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fremer, University of Brest, CNRS, IRD, Laboratoire d'Océanographie Physique et Spatiale (LOPS), [IUEM, Brest, France,
2University of Brest, CNRS, IRD, Unité Mixte de Service 3113, IUEM, Brest, France, 3University of Brest, CNRS, Ifremer,

IRD, Laboratoire d'Océanographie Physique et Spatiale (LOPS), IUEM, 29280 Brest, France

Abstract To improve our understanding of deep circulation, we deployed five Deep-Argo floats
(0-4,000 m) in the Charlie-Gibbs Fracture Zone (CGFZ), which channels the flow of Iceland-Scotland
Overflow Water (ISOW), a dense water mass of the North Atlantic Ocean. The floats were programed to drift
at 2,750 dbar in the ISOW layer. The floats mainly moved westward in the CGFZ, although some of them
followed different routes for few cycles depending on northward intrusions of the North Atlantic Current
over the CGFZ. One float revealed a direct route for ISOW from CGFZ to the Deep Western Boundary
Current at Flemish Cap. In the CGFZ, oxygen data acquired by the floats revealed that the ISOW layer,
characterized by salinity higher than 34.94 and density greater than 27.8 kg/ m, was mainly composed of the
highly oxygenated ISOW and the less oxygenated North East Atlantic Deep Water (NEADW), a complex
water mass from the East Atlantic. In the ISOW layer, the relative contribution of ISOW was generally larger
in the northern valley than in the southern valley of CGFZ. Northward intrusions of the North Atlantic
Current above the CGFZ increased the relative contribution of NEADW in the northern valley and favors
mixing between ISOW and NEADW. The ISOW-NEADW signal flowing westward from the CGFZ toward
the Deep Western Boundary Current was progressively diluted by Labrador Sea Water and Denmark
Strait Overflow Water. Oxygen measurements from Deep-Argo floats are essential for a better understanding
and characterization of the mixing and spreading of deep water masses.

Plain Language Summary The North Atlantic Ocean contributes to the uptake in the deep ocean
of the excess of heat received by Earth due to human activities. The heat redistribution toward the rest

of the ocean depends on the deep circulation, which is still largely unknown. To improve our understanding
of this deep circulation, we deployed in 2015 and 2017 five Deep-Argo floats in the Charlie-Gibbs Fracture
Zone (CGFZ), a gap in the Mid-Atlantic Ridge that constraints the pathway of deep water masses. Those
autonomous platforms freely drifted at 2,750 dbar in the core of the Iceland-Scotland Overflow Water
(ISOW), a young water mass, rich in O,, originating from the Nordic Seas. One float revealed a new direct
route of ISOW toward the subtropical gyre. The pathway followed by the floats west of the CGFZ depended
on northward intrusions of the North Atlantic Current over the CGFZ. This interaction between the North
Atlantic Current and the deep flow in the CGFZ favors the mixing of ISOW with the North East Atlantic
Deep Water, an old water mass characterized by low O,. These results advocate for equipping Deep-Argo
floats with oxygen sensors to improve understanding of deep circulation and water mass mixing.

1. Introduction

The Irminger, Labrador, and Nordic Seas are regions of dense water mass formation by winter heat loss.
These water masses feed the cold limb of the Meridional Overturning Circulation and their redistribution
within the rest of the ocean moderates global warming by transferring heat and anthropogenic carbon from
the atmosphere to the ocean interior. In recent decades, considerable changes were recorded in both North
Atlantic Deep Water and Antarctic Bottom Water (Purkey & Johnson, 2013; Smeed et al., 2014), two water
masses that belong to the deep Meridional Overturning Circulation. The sampling of the deep ocean
obtained by full-depth hydrographic sections or moorings is nevertheless too sparse in space and time to pre-
cisely monitor and understand the spreading and mixing of these deep water masses and their variability
(Johnson et al., 2015). As demonstrated by Johnson et al. (2015), Deep-Argo floats would be beneficial to
complement repeat hydrographic sections. Both can provide robust estimates of long term changes in heat
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content, in anthropogenic carbon as well as in ventilation of the deep ocean interior and thus a better under-
standing of the fate and impact of climate signals.

In the North Atlantic Ocean, most of the overturning occurs east of Greenland (Lozier et al., 2019).
There, the formation of Iceland-Scotland Overflow Water (ISOW), one of the major components of
the North Atlantic Deep Water, strongly contributes to this overturning. Indeed, it is formed down-
stream of the Faroe-Shetland channel (Hansen & @sterhus, 2007) and the Iceland-Faroe ridge (Beaird
et al.,, 2013; Figure 1) by entrainment of Atlantic Waters by overflow waters originating from the
Nordic Seas. Within the North Atlantic subpolar gyre, ISOW flows southward east of the Reykjanes
Ridge in the Iceland Basin (e.g., Daniault et al., 2016; Fleischmann et al., 2001; McCartney, 1992; Zou
et al., 2017; Figure 1). Most of the southward ISOW flow ultimately reaches the Irminger Sea through
the Charlie-Gibbs Fracture Zone (CGFZ) near 52°N (Bower & Furey, 2017; Kanzow & Zenk, 2014;
McCartney, 1992; Saunders, 1994) and the Bight Fracture Zone near 57°N (Lankhorst & Zenk, 2006;
Petit et al., 2018; Xu et al., 2010; Figure 1). Along its southward pathway, ISOW interacts with North
East Atlantic Deep Water (NEADW), an old water mass flowing northward in the eastern North
Atlantic. NEADW results from a complex mixing between Lower Deep Water originating from around
Antarctica and other surrounding water masses (van Aken, 2000). According to McCartney (1992), the
intensity of the ISOW-NEADW interaction along the Reykjanes Ridge depends on whether NEADW cir-
culates cyclonically in the Iceland Basin before entering the CGFZ with ISOW, or whether it follows a
fairly direct route to the CGFZ with minimal looping in the Iceland Basin (McCartney, 1992; van Aken,
2000). The interaction between those two water masses within CGFZ and their relative contributions to
the deep flow there has, however, never been documented.

Within the CGFZ, the mean westward ISOW transport was recently estimated at —1.7 + 0.5 Sv from a 22-
month-long current time series (Bower & Furey, 2017). This transport was subject to strong intraseasonal
variability, with daily mean values ranging from —7.1 to +3.0 Sv (Bower & Furey, 2017). Large decreases
in or even reversals of the westward ISOW transport were attributed to meanders of the eastward flowing
North Atlantic Current (NAC) present at that time over the CGFZ and extending to depth greater than
2,500 m (Bower & von Appen, 2008; Bower & Furey, 2017; Saunders, 1994; Schott et al., 1999; Xu et al.,
2018). According to Schott et al. (1999) and Bower and von Appen (2008), the westward ISOW flow was
blocked by the NAC when its eastward surface velocity exceeded 15 cm/ s. Interestingly, the 6 and S proper-
ties of ISOW were not modified during reversal (Bower & Furey, 2017) even though we could have expected
some changes due either to the northward displacement of the deep water masses found below the NAC or to
changes in the relative contribution between ISOW and NEADW. Indeed, the properties of the westward
flow at CGFZ results from vertical and lateral mixing between ISOW, NEADW, and shallower waters
(McCartney, 1992) and it could be expected that these mixing processes are modified when the NAC is
located over the CGFZ.

After flowing through the CGFZ and Bight Fracture Zone, it is generally assumed that ISOW heads north
in the Irminger Basin along the western flank of Reykjanes Ridge (Daniault et al., 2016). In the northern
part of the Irminger Sea, ISOW merges with Denmark Strait Overflow Water (DSOW), a younger and
denser water mass than ISOW, formed downstream of the Denmark Strait. In the Irminger Basin,
ISOW and DSOW then flow southward within the Deep Western Boundary Current (DWBC), the major
conduit for deep water masses to the subtropical gyre (Figure 1; Dickson & Brown, 1994; Daniault et al.,
2016; McCartney & Talley, 1984; Saunders, 2001). Based on water mass property evolution or high reso-
lution model simulations, other studies have suggested westward (McCartney, 1992; Smethie & Fine,
2001; Stramma et al., 2004) or northwestward (Xu et al., 2010) ISOW pathways between the CGFZ and
the DWBC that bypass the circulation around the Irminger Sea. Xu et al. (2010) also suggested an east-
ward recirculation of ISOW across the southern valley of the CGFZ.

While ISOW plays a leading role in the storage of heat and anthropogenic carbon and their redistribution
toward the rest of the ocean, there are still some uncertainties about the pathways of this water mass and
how the climate signal that it carries is diluted by mixing with surrounding water masses. Based on ship-
based and Argo hydrographic data as well as on surface dynamic conditions, we investigated the fate of
ISOW, its interaction with NEADW and other surrounding water masses within the CGFZ and beyond, as
well as its relationship with the NAC position. The ship-based hydrographic data were collected in the
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Figure 1. Schematic of the large-scale circulation of the North Atlantic Subpolar gyre from Daniault et al. (2016). Bathymetry is plotted in color, with isobaths at 100
m, 1,000 m, and every 1,000 m below 1,000 m. Deep circulation delimited by the isopycnal oy = 27.80 is shown in blue. The North Atlantic Current is shown in red.
Abbreviations indicate the Deep Western Boundary Current (DWBC), Labrador Sea Water (LSW), Iceland-Scotland Overflow Water (ISOW), Denmark Strait
Overflow Water (DSOW), Mediterranean Water (MW), North East Atlantic Deep Water (NEADW), Meridional Atlantic Ridge (MAR), Charlie-Gibbs Fracture Zone
(CGFZ), Bight Fracture Zone (BFZ), and North-West Corner (NWC). The orange triangle indicates the deployment position in the CGFZ of the five Deep-Argo
floats. The black dots represent the position of the float profiles.

CGFZ in 2015 and 2017 as part of the French RREX (Reykjanes Ridge Experiment) project. Five Deep-Argo
floats (0-4,000 m) equipped with temperature, salinity, and oxygen sensors were deployed in the CGFZ in
2015 and 2017 as part of the Novel Argo Observing System project. After presenting materials and
methods in section 2, we will describe (section 3) and discuss (section 4) ISOW pathways and mixing
inside and beyond the CGFZ.

2. Data and Methods
2.1. Deep-Arvor Float Data Set

The Deep-Argo floats used in this study are Deep-Arvor floats (Le Reste et al., 2016). They are capable of sam-
pling the water column down to 4,000 m. Three Deep-Arvor floats were deployed simultaneously in the
CGFZ (52.73°N to 35.08°W; Figure 2) on 3 July 2015 (DP15-1, DP15-2, and DP15-3) during the RREX2015
cruise (Branellec & Thierry, 2016; Petit et al., 2018). Two additional floats were also deployed at the same
location on 9 August 2017 (DP17-1 and DP17-2) during the RREX2017 cruise (Branellec & Thierry, 2018;
Table 1). Their respective World Meteorological Organization (WMO) codes are given in Table 1.

The five Deep-Arvor floats were programmed to drift at 2,750 dbar (referred to hereafter as the “parking
depth”) in the core layer of ISOW and every 10 days to measure profiles of temperature (T), salinity (S),
and dissolved oxygen concentration (O,) as a function of pressure (P) between 4,000 m or the bottom and
the sea surface. The trajectory of the floats could have been influenced by currents encountered during their
ascent and descent (about 12 hr each) and during surfacing for data transmission (about 10 min). However,
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Figure 2. (a) Trajectories of the five Deep-Argo floats deployed in the Charlie-Gibbs Fracture Zone (CGFZ) in summers
2015 and 2017: DP15-1 (WMO#6901759) in orange; DP15-2 (#6901602) in red; DP15-3 (#6901758) in blue; DP17-1
(#6902812) in yellow; DP17-2 (#6902811) in cyan. (b, c) Zoom over the northern and the southern valleys (NV and SV) of
the CGFZ for 2015 (b) and 2017 (c). Some cycle numbers where P, T, S, and O, profiles were collected are indicated.
Bathymetry (m) is colored in gray (the darkest shade indicates the shallowest areas). The gray line shows the 3,500-m
isobath.
Table 1
Information About the Five Deep-Argo Floats
Float ID DP15-1 DP15-2 DP15-3 DP17-1 DP17-2
Float WMO 6901759 6901602 6901758 6902812 6902811
Deployment date 3 July 2015 9 August 2017
Associated Cruise (reference CTD) RREX15 RREX17
(120) (109)
End of life (number of cycles achieved) 10 October 2015 (10) 28 May 2016 (33) 24 March 2017 (63) 10 October 2017 (7) Still active
Report on salinity data qualification Cabanes et al. (2018 )
Report on O, data qualification Gallian and Thierry (2018)

Note. WMO = World Meteorological Organization; CTD = conductivity-temperature-depth. Dates are formatted as MM/DD/YYYY.
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due to the bathymetric constraint imposed by the CGFZ, the eastward surface and subsurface currents are
generally in the same vertical plane as the westward deep flow in the CGFZ, but in the opposite direction.
As a consequence, the currents encountered during the float ascent or descent would only have led to an
underestimation of the westward displacement of the float at its parking depth. Nonetheless, the float displa-
cement was clearly influenced by surface or subsurface currents in some cases. This is further discussed in
section 3.4, and the corresponding profiles were not used when we analyzed the water mass composition
along the westward path of the floats (section 3.4). For some unexplained reason, DP15-2 and DP15-3 did
not dive and drifted at the surface during their Cycle Number 18. Considering the topography of the area,
the floats grounded at almost all cycles. Some of them suffered a premature “death” related to the manage-
ment of the grounding by the float software. A new grounding management procedure has been implemen-
ted in recent Deep-Arvor floats to address this issue. It now allows the float to modify its parking depth if
grounding occurs during the drifting phase. The new grounding procedure also allows the float to rise
directly to the surface without waiting for the programmed ascending time if grounding occurs during des-
cent to the profiling depth. No premature death was observed on the floats deployed in the subpolar gyre of
the North Atlantic Ocean in 2018 with this new grounding procedure.

P, T, and S were measured using a SeaBird SBE41CP conductivity-temperature-depth sensor. Salinity bias
was estimated based on the method proposed by Cabanes et al. (2016). This method, adapted from that of
Owens and Wong (2009), is an objective analysis that compares the data obtained from a given float with
a historical data set acquired in the area over the last 10 years for the 10 theta (6) levels showing the least
variability in salinity. Compared with Owens and Wong (2009), the modified method minimizes the contri-
bution of the oldest historical data to account for the large interannual to decadal variability of the salinity
field in the North Atlantic Ocean and provides more realistic error bars. Corrections proposed by the mod-
ified method and applied on our data set are detailed in Cabanes et al. (2018). These corrections were vali-
dated against an independent calibrated hydrographic profile acquired at float deployment (Table 1) and
by comparing the profiles acquired in the CGFZ by the different floats in 2015 or 2017 (Figures S1-S5 in
the supporting information). A negative pressure dependency of 1.5 x 107° dbar™" was recently detected
on the SBE41 conductivity sensor (Kobayashi, 2019), which would lead to a fresh offset of about 0.007 at
4,000 dbar. In this study, the salinity bias was estimated from data measured in the deep layers. The potential
effect of the pressure dependency on the salinity is thus not detectable in the deep layers, which are those
investigated in this paper. It could lead to a salty anomaly of about 0.007 in the surface layers that yet lies
within the measurement accuracy (0.01).

O, was measured at each profile with an Aanderaa Optode (4330), except for DP17-1 because the oxygen sen-
sor failed. O, data were decoded following the Argo-O, processing manual (Thierry, Bittig, et al., 2018) and
then corrected following the method of Takeshita et al. (2013). The data were first corrected for any temporal
drift based on comparison to the World Atlas 2009 (Garcia et al., 2010). Then a correction was estimated by
comparing the first ascending O, profile, expressed in terms of percent of saturation, with a calibrated refer-
ence profile acquired at the float deployment (Table 1). In some cases, the comparison between the corrected
float profiles and the reference profile revealed the presence of a pressure-dependent bias, suggesting that the
pressure correction proposed by Bittig et al. (2015) and taken into account during decoding was not suffi-
cient. We thus applied an additional pressure correction to the raw data. The details of these corrections
are provided in Gallian and Thierry (2018), and the corrected data are available in the Argo database
(Figures S4 and S5).

Overall, the accuracy of temperature, salinity, and oxygen measurements was 0.01 °C, better than 0.01, and
2.5 umol/ kg, respectively.

2.2. Optimum Multiparameter Analysis

An Optimum Multiparameter (OMP) analysis was used to identify water masses that explain hydrological
and biogeochemical properties measured by the Deep-Argo floats near their parking depths. This method,
introduced by Tomczak (1981) and extended by the OMP user group from GEOMAR (http://omp.geomar.
de/), is based on a simple model of linear mixing between predefined source water types (SWTs). It assumes
that mixing coefficients are identical for all SWT properties. The fraction of each SWT (xi) is determined
through the following set of linear mixing equations (equations (1)—(3)) written here for three SWTs defined
by their potential temperature (6; to 63), salinity (S; to S3) and dissolved oxygen concentration (O, ; to Oy 3)
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and for a water mass (WM) conservation equation (equation (4)) for which residuals (R) are minimized in a
nonnegative least squares sense. The subscript obs refers to the float observations that we want to explain as
the sum of the SWT fractions.

X101 + %20, + x303 = Ogps + Ro (€))
X181 + %252 + X353 = Sobs + Rs @)
X1021 + %2022 +X3023 = Oz0bs + Roz 3
X1+X2+X3:1+RWM 4

The interpretation of the mixing coefficients depends on the selection criteria for the SWTs (Tomczak, 1981).
In this study, SWTs were defined directly from our Deep-Argo data set (section 3.2) to investigate regional
mixing instead of mixing between SWTs from remote formation regions. The advantage of this definition
is that only a few parameters are necessary to resolve the OMP analysis because local water type properties
are little influenced by remineralization. Otherwise, nutrients, which were not measured by our deep float,
would have been needed to account for this biologihttp://omp.geomar.de/). We will thus use the more appro-
priate term Local Water Type (LWT) instead of SWT hereinafter.

To account for the new deep ventilation events recorded in winters 2015 and 2016 in the Irminger and
Labrador Seas (de Jong & de Steur, 2016; Piron et al., 2017; Yashayaev & Loder, 2016), we performed two
OMP analyses based on the data acquired either by the floats deployed in 2015 or those deployed in 2017.
For each OMP analysis, the 6, S, and O, values of the LWTs were defined from the ship-based and Deep-
Argo data (section 3.2 and Table 2). Planetary potential vorticity was not considered as an additional tracer
here because it is not conservative in the NAC region due to large relative vorticity. Because LWTs are
defined by three tracers, the mixing model has four equations (equations (1)-(4)) and one observation can
be explained by the mixing between at most three LWTs. To estimate LWT fractions explaining observations
near the float parking depth (2,750 dbar), different mixing configurations of two or three LWTSs were tested.
Results presented in sections 3.3 and 3.4 correspond to the LWT mixing configuration that minimizes ROMP
defined as follows:

R2 R: R?

ROMP:S—§+S—§+§(’;+R§,M 5)
where Rg?, Rs%, Roy>, and Ry~ are the model residuals and Sg, Ss, and So, are the standard deviations com-
puted from the properties of the LWT; 6, S, and O, of the LWT, characterized by different environmental
variabilities or instrumental and analytical accuracies. To account for this variability, Tomczak and Large
(1989) proposed to weight equations (1)-(3) based on the relation between the standard deviation of the
properties of each LWT (Table 2) and the largest variance of the parameter in the source regions. Here, to
obtain comparable results from all mixing configurations tested in this study, we prefer to fix the ratio
0/S/0,/mass conservation to weight equations (1)-(4). We used the ratio 3/ 1/1/3 that gives less weight to
salinity and oxygen whose sensors were less accurate than the temperature sensor.

The OMP analysis was performed for each measurement of every vertical profile of every float. The results
were then interpolated on selected isopycnals (see sections 3.2 and 3.4).

3. Results

3.1. Trajectories of Deep Floats

During the first month, the three floats deployed simultaneously in July 2015 (Table 1) moved westward in
the northern valley of the CGFZ (Figures 2a and 2b). Between 37°W and 37.5°W (53°N), the three floats were
apparently blocked in their westward displacement and changed direction. After three chaotic cycles with
different flow directions (Cycles 4-6), DP15-1 moved southward before heading west and dying, whereas
DP15-2 recirculated eastward in the southern valley of the CGFZ (from Cycle 8 to Cycle 13). At 35°W
(52.25°N), south of its deployment position, DP15-2 headed northwest back to its initial trajectory. During
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Table 2

Local Water Types (LWT) Used to Resolve the OMP Analysis

Name In 2015 In 2017

LWT1: ISOW Iceland-Scotland Overflow Water (6) 2.89 + 0.04 °C (32) 2.80 + 0.05 °C 5)
(S) 34.981 + 0.000 34.978 + 0.000
(03) 273.2 & 0.2 umol/kg 274.0 + 0.2 umol/kg

LWT2: IW Intermediate Water (6) 4.40 + 0.06 °C (55) 4.38 + 0.05 °C (33)
(S) 34.934 + 0.006 34.927 + 0.003
(0,) 268.8 + 2.6 umol kg * 262.2 + 1.2 ymol/kg

LWT3: LSW Labrador Sea Water (6) 3.42 +0.03 °C (74) 3.35+0.03 °C (51)
(S) 34.876 + 0.002 34.878 + 0.001

(03) 291 =+ 1.0 pmol/kg 290.6 + 0.7 umol/kg

LWT4: DSOW Denmark Strait Overflow Water (6)1.92 + 0.03 (74) Not detected
(S) 34.908 + 0.005
(05) 287.1 + 1.7 umol/kg

LWT5: DSOWi interior route of Denmark Strait Overflow Water (6) 1.85 + 0.01 °C (32) 2.15 + 0.03 °C (12)
(S) 34.899 + 0.000 34.911 + 0.002
(02) 283.4 + 0.2 umol/kg 275.3 + 0.5 umol/kg

LWT6: NEADW North East Atlantic Deep Water (©) 2.61 + 0.04 °C (55) 2.58 + 0.00 °C (34)
(S) 34.956 + 0.005 34.959 + 0.001
(03) 268.6 + 0.3 umol/kg 264.8 + 0.0 umol/kg

LWT7: DW deep water (6) 3.49 + 0.07 °C (63) Not detected

(S) 34.936 + 0.002
(03) 271.2 + 0.3 pmol/kg

Note. Each LWT core is defined by a potential temperature (), salinity (S), and dissolved oxygen concentration (O,) value calculated from the float data set as
detailed in section 3.2. The standard deviation and number of data (in brackets) used to calculate the averaged values are given for information.

the next three months, its displacement was chaotic and remained between 36°W and 37°W in the northern
valley of the CGFZ. At Cycle 24, 6 months after its deployment, DP15-2 was still in the northern valley and
moved westward for two cycles until 37°W (53°N) where it turned northeastward toward the Irminger Basin.
It died 2 months later. Meanwhile, DP15-3, which deviated to the south from its westward displacement at
the same time as the two other floats (namely, at Cycle 4), but upstream (east of 37°W), came back to a
westward displacement in the northern valley (Figure 2a). After exiting the CGFZ at 38°W, DP15-3
continued toward the southwest to reach the Newfoundland Basin 4 months later (Cycles 17-18). It then
circulated southward along the Flemish Cap during two cycles (Cycles 19-20), before moving with an
apparent chaotic progression through a large area (46-39°W/47.5-52.5°N; Figure 2a) dominated by the
NAC (Figure 1).

The two floats launched simultaneously in August 2017 (Table 1) at the same position as those deployed in
2015 also moved westward in the northern valley of the CGFZ over their first cycles (Figures 2a and 2c).
Their westward trajectories were also disrupted but at a more eastern longitude (36°W) compared with
2015 (37.5°W). From 36°W, DP17-1 headed north for 1 month and died, whereas DP17-2 recirculated east-
ward in the northern valley back to its initial position (Cycle 6). It then moved with a chaotic progression
around the meridian 35°W (Figure 2c) before reaching the southern valley of the CGFZ (Cycle 13). Inside
the southern valley, DP17-2 quickly moved westward along the northern wall of the valley (Cycles 13
to 16) and left the CGFZ after Cycle 19. Beyond the CGFZ, DP17-2 continued westward toward the western
part of the subpolar gyre. Its trajectory was more south and more disrupted than that of DP15-1 and DP15-3
(Figure 2a). At each of these disruptions (37.5°W and 39°W), DP17-2 followed a southward-northward
displacement before returning back to its initial westward trajectory. Data acquired after 7 June 2018
(Cycle 31) are not presented in this study.

To sum up, the five deep floats generally moved westward during their stay in the CGFZ, in particular during
the first few cycles after their deployment. This overall westward displacement was perturbed between 36°W
and 38°W, where some floats moved northward, southward or recirculated eastward in the southern or the
northern valley without going east of 34.5°W. Finally, two floats (DP15-3 and DP17-2) made measurements
beyond the CGFZ, and one of these reached the Newfoundland basin and drifted in the area dominated by
the NAC.
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3.2. Hydrological and Biogeochemical Properties Measured by Deep Floats: LWT Definition

This section aims to define the set of LWTs used in the OMP analysis (section 2.2) that best explains the evo-
lution of 6, S, and O, properties measured by the deep floats along their trajectories. The potential tempera-
ture, salinity, and dissolved oxygen concentration sections show the main water masses sampled by the floats
along their paths (Figures 3-5). The water masses used as LWTs in the OMP analysis are described below,
and their 6, S, and O, properties are summarized in Table 2. The float profiles used to define these properties
are shown in Figures 6 and 7.

ISOW or LWT1I. ISOW is observed below 27.80 oy. Its core is characterized by a deep salinity maximum near
2,750 m (Saunders, 1996), with values ranging between 34.96 (Schott et al., 1999) and 34.99 (Worthington &
Volkmann, 1965). A deep salinity maximum of 34.98 was measured by Deep-Argo floats near their parking
depth over their first cycles (Figures 3-5). A ship-based hydrographic section was made across the CGFZ
during the RREX cruises and provides a more complete view of the ISOW properties at float deployment time
(Figure 6). To define the first LWT, we thus averaged 6 and O, values from the RREX data set for which
salinity below 27.80 g, in the CGFZ was maximum (S, = 34.981 for stations 117 to 122 for the RREX15
cruise and Sp,x = 34.978 for stations 106 to 110 for the RREX17 cruise; Figure 6 and Table 2). Here, the
ISOW core was detected at o, = 37.03 kg/ m? (oo ~ 27.88 kg/ m>; Figure 6) and characterized by salinities
comparable to those reported by Bower and Furey (2017) in 2010-2012 for the northern valley of the
CGFZ (maximum mean salinities of 34.975).

IW or LWT2. Intermediate Water (IW) is a low-oxygenated water mass observed in the upper 1,000 m of the
water column and originating from the eastern subpolar gyre (Harvey & Arhan, 1988; van Aken & de Boer,
1995). It was observed during the RREX2015 cruise along the Reykjanes Ridge between 27.52 ¢y and 27.71 g,
(Petit et al., 2018). At this density range, IW differs from the other water masses by having an oxygen concen-
tration lower than 272 umol/ kg (Petit et al., 2018). IW was sampled at the CGFZ by the deep floats launched
during RREX2015 and RREX2017 (Figures 3 and 7). Here, its averaged 6, S, and O, values were estimated
from the low oxygen concentration (<272 pumol/ kg) detected by the deep floats between 27.68 o, and
27.71 g, (Table 2 and Figure 7).

LSW or LWT3. LSW is formed in winter by deep convection in the Labrador and Irminger Seas (de Jong & de
Steur, 2016; Piron et al., 2017; Vage et al., 2011; Yashayaev & Loder, 2016). It spreads eastward through the
subpolar gyre and southward toward the subtropical gyre within the DWBC (McCartney & Talley, 1982;
McCartney, 1992; Sy et al., 1997; Talley & McCartney, 1982). LSW is the freshest (<34.89) and most oxyge-
nated (>280 pumol/ kg) water mass detected between 27.68 o, and 27.80 gy in this region (Dickson et al.,
1996; Lazier, 1973; Yashayaev, 2007). Figures 3-5 show that LSW was regularly sampled by the deep floats
both in the CGFZ area and in the Newfoundland Basin. The averaged 6, S, and O, values of this third
LWT were estimated from the deep float data set measured between 27.68 g, and 27.80 o, with salinity lower
than 34.88 and oxygen concentrations higher than 290 umol/ kg (Figure 6). Properties of this LWT core
(Table 2) were estimated from the most westerly measurements made by DP15-3 in 2015 (Cycles 13, 15,
16, 20, and 21; Figures 5 and 6) and by DP17-2 in 2017 (Cycles 21, 26, 28, and 29; Figures 4 and 6 and
Table 2), to be as close as possible to the LSW formation area.

DSOW and DSOWi or LWT4 and LWT5. DSOW flows southward in the Irminger Sea and the Labrador Sea
within the DWBC. DSOW is the coldest and the densest water mass of the western subpolar gyre (Kieke &
Rhein, 2006) characterized by oxygen concentrations higher than 280 pumol/ kg (e.g., Falina et al., 2012;
Tanhua et al., 2005). Oxygen sections from floats deployed in 2015 reveal high oxygen concentrations below
3,000-m depth (below 27.88 oy; Figures 3-5). Maximum values (>284 umol/ kg) were detected by DP15-3
northeast of Flemish Cap at 49°N to 44°W (Cycles 19-21; Figures 5 and 6). This deep maximum in oxygen
concentration was characterized by a potential temperature lower than 2 °C and by salinity values slightly
higher than 34.90 (Table 2 and Figures 5 and 6). This is consistent with past studies that showed salinity
of DSOW in the DWBC at Flemish Cap to range between 34.89 and 34.91 (Mertens et al., 2014; Stramma
et al., 2004). Averaged properties associated with the deep oxygen maximum (O, > 284 pumol/ kg below
27.88 gp) measured by DP15-3 were thus used to define the fourth LWT (Table 2). This definition was,
however, inadequate to solve the OMP analysis of all profiles of DP15-3 with reasonable residuals.
Residuals of salinity, oxygen, and potential temperature measured in the region dominated by the NAC
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Figure 3. Section of potential temperature (top row; °C), salinity (middle row), and dissolved oxygen concentration
(bottom row; pmol/kg) measured in the CGFZ by DP15-1 (left panels), DP15-2 (middle panels), and by DP17-1 (right
panels). Black lines on the potential temperature section represent isotherms 2.5 to 4 °C with 0.25 resolution, whereas
those on the salinity section represent isohaline 34.94 below 27.80 oy. Vertical dotted gray lines on the three panels
represent float profiles. Thick gray lines indicate the parking depth on the potential temperature section, the

0, = 37.03 isopycnal on the salinity section, and the oy = 27.68, 27.74, 27.80 and 27.88 isopycnals on the oxygen section.
The following local water types used in the Optimum Multiparameter analysis are indicated: Iceland-Scotland Overflow
Water (ISOW), Labrador Sea Water (LSW), North East Atlantic Deep Water (NEADW), and interior Denmark Strait
Overflow Water (DSOWi). Filled gray areas show the bathymetry.

(from Cycle 20) were in fact higher than the accuracy measurements. Such residuals suggested that a fifth
LWT was needed to complete our model (section 2.2). The 6-S-O, diagram from DP15-3 (Figure 6) shows
a second oxygen maximum (>282 pumol/ kg) at the DSOW layer, but with salinity values lower than 34.90.
It was detected west of 42°W between 52°N and 53°N at Cycles 14 and 15 (Figure 5). These conditions
(S < 34.90 and O, > 282 umol/ kg below 27.88 g,) were used to define the averaged 6, S, and O,
properties of a fifth LWT (Table 2), allowing the OMP analysis to be successfully completed. Averaged
salinity of this LWT (34.899 + 0.000; Table 2) is within the salinity range of 34.89 to 34.91 reported by
Stramma et al. (2004) and by Mertens et al. (2014). This water mass, which properties can be explained by
the influence of shelf water cascading down to DSOW layer and by its recirculation in the Newfoundland
basin, will be called interior DSOW (DSOWi) hereafter. Indeed, dense Greenland shelf water cascading
down to the DSOW layer can cause a freshening and an increase in oxygen of the DSOW (Falina et al.,
2007). As DSOWi is fresher than DSOW but not more oxygenated, the lower oxygen concentration would
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Figure 4. Same as Figure 3, but for DP17-2. The following local water types used in the Optimum Multiparameter analysis
are indicated: Iceland-Scotland Overflow Water (ISOW), Intermediate Water (IW), Labrador Sea Water (LSW), and North
East Atlantic Deep Water (NEADW).

RACAPE ET AL. 6796



Journal of Geophysical Research: Oceans 10.1029/2019JC015040

0
>5
0.5
%‘ 1 4.5 08,
% [}
1.5 4 =
o 2
— @©
- 2 jos
S 3.5 g
—
225 £
0 3 o
g 3 =
o
35 2.5
4= <2
0
>34.98
0.5 34.97
— 34.96
5 1
s 34.95
- L5 34.94
S 34.93
< 2 34.92 2
c
;2_5 ﬁ 34.91 =
7 < 349 3
L S 252 3K03/J\ 34.89
e %
350 - 34.88
' D\ k/ 34.87
4 I I I | I 1 I 1 I <34.86
35.0 374 40.4 45. 43.2 41.3 41. 44.2 45.6 41.9 40.
Long (°West)
0
>285
0.5 2825
<, 280
: 2775 D
© —
1.5 © 275 °
= © 2725 £
= 2 0 270 2
o o 267.5 €
5 2 . (9]
225 265 o
g 5 262.5 X
o 260 o
3_5E 257.5
] 255
4l w <252.5
08/22/15 11/30/15 03/09/16 06/17/16 09/25/16 01/03/17

Date

Figure 5. Same as Figure 3, but for DP15-3. The following local water types used in the Optimum Multiparameter analysis
are indicated: Iceland-Scotland Overflow Water (ISOW), Intermediate Water (IW), Labrador Sea Water (LSW), Deep
Water (DW), Denmark Strait Overflow Water (DSOW), and interior DSOW (DSOW:i) as well as North Atlantic Central
Water (NACW), illustrating the North Atlantic Current position. Gray dashed lines on the salinity section represent the
37.010; and 37.05 o, isopycnals.

result from the DSOW recirculation in the interior basin and its mixing with the Lower Deep Water
originating from the subtropics that is saltier and less oxygenated than DSOW (see Figure 9.15 in Talley
et al.,, 2011). The area sampled by the two floats deployed in 2017 was limited to the CGFZ. In this
context, DSOW (LWT4) was not detected in 2017, whereas DSOWi (LWT5) was defined from the coldest
and most oxygenated water mass detected there (Figure 6).

NEADW or LWT6. NEADW is an old water mass of southern origin characterized by low oxygen concentra-
tions (van Aken & Becker, 1996) and easily identifiable from its linear relationship in 6-S diagram (Mantyla,
1994; Saunders, 1986). Such a linear 6-S relationship with low oxygen concentrations (between 265 and
269 umol/ kg) is visible on the RREX profiles sampled in 2015 and 2017 in the CGFZ just below ISOW
(Figure 6, LWT1). It is also observed from data measured in the northern and southern valleys of the
CGFZ by DP15-2 (Cycle 12 to 15), DP15-3 (Cycle 2), and DP17-2 (Cycle 8; Figures 3-5 and 7). This attests that
NEADW was sampled by the Deep-Argo floats in the CGFZ. We thus used NEADW as the sixth LWT to
resolve the OMP analysis. The S-O, diagram of DP15-2 (Cycle 12 to 15), DP15-3 (Cycle 2), and DP17-2
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Figure 6. (a-¢) The 6/S diagrams of the profiles used to define the properties of the local water types (LWTs) for the Optimum Multiparameter analysis. In each
panel, the black dot indicates the position of the LWT in the diagram and the black line with a number shows the isopycnal oy of interest. The color represents
dissolved oxygen concentration (umol/kg). (f) Position of the profiles displayed on panels (a—e). Bathymetry (m) is colored in gray (the darkest shade indicates the
shallowest areas). The gray line shows the 3,500-m isobath. ISOW (LWT1) in 2015 (a) is defined from Stations 117 to 122 during the RREX15 cruise (magenta
squares on panel f). In 2017, ISOW (b) is defined from stations 106 to 110 during the RREX17 cruise (black squares on panel f). LSW (LWT3) in 2015 (c) is defined
from Cycles 13, 15, 16, 20, and 21 of DP15-3 (blue dots on panel f). LSW in 2017 (d) is defined from Cycles 21, 26, 28, and 29 of DP17-2 (cyan dots with black
numbers). DSOW (LWT4) and DSOWi (LWTS5) in 2015 (c) are defined from Cycles 19, 20, and 21 and from Cycles 14 and 15 of DP15-3 (blue dots on panel f),
respectively. In 2017, DSOWi (d) is defined from Cycles 2 and 15 of DP17-2 (cyan dots with black numbers on panel f). Deep water (DW, LWT7) in 2015 (e) is defined
from Cycles 23, 24, 34, 53, 58, and 63 of DP15-3 (blue dots on panel f). ISOW = Iceland-Scotland Overflow Water; DSOW = Denmark Strait Overflow Water;
DSOWi = interior DSOW; DW = deep water; LSW = Labrador Sea Water.

(Cycle 8; Figure 7) for data measured below 27.80 g, shows that the core of this sixth LWT is characterized
by an oxygen minimum. Its averaged 6, S, and O, properties (Table 2) were thus calculated from data with
oo < 27.80 kg/ m® for which the oxygen concentration was lower than 269 umol/ kg. The 6/S/0,
characteristics selected here for the LWT6 are consistent with those of the upper NEADW used by
Garcia-Ibanez et al. (2015) for their OMP analysis along the Greenland-Portugal OVIDE section.

DW or LWT?7. Finally, to complete the OMP analyses of DP15-3 in the western region dominated by the NAC,
we needed to define a seventh LWT. Its averaged 6, S, and O, values were estimated by considering the
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Figure 7. (a-d) The 6/S diagrams and (e-f) O,-S diagrams of the profiles used to define the properties of the local water types (LWTs) for the Optimum
Multiparameter analysis. In each panel, the black dot indicates the position of the LWT in the diagram and the black line with a number shows the isopycnal

0o of interest. On panels a-d, the color represents dissolved oxygen concentration (umol/kg), whereas on panels ef it represents the potential temperature (°C).
(g) Position of the profiles displayed on panels a-f. Bathymetry (m) is colored in gray (the darkest shade indicates the shallowest areas). The gray line shows the,
3500-m isobath. IW (LWT2) in 2015 (a) is defined from Cycle 1 of DP15-1 (orange dots on panel g), Cycle 1 of DP15-2 (red dots on panel g), and Cycles 1-3 and 5 of
DP15-3 (blue dots on panel g). In 2017, IW (b) is defined from Cycles 4, 8, 10, 11, and 12 of DP17-2 (cyan dots on panel g). NEADW (LWT6) in 2015 (c-e) is
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(cyan dots on panel g). IW = intermediate water; NEADW = North East Atlantic Deep Water.

oxygen minimum (<272.5 umol/ kg) sampled by the float during Cycles 23, 24, 34, 53, 58, and 63 (Figures 5
and 6). This oxygen minimum, detected along isopycnal 27.79 oy, is associated with salinity ranging from
34.93 to 34.94 (Figure 6). This water mass corresponds to the North West Atlantic Deep Water identified
by Harvey and Arhan (1988) on the western side of the Mid-Atlantic Ridge during the TOPOGULF
experiment. To avoid confusion with NEADW, we use the term of Deep Water (DW) hereinafter.

To summarize, we defined five LWTs (ISOW, IW, LSW, NEADW, and DSOWi) to explain the evolution of 6,
S, and O, properties of deep water masses measured by the five Deep-Arvor floats in the CGFZ and beyond,
and two additional LWTs (DW and DSOW) for the region dominated by the NAC that was only sampled
by DP15-3.
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3.3. Composition of Deep Flow in the CGFZ

This section focuses on the OMP results in the CGFZ area, which is to say is between 38°W and 34.5°W
(Figure 2), and on 0, = 37.03 kg/ m?, the density level where ISOW core was detected during the float deploy-
ment period (section 3.2; Figures 3 and 5). Note that OMP results provide information about the relative pro-
portion of two or three LWTs explaining 6, S, O, properties observed on a given density level but not on the
volume of each water mass. We used OMP results to investigate whether ISOW mixes with other water
masses while flowing within CGFZ, particularly when the NAC moves northward above the CGFZ.
Indeed, Bower and Furey (2017) showed that the strong interaction between the NAC and ISOW flows in
the CGFZ did not change the 8-S properties of ISOW. Oxygen acquisition by our deep floats allowed us to
test whether this hypothesis also holds for biogeochemical properties.

To investigate the NAC influence on water mass transport at the ISOW level, we built on the result from
Bower and von Appen (2008) according to which the westward ISOW deep flow is disrupted by deep reach-
ing velocities of the NAC when its eastward surface velocity exceeds 15 cm/ s. In this context, we analyzed
the water mass composition on the 37.03 o, isopycnal as a function of the float position and that of the
NAC with surface velocities higher than 15 cm/ s. Note that in the following the NAC refers to meanders
and eddies belonging to the whole NAC system that were observed at or near the CGFZ with surface veloci-
ties higher than 15 cm/ s.

OMP results and surface velocities were thus averaged over given periods characterized by specific positions
of the NAC with respect to the CGFZ (Figures 8-10). Corresponding 6, S, and O, residuals are shown in
Figure S6.

The expected case is that for which water mass properties on the 37.03 o, isopycnal are mainly explained by
those of ISOW. Such a situation was observed in the first month after float deployment in 2015 and 2017
(Figure 8). Mean OMP results show that 6-S-O, properties measured at 37.03 g, by the floats result from a
mixing of 85 + 10% (88 + 6%) ISOW, 13 + 10% (7 = 8%) NEADW, and 1 + 1% (2 + 3%) LSW in 2015
(2017). At that time, all floats moved westward in the northern valley of the CGFZ and the surface eastward
currents were weak enough not to influence the deep westward flow or the trajectory of the floats very much
(Figures 2 and 8, left). ISOW was also identified as the major water mass explaining properties observed on
the 37.03 o, isopycnal when DP15-2 came back to the northern valley of the CGFZ six months after its
deployment (Cycles 19-20 near 36°W, OMP results not shown; see Figure 2). During all those periods, the
floats were located in the northern valley of CGFZ and the NAC was located above the southern valley of
the CGFZ, that is, south of the float position (Figure 8, left).

Apart from this case, where ISOW contributed more than 85%, a range of various other configurations
was also observed with a larger proportion of NEADW (Figures 9 and 10). The data suggest that the
NEADW contribution increases south of the northern valley or when the NAC moves northward. For
instance, with a similar position of the NAC above the southern valley of the CGFZ as in the expected
case, the relative proportion of NEADW increased to 40% or even 70% when the floats were located either
in between the two valleys (Figure 9, top) or in the southern valley (Figures 9 and 10, bottom). Note that
in those configurations, either the deep float moved westward in the opposite direction to the upper cur-
rent (Figure 9, top) or the float was stopped or moved eastward underneath the NAC. On the contrary,
with a similar float position in the northern valley as in the expected case (Figure 10, top and middle),
the relative contribution of NEADW increased to about 50% when a NAC meander or eddy reached the
northern valley (see meander at 37°W in Figure 10, top; or eddy located at 38.9°W and 53.5°N on
Figure 10, middle).

Finally, the OMP results show that the two main water masses that contributed to the 6-S-O, properties on
the 37.03 o, isopycnal in the CGFZ were ISOW and NEADW (Figures 8-10). The situations sampled by the
floats show that the relative contribution of ISOW (NEADW) varied between about 15% and 90% (10% and
85%) and that the third contributing water mass was LSW (less than 10%). They suggest that ISOW was pre-
vailing (more than 85%) in the deep westward flow in the northern valley of CGFZ when the NAC was south
of this valley. The NEADW contribution was quantified to more than 40% in between the two valleys of the
CGFZ, in the southern valley, and in the northern valley of CGFZ when a NAC meander or eddy was
located there.
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Figure 8. (left panels) Satellite-derived surface velocities (arrows) from AVISO (daily resolution, %4°) averaged (top)
from 3 July to 11 August 2015 and (bottom) from 9 to 30 August 2017. Red (blue) arrows are for surface velocity higher
(lower) than 15 cm/s, the hypothetical threshold for which the westward ISOW deep flow is disrupted by deep-reaching
velocities of the North Atlantic Current. Bathymetry (m) is colored in gray (the darkest shade indicates the shallowest
areas). The gray line shows the 3,500-m isobath. The northern and the southern valleys of the Charlie-Gibbs Fracture Zone
are identified with their initial letters (NV and SV). Yellow dots show the locations of profiles measured during each
period; the black dots represents the starting point of float displacements. (right panels) Results of the Optimum
Multiparameter analysis on the 37.03 o, isopycnal averaged for the profiles displayed on the left panels (yellow dots).
NEADW = North East Atlantic Deep Water; IW = Intermediate Water; LSW = Labrador Sea Water;

ISOW = Iceland-Scotland Overflow Water.

3.4. Westward Advection of the Deep Flow From the CGFZ

This section discusses the fate of the deep vein that carries ISOW and NEADW westward in the CGFZ. We
selected OMP results for which the deep floats obviously headed west in and beyond the northern and the
southern valley of the CGFZ. Indeed, the comparison between the float trajectories and the surface currents
(Figures 8-10) shows that in some cases the surface currents influenced the float trajectories either during
their ascent and descent or because the NAC was sufficiently intense (that is when its eastward surface velo-
cities exceeded 15 cm/ s) to disrupt or reverse the deep westward flow (Figure 10). For the northern valley, we
considered the four deep floats that collected oxygen data and retained all the profiles made over their first
cycles between their launch position and 37.5°N (Table 3; section 3.1; Figures 2b and 2c). Beyond 37.5°N, we
selected the profiles measured by DP15-3 up to Newfoundland Basin (up to Cycle 19) except Cycle 13 when
the float deviated southward (Figure 2). The similar direction between the surface velocities and the float tra-
jectory suggests an influence of a NAC meander on the trajectory of DP15-3, which could have been
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Figure 9. Same as Figure 8, but for the period between 20 November and 19 December 2015 (top panels) and the period
between 29 December 2017 and 17 January 2018 (bottom panels).

temporarily deviated from the ISOW layer (Figure S7, top). For the southern valley and west of 38°W, we
used all profiles with an evident westward displacement from DP17-2 (Table 3 and Figures 2a and 2c).
Other cycles of DP17-2 acquired in the southern valley were not retained for this section because the
surface velocities suggest an influence of the NAC on the float trajectory here as well (Figure S7, middle).
It is important to note that all profiles selected in the CGFZ were positioned north of the NAC (see, e.g.,
Figures 8 and S8).

We considered the density range 37.01-37.05 0,, which encompasses the ISOW core level (37.03 o,; Figure 5)
investigated in section 3.3. For conciseness, we (i) added the fraction of ISOW to that of NEADW, (ii) selected
OMP results obtained for each density level between 37.01 o, and 37.05 o,, and (iii) averaged the selected
OMP results for six regions (R1 to R6; Figure 11) and estimated the uncertainties as the standard deviation
of the OMP results in each of these regions. Profiles used for each of the six regions and 6, S, and O, errors
are reported in Table 3. The fraction of ISOW explaining properties between 37.01 o, and 37.05 o, was never-
theless provided for the CGFZ area (R1-R3) to echo section 3.3.

In the northern and southern valleys of the CGFZ, the relative contribution of the ISOW-NEADW to the
properties of the deep vein flowing westward was 89% (Figure 11). This relative contribution was dominated
by ISOW, whose intensity was greater in the northern than in the southern valley.

The intensity of the relative contribution of the ISOW-NEADW signal decreased while spreading westward
due to mixing with the shallower LSW and deeper DSOWi (Figure 11). At the exit of the CGFZ (R3, 40°W),
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Figure 10. Same as Figure 8 but for the period between 29 January to 27 February 2016 (top panels), the period between 23
July and 21 August 2015 (middle panels), and the period between 11 September and 30 October 2015 (bottom panels).

properties in the ISOW layer were explained by those of ISOW-NEADW at 87 + 5% in the northern valley
and 70 + 15% in the southern valley, which suggests that mixing with LSW and DSOWi was more intense
in the southern valley. This could be explained by the proximity of the subpolar branch of the NAC that
carries LSW eastward and by the recirculation of DSOW in the interior basin (Figure 9.15 in Talley et al.,
2011). This westward dilution of the ISOW-NEADW signal is seen on the salinity sections from DP15-3
(Figure 5) and DP17-2 (Figure 4).
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Table 3
RMS of the Residuals of the OMP Results Obtained Between 37.01 g, and 37.05 o, for Six Regions Along the Westward Path of the Deep-Argo Floats
Region CGFZ  Float cycles @error (°C)  Serror O, error (umol/kg)
R1 (35 to 36°W) NV DP15-3 Cycle 1 to 2; DP15-1 Cycle 1; DP15-2 Cycle 1; DP17-2 cy. 2 to 3 0.003 0.004 0.2
N DP17-2 Cycle 13 to 14 0.005 0.002 0.5
R2 (36.5 to 38°W) NV DP15-3 Cycle 3 to 4; DP15-1 Cycle 2 to 3; DP15-2 Cycle 2 to 3 0.002 0.001 0.4
NY% DP17-2 Cycles 15 and 18 0.006 0.002 1.7
R3 (38 to 40°W) NV DP15-3 Cycle 6 to 9 0.002 0.001 0.7
N DP17-2 Cycles 22 and 29 to 31 0.003 0.002 0.9
R4 (40 to 43°W) DP15-3 Cycles 10 to 12 and 14 0.004 0.003 0.8
R5 (43 to 46°W, >50°N) DP15-3 Cycle 15 to 17 0.000 0.003 0.7
R6 (43 to 46°W, <50°N) DP15-3 Cycle 19 0.001 0.008 14

Note. RMS = root-mean-square; OMP = Optimum Multiparameter; NV = northern valley; SV = southern valley.

Finally, OMP results along DP15-3 show that the relative contribution of ISOW-NEADW observed in the
northern valley of the CGFZ is detectable up to the Newfoundland Basin. At 52°N to 46°W, properties of
the deep vein were still mainly explained by ISOW-NEADW (65 + 12%). The remainder was a mixture, with
about the same proportions of DSOWi (18 + 12%) and LSW (17 + 4%). DP15-3 then reached the DWBC at R6
(near 49°N). There, properties of the deep vein resulted from mixing between DSOW (43 + 7%), ISOW-
NEADW (39 +4%), and LSW (18 + 3%). Analysis of the surface dynamic conditions over Cycles 15-17 reveals
large meanders and eddies in the area of the northwest corner of the NAC (44-46°W, 50-53°N; Figure 1),
with surface velocities in the same direction as float displacements (Figure S7, bottom). These structures

56°N

ISOW+NEADW
DSOW

DSOWi

48°W 44°W 40°W 36°W 32°w

Figure 11. Westward evolution of the ISOW-NEADW signal from the CGFZ to the Deep Western Boundary Current. Bar
plots with error bars show Optimum Multiparameter results averaged between 37.01 o, and 37.05 o, for six regions

(R1 to R6) with their standard deviations. Dashed bar plots in the northern (NV) and southern (SV) valleys of the CGFZ
representing the ISOW proportion of the deep vein. Corresponding profiles are given in Table 3 and indicated on the
map with alternating colors to differentiate the regions: black for regions R1, R3, and R5 and orange for regions R2, R4, and
R6. Profiles measured in the northern (southern) valley of the CGFZ are represented with a triangle (square).

ISOW = Iceland-Scotland Overflow Water; DSOW = Denmark Strait Overflow Water; DSOWi = interior DSOW;

DW = deep water; LSW = Labrador Sea Water; IW = Intermediate Water; NEADW = North East Atlantic Deep Water;

CGFZ = Charlie-Gibbs Fracture Zone.
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from the NAC probably contributed to the westward evolution of the ISOW-NEADW signal toward the
DWBC. The high float displacement speed estimated over these periods (above 20 cm/ s) supports this
hypothesis.

4. Discussion and Conclusion

During summers 2015 and 2017, five Deep-Argo floats were deployed in the northern valley of the CGFZ to
drift at 2,750 dbar in the ISOW layer. As expected, the floats were first carried westward in the CGFZ by the
westward flow of the ISOW layer in opposite direction to the upper current. Although they generally moved
westward during their stay in the CGFZ, the float displacement was perturbed between 36°W and 38°W
where some floats moved northward, southward or recirculated eastward. The two floats that recirculated
eastward drifted either in the southern or northern valley. They went back westward after few cycles without
going east of 34.5°W. Two floats eventually turned northward toward the Irminger basin in agreement with
the known ISOW pathway but premature float death prevented further investigations. Finally, two floats
(DP15-3 and DP17-2) made measurements beyond the CGFZ, and one of them reached the Newfoundland
basin and drifted in the area dominated by the NAC.

The analysis of surface dynamic conditions derived from AVISO maps suggests that the pathway fol-
lowed by a float in the CGFZ depends on whether or not northward intrusions of the eastward flowing
NAC with deep-reaching velocities are present over the valleys of the CGFZ. One clear example is when
a float drifted eastward in the southern valley of the CGFZ below the NAC (Figure 10, bottom). One can
also note that two eddies coming from the NAC were present downstream of the initial westward tra-
jectory of the deep floats: the first eddy was centered at 39°W to 53.5°N in July 2015 and the second
at 37.5°W to 52.5°N in August 2017 (Figure 8, left). The presence of those eddies with potentially deep
reaching velocities might explain changes in the direction of the float trajectories observed between 36°
W and 38°W one month after their deployments (Figure 2 and section 3.1).

One float revealed a direct route for ISOW from the CGFZ toward the DWBC at Flemish Cap. The westward
spreading of the deep vein between the CGFZ and Flemish cap was initially suggested from hydrographic
sections (McCartney, 1992; Smethie & Fine, 2001; Stramma et al., 2004) but had never been sampled directly.
It was also simulated by the eddy-resolving (1/12°) Atlantic simulations from Xu et al. (2010). Moreover,
those authors pointed out that the westward pathway probably followed a route along the 3,500-m isobath,
which is consistent with the float path seen in Figure 2. Beyond the CGFZ, this study showed that the west-
ward flow of the ISOW layer from the CGFZ was advected by the NAC meandering close to the northwest
corner to the DWBC north of Flemish Cap. This is in line with the southern increase in salinity observed
along the Newfoundland coast by McCartney (1992), Smethie and Fine (2001), and Stramma et al. (2004).
While the numerical model of Xu et al. (2010) showed that the westward route finally turned north between
46°W and 48°W to reach the DWBC south of the Cape Farewell, it highlighted a deep circulation dominated
by eddies close to the northwest corner area in agreement with our observations. At Flemish Cap, our float
was captured by the NAC and returned to the CGFZ with a chaotic trajectory (Figure 2). Finally, the differ-
entiation between this westward route and the northward ISOW route toward the Irminger basin occurs
west of 36°W in the numerical model of Xu et al. (2010). Although we have not been able to investigate this
northward ISOW route in the present study, changes in the float trajectory that occur between 36°W and 38°
W are consistent with the results of Xu et al. (2010).

Oxygen data acquired by the floats in the CGFZ revealed that the ISOW layer, characterized by salinity
higher than 34.94 and density greater than 27.80 kg/ m> (Saunders, 1996), was mainly composed of the
highly oxygenated ISOW and less oxygenated NEADW. Based on an OMP analysis, we showed varying rela-
tive contributions of the two water masses in the ISOW layer in the CGFZ. ISOW was generally dominant in
the northern valley, but its contribution decreased when eddies or meanders of the NAC with deep-reaching
velocities were present there. Although NEADW was detected in both valleys, its contribution compared
with that of ISOW was larger in the southern valley than in the northern valley (Figures 8-11), probably
because less ISOW goes that way. Only a volumetric analysis would allow a conclusion to be made on this.
All of these results support the hypothesis that northward intrusions of the NAC into the CGFZ reduce the
latitudinal extension of ISOW and favor its mixing with NEADW. Like ISOW, NEADW is defined by salinity
higher than 34.94 below 27.80 o, in the CGFZ (Table 2 and Figures 6 and 7), which means that
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discrimination between the two water masses is possible with oxygen measurements (and with other biogeo-
chemical tracers such as silicate measurements; van Aken, 2000). As oxygen was not measured by Bower and
Furey (2017), they could not observe the signature of NEADW with their moorings in the CGFZ, in particular
during strong interaction between the NAC and the deep westward flow.

OMP results showed that the ISOW-NEADW signal flowing westward from the CGFZ toward the DWBC
was progressively diluted by LSW and DSOW. LSW and DSOW are two water masses carried from the wes-
tern basin to the CGFZ by the subpolar branch of the NAC system. These results suggest that the mixing
between ISOW, LSW, and DSOW in the western basin is a potential source of the NEADW. This complex
water mass (NEADW-ISOW-LSW-DSOW) probably returns to the eastern basin within the NAC system,
as suggested in the deep circulation scheme of Daniault et al. (2016). An oxygenated NEADW might suggest
a westward origin whereas a low oxygenated NEADW would come from the eastern basin. More data,
including O, measurements, from moorings, ships, or autonomous platforms would be necessary to refine
the complex relationships between these four water masses and to better understand mechanisms involved
in the interactions with the NAC.

Regular acquisition of oxygen measurement is now essential to better understand the oceanic response to
global warming. O, is classically used to investigate key physical processes such as air-sea interactions
(Maze et al., 2012), deep-convection (Piron et al., 2017) and ventilation, deep circulation, and water mass
mixing (this study). O, measurements are also necessary to improve estimates of the oceanic uptake of
anthropogenic CO,, to monitor the impact of global warming on global oceanic oxygen content
(Schmidtko et al., 2017) or to investigate decadal to seasonal changes in net community and export produc-
tion (Gruber et al., 2010). There is thus a strong effort in the scientific community to set up and maintain a
long term observing systems that will produce a homogeneous and validated O, data set.
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