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Abstract

Tropical storms and hurricanes in the western North Atlantic Ocean can impact the US East Coast in several ways. Direct effects
include storm surges, winds, waves, and precipitation and indirect effects include changes in ocean dynamics that consequently
impact the coast. Hurricane Matthew [October, 2016] was chosen as a case study to demonstrate the interaction between an offshore
storm, the Gulf Stream (GS) and coastal sea level. A regional numerical ocean model was used, to conduct sensitivity experiments
with different surface forcing, using wind and heat flux data from an operational hurricane-ocean coupled forecast system. An
additional experiment used the observed Florida Current (FC) transport during the hurricane as an inflow boundary condition. The
experiments show that the hurricane caused a disruption in the GS flow that resulted in large spatial variations in temperatures with
cooling of up to ~4 °C by surface heat loss, but the interaction of the winds with the GS flow also caused some local warming near
fronts and eddies (relative to simulations without a hurricane). A considerable weakening of the FC transport (~30%) has been
observed during the hurricane (a reduction of ~ 10 Sv in 3 days; 1Sv=10° m® s '), so the impact of the FC was explored by the
model. Unlike the abrupt and large wind-driven storm surge (up to 2 m water level change within 12 h in the South Atlantic Bight),
the impact of the weakening GS on sea level is smaller but lasted for several days after the hurricane dissipated, as seen in both the
model and altimeter data. These results can explain observations that show minor tidal flooding along long stretches of coasts for
several days following passages of hurricanes. Further analysis showed the short-term impact of the hurricane winds on kinetic
energy versus the long-term impact of the hurricane-induced mixing on potential energy, whereas several days are needed to
reestablish the stratification and rebuild the strength of the GS to its pre-hurricane conditions. Understanding the interaction between
storms, the Gulf Stream and coastal sea level can help to improve prediction of sea level rise and coastal flooding.
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1 Introduction

The two-way interaction between the ocean and tropical storms
or hurricanes is usually centered on the heat exchange between
the storm and surface ocean temperatures; this exchange is
important for the storm’s intensity and for ocean cooling
(Bender and Ginis 2000; Shay et al. 2000; Li et al. 2002; Oey
et al. 2006, 2007; Yablonski et al. 2015). Storms passing over
the ocean can also cause increased mixing and changes in
ocean currents, as seen for example during Hurricane Wilma
[2005], which affected the flow of the Loop Current in the Gulf
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of Mexico (Oey et al. 2006). Hurricanes and tropical storms
often move across the southwestern North Atlantic, where the
dominant current is the Gulf Stream (GS). Several studies thus
suggest that storms in this area can cause a temporary (but
large) reduction in the GS transport. Evidences of such impact
of hurricanes on the GS were reported for example, for
Hurricane Bill (2009) (Kourafalou et al. 2016), Hurricane
Joaquin [2015] (Ezer and Atkinson 2017; Ezer 2018), and
Hurricane Mathew [2016] (Ezer et al. 2017). Comparisons of
the time when hurricanes and tropical storms passed the south-
western North Atlantic over the last three decades with the
observed transport of the Florida Current (FC) suggest that
these seasonal storms can even influence the seasonal cycle
of the FC (Ezer 2018). Note that interactions between Pacific
Ocean Typhoons and the Kuroshio Current have also been
studied in a similar manner (Wu et al. 2008; Liu and Wei 2015).

There are four main mechanisms in which intense storms
can impact the GS. First, Atlantic tropical storms spend
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considerable time south or east of the GS before either turning
northwest and making landfall on the US East Coast (e.g.,
Hurricane Sandy, 2012) or moving back offshore (e.g.,
Hurricane Joaquin, 2015, and Hurricane Matthew, 2016).
During this time, the counterclockwise wind is blowing
against the northeastward clockwise flow of the GS and can
significantly interrupt the GS flow (Ezer et al. 2017; Ezer
2018). Second, the surface heat loss from the upper ocean
(Bender and Ginis 2000; Shay et al. 2000) which empower
the hurricane can cool down the warm GS and the supply of
warm waters into higher latitudes downstream. Third, the in-
tense vertical mixing induced by the strong winds and large
waves under the hurricane can degrade the sharp horizontal
thermal gradients across the GS; this pressure gradient is the
baroclinic geostrophic part of the GS flow. Fourth, the storm
surge can pileup water on the coast (on the onshore side of the
GYS), reducing the sea surface height difference between the
onshore and offshore sides of the GS; this will lead to a re-
duction in the barotropic geostrophic part of the GS flow. The
above mechanisms are not independent of each other and can
combine to contribute to the reduction of the GS flow (but
potentially also to increase flow at some locations if the
wind-driven current is in the GS flow direction). These mech-
anisms were recently studied by Ezer et al. (2017), analyzing
output from a NOAA’s operational coupled hurricane-ocean
modeling system during Hurricane Matthew. However, the
operational forecast system, running in real time during a hur-
ricane, does not allow assessment of various aspects of the air-
sea coupled system. For example, it is not clear how much of
the sea surface temperature change during the hurricane was
due to heat loss or due to mixing. Another limitation of using
an operational modeling system was that the ocean model part
of the coupled system was a basin-scale ocean model that was
not intended to be a storm surge prediction model (though it
did a decent job in its coastal sea level simulation; Ezer et al.
2017). Therefore, in the present study, the momentum and
heat fluxes from the coupled system are used to force a re-
gional coastal ocean model (see domain in Fig. 1), and various
sensitivity experiments were performed with different forcing,
which was not possible with the real-time forecast system.
Another aspect of the study is the potential remote influence
of a storm on coastal sea level along the US East Coast through
the impact of the storm on the flow and structure of the GS. As
reported in recent studies, a weakening in the GS flow is often
associated with a decrease in the sea level slope across the GS
and elevated coastal sea level on the onshore side of the current
(Ezer et al. 2013; Ezer and Atkinson 2014, 2017; Ezer 2015,
2016; Ezer et al. 2017; Goddard et al. 2015; Park and Sweet
2015; Wdowinski et al. 2016). This relation between variations
in the GS and coastal sea level had been suggested long time
ago (Blaha 1984), but this connection received more attention
in recent years since rising sea levels brought many places over
a threshold when even a small anomaly over the predicted tide

@ Springer

can now cause minor flooding (Ezer and Atkinson 2014). The
GS-coastal sea level connection can be detected on a wide
range of scales, from long-term sea level acceleration (Boon
2012; Ezer and Corlett 2012; Sallenger et al. 2012) due to
potential slowdown of the Atlantic Meridional Overturning
Circulation (AMOC) (McCarthy et al. 2012; Smeed et al.
2013) to short-term daily fluctuations (Ezer 2016). The present
study focuses on short-term variability associated with the in-
teraction of the GS with a hurricane. Due to sea level rise, many
coastal cities such as Norfolk, VA, or Miami, FL, have seen
acceleration in minor flooding, so that even a slightly elevated
water level due to short-term variations in the GS can now
cause unexpected tidal flooding (so called “clear day” or
“nuisance” flooding) even when there is no storm nearby
(Ezer and Atkinson 2014; Park and Sweet 2015; Wdowinski
et al. 2016). The mechanism of this observed short-term sea
level-GS correlation was explored by Ezer (2016), who showed
the role of fast moving barotropic signals that generate coastal
trapped waves. The roles of changing wind patterns and atmo-
spheric pressure in coastal sea level variability are also impor-
tant (Piecuch and Ponte 2015; Piecuch et al. 2016; Woodworth
et al. 2016), but they will not be discussed here.

The case study presented here involves Hurricane Matthew
which developed in the Caribbean in late September 2016,
and then moved northward along the southeastern US coast
in October 7-9 (Fig. 2), causing significant flood damage due
to rain and storm surge on coasts from the South Atlantic
Bight (SAB) to the Mid-Atlantic Bight (MAB). This hurricane
did not make landfall, but it stayed for several days near the
GS, causing as much as 50% temporary reduction in its flow,
as evident in various observations and models (Ezer et al.
2017). Therefore, this is a good case study to demonstrate
the interaction between a hurricane and ocean currents. The
main goal of the study is to investigate under controlled model
experiments the various interactions between the hurricane,
the GS, and coastal sea level, so that better understanding of
the mechanisms involved is obtained.

The study is organized as follows. First, the data sources
and the model setting are described in Sect. 2, then results of
the different experiments are presented in Sect. 3, and finally a
summery and conclusions are offered in Sect. 4.

2 Data and model experiments

Six tide gauge stations, three in the SAB and three in the
MAB, are used here (Fig. 1); hourly water levels were obtain-
ed from NOAA (http://opendap.co-ops.nos.noaa.gov/dods/).
Measurements of the daily FC transport by the cable across
the Florida Strait (at ~27°N) started in 1982 (Baringer and
Larsen 2001; Meinen et al. 2010) and available from
NOAA’s Atlantic Oceanographic and Meteorological
Laboratory web page (www.aoml.noaa.gov/phod/
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Fig. 2 The maximum wind field
(color in knots) from the
operational forecast of the
HWRF-POM model for
Hurricane Matthew (October 7—
12, 2016) and storm predicted
track (“x” and blue line). The
figure is a modified version of the
one on the NOAA site (http://
WWW.eme.ncep.noaa.gov/ge_
wmb/vxt/HWREF/)
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floridacurrent/); here, only the data for October, 2016, were
used. Six-hourly output from NOAA’s coupled operational
Hurricane Weather Research and Forecasting (HWRF) and
the Princeton Ocean Model (POM) (Yablonsky et al. 2015;
Tallapragada et al. 2014) were obtained for the period October
7-12, 2016, when the operational system simulated Hurricane
Matthew. The same coupled model for the same period had
been recently analyzed (see Ezer et al. 2017, for details). The
model domain covers the western North Atlantic Ocean
(10°N-47.5°N, 30°W-100°W). Here, data for only a smaller
sub-region were used (Fig. 1), whereas six-hourly fields of
surface heat flux and surface wind stress from the coupled
model were used as surface boundary conditions of a regional
ocean model.

The regional ocean model used here (see domain in Fig. 1)
is the same as used recently for coastal sea level studies (see
Ezer 2016 and Ezer 2017, for details). The numerical ocean
model code is based on the generalized coordinate model of
Mellor et al. (2002) with a terrain-following vertical grid and a
Mellor-Yamada turbulence scheme. The model topography
was obtained from the ETOPOS5 data with minimum depth
of 10 m. The horizontal grid is cartesian with 1/12° resolution
(~6-8 km grid size), and the vertical grid is sigma (terrain-
following) with 21 layers (higher resolution near the surface).
The initial condition is the monthly temperature and salinity
data. A spin up of 3 months seems to be sufficient for this
small domain to produce a relatively realistic-looking GS
(Ezer 2016, 2017). The experiments presented here started
after the spin up and represent simulations for October 1-15,
2016; in some experiments (see below), data for Hurricane
Matthew was provided as forcing for October 7-12. Note,
however, that without data assimilation and without much
longer realistic forcing (surface and lateral boundary condi-
tions), the simulations cannot represent realistic synoptic
fields; thus, temperature, salinity, and the GS eddies and me-
anders represent natural variability, not the observed values in
space and time at that period. This limitation is not of concern
here, since the main purpose of the study is the comparison
between different sensitivity experiments, not comparison of
the model with observations. The only meaningful model-data
comparison is for coastal sea level driven by the hurricane
winds (see later). Five sensitivity experiments have been
conducted:

1. Control case (“No Hurricane” experiment)—surface heat
flux and surface wind stress are zero. The only forcing is a
fixed imposed boundary transports (see Fig. 1): 30 Sv
inflow of the Florida Current (FC), 40 Sv inflow of the
Slope Current (SC), 30 Sv inflow of the Sargasso Sea
(SS), and 100 Sv outflow of the Gulf Stream (GS). Only
the total transport (vertically integrated velocity) is spec-
ified on the boundary together with standard barotropic
radiation boundary conditions. The vertical distribution of
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the velocity near the open boundaries is calculated by the
model from the density field in a 1° buffer zone near the
southern and eastern open boundaries.

2. Hurricane wind case (“Wind” experiment)—surface
wind stress from the coupled HWRF model is added
for October 7-12 (during Hurricane Matthew). The
wind is interpolated in space and time from the 6-
hourly HWRF output into the ocean model. A
smoothed transition is implemented at the beginning
and end of the hurricane period. Note that in this case,
surface heat flux is zero and inflow FC transport is
constant as in experiment 1.

3. Hurricane heat flux case (“HF” experiment)—surface
heat flux from the 6-hourly coupled HWRF model output
is used for October 7—12. In this case, wind remains zero
everywhere, so that heat loss during the hurricane can be
separated from the wind effects. FC transport is constant
as in experiment 1.

4. Full hurricane case (“Wind+HF” experiment)—both
wind stress and heat flux from the HWRF output are used
for October 7-12. FC transport remains constant as in
experiment 1.

5. Florida Current case (“FC” experiment)—same as the
control run (no wind and no heat flux), except that the
constant inflow of the FC is replaced by the observed
FC transport for October 1-15. The change in the inflow
at the southern boundary at 27°N is balanced by similar
outflow that allows to exit the model on the eastern
boundary at 60°W, so volume is generally conserved.
This experiment is like the experiments conducted by
Ezer (2016), though in the latter study artificial oscilla-
tions in the FC transport was imposed, while here ob-
served values are used.

Comparisons between experiments 2—4 and experiment
1 will demonstrate the impact of the hurricane wind ver-
sus the impact of the hurricane-driven oceanic heat loss,
and comparisons between experiments 5 and 1 will show
the impact of the FC. In the analysis, the impact of each
forcing will be defined as the difference between a forced
case and the control run. One should keep in mind, how-
ever, that in the real ocean, it is difficult to separate be-
tween the hurricane impact on the FC (when it passed
very close to the Florida Strait) and the impact of the
hurricane on the GS downstream when the hurricane
moved north. In the model case, experiment 5 represents
only the direct impact of the FC on the model (assuming
that the hurricane impacts only the FC, but neglecting the
wind impact on the rest of the GS) while experiment 4
represents the impact of the hurricane winds on the down-
stream GS (neglecting the change in the FC). Unlike the
coupled HWRF-POM system, in the experiments con-
ducted here there is no air-sea feedback.
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3 Results

3.1 The impact of the hurricane and the Florida
Current on coastal sea level

Storm surge models require high-resolution ocean models and
accurate wind field at high temporal and spatial resolutions (e.g.,
see the storm surge model of the Chesapeake Bay in Garzon et
al. 2017). The evaluation by Ezer et al. (2017) of the HWRF
coupled model prediction during Hurricane Matthew shows
some skill in the prediction of coastal sea level, though storm
surge along the US East Coast was underestimated by ~30—
50%. This deficiency was expected, since the ocean model part

of the coupled system was intended to provide feedback to the
hurricane prediction model but was not intended to be a storm
surge model which requires more detailed coastal shoreline and
topography (the 6-hourly HWRF output also limits the ability to
compare the model with hourly tide gauge data).

The storm surge along the coast can be clearly seen in Fig. 3;
it is defined as the difference (or anomaly) in sea level between
experiment 4 and experiment 1. As the hurricane propagated
northeastward along the coast, the onshore winds ahead of the
storm piled up water on the coast (positive anomaly in red) while
the offshore winds in the back of the storm pushed water away
from the coast and sea level dropped (negative anomaly in blue).
After day 10, the storm dissipated (no longer a hurricane) and
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moved offshore. However, after day 12, when the remains of the
storm were more than 800 km from shore, the impact of the
storm can still be seen as a higher than normal coastal sea level
along the entire coast, from Florida to New Jersey, with particular
high waters in the Chesapeake Bay (Fig. 4a). The fact that sea
level north/south of the GS is higher/lower than normal indicates

Fig. 4 a The model sea level
anomaly as in Fig. 3, but for day

(a) Model Sea Level Anomaly Day=12

that the storm caused a reduction in the sea level slope across the
GS and thus weakened the currents. Altimeter data of sea surface
height anomaly (Fig. 4b) confirm the model results, showing
higher than normal water along the northern edge of the GS
and along the coast from Florida to New Jersey. Note that sea
level anomaly is defined differently for the model (difference

12 after the storm moved away
from the coast (note that the color
scale is different than that of

Fig. 3). b Sea level anomaly from
satellite altimeters (from AVISO)
on October 12, 2016; the
approximated location of the Gulf
Stream is indicated by a dashed
white line. Note that the domains
and the color bars of a and b are 36N
different, and that sea level

anomaly is defined differently: in

a, the anomaly is the difference

between two model simulations
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between two model runs) and the altimeter data (anomaly relative
to a long-term mean, which is not available in the model case);
nevertheless, both model and satellite data agree on the main
impact after the storm moved away. The results demonstrate
the difference between a local short-term storm surge that moves
with the storm (Fig. 3) and a longer-term, spatially wide impact
due to ocean dynamics after the storm disappeared (Fig. 4).
Figure 5 shows a comparison of results from experiment 4
(Wind + HF) with hourly coastal sea level anomaly data. Note
that the anomaly data (observed minus tidal prediction) provid-
ed by NOAA still had some tidal-like variations which may be
related to resonant created by the hurricane. The range of coastal
sea level variation during the storm, ~2 m between maximum
storm surge and the water level decline in the wake of the storm,
was simulated very well in the SAB (Fernandina, FL, Pulaski,
GA, and Charleston, SC). A smaller storm surge of ~0.5-1 m
was observed and simulated in the MAB (Duck, NC, Norfolk,

Fig. 5 Hourly water level 14
T

VA, and Atlantic City, NJ). The skill of this model with respect
to wind-driven coastal sea level is somewhat improved over the
HWREF simulations (Ezer et al. 2017), though the same wind
field was used. Note that observed water levels ahead of the
storm were higher than normal due to previous weather systems
(see Fig. 2a in Ezer et al. 2017), but the model only used wind
data for October 7-12, so model-data comparisons outside this
period are not expected to be very accurate. The observations
in Fig. 5 show what looks like a quick recovery of sea level
from the storm surge during the short period shown, but
longer records (not shown) indicated that water level after
the storm was higher than before along most of the SAB
and MAB coasts—this can be seen in the altimeter data as
well (Fig. 4b).

Analyzing various observations, including the FC
transport, satellite altimeter data, and high-frequency ra-
dar data, Ezer et al. (2017) show evidence of significant
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decline in the GS flow during the passage of Hurricane
Matthew (by as much as ~50% from the weeks before the
hurricane). The observed FC transport at 27°N reflects
part of this hurricane-driven change, so experiment 5
(“FC”) was conducted to see the direct impact of the FC
alone on coastal sea level, and the results are shown in
Fig. 6. In 3 days, between October 8 and October 11, the
FC transport weakened by ~30% (from ~30 to ~20 Sv;
black heavy line in the bottom of Fig. 6). During these
3 days, water level at the 3 SAB stations rose by ~10 cm
as a direct impact of the reduction in sea level slope
across the GS. In the MAB (where the GS is farther away
from the coast), sea level rose by a smaller amount (~2-
5 c¢cm). Note that in the experiments with the same model
conducted by Ezer (2016, 2017), the coastal sea level
response was similar in magnitude, but more coherent

Fig. 6 Hourly simulated water

along the coast. However, the previous studies used a
FC transport that oscillates at a constant frequency for a
long period of time, which apparently allowed the ignition
of coastal trapped waves along the coast, including reso-
nant amplification at some critical frequencies (Ezer
2016). In any case, all these experiments indicate that in
general, every 1 Sv decrease in the FC can cause ~1 cm
increase in coastal sea level in the SAB. Observations of
sea level in south Florida showed similar relation for
long-term variations (Park and Sweet 2015). Sea level in
the MAB is also anticorrelated with the GS transport
(Ezer 2013, 2015, 2016; Ezer and Atkinson 2017), but
the coastal response is more complex there because of
the additional influence from variations in the Slope
Current, shift in the GS path, and influence from GS me-
anders and eddies (Ezer et al. 2013).
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3.2 The impact of the hurricane on the Gulf Stream
transport

As seen in Fig. 6, the FC transport at 27°N decreased by
~ 30% within 3 days, and as shown in Ezer et al. (2017), the
GS flow when Hurricane Matthew dissipated may have been
weaker by as much as ~ 50% from its flow a few weeks before
Hurricane Matthew entered the region. The hurricane winds
covered large portion of the model domain (Fig. 2) and thus
can temporally affect the ocean circulation. To evaluate the
impact of the hurricane on the circulation, the total stream
function, 1, is calculated from the vertically averaged velocity
field, (U, V), integrated across the domain, starting from ) =0
on land (assuming surface elevation is smaller than water
depth, n « h).

vy, 1) = ~HTUGy b y)dyor (x,y,0) =TV (x,y, 0h(x,y)dx
| ’ (1a,b)

where

Ux,y,t) = [u(x,y,z,t)dz and V(x,y,t):[v(x,y,z,t)dz

7 (2a,b)

z

so that

0 0 ou oV
U:——w V:—w and —+—=0

oy ' ox o oy (32,b,¢)

The stream function in experiment 4 is shown for
2 days, October, 8, 2016, when the hurricane was near
the northern coast of Florida (Fig. 7a) and October 10,
2016, when the hurricane moved offshore off Cape
Hatteras, North Carolina (Fig. 7b). When the hurricane
was located close to the coast around 30°N, the genera-
tion of a clockwise circulation cell around the high value
in red (Fig. 7c shows the difference between experiment 4
and experiment 1) could potentially increase the GS trans-
port in the SAB by ~5 Sv (0y/0x > 0 in Eq. 3b). However,
when the hurricane moved offshore around 35°N, an an-
ticlockwise circulation cell around the low value in blue
(Fig. 7d) was generated, forcing currents in the direction
which potentially can reduce the GS transport by almost
~15 Sv. The impact on the circulation due to the FC
transport alone (without wind) can be evaluated from the
difference between experiment 5 (“FC”) and experiment
1. When the inflow into the model was reduced, the GS
transport was reduced by ~4 Sv on October 8 (Fig. 7e)
and by ~10—15 Sv on October 10 (Fig. 7f). The combined
impact of the winds and FC is in general agreement with
the transport reduction shown in Ezer et al. (2017). Note
that in the real ocean, the hurricane affects both the FC
and the GS downstream, but in the model experiments,

the two factors are separated to better understand the
mechanism and pattern behind each impact and this is
reflected in the differences between Fig. 7d, f.

3.3 The impact of the hurricane on surface
temperatures and stratification

The impact of hurricanes on cooling of sea surface tempera-
tures (SST) along the storm’s path has been studied before
(Bender and Ginis 2000; Shay et al. 2000; Li et al. 2002;
Oey et al. 2006, 2007; Yablonski et al. 2015), but the mecha-
nism may be more complex when the underlying ocean cur-
rents involve strong flows such as the GS. Figure 8 shows the
SST and its changes when the hurricane started moving off-
shore and was located just off Cape Hatteras in October 10,
2016. Note that without long-term simulations with observed
heat fluxes and data assimilation of the GS location and
eddies, the model temperature in Fig. 8a (experiment 4) is
not expected to resemble the real SST (and the GS path is
probably a little too far north). Therefore, the focus here is
on the changes in SST (relative to “No Hurricane” case, ex-
periment 1) that were caused by surface winds (Fig. 8c;
experiment 2), surface heat flux (Fig. 8; experiment 3) and
both, winds + heat flux (Fig. 8b; experiment 4). A cooling of
~1-4 °C in SST is seen (Fig. 8b), but with very large spatial
variations, including some warming on the onshore side of the
GS front. The pattern of SST change for this hurricane is quite
extensive and different than the typical cooling pattern seen in
the wake of the path of other hurricanes (see for example, Fig.
3 in Bender and Ginis 2000, or Fig. 7 in Oey et al. 2007). The
experiment with wind only (Fig. 8c) shows that these spatial
variations are the result of the interaction of the wind with the
GS—impact includes cooling along the warm core of the GS
and (relative) warming of the onshore side of the GS and near
the cold-core ring around 70°W, 38°N. In additional to the
mixing effect of the wind, a slight northward shift of the GS
front in the MAB (relative to the “no hurricane” case) can also
cause this relative warming of the onshore side of the GS. The
experiment with heat flux only (Fig. 8d) indicates a cooling
trend everywhere, but especially large cooling on the shelf and
the onshore side of the GS. It is expected that larger SST
cooling will occur in regions with shallow continental shelves
and shallow mixed layers, as documented in other studies
(e.g., Oey et al. 2006, 2007).

To further look at the vertical extension of the impact, east-
west cross sections of temperature across 38°N are shown in
Fig. 9 (same experiments as in Fig. 8). The sea surface height
(SSH) and stratification along this section (Fig. 9a) indicate
that the section crosses the GS at ~73°W and crosses a cold-
core ring at ~70-71°W. As shown in Fig. 8c, most of the
spatial variations were due to the impact of the wind
(Fig. 9c), which caused cooling of the continental shelf by
upwelling and cooling of the upper ~ 50 m by vertical mixing.
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Fig. 8 a Model sea surface
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everywhere above ~30 m (Fig. 8d). As shown by Oey et al.
(2006), hurricanes can generate internal waves and very strong
vertical velocities in their wake which may explain some of the
variations in Fig. 9c. However, a more detailed study of these
convective processes and breaking of internal waves will re-
quire the usage of non-hydrostatic models (e.g., Legg and
Adcroft 2003), which is beyond the scope of this study.

3.4 The impact of the hurricane on kinetic
and potential energy

To see how the hurricane impacted the upper ocean flow and
the upper ocean stratification, the changes in mean kinetic
energy and mean potential energy during the hurricane are
estimated. The mean kinetic energy per unit mass of the upper
50 m averaged over the entire model domain is defined by

KE(t) =Oijj ?

VOL 'y =—50m [u(x,,2,0 + v (x,3,2,0)? | dxdyz , (4)

0
VOL =[] [ dxdydz

xy z=—50m

and the relative mean potential energy change per unit mass is
defined here by

0
X, ,Z,t_ APAR
PEG) = 5] Zp(y )=Po(x,,2)
VOL Xy z=—50m Po ()C, Vs Z)

dxdydz (5)

where the reference density p, is the initial condition prior to
the hurricane. In (5), cooling and increased density would

result in more negative PE (z<0), i.e., less energy is needed
to mix the water column. One should not expect a balance
between KE and PE in the upper 50 m, as input of wind energy
involves momentum and heat exchange with deeper layers
and the generation of eddy kinetic energy. The main purpose
of these calculations is to evaluate the impact of the hurricane
on the flow (4) and stratification (5). Therefore, the changes in
upper ocean KE and PE are calculated as the difference of
each case with the “no hurricane” (experiment 1), and the
results are shown in Fig. 10. The maximum KE due to the
hurricane winds (Fig. 10a) occurred on October 7. Note the
slightly larger KE for “WIND only” (experiment 2) case com-
pared with “WIND+HF” (experiment 4); the additional
cooling in the WIND + HF case increases the density of the
upper layers, thus reducing velocities since more energy is
needed to move a layer with a larger mass. As expected, the
impact of “HF” (experiment 3) or “FC” (experiment 5) alone
on KE is much smaller than the wind impact. The reduction of
the FC transport in the latter experiment seems to affect mostly
the total transport (Fig. 7f) and much less so for the mean
surface flow, except near the GS itself.

The change in PE is somewhat less expected, especially the
“WIND” only case (green line in Fig. 10b) that indicates
relative net warming of the upper layers despite the induced
mixing. All the other cases indicate net cooling of the upper
layers which increases density there and resulted in more neg-
ative PE. In the “WIND” only case, in addition to local
warming spots near the GS front, most of the southeastern part
of the model domain has warmed by advection of warm

Fig. 10 Daily changes in the 0.04 (a) Average Change in Kinetic Energy (top 50m)
average a kinetic energy and b ’ I ' I I I I I
potential energy for the different
experiments (in different color 0.03 7
lines as indicated). The changes o~
. . wv
are the anomalies relative to the g 0.02 - -
. M
control run (no hurricane case). = ‘\
The values are energy per unit < 0.01 4
mass averaged over the upper
50 m of the entire model domain 5
| | 1 | 1 |
6 7 8 9 10 11 12 13 14
Day in October
0.005 (b) Average Change in Potential Energy (top 50m)
. T T Z T T
' WIND
0 -
FC
~_ -0.005 [ s
%]
&
g -0.01 -
(W8]
S _0.015 HE -
-0.02 i
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-0.025 ] ] 1 ] 1 1
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waters from the south (Fig. 8c). This slight warming is ex-
plained by the fact that most of the model domain was under
the influence of the northward winds east of the eye of the
storm. The largest reduction in PE is for the “WIND+HF”
case which induced more cooling than the separate impacts
of “WIND” + “HF”. This result indicates the non-linear na-
ture of the surface forcing where the maximum impact is ob-
tained when wind-induced mixing is combined with surface
heat loss. The impact of FC alone is a very small reduction in
PE when the transport of the FC is reduced and the rate of
warm waters advected from the Florida Strait downstream is
reduced. One of the important conclusions from Fig. 10 is the
difference in timing between the immediate KE increase by
the hurricane winds (peak KE on October 7) and the delay
response of PE that seems to last for days after the hurricane
had dissipated. The disruption to the GS flow and erosion of
the stratification can keep the GS in a state of weaker than
normal flow (and elevated coastal water levels, as discussed
before) for days after the hurricane disappeared. One can es-
timate how long it would take for the GS to completely recov-
er by only advection of new warm waters from the Florida
Strait downstream (neglecting wind and heat fluxes). At ve-
locity speed of ~1 ms™", it would take warm waters from the
Florida Strait almost a month to reach the northeastern part of
the GS (~2500 km away). This can explain the unpredictable
minor tidal flooding that are often observed following remote
storms far away from the flooding area (Ezer and Atkinson
2014, 2016; Ezer et al. 2017).

4 Summary and conclusions

The interconnections between variations in the GS flow, var-
iations in coastal sea level, and Atlantic Ocean variability over
wide range of time scales have been an area of intense research
in recent years. The long-term implications are related for
example, to climate change and sea level rise acceleration
due to potential GS slowdown (Sallenger et al. 2012; Ezer et
al. 2013) while short-term variability is related for example, to
increase in the frequency of minor tidal flooding (Ezer and
Atkinson 2014), or the indirect effect of a hurricane on ocean
dynamics (Ezer et al. 2017; Ezer 2018). Recent “clear-day”
floods in coastal cities such as Norfolk, VA, often last several
days after hurricanes passed off the Florida coast, even though
the hurricanes remained thousands of kilometers away and
never made landfall; examples are Hurricane Joaquin [2015]
and Hurricane Matthew [2016]. A recent study of Hurricane
Matthew (Ezer et al. 2017) used various observations and
output from a coupled ocean-atmosphere operational forecast
system to describe the disruption that the hurricane caused to
the GS flow, which temporally weakened the GS and contrib-
uted to elevated coastal sea level (in addition to the storm
surge). Following the above study, sensitivity experiments

with a regional ocean model are conducted here to better un-
derstand the interplay between the hurricane, the GS and
coastal sea level, using data from Hurricane Matthew.

The results demonstrate the distinctly different impact of
surface heat loss versus surface wind stress versus the impact
of the FC by comparing simulations with different forcing
with simulations of the GS without the hurricane. Because
of the passage of that hurricane near the strong currents of
the GS, the pattern of SST change had much more spatial
variations than usually seen in the wake of a hurricane (e.g.,
see Bender and Ginis 2000). The wind mixing and its interac-
tion with the GS caused spatial changes to upper ocean tem-
peratures near the GS front and near eddies (with local
warming at some locations) while surface heat loss caused a
more even cooling that is enhanced in shallow regions. The
coastal sea level response to wind-driven storm surge is large
near the storm, but that anomaly lasts for only a short period of
few hours, while the response to disruption to the GS or relat-
ed weakening of the FC seemed to last for days after the
hurricane disappeared. Analysis of kinetic and potential ener-
gy confirms that it takes a long time for the stratification to
recover after a hurricane—a week after the peak of the
hurricane-induced kinetic energy, the potential energy
remained low. This result can explain the observations that
show elevated water levels and minor tidal flooding for days
following a hurricane. Better understanding of these remote
influences on coastal sea level can help to improve prediction
models, which rely mostly on local wind, but have difficulty
in accounting for indirect remote influence associated with
ocean dynamics.
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