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Abstract A new data set of temperature and salinity fields reconstructed from satellite altimetry data
between January 1993 and April 2014 is combined with satellite observations of mesoscale eddies in the
subpolar North Atlantic between 40°N–55°N and 43°W–20.5°W. The data set is used to calculate the
meridional heat and freshwater transports related to the propagation of eddies crossing 47°N, a latitude close
to the boundary between the subpolar and the subtropical gyres. The largest heat and freshwater transports
by eddies are observed in the western part of the Newfoundland Basin. Around 35–45% of the heat and
freshwater transports by eddies across 47°N stem from individual isolated eddies with large thermohaline
signatures. Northward moving cold and fresh cyclonic eddies carrying subpolar water from the Western
Boundary Current make a considerable contribution to the overall heat and freshwater transport by eddies
crossing 47°N. While the transport by individual eddies is negligible compared to the transport by the
mean flow in this region, it can have a notable influence on the temporal variability. The analysis is repeated
for a model simulation with 1/12° horizontal resolution for the period 2002–2013. The observed results are
well reproduced in the model simulation; in particular, the modeled number of eddies crossing 47°N, the
spatial distribution, and the associated heat and freshwater transports across this latitude are consistent with
the observations.

1. Introduction

Mesoscale eddies in the ocean, with a typical size of O 100 kmð Þ and a typical lifetime in the order of several
days to several months, cover around 25–30% of the ocean surface at any given moment (Chaigneau et al.,
2009). For most of the world's ocean, the kinetic energy of these mesoscale features is larger than the kinetic
energy of the mean flow, inducing local exchange and horizontal mixing of water masses from different ori-
gin and of different properties. Individual eddies can also carry water trapped inside their cores and transport
the properties of these waters (e.g., temperature, salinity, oxygen, or nutrients) over long distances
(Robinson, 1983; Waugh & Abraham, 2008). Therefore, eddies are believed to play an important role for
the horizontal transport of mass, heat, and salt throughout the ocean (e.g., Wunsch, 1999).

Sea level anomaly (SLA) observations obtained from satellite altimetry provide the means of identifying
and tracking eddies using automated algorithms (e.g., Chaigneau et al., 2008; Chelton et al., 2011;
Nencioli et al., 2010). Combining these with sea surface temperature and salinity observations from satel-
lites allows to analyze their surface signatures (e.g., Melnichenko et al., 2017) and to quantify horizontal
surface fluxes (Müller et al., 2017). However, investigating the vertical structure of eddies and quantifying
the respective heat and freshwater transports associated with the eddies are more challenging due to the
lack of adequate subsurface observations on mesoscale resolutions. A promising method in recent years
has been using data from Argo floats, autonomous profiling floats that measure the temperature and sali-
nity of the upper 2,000 m of the ocean (Argo, 2000). Combining remote sensing measurements with obser-
vations from Argo floats has allowed for studying the mean vertical structure of eddies (Chaigneau et al.,
2011; Keppler et al., 2018; Pegliasco et al., 2015), as well as their average transports of mass, heat, and salt
content on global (Dong et al., 2014; Zhang et al., 2014) and regional scales (Amores et al., 2017; Dong
et al., 2017; He et al., 2018). While the number of Argo floats in the world ocean has already increased
to almost 4,000, their coverage is still too scarce to provide observations of every eddy detected at the
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surface. All these studies therefore average over a large number of eddies to analyze the average character-
istics and transports.

In this study, we present a different approach, using a new 3‐D data set of temperature and salinity derived
from satellite altimetry data following methods outlined by Stendardo et al. (2016). The data set is inferred
from applying the Gravest Empirical Mode (GEM) technique to Argo data and constructing a transfer
function between temperature/salinity (T/S) profiles and dynamic height (Stendardo et al., 2016). The
respective 3‐D temperature and salinity fields are then parameterized as a function of the SLA obtained
from satellite altimetry data. The GEM method has the advantage of covering the same period (1993–
2014) with the same temporal (daily) and spatial (1/4° × 1/4°) resolution as the satellite altimetry data that
have been used to detect the eddies. This allows for the calculation of the temperature and freshwater
anomalies related to each observed eddy and the respective transports. In doing so, it is possible to address
not only an estimate for an average transport by eddies but also the differences between individual eddies
and the variability in the transports by eddies. However, the trade‐off for using the new approach is that
the T/S data are no longer true observed profiles but rather reconstructions based on the respective
observed SLA.

Here, we focus on the western subpolar North Atlantic between 40°N–55°N and 43°W–20.5°W. In this
region, cold and rather fresh water detaches from the Western Boundary Current (WBC), partially recircu-
lating northward into the warm and salty North Atlantic Current (NAC) and interacting with the interior of
the North Atlantic (Bower et al., 2009; Dutkiewicz et al., 2001; Kieke et al., 2009). Mesoscale eddies forming
between the two current systems provide a mechanism for the local exchange of temperature in this region
(Bower et al., 2013; Dutkiewicz et al., 2001; Müller et al., 2017). We detect individual cyclonic eddies (CEs)
and anticyclonic eddies (AEs) crossing the latitude of 47°N, reconstruct the 3‐D structure for these eddies,
and determine and investigate the meridional heat and freshwater transports carried by these eddies
across 47°N.

Complementary to the observations, we include model results from an ocean model simulation that is based
on the Nucleus for EuropeanModeling of the Ocean (NEMO) modeling framework. For this purpose we use
the Arctic Northern Hemisphere Atlantic configuration (1/4°) with a nested 1/12° horizontal resolution
encompassing the subpolar North Atlantic termed ANHA4‐SPG12. Müller et al. (2017) have shown that
the observed surface characteristics of eddies and their surface temperature fluxes are well reproduced in
this configuration. The model simulation allows to analyze data that are completely independent from the
GEM method and can therefore provide independent support showing that the results derived from the
GEM method are robust. Furthermore, this is the first study focusing on the vertical structure of eddies in
the ANHA4‐SPG12 configuration and the respective heat and freshwater transports of these eddies. If the
model proves to be a reliable tool to analyze eddy dynamics, it can be used in the future for studying regions
that are not well suited for the construction of T/S profiles with the GEM method.

The following questions will be investigated:

1. Is the temperature and salinity data set derived from the GEM method suited for the analysis of mesos-
cale eddies?

2. What is the vertical thermohaline structure of mesoscale eddies in the subpolar North Atlantic covered
by the data?

3. How large are the meridional heat and freshwater transports by individual eddies crossing 47°N? How
does this compare to the mean and turbulent components of the total transport across 47°N?

4. How well are the eddy vertical structure and transports simulated in the NEMO model?

2. Data

We identified surface signatures of individual eddies from geostrophic velocity fields derived from the
mapped all‐sat‐merged delayed time mapped SLA data set (DT‐MSLA), version 15.0, provided by
Archiving, Validation and Interpretation of Satellite Oceanographic data (AVISO) (http://www.aviso.alti-
metry.fr/duacs/). The SLA observations stem from the SSALTO/Duacs multimission altimeter product
(Ducet et al., 2000; Le Traon et al., 1998). The considered SLA fields were mapped on a 1/4° × 1/4°
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Mercator grid with a daily resolution for the considered period January 1993 to April 2014. The anomalies in
the data set were calculated with respect to the 20‐year mean for the years 1993 to 2012 (SSALTO/Duacs,
2014). The SLA is also used to reconstruct the 3‐D salinity and temperature fields using the GEM method
described in the section below. Geostrophic velocity anomalies (u, v) derived from each SLA map are also
provided by AVISO. For the eddy detection, we are interested in intraseasonal changes of the velocity field.
Hence, the mean annual cycle for each velocity component was calculated at every grid point and subtracted
from the original velocity field.

The required Argo data for the North Atlantic used to construct the GEM and for the evaluation of
the method were downloaded from the Coriolis data center and provided in a quality‐controlled form by
B. Klein (personal communication, Federal Maritime and Hydrographic Agency, Hamburg, Germany).
This particular data set covers the period 2003–2011.

In this study, we use an updated version of the 3‐D data set created by Stendardo et al. (2016) with the GEM
technique to provide daily data for temperature and salinity ranging from 1993 to 2014 with a spatial resolu-
tion of 1/4 ° × 1/4° and 10‐dbar vertical resolution. Even though temperature and salinity data are not mea-
sured directly, we will use the term observations (in contrast to model results) in the following to describe
the results derived from the GEM data. A detailed description of the method and its evaluation has been pro-
vided by Stendardo et al. (2016); here we will only summarize briefly the method and describe the differ-
ences from the previous version in section 4.2.

3. Model Configuration

The model simulation analyzed in this study is carried out with a nested 1/12° Arctic Northern Hemisphere
Atlantic Subpolar Gyre (ANHA4‐SPG12) configuration of the NEMO model numerical framework version
3.4 (Madec, 2008). The model setup is the same as in Müller et al. (2017), so we will only briefly describe
the configuration here.

The 1/12° horizontal resolution configuration is two‐way nested into the 1/4° ANHA4 configuration using
the Adaptive Grid Refinement In Fortran tool (Debreu et al., 2008). The high‐resolution nest covers the sub-
polar gyre region between 36°N and 70°N, with a zonal extent from 0°W to 60°W south of Newfoundland
and around 70°W in the northern Labrador Sea (Figure 1). The ANHA4 configuration covers the whole
North Atlantic and the Nordic Sea (including the Gulf of Mexico in the west and the Mediterranean Sea
in the east) with open boundaries at 20°S and in the Bering Strait.

The ocean model includes the 3‐D, linear free surface, hydrostatic, primitive equations coupled to the
Louvain‐la‐Neuve sea‐ice model (LIM2; Fichefet & Maqueda, 1997). The model consists of 50 vertical levels
with 1‐m thickness for the top layer and decreasing vertical resolution with depth. The sea ice module has
an elastic‐viscous‐plastic ice rheology (Hunke & Dukowicz, 1997) with no‐slip lateral boundary conditions
for the sea ice and free‐slip lateral boundary conditions for the ocean.

The open boundary conditions are provided from the Global Ocean Reanalyses and Simulations
(GLORYS2v3) reanalysis obtained from MERCATOR (Ferry et al., 2010). The initial conditions for the
model simulation stem from the same reanalysis product.

Vertical mixing at subgrid scales is parameterized using a turbulent kinetic energy closure model
(Madec, 2008). For lateral mixing the model uses a bi‐Laplacian operator with an eddy viscosity of 1.0 ×
1010 m4/s2. Subgrid‐scale tracer lateral diffusion is parameterized with an isopycnal Laplacian operator with
a horizontal eddy diffusivity of 50 m2/s.

The model is forced with atmospheric data from the Canadian Meteorological Centre's Global Deterministic
Prediction System Reforecasts (Smith et al., 2014), with 1‐hr temporal resolution and a horizontal resolution
of 0.45° longitude and 0.3°latitude. Runoff forcing is obtained from a monthly runoff climatology by Dai
et al. (2009), manually remapped to themodel grid to preserve runoff and watershed volumes (personal com-
munication, X. Hu, University of Alberta, 2015). No relaxation is applied to the model salinity during the
simulation. The model time step is 180 s, and the output is saved as 5‐day averages for the period January
2002 to December 2013.
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4. Methods
4.1. Automatic Detection of Individual Eddies

We use the vector‐geometry‐based algorithm by Nencioli et al. (2010) to detect and track eddies in the obser-
vations and the model simulations. The algorithm finds eddy centers by directly analyzing the velocity field
and checking for rotating features. Before applying the algorithm, the velocity fields from the observations
were linearly interpolated from 1/4°×1/4° to 1/6°×1/6° resolution. This did not change any features in the
velocity field while improving the algorithm's performance (Liu et al., 2012; Müller et al., 2017). In the model
simulation no further refinement was necessary since the grid had already a resolution of 1/12°×1/12°. The
outer boundary of each eddy was defined as the largest closed contour of the local stream function around
the eddy center. The detected eddies were then tracked through time to determine the eddies' trajectories.
Eddies with a radius smaller than REmin ¼ 20 km× cos Φð Þ, where Φ is the latitude of the eddies' center, or
eddies with a lifetime of less than 1 week are not considered for further analysis.

A full description of the algorithm as used here is given by Nencioli et al. (2010), and the main steps are
summarized by Liu et al. (2012) and Müller et al. (2017).

4.2. Reconstruction of 3‐D Fields of Temperature and Salinity From the GEM Method

The GEM technique has its origin in constructing density profiles from acoustic traveltimes retrieved from
bottom‐mounted inverted echo sounders. The technique works particularly well in regions of strong hori-
zontal density gradients such as the NAC, where it has been applied to calculate mean transports of the
NAC (e.g., Meinen & Watts, 2000; Pérez‐Brunius et al., 2004; Roessler et al., 2015). It has also been used
to study the subsurface structure of the temperature and salinity fields in the Southern Ocean (Meijers
et al., 2011; Swart et al., 2010) and in the subpolar North Atlantic (Stendardo et al., 2016). The method
exploits the relationship between T/S profiles from, for example, quality‐controlled Argo observations
and dynamic height in order to parameterize the hydrographic structure as a function of the dynamic
height from satellite altimetry (e.g., Meijers et al., 2011; Meinen & Watts, 2000; Stendardo et al., 2016).
This means that the GEM is the first empirical mode of a hydrographic parameter in relation to the
dynamic height.

For the analysis here, three regional boxes defined and separately studied by Stendardo et al. (2016); see their
Figure 1) were merged into one single box: (1) the western Newfoundland Basin (extended slightly to the
west in order to better capture the WBC), (2) the eastern Newfoundland Basin, and (3) the Rockall
Trough region. In the overlapping areas between the regions, the values from both fields are linearly inter-
polated. The interpolation weight from the western region decreases linearly eastward from 1 to 0, and the
weight from the eastern region increases accordingly.

The merged temperature and salinity fields are defined in a box ranging from 44.625°W–17.625°W and from
45.125°N–49.875°N, reaching down to 1,900 dbar, which is the reference pressure for the calculation of
dynamic height from Argo data. Therefore, GEM data cannot be obtained in regions shallower than

Figure 1. Horizontal grid resolution (average of X and Y directions) of the ANHA4‐SPG12 subdomain in the subpolar
gyre region (a), the respective Rossby radius (b), and the Rossby radius relative to the mesh resolution in log 2 (c). The
model is eddy resolving for values above 1 (i.e., at least two grid points per Rossby radius, dark red) and eddy permitting for
values between 0 and 1 (i.e., at least one to two grid points per Rossby radius, light red); eddies are not explicitly resolved
for values below 0 (i.e., less than 1 grid point per Rossby radius, blue).
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~2,000 m. The section at 47°N is therefore not fully covered by the recon-
structed temperature and salinity fields. The western part of the transect
including the shelf is too shallow. The eastern part is also not suited due
to water masses intruding from the Mediterranean Sea that weaken the
informational value inferred from the GEM data, as explained by
Stendardo et al. (2016).

4.3. Calculation of Heat and Freshwater Transports Related to
Individual Eddies

The 3‐D temperature and salinity fields reconstructed from the GEM
method are used to calculate heat and freshwater transports associated
with individual eddies identified from satellite altimetry. For the model
simulation, the model fields are used for the calculation. Freshwater is

defined with respect to a reference salinity: FW ¼ Sref−S
Sref

, where

Sref = 34.8, a typical reference value for the North Atlantic and Arctic
Ocean (e.g., Dickson et al., 2007; Mertz et al., 1993).

The meridional heat transport FH for each 3‐D eddy is calculated as

FH ¼ vE 2RE cp0 ∫
0

HE
ρ z½ �T 0 z½ �
h i

dz; W½ � (1)

where vE is the eddy's average meridional translation velocity derived
from the meridional displacement of the eddy over its lifespan, RE is the
radius of the individual eddy, cp0 ¼ 4; 200 J kg−1 K−1 is the average speci-

fic heat capacity, ρ zð Þ is the average density profile calculated from the respective temperature and salinity
profiles inside the eddy, and T′ zð Þ is the average temperature anomaly profile of the eddy.

The meridional freshwater transport FFW for each 3‐D eddy is calculated as

FFW ¼ vE 2RE∫
0

HE
FW

0
zð Þdz; m3

s

� �
(2)

where FW′ zð Þ is the average freshwater anomaly profile of the eddy.

The average temperature/freshwater anomaly profiles are calculated as the difference between the average
temperature/freshwater profile inside the eddy (Figure 2a, blue area and profile in Figure 2c) and outside the
eddy (Figure 2a, red area and profile in Figure 2b). The outside area is defined as a ring around the eddy with
a radius of twice the eddy's radius (RE).

The temperature anomaly profile (Figure 2d) is also used to determine the vertical extent of the respective
eddy (HE). HE is defined as the depth where the maximum temperature anomaly associated with the eddy

has dropped by a factor of 10, that is, HE ¼ h
1
10

Tmax′
�� ��� �

, where Tmax′
�� �� is the maximum anomaly of the

temperature profile. If no vertical extent can be defined by this criterion (because the critical value is not

reached),
1
n

Tmax′
�� ��, with n = 9, 8, 7, etc. is used as critical values instead. If the critical value gets larger than

1
5
Tmax′
�� ��, the vertical extent calculation is considered as failed, and the eddy is discarded from further ana-

lysis. Since the vertical grid of the data sets is in pressure coordinates, all fields first must be interpolated to a
depth grid in the vertical direction in order to determine the transports by eddies.

Analyzing the vertical shape of the detected eddies with regard to lens, bowl, or cylinder shapes did not sug-
gest to consider an additional coming scaling factors as was introduced by Dong et al. (2014). Using such a
factor would only result in changing the respective transports by a constant factor but would not change the
variability. We thus consider the vertical shape of the eddies to be cylindrical.

Figure 2. (a) Area outside (red) and inside (blue) of a CE with the
corresponding averaged potential temperature profiles (b) outside and
(c) inside of the eddy and (d) the respective temperature anomaly profile
(inside‐outside). The maximum temperature anomaly (mark at 280 m) is
used to calculate the vertical extent of the eddy (horizontal line at 1,180 m).
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The passing of an eddy over the 47°N line is related with ameridional volume transport. We thus are not able
to calculate a total heat/freshwater transport for the eddies, but only the meridional transports of heat
and freshwater anomalies trapped by eddies. In this interpretation, the eddy is only changing the
temperature/salinity field, but not the transport. We will still use the terms heat/freshwater transport, since
the analysis focuses on the amount of heat/freshwater transported by the propagation of individual eddies.
The turbulent transports of heat and freshwater used later in section 5.5 (equations (3)–(4)) are physically
different and represent transports of heat and freshwater for zero volume transport.

5. Results
5.1. Evaluation of the GEM Method With Application to Eddies

Stendardo et al. (2016) have provided an evaluation of the GEM method for seven different regions of the
North Atlantic introduced in their paper. Figures 3a and 3b show the reconstructed temperature and salinity
for the upper ocean in the merged GEM region used in the present study, averaged over the period January
1993 to April 2014. The meandering of the pathway of the NAC inferred from the spatial gradients of both
fields can be clearly seen. In the following we will show that the GEM method is also useful for assigning
temperature and salinity anomalies to individual eddies and thus infer respective heat and freshwater trans-
ports for 3‐D eddies.

For the evaluation of the GEMmethod when applied to eddies, only those eddies with at least one Argo pro-
file inside and outside of the eddy were considered. For this, every detected eddy was considered (and not
just the ones tracked for at least 1 week). In the period covered by the considered Argo data, there were
16 CEs and 49 AEs in the GEM region that met the aforementioned conditions (Figure 3). Almost no eddies
in the western Newfoundland Basin, where most eddies cross 47°N (Müller et al., 2017), were sampled by the
required two Argo profiles in this period. The best coverage of eddies sampled with Argo profiles is after the

Figure 3. Average upper ocean (surface to 700 m) temperature (a) and salinity (b) of the GEM region for the period
January 1993 to April 2014. The black line indicates the section at 47°N. Panel (c) shows all eddies that were sampled
by Argo floats both inside the eddy boundaries and outside (compare Figure 1) within the GEM region (black box)
between 2001 and 2013. Isobaths are given every 1,000 m using bathymetry derived from the ETOPO1 data set (Amante &
Eakins, 2009). The bathymetry is low pass filtered to highlight general features.
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year 2010. This is mainly because there are simply less Argo floats in the region before that time. The mean
profiles of temperature and salinity anomalies (inside eddy‐outside eddy) from Argo floats are reproduced
reasonably by the GEM‐derived hydrographic profiles (Figure 4).

For eddies sampled by Argo floats, there is an asymmetry between CE and AE when regarding the depth of
the maximum of the average temperature and salinity anomaly profiles. The maximum temperature
anomaly for the averaged Argo profiles is located at 380 m for CE and at 600 m for AE (Figure 4a). This

Figure 4. Mean temperature (a) and salinity (b) anomaly profiles (inside‐outside eddy) for CE (red) and AE (black)
sampled by Argo floats (solid lines), derived from the GEM corresponding with these particular Argo profiles (dashed
lines) and from all GEM‐derived profiles (line with markers, 69,062 profiles within CE and 67,832 profiles within AE) in
the GEM region (see Figure 3). Note that typically, more than one GEM‐derived profile is associated with CE/AE due to
the horizontal dimension of the eddies. The shaded area represents one standard deviation of the Argo profiles. The
profiles are smoothed with a 100‐dbar running mean (±50 dbar).

Figure 5. Mean temperature (a, b) and salinity (c, d) differences (red) and root‐mean‐square (RMS, blue) between the GEM‐derived profiles and the corresponding
profiles from Argo floats. CE (a, c) and AE (b, d) are regarded separately. The profiles are smoothed with a 100‐dbar running mean ± 50 dbar. The shaded
areas represent the 90% confidence intervals of the mean differences and RMS, respectively. They were computed by bootstrapping the mean difference and the
RMS at each depth level with 1,000 iterations.
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asymmetry is not well reproduced when looking at the average of the corresponding GEM‐derived tempera-
ture anomaly profiles associated with these Argo profiles (500 m for CE and 540 m for AE). The same holds
for the salinity profiles. For AE, the maximum salinity anomaly of the averaged Argo profile is more than
twice as deep (500 m) than for CE (210 m). The asymmetry is not reproduced by the corresponding GEM‐

derived salinity anomaly profiles, where the maximum anomaly is located at the surface (Figure 4b).

Using all GEM‐derived profiles associated with eddies (69,062 profiles in CE and 67,832 profiles in AE)
instead of only the ones corresponding to individual Argo profiles leads to results closer to the Argo data.
Again, every detected eddy (and not just the ones tracked for at least 1 week) was considered. The maximum
temperature anomaly for the average of all CE is located at 360‐m depth and the one for AE at 550‐m depth.
The pattern for salinity is not as clear with the salinity anomalymaximum of the averaged GEM‐derived pro-
files located at the surface for both CE and AE (Figure 4b). However, the GEM‐derived profile for AE shows a
local salinity maximum at 420‐m depth (black solid line in Figure 4b) and a saddle point at 210 m for CE.
This behavior fits well to the observed Argo profiles (maxima at 500 and 210 m, respectively) and to the
asymmetric behavior of CE and AE found in earlier studies (e.g., Dong et al., 2014, their Figure 2).

The different depths of the maximum anomaly for CE and AE can be explained by the eddies' effect
on the underlying isopycnals. CEs lift the isopycnals, while AEs depress them. The CEs observed
during a hydrographic cruise in the year 2015 described by Müller et al. (2017) lifted the isopycnals by
roughly 500 m.

The temperature and salinity differences between GEM‐derived profiles and the corresponding Argo profiles
are largest between the surface and around 500‐m depth, but all differences are lower than 1 °C and below
0.1 for salinity (Figure 5). The maximum root‐mean‐square residual (RMS) is between 1.3 and 1.5 °C for the
temperature profiles and around 0.25 for salinity (Figure 5). Overall, the results for both the differences and
RMS between GEM‐derived profiles and corresponding Argo profiles are similar to the ones found by
Stendardo et al. (2016) and show that the GEM method also works in the presence of eddies.

5.2. Heat and Freshwater Transports Carried by Eddies Across 47°N

Using 3‐D temperature and freshwater data constructed with the GEM method allows for the first time to
assign temperature and freshwater profiles to each individual 3‐D eddy and to analyze the respective heat
and freshwater transports across 47°N.

As introduced by Müller et al. (2017), eddies crossing 47°N are separated into regular and strong eddies,
depending on the associated heat transport. The latter are defined as all those eddies with a heat transport

that exceeds the mean transport plus twice the standard deviation in either direction (FH±2 σ FHð Þ, where
the overbar denotes the mean and σ is the standard deviation, Figure 6), all other eddies are defined as reg-
ular eddies. To account for the extreme values while calculating the standard deviations, the calculation is
repeated 1,000 times with random subsamples of the time series, each with 1/3 of the length of the original
time series, and then averaged. We use the heat transport to separate between strong and regular eddies, but
using the freshwater transport instead would not make a difference (Figure 6). On average, a strong eddy (

Fstrong

�� ��) accounts for more than 7 times of the heat and freshwater transport of regular eddies ( Fregular

�� ��).
All numbers displayed in the following paragraphs are given as a mean value, and the variability is repre-
sented by the inner quartile range (i.e., 50% of the values). The numbers and characteristics for the direct
comparison (same zonal extent for observations and model and same time period) and full extent and full
time period are all listed in Table 1.

In the observations between January 1993 and April 2014, a total of 415 eddies with a lifetime of more than 7
days and radius larger than REmin ¼ 20 km×cosΦ were detected crossing 47°N in the region covered by the

GEM field (Figures 6a and 6c). The mean net heat transport by eddies across 47°N (FH ) is significantly dif-
ferent from zero and directed southward (−2.1 TW). Freshwater transports are directed opposite of the heat
transports (1.4 mSv). Twenty‐six (i.e., 6.5%) of the 415 eddies crossing 47°N are strong eddies, making up for

one third of the absolute heat and freshwater transports by eddies (i.e., ∑ FHstrong

�� ��=∑ FHallj j).
The eddies detected in the ANHA4‐SPG12 model simulation show similar characteristics as the observed
eddies (Figures 6b and 6d). There are total of 357 eddies crossing 47°N from January 2002 to December
2013. The mean net heat transport across the full 47°N section in the model is southward (−1.9 TW), and
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the mean net freshwater transport is northward (1.1 mSv). Out of the 357 eddies that cross 47°N in the
model, only 14 (i.e., 3.9%) are strong eddies, accounting for 35% of the absolute heat and freshwater
transports by eddies.

For the direct comparison of model and observations we focus on the zonal extent and the time period that
are covered by both GEM field and ANHA4‐SPG12 simulation (43°W–20.5°W, limited by the GEM region,
and January 2002 to December 2013, limited by the model run). In this case there are actually more eddies in
the 1/12° simulation (283) than in the observations (237) in that part of the 47°N section. Both heat and
freshwater transports have the same directions as the observed transports and are significantly different
from zero. The effect of strong eddies on the total heat and freshwater transport by eddies is lower in the
model (35%) than in the observations (44%). Overall, an average strong eddy in the model accounts for more
than 10 times of the thermohaline transport of an average regular eddy.

5.3. Vertical Structure of Eddies Crossing 47°N

Composites of the temperature and freshwater anomalies related to strong and regular eddies crossing
47°N are shown in Figures 7 and 8. The composites are constructed as follows: for every eddy, the

Figure 6. Time series of the meridional heat transport (a/b) and freshwater transport (c/d) by eddies across the zonal
section at 47°N in the observations (a/c, only parts of the section are covered) and in the 1/12° ANHA4‐SPG12 simula-
tion (b/d, full section included), 1 TW= 1012 W, 1 mSv = 103 m3/s. Red (blue) triangles indicate eddies with a warm/salty
(cold/fresh) anomaly. The direction of the triangle indicates the direction of meridional eddy movement across 47°N
(northward/southward). The black line indicates the zero line, and the gray areas indicate 2 times the standard deviation
of each time series around the mean. Note that the panels have different scales.
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zonal section (x‐z plane) through the eddies' center is taken. The dimensions in x direction are
transformed into multiples of the eddy's radius by normalizing the distance from the eddy center with
the respective eddy's radius (with a horizontal resolution of 1/2 R). In order to isolate the eddy signal,
the mean stratification is subtracted from each individual section to obtain anomalies of temperature
and freshwater. The respective anomalies for CE and AE are averaged to obtain a composite for each
sense of rotation.

The vertical structure of eddies crossing 47°N is similar between observations and model simulation. All
composites show an asymmetric behavior with more cold and fresh water in the western part of the compo-
site sections. The anomalies induced by the eddies (with exception of the one simulated strong AE) are inten-
sified at the surface but reach down to a depth of around 2,000 m.

In the following, (1) the heat content (HC ¼ A cp0 ∫
0

HE
ρ zð ÞT′ zð Þ� �

dz) and freshwater content (FWC ¼ A∫
0

HE

FW′ zð Þdz ) of the eddies, (2) the average eddy translation speed (vE), (3) the eddy radius (RE), and (4) the
respective vertical extent (HE) of the eddies are discussed with respect to their contribution to the difference
between regular and strong eddies in both observations and the ANHA4‐SPG12 simulation. HC and FWC
are divided by the respective eddy's area A and vertical extent HE in order to separate between geometrical
and thermohaline properties. Respective values are summarized in Table 2.

1. Heat and freshwater content (HC/FWC): A large part of the different transports by regular and strong
eddies can be explained by their thermohaline properties. For the period when observations and model
overlap (2002–2013), HC falls into the range [3.2–3.6] × 106 J/m3 for regular and [8.1–10.2] × 106 J/m3 for
strong eddies. Similarly, FWC is in the range [2.4–2.5] × 10−3 m−3 for regular and [5.7–7.2] × 10−3 m−3

for strong eddies (Table 2). The ratio between strong and regular eddies (HCregular

HCstrong
andFWCregular

FWCstrong
) is between 2.2

and 2.9.
2. Translation speed (vE): The translation speed of regular and strong eddies is the second property

explaining the differences between regular and strong eddies. In both observations and model,
the translation speed of strong eddies is 3.6 (observations) to 3.7 (model) times faster than for
regular eddies.

Table 1
Number of Eddies Crossing 47°N and Their Respective Average Heat and Freshwater Transports

Observations Model (ANHA4‐SPG12)

Period
Jan 1993 to Apr 2014

(full period)
Jan 2002 to Dec 2013

(period as in the model)
Jan 2002 to Dec 2013

(model period)
Jan 2002 to Dec 2013

(model period)

Zonal extent of the
47°N section

43°W–20.5°W (western
and central section)

43°W–20.5°W (western
and central section)

43°W–20.5°W (section
as in the observations)

53°W–10°W
(full section)

Total number of eddies
crossing 47°N

415 237 283 357

Strong eddies 26 (6.3%) 18 (7.6%) 14 (4.9%) 14 (3.9%)
Regular eddies 389 219 269 343
FHNorth [TW]
% by strong eddies

8.6, [1.6 11.9]
20%

7.8, [1.4, 10.1]
34%

5.8, [0.9, 9.7]
9%

4.6, [0.6, 7.0]
9%

FHSouth [TW]
% by strong eddies

−12.1, [−14.4, −2.1]
41%

−12.8, [−14.5, −2.0]
50%

−10.3, [−11.2, −1.2]
49%

−8.6, [−8.1, −0.7]
49%

FH [TW]
% by strong eddiesa

−2.1, [−5.6, 3.3]
33%

−2.8, [−4.4, 2.0]
44%

−2.4, [−3.9, 2.4]
35%

−1.9, [−2.0, 1.3]
35%

FFWNorth [mSv]
% by strong eddies

8.5, [1.6, 10.1]
40%

8.9, [1.4, 10.0]
49%

7.1, [0.9, 7.6]
50%

5.9, [0.5, 5.9]
50%

FFWSouth [mSv]
% by strong eddies

−6.5, [−8.6, −1.2]
21%

−6.1, [−7.3, −1.1]
35%

−4.3, [−7.2, −0.7]
8%

−3.4, [−5.2, −0.4]
8%

FFW [mSv]
% by strong eddiesb

1.4, [−2.4, 4.0]
33%

1.8, [−1.6, 3.0]
44%

1.4, [−1.7, 2.6]
35%

1.1, [−1.1, 1.4]
34%

Note. Negative signs indicate southward transports. The variability shown in brackets represents the inner quartile range (i.e., the range of 50% of the values). See
text for the definition of strong eddies.
adefined as ∑ FTstrong

�� ��=∑ FTallj j, bdefined as ∑ FFWstrong

�� ��=∑ FFWallj j
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3. Eddy radius (RE): The radius of strong eddies is slightly larger than that of regular eddies for both obser-
vations (ratio 1.3) and model simulation (ratio 1.1), which explains only a small fraction of the large dif-
ferences between regular and strong eddies. As expected, this result is very similar to the surface analysis
by Müller et al. (2017).

4. Vertical extent of eddies (HE): The vertical extent is actually smaller for strong eddies than for regular
eddies in both, observations and model simulation, and therefore does not explain the large transports
by strong eddies.

Overall, the eddy translation speed and the eddies' thermohaline properties (i.e., the temperature and
freshwater anomalies of the respective eddies) are the main reasons for the large heat and freshwater
transports associated with strong eddies. This agrees well with the result by Müller et al. (2017) that
surface temperature fluxes by strong eddies are associated with a larger SST anomaly than fluxes by
regular eddies.

Figure 7. Composites of the temperature anomalies associated with eddies crossing 47°N in the observations (January
1993 to April 2014, a/b and e/f) and in the 1/12° ANHA4‐SPG12 simulation (January 2002 to December 2013, c/d and
g/h). The x axis is given inmultiples of eddy radii. The thick black line indicates the zero line. Note that nine regular eddies
were too close to the boundary of the GEM region to construct a composite and therefore not considered.
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5.4. Spatial Variability of Heat and Freshwater Transports Related to Eddies Crossing 47°N

In the following, heat and freshwater transports of the eddies crossing 47°N are summed up in bins of 1°
longitude to obtain a better view on the spatial distribution of the transports carried by eddies (Figures 9
and 10). The terminology is as follows: net transport comprises the sum of all eddies, net regular transport
the sum of only regular eddies, and net strong transport the sum of only strong eddies. The number of eddies
and the transport are normalized with the length of the respective time series (21 years for the observations,
12 years for the model) to ensure comparability.

There were almost no eddies detected on the Grand Banks in the ANHA4‐SPG12 model simulation, and
there is no GEM‐derived data for regions shallower than 2,000 m. The section analyzed here is therefore
reduced to the deep part of the ocean eastward of Flemish Cap (around 43°W). The eastern basin of the
North Atlantic is not completely covered by the GEM field, so we rely on the model simulation for the ana-
lysis of this part of the section. We separated the 47°N section into three subsections characterized by differ-
ent current regimes and different bathymetry, with one subsection in the western boundary region, one
around the Mid‐Atlantic Ridge (MAR), and one for the eastern basin.

In general, observations and the ANHA4‐SPG12 model simulation show very similar results for the
pathways of eddies across the 47°N and the related transports of heat and freshwater (Figures 9c/9d

Figure 8. Composites of the freshwater anomalies associated with eddies crossing 47°N in the observations (January 1993
to April 2014, a/b and e/f) and in the 1/12° ANHA4‐SPG12 simulation (January 2002 to December 2013, c/d and g/h). The
x axis is given in multiples of eddy radii. The thick black line indicates the zero line. Note that negative freshwater
anomalies denote a saline eddy, while positive anomalies indicate fresh eddies. Note that nine regular eddies were too
close to the boundary of the GEM region to construct a composite and therefore not considered.
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and 10c/10d). Both reveal high transports in the western basin and very low values compared to that for
the remaining 47°N section. To compare the spatial distribution of eddies along 47°N and their respective
transports across 47°N, the correlation of the binned values (number of eddies, heat, and freshwater
transports) along the section is calculated between observations and model. The correlation coefficient
for the numbers of eddies crossing the section is 0.7. Here, the number of eddies in one bin is simply
the number of northward moving eddies minus the number of southward moving eddies. The
correlation coefficients of the binned transports are higher than 0.9 for both net transports. Overall,
the observed features along 47°N, even on scales as small as 1°, are very well reproduced by the 1/12°
model simulation.

The heat and freshwater transports of eddies in observations and model confirm the results by Müller et al.
(2017), that the western basin is the most important region when it comes to meridional transports by indi-
vidual eddies crossing 47°N. The western boundary subsection shows the most regular and strong eddies and
the highest variability of heat and freshwater transport (Figures 9c/9d and 10c/10d). The directions of the
mean (averaged over all eddies crossing the transect) heat transport (southward: −2.8 TW, −2.4 TW in
the model) and mean freshwater transport (northward: 1.8 mSv, 1.4 mSv in the model) are determined here.
In both observations and model simulation, strong eddies are mostly confined to the NAC with around 90%
of all strong eddies crossing 47°N in this region.

Most striking are the three bins, located between 42°W and 40°W, comprising the NAC. Most of the strong
eddies found in the western boundary section cross 47°N in this small subsection. The small subsection of
only 230‐km extent (i.e., less than 1/10 of the full section) accounts for more than 60% of the absolute heat
and freshwater transport by eddies across 47°N (∑|FH| and∑|FFW|, respectively). These large transports are
also accompanied by the highest variability along the section, as expressed by the whiskers in Figures 9c/9d
and 10c/10d. The extremely large transports (largest heat and freshwater transports of the whole 47°N sec-
tion) are caused by cold and fresh eddies moving northward with the NAC.

Table 2
Number of Eddies Crossing 47°N and the Respective Properties

Observations Model (ANHA4‐SPG12)

Period
Jan 1993 to Apr 2014

(full period)
Jan 2002 to Dec 2013

(period as in the model)
Jan 2002 to Dec 2013

(model period)
Jan 2002 to Dec 2013

(model period)

Zonal extent of the
47°N section

43°W–20.5°W (western
and central section)

43°W–20.5°W (western
and central section)

43°W–20.5°W (section
as in the observations)

53°W–10°W
(full section)

Total number of eddies
crossing 47°N

415 237 283 357

Strong eddies 26 (6.3%) 18 (7.6%) 14 (4.9%) 14 (3.9%)
Regular eddies 389 219 269 343
eddy radius [km]
regular eddies
strong eddies

44.9 ± 11.9
57.2 ± 13.9

45.1 ± 12.7
58.8 ± 13.6

39.1 ± 10.2
41.8 ± 7.6

38.3 ± 9.8,
41.8 ± 7.6

transl. speed [cm/s]
regular eddies
strong eddies

1.7 ± 1.7,
5.1 ± 2.2

1.5 ± 1.6,
5.4 ± 2.3

1.9 ± 1.8,
7.2 ± 2.7

1.7 ± 1.8,
7.2 ± 2.7

vertical extenta [m]
regular eddies
strong eddies

1,340,
1,150

1,400,
1,160

1,150,
980

1,150,
980

|HC|* [106 J/m3]
regular eddies
strong eddies

3.5, [1.8, 5.1]
8.1, [6.6, 9.7]

3.2, [1.7, 4.4]
8.1, [5.6, 11.3]

3.6, [1.2, 5.0]
10.2, [10.3, 12.0]

3.0, [0.7, 4.2]
10.2, [10.3, 12.0]

|FWC|* [10−3 m−3]
regular eddies
strong eddies

2.6, [1.4, 3.7]
5.7, [4.9, 6.8]

2.4, [1.3, 3.3]
5.7, [4.5, 7.7]

2.5, [0.9, 3.6]
7.2, [6.7, 8.4]

2.0, [0.6, 3.1]
7.2, [6.7, 8.4]

Note. The variability shown in brackets represents the inner quartile range (i.e., the range of 50% of the values). The uncertainty of radius and translation speed is
given as one standard deviation. See text for the definition of strong eddies.
aMedian vertical extent, *Heat contents (HC) of eddies (A cp0 ∫

0

HE
ρ zð ÞT′ zð Þ� �

dz), and freshwater contents (FWC) of eddies (A∫
0

HE
FW′ zð Þdz ) are divided by the

respective eddy's area A and vertical extent HE in order to separate between geometrical and thermohaline properties:
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The other bins of the western boundary section show much lower transports by eddies than the three dis-
cussed above. The net transports in the WBC are very small compared to the analysis of surface temperature
fluxes by Müller et al. (2017), which could be partially due to the fact that the GEM region ends where the
water depth is shallower than 2,000 m. In the three bins to the east of the NAC, in the Newfoundland Basin
Recirculation (NBR), the transports by eddies observed from satellite observations reverse the sign compared
to the NAC region (Figure 9c/9d). The strongest northward heat transport (and southward freshwater trans-
port) coincides with the location of the core of southward velocity of the NBR (Figure 9a). In the model, the
NBR is generally weaker, and the reversal of the heat and freshwater transports happens farther east (34°W–

38°W) than in the observations (Figure 10c/10d).

As for the surface temperature fluxes by eddies described by Müller et al. (2017), the other subsections play
only a minor role for the heat and freshwater transport carried by eddies across 47°N. In both observations
and the ANHA4‐SPG12 simulation, the net transports and also the variability are much lower there than in
the western boundary region (Figures 9c/9d and 10c/10d). The midsection, comprising the MAR, accounts
for 11–18% of the respective absolute heat and freshwater transports by eddies.

Figure 9. (a) Meridional background velocity obtained from 11 sip surveys conducted nominally along 47°N (fromMüller
et al., 2017), (b) the number of northward and southward moving eddies from satellite observations (January 1993 to
April 2014) per 1° bin crossing 47°N per year, and (c) respectively the sum of the heat and freshwater transports (d) by
eddies per 1° bin along 47°N (normalized by the number of years). Vertical bars show the sum of the transports of regular
(green) and strong (orange) eddies in either direction. The vertical whiskers represent the standard deviation of the
respective transports in either direction.
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The eastern basin is not covered by the GEM field, but it has the least contribution to the transport across
47°N in the model simulation. While around 21% of all eddies detected in the model simulation cross
47°N in the eastern basin, these eddies account for only around 2% of the absolute heat and freshwater trans-
ports. Also, the surface temperature fluxes by eddies in the eastern basin analyzed by Müller et al. (2017) are
almost negligibly small. It is therefore safe to assume that there is no substantial loss to the overall transport
by eddies crossing 47°N by not including the eastern basin, and we conclude that the results from the GEM
method are representative for the whole 47°N section.

5.5. Transports by Individual Eddies Compared to the Turbulent Component of the Flow Field

In the following, we address how much of the total heat and freshwater transport across 47° N can be
explained by anomalies carried by eddies, and howmuch of the turbulent (i.e., the so‐called eddy component)
of the transport can be explained by said anomalies.

The calculation of the heat and freshwater transports across 47° N is straightforward in the model environ-
ment. The meridional heat transport is simply

Figure 10. (a) Meridional background velocity from the 1/12° ANHA4‐SPG12 model simulation as shown in Müller et al.
(2017), (b) the number of northward and southward moving eddies from the model simulation (January 2002 to
December 2013) per 1° bin crossing 47°N per year, and (c) respectively the sum of the heat and freshwater transports (d) by
eddies per 1° bin along 47°N (normalized by the number of years). Vertical bars show the sum of the transports of regular
(green) and strong (orange) eddies in either direction. The vertical whiskers represent the standard deviation of the
respective transports in either direction.
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FH ¼ cp0ρ0∫∫v T dxdz; W½ � (3)

and the meridional freshwater transport

FFW ¼ ∫∫v FW dxdz;
m3

s

� �
(4)

where cp0= 4,200 J · kg · K is the average specific heat capacity, ρ0 = 1,025 kg/m3 the average seawater den-
sity, and v is the meridional velocity. The full heat and freshwater transports, FH and FFW, are then separated
into a mean component and a turbulent component in the form x = xmean+xturb. For the analysis here, we
define the mean component as the part of the flow that is related to the mean annual cycle so that intra‐
annual changes that are related to the seasonal cycle are captured by the mean components. The mean com-
ponents of the transports are thenFHmean ¼ cp0ρ0∫∫vmean Tmean dxdz, and FFWmean = ∫ ∫ vmeanFWmeandxdz,
where vmean, Tmean, and FWmean are the mean annual cycle of the meridional velocity, the temperature, and
the freshwater field, respectively. The turbulent components are then simply FHturb = FH − FHmean and
FFWturb = FFW − FFWmean (Figure 11). This means that the turbulent component of the transports includes
not only eddies but all variability on intraseasonal scales, like meandering of the major currents, shifts of the
temperature front in the Newfoundland Basin, major cooling or warming, and especially the Ekman layer
transport. The turbulent component of the respective transports will therefore always be larger than the
transports by individual eddies.

The average heat transport across 47°N in the ANHA4‐SPG12 model is 1.0 ± 0.26 (one standard deviation)
PW, which is high compared to previous observations (Table 3). The turbulent component of that transport
is 0.06 ± 0.25 PW. For the freshwater transport, the picture is similar with an average of −570 ± 150 mSv of
which −10 ± 140 can be explained by the turbulent component. For both cases the turbulent component
dominates the variability of the transport, while the strength is defined by the mean component (Figure 11).

To compare the transports by individual eddies with these transports, we cannot simply take the average
values from Table 1 (these are the average transports per eddy) calculated with equation (1)–(2). Instead,
we sum up the heat/freshwater content of all eddies crossing 47°N (shown in Figure 4) and divide by the
length of the time series (in seconds). The mean heat transport by individual eddies in the model is then
−5.3 TW (i.e., −0.005 PW) and the respective mean freshwater transport 3.0 mSv. The transports carried
by individual eddies thus range on the order of only O 1=200ð Þ of the average transports by the

Figure 11. Basin wide meridional heat transports (a) and freshwater transports (b) across 47°N in the 1/12°ANHA4‐
SPG12 model simulation between January 2002 and December 2013. For both transports the monthly mean values
(thick lines) and the 5‐day model output (thin lines) of the total transport (blue), the mean transport (red), and the high‐
frequency transport (black) are shown. The respective average values are indicated by dashed lines.
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background flow. However, the variability of the transports by individual eddies is higher (±0.03 PW and
±19 mSv), explaining 10–13% of the overall variability.

As our available subsurface observational velocity data are limited to individual ship surveys, we cannot
infer similar heat transport time series from these observations. We therefore refer to estimates provided
by other studies (Table 3). Different studies (e.g., Ganachaud & Wunsch, 2003; Lumpkin et al., 2008;
Macdonald, 1998; Rhein et al., 2011) using ship observations or numerical models have quantified the heat
transport at 47°N to about 0.6 PW with a standard deviation on the order of 0.1–0.2 PW. Rhein et al. (2011)
showed that at least in their 1/12° model, the turbulent component makes up around 60% of the variability
(~0.1 PW), while the mean turbulent transport is negligible (0.01 PW). The observed transports by individual
eddies fall very well into this range. The mean heat transport by eddies is negative (−0.004 PW) but negligi-
bly small compared to the mean transport. The standard deviation (±0.1 PW) is the same as in the study by
Rhein et al. (2011), explaining most of the observed variability.

Unlike other eddies, for example, Agulhas Rings (e.g., Beal et al., 2011) or North Brazil Current Rings (e.g.,
Goni & Johns, 2001), net transports by individual eddies crossing 47°N are negligible compared to the trans-
ports by the mean flow across 47°N and even small compared to the turbulent component of the respective
transports. They do, however, have a notable influence on the variability of the average transports.
Transports of individual eddies account for around 60% of the overall variability in the observation and
around 10–15% in the ANHA4‐SPG12 model simulation.

6. Discussion

One major finding is the considerable impact of northward moving cold and fresh cyclones compared to the
transport by other eddies. Two types of eddies account for a northward heat and a southward freshwater
transport (warm and salty northward and cold and fresh southward), and two types of eddies account for
a southward heat and a northward freshwater transport (cold and fresh northward and warm and salty
southward). In both observations and model around 30% of the eddies crossing 47°N are cold and fresh
northward moving eddies. Most of the strong eddies (16/26 for the observations and 12/14 for the model)
also fall into this category. The exceptional role of these eddies becomes obvious when comparing the cumu-
lative sums of the four major different types (Figure 12). For both observations and ANHA4‐SPG12 model
simulation, the cumulative transport of these eddies stands out and exceeds all other types (red lines in
Figure 12).

The other three types are associated with transports of approximately the same magnitude (apart from
opposing signs of course). Comparing the slopes of the lines shows that the cumulative transport of observed
cold and fresh eddies is between 1.6 and 3.6 (average: 2.5) times higher than that of other eddies. For the
ANHA4‐SPG12 model simulation the effect is even stronger, and the cumulative transport of cold and fresh
eddies is between 2.5 and 6.5 (average: 3.8) times higher than that of other eddies. The large cumulative
effect is caused on the one hand by the high number of cold and fresh eddies moving northward and on
the other hand by their larger than average heat and freshwater contents. Their average HC/FWC

Table 3
Overview on Heat Transport Estimates Across 47°/48°N, Separated Into Total, Turbulent (i.e., Eddy Component), and the Transport Carried by Individual Eddies

Reference Total heat transport Turbulent component
Heat transport carried
by individual eddies

Macdonald (1998; ship section and inverse model) 0.65 ± 0.25 PW ‐‐‐ ‐‐‐

Ganachaud and Wunsch (2003)* (ship section and inverse model) 0.6 ± 0.1 PW ‐‐‐ ‐‐‐

Lumpkin and Speer (2007)* (ship section and inverse model) 0.61 ± 0.13 PW ‐‐‐ ‐‐‐

Lumpkin et al. (2008)* (repeated ship observations and
inverse model)

0.53 ± 0.04 PW ‐‐‐ ‐‐‐

Rhein et al. (2011; 1/12° model study) 0.7 ± 0.2 PW 0.01 ± 0.1 PW ‐‐‐

This study 1/12° model 1.0 ± 0.3 PW 0.06 ± 0.3 PW ‐0.005 ± 0.03 PW
observations ‐‐‐ ‐‐‐ ‐0.004 ± 0.1 PW

*These studies address the former WOCE‐line A2/AR19 as the 48°N section. This section follows the 47°N section used here along its eastern part, while it starts
farther south in the Newfoundland Basin.
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(divided by the respective eddy's area A and vertical extent HE) is between 1.5 and 2.1 times larger than that
of other eddies (1.2−1.9 times larger for only regular eddies).

Another important point concerns the travel distance of eddies and the question whether the effects of heat
and freshwater transports by eddies across 47°N are mostly local or also notable on larger regional scales. In
other regions of the world, large coherent eddies can carry water for very long distances (e.g., Agulhas Rings;
Beal et al., 2011; or North Brazil Current Rings; Goni & Johns, 2001), playing a crucial role for the large scale
distribution of water masses. However, eddies crossing 47°N are smaller and the average travel distance of
eddies after crossing 47°N is around 80 km, with about 1/3 of all eddies traveling farther than 100 km and
individual eddies traveling up to 300 km (Müller et al., 2017). The effect of heat and freshwater transports
by eddies crossing 47°N is therefore muchmore locally confined, than, for example, the freshwater transport
by North Brazil Current Rings (e.g., Goni & Johns, 2001). Nonetheless, the local effects of eddies crossing
47°N are far from negligible and eddies play a considerable role for the local variability of the heat and fresh-
water transports across 47°N.

Eddies in the Newfoundland Basin also provide a means of exchange between WBC and NAC. Pérez‐
Brunius et al. (2004) used historical hydrographic data in combination with isopycnal RAFOS float data
from the area and found that the heat loss of the NAC in the western subpolar North Atlantic is caused
mostly by horizontal cross‐frontal exchange induced by the eddy field. They suggest that steep meanders
of the NAC are the main reason for this exchange. The heat loss by horizontal exchange is 10 times greater
than the vertical heat loss to the atmosphere and the largest losses occur south of the Grand Banks and
around 47°N in the Newfoundland Basin (Pérez‐Brunius et al., 2004, their Figure 9). Saenko (2015) found
similar results using a 1/12° configuration of the NEMO model (Madec, 2008). His results suggest that the
convergence of heat brought into the Newfoundland Basin with the mean flow of the NAC is 2–3 times lar-
ger than the heat loss to the atmosphere. The excessive heat is compensated by a strong cooling effect due to
lateral turbulent heat transports. Bower et al. (2009) tracked RAFOS floats released in theWBC around 50°N
and found that most floats leave the WBC somewhere between Flemish Cap at 47°N and the Tail of the
Grand Banks around 42°N. Their results show that cold water detaching with eddies from the WBC (sug-
gested by the spiraling of the float trajectories) sometimes remains in the NAC pathway (Bower et al., 2009).

The present study fits in well with the results by Pérez‐Brunius et al. (2004), Bower et al. (2009), and Saenko
(2015). We have identified cold and fresh eddies detaching from the WBC as an additional source for the

Figure 12. Cumulative sum of the heat (a/b) and freshwater (c/d) transports by eddies for the four major types of eddies
for the observations (left) and the 1/12°ANHA4‐SPG12 model simulation (right). The four major eddy types make up 98%
of all eddies in the observations and 99% of all eddies in the model simulation. Note the different length of the time series
for observations and model and the different scales on the Y axis.
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cooling of the NAC around Flemish Cap. The increased atmosphere‐ocean interaction overmesoscale eddies
(e.g., Ma et al., 2016) is also likely to play a role for the strong cooling of the NAC in the Newfoundland Basin.

The eddy detection algorithm used in this study was designed to be a reliable tool for distinguishing between
meanders and eddies (Nencioli et al., 2010). Escudier et al. (2016) compared different eddy detection algo-
rithms and showed that eddies detected with the vector‐geometry‐based algorithm are, in general, somewhat
smaller than eddies detected with other methods. A comparison with eddy data retrieved from the META
data set (Mesoscale Eddy Trajectory Atlas, version1.0exp; SSALTO/Duacs, 2017) showed that the algorithm
used here can differentiate between different small features and shows consistent outer boundaries for the
detected eddies. We also analyzed eddy trajectories (not shown) and found them to be somewhat shorter
than the trajectories derived with other algorithms. As was observed by Escudier et al. (2016), the detected
eddies here are somewhat small when compared to the velocity field, which could be a source for a systema-
tic underestimation of the transports by eddies.

7. Conclusions

The results from the analysis of the heat and freshwater transports by eddies crossing 47°N agree with the
results from the surface temperature fluxes analyzed by Müller et al. (2017). Table 4 gives an overview of
the different analyses carried out in the two studies and the respective main results.

Using a combination of 21 years of geostrophic surface velocities from satellite altimetry, surface and subsur-
face temperature and salinity data constructed from surface parameters using the GEMmethod, ship‐based
velocity measurements, and a high‐resolution (1/12°) simulation with the NEMO ocean model spanning a
period of 12 years, we have found:

1. Despite the limitations at 47°N, the GEMmethod is a suitable technique to reconstruct 3‐D thermohaline
fields from sea surface height observations combined with Argo data that are well resolved in space and
time. These fields contain clear enough information allowing to infer heat and freshwater transports
associated with individual eddies (Figures 4 and 5).

2. In both, observations and ANHA4‐SPG12 model simulation, so‐called strong eddies have a 2–3 times
higher heat content and freshwater content than so‐called regular eddies (Figures 7 and 8 and Table 2).

3. About 45% of the observed absolute heat and freshwater transports by eddies across 47°N stem from
strong eddies. In the ANHA4‐SPG12 model around one third of the respective transports stem from
strong eddies (Table 1).

4. Fluxes by eddies are largest in the western part of the Newfoundland Basin, and northward moving cold
and fresh cyclones carrying subpolar water from the WBC make a considerable contribution to the over-
all heat and freshwater transports by eddies (Figures 9, 10, and 12).

5. Despite the GEM‐derived hydrographic fields not fully covering the eastern basin of the North Atlantic at
47°N, this region could be studied more closely with the model simulation. Results showed that this

Table 4
Overview of the Results of the Different Methods Used in This Study

Result Surface (Müller et al., 2017) 3‐D (this study)

Observations
(1/4°)

ANHA4
(1/4°)

ANHA4‐SPG12
(1/12°) GEM (1/4°)

ANHA4‐SPG12
(1/12°)

Large fraction of absolute transports by strong eddies Y Y Y Y Y
Difference between regular and strong due to thermohaline properties Y Y Y Y Y
Pathways of eddies related to main current branches Y Y Y Y Y
Large contribution by cold/fresh cyclones Y N Y Y Y
Southward temperature/heat transport in the NAC region Y N Y Y Y
Northward freshwater transport in the NAC region ‐‐‐ ‐‐‐ ‐‐‐ Y Y
Overall net southward temperature/heat transport N N Y Y Y
Overall northward freshwater transport ‐‐‐ ‐‐‐ ‐‐‐ Y Y
Transports in eastern basin negligible Y Y Y not fully resolved Y

Note. The Y indicates that the result is confirmed by the respective method, the N indicates that the result is not confirmed.
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region contributes only a small part to the meridional heat and freshwater transports carried by eddies
across 47°N (Figures 9 and 10).

6. The spatial patterns of the number of eddies crossing 47°N, as well as the patterns of the heat and the
freshwater transports carried by those eddies across 47°N, are consistent between the observations and
the ANHA4‐SPG12 model simulation (correlations between 0.7 and 0.9, Figures 9 and 10).

7. The contribution of eddies to the average heat transport across 47°N is negligible. However, eddies
account for a considerable part of the temporal variability of the transports.

Overall, the results from this study provide a better understanding of the contribution of eddies to the trans-
ports of heat and freshwater and their variability in a region that is of great relevance for the climate system.
The consistency between the two independent data sets, observations, and model simulation shows that the
results produced with the GEMmethod and inferred from the model are both physically meaningful. While
there are still limitations regarding the availability of high‐quality observations that are well resolved in
space and time, model simulations that reasonably well reflect mesoscale dynamics can be used to study
thermohaline transports by eddies in regions that may be less well covered by observations.
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