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On the predictability of high water level along the US East Coast:
can the Florida Current measurement be an indicator for flooding

caused by remote forcing?
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Abstract Recent studies show that in addition to wind and air
pressure effects, a significant portion of the variability of
coastal sea level (CSL) along the US East Coast can be attrib-
uted to non-local factors such as variations in the Gulf Stream
and the North Atlantic circulation; these variations can cause
unpredictable coastal flooding. The Florida Current transport
(FCT) measurement across the Florida Straits monitors those
variations, and thus, the study evaluated the potential of using
the FCT as an indicator for anomalously high water level
along the coast. Hourly water level data from 12 tide gauge
stations over 12 years are used to construct records of maxi-
mum daily water levels (MDWL) that are compared with the
daily FCT data. An empirical mode decomposition (EMD)
approach is used to divide the data into high-frequency modes
(periods 7 < ~30 days), middle-frequency modes
(~30 days < T < ~90 days), and low-frequency modes
(~90 days < T'< ~1 year). Two predictive measures are tested:
FCT and FCT change (FCC). FCT is anti-correlated with
MDWL in high-frequency modes but positively correlated
with MDWL in low-frequency modes. FCC on the other hand
is always anti-correlated with MDWL for all frequency bands,
and the high water signal lags behind FCC for almost all
stations, thus providing a potential predictive skill (i.e., when-
ever a weakening trend is detected in the FCT, anomalously
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high water is expected along the coast over the next few days).
The MDWL-FCT correlation in the high-frequency modes is
maximum in the lower Mid-Atlantic Bight, suggesting influ-
ence from the meandering Gulf Stream after it separates from
the coast. However, the correlation in low-frequency modes is
maximum in the South Atlantic Bight, suggesting impact from
variations in the wind pattern over subtropical regions. The
middle-frequency and low-frequency modes of the FCT seem
to provide the best predictor for medium to large flooding
events; it is estimated that ~10-25% of'the sea level variability
in those modes can be attributed to variations in the FCT. An
example from Hurricane Joaquin (September—October, 2015)
demonstrates how an offshore storm that never made landfall
can cause a weakening of the FCT and unexpected high water
level and flooding along the US East Coast. A regression-
prediction model based on the MDWL-FCT correlation shows
some skill in estimating high water levels during past storms;
the water level prediction is more accurate for slow-moving
and offshore storms than it is for fast-moving storms. The
study can help to improve water level prediction since current
storm surge models rely on local wind but may ignore remote
forcing.

Keywords GulfStream - Florida Current - Sealevel - Climate
change - Coastal flooding

1 Introduction

The geostrophic balance implies that sea level slope across
strong ocean currents is proportional to the surface flow speed,
so in the case of western boundary currents like the Kuroshio
in the Pacific Ocean or the Gulf Stream (GS) in the Atlantic
Ocean, variations in the flow speed or position of the offshore
current can impact variations in coastal sea level (CSL) or vice
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versa (when variations in sea level influence the current
speed). In general, a weakening in a western boundary current
transport will increase coastal sea level in the onshore side of
the current (and decrease sea level offshore). This mechanism
was recognized a long time ago. Early observations
(Montgomery 1938; Blaha 1984) and models (Ezer 1999,
2001; Sturges and Hong 2001) suggest that CSL along the
US East Coast is influenced by offshore (remote) variations
in the intensity of the GS or the Atlantic Ocean. For example,
a potential climate change-related slowdown of the GS
(Sallenger et al. 2012; Ezer et al. 2013) which is part of the
Atlantic Meridional Overturning Circulation (AMOC;
McCarthy et al. 2012; Smeed et al. 2013; Srokosz and
Bryden 2015) may cause accelerated sea level rise and in-
creased risk of flooding along the US East Coast
(Levermann et al. 2005; Boon 2012; Ezer and Corlett 2012;
Sallenger et al. 2012; Yin and Goddard 2013; Goddard et al.
2015; Ezer and Atkinson 2014). A significant correlation be-
tween the GS and CSL is found on a wide range of timescales,
from daily variations (Ezer 2016, 2017) to decadal and
multidecadal variations (Ezer 2015). A simple dynamic bal-
ance analysis of along coast geostrophic current (Ezer et al.
2013) showed that the GS may influence CSL either directly
when sea level slope across the GS affect CSL on the onshore
side or by the generation of onshore/offshore barotropic trans-
port variations when the GS changes its strength or position.
These barotropic signals can generate coastal-trapped waves
that affect long stretches of coasts within short period of time
(Huthnance 2004; Hughes and Meredith 2006), as demon-
strated by idealized numerical simulations of the GS (Ezer
2016, 2017). In view of these past studies, two indicators are
evaluated: the GS strength itself and changes in the GS flow.

The relation between CSL and offshore variations is not
fully understood since it involves various factors such as var-
iations in AMOC and the GS transport, westward propagating
planetary waves (Ezer 1999; Sturges and Hong 2001;
Domingues et al. 2016), and variations in the thermo-haline
structure and wind pattern in the Atlantic Ocean (Srokosz and
Bryden 2015). In addition, variations in atmospheric pressure
and associated inverted barometer (IB) effects can significant-
ly influence CSL variability on interannual and multidecadal
timescales (by as much as 10-30% of the sea level signal
according to Piecuch and Ponte 2015). An interesting result
of several studies (e.g., Ezer 2013; Piecuch et al. 2016;
Woodworth et al. 2016) is the different response of CSL to
forcing between the coasts north of Cape Hatteras (MAB and
GOM in Fig. 1) and the coasts south of Cape Hatteras (SAB).
There are differences in the coastline and wind pattern be-
tween the two regions, but the ocean dynamics may also play
a role since the GS path has much larger variability after sep-
arating from the coast at Cape Hatteras, while in the SAB, the
GS is flowing close to the coast and thus may be a more
dominant force than other offshore influences. Piecuch et al.
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(2016), for example, show that north of Cape Hatteras,
barotropic dynamics, and wind stress over the continental
shelf may be responsible for large part of the CSL variability
on interannual and decadal timescales. The CSL is also close-
ly related to the North Atlantic Oscillations (NAO) and
Atlantic circulation patterns (Ezer et al. 2015; Woodworth
et al. 2016). The coasts north of Cape Hatteras also see larger
recent accelerations in sea level rise rates, a result often attrib-
uted to ocean dynamics influence (Boon 2012; Sallenger et al.
2012; Ezer and Corlett 2012; Yin and Goddard 2013). The
above discussion and studies focused mostly on long-term
variability on timescales of interannual to multidecadal, but
less attention is given to short-term variability on timescales of
days to a year or so, which provides motivation of this study.

On short-term timescales, extreme events such as tropical
storms and hurricanes are associated with low air pressure and
thus have strong IB impact as well. Because storms involve a
combination of large changes in both wind and pressure, they
impact CSL through storm surge and IB effects that are not
easy to separate. One mechanism in which large-scale off-
shore signals (e.g., due to changes in wind, pressure, or ocean
currents) are transmitted to the shelf is through the generation
of coastal-trapped waves (Huthnance 2004). This mechanism
can result in coherent CSL anomalies that are observed along
many different coasts (Hughes and Meredith 2006), and re-
cently, this mechanism was demonstrated by a numerical
ocean model of the US East Coast (Ezer 2016, 2017). Zhao
and Johns (2014) shows that wind-driven variations over the
subtropical gyre can also result in coherent sea level variations
along the GS path over thousands of kilometers. The complex
and unpredictable nature of remote forcing of coastal sea level
makes it very difficult to accurately simulate coastal sea level
and flood risk, since coastal and storm surge models rely on
local wind forcing, but may neglect remote factors, as those
mentioned above. As a result, unpredictable coastal flooding
often occurs, and these events increase in recent years due to
sea level rise (Mitchell et al. 2013; Ezer and Atkinson 2014;
Sweet and Park 2014).

One of the longest, and almost continuous, measurements
of Atlantic Ocean variability (since the early 1980s) is the
cable measurements of the Florida Current transport (FCT)
across the Florida Straits (Baringer and Larsen 2001;
Meinen et al. 2010; Domingues et al. 2016). This measure-
ment can capture some of the variations in wind and ocean
circulation over the Atlantic Ocean, so it may provide an in-
dication for the remote forcing of CSL that cannot be directly
observed. The current study follows on the footsteps of previ-
ous studies that found significant correlations between FCT
and CSL in observations (Ezer et al. 2013; Park and Sweet
2015) and in models (Ezer 2001, 2016). This relation provides
motivation to test the proposition that CSL prediction can be
improved if remote offshore forcing is considered through
easily obtained existing measurements, such as the FCT
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record. The study is focused on two main goals: (1) to quantify
the FCT-CSL relation in terms of its spatial variations along
the coast and the timescales involved and (2) to test the pre-
dictability of high water level and increased flood risk using
the FCT measurement as an indicator. The paper is organized
as follows: First, the data and the analysis methods are de-
scribed in Sect. 2; then, the results for different coastal loca-
tions are presented in Sect. 3, and in particular, an example of
the impact of one offshore storm is demonstrated in Sect. 4,
following by discussion and conclusions in Sect. 5.

2 Data and analysis methods

Hourly sea level records from 12 tide gauge stations were
obtained from NOAA (http://opendap.co-ops.nos.noaa.gov/
dods/), and the locations are shown in Fig. 1. The data
represent five different regions, two stations in the Gulf of
Maine (GOM), five stations in the Mid-Atlantic Bight
(MAB), three stations in the South Atlantic Bight (SAB),
one station (Key West) between the Florida Strait and the
Gulf of Mexico, and one station (Bermuda) on the eastern side
of'the GS (Fig. 1). Bermuda station is the only location not on
the US coast; it was chosen because past studies show that sea
level in Bermuda can capture signals of westward propagating
planetary waves (Sturges and Hong 2001; Ezer 1999, 2001)
and that the sea level difference between Bermuda and the US
coast can capture variations in the GS and AMOC (Ezer

-75 -70 -65
Longitude(W)

2015). Twelve years of data (2004—2015) provides ~105,000
hourly measurements for each station. From the hourly data, a
maximum daily water level (MDWL) record is obtained, pro-
viding a record of ~4400 data points for each station. The
focus is on high water level that can potentially cause
flooding. For typical, quiet periods of time, when water level
is dominated by the daily tides, the value of MDWL should be
close to the MHHW, but for a period when a storm is passing,
for example, MDWL may be considerably higher than
MHHW. Note that all water level values hereafter are relative
to MHHW, unless otherwise indicated.

While the tide gauge sea level records are much longer than
the records analyzed here (the average length of the stations is
~85 years), longer records would require to consider the im-
pact of sea level rise (local rates for those stations are in the
range ~2.5-4.5 mm year ') on acceleration in flooding, as has
been documented before (Mitchell et al. 2013; Ezer and
Atkinson 2014; Sweet and Park 2014). As an example,
Fig. 2a shows the annual hours of moderate flooding in
Norfolk, when water level reaches at least 0.6 m above
MHHW (some major storms that caused flooding in each year
are also listed, but additional flooding also occurred due to
smaller storms and high tides). During the almost 90 years
of data at this station, half of the most flooded years occurred
in the last decade. The large increase in flood hours in Norfolk
is mostly due to the combination of global sea level rise and
significant land subsidence in the coasts of the lower
Chesapeake Bay. Land subsidence in this area is due to
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Fig.2 a The number of hours per

(a) Annual hours of moderate flooding in Norfolk (WL>0.6m MHHW)
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(b) NOAA GOES satellite image of
Hurricane Joaquin on October, 1, 2015

combinations of glacial isostatic adjustment (GIA) and
groundwater extraction; estimations of land subsidence rates
from observations and models are in the range of 1—
2.5 mm year ' (Eggleston and Pope 2013; Miller et al.
2013; Karegar et al. 2016). Therefore, because of the large
local sea level rise, relatively weak storms or even higher than
normal tides can now cause much more flooding than past
years when sea level was lower. The third most flooded year
on record was 2015, and most of the floods this year happened
during about 2 weeks in late September to early October,
when Hurricane Joaquin developed in the subtropics
(Fig. 2b). Even though this hurricane later moved
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northeastward and never came close to the coast (Fig. 2c),
its remote influence on the coast was substantial with signifi-
cant coastal flooding in many places along the SAB and MAB
coasts (considerable rain from a nor’easter storm was also in
play at the time). This particular storm was chosen to demon-
strate a case where offshore storm influenced the GS and
apparently CSL; this case will be discussed in detail later.
The daily Florida Current transport from cable measure-
ments across the Florida Strait at 27° N (Baringer and
Larsen 2001; Meinen et al. 2010) is obtained from the
NOAA/Atlantic Oceanographic and Meteorological
Laboratory web site (www.aoml.noaa.gov/phod/
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floridacurrent/); see the location in Fig. 1. The data include the
periods 1982—-1998 and 2000-2016 with a large gap of about
2 years and several shorter gaps of 1-2 weeks; here, only the
data for 2004-2015 is used. Numerous studies (see list of
references in the NOAA/AOML site) analyzed the FCT re-
cord, its seasonal and decadal variability, as well as its con-
nections with basin-scale variability of AMOC (McCarthy
et al. 2012) and with the NAO index (the NAO index is often
anti-correlated with variations of the FCT; Baringer and
Larsen 2001).

The MDWL and FCT records have variations on different
timescales, from daily and seasonal to decadal variability.
Since storms are particularly irregular in their frequency, stan-
dard analysis methods (Thomson and Emery 2014) that as-
sume an oscillatory behavior with a particular frequency (e.g.,
harmonic or spectral analysis) will provide only limited infor-
mation on extreme events. Nevertheless, Fig. 3 is an example
of the spectral analysis and coherence between MDWL in
Norfolk and the FCT record (the power spectral density cal-
culation is based on Welch’s averaged estimate with
Hamming windows). The sea level data shows significant
peaks from the annual and semiannual timescales to cycles
of about 2 weeks and ~1 month (Fig. 3a), while the FC record
has maximum energy at the annual cycle with other peaks that
are less significant (Fig. 3b). Significant coherences between
the two time series are found at various frequencies from
periods of ~10 days to ~1 year with maximum correlation at
timescales of ~2—3 months (Fig. 3¢). The typical phase differ-
ence between the two is ~100°-180° (Fig. 3d), implying that
higher sea level is expected when FC transport is low, in
agreement with the many studies mentioned before.

The spectral analysis (Fig. 2) is quite a common and useful
tool, but it does not provide information on non-stationary
processes, such as extreme CSL events that do not happened
at regular intervals. Another analysis method that is based on
the non-stationary EMD (Huang et al. 1998) can be used to
separate the data into different timescales and capture varia-
tions that change with time. The EMD method has been used
for numerous sea level analyses around the world (Ezer and
Corlett 2012; Ezer 2013, 2015; Chen et al. 2014; Park and
Sweet 2015), and more details on the method can be found in
those studies. Using a repeated sifting process, the EMD com-
poses a time series into N oscillating modes and a residual
trend (the trend can be linear or any function that has no more
than one extremum). The number of modes depends on the
length of the record and its variability, and in our case of
12 years of daily data, mode 0 denotes the original time series,
modes 1-11 represent the oscillatory modes from high to low
frequency, and mode N = 12 is the residual. Keep in mind that
in each mode, the amplitude and frequency are not constant,
but time-dependent. It is constructive to group modes together
into different frequency bands, so here, the data are divided
into four groups: high frequency (modes 1 and 2; periods less

than 3 months), middle frequency (modes 3 and 4; periods of
~3-9 months), low frequency (modes 5-7; periods of ~9—
12 months), and lowest frequency (modes 8—12; periods over
1 year, including the trend). An EMD analysis has been ap-
plied to all the 12 MDWL records and to the FCT record, and
cross-correlations between the water level and FCT are calcu-
lated for each station and for each frequency band. The cross-
correlations indicate if there is a significant correlation be-
tween MDWL and FCT and if so at what lag difference.
Attention is given to large peaks in correlation that are closest
to the zero lag. Negative lags imply that variations in FCT are
ahead of variations in water level (thus providing the potential
for predicting coastal sea level from the FCT record). Positive
lag when signals are detected first in sea level at northern
coasts and only later at the FCT can indicate large-scale forc-
ing that excites southward propagating coastal-trapped waves
(Ezer 2016). It is emphasized though that correlation does not
mean causation, but nevertheless, significant correlation may
provide some predictive tool. Note that because of the large
number of points in the daily records, correlation above R
~0.03 is statistically significant at the 95% confidence level
if time series are independent, but if the reduction of the num-
ber of degrees of freedom in EMD is taking into account,
correlations at the low-frequency modes are estimated to re-
quire a value of R ~0.1 to be statistically significant. However,
even if the correlation is statistically different than zero at 95%
of the time, R = 0.1 means that only ~1% of the variability is
captured. In the case of the sea level-FC relation, at some
frequencies, correlations are as large as R ~0.5, which implies
that ~25% of the sea level variability may be represented by
the FC variability. For high-frequency and medium-frequency
modes, the impact of the EMD on the significance of the
correlation is negligible since the effective degrees of freedom
depend on the autocorrelation scale (Thiebaux and Zwiers
1984).

3 The relation between the Florida Current transport
and high water level along the coast

Examples of the EMD calculations for Boston, Norfolk, and
Charleston, representing the GOM, MAB, and SAB, respec-
tively, are shown in Figs. 4, 5, and 6. In Boston (Fig. 4),
statistically significant correlations with FCT are seen in the
high-frequency band (modes 1 and 2) and the low-frequency
band (modes 5-7); at both bands, positive lags for high corre-
lation of first peak indicate a potential signal that is seen in
water level ahead of the FCT; thus, the sea level signal there is
likely coming from oceanic or atmospheric signals not directly
caused by the FCT. The highest correlation (~—0.7) is found at
the lowest frequency band (modes 8—12) and is related to the
downward trend in the FCT, while sea level is rising; this trend
has been discussed before (Ezer 2013; Ezer et al. 2013), so the
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Fig. 3 Spectral analysis of a Y
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focus here will only be on the three other frequency bands. At
Norfolk (Fig. 5), significant negative cross-correlation with
small positive lag is seen in all three bands, though at the
low-frequency band, another larger peak with correlation
close to 0.5 at negative lag is also seen. The negative correla-
tion means that water level at Norfolk is higher when the FCT
is weaker, a phenomenon indicated by previous studies (Ezer
et al. 2013; Ezer and Atkinson 2014) and confirms by the
spectral coherence analysis (Fig. 2); this station will be further
explored later. At Charleston (Fig. 6), large negative correla-
tion with almost no lag is seen in all three frequency bands—
this result may be explained by the fact that this station is
located downstream from the Florida Straits where the
Florida Current flows along the SAB coast, so any weakening
in the FCT would cause a rise/fall in sea level on/off shore.
This result has been suggested before based on early observa-
tions (Blaha 1984), but here, it is shown that the impact of the
FCT on coastal sea level in the SAB applies to a wide range of
timescales from few days to seasonal. Interannual to decadal
variations in the coastal sea level in the MAB region are better
correlated with the change in the Gulf Stream transport than
with the Gulf Stream strength itself (Ezer et al. 2013).
Therefore, the FCT change (FCC in Sv change per day) is also
evaluated as a potential predictive for high water level.
Figure 7 shows an example of the EMD in Norfolk,
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comparing FCC and MDWL. The high negative correlation
with zero lag for the high-frequency modes indeed indicates
that short-term flooding in Norfolk may be predicted from a
weakening FCT observed at the same time, which was anec-
dotally shown before (Ezer and Atkinson 2014). Middle-
frequency and low-frequency modes also show statistically
significant negative correlations with FCC, but with negative
lag, meaning that high water in Norfolk may be predicted a
few days in advance from FCC.

Figure 8 summarizes the correlations and the lags between
the FCT and all the 12 stations, and Fig. 9 summarizes the
correlations between FCC and the 7 stations in the MAB and
SAB (the rest of the stations do not show significant correla-
tion with FCC). In the high-frequency modes, FCT-MDWL
correlations are all negative with a maximum (absolute value)
at Norfolk and decreasing correlations farther north or south
(Fig. 8a), while for low-frequency modes, the correlations are
always positive with larger values in the south near the FCT
measurement (Fig. 8c). The lag between FCT and MDWL
also shows significant differences between the high-
frequency (Fig. 8b) and low-frequency (Fig. 8d) bands and a
clear regional pattern. High-frequency variability in sea level
in the SAB has zero lag with FCT (indicating coherent FCT
variations along the coast of the SAB) and only short lag of 2—
3 days in the MAB, while farther north correlations are smaller
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and lags are larger (Fig. 8b). Low-frequency variability in sea
level has similar high correlations (0.35-0.45; Fig. 8c) and
similar lags (60—80 days; Fig. 8d) for stations from Key
West, FL to Atlantic City, NJ, pointing to potential large-
scale forcing from the Atlantic Ocean that creates a coherent
pattern along some 2000-km stretch of the coast. An opposite
lag in Bermuda also points to large-scale patterns since the sea
level difference between Bermuda and the US coast is closely
related to the strength of the Gulf Stream and AMOC (Ezer
2015). North of New York, the pattern of both high-frequency
and low-frequency variability is clearly different than those of
the MAB and SAB, so the dynamic mechanism may be dif-
ferent, potentially seeing impact of signals coming from the
Labrador Sea and the Slope Current (Fig. 1). However, varia-
tions in the Slope Current are not independent from variations
in the GS (Rossby et al. 2010; Ezer 2013, 2015), so it is
difficult to distinguish between the forcing of the two currents

which are connected to each other through the recirculation
gyre north of the GS.

In Fig. 9, the focus is on the impact of FCC on the MAB
and SAB, showing the three frequency bands. It is interesting
to note that unlike correlations with FCT (Fig. 8), correlations
with FCC have much more coherent spatial pattern—the cor-
relations are all negative and lags are mostly negative (i.e.,
FCC signal is ahead of the coastal sea level signal). The max-
imum correlation for the high-frequency band is in the lower
MAB (Norfolk, VA, and Duck, NC) near the separation point
of the GS, and there is zero lag there (Fig. 9b), suggesting that
the GS may amplify signals near Cape Hatteras. The impact of
the sharp change of the coastline at Cape Hatteras on signals
propagating along the coast has been shown in other studies as
well (Ezer 2013, 2016). The change in the sign of the lag from
positive in the north to negative in the south suggests a south-
ward propagation of signals, which is consistent with coastal-
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Fig. 5 Same as Fig 3. but for Norfolk WL(m) vs FC(sv) Cross-Corr
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trapped waves in the northern hemisphere (Huthnance 2004;
Ezer 2016). The medium-frequency and low-frequency bands
show larger correlations in the south, suggesting potential
sources in the subtropical region such as Rossby waves and
changes in wind pattern over the subtropical gyre (Ezer 1999,
2001; Sturges and Hong 2001).

One of the goals of the study is to test the ability of the FCT
observations in providing warning for anomalously high wa-
ter that can cause unpredictable flooding in places such as
Norfolk (Ezer and Atkinson 2014). Therefore, instead of
looking at the entire MDWL record, as done so far, only days
with particular high water level are analyzed for Norfolk in
Fig. 10. Three water levels are extracted: (1) water level of
0.2 m over MHHW, representing tides that are slightly higher
than normal and only very minor flooding is seen in some
streets—during the 12-year record, this happened ~26% of
the time; (2) water level of 0.5 m over MHHW, which is close

@ Springer

to the “nuisance” flooding level in Norfolk as defined by
NOAA (Park and Sweet 2015); about 2.5% of the days expe-
rienced such water level, which can cause minor to moderate
flooding to many streets in Norfolk; and (3) water level of
0.8 m over MHHW, which occurred only ~0.5% of the time
(22 days during the 12-year study period), but can cause major
flooding of large sections of the city. The results show that the
high-frequency modes of the FCT data are not good predictors
for high water level (blue bars in Fig. 10), while medium-
frequency (green) and low-frequency (red) modes are better
indicators with statistically significant correlations. For sim-
plicity, all predictions are based on zero lag, though higher
correlations can be found if lag is adjusted for each frequency
band. For the major flood cases, the correlation coefficient
indicates that ~40% of the high water variability can be attrib-
uted to the low-frequency modes of the FCT. The EMD thus
provides a way to filter out high-frequency variability that
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Fig. 6 Same as Fig. 3, but for

Charleston WL(m) vs FC(sv)

Cross-Corr
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does not contribute to major flooding. Since the correlations
increase quite linearly with high water level, interpolation to
other water levels is straight forward, though for a much
higher water level of storm surge, there is not enough data
for significant statistics (e.g., when Hurricane Irene passed
over Norfolk in 2011, water level reached ~1.5 m over
MHHW, about twice the highest water level considered here).

Can the correlations shown in Fig. 10 be used for predic-
tion of high water level? As an example, the linear regression
coefficients (a and b) for water level of 0.8 m above MHHW
in Norfolk for the low-frequency EMD modes of FCT have
been obtained. Then, the predicted water level is estimated by
WLp = A[a(FCT) + b], where A is a constant scale factor
based on the ratio between the mean high water of the original
data and the low-frequency modes (to account for the reduc-
tion of amplitude in low-frequency modes). Figure 11 com-
pares the predicted and observed high water level. During

-06
-1000 -500 0 500 1000
Year Lag(days)

20042015, there were 21 days with water levels greater than
0.8 m over MHHW, and the regression calculation predicts
that 16 of them reach this level (red circles in Fig. 11), while in
five cases, the prediction underestimated the water level
(green triangles in Fig. 11); however, even in the
underpredicted cases, the regression model shows higher than
normal water level of at least 0.2 m. It is interesting to note that
such calculations can predict quite well high water level asso-
ciated with either slow-moving nor’easters or offshore storms
that did not make landfall. For example, in November 21,
2006, during the “Thanksgiving Day nor’easter” (“T” in
Fig. 11), observed water level was 1.19 m and the prediction
is 1.15 m; in October 29, 2012, when Hurricane Sandy (“S” in
Fig. 11) was offshore, the observed water level was 1.22 m
and the prediction was 1.35 m; in October 4, 2015, when
Hurricane Joaquin (“J” in Fig. 11) was offshore, the observed
water level was 1.14 m and the prediction is 1.6 m (the latest
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Fig. 7 Same as Fig 4. but Norfolk WL(m) vs FCch(sv/d) Cross-Corr
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hurricane will be discussed in more details in the next section).
However, the prediction is not so accurate for a fast-moving
hurricane like Irene (“I” in Fig. 11) that passed almost directly
over Norfolk in August 28, 2011, so it did not affect the off-
shore Gulf Stream that much. In the case of Hurricane Irene,
the observed water level was 1.46 m and the predicted water
level is only 0.6 m, indicating that the storm surge was mostly
due to direct wind forcing, while in the other cases, offshore
storms affected the Gulf Stream and added an indirect impact
to coastal sea level.

4 An example of remote influence: Hurricane
Joaquin (2015)

As seen in Fig. 2a, years with considerable flooding are clus-
tered over the past decade or so—the reason is that storms that
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in the past caused little or no damage are now causing longer
and more severe flooding due to the addition of sea level rise
(Ezer and Atkinson 2014; Sweet and Park 2014). The third
most flooded year on record in Norfolk was 2015, and the
majority of the flooding this year occurred during about
2 weeks in late September to early October when Hurricane
Joaquin was developing in the tropics (Fig. 2b). Despite the
fact that this hurricane moved northeastward away from the
coast and never made a landfall (Fig. 2c¢), it caused severe
flooding along the US coasts (additional precipitation from a
weather front also added to flooding). This storm seemed to
impact the transport of the FCT, so it is presented here as an
example of remote influence on coastal sea level. Figure 12a
shows the hourly water level at Norfolk for June—October,
2015. The observed water level (red line) was above the tide
prediction (blue) for much of this period (green represents the
residual, i.e., observed minus predicted), with particular high



Ocean Dynamics (2017) 67:751-766

761

Fig. 8 Correlation coefficient

between water level and FCT (left
panels) and lag for the maximum
correlation (right panels), for the H
high-frequency modes (top) and
low-frequency modes (bottom
panels). Negative lag means that L
FCT variations are ahead of
water-level variations. The 12
stations are listed from north to L
south except the offshore station
in Bermuda (see Fig. 1)
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waters (~1 m above MHHW) in late September to early
October; luckily enough, the highest water level occurred dur-
ing neap tide; nevertheless, Norfolk streets were flooded al-
most every high tide during this 2-week period. Figure 12b, ¢
compares the daily water level anomaly with the daily FCT (in
Sv) and FCC (in Sv per day), respectively. The correlations
with FCT (—0.39) and FCC (—0.28) are statistically significant
at 99% confidence level and indicate that ~15 and ~8% of the
variability is represented by the FCT and FCC, respectively.
As mentioned before (Fig. 10), higher correlations will be
obtained if only the highest water levels are considered. The
most interesting result is the fact that the hurricane caused
about 30% reduction in the FCT—this is consistent with the
location of the hurricane (Fig. 2b) which would create south-
westward flowing wind over the SAB, in opposite direction to

-100 -50 0 50 100

COR Lag(day)

the Florida Current. The two low-flow peaks in the FCT are
accompanied by two peaks in anomalously high water, which
is consistent with the previous findings that slower current
would raise coastal water level. Note also that the FCC min-
ima peaks predict not only the hurricane period but also other
maxima peaks in water level (e.g., days 155, 220, 265, and
280, in Fig. 10c¢).

One may wonder, however, if storm surge due to local
winds or low air pressure (and the inverter barometer effect)
could have caused this high water level in late September
(there was also a weather front moving over the area).
Therefore, the local air pressure and wind speed from a mete-
orological station near Norfolk are shown in Fig. 12d.
Pressure and wind are anti-correlated most of the time, but
less so during the hurricane period. During late September,
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Fig. 9 Similar to Fig. 7, but only

(a) SL-FCch Corr. (high-freq)

b) SL-FCch Lag (high-freq)

for the seven stations in the Mid-
Atlantic and South Atlantic
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there are some variations in air pressure and wind stronger
than before (probably due to the front mentioned above), but
wind speed of 4-5m s~ cannot cause a storm surge of 1 m, so
local wind can contribute somewhat to variations in water
level but cannot explain the long period of high water and
flooding. The local air pressure is not low enough to indicate
any strong local storm over the region.

5 Summary and conclusions
Sea level rise and acceleration, especially in the mid-Atlantic

region (Boon 2012; Sallenger et al. 2012; Ezer and Corlett
2012; Ezer 2013), is causing an acceleration in flooding in
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low-lying cities and coastal communities along the US East
Coast (Mitchell et al. 2013; Ezer and Atkinson 2014; Sweet
and Park 2014). It is also observed that minor tidal flooding
can often occur without any wind or local weather event (so-
called clear-day flooding), so that coastal water levels simu-
lated by storm surge models are sometimes underpredicted be
as much as 0.2-0.5 m. These problems may be attributed to
non-local factors such as offshore variations in the Gulf
Stream, westward-propagating planetary waves, and climatic
variations in the North Atlantic Ocean. Since these remote
influences cannot be captured by regional operational storm
surge models that rely on local winds, CSL prediction may be
improved in the future by including additional remote forcing;
this will require the availability of observations such as
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Fig. 10 Predictability of different

Predictability of High WL in Norfolk from FC transport

levels of high water in Norfolk,
using EMD modes of FCT for
different frequencies: high,
medium, and low frequency in
blue, green, and red colors,
respectively. Correlation is
calculated for only those days
with water level of 0.8, 0.5, and
0.2 m above MHHW (the % of
the time these levels are reached
during the 12-year period is
indicated). The vertical dashed
lines are estimated 95%
confidence intervals. These
correlations are for zero lag (if
optimal lag for each case is
considered, the correlations
would be higher)
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AMOC and FCT in real time and modifications of the models.
The influence of the Gulf Stream on coastal sea level variabil-
ity has been recognized in early observations (Montgomery
1938; Blaha 1984), but this remote impact is difficult to fully
understand and quantify, so it attracts considerable interest and
hypotheses (Levermann et al. 2005; Ezer 2001, 2013, 2016;
Ezer et al. 2013; Sallenger et al. 2012; Goddard et al. 2015;

Fig. 11 Predicted and observed
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Park and Sweet 2015). Since the Florida Current transport
measurements are continuous, available daily, and represent
some remote Atlantic Ocean variability, they are evaluated
here for their usefulness to predict potential high water level
along the coast. In particular, the study is set to evaluate the
correlation between the FCT and high water level and to de-
scribe the spatial and temporal distribution of the correlations.
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Fig. 12 a Hourly observed water
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An EMD analysis is used to look at different timescales from
few days to seasonal variations. Some statistically significant
correlations have been found between the FCT and high water
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level along the entire US East Coast. It is estimated that ~10—
25% of the variability in CSL may be attributed to the FCT
variability. There is also a clear spatial pattern in correlation
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values and in time lags that indicates that the signals captured
by the FCT are affected by topography and coastline and are
propagating along the coast, as previously observed and
modeled (Ezer 2016, 2017). The two predictive measures that
are tested are FCT and FCT change (FCC), and in general,
high water level is found when FCT is either weak or if it had a
slowdown trend, which is consistent with basic physical
oceanography principals and previous analysis (Ezer et al.
2013). Particular practical findings are the potential predict-
ability of flooding in the lower MAB from the FCT observed
at the same time and the fact that low-frequency EMD modes
of FCT are most useful for predicting extreme events (water
level as high as 0.8 m above MHHW is evaluated here). An
example of remote forcing affecting the coasts is the case of
Hurricane Joaquin (September—October, 2015), which dem-
onstrates how an offshore storm can cause a weakening of the
FCT and consequently an increase in the high water level that
affect flooding along the US East Coast. This single storm was
responsible for the majority of the flooding in 2015, making it
the third most flooded year on record for cities such as
Norfolk, VA. In general, it was found that hurricanes and
storms that are either slow moving or remain offshore for
some time have larger impact on the Gulf Stream, and thus,
the remote forcing signal can be better predicted from the FCT
data than other storms. The hope is that this study can help to
improve water level prediction by using measurements such
as FCT to account for remote forcing processes that are not
directly observed and difficult to include in storm surge
models.
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