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ARTICLE INFO ABSTRACT

Article history: In October 7-9, 2016, Hurricane Matthew moved along the southeastern coast of the U.S.,
Received 2 March 2017 causing major flooding and significant damage, even to locations farther north well away
Received in revised form 18 July 2017 from the storm’s winds. Various observations, such as tide gauge data, cable measurements
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Available online 27 October 2017 of the Florida Current (FC) transport, satellite altimeter data and high-frequency radar data,

were analyzed to evaluate the impact of the storm. The data show a dramatic decline in
the FC flow and increased coastal sea level along the U.S. coast. Weakening of the Gulf

Keywords: Stream (GS) downstream from the storm'’s area contributed to high coastal sea levels farther
Coastal currents . . . .

Sea level north. Analyses of simulations of an operational hurricane-ocean coupled model reveal the
Hurricanes disruption that the hurricane caused to the GS flow, including a decline in transport of
Flooding ~20Sv (1Sv=10%m?3s~'). In comparison, the observed FC reached a maximum transport
Gulf stream of ~40 Sv before the storm on September 10 and a minimum of ~20 Sv after the storm on
Florida current October 12. The hurricane impacts both the geostrophic part of the GS and the wind-driven

currents, generating inertial oscillations with velocities of up to +1 ms~!. Analysis of the
observed FC transport since 1982 indicated that the magnitude of the current weakening
in October 2016 was quite rare (outside 3 standard deviations from the mean). Such a large
FC weakening in the past occurred more often in October and November, but is extremely
rare in June-August. Similar impacts on the FC from past tropical storms and hurricanes
suggest that storms may contribute to seasonal and interannual variations in the FC. The
results also demonstrated the extended range of coastal impacts that remote storms can
cause through their influence on ocean currents.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Hurricane Matthew developed in the Caribbean in late September 2016, and quickly intensified from cate-
gory 1-5 (maximum wind of 260kmh-1), before weakening to category 3-4 when moving northward across Cuba
and Haiti and causing significant damage and loss of life. During October 7-9 the hurricane moved along the
coasts of Florida, Georgia, South Carolina and North Carolina, before looping east and dissipating. The southeast-
ern States suffered several billions of dollars of damages, mostly due to large amount of rain and storm surge
flooding (see the National Hurricane Center, http://www.nhc.noaa.gov/, and various weather news reports such as
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https://weather.com/storms/hurricane/news/hurricane-matthew-bahamas-florida-georgia-carolinas-forecast). Tide gauge
data along the storm passage show that storm surges reached water levels of ~1-1.5m in Fernandina, FL, Pulasky, GA,
Charleston, SC, and Wilmington, NC (all levels are relative to Mean Higher High Water, MHHW). However, somewhat sur-
prising was that water levels farther away from the storm were also raised significantly, for example to ~1 m (MHHW) in
Norfolk, VA, and 0.3-0.5 m in other locations in the Chesapeake Bay and the Atlantic coast (as far as the New Jersey coast,
as shown later). Significant flood damage to houses in Virginia Beach may be attributed to street flooding due to extreme
rainfall that could not drain because sea levels were high at the same time. Interestingly enough, a similar phenomenon of
high water levels in Norfolk happened a year earlier (September-October 2015) when hurricane Joaquin was located well
offshore- details of the sea level during this storm was reported in a recent study (Ezer and Atkinson, 2017). This latter study
also demonstrated some predictability skill in using the Florida Current measurements to infer high water levels in Norfolk.

One possible hypothesis for how a remote storm can influence coastal sea level along the U.S. East Coast is through the
impact of the storm on the Gulf Stream (GS). Weakening in a western boundary current transport will decrease the seaward
sea level slope across the current (i.e., the GS) and increase coastal sea level on the onshore side of the current; this idea
was suggested decades ago (Blaha, 1984) and confirmed by recent observations (Ezer et al., 2013, Ezer and Atkinson, 2014,
2017; Ezer, 2015, 2016) and numerical models (Ezer, 2001, 2016; Goddard et al., 2015). On long time-scales, studies suggest
that recent sea level acceleration on the U.S. East Coast may be partly driven by climate-related slowdown of the Atlantic
Meridional Overturning Circulation (AMOC) (McCarthy et al., 2012; Smeed et al., 2013) and a weakening Gulf Stream (Boon,
2012; Ezer and Corlett, 2012; Sallenger et al., 2012; Ezer et al., 2013). However, these long-term variations in the GS are
relatively small and involve also basin-scale decadal and longer variations that are not directly related to coastal sea level.
On the other hand, large short-term fluctuations in the GS transport (order of ~5-10 SV within few days) are quite common,
and there is growing evidence that these variations can be detected within days in coastal sea level records. The short-term
variations can cause unexpected tidal 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 (with very short
lag of hours to few days) was recently explored by numerical simulations (Ezer, 2016). The simulations demonstrated how
variations in the FC transport with periods of 2-10 days can create a fast moving barotropic signal downstream along the GS
path that then ignites coastal trapped waves that result in coherent sea level variations along long stretches of the U.S. East
coast. It should be noted that while the focus of our study is on the portion of coastal sea level variability that is contributed
by ocean dynamics, impact from variations in wind and atmospheric pressure (through the inverted barometer effect, IB)
are of course, very significant. IB variability on interannual and multidecadal time scales may contribute as much as 10-30%
of the sea level signal (Piecuch and Ponte, 2015) and wind plays a major role on these scales as well (Piecuch et al., 2016;
Woodworth et al., 2016). IB and wind could play even larger roles in short time scales associated with tropical storms and
hurricanes.

The impact of storms and hurricanes on the ocean is often focused on the heat loss and the cooling effect of surface
temperatures (Bender and Ginis, 2000; Shay et al., 2000; Li et al., 2002; Oey et al., 2006, 2007; Yablonsky et al., 2015), while
less attention is given to the impact on ocean currents. Some modeling studies demonstrate that hurricanes can significantly
alter even strong ocean currents: for example, Hurricane Wilma (2005) caused intensification of the Loop Current (Oey et al.,
2006), while Hurricane Bill (2009) created a large temporary reduction of the GS transport north of Cape Hatteras associated
with deepening of the mixed layer and reduction of stratification (Kourafalou et al., 2016); the latter study found similar
impacts from several other hurricanes. Winter storms moving over the warm GS can also have significant impact on both
air-sea heat fluxes and GS currents (Li et al., 2002). Note that while the focus here is on the interaction of Atlantic Ocean
hurricanes with the Gulf Stream, similar interactions between Pacific Ocean Typhoons and the Kuroshio have also been
studied (Wu et al., 2008; Liu and Wei, 2015), so influence from storms on western boundary currents and ocean circulation
may be an important issue for further research.

In this study, several direct and remote sensing data sources, as well as simulations from an operational hurricane-ocean
coupled model, are analyzed to reveal the impact of Hurricane Matthew (2016) on ocean currents and coastal sea level.
In particular, the goal is to focus not only on the direct impact of wind-driven storm surges which are quite well studied,
but also study potential indirect mechanisms where strong ocean currents are altered by the storm and then can influence
coastal sea level.

2. Data and models

Hourly water level records from tide gauge data along the U.S. coast were obtained from NOAA
(http://opendap.co-ops.nos.noaa.gov/dods/). These records have been used for various studies of sea level rise (Boon,
2012; Ezer and Corlett, 2012; Ezer, 2013). When calculating non-tidal daily values of WL anomalies from the hourly data,
errors are estimated to be around +5-10cm (i.e., values are expected to be within mean =+ error 95% of the time), and
the higher values were used during storms. The daily Florida Current (FC) transport has been available since March 1982
(with a major gap in data from October 1998 to June 2000) using the cable measurements across the Florida Strait at
~27°N (Baringer and Larsen 2001; Meinen et al., 2010). The FC cable data are available on the Atlantic Oceanographic
and Meteorological Laboratory web page (www.aoml.noaa.gov/phod/floridacurrent/) and are funded by the DOC—NOAA
Climate Program Office-Climate Observation Division. NOAA reports in this web site indicate quite unchanged error bars in
the daily value, about +1.6 Sv. The FC transport experienced seasonal and interannual variability, as well as modulations due
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Fig. 1. The operational forecast of the HWRF-POM model for Hurricane Matthew: (a) storm predicted track (“x” and blue line) and maximum wind field
(color in knots) for October 7-12, 2016; (b)-(d) are the surface ocean currents (vector for direction and color for speed) for October 7, 8 and 9, respectively
(data from http://www.emc.ncep.noaa.gov/gc.wmb/vxt/HWREF/). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

to remote Atlantic Ocean forcing (Domingues et al., 2016). However, short-term variability associated with tropical storms
and hurricanes has not been given much attention so far. The composite gridded satellite altimeter data were obtained
from AVISO (http://las.aviso.oceanobs.com/; AVISO, 2009). The Coastal Ocean Dynamics Applications Radar (CODAR) is a
land-based high-frequency (HF) radar with several stations distributed along the U.S. East Coast. Description and evaluation
of the radar data are found in Kohut et al. (2012), which found errors of surface velocities in these measurements to be
around +8 cms—.

To study the ocean response to hurricanes from a model perspective, output from NOAA'’s coupled operational Hurricane
Weather Research and Forecasting (HWRF) model (Yablonsky et al., 2015; Tallapragada et al., 2014) was utilized (using
the version available at the time of the storm, version MPIPOM-TC:MATTHEW14L). The Princeton Ocean Model (POM)
component of the coupled system has horizontal resolution of 7-9 km and 23 vertical terrain-following layers with higher
resolution near the surface; the model domain covers the western North Atlantic Ocean (10°N-47.5°N, 30°W-100°W).
Vertical mixing is provided by a Mellor-Yamada turbulence model. Observations are combined with feature-based models
to provide initial conditions that represent the Loop Current, the Gulf Stream and some mesoscale eddies in a more realistic
way than monthly climatology (see Yablonsky etal., 2015, for details). While the feature model initialization is quite idealized,
it nevertheless provides subsurface information that was not available in past hurricane prediction models that used only sea
surface temperature to represent the ocean. Assimilation of surface observed temperatures is done during a spin up period,
before the operational forecast started. Six-hour operational forecast fields of hurricane Matthew from HWRF originating
from October 7 and extending to October 12, 2016 were used. Fig. 1 shows the path of the hurricane and the HWRF-
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POM forecasted winds and surface currents during this period. This hurricane had an unusual track (Fig. 1a), hugging the
southeastern coast and then looping clockwise back offshore, in contrast with tracks of many other storms that often continue
straight toward the coast; this track thus caused the hurricane to spend several days in the vicinity of the Gulf Stream, which
may have resulted in a strong impact on the Gulf Stream current, as discussed later. Inaccuracies in the representation
of eddies, errors in predicting the model track and hurricane intensity will add to discrepancies between observed and
predicted sea level, as shown later. While evaluation of the hurricane model itself is beyond the scope of this study, the focus
here is on the impact of the hurricane on the GS and on sea level. It is quite clear that the hurricane’s winds affect surface
currents near the GS (Fig. 1b-d), but does the hurricane have an impact on the subsurface fields and does this impact last
beyond the few days (October 7-9) that the hurricane was close to shore? These questions will be explored using the various
data described above.

3. Results
3.1. Impact of Hurricane Matthew on coastal sea level

The motivation for this study comes from the recent discovery that unusually high water levels in the Mid-Atlantic Bight,
and in particular near Norfolk, VA, often occur on clear days without any nearby storm, but when the GS suddenly weakens
(Ezer and Atkinson, 2014, 2017; Ezer, 2016). This phenomenon can cause minor tidal flooding or make storm surges more
destructive. There are many different reasons for variations in the GS as measured by the FC cable (Baringer and Larsen, 2001;
Meinen et al., 2010; Domingues et al., 2016). There are ~3-4 Sv annual cycles and 2-3 Sv interannual and decadal variations.
However, these normal variations occur over long timescales and are an order of magnitude smaller than the ~10-20Sv
changes seen for example during a few days in October 2016. The impact of hurricanes on the GS is not widely discussed,
though it has been recently suggested to be significant (Kourafalou et al., 2016). Water level (WL relative to MHHW) in
Norfolk over a 3-months period (August to October 2016; Fig. 2a) was ~20-50 cm above the NOAA'’s predicted tide most
of this time, with particularly high water during the time when two hurricanes and a tropical storm were offshore in the
Atlantic. It is possible that several storms passing over the same region within a relatively short period of time would have
an accumulating impact on ocean mixing. For example, even though the sea level response in Norfolk to weaker storms, such
as Julia is quite small, it adds to the mixing caused by the stronger hurricanes, and may contribute to the FC decline seen
over several weeks. Because the coastal sea level response to short-term variations in the GS is seen within short period of
time (hours to few days) as reported before (Ezer and Atkinson, 2014, 2017; Ezer, 2016), it is difficult to separate between
the direct storm surge impact and indirect GS-related variations. Analysis (shown later) of geostrophic versus wind-driven
contributions to the GS flow may shed further light on the dynamics and the direct contribution of the wind. Note that due
to sea level rise, today some streets in Norfolk start to be covered with water during high tides when WL is only ~30cm
over MHHW (Ezer and Atkinson, 2014). These three storms in Fig. 2a were hundreds of kilometers away from Norfolk, so
the rise of water level was mainly attributed to the indirect effects of the storms and not from local wind-driven storm
surges. The observed FC transport across the Florida Straits (blue line in Fig. 2b) shows a dramatic decrease from ~40Sv in
mid September to ~20 Sv in mid October, with the largest decline during a few days when hurricane Matthew was near the
Florida coast. The large FC weakening over several weeks is probably the result of accumulating impacts from several storms
in addition to possible natural variations. The WL anomaly is anti-correlated with the FC transport (Fig. 2b) and with the
change in the FC transport (Fig. 2c). Note that although the FC-sea level correlation of —0.5 is statistically significant at 99%
confidence (i.e., the null hypothesis is rejected 99% of the time) it also means that only ~25% of the sea level variability is
related to (not necessarily caused by) FC variability, since other forces like air pressure and wind (Piecuch and Ponte, 2015;
Woodworth et al., 2016) have strong influence on sea level. A more detailed statistical analysis of the GS-WL correlations
and the implications for predictability of coastal sea level are included in a recent study (Ezer and Atkinson, 2017). The daily
change in transport is a good indicator for a sudden rise in WL (see the three peaks in WL between days 270-285 in Fig. 2c).
Unfortunately, during Hurricane Hermine (which caused significant flooding in Norfolk) the FC cable did not record any data
(days 243-252 in Fig. 2b). Analysis by Ezer et al. (2013) of a simple geostrophic balance of a barotropic current flowing along
the coast show the two ways in which the GS can influence coastal sea level, explaining why both, the GS strength itself
(Fig. 2b) through the change in the sea level slope across the current and changes in the GS flow (Fig. 2¢) through on/offshore
transport variations can be related to variations in coastal sea level.

During the period when Hurricane Matthew moved along the southeastern U.S. coast until it dissipated (October 7-12,
2016) coastal sea level rose from Florida to New Jersey, as shown by the tide gauge data and the model output (Fig. 3). The
largest impact (and a more accurate model prediction) is seen in the SAB from Florida to North Carolina (hours 20-30),
where direct storm surge was observed and predicted. An increased water levels in the MAB, as far north as Atlantic City
can also be seen about 2 days later (hours 60-80), but the model did not accurately predict the timing and amplitude of the
WL rise farther north. Model-data comparison of the maximum coastal sea level rise during those 5 days (Fig. 4) indicates
that while the model may have captured the general pattern of sea level rise along the coast, the forecast underestimated
the water level rise in most stations. This discrepancy is expected because of the idealized initialization and the fact that the
ocean model component of the HWRF-POM system does not have high enough resolution and detailed coastal topography
(compared with latest storm surge models).



T. Ezer et al. / Dynamics of Atmospheres and Oceans 80 (2017) 124-138

128
15 (a) Norfolk Hourly Water Level (Aug-Oct 2016)
. T T T T T T T T T
Obs. WL H. Hermine H. Matthew
. Tide pred. )
i 05 WL anom TS Julia (T " ’ i
%’ 1111 [ WS | l L il ““ N \H “" ‘ ”““‘H I z H1| -
B ofififhib. o sl A i Al
| Wil |
05 IM ‘ ! “hh (HRRORARETE i |“\”’H\’ l” ‘ ‘lw ( 4
il
_1 1 1 1 1 1 1 1 1
220 230 240 250 260 270 280 290 300
Day

a0 (b) FC Daily Transport vs. WL Anom. (R=-0.5)
- T T a . T T T

WL Anom. (m)

0.5

1-0.5

WL Anom. (m)

1 1 1 1 1 1 1 1 1
220 230 240 250 260 270 280 290 300
Day

Fig. 2. (a) Hourly water level (WL) data (relative to Mean Higher High Water, MHHW) from the tide gauge at Sewells Point (Norfolk, VA; for location, see
Fig. 1); red, blue and green lines represent the observations, the tidal prediction and the anomaly (observed-predicted), respectively. Also indicated are
the periods when two hurricanes and a tropical storm were located offshore in the Atlantic (none of these storms came close to Norfolk). (b) Daily Florida
Current (FC) transport from the cable across the Florida Strait (blue line, in Sv; dash lines are estimated errors) and the daily averaged WL in Norfolk (green
line, in m; dash lines are estimated errors). (c) Same as (b), but for the FC transport change (in Sv per day). The correlation between WL and FC are indicated.
Note that during Hurricane Hermine the FC cable stopped working (gap in days 243-252). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

3.2. Impact of Hurricane Matthew on the Gulf Stream

Since there are no observations of the thermal and velocity fields throughout the water column during the passage of
the hurricane, the model simulations are used to better understand the impact on the GS. Even if the operational model has
some discrepancies with the real ocean, especially due to the initialization of subsurface fields, it can still provide a tool to
better understand the mechanism involved. Fig. 5 demonstrates how the hurricane disrupts the GS flow structure in the
Mid-Atlantic Bight (MAB; Fig. 5a and b) and in the South Atlantic Bight (SAB; Fig. 5c and d), and how temperatures change in
the SAB during this period (Fig. 5e and f). It also shows the decrease of sea surface elevation gradient across the GS, while sea
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Fig. 3. Coastal sea level along the coast between October 7 and October 12, 2016 (6-hourly). Solid and dash red lines are the tide gauge data and the
estimated errors, respectively (the tides were removed with a 24-h running filter). Blue lines and circles are from the model (at the model grid points
closest to the tide gauges). Lines are vertically shifted for clarity with the locations arranged from north (top) to south (bottom); the stations are located at
the following latitudes: 39.36°N, 38.78°N, 37.61°N, 36.95°N, 36.18°N, 34.23°N, 32.78°N, 32.03°N, 30.67°N and 24.56°N. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

level was raised near the coast (gray area in all panels of Fig. 5). In the SAB (29°N; Fig. 5c and d) the impact of the hurricane is
the most dramatic. At the beginning of the period when surface wind-driven currents are in the direction of the FC (Fig. 1b) a
strong northward shallow flow is seen at the top ~70 m (Fig. 5¢) which coincides with the depth of the thermocline (Fig. 5e).
However, by October 12, after the hurricane already passed this area, the GS was weaker and deeper (to depth of ~500 m),
and strong southward flow along the coast (blue in Fig. 5d) was accompanied by increased sea level toward the coast and
upwelling of cold water is seen along the slope (Fig. 5f). A recent study of the impact of hurricanes on the GS extension north
of Cape Hatteras shows a deepening of the mixed layer depth from 10 to 30 m (Kourafalou et al., 2016), but in comparison,
the near coast impact seen here may be more complex as it involves additional coastal processes such as upwelling and
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Fig. 4. Maximum water level rise (6-h averages) relative to October 7, 2016, for the locations in Fig. 3. Blue and green bars represent the observed and the
model data, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

coastal waves. It should also be noted that local ocean conditions such as stratification strength, currents direction and wind
prior to the path of the storm could largely influence the amount of deepening of the mixed layer during the storm.

There are several potential ways in which the hurricane can influence ocean currents. First, direct wind-driven currents
are generated near the surface due to the strong winds, this can be seen in Fig. 1b-d; this contribution will be marked
as Vi, (“w” for wind-driven). Second, the mixing induced by the wind and waves can disrupt the density field (i.e., Fig. 5)
eroding the GS front and affecting the geostrophic component of the flow; this contribution will be marked as V; (“g” for
geostrophic). The geostrophic contribution to the surface flow can be estimated from the sea level slope, (Ah/Ax) across the
GS, Vg =(g/f)(An/Ax), where g is gravity and fis the Coriolis parameter for that latitude (assuming the GS flows northward
and is at first order in a geostrophic balance). The center of the GS can be defined as the location with the maximum surface
slope. There are also other secondary impacts such as wind-driven Ekman transport to the right of the wind direction,
potential upwelling/downwelling flows, internal and inertial waves and possibly GS meandering and eddies. However, for
simplicity we assume that the surface flow in the model includes only two contributions, geostrophic and non-geostrophic
flows, Vs =Vg + V. It is assumed here that the wind-driven component dominates the non-geostrophic flow. Fig. 6 shows
how the three terms of the surface flow change over time for the center of the GS across three sections: the lower MAB
(Fig. 6a), the central SAB (Fig. 6b) and in the Florida Strait (FS; Fig. 6¢). The wind-driven portion is responsible for variations
of ~0.5ms~! in the FS (Fig. 6¢), ~1 ms~! in the MAB (Fig. 6a), and as much as ~2.5ms~! in the central SAB (Fig. 6b); the
strongest response is in the first couple of days when the hurricane was located offshore the SAB. Note that in the first few
days the wind blew mostly against the direction of the FC flow (the hurricane’s eye was located east of the Florida Strait,
so the anti-clockwise wind pattern implies a southwestward flow)- this contributed to weakening of the FC from hours
35-115, when the geostrophic portion of the flow (red line) shows a drop from ~1.8 ms~! to ~0.9ms~! (Fig. 6¢). This drop
is consistent with the assumption that the mixing is eroding the density gradients under the GS. Another interesting result is
the large oscillations in Vy, that are seen first in the SAB (hours 10-50; Fig. 6b) and later in the MAB (hours 60-120; Fig. 6a).
The amplitudes of those oscillations are comparable to the GS flow itself, and their period of ~27, 25 and 20 h, for latitudes
27°N, 29°N and 36°N, respectively, match nicely the expected periods of inertial oscillations, T=2/f. The surface velocity is
dominated by these wind-driven inertial oscillations during a period of ~2-4 days. The trends in the geostrophic velocity in
the SAB and MAB are quite different- an increase in Vg in the SAB as the GS structure recovers from the storm and the flow is
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Fig.5. East-west model cross-sections across the Gulf Stream for October 8 (left panels) and October 12 (right panels). From top to bottom are the northward

velocity at 36°N (a and b) and at 29°N (c and d), and temperature at 29°N (e and f); white contour in the velocity plots indicate zero. Sea surface height
(SSH in cm) is shown by the gray area.

adjusted to the change in the density field, while Vg is decreasing in the MAB when the impact of the storm reached farther
north a few days later.

The GS transport is only directly measured at the Florida Straits (~27°N), but the model indicates that the impact of the
hurricane extends farther downstream (~65°W, 38°N), with a decrease of ~20 Sv in the GS transport between October 8th
and 12th as seen in the model stream function (Fig. 7). This model result is consistent with the ~20 Sv observed reduction
of transport of the FC (Fig. 2b). Coherent large-scale variations in the GS transport along its path have been also indicated
in other recent studies (Zhao and Johns, 2014; Domingues et al., 2016; Ezer, 2016), pointing to a mechanism involved
fast moving barotropic waves adjustment that immediately spread a signal throughout the length of the GS. An additional
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source of data that shows the impact of the storm is the sea surface height anomaly (SSHA) of satellite altimeter data (Fig. 8).
When Matthew was just developing in the Caribbean Sea in late September, SSHA was mostly negative along the U.S. coast
(including the Chesapeake Bay where Norfolk is located), but a few days after the storm moved away from the coast, the
entire coast remains with anomalously high water and a continuous line of high SSHA is seen along the edge of the GS
from Florida to the GS extension. Other satellite data can also be used to evaluate the coastal response and to look at the
impact of the hurricane on changes in oceanic heat content (Oey et al., 2006, 2007), but here the altimeter data is only used
qualitatively to demonstrate the spatial extent of the hurricane.



T. Ezer et al. / Dynamics of Atmospheres and Oceans 80 (2017) 124-138 133

s (a) Stream Func. (Sv) 08oct 06h

Latitude (N)
n n w w w w w D
(o>} oo o N S » oo o

n
K

n
N

Longitude (W)

(b) Stream Func. (Sv) 12oct 00h

o
)

Latitude (N)
n n w w w w [ S
()] [e5] o n S (&) o o

n
i

n
N

-80 -75 -70 -65
Longitude (W)
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contours indicate positive/negative values.

Additional observations of surface currents are also available from several land-based HF coastal radars (Kohut et al.,
2012). While these measurements aim to study and monitor surface currents on the shelf and in estuaries (Paduan et al.,
2004), near Cape Hatteras, NC, the GS is close enough to the coast that the radar can capture part of the GS (Fig. 9a and
b). After the hurricane passed the region, the surface currents across the GS are less organized and generally weaker. The
maximum current speed across the GS declined from ~1.75ms~! in 6-October to ~1.5ms~! in 9-October and to as low as
~0.65ms~! in 11-October (Fig. 9¢); the lowest velocities are about 50% of the typical surface velocity of the GS, and this
decline is in line with the other observations shown before.

3.3. Florida current variability and storms

The various data sources describe here show a significant short-term impact on the GS from one storm (Hurricane
Matthew, 2016). Anecdotal evidence from other storms such as Hurricane Sandy (2012) and Hurricane Joaquin (2015), show
similar patterns of weakening GS and rising sea levels in wide coastal regions far away from the direct impact of the storm.
Examples of GS-sea level correlation patterns similar to Fig. 2 (but for other years) can be found for example in Ezer and
Atkinson (2014, 2015, 2017). Some questions that this study poses include: 1. How often do events of such a large temporary
decline in the GS occur, and 2. Can these events influence the general variability of the GS and the seasonal pattern. Therefore,
the daily FC transport record for 1982-2016 was analyzed (note a 1.5-year gap in the data during 1998-2000). Fig. 10a and
b shows the histograms of the daily transport and the daily change in transport of the FC, respectively. Note the logarithmic
scale to emphasize the extreme cases. It is clear that both histograms are not symmetric relative to the mean, with more
cases of extremely weak or extreme weakening FC than cases with extremely strong FC. The FC weakening during Hurricane
Matthew is very rare, outside 3 standard deviations; during ~35 years of data there were only ~20days with similar or
weaker FC. These rare events of very weak FC have a clear seasonal pattern (Fig. 10c and d), they occur mostly during the
fall when hurricanes and tropical storms develop (October-November), sometimes during early spring (March-April) and
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almost never in the summer (June-August). More research is needed to statistically correlate this seasonal pattern in extreme
FC events with the number of storms, their location relative to the GS and the duration they spent over the region. However,
several individual cases of extremely weak FC coincide with the existence of nearby tropical storm or hurricane. Since storms
do have a seasonal pattern, it is quite possible that they have some effect on the seasonal pattern of the FC, but this is a topic
for further studies.

4. Summary and conclusions

Hurricane Matthew, which caused significant damage in the southeastern U.S. in October 2016, had quite an unusual
path, hugging the coasts of Florida, Georgia, South Carolina and North Carolina without making a significant landfall and
then looping eastward and away from the coast. Therefore, the hurricane stayed off the SAB coast for an unusually long
period, having sufficient time to influence ocean currents and large stretches of coasts. In addition, flood damage farther
north and well away from the direct influence of the storm happened when heavy rain was combined with high water levels
that prevented draining of flooded streets. Based on past experience (Ezer and Atkinson, 2014, 2015, 2017; Ezer, 2016) it has
been suggested that a weakening Gulf Stream following the storm may have contributed to high water levels in the MAB.

To evaluate the impact of the hurricane on the ocean, four different sources of data were analyzed: cable measurements
across the Florida Straits that measured the FC transport, satellite altimeter data that measured SSHA, coastal HF radar that
measured surface currents and output from the operational HWRF coupled hurricane-ocean model. All those data, including
the model results, indicate that the hurricane caused a dramatic decline in the GS flow, it disrupted the thermal structure
of the GS and increased coastal sea level along the path of the GS, even for locations out of the reach of the hurricane itself.
The transport in the Florida Straits, the subsurface GS in the SAB and the MAB, as well as the surface GS currents off Cape
Hatteras all declined by about 50% during a period of a few weeks, with a more dramatic decline within days during the
period of the hurricane itself. The sea level rise along the coast from Florida to New Jersey combine both storm surge in
the vicinity of the storm in the SAB, as well as indirect contribution from the weakening of the GS and the reduction of sea
level gradients across the stream. The impact of the storm lasted for several days after the storm passed, as the baroclinic
structure of the GS recovered from the disruption. Analysis of the model simulations helped to separate between changes
in the geostrophic velocity and non-geostrophic (mostly wind-driven) velocity. The wind-driven component includes the
generation of inertial oscillations with velocities comparable to the GS itself (~1ms~1).

In view of the variability of the observed daily FC since 1982, extreme events (when the FC transport is below 20 Sv or
the daily decline is 4 Sv or more) occur quite rarely, outside 3 standard deviations from the mean. These events have clear
seasonal pattern (more extreme weak FC events in October-November) that suggests a possible contribution to the seasonal
variability of the FC transport with lower transport during the hurricane season. Monthly mean FC transport since 1982 (not
shown) indicates a difference between the maximum mean transport (in July) and the minimum transport (in November)
of ~3 Sv (this is slightly different than the seasonal cycle of the first 16 years with a minimum in January, as reported by
Baringer and Larsen, 2001). However, if variations outside 1 standard deviation are excluded, the amplitude of the seasonal
FC transports is only ~1 Sv. This difference is not statistically significant, but points to the possibility that extreme events
may contribute to the seasonal cycle. Moreover, interannual variations in the number, intensity and path of tropical storms
can add to other interannual influences on the FC, such as the impact of the North Atlantic Oscillations and remote forcing
(Domingues et al., 2016). In addition to the ocean dynamic influence, the low atmospheric pressure near storms can also
impact variations in sea level (short-term and long-term) through the inverted barometer effect (Piecuch and Ponte, 2015).
This study adds to the growing evidence that remote influence on coastal sea level from variations in ocean circulation is an
important factor that should be considered in prediction models.
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