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Abstract. The Gulf Stream transports warm waters from low to high latitudes in the North Atlantic Ocean, im-
pacting Europe’s climate. This study investigates the changing pattern of the Gulf Stream over the last 3 decades
as observed in the altimetric record (1993–2022) using monthly averaged altimetry maps together with the out-
puts from an ocean reanalysis product. The seasonal and yearly evolution of the coordinates (destabilization
point) where the Gulf Stream starts to meander and convert from a stable to an unstable detached jet is inves-
tigated. At the seasonal scale, the location of this destabilization point presents zonal shifts displacing the Gulf
Stream path to the north in summer and fall and to the south in winter and spring. In addition, it presents varia-
tions at interannual scale and has varied by more than 1400 km in longitude, showing meridional shifts of 300 km
over the altimetric era: it exhibits a low-frequency remarkable shift westward and southward between 1995 and
2012. From that year, the destabilization point displacement inverses, exhibiting a previously unreported migra-
tion eastward and northward that translates into a larger fraction of the stable detached jet to the detriment of
the unstable meandering jet. Changes in the Gulf Stream path impact both associated mesoscale eddy kinetic en-
ergy and waters transported towards the subpolar North Atlantic. The observed shifts of the path destabilization
point seem to be linked to North Atlantic Oscillation variability during winter that may play an important role:
it presents a negative trend associated with a shift from a positive to a negative phase between 1995 and 2011
and an opposite behavior from a negative to a positive phase from that year until 2020 in agreement with the
associated southwestward and northeastward observed migration of the destabilization point.

1 Introduction

The Gulf Stream is part of the western boundary current sys-
tem. It originates in the Gulf of Mexico and flows poleward
close to the North American coast from the Straits of Florida
to Cape Hatteras (Fig. 1). It then leaves the continental mar-
gin and becomes a detached western boundary current flow-
ing eastward as the Gulf Stream Extension (e.g., Joyce et al.,
2009; Greatbatch et al., 2010). The Gulf Stream Extension
carries near-surface warm waters from the subtropical to the

subpolar North Atlantic (Guo et al., 2023) marking a tran-
sition from warm subtropical to cold subpolar waters (Joyce
and Zhang, 2010; McCarthy et al., 2018) known as the Gulf
Stream North Wall (GSNW). The GSNW is a sharp temper-
ature front located to the north of the Gulf Stream that does
not necessarily follows its path (Chi et al., 2019). The balance
between these northward-flowing warm and shallow waters
as part of the Gulf Stream and a southward cold and deep re-
turn water path describes the Atlantic Meridional Overturn-
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Table 1. Data products used.

Product Product ID & type Data access Documentation
ref. no.

1 SEALEVEL_GLO_PHY_L4_MY_008_047;
satellite observations

EU Copernicus Marine
Service Product (2023a)

Quality information Document (QUID):
Pujol et al. (2023)
Product User Manual (PUM):
Pujol (2023)

2 GLOBAL_MULTIYEAR_PHY_001_030;
numerical models

EU Copernicus Marine
Service Product (2023b)

QUID:
Drévillon et al. (2023a)
PUM:
Drévillon et al. (2023b)

ing Circulation (AMOC; e.g., Buckley and Marshall, 2016;
Lozier et al., 2019; Swingedouw et al., 2022). The AMOC
accounts for nearly 90 % of the total heat transport at 26.5° N
in the North Atlantic (Johns et al., 2011). Thus, it is a ma-
jor driver of subpolar heat content changes (McCarthy et al.,
2018). This makes the Gulf Stream play a paramount role in
North Atlantic climate variability and change (Frankignoul
et al., 2001; Joyce and Zhang, 2010; Srokosz et al., 2012;
McCarthy et al., 2015; Lozier et al., 2019). Direct estimates
of the GSNW are available from 1955 (Joyce et al., 2000)
and 1966 (Taylor and Stephens, 1980) onwards, allowing
the analysis of the North Atlantic ocean circulation variabil-
ity from decadal and multidecadal scales (McCarthy et al.,
2018).

The Atlantic multidecadal variability is mainly due to in-
ternal ocean-driven variability associated with global and re-
gional variations in precipitation and temperature, sea level
fluctuations, and hurricane activity (Delworth and Mann,
2000). However, it could be also generated as a response
to natural atmospheric variability (Clement et al., 2015),
which is mainly associated with the North Atlantic Oscil-
lation (NAO). The NAO is the first mode of Atlantic at-
mospheric forcing and describes surface sea level pressure
differences between the Azores high and the subpolar low
and varies at quasi-decadal and multidecadal timescales (Da
Costa and Colin de Verdiere, 2002; Gray et al., 2016; Årthun
et al., 2017), impacting North Atlantic sea surface tempera-
ture patterns via air–sea heat exchanges (Hurrell et al., 2003;
McCarthy et al., 2018; Osman et al., 2021).

The time-varying location of the Gulf Stream can be iden-
tified using a constant sea surface height (SSH) contour from
mapped absolute dynamic topography (ADT) from satellite
altimetry to find snapshots of the current’s path (Andres,
2016). The 25 cm SSH contour is commonly used (e.g., Lil-
libridge and Mariano, 2013; Rossby et al., 2014; Andres,
2016; Chi et al., 2021; Guo et al., 2023). Other methods to
identify the path of the Gulf Stream are based on the location
of an isotherm at a given depth. Joyce et al. (2000, 2009) used
the 15 °C isotherm at 200 m depth to define the region just to
the north of strong flow of the Gulf Stream that corresponds

Figure 1. Panel (a) displays the Gulf Stream paths based on the
25 cm SSH contour from altimetry (product ref. no. 1) showing
monthly mean (pale blue) and a 1993–2022 overall mean (blue).
The inset displays the variance in latitudinal position of the monthly
mean Gulf Stream paths (1993–2022) as a function of downstream
longitude. Panel (b) displays the 1993–2022 overall mean EKE in
the Gulf Stream region and the 1993–2022 overall Gulf Stream
mean path (blue). The inset shows the aggregated EKE associated
with the Gulf Stream. The red dot in panels (a) and (b) indicates
the mean destabilization point (see text for more details). The confi-
dence interval (at 95 % confidence level) of the destabilization point
in both longitude and latitude is also displayed.
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to the GSNW. This approach was followed by Frankignoul
et al. (2001) and Seidov et al. (2019, 2021) to identify the
latitude of Gulf Stream paths.

The variations in the Gulf Stream path exhibit two main
modes: (i) wavelike fluctuations linked to the Gulf Stream
meandering and instability and (ii) large-scale lateral shifts
exhibiting seasonal and interannual changes (Frankignoul et
al., 2001). In reality, western boundary currents are identified
as eddy-rich regions where mean kinetic energy and avail-
able potential energy from the mean flow are converted into
mesoscale eddy kinetic energy (EKE) from baroclinic and
barotropic instabilities. The low-frequency interannual vari-
ability of the lateral shifts in the Gulf Stream position im-
pacts the global climate system as a whole (Guo et al., 2023)
and can be linked to changes in climate-related oceanic phe-
nomena such as the El Niño–Southern Oscillation (Taylor et
al., 1998), the AMOC (Joyce and Zhang, 2010), or the afore-
mentioned atmospheric forcing (Wolfe et al., 2019). Taylor
et al. (1998) found that the Gulf Stream shifts were corre-
lated with the wintertime NAO during the time period span-
ning from 1966 to 1996, with high values of the NAO in-
dex (stronger westerlies) favoring a northerly path 2–3 years
later. Joyce et al. (2000) observed northward shifts of the
Gulf Stream during positive phases of the NAO with lags
of 1 year between 1954 and 1990. More recently, McCarthy
et al. (2018) reported shifts in the Gulf Stream path coinci-
dent with NAO variations over both quasi-decadal and multi-
decadal timescales, having implications for linking the Gulf
Stream path and AMOC.

The Gulf Stream path variability can be seen in grid-
ded satellite altimetry and also in derived surface veloci-
ties as meridional shifts in the path of the Gulf Stream af-
ter Cape Hatteras (McCarthy et al., 2018). In this study, al-
timetry maps are used together with the outputs from an
ocean reanalysis to assess the changing pattern of the Gulf
Stream path over the last 3 decades, impacting both associ-
ated mesoscale EKE and waters transported towards the sub-
polar North Atlantic. To do that, the time-varying position of
the path destabilization point where the Gulf Stream Exten-
sion converts from a stable, detached jet to an unstable, me-
andering detached jet is investigated following the methodol-
ogy described in Andres (2016). Furthermore, seasonal and
interannual variability of the Gulf Stream path is assessed
to investigate possible causes and consequences of observed
Gulf Stream changes.

2 Methods

Daily maps of both ADT from satellite altimetry (product
ref. no. 1, Table 1) and SSH from an ocean reanalysis prod-
uct (product ref. no. 2, Table 1) were averaged to produce
monthly maps from January 1993 to December 2022. These
maps have a spatial resolution of 1/4 and 1/12°, respec-
tively. Following this, the Gulf Stream path was identified

with the 25 cm SSH contour according to, e.g., Lillibridge
and Mariano (2013), Rossby et al. (2014), Andres (2016),
Chi et al. (2021), and Guo et al. (2023), from detrended ADT
and SSH time series (Fig. 1a). The annual and semiannual
cycles were kept in the time series to allow the analysis of
the seasonal signal. Also, monthly averaged geostrophic ve-
locity fields derived from both ADT and sea level anomaly
(SLA) maps (product ref. no. 1, Table 1) were used to es-
timate the surface velocity associated with the Gulf Stream
paths. Geostrophic velocity anomalies derived from SLA
maps were then used to compute the Gulf Stream surface
EKE. EKE presents greater values in the vicinity of the
main jets and currents such as the western boundary cur-
rents, whereas it rapidly decreases elsewhere (von Schuck-
mann et al., 2016). Satellite-gridded products miss part of the
mesoscale variability due to coarser effective dynamical res-
olutions (Ballarotta et al., 2019). However, the interannual
variations in EKE can still be captured (Guo et al., 2022,
2023).

Variability in Gulf Stream paths was assessed on both a
seasonal and yearly basis. Following Andres (2016), the 12
monthly mean paths for a given year were separated into 0.5°
longitude bins and the variance of Gulf Stream position (lat-
itude) in each bin was calculated. It can happen that the path
in a given longitude bin describes a twisted route providing
two or more latitudes. To overcome this, the most northerly
latitude of the 25 cm SSH contour was used in the variance
calculation (Andres, 2016). This computation was also done
for the Gulf Stream mean paths computed for 1993–2022
as a group (Fig. 1). The downstream distance (longitude)
where the latitude’s variance first reaches 0.42(°)2 (half of
the maximum variance obtained for the aggregate) was de-
fined as that year’s path destabilization point. This is where
the Gulf Stream converts from a stable, detached jet to an un-
stable, meandering detached jet (Fig. 1a). The confidence in-
terval (at 95 % confidence level) of the mean destabilization
point was computed from the yearly destabilization point lo-
cations. A similar analysis was conducted for the seasonal
assessment. Furthermore, the aforementioned computation
was repeated from daily altimetry maps to compute the confi-
dence interval (at 95 % confidence level) of the yearly desta-
bilization point location. To do that, the 30 daily paths for a
given month were used to identify the month’s path desta-
bilization point. The 12 monthly destabilization points of a
given year were then used to provide an estimation of the
confidence interval for that year. Finally, a 5-year running
mean filter was applied to time series of the position of the
destabilization point in the yearly assessment to avoid spuri-
ous signals due to changes in higher-frequency Gulf Stream
variability.

In addition, the 12 °C isotherm (iso12) at 450 m depth was
identified from the product ref. no. 2 (Table 1) and used to
track the path of the Gulf Stream in the water column. This
isotherm was chosen because it makes it possible to both
limit short-term surface variations and follow the trajectory
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of the Gulf Stream more at depth than previous studies based
on the temperature at 200 m depth (e.g., Joyce et al., 2000,
2009).

3 Results

3.1 Transition of the Gulf Stream path to an unstable jet

The datasets and methods described above were used to char-
acterize the mean and time-varying Gulf Stream path, and
identify its transition to an unstable detached jet. Variance in
Gulf Stream latitude increases abruptly around 65° W (inset
in Fig. 1a) and spreads around 1600 km out along the de-
tached jet. In addition, a local minimum in variance is found
to the west at around 70° W close to a node reported by, e.g.,
Joyce et al. (2000).

The mean destabilization point of the monthly mean Gulf
Stream paths (1993–2022) is located at coordinates close to
38° N and 66° W (Fig. 1a). West of this location (i.e., near
Cape Hatteras), the path is stable, exhibiting a relatively
straight, detached jet and thus low variance (inset in Fig. 1a).
Downstream from the destabilization point the path becomes
unstable, showing meanders that translate into high variance
and associated mesoscale EKE.

The Gulf Stream is one of the regions with the strongest
mesoscale energy in the global ocean (Chelton et al.,
2011; Guo et al., 2023). It presents mean values larger
than 2000 cm2 s−2 downstream from 75° W where the Gulf
Stream separates from the continental margin and becomes
the Gulf Stream Extension (Fig. 1b). This area has an en-
ergetic mesoscale activity exhibiting strong eddy-mean flow
interaction with significant along-stream variability (Kang
and Curchitser, 2015; Guo et al., 2023). The mean EKE
(1993–2022) core, with values larger than 3000 cm2 s−2, is
observed in the surroundings of the Gulf Stream mean path.
In addition, the zonally maximum mean EKE exhibiting val-
ues larger than 4000 cm2 s−2 is located close to the desta-
bilization point where the Gulf Stream becomes unstable.
These features are consistent with previous observations both
in the upstream and downstream parts of the flow (e.g., Kang
and Curchitser, 2015).

The aggregated (zonally and meridionally averaged) 1-
year low-pass-filtered surface geostrophic velocity associ-
ated with the Gulf Stream paths (figure not show) presents
an overall negative linear trend over the period 1993–2012
with reduced speed exhibiting strong interannual variability
at decadal and sub-decadal scale. This agrees with results
reported by Dong et al. (2019) and Chi et al. (2021) from
altimetry data for the same period. This fact translates into
a recurring EKE decrease with values ranging from around
3000 cm2 s−2 at the beginning of the altimetric era to close
to 2200 cm2 s−2 in 2012 (inset in Fig. 1b). From 2013 there
is an inversion in the temporal evolution of the surface ve-
locity linked to the Gulf Stream with an increasing speed

until 2022 that promotes aggregated EKE values larger than
3500 cm2 s−2 also showing interannual variability.

Similar results were obtained from a computation using
the climatological satellite product based on a steady num-
ber (two) of satellite missions (e.g., Sánchez-Román et al.,
2023). Thus, this increasing EKE is not an artifact due to
larger energy promoted by a larger number of satellite mis-
sions used in the all-satellite product to generate the time se-
ries.

3.2 Interannual displacement of Gulf Stream

Figure 2 shows the yearly evolution of the destabilization
point in latitude (Fig. 2a) and longitude (Fig. 2b). Over the
last 3 decades, the location of this destabilization point (red
dots) has varied by more than 1400 km in longitude (i.e., be-
tween 57 and 70° W) showing strong interannual variability
(Fig. 2b). There has been an overall evolution of the destabi-
lization point of the Gulf Stream towards western longitudes
particularly from 1995 to 2014, which agrees with the find-
ings of Andres (2016) over the same period. However, from
2014 until 2022 an inversion in the temporal evolution of
the destabilization point occurs showing a previously unre-
ported displacement towards eastern longitudes. In addition,
a meridional shift in the location of the destabilization point
(Fig. 2a) of 300 km (i.e., between 37.7 and 40.6° N) is ob-
served promoting its displacement towards southern latitudes
until 2014 and towards northern latitudes from that year until
2022. These new findings expand the results reported in An-
dres (2016) and might have an impact on the physical proper-
ties of waters transported towards the subpolar eastern North
Atlantic.

However, these results might be affected by spurious sig-
nals due to changes in higher-frequency Gulf Stream vari-
ability. To avoid this, the 5-year running mean of the posi-
tion of the destabilization point was investigated (grey line
in Fig. 2a and b). The low-frequency variability of the Gulf
Stream path indicates a westward and southward shift of the
destabilization point from 1995 to 2012 that reverses towards
northward and eastward shift from that year until 2020. This
pattern agrees with the temporal evolution of the standard-
ized 5-year running mean of the annually averaged winter-
time (January–March) NAO index (Fig. 2c), that shows a
Pearson linear correlation with the time-varying longitude
(latitude) of the destabilization point of 0.70 (0.73) signifi-
cant at 95 %. In addition, the time-varying longitude of the
low-frequency zonally maximum EKE associated with the
Gulf Stream path presents a linear correlation with the loca-
tion of the destabilization point (not shown) of 0.88, exhibit-
ing overall differences in longitude lower than 3°. Thus, this
temporal variability also matches the aforementioned time-
varying surface velocities and derived mesoscale EKE asso-
ciated with the Gulf Stream path, giving support to the as-
sessment of the low-frequency variability of the Gulf Stream.

State Planet, 4-osr8, 4, 2024 https://doi.org/10.5194/sp-4-osr8-4-2024
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Figure 2. Yearly evolution of the destabilization point computed from altimetry data (product ref. no. 1) showing the latitude (a) and
longitude (b) where the Gulf Stream becomes unstable. The solid grey line indicates the 5-year running mean of the destabilization point. The
confidence interval (at 95 % confidence level) of the yearly position of the destabilization point in both longitude and latitude is also displayed.
Panel (c) shows the standardized 5-year running mean of the position (longitude – red line; latitude – orange line) of the destabilization point
and the standardized 5-year running mean of the seasonal mean NAO index during the cold season (blue line).

3.3 Temperature signature of Gulf Stream pathway

Figure 3a shows the mean Gulf Stream pathways estimated
using the iso12 at 450 m depth for two representative 2-
year periods before (2008–2010) and after (2014–2016) the
change in trend of the destabilization point, together with
Gulf Stream trajectories estimated with the method based on
SSH data for the same periods. The iso12 estimate of the
Gulf Stream pathway is located north of the sea level esti-
mate because the iso12 is a signature of the GSNW rather
than of the center of the pathway (Chi et al., 2019; Seidov
et al., 2021). The good correspondence between mean path-
ways estimated with the altimeter data and with the temper-
ature data (Fig. 3a) indicates that the signal detected at the
surface is also present in the subsurface. On both diagnostics
a separation of the average Gulf Stream pathway between
the two periods occurs near 66° W, which corresponds to the
detected mean destabilization point. Downstream the mean
pathways for the two periods converge. However, in the sub-
surface near 450 m, this convergence seems to occur further
upstream (near 62° W, purple box) on the Gulf Stream path
than at the surface (east of 57° W, black box).

The meridional variability in monthly mean pathways es-
timated using the iso12 at 450 m depth for the 2-year peri-
ods before and after the change in the destabilization point’s
trend (Fig. 3b) also reflects the variation observed at the sur-

face with the method based on SSH (Fig. 1a). The spread in
latitude of the monthly mean pathways estimated for the two
periods decreases in the surroundings of the mean location
of the destabilization point. This signature of a more stable
pathway at this longitude thus confirms that the change in
the destabilization point diagnosed from altimetry also has a
signature in the subsurface on the temperature field.

Furthermore, the time evolution of the temperature in the
upper part of the water column (Fig. 3c) in the surroundings
(downstream) of the Gulf Stream’s destabilization point (pur-
ple box in Fig. 3a) exhibits a constant pattern over the first
1000 m and down to 2000 m. In addition, a strong negative
hiatus was found in 2010, followed by a significant increase
in temperature to become a positive anomaly in 2014. This
increase may be due to both a long-term climate change and
a change in the characteristics of the water masses. Thus,
the analysis of the destabilization point of the Gulf Stream
from SSH data could be a good indicator of the subsurface
conditions (in the upper 1000 m of the water column) in the
northeastern part south of the Grand Banks.
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Figure 3. (a) The mean 12 °C isotherm (iso12) for 2008–2010 (orange) and 2014–2016 (red) computed from ocean reanalysis data (product
ref. no. 2) superimposed to the SSH derived Gulf Stream pathway computed from altimetry data (product ref. no. 1) for the same periods (blue
and green, respectively). (b) The mean and standard deviation (2σ ) of monthly pathways estimated using the iso12 at 450 m depth computed
from ocean reanalysis data (product ref. no. 2) for the periods 2008–2010 (orange) and 2014–2016 (red). Panel (c) displays the temporal
evolution of temperature anomalies in the water column (°C) in the surroundings (downstream) of the mean Gulf Stream’s destabilization
point (purple box) computed for the reference period 1993–2020.

4 Discussion and conclusions

4.1 Seasonal and interannual variability of Gulf Stream
paths

The Gulf Stream Extension displaces to the north in fall
(exhibiting a relatively low baroclinic transport) and to the
south in spring (Tracey and Watts, 1986) reaching its maxi-
mum baroclinic transport in early summer (Sato and Rossby,
1995). This seasonal pattern (Fig. 4b, d, e; product ref. no. 1
in Table 1) is extended to summer (Fig. 4a and e) and winter-
time (Fig. 4c and e), respectively. This is a novelty with re-
spect to previous estimations (e.g., Lillibridge and Mariano,
2013) having an impact on the location of the destabiliza-
tion point (inset in Fig. 4e): it shifts eastwards until 65° W in
winter and 65.7° W in spring, the unstable meandering de-
tached jet being shortened and located more to the south,
whereas it remains close to 66° W in summer and fall, with
the unstable jet being enlarged and located more to the north.
The seasonal meridional shifts of the destabilization point
are negligible with values ranging from 38.1° N in spring to
38.3° N in summer. On the contrary, this seasonal displace-
ment of the path is not observed upstream of 70° W. Thus,
the seasonal meridional shifts of the detached jet are accom-
panied by longitudinal seasonal variability of the destabiliza-
tion point. This fact has an impact on the mesoscale EKE
monitored in the Gulf Stream region that shows a clear sea-
sonal variability (von Schuckmann et al., 2016) with maxi-
mum levels in the summer period (May to September), asso-
ciated with a larger unstable meandering jet located more to
the north and also more mesoscale-to-sub-mesoscale activity

(Ajayi et al., 2020), and minimum levels in winter (January),
when the unstable jet is shorter and placed more to the south.
These seasonal meridional fluctuations in the Gulf Stream
path position have important consequences for regional cli-
mate because the Gulf Stream transports considerable heat
from the ocean at low latitudes to the atmosphere at high lat-
itudes (Johns et al., 2011) and contributes to the distribution
of biogeochemical properties in the North Atlantic Ocean
(von Schuckmann et al., 2016).

In addition to the seasonal variability of Gulf Stream paths,
the destabilization point of the detached jet exhibits a re-
markable low-frequency shift westward between 1995 and
2012 accompanied by a southward shift of the jet. This pro-
motes a shorter stable detached jet with time and thus ed-
dying flows closer to the western boundary and the Mid-
Atlantic Bight (MAB) shelf that are widespread along a
larger region of the North Atlantic. This proximity increases
the probability of Gulf Stream–MAB interactions and has
important consequences beyond a local increase in the EKE
associated with the Gulf Stream (Andres, 2016). Warm core
rings can spin off from the jet and bring salty and nutrient-
rich deep waters to the euphotic zone at the shelf break
front in the MAB, leading to enhanced primary productiv-
ity (Zhang et al., 2013; Hoarfrost et al., 2019) and ecosystem
changes (Gawarkiewicz et al., 2018). Monim (2017) reported
an increase of 50 % in the frequency of warm core rings
formed annually in the years 2000–2016 (overall in agree-
ment with the observed westward shift of the destabilization
point) compared to 1977–1999 in the slope region south of
New England, which has an important effect on biogeochem-
ical cycling (Hoarfrost et al., 2019).
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Figure 4. Gulf Stream paths based on the 25 cm SSH contour from altimetry (product ref. no. 1) showing monthly and a 1993–2022 overall
seasonal mean for (a) summer (red, JAS), (b) fall (orange, OND), (c) winter (pale blue, JFM), and (d) spring (green, AMJ). Panel (e) displays
the 1993–2022 overall seasonal means with the mean location of the seasonal destabilization point. The inset displays a zoomed-in view of
the region inside the black box. The confidence interval (at 95 % confidence level) of the destabilization point in both longitude and latitude
is also displayed.

In 2012, the destabilization point displacement reversal
exhibits a previously unreported low-frequency migration
eastward accompanied by a northward shift of the jet until
2020. This translates into a larger fraction of the stable de-
tached jet to the detriment of the unstable meandering jet that
is likely to promote the depletion of the frequency of warm
core ring intrusions onto the continental shelf and the proba-
bility of Gulf Stream–MAB interactions, in contrast with the
increased interactions from the westward displacement ob-
served in the recent past.

4.2 Impact of varying Gulf Stream stability on
associated EKE

Guo et al. (2023) found a dominant component in mesoscale
EKE associated with the Gulf Stream that co-varies with the
meridional shift of the jet. Thus, migration of the destabiliza-
tion point may have an impact on both the Gulf Stream’s sur-
face velocity and associated EKE. The low-frequency south-
westward shift of the destabilization point observed between
1995 and 2012 is accompanied by a weakening of the jet
(not shown) and associated mesoscale surface EKE (Fig. 1b).
Dong et al. (2019) attributed this velocity decrease to an in-
crease in SSH to the north of the Gulf Stream that is mainly
due to ocean warming.

The observed weakening of the jet over this period was
explained by Renault et al. (2016b) in terms of energy trans-
fers from the ocean to the atmosphere over the Gulf Stream
induced by the current feedback. It attenuates the wind sur-
face stress, inducing a positive surface stress curl opposite
to the current vorticity that deflects energy from the Gulf
Stream into the atmosphere and dampens eddies. It causes
a mean pathway of energy from the ocean to the atmosphere
(Renault et al., 2016a). Consequently, the current feedback
promotes a slowdown of the jet and a drastic weakening of

the EKE limiting the propagation of eddies. This mechanism
could be fostered by the observed southwestward shift of the
destabilization point.

On the other hand, the previously unreported low-
frequency northeastward shift observed from 2013 until 2020
promotes an increasing velocity with larger associated EKE
(see Fig. 1). Guo et al. (2023), based on empirical orthogonal
function (EOF) analysis, found a mode that suggests an en-
hancement in EKE when the Gulf Stream shifts to the north.
Thus, the current feedback is likely to weaken in this period,
allowing energy transfers from the atmosphere to the ocean
and the propagation of eddies. This would suggest a connec-
tion of the current feedback and net energy transfers between
the atmosphere and the ocean with the observed meridional
shifts of the jet and associated velocity rather than the vari-
ations in SSH linked to the ocean warming pointed out by
Dong et al. (2019). However, the aforementioned increasing
frequency of warm core ring intrusions onto the continental
shelf observed during the low-frequency southwestward shift
of the destabilization point can contribute to sea level rise
through a steric effect (Gawarkiewicz et al., 2018) reflecting
a decreased sea level difference across the Gulf Stream (Sal-
lenger et al., 2012) and a slowdown jet. The opposite is likely
to appear during the northeastward displacement of the desta-
bilization point when a larger fraction of the stable detached
jet is observed to the detriment of the unstable meandering
jet. Thus, the processes related to the Gulf Stream could have
an impact on sea level variability in the coastal region.

Furthermore, the global long-term change in surface
mesoscale EKE found by Martinez-Moreno et al. (2021)
might show that the ocean EKE has experienced an increase.
These changes in EKE also show that surface mesoscale dif-
fusivities vary on climate timescales due to a coupling be-
tween large-scale climate variability and eddy-mixing rates
as a result of small amplitude changes in the large-scale flow

https://doi.org/10.5194/sp-4-osr8-4-2024 State Planet, 4-osr8, 4, 2024



8 A. Sánchez-Román et al.: Changes in the Gulf Stream path over the last 3 decades

(Busecke and Abernathey, 2019). These authors suggested
that temporal variability in mesoscale mixing could be an im-
portant climate feedback mechanism due to the relevance of
lateral mesoscale mixing for the ocean uptake of heat and
carbon and the distribution of oxygen and nutrients in the
ocean (among other factors).

However, the underlying dynamics for the changes in the
North Atlantic are not well understood, and the mecha-
nism behind correlations between EKE variability and Gulf
Stream shifts are still unclear (Guo et al., 2022; 2023), mean-
ing that further investigation is needed.

4.3 External forcing of the Gulf Stream path
destabilization

There are many factors, due to external forcing or reflecting
internal variability, shaping the Gulf Stream system (Seidov
et al., 2019) and thus the observed shifts of the path desta-
bilization point. The regimes of the Gulf Stream paths de-
scribed above seem to be linked to NAO variability during
winter (external forcing) that may play an important role.
However, the relationships found between the Gulf Stream
and the NAO depend on the analysis domain, the time period
considered and the index used to define the Gulf Stream path
position (Lillibridge and Mariano, 2013). Andres (2016) for
instance found that the NAO index was uncorrelated at zero
lag with the destabilization point of the detached Gulf Stream
stating that the large- and regional-scale winds may not be
directly responsible for the stability of the Gulf Stream jet.
However, a maximum linear correlation of 0.80 (0.76) was
found here between the NAO during winter and the time-
varying longitude (latitude) of the destabilization point lag-
ging by 1 year (not shown). Thus, the Gulf Stream path seems
to respond passively to the variability of the NAO during
winter with a delay of a year at low frequencies. Frankig-
noul et al. (2001) stated that this delay is much shorter than
expected from linear adjustment to wind stress changes and
baroclinic Rossby wave propagation, whereas it seems con-
sistent with the assumption that the latitude of separation of
the stable Gulf Stream is controlled by the potential vorticity
of the recirculation gyres in the region. In reality, the wind
stress curl (WSC) is responsible for the development and
maintenance (via Ekman pumping) of the dipole of the two
water gyres of the Gulf Stream system (Seidov et al., 2019)
and is thus coupled to the Gulf Stream dynamics (Renault
et al., 2016b). WSC together with the NAO stand out as the
strongest external factors impacting the low-frequency Gulf
Stream path variability at the sea surface on long timescales.

The northward shift of the Gulf Stream path observed in
the latest decade is likely to continue in the near future. It
will probably impact the zonal displacements of the destabi-
lization point and may promote its migration to the east, and
thus there may be a larger fraction of the stable detached jet
to the detriment the unstable meandering jet. Such changes
in the position of the destabilization point seem to be being

accompanied by a shift in the NAO index for winter. The
observed time-varying Gulf Stream stability and associated
ring dynamics may impact the frequency of warm core rings
in the slope region south of New England and thus the up-
per ocean through changing events that drive the exchange
of heat, nutrients, and biogeochemical properties between the
continental slope and outer shelf in the coming years.

Data availability. Satellite observations and the ocean reanalysis
product are available from the Copernicus Marine Service web
portal (https://doi.org/10.48670/moi-00148, EU Copernicus Marine
Service Product, 2023a; https://doi.org/10.48670/moi-00021, EU
Copernicus Marine Service Product, 2023b). The NAO index data
are available from the US National Oceanic and Atmospheric Ad-
ministration, Climate Prediction Center web portal (https://www.
cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml, Climate
Prediction Center, 2024).

Author contributions. Conceptualization: ASR, MIP, AP, MD,
and RBB. Satellite data processing: ASR and MIP. Ocean reanalysis
data processing: MD, RBB, and FG. Analysis and interpretation of
results: ASR, MIP, RBB, AP, and MD. Writing of the paper: ASR,
with input from all co-authors. All authors have read and agreed to
the published version of the paper.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. This study has been conducted in the frame
of Sea Level Thematic Assembly Center, as part of the Coper-
nicus Marine Service. The Copernicus Marine Service, imple-
mented by Mercator Ocean International, is based on a distributed
model of service production, relying on the expertise of a wide
network of participating European organizations involved in op-
erational oceanography. This work represents a contribution to
the CSIC Interdisciplinary Thematic Platform (PTI) Teledetección
(PTI-TELEDETECT), and it was carried out within the framework
of the activities of the Spanish Government through the “Maria de
Maeztu Centre of Excellence” accreditation to IMEDEA (CSIC-
UIB) (CEX2021-001198).

Financial support. This research has been supported by the
Copernicus Marine Service, the marine component of the Coperni-
cus Program of the European Union (contract no. 21001L01-COP-
TAC-SL-2100).

State Planet, 4-osr8, 4, 2024 https://doi.org/10.5194/sp-4-osr8-4-2024

https://doi.org/10.48670/moi-00148
https://doi.org/10.48670/moi-00021
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml


A. Sánchez-Román et al.: Changes in the Gulf Stream path over the last 3 decades 9

Review statement. This paper was edited by Pierre Brasseur and
reviewed by two anonymous referees.

References

Ajayi, A., Le Sommer, J.,Chassignet, E., Molines, J.-M.,Xu, X., Al-
bert, A., and Cosme, E.: Spatial and temporalvariability of the
North Atlantic eddyfield from two kilometric-resolutionocean
models, J. Geophys. Res.-Oceans, 125, e2019JC015827,
https://doi.org/10.1029/2019JC015827, 2020.

Andres, M.: On the recent destabilization of the Gulf Stream path
downstream of Cape Hatteras, Geophys. Res. Lett., 43, 9836–
9842, https://doi.org/10.1002/2016GL069966, 2016.

Årthun, M., Eldevik, T., Viste, E., Drange, H., Furevik, T., John-
son, H. L., and Keenlyside, N. S.: Skillful prediction of north-
ern climate provided by the ocean, Nat. Commun., 8, 15875,
https://doi.org/10.1038/ncomms15875, 2017.

Ballarotta, M., Ubelmann, C., Pujol, M.-I., Taburet, G., Fournier, F.,
Legeais, J.-F., Faugère, Y., Delepoulle, A., Chelton, D., Dibar-
boure, G., and Picot, N.: On the resolutions of ocean altimetry
maps, Ocean Sci., 15, 1091–1109, https://doi.org/10.5194/os-15-
1091-2019, 2019.

Buckley, M. W., and Marshall, J.: Observations, infer-
ences, and mechanisms of the Atlantic meridional over-
turning circulation: A review, Rev. Geophys., 54, 5–63,
https://doi.org/10.1002/2015RG000493, 2016.

Busecke, J. J. and Abernathey, R. P.: Ocean mesoscale mix-
ing linked to climate variability, Sci. Adv., 5, eaav5014,
https://doi.org/10.1126/sciadv.aav5014, 2019.

Chelton, D. B., Schlax, M. G., and Samelson, R. M.: Global ob-
servations of nonlinear mesoscale eddies, Prog. Oceanogr., 91,
167–216, https://doi.org/10.1016/j.pocean.2011.01.002, 2011.

Chi, L., Wolfe, C. L. P., and Hameed, S.: The distinction between
the Gulf Stream and its North Wall, Geophys. Res. Lett., 46,
8943–8951, https://doi.org/10.1029/2019GL083775, 2019.

Chi, L., Wolfe, C. L. P., and Hameed, S.: Has the Gulf Stream
slowed or shifted in the altimetry era?, Geophys. Res. Lett., 48,
e2021GL093113, https://doi.org/10.1029/2021GL093113, 2021.

Clement, A., Bellomo, K., Murphy, L. N., Cane, M. A., Mauritsen,
T., Rädel, G., and Stevens, B.: The Atlantic multidecadal oscilla-
tion without a role for ocean circulation. Science, 350, 320–324,
https://doi.org/10.1126/science.aab3980, 2015.

Climate Prediction Center: North Atlantic Oscillation, Climate
Prediction Center, National Centers for Environmental Pre-
dictions, NOAA [data set], https://www.cpc.ncep.noaa.gov/
products/precip/CWlink/pna/nao.shtml (last access: 27 January
2024), 2024.

Da Costa, E. and Colin de Verdiere, A.: The 7.7-year North
Atlantic Oscillation, Q. J. Roy. Meteor. Soc., 128, 797–817,
https://doi.org/10.1256/0035900021643692, 2002.

Delworth, T. L. and Mann, M. E.: Observed and simulated multi-
decadal variability in the Northern Hemisphere, Clim. Dynam.,
16, 661–676, https://doi.org/10.1007/s003820000075, 2000.

Dong, S., Baringer, M. O., and Goni, G. J.: Slow down
of the Gulf stream during 1993–2016, Sci. Rep., 9, 1–10,
https://doi.org/10.1038/s41598-019-42820-8, 2019.

Drévillon, M., Lellouche, J.-M., Régnier, C., Garric, G.,
Bricaud, C., Hernandez, H., and Bourdallé-Badie, R.:

EU Copernicus Marine Service Product Quality Informa-
tion Document for the Global Ocean Physics Reanalysis,
GLOBAL_MULTIYEAR_PHY_001_030, Issue 1.6, Mercator
Ocean International, https://catalogue.marine.copernicus.eu/
documents/QUID/CMEMS-GLO-QUID-001-030.pdf (last
access: 26 March 2024), 2023a.

Drévillon, M., Fernandez, E., and Lellouche, J.-M.:
EU Copernicus Marine Service Product User Man-
ual for the Global Ocean Physics Reanalysis,
GLOBAL_MULTIYEAR_PHY_001_030, Issue 1.5, Mer-
cator Ocean International, https://catalogue.marine.copernicus.
eu/documents/PUM/CMEMS-GLO-PUM-001-030.pdf (last
access: 26 March 2024), 2023b.

EU Copernicus Marine Service Product: Global Ocean Grid-
ded L4 Sea Surface Heights And Derived Variables Repro-
cessed 1993 Ongoing, Mercator Ocean International [data set],
https://doi.org/10.48670/moi-00148, 2023a.

EU Copernicus Marine Service Product: Global Ocean
Physics Reanalysis, Mercator Ocean International [data
set], https://doi.org/10.48670/moi-00021, 2023b.

Frankignoul, C., de Coetlogon, G., Joyce, T. M., and Dong, S.:
Gulf Stream variability and ocean–atmosphere interactions, J.
Phys. Oceanogr. 31, 3516–3529, https://doi.org/10.1175/1520-
0485(2002)031<3516:GSVAOA>2.0.CO;2, 2001.

Gawarkiewicz, G., Todd, R. E., Zhang, W., Partida, J., Gangopad-
hyay, A., Monim, M.-U.-H., Fratantoni, F., Malek Mercer, A.,
and Dent M.: The changing nature of shelf- break exchange re-
vealed by the OOI Pioneer Array, Oceanography, 31, 60–70,
https://doi.org/10.5670/oceanog.2018.110, 2018.

Gray, L. J., Woollings, T., Andrews, M., and Knight, J.:
Eleven-year solar cycle signal in the NAO and Atlantic/Eu-
ropean blocking, Q. J. Roy. Meteor. Soc., 142, 1890–1903,
https://doi.org/10.1002/qj.2782, 2016.

Greatbatch, R. J., Zhai,X., Claus, M., Czeschel, L., and Rath,
W.: Transport driven by eddy momentum fluxes in the Gulf
Stream Extension region, Geophys. Res. Lett., 37, L24401,
https://doi.org/10.1029/2010GL045473, 2010.

Guo, Y., Bachman, S., Bryan, F., and Bishop, S.: Increasing trends
in oceanic surface poleward eddy heat flux observed over the
past three decades, Geophys. Res. Lett., 49, e2022GL099362,
https://doi.org/10.1029/2022gl099362, 2022.

Guo, Y., Bishop, S., Bryan, F., and Bachman, S.: Mesoscale
variability linked to interannual displacement of Gulf
Stream, Geophys. Res. Lett., 50, e2022GL102549,
https://doi.org/10.1029/2022GL102549, 2023.

Hoarfrost A., Balmonte J.P., Ghobrial S., Ziervogel K., Bane J.,
Gawarkiewicz G., and Arnosti C.: Gulf Stream Ring Water In-
trusion on the Mid-Atlantic Bight Continental Shelf Break Af-
fects Microbially Driven Carbon Cycling, Front. Mar. Sci., 6,
394, https://doi.org/10.3389/fmars.2019.00394, 2019.

Hurrell, J. W., Kushnir, Y., Ottersen, G., and Visbeck, M.: An
overview of the North Atlantic Oscillation, Geophys. Monogr.
Ser., 134, 1–35, https://doi.org/10.1029/134GM01, 2003.

Johns, W. E., Baringer, M. O., Beal, L. M., Cunningham, S. A., Kan-
zow, T., Bryden, H. L., Hirschi, J. J. M., Marotzke, J., Meinen,
C. S., Shaw, B., and Curry, R.: Continuous, array-based estimates
of Atlantic Ocean heat transport at 26.5 N, J. Climate, 24, 2429–
2449, https://doi.org/10.1175/2010JCLI3997.1, 2011.

https://doi.org/10.5194/sp-4-osr8-4-2024 State Planet, 4-osr8, 4, 2024

https://doi.org/10.1029/2019JC015827
https://doi.org/10.1002/2016GL069966
https://doi.org/10.1038/ncomms15875
https://doi.org/10.5194/os-15-1091-2019
https://doi.org/10.5194/os-15-1091-2019
https://doi.org/10.1002/2015RG000493
https://doi.org/10.1126/sciadv.aav5014
https://doi.org/10.1016/j.pocean.2011.01.002
https://doi.org/10.1029/2019GL083775
https://doi.org/10.1029/2021GL093113
https://doi.org/10.1126/science.aab3980
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml
https://doi.org/10.1256/0035900021643692
https://doi.org/10.1007/s003820000075
https://doi.org/10.1038/s41598-019-42820-8
https://catalogue.marine.copernicus.eu/documents/QUID/CMEMS-GLO-QUID-001-030.pdf
https://catalogue.marine.copernicus.eu/documents/QUID/CMEMS-GLO-QUID-001-030.pdf
https://catalogue.marine.copernicus.eu/documents/PUM/CMEMS-GLO-PUM-001-030.pdf
https://catalogue.marine.copernicus.eu/documents/PUM/CMEMS-GLO-PUM-001-030.pdf
https://doi.org/10.48670/moi-00148
https://doi.org/10.48670/moi-00021
https://doi.org/10.1175/1520-0485(2002)031<3516:GSVAOA>2.0.CO;2
https://doi.org/10.1175/1520-0485(2002)031<3516:GSVAOA>2.0.CO;2
https://doi.org/10.5670/oceanog.2018.110
https://doi.org/10.1002/qj.2782
https://doi.org/10.1029/2010GL045473
https://doi.org/10.1029/2022gl099362
https://doi.org/10.1029/2022GL102549
https://doi.org/10.3389/fmars.2019.00394
https://doi.org/10.1029/134GM01
https://doi.org/10.1175/2010JCLI3997.1


10 A. Sánchez-Román et al.: Changes in the Gulf Stream path over the last 3 decades

Joyce, T. M. and Zhang, R.: On the path of the Gulf Stream and
the Atlantic meridional overturning circulation, J. Climate, 23,
3146–3154, https://doi.org/10.1175/2010jcli3310.1, 2010.

Joyce, T. M., Deser, C., and Spall, M. A.: The rela-
tion between decadal variability of subtropical mode
water and the North Atlantic Oscillation, J. Cli-
mate, 13, 2550–2569, https://doi.org/10.1175/1520-
0442(2000)013<2550:TRBDVO>2.0.CO;2, 2000.

Joyce, T. M., Kwon, Y.-O., and Yu, L.: On the relationship between
synoptic wintertime atmospheric variability and path shifts in the
Gulf Stream and the Kuroshio Extension, J. Climate, 22, 3177–
3192, https://doi.org/10.1175/2008jcli2690.1, 2009.

Kang, D. and Curchitser, E. N.: Energetics of eddy–mean flow inter-
actions in the gulf stream region, J. Phys. Oceanogr., 45, 1103–
1120, https://doi.org/10.1175/jpo-d-14-0200.1, 2015.

Lillibridge, J. L. and Mariano, A.J.: A statistical anal-
ysis of Gulf Stream variability from 18+ years of
altimetry data, Deep-Sea Res. Pt. II, 85, 127–146,
https://doi.org/10.1016/j.dsr2.2012.07.034, 2013.

Lozier, M. S., Li, F., Bacon, S., Bahr, F., Bower, A. S., Cun-
ningham, S. A., de Jong, M. F., de Steur, L., de Young, B.,
Fischer, J., Gary, S. F., Greenan, B. J. W., Holliday, N. P.,
Houk, A., Houpert, L., Inall, M. E., Johns, W. E., Johnson,
H. L., Johnson, C., Karstensen, J., Koman, G., Le Bras, I. A.,
Lin, X., Mackay, N., Marshall, D. P., Mercier, H., Oltmanns,
M., Pickart, R. S., Ramsey, A. L., Rayner, D., Straneo, F.,
Thierry, V., Torres, D. J., Williams, R. G., Wilson, C., Yang, J.,
Yashayaev, I., and Zhao, J.: A sea change in our view of over-
turning in the subpolar North Atlantic, Science, 363, 516–521,
https://doi.org/10.1126/science.aau6592, 2019.

Martínez-Moreno, J., Hogg, A. M., England, M. H., Con-
stantinou, N. C., Kiss, A. E., and Morrison, A. K.:
Global changes in oceanic mesoscale currents over the
satellite altimetry record, Nat. Clim. Change, 11, 397–403,
https://doi.org/10.1038/s41558-021-01006-9, 2021.

McCarthy, G. D., Haigh, I. D., Hirschi, J. J.-M., Grist, J. P., and
Smeed, D. A.: Ocean impact on decadal Atlantic climate vari-
ability revealed by sea-level observations, Nature, 521, 508–510,
https://doi.org/10.1038/nature14491, 2015.

McCarthy, G. D., Joyce, T. M. M., and Josey, S. A.: Gulf Stream
variability in the context of quasi-decadal and multidecadal At-
lantic climate variability, Geophys. Res. Lett., 45, 11257–11264,
https://doi.org/10.1029/2018GL079336, 2018.

Monim, M.: Seasonal and Inter-Annual Variability of Gulf Stream
Warm Core Rings from 2000 to 2016, PhD thesis, University of
Massachusetts, Dartmouth, 2017.

Osman, M., Zaitchik, B., Badr, H., and Hameed, S.: North Atlantic
centers of action and seasonal to subseasonal temperature vari-
ability in Europe and eastern North America, Int. J. Climatol.,
41, E1775–E1790, https://doi.org/10.1002/joc.6806, 2021.

Pujol, M.-I.: EU Copernicus Marine Service Product User
Manual for the Global Ocean Gridded L4 Sea Surface
Heights And Derived Variables Reprocessed 1993 Ongoing,
SEALEVEL_GLO_PHY_L4_MY_008_047, Issue 8.0, Merca-
tor Ocean International, https://catalogue.marine.copernicus.eu/
documents/PUM/CMEMS-SL-PUM-008-032-068.pdf (last ac-
cess: 26 March 2024), 2023.

Pujol, M.-I., Taburet G., and SL-TAC team: EU Coperni-
cus Marine Service Product Quality Information Doc-

ument for the Global Ocean Gridded L4 Sea Surface
Heights And Derived Variables Reprocessed 1993 Ongoing,
SEALEVEL_GLO_PHY_L4_MY_008_047, Issue 9.0, Merca-
tor Ocean International, https://catalogue.marine.copernicus.eu/
documents/QUID/CMEMS-SL-QUID-008-032-068.pdf (last
access: 26 March 2024), 2023.

Renault, L., Molemaker, M. J., McWilliams, J. C., Shchepetkin, A.
F., Lemarié, F., Chelton, D., Illig, S., and Hall, A.: Modulation of
wind work by oceanic current interaction with the atmosphere,
J. Phys. Oceanogr., 46, 1685–1704, https://doi.org/10.1175/JPO-
D-15-0232.1, 2016a.

Renault, L., Molemaker, M. J., Gula, J., Masson, S., and
McWilliams, J. C.: Control and stabilization of the gulf
stream by oceanic current interaction with the atmosphere, J.
Phys. Oceanogr., 46, 3439–3453, https://doi.org/10.1175/jpo-d-
16-0115.1, 2016b.

Rossby, H., Flagg, C., Donohue, K., Sanchez-Franks, A., Lillib-
ridge, J.: On the long-term stability of Gulf Stream transport
based on 20 years of direct measurements, Geophys. Res. Lett.,
41, 114–120, https://doi.org/10.1002/2013GL058636, 2014.

Sallenger Jr., A. H., Doran, K. S., and Howd, P. A.: Hotspot of ac-
celerated sea-level rise on the Atlantic coast of North America,
Nat. Clim. Change, 2, 884–888, 2012.

Sánchez-Román, A., Pujol, M. I., Faugère, Y., and Pascual, A.: DU-
ACS DT2021 reprocessed altimetry improves sea level retrieval
in the coastal band of the European seas, Ocean Sci., 19, 793–
809, https://doi.org/10.5194/os-19-793-2023, 2023.

Sato, O. T. and Rossby, T.: Seasonal and low frequency variabil-
ity in dynamic height anomaly and transport of the Gulf Stream,
Deep-Sea Res., 42, 149–164, https://doi.org/10.1016/0967-
0637(94)00034-P, 1995.

Seidov, D., Mishonov, A., Reagan, J., and Parsons, R.: Resilience
of the Gulf Stream path on decadal and longer timescales, Sci.
Rep., 9, 11549, doi:https://doi.org/10.1038/s41598-019-48011-
9, 2019.

Seidov, D., Mishonov, A., and Parsons, R.: Recent warming and
decadal variability of Gulf of Maine and Slope Water, Limnol.
Oceanogr., 66, 3472–3488, https://doi.org/10.1002/lno.11892,
2021.

Srokosz, M., Baringer, M., Bryden, H., Cunningham, S., Del-
worth, T., Lozier, S., Marotzke, J., and Sutton, R.: Past,
present, and future changes in the Atlantic meridional over-
turning circulation, B. Am. Meteorol. Soc., 93, 1663–1676,
https://doi.org/10.1175/BAMS-D-11-00151.1, 2012.

Swingedouw, D., Houssais, M.-N., Herbaut, C., Blaizot,
A.-C., Devilliers, M., and Deshayes, J.: AMOC Recent
and Future Trends: A Crucial Role for Oceanic Reso-
lution and Greenland Melting?, Front. Clim., 4, 838310,
https://doi.org/10.3389/fclim.2022.838310, 2022.

Taylor, A. and Stephens, J.: Latitudinal displacements of the Gulf-
Stream (1966 to 1977) and their relation to changes in temper-
ature and zooplankton abundance in the NE Atlantic, Oceanol.
Acta, 3, 145–149, https://archimer.ifremer.fr/doc/00121/23258/
(last access: 10 January 2024), 1980.

Taylor, A., Jordan, M., and Stephens, J.: Gulf Stream
shifts following ENSO events, Nature, 393, 638,
https://doi.org/10.1038/31380, 1998.

State Planet, 4-osr8, 4, 2024 https://doi.org/10.5194/sp-4-osr8-4-2024

https://doi.org/10.1175/2010jcli3310.1
https://doi.org/10.1175/1520-0442(2000)013<2550:TRBDVO>2.0.CO;2
https://doi.org/10.1175/1520-0442(2000)013<2550:TRBDVO>2.0.CO;2
https://doi.org/10.1175/2008jcli2690.1
https://doi.org/10.1175/jpo-d-14-0200.1
https://doi.org/10.1016/j.dsr2.2012.07.034
https://doi.org/10.1126/science.aau6592
https://doi.org/10.1038/s41558-021-01006-9
https://doi.org/10.1038/nature14491
https://doi.org/10.1029/2018GL079336
https://doi.org/10.1002/joc.6806
https://catalogue.marine.copernicus.eu/documents/PUM/CMEMS-SL-PUM-008-032-068.pdf
https://catalogue.marine.copernicus.eu/documents/PUM/CMEMS-SL-PUM-008-032-068.pdf
https://catalogue.marine.copernicus.eu/documents/QUID/CMEMS-SL-QUID-008-032-068.pdf
https://catalogue.marine.copernicus.eu/documents/QUID/CMEMS-SL-QUID-008-032-068.pdf
https://doi.org/10.1175/JPO-D-15-0232.1
https://doi.org/10.1175/JPO-D-15-0232.1
https://doi.org/10.1175/jpo-d-16-0115.1
https://doi.org/10.1175/jpo-d-16-0115.1
https://doi.org/10.1002/2013GL058636
https://doi.org/10.5194/os-19-793-2023
https://doi.org/10.1016/0967-0637(94)00034-P
https://doi.org/10.1016/0967-0637(94)00034-P
https://doi.org/10.1038/s41598-019-48011-9
https://doi.org/10.1038/s41598-019-48011-9
https://doi.org/10.1002/lno.11892
https://doi.org/10.1175/BAMS-D-11-00151.1
https://doi.org/10.3389/fclim.2022.838310
https://archimer.ifremer.fr/doc/00121/23258/
https://doi.org/10.1038/31380


A. Sánchez-Román et al.: Changes in the Gulf Stream path over the last 3 decades 11

Tracey, K. L. and Watts, D. R.: On the Gulf Stream meander char-
acteristics near Cape Hatteras, J. Geophys. Res., 91, 7587–7602,
https://doi.org/10.1029/JC091iC06p07587, 1986.

von Schuckmann, K., Le Traon, P. Y., Alvarez-Fanjul, E., Ax-
ell, L., Balmaseda, M., Breivik, L.-A., Brewin, R. J. W.,
Bricaud, C., Drevillon, M., Drillet, Y., Dubois, C., Embury,
O., Etienne, H., García Sotillo, M., Garric, G., Gasparin, F.,
Gutknecht, E., Guinehut, S., Hernandez, F., Juza, M., Karl-
son, B., Korres, G., Legeais, J. F., Levier, B., Lien, V. S.,
Morrow, R., Notarstefano, G., Parent, L., Pascual, A., Pérez-
Gómez, B., Perruche, C., Pinardi, N., Pisano, A., Poulain,
P. M., Pujol, I. M., Raj, R. P., Raudsepp, U., Roquet, H.,
Samuelsen, A., Sathyendranath, S., She, J., Simoncelli, S., Soli-
doro, C., Tinker, J., Tintoré, J., Viktorsson, L., Ablain, M.,
Almroth-Rosell, E., Bonaduce, A., Clementi, E., Cossarini, G.,
Dagneaux, Q., Desportes, C., Dye, S., Fratianni, C., Good,
S., Greiner, S., Gourrion, J., Hamon, M., Holt, J., Hyder, P.,
Kennedy, J., Manzano-Muñoz, F., Melet, A., Meyssignac, B.,
Mulet, S., Buongiorno Nardelli, B., O’Dea, E., Olason, E., Paul-
mier, A., Pérez-González, I., Reid, R., Racault, M. F., Raitsos,
D. E., Ramos, A., Sykes, P., Szekely, T., and Verbrugg, N.:
The Copernicus Marine Environment Monitoring Service Ocean
State Report, J. Oper. Oceanogr., 9, Supplement, s235–s320,
https://doi.org/10.1080/1755876X.2016.1273446, 2016.

Wolfe, C. L., Hameed, S., and Chi, L.: On the drivers of decadal
variability of the Gulf Stream north wall, J. Climate, 32, 1235–
1249, https://doi.org/10.1175/jcli-d-18-0212.1, 2019.

Zhang, W. G., McGillicuddy, D. J., and Gawarkiewicz, G.
G.: Is biological productivity enhanced at the New England
shelfbreak front?, J. Geophys. Res.-Oceans, 118, 517–535,
https://doi.org/10.1002/jgrc.20068, 2013.

https://doi.org/10.5194/sp-4-osr8-4-2024 State Planet, 4-osr8, 4, 2024

https://doi.org/10.1029/JC091iC06p07587
https://doi.org/10.1080/1755876X.2016.1273446
https://doi.org/10.1175/jcli-d-18-0212.1
https://doi.org/10.1002/jgrc.20068

	Abstract
	Introduction
	Methods
	Results
	Transition of the Gulf Stream path to an unstable jet
	Interannual displacement of Gulf Stream
	Temperature signature of Gulf Stream pathway

	Discussion and conclusions
	Seasonal and interannual variability of Gulf Stream paths
	Impact of varying Gulf Stream stability on associated EKE
	External forcing of the Gulf Stream path destabilization

	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

