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Key Points:
· Advection timescales of the Deep Western Boundary Current are inferred from Labrador Sea Water convective minima in the North Atlantic.
· The two Labrador Sea Water classes examined are observed to advect on different timescales, likely due to varying advective pathways.
· An alternative interior-advective pathway observed as a bifurcation in the Deep Western Boundary Current advecting water to the interior.

Abstract
The Subpolar North Atlantic plays a critical role in the formation of the deep water masses that drive the Atlantic Meridional Overturning Circulation (AMOC). Labrador Sea Water (LSW) is formed in the Labrador Sea and exported predominantly via the Deep Western Boundary Current (DWBC). The DWBC is an essential component of the AMOC advecting deep waters southward, flowing at depth along the continental slope of the western Atlantic. Hydrographic observations in the Labrador Sea over the past five decades have revealed considerable changes in the temperature, salinity, and density of LSW through extreme wintertime convective and freshening events. By combining sustained hydrographic observations from the Labrador Sea, Line W, Bermuda basin, and offshore of Abaco Island along 26.5°N, we investigate the signal propagation and advective timescales of LSW via the DWBC from its source region to the Tropical Atlantic through various approaches using robust neutral density classifications. Two individually-defined LSW classes are observed to advect on timescales that support new plausible hydrographically-observed advective pathways. We find both LSW classes to advect at different rates, and also observe LSW in the Bermuda basin just prior to or on the same timescale as at 26.5°N on the order of 10-15 years, validating a hypothesized alternative-interior advection pathway branching from the DWBC. Using LSW convective signals as advective tracers along the DWBC permit the estimation of advective timescales from the subpolar to the tropical latitudes, illuminating deep water advection pathways across the North Atlantic and the lower-limb of AMOC as a whole. 

Plain Language Summary
The Deep Western Boundary Current (DWBC) exports deep waters formed in the Subpolar North Atlantic equatorward, serving a primary role in the lower-limb of Atlantic Meridional Overturning Circulation. We focus here on Labrador Sea Water (LSW), a watermass produced by convective events within the Subpolar North Atlantic region. The convectively-formed LSW masses are imprinted with distinctive temperature, salinity, and density properties which can be used as advective tracers to follow the export of these watermasses along their equatorward journey via the DWBC at depth along the North American continental slope. By combining sustained hydrographic observations from four timeseries within the Subpolar North Atlantic, along the assumed DWBC pathway, and in the Central Atlantic, we investigate the spread and advective timescales of LSW exported by the DWBC. We find different LSW masses to reach the same location on different timescales, and observe LSW in the Central Atlantic just prior to or on the same timescale as being observed in the Tropical Atlantic, indicating that an alternative-advective interior pathway branching from the DWBC is likely to exist. Estimating advective timescales and pathways of the DWBC using LSW aid in the current understanding and future prediction of overturning circulation in the Atlantic Ocean. 

1 Introduction
As the Earth gains and loses heat at low and high latitudes, respectively, the large-scale ocean and atmosphere circulations are characterized by a net poleward heat flux. In the North Atlantic, warm tropical waters are carried northward by a system of wind-driven near-surface currents, dominated by the Gulf Stream and North Atlantic Current. Upon losing heat en route, these waters become denser and sink in the Subpolar North Atlantic forming North Atlantic Deep Water (NADW) consisting of Labrador Sea Water (LSW), Iceland-Scotland Overflow Water (ISOW), and Denmark Strait Overflow Water (DSOW). These cold and dense waters are collectively exported southward at depths below 1000m, constituting the lower limb of the Atlantic Meridional Overturning Circulation (AMOC). The exact pathways and time scales of the southward spreading components of NADW are not yet fully understood.
In this study, we focus on the upper component of NADW, dominated by LSW. LSW is formed in the Labrador Sea as a product of wintertime convection. A combination of changes in air-sea heat and freshwater fluxes, local and regional wind patterns, Arctic inflow, continental run-off, advection of heat and salt by the Subpolar North Atlantic circulation, and preconditioning from prior convective events in the Labrador Sea dictate the intensity, depth, volume, and resulting classification of newly formed LSW masses (Lazier et al., 2002; Straneo 2006; Yashayaev 2007; Yashayaev et al., 2015). Many studies have cataloged the multiyear and decadal trends in the convective formation of LSW in the Labrador Sea (Lazier et al., 2002; Straneo 2006; Yashayaev 2007; Yashayaev and Loder, 2008, 2016, 2017; van Aken et al., 2011) noting extreme formation events in the late 1970s, 1980s into mid-1990s, early 2000s, and most recently in the latter half of the 2010s, each producing LSW masses identifiable through distinct cold, fresh, and high-density signatures. Preconditioning and the resulting characteristics of each developing class have been linked to large-scale changes in the Subpolar North Atlantic, such as a drastic freshening throughout all basins from the 1960s to late 1990s and recently in the 2010s (Dickson et al., 2002; Yashayaev 2007; Holliday et al., 2020) in addition to a dramatic freshwater influx in the late 2010s possibly related to accelerated melting of the Greenland ice sheet (Yashayaev et al., 2015; Dukhovskoy et al., 2019). Isopycnically-constrained thinning of each newly-formed LSW mass is evident in temperature, salinity and density space over time as witnessed through profiling floats and yearly hydrographic occupations in the Labrador Sea on both seasonal and interannual time scales (Yashayaev and Loder, 2016, 2017). A reduction in the volume of the convectively-formed LSW mass with time suggests that LSW is subsequently exported out of the basin with its void filled by warmer and saltier watermasses, likely of central and eastern Subpolar North Atlantic origin given the influence of the North Atlantic Current. LSW is observed to advect out of the Labrador Sea and spread along various known separate pathways: circulating into the Subpolar North Atlantic (Straneo et al., 2003; Yashayaev and Clarke, 2009; Yashayaev et al., 2007a, 2007b, 2015), entraining into the deep layers of the North Atlantic Current system and Central Atlantic (Straneo et al., 2003; Bower et al., 2011; Bilo and Johns, 2019), and advecting equatorward out of the Subpolar North Atlantic via the Deep Western Boundary Current (McCartney 1992; Straneo et al., 2003; Stramma et al., 2004; Bower et al., 2011; Zantopp et al., 2017; Handmann et al., 2018; Andres et al., 2018).
While multiple export pathways of LSW and NADW as a whole are possible (Schott et al., 2004; Bower et al., 2009, 2011, 2019; Gary et al., 2011, 2012; Zou and Lozier, 2016), we focus here solely on the advection of the Deep Western Boundary Current (DWBC). The DWBC is a southward flowing current along the western continental shelf of the Atlantic Ocean (Fig. 1, center) that is responsible for advecting a majority of the newly formed NADW out of the Subpolar North Atlantic. Recent efforts have assessed the variability and transport of the DWBC through use of repeat hydrography and mooring lines at various latitudes spanning the North Atlantic western continental slope (Meinen et al., 2004, 2006; Cunningham et al., 2007; Kanzow et al., 2007; Johns et al., 2008, 2011; Peña-Molino et al., 2011, 2012; Toole et al., 2011; van Sebille et al., 2011; Zantopp et al., 2017; Le Bras et al., 2017; Andres et al., 2018). These and prior efforts have showcased variability in the DWBC as a slowing or even temporary reversal in transport (Johns et al., 2008), offshore meandering away from the continental shelf (Spall, 1996a; Bower and Hunt, 2000; Bryden et al., 2005; Andres et al., 2018), theorized recirculation patterns in the North Atlantic (Spall, 1996b; Bower and Hunt, 2000; Bilo and Johns, 2019), and localized changes to the source regions of the transported NADW in the Subpolar North Atlantic (Yashayaev 2007; Yashayaev and Loder, 2016, 2017; Lozier et al., 2020; Petit et al., 2020) perhaps in correlation with the North Atlantic Oscillation (Blaker et al., 2015;  Zantopp et al., 2017).
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Figure 1. Schematic of the four hydrographic locations used in this study (center) and respective station maps: [1] averaged profiles from the central Labrador Sea derived from the WOCE/CLIVAR AR07W line, Ocean Weather Station (OWS) Bravo, and Argo at approximately 57°N; [2] WHOI Line W hydrographic line located at 39°N; [3] NOAA WBTS/26.5°N hydrographic line (hereinafter referred to as Abaco) located at 26.5°N; [4] BIOS Bermuda Atlantic Time Series (BATS) Program and Hydrostation S (hereinafter referred to as Bermuda) located at 32°N. Line W and Abaco hydrographic lines intersect the pathway of the DWBC and only stations within this throughflow are used in this study (orange and blue shaded region, respectively). The idealized, classically understood pathway of the DWBC is approximated by the solid arrow, while the hypothesized alternative advective pathway into the Central Atlantic (adapted from Bilo and Johns, 2019) is approximated by the dashed arrow. Bathymetry contours are shown in 1000m intervals.


LSW influences many regions of the North Atlantic and is easily identified through its cold, fresh, dense signature, as well as its anomalously low potential vorticity and high concentration of anthropogenic gaseous tracers such as CFCs, CO2, and dissolved oxygen (Talley and McCartney, 1982; Cunningham and Haine, 1995; Smethie et al., 2000; Fine et al., 2002; Pickart et al., 2003; Yashayaev 2007). Numerous studies have observed LSW advection through hydrographic and mooring sections along the DWBC throughout the North Atlantic, noting changes in the physical properties of LSW over time and quantifying advective timescales based on arrival and passage of the source-region convective signal. By following the progression of LSW convective signals along the DWBC, advective timescales of DWBC transport, and consequently the lower-limb of AMOC, can be estimated. 
Fine et al. (2002) suggested a 20-year advective timescale of LSW from the source region to the equator estimated via CFC tracers. Le Bras et al. (2017) found a 3-7 year advective lag on the arrival of LSW within the DWBC southeast of Cape Cod along Line W through temperature, salinity, and potential vorticity anomalies (location 2 in Figure 1). Studies assessing DWBC advection of LSW from the source region to Abaco, Bahamas (26.5°N hydrographic line; location 3 in Figure 1) estimated an advective timescale of 10 years based on salinity anomalies (Molinari et al., 1998; van Sebille et al., 2011), yet 4 years based solely on a general circulation model output (van Sebille et al., 2011). Similar efforts had previously looked at the arrival of LSW in the central Atlantic near Bermuda outside of the idealized DWBC pathway (location 4 in Figure 1) and found advective timescales of 6 years from temperature anomalies (Curry and McCartney, 1996; Curry et al., 1998). 
The previous advective assessments from Abaco documented an abrupt onset of a cold, fresh signal within the spatially-defined classical-LSW (cLSW) layer beginning in the late 1990s (Molinari et al., 1998; van Sebille et al., 2011, see their Figure 2) thought to be in connection to an extreme convective event upstream from the Labrador Sea. The duration of the Abaco time series used in previous studies was, however, not sufficient to map the full passage of the signal through this location, as recovery from this cold and fresh state was not yet observed. Presently, with an additional decade of hydrographic surveys at 26.5°N we observe for the first time the complete passage of the convective signal and the onset, or return, of warmer and saltier conditions (Figure 2, directly comparable to Figure 2 in van Sebille et al., 2011). Looking specifically along the pre-defined cLSW core isopycnal layer at 𝜎2=36.9 kg/m3 to compare with previous studies (see van Sebille et al., 2011), the cold and fresh signal is observed to appear first off the coast (<80km) of Abaco Island with an abrupt onset in 1997 followed by a rebound to ambient conditions beginning in 2015. A second cold and fresh signal is observed further offshore (>100km) spanning 2003-2014. Both signals are captured within the DWBC throughflow of the 26.5°N hydrographic line (40-140km offshore, east of Abaco Island). The complete passage of the convective signal and extended hydrographic observations at 26.5°N serve as the motivation for this study, where we must look further upstream to investigate both the source and propagation of these signals and their advective timescales in relation to the DWBC.
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Figure 2. Distance-Time diagram showing salinity (PSU, left) and potential temperature (°C, right) of the Abaco 26.5°N hydrographic section within 140km off Abaco Island along the predefined 𝜎2  = 36.9 kg/m3 isopycnal, representing the core of Classical LSW (cLSW) within the DWBC as described by van Sebille et al. (2011) (directly comparable to Figure 2 of their study). Station occupations are indicated by crosses. This study incorporates the latest decade (since 2011) of observations to the Abaco time series.


Past studies (Molinari et al., 1998; Fine et al., 2002; van Sebille et al, 2011; Toole et al., 2011; Le Bras et al., 2017) have classified and partitioned LSW in a variety of ways that challenge the fidelity of such advective time scale estimates, as differing density or depth classifications could likely result in different advective spreading outcomes. Differing defining characteristics aside, these previous definitions of LSW also tended to favor local conditions and are thus ill-suited for large-scale assessments of the watermass properties. To combat this issue, we first reclassify LSW through an all-encompassing approach in a neutral density framework, restructuring previous LSW definitions for one cohesive classification that constrains all LSW subclasses within and holds across the vast geographical North Atlantic DWBC domain from the Labrador Sea to the subtropical North Atlantic at 26.5°N. We utilize LSW vintage-class classification (ex. LSW1987-1994) structured by Yashayaev (2007), rather than solely defining LSW in static vertical layers such as the upper-LSW (uLSW), classical-LSW (cLSW), and deep-LSW (dLSW) classifications commonly used in models and previous assessments of LSW (e.g. Molinari et al., 1998; van Sebille et al, 2011; Toole et al., 2011; Le Bras et al., 2017; Bilo and Johns, 2019). We then assess the advection of LSW using a compilation of updated hydrographic time series along the Western North Atlantic and incorporate hydrographic data from the Bermuda basin in the Central Atlantic as a counter-location outside of the classically understood DWBC advective pathway along the North American continental shelf (Figure 1). Recent studies have showcased recirculation of LSW into the Central Atlantic (see Bilo and Johns, 2019), and others have debated whether a bifurcation in DWBC advection exists in the Gulf Stream-DWBC crossover region near Cape Hatteras advecting LSW both into the Atlantic interior as well as equatorward along the continental slope (Spall, 1996a,1996b; Bower and Hunt, 2000a, 2000b; Andres et al., 2018). These hypothesized and proposed recirculation pathways have the potential to alter or delay advective timescales of LSW and subsequent NADW. 
Improved estimates of the advective pathways and timescales of NADW are critical to better understand the role of the AMOC in the climate system. Here, by using hydrographic observations at several locations we seek to observe the propagating LSW convective signal and to estimate advective timescales of the DWBC in the North Atlantic. In addition, through the assessment of advective timescales at each hydrographic location, we aim to gain insight into DWBC advective pathways.

2 Data and Methods
2.1. Hydrographic Data

The propagation of LSW in the North Atlantic is assessed by compiling data from sustained repeat hydrographic surveys in the following four geographic locations (Figure 1): the Labrador Sea (WOCE line AR07W, Ocean Weather Station Bravo, and Argo), off the south-east coast of Cape Cod at 39°N (WHOI Line W time series program, hereinafter referred to as Line W), the Bermuda basin at 32°N (BIOS Bermuda Atlantic Time Series and Hydrostation S programs), and off the east coast of Abaco, Bahamas at 26.5°N (NOAA Western Boundary Time Series program, hereinafter referred to as Abaco). Full-depth hydrographic observations in the Labrador Sea serve as the source region dataset for this study, highlighting the unique convective events characteristic to the region, while Line W and Abaco serve as LSW observation checkpoints along the DWBC. The Bermuda basin serves as a counter location outside of the classically-understood advective pathway of the DWBC, allowing for investigation of the hypothesized alternative-advective pathway. 
A collection of historical data, sustained hydrographic occupations of the trans-basin WOCE/CLIVAR AR07W line, and Argo profiling floats comprise the Labrador Sea dataset presented in this study, consisting of five decades made current up to the year 2020 (Yashayaev and Loder, 2016; 2017). Yearly occupations of the AR07W hydrographic line have been led by the Bedford Institute of Oceanography (BIO) of Fisheries and Oceans Canada since 1990 continuing into present day with data gaps spanning 1978-1981. Prior to 1990, data is supplemented with the US Coast Guard’s Ocean Weather Station Bravo timeseries (1964-1974), BIO surveys (1977-1988), and from international surveying partnerships and data centers (Lazier, 1980; Yashayaev, 2007; Kieke and Yashayaev, 2015). Annually-averaged vertical profiles of temperature and salinity are constructed for the central Labrador Sea (see methods in Yashayaev (2007) and Yashayaev and Loder (2016)), used here in this study spanning the years 1970-2020.
Hydrographic data along the Line W transect (39°N) serve as the first observational checkpoint along the DWBC. The Line W hydrographic field program led by Woods Hole Oceanographic Institution (WHOI) was active during the years 1994-2014, supporting repeat hydrographic missions and an installation of six moorings perpendicular to the continental slope off Cape Cod stretching into the Gulf Stream capturing the throughflow of the DWBC along the slope (Toole et al., 2011). A standard cruise track was repeated approximately every year, in some cases twice per year, sampling shelf waters and down the slope into the Gulf Stream. A gap in data collection occured between the years 1998-2001. 
Hydrographic data along the Abaco transect serve as the second observational checkpoint along the DWBC. The transect runs along 26.5°N due east off the coast of Abaco Island, Bahamas with full-depth CTD casts at stations located between -76.9°W and -69°W. The Abaco transect has been surveyed since 1985 to present day as part of the NOAA Western Boundary Time Series (WBTS) project, the University of Miami Rosenstiel School of Marine and Atmospheric Science’s Meridional Overturning Circulation and Heat-flux Array (MOCHA) project, and the National Oceanographic Centre’s (UK) RAPID program. A multi-year collaboration between these projects has been the backbone of sustained monitoring of the strength of the AMOC at 26.5°N through repeat hydrographic surveys and mooring installations. Data presented in this study range from the beginning of collection in 1985 to 2021, with a gap in data collection occurring between the years 1998-2001. 
Hydrographic data from the Hydrostation S and Bermuda Atlantic Time Series (BATS) programs are used to investigative the plausible advective spread of LSW outside of the perceived DWBC pathway and into the central Atlantic basin near Bermuda. The Bermuda Institute of Oceanography Hydrostation S deep-water research mooring located 22km southeast of Bermuda began collection in 1954 with full-depth (>3000m) bi-weekly sampling, followed by the expansion into the BATS program beginning in 1988 conducting monthly deep hydrographic surveys in the Bermuda basin, located 88km southeast of the Bermuda coast. The Bermuda basin dataset presented in this study reflects a cumulated collection of Hydrostation S and BATS hydrographic CTD data spanning the years 1989-2019.

2.2. Data Processing

Hydrographic CTD data from the Labrador Sea, Line W, Bermuda, and Abaco timeseries programs were pre-processed, calibrated and quality controlled via the methods described in Yashayaev (2007) and Yashayaev and Loder (2009, 2016), Toole et al. (2011), BATS methods (1997), and Hooper et al. (2020), respectively. 
Hydrographic data at Line W and Abaco locations are geographically constrained to isolate the stations within the DWBC throughflow (Figure 1), as identified by Line W mooring data showcasing enhanced velocity and net southward transport in Toole et al. (2011), and similarly for Abaco showcased by mooring data (Johns et al., 2008, 2011; Bilo and Johns, 2020) and through previous studies (Molinari et al., 1998; van Sebille et al., 2011). Line W station data are constrained to the geographical limits of 39.600°N, -69.718°W and 38.073°N, -68.667°W along each transect, representing the first and last moorings within this throughflow (w1-w5, Toole et al., 2011). The DWBC throughflow is observed within an approximated 100km range off the coast of Abaco along 26.5°N (Molinari et al., 1992; 1998; Johns et al., 2008, 2011; Bilo and Johns, 2020), and similarly to Line W, station data at Abaco are constrained to the geographical limits of -76.9°W and -75.5°W along 26.5°N. All outlying station data outside of the Line W and Abaco transect geographical constraints are omitted from analysis. 
A secondary round of processing and quality control is then performed to limit short-term (< 1 year) variability within datasets. All profiles of potential temperature, salinity, and density are individually screened in pressure space for viability both within the surrounding stations of the transect occupation and to neighboring occupations in years prior and following; this threshold is dictated as the 2-standard deviation cutoff from the mean profile of each occupation, representing the 95% confidence interval. Profiles exceeding the threshold or displaying evidence of Gulf Stream, eddy, or Subtropical Gyre intrusion, for example, through evidence of significant potential temperature, salinity, and potential vorticity change and/or sloping of isopycnals along defined hydrographic sections are omitted from analysis. To reduce the influence of surrounding warmer and saltier watermasses on the LSW signal, such as Mediterranean Overflow Water (MOW), average potential temperature and salinity values over a wide-spread intermediate depth layer are computed for each station across all datasets downstream of the Labrador Sea. Stations within the defined layer that exceed the designated maximum cutoffs atop of the 25th percentile of values are excluded from analysis (layer average bounds, maximum potential temperature cutoff, and maximum salinity cutoff for Line W were 700-2300m, >4°C, >34.975 respectively; cutoffs for Bermuda were 1500-2300m, >4.1°C, >35.02; cutoffs for Abaco were 1100-2500m, >4.3°C, >35.01). The percentage of omitted stations from both phases of secondary cleaning total 13% for the Line W dataset, 47% for the Bermuda dataset, and 11% for the Abaco dataset. 
Full-depth profiles and hydrographic sections are aligned to a constant pressure grid and zonally averaged for each occupation (Line W, Abaco) or each year (Labrador Sea, Bermuda basin). Line W and Abaco sections are zonally averaged using a distance-weighted averaging scheme due to the spatial variability in transect sampling, where individual stations are weighted by the relative distance covered over the constrained transect length. For all locations, salinity is reported in practical salinity units (PSU), temperature (T90 scale) is converted to potential temperature referenced to the surface, and potential vorticity is calculated and smoothed with a locally weighted scatterplot smoothing (LOWESS) method. Analyses in the forthcoming sections 3.2, 3.3, and 3.4 utilize datasets that are monthly-interpolated and the original data gaps are maintained. 

[bookmark: _wsty8wy2voyr]2.3. Defining Labrador Sea Water

Previous studies have defined LSW in a variety ways: in depth space (Fine and Molinari, 2002), potential density referenced to the surface (𝜎𝜽 ; Kieke et al., 2006; Rhein et al., 2007; Yashayaev 2007), 1000m (𝜎1 ; Yashayaev 2007), 1500m (𝜎1.5 ; Molinari et al., 1998), and 2000m (𝜎2 ; Yashayaev 2007; van Sebille et al., 2011), and also in neutral density space (𝛾n ; Hall et al., 2004; Toole et al., 2011; Le Bras et al., 2017). LSW has historically been classified in static-spatial layer classifications, such as classical-LSW (cLSW), upper-LSW (uLSW), and deep-LSW (dLSW) (Molinari et al., 1998; van Sebille et al., 2011; Toole et al., 2011; Le Bras et al., 2017), as well as individually through volumetric vintage-class classification (Yashayaev, 2007). 
While several classifications exist, each pertain to different eras of data observed and are subject to observer bias. We find these previous definitions to not hold across the geographic locations considered herein. Specifically, the previous classifications fail to constrain all LSW classes where important convective signals are often overlooked in analyses due to the boundaries imposed (showcased in Figure 3), rendering joint ramifications in the case of LSW advection and large-scale AMOC modeling efforts. It is also important to note that while these static-spatial layers define a layer to be ‘LSW’, the layer may not contain LSW for the entire duration of time, as LSW is produced in convective bursts and advects in patches rather than as a continuous mass. Consequently, over time, the defined layer may contain only patches of LSW surrounded by ambient surrounding water masses.
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Figure 3. Comparative potential temperature-salinity diagrams with density (neutral and sigma-2, kg/m3) contours of profiles from all four hydrographic locations showcasing various density classifications: (a) neutral density LSW definitions of Toole et al. (2011) defined in uLSW and cLSW layers, (b) neutral density LSW definitions of Le Bras et al. (2017) defined in uLSW and dLSW layers, (c) sigma-2 LSW density definitions of van Sebille et al. (2011) defined in uLSW and cLSW layers, and (d) the proposed neutral density layer definitions of this study across all four locations. Uniform neutral density layer definitions proposed in this study (d) are highlighted by the thick black contours: Intermediate (shaded region, 𝛾n = 27.87 – 28.01), Deep (𝛾n = 28.01 – 28.10), and Abyssal (𝛾n > 28.10) layers, where the shaded Intermediate layer constrains all LSW classes characterized within the Labrador Sea time series across all locations. For all panels, Labrador Sea profiles are restricted to >300m and years 1970-2021, Line W profiles span years 1994-2014, Bermuda profiles span years 1988-2019, and Abaco profiles span years 1985-2021. 


Taking into consideration the varying nature of LSW formation and properties (e.g., Yashayaev and Loder, 2016, 2017) and improving on the challenges imposed by the previous defining conventions, we introduce a modified reclassification through an all-encompassing approach in a neutral density framework, restructuring previous LSW-layer definitions for a cohesive classification that holds across the vast geographical North Atlantic DWBC domain from the Labrador Sea to 26.5°N. We first subdivide advected NADW into three layers: Intermediate, Deep, and Abyssal, as defined by neutral density (𝛾n , kg/m3) constraints that are consistent among all four geographic locations (Figure 3). Neutral density serves as the ideal isopycnal metric to identify LSW across the vast geographical range presented in this study due to the reliance on geographic position factored into its derivation (Jackett and McDougall, 1997). We assume advection along lines of constant neutral density, with little to no diapycnal mixing. However, we find a -0.015 kg/m3 neutral density shift observed through isolated LSW cores evident at all hydrographic locations outside of the source region (explained in results). Therefore, a +0.015 kg/m3 neutral density offset is applied to the Line W, Bermuda, and Abaco datasets to limit the impact of diapycnal mixing. 
These constant neutral density isopycnals summarize the ranges of NADW water masses advected out of the Subpolar North Atlantic via the DWBC. The intermediate layer, defined as 𝛾n = 27.87 – 28.01, constrains the vast range of LSW classes formed in the Labrador Sea over the past five decades, both locally in the source region as well as at the downstream locations. This range is supported by the minimum in potential vorticity and the potential temperature and salinity minima characteristic to each LSW convective event (Figures 4, 5, 6). The deep layer is defined as 𝛾n = 28.01 – 28.10, constraining ISOW masses, and the abyssal layer is defined as 𝛾n > 28.10, constraining DSOW and other dense bottom waters. The defined intermediate layer serves as the primary subset of data presented in this study, as all LSW classes – LSW1976, LSW1987-1994, LSW2000-2003, LSW2012-2016 (Yashayaev 2007; Yashayaev and Loder, 2017) – can be distinguished and identified based on their unique convective isopycnal imprints within these isopycnal bounds. These definitions, although fixed for the period of study, may need to be revised with time as new LSW classes are formed and new observations are collected.

3 Results
3.1. Evolution of LSW observed via the DWBC

Convective events in the Labrador Sea in the late 1970s, 1980s to late 1990s, early 2000s, and most recently in the mid-2010s produced LSW classes distinguishable by anomalously cold, fresh, and dense water (Figure 4; Yashayaev 2007; Yashayaev and Loder, 2016). In the Labrador Sea, the LSW1987-1994 convective signal dominates the intermediate layer with the most significant temperature and salinity change in the historical record, with minima in 1994 stretching 2300m deep (isopycnal level of 𝛾n = 27.99) at 2.7°C and 34.83, an approximate -0.5°C and -0.1 shift from normal, post-convective conditions. This convective imprint has been subsequently exported out of the basin, observed as both recirculating back into the Subpolar North Atlantic (Yashayaev et al., 2007a, 2007b) as well as advecting southward into the Atlantic via the DWBC. The signatures of LSW associated with this convective signal are identifiable in all three Atlantic datasets through a minimum in potential vorticity, and anomalous minima in potential temperature and salinity (Figures 5, 6, 7). The following convective event, LSW2000-2003, reached depths of 1500m (isopycnal level of 𝛾n = 27.90) with minima in 2000 of 3.15 °C and 34.82, rendering it warmer, slightly fresher, and less dense than its more intense predecessor. 
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Figure 4. Annual isopycnic averages of full-depth potential temperature and salinity profiles in the central region of the Labrador Sea defined by Yashayaev and Loder (2016). Convective events are evident in the late 1970s, mid-1980s to 1990s, early 2000s, and mid-2010s to present by the convective imprints of a decrease in temperature and freshening. Contour lines indicate the NADW layer definitions of this study: Intermediate (top, 𝛾n = 27.87 - 28.01); Deep (mid, 𝛾n = 28.01 - 28.10); Abyssal (bottom, 𝛾n > 28.10). Yearly averaged profiles are marked by the black triangles.


As LSW spreads equatorward following the DWBC and/or other possible pathways it thins out and mixes with other water masses, including previously formed recirculating LSW classes. This makes a direct identification of the potential temperature and salinity signals of these specific LSW classes at remote locations downstream often challenging. It should be noted that while we follow the advection of LSW along constant isopycnals, an increase in the potential temperature and salinity of the identified LSW classes (Section 3.3, Table 1) and the intermediate layer entirely (see Figure 6) suggest modification or mixing with surrounding intermediate waters along the equatorward advective journey. The greatest change in potential temperature and salinity for both LSW classes is observed between the source region (Labrador Sea) and Line W, where LSW drastically warms and becomes more saline on scales of +0.50-1.00°C and +1.00-1.50, respectively (see Table 1 in Section 3.3). Further warming and salinification is observed downstream between Line W and Bermuda and Abaco, but with less drastic temperature and salinity changes of +0.10-0.30°C and +0.02-0.05, respectively. This further suggests that among the three downstream locations the largest modification of LSW occurs between export out of the Labrador Sea and before arriving at Line W. This could be a result of possible recirculation within the Subpolar North Atlantic and interaction with warmer and saltier North Atlantic Current waters (Yashayaev et al., 2007a, 2007b) and/or with other surrounding intermediate waters prior to arrival at Line W. Although mixing interactions are not the focus of this study, we can speculate why the property shifts in LSW are observed. Mediterranean Overflow Water (MOW) occupies a similar density range as LSW, but it is generally warmer and saltier than LSW (van Aken, 2000). Van Sebille et al. (2011), although using a different density range to define LSW, estimated the mixing fraction of MOW with LSW along the Abaco transect to be 20%. The influence of MOW on the observed temperature and salinity convective signals within LSW were deemed to be negligible, therefore, implying that the observed temperature and salinity shifts originated in the LSW source region and were not an outcome of MOW interaction. Because, as mentioned above, the greatest modification to the advected LSW occurs prior to Line W – suggesting a greater subpolar or slope-water influence than Mediterranean influence – it is difficult to judge the impact MOW has on LSW in the western Atlantic. Profiles characteristic of MOW were excluded from datasets and subsequent analyses as described previously in section 2.2, and the relevant contributions of MOW at each location are inferred there by the percent of stations removed from each location. For this study, we assume a negligible impact of MOW and other intermediate waters on the observed convective signals within LSW by the discrete removal of the MOW influence on the hydrographic datasets. We further declare that the observed LSW convective signals are directly related to the changes in the source region (Figure 4), and not acquired through a shift in mixing downstream from the source and other interactions within the DWBC. Further investigation is needed to determine the mixing influence of surrounding waters on the advected LSW once it leaves the Labrador Sea. We acknowledge that LSW is modified as it is advected out of the source region, as this is supported by the hydrographic data presented here in this study, however mixing sources and fractions are not the focus of this study. Here, we utilize LSW convective signals as advective tracers on both broad and specific scales through the following three approaches to gauge timescale estimates of lower-limb AMOC transport via the DWBC. 

[bookmark: _xpo0st525xkn]3.2. Advective Timescales: (1) Intermediate Layer Approach

We first identify the evolution of LSW at all downstream locations through a broad assessment of the defined intermediate layer, following suit of previous studies (van Sebille et al., 2011, their uLSW and cLSW layer; Le Bras et al., 2017, their uLSW and dLSW layers). LSW, and other advected NADW, can be characterized by a minimum in the potential vorticity, and we use this minimum (approximately 1x10-11 ms-1) to support the definition of the intermediate layer (Figure 5). In the Labrador Sea, this intermediate layer covers most of the water column, ranging 500-2300m (1800m thickness). This isopycnal layer contracts to 800-2100m (1300m thickness) at Line W, further to 1300-2100m (800m thickness) in the Bermuda basin and 1200-2000m (800m thickness) at Abaco, likely due to subduction under the Subtropical Gyre and/or thinning of the layer to conserve potential vorticity (Figure 5).
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Figure 5. Density layer characteristics across all four hydrographic time series showcasing the depth range of each layer (a) and potential vorticity across the defined layers (Intermediate, shaded,  𝛾n = 27.87 - 28.01; Deep 𝛾n = 28.01 - 28.10; Abyssal 𝛾n > 28.10), where the minimum in potential vorticity is characteristic of LSW within the shaded intermediate layer (observed as 1x10-11 ms-1).
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Figure 6. Averaged potential temperature (solid line) and salinity (dashed line) of the defined Intermediate layer (𝛾n = 27.87 – 28.01) for each dataset. Curves are shown smoothed and monthly-interpolated, while filled (potential temperature) and open (salinity) circles mark individual unsmoothed and uninterpolated data points. Layer averaging indicates minima in 1994 in the Labrador Sea, 1997 at Line W, and dual minimums in 2003 (potential temperature, solid) and 2008 (salinity, dashed) at both Bermuda and Abaco. The shaded region represents the approximate duration of the minima.


Potential temperature and salinity of the horizontally averaged datasets are also vertically averaged within the neutral density bounds of the intermediate layer (𝛾n = 27.87 – 28.01) to produce a time series of intermediate layer change. Figure 6 showcases the potential temperature (filled circles) and salinity (empty circles) averaged in the intermediate layer with a monthly-interpolated, gaussian-smoothed time series atop across all locations. Like the previous LSW advective estimates of Molinari et al. (1998), van Sebille et al. (2011), and Le Bras et al. (2017), we use the minima in average potential temperature and salinity of our defined intermediate layer to derive advective timescales. The 1994 minima in potential temperature and salinity in the Labrador Sea is observed three years later at Line W in 1997, where an initial drop in temperature and salinity is observed just prior to the four-year data gap in the time series, unfortunately. It is unclear whether a further minimum would be observed at Line W had data been collected between 1998-2001. Dual minima in 2003 (potential temperature, solid line) and 2008 (salinity, dashed line) are observed to occur almost simultaneously further downstream at both Abaco and Bermuda, giving advective timescales of 9-14 years based on the arrival of the dual minima. These varying, yet similar, timescales between Bermuda and Abaco suggest that LSW may split from the traditionally perceived DWBC pathway along the western continental shelf of the Atlantic and escape into the central Atlantic through recirculation pathways, allowing this signal to reach both locations on similar timescales. The presence of dual minima at Abaco and Bermuda could also further support that LSW advects in patches rather than as a continuous mass, perhaps also a product of alternative advective-recirculation pathways where one patch was subject to one pathway while the other patch simultaneously advected along another. The outcomes of this layer-averaging approach leave room for uncertainty and do not alone provide sufficient means to gauge advective timescales, as layer-averaging tends to smooth and cover up important convective signals. To improve on the advective estimates of this layer-average approach, contrary to previous studies, we look closely within the layer and follow the advection of two LSW classes, LSW1987-1994 and LSW2000-2003.
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Figure 7. Potential temperature (left panels) and salinity (right panels) anomalies of the Labrador Sea (top), Line W, Bermuda, and Abaco (bottom) hydrographic time series in neutral density (𝛾n) space over time. Dashed horizontal lines indicate the isopycnal boundaries between the defined intermediate, deep, and abyssal layers at 𝛾n = 27.87, 28.01, and 28.10. Hydrographic occupations are indicated by the black triangles at the top of each plot. 


Figure 7 showcases the potential temperature and salinity anomalies of all four locations through time in neutral density space, with the defined Intermediate, Deep, and Abyssal layers indicated by the horizontal dashed lines. In the Labrador Sea, LSW1987-1994 is showcased by the extreme minima in potential temperature and salinity spanning the surface (𝛾n ~ 27.87, isopycnal outcropped to atmosphere) to the bottom boundary of the intermediate layer, 𝛾n = 28.01. The deep LSW1987-1994 signal is observed to remain within this layer for approximately a decade, and warm and saline post-convective surrounding water fills the void of this class in the lower half of the intermediate layer once its signal is advected out of the Labrador Sea. LSW2000-2003 is observed in the Labrador Sea through a second minima in the anomalies, although only occupying the upper half of the intermediate layer and persisting for approximately 5 years before seeing the return of post-convective, warm and saline surrounding water. An anomalously cold and fresh feature is evident below the intermediate layer (𝛾n > 28.01) in the Labrador Sea stretching all the way to the seafloor (𝛾n ~ 28.2) spanning years 1990-2015. This is likely a response of the observed freshening of the Subpolar North Atlantic between 1960 and the late 1990s (Dickson et al., 2002), evident through the deeper layers that constrain the ISOW and DSOW water masses that are advected into the Labrador Sea from the eastern Subpolar North Atlantic. It is also possible that this deeper freshening is product of LSW1987-1994 spreading into the Subpolar North Atlantic, transforming into and/or mixing with NEADW, ISOW, and DSOW in the eastern Subpolar North Atlantic, then recirculating back into the Labrador Basin to be observed and re-exported as such (Yashayaev et al., 2007a, 2007b). The most recent convective class (>2012) is observed in the Labrador Sea dataset in the upper half of the intermediate layer, however it is not yet observed at any of the downstream hydrographic transects and is therefore not examined in this study. 
The distinct convective anomaly imprints observed in the Labrador Sea (LSW1987-1994, LSW2000-2003, post-convective relaxation, deeper freshening) are observed at all three downstream locations, and we can use the visual onset of these signals as advective tracers. At Line W, we observe the onset of the LSW1987-1994 convective signal in the mid-1990s (Figure 7). It is likely this signal would continue through the data gap spanning 1998-2001. This signal is followed by the deeper freshening signal in the deep and abyssal layers, LSW2000-2003 signal in the upper half of the intermediate layer (2005), and the beginnings of the major warm/saline post-convective period (2008). At Bermuda, given a longer time series, we can identify these four prominent events, most recently with the onset of the warm/saline post-convective period into present day. At Abaco, we identify the LSW1987-1994 signal visible after the data gap in 2001, the onset of the deep freshening in 2008, the LSW2000-2003 signal in the upper half of the intermediate layer (~2010), and the transition to the post-convective relaxation phase with the onset of warm and saline conditions in 2018.


[bookmark: _i143ctvx5hpn]3.3. Advective Timescales: (2) Isopycnal Core Analysis 

To further understand the evolution and advection of LSW along the DWBC, we identify two convective periods of interest from the source region within the defined intermediate layer: the denser LSW class formed between the years 1987-1994 in the Labrador Sea (LSW1987-1994) with its core defined along the 𝛾n = 27.99 isopycnal, and the lighter LSW class formed between the years 2000-2003 in the Labrador Sea (LSW2000-2003) with its core defined along the 𝛾n = 27.90 isopycnal (Figure 7). By identifying the unique convective signals of both LSW classes in the source region of the Labrador Sea (described in section 3.1), we follow the individual advection of each LSW class as it spreads out of the Labrador Sea and into the Atlantic via the DWBC along distinct isopycnal cores. We assume constant isopycnal spreading and negligible diapycnal diffusion along the advective process. However, a -0.015 kg/m3 neutral density shift in the datasets downstream of the source region was observed by an offset in the minima of the potential temperature and salinity signal along both isopycnals cores of 27.90 and 27.99 kg/m3. This further suggests that there may be a diapycnal mixing influence or modification of the watermasses as previously discussed causing the LSW cores (i.e. minima in potential temperature and salinity) to be observed downstream of the source region along a neutral density isopycnal that is 0.015kg/m3 lighter. To limit the impact of mixing on this advective study, and because we deemed the influence of MOW and other intermediate waters negligible to the isolation of the source region convective signal, we applied a +0.015 kg/m3 neutral density adjustment to the Line W, Bermuda, and Abaco datasets as described in section 2.3 to keep the isopycnal cores constant across all locations. The data presented throughout this study has already been subject to this density offset.
Potential temperature and salinity time series along both respective LSW cores (Figure 8) showcase the onset of each convective signal, shown as a minimum in temperature and salinity (Table 1). Looking at the deeper, denser, and more prominent LSW1987-1994 class, we observe advective timescales of 3 years to Line W from the source region, 9 years to Bermuda, and also 9 years to Abaco based on the minima in properties. The similar scale in advective time to Bermuda and Abaco again suggest that another advective pathway is likely, perhaps one that would split from the DWBC and advect this signal to be observed in the central Atlantic and the subtropics at the same time. The lighter, shallower, and more short-lived LSW2000-2003 class is observed to advect on longer timescales, taking 7 years to reach Line W, 12-14 to Bermuda, and 8-13 to Abaco. LSW2000-2003 minima at Abaco are observed with a rapid drop in both the temperature and salinity in 2008, followed by a more modest minimum in 2011 and 2013, although still trailing ahead of the signal observed at Bermuda by about a year. The minima in 2008 at Abaco could possibly be evidence of the first signs of LSW2000-2003 reaching this location from a DWBC throughflow pathway only 1 year after reaching Line W, where other parts of this watermass could have been advected towards the Atlantic interior at the same time, delaying the second minima arrival at Abaco. Because Bermuda is observed to have longer timescales with the lighter class, it is again likely to postulate that an interior advective pathway is present, or more likely a bifurcation in DWBC advective flow somewhere between Line W and Abaco, causing these LSW signals to be observed downstream at Abaco just prior to or on similar timescales of when they are observed at Bermuda. Outside of the DWBC and hypothesized alternative-advective pathway discussed here, it is not unreasonable to question whether the LSW signals observed at Bermuda arrived from a different direct-interior pathway (avoiding DWBC altogether), however such speculations are not the focus of this study. 
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Figure 8. Potential temperature (solid line) and salinity (dashed line) of the isopycnal cores of LSW1987-1994 (left panels) and LSW2000-2003 (right panels) among all four hydrographic locations. Curves are shown smoothed and monthly-interpolated, while filled (potential temperature) and open (salinity) circles mark individual unsmoothed and uninterpolated data points. The duration of convective minimum is approximated by the shaded box. 

















Table 1. Potential temperature and salinity minima and corresponding year of the monthly-interpolated LSW1987-1994 isopycnal core 𝛾n = 27.99 (top) and LSW2000-2003 isopycnal core 𝛾n = 27.90 (bottom) across all locations of study (see Figure 8), with the approximated lag time in years from the Labrador Sea based on the arrival of the minima signals.


	LSW1987-1994
	Labrador Sea
	Line W
	Bermuda
	Abaco

	°C
	2.723 [1994]
	3.244 [1997]
	3.358 [2003]
	3.560 [2003]

	PSU
	34.837 [1994]
	34.933 [1997]
	34.954 [2003]
	34.963 [2003]

	
	+0 years
	+3 years
	+9 years
	+9 years



	LSW2000-2003
	Labrador Sea
	Line W
	Bermuda
	Abaco

	°C
	3.158 [2000]
	4.107 [2007]
	4.411 [2012, 2014]
	4.504 [2008], 4.527 [2013]

	PSU
	34.823 [2000]
	34.960 [2007]
	35.014 [2012, 2014]
	35.011 [2008], 35.015 [2011]

	
	+0 years
	+7 years
	+12-14 years
	+8, 11-13 years





3.4. Advective Timescales: (3) Cross-Correlated Lag Estimates

As a third approach to determine advective timescales of LSW via the DWBC, monthly-interpolated time series of salinity along both isopycnal cores of all datasets are cross correlated to the source region providing time lag estimates in years on the onset of each LSW class convective minima signal. Original data gaps in the timeseries are maintained in the monthly interpolation. An autocorrelation is performed for the Labrador Sea timeseries (Figure 9a), where we find a decorrelation time scale of 8-10 years, indicative that these convective events prevail on decadal timescales. Based on the correlation of each timeseries to that of the Labrador Sea (Figure 9b), we find the LSW1987-1994 core to advect on timescales of 6 years at Line W, 8 years at Bermuda, and 11 years at Abaco. The correlations of Line W and Abaco are, however, influenced by the data gaps in both time series from 1998-2001. LSW2000-2003 is observed to advect on longer and more ambiguous timescales, as supported by other approaches; 9 years at Line W, 11-16 years at Bermuda, and 13-18 years at Abaco. The increased time lag in the LSW2000-2003 class further downstream continues to suggest that this lighter, shallower class was subject to an alternative advective pathway, which may be why Bermuda and Abaco show similar timescales despite being about 1400km apart.
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Figure 9. (a) Autocorrelation of the Labrador Sea timeseries (1970-2020), showcasing a decadal cycle to the observed convective events. Top panel shows the intermediate layer in neutral density space (𝛾n = 27.87-28.01), with the 0-autocorrelation corresponding to a lag of 8-10 years, supported by the bottom panel of each isopycnal level of the layer. (b) Cross-correlations of LSW1987-1994  and LSW2000-2003 isopycnal cores of each timeseries to the Labrador Sea, where the maximum correlation indicates the advective lag time in years. Correlations are performed using monthly-interpolated salinity datasets.  
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Figure 10. Cross correlations of Line W (top), Bermuda (middle), and Abaco (bottom) salinity datasets to the Labrador Sea salinity source dataset in neutral density space with time lag in years shown along the x-axes. Correlations are performed for the lower intermediate layer showcasing the LSW1987-1994 core signal along the highlighted 𝛾n = 27.99 isopycnal (left panels) and the upper intermediate layer (right panels) showcasing the LSW2000-2003 core signal along the highlighted 𝛾n = 27.90 isopycnal. Correlations of the latter-LSW2000-2003 signal are trimmed due to limitation in the timeseries availability. For reference, the 𝛾n = 27.99 isopycnal is found at approximately 2000m (Line W), 1900m (Bermuda), and 2000m (Abaco); the 𝛾n = 27.90 isopycnal is found at approximately 1000m (Line W), 1400m (Bermuda), and 1300m (Abaco). 


Cross-correlations across the entire intermediate layer are shown in Figure 10 in time-density space, broken into the lower and upper intermediate layer components showcasing the LSW1987-1994 and LSW2000-2003 classes, respectively. Correlations are performed again using monthly-interpolated salinity timeseries of each location to that of the Labrador Sea timeseries across the density range of the intermediate layer, where the maximum in correlation indicates the lag time of the signal in years. Cross-correlations of LSW2000-2003 and respective upper intermediate layer (Figure 10, right) are used with a truncated Labrador Sea source region dataset beginning in 1994, where the LSW1987-1994 signal is masked from the upper intermediate layer, as it would skew the correlation. Lag results continue to confirm the two interesting finds. Firstly, like the correlations of the individual cores, looking at the full layer also showcases the denser LSW1987-1994 class arriving at Bermuda just prior to or at the same time as arriving at Abaco, further suggesting that there is an alternative or recirculated DWBC pathway that brings LSW to the Atlantic interior. Secondly, the lighter LSW2000-2003 class arrives on longer timescales than that of LSW1987-1994. This suggests that shallower water parcels are more likely to be advected towards the basin interior adding to their advective timescales, while deeper parcels may follow a more traditional and quicker advective route along the continental shelf. A bifurcation and two subsequent routes of the DWBC advective pathway are quite likely to exist based solely on the hydrographic data presented in this study: a direct route along the western basin which bypasses Bermuda and a deflective pathway that shoots out into the central Atlantic prior to rejoining the western slope. Both LSW classes could have been subjected to the latter based on the arrival and duration of the convective signals, however further investigation is needed for a definitive answer. 

4 Discussion and Conclusions: Updated Advective Timescales and DWBC Pathways

This study presents a comprehensive analysis of LSW advection along the DWBC in the North Atlantic Ocean as it incorporates multiple locations along the transport pathway, building upon previous studies that compared trends in hydrographic timeseries to the formation region of LSW, the Labrador Sea (Molinari et al., 1998; van Sebille et al., 2011; Le Bras et al., 2017). The advective timescales estimated in this study from each approach are summarized in Table 2. Multi-year observations of LSW at several locations across the western North Atlantic indicate that recirculation or deflection pathways branching off of the DWBC are likely to exist. This is evident by the observed presence of LSW in the Bermuda Basin, and the advective timescales that support this spreading trajectory. Various approaches of assessing the advection of LSW through the DWBC were employed in this study: layer-averaging, isopycnal core analysis, and cross-correlation analysis. In addition, we used geographically-cohesive neutral density definitions on both a broad and fine scale to define an intermediate NADW layer and specific LSW classes therein. While layer averaging of the intermediate layer (section 3.2) provides a broad look at the onset of the convective signal at each location, we find here that the intense LSW1987-1994 convective signal dominates the layer, and the averaged minima across all datasets reflect solely that signal, muting any others (LSW2000-2003, for example). The onset of the minima in the averaged intermediate layer gives advective timescales of 3 years to Line W (39°N), 9-14 years to Bermuda (32°N), and 9-14 years to Abaco (26.5°N). Looking at tendencies in potential temperature and salinity anomalies (Figure 7) highlights the equatorward propagation of LSW1987-1994, LSW2000-2003, post-convective relaxation, and the deep-freshening signals at all four hydrographic locations. Most importantly, these features are observed at Bermuda in the central Atlantic just prior to or at similar timescales to being observed downstream at Abaco, suggesting that LSW and associated signals may arrive from the central Atlantic via an interior pathway. 
By isolating two of the LSW classes, LSW1987-1994 and LSW2000-2003, improved advective timescales can be ascertained. Through the second and third approaches of estimating advective timescales (section 3.3, cross-correlations in section 3.4), we find that the deeper LSW1987-1994 class advected in an unconventional route, inferred from the onset of convective minima (Figure 8) and advective lag times in Figure 9b and Figure 10 by the passage of the signal through Line W, then Bermuda, and lastly though Abaco. This finding supports an alternative advective pathway, where LSW is deflected towards the Atlantic interior prior to returning to the continental slope to be observed at 26.5°N. LSW2000-2003 was also shown to follow a similar advective route, on longer timescales however, perhaps indeed validating this bifurcation and alternative-advective pathway hypothesis where this watermass spent longer in the Atlantic interior. Advective timescales from the Labrador Sea to Line W suggest approximately 7 years, however this is a bit uncertain given the gap in data during the LSW1987-1994 signal propagation. The variability in advective timescale is observed after LSW passes through Line W, implying that the alternative pathway junction exists south of 39°N. 
It is likely the DWBC bifurcation location exists at the Gulf Stream-DWBC crossover region off the coast of Cape Hatteras (36°N), as has been supported through many recent and past works through theory, Lagrangian, and stream function approaches (Spall, 1996a, 1996b; Bower and Hunt, 2000; Bower et al., 2011; Andres et al., 2018; Bilo and Johns, 2019). To look at spreading pathways in the North Atlantic, we employ use of adjusted geostrophic velocities derived from Argo and altimetry measurements (Schmid, 2014) averaged over the years 2000-2010 at 1000m, 1500m (approximate LSW2000-2003 core depth), 1750m (approximate mid-intermediate layer depth), and 2000m (approximate LSW1987-1994 core depth; Figure 11). We speculate that the dynamics of the Gulf Stream-DWBC crossover region play a large role in the circulation patterns observed. At all depth levels we observe a deflection in the DWBC near Cape Hatteras, generating a recirculation gyre that extends out to 50°W then rejoins the continental slope at 30°N, passing Bermuda in the process. This deflection is likely influenced by upper-ocean dynamics of the Gulf Stream extension. It is difficult to ascertain whether a bifurcation in the DWBC exists near Cape Hatteras rather than a complete deflection towards the interior. If a bifurcation indeed exists, then a southward DWBC throughflow between 36-30°N may still be a viable advective pathway. As shown in Figure 11, at 1000m, a northward flow is observed in this region along the continental shelf, likely influenced by the northward flow of the upper-ocean Gulf Stream dynamics. Below 1000m, Argo coverage along the continental shelf is rather sparse, but vectors indicate that there may be some leakage in the DWBC that bypasses the deflection and continues equatorward along the continental slope opposite of the poleward-flowing Gulf Stream. These findings, in addition to the advective timescales estimated from the hydrographic data, provide observational evidence supporting the hypothesis of a bifurcated DWBC and alternative advective pathway. 
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Figure 11. Adjusted geostrophic velocities derived from Argo and altimetry using the climatological velocity field from Argo trajectories as the reference velocity (Schmid, 2014). Argo dynamic height profiles and SSH from altimetry are used to derive synthetic dynamic height profiles on an 0.5 degree grid. These profiles are then used to derive the horizontal geostrophic velocity, followed by the barotropic adjustment. The resulting velocity was averaged over the years 2000-2010 at 1000m, 1500m (approximate LSW2000-2003 depth), 1750m (mid-intermediate layer depth), and 2000m (approximate LSW1987-1994 depth) levels. Vectors indicate flow direction, while color gradient represents the absolute velocity in cm/s. Black lines showcase DWBC flow pathways dictated by vector direction, showcasing an interior pathway that bifurcates from the continental shelf at approximately 36°N observed at all depth levels. The dashed throughflow pathway along the continental shelf south of 36°N remains uncertain and unresolved from the given Argo trajectories. 


The updated broad-scale, cohesive, and all-encompassing NADW density definitions presented here serve to benefit the greater AMOC community when it comes to understanding advection of LSW, as the defined density range of this watermass can alter findings by including signals that were previously neglected. Modeling efforts to understand Labrador Sea convection, Subpolar North Atlantic circulation, atmospheric forcing, and overturning circulation among others have used a multitude of methods and parameterizations to characterize LSW (Pickart and Spall, 2007; Chanut et al., 2008; Schott et al., 2009; Luo et al., 2011; Li et al., 2019; Menary et al., 2020; Zhang and Thomas, 2021). AMOC modeling efforts must consider the complexity of LSW formation and resulting characterization, as subtle changes to input parameters may challenge the fidelity of models or generate inviable outcomes when it comes to assessing the true role of LSW on the mechanisms and pathways of the lower-limb of AMOC. 
The advective timescales presented here are shown to be longer and more variable than those of previous studies, but are estimated through more robust approaches. These longer advective timescales could be a result of the broad hydrographic analysis, covering a larger geographic range than previous studies and incorporating numerous hydrographic locations serving to render a broader analysis. The longer advective scales could also be a result of the recent advancement in observing systems, longer time series, and enhanced datasets. Past advective timescales could therefore have been misrepresented due to improper watermass classification or sparse hydrographic data, such as in the case of Abaco in previous studies. Findings of this study highlight the cohesiveness of LSW advection out of the Subpolar North Atlantic, as the magnitude of each convective signal is flagrant enough to be used as an advective tracer. Continued investigation of alternative advective pathways into the Atlantic basin interior are needed to further understand the role of these pathways on the lower-limb of AMOC, however, the findings of this study suggest that these interior pathways may play a large role in the advection of subpolar water masses to the tropics in the North Atlantic. 

Table 2. Summary of advective timescales in years from the source region in the Labrador Sea to each hydrographic location inferred through the three approaches presented in this study: [1] minima of the averaged intermediate layer, [2] minima of the LSW1987-1994 and LSW2000-2003 isopycnal cores, and [3] cross correlations of the each LSW core as well as the lower and upper intermediate layer pertaining to the LSW cores. LSW2000-2003 is observed to advect on longer and varying timescales compared to LSW1987-1994. 

	
Advective Timescale from Labrador Sea (years)

	Advective Timescale Approach:
	Line W
	Bermuda
	Abaco

	[1]
	Intermediate Layer Average
	3
	9-14
	9-14

	[2]
	LSW1987-1994 Core Minima
	3
	9
	9

	
	LSW2000-2003 Core Minima
	7
	12-14
	8, 11-13

	[3]
	Cross-Correlation
LSW1987-1994
	6 (core)
6 (layer)
	8 (core)
8 (layer)
	11 (core)
10 (layer)

	
	Cross-Correlation
 LSW2000-2003
	9 (core)
5-11 (layer)
	11-16 (core)
10-15 (layer)
	13-18 (core)
11-18 (layer)
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The Labrador Sea source region hydrographic dataset was provided by I. Yashayaev, sourced from CCHDO [https://cchdo.ucsd.edu/search?q=AR07W], Argo floats [ftp://usgodae.org/pub/outgoing/argo/ and ftp://ftp.ifremer.fr/ifremer/argo/], and other international partnerships and was assembled and analyzed as part of the Deep-Ocean Observations and Research Synthesis (DOORS) program under collaboration with the Bedford Institute of Oceanography of Fisheries and Oceans Canada. Line W hydrographic data is made freely available from Woods Hole Oceanographic Institute [https://scienceweb.whoi.edu/linew/index.php]. The Bermuda basin hydrographic dataset was freely sourced from the Bermuda Atlantic Time Series and Hydrostation S programs through the Bermuda Institute of Oceanography [http://bats.bios.edu/data/]. Abaco hydrographic data of the 26.5°N NOAA Western Boundary Timeseries Program is supplied by the NOAA Atlantic Oceanographic and Meteorological Laboratory (AOML) and is publicly available through the NOAA National Centers for Environmental Information World Ocean Database [https://www.ncei.noaa.gov/products/world-ocean-database, https://www.aoml.noaa.gov/phod/wbts/data.php]. Adjusted geostrophic velocities were derived by C. Schmid using Argo float data from the Global Data Assembly Centre [http://doi.org/10.17882/42182] and altimetry data as described in Schmid (2014); data is available upon request. The Ssalto/Duacs altimeter products were produced and distributed by the Copernicus Marine and Environmental Monitoring Service (CMEMS) [https://www.marine.copernicus.eu]. As part of the Global Ocean Observing System, Argo data are collected and made freely available by the International Argo Program and the national programs that contribute to it [https://argo.ucsd.edu, https://argo.jcommops.org, https://www.ocean-ops.org].  
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