
Validation, Supervision. Nicholas R. Bates: Writing — review & editing,
Visualization, Validation, Supervision. Toby Tyrrell: Writing — review
& editing, Supervision, Methodology, Investigation, Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Quality controlled bottle data from the Global Ocean Data Analysis
Project version 22023 (GLODAPv2.2023) data product was down-
loaded from https://glodap.info/index.php/merged-and-adjusted-data-
product-v2-2023/. The K1 and SURATLANT data were provided upon
request from GEOMAR: Helmholtz-Centre for Ocean Research Kiel and
the French National Centre for Scientific Research, respectively. Local
in-situ sea level pressure, daily wind speed, monthly mixed layer depth
values were obtained from reanalysis products from National Center for
Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) (https://psl.noaa.gov/data/gridded/data.ncep.reanaly
sis.surface.html). Atmospheric CO5 mole fraction in dry air was ob-
tained from the globally averaged surface annual mean data published
in https://www.esrl.noaa.gov/gmd/ccgg/trends/.

Acknowledgements

We would like to thank Dr. Arne Kortzinger of GEOMAR: Helmholtz-
Centre for Ocean Research, Kiel and Dr. Nicolas Metzl of French Na-
tional Centre for Scientific Research for their support in providing
requested datasets. We also acknowledge the data generators and syn-
thesizers of the GLODAP data product.

Except where otherwise mentioned, the values of the model parameters in this section are for 60°N in the North Atlantic Ocean (as presented in
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and temperature (T) while ‘@’ is the nutrient (N) dependent growth rate where both I and N behave according to Michaelis-Menten kinetics. Peak daily
irradiance (Imax) (used to calculate light intensities of the mixed layer (Iy) and the thermocline (It)) was computed according to Kirk (1994). Surface
irradiance (Igf) for the thermocline was assumed to be equal to the light intensity at the mixed layer-thermocline interface. When surface irradiance is
zero for a given time of the day, the corresponding Is,.f was taken as zero. ‘Eg,’, the background extinction coefficient of green light when chlorophyll is
absent, was used to calculate extinction coefficients of red (E,) and green (E,) lights when chlorophyll is present. ‘y” describes the nutrient content of
the phytoplankton cell which is the carbon to chlorophyll ratio divided by 14.01 times of carbon to nitrogen ratio. The parameter ‘m’ stands for the loss
rate due to phytoplankton mortality, zooplankton grazing and remineralization. ‘¢’, the recycling efficiency, describes the nutrient fraction that is
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being returned to solution upon cell loss, and has the same value as ‘e¢’, the fraction of carbon present in phytoplankton which is returned back to
solution upon cell loss (i.e. mortality, grazing, respiration). ‘v’ is the sinking velocity of particulate organic matter.

In the LSM, turbulent diffusion rates between the layers were assumed to be proportional to their concentration differences. ‘k;’ describes mixing
between the thermocline and the bottom layer while ‘ky’ describes that between the mixed layer and the thermocline. They were both considered to be
functions of Hy; only. Maximum temperature (Tp,,x), minimum temperature (Tp,;,) and Pg values for the Labrador Sea were taken from Kortzinger et al.
(2008). Ty and salinity (sal) were forced by the monthly variations in SST and SSS in the K1 site, respectively. Ng was forced by the average deep
nitrate concentration in the Labrador Sea (6.0 pmol kg™1), calculated from the GLODAPv2 data.

‘ro’ stands for the conversion factor of mmol m ™ to pmol kg . ‘t¢’ explains the reduction (increase) of carbon (oxygen) in the water when 1.0 mg
m 2 of organic matter is produced while “t¢*’ describes the increase (reduction) of carbon (oxygen) when 1.0 mg m™ of organic matter is remin-
eralized. Both these parameters are equal to the carbon to chlorophyll ratio divided by 12 x 10° x 1.025.

‘Pair and ‘py,’ stand for pCO, in the atmosphere and the mixed layer, respectively. p,ir was forced by average annual partial pressure of CO,
observed for the Labrador Sea (Kortzinger et al., 2008) whereas py, was calculated using CSYS software (Zeebe and Wolf-Gladrow, 2001) from TA and
DIC. ‘K¢oz’ describes the transfer rate of CO5 across the sea surface which is equal to the piston velocity multiplied by the CO; solubility in sea water
(calculated from Weiss, 1974).

Piston velocities for Oy (Gp) and COy (G¢) were calculated as a function of surface wind speed (Supplementary Fig. 5), using the cubically
approximated equation proposed by Wanninkhof (1992) and modified by Kihm and Kortzinger (2010) to better represent the Labrador Sea:

G = 0.029 x u® x (Sc/660) °° (A1)

‘G’ expresses either Gp or G¢ (cm hr’l). ‘u’ stands for wind speed (m s’l). ‘Sc’ is the Schmidt number for either Oz or CO; at the mixed layer
temperature (Ty) whereas 660 is a normalized value for Sc. Sc for the two gases was calculated using coefficients given in Wanninkhof (1992):

Sc for Oy = 1953.4-128 x Ty + 3.9918 x Ty?-0.050091 x Ty> (A2)

Sc for CO, = 2073.1-125.62 x Ty + 3.6276 x Ty2-0.043219 x Ty° (A2)

‘q’ gives the photosynthetic quotient which is considered to be 1.5 when the growth of a blooming event is ongoing with nitrate mainly being
utilized. ‘Osqt’ is the saturated concentration of O in the surface which was computed based on the O; solubility equation proposed by Garcia and
Gordon (1992, 1993).

Table A.1
Parameters and their values used in the LSM (Sources: Kirk, 1994; Kortzinger et al., 2008; Taylor et al., 1991; Tyrrell and Taylor, 1995;
GLODAPv2 data).

Parameter Symbol Unit Value
Thermocline layer of thickness Ht m 40.0
Nutrient recyling efficiency € 0.2
Particle sinking velocity v md! 0.9
Nutrient half saturation constant Ni mmol N m 3 0.1
Light half saturation constant In W m™2 10.0
Solar constant SC Wm2 1373
Maximum growth rate Omax da? 2.0
Maximum temperature Tmax °C 8.0
Minimum temperature Trin °C 3.0
Bottom temperature Ts °C 1.0
Carbon: Chlrophyl ratio 40.0
Carbon: Nitrogen ratio 5.6
Bottom phytoplankton abundance Pp mg Chl-am™3 0.25
Bottom nutrient concentration N mmol N m 3 10.0
Background extinction coefficient for green light

(when cholorophyll is absent) Ego m! 0.08
Maximum mortality Mpmax da! 0.1
Minimum mortality Mpin da! 0.02
Diffusion coefficient between thermocline and bottom layer kis md! 0.6
Diffusion coefficient between mixed layer and thermocline Kkos md! 0.6
Latitude g °N 56
Conversion factor of mmol N m™ to mol kg’1 TA —1.025
Bottom alkalinity Ap pmol kg~! 2300
Photosynethetic quotient q 1.5
Carbon recyling efficiency € 0.2
Bottom O3 concentration Op pmol kg~! 290
Bottom DIC concentration Cp pmol kg ! 2155

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jmarsys.2024.103996.
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