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Abstract DuringOctober 2014, Hurricane Gonzalo traveled within 85 km from the location of an underwater
glider situated north of Puerto Rico. Observations collected before, during, and after the passage of this
hurricane were analyzed to improve our understanding of the upper ocean response to hurricane winds.
The main finding in this study is that salinity potentially played an important role on changes observed in
the upper ocean; a near-surface barrier layer likely suppressed the hurricane-induced upper ocean cooling,
leading to smaller than expected temperature changes. Poststorm observations also revealed a partial recovery
of the ocean to prestorm conditions 11days after the hurricane. Comparison with a coupled ocean-atmosphere
hurricanemodel indicates that model-observations discrepancies are largely linked to salinity effects described.
Results presented in this study emphasize the value of underwater glider observations for improving our
knowledge of how the ocean responds to tropical cyclone winds and for tropical cyclone intensification
studies and forecasts.

1. Introduction

The study of ocean processes forced by the passage of a tropical cyclone (TC) is critical for understanding
air-sea interactions that can lead to the intensification of TCs and, therefore, for improving models used for
hurricane prediction. For example, the presence of large upper ocean heat content [Shay et al., 2000; Lin
et al., 2008; Mainelli et al., 2008; Goni et al., 2015] and barrier layers [Balaguru et al., 2012a] (i.e., increased
salinity stratification near the surface) can effectively reduce storm-induced sea surface temperature (SST)
cooling, favoring the intensification of the TC. Previous studies showed that the upper ocean response to
TCs is dominated by the development of vertical mixing, upwelling on the wake of the hurricane, and
baroclinic processes [Price et al., 1994; Dickey et al., 1998; Prasad and Hogan, 2007]. Most of these studies
were based on modeling outputs, on satellite data alone, or on very limited in situ data, such as Argo floats,
moored instruments, or Airborne eXpendable BathyThermographs. In this study, we used underwater glider
observations that were geared exclusively toward providing targeted in situ ocean observations to investigate
the ocean environment under hurricane force winds.

In July 2014, two underwater gliders (hereafter referred to as gliders) were deployed off Puerto Rico as part of
a multiinstitutional effort. The two gliders were piloted along predetermined tracks in the Caribbean Sea and
in the North Atlantic Ocean (Figure 1), where hurricanes very often travel and intensify [e.g., Landsea, 1993].
During July through November 2014, both gliders continuously provided temperature and salinity profile
data to 1000m and depth-averaged and surface current velocities.

On 12 October 2014, TC Gonzalo developed in the tropical North Atlantic, intensifying into Category 1
hurricane (17.9°N, 62.9°W) on 13 October and into Categories 2 (19.1°N, 64.0°W) and 3 (20.8°N, 65.6°W) on
14 October. At that stage, Hurricane Gonzalo had a well-defined eye with diameter of ~29 km and maximum
sustained winds of 100 knots (~51m/s) [Stewart, 2014]. During its intensification into Category 3, Hurricane
Gonzalo traveled ~85 km northeast of the location of the glider (Figure 1), providing an exceptional opportu-
nity to collect upper ocean observations under hurricane wind conditions. The sampling strategy adopted
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during the passage of Hurricane
Gonzalo consisted of carrying out
observations: along a repeat section
3 times, one before and two after
the passage of the hurricane, and at
a fixed location during the passage
of the hurricane.

The goal of this work is to help
improve the understanding of the
upper ocean response to hurricane
force winds. To accomplish this we
assess ocean conditions before (pre-
storm), during, and after (poststorm)
the passage of Hurricane Gonzalo
along a transect north of Puerto
Rico (Figure 1); quantify the observed
upper ocean variability; and discuss
potential mechanisms associated
with the observed upper ocean
changes. Glider observations were
further compared with outputs from
a numerical coupled atmospheric-

ocean model used for hurricane prediction to evaluate the model performance in simulating the upper
ocean response during Hurricane Gonzalo.

2. Ocean Observations

Here, ocean conditions were assessed based on 228 temperature and salinity profiles collected by the glider

during the period of 8–28 October 2014 along 66°W between 20°N and 21.5°N (meridional sectionAB; Figure 1),

focusing on the following: prestorm and poststorm temperature conditions along sectionAB; and time series
of temperature and salinity anomalies at site B during the passage of Hurricane Gonzalo. All temperature and
salinity profiles analyzed in this study were quality controlled based on gross-range tests, spike detection,
vertical gradients checks, and comparison to climatological temperature and salinity conditions from the
World Ocean Atlas 2013 [Locarnini et al., 2013; Zweng et al., 2013].

2.1. Prestorm Observations

During the prestorm period of observations (8–15 October 2014), this glider obtained 54 temperature and

salinity profiles while traveling along sectionAB outside the outer boundary of a cyclonic feature (Figure 1).
The prestorm temperature section (Figure 2a) showed that there was an upper layer with homogenous
temperature of ~29°C above 50m. The base of this layer corresponded to the depth of the seasonal
thermocline, which was characterized by a large vertical gradient (0.1°C/m) in temperature below 50m
(Figure 3a).

On 13 October, the glider arrived at site B. The temperature profile at this location had characteristics similar
to the profiles observed between sites A and B (Figure 3a). It was estimated that prestorm temperature
conditions had a high upper ocean heat content (sometimes referred as Tropical Cyclone Heat Potential,
TCHP [Goni et al., 2009]) of 86 kJ/cm2, which has been shown to play a key role in TC intensity changes
[Mainelli et al., 2008; Lin et al., 2013], and also to affect the TC induced upper ocean cooling [Lin et al.,
2008]. Salinity observations at this location showed a shallow low-salinity layer above 20m, with sea surface
salinity (SSS) of 35.8 on 13 October (Figure 3b). The sharp increase in salinity between 10 and 20m determined
a strong vertical density gradient (~�0.032 kg/m3/m) that characterized a barrier layer, which is generally
defined as a layer of water separating the well-mixed surface layer from the thermocline [e.g., Sprintall and
Tomczak, 1992; Vissa et al., 2013]. Between 20 and 130m, the salinity exhibited increasing values until it
reached its highest value of 37.2 at 130m.

Figure 1. Track followed by the glider (red points) north of Puerto Rico (PR)
during July–November 2014, overlaid on altimetry-derived geostrophic
currents. During 8–28 October, the glider sampled ocean conditions
between sites A and B (blue diamonds). The track of Hurricane Gonzalo is
shown by colored circles (every 3 h). The star highlights the closest location
of the hurricane with respect to the glider.
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2.2. During Storm Observations

During 13–15 October 2014, the glider was parked at site B (20.2°N, 66.0°W) and configured to sample
every ~2 h (total of 28 profiles) to assess changes in ocean conditions at this location during the
passage of Hurricane Gonzalo. During this 2 day record, Hurricane Gonzalo traveled from 16.6°N, 59.7°W
to 22.6°N, 67.0°W (Figure 1). Site B was ~85 km southwest from the closest location of Hurricane Gonzalo
on 15:00 UTC 14 October.

The 2 day record of temperature and salinity anomalies with respect to the initial conditions to 500m at site B
(Figures 3c and 3d) showed that the ocean exhibited different behavior in the upper and lower layers. Above
50m (depth of the seasonal thermocline), temperature anomalies were mostly negative during the record
(Figure 3c). These negative anomalies resulted from two main cooling events on 07:00 UTC 13 October
and 14:00 UTC 14 October (not shown). Below 50m, temperature anomalies were dominated by alternating
positive and negative values. Observations also showed that larger salinity anomalies occurred above 130m
(depth of the salinity maximum) (Figure 3d). Above 130m, salinity anomalies were mostly negative, except in
the layer between 0 and 20m. Similar to temperature, alternating positive and negative salinity anomalies
were observed below 130m. Here temperature and salinity anomalies exhibited a significant positive corre-
lation of 0.90 (95% confidence level) below 130m, showing the coupled behavior of these parameters.

To further assess the dominant modes of variability that occurred in the upper ocean at site B during the
2 day record, density anomalies were decomposed into sets of Empirical Orthogonal Functions (EOFs, depth
dependent) and of principal components (PCs, time dependent). Approximately 85% of the observed varia-
bility in the density structure at site B was accounted by three modes. The first mode (red line, Figures 3e and
3f) characterized density anomalies confined to the upper ~130mwith opposite signs above and below 20m
and explained 38% of the density variability. The second mode (green line, Figures 3e and 3f) characterized
density anomalies with opposite signs above and below 100m and explained 31% of the density variability.
The third mode (blue line, Figures 3e and 3f) showed two changes in sign, one at ~20m and the other at
~50m, and explained 16% of the density variability. The observed sign changes at ~20m for the first and
third modes indicate that the low salinity layer above 20m played an important role in the density structure
at site B. In addition, the first PC time series showed increasing values during the 2 day record (red line,
Figure 3f), reaching its peak value on 20:00 UTC 14 October, 5 h after Hurricane Gonzalo traveled the closest
from the glider. The PC time series for the second and third modes exhibited an alternating pattern (green
and blue lines, Figure 3f), indicating periodic changes in the vertical structure of the density field.

Figure 2. (a) Prestorm temperature along section AB. Temperature differences between (b) first poststorm section and
prestorm section; (c) second poststorm section and first poststorm section; and (d) second poststorm section and prestorm
section. The star in Figure 2b identifies the latitude where Hurricane Gonzalo crossed section AB.
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2.3. Poststorm Observations

In order to investigate the ocean response after the passage of Hurricane Gonzalo, section AB was repeated
two additional times: from site B to site A, during 15–23 October (first poststorm section, 94 profiles), and
from site A to site B, during 23–28 October (second poststorm section, 52 profiles). Temperature observations
were interpolated into a regular grid of 1m depth per 0.025° of latitude and compared with the pre storm
section (Figure 2a) described in section 2.1.

Temperature differences between the first poststorm section and the prestorm section (Figure 2b) showed a
well-defined colder layer above 50m. This upper layer was, in average, 0.4°C colder than prestorm conditions,
with values as low as �1°C in the proximity of site A, which was located slightly to the north (right) of
Hurricane Gonzalo’s track (Figure 1). In general, negative temperature differences were mostly observed
in the northern part of the section (between 20.8°N and 21.5°N), occupying most of the water column in
the proximity of site A.

Temperature differences between the second and the first poststorm sections (Figure 2c) indicated that the
upper ocean started to warm 11days after the passage of the hurricane. This warming was evidenced by

positive temperature differences (~0.1°C) found above 50m along section AB . Temperature differences
between the second poststorm section and the prestorm section (Figure 2d) showed that 11 days after the
storm, the upper 50m was still 0.3°C colder than prestorm conditions. The colder temperatures in the north-
ern part of the section (20.8°N–21.5°N) also persisted for a period longer than 11 days. Figure 3i provides a
summary of observed upper ocean changes at site B.

Figure 3. (a) Prestorm (blue line) and poststorm (red line) temperature profiles at site B. (b) Same as Figure 3a but for salinity. (c) Depth-time diagram of temperature
anomalies during the 2 day record at site B. (d) Same as Figure 3c but for salinity. (e) EOFs and (f) principal components of density anomalies at site B. (g) and
(h) shows in detail Figures 3a and 3b, respectively, for the depth range between 0 and 130m. (i) Summary of upper ocean conditions observed at site B during the
study period. The green star on Figures 3c, 3d, and 3f indicates the time when Hurricane Gonzalo was the closest from site B.
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3. Modeling Results

Glider observations were further compared with real-time oceanic simulations conducted using the coupled
HYbrid Coordinate Ocean Model (HYCOM) to the Hurricane Weather Research Forecast model (HWRF),
HYCOM-HWRF [e.g., Kim et al., 2014]. Numerical model outputs of temperature and salinity at site B during
the same 2day record exhibited good qualitative agreement with glider observations, showing the following:
an overall cooling of the upper 50m (Figure 4a), which was also the depth of the seasonal thermocline in the
model; warming between 50 and 100m; alternating positive and negative temperature (Figure 4a) and
salinity (Figure 4b) anomalies below 130m; and an increase in salinity above 130m (Figure 4b), which also
corresponded to the depth of the salinity maximum in the model.

Differences between model-derived and glider-derived temperature and salinity anomalies at site B indicated
that the model overestimated (underestimated) the cooling at the surface cooling (between 20 and 50m)
by 0.2°C (Figure 4e) and that model-derived salinity anomalies exhibited large differences (up to 1) with
respect to glider observations (Figure 4f). These differences may be partially due to the following: (a) the
underestimated wind speeds of the hurricane by HWRF (24 knot, or ~12 m/s, of average intensity error);
(b) hurricane track errors in the model forecast (28 nm of average track error in the area of analysis); and
(c) discrepancies in initial conditions for salinity. Salinity is, in general, an ocean parameter less accurately
reproduced by the model used here, which is partially due to the scarcity of salinity observations assimilated
into themodel. This is an important issue, given that regions off Puerto Rico are sensitive to different freshwater
sources, such as the Amazon and Orinoco rivers [Kelly et al., 2000; Corredor et al., 2003; Balaguru et al., 2012a;
Johns et al., 2014]. The assimilation of precipitation and fresh water sources in the model as well as the
improvement in vertical discretization may enable a better representation of salinity features, such as the
shallow low-salinity layer observed above 20m.

4. Discussion

Glider observations analyzed in this study showed a complex response of the upper ocean, which may be
caused by the influence of multiple processes linked with hurricane forced winds. Observations collected
at site B during the storm (13–15 October) indicated that different processes may have dominated the varia-
bility in the layer above 130m and in the layer between 130 and 500m. Above 130m, the observed tempera-
ture and salinity anomalies were uncorrelated and were consistent with the effect of mixing, which has been

Figure 4. (a) Depth-time diagrams of model-derived temperature anomalies from HYCOM-HWRF during a 2 day time series at site B. (b) Same as Figure 4a but for
model-derived salinity. (c) Same as Figure 3c. (d) Same as Figure 3d. (e and f) The difference between model-derived and observed (glider) temperature and salinity
anomalies at site B, respectively.
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identified as the main process leading to upper ocean cooling due to TC activity [Price, 1981; Prasad and
Hogan, 2007]. Because of the characteristics of the initial temperature and salinity profiles at site B
(Figures 3a and 3b), vertical mixing in the layer above 130m would cause a decrease in temperature (anoma-
lies of �0.4°C) above 50m and an increase in temperature (anomalies of 0.4°C) between 50 and 130m
(Figure 3g). Likewise, mixing would cause an increase in salinity above 20m (anomalies of 0.6) and a decrease
in salinity below this depth (anomalies of�0.4) (Figure 3h). The changes observed above 130m were consis-
tent with wind-forced mixing, which were captured by the first mode of the density variability in this location
that accounted for 38% of the total variability (red lines, Figure 3e). This mode showed a maximum value 5 h
after Hurricane Gonzalo traveled closest to site B (green star, Figure 3f), indicating the time when the largest
temperature and salinity anomalies were observed above 130m. This 5 h delay is consistent with the time
frame of the forced stage, characterized as the period of intense mixing when the ocean is directly under
the influence of TC winds [Price et al., 1994]. Therefore, one main result from this study is that during the
passage of Hurricane Gonzalo, observed changes in ocean conditions above 130m were likely linked with
wind-forced mixing, causing 38% of the density variability at site B.

While changes in ocean conditions above 130m were likely dominated by wind-driven mixing mechanisms
at site B, the correlation (r= 0.90, significant at the 95% confidence level based on a Student’s t test) between
temperature and salinity anomalies between 130 and 500m indicated the occurrence of periodic vertical
displacements of isopycnal surfaces, possibly linked with internal tides and baroclinic processes. This is sup-
ported by the periodic changes in density revealed by the second and third modes of variability (Figures 3e
and 3f). For example, the second PC time series showed low values with an approximate 20 h time difference
(green line, Figure 3f). This time difference was consistent with the effect of near-inertial oscillations, consid-
ering that the inertial period at site B (20.20°N) is 35 h. Peak-to-peak changes in the third PC showed a 12–24 h
time difference (blue line, Figure 3f), consistent with semidiurnal and diurnal tidal components at this
location. Therefore, we can conclude that ~47% of the density variability in the upper 500m at site B was
likely linked with background motions due to internal tides and near-inertial baroclinic motions partly forced
by the storm. This 2 day record allowed the detection of periodic background signals in addition to the
largest changes directly produced by the hurricane winds. Longer ocean observational records in future
targeted observations will enable the separation of the baroclinic signals induced directly by hurricane forced
winds. This is important because baroclinic motions, such as the propagation of internal waves in the thermo-
cline, are one of the means for dispersing the energy introduced by hurricane winds [Brink, 1989]. These
motions are linked with the inertial pumping effect, which may drive vertical displacement of isotherms by
values as large as 60m to 70m, similar to the values observed here, and that often last longer than 9 days
[Dickey et al., 1998].

Temperature observations collected along section AB 5 days after the passage of Hurricane Gonzalo
(Figure 2b) showed an average cooling of�0.4°C mostly above 50m in the proximity of site B, while stronger
cooling of ~�1°C was observed in most of the water column in the proximity of site A, except for between
100 and 200m. The cooling observed in the proximity of site B is consistent with the wind-driven mixing
mechanism described above. The stronger cooling observed in the proximity of site A may be linked with
two additional processes: wind-driven rightward biased cooling and intensified upwelling in the vicinity of
the track of the hurricane. The primary reason for the rightward biased cooling is because of resonant winds
and mixed-layer velocities on the right side of the storm, which produces a cooling pattern displaced to the
right [Price, 1981]. While the rightward bias is generally associated with fast moving (>4m/s) TCs [e.g., Price
et al., 1994; Dickey et al., 1998;Walker et al., 2005], upwelling usually has a more important role in slowmoving
storms (<4m/s) [Price, 1981]. Storm-induced upwelling is driven by surface divergences in the wake of the
storm [Sanford et al., 1987], which produces an overall cooling of the water column similar to the temperature
differences observed in the proximity of site A. Because Hurricane Gonzalo was a moderately fast moving
(~5.2m/s) TC during 13–15 October, it is likely that stronger cooling anomalies observed close to site A were
caused by the two processes described above.

One important result from this study is that the observed upper ocean cooling observed during the passage
of Hurricane Gonzalo was relatively small (between �0.4°C and �1°C) compared with cooling reported for
other Atlantic hurricanes. For example, previous studies reported cooling anomalies with values of �3.5°C
to �4°C during Hurricane Felix (1995) [Dickey et al., 1998]; �2°C to �3°C during Hurricane Opal (1995)
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[Shay et al., 2000]; and �3°C to �7°C during Hurricane Ivan (2004) [Walker et al., 2005]. Satellite observations
showed that stronger cooling of �2°C due to the winds of Hurricane Gonzalo was only observed when it
reached maximum intensity as a Category 4 hurricane at 23.5°N–68.0°W [Goni et al., 2015].

One main finding of this study was that salinity played an important role in the upper ocean response to the
winds of Hurricane Gonzalo. Prestorm conditions at site B were marked by the presence of a shallow low-
salinity layer above 20m (Figure 3b) that was associated with the presence of a barrier layer, which has poten-
tially suppressed the upper ocean cooling due to Hurricane Gonzalo. To verify this hypothesis, the Richardson
Number (Ri) above 50m was computed for the 2 day record obtained at site B during the passage of the hur-
ricane (Text S1 in the supporting information). Necessary and sufficient condition for occurrence of turbulent
mixing requires Ri to be smaller than 0.25 for linear systems [Miles, 1961] and smaller than unity for nonlinear
systems [Abarbanel et al., 1984]. Estimates of Ri indicate that prestorm conditions were dominated by strati-
fication effects due to salinity, with Ri equal to ~3. This value is approximately 2 orders of magnitude larger
than the Ri estimated for homogenous salinity conditions above 50m (~0.04). The large value of Ri during
prestorm conditions observed at site B indicated that turbulent mixing was unlikely to occur due to strong
stratification near the surface. Time series of the Ri above 50m at site B (Figure S1) further indicated that
the strong stratification near the surface was slowly eroded during the 2 day record. Values smaller than unity
were only reached when Hurricane Gonzalo traveled the closest from site B on 14:00 UTC 14 October, which
coincided with the strongest cooling event observed at this location. These results indicate that the barrier
layer linked with prestorm salinity conditions near the surface has potentially reduced the mixing-induced
cooling driven by Hurricane Gonzalo. In fact, previous studies [e.g., Grodsky et al., 2012; Balaguru et al.,
2012b] also showed that salinity-induced barrier layers linked with the Amazon/Orinoco river plume could
reduce the upper ocean cooling due to hurricanes. Our results provide additional evidence that salinity
can efficiently affect the upper ocean cooling due to hurricane force winds. Similar salinity effects can be also
observed in other ocean basins where fresh water sources affect upper ocean conditions, such as in the
Indian Ocean [e.g., Vissa et al., 2013]. Even though stratification effects may have largely suppressed the
upper ocean cooling in the wake of Hurricane Gonzalo, it is also recognized here that the cooling may have
also been partially restrained by the relatively high upper ocean heat content (86 kJ/cm2) in the region [see
Lin et al., 2008]. In addition, Hurricane Gonzalo was less intense than other TCs analyzed by the studies
described above, even though stronger cooling (�1.1°C) was also observed under weaker hurricane condi-
tions of Josephine (1984, Category 2) [Sanford et al., 1987].

Another important result revealed by the glider observations is that 11 days after the passage of Hurricane
Gonzalo, the upper ocean started warming above 50m (Figure 2c), but it did not fully recover to prestorm
temperature conditions (Figure 2d). Numerical model outputs show that warming of the upper layers after
the passage of a hurricane is mostly driven by horizontal advection [Prasad and Hogan, 2007], indicating
the important role of the background ocean circulation. Further study and longer records of repeated
sections will be needed to fully understand the role of the ocean dynamics and heat fluxes in the recovery
processes. Regarding the model-observations discrepancies described in section 3, a better model represen-
tation of salinity conditions may improve simulations of the ocean response and future hurricane forecasts in
this region, given the important role of salinity suggested by observations analyzed in this study.

Results presented here show the critical value of targeted and sustained glider observations. The observa-
tions analyzed in this study are part of those obtained by a network of underwater gliders that was imple-
mented specifically in support of hurricane studies. For the first time, gliders were used to obtain ocean
observations at a fixed location during the passage of one Atlantic hurricane and along a repeat section
3 times to assess upper ocean changes and recovery after the hurricane. Similar observations are expected
to be performed during the following hurricane seasons. Future studies within this project will address in
detail the impact of glider observations on hurricane forecasts.
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