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Key Points:

« A Spray glider collected multiple cross-Gulf Stream transects during the 2017 At-
lantic hurricane season.

« An upper ocean salinity anomaly in the Gulf Stream likely resulted from Irma-
induced precipitation over Florida and the west Florida shelf.

» Gulf Stream transport was reduced by as much as 40% for about two weeks af-
ter the passages of Hurricanes Jose and Maria.
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Abstract

Autonomous underwater glider observations collected during and after 2017 Hurricanes
Irma, Jose, and Maria show two types of transient response within the Gulf Stream. First,
anomalously fresh water observed near the surface and within the core of the Gulf Stream
offshore of the Carolinas likely resulted from Irma’s rainfall being entrained into the Loop
Current-Gulf Stream system. Second, Gulf Stream volume transport was reduced by as
much as 40% for about two weeks following Jose and Maria. The transport reduction

had both barotropic and depth-dependent characteristics. Correlations between trans-
port through the Florida Straits and reanalysis winds suggest that both local winds in
the Florida Straits and winds over the Gulf Stream farther downstream may have con-
tributed to the transport reduction. To clarify the underlying dynamics, additional anal-
yses using numerical models that capture the Gulf Stream’s transient response to mul-
tiple tropical cyclones passing nearby in a short period are needed.

1 Introduction

Mid-latitude western boundary currents, such as the Gulf Stream along the US East
Coast and the Kuroshio in the north Pacific, routinely interact with tropical cyclones.
The upper ocean heat content of western boundary currents fuels tropical cyclone de-
velopment [e.g., Bright et al., 2002; Wu et al., 2008; Nguyen and Molinari, 2012; Galarneau
et al., 2013]. Tropical cyclones also affect the western boundary currents. Upper ocean
cooling in response to tropical cyclone passage has been noted near western boundary
currents, but strong advection and deep thermoclines can inhibit such cooling near the
axis of a western boundary current [e.g., Wright, 1969; Cornillon et al., 1987; Wu et al.,
2008]. Remote sensing and models have shown how near-surface oceanic flows are im-
pacted by wind forcing [Oey et al., 2006; Kourafalou et al., 2016], while surface-to-bottom
volume transport fluctuations have been measured in the Gulf Stream by a submarine
cable [Ezer et al., 2017].

Storm-driven fluctuations in western boundary transport that last for days to weeks
are part of the background variability upon which any longer-term trends in boundary
current transport and meridional overturning [e.g., Caesar et al., 2018; Thornalley et al.,
2018] are superposed. Florida Current transport reductions exceeding 40% (and 3 stan-
dard deviations) from the mean have been documented to persist for days to weeks af-
ter storm or frontal passage [Lee and Williams, 1988; Mooers et al., 2005; Ezer et al.,
2017]. Anomalous coastal sea levels associated with fluctuations in western boundary
currents have been shown to drive nuisance flooding [Sweet et al., 2009] and can lead to
similar or greater levels of coastal erosion than are seen after a hurricane [ Theuerkauf
et al., 2014]. The mechanisms behind these storm-driven western boundary current trans-
port fluctuations and associated coastal sea level changes are not well understood, in part
due to sparse observations within the boundary currents.

During the record-breaking 2017 Atlantic hurricane season [Rahmstorf, 2017; Bal-
aguru et al., 2018], Hurricanes Irma, Jose, and Maria passed near the Gulf Stream in rapid
succession (Fig. 1). Irma made its final landfalls in the Florida Keys and near Marco Is-
land, on the west coast of Florida, on 10 September as a Saffir-Simpson Category 4 and
3 storm, respectively; it then decayed as it moved northward over Florida. Irma was a
particularly large storm with hurricane force winds extending 130 km from the center
at its final landfall. During 11-23 September, Jose completed an anticyclonic loop well
east of the Bahamas, tracked northward to the east of the Gulf Stream as a Category
1 storm, and then crossed the Gulf Stream and dissipated south of New England. Maria
roughly followed the northward track of Jose during 23-28 September, weakening from
Category 3 to Category 1 before being swept eastward near the latitude of Cape Hat-
teras.

This article is protected by copyright. All rights reserved.
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Figure 1. Locations of Gulf Stream observations and tracks of 2017 Atlantic Hurricanes Irma,
Jose, and Maria. Trajectories of Spray glider surveys of the Gulf Stream from 2004 through June
2018 are shown in light grey with cross-Gulf Stream transects of interest during September—
October 2017 from mission 179069 colored and numbered. The location of WBTS cable-based
transport measurements in the Florida Straits is shown in dark blue. Best-track positions of the
hurricanes are shown every 6 hours with colors indicating maximum sustained wind speeds. The
thick grey line is the 2004-2017 mean position of the 40-cm sea surface height contour with dots
every 250 km from 25°N. Stars denote the locations of coastal tide gauge stations used here. The

200-m and 1000-m isobaths are drawn dark grey.

We investigate the Gulf Stream’s transient response to Irma, Jose, and Maria. Sec-
tion 2 describes a fortuitously timed underwater glider survey of the Gulf Stream that
provides a unique view of the Gulf Stream’s subsurface structure during and after pas-
sage of the storms, as well as complementary observations and reanalysis products. The
observations reveal both a freshwater anomaly that is attributable to rainfall from Irma
(Section 3.1) and a transient reduction in volume transport (Section 3.2). Section 4 sum-
marizes the results and suggests future directions.

2 Observations and Reanalysis Data

Observations collected by a Spray autonomous underwater glider [Sherman et al.,
2001; Rudnick et al., 2016] surveying across the Gulf Stream during the fall of 2017 are
the focus of this analysis, and observations from 17 other Spray glider missions in the
Gulf Stream that were completed between September 2004 and June 2018 and span the
annual cycle (Fig. 1) provide context. Spray glider number 69 was launched off Miami,
Florida for mission 179069 on 7 September 2017, three days before Irma made landfall
in Florida and while the Miami area was under evacuation orders. Successful deployment
prior to the storm was only possible because the deployment-related logistics had been
arranged prior to Irma threatening the region as part of an ongoing program of routine
glider-based Gulf Stream surveys [Todd, 2017; Todd and Locke-Wynne, 2017]. A rapid-
response deployment organized once the storm was forecasted to approach the region,
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as our group and others have attempted in the past [e.g., Goni et al., 2017], would not
have been possible.

Spray 69 crossed the Gulf Stream ten times before being recovered offshore of North
Carolina on 16 November 2017; we focus here on the last eight cross-Gulf Stream tran-
sects, numbered 3-10 (Fig. 1, highlighted), which were occupied during and after Irma’s
passage. The glider carried a pumped Sea-Bird 41CP conductivity-temperature-depth
sensor, a 1-MHz Nortek AD2CP Doppler current profiler, and a chlorophyll fluorome-
ter. Each dive cycled from the surface to within a few meters of the seafloor or a max-
imum depth of 1000 m and back to the surface; all sensors sampled on the ascending phase
of each dive. Profiles of absolute horizontal velocity were estimated following Todd et al.
[2017]. Minor updates to the AD2CP data processing (particularly a reduction from 20
to 1 of the signal-to-noise ratio below which measurements are ignored, which reduces
profile-to-profile variance) are expected to improve the root-mean-square errors in ve-
locity profiles from the 0.24 m s™1 estimate for a Gulf Stream mission in Todd et al. [2017]
to O(0.1) m s~!, particularly near the surface where profiles are constrained to match
surface velocity estimates that have accuracies of 0.05 m s~ [Todd et al., 2017]; profiles
are constrained to match depth-average velocities that have root-mean-square errors of
0.01 m s~! and negligible bias [Rudnick et al., 2018]. Individual cross-Gulf Stream tran-
sects were occupied in 4-6 days (Figs. 2a—h) with a few days between successive tran-
sects as the glider maneuvered outside of the Gulf Stream. Glider observations used here
are binned to a uniform vertical grid of 10-m resolution and placed in a cross-stream co-
ordinate system (Fig. 2) following Todd et al. [2016].

Other observational and reanalysis products complement the glider observations.
Daily volume transport estimates from the Western Boundary Time Series (WBTS) sub-
marine cable across the Florida Straits [Baringer and Larsen, 2001] provide high-frequency
estimates of Gulf Stream transport at a fixed location. Tide gauge data from 10 stations
along the US East Coast between southern Florida and New England (Fig. 1, stars) cap-
ture the coastal response to passing storms; the original 6-minute resolution tide gauge
records are low-pass filtered to remove variability at periods shorter than 1 day (e.g., tides)
and then averaged hourly. Best track estimates of the eye location and maximum wind
speeds for Irma, Jose, and Maria at six-hourly intervals are obtained from NOAA’s Au-
tomated Tropical Cyclone Forecast System [Sampson and Schrader, 2000]. Gridded winds
are obtained from ECMWZF’s ERA-Interim reanalysis product [Dee et al., 2011] at a res-
olution of 0.75° x 0.75°. We calculate wind stress from ERA-Interim winds following
Large and Pond [1980].

3 Results and Discussion

Successive cross-Gulf Stream glider transects during September—October 2017 (Fig. 2)
reveal transient changes in the subsurface properties of the Gulf Stream. Since succes-
sive transects were generally farther downstream (except for transect 6, for reasons dis-
cussed below), we generally expect successive transects to have gradually reduced near-
surface temperatures, increasing downstream transports [cf. Todd et al., 2016; Meinen
and Luther, 2016], and weak along-stream salinity changes. Temperature (not shown)
did not show any obvious deviations from these expectations (e.g., there was no marked
cooling of the surface layer due to storm-induced mixing or surface heat losses) and is
not discussed further, but salinity and along-stream velocity showed clear anomalies in
late September and early October.

3.1 Gulf Stream salinity anomaly

Transects 7-9 had anomalously fresh waters in the upper 40-50 m within the core
of the Gulf Stream (Figs. 2e—g). Above 100 m, salinities along transects 3—6 and 10 were
always greater than 36.0 (Figs. 2a—d,h) while minimum salinities along transects 7-9 were
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Figure 2. Cross-Gulf Stream transects of (a—h) salinity and (i-p) downstream velocity from
the numbered transects in Fig. 1. Grey contours are isopycnals with a contour interval of 0.5

kg m™? and the 26.0 kg m~? isopycnal bold. In (e-g, m—o), the 36.0 salinity contour (white)
outlines the fresh anomaly. In (i-p), the black outline denotes the bounds of integration for esti-
mating volume transport. Tick marks indicate the locations of individual profiles. Start and end

dates of individual transects indicate the glider’s direction of travel.

near 35.6 (Figs. 2e—g); hence, we use the 36.0 isohaline shallower than 100 m to delin-

eate the salinity anomaly (Figs. 2e—g, white contour). This salinity anomaly was first
detected at the beginning of October near 31.1°N, persisted through mid-October near
33.7°N, and had largely disappeared from the glider observations by transect 10 near 35°N
in early November (Table 1, Figs. 2e-h).

For transects 7-9, we calculate the cross-sectional area (i.e., normal to the verti-
cally averaged flow) of the salinity anomaly and construct area-weighted averages of lo-
cation, salinity, and downstream speed (Table 1). Averaged across transects 7-9, the salin-
ity anomaly had a cross-sectional area of 1.0 x 10° m? or 1 km?, salinity of 35.9, and
speed of 0.8 m s=! (Table 1). The anomaly reached transect 7 by 1 October and was still
detectable at transect 9 on 16 October; subtracting 6 days for water to be advected the

Table 1. Bulk properties® of waters above 100 m with salinity less than 36.0 for each cross-

Gulf Stream transect on which such waters were encountered.

Transect Dates Area (m?) Location Salinity ~ Speed (m s™1)
7 1-3 Oct. 1.4 x 105  31.1°N, 79.5°W 35.9 0.8
8 10-11 Oct. 9.0 x 10°  32.9°N, 77.2°W 35.8 0.9
9 13-16 Oct. 7.7 x 10°  33.7°N, 76.1°W 35.8 0.7
Average 1.0 x 106 35.9 0.8

“Properties are area-weighted averages except for dates of first and last observations.

This article is protected by copyright. All rights reserved.
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425 km between transects at 0.8 m s—! (Table 1) suggests that the salinity anomaly lasted
at least 9 days at a given location. An equivalent along-stream length of 625 km based

on the duration and speed gives an overall volume of anomalously fresh water of 6x 10!
m?. A simple estimate of the volume of freshwater (V}) required to produce the observed

salinity anomaly is
S
V=V [+ -1 1
=v(5-1), 0

where V is the total volume of anomalous waters, Sy is the salinity before addition of
fresh water, and Sy is the salinity of the anomalous waters after addition of freshwater
and results from equating the initial mass of salt (51V') with the final mass of salt (Sa(V+
V¢)). Taking S; = 36.4 as the background salinity in the upper 50 m of the Gulf Stream
prior to the observed salinity anomaly (e.g., Figs. 2a—d), V = 6 x 10 m3, and Sy =

35.9 (Table 1), we estimate that 1x10° m? of freshwater was required to produce the
Gulf Stream salinity anomaly observed by the glider in October 2017.

The glider first detected the salinity anomaly approximately 20 days after Irma im-
pacted the Florida peninsula. The timing of the salinity anomaly is consistent with fresh-
water having been advected by the O(1) m s™! flow in the core of the Loop Current [Todd
et al., 2016] and Gulf Stream (Figs. 2i-p) over the O(1500) km between the west Florida
shelf and coast where Irma’s impacts were greatest and the location at which the glider
sampled the fresh anomaly. Thus, we posit that the observed fresh anomaly in the Gulf
Stream was the result of precipitation from Irma being entrained in the Loop Current-
Gulf Stream system. Atkinson and Wallace [1975] and Ortner et al. [1995] previously
noted fresh anomalies in the Gulf Stream that were produced by flood waters from the
Mississippi River being entrained into the Loop Current. The quantity of freshwater re-
quired to produce the observed salinity anomaly is equivalent to 0.25 m of rain distributed
uniformly over an area of 40,000 km?, about one quarter of the state of Florida or three
times the surface area of the observed salinity anomaly in the Gulf Stream. Irma pro-
duced in excess of 0.25 m of rain over much of the Florida peninsula [Cangialosi et al.,
2018], which, when combined with rainfall over the ocean, easily accounts for the needed
freshwater. Jose and Maria may have produced oceanic salinity anomalies in the Gulf
Stream as well, but the glider sampling was located upstream of the tracks of Jose and
Maria (Fig. 1) and cannot confirm such anomalies, which would have been advected down-
stream.

3.2 Gulf Stream transport reduction
3.2.1 In situ observations

The Gulf Stream temporarily weakened in late September and early October of 2017.
Horizontal currents measured during transects 6-9 (Figs. 21-0) were notably weaker than
preceding and following transects (Figs. 2i-k and p). Maximum downstream velocities
(i.e., parallel to the measured depth-average velocity) for transects 6-9 were 0.9-1.3 m
s~! while maximum downstream velocities for transects 3-5 and 10 were 1.4-1.9 m s~*.
Currents were sufficiently weak in late September that transect 6 had approximately half
the along-stream extent of and was located upstream from the preceding transect be-

cause the glider was not being advected downstream as quickly (Fig. 1).

Gulf Stream volume transport showed a transient reduction commensurate with
the observed weakening of horizontal currents. For each glider transect, we estimate the
downstream volume transport 7' as

T:AUMj (2)

the area integral of downstream velocity v within the cross-stream region R that bounds
the Gulf Stream. The inshore and offshore ends of individual transects are chosen to be
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either shallower than 100 m or where gliders could navigate against the prevailing Gulf
Stream direction. Within each transect, the region R is identified as a connected region

of positive downstream flow (e.g., Figs 2i—p). Our choice of bounding region therefore
captures essentially all of the Gulf Stream above 1000 m in addition to some adjacent
eddy flow. While a forthcoming manuscript will address the absolute accuracy of our Gulf
Stream transport estimates and time-mean along-stream trends in transport, our focus
here is on the relative changes in transport between successive transects. When prop-
agated through the transport estimate (Eq. 2), random errors in glider-based velocity
estimates (Sec. 2) contribute to root-mean-square errors in transports of about 0.25 Sv

for a nominal transect of 100 km extent with 20 profiles and 1000 m vertical extent; the
unlikely case of the full 0.01 m s~! error in depth-average velocities being an along-stream
bias would result in a transport bias of 1 Sv for the same nominal transect [Rudnick et al.,
2018].

For all glider surveys across the Gulf Stream to date, the trend is for increased vol-
ume transport downstream (Fig. 3a) as expected [e.g., Meinen and Luther, 2016]. How-
ever, mission 179069 exhibits a minimum in transport of 18 Sv through transect 6 at the
end of September; this was the lowest volume transport among 101 cross-Gulf Stream
glider transects to date (Fig. 3a). Compared to preceding transects from the same glider
mission (e.g., 34 Sv for transect 5), volume transport during transect 6 was reduced by
more than 40%. Within two weeks, volume transports measured by the glider recovered
as current speeds increased (Figs. 2m—n), falling in the range of transports from other
glider missions (Fig. 3a).

Volume transport through the Florida Straits (Fig. 3¢) also shows reductions fol-

lowing storms. Ezer et al. [2017] previously noted the transport reduction following Matthew

in October 2016, during which daily transport estimates remained more than 1 standard
deviation below the long-term (2000-2017) mean (Fig. 3c, shading) for 16 consecutive
days with a minimum transport of 21 Sv (35% or 3 standard deviations below the mean).
The reduction in Florida Straits transport following the 2017 hurricanes was somewhat
smaller in magnitude (minimum of 24 Sv, 23% or 2 standard deviations below the mean)
with a similar duration of 17 consecutive days with transport more than 1 standard de-
viation less than the long-term mean (Fig. 3c).

The glider observations uniquely capture the vertical structure of the transient re-
duction in Gulf Stream transport during the 2017 hurricane season. Cross-stream inte-
gration of downstream velocity from each transect gives the volume transport per unit
depth (Fig. 3b) with random errors from velocity profiles contributing to errors of about
2.5x10% (m?® s7!) m™! for a nominal transect with 20 profiles distributed over 100 km.
The transport reduction has both barotropic (full-water column) and vertically sheared
components. Transect 6, with the weakest overall transport, had reduced transport at
all depths relative to all other transects, except for below 500 m on transect 7 where to-
pography of the Charleston Bump affects Gulf Stream flow [e.g., Brooks and Bane, 1978;
Gula et al., 2015; Todd, 2017]. This full-depth transport reduction suggests a barotropic
process influencing Gulf Stream transport. For transects 5, 6, 7, and 10, maximum trans-
port per unit depth occurs at depths of 130-180 m rather than at or near the surface as
expected for the typically sheared flow of the Gulf Stream. For transect 10, near-surface
counterflow on the seaward side of the Gulf Stream results in the subsurface transport
maximum (Fig. 2p). For transects 5-7, however, the subsurface transport maximum re-
sults from reduced near-surface flow in the core of the Gulf Stream (Figs. 2k-m), sug-
gesting a depth-dependent process contributing to the transient Gulf Stream slow down.

3.2.2 Potential mechanisms

We now explore possible mechanisms behind the transient reduction in Gulf Stream
transport during September—October 2017. That the transport anomaly immediately fol-
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Figure 3. (a) Volume transport versus along-stream distance for all Spray glider transects
that fully crossed the Gulf Stream (open circles) with transports from transects occupied dur-
ing mission 179069 colored. (b) Vertical structure of volume transports from mission 179069.

(c) Time series of volume transport measured by the WBTS submarine cable in the Florida
Straits during the 2016 and 2017 Atlantic hurricane seasons with the times of closest approach of
Matthew, Irma, Jose, and Maria indicated by vertical lines and the mean (31.5 Sv) and standard

deviation (3.4 Sv) since 2000 indicated by the horizontal line and shading, respectively.

lowed the passages of Jose and Maria strongly implicates the anomalous forcing asso-
ciated with the storms, so we focus on the potential role of storm-related wind forcing
in driving fluctuations in Gulf Stream transport.

Winds that blow downstream (upstream) relative to the Gulf Stream drive Ekman
transport away from (toward) the coast as the Gulf Stream follows the continental slope
south of Cape Hatteras, resulting in a cross-stream pressure gradient that reinforces (re-
tards) the Gulf Stream. When a hurricane is situated to the east of the Gulf Stream, its
cyclonic winds generally blow upstream, so we may expect storms tracking east of the
Gulf Stream to slow the Gulf Stream and storms tracking west of the Gulf Stream to ac-
celerate it. This potential method could only apply where the Gulf Stream follows the
continental margin so that the continental slope and coast provide no-flow boundary con-
ditions to support a pressure gradient [see Gill, 1982, section 10.9]. To investigate this
mechanism, we low pass filter ERA-Interim-derived wind stress with a 72-h cutoff to match
the time scale inherent to the Florida Current transport time series [Meinen et al., 2010],
interpolate low-passed wind stress estimates onto the mean Gulf Stream path (Fig. 1),
and consider the stress along the local mean Gulf Stream path (Fig. 4b).

The center of Irma tracked along the west coast of Florida, so its winds generally
blew downstream relative to the Gulf Stream along the Florida Coast; a concurrent cold
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and Maria are drawn black when within 500 km of the mean Gulf Stream path and bold when
tropical storm force winds (>17.5 m sfl) overlapped the Gulf Stream mean path. ‘WBTS’ and
‘CH’ denote the along-stream positions of the WBTS cable and Cape Hatteras, respectively. (f)
Coastal water levels at selected tide gauges along the US East Coast (Fig. 1, stars), low-pass
filtered to remove tidal signals and offset vertically proportional to the along-stream position of
each gauge relative to the Gulf Stream. Shaded bands indicate the time periods during which

Irma, Jose, and Maria were active in the area.

front off the Carolinas produced winds against the Gulf Stream farther downstream (Fig. 4b).

Jose’s strongest impacts on the Gulf Stream were limited to the region downstream of
Cape Hatteras (along-stream distances of 1600-2200 km, Fig. 4b) where winds initially
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opposed the Gulf Stream and then blew downstream after the storm crossed the Gulf
Stream around 20 September (Fig. 1); Jose had a similar but weaker impact just upstream
and downstream of Cape Hatteras (1250-1600 k). Maria’s winds consistently blew up-
stream in the vicinity of Cape Hatteras (Fig. 4b). Thus we expect that Ekman trans-

port away from the coast during Irma produced a pressure gradient reinforcing Gulf Stream
flow while Ekman transport toward the coast during Maria produced an adverse pres-

sure gradient. Around Cape Hatteras (1250-1600 km), where the Gulf Stream is not yet
far from the continental slope, Ekman transport due to Jose’s winds could be expected

to have driven an initially adverse pressure gradient, followed by a pressure gradient that
was favorable to Gulf Stream flow.

To assess the impact of along-stream winds on Gulf Stream transport, we consider
correlations between along-stream wind stress (Fig. 4b) and volume transport and its
rate of change through the Florida Straits (Fig. 4a, blue and red, respectively) during
September 2017. Correlations are calculated at zero lag at each along-stream position
(Fig. 4c). The short duration of the time series used here, which focus on a series of closely
spaced and interrelated events, results in correlations with few degrees of freedom and
consequently low statistical significance; nevertheless, the correlations are useful for iden-
tifying along-stream locations at which forcing anomalies are temporally aligned with
transport anomalies measured in the Florida Straits. Positive correlations are consistent
with the along-stream winds driving Gulf Stream transport variability.

Along-stream winds over the Gulf Stream along the Florida coast (along-stream
distances of 0-500 km) were positively correlated with volume transport and its rate of
change (Fig. 4c), suggesting that winds from Irma drove an acceleration of the Gulf Stream
in the Florida Straits. Such a response to local winds is in line with the simulations of
winter storms by Lee and Williams [1988]. Off the Carolinas (700-1000 km), along-stream
winds were negatively correlated with both transport in the Florida Straits and the rate
of change of transport; these correlations are readily explained by the concurrent pres-
ence of the cold front off the Carolinas when Irma was impacting the Florida Straits. Far-
ther downstream (1300-1750 km), the correlation between along-stream wind stress and
Florida Straits transport has a somewhat weaker positive peak, hinting at a relationship
between Jose and Maria’s winds over the Gulf Stream and transport measured farther
upstream; a causative relationship would require a process, such as a coastal trapped wave,
to propagate the anomalous signal southward against the Gulf Stream.

Hurricanes also generate wind stress curl anomalies that can drive oceanic flows.
Wind stress curl is positive (cyclonic) in the core of a hurricane, but often becomes neg-
ative (anticyclonic) around the margins of the storm [e.g., Geisler, 1970; Price, 1983].
Positive wind stress curl drives Ekman divergence, upward velocity at the base of the
Ekman layer, and lowering of the sea surface, producing a negative pressure anomaly through-
out the water column. Geisler [1970] describes how a moving storm leaves a baroclinic
ridge and barotropic trough along the storm track with flow undergoing geostrophic ad-
justment on the time scale of storm passage. The basic state of the Gulf Stream includes
a shoreward pressure gradient force due to sea level increasing offshore, so a barotropic
trough along the track of a hurricane centered over or seaward of the Gulf Stream would
produce an anomalous barotropic pressure gradient in opposition to the Gulf Stream’s
geostrophically balanced flow. Since the Gulf Stream follows the continental margin up-
stream of Cape Hatteras, wind stress curl on the shoreward side of the Gulf Stream (i.e.,
over the shelf), is not expected to have a significant barotropic effect in deep water.

Wind stress curl along the mean Gulf Stream path shows anomalies associated with
Irma, Jose, and Maria, as well as the cold front (Fig. 4d), and we consider correlations
between this wind stress curl and the volume transport and its rate of change through
the Florida Straits (Fig. 4e) as with along-stream wind stress above; negative correla-
tions are consistent with positive wind stress curl anomalies driving reduced transport.
Irma produced negative wind stress curl anomalies over the Gulf Stream along the Florida
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coast (0-500 km), consistent with only the outer edge of the storm impacting the Gulf
Stream. Both Jose and Maria produced negative wind stress curl anomalies followed by
stronger positive curl anomalies as they moved closer to the Gulf Stream. The cold front
off the Carolinas around 11 September produced a negative wind stress curl anomaly that
overlapped in along-stream position (near 1100 km) with Maria-associated anomalies later
in the month. Correlations between wind stress curl and both transport in the Florida
Straits and its rate of change were negative from Florida to approximately Cape Hat-
teras (Fig. 4e). The most negative correlations occured off the Carolinas, upstream (south-
west) of Cape Hatteras (1000-1250 km; Fig. 4e, blue), suggesting that wind stress curl
from Maria and/or the cold front could have contributed to the Gulf Stream transport
reduction measured in the Florida Straits. However, a mechanism for propagating the
anomalous transport signal upstream is necessary (e.g., a coastal trapped wave). Neg-
ative correlations in the Florida Straits (Fig. 4e, red) likely result from wind stress curl
being correlated with along-stream wind stress during Irma.

The preceding examination of the relationships between wind forcing along the Gulf
Stream and transport measured in the Florida Straits is limited by the short time se-
ries and sparse oceanic data; hence the analysis is suggestive of potential forcing mech-
anisms rather than conclusive. There are some mismatches in the timing of forcing events

and transport variability that do not fit the proposed mechanisms. For instance, the strongest
upstream wind stress and most positive curl from Maria around 27-28 September (Figs. 4b,d)

coincide with transport that, while abnormally low, is increasing rather than decreas-
ing (Fig. 4a).

For either along-stream wind stress or wind stress curl off the Carolinas to cause
transport fluctuations in the Florida Straits, the signal of anomalous wind forcing must
propagate upstream relative to the Gulf Stream. The coastal waveguide provides a po-
tential means of propagating a signal toward the southwest. Interestingly, transect 6 ex-
hibits uplifted isopycnals within the core of the Gulf Stream (Figs. 2d,1) around 27-29
September, 2—4 days after Maria’s cyclonic wind stress curl began impacting the Hat-
teras region (Fig. 4) more than 400 km farther downstream. If this isopycnal uplift re-
sulted from wind stress curl beneath Maria [e.g., Geisler, 1970], then that signal would
have needed to propagate upstream to where the glider observed it. A propagation speed
of O(2) m s~! as due to baroclinic coastal trapped waves [Bane, 1980; Gill, 1982] is con-
sistent with the timing of the observed isopycnal uplift, but a single observation of up-
lifted isopycnals makes definitive identification of a traveling signal in the glider obser-
vations impossible.

Tide gauge measurements (Fig. 4f) have been used to detect coastal trapped waves
by searching for lagged correlations between stations distributed along a coast [e.g., En-
field and Allen, 1980; Chelton and Davis, 1982]. We computed windowed, lagged cor-
relations between pairs of tide gauges along the US East Coast using various lags and
window sizes (not shown). During September 2017, the only propagating signal detectable
from those tide gauge measurements was Irma’s coastal surge, which propagated pole-
ward at about 9 m s~!, roughly the speed of the storm. If baroclinic coastal trapped waves
were present and had a coastal sea level signature, then their O(2) m s~! propagation
speeds should be detectable along the US East Coast, where propagation from Cape Hat-
teras to the WBTS location should take 57 days. The tide gauge measurements pro-
vide no clear evidence for baroclinic waves; if baroclinic waves played a role in propa-
gating signals, such as the isopycnal uplift in transect 6 (Figs 2d,1), they did not have
a coastal sea level signature. Barotropic waves, with phase speeds of 10s of meters per
second [e.g., Bane, 1980], would be undetectable since the tide gauge data were filtered
to remove the (propagating) tidal signal; we cannot conclude whether barotropic waves
played a role in reducing transport in the Florida Straits.
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4 Summary

Observations collected during the 2017 Atlantic hurricane season show the Gulf Stream’s
transient response to Hurricanes Irma, Jose, and Maria. A freshwater anomaly within
the Gulf Stream off the Carolinas (Figs. 2e—g; Table 1) is attributable to rain from Irma
being entrained into the Loop Current-Gulf Stream system. Gulf Stream volume trans-
port was reduced by as much as 40% for a period of about two weeks following the storms
(Fig. 3). This transport reduction, which had both barotropic and depth-dependent char-
acteristics, may have resulted from the combination of strong winds blowing against the
Gulf Stream and the positive wind stress curl produced by the series of storms passing
near the Gulf Stream in rapid succession (Fig. 4a—e). Correlations between transport through
the Florida Straits and winds over the Gulf Stream off the Carolinas suggest that coastal
trapped waves may have propagated anomalous signals upstream relative to the Gulf Stream,
but coastal tide gauge measurements show no clear evidence of such waves (Fig. 4f). With
multiple storms affecting the Gulf Stream during September 2017, the impacts of the in-
dividual storms were likely superposed upon each other [Price, 1983]. Further investi-
gation is necessary, likely using numerical models, to determine the specific mechanisms
by which local and remote winds may have produced the observed barotropic and depth-
dependent transport anomalies, as well as to examine connections between such Gulf Stream
transport fluctuations, coastal sea level anomalies, and nuisance flooding. The success
of both the pre-planned glider mission and the WBTS cable in capturing the Gulf Stream’s
response to passing storms highlights the need for sustained deployment of observing as-
sets to measure before, during, and after the passage of tropical systems.
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