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Abstract

Long-term Atlantic Ocean and Gulf Stream (GS) variability were linked in past studies to coastal sea level (CSL) change
along the U.S. East Coast — a weakening GS can lead to rise in CSL and increased coastal flooding. However, high fre-
quency variability (HFV) in CSL is, in most cases, attributed to atmospheric weather events. This study is focused on HFV
(intraseasonal variations with periods between ~1 week and ~2 months) in the GS and in CSL. First, wavelet and spectral
analysis of observations of the Florida Current transport and CSL characterized the HFV in the data, and then idealized
numerical simulations were conducted to study the response of CSL to imposed GS variations with known frequencies.
Three experiments were conducted: a control run with constant surface and boundary forcing, and two experiments with
imposed oscillations in the Florida Current transport into the model domain- a “high-frequency experiment” (HFE) and a
“low-frequency experiment” (LFE), where the period of the GS oscillations were ~1-2 weeks and ~1-2 months, respec-
tively. The observations and the model show statistically significant anticorrelation between the GS flow and the CSL, but
the LFE resulted in higher GS-CSL correlations and was more like the observations than the HFE was. The results also
show large spatial differences in the CSL response to GS variations - the South-Atlantic Bight (SAB) responded more
strongly to the LFE while the Mid-Atlantic Bight (MAB) responded more strongly to the HFE. Power spectra of the model
simulations show that even small, imposed GS oscillations at high frequency, can interact with natural variability to excite
unpredictable CSL variabilities over a wide range of frequencies, including oscillations at much longer time scales than
the forcing. The variability in the Florida Current flow generated a northward propagating signal along the GS path and a
southward propagating sea level signal along the coast. However, the topography near Cape Hatteras seems to partly block
communication between the MAB and the SAB. The study demonstrates the important contribution of high frequency GS
variability to CSL variability - better understanding of the role of remote forcing on coastal sea level can help to improve
prediction of coastal sea level variations and associated flooding.
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1 Introduction models (Sturges and Hong 2001; Ezer 2001). Numerous
studies suggested different ways in which changes over the

Links between large-scale Atlantic Ocean variability and  Atlantic Ocean can affect the coast, for example, through

coastal sea level (CSL) along the U.S. East Coast have been
suggested long time ago from early observations (Mont-
gomery 1938; Blaha 1984; Maul et al. 1985) and early
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variations in the Gulf Stream (GS), variations in the Atlantic
Meridional Overturning Circulation (AMOC), variations in
the North Atlantic Oscillation (NAO), or due to other ocean
dynamic factors (Leverman et al. 2005; Sallenger et al.
2012; Ezer et al. 2013, 2015, 2025a, 2025b; Gawarkiewicz
et al. 2012; Chen et al. 2014; Rhmstorf et al. 2015; Pie-
cuch et al. 2016, 2023; Little et al. 2019; Dangendorf et al.
2021, 2023; Volkov et al. 2019, 2023; Ezer and Dangendorf
2020; Ezer and Updyke 2024). The way that offshore ocean
dynamics can affect CSL variability often involves sea level
signals that propagate toward the coast by mechanisms
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such as barotropic and baroclinic Rossby waves, while
coastal-trapped waves (CTW) spread signals along the coast
(Huthnance 2004; Hughes and Meredith 2006). The clearer
connector between offshore dynamics and CSL is the GS.
The GS flows from the Florida Straits (where it is referred
to as the Florida Current, FC) along the coast of the South
Atlantic Bight (SAB), then it separates from the coast near
Cape Hatteras, North Carolina, and turned toward the north-
east, offshore of the Mid-Atlantic Bight (MAB); see Fig. 1.
Since the GS flow speed is proportional to the sea level

slope across the stream (due to the geostrophic balance),
variations in the position and/or strength of the GS were
found in many studies to be linked with CSL (i.e., weaken-
ing GS is correlated with increased sea level near the coast
and decreased sea level offshore east of the stream; see for
example the study on the Gulf Stream’s induced sea level
in Ezer et al. 2013). This GS-CSL connection is important
for decadal variations, as well as for the potential of climate
related AMOC slowdown (Smeed et al. 2014, 2018; Caesar
et al. 2018; Dong et al. 2019; Volkov et al. 2023) that may
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Fig. 1 Bottom topography (depth in meters; color and isobaths) and
model domain. Gray wide arrows indicate the location of model
imposed mean inflows and outflows with the transport in Sverdrup
(1 Sv=10° m* ). Locations of tide gauges in Norfolk and Fernan-
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dina are indicated by starts, as well as Cape Hatteras which separates
between the Mid-Atlantic Bight (MAB) in the north and the South
Atlantic Bight (SAB) in the south



Ocean Dynamics (2026) 76:19

Page3of22 19

contribute to future sea level rise and increased flooding
(Ezer and Atkinson 2014, 2017; Sweet and Park 2014; God-
dard et al. 2015; Wdowinski et al. 2016).

Unlike the great interest in remote influence on the coast
from long-term variability (time scales of interannual to
decadal and longer), less is known about high frequency
remote forcing of coastal variability. HFV in coastal dynam-
ics is, in most cases, linked to local drivers such as daily
weather events, seasonal wind pattern, river discharges, as
well as extreme events like hurricanes, tropical storms and
winter storms (Lee and Williams 1988; Kohut et al. 2006;
Ezer et al. 2017; Ezer 2018; Park et al. 2022, 2024; Todd et
al. 2018). However, some studies show that high frequency
variations in the GS can influence coastal sea level (Ezer
2016) and coastal currents (Ezer 2025a) in a similar manner
as long-term variabilities do (i.e., weakening GS is linked
with rising CSL). Observations and model simulations
indeed show significant anticorrelation between HFV in the
GS and in CSL (Ezer 2016). The latter study also demon-
strates that GS-driven CSL variations are quite different than
wind-driven CSL variations in that the coastal response to
the GS is more coherent along the entire U.S. coast than the
response to wind which is affected by local land and coastal
topography. One important topographic feature that influ-
ences the CSL-GS relations is Cape Hatteras, which sepa-
rates between the SAB in the south, where the GS is flowing
closer to the coast, and the MAB in the north, where the GS
is flowing away from the coast in deep waters. Several stud-
ies thus found different sea level response to forcing in the
SAB and the MAB (Piecuch et al. 2016; Valle-Levinson et
al. 2017; Domingues et al. 2018; Ezer 2019). These differ-
ences between the SAB and the MAB will be assessed here
by comparing the coastal response in locations north and
south of Cape Hatteras.

Since the goal here is to assess the impact on the coast
from HFV in the GS, this forcing must be isolated from
other forcing- in particular, eliminating variations in the
wind. To do that, the study follows on the footsteps of Ezer
(2016), which used regional ocean circulation model with
constant surface forcing (heat and wind), but with time-
dependent oscillation in the GS transport (which is applied
through the lateral open boundary conditions of the model,
see Fig. 1). Unlike Ezer (2016), who conducted short simu-
lations of 60 days, each one with one forced frequency, here,
longer simulations of one year were conducted with oscil-
lations of multiple frequencies. The goal was to see if the
response at the coast includes only the forced oscillations,
or that multiple forced oscillations can produce a spectrum
of CSL oscillations like those seen in observations. Since
the GS produces natural mesoscale variability from its
instability, experiments with and without forced oscillations
can tell us about the interaction of forced oscillations with

the natural variability of the GS. These simulations over 360
days are long enough to capture many cycles for conduct-
ing spectral analysis. However, one may acknowledge that
these idealized simulations cannot last much longer without
more realistic surface conditions that include, for example,
the seasonal surface heat flux and wind. The model results
are also compared with observations of the FC transport
(Baringer and Larsen 2001; Meinen et al. 2010) and CSL
from tide gauges, to see if the model relations between the
GS and CSL resemble the observed relations.

The study is organized as follows: first, the observations
are described and analyzed in Sect. 2, then the model setting
and the experiments conducted are described in Sect. 3, the
results are described in Sect. 4, and finally a summary and
conclusions are offered in Sect. 5.

2 Analysis of the Florida current transport
and coastal sea level observations

Daily Florida Current (FC) transport from a cable across
the Florida Strait (at ~27°N) has been recorded by NOAA/
Atlantic Oceanographic and Meteorological Laboratory
since the 1980s (Baringer and Larsen 2001; Meinen et al.
2010; www.aoml.noaa.gov/phod/floridacurrent/). However,
there were gaps in the data during 1998-2000 and more
recently since 2024, so the focus is on data from 2001 to
2003. Hourly water level records from 2 locations (Fig. 1)
were obtained from NOAA tide gauges (https://tidesandc
urrents.noaa.gov/), one location in the SAB (Fernandina,
Florida; near 31°N) and one in the MAB (Norfolk, Virginia;
near 37°N). The latter location was the subject of many
sea level studies (Ezer et al. 2013; Ezer 2019, 2020, 2022)
because of the impact of sea level rise on flooding in this
region, and past studies that link CSL there to variations in
the GS. In some cases, daily anomalies were calculated to
remove daily wind and tide fluctuations and to allow com-
parisons with the daily FC data.

Two types of analysis tools are used — a wavelet analy-
sis that can handle non-stationary data and provides coher-
ence between two time series (Grinsted et al. 2004), and
a standard spectral analysis to identify specific periods of
oscillations. Figures 2 and 3 show the wavelet analyses that
compare the FC with the CSL at Fernandina and Norfolk,
respectively. Variations in the FC transport (Fig. 2a) indi-
cate significant variability at periods between about 5-30
days, but these peaks change randomly over time. There is
also a large energy in a lower frequency band near the semi-
annual period (most significant from middle 2022 to early
2023). Variations in CSL at Fernandina (Fig. 2b) show simi-
lar chaotic high-frequency energy peaks as in the FC. These
high-frequency, non-stationary oscillations show coherency
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(a) Wavelet of daily FC Transport

4 i
8
2
> 16
el
B 32
5 64
128
256
2021
32
41 16
8 8
,&)\ 4
=z 16 2
B
g 32 1
ke! 112
[0)
o 64 114
128 1/8
1/16
258 1/32
2021 2022 2023 2024
l 1
4 itf)
| 0.8
8 H
Q 16 “
g % 0.6
'8 . 0.4
S 64f '
128 0.2
256
- 0
2021 2022 2023 2024
Year

Fig. 2 Wavelet analysis of a daily Florida Current (FC) transport most significant regions are indicated by heavy black lines. In ¢, most
observations, b daily water level (WL) observations in Fernandina, arrows are pointed left, which indicate negative correlations. Arrows
and ¢ coherence between the FC and the WL data. Light black line pointed down indicate that the FC is leading the WL by 90°. Linear
is the cone of influence where the results are reliable. Yellow color correlation coefficient between FC and WL over the 3 years is R=—0.5
indicates a stronger power in a and b and a larger coherence in ¢; the (significant level >99.9%)
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(a) Wavelet of daily FC Transport
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Fig. 3 Same as Fig. 2, but for Norfolk tide gauge. Linear correlation coefficient between FC and WL over the 3 years is R=—0.2 (significant
level>99.9%)
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between the FC and CSL (Fig. 2¢), but larger areas of coher-
ency are also seen in lower frequencies. The pointing of the
arrows to the left in Fig. 2¢ indicates a negative correla-
tion, and indeed, the linear correlation coefficient between
the two records is R=—0.5 (with statistical confidence over
99.9%). The wavelet analysis and coherence of the FC with
the sea level in Norfolk (Fig. 3) is qualitatively quite like
that in Fig. 2, but with smaller regions of significant coher-
ency, especially for periods longer than a month. Therefore,
the correlation coefficient of sea level in Norfolk with the
FC is lower, R=—0.2 (but it is still statistically significant
at the 99.9% level). The fact that sea level in Fernandina
(in the SAB) has more significant energy at low frequen-
cies while sea level in Norfolk (in the MAB) has more sig-
nificant energy as higher frequencies, was later explained by
the model experiments.

The wavelet analysis indicates a non-stationary high-
frequency variability that changes from month to month and
from year to year, so next a spectral analysis is conducted
for each year, to find the periods of variability involved in
each year. Examples of the Florida Current variations and
the power spectrum for each year between 2021 and 2023
are shown in Fig. 4. There are great differences between the
three years with no clear seasonal cycle that is evident in
all years. The focus here will be on the existence of intra-
seasonal high-frequency oscillations with periods ranging
from ~1 week to ~2 months. The most energetic peaks
change from year to year, they are: 15, 22, 36 and 61 days
in 2021, 26, 46 and 73 days in 2022, and 28, 33, 47 and 73
days in 2023. The source of these oscillations can be local
wind variations and mesoscale dynamics (Lee and Williams
1988; Meinen et al. 2010; Frajka-Williams et al. 2013).
The goal of this study is to assess if these HFV in the FC
can contribute to the variability of CSL. The CSL of the
two locations (Figs. 5 and 6) show considerable HFV rang-
ing from ~1 week to ~2 months, but not necessarily at the
same periods as in the FC (Fig. 4); correlations between the
GS and CSL will be discussed later. The variability shows
significant differences between the two sites and from year
to year. For example, during 2021 and 2022 sea level in
Norfolk had more energetic HFV than Fernandina did, but
not in 2023. Some periods tend to repeat in multiple years
at the two locations, such as 14-15 days, 23-24 days, 33
days, and 52 days. Also, in 2022 both locations had a peak
more energetic than the HFV with a period of 122 days
(not completely shown). A common oscillation with the
same period at the two locations suggests that a large-scale
change beyond the coast can affect the entire region, such as
variations in AMOC or NAO. For example, between April
to July 2022 there is an unusual increase in the FC trans-
port (Fig. 4c) accompanied by a decreased sea level in both
Fernandina (Fig. 5¢) and Norfolk (Fig. 6¢); during the same
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period the NAO index shifts from negative to positive (not
shown). This is consistent with studies that show that sea
level rises along the U.S. east coast during periods of low
NAO index (Ezer 2015; Goddard et al. 2015).

To evaluate more quantitatively the relations between the
GS (as measured by the FC transport) and CSL (as measured
by tide gauges), linear correlation coefficients between the
two are calculated from daily values and shown in Fig. 7a
for each year (another year, 2020, was added to the previous
analysis to better show trends). While the correlations indi-
cate that less than 30% of the total CSL variability is directly
linked to the GS (maximum R?~0.3), the correlations are
statistically significant at over the 95% level (P<0.05) for
all cases except at Norfolk in 2020. In Fernandina, the sig-
nificance level of the correlation is as high as 99.99%. Cor-
relations are higher in the SAB (Fernandina) near the FC
than they are farther north in the MAB (Norfolk), and this is
also confirmed by the larger wavelet coherence in Fernan-
dina vs. Norfolk (Figs. 2¢ and 3c). An interesting result is
that correlations increase with decreasing in mean FC trans-
ports from 2020 to 2023. Figure 7b shows that when the
variability of the FC increases (as in 2022), the CSL vari-
ability increases as well, further supporting the hypothesis
that the two are connected. However, statistical correlation
does not necessarily mean causation, for example, storm
events passing the U.S. east coast can affect both the GS
and CSL. To assess if variations in the GS are in fact causing
variations in CSL, controlled experiments with a numerical
ocean circulation model will be used (see next section).

3 Model experiments

An idealized numerical ocean circulation model is used to
assess the potential impact of HFV in the GS on CSL. The
model grid, forcing, and boundary conditions are identical
to the model used in Ezer (2016). The basic code is based on
the generalized coordinate ocean circulation model with a
terrain-following vertical grid (Mellor et al. 2002; Ezer and
Mellor 2004). The model has 21 layers with higher resolution
near the surface and a cartesian horizontal grid with 1/12°
resolution (~6—8-km grid size). The model is driven at the
surface by a constant mean wind (see Ezer 2016) and zero
surface heat and freshwater fluxes. The presented results are
simulations after several months of adjustment starting from
observed mean initial condition (see Ezer 2016 for details).
Since the simulations are meant to capture HFV cycles, they
are conducted over a relatively short period (1 year), which
allows a frequent output at intervals of 3 hours (in com-
parison, simulations in Ezer 2016 lasted only 60 days). The
simulations are long enough to capture many HFV cycles,
but short enough to ignore realistic forcing such as seasonal
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Fig.5 Same as Fig. 4, but for hourly water level anomaly in Fernandina, FL (~31°N; see Fig.
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(a) FC annual transport vs. correlation with daily coastal sea level
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heat flux and wind variability. The idea is to isolate the GS-
induced variability by having lateral boundary conditions
as the only time-dependent forcing without variations in
surface forcing. Inflow and outflow transports are imposed
on the eastern and southern open boundaries (Fig. 1) where
vertically mean transports are imposed; velocities at each
level are dynamically adjusted by the model due to the den-
sity field near the boundary within a buffer zone of ~1°.
The inflow transports include the Florida Current (FC) in
the south, and the Slope Current and the Subtropical Gyre
inflows in the east - they are balanced by 100 Sv (1 Sv=10°
m®/s) outflow transport of the Gulf Stream. Three experi-
ments were conducted, starting from the same initial condi-
tions and lasting for a year each:

Experiment #1: a control run with fixed inflows and out-
flows as described above, so the only variability is the
natural mesoscale variability due to the GS meandering
instability.

Experiment #2: High-Frequency Experiment (HFE)
with oscillations of £5 Sv at periods of 7 days and 12
days imposed on the FC inflow (and the GS outflow to
conserve the volume).

Experiment #3: Low-Frequency Experiment (LFE),
same as experiment #2, but with oscillations at periods
of 33 days and 46 days.

The choice of forcing frequencies is based on the typical
periods of oscillations seen in the wavelet and spectral anal-
yses. Only a few periods are chosen to make it easier to
separate between forced oscillations and other variabilities
generated by the dynamics. Figure 8 shows the imposed FC
transport and the power spectra in the HFE and LFE cases.
The imposed oscillations ignoring low-frequency variabili-
ties with periods longer than about 1.5 months in order to
assess what frequencies of CSL variability are generated
when the GS includes only distinct known cycles.

4 Results

Figure 9 shows the mean model surface elevation in HFE
(which is almost identical to the other experiments, so not
all are shown) and the variability (Standard Deviation, SD,
which is the Root Mean Square, RMS, of the surface ele-
vation anomaly) of the three experiments. The area of the
largest variability is in the GS extension after it has sep-
arated from the coast with variability associated with the
mesoscale variability of the meandering stream, eddies, and
recirculation gyres (Andres et al. 2020). The maximin vari-
ability of ~25-30 cm is only slightly less than the observed
variability from altimeter data and ocean models of similar

resolution which is around 30—40 cm (Chassignet and Xu
2017). The extent of the high variability area here is some-
what smaller than observations, but this is expected since
surface wind and heat fluxes as well as interannual varia-
tions are neglected in the idealized model. All three experi-
ments have similar maximum variability but very different
spatial patterns, showing that the variability away from the
coast is mostly driven by internal variability of the GS, and
not directly influenced by the imposed HFV in the FC. In
the HFE case (Fig. 9d) there is increased variability farther
downstream the GS near the MAB — later analysis will fur-
ther show that indeed, the HFE has a larger impact on the
coastal MAB than on the SAB.

Figure 10 shows the correlation between the model sur-
face velocity of the FC near 27°N and sea level over the
model domain. In both experiments HFE (Fig. 10a) and
LFE (Fig. 10b) the entire coast from Florida to Canada has
negative correlations (blue). Positive correlations (red) are
found only in locations east of the GS. This result is consis-
tent with past studies that indicate CSL rise when the GS is
weakening. While the pattern of correlations is similar in
both cases, the LFE case shows larger absolute correlations
(both positive and negative) than the HFE, indicating a large
coastal response to GS oscillations with periods of about
1-1.5.5 months.

To look closely at the type of variations induced by the
GS, Fig. 11 shows the time series of CSL at two locations,
one in the SAB around 31°N and one in the MAB around
38°N. Because of the coherent correlations across the SAB
and MAB (Fig. 10), choosing slightly different locations
did not make any significant difference. Qualitative assess-
ment of the CSL clearly show the opposite change in FC
velocity and CSL, for example, in the LFE case (Fig. 11b)
when the FC was very weak around day 30 CSL in SAB
was extremely high, and around day 240 when the FC was
stronger, CSL in SAB was lower. However, there are clearly
some CSL variations that are unrelated to the GS, like the
low CSL from days 140—180. The variations of CSL in the
SAB (blue), close to the FC, are much larger than the varia-
tions in the MAB (green) farther downstream the GS path,
when the GS is also farther away from the coast. Compared
to the mostly wind-driven observed CSL variability (Figs. 5
and 6) of ~40 cm (excluding big storm surges), the GS-
induced variability is only up to ~20 cm in the SAB and
~5 cm in the MAB.

Power spectra of the CSL in the three experiments are
shown in Fig. 12 — they are clearly very different than the
GS forcing in the model (Fig. 8). The control experiment
with no time-dependent forcing (Fig. 12ef) produces CSL
oscillations at periods ranging from about 2 weeks to 1.5
months — these oscillations, while very small in amplitude,
represent the natural variability of the GS system due to
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Fig. 8 The imposed model inflow (left) and its spectrum (right) of the Florida Current (see Fig. 1) in the High-Frequency Experiment (HFE; top

panels) and the Low-Frequency Experiment (LFE; bottom panels)

instability of the GS, meanders, and mesoscale eddies. The
inclusion of even small FC oscillations in HFE and LFE
increases the CSL energy by 5—-10 times and produces unpre-
dictable frequencies beyond the forcing frequencies; period
of peaks ranging from 1 week to 90 days (Fig. 12a-d). There
are, however, significant differences between the SAB and
MAB (left and right panels of Fig. 12, respectively), and
between the HFE and LFE (top and middle panels, respec-
tively). In the MAB, oscillations at periods~33-34 days
and ~43-45 days appear in all 3 cases, even though only in
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the LFE case (Fig. 12d) these frequencies were forced on
the FC. This indicates some intrinsic modes of the GS sys-
tem in the MAB. On the one hand, only the CSL in the MAB
shows high energy at the 7 and 12 days periods (Fig. 12b)
when these frequencies were forced in the HFE case. In the
SAB on the other hand, low frequency CSL oscillations
dominate, with energetic peaks at periods of 60, 72, and 90
days. While the idealized model results are not intended to
reproduce the observations, which are changing from year
to year (Figs. 2 and 3), some general characteristics of the
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Fig.9 a Annual mean model surface elevation in cm (all 3 experiments are very similar so only the HFE is shown). The standard deviation in the

three experiments is shown for b the CONTROL, ¢ LFE and d HFE

CSL variability in the model are consistent with the obser-
vations. For example, both the model experiments and the
observations show higher energy at high frequencies in the
MAB (Norfolk), compared with the SAB (Fernandina).
Also, a specific frequency of variability in the FC does
not necessarily result in the same frequency in CSL, as the
model experiments demonstrate.

Both the idealized model experiments and the observa-
tions indicate large differences in the response of CSL in

the MAB and in the SAB to offshore variations in the GS.
This result is consistent with past studies that show that the
coastal areas north and south of Cape Hatters respond differ-
ently to remote forcing due to topography and the distance
of the GS from the coast (Domingues et al. 2018; Ezer 2016,
2019; Valle-Levinson et al. 2017). The correlation between
CSL north and south of Cape Hatteras is shown in Fig. 13a
and the correlation between CSL and the GS is shown in
Fig. 13b; model correlations (in green) were also compared
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Fig. 10 Correlation coefficient (R) between
the surface flow of the GS near the inflow
Florida Current (~27°N) and sea level in

the model simulations of a HFE and b LFE.

Correlations with |R[>0.05 are significant at
99% (P<0.01)
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Florida Current Velocity vs. Coastal Sea Level Anomaly (HF case)
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Fig. 12 Power spectra of the
three model experiments (top to
bottom) for coastal sea level in
the SAB (left panels) and MAB
(right panels); note the different
scales in the left and right panels

with the mean observed correlations (in blue). Surprisingly,
the correlations between CSL in the MAB and SAB are
completely different in the 3 experiments (Fig. 13a), with
negative correlations in the control and HFE, and positive
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correlations in LFE and the observations. This demonstrates
that oscillations with periods around 1-2 months can affect
larger extent along the coast, while natural GS variability in
the MAB or higher frequency oscillations in the GS have
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difficulty crossing the Cape Hatteras topography separating
the MAB from the SAB. The correlation between the GS
(i.e., the flow of the FC) and CSL is negative in all the forced
model experiments and in the observations with statistically
significance of at least 95% (Fig. 13b), indicating that sea
level rises when the GS weakens, as expected from theory
and past studies. However, the GS may explain only about
3-30% of the total CSL variability (based on R?) depending
on the case and location. Correlations in the LFE case are
higher than in the HFE. However, one discrepancy between
the model and observations is that in the model correlations
are higher in the MAB than in the SAB, while observations
show the opposite; this may be due to the neglection of wind
variability in the model (Ezer 2016 shows that the response
of CSL to variations in the wind is very different than the
response to GS variations). In summary, while the model
and the observations agree with past studies of the relations
between CSL and the GS, the model results demonstrate
unexpected sensitivity of CSL to a particular frequency in
the GS variability, as well as great spatial variations in the
CSL response.

To further investigate the links between variations in the
GS and CSL and why the response of sea level in the MAB
and SAB are different, Hovmdller diagrams of velocity
along the GS path and sea level along the coast are shown
in Fig. 14 (LFE case). The impact of topography is clearly
seen with different patterns north and south of Cape Hat-
teras. While the GS flow intensifies near Cape Hatteras,
the CSL signal is significantly reduced north of this point.
As shown before, periods with a stronger GS flow near the
Florida Straits like days 160—220 (Fig. 14b) result in lower
CSL in the MAB (Fig. 14a) and vice versa (e.g., days 60
and 350 with weaker flow and higher sea level). The slopes
of anomalies show that the velocity signal is propagating
northward along the GS path at a speed of ~0.2-0.5 m/s,
while the sea level signal along the coast is propagating
southward at speeds of ~2—5 m/s. The latter is consistent
with coastal barotropic gravity waves that propagate in the
northern hemisphere with the coast on the right side and at
speeds proportional to square root of depth (the model depth
near the coast is just a few meters).

5 Summary and conclusions

The motivation for this study comes from past and recent
research that found numerous processes that link coastal
processes and sea level variability along the U.S. east coast
with remote influence from the Atlantic Ocean. Most of
these studies focus on large-scale or long-term open ocean
variability including variations in AMOC, the GS, NAO,
Rossby Waves, and the subtropical gyre (Leverman et al.
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2005; Ezer et al. 2001, 2015, 2013, 2025b; Gawarkiewicz
et al. 2012; Chen et al. 2014; Piecuch et al. 2016; Little et
al. 2019; Dangendorf et al. 2021, 2023; Volkov et al. 2019,
2023; Ezer and Updyke 2024). Much less is known about
how high frequency variability (HFV) in offshore dynam-
ics, such as those associated with the meandering GS, may
affect the coast. These HFV are often related to atmospheric
variations such as wind and air pressure changes due to
daily and seasonal weather, or extreme events such as hur-
ricanes that cause storm surges (Lee and Williams 1988;
Kohut et al. 2006; Ezer 2018; Park et al. 2022, 2024). One
exception was the study of Ezer (2016), who used a simple
GS model to show that high frequency oscillations (periods
of 2-10 days) in the GS can produce coherent CSL varia-
tions along the coast. The transfer of the offshore signal to
the coast involved fast moving barotropic waves and coastal
trapped waves that spread the signal along the coast (Huth-
nance 2004; Hughes and Meredith 2006). However, the
experiments in Ezer (2016) involved GS forcing with only
one frequency at a time over a short period of only 60 days,
thus deeper analyses of the spectrum of frequencies in the
observations and the model were not previously possible.
The current study follows on the footsteps of the earlier
study using the same numerical model but combining sev-
eral forcing frequencies and conducting longer simulations
of 360 days each with high frequency output interval of 3 h
(2880 data points for each case). Time series of the daily
Florida Current transport and hourly tide gauge sea level
data for several years were also analyzed using wavelet and
power spectra to assess the high frequency variability that is
found in the observations. Another goal was to see if there
is a difference in the response of the coast between the SAB
when the GS is close to the coast, and the MAB after the GS
separated from the coast; this was done by looking at one
location north of Cape Hatteras and one location south of
Cape Hatters (both in the model and in the observations).
Choosing different locations would not make much of a dif-
ference in the main results because of the coherence signal
found over large coastal areas along the coast.
The main findings are summarized as follows:

1. The observations of the FC and CSL show a wide range
of intraseasonal variabilities that dominate the data
and conceal less energetic seasonal and interannual
variations - this result was previously indicated in the
FC measurements of Baringer and Larsen 2001. Peak
energy and frequencies change significantly from year
to year and from place to place (e.g., between the MAB
than the SAB).

2. The observations show larger influence of the GS on
CSL during years with a weaker mean GS transport
(i.e., from observed FC), or during years with larger GS
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variability. While it is likely that both the GS and the
CSL are affected by the same events (like storms), the
negative GS-CSL correlation indicates that the two are
directly connected, as suggested by dynamic theory and
shown in past studies and here.

3. The model shows coherent and statistically significant
negative correlation between the surface flow of the GS
near the Florida Straits and CSL along the entire U.S.
east coast. However, larger correlations (both negative
near the coast and positive offshore) are found in the
LFE case (FC oscillations of 33 and 46 days) than in the
HFE case (FC oscillations of 7 and 12 days).

4. Despite the restricted model forcing with only two FC
frequencies at a time, the CSL in the model resulted
in a somewhat unexpected wide range of frequencies
that are different in the SAB and the MAB. Some natu-
ral modes of the system persist independent from the
forcing, such as peaks with periods~33-34 days and
43-45 days in the MAB (even when the forcing was at
7 days and 12 days periods, or without any time-depen-
dent forcing), while variations with longer periods of
~60-90 days are likely excited from the interaction of
the higher frequency forced modes with natural meso-
scale dynamics. In general, forcing FC variability at
periods of ~ 1-1.5.5 months produced CSL results more
like the observations. Forcing FC variability at peri-
ods of ~1-2 weeks produced CSL oscillations at those
frequencies mostly in the MAB while the CSL in the
SAB is surprisingly in an opposite phase to CSL in the
north. Change in topography at Cape Hatteras and the
change in the distance of the GS from the coast between
the MAB and the SAB can explain the different coastal
response north and south of Cape Hatteras.

In summary, the analysis of the observations and the mod-
el’s simulations demonstrate the important, but compli-
cated, role of high frequency GS oscillations in contributing
to CSL variability. This result makes prediction of sea level
variability, sea level rise, and unexpected coastal flooding
more difficult to predict. It should be acknowledged though,
that even though there is a clear link between a weaken-
ing GS and rising CSL with correlations that are statistically
significant at 95%-99.9% the high frequency GS variability
found here is only responsible for ~3%—30% of the total
CSL variability, and this link can change dramatically from
year to year and from place to place (e.g., between the SAB
and MAB). In comparison, on decadal time scales Ezer et
al. (2013) found correlations between temporal trends in the
GS flow and CSL in the MAB as large as R=0.85 (i.e.,
GS may be responsible for ~72% of the decadal variabil-
ity; R2=0.72). Another resent study of surface currents in
the MAB found that the GS may contribute~10%—30% of
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the coastal variability (Ezer 2025a). In conclusion, while
the high frequency GS variability cannot be neglected, wind
variability (including storms) should still be recognized as a
major driver of coastal dynamics.
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