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Abstract  5 

The spreading of Iceland Scotland Overflow Water (ISOW) in the eastern North Atlantic has 6 
largely been studied in an Eulerian frame using numerical models or with observations limited to 7 
a few locations. No study to date has provided a comprehensive description of the ISOW spreading 8 
pathways from both Eulerian and Lagrangian perspectives. In this paper, we use a combination of 9 
previously unreported current meter data, hydrographic data, RAFOS float data, and a high 10 
resolution (1/12°) numerical ocean model to study the spreading pathways of ISOW from both of 11 
these perspectives. We identify three ISOW transport cores in the central Iceland Basin (~59°N), 12 
with the major core along the eastern boundary of the Reykjanes Ridge (RR) and the other two in 13 
the basin interior. Based on trajectories of observed and/or numerical floats seeded along 59°N, 14 
we also describe the ISOW spreading pathways and quantify their relative importance. Within 10 15 
years, 7-11% of ISOW from 59°N escapes into the Irminger Sea via gaps in the RR north of the 16 
Charlie Gibbs Fracture Zone (CGFZ); the water that moves through these gaps principally 17 
originates from the shallower ISOW layer along the RR eastern boundary. 10-13% travels further 18 
southward until the CGFZ, where it crosses westward into the western subpolar gyre. 18-21% of 19 
ISOW spreads southward along the eastern flank of the Mid-Atlantic Ridge into the Western 20 
European Basin (WEB). Most of the remaining water stays in the Iceland Basin over the 10-year 21 
period. A model-based investigation provides a first look at the temporal variability of these ISOW 22 
pathways. We find that the fraction of southward water exported into the WEB is anti-correlated 23 
with the export through the CGFZ, a result assumed to reflect these pathways’ interactions with 24 
the North Atlantic Current in magnitude and/or position shift. 25 

 26 

1. Introduction  27 

Iceland Scotland Overflow Water (ISOW), one of the major components of the lower limb of the 28 
Atlantic Meridional Overturning Circulation (AMOC), is formed in the Nordic Seas from these 29 
identified sources: open-ocean convection in the Greenland Sea, dense water formation along the 30 
Arctic shelves and the transformation of Atlantic water (Rudels et al., 1999; Eldevik et al., 2009). 31 
After formation, ISOW flows to the eastern subpolar gyre mainly through the Faroe-Shetland 32 
Channel, with a small portion over the Iceland-Faroe Ridge. ISOW entrains the ambient water as 33 
it spreads southward primarily along the slope of the northwest Iceland Basin and then out into the 34 
eastern North Atlantic (Fleischmann et al., 2001; van Aken and de Boer, 1995).  35 

An understanding of the distribution and variability of ISOW spreading pathways, together with 36 
the other two components of the lower limb of the AMOC, the Labrador Sea Water (LSW) and 37 
Denmark Strait Overflow Water (DSOW), is fundamental to our understanding of AMOC 38 
structure and variability.  39 



Traditionally, the Deep Western Boundary Current (DWBC) was considered the major conduit 40 
from the subpolar to the subtropical gyre for these deep water masses. As a consequence of this 41 
assumption, DWBC transport variability was roughly equated to variability of the deep AMOC 42 
limb (Molinari et al., 1998; Curry et al., 1998; Schott et al., 2006). However, recent studies have 43 
demonstrated the importance of interior pathways in exporting LSW (Bower et al., 2009; Lavender 44 
et al., 2005; Gary et al., 2012) and the overflow waters (Xu et al., 2015; Lozier et al., 2013; Gary 45 
et al., 2011; Stramma et al., 2004) to the subtropical gyre in the western North Atlantic, thus calling 46 
into question the DWBC as the sole conduit of deep water masses in the North Atlantic. Besides 47 
an interior pathway for overflow waters in the western North Atlantic, studies based on models 48 
and Lagrangian floats have identified a southward interior pathway of ISOW along the eastern 49 
flank of the Mid-Atlantic Ridge (MAR) (Xu et al., 2010; Machín et al, 2006; Lankhorst and Zenk, 50 
2006).  51 

In addition to the southward branch along the eastern flank of the MAR, two other ISOW spreading 52 
pathways have also been identified in the eastern North Atlantic: one via gaps in the Reykjanes 53 
Ridge (RR) north of the Charlie Gibbs Fracture Zone (CGFZ), and the other via a westward 54 
crossing through the CGFZ. The former branch has been mostly studied with models (Xu et al., 55 
2010; Chang et al., 2009), while the latter branch has been studied using both model output (Xu et 56 
al., 2010; Chang et al., 2009) and current meter measurements (Saunders, 1994; Bower and Furey, 57 
2017). In both cases, the pathways are deduced from Eulerian data.  58 

Though these prior Eulerian studies identified particular ISOW pathways, no study to date has 59 
validated these pathways from a Lagrangian perspective, primarily because Lagrangian data has 60 
been so limited. Additionally, no previous study has assessed the temporal interplay among the 61 
spreading branches. Thus, the goals of this paper are to: 1) provide a comprehensive description 62 
of the ISOW spreading pathways in a combined Eulerian and Lagrangian frame; 2) shed light on 63 
the interplay between spreading pathways on interannual time scales. Specifically, we use 64 
previously unreported current meter data from two different arrays, two sets of CTD stations, 65 
RAFOS float data and a high resolution model output to: 1) identify ISOW in the Iceland Basin; 66 
2) trace different ISOW spreading pathways; 3) quantify the volume transport and measure the 67 
relative importance of different ISOW branches; and 4) assess the temporal variability of the 68 
spreading pathways. 69 

The paper is organized as follows: We review ISOW pathways from previous studies in section 2 70 
and summarize our data sources and methods in section 3. In section 4, we provide a 71 
comprehensive description of the major ISOW export pathways out of the Iceland Basin and in 72 
section 5, we quantify the different pathways from both Eulerian and Lagrangian perspectives. 73 
Conclusions follow in section 6.   74 

 75 

2. Prior knowledge of the Iceland Scotland Overflow Water pathways and their transports 76 

Iceland Scotland Overflow Water (ISOW) enters the eastern subpolar North Atlantic between 77 
Iceland and Scotland primarily through the Faroe-Shetland Channel (FSC) (Hansen and Østerhus, 78 
2007) and a minor part over the Iceland-Faroe Ridge (Beaird et al., 2013) (Figure 1). After flowing 79 
through the FSC, one ISOW branch flows into the Iceland Basin through the Faroe Bank Channel, 80 



filling the bottom layer (density ≥ 27.80 kg/m3 with a depth range from 1300m to the bottom) on 81 
the Icelandic Slope (Saunders, 1996; Kanzow and Zenk, 2014; Xu et al., 2010). Another branch 82 
travels southward into the Rockall Trough across the Wyville-Thomson Ridge (WTR) (Chang et 83 
al., 2009; Ellett and Roberts, 1973; Sherwin and Turrell, 2005). A small branch flows southward 84 
west of the Maury Channel (Chang et al., 2009; Xu et al., 2010). As ISOW spreads southward and 85 
westward, it mixes with lighter subtropical waters carried by the North Atlantic Current (NAC), 86 
Labrador Sea Water (LSW) from the western subpolar gyre, and Lower Deep Water (LDW) from 87 
the south (van Aken 1995; McCartney, 1992).  88 

Direct measurements of the transport in the ISOW layer are available at limited locations (labeled 89 
in magenta in Figure 1). The FBC overflow is measured to be 2.1-2.2 Sv (1 Sv = 106 m3/s) (Hansen 90 
and Østerhus, 2007; Hansen et al., 2016) and the overflow over the IFR is estimated to be > 0.8 91 
Sv (Beaird et al., 2013). A southward transport of 3.2-3.8 Sv is observed in the ISOW layer along 92 
the northwestern slope of the basin south of Iceland (Saunders, 1996; Kanzow and Zenk, 2014). A 93 
transport of 0.1-3.0 Sv with large uncertainties through the Rockall Trough is estimated by 94 
Dickson and Brown (1994), while a more recent study shows that the transport across the WTR is 95 
at the lower bound of the range (Sherwin et al., 2008). A westward transport of waters in the ISOW 96 
layer across the Charlie Gibbs Fracture Zone (CGFZ), measured with mooring arrays, is 1.7-2.4 97 
Sv (Saunders, 1994; Bower and Furey, 2017). However, this branch is highly variable due to the 98 
frequent approach of the eastward-flowing NAC (Schott et al., 1999; Bower and Furey, 2017), 99 
whose deep flow field interacts with the westward transport of ISOW. The transport of waters 100 
denser than 27.80 kg/m3 in the southward branch along the eastern MAR flank from the Iceland 101 
Basin to the West European Basin (WEB) has been estimated to be 2.4-3.5 Sv from tracer data 102 
(Fleischmann et al., 2001).  103 

In addition to the Eulerian-based studies, past Lagrangian studies have also investigated the 104 
spreading of intermediate and deep waters in the Iceland Basin. With passive neutrally buoyant 105 
RAFOS floats (released between 1419 to 2866 dbar), Lankhorst and Zenk (2006) identify three 106 
major pathways of LSW in the Iceland Basin: westward escape into the Irminger Sea through the 107 
Bight Fracture Zone (BFZ) along the RR (see also Bower et al., 2002); eastward flow across the 108 
CGFZ, which is the major exchange gateway of LSW between the Irminger Sea and the Iceland 109 
Basin; and a southward spreading along the eastern flank of the MAR (see also Machín et al., 110 
2006). Though these pathways are mostly identified in the LSW layer, which is shallower than the 111 
ISOW layer, the pathways across the RR gaps and along the eastern flank of the MAR are similar 112 
to those observed in the ISOW layer (as detailed below), indicating a barotropic structure for the 113 
spreading of intermediate and deep waters.  114 

A number of modeling studies have also estimated the volume transport of different ISOW 115 
branches (labeled in magenta with parentheses in Figure 1). For example, Xu et al. (2010) estimate 116 
that the total transport of ISOW along the northwestern slope south of Iceland is 3.3 Sv. The cross-117 
RR transport in the ISOW layer is estimated to be 1.2 Sv and the westward transport through the 118 
CGFZ is 1.9 Sv. Another modeling study (Chang et al., 2009) also gives the estimate of the ISOW 119 
layer transport west of the Maury Channel (1.5 Sv), within the Rockall Trough (2.2 Sv), and into 120 



the WEB (4.6 Sv). Most of these model-based estimates compare fairly well with observational 121 
estimates except for the transport estimate into the WEB.  122 

However, to our knowledge, there is to date no observational or modeling study that describes 123 
these ISOW branches from a Lagrangian perspective, nor one that investigates the time-varying 124 
relationship among the different ISOW branches. The current research aims at filling those gaps 125 
and intends to shed light on the similarities and differences between the Eulerian-based and 126 
Lagrangian-based studies of ISOW spreading pathways and transports.   127 

 128 
 129 
Figure 1. A schematic of the major ISOW spreading pathways, with black diamonds and dashed 130 
lines indicating the location of the moorings and CTD sections used in this study. Volume 131 
transports (unit: Sv) from previous Eulerian studies are labeled in magenta with those from models 132 
enclosed with parentheses. Abbreviations are: Iceland Faroe Ridge (IFR); Faroe-Shetland Channel 133 
(FSC); Faroe Bank Channel (FBC); Reykjanes Ridge (RR); Wyville-Thomson Ridge (WTR); 134 
Rockall Trough (RT); Rockall Plateau (RP); Porcupine Bank (PB); Bight Fracture Zone (BFZ); 135 
Charlie Gibbs Fracture Zone (CGFZ); Maury Chanel (MC); Mid-Atlantic Ridge (MAR) and West 136 
European Basin (WEB). All transport estimates shown here are from studies referenced in section 137 
2.  138 

 139 

3. Data and Methods 140 



3.1 Mooring array and CTD stations in the central Iceland Basin 141 

To identify ISOW and its transport cores in the Iceland Basin, we use a mooring array (M1, D1, 142 
D2, D3, M2, D4, M3 and M4 in Figure 1) and a set of CTD stations (black dashed line in Figure 143 
1) across the Iceland Basin at 58-59°N. The mooring array and the CTD stations constitute part of 144 
the Overturning in the Subpolar North Atlantic Program (OSNAP) - East section, which extends 145 
from the southern tip of Greenland to Scotland (Lozier et al., 2016).  146 

The mooring array was deployed in July 2014 across the entire Iceland Basin at depths between 147 
699m and 2830m. Here we use the mean velocity and property profiles at depths ≥ 1000m from 148 
the first year of measurements to study the ISOW transport. On the same cruise, CTD 149 
measurements were conducted across the OSNAP section. CTD data at depths ≥ 1000m along the 150 
eastern flank of the RR, where the ISOW major branch is located, is also used in this study. 151 

 152 

3.2 Mooring array and CTD stations east of CGFZ 153 

Another mooring array used in this study is located to the east of the CGFZ. The moorings, labeled 154 
C, G, F, Z, M, A, R and T are shown in Figure 1. Moorings C, G, F and Z were deployed on June 155 
25, 1999 and largely recovered on July 1, 2000. Moorings M, A, R and T were deployed on August 156 
9, 1998 and recovered on June 16, 1999. All instruments were deployed at depths between 1650m 157 
and 3890m. The data used here is the annual mean velocity field at all instrumental depths. 158 
Additionally, CTD profiles conducted on FS METEOR in June 1999, when moorings M, A, R and 159 
T were recovered, are also used in this study.  160 

 161 

3.3 RAFOS floats 162 

Along the 2014 OSNAP cruise track in the Iceland Basin, acoustically tracked deep Range and 163 
Fixing of Sound (RAFOS) floats were released to study the ISOW spreading pathways (Lozier et 164 
al., 2016). In this paper, we use 9 floats that were initiated between 1800dbar and 2400dbar along 165 
the eastern flank of the RR. The initial launch locations and the trajectories of these floats can be 166 
found in Figure 2-4. These floats followed isobaric surfaces and had an approximate lifetime of 167 
two years.  168 

Gaps in float positions, noted in Figure 3-4, possibly result from: 1) the blockage of the sound 169 
signal by a topographic feature, such as a seamount or bight; 2) the degradation of signal strength 170 
due to rough surface conditions; and/or 3) too great of a distance between the sound source and 171 
the float. As shown below, these gaps do not seriously impair our view of the floats’ spreading 172 
pathways. 173 

 174 

3.4 FLAME model  175 

The model used in this paper is the eddy-resolving (1/12°) member of the Family of Linked 176 
Atlantic Models Experiment (FLAME) (Biastoch et al., 2008; Böning et al., 2006). The model 177 



uses primitive equations and is spun up from rest with European Center for Medium-Range 178 
Weather Forecasts (ECMWF) climatological forcing for 10 years. After spin-up, the model is 179 
forced with monthly anomalies of NCEP/NCAR reanalysis data (Kalnay et al., 1996) 180 
superimposed on climatological forcing to create a hindcast dataset from 1990 to 2004. 181 
Climatological temperature and salinity are maintained at the open boundaries during the 182 
simulation.  183 

The z-coordinate model has 45 levels in the vertical, with spacing increasing from 10m near the 184 
surface to 250m in the deep ocean. The domain spans from 18°S to 70°N on a Mercator grid. Data 185 
used in this paper are the temperature, salinity and three-dimensional velocity fields from 1990 to 186 
2004, all with a temporal resolution of 3 days.  187 

Several past studies have demonstrated FLAME’s ability to reproduce observed property and 188 
velocity fields in the North Atlantic (Lozier et al., 2013; Gary et al., 2011). Additionally, the 189 
spreading pathways of the deep water masses simulated in FLAME are similar to those derived 190 
from observed floats (Bower et al., 2009; Getzlaff et al., 2006) and the eddy kinetic energy (EKE) 191 
fields at 15m in FLAME and from observations (altimetry and surface drifter velocity fields) show 192 
similar structure (Burkholder and Lozier, 2011). As shown below, FLAME is also capable of 193 
recreating the volume transport and spreading pathways of ISOW observed by mooring arrays and 194 
RAFOS floats. Therefore, in addition to the confidence in the model’s ability to reproduce the 195 
general characteristics of the North Atlantic circulation, we consider FLAME highly suitable for 196 
analyzing ISOW transport pathways.  197 

 198 

3.5 Simulated float launch configuration and trajectory computation 199 

To compute trajectories, floats are initiated at specific locations defined by latitude, longitude and 200 
depth. Since our focus is on ISOW pathways, all floats are initiated in the ISOW layer, which is 201 
distinguished from the LSW layer by higher density and salinity. For density, we choose the 202 
threshold of 27.80 kg/m3 in the Iceland Basin for both observations and FLAME, the same 203 
threshold applied in previous modeling (Xu et al., 2010; Chang et al., 2009) and observational 204 
studies (Kanzow and Zenk, 2014). FLAME salinities and densities are larger than observed, so the 205 
modeled isopycnal of 27.80 kg/m3 is shallower than the observed isopycnal (shown below), 206 
resulting in a thicker ISOW layer in FLAME. Thus, to better distinguish the modeled ISOW layer, 207 
we also apply salinity thresholds in the range of [34.95, 34.98], which compare to observed 208 
thresholds in the range of [34.91, 34.94]). Our choice of isohalines to define ISOW depends on 209 
geographic locations, as well as time period. These choices are subjective and based on inspection 210 
of the salinity and density fields. Only when the float’s initial density and salinity are greater than 211 
the thresholds is the float released.  212 

From an initial launch position, float trajectories are computed using the three-dimensional 213 
velocity in FLAME, as detailed in Gary et al. (2011). To extend the lifetime of floats launched in 214 
the last few years of the model duration, we recycle the model velocity fields with a single 215 
discontinuity between December 31, 2004 and January 1, 1990, so that velocity fields on January 216 
1, 2005 and onward are the same as January 1, 1990 and onward.  217 



 218 

4 Spreading pathways of ISOW in the eastern North Atlantic 219 

4.1 Escape of ISOW through gaps along the RR 220 

To trace ISOW spreading pathways, we use observed and simulated floats initiated in the ISOW 221 
layer along the OSNAP section (58-59°N). Figure 2 shows the cross-sectional salinity based on 222 
CTD stations in July 2014 (left panel) and the salinity across 58°N in FLAME averaged between 223 
1990 and 2004 (right panel). Both observations and model output show the ISOW layer attached 224 
to the ridge, with fresh LSW occupying the interior basin at intermediate depths. The initial launch 225 
locations of the 9 RAFOS floats are shown as colored circles in Figure 2 (left). To illustrate the 226 
different ISOW pathways, we divide the RAFOS floats into two subsets: one subset of floats was 227 
initiated at pressures of ~1800dbar (red circles) and the other was initiated at pressures greater than 228 
2000dbar (blue circles). In this section, we focus on the first subset of the shallower floats.  229 

Trajectories of the three shallower RAFOS floats are shown as black curves in Figure 3. Two of 230 
them escape into the Irminger Sea through the gaps in RR: one through the BFZ and one through 231 
the gap further south. The remaining float continues southward until the latitude of CGFZ.  232 

Considering that RAFOS floats are limited in number, we turn to simulated floats to further 233 
illustrate this escape branch. Simulated floats were released in the shallower ISOW layer (< 1800m) 234 
along the RR eastern flank at 58°N every 3 months from 1990 to 2002 (red dots in Figure 2, right), 235 
and integrated forward by two years. The probability map of the two-year float trajectories is 236 
shown in Figure 3. The simulated pathways of the shallower ISOW are well aligned with those 237 
from RAFOS floats: a sizable number of floats escape to the Irminger Sea through BFZ and other 238 
gaps in the RR; the remaining floats primarily continue southward to the latitude of CGFZ.  239 

In summary, based on observed and simulated float trajectories, the relatively shallow ISOW along 240 
the eastern RR flank can escape into the Irminger Sea through RR gaps before reaching the CGFZ, 241 
as previously noted in Eulerian modeling studies (Xu et al., 2010; Chang et al., 2009). This 242 
pathway is also shared by LSW, as illustrated with RAFOS floats studied by Lankhorst and Zenk 243 
(2006). A quantification of this pathway is addressed in section 5.  244 

 245 



Figure 2. (Left) Observed salinity in July 2014 across the OSNAP section (58-59°N, black dashed 246 
line in Figure 1) along the eastern flank of the RR. The initial launch locations of the 9 RAFOS 247 
floats are plotted as colored circles (red and blue). Isohaline is shown in solid black and isopycnals 248 
are contoured as dashed gray lines. (Right) Modeled salinity averaged from 1990 to 2004 across 249 
58°N. Dots in the right panel show the initial launch locations of simulated floats. All floats were 250 
initiated in the ISOW layer defined by the property field at launch, which is different from the 15-251 
year mean shown in this panel. Therefore, though some dots appear in the fresh LSW layer, they 252 
were in ISOW when they were initiated. Note that the salinity color scale is different between the 253 
two panels.  254 
 255 

 256 
 257 

Figure 3. Pathways of shallow ISOW from the eastern flank of the RR at 58°N. Two-year 258 
trajectories of three RAFOS floats are plotted in thick black curves with their initial (final) 259 
locations shown as red circles (diamonds). The thin dashed lines connect the gaps where float 260 
positions are missing. Probability map of simulated trajectories of shallow ISOW is shaded in color 261 
underneath the RAFOS trajectories. Floats were released every three months from 1990 to 2002 262 
and were integrated forward by two years. The probability is computed by dividing the North 263 
Atlantic into 0.25°×0.25° grids, counting the number of times floats pass through each grid 264 
(including repetitions), and then dividing the number of passes in each grid by the total float passes 265 
over all grids (Gary et al., 2012; Zou and Lozier, 2016). The probabilities shown here are on a log 266 
scale. 4234 simulated floats were launched along the red short line (also shown in Figure 2, right). 267 
1000m, 2000m and 3000m isobaths are contoured in light gray.  268 

 269 

4.2 Westward spreading of ISOW through the CGFZ 270 

The second subset of RAFOS floats (6 in total) released at greater depths (blue circles in Figure 271 
2, left) reveals a different spreading pathway. Instead of crossing the RR gaps into the Irminger 272 
Sea, all 6 floats move southward along the eastern RR flank. Essentially, these floats are too deep 273 
to cross the RR gaps, such as the BFZ (~2030m). Along this southward route, two of the floats 274 
turn eastward into the basin interior (Figure 4). The remaining 4 floats continue moving southward, 275 



with three reaching the CGFZ. Interestingly, after reaching the CGFZ, two floats immediately turn 276 
southward along the western flank of the MAR and one float travels westward. None of the floats 277 
show northward spreading along the western RR boundary. This interesting feature is under 278 
investigation in a related, but separate study (A. Bower, personal communication). 279 

Again, we turn to modeled floats for a more complete illustration. The launch strategy is similar 280 
to that in section 4.1, except that the floats were released at greater depths (> 1800m) (blue dots in 281 
Figure 2, right). Figure 4 shows the probability map of the simulated deep ISOW spreading 282 
pathways within two years. While a small amount escapes through the RR gaps, the majority of 283 
the simulated deep ISOW follows similar pathways observed by RAFOS floats. It first flows 284 
southward and then either turns into the basin interior or continues southward to the latitude of 285 
CGFZ, where westward crossing and southward spreading along the western MAR are both seen. 286 
A primary difference is that the modeled trajectories reveal a weak southward spreading of ISOW 287 
into the WEB, which is not observed by RAFOS floats. One possible reason for this difference is 288 
that the RAFOS floats are too few in number to have sampled this branch. Another reason is that, 289 
as will be shown in the next section, the primary origin of waters within this southward branch is 290 
the interior and eastern portion of the Iceland Basin, yet the RAFOS floats were released along the 291 
western part of the basin.  292 

Westward transport across the CGFZ has been shown to be impacted by meridional shifts of the 293 
NAC (Schott et al., 1999; Bower and Furey, 2017). For example, Bower and Furey (2017) show 294 
that on eddy time scales, a strong westward ISOW transport across the CGFZ is observed when 295 
there is a southward shift of the NAC: when the NAC approaches the northern channel of the 296 
CGFZ, the transport in the ISOW layer is eastward. To test whether NAC’s shift has a similar 297 
impact on ISOW transport on interannual time scales, we plot the annual cross-sectional zonal 298 
velocity across the CGFZ in 1996 and 2003 (Figure 5). The former year is when the Eulerian-299 
based westward ISOW transport in the model is the strongest during the decade and the latter year 300 
is when the transport is the weakest. 301 

In 1996, the NAC almost disappears in the upper water column of the CGFZ northern channel. 302 
Instead, a bottom intensified westward velocity is seen. In 2003, a branch of eastward NAC 303 
overlies a weak westward ISOW transport, but this shift is less evident compared to what is 304 
observed by Bower and Furey (2017) on eddy time scales. Though the model behavior appears to 305 
be consistent with what has been inferred from Bower and Furey (2017), further work is needed 306 
to assess the dependence of ISOW transport variability on NAC variability on interannual time 307 
scales.  308 

In summary, deep ISOW along the RR eastern flank mainly flows southward until the CGFZ, 309 
where some continues spreading southward along either side of the MAR and some crosses 310 
westward into the western subpolar gyre. The westward crossing varies on both eddy time scales 311 
and interannual time scales, apparently in concert with NAC interactions. Within two years from 312 
58°N, very few floats flow northward along the western RR boundary after reaching CGFZ. 313 



 314 
 315 

Figure 4. Similar to Figure 3, but for pathways of ISOW originated at greater depths. The initial 316 
(final) positions of the 6 RAFOS floats are shown as blue circles (diamonds). The initial launch 317 
locations of simulated floats are shown with a blue short line at 58°N. The total float number is 318 
2534. 319 

 320 
Figure 5. (Left) Annual mean zonal velocity across the CGFZ in 1996. The float positions while 321 
crossing the fracture zone in 1996 are plotted as black dots. (Right) Similar to the left panel, but 322 
for the mean zonal velocity across CGFZ in 2003. The zero velocity contour is shown in black. 323 
Isopycnals are contoured in dashed gray. 324 

 325 

4.3 The southward spreading of ISOW into the WEB along the eastern flank of the MAR 326 

The third ISOW export pathway discussed in this paper is a southward spreading into the WEB 327 
east of the MAR. Here we present previously unpublished current meter observations that measure 328 
this deep southward transport. Figure 6 (left) shows the mean velocity at mooring locations C, G, 329 
F and Z (deployed from June 1999 to July 2000) and M, A, R and T (deployed from August 1998 330 
to June 1999) at instrument depths between 1650 and 3890m. The deep-reaching northeastward 331 



NAC is observed at moorings G, F and Z. At mooring R, a bottom-intensified southward flow is 332 
observed in both the salty ISOW layer and the relatively fresh LDW layer near the bottom, as 333 
shown by the hydrographic section from CTD casts conducted in June 1999 (Figure 6, right). The 334 
southward velocity increases from 1.7 cm/s to 6.1 cm/s in the ISOW layer and reaches 8 cm/s in 335 
the LDW layer.  336 

The modeled annual mean velocity in 1998, when moorings M, A, R and T were in water, is 337 
indicated with blue arrows in Figure 7 (left), with the cross-sectional meridional velocity at 338 
51.5°N shown in Figure 8 (left). Also shown is the annual mean velocity field in 1992, when the 339 
southward velocity is the strongest of all model years (Figure 7 left, green arrows; Figure 8, 340 
right). Overall, though the southward velocities in the ISOW layer (Figure 7, right) are evident 341 
near moorings A and R in FLAME for both years, their magnitudes are much weaker than 342 
observations. The bottom intensification of the observed velocity at mooring R is also not evident 343 
in FLAME, suggesting an underestimate of the southward spreading in the model.  344 

The meridional velocity fields at 51.5°N shown in Figure 8 also reveal significant variability from 345 
year to year in the model, which might result from the meandering or the position shift of the NAC. 346 
To test whether the velocity fields impact the southward ISOW spreading, we released simulated 347 
floats in the ISOW layer in 1998 and in 1992. The two-year probability maps of float trajectories 348 
for each of these launches are shown in Figure 9. In 1998, when the southward velocity is 349 
relatively weak, the floats prefer to travel northeastward towards the Rockall Plateau (Figure 9, 350 
left). However, in 1992, when the southward velocity is relatively strong at 51.5°N, a southward 351 
spreading pathway emerges (Figure 9, right). This southward pathway is consistent with the 352 
southward movement of a RAFOS float launched in the ISOW layer (2600 dbar) east of the CGFZ, 353 
as reported by Lankhorst and Zenk (2006). The track of this RAFOS float is also shown in Figure 354 
9.  355 

We note that although a southward spreading of deep waters is observed along the MAR eastern 356 
flank, it is difficult to ascertain the waters’ source. LSW from the western subpolar gyre, 357 
subtropical water carried by the NAC, LDW from the south and ISOW from the Iceland Basin are 358 
all expected components of the deep water in this region. To study the possible origins of these 359 
deep waters, we computed backward trajectories of simulated floats released every 3 months in 360 
1992 at 51.5°N near the moorings M, A and R. The probability maps (Figure 10) from this launch 361 
reveal that the primary source of the deep waters in this area is the interior Iceland Basin, with 362 
another important origin east of the Flemish Cap, where eastward-flowing LSW meets waters 363 
carried by the NAC. Based on these model results and current knowledge about the North Atlantic 364 
subpolar gyre circulation, we conclude that the waters moving southward along the eastern MAR 365 
flank are a composite of subpolar water masses, with ISOW a strong contributor. This conclusion 366 
is consistent with an Eulerian study by Xu et al. (2010). 367 

In summary, from both observations and FLAME output, a southward spreading of ISOW into the 368 
WEB is identified east of the MAR. However, in FLAME, this southward spreading appears much 369 
weaker and is temporally variable depending upon the local velocity field, which has been 370 
suggested to be influenced by NAC meandering (Bower and Furey, 2017).  371 



 372 

  373 

Figure 6. (Left) Mean velocities at the depths of all current meters for moorings C, G, F, Z, M, A, 374 
R and T (black diamonds). Moorings C, G, F and Z were deployed on June 25 1999 and recovered 375 
on July 1 2000. Moorings M, A, R and T were deployed on August 9 1998 and recovered on June 376 
16 1999. All current meters are located between 1650 and 3890 dbar. The CTD section is shown 377 
as a black dashed line. (Right) Observed salinity in June 1999 east of the MAR (~51.5°N) from 378 
the CTD stations shown in the left panel. The depths of the current meters for each mooring are 379 
marked as black circles if the mean velocity is southward and crosses if the mean velocity is 380 
northward, with size proportional to the current speed. A few markers are below the bottom (gray 381 
solid line) due to the longitude difference between the mooring locations and the CTD section. 382 
The red circle indicates the approximate location of the RAFOS float when it crossed 51.5°N. 383 
Isopycnals are shown as dashed gray contours.  384 

 385 
 386 
Figure 7. (Left) Annual mean velocity from FLAME in 1998 (dark blue) and 1992 (dark green), 387 
at mooring locations. The velocity is averaged over the ISOW layer. Mooring locations are 388 
indicated with black diamonds. (Right) Modeled salinity averaged from 1990 to 2004 across 389 
51.5 °N. The longitudes of the moorings M, A, R and T are shown as black circles. Isohalines are 390 
shown in solid black and isopycnals are contoured as dashed gray lines.  391 



 392 
 393 
Figure 8. The annual mean meridional velocity across 51.5°N in FLAME in 1998 (left) and 1992 394 
(right). Black solid contour shows the isohaline and the gray dashed contours indicate isopycnals. 395 
Black dots indicate the launch locations of simulated floats along 51.5°N. 396 

 397 
 398 
Figure 9. Probability maps of float trajectories two years after release in 1998 (left) and 1992 399 
(right) at 51.5°N in FLAME. 2824 floats were released every 3 months in the ISOW layer in 1998 400 
and 2650 were released in 1992. Initial launch locations are shown in black (also in Figure 8). A 401 
RAFOS float trajectory is shown as a black solid curve with its initial (final) location denoted by 402 
a red circle (diamond). The RAFOS float data is obtained from Lankhorst et al. (2017). 403 



 404 
 405 
Figure 10. Probability maps of backward trajectories of floats released every 3 months in 1992 in 406 
the ISOW layer at 51.5°N (black short line).  407 
 408 

4.4 An overall view of ISOW spreading pathways from the Iceland Basin 409 

In order to identify ISOW across the entire Iceland Basin, we use current meter and hydrographic 410 
data from the OSNAP mooring array and data from FLAME. The observed mean velocities (July 411 
2014-July 2015) at depths ≥ 1000m are shown in red in Figure 11, along with the 15-year mean 412 
volume transport in the layer below the isopycnal of 27.80 kg/m3 in FLAME. The vertical structure 413 
of the velocity field at the observational array and from FLAME are shown in Figure 12. Overall, 414 
the modeled velocity structure compares fairly well with observations: they both reveal bottom-415 
intensified southward velocity cores near the mooring locations (one core near moorings M1, D1 416 
and D2, one near D4 and another near M3). A difference between the model and observations is 417 
noted: in the model, the bottom southward flow field is much weaker at moorings D3 and M2, and 418 
reverses directions at mooring M4. The difference at mooring M4 can perhaps be attributed to the 419 
fact that the observations were conducted during 2014 and 2015 while FLAME spans only from 420 
1990 to 2004. For example, the flow direction near mooring M4 does change from year to year in 421 
FLAME (e.g. the velocity at M4 is northward in 2003, not shown). The weak velocities at moorings 422 
D3 and M2 in the model are present every year, revealing the shortcoming of FLAME in capturing 423 
the entire boundary current east of the RR. However, ISOW in the high velocity core of the 424 
boundary current is well resolved in the model, and this branch is the major ISOW transport branch.  425 

To study the overall ISOW spreading, we released floats every 3 months in 1990 in the bottom-426 
intensified southward velocity cores in the ISOW layer identified above. The two western cores 427 



near M1-D2 and near D3 are clearly associated with southward ISOW flow from the northern 428 
Iceland Basin, while the core near M3 appears to be at least partly associated with a localized deep 429 
circulation cell in the model in the eastern part of the basin. These floats were released across 59°N, 430 
a latitude close to the mooring section and one that captures the southward ISOW transport cores 431 
(Figure 13, left).  After launch, floats were integrated forward for 10 years.  432 

From the probability map of 10-year trajectories of exported floats (Figure 13, right), we easily 433 
recognize the strong recirculation of ISOW in the Iceland Basin and the three major export 434 
pathways discussed above: one branch crosses into the Irminger Sea via gaps along RR, while 435 
another branch spreads southward along the eastern RR flank until the CGFZ area, where it 436 
bifurcates into a westward pathway through the CGFZ and a pathway continuing southward along 437 
the eastern flank of the MAR. There is also a relatively weak southward spreading of the floats 438 
along the western flank of the MAR. Launches in years other than 1990 were performed; no 439 
discernable difference in the overall spreading pathways was detected.  440 

 441 
 442 

Figure 11. Annual mean velocity (red arrows) from current meter data at all observed depths.  443 
Locations of mooring M1, D1, D2, D3, M2, D4, M3, and M4 are shown with black diamonds. All 444 
moorings were deployed in July 2014 and recovered in July 2015. Blue arrows show the 15-year 445 
mean volume transport per unit width (product of velocity and layer thickness, unit: cm2/s) for the 446 
layer below the isopycnal of 27.80 kg/m3. Black dashed line shows the section in FLAME that 447 
replicates the mooring site. 1000m, 2000m and 3000m isobaths are shown in gray. 448 



 449 

Figure 12. Comparison of the mean velocity structure between observations and FLAME across 450 
the OSNAP section. (Left) Mean meridional velocity from OSNAP moorings between July 2014 451 
and July 2015, with bathymetry shown by the gray line. The 27.80 kg/m3 isopycnal and 34.94 452 
isohaline are plotted in solid black and gray dashed lines, respectively. Note that the salinity and 453 
density for each mooring array are measured with CTDs, which occupy more vertical layers than 454 
current meters. (Right) Mean meridional velocity averaged from 1990 to 2004 in FLAME along 455 
the section that replicates the OSNAP array (black dashed line in Figure 11). The vertical 456 
distributions of the OSNAP current meters are shown in open circles. Isopycnals are contoured in 457 
dashed gray and the isohaline is contoured in sold black. Modeled bathymetry is shaded in dark 458 
gray. A few deep open circles are located in the gray area due to the coarse resolution of bathymetry 459 
in FLAME.  460 

 461 

Figure 13. (Left) Annual mean meridional velocity across 59°N in 1990 from FLAME. Initial 462 
launch locations of floats are shown as black dots. (Right) Probability map of 10-year trajectories 463 
of exported floats (1227 in total). Floats were released every 3 months in 1990 in the southward 464 
velocity cores at 59°N. Only floats whose final locations are outside of the Iceland Basin are used 465 
for this plot. Floats’ initial locations are shown as black dots at 59°N. Major ISOW export branches 466 
are illustrated with black solid curves. 1000m, 2000m and 3000m isobaths are shown in gray. 467 

 468 



5 Quantitative distribution of ISOW through different pathways 469 

In this section, we use FLAME to calculate the annual volume transport of ISOW in the eastern 470 
North Atlantic, and compare those transports to results from previous observational and modeling 471 
studies. In FLAME, the mean (1990-2004) of the annual alongshore transport of ISOW along the 472 
slope south of Iceland (~62°N) is 3.8 Sv, with a standard deviation of 0.7 Sv (labeled in blue in 473 
Figure 14).  As it flows southward, this branch splits into two branches that remain near the 474 
boundary. A third southward branch of ISOW is located west of the Maury Channel in the basin 475 
interior. This branch, with a transport of 1.8 ± 0.7 Sv, has no obvious connection to the ISOW 476 
branch south of Iceland and instead appears part of a local circulation feature. The net southward 477 
transport in the interior Iceland Basin east of 26°W, which includes this third branch, is 0.4 ± 0.4 478 
Sv. Summing all transports, we derive a net southward transport in the ISOW layer across the 479 
entire Iceland Basin at 59°N of 4.2 ± 0.5 Sv.  480 

The cross-RR transport between 60°N and CGFZ is calculated as 1.2 ± 0.1 Sv and the transport 481 
across the CGFZ is 0.9 ± 0.4 Sv. Finally, the net throughput of deep waters into the WEB is 2.8 ± 482 
0.7 Sv. Most of these modeled transports compare favorably with previous studies (values in 483 
magenta in Figure 14). We point out the mismatch in transport through the CGFZ and suggest that 484 
part (though certainly not all) of this mismatch may be attributed to the subjective choice of the 485 
salinity threshold for ISOW the layer in the model. Appropriate choices for this threshold yield a 486 
range of mean transports from 0.8 Sv to 1.3 Sv, with the latter closer to previous transport estimates.  487 

To understand the source of the waters constituting each of these branches, we turn again to a 488 
Lagrangian perspective. We released floats every 3 months each year from 1990 to 2004 in 489 
FLAME across 59°N in the Iceland Basin (red dashed line in Figure 14) and integrated forward 490 
by 10 years. Floats were released each year in the ISOW layer regardless of whether the initial 491 
velocity was northward or southward. We are interested in the export of floats across the red solid 492 
lines marked in Figure 14, selected to designate the destinations of the three identified spreading 493 
branches. Thus, we use these sections to measure export. For example, if a float crosses the red 494 
solid section along the RR axis sometime within 10 years of launch, and by the end of the 10th year 495 
it remains in the western North Atlantic, this float is considered to have been exported through the 496 
RR. With this accounting, we obtain the number of exported floats through each section (RR, 497 
CGFZ and east of MAR) from each launch year. We convert those numbers to percentages by 498 
dividing by the total number of initial floats launched (4860 ± 950, float number varies in different 499 
years as ISOW layer thickness varies).  500 

The percentage of each branch increases almost linearly with time of integration (not shown). As 501 
seen in Figure 14, 10 years after launch, the fraction exported across the RR is 7%, with a standard 502 
deviation of 1% among all launches. The fraction exported across the CGFZ is 13 ± 2% and east 503 
of the MAR is 21 ± 3%. The southward export of ISOW along the eastern flank of the MAR is 504 
more significant compared to the other two export pathways. The distribution is slightly different 505 
if we release floats only within the mean southward velocity cores across 59°N: 11 ± 1% across 506 
the RR; 10 ± 2% through the CGFZ; and 18 ± 2% along the eastern flank of the MAR. Also, a 507 
small portion (4 ± 0.5 %) of the floats flow southward along the western flank of the MAR. Most 508 



of the remaining floats are un-exported, meaning that they remain in the Iceland Basin during this 509 
10-year period.   510 

Float export variability through the different sections as a function of their initial launch years is 511 
shown in Figure 15. The percentage of southward export along the eastern flank of the MAR is 512 
negatively correlated with the export percentage via RR gaps (r = -0.75 before detrending; r = -513 
0.66 after detrending). The correlation primarily stems from opposite trends (Figure 15, left) and 514 
anti-phase variability on semi-decadal time scales (Figure 15, right). A negative correlation is 515 
also seen between the southward export east of the MAR and the westward export across the CGFZ, 516 
with a correlation coefficient of -0.38 before detrending and -0.83 after detrending. The strong 517 
negative correlation between the two detrended time series results from the anti-phase variability 518 
on interannual time scales. If we add the export percentage via the RR gaps and through the CGFZ, 519 
the total is significantly anti-correlated with the southward export pathway east of the MAR (r = -520 
0.78 before detrending; r = -0.91 after detrending), indicating that when cumulative ISOW 521 
transport across RR gaps and the CGFZ is relatively strong, southward ISOW transport into the 522 
WEB is weak. One should note that since we are recycling the data to get the 10-year float 523 
trajectories for launches after 1995, the export variability derived here might not reflect the real 524 
export variability from year to year. However, this work sheds light on the potential relationship 525 
between different pathways in exporting ISOW out of the Iceland Basin.  526 



 527 
 528 

Figure 14. Mean pathways (blue curves) for ISOW in the eastern North Atlantic in FLAME. 529 
Volume transports (Sv) for major branches from the model are labeled in blue. The transport values 530 
from previous studies are listed in magenta within parentheses, with those from modeling studies 531 
underlined. The percentage of exported floats within 10 years after release at 59°N (red dashed 532 
line) through different sections (RR, CGFZ, east of MAR) is shown in red. Mooring arrays used 533 
in this paper are plotted as black diamonds.  534 
 535 



 536 
 537 

Figure 15. Export variability expressed as a percentage of floats through different sections within 538 
10 years after release in the ISOW layer across the entire basin at 59°N. (Left) Before detrending. 539 
The standard deviation is shown as an error bar. (Right) After detrending. Export percentages from 540 
studies where floats were released only in the southward velocity cores at 59°N show similar 541 
variability to the time series shown above.  542 
 543 
 544 
6 Conclusions 545 

Earlier studies of the ISOW pathways in the eastern North Atlantic have relied on model output 546 
and/or limited observations; in both cases pathways were inferred using an Eulerian framework. 547 
In this study, for the first time, we use a combination of Eulerian and Lagrangian approaches, and 548 
a combination of observations and high-resolution numerical model output, to trace and quantify 549 
ISOW spreading branches. 550 

After entering the Iceland Basin, ISOW primarily travels along the eastern flank of the RR, with 551 
some ISOW flowing to the basin interior. When it reaches 59°N, three ISOW transport cores are 552 
identified from an OSNAP mooring array and from model output: one major core is along the RR 553 
boundary; another weaker core is in the basin interior at ~27°W; and the third one resides in the 554 
eastern basin at ~24°W, appearing to be part of a local circulation cell. With observed and 555 
simulated trajectories, the spreading branches of ISOW from these transport cores are identified. 556 
A portion of shallow ISOW along the RR eastern boundary escapes to the Irminger Sea via gaps 557 
along the Ridge (modeled volume flux: 1.2 ± 0.1 Sv) before reaching the CGFZ. The remaining 558 
ISOW, either along the boundary or from the basin interior, primarily flows southward to the 559 
CGFZ, where one branch of this deep water crosses westward into the western subpolar gyre 560 
(modeled volume flux: 0.9 ± 0.4 Sv) and another continues spreading southward into the WEB 561 
(modeled volume flux: 2.8 ± 0.7 Sv). While these export branches are consistent with previous 562 
Eulerian studies, they are identified here with Lagrangian floats for the first time. Furthermore, 563 
this study provides the first direct observational validation of the southward branch into the WEB, 564 
a validation possible due to the examination of previously unpublished current meter data. In 565 
addition to the identification of the major export pathways mentioned above, Lagrangian floats 566 



reveal a weak southward spreading along the western flank of the MAR and strong recirculation 567 
of the remaining ISOW in the Iceland Basin.  568 

A quantification of different ISOW branches in a modeled Lagrangian frame reveals that 569 
downstream of 59°N in the Iceland Basin after 10 years, 7-11% of ISOW escapes the basin via RR 570 
gaps; 10-13% flows into the western subpolar gyre through the CGFZ; and 18-21% continues 571 
moving southward into the WEB along the eastern flank of the MAR. In other words, the export 572 
via RR gaps and through the CGFZ are comparable, while the southward export east of the MAR 573 
is more significant. Most of the remaining ISOW (~50%) stays in the Iceland Basin 10 years 574 
following launch. A small portion (4%) exports along the western flank of the MAR. Note that 575 
these float percentages indicate preferred ISOW pathways from 59°N over the course of 10 years, 576 
a different metric than the volume transport at a fixed location.  577 

From our modeling experiments, we find that the southward ISOW transport percentage into the 578 
WEB and the westward ISOW transport percentage through the CGFZ have strong interannual 579 
variability. In both cases, this variability appears linked to the variability of the NAC in the 580 
magnitude and/or position. Further work is needed to confirm the dynamic link between them. 581 

Changes in the modeled pathways are shown to be interrelated. An increase of the total ISOW 582 
export percentage across the RR gaps and through the CGFZ is associated with a decrease in the 583 
southward transport percentage to the WEB on interannual time scales as well as on longer time 584 
scales. On interannual time scales, this association is driven by the relationship between the CGFZ 585 
transport and the southward transport: when the westward CGFZ transport is relatively strong, the 586 
southward transport into the WEB is relatively weak, and vice-versa. On longer time scales, the 587 
transport through the RR gaps is more important to this linkage.  588 

With this work, we have provided an overall view of the ISOW spreading pathways and confirmed 589 
them to the extent possible with observations. However, we still lack an understanding of the 590 
variability of these transport pathways and the mechanisms responsible for that variability. As 591 
more OSNAP data becomes available in the next few years, we expect gaps in that understanding 592 
to diminish. 593 
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