
1.  Introduction
The ocean influences the atmosphere primarily through the surface heat flux. The Atlantic Meridional Overturn-
ing Circulation (AMOC) is a leading mechanism for oceanic heat transport and thus an important component in 
the global climate system. The AMOC is driven in part by the formation and export of the North Atlantic deep 
water (NADW), which consists of three main components, that is, Labrador Sea Water (LSW), Denmark Strait 
Overflow Water (DSOW), and Iceland-Scotland Overflow Water (ISOW). The LSW is formed in the winter by 
deep convection in Labrador and Irminger Seas (Pickart et al., 2003; Talley & McCartney, 1982) and is lighter in 
density than the DSOW and ISOW. Originated from the Nordic Seas, DSOW and ISOW are subsequently diluted 
by mixing with ambient Atlantic Water at shelf break after the Nordic Seas source waters overflow the Green-
land-Iceland-Scotland Ridge (Price & Baringer, 1994).

Talley and McCartney (1982) used observations to describe key features of LSW (low-salinity and low potential 
vorticity [PV]) and identify three main pathways for LSW in the subpolar North Atlantic Ocean, which are: (a) 
northeastward into the Irminger Sea; (b) southeastward across the Atlantic beneath the North Atlantic Current; 
and (c) southward past Newfoundland and then westward beneath the Gulf Stream. Later studies revealed a 
more complex pathway for the LSW spreading in the subpolar North Atlantic (e.g., Lavender et al., 2000; Paillet 
et al., 1998; Rhein et al., 2002; Yashayaev, 2007).

Abstract  The North Atlantic deep water (NADW), according to the classic ocean circulation theory, moves 
southward as a deep western boundary current (DWBC) even though it may veer into interior and then rejoin 
DWBC when encountering regional circulation features, such as eddy-driven recirculation. In potential vorticity 
dynamics, the eastern side of the Mid-Atlantic Ridge (MAR) may provide a similar topographic support as the 
continental slope off the western boundary for a southward transport of NADW. In this article, we quantify the 
mean meridional NADW transports on both sides of the MAR using a data-assimilated product and find that 
the flow in the eastern basin contributes about 𝐴𝐴 38 ± 14% of the net southward transport of NADW from 50° to 
35°N. Our study points to the importance of observing NADW transport variations on the eastern side of the 
MAR in order to monitor the transport strength of Atlantic Meridional Overturning Circulation.

Plain Language Summary  Classic theory suggested that the Deep Western Boundary Current 
(DWBC) carries the cold and fresh North Atlantic deep water (NADW) from the high latitude to the south. 
However, float and tracer observations, albeit sparse, have revealed a possible southward pathway in the 
eastern North Atlantic, that is, east of the Mid-Atlantic Ridge (MAR). Using an ocean reanalysis product, 
the Estimating the Circulation and Climate of the Ocean (ECCOV4r4), we show that the steady-state NADW 
meridional transport in the basin east of the MAR accounts for about 𝐴𝐴 38 ± 14% of the meridional transport in 
the whole basin between 35° and 50°N. It is found that the NADW circulation pathways are strongly influenced 
by ocean bottom topography. For example, the eastern flank of the MAR acts as a “western boundary” in the 
eastern basin against which NADW flows southward. The topographic constraint from the MAR weakens south 
of 35°N due to changes in the MAR height and smaller planetary vorticity 𝐴𝐴 𝐴𝐴 . The current study has improved 
our understanding of NADW transport structure at mid-latitude by quantifying the equatorward transport east of 
the MAR.
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After entering the Iceland basin through the Iceland-Scotland ridge, ISOW flows southward along the eastern 
flank of the Reykjanes Ridge until it reaches the Charlie Gibbs Fracture Zone (CGFZ), where it moves westward 
to the western basin (Fleischmann et al., 2001; Smethie et al., 2000; Swift, 1984; van Aken, 2000). South of the 
CGFZ, observations revealed that a portion of ISOW continues southward along the eastern flank of the Mid-At-
lantic Ridge (MAR) into the West European Basin (Fleischmann et al., 2001; Smethie et al., 2000).

As another important component of NADW, DSOW originated from the Nordic Seas, overflows the sill in 
the Denmark Strait and travels southward along the boundary in the western Irminger Basin (e.g., Dickson & 
Brown, 1994; Worthington, 1970). Observations have revealed the existence of DSOW as the densest component 
of DWBC (e.g., Schott et al., 2004; Toole et al., 2011).

The NADW exits the subpolar North Atlantic to spread to the global abyssal ocean. Stommel (1958) and Stom-
mel and Aarons (1960a, 1960b) constructed the first dynamical model for an abyssal ocean circulation driven by 
the NADW formation. The main pathway for exporting the NADW, according to the Stommel-Arons model, is 
through the deep western boundary currents (DWBCs). Indeed, the existence of the DWBC in the North Atlantic 
Ocean was confirmed in observations (Warren, 1981). Later studies have provided more information about the 
mean and variability of DWBCs in the Atlantic Ocean (e.g., Fischer et al., 2010; Kanzow & Zenk, 2014; Toole 
et al., 2017).

However, Bower et al. (2009) found that the LSW is transported to the subtropical basin via interior pathways in 
addition to along the traditionally defined DWBC through analyzing the Range and Fixing of Sound (RAFOS) 
floats (Rossby et al., 1986) released from 2003 to 2005 in the upper NADW layer at 50°N. Floats left the DWBC 
preferentially at topographic choke points at the southeastern corner of the Flemish Cap and the Tail of the Grand 
Banks. Such interior pathways were also present in an eddy-resolving Ocean general circulation model (Gary 
et al., 2011). Lozier et al. (2013) further demonstrated the existence of interior pathways for the overflow waters 
from the Nordic Seas with historical hydrographic observations and model simulations which is similar to that 
of the LSW. Xu et al. (2015) also found the existence of interior pathway in their numerical simulations when 
analyzing the spreading of DSOW and they pointed out the importance of ocean bottom topography in guiding 
DSOW transport. These previous studies have focused primarily on NADW transport in the western North At-
lantic, and possible pathways on the eastern side of the MAR remains underexplored. Studies based on tracers 
(Fleischmann et al., 2001) and Lagrangian floats (Biló & Johns, 2019; Gary et al., 2012; Zou et al., 2017) have 
described a potentially important southward pathway on the eastern side of the MAR. Fleischmann et al. (2001) 
estimated the deep water (σθ > 27.8kg ⋅ m−3) transport (2.4–3.5 Sv, 1 Sv = 106 m3 s−1) from the Iceland Basin to the 
West European Basin with observed tracer data. Biló and Johns (2019) assessed that the transport of LSW (36.97  
kg ⋅ m−3 > σ2 > 36.50 kg ⋅ m−3) recirculates in the Newfoundland Basin is 𝐴𝐴 9.3 ± 3.5  𝐴𝐴 𝐴𝐴𝐴𝐴 , while about 3.2 ± 0.4 �� 
LSW transports east of the Azores at a quasi-zonal section with Argo data and the World Ocean Atlas product.

Topography plays a fundamental role in the dynamics of NADW transport. The abyssal ocean velocity is likely 
geostrophic because of its large spatial scales (relative to the internal deformation radius), weak velocity (small 
Rossby number) and insulation from a direct atmospheric forcing. Therefore, the abyssal flow is expected to be 
along the geostrophic contours. In a flat-bottom ocean model, like the Stommel-Arons model, the meridional 
flow is allowed along the western boundary where the frictional PV flux dominates or in the interior where the 
meridional advection of planetary vorticity is balanced by the vortex stretching due to upwelling. In a model with 
varying bathymetry, the geostrophic contours no longer need to be zonal and thus allow meridional flows even if 
there is no external forcing. For a WBC along a continental slope the frictional PV flux becomes important only 
when the cross-stream scale becomes comparable with the Munk layer width (Jackson et al., 2006). The MAR is 
the most prominent topographic feature that may disconnect geostrophic contours between the eastern and west-
ern sides of the ridge, and its meridional orientation provides a topographic support for a meridional flow in the 
eastern basin that could be dynamically similar to the DWBC on the continental slope off the western boundary. 
Like the DWBC, the friction becomes important only when the cross-stream of the flow becomes comparable 
with the width of frictional boundary layer.

Southward transport of the LSW on eastern side of the MAR has been identified in previous studies (e.g., Paillet 
et al., 1998). However, the transport is still not well quantified and the influence of the MAR on the transport 
pathways remains insufficiently studied. In this study, we use a data-assimilated product to quantify the mean 



Geophysical Research Letters

ZHAI ET AL.

10.1029/2021GL095615

3 of 10

state meridional transport of NADW in both the eastern and western basins of the mid-latitude Atlantic. We also 
provide a mechanistic description about the influence of the MAR on NADW meridional transport distribution.

2.  Data and Methods
2.1.  Data: ECCOV4r4

In our analyses of the mean state of the AMOC lower limb, we use the ECCO4 release 4 (ECCOV4r4, ECCO 
Consortium et al., 2020, 2021; Forget et al., 2015) to obtain the full coverage of mid-latitude meridional transport. 
ECCOV4r4 is the latest release of ECCO version 4, covering a 26-yr period from 1992 to 2017. It is based on the 
MIT General Circulation Model (MITgcm) and assimilates most available modern oceanographic observations, 
including sea surface height from altimetry, ocean bottom pressure from the Gravity Recovery and Climate Ex-
periment (GRACE), hydrography from Argo profilers, moorings, etc. (Fukumori et al., 2020). The estimate uses 
the adjoint method to improve fit to observations through repetitively minimizing the squared sum of weighted 
model-data misfits and control adjustments (Wang et al., 2020). We use the interpolated monthly product from 
https://www.ecco-group.org/products.htm. This gridded ECCOV4r4 data has a resolution of 0.5° horizontally 
and 50-levels vertically. One major appealing aspect of using ECCO4 is that it assimilates the ocean bottom pres-
sure data from satellite observations and thus the geostrophic velocity in the abyssal ocean is better constrained 
toward a realistic state.

2.2.  Methods: Definition of the Upper and Lower NADW Layers

To separate AMOC into the upper limb, which transports warm upper layer water northward, and the lower limb 
that returns cold NADW southward, we follow Lozier et al. (2019) by choosing ( σθ = 27.66 kg ⋅ m−3 as the inter-
face between upper and lower limbs. Figure S1a in Supporting Information S1 shows the mean AMOC in density 
space and Figure S1b in Supporting Information S1 provides the maximum AMOC in density space. The mean 
maximum upper AMOC transport is about 𝐴𝐴 15.4 ± 1.8 𝐴𝐴 𝐴𝐴𝐴𝐴 (at 55°N), which is consistent with previous estimates 
at high latitude North Atlantic (e.g., Lozier et al., 2019). The difference between the maximum AMOC and upper 
limb AMOC (above 𝐴𝐴 𝐴𝐴𝜃𝜃 = 27.66 𝑘𝑘𝑘𝑘 ⋅ 𝑚𝑚−3 ) is small as shown in Figure S1b in Supporting Information S1. There-
fore, it appears that using (σθ = 27.66 kg ⋅ m−3 as the boundary between the upper and lower AMOC limbs is ap-
propriate in our analyses of ECCOV4r4. In addition, we also compare AMOC transport in ECCOV4r4 with two 
long-time AMOC transport observations (see Text S1 and Table T1 in Supporting Information S1) at low latitude 
Atlantic. The results show that the AMOC transport in ECCOV4r4 is slightly weaker than observed transport.

In this study, the NADW is separated into two layers: one is the upper NADW layer which primarily consists 
of LSW, and the other is the lower NADW layer which lays under the upper NADW layer and includes both 
DSOW and ISOW. Following previous studies, the potential density surface (σθ = 27.8 kg ⋅ m−3 is selected to 
separate the upper and lower NADW layers (e.g., Gary et al., 2012; Pickart & Spall, 2007; Sarafanov et al., 2012; 
Saunders, 1994; Stramma et al., 2004). Figure 1a shows the bathymetry of North Atlantic in ECCOV4r4 and the 
locations of five sections, both zonal and meridional, along which the salinity (color) potential density (contour 
lines) are shown (Figures 1b–1f). The low salinity water that is characteristic of LSW is present on both sides of 
the MAR in the intermediate depth as Figures 1b and 1e shown.

Taking a consideration of the complex nature of the bathymetry, we define two meridional sections on two sides 
of the MAR that are parallel to the ridge (Figures 1d and 1f). As expected, the upper layer with a high salinity is 
thick in the subtropical basin, reaching the maximum thickness near 37°N as shown in Figures 1e and 1f. In addi-
tion, the salinity along the zonal section at 40°N (Figure 1c) clearly shows the water mass is saltier in the eastern 
Atlantic, which is resulted from the presence of the high salinity Mediterranean Outflow Water (MOW) and the 
eastward shift of the North Atlantic Current at that latitude (e.g., Baringer & Price, 1997; Iorga & Lozier, 1999). 
The salinity of 36.25 has been used in some studies to characterize the MOW (e.g., Baringer & Price, 1997; Iorga 
& Lozier, 1999), while Ferreira and Kerr (2017) used salinity 35.5 to mark Mediterranean Water. In our study, 
we calculate the meridional transport of NADW by excluding water masses with salinity >35.5. Additionally, 
to separate the NADW from the Antarctic Bottom Water (AABW) in the deep North Atlantic, we choose (σ4 = 
45.91kg m−3 as the top boundary of AABW (as shown in Figures 1c, 1d and 1f), consistent with previous studies 
(e.g., Talley, 2008).

https://www.ecco-group.org/products.htm
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3.  Results
3.1.  Meridional Transport of NADW

Figure 2 shows the latitudinal distribution of the meridional transports in the upper and lower NADW layers, 
respectively (see details in Text S2 in Supporting Information S1). The calculation of meridional transport does 
not include MOW (salinity  >  35.5), which makes a relatively small contribution to the meridional transport 
both in the upper and lower NADW layers (as shown in Figures S2a–S2f in Supporting Information S1). The 
calculation of the lower NADW layer follows the same procedure except for a different density range (between 
σθ = 27.8 kg ⋅ m−3 and σ4 = 45.91 kg ⋅ m−3) without an AABW component. The magnitude of AABW transport 
shown in Figures S2g–S2i in Supporting Information S1 is small compared with the NADW transport. In the 

Figure 1.  (a) The bathymetry (m) used in ECCOV4r4 in color. Colored solid lines make sections along which the salinity (color) and potential density (lines) 
are shown in (b–f). Green solid line for a zonal section at 50°N for (b), and green dashed line for 40°N for (c), blue line along the MAR for (e), solid red line for a 
meridional section about 13° to the west of MAR section for (d), and dashed red line for a meridional section 11° to the east of MAR section for (f). The gray contours 
are for 1,500, 2,500, and 3,500 m isobaths. (b–f) The white contours mark S = 35.5 in salinity, the black solid contours show the potential density (σθ = 27.66 and 
27.8 kg ⋅ m−3, and the black dashed line contours are the potential density (σ4 = 45.91 kg ⋅ m−3).
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eastern basin the meridional transport in the upper NADW layer diverges at the latitude of CGFZ, which is about 
52°N, that is, northward (southward) to the north (south) of this latitude. Previous studies revealed an eastward 
transport of LSW through CGFZ (e.g., Talley & McCartney, 1982). Once into the eastern basin, some spreads 
northeastward to the eastern Iceland Basin (Rhein et al., 2002), and some flows southward along the eastern flank 
of the MAR (Paillet et al., 1998). The bifurcation of the meridional transport direction in the eastern basin in the 
upper NADW layer is consistent with the LSW spreading pathway. In addition, we also calculate the average of 
meridional NADW transport (combining the upper and lower NADW layer) between 35° and 50°N. The NADW 
transport over the whole basin is 𝐴𝐴 − 14.3 ± 1.4 𝑆𝑆𝑆𝑆 (−7.1 ± 0.9 �� in the upper NADW layer and −7.2 ± 1.6 �� 
in the lower NADW layer), while the transport component in the eastern basin is −5.3 ± 1.7 �� (−2.8 ± 0.8 �� 
in the upper NADW layer and −2.5 ± 1.1 �� in the lower NADW layer). Then, we calculate the percentage of 
eastern basin transport with the annual mean time series of the latitude-averaged NADW transport (between 35° 
and 50°N). As shown in Figures 2b and 2d, the meridional NADW transport east of the MAR accounts for nearly 

𝐴𝐴 38 ± 14% of the whole basin meridional NADW transport at mid-latitude.

In addition, the meridional transport decreases (increases) in the upper (lower) NADW layer while approaching 
lower latitudes. South of 35°N, the meridional transport in the eastern basin decreases and converges to the west-
ern basin in both the upper and lower NADW layers. In order to understand the circulation in the upper and lower 
NADW layers, we analyze the layer depth-averaged velocities and layer PV in the next section.

3.2.  Layer Analyses

To better understand the transport pathways in the upper NADW layer, we calculate the thickness of the upper 
NADW layer and the depth-averaged velocities. Figure 3a shows that the area with large layer thickness locates 
near the exit of Labrador Sea where newly formed LSW is exported. A tongue extends eastward near 52°N to the 
fracture zone in the MAR, the location of CGFZ. Near the eastern boundary south of 52°N, the shrinking of the 

Figure 2.  (a) The net meridional transport [𝐴𝐴 𝐴𝐴𝐴𝐴 ] in the upper NADW layer from ECCOV4r4 across the whole basin (𝐴𝐴 𝐴𝐴𝑤𝑤 + 𝑇𝑇𝑒𝑒 ) (red bars), and the transport component in 
the eastern basin (𝐴𝐴 𝐴𝐴𝑒𝑒 ) (blue bars); (b) The percentage of the eastern basin component in the upper NADW layer transport as defined by (𝐴𝐴 𝐴𝐴𝑒𝑒∕(𝑇𝑇𝑤𝑤 + 𝑇𝑇𝑒𝑒) ); (𝐴𝐴 𝐴𝐴𝑤𝑤 is the upper 
NADW layer meridional transport in the western basin and defined as 𝐴𝐴 𝐴𝐴𝑤𝑤(𝑦𝑦) = ∫ 𝑥𝑥=𝑀𝑀𝑀𝑀𝑀𝑀

𝑥𝑥=𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ∫
𝑧𝑧𝜎𝜎𝜃𝜃=27.66 𝑘𝑘𝑘𝑘⋅𝑚𝑚−3
𝑧𝑧𝜎𝜎𝜃𝜃=27.8 𝑘𝑘𝑘𝑘⋅𝑚𝑚−3

𝑣𝑣(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ; 𝐴𝐴 𝐴𝐴𝑒𝑒 is the upper NADW layer meridional 

transport in the eastern basin and defined as 𝐴𝐴 𝐴𝐴𝑒𝑒(𝑦𝑦) = ∫ 𝑥𝑥=𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑥𝑥=𝑀𝑀𝑀𝑀𝑀𝑀 ∫

𝑧𝑧𝜎𝜎𝜃𝜃=27.66 𝑘𝑘𝑘𝑘⋅𝑚𝑚−3
𝑧𝑧𝜎𝜎𝜃𝜃=27.8 𝑘𝑘𝑘𝑘⋅𝑚𝑚−3

𝑣𝑣(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 . x = MAR is the crest position of the MAR indicated by the blue line 
in Figure 1(a). (c) and (d) are same as (a) and (b) except for the lower NADW layer. The black dashed lines indicate 38%. The standard deviation is marked with the 
light blue shadow zones in (b) and (d), separately.
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layer thickness might result from mixing with the overlying waters, the saline MOW (e.g., Iorga & Lozier, 1999; 
Talley & McCartney, 1982). Additionally, the thickness of the upper NADW layer decreases equatorward, which 
is consistent with the latitudinal changes of meridional transport (shown in Figure 2a).

Figure 3b illustrates the depth-averaged circulation in the upper NADW layer. The DWBC along the continental 
slope off the western boundary is a prominent feature, consistent with the classic view that it is a main conduit for 
the southward export of the NADW. Interestingly, the southward transport is strong along the MAR between 35° 
and 50°N especially on the eastern side of the MAR. However, the transport moves westward over the ridge and 

Figure 3.  (a) Mean thickness (𝐴𝐴 𝐴𝐴 ) of the upper NADW layer (𝐴𝐴 𝐴𝐴𝜃𝜃 = 27.66 − 27.8 𝑘𝑘𝑘𝑘 ⋅ 𝑚𝑚−3 ); (b) mean depth-averaged circulation (𝐴𝐴 𝐴𝐴𝐴𝐴∕𝑠𝑠 ) in the upper NADW layer (for 
the purpose of a better illustration, the depth-averaged velocities are truncated at 1.5 𝐴𝐴 𝐴𝐴𝐴𝐴∕𝑠𝑠 ; the standard deviation of the depth-averaged circulation is shown in Figure 
S3 in Supporting Information S1; the calculation method is illustrated with Text S3 in Supporting Information S1); (c) the layer PV f/h [𝐴𝐴 10−8 𝑚𝑚−1𝑠𝑠−1 ] in the upper 
NADW layer where h is defined as the layer thickness (for the purpose of a better illustration, the layer PV are truncated at 𝐴𝐴 1.6 × 10−7 𝑚𝑚−1𝑠𝑠−1 ); (d) mean transport 
stream function (𝐴𝐴 𝐴𝐴𝐴𝐴 ) in the upper NADW layer, which is defined as 𝐴𝐴 𝐴𝐴(𝑥𝑥𝑥 𝑥𝑥) = ∫ 𝑥𝑥𝑥𝑥=𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ∫

𝑧𝑧27.66 𝑘𝑘𝑘𝑘⋅𝑚𝑚−3
𝑧𝑧27.8 𝑘𝑘𝑘𝑘⋅𝑚𝑚−3

𝑣𝑣(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (positive for northward transport). The blue 
dashed lines mark the location of the MAR. The gray contours are isobaths for 3000 𝐴𝐴 𝐴𝐴 . The black contours in (a), (b) and (d) marks the area that bottom topography of 
the MAR intersects the upper NADW layer. The black contours in (c) are the layer PV contours. (e)–(h) are same as (a)–(d) except for the lower NADW layer. For the 
purpose of a better illustration, the depth-averaged velocities are truncated at 0.3 cm/s in (f) and the layer PV are truncated at 𝐴𝐴 9 × 10−8 𝑚𝑚−1𝑠𝑠−1 in (g).
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converges toward the DWBC between 30° and 35°N. This diminished contribution from the eastern basin to the 
net basin-wide transport of the upper NADW south of 35°N is also evident in Figures 2a and 2b.

The interior flow away from boundary currents is likely to be predominantly geostrophic and, therefore, expected 
to follow the isolines of planetary PV, that is, f/h, where h is the layer thickness of upper NADW in the present 
case. Indeed, the velocity in the upper NADW layer, shown in Figure 3b, is mostly along PV contours (Figure 3c), 
such as the significant eastward transport near 52°N and the southwestward flow over the ridge toward the west-
ern basin south of 35°N. Obviously, the steady interior mid-latitude meridional transport in the upper NADW 
layer is strongly constrained by the layer PV distribution.

Previous studies about the LSW interior pathway also revealed similar flow structure in the eastern basin (e.g., 
Biló & Johns, 2019; Gray et al., 2012). It is interesting to note that the flow in the upper NADW layer is influ-
enced by bathymetric features associated with the MAR even though this layer of water mass is mostly above the 
seafloor except in a few isolated regions where the layer intersects with the ridge (black contours in Figure 3d). 
The dynamics of how topography can exert a considerable influence on a stratified geostrophic flow above the 
bottom layer is explained in an idealized model by Brink (1998, 2016). The influence is facilitated by the conti-
nuity of the vertical velocity in a geostrophic flow, which is horizontally nondivergent. Such a bathymetric effect 
is particularly strong when the lateral scale of bathymetry variation is smaller than f/β—an assumption that is 
mostly valid for the present case of a mid-latitude flow over a ridge with a cross-ridge scale of a few hundred kilo-
meters. The westward convergence over the ridge from the eastern basin toward the DWBC at 35°N is mainly 
due to the lessened topographic effects on f/h contours when the crest of the ridge becomes deeper (and thus less 
topographic constraint) and the planetary vorticity f becomes smaller when the water moves closer to the equator.

Comparing with the upper NADW layer shown in Figure 3a, the thickness of the lower NADW layer (Figure 3e) 
increases toward lower latitudes both in the western and eastern basins, which is consistent with the meridional 
transport latitudinal changes shown in Figure 2c. It is noted here that the net NADW transport, combining the 
upper and lower layers, remains relatively steady at about −14.8 ± 1.3  𝐴𝐴 𝐴𝐴𝐴𝐴 across latitudes (from 25° to 55°N), 
as shown in Figure  2. The decline of the upper NADW transport toward lower latitudes is compensated by 
an increase of similar magnitude in the lower NADW transport. Our analyses indicate that the transport parti-
tion between these two components is sensitive to the choice of potential density for their interface (σθ = 27.8  
kg ⋅ m−3 in our analyses). The compensating changes between transports in these two NADW layers are likely due 
to diapycnal mixing in the model. Observations have revealed that the mixing between LSW and MOW happens 
when LSW spreads toward lower latitudes (e.g., Talley & McCartney, 1982). Figures 2b and 2d show that the 
percentage of the net southward transport occurs in the eastern basin in both layers is close to 𝐴𝐴 38 ± 14% which is 
calculated by combining the latitude-averaged transport between 35° and 50°N in upper and lower NADW layers. 
Therefore, the main conclusion remains valid that the transport in the eastern basin makes an important, albeit 
smaller, contribution to the net southward transport of the NADW.

Figure 3f depicts that the lower NADW flows southward both in the western and eastern flanks of the MAR. The 
southward flow in the eastern basin between 35° and 50°N is mainly along the MAR eastern slope where the 
bathymetry, like the continental slope in the western basin, makes the geostrophic contours to be meridionally 
oriented. There is also a southward flow on the western flank of the MAR which might be attributed to the similar 
dynamical constraint discussed by Yang and Pratt (2014) for deep-water flow around Iceland-Faroe Ridge. South 
of 35°N, most of the southward flow in the eastern basin turns southwestward into the western basin, while a 
fraction continues to flow along the eastern flank of MAR. The crest of the MAR deepens south of 35°N (shown 
in Figure 1a), which, together with a decreasing value of planetary vorticity f, helps to alleviate the topographic 
constraint imposed by the ridge and allow the geostrophic contours to be extended zonally across the MAR. This 
relaxation of the topographic constraint is similar to what happens in the upper NADW layer discussed above.

There is an eastward flow through the CGFZ in the lower NADW layer that seems to be in disagreement with 
previous studies that show a westward mean flow through the CGFZ (Bower & Furey, 2017), even though oc-
casionally eastward flow was observed in the fracture zone due to deep reaching North Atlantic Current (Schott 
et al., 1999). As shown in Figure S4 in Supporting Information S1, in the lower NADW layer, the westward and 
eastward zonal velocities coexist in the mean state from ECCOV4r4. Additionally, the estimated ISOW transport 
in the Iceland Basin from ECCOV4r4 (not shown) is about −0.6 ± 0.2 �� , which is weaker than the observa-
tion-based estimate of −3.8 ± 0.6 �� (Kanzow & Zenk, 2014). The discrepancy for ISOW between observations 
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and ECCOV4r4 might be resulted from the coarse resolution and the underrepresentation of the overflows due 
to parameterization issues in the ECCO model, as well as insufficient observations in abyssal ocean to constrain 
the model.

It is worth noting that our results are based on product of state estimate and will need to be validated by obser-
vations. We did repeat the same analyses using a different state estimate, the Global Seasonal forecast system 
version 5 (Glosea5), which is a high-resolution reanalysis product based on the Nucleus for European Modelling 
of the Ocean (NEMO) model (Blockley et al., 2014; MacLachlan et al., 2015). The results (not shown) are qual-
itatively similar to that shown in Figure 2 that the transport of the upper and lower NADW on the eastern side of 
the MAR accounts for about 30%–50% of the total transport between 35° and 50°N.

4.  Summary
In this study, we describe and analyze the meridional transport of NADW distribution both in the upper and lower 
layers in the mid-latitude North Atlantic Ocean with a data-assimilated product ECCOV4r4. The NADW flows 
southward in the basins both east and west of the MAR. Between 35° and 50°N, the southward transport in the 
eastern basin consists of nearly 𝐴𝐴 38 ± 14% of the whole basin meridional transport both in the upper and lower 
NADW layers. At this latitude band, the net mean meridional transport across the whole basin is −7.1 ± 0.9 𝐴𝐴 𝐴𝐴𝐴𝐴 
(−7.2 ± 1.6 𝐴𝐴 𝐴𝐴𝐴𝐴 ) in the upper (lower) NADW layer, while the eastern basin meridional transport is −2.8 ± 0.8 �� 
(−2.5 ± 1.1 �� ). The existence of the eastern basin pathways is mainly attributable to the MAR. The conver-
gence of the transport toward the DWBCs at about 35°N follows the PV contours that extend across the ridge 
due to the deeper crest and smaller planetary vorticity f. Our results indicate that the southward transport of the 
NADW to the east of the MAR makes an important contribution to the lower limb of AMOC and suggest that its 
variability needs to be monitored in order to quantify the net transport variability in the NADW layer.

Data Availability Statement
The ECCOV4r4 products can be accessed at https://ecco.jpl.nasa.gov/drive/files/Version4/Release4/in-
terp_monthly. The RAPID data are freely available from https://rapid.ac.uk/rapidmoc/rapid_data/datadl.
php. The MOVE data are freely available from http://mooring.ucsd.edu/index.html?/projects/move/move_in-
tro.html. The Glosea5 data are downloaded from https://resources.marine.copernicus.eu/product-detail/
GLOBAL_REANALYSIS_PHY_001_031/INFORMATION.
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