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O C E A N O G R A P H Y

Rapid observations of ocean dynamics and stratification 
along a steep island coast during Hurricane María
Olivia M. Cheriton1*, Curt D. Storlazzi1, Kurt J. Rosenberger1,  
Clark E. Sherman2, Wilford E. Schmidt2

Hurricanes are extreme storms that affect coastal communities, but the linkages between hurricane forcing and 
ocean dynamics remain poorly understood. Here, we present full water column observations at unprecedented 
resolution from the southwest Puerto Rico insular shelf and slope during Hurricane María, representing a rare set 
of high-frequency, subsurface, oceanographic observations collected along an island margin during a hurricane. 
The shelf geometry and orientation relative to the storm acted to stabilize and strengthen stratification. This main-
tained elevated sea-surface temperatures (SSTs) throughout the storm and led to an estimated 65% greater po-
tential hurricane intensity contribution at this site before eye passage. Coastal cooling did not occur until 11 hours 
after the eye passage. Our findings present a new framework for how hurricane interaction with insular island 
margins may generate baroclinic processes that maintain elevated SSTs, thus potentially providing increased 
energy for the storm.

INTRODUCTION
Tropical cyclones (TCs), also known as typhoons and hurricanes, 
are extreme storms that can produce destructive winds, high storm 
surges, torrential rains, and flooding. When TCs affect populated 
coastlines, the result is usually tremendous damage to property and 
loss of life, making them one of the most feared and destructive 
weather systems on Earth. While TC intensity forecasts have im-
proved over the past few decades (1), improvements in the 24- to 
48-hour warning window have lagged, and the prediction skill for 
TC rapid intensification (RI) is still poor (2, 3). Accurate forecasts 
of RI or deintensification for landfalling TCs remain a critical chal-
lenge but are imperative for protecting coastal communities (4).

The ocean response can exert strong feedbacks in TC forcing be-
cause sea-surface temperatures (SSTs) are a primary factor controlling 
the energy available to TCs (5–7). Strong wind and large waves can 
act to entrain cooler waters from depth, driving a decrease in SSTs 
under TCs, with the magnitude of this cooling dependent on mixed 
layer depth and vertical stratification (8–11). This can result in a 
negative feedback, whereby cooler SSTs decrease the enthalpy flux 
from the ocean to the atmosphere, resulting in reduced storm in-
tensity. However, observed SST cooling does not increase mono-
tonically with increasing TC intensity (12), and there is evidence that 
in coastal waters over narrow continental shelves upper-ocean cool-
ing can be negligible (13).

In proximity to coastal boundaries, the ocean response to TC 
forcing is not well understood due to both a paucity of in situ obser-
vations and models lacking sufficient resolution and complexity. The 
few full water column observations of TC-forced ocean dynamics 
along coasts predominantly come from broad continental shelves, 
such as the Mid-Atlantic Bight (14–16) or the Gulf of Mexico (17–19). 
Along broad shelves, the interaction of TC winds and coastal strati-
fication with a land barrier can either increase SST cooling through 
strong shear- and bottom-friction induced mixing (14, 15, 17, 18) 

or limit SST cooling through downwelling (16, 20, 21). However, it 
is unclear if these dynamics translate to the steep, narrow, insular 
shelves of islands, which are disproportionately affected by TC storms. 
The few direct in situ measurements taken along steep island mar-
gins during TC conditions reveal several post-eye coastal dynamics: 
the alongshore advection of TC-upwelled waters (22), wind-driven 
cooling over shallow reef flats (22), as well as strong near- and sub-
inertial baroclinic responses, such as coastally trapped waves (23). 
These previous observations report on coastal island dynamics driven 
by alongshore TC winds. To our knowledge, this is the first set of 
observations from an insular shelf to report dynamics (i) at these 
fine temporal (subminute) and vertical (<5 m) scales and (ii) driven 
by cross-shore TC winds.

Hurricane María, the strongest weather system to affect Puerto Rico 
since 1928, caused thousands of deaths (24), more than $90 billion 
in damage (25), and the largest electrical blackout in U.S. history (26). 
During María, an array of oceanographic sensors were deployed off 
the southwest coast of Puerto Rico as part of a months-long experi-
ment to investigate wave and circulation dynamics on the southern 
insular shelf and steep upper slope (Fig. 1). Here, the insular shelf 
extends 5 to 10 km offshore to the shelf break at ~20-m depth, be-
low which the upper slope (20- to 90-m depths) ranges from 25° to 
45°, with a gradient of approximately 44° at our slope site (27). The 
array included nearshore pressure sensors, an outer shelf waves and 
current profiler, an upper slope current profiler, and thermistor 
moorings at the shelf break and upper slope (see Materials and 
Methods). The resulting dataset provides a unique opportunity to 
examine the hydrodynamics and baroclinic processes under TC forc-
ing at an unprecedented temporal and vertical scale and also rep-
resents one of the first full water column observations of TC-driven 
coastal processes over a steep island margin.

RESULTS
Wind and wave forcing during Hurricane María
Hurricane María made landfall on the southeast corner of Puerto Rico 
at ~10:15 on 20 September 2017 (note: all times in GMT), and the 
eye passed over the longitude of buoy 42085, as marked by a sudden 

1Pacific Coastal and Marine Science Center, U.S. Geological Survey, 2885 Mission 
Street, Santa Cruz, CA 95060, USA. 2Department of Marine Sciences, University of 
Puerto Rico-Mayagüez, P.O. Box 9000, Mayagüez, PR 00681, Puerto Rico.
*Corresponding author. Email: ocheriton@usgs.gov

Copyright © 2021 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

mailto:ocheriton@usgs.gov


Cheriton et al., Sci. Adv. 2021; 7 : eabf1552     12 May 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 9

wind reversal, at 13:00. Given path and speed of Maria across 
Puerto Rico from the National Hurricane Center best track record, we 
estimate that this wind reversal occurred approximately 5 hours later 
at our study site (Fig. 1C), which we hereafter refer to as the eye 
passage. Winds at buoy 42085 exceeded 25 m s−1, with gusts of 35 m s−1. 
During the eye passage, wave periods increased from ~12 to 19 s, 

significant wave heights increased from 2.6 to 3.8 m, and maximum 
wave heights nearly doubled from ~3.8 to 7.3 m (fig. S1, A and B). 
In the week preceding María (13 to 20 September), the warm sur-
face mixed layer over the upper insular slope was between 35 and 
50 m deep; 10 hours before the storm (00:00 to 10:00 on 20 September), 
the surface mixed layer was approximately 35 m deep and moving 
northwestward (Fig. 2, A and C).

Wind-driven flow and thermal structure
During the initial phase of María, the northwesterly winds accelerated, 
and the upper currents over the shelf and slope (surface to ~35-m 
depth) were predominantly aligned with the accelerating north-
westerly winds, with a southeastward (off-shelf) direction (Fig. 2, 
B and C). As the off-shelf–directed surface flow layer strengthened, 
the surface mixed layer (delineated by the 29.5°C isotherm) shoaled 
20 m in approximately 2.5 hours (from 07:30 to 10:00 on 20 September) 
with increasingly cooler temperatures infiltrating at depth (Fig. 2A). 
The shoaling isotherms exhibited extensional (diverging) strain 
and were associated with weakly upward flow (~07:30 to 15:00 on 
20 September; fig. S1, C and D); however, we note that the upward 
flow was close to the error for the instrument (~0.8 cm s−1). Approxi-
mately 4 hours before the eye passage (14:00 on 20 September), the 
thermocline deepened to below the shelf break depth (~20 m), where 
the upward movement of the isotherms remained impeded by the 
vigorous eastward and off-shelf surface flow, which reached maxi-
mum current speeds exceeding 0.8 m s−1 around the time of the eye 
passage (18:00 on 20 September). With the arrest of the thermocline 
at the shelf break, cooler water continued to infiltrate at depth, caus-
ing the thermocline to further strengthen. Below the surface flow, at 
approximately 15:00 on 20 September, a strong shear layer developed, 
which became colocated with the thermocline (Fig. 2D and fig. S1F). 
Within this thin shear layer, there was an onshore flow (Fig. 2C), 
which was likely a return flow formed in direct response to the off-
shelf surface flow, as the off-shelf flux within the surface layer was 
moderately negatively correlated with the onshore flux within the 
shear layer (correlation coefficient = −0.5, P < 0.005, degrees of 
freedom = 442; fig. S1H).

The water column structure was remarkably stable throughout 
the passage of María. Throughout the period of maximum wind 
and wave forcing, the strong, shallow thermocline persisted and 
strengthened (Fig. 2D). No expansive regions of shear instabilities 
(Rig < 0.25), elevated turbulent kinetic energy (TKE) dissipation 
( > 10−6 W kg−1), or large overturns (LT > 10 m) were detected 
within or below the thermocline during this period (Fig. 2E and fig. 
S1E), indicating a lack of turbulence and mixing despite the strong 
storm energetics. Using the wave-amplitude–based Reynolds num-
ber (28), the time period over which the waves at our study site 
could produce turbulent motions and effectively deepen the mixed 
layer was found to be 8 hours before to 4 hours after the eye passage 
(10:00 to 22:00 on 20 September). Previous observations of mixed 
layer deepening due to TC waves found a mean mixed-layer deep-
ening rate of 0.7 mm s−1 (29). Applying this rate, the wave-induced 
mixed layer depth would have reached the seabed at our slope site 
(60-m depth) by the time of eye passage. This was not observed; 
instead, the thermocline shoaled during period of large waves. We 
propose that the surface mixed layer remained shallow because of 
the wind-driven baroclinic response at the shelf break, which effec-
tively impeded the generation of turbulence and mixing in the lower 
water column.

−2000
−1000

0
E

levation (m
)

−800
−1000

−400

−600
−20

−2
00

Guánica

Nearshore sites
Outer shelf site
Shelf break and slope sites

10 km

A

B

P1P2
P3P4P5

P6

−120
−80
−40

0

z 
(m

)

−200 0 200
x [m]

−20

−20

0 5

21-Sep 00:00

20-Sept 18:00

20-Sep 12:00

18
o N

19
o N

67oW 66oW

Puerto 
Rico

0 50 100 km

8:08

42085 buoy

41053 buoy

18
.0

o N
17

.9
o N

17
.8

o N

67.1oW 67.0oW 66.9oW 66.8oW 66.7oW

Study area

Hurricane María passage over Puerto Rico

Study area

20-Sep 21-Sep 22-Sep
−20
−10

0
10
20
30

W
in

ds
 (m

/s
)

980

990

1000

1010

A
tm

. P
 (m

ba
r)C Winds and atmospheric pressure at study site

2017 (GMT)

Offshore

Onshore

Fig. 1. Overview of the study area and the passage of Hurricane María. (A) Map 
of Puerto Rico showing study area location (red box), the oceanographic buoys 
(orange triangles), and the track of María with eye timing and locations (black dots) 
in 6-hour increments and the wind radii of 64-knot winds (gray circular outlines). 
(B) Study area showing location of nearshore shelf instrument packages (P1 to P6), 
the outer shelf wave and current meter (red triangle), as well as the shelf break 
mooring and the upper slope mooring and current meter (yellow square). Inset box 
shows approximate bathymetric profile of upper slope and across-shore location 
of shelf break and slope sites according to distance offshore of the shelf break. 
(C) Wind velocity (blue) and atmospheric pressure (orange) measured at buoy 42085 
during hurricane passage. Stick vector directions point in “direction toward.”
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Impact of trailing cold wake
In the previous section, we described the ocean response during the 
strongest wind and wave forcing, which resulted in sustained, ele-
vated SST throughout the storm. Here, we will detail the post-storm 
arrival of the cold wake, the impact of which at the steep shelf break 
generated a superinertial surface longwave and a subsurface, cold, 
bore-like internal wave.

The thermocline remained within our vertical depth coverage 
(as shallow as 9-m depth) until approximately 10 hours after the eye 
passage when there was a sudden energetic adjustment of the water 
column. This adjustment or internal “shock” was characterized by 
exceptionally cool and near-uniform temperatures throughout the 
water column, a rapid reversal of currents, large overturns (LT > 10 m), 
and mixing (marked by star in Fig. 2 and fig. S1E). We attribute 
this internal shock to the relaxation in the wind-forced baroclinic 

dynamics and the hurricane wake’s first upwelling cycle affecting 
the upper insular slope. The along-track internal structure of a 
hurricane wake is characterized by alternating cells of upwelling and 
downwelling (30) with corresponding velocity fluctuations (31). 
Estimating the distance of the wake behind the eye as Uh(-)/f after 
(7), where Uh is the hurricane translation speed (~5 to 7 m s−1 in 
the 10 hours before María made landfall on Puerto Rico),  is the 
wind inflow angle (20 to 40°), and f is the inertial frequency (0.45 × 
10−4 s−1), gives a distance of approximately 300 km separating the 
hurricane eye from the upwelling wake. Given the observed time 
separation of 10 hours, this corresponds to a translation speed 
of ~8 m s−1 for the trailing wake, comparable to the hurricane trans-
lation speed range. Satellite SST imagery from 21 September also 
resolves a cool, wake-like pattern with a wavelength (spatial separation) 
of ~300 km (fig. S2C).
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Fig. 2. Two-day time series of flow and water column response at the shelf break, outer shelf, and upper slope during Hurricane María. (A) Temperature (please 
note that the thermistor moorings overlap vertically); (B) alongshore current velocity; (C) across-shore current velocity; (D) buoyancy frequency squared with shear layer 
outlined in blue; (E) TKE dissipation with regions of shear instabilities (Rig < 0.25) shown in light blue, and the star indicates start of cold wake impact. For all panels, iso-
therms in 0.5°C increments (from 25° to 30°C) are shown, and the vertical dashed line indicates the approximate timing of eye passage at the study site and the shift from 
offshore to onshore winds [approximately 18:00 on 20 September (GMT)]. For (A) to (C), the top panels are from the outer shelf (Fig. 1B, red triangle) and shelf break sites 
(Fig. 1B, yellow square, 18-m depth) and the bottom panels are from the upper slope site (Fig. 1B, yellow square, 55-m depth). The x-axis tick marks are in hourly increments.



Cheriton et al., Sci. Adv. 2021; 7 : eabf1552     12 May 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 9

In the hour preceding the wake impact (~4:00 to 5:00 on 
21 September), the upper water column horizontal velocities decel-
erated and shifted direction from upstream and offshore to down-
stream and onshore (Fig. 2, B and C, and fig. S1C). Then, with the 
upwelling wake impact (at ~5:05 on 21 September), the slope water 
column cooled rapidly, with the largest temperature decrease near 
the surface, resulting in a nearly uniform temperature between 9-m 
depth and the slope bed (Fig. 3A). Temperatures at the shelf break 
decreased 2.5°C in 13 min to 25.6°C, while vertical velocities shifted 
from downward (~0.04 m s−1) to upward, reaching 0.05 m s−1 in the 
upper water column above the shelf break over a 15-min time period 
(Fig. 2, B and C, and fig. S1C). The wake water column was highly 
unstable, with reduced vertical structure (mean N2 ~ 0.002 s−2), 
evidence of shear instabilities (Rig < 0.25), elevated TKE dissipation, 
and overturns of 10 to 20 m (Fig. 2, D and E, and fig. S1E). Within 
the wake, the internal Froude number (which can be used to char-
acterize the way a flow behaves over topography, particularly at 
sharp interfaces such as a shelf break) increased to >0.8 in the water 
column above the shelf break depth, reaching a maximum of 1.0 just 
above the shelf break depth (fig. S1G), indicating supercritical flow 
conditions.

When the trailing cold wake affected the steep upper slope, a 
superinertial long wave was generated that propagated across the 
shelf with a period of 10 to 13 hours (the inertial period at this site 
is ~39 hours) and a sea-surface height anomaly (SSHA) amplitude 
of approximately 0.16 m at the shelf break, decaying with distance 
toward shore, to a minimum recorded amplitude of 0.07 m at P6 
(Fig. 3, A and B). This SSHA peak appeared at all the nearshore sites 
in a downstream order and was distinct from the wave-driven storm 
surge SSHA of ~0.2 m that occurred before the eye passage. Using 
the timing of the SSHA peak at the shelf sites, the phase speed of this 
SSHA wave was estimated as 3.0 m s−1 heading downstream and 
onshore (310°) with an alongshore speed at the shelf break of ap-
proximately 2.2 m s−1. The amplitude decay from the shelf break 
toward shore, coupled with the superinertial period and direction, 
suggests that this was a free wave generated by the interaction of the 
wake’s barotropic velocity with slope topography. Before landfall 
on Puerto Rico, María had a mean translation speed of 5 m s−1 and 
a radius of maximum winds of approximately 200 km, corresponding 
to a storm time scale of 11 hours, which matches the superinertial 
period of this wave, further corroborating this hypothesis. The rela-
tively short period of this wave stands in contrast to the inertial- and 
subinertial-period coastally trapped waves (CTWs) that were ob-
served along the steep upper slope of Palau after the passage of 
Typhoon Haiyan (23). Storm-generated edge waves have been ob-
served over broad continental shelves at periods similar to the wave 
observed here (32), but it is unlikely that the cross-shore bathymet-
ric geometry (narrow insular shelf and relatively steep upper slope) 
could generate and support edge wave propagation.

The maximum cooling over the shelf occurred 11 to 30 hours 
after the passage of María and was driven by a cold, bore-like inter-
nal wave generated by the impact of the wake with the upper slope. 
At the shelf break, the SSHA peak coincided with the generation of 
this cold bore: Within 12 min, an exceptionally cold (26°C) wall of 
water infiltrated the lower shelf water column to at least mid-water 
column depths (9 m) and was observed at the shelf break for ~44 min 
(Fig. 3A). It subsequently propagated across the shelf, reaching all 
of our nearshore sites in a similar downstream order, resulting in a 
near-bed temperature decrease >3°C at some of the nearshore sites 
(compared to pre-María conditions; Fig. 3C), a cooling signature 
that could not have been captured by surface temperature measure-
ments. At the shelf break, the bore phase speed estimated as c = NoH/ 
gives 0.3 m s−1, while the timing of the cooling signature at the near-
shore sites suggests a phase speed of 0.2 m s−1 with a heading the 
same as the SSHA wave (309°).

DISCUSSION
Potential increase in storm energy
Determining how coastal ocean processes contribute energy to 
landfalling TCs is critical to accurately forecasting storm intensities 
for coastal populations (19,  33). As Hurricane María approached 
Puerto Rico, it underwent an RI: 48 hours before landfall, María was 
a Category 1 TC with 44 m s−1 winds, but just a few hours before 
landfall, it had intensified to a Category 5 with 77 m s−1 winds (as it 
made landfall, María weakened slightly to a high Category 4 due to 
an eyewall replacement) (34). Few modeling forecasts for María’s 
intensity preceding landfall indicated RI, and none accurately 
captured the magnitude or timing of this RI (34, 35). The potential 
intensity (PI) of a TC is governed by the conditions at the air-sea 
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interface (36); from the eye out to a radius of approximately 100 km 
(37), the upward enthalpy flux from the ocean surface to the atmo-
sphere is a critical factor to storm intensity and structure (38).

To evaluate how the observed elevated SSTs might affect the 
storm energetics, we examined the increase in storm PI [(following 
(36)] that would result with no topographically forced water col-
umn stabilization at the shelf break (Fig. 4). A simple model was 
constructed using the pre-storm temperature profile and applying 
the mean, depth-variable shoaling rate of the isotherms before they 
reached the shelf break. The difference between the observed and 
modeled temperatures gives a warm anomaly of over 3°C in the 
surface mixed layer during the storm passage (Fig. 4D). With these 
anomalously warm SSTs, we estimate a mean increase in PI of 65% 
in the 10 hours preceding eye passage (Fig. 4E). Additional ocean 
temperature observations from around the island and farther off-
shore indicate that these anomalously warm SSTs were not confined 
to our immediate study area. Remotely sensed SST measurements 
show that SSTs extending as far as 200 km offshore (southward) 
from our study site were of comparable magnitude (within 0.6°C; 
figs. S2 and S3). Coastal buoy observations also confirm this larger- 
scale pattern of elevated SSTs. The SSTs from buoy 42085 (Fig. 1A) 
that was also located near the shelf break but approximately 40 km 
to the east of our study area also show sustained, warm SSTs 
throughout the passage of María, suggesting that the warm SSTs 
over the insular shelf and upper slope extended over most of the 
island’s southern margin (fig. S4A). We also compared our results 
to the PI resulting from the air-sea enthalpy flux at a site on the 
northern insular shelf (buoy 41053; Fig. 1), which was located to the 
right of the TC track. This PI was of comparable magnitude to that 
from our study site on the left side of the TC track (fig. S4). Thus, it 
appears unlikely that cooling on the opposite side of the island was 
sufficient to counteract the air-sea enthalpy fluxes we estimated for 
the sites on the southern coastline. We emphasize that, although 
the anomalously elevated SSTs were a large-scale phenomenon, the 
processes governing these patterns are varying and complex. The 
baroclinic dynamics we have reported here that maintained the elevated 
SSTs over the insular shelf, shelf break, and upper slope of our 
study area represent a previously unidentified mechanism by which 
the upper ocean can affect TC heat fluxes, but it is one process among 
many contributing to the storm’s overall energetics.

New framework of TC dynamics near steep island coasts
These results present a new framework for understanding how a 
stratified ocean may respond to TC forcing along steep coastal mar-
gins. Previous work has found three predominant coastal ocean 
baroclinic responses to TC winds during the initial forced stage: (i) 
cooling from shear-induced mixing (14, 15), (ii) restricted cooling 
due to downwelling and offshore advection of cold bottom water 
(16), and (iii) warming due to downwelling circulation and sup-
pression of upwelling (20, 21). Our observations document a previ-
ously unidentified response, whereby offshore-directed TC winds along 
a relatively narrow insular shelf with a steep slope result in sustained, warm 
SSTs throughout the storm, despite the influx of increasingly cold 
waters at depth. These subsurface dynamics are generally not observable 
by surface observation platforms, such as buoys or remote sensing 
methods. A simplified cross-shelf schematic shows how the direc-
tion of TC forcing in relation to the coastline effectively stabilized 
the water column structure and suppressed turbulence and mixing 
in the upper ocean until the impact of the cold trailing wake (Fig. 5).

Our direct observations of TC coastal dynamics are particularly 
pertinent to thousands of small islands in the global ocean with sim-
ilarly narrow insular shelves and steep slopes. The circuitous nature 
of island margins allows portions of the coastline to experience 
offshore-directed winds during the TC approach more so than 
broad continental landmasses. While Atlantic continental TC research 
continues to advance, much less is understood about TC interac-
tions with small islands (39), whose communities are especially vul-
nerable to TC impacts due to their relative isolation, and the 
increased mortality and injury burden to populations with less de-
veloped infrastructure and access to resources (40, 41). In addition, 
the destructiveness of TCs is projected to increase with climate 
change not only due to sea-level rise and increased flooding (42) but 
also because the storm life spans, intensities, and intensification rates 
are projected to increase with warming SSTs (43–46), particularly 
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Fig. 4. Effect of elevated SSTs on hurricane PI. (A) Wind speed at 10-m above the 
ocean surface (U10, blue) and air temperature (Tair, orange) from buoy 42085. 
(B) Observed hourly averaged water column temperature (Tobs) from the upper 
slope. (C) Modeled hourly temperature (Tmod) with no shelf-break impedance of 
shoaling isotherms. (D) Temperature anomaly resulting from the observed condi-
tions (T = Tobs − Tmod). (E) Percent reduction in potential intensity (PI) from the 
modeled SSTs compared to the observed. The vertical dashed line in each panel 
indicates the time of eye passage.
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for the Atlantic (47, 48) and Western Pacific ocean basins (33) where 
thousands of small islands are found.

Limitations of empirical data
Although our high-resolution measurements have revealed ener-
getic, high-frequency baroclinic dynamics induced by TC forcing, 
they are limited by our lack of spatial coverage and perspective on 

alongshore processes. These observations serve to underscore the 
present dearth in our collective understanding of how extreme 
storms such as TCs interact with and evolve in proximity to insular 
island margins. Additional in situ observations would be helpful, 
but these mostly arise from accidental capture of TC events. Therefore, 
the development of very high resolution, coupled, air-sea models is 
a necessary tool for exploring the sensitivity of TC intensity to these 

∆
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Fig. 5. Schematic representation of cross-shore baroclinic dynamics during the passage of Hurricane María. Times in the top left of each panel are relative to the 
eye passage. Size and direction of gray arrows indicate magnitude and heading of winds relative to the cross-shore profile, and blue arrows represent cross-shore and 
vertical current velocities. (A) With the approach of María, the thermocline was initially deep and broad over the upper slope. (B) As off-shelf winds accelerated, an off-
shelf surface flow developed, isotherms shoaled and compressed, and stratification increased. (C) During the eye passage, the off-shelf surface flow strengthened, arrest-
ing the upward movement of the thermocline at the shelf break, which allowed the persistence of elevated SSTs during the storm. (D) Hours after the wind reversal, the 
surface flow relaxed and the thermocline shoaled rapidly. (E) Approximately 11 hours after the eye passage, the trailing cold wake affected the upper slope, generating a 
topographic shelf wave with an SSHA peak (gray surface wave) and a cold, bore-like internal wave at depth. (F) The surface shelf wave peak and the cold bore propagated 
across the shelf, while the reverberation of the wake against the steep, upper slope caused large, breaking internal waves.
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observed coastal processes and provides a promising avenue for 
ensuring that scientific efforts can benefit island communities and 
nations in the face of increasingly severe TCs.

MATERIALS AND METHODS
Experimental design
The study area was off the southwest coast of Puerto Rico (Fig. 1), 
and water column observations were taken from a slope site, a shelf 
break site, and an outer shelf site, with an additional array of six 
nearshore sites.
Slope site
Technical scuba divers deployed a benthic instrument package at a 
55-m site on the upper insular slope, which was established by the 
University of Puerto Rico–Mayagüez’s multidisciplinary Mesophotic 
Coral Ecosystem research program (27); the slope here faces 
south-southwestward and is steep (~44°). An upward-looking 300-kHz 
Teledyne RD Instruments acoustic Doppler current profiler collected 
current velocity profiles of horizontal and vertical velocities in 1-m 
bins from 4 to 49 m above the bed (mab); these profiles were aver-
ages of 60 samples taken at 2 Hz, resulting in an expected SD of 
1.6 cm s−1 for horizontal velocities, and no more than 0.8 cm s−1 for 
vertical velocities (Teledyne RDI communications). A SeaBird Elec-
tronics SBE-37 temperature-salinity (TS) sensor was sampled once 
every 2 min and was mounted at 0.2 mab. A subsurface mooring 
was deployed approximately 15 m (horizontally) further downslope 
from the benthic instrument package at 62-m water depth. The 
mooring consisted of one SeaBird SBE-56 thermistor at 57-m depth 
that logged every 30 s and eight RBR SoloT thermistors mounted 
every 5 m from 52-m to 17-m depth that sampled every 5 s; a SeaBird 
Electronics SBE-37 TS sensor that sampled once every 2 min was at 
the top of the mooring at a depth of 12 m.
Shelf break site
A second mooring was deployed at the insular shelf break, directly 
onshore (181 m horizontal distance away) from the slope site, at 
18-m water depth. This mooring had three thermistors all sampling 
at 30 s: an SBE-56 thermistor at 18-m depth (0.2 mab) and two RBR 
thermistors at 14- and 9-m depth (4 and 9 mab). An RBR Virtuoso 
pressure gauge installed at 18-m depth (0.2 mab) collected hourly 
bursts of 4096 samples at 4 Hz (~17 min). The pressure data were 
averaged across bursts, and the atmospheric pressure was removed 
(using buoy record, see below).
Outer shelf site
A benthic instrument package was deployed at 12-m depth on the 
outer insular shelf ~12 km east-northeast of the slope and shelf break 
sites. An upward-looking 600-kHz Nortek acoustic wave and current 
(AWAC) profiler measured directional waves with hourly burst of 
2048 pressure and acoustic surface tracking (AST) samples at 1 Hz. 
The AWAC also collected a 5-min averaged profile of current veloc-
ity in 2-m bins every 10 min after the wave sampling period (at 0, 40, 
and 50 min each hour); temperature was also recorded with the same 
sampling scheme. Given the AWAC sampling parameters, the ex-
pected error in current velocity is 1.4 cm s−1 for horizontal currents 
and 0.5  cm s−1 for vertical currents. Because of the low pressure 
during Hurricane María, pressure-derived wave parameters were 
erroneous, so all presented wave statistics from this site are from AST.
Nearshore sites
Instrument packages installed just above the bed at six nearshore 
sites (P1 to P6; 10-m depth) consisted of a single-point Marotte 

current meter and an RBR Virtuoso pressure gauge. The Marottes 
recorded near-bed temperature, which was binned into hourly 
averages. RBRs recorded pressure with hourly bursts of 4096 sam-
ples at 4 Hz (~17 min); to obtain water levels, the pressure data were 
averaged across bursts and the atmospheric pressure was removed 
(using buoy record, see below).
Auxiliary data
Additional meteorologic and oceanographic data were obtained 
from two buoys of the Caribbean Integrated Coastal Ocean Observing 
System (“CariCOOOS” buoys 42085 and 41053; www.caricoos.org/). 
Buoy 42085 is located approximately 40 km east of our study area, 
whereas buoy 41053 is located off San Juan on the northern side of 
the island (Fig. 1A). Best track data for Hurricane María were ob-
tained from the National Oceanographic and Atmospheric Admin-
istration National Hurricane Center GIS archive (www.nhc.noaa.
gov/gis/). To correct pressure measurements from our study sites, 
the atmospheric pressure data from buoy 42085 were time-adjusted 
relative to the eye passage. Daily satellite SST data were obtained 
from National Oceanic and Atmospheric Administration’s (NOAA’s) 
National Centers for Environmental Information (NCEI) Optimal 
Interpolation Sea Surface Temperature (OISST) v2.1 analysis (49).

Data analysis
Density was derived from temperature; using the temperature and 
density measured by the near-surface and near-bed TS sensors on 
the slope mooring, a linear relationship was found for each time 
step and applied to the water column temperature. The Brunt-Väisälä 
(buoyancy) frequency, N, was calculated as N2 = −(g/o)(/z), 
where g is the gravitational acceleration, o is the depth-averaged 
density, and /z is the vertical density gradient. The gradient 
Richardson number, Rig, was computed as Rig = N2/S2, where S is 

the current shear,  S =  √ 
_________________

   (du / dz)   2  +  (dv / dz)   2    ; to calculate Rig, N2 

was interpolated to the shear vertical resolution of 1 m. Regions 
with Rig < 0.25 are prone to shear instabilities (50), and this thresh-
old is often invoked as requisite for turbulence. The Thorpe scale, 
LT, is the root mean square of the displacement caused by adiabati-
cally reordering the density profiles (51). TKE dissipation was esti-
mated as  = 0.64LT

2 N3 (52). We note that the LT and  estimates 
rely on temperature measured at 5-m depth intervals; as such, our 
minimum resolvable overturn is 5 m. The internal Froude number, Fr, 
versus depth was calculated for the slope site using Fr(z) = |u(z)/c(z)|, 
where u is the current speed and c is the first mode phase speed, which 
was estimated using  c = 1 /   ∫−H  0    N(z )dz , where H is water depth 
(53). SSHAs were calculated by de-tiding the water levels measured 
by the pressure sensors at the shelf break and nearshore sites.

To examine the effect of wave-induced turbulence on the mixed 
layer depth, we calculated the wave-amplitude Reynolds number 
(28): Re = (/) a0

2 exp(−2z/g), where  is the wave frequency, a0 
is the wave amplitude,  is the kinematic viscosity of ocean water, 
and z is the depth. Then, to determine the time period when the 
surface waves drove turbulence capable of deepening the mixed layer 
depth, the times when Re exceeded a critical value (Recr = 3000) 
were identified.

To evaluate the change in potential storm intensity that would 
result in the absence of the baroclinic processes at the shelf break, 
we compared our water column temperature to that of a modeled 
water column in which the upward movement of the isotherms is 
not impeded at the shelf break. Both the modeled and observed data 

http://www.caricoos.org/
http://www.nhc.noaa.gov/gis/
http://www.nhc.noaa.gov/gis/
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use the buoy SST (time-adjusted relative to the eye passage) and the 
9-m temperature from the shelf break mooring, in addition to the 
water column temperature from the slope. For the modeled tem-
perature, the initial profile is the average taken over 00:00 on 
19 September to 08:00 on 20 September (the time when the isotherms 
begin shoaling) and the depths of the temperatures below the slope 
site water depth (62 m) were estimated using the isotherm shoaling 
rates and the timing of when these deeper isotherms appeared at the 
slope site. The temperature-dependent shoaling rates were then 
applied to this initial temperature profile in hourly increments and 
compared to the hourly averaged observations. Then, with the 
resulting observed and modeled SSTs, PI was calculated as

   PI   2  =    C  k   ─  C  d        
SST −  T  o   ─  T  o     ( k  s   −  k  a  )  

where Ck and Cd are the enthalpy and drag exchange coefficients, 
respectively; ks and ka are the specific enthalpies of air at the ocean 
surface and in the ambient boundary layer; and To is the outflow 
temperature (36). Values of Ck = 1.16 × 10−3 (54) and Cd = 2.4 × 10−3 
(55) were used, and the specific enthalpies were found using standard 
bulk formulae (56). To was obtained from the National Centers for 
Environmental Prediction (NCEP) Daily Global Analyses data pro-
vided by the NOAA Earth System Research Laboratory Physical 
Sciences Division (www.esrl.noaa.gov/psd/).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/20/eabf1552/DC1
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