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A B S T R A C T

Hurricane Dorian (28-August to 6-September 2019) was one of the most powerful hurricanes ever recorded in
the Atlantic Ocean; it had disastrous impact on the Bahamas, before moving along the southeastern coast of the
U.S. The unusual track of Dorian followed the track of hurricane Matthew (2016)- both hurricanes moved along
the Gulf Stream (GS) without making a significant landfall and both seemed to weaken the flow of the GS by
almost 50%. In the case of Dorian, the transport of the Florida Current (FC) measured by the cable across the
Florida Straits had dropped from 34.7 Sv (1 Sv = 106 m3/s) on 22-August before the storm, to 17.1 Sv on 4-
September (the lowest recorded value since measurements started in 1982). Two questions that this study tried
to answer are: 1. Did the disruption that Dorian caused to ocean currents off the Florida coast affect the large-
scale Gulf Stream (GS) dynamics downstream? and 2. Was there a long-term impact on the GS flow and on
coastal sea level? Satellite altimeter data showed that the signal of the hurricane's impact on reducing the GS
flow near the Florida coast is seen as far as 4000 km downstream along the GS path 50 days later. This long
period of a weakened GS flow can elevate coastal sea level and increase flooding in the days and weeks after
offshore storms already disappeared. The observed FC transport was found to be significantly correlated with the
downstream GS velocity as far as 50°W and was anti-correlated with sea level along the entire U.S. East Coast.
The density and velocity anomaly created by the hurricane's cooling and mixing near the Florida coast seemed to
propagate downstream with the GS flow at ~1 m/s, but slow-moving baroclinic waves with propagation speed of
~0.1 m/s were also observed along the GS path. The results of this study may have implications for the indirect
impact of storms on large-scale ocean circulation, coastal processes and the response of coastal ecosystems to
offshore changes.
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1. Introduction

Hurricane Dorian was one of the most powerful hurricanes ever
recorded in the Atlantic Ocean, reaching category 5 and maximum
winds of ~295 km/h (~82 m/s) and central low pressure of 910 mbar.
It became a hurricane on August 28th, 2019 and made landfall in the
Bahamas on September 1 with disastrous results (Zegarra et al., 2020).
After stalling for a couple of days, it moved on September 3 toward the
U.S. coast and followed the coast without making significant landfall
until moving away toward the open Atlantic Ocean and Canada on 6-

September. The track of this hurricane was quite unusual as the hur-
ricane stalled near the Bahamas for a relatively long time and then
followed the path of the Gulf Stream (GS) along the southeastern coast
without making significant landfall. The track of Dorian was similar to
the track of hurricane Matthew (2016). Matthew was the subject of
recent studies that found that the hurricane significantly disrupted the
flow of the GS, weakening its flow by almost 50% (Ezer et al., 2017;
Ezer, 2018a, 2019a). Measurements of the Florida Current (FC) by the
cable across the Florida Straits (Baringer and Larsen, 2001; Meinen
et al., 2010) show that during the passage of Dorian the FC transport
dropped by ~50% (like during Matthew in 2016) from 34.7 Sv
(1 Sv = 106 m3/s) on 22-August before the storm, to 17.1 Sv on 4-
September. FC transport of 17.1 Sv was the lowest recorded value since
measurements started in 1982 (the second lowest value, 17.2 Sv was
during superstorm Sandy in 2012). Observations from gliders also
found weakening of the GS by ~40% following hurricanes Irma, Jose,
and Maria in 2017 (Todd et al., 2018). In fact, one can find reduced FC
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flows for numerous hurricanes that passed close enough to the GS, in-
cluding Barry (1983), Wilma (2005), Sandy (2012), Joaquin (2015),
Matthew (2016), Maria (2017), Florence (2018) and Dorian (2019) (see
Fig. 8 in Ezer, 2018b). In those cases, the impact of the hurricanes

lasted from a few days to a few weeks. If the GS remained weaker than
normal during this time coastal sea level is higher than normal, causing
minor tidal flooding in the days after storms. The numerical simulations
of Ezer (2019a) suggest that the impact of hurricanes on the GS can last

Fig. 1. (a) Mean sea surface height (SSH) for August–October 2019 from altimeter data (m, in colour) and the daily track of the three storms discussed in the text. (b)
The daily surface minimum air pressure for the three storms. Circles, squares and triangles represent hurricanes Dorian and Humberto and tropical storm Melissa,
respectively.
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for up to 60 days- the slow recovery of the GS is due to the time needed
for new warm waters to be advected downstream, replacing the cold
waters in the wake of the storm and reestablishing the thermal gra-
dients across the GS front. The large density gradient across the GS front
is responsible for the baroclinic geostrophic portion of the GS flow.
Tropical cyclones such as hurricanes extract heat from the ocean's
surface and mix cooler deep waters with the warmer surface waters;
these processes are well documented (Bender and Ginis, 2000; Shay
et al., 2000; Li et al., 2002; Oey et al., 2006, 2007; Yablonsky et al.,
2015), however, how hurricanes impact ocean circulation is a complex
process that not yet fully understood. Some examples of tropical cy-
clones impacting ocean circulation patterns are seen in numerical si-
mulations of the Gulf of Mexico (Oey et al., 2006, 2007) the North
Atlantic (Kourafalou et al., 2016), the GS (Ezer et al., 2017; Ezer,
2018a, 2019a), and even the Kuroshio in the Pacific Ocean Wu et al.,
2008; Liu and Wei, 2015).

The impact of tropical cyclones on ocean circulation may have
implications for coastal populations and even for coastal ecosystems,
where for example, warm GS waters and eddies can intrude into shelf
regions (Gawarkiewicz et al., 2012; Hoarfrost et al., 2019). Sea level
rise also causes saltwater intrusion into marshlands with ecosystem
implications (e.g., Neubauer et al., 2019; Tully et al., 2019). Accel-
eration of sea level rise along the U.S. East Coast is a major concern
(Boon, 2012; Sallenger et al., 2012; Ezer and Corlett, 2012; Ezer, 2013,
2015, 2018b; Park and Sweet, 2015) and there is growing evidence that
variations in offshore ocean dynamics and the GS in particular can
contribute to variations in coastal sea level (Ezer et al., 2013; Goddard
et al., 2015; Wdowinski et al., 2016). The connection between coastal
sea level variability and variations in the GS flow is explained by the
fact that changes in sea level slope across the GS are proportional to the
GS flow intensity (i.e., the geostrophic balance). So, in general, weak-
ening of the GS will raise water on the shoreside of the GS and lower
water on the open ocean side of the GS. This idea has been confirmed by
satellite data (Ezer et al., 2013) and models (Ezer, 2016) and seems to
work on a wide range of time scales from daily variations to decadal
and longer (Ezer, 2015). Offshore large-scale signals are transferred
into the coast by barotropic open ocean waves and spread along the
coast by coastal trapped waves (Huthnance, 1978), resulting in co-
herent sea level anomalies along long stretches of coasts (Hughes and
Meredith, 2006; Thompson and Mitchum, 2014). While statistically
significant anti-correlations between the GS flow strength and coastal
sea level variability are often found, it does not necessarily indicate a
cause and effect and does not exclude other forcing mechanisms. Ty-
pical GS to coastal sea level correlation coefficients are around −0.4 to
−0.5 for high-frequency oscillations (Ezer, 2016; Ezer and Atkinson,
2017) and around −0.8 for decadal variations (Ezer et al., 2013; Ezer,
2019c), so that GS variability may be responsible to anywhere between
15% and 60% of the coastal variability, depending on the situation and
time scale. Contribution from other forcing such as wind and atmo-
spheric pressure can be important to sea level variability (Piecuch et al.,
2016; Woodworth et al., 2016), especially in hurricanes with their ex-
treme low surface pressure.

Following on the footsteps of our previous studies of the impact of
hurricane Matthew (Ezer et al., 2017; Ezer, 2018a, 2019a), hurricane
Dorian with its unprecedented impact on the FC provides an excellent
case study to further investigate the extent in time and space of this
impact and consequences for the coast. In particular, the study ad-
dresses the issue of how local anomalies created by storms at one lo-
cation are remotely spread farther away from the storm along the coast
and along the path of the GS. The study focused on the period August to
October 2019, when in addition to Dorian, two other storms passed
close to the GS, Hurricane Humberto in September and tropical storm
Melissa in October (Fig. 1a), though these two storms were much
weaker than Dorian, as seen in their surface pressure (Fig. 1b).

The study is organized as follows. The data sources and the analysis
approach are described in section 2, then in section 3 results are

presented for the impact of the storm on the coast and on the Gulf
Stream, and finally a summary and conclusions are offered in section 4.

2. Data sources and analysis approach

Hourly water level data for Norfolk were obtained from the tide
gauge station at Sewells Point (76.33°W, 36.95°N); these data are
available from NOAA (http://opendap.co-ops.nos.noaa.gov/dods/). Sea
surface temperature (SST) images from satellite data were obtained
from NOAA/NESDIS (https://www.nesdis.noaa.gov/). Daily transport
data of the Florida Current (FC) from the cable across the Florida Strait
(Baringer et al. 2001; Meinen et al., 2010) were obtained from NOAA/
AOML (http://www.aoml.noaa.gov/phod/floridacurrent/). Satellite
altimeter data were extracted for the North Atlantic Ocean from AVISO
(http://las.aviso.oceanobs.com/las/); note that these data are also
available from the Copernicus site (http://marine.copernicus.eu/). The
gridded daily composite altimeter data on ¼ degree grid for August to
October 2019, include absolute Sea Surface Height (SSH) and SSH
anomaly. The absolute SSH(x,y,t) is the time-averaged mean SSHavr

(x,y) plus the anomaly SSHano(x,y,t) and is relative to the global mean
value. The AVISO data also provides gridded surface geostrophic ve-
locity (u and v components are calculated from the SSH gradients in the
y and x directions, respectively). Maximum velocity speed was used to
detect the daily track of the GS from the Florida Strait (around 80°W,
27°N) to the GS extension (around 50°W, 40°N); GS rings were removed
by detecting abnormal abrupt changes in the track that were clearly not
GS meanders. Surface currents near the eye of hurricane Dorian were
obtained from the NOAA's operational coupled hurricane-ocean model
HWRF-POM (http://www.emc.ncep.noaa.gov/gc_wmb/vxt/HWRF/).
The Hurricane Weather Research and Forecasting (HWRF) model was
coupled with an ocean model that was evolved from the Princeton
Ocean Model (POM; Blumberg and Mellor, 1987); details of this fore-
cast system can be found in several reports and studies (Tallapragada
et al., 2014; Yablonsky et al., 2015; Bender et al., 2019). The HWRF
forecasts were previously used in studies of Hurricane Matthew (2016),
looking at the hurricane's impact on disruption of the GS flow (Ezer
et al., 2017), analyzing air-sea exchange under the hurricane (Ezer,
2018a) and evaluating the impact of hurricane track (Ezer, 2019a). The
model results indicate that any hurricane track within a few hundred
km from the path of the GS can cause a weakening in the GS flow with
somewhat larger impact if the hurricane is located enough time just east
of the GS so that the counter clockwise winds are blowing against the
flow of the GS. The motivation for this study comes from the fact that
the track of hurricane Dorian perfectly matched the optimal conditions
for maximum impact on the GS and was similar to the track of the
previously studied hurricane Matthew, giving us an opportunity to test
whether or not the unusual impact of hurricane Matthew can be re-
peated by other hurricanes.

3. Results

3.1. Surface currents, surface temperatures and sea surface height during
Dorian

Fig. 2 shows the HWRF forecast of maximum winds and surface
currents, September 2–6, 2019, when the hurricane moved along the
coast of the South-Atlantic Bight (SAB) from Florida to South Carolina.
When the eye of the storm was over the Bahamas in September 2
(Fig. 2b) the FC was relatively strong since the wind north of the Ba-
hamas pushed waters northwestward toward the FC. However, when
the hurricane moved closer to shore it clearly disrupted the flow, dis-
connecting the upstream FC from the downstream GS (Fig. 2b,c).

It is interesting to note that this disruption to the GS flow was very
similar to the impact of hurricane Matthew when it was at almost the
same location (for comparison, see Fig. 1 in Ezer et al., 2017). Beyond
the direct impact of the hurricane on surface currents, Ezer et al. (2017)
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Fig. 2. Forecasts of hurricane Dorian from NOAA's operational ocean-hurricane coupled HWRF-POM model. (a) Maximum wind speed (knots) and track predicted for
September 2–6, 2019. (b)-(d) Surface ocean currents for September 3, 5 and 6, respectively.
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also showed how the hurricane's induced mixing eroded the stratifica-
tion across the GS, which could have indirect consequences with long-
lasting impacts.

The impact of the hurricane on SST can be seen in Fig. 3. About a
month before Dorian became a hurricane (August 1st), the only nega-
tive SST anomaly was in the Gulf of Mexico (remnants of tropical storm
Barry), but all the Atlantic and Caribbean areas had positive SST
anomalies. During September 5–9, when the hurricane moved along the
US coast, the track was followed by colder waters along the coast of the
South Atlantic Bight (SAB). Ezer (2018a) showed that the cooling of
ocean waters under hurricane Matthew involved two mechanizms,
surface heat loss due to the strong winds, as well as vertical mixing and
upwelling of deep colder waters. After the hurricane moved away in
early September, colder than normal SST can be seen, both, offshore in
the SAB and downstream the GS in the Mid-Atlantic Bight (MAB). The
colder anomaly seen at ~50°W on October 31st could be an anomaly
that had been advected by the GS flow- this hypothesis will be tested
later. In the weeks after the hurricane disappeared, the GS brought new
warmer waters from low latitudes that reestablished the temperature
gradients across the GS and the baroclinic structure of the flow; this
advective process is relatively slow, so the GS flow can remain weaker
than normal for a long time after the hurricane, as shown for hurricane
Matthew (Ezer, 2018a, 2019a). It will be shown later that similar me-
chanism applied to Dorian as well.

Altimeter data is next used to evaluate the impact of the hurricane
on the large-scale circulation. SSH over the North Atlantic Ocean over
the 3 months of the study (Fig. 4, left panels) show the meandering GS
as the region with the largest SSH gradients, since the GS separates
between the high SSH (and warmer temperatures) over the subtropical
gyre and the low SSH (and colder temperatures) over the subpolar gyre
and along the U.S. coast. The geostrophic velocity derived from the SSH
gradients clearly show the path of the GS as the dominant feature of the
region (Fig. 4, right panels). Due to the GS meanders and mesoscale
eddies there are considerable changes in the path and strength of the GS
and further analysis will quantify these changes.

The GS can change due to meandering and changes in recirculation
gyres on both sides of the stream, so large spatial variations can be
found even between close sections across the stream, as shown for ex-
ample from recent direct observations (Andres et al., 2019). It does
seem that before the hurricane (Fig. 4, upper-right panel) strong flow
(red) continues along the entire length of the GS, while in the following
months there are sections with weaker flows. However, it is not yet
clear if these changes are related or not to the impact of the hurricane,
so further analysis later will look at possible signals that propagate
along the track of the GS.

3.2. The impact of Dorian on coastal sea level

Several recent studies show higher than normal coastal sea level and
increased flooding when the GS slows down, either due to natural os-
cillations or following an offshore storm that disrupts the GS flow (Ezer
and Atkinson, 2014, 2017; Ezer, 2016, 2018a, 2018b, 2019a). Fig. 5 for
example, shows the hourly sea level near Norfolk and the daily trans-
port of the FC during the 3 months period of this study; other places
along the coast show similar patterns. Note that during the entire 3-
month period observed water level was above the predicted high tide
(in average, 0.26 m above the Mean Higher High Water, MHHW),
causing dozens of days with tidal flooding. The most severe flood
(> 1 m above MHHW) was during hurricane Dorian, but two other
smaller storms near the GS, Humberto and Melissa (Fig. 1) also caused
minor flooding (Fig. 5; top). Moreover, during the 3-month period, the
FC had 3 minima in transport (Fig. 5; bottom) that coincided with these

3 storms. None of these storms came close to Norfolk, so these floods (so
called “sunny day” or “nuisance “floods) are consistent with the past
experience of coastal sea level rise when the GS is weakening.

The correlation between FC transport and coastal sea level is −0.5
(like previous findings mentioned above), which means that about 25%
of the coastal variability may be attributed to relation with the GS. As
mentioned before, the largest drop in FC transport (to a record low of
17.1 Sv) was during hurricane Dorian in early September. Note that
Norfolk experienced elevated water level and flooding in late August,
more than a week before Dorian reached the Mid-Atlantic region-
during this time Dorian was moving slowly over the Bahamas and the
FC started dropping from its peak of ~35 Sv to ~27 Sv. Note also that
September–October are the months of the year with the most flooding
on the southeastern coasts of the U.S. due to the annual and semiannual
tides that exacerbate the impact of storms (Ezer, 2019b).

Altimeter data is now analyzed to show how sea level changed along
the entire coast during Dorian, using the grid cells closest to the coast
(Fig. 6). During August, before Dorian moved toward the U.S. coast, sea
level in the SAB was lower than normal, which is consistent with strong
FC flow (Fig. 2b and Fig. 5). In the SAB, during the storm in early
September storm surge elevated the water along the coast and water
remained elevated for at least a month until middle October. In the
MAB, and to some degree farther north in the Gulf of Maine (GOM),
elevated water was seen for> 2 months, at least until early November.
Impact from the smaller storms Humberto and Melissa may have also
contributed to the elevated sea level in late September and October.
This lasting impact of hurricanes on elevated sea level has been seen
before, for example, during hurricane Matthew (Ezer, 2018a, 2019a).
The altimeter data along the coast (Fig. 6) are consistent with the tide
gauge data (Fig. 5) though they underestimate the highest water peaks.
Because of the change in topography and coastline there is a clear
distinction in the response of sea level between the three regions (SAB,
MAB and GOM); these spatial regional differences have been discussed
in several studies (Ezer, 2013; Piecuch et al., 2016; Woodworth et al.,
2016; Valle-Levinson et al., 2017; Domingues et al., 2018; Ezer, 2019c).

Anti-correlation between the FC transport and sea level in Norfolk is
shown in Fig. 5 and several previous studies (Ezer, 2013, 2018b; Ezer
and Atkinson, 2014, 2017); these studies used hourly tide gauge data,
so it is constructive to know if daily ¼ degree altimeter data can also
detect similar relation between the FC and coastal sea level. Therefore,
correlations are calculated between the daily FC transport at 27°N and
SSH anomaly over the entire study area (Fig. 7). While the correlations
are quite noisy offshore where mesoscale variability dominates, a pat-
tern emerges along almost the entire coast, from Florida to Cape Code,
where consistent negative correlations are found (dark blue in Fig. 7)
that are statistically significant (correlations over 0.34 have at least
99% confidence level or p-value< .01). Offshore, along the path of the
GS there is positive correlation (red), which means that when the FC is
weakening sea level is rising along the coast and falling offshore- i.e.,
the gradients of sea level across the GS are smaller (and geostrophic
speed is smaller). The most significant correlations (darkest blue in
Fig. 7) are found along the SAB coast and near the Chesapeake Bay
(near Norfolk, Fig. 5), where the p-value is practically zero (P 〈10−10).
The correlations explain the results in Fig. 5 and Fig. 6 that show
especially large increase in sea level around 37°N-39°N (the MAB, in-
cluding Norfolk). The fact that there is only a very short lag between
changes in the FC transport and coastal sea level response thousands of
km away has been discussed before and demonstrated by a numerical
model (Ezer, 2016). The changes in the GS flow create a fast moving
large-scale barotropic sea level signal, and this signal when reaching
the coast triggers coastal-trapped waves (Huthnance, 1978) that spread
the signal along the coast and resulted in coherent sea level anomalies

Fig. 3. Sea Surface Temperature (SST) anomaly from NOAA/NESDIS analysis of satellite data for selected days, before hurricane Dorian (August 1st, 2019), during
the hurricane (September 5-9th) and after the hurricane (September 30th to October 31st).
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along large stretches of the coast, as seen here and in other coasts
(Hughes and Meredith, 2006).

3.3. The impact of Dorian on the Gulf stream velocity

The daily paths of the GS during the three-month period were ob-
tained from the maximum surface geostrophic velocity and shown in
Fig. 8. There are only very small variations south of about 37°N, when
the GS is close to the SAB coast and immediately after it separates from
the coast at Cape Hatteras. Large variations in the position of the GS in
the MAB region west of 70°W are associated with local recirculating
gyres, meandering and eddies (Andres et al., 2019). The statistics of the
velocity along the GS path (mean and standard deviation) are shown in
Fig. 9a. The region with the strongest velocity and largest variability is
around 62°W-72°W (some 1500–2500 km downstream), where GS
meandering and eddy shedding dominate the flow (Fig. 4). The results
here are consistent with direct observations of the GS which show for
example larger variations in GS position and flow at 68.5°W than at

70.3°W (see Fig. 3 in Andres et al., 2019).
The impact of hurricane Dorian on the velocity of the GS is clearly

seen in Fig. 9b where velocities along the GS track were averaged for
two regions, the SAB and the MAB. As shown before (Figs. 2 and 5) the
GS flow in the SAB increased just before the storm (mean over entire
region ~1.55 m/s) but then dropped sharply during the storm in early
September (to ~1.05 m/s); the flow in the SAB remained low for at
least two months (until early November), with a very slow recovery. In
the MAB on the other hand, the impact of Dorian is seen only later,
about 2 weeks after the hurricane disappeared- from middle September
to November the mean flow continued to drop. Therefore, an inter-
esting result is that after the storm, flow intensified in the SAB but
continued to weaken in the MAB. Ezer (2019c) found similar opposite
trends between the SAB and MAB in both coastal sea level and GS ve-
locity, which was explained by time lag of propagation of thermal
anomalies that are advected along the path of the GS. Fig. 9b may also
show some small contribution in reducing the flow following hurricane
Humberto in late September and tropical storm Melissa in October (like

Fig. 4. Monthly means surface data from AVISO satellite altimeters for August–October 2019. Left panels- Sea Surface Height (SSH in m) in the North Atlantic Ocean.
Right panels- surface geostrophic velocity speed (in m/s) in the Gulf Stream subregion shown in the box on the upper-left panel.
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the impact on the FC seen in Fig. 5).
In Fig. 10 the correlation between the FC transport and the GS flow

downstream is shown (with different lags from 0 to 50 days). Most of
the significant correlations (red stars signify p-value< .05) between the
FC and the downstream GS with zero lag (top panel of Fig. 10) are
found within ~600 km of the FC measurements, but correlations with
increasing lag indicate clear downstream propagation of signals. For
example, the highest correlations are found ~500–1300 km down-
stream after 20 days, 2000–2500 km downstream after 30 days and
3000–3700 km downstream after 50 days. This propagation speed of
about 1 m/s is consistent with the speed of advection by the GS. There
is also significant correlation and slower propagation of signals within
the SAB, so that the northern portion of the SAB (just south of Cape
Hatteras) is correlated with the FC transport 50 days earlier; this signal
is propagating much slower, at ~0.1 m/s and will be discussed later.

Another way to show propagating signals is using the Hovmöller
diagram in Fig. 11, where the velocity anomaly along the GS paths is
shown as a function of time and distance - the two main propagation
signals discussed above are highlighted by the dash lines, but other
propagating signals can also be seen. The impact of hurricane Dorian on
reducing velocity (blue in Fig. 11) at the beginning of September
seemed to trigger the two main propagating signals. The faster propa-
gating signal in the MAB reached ~4000 km downstream within
~50 days (~0.9 m/s) and is consistent with advection by the GS of the
cold anomaly created by the hurricane (see SST on 31-October in
Fig. 3). The slower propagating signal within the SAB moved only
~500 km during ~50 days after the storm (speed of ~0.1–0.15 m/s);
there are also other slow-moving signals with similar propagation
speeds and long wavelengths that are not as pronounced. The typical
size of tropical cyclones and the length scale of their pressure field

(Chavas et al., 2016) are of the same order as the wavelength of pro-
pagating signals seen in Fig. 11, but further research on the relation
between storm-induced atmospheric disturbances and large-scale ocean
waves is needed. The mechanism involved in the changes within the
SAB and the slow-moving signals are not so clear, but probably involve
baroclinic processes. Ezer et al. (2017) showed that in the SAB near the
storm, deep mixing and upwelling impacted the entire water column, so
that for deep layers where velocities are much weaker than the surface
layers of the GS, advective processes are slower and the density
anomaly may induce baroclinic waves. Hansen (1970) and Johns
(1988) for example, suggested a possible mechanisms for slow-moving
propagation signals of meanders along the GS which involve baroclinic
instability theory and quasi-geostrophic waves with wavelength of
200–400 km and propagation speed of ~0.1–0.2 m/s (i.e., with similar
characteristics to the waves seen in Fig. 11), but faster moving waves
(~0.3–0.5 m/s) were also observed. Theoretical and numerical mod-
eling of baroclinic instability by Xue and Mellor (1993), show that the
most unstable waves in the SAB have wavelength of ~200 km and
propagation speed of ~0.4 m/s; the instability is affected by the to-
pography, which may explain some of the differences between the SAB
and MAB. It is thus quite possible that the disruption to the GS structure
caused by the storms triggered barotropic and baroclinic instability
waves as observed here and in previous studies. Having observations of
the entire water column during and after the storm (not an easy task)
would be useful to better understand these processes in future studies
and using numerical models would certainly help to study the genera-
tion and propagation of waves along the GS path.

Fig. 5. Top- hourly sea level from the tide gauge in Norfolk (76.33°W, 36.95°N). In blue, red and green are tide prediction, observed sea level and residual anomaly
(observed minus tide), respectively. Time of hurricane Dorian and two other smaller storms in the region are shown. Bottom- observed Florida Current transport at
27°N (1 Sv = 106 m3/ s). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Sea level change (in m) along the coast as a function of time and latitude. The sea level change is from the altimeter data points closest to the coast and shows
change relative to the sea level on August 1, 2019. Three regions are separated by the dash lines, South-Atlantic Bight (SAB), Mid-Atlantic Bight (MAB) and Gulf of
Maine (GOM); also shown is the time when hurricane Dorian was close to the coast.
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4. Summary and conclusions

Sea level rise and associated acceleration in the frequency and se-
verity of flooding (Ezer and Atkinson, 2014; Park and Sweet, 2015) is
an issue of great concern for coastal communities along the U.S. East
Coast from Boston (Kruel, 2016) to Miami (Wdowinski et al., 2016).
Linear sea level rise rates are much higher in this region than global
rates, especially in the Mid-Atlantic area (Ezer, 2013) due to land
subsidence (Karegar et al., 2017; Fiaschi and Wdowinski, 2019), so
both, minor floods (so called “Nuisance floods” or ‘sunny day floods”)

as well as storm surge floods have dramatically increased in recent
decades. Minor storms that had little impact in the past, now with the
additional sea level rise, can cause significant flooding. Non-linear
variations in sea level, such as decadal variations and sudden regional
acceleration that creates “hotspots” (Goddard et al., 2015; Valle-
Levinson et al., 2017; Domingues et al., 2018; Ezer, 2019c) make pre-
diction of future sea level rise more difficult. Important contributors to
coastal sea level variability such as offshore remote influence from at-
mospheric (e.g., pressure and wind) and oceanic (e.g., meridional
overturning circulation, local currents and basin-scale waves) forcing
are not fully understood to include them in coastal sea level predictions.
In particular, in recent years there is growing evidence that when the
GS weakens, coastal sea level rises and more floods are observed; this
phenomenon occurs on a wide range of scales from daily natural os-
cillations (Ezer, 2016) to decadal variations (Ezer et al., 2013) and
recently found GS variations induced by storms (Ezer, 2019a). The goal
of this study was to better understand the mechanism and extent of the
latter phenomena using observations taken before, during and after the
passage of one of the strongest Atlantic storms, hurricane Dorian (Au-
gust 28 to September 6, 2019).

A dramatic example of the impact of storms on the GS was hurricane
Matthew (2016) which resulted in weakening of the GS flow by almost
50%, as seen from the cable measurements of the FC, from high-fre-
quency radar of surface currents off Cape Hatteras and from a coupled
hurricane-ocean model (Ezer et al., 2017); this led to further research
on hurricane Matthew using ocean models (Ezer, 2018a, 2019a). These
studies, as well as further observations by gliders of the impact of
hurricanes on the GS in 2017 (Todd et al., 2018) all showed that storms
may have a long-lasting impact, whereas a weaker than normal GS that
can last for weeks after storms can increase flooding after storms dis-
appear. Since hurricanes are rare occurrences it is almost impossible to
repeat experiments, but then in the fall of 2019, hurricane Dorian fol-
lowed the unusual track of hurricane Matthew along the GS and the
coast of the SAB, with even greater impact on the GS. The FC transport
was not only reduced by almost 50% (like during Matthew) but also
weakened to its lowest recorded level (17.1 Sv) since observations
began in 1982 (Baringer and Larsen, 2001). The NOAA's coupled hur-
ricane-ocean forecast model and altimeter data analyzed here showed
how Dorian disrupted the GS flow- the FC first increased its flow when
the hurricane was approaching the Bahamas and pushed water toward
the Florida Straits, but then when the hurricane was near the GS, the
winds were blowing against the currents, thus slowing down the GS
flow. This direct effect on surface currents was also followed by intense
surface cooling (seen by SST data) and mixing of the upper layers (like
during Matthew; Ezer et al., 2017). Hurricanes, with their low surface
air pressure (Fig. 1) can also have significant effect on sea level
(Piecuch et al., 2016), though since the air pressure gradient is pro-
portional to the wind speed, it is difficult to separate between the wind
and pressure impacts. Due to the inverted barometer (IB) effect, surface
pressure near the eye of the storm (Fig. 1b) can be some 50mb lower
than outside the storm, temporally raising sea level there by ~50 cm.
Though it is difficult to evaluate how the IB may affect the GS dy-
namics, this impact is a barotropic process that is not likely to last
longer than hours, compared with the long-lasting baroclinic impact
due to the hurricane-induced mixing and cooling, as describe before.

To study the extent of the impact, analysis of altimeter data was
conducted both, along the coast and along the path of the GS. Along the
coast, the impact on raising sea level was seen immediately after Dorian
approached the Florida coast- this impact is due to the fast barotropic
response of sea level (Ezer, 2016). Coastal sea level remained anom-
alously high for over two months, as seen by tide gauge data (Fig. 5)
and altimeter data (Fig. 6). On the other hand, the response along the
path of the GS is a slower baroclinic process where cold anomalies
created by the hurricane in the SAB propagated downstream at ~1 m/s,
reaching distance of ~4000 km from the Florida Strait within
~50 days. The dynamic process is as follows. When the hurricane mixes

Fig. 7. Correlation coefficient between the daily Florida Current (FC) transport
at 27°N and SSH from the altimeter data. Absolute value of correlations above
0.34 have p-value< .01 (confidence level > 99%).

Fig. 8. Daily Gulf Stream paths for August–October 2019, obtained from the
maximum surface geostrophic velocity in the altimeter data.
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Fig. 9. (a) Mean (black line) and standard deviation (dash blue lines) of velocity along the GS path, calculated from the daily velocities. (b) Mean GS velocity as a
function of time for the SAB (blue line) and the MAB (red line) regions (south and north of 35°N, respectively). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Correlation between the FC transport (Fig. 5) and the velocity along the GS paths (Fig. 9). Positive correlations with statistical significance over 95% are
marked by red stars. From the top to bottom are calculations with different lags from zero to 50 days. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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the upper layers and cools the warm GS waters, the thermal (and
density) gradients across the stream are degraded, thus reducing the
baroclinic geostrophic velocity portion of the GS. Then this anomaly of
cold water (and lower velocity) is propagating downstream along the
path of the GS and later replaced by warmer waters brought from the

south, until the stratification and the sharp front is rebuilt. This process
can take up to 2 months, as seen in the observations here and demon-
strated by numerical models (Ezer, 2018a, 2019a). In addition to the
advective propagation (at ~1 m/s), the hurricane may also trigger
baroclinic instability waves near the GS (Xue and Mellor, 1993) and

Fig. 11. Gulf Stream velocity anomaly (in m/s) as a function of time and distance along the GS path. Two dash lines represent potential propagation of negative
anomalies from the hurricane time in early September to the SAB (the shorter line that stretches to ~1000 km) and MAB (the longer line that stretches to ~4000 km).
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slow-moving (~0.1 m/s) baroclinic waves similar to waves and
meanders previously observed moving along the GS path (Hansen,
1977; Johns, 1988).

The results of this study about lasting impact of storms and the
extent of their indirect impact may have important implications for the
variability of large-scale ocean circulation, coastal sea level rise and
possibly ecosystems such as marshlands (Neubauer et al., 2019; Tully
et al., 2019). Further studies using models and direct observations be-
fore and after storms could shed more light on these processes.
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