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Abstract

A regional numerical ocean model of the Gulf Stream (GS) and the US East Coast was used to conduct sensitivity experiments
of the dynamic response to temperature anomalies originated at different Atlantic locations. In a series of experiments,
temperature anomalies were injected into the model domain through inflow boundary conditions at either the Florida Current
(FC), the Slope Current (SC), or the Sargasso Sea (SS), while holding all other inflows/outflows unchanged. The strong currents
and meso-scale variability of the GS system result in fast transport of anomalies throughout the model domain and immediate
response within days. During a period of 60 days, remote temperature anomalies of +2 °C induced about 5-12 cm change
in coastal sea level, about 0.5-1.0 ms~! change in velocity, and about 30—50 km shift in the GS position, and a significant
increase in kinetic energy of the whole GS system. Warm anomaly entering into the GS from the south through the FC had
the strongest impact, strengthening the GS and temporally lowering coastal sea level by as much as~ 10 cm, compared with
coastal sea level drop of ~2-3 cm when the same warm anomaly was coming from the SS. Cold or warm anomalies coming
from the north through the SC caused a large shift in the GS path, which moved onshore in the Mid-Atlantic Bight (MAB)
and offshore in the South Atlantic Bight (SAB). Observations taken in 2017 when 3 hurricanes disrupted the GS flow show
similar links between temperature anomalies, the GS, and coastal sea level, as in the idealized model simulations. The results
demonstrated how temperature anomalies due to storms or uneven climate warming can cause variations on the coast and
increased kinetic energy near western boundary currents. Since coastal sea level is positively correlated with temperature,
but negatively correlated with the strength of the GS, the non-linear combination of the two factors can result in unexpected
spatiotemporal variability in coastal sea level. The study provides better understanding of how remote signals affect the coast.
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1 Introduction

One of the least understood and least predictable aspects of
coastal sea level variability and sea level rise is the poten-
tial remote influence from open ocean signals. Examples
of such signals include offshore storms that disrupt strong
ocean currents like the Gulf Stream (Ezer et al. 2017; Ezer
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2018, 2019b, 2020; Kourafalou et al. 2016; Todd et al.
2018) or the Loop Current (Oey et al. 2007); such storms
can create temperature anomalies of at least 2—-3 °C along
the storm’s path. Climatic changes in the Atlantic Warm
Pool can create temperature anomalies of ~1 °C in the
Florida Current (Domingues et al. 2018), and in recent
decades, there are periods when western boundary cur-
rents can be as much as ~3-5 °C warmer than the mean
SST of past decades, suggesting that these anomalies are
connected to shifts in the jet stream and shifts in western
boundary currents (Kohyama et al. 2021). The role of shift-
ing western boundary currents due to climate change and
variability is further emphasized in another recent study
(Diabaté et al. 2021). Other remote influences on the coast
include shifts in winds or air pressure (Woodworth et al.
2014; Piecuch et al. 2016), basin-scale baroclinic Rossby
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waves (Hong et al. 2000; Calafat et al. 2018), or changes in
the Atlantic Meridional Overturning Circulation (AMOC),
in the Gulf Stream (GS) transport, or in the North Atlan-
tic Oscillation (NAO) (Ezer et al. 2013; Ezer 2015, 2016;
Woodworth et al. 2014, 2016; Little et al. 2019). While
different mechanisms may dominate different regions,
large-scale ocean dynamics control on coastal sea level
can be found globally (Dangendorf et al. 2021). The dif-
ferent atmospheric and oceanic processes mentioned above
can impact the coastal sea level in two main ways. First,
changes in ocean densities due to spatial variations in tem-
perature and salinity can impact steric sea level. Second,
flows of major ocean currents are proportional to sea level
gradients across the currents through the geostrophic bal-
ance, thus for example, the GS flow intensity was found
in many studies to be anticorrelated with coastal sea level
on the US East Coast on time scales ranging from days to
decades (Ezer et al. 2013; Ezer 2015, 2016; Goddard et al.
2015; Park and Sweet 2015; Wdowinski et al. 2016). For
the same reason, a shift in the position of the GS can also
affect coastal sea level (e.g., see Fig. 2 in Ezer et al. 2013).

Note that the idea that variations in the GS can induce
variations in sea level along the US East Coast is not new
and had been suggested long time ago by observations
(Blaha 1984) and models (Ezer 2001), but this connection
received more attention in recent years since rising sea levels
and increased coastal flooding became concerning issues
(Ezer and Atkinson 2014), with debates whether “hotspots”
of sea level rise may be linked with slowing down of the GS
(Ezer et al. 2013; Sallenger et al. 2012; Valle-Levinson et al.
2017; Domingues et al. 2018). Better understanding of sea
level variations due to remote influences will help predict
future sea level rise and variability. Remote influences on
coastal sea level in the western North Atlantic is especially
complicated as they involve basin-scale atmospheric and
oceanic phenomena such as NAO and AMOC, but also local
meso-scale influences from eddies and the GS meanders. For
example, a few days disruption in surface temperatures due
to the passage of a hurricane will quickly spread through-
out the GS system and may cause a long-term effect on the
ocean and the coast that can last for many weeks after the
storm disappeared (Ezer 2020). A period with unusually low
NAO or weak AMOC can induce anomalous sea level rise
and unexpected year-long unusual coastal flooding, as was
the case for example in 2009-2010 (Ezer, 2015; Goddard
et al. 2015).

Another aspect that links climate changes and ocean
dynamics involves potential long-term changes in western
boundary currents (WBCs). Recent studies, using sea surface
temperature data, atmospheric reanalysis data, and climate
models, suggest, for example, that some WBCs are intensify-
ing and potentially shifting their path northward (Wu et al.
2012; Yang et al. 2016; Ezer and Dangendorf 2021). Though
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the exact causes of these changes are not completely clear, one
potential mechanism is a poleward shift and intensification in
zonal winds. However, the recent study of Ezer and Dangen-
dorf (2021) shows that wind kinetic energy and oceanic kinetic
energy over WBC regions are only weakly linked, and instead
the study suggested that increased oceanic kinetic energy is
partly driven by uneven warming that increased spatial gradi-
ents of surface temperatures, sea level, and currents.

Since formation periods of temperature anomalies are
irregular and they are formed by different forcing at differ-
ent locations, it is difficult to study their impact on the coast
using observations. Therefore, here sensitivity experiments
using a regional numerical ocean model are conducted by
introducing anomalous temperatures at different locations
around the GS system and examining the response relative
to a control experiment with fixed surface and lateral bound-
ary conditions. These idealized experiments are not meant
to be completely realistic—they can be viewed as process-
oriented experiments to help isolate different mechanisms
and examine whether spatial temperature variations in the
open ocean can significantly impact the GS and the coast.
Nevertheless, at the end of this study, some observations are
shown to demonstrate that the idealized model results are
qualitatively reasonable and helpful in better understanding
of the processes involved.

The study is organized as follows. First, the model setting is
described in Section 2, and then results of the different experi-
ments are presented in Section 3, and finally a summery and
conclusions are offered in Section 4.

2 Model description and experiments

The configuration of the regional numerical ocean model
(Fig. 1) is the same as in several recent studies (Ezer
2016, 2018, 2019b), using a numerical ocean model code
with generalized coordinates (Mellor et al. 2002; Ezer and
Mellor 2004; a code evolved from the Princeton Ocean
Model, POM) and a Mellor-Yamada turbulence scheme to
provide vertical mixing. The model topography is based
on the ETOPOS data with minimum depth of 10 m. The
Cartesian horizontal grid has 1/12° resolution (~ 6—8 km
grid size), and the vertical terrain-following grid has 21
layers with higher resolution near the surface. The initial
condition for all the experiments starts after 3 months spin
up from monthly mean temperature and salinity data and a
mean wind field that remains constant in time throughout
all the simulations (so wind is not a factor when compar-
ing different experiments). Surface heat fluxes are set to
zero; since for the short simulations conducted here, air-
sea interaction should not play a major role; this assump-
tion is supported by studies that show that near western
boundary currents, the role of advection is stronger than
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surface heat flux by an order of magnitude (Kohyama
et al. 2021). All simulations last for 60 days after the end
of the spin up; the main purpose of the simulations is to
examine the short-term dynamic response of the system
to remote temperature anomalies coming from outside the
model domain. Because of the strong currents and mes-
oscale activities of the region within this period, anoma-
lies could propagate from the boundaries throughout the
study area, as seen in the model (Ezer 2018, 2019b) and
in observations (Ezer 2020). Open boundary conditions
for velocities (Fig. 1) are fixed with 3 inflows and one
outflow (transports R in Sverdrup; Isv= 109 m3s_1), and
initial surface temperature (T):

1. The Florida Current (FC): (27° N, 79° W-80° W), inflow
R=30sv, T=26.5-27 °C

2. The Slope Current (SC): (39.5° N-41° N, 65° W), inflow
R=40sv, T=15.5-18 °C

3. The Sargasso Sea flow (SS): (35.5° N-36.9° N, 65° W),
inflow R=30sv, T=21.5-22 °C

4. The Gulf Stream outflow (GS): (37° N-39.3° N, 65° W),

outflow R=—100sv, T=18-21 °C

The barotropic fixed flow is imposed as noted above,

while the baroclinic flow is dynamically adjusted in a
1-degree buffer zone where temperature and salinity are
relaxed toward observations. For more details on the
model, see the studies mentioned above. During 60-day
simulations, inflows and outflows are kept fixed, but tem-
perature of one inflow at a time was changed keeping
all other parameters unchanged. In each case, the tem-
perature of one of the inflows was ramped up (warming
case) or down (cooling case) over 8 days period up to
2 °C anomaly and then remained constant at the anomaly
value for the remaining 52 days. This magnitude and time
scale of change may be roughly similar, for example, to
temperature changes due to the passage of an offshore
hurricane (Ezer et al. 2017; Ezer 2018, 2020). The seven
experiments conducted are as follows:
1. Control case—the only forcing is fixed imposed bound-
ary transport (Fig. 1) and constant wind, so any time
dependent variations are internal meso-scale variability
of the GS system. The impact of different boundary con-
ditions in the other experiments is evaluated by calculat-
ing the difference relative to the control case.
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Fig.2 Examples of the sea
surface temperature (SST)
during 60-day simulation of the 40
control experiment (left panels),
the+2 °C warming of the FC

experiment (middle panels), and
the anomaly difference between
the two cases (right panels) 30
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2. Florida Current warming case (FC + 2)—temperature of
FC inflow is increased by 2 °C

3. Florida Current cooling case (FC-2)—temperature of FC
inflow is decreased by 2 °C

4. Slope Current warming case (SC+2)—temperature of SC
inflow is increased by 2 °C

5. Slope Current cooling case (SC-2)—temperature of SC
inflow is decreased by 2 °C

6. Sargasso Sea warming case (SS +2)—temperature of SS
inflow is increased by 2 °C

7. Sargasso Sea cooling case (SS-2)—temperature of SS
inflow is decreased by 2 °C

Experiments 2/3, 4/5, and 6/7 will examine the impact

of temperature anomalies coming from the south, the north,
and the east, respectively, whereas either the GS itself
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3 Results

3.1 Theimpact of temperature anomalies on coastal
sea level

Examples of the sea surface temperature over 60 days
in cases 1 (control) and 2 (FC + 2) are shown in Fig. 2,
and they demonstrate the complex nature of the GS
system. The temperature anomaly enters from the FC
in the south propagates by the GS northeastward down-
stream and reached the eastern boundary of the model
within ~ 30 days; by day 60, positive and negative
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anomalies spread by meso-scale features (GS mean-
ders and eddies) throughout the model domain (right
panels of Fig. 2). Note that while the warm anomaly
initially remains mostly offshore near the core of the
GS, it can affect the coast later on and especially where
the GS is close to the coast such as near Cape Hatteras,
as shown later. A similar complex irregular anomaly
field after 60 days is seen in other simulations (not
shown) as well, so that the chaotic features of all exper-
iments after 60 days do not tell us much without further
quantitative analysis, as done below. The difference
between the two simulations is partly due to the ran-
dom and unpredictable nature of meso-scale variability,
but comparisons (later) with the other simulations will
help to see if there is an emerging pattern that may have
resulted directly from the impact of the location of the
anomaly and related ocean dynamics.

The impact of warm and cold FC anomalies on the
coast is seen in the Hovmoller plot of coastal sea level
anomaly as a function of time and latitude along the
coast (Fig. 3a for FC + 2 and Fig. 3b for FC-2). One

(a) Coastal sea level anomaly (cm) for +2°C warming of FC
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Fig.3 Hovmoller plot of sea level anomaly (relative to the control
case) along the coast (y-axis) versus time (x-axis) for a the FC warm-
ing experiment and b the cooling experiment. The black contour is
zero with blue and red colors represent negative and positive coastal

clear result is the smaller response in the MAB (north
of Cape Hatteras; latitude > 35.5° N) compared with
changes of up to~ 10 cm in the SAB. This result is
consistent with several studies that showed different
coastal response to forcing between the MAB and the
SAB (Ezer 2016, 2019a; Woodworth et al. 2016; Valle-
Levinson et al. 2017; Domingues et al. 2018). The dif-
ferent response between the two regions is suggested
to be due to the change in topography at Cape Hatteras
and the fact that the GS separates from the coast there.
In the SAB, the GS flows closer to the coast so the
coastal response to changes in the GS is much larger
than changes in the MAB, after the GS moved away
from the coast. The disruption to the GS flow seems to
generate southward propagating coastal waves, as seen
also in other studies (Ezer, 2016). Another interesting
result is the large variations in coastal sea level over
short time scales in the SAB and the somewhat unex-
pected result that cold and warm anomalies are far from
being a mirror image of each other. In the case of warm
anomaly (Fig. 3a), coastal sea level dropped by as much

(b) Coastal sea level anomaly (cm) for -2°C cooling of FC
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sea level, respectively. Horizontal dash line is the latitude around
Cape Hatteras, separating between the Mid-Atlantic Bight (MAB)
and the South Atlantic Bight (SAB), and where the Gulf Stream sepa-
rates from the coast
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as 10 cm, but after ~ 50 days, sea level increased in the
northern part of the SAB. The initial decrease in sea
level along the coast suggests that the warm anomaly
caused intensification of the FC (Ezer 2016), and this
hypothesis will be tested later. Increased coastal sea
level near Cape Hatteras after 50 days may indicate that
warm anomalies advected downstream and reached the
coast, and this also will be tested later. The response to
cold anomalies (Fig. 3b) is about half (~5 cm) of the
response to warm anomalies with raising coastal sea
level after 30 and 50 days, potentially inducing some
long waves or meanders along the FC.

Fig.4 Coastal sea level at a 37°

The time evolution of coastal sea levels at 3 loca-
tions (MAB, Cape Hatteras, and SAB) for experiments
FC+2,SC+2,and SS +2 are shown in Figs. 4, 5, and
6, respectively. As mentioned before, the impact of FC
anomalies on the MAB is quite small (less than~ 1 cm)
(Fig. 4a) compared with variations over 10 cm in the
SAB (Fig. 4c). The fact that warm and cold anomalies
cause decrease and increase coastal sea level, respec-
tively, is consistent with the change in the geostrophic
flow of the FC (i.e., warmer GS has larger tempera-
ture difference relative to the colder coastal waters and
larger sea level slope across the current). The changes

N (MAB), b 35° N (near Cape !
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Fig.5 Same as Fig. 4, but for

SC warming and cooling cases
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in sea level near Cape Hatteras on the other hand are
interesting, whereas warming caused sea level to first
drop by ~3 cm then to raise by ~8 cm, but cooling
caused an opposite response, first raising sea level and
then dropping sea level. However, the warming and
cooling cases are not perfectly anticorrelated, which
indicates strong nonlinearity in the system. The sug-
gested mechanism is as follows: the initial response
reflects changes in the GS flow (Ezer 2016 shows baro-
tropic response to changes in FC flow within hours
to few days), but then when the anomalies advected
downstream by the currents and reach Cape Hatters

20 30 40 50 60
Time (day)

after ~ 30 days (Fig. 2), the thermosteric effect reverses
the sea level trend. Note that near Cape Hatteras the GS
is the closest to the coast, so anomalous GS waters may
be felt near the coast. Unlike the FC + 2 experiments
that show large differences between cold and warm
anomalies (Fig. 4), anomalies in the Slope Current in
experiments SC + 2 resulted in similar coastal sea level
variations whether they are cold or warm (Fig. 5)—
as will be seen later, disruption in the Slope Current
seemed to affect the position of the GS more than its
strength. Temperature anomalies in the Sargasso Sea
in experiments SS + 2 also show differences between
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Fig.6 Same as Fig. 4, but for
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the coastal sea level response to cooling and warm-
ing (Fig. 6), but the total change (<3 cm) is smaller
by a factor of 2-3 that the changes induced by the FC
(Fig. 4). Qualitatively, the relatively lower coastal sea
level in the warming cases compared with the cooling
cases supports again the suggestion that warming of the
GS or the Sargasso Sea and the subtropical gyre will
enhance the geostrophic flow of the GS by increasing
gradients of temperature and thus increasing sea level
gradients across the GS.
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3.2 The impact of temperature anomalies on the Gulf
Stream

Cross section of sea level and velocity across the GS
in the MAB and the SAB are shown for all the experi-
ments after 60 days in Figs. 7, 8, and 9. The most pro-
nounced impact on the GS is the case of FC warming
(red lines in Fig. 7) which increased the sea level dif-
ference across the GS by as much as ~20 cm (Fig. 7a, b)
and the maximum velocity by as much as 0.5-1.0 m/s
(Fig. 7c, d) relative to the control case. The cooling
FC case (blue lines in Fig. 7) had smaller impact than
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Temperature Anomaly in Florida Current (FC)
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Fig.7 Sea level (top panels) and velocity (bottom panels) along
west—east cross section at 33° N (left panels; SAB) and along south to
north cross section (right panels; MAB). Dash, red, and blue lines are

warming, but interestingly enough, both cases, FC + 2
and FC-2, caused similar offshore (southward) shift
in the GS path (~30 km) in the MAB (Fig. 7b, d),
but no shift is seen in the SAB (Fig. 7a, c) where the
anomaly entered. This result is consistent with some
previous studies that link variations in the GS strength
to its path; for example, Ezer (2015) found significant
negative correlation between the transport of the FC
and the position of the downstream GS in the MAB,
so that stronger GS would imply a southward shift, as
seen here. Experiments with anomalies coming from
the north (Fig. 8) show very little difference between
warming (SC + 2) and cooling (SC-2) experiments, but
in both cases, there was a significant impact on the

60 (b) i i Sea Levlel at 73°W, Pay=60
Control
FC-2°C
| FC+2°C

Latitude

) (d) . : U—veloci'tyat 73°W,|Dgy=60 .
Control
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for the control case, the FC warming case, and the FC cooling case,
respectively. The coast is on the left/right side in the left/right panels

GS position with a shift of ~30 km offshore (eastward)
in the SAB (Fig. 8a) and ~ 50 km inshore (northward)
in the MAB (Fig. 8b). The maximum velocity of the
GS increased in the SAB (Fig. 8c) but decreased in
the MAB (Fig. 8d). The increase in the maximum GS
velocity (~ 0.4 m/s; Fig. 8c) in the SAB is consistent
with the drop (~ 10 cm; Fig. 8a) in coastal sea level, but
this is not the case in the MAB where coastal sea level
also dropped. It seems that the disruption to the SC and
the recirculation gyre north of the GS, together with
the large northward shift in the GS path in the MAB,
are the causes for the sea level drop there. Temperature
anomalies in the Sargasso Sea (Fig. 9) had relatively
smaller influence on the GS flow and sea level and only
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Temperature Anomaly in Slope Current (SC)
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Fig.8 The same as Fig. 7, but for warming and cooling of the SC

small differences between cooling and warming cases.
Significant influence of the temperature anomalies on
sea level and velocity are seen mostly as increased vari-
ability in the subtropical gyre away from the coast, east
of 75° W off the SAB (Fig. 9a, c¢) and south off 36° N
off the MAB (Fig. 9b, d). A very small offshore shift
in the GS position is also seen when the SS is disrupted
by temperature anomalies. Because of the non-linear
and unpredictable nature of the response, it is not pos-
sible to predict the combined impact of anomalies that
simultaneously appear at different locations, but such
additional experiments seem interesting to conduct in
the future.
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3.3 Kinetic energy and relation of coastal sea level
to temperature and currents

Studies suggest that western boundary currents (WBCs) are
sensitive to global climate change, which can be detected when
WBCs change their intensity, position, and eddy activities (Wu
et al. 2012; Beal and Elipot 2016; Yang et al 2016). For exam-
ple, based on sea level reconstruction since 1900, Ezer and
Dangendorf (2021) showed that uneven warming near WBCs
creates temperature and sea level anomalies that will enhance
kinetic energy, while variations in the wind had lesser role.
Therefore, it is useful to examine if introducing temperature
anomalies in the model would have similar enhanced kinetic
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Temperature Anomaly in Sargasso Sea (SS)
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Fig.9 The same as Fig. 7, but for warming and cooling of the SS

energy as seen in observations. Figure 10 indeed indicates
increased kinetic energy in all the cases with temperature
anomalies. While in all cases temperature anomalies enhanced
the area-mean surface kinetic energy over the model domain,
the magnitude of the impact depends strongly on the loca-
tion of the anomaly. The largest response is in the FC +2
case (red line in Fig. 10a) where warm anomaly is injected
directly into the GS and advected fast downstream by the cur-
rent (Fig. 2). As indicated before, the GS velocity significantly
increased in this case (Fig. 7). The FC +2 experiments are also
the only cases where warming and cooling impacted kinetic
energy very differently (Fig. 10a), while in the other experi-
ments (Fig. 10b, ¢), the difference between warming and cool-
ing was relatively small. The only case where cold anomaly
increased kinetic energy more than warm anomaly was case

34 35 36 37 38 39 40 41
Latitude

SC-2 (blue line in Fig. 10b); this may be explained by the fact
that colder waters entering from the north could enhance the
cold, southward flowing Slope Current and increase gradients
relative to the warmer GS. The SS+2 cases had the smallest
impact (Fig. 10c) since anomalies in the Sargasso Sea enter
the domain in a region with less mesoscale activity and farther
away from the GS, so that advection of anomalies is slower
than in the other experiments.

4 Summary and conclusions
The study aimed at understanding the dynamic response

of the GS system and the coast to impact of temperature
anomalies; these anomalies can result from disruption
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Fig. 10 Area averaged surface kinetic energy over the model domain
for a FC warming (red)/cooling (blue), b SC warming/cooling, and ¢
SS warming/cooling. The control case in dash line is the same for all
cases but is plotted with different scales to highlight the differences

of the GS by hurricanes (Ezer et al. 2017; Ezer 2018,
2019b, 2020; Kourafalou et al. 2016; Todd et al. 2018),
by other weather events, or by climatic changes in the
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Coastal sea level change in 60 days at 35°N
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Experiments
FC+/-2: temperature anomaly of +/-2°C in Florida Current inflow

SC+/-2: temperature anomaly of +/-2°C in Slope Current inflow
SS+/-2: temperature anomaly of +/-2°C in Sargasso Sea inflow

Rrmp = COastal sea level-coastal temperature correlation
Rgs = coastal sea level-Gulf Stream velocity correlation

Fig. 11 A summary diagram of coastal sea level changes at 35° N
(near Cape Hatteras) during 60-day simulations. Red and blue bars
represent warming and cooling cases respectively for each of the 3
boundary conditions where temperature anomalies were imposed
(FC, SC, and SS). Also shown are the correlations of coastal sea
level at 35° N with near-coast surface temperature (Rry,,) and the off-
shore GS surface velocity (Rgg); only correlations with confidence
level >95% are listed

Atlantic Warm Pool (Domingues et al. 2018). Past stud-
ies indicated that anomalies entering western boundary
current systems would have an impact on ocean currents
and sea level within days due to the strong currents and
meso-scale eddy activities. Since sea level along the US
East Coast and the risk of coastal flooding are linked
with variations in the GS (Ezer et al. 2013; Ezer and
Atkinson 2014; Ezer, 2016; Wdowinski et al. 2016), a
better understanding of potential remote influences on
the coast has important implications for efforts involved
coastal resilience and adaptation to climate change. The
study conducted here, used idealized model experiments
to examine the influence of the location of tempera-
ture anomaly on the dynamic response. Such sensitiv-
ity experiments may not try to closely imitate the real
ocean, but rather to study processes under controlled
conditions that are not possible in the real ocean. In each
experiment, warm or cold anomaly entered the model
domain from one of three possible inflow currents while
holding the other boundary conditions unchanged and
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neglecting any surface air-sea interaction (constant
wind and nil heat flux). It should be noted that in the
real ocean, after long enough period, air sea interac-
tion would impact the surface anomalies through feed-
backs and changes in surface wind and heat fluxes, but
here, only the immediate short-term dynamic response
is accounted for.

Figure 11 provides a summary of the impact on
coastal sea level near Cape Hatteras from the 6 dif-
ferent anomaly experiments; for each case, correla-
tion of coastal sea level with nearby temperature and
with the GS flow offshore Cape Hatters are calculated,
to assess the influence of these two factors. Qualita-
tively, it is shown that temperature anomaly of 2 °C
can induce about 5-12 cm change in coastal sea level,
about 0.5-1.0 ms~! change in surface velocity, and
about 30-50 km shift in the GS position. The experi-
ments show that the response is not linearly related to
the temperature anomaly, i.e., warm and cold anoma-
lies do not result in opposite response but rather in
a disruption of ocean currents and somewhat unpre-
dictable sea level variations. Therefore, after 60 days
warm and cold anomalies in the FC tend to increase
sea level near Cape Hatteras, while the same anoma-
lies in the SC tend to decrease sea level at Cape Hat-
teras. Because of the change in topography and the
separation of the GS from the coast at Cape Hatteras,
sea level north and south of that point often responds
in opposite direction, as seen in several other stud-
ies (Ezer 2016, 2019a; Woodworth et al. 2016; Valle-
Levinson et al. 2017; Domingues et al. 2018). Short-
term variations in coastal sea level are driven here
by two competing mechanisms, thermosteric sea level
induced by the temperature anomalies and dynamic
sea level induced by variations in the strength and
position of the GS (i.e., due to the geostrophic bal-
ance, a stronger GS flow has grater sea level slope
across the current with higher sea level offshore and
lower sea level near the coast). In all cases, coastal sea
level near Cape Hatteras is positively correlated with
temperatures (maximum correlations of 0.78 in the
SC + 2 experiment; Fig. 11) and negatively correlated
with the GS flow (largest anticorrelation of — 0.67 in
the FC + 2 experiment). This correlation pattern can
create opposing impacts on the coast—increased tem-
perature near the coast would raise sea level due to
the thermosteric effect, but increased temperature off-
shore near the GS would lower coastal sea level due to
increased gradients across the GS and the geostrophic
balance. The combination of the two factors results in
unusual sea level variability where, for example, in
the FC + 2 experiment sea level, downstream initially

dropped due to strengthening of the GS, but later when
warm anomalies propagated downstream, thermos-
teric effects start to dominate and increase coastal sea
level. Anomalies introduced in the Sargasso Sea had
somewhat smaller impact since they enter the domain
in a region with weaker currents and less meso-scale
activity.

While the sensitivity experiments with an ideal-
ized model configuration and controlled conditions
are meant to study processes and not simulate the
real ocean, it is constructive to see if the variabil-
ity obtained by the model is at least qualitatively
consistent with observed ocean variability. As an
example, observations were obtained for a period
of 3 months (August—November 2017), a period in
which 3 hurricanes passed the study area (Fig. 12)
and generating short-term variabilities like that in the
model experiments. Observations showed that these 3
hurricanes, Irma, Jose, and Maria, disrupted the GS
flow (Todd et al. 2018), which is another element
simulated here. The observations used here include
temperature and coastal sea level (from NOAA’s
Tide and Currents data set) in the northern and the
southern parts of the SAB, and the observed Florida
Current transport (from NOAA/AOML’s cable data;
Baringer and Larsen 2001; Meinen et al. 2010), they
are shown in Fig. 13. During this 4-month period,
temperature variations of ~2-5 °C and sea level vari-
ations of ~ 10-50 cm were observed with oscillations
with periods of ~ 10-20 days. These amplitude and
time scales are generally consistent with the model
results (except storm surges that were not modeled).
The three hurricanes that passed the region in Sep-
tember 10-28 (Fig. 12 and Fig. 13a) contributed to
those variations. First, hurricane Irma passed over
Florida’s west coast, cooling the water by ~5 °C
(Fig. 13a) and inducing a storm surge of ~1.2 m in
Miami (blue line in Fig. 13b), but no storm surge in
Cape Hatteras is seen since that hurricane moved
west away from the coast after landfall in Florida
(red track in Fig. 12). Then hurricanes Jose and
Maria off the Atlantic coast (blue and green tracks
in Fig. 12) induced storm surges of 0.6 and 0.8 m
at Cape Hatteras (red lines in Fig. 13b). These con-
secutive hurricanes weakened the Florida Currents
by ~ 10 Sv (Fig. 13c); this decline of the GS flow
during these three 2017 hurricanes was observed
by the FC cable and by gliders (Todd et al. 2018).
During September when the FC transport weakened,
coastal sea level rose, in agreement with this study
and others that show anticorrelation between short-
term variations in the GS and coastal sea level (e.g.,

@ Springer



236

Ocean Dynamics (2022) 72:223-239

Fig. 12 The tracks of three
hurricanes that passed near the

Gulf Stream in September 2017

Hurricane Tracks September 10-28, 2017
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Ezer, 2016). When the FC reached its lowest trans-
port in late September, sea level at Cape Hatteras
reached its peak height, and when the FC reached a
peak height in late October, a large drop in sea level
is seen in Cape Hatteras. This immediate response
of coastal sea level to changes in the GS flow is con-
sistent with this model results and previous studies
that show a fast barotropic response to changes in
the FC transport. In contrast, baroclinic response due
to temperature anomalies propagate at slower rate
(Ezer 2018, 2020) and possible evidence for that is
seen a month and a half after the hurricanes passed
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when significant cooling is seen in Cape Hatteras
in the middle of November (Fig. 13a). In the model,
anomalies propagated from the Florida Strait to Cape
hatters within about 20 days (Fig. 2 and Fig. 4b),
with similar time scales seen in the observations.
Another interesting result from the sensitivity model
experiments is that temperature anomalies near regions
with strong currents and meso-scale variability can
increase surface kinetic energy, especially if anomalies are
injected into a current like the Gulf Stream (Fig. 10). This
may have implications for the impact of climate change on
ocean variability. Recent studies suggested, for example,
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Fig. 13 Example of observa-
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that observed upward trends in surface kinetic energy of
western boundary currents are linked with uneven warm-
ing of these regions (Ezer and Dangendorf 2021). The
model experiments demonstrated that the strength and
the path of strong currents like the GS are very sensi-
tive to the location of temperature anomalies, and this can
result in unpredictable spatial and temporal variations in
coastal sea level, with implications for sea level and flood
prediction.
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