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Competition Between Advected and Local Variability
Determines Coherent Propagation of Labrador Sea Water
Along the DWBC

Anne-Sophie Fortin' ¢ and M. Susan Lozier

'School of Earth & Atmospheric Science, Georgia Institute of Technology, Atlanta, GA, USA

Abstract The Deep Western Boundary Current (DWBC) is a major conduit for the equatorward export of
dense waters formed in the subpolar North Atlantic and Nordic Seas that constitute the lower limb of the
Atlantic Meridional Overturning Circulation. Here, we investigate the extent to which there is coherent
propagation of property anomalies along the DWBC from the Labrador Sea exit to 26.5°N. Past studies have
focused on relationships between DWBC anomalies at selected sites. Here we use a hydrographic data set (EN4)
that covers the time period of 1970-2020 to examine coherence continuously along the boundary current. Our
findings reveal sharp differences between the upper and deep Labrador Sea Water (uLSW, dLSW). Specifically,
dLSW property anomalies are highly correlated at all points downstream to the Labrador Sea exit. Furthermore,
the lags that yield maximum correlations uniformly increase with distance along the boundary. uLSW, however,
shows a sharp decline in coherence along the boundary such that the anomalies downstream are poorly
correlated with those at the Labrador Sea exit and the lag times are not monotonic. Most of the decline in uLSW
coherence occurs from the Labrador Sea exit to Flemish Cap, where local variability at uLSW densities is large.
Our study sheds light on the competition between advected property variability and local property variability
that impacts the identification of anomalies downstream. The uLSW and dLSW differences expressed along the
DWBC are also evident offshore, consistent with past Lagrangian studies.

Plain Language Summary The Deep Western Boundary Current (DWBC) exports dense waters
formed in the subpolar North Atlantic and Nordic Seas equatorward and thus plays a key role in the Atlantic
Ocean circulation. The properties of these dense water masses at their formation sites vary from year to year.
However, how the source variability is expressed downstream is still unclear. Here, we use a hydrographic data
set (EN4) to investigate the coherent propagation of source property variability along the DWBC from 1970 to
2020. We focus on the upper and deep Labrador Sea Water (uLSW and dLSW) and find that these water masses
have distinct behaviors. Interestingly, we find a notable increase in the local variability for uLSW around the
Flemish Cap, that we do not find for dLSW. With a higher variability downstream of the formation region,
uLLSW anomalies are susceptible to dilution via mixing. Indeed, we find dLSW to have coherent property
propagation at all points along the DWBC, from the Labrador Sea exit (53°N) to Abaco (26.5°N), while uLSW
correlations with Labrador Sea properties declines sharply after the Flemish Cap (47°N), suggesting that its
source anomalies are not preserved downstream of that feature.

1. Introduction

The lower limb of the Atlantic Meridional Overturning Circulation (AMOC) exports cold, fresh, and dense waters
formed in the subpolar North Atlantic and Nordic Seas to equatorward latitudes along the Deep Western
Boundary Current (DWBC) and interior pathways (Bower et al., 2009, 2011; Lozier et al., 2010, 2022). When
these water masses spread from their formation sites, they transport not only signatures of the heat and freshwater
acquired at the surface but also signatures of oxygen (Koelling et al., 2022) and anthropogenic carbon dioxide
(Brown et al., 2021). As climate change continues apace, the downstream fate of these properties becomes
increasingly important to our assessment of the deep ocean as an oxygen and carbon reservoir.

For decades, the DWBC was considered the main conduit for the downstream advection of waters carried in the
AMOC lower limb. The advective timescale for this conduit has been estimated by comparing water mass
property variability at downstream DWBC locations with the water mass property variability at water mass
formation sites. Examples of this linkage are most prevalent for Labrador Sea Water (LSW), an intermediate
water mass formed via wintertime convection in the Labrador and Irminger Seas. A host of studies have used in
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situ measurements of water properties to estimate the advective time scale for LSW anomalies to reach sub-
tropical latitudes via the DWBC (e.g., Chomiak et al., 2022; Curry et al., 1998; Doney & Jenkins, 1994; Fine
et al., 2002; Le Bras et al., 2017; Molinari et al., 1998; Smethie, 1993; Stramma & Rhein, 2001; van Sebille
et al., 2011). Interestingly, the estimated time scale differs among these studies even when considering the same
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pathway, with a transit time for LSW to the subtropics of 10 years in Molinari et al. (1998) and van Sebille
et al. (2011); 10-15 years in Doney and Jenkins (1994) and Chomiak et al. (2022); 15 years in Stramma and
Rhein (2001); 18 years in Smethie (1993); and 20 years in Fine et al. (2002). In an attempt to reconcile this range
of estimates, Le Bras (2023), drawing on the work of Waugh and Hall (2005), notes that transit times estimated

from tracers with exponential initial conditions, such as anthropogenic tracers (e.g., Fine et al., 2002; Sme-
thie, 1993), will be slower than those estimated using hydrographic properties (e.g., Chomiak et al., 2022;
Molinari et al., 1998). As such, she persuasively argues that there is more agreement than what it may seem
without this consideration. Nevertheless, differences persist even when tracking anomalies with the same hy-
drographic property. Using salinity, Chomiak et al. (2022) estimate an advection time of 3 years for LSW to reach
Line W (~38—40°N, 69-70°W) following the strong convection period of 1987-1994 and a time scale of 7 years
for the same pathway following the period of weaker convection from 2000 to 2003.

Differences in these downstream advective time scales might be expected given that Lagrangian studies of
RAFOS floats and model-simulated trajectories over the past two decades have shown considerable entrainment
and detrainment of boundary current waters along the DWBC (Bower et al., 2009, 2011; Lozier et al., 2022). In
one observational study, only a small fraction of RAFOS floats (8%) deliberately placed in LSW at 700 and
1,500 m in the DWBC off the Labrador coast remained in the DWBC at the tail of the Grand Banks (Bower
et al., 2009). The same study reports entrainment and detrainment along the DWBC in a model-simulated tra-
jectories analysis. Mechanisms reported to be responsible for this entrainment and detrainment include low-
frequency variability in the Gulf Stream strength and pathway (Schott et al., 2004, 2006; Spall, 1996a,
1996b); inertial separation of the DWBC due to the bathymetric curvature and steepening of the Flemish Cap
(Solodoch et al., 2020); submesoscale coherent vortices (Bower et al., 2013); and instabilities of the DWBC
(Solodoch et al., 2016).

In the face of such strong entrainment and detrainment, the surprising issue is not the reported differences in the
advective time scale for LSW anomalies, rather that anomalies can be identified at all thousands of kilometers
from their formation sites. A recent modeling study (Zou et al., 2019) has shed some light on this issue, primarily
by drawing a distinction between the coherent propagation of transport anomalies in the Upper North Atlantic
Deep Water (UNADW; a water mass that includes LSW) and that for the Lower North Atlantic Deep Water
(LNADW; comprised primarily of the overflow waters from the Arctic that enter the subpolar North Atlantic
across the Greenland-Scotland Ridge). This study showed that UNADW anomalies do not propagate coherently
to the subtropical gyre despite strong upstream variability. However, the authors found that LNADW transport
anomalies do propagate coherently to the subtopics, but only for large anomalies, presumably those large enough
to sustain their signature in spite of mixing along the DWBC. While acknowledging that transport anomalies and
property anomalies can have different pathways and advective time scales, this study does point to the possibility
that the DWBC's efficacy at propagating anomalies is water-mass and/or depth dependent.

Our study seeks to reconcile the expectation of clearly defined advective time scales for the propagation of water
mass anomalies from the subpolar to the subtropical gyre along the DWBC with the observed strong entrainment
and detrainment along that boundary.

Past observational studies investigating property propagation along the DWBC have mainly relied on hydro-
graphic data at a few sites to infer advective time scales. In addition to this spatial limitation, the length of these
observational data sets has been such that they include at most one or two strong events at the upstream convection
site. To alleviate these spatial and temporal constraints, we approach our study of DWBC property propagation
with the use of the hydrographic data set EN4, which covers the period from 1970 to 2020. With this data set, we
assess the propagation of LSW property anomalies continuously along the DWBC from the exit of the Labrador
Sea to 26.5°N. Furthermore, while past studies have generally assumed that property variability at DWBC lo-
cations is dominated by upstream source water variability rather than local dynamics, we approach our study with
the understanding that property variability at any particular DWBC location can be advected into the area and/or
generated locally. In fact, it is the competition between these two that forms the basis of our study.
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Figure 1. Top panel: Labrador Sea mean surface salinity (2014-2020) from EN4. Overlaid is the OSNAP West section and its
mooring positions (bold black line and cyan dots). Bathymetry from General Bathymetric Chart of the Ocean is contoured at
0, 1,000, 2,000, and 3,000 m (thin black lines). Bottom panels: Salinity transect at the Labrador Sea western boundary from
OSNAP and EN4 following the nearest OSNAP positions. Also shown are the northward velocities (cm/s) for OSNAP
(black contours) and the mean depth of the neutral densities 27.9 (uLSW) and 28.0 (dLSW) for both data sets (white
contours). Note that temperature and salinity on the neutral surfaces y" = 27.9 and y" = 28.0 are (3.52°C, 34.88) and (3.15°C,
34.92) for OSNAP and (3.49°C, 34.87) and (3.13°C, 34.92) for EN4, respectively. For reference, the densities y" = 27.9 and
y" = 28.0 are equivalent to o, = 36.88 and 6, = 36.97, respectively, for both OSNAP and EN4.

2. Methods and Data Sets
2.1. Neutral Density Surfaces

To investigate the extent of coherent propagation of property anomalies along the DWBC, we analyze water mass
property variability on neutral density surfaces (y"; Jackett & McDougall, 1997), which are computed using
PreTEOS-10 software. Because of this choice, our analyses of temperature and salinity anomalies yield the same
result. Thus, we only present our analysis of the salinity anomalies.

We first select a representative isopycnal for upper and deep LSW (uLSW and dLSW) and then broaden our
analysis using a range of isopycnals. For our isopycnal choice, we are guided by Le Bras et al. (2017) who
compare water mass definitions in the subpolar North Atlantic and by Chomiak et al. (2023) who use 27.9 and
27.99 to define a shallow and deep LSW convective event. We choose y" = 27.9 and y" = 28.0 as the repre-
sentative isopycnals for uLSW and dLSW, respectively. These isopycnals reside at an average depth of ~1,000
and 2,000 m, respectively, at the exit of the Labrador Sea (Figure 1). If we compute potential density referenced to
2,000 dbar (o,) from temperature and salinity on the 27.9 and 28.0 surfaces at the exit of the Labrador Sea, we
obtain 36.88 and 36.97, respectively. In Zou et al. (2019) 6, = 36.88 resides in the UNADW core and o, = 36.97
resides in the upper range of LNADW. We choose not to investigate water masses with density denser than 28.0
since observations are sparse below 2,000 m (Figure S1 in Supporting Information S1) and we do not have the
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confidence that our hydrographic database of choice (EN4, described in the following section) adequately cap-
tures temporal variability below that depth. Please see Text S1 and Figures S2—-S4 in Supporting Information S1,
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where we demonstrate that our study conclusions are not impacted by the ocean sampling frequency for y" = 27.9
and y" = 28.0.

2.2. EN4 Objective Analyses

For our analysis we use EN4.2.2, a database of quality-controlled ocean temperature and salinity profiles that
draws data from Argo, Arctic Synoptic Basinwide Oceanography, Global Temperature and Salinity Profile
Program, and the World Ocean Database 2018 (WOD18). EN4 database extends from 1900 to present, but we
consider only the period ranging from 1970 to 2020 in our analysis. Monthly EN4 objective analyses are provided
as a gridded data set with 1° horizontal resolution and 42 z-levels with 5 m intervals at the surface increasing in
thickness to 300 m at depth. We refer the reader to Good et al. (2013) for detailed EN4 documentation, to
Gouretski and Reseghetti (2010) for details about the bias corrections, and to the Met Office Hadley Center
observations website to download the EN4 data set.

To allay concerns that our analysis is compromised by the 1° horizontal resolution of EN4, we compare the EN4
salinities with observational data from OSNAP, Line W, and the RAPID array and with the reanalysis product
GloSea5. Please see the Supporting Information for this comparison (Text S2 in Supporting Information S1).
Overall, there is strong agreement between EN4 and these observations, as evidenced by the comparison of
salinity anomalies in Hovmoller diagrams (Figure S5 in Supporting Information S1) and the moderate to strong
correlations with salinity observations between neutral density surfaces of 27.9 and 28.0 (Figure S6, Table S1 in
Supporting Information S1). Based on these comparisons, we have confidence in EN4's suitability for our
analysis.

2.3. GEBCO

The General Bathymetric Chart of the Ocean (GEBCO) data sets provide high-resolution elevation data on a 15
arc-second interval grid (~0.004°) for both land and ocean. We use the GEBCO 2022 data set to define the
DWBC pathway in EN4. We first coarsen the GEBCO data set to the EN4 resolution (1°) by averaging GEBCO
every 240 grid points of latitude and longitude and then find the position of the 3-km isobath from the exit of the
Labrador Sea (52.5°N) to Abaco (26.5°N) that delineates our DWBC pathway. Finally, the properties of EN4 grid
points that are nearest to the DWBC pathway are selected. Note that our analysis was repeated for a DWBC
pathway following the 2 km isobath contour and those results are consistent with the ones presented here.

3. Results
3.1. Advected Property Variability Along the DWBC

To investigate the propagation of salinity anomalies along the DWBC, we first make a distinction between local
variability (Section 3.2) and the variability that is expected due to the advection of property anomalies from an
upstream source. We refer to the latter with the simple term “advected variability” and note that it is a component
of the total local variability. We create a salinity anomaly time series at each point along the DWBC from the exit
of the Labrador Sea to Abaco for the neutral density surfaces 27.9 and 28.0, which represent uLSW and dLSW,
respectively. We use these salinity anomaly time series to compute salinity squared correlations with upstream
anomaly (R?) as a function of lag at each point along the DWBC from correlations between local salinity time
series and the source time series, that is, at the exit of the Labrador Sea (Figure 2). We highlight any value of R
within 0.05 of its maximum at a specific location and define it as our lag range. With this calculation we are
determining how much of the local variability can be explained by upstream source variability. The R* distri-
bution is then used to determine if there is coherent advection. We characterize the passage of anomalies along the
DWBC as “coherent advection” if the following criteria are met: (a) There is at least one statistically significant
lagged R value at all points downstream of the source; (b) there is decreasing tendency of the R> values in
downstream distance; and (c) the advection time, or the lags of the statistically significant R? values, increase with
distance from the source. We define “patchiness” as the pattern when the above criteria for coherent advection are
not met, that is, patchiness is characterized by discontinuities in the R? values and/or lag times.
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Figure 2. Left panel: Deep Western Boundary Current (DWBC) pathway from the Labrador Sea exit to Abaco, highlighted in green, along the 3,000 m isobath off the
American coast. General Bathymetric Chart of the Ocean bathymetry, coarsened to 1° and contoured at 1,000, 2,000, and 3,000 m, is shown as dashed lines. Right
panels: Salinity squared correlations with upstream anomaly (R?) on isopycnals y" = 27.9 (uLSW) and y" = 28.0 (dLSW) along the DWBC pathway as a function of lag
and distance from the Labrador Sea exit where the Pearson correlation coefficient (R) is significant with a confidence interval of 99%. Dots indicate where R? is within
0.05 of its maximum over lags from 0 to 18 years. Stars indicate a previous estimate of the advective time scale of Labrador Sea Water (LSW) from the central Labrador
Sea to Line W for the dLSW mass (y" = 27.92 to 27.98) from Le Bras et al. (2017). Similarly, the square indicates a previous estimate of classical LSW (o, = 36.90)
advection to Abaco from van Sebille et al. (2011). Triangles along the DWBC pathway (left panel) and on the y-axis (right panels) indicate the Labrador Sea exit (LS);
Flemish Cap (FC); Grand Banks (GB); Cape Cod (CC); Cape Hatteras (CH); and Abaco (AB).

Both uLSW and dLSW anomalies are advected from the exit of the Labrador Sea to the Flemish Cap within 1 year
(the max R is found for zero lag). For uLSW, we find a rapid decline in R? from the Labrador Sea to the Flemish
Cap. Downstream of the Flemish Cap, uLSW max R? is low, although mostly statistically significant, and the lag
range is patchy, although generally increasing. We acknowledge that local recirculation features could create
some ambiguity in the lag structure. For example, the two significant lags at the Grand Banks, that is, 0-2 and 6—
10 years, could arise from a recirculation east of the Flemish Cap (Bower et al., 2011). Elsewhere, however, we
suggest that the patchiness results from strong mesoscale entrainment and detrainment along the DWBC path that
precludes the coherent propagation of uLSW anomalies into the subtropics. Taken together, this indicates strong
entrainment and detrainment in the DWBC and rules against the coherent property propagation of uLSW
anomalies into the subtropics.

In contrast, dLSW anomalies at all points along the DWBC are well correlated with those at the exit of the
Labrador Sea, with a max R ranging from 0.57 to 0.85 downstream of the Flemish Cap. Furthermore, the lag
range is continuous and generally increases with distance from Flemish Cap to Cape Hatteras. The lag ranges
from O to 4 years in the vicinity of Flemish Cap, from 4 to 5 years at the Grand Banks and from 6 to 8 years at Cape
Cod. At Line W, the lag range is 6—10 years, which is longer than that estimated by Le Bras et al. (2017), who
estimated 3-7 years for dLSW (y" = 27.92 to 27.98) using the Line W data set over the period 2001 to 2014. We
elaborate on this difference in Text S3 in Supporting Information S1.

We find a discontinuity in the lag at Cape Hatteras where the local max R” is the weakest along the DWBC
pathway, and its corresponding lag is 12 years. Further downstream, the max R? increases slightly and then at
Abaco the lag range is 7-11 years, which is similar to the van Sebille et al. (2011) estimate of 10 years for classical
LSW (o, = 36.90). The discontinuity at Cape Hatteras is consistent with an interior route hypothesized by Bilo
and Johns (2019), with detrainment at Cape Hatteras and then re-entrainment at Abaco. This disruption is likely
related to the detachment of the Gulf Stream from the coast near Cape Hatteras, entraining dLSW offshore as the
Gulf Stream crosses-over the DWBC (Bower & Hunt, 2000). Note that we find similar results if we use the 2,000-
m isobath for the DWBC pathway instead of the 3,000-m isobath (Figure S7 in Supporting Information S1).

3.2. Local Property Variability

We now turn our attention to an assessment of local property variability in order to provide context for the results
in the previous section. In brief, we compare the local property variability with the advected variability by
comparing local salinity variance with the max R* along the DWBC. First, we examine the broader spatial field of
salinity variance.
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Figure 3. (a, b) Yearly-averaged salinity variance on the (a) 27.9 (uLSW) and (b) 28.0 (ALSW) isopycnal surfaces. The Deep
Western Boundary Current (DWBC) pathway from Labrador Sea exit to Abaco is the black dashed line and follows the
3,000 m isobath along the American coast. (c, d) Yearly-averaged salinity variance along the DWBC (dashed black line) and
max squared correlations with upstream anomaly (R%; solid gray line) as a function of distance from the Labrador Sea exit on
the neutral isopycnals 27.9 (c) and 28.0 (d). For all panels, triangles indicate the Labrador Sea exit (LS); Flemish Cap (FC);
Grand Banks (GB); Cape Cod (CC); Cape Hatteras (CH); and Abaco (AB). The gray lines (a, b) and shadings (c, d) indicate
the extent of the FC and GB areas.

On the uLSW isopycnal surface, we find elevated salinity variance (~5 x 10™%) in the central Labrador Sea, which
is expected as this isopycnal outcrops in the winter. However, uLSW variance at downstream locales—Flemish
Cap, the Grand Banks, and Cape Hatteras—are an order of magnitude larger (~20 x 10™*) than the variance in the
Labrador Sea (Figure 3a). An analysis of the local variance in the reanalysis product GloSea5 yields similar
results, though GloSea5 has a broader region of strong variance from Flemish Cap to Cape Cod and no local
maxima near Cape Hatteras (Figure S8 in Supporting Information S1). The local maxima in variance from the
Flemish Cap to the Grand Banks is consistent with previous studies that describe this region as having leaky
DWBC “hot spots” (e.g., Bower et al., 2011; Solodoch et al., 2020). This strong variance is generally attributed to
mixing mechanisms, such as interactions with the nearby North Atlantic Current, which is known to meander and
reach great depths (Rhein et al., 2019; Schott et al., 2006); leakage due to bathymetry curvature that leads to
inertial separation (Solodoch et al., 2020); and submesoscale coherent vortices (Bower et al., 2013). We expect
this strong local variance to be problematic for tracking advected anomalies downstream. Indeed, the uLSW max
R? decreases rapidly from the Labrador Sea exit to the Flemish Cap and oscillates around 0.3 thereafter
(Figure 3c).

The salinity variance on the dLSW isopycnal surface is everywhere less than that on the uLSW isopycnal. The
dLSW salinity variance is maximum (~4 X 107 in the central Labrador Sea and north of the Flemish Cap
(Figure 3b). The analysis of the local variance in the reanalysis product GloSea5 yields similar results, yet with the
difference that GloSea5 does not exhibit the variance maximum north of the Flemish Cap (Figure S8 in Sup-
porting Information S1). Because of this relatively weak variance field, our expectation is that source water
anomalies will more likely retain their source water signature as they move downstream on this isopycnal. Indeed,
the dLSW max R? values are moderate to high along the DWBC. However, we note a small drop in the max R? and
an increase in the local variance at the Flemish Cap and Grand Banks, suggesting a minor influence of mixing in
this region.

3.3. Sensitivity of Results to Isopycnal Choice

To test the robustness of our results, we repeat the analyses from Sections 3.1 and 3.2 for a broader suite of
isopycnals. To start, we have computed the salinity squared correlations with upstream anomaly (R?) as a function
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Figure 4. Salinity squared correlations with upstream anomalies (R®) on various isopycnals between 27.9 and 28.01 along the Deep Western Boundary Current as a
function of lag and distance from the Labrador Sea exit, where the Pearson correlation coefficient (R) is significant with a confidence interval of 99%. The dots indicates
where R? is within 0.05 of its maximum over lags from O to 18 years; hatches indicate where R* < 0.25. For all panels, triangles indicate the Labrador Sea exit (LS);
Flemish Cap (FC); Grand Banks (GB); Cape Cod (CC); Cape Hatteras (CH); and Abaco (AB).

of lag at each point along the DWBC with the Labrador Sea exit for all isopycnals between 27.90 and 28.01 with
intervals of 0.01 kg/m® (Figure 4). For isopycnals 27.90 to 27.94, the lags are patchy and R* values are low,
indicating weak if any downstream anomaly propagates. A signature of coherent propagation becomes visible at
isopycnals 27.95 to 27.96. Although there is still discontinuity in the lag, the lag field is not as patchy as for the
lighter isopycnals, and the R values are stronger, though still moderate. Propagation becomes evident on iso-
pycnals 27.97 to 28.01, as evidenced by the continuum in the lags and moderate to high R? values at all locations.
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Figure 5. Left panels: Salinity maximum squared correlations with anomalies at the Labrador Sea exit (max R) on isopycnals
27.9 (uLSW) and 28.0 (dALSW) computed from the correlation at every grid point between the local salinity time series at the
same at the Labrador Sea exit. Right panels: Lag corresponding to the max R? in the left panels. For all panels, areas where
the Pearson correlation coefficient (R) is nonsignificant with a confidence interval of 99% have been masked. Dashed
contours indicate the 1,000, 2,000, and 3,000 m isobaths from General Bathymetric Chart of the Ocean coarsened to 1°.

Furthermore, we have computed the salinity local variance as a function of distance with the Labrador Sea exit for
all isopycnals between 27.90 and 28.01, with intervals of 0.01 kg/m?, and its ratio of local to source variance
(Figure S9 in Supporting Information S1). We observe that the local variance is punctuated by hotspots along the
DWBC, particularly for isopycnals lighter than 27.95, which is the isopycnal range over which anomalies are not
coherently propagated downstream. The magnitude of these hotspots is reduced on densities denser than 27.95,
where the ratio of local to source variance downstream of the Flemish Cap is less than 1, that is, the local variance
along the DWBC pathway is smaller than the source variance for dense isopycnals, consistent with the isopycnals
range found for coherent anomaly propagation.

3.4. Broader Spatial Context

We now investigate the broader spatial context of subpolar to subtropical propagation by computing the max R at
all points and their associated lags for the uLSW and dLSW isopycnals over a wide swath of the western North
Atlantic (Figure 5). As a reminder, R” results from the lagged correlation between the local time series at each grid
with the time series at the exit of the Labrador Sea and represents what we term the advected variability.

For uLSW, only the area in the vicinity of the Labrador Sea exit shows a strong correlation between the local
salinity time series and that at the Labrador Sea exit, with R values > 0.5 in this area. The rest of the subpolar
gyre, as well as the subtropical region offshore of the American coast, exhibits only moderate to low correlations,
with R? values no greater than 0.5. The lags are small in the subpolar gyre and large in the subtropical gyre, with a
steep increase at the inter-gyre boundary. Furthermore, while the lag pattern is quite uniform in the subpolar
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region, it is patchy in the subtropical gyre. The subpolar pattern of low to moderate R? and low lags can be
explained by uLSW formation each winter in this locale (explaining the low R?) and local recirculation
(explaining the lags). In the subtropics, the combination of a patchy pattern of high lags with low R? indicates a

:sdny woyy papeoy

lack of coherent propagation for uLSW anomalies, as was seen for DWBC propagation. However, we note low
lags along the DWBC from the subpolar gyre to Cape Cod. Downstream of that locale correlations are not

statistically significant in the DWBC, but are significant in the interior basin , suggesting the importance of
interior pathways from Cape Cod to Cape Hatteras for uLSW.

For dLSW, the local salinity time series are well correlated with that at the Labrador Sea exit, with R* values >0.8,
over most of the subpolar area. While the strongest R* values are found in the DWBC, a band with width of ~20°
offshore of the DWBC shows moderate to high correlations, with R? values greater than 0.5. Over that area, there
is a gradual southward increase in the lags which, combined with the moderate to high R? values, indicates
coherent propagation for dLSW along interior pathways. The one exception to this pattern is the local minima for
R? offshore of Cape Hatteras, which is consistent with the R* values along the DWBC discussed in Section 3.1.

This spatial pattern reenforces past observational and modeling studies (Bower et al., 2009; Lozier et al., 2022;
Petit et al., 2023) that have detailed the importance of interior pathways west of the Mid-Atlantic Ridge for the
intrusion of NADW into the subtropics. To this point, the dLSW max R? pattern in Figure 5 is remarkably similar
to the probability distribution map for modeled Lagrangian particles released in Northeast Atlantic Deep Water in
the Irminger Sea (Figure 5 of Lozier et al., 2022).

Finally, the disparities between uLSW and dLSW in their maps of max R” and associated lag patterns across the
North Atlantic basin are similar to what was previously found for the DWBC. That is, there is little evidence for
coherent propagation of uLSW to the subtropical gyre, while there is strong evidence for coherent propagation for
dLSW.

4. Summary

We use the EN4 data set to investigate the extent to which there is coherent propagation of property anomalies
along the DWBC for upper and deep LSW from 1970 to 2020. We also use this data set to assess local property
variance so that we can interpret the signatures of property propagation in the context of local mixing.

We find distinct differences in the extent to which properties propagate downstream in the DWBC as a function of
isopycnals (Figures 2 and 4). On isopycnals that carry uLSW, there is little discernible downstream propagation of
Labrador Sea anomalies past the Flemish Cap. Not only are there low R? on these isopycnals, but the lag from the
Labrador Sea exit does not monotonically increase downstream, as would be expected if advection of anomalies
dominated the local property field. Instead, the lags past the Flemish Cap are patchy with little discernible pattern.
In contrast, there is strong evidence of coherent downstream anomaly propagation on isopycnals that carry dLSW.
For these isopycnals, there is high to moderate R?, and the lags uniformly increase along the DWBC. Taken
together, these metrics indicate the coherent advection of property anomalies for dALSW.

Our analysis of the local property variability also reveals distinct differences between the isopycnals that carry
uLSW and those that carry dLSW. On the shallower isopycnals the variance field is punctuated by known
hotspots along the western boundary, associated with bathymetric features (Figure 3a). The local property
variance at these hotspots is larger than the property variance in the Labrador Sea interior. In contrast, for the
deeper isopycnals, the local variance along the DWBC is generally weaker than in the Labrador Sea interior
(Figure 3b). In the competition between locally generated variability and advected variability, these results show
that local variability is likely to dominate along the DWBC for the uLSW, while the advected variability is likely
to dominate for the dLSW. Indeed, a direct comparison between local variability and advected variability shows
this to be the case (Figures 3¢ and 3d). uLSW anomalies advected downstream quickly lose memory of their
upstream anomaly in the face of local mixing. The dLSW property anomalies, however, retain their memory as
their pathway along the DWBC is largely devoid of strong local mixing.

Furthermore, our investigation of the R* and their lags over a range of isopycnals shows a clear transition from
uLSW to dLSW propagation characteristics, with the divide occurring at ~27.95 (Figure 4). These propagation
differences along the DWBC are also reflected in the broader subtropical North Atlantic (Figure 5). We find low
R? and patchy lags for uLSW, indicating a lack of coherent propagation. In contrast, we find moderate to high R
and a gradual increase in the lags southward for dLSW on a 20°-wide continuous band offshore the DWBC. This
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difference suggests that property variability and coherent propagation along interior pathways (Bower
et al., 2009; Lozier et al., 2022; Petit et al., 2023) is also highly differentiated by density.

:sdny woyy papeoy

We conclude that property anomalies propagate to the subtropical gyre for the dLSW but there is no signature of
coherent and persistent propagation for uLSW over 1970 to 2020 in the EN4 hydrographic data set. These results
are consistent with Zou et al. (2019), who found these same differences for UNADW and LNADW, but for
transport anomalies. The lack of meridional coherence in uLSW downstream of Flemish Cap and the increase in
dLSW advection time at Flemish Cap (Figure 2) is also consistent with previous Lagrangian studies that observed
LSW escapes from the DWBC in the vicinity of Flemish Cap for RAFOS floats launched at 700 and 1,500 m
(Bower et al., 2009). Thus, our results reconcile the known propagation of LSW anomalies along the DWBC and

the known entrainment and detrainment along that boundary.

As discussed in the Introduction, a wide range of LSW advective times has been reported in previous studies and a
recent review has added insight into the probable cause for that range (Le Bras, 2023). For dLSW, the correlation
coefficients we find here are significant for a wide range of lags (Figure 2). This wide range is consistent with the

long-tail distribution seen in previous studies (e.g., Chomiak et al., 2022) and encompasses the advective time
scales from previous studies focused on a particular observational window. For uLSW, we suggest that past
reported correlations likely result from a focus on a large source water anomaly that can survive strong down-
stream mixing.

This distinction brings us to an important difference between our study and the recent Chomiak et al. (2023) study.
Although our results are consistent with the reduced coherence of the convective signal for the shallow LSW 5,
2003 convective event (y" = 27.90) compared to the deep-reaching LSW 4571994 convective event (y" = 27.99),
we argue that the difference noted between the two events is probably due to the isopycnal choice, not the strength
of the anomaly. Though we did not investigate individual propagation events, anomaly strength influences the
ratio between source and local variability, which ultimately determines the trackability of anomalies. Specifically,
our analysis suggests that uLSW (y" = 27.90) experiences too much downstream mixing to preserve its anom-
alies. From our study, we conclude that there are different memories of the initial anomaly based on a competition
between the strength of the initial anomaly and the local downstream variance. Since deeper isopycnals have
smaller local variance along the DWBC we posit that: (a) An anomaly on a shallow isopycnal surface will likely
not have a downstream signature; and (b) an anomaly on a dense isopycnal surface will likely be tracked
downstream, especially if it has a strong initial signature.

In order to extend the spatial and temporal context of DWBC property propagation, we have relied on EN4. The
use of this database, however, precludes our ability to extend our analysis to deeper isopycnals since EN4 ob-
servations are sparse below 2,000 m (Figure S1 in Supporting Information S1). An investigation of property
propagation for overflow pathways will need to rely on observational data sets that capture water column
properties in the deep ocean.

As the ocean property field continues to evolve in response to climate change, the fate of carbon and oxygen
anomalies from the subpolar to the subtropical ocean is of increasing interest. As such, though our study has
focused on salinity anomalies (and temperature anomalies by virtue of our isopycnal analysis), our results have
relevance for the interpretation of downstream signatures of carbon and oxygen. Additionally, a follow-on
observational study focused on the propagation of deep-water density anomalies along the western side of the
North Atlantic basin would yield insight into the downstream coherence of AMOC and could possibly explain
why Zou et al. (2019) found coherent propagation of transport anomalies for LNADW.

Data Availability Statement

All data sets and software used in the main text are referenced and available online. EN.4.2.2.analyses.g10 data
were obtained from https://www.metoffice.gov.uk/hadobs/en4/ and are © British Crown Copyright, Met Of-
fice, 2022, provided under a Non-Commercial Government License http://www.nationalarchives.gov.uk/doc/
non-commercial-government-licence/version/2/, last access 31 Oct. 2022. Please read Good et al. (2013) https://
doi.org/10.1002/2013JC009067 for details of how the data set was constructed. GEBCO_2022 Grid (https://doi.
org/10.5285/e0f0bb80-ab44-2739-e053-6c86abc0289¢) is made freely available by the GEBCO Compilation
Group (https://www.gebco.net/). OSNAP data (https://doi.org/10.35090/gatech/70342) were collected and made
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