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Abstract Hurricanes fundamentally alter the upper ocean thermal structure across millions of square
kilometers annually through a medley of complex processes that are not well understood but are
critically important to hurricane intensification. High-resolution, air-deployed profiling float observations
beneath Hurricanes Irma (2017) and Florence (2018) detail storm-induced changes in upper ocean
temperature, salinity, and density structures. This unique and comprehensive data set allows for
validation and quantification of results from previous observational and modeling studies, including the
time evolution of sea surface cooling and upper ocean near-inertial oscillations, greater mixed layer
deepening right of each storm track, and inhibition of mixing by salinity stratification (beneath Irma).
These observations also reveal that storm-forced upper ocean currents remain remarkably uniform with
increasing distance from the radius of maximum winds and result in consistent mixed layer deepening,
particularly right of each storm track. These observed ocean mixed layer depth changes are closely
approximated by a mixing depth parameterization, which may enhance storm-forced ocean response
predictability and therefore increase hurricane intensity forecast accuracy. Further, these
hurricane-induced upper ocean temperature changes contribute to the evolving nature of hurricanes and
ocean heat storage on seasonal and climate time scales.

Plain Language Summary Hurricanes cool the oceans along their paths as strong winds
forcefully mix warm tropical surface waters with cooler waters below, creating a cold wake behind
each storm. Hurricanes require very warm surface waters to develop and strengthen; therefore, cold
wakes are important because they can affect storm intensity. Detailed ocean observations within a
hurricane environment are rare but are needed to verify and quantify physical processes that govern
cold wake development and decay and to accurately predict hurricane intensity. We used new
instruments called Air Launched Autonomous Micro Observer floats to measure the cold wakes in two
major Atlantic hurricanes: Irma (2017) and Florence (2018). Float measurements across each storm
track revealed that, while ocean conditions prior to each storm were different, the hurricanes caused the
upper oceans to cool in similar ways. We found that ocean temperature changes created by these strong
hurricane winds could be predicted reasonably well using a formula developed a decade ago. We also
found that our salinity measurements were necessary to use this formula accurately. This result is
important because predicting ocean temperature changes can help weather forecasters accurately predict
hurricane intensity and help climate scientists understand the impacts of hurricanes on heat storage in
the world's oceans.

1. Introduction

Results from leading tropical cyclone (TC) coupled forecast models identify the need for increased ocean
observations to improve hurricane intensity forecast accuracy (Chen, Cummings, et al., 2017; Mogensen
et al., 2017). Observations are required ahead of the storm to establish initial conditions and beneath and
behind the storm to improve parameterizations related to upper ocean mixing and air-sea fluxes, which
are critical factors affecting near-surface atmospheric circulation and therefore hurricane intensification
(Bell et al., 2012; Green & Zhang, 2013). Moreover, hurricane-forced mixing alters the upper ocean thermal
structure across millions of square kilometers annually. The formation of a cold wake behind TCs has been
documented as far back as the early 1940s (Suda, 1943) and is a well-known feature of the observed air-sea
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interaction with TCs (e.g., D'Asaro et al., 2007; Fisher, 1958; Leipper, 1967; Mrvalijevic et al., 2013).
Understanding the dynamics of cold wake formation processes has evolved from upwelling of cold subsur-
face waters (Hidaka & Akiba, 1955) to include entrainment mixing processes driven by surface currents
(Elsberry et al., 1976) and refined to elucidate the particular role of enhanced shear-driven mixing induced
by inertial currents in the upper ocean (Price, 1981), which remains widely accepted today. This
shear-driven mixing is known to depend on upper ocean stratification (Chan et al., 2001; Price, 2009;
Price et al., 1994; Sanford et al., 2007), which is particularly relevant to cold wake formation in regions
where strong salinity gradients impede mixing during TC passage (e.g., Balaguru et al., 2018; Rudzin
et al., 2018; Wang et al., 2011).

Climate studies routinely point out that changes in ocean temperatures contribute to the evolving nature
of not only hurricanes (Bhatia et al., 2019; Emanuel, 2005; Holland & Bruyere, 2014; Murakami
et al., 2018) but also sea life habitats (Lin, 2012; Walker et al., 2005) and ocean heat storage (Sriver &
Huber, 2007) on seasonal (and longer) time scales (Dare & McBride, 2011). High-resolution ocean obser-
vations beneath major hurricanes are rare except during focused field programs (e.g., the Coupled
Boundary Layer Air-Sea Transfer experiment, see Black et al., 2007; the Impact of Typhoons on the
Ocean in the Pacific experiment, see D'Asaro et al., 2014), primarily due to the harsh and mostly inacces-
sible nature of the storm environment. While measuring ocean characteristics under hurricanes is a chal-
lenging endeavor, doing so is essential to improve hurricane forecast accuracy and to understand the
changes hurricanes create in the world's oceans.

Here, the evolution of the upper ocean during the passage of two major Atlantic hurricanes is captured
in exceptional spatial and temporal detail across each storm track with identical instrumentation,
enabling detailed analyses of ocean processes below each storm as well as an intercomparison of upper
ocean responses in regions with different initial conditions. In September 2017, eight Air Launched
Autonomous Micro Observer (ALAMO) floats (Jayne & Bogue, 2017) were deployed from U.S. Air
Force WC-130J “Hurricane Hunter” aircraft at 0.25° cross-track spacing and began recording observations
about 20 hr prior to the arrival of Hurricane Irma, a Category-5 storm (Cangialosi et al., 2018). The floats
were deployed across and centered on Hurricane Irma's westbound track (Figures 1 and S1 in the sup-
porting information) nearly 500 km ahead of the TC and about 300 km east of the Lesser Antilles. One
year later and 1,550 km to the northwest, nine ALAMO floats were deployed from another U.S. Air
Force WC-130J at about 0.20° resolution across the forecast track of Hurricane Florence (Figures 1 and
S1) and recorded observations beginning about 21 hr and over 600 km ahead of the approaching
Category-4 storm (Stewart & Berg, 2019).

In both cases, the ALAMO floats profiled to near 300-m depth about every 2 hr, collecting temperature, sali-
nity, and pressure measurements as each hurricane passed over the floats within 6 hr of maximum intensity
(Cangialosi et al., 2018; Stewart & Berg, 2019; Figure S2). Observations collected prior to the arrival of outer
wind bands permitted calculation of prestorm ocean conditions at each float location, which served as a basis
for comparison to the ocean state during and after the passage of each storm. These initial conditions at the
two array locations and the ocean response to each TC enable our analysis of changes in the upper ocean
resulting from the passage of these major hurricanes.

Hurricane intensity is reliant upon the availability and transfer of energy from the ocean to the atmo-
sphere. There is a strong negative feedback between the intensity of a TC and the cold ocean wake that
it creates, as cooling sea surface temperatures (SSTs) reduce surface enthalpy fluxes into the hurricane
(Cione & Uhlhorn, 2003). Further, the wake location, extent, and magnitude create unique asymmetries
in enthalpy fluxes and result in force imbalances that alter the near-surface atmospheric circulation in
ways that have given contradictory results in numerical studies, either decreasing (Chen, Elsberry,
et al.,, 2017; Zhu et al., 2004) or increasing (Lee & Chen, 2014) hurricane intensity. Theoretical studies
have shown that changes in upper ocean temperatures beneath a storm are driven mostly by mixing
(D'Asaro et al., 2007) and that the mixing process is highly dependent on both the stress imparted to
the ocean surface by the storm winds and the density stratification in the upper ocean under the storm
(Price, 2009; Price et al., 1994). The interdependence of these air-sea interactions and importance of ocean
cooling led to the implementation of the first operational coupled ocean-atmosphere hurricane forecast
model nearly two decades ago (Bender et al., 2019). Accounting for the ocean response within
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Figure 1. Prestorm sea surface temperatures and ALAMO float locations along each TC track. Prestorm satellite-derived SSTs (°C, shaded) and ALAMO float
locations during Hurricanes Irma (2017, black circles) and Florence (2018, black triangles). Prestorm SSTs are from 2 September 2017 (Irma) and 8 September
2018 (Florence) to the southwest and northeast of the white break line, respectively. Storm intensities (kt) are shaded in blue along each hurricane track. Dates
(black numbers) denote NHC best track positions at 0000 UTC (red dots); other synoptic hours (0600, 1200, and 1800 UTC) are marked by white dots. Black
squares outline the locations of inset satellite IR brightness temperatures (K), and red circles (Irma) and blue triangles (Florence) mark ALAMO positions

as each TC crossed the respective array.

hurricane forecast models has since been shown to improve intensity forecast skill (Halliwell et al., 2015;
Mogensen et al., 2017).

2. Data and Methods

In situ measurements of temperature, salinity, and pressure from the ALAMO floats provide a time evo-
lution of the density structure beneath each passing storm (processing specifics are detailed in the sup-
porting information). The stress imparted to the ocean scales as the square of the surface wind speed
(Edson et al., 2013), which is measured across each TC by the Stepped Frequency Microwave
Radiometer (SFMR; Uhlhorn et al., 2007) aboard the aircraft. Upper ocean currents resulting from the
wind stress are estimated from drift measurements derived from the ALAMO float surface position data
(see supporting information). Taken together, these observations enable an evaluation of the mixing that
is critical to understanding changes in the upper ocean structure, as well as surface heat exchange and
hurricane intensification.
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Figure 2. Mean pre-TC upper ocean conditions. (a) Temperature (°C), (b) salinity (PSU), and (c) density (kg m_3) profiles for each ALAMO float prior to
Hurricanes Irma (dashed red lines) and Florence (solid blue lines).

3. Results

3.1. Prestorm Ocean Conditions

Satellite measurements provide a large-scale view of SSTs (Figure 1) 3 days prior to the arrival of each hur-
ricane over the respective ALAMO array (Wentz et al., 2000). Temperatures were similar, about 29°C at each
array location. These satellite-measured SSTs matched the ALAMO float pre-TC measurements (Figure 2a),
where 29°C temperatures extended to a depth of about 40 m, below which differences between each array
location emerged. Between 50 and 200 m, temperatures at the Irma array were warmer than those along
the Florence array, with a maximum difference of about 2.3°C near 120 m. The 26°C isotherm depths
reflected this subsurface disparity, as upper ocean temperatures exceeded 26°C to an average of 79 m along
the Irma array compared to 55 m along the Florence array.

Unlike temperatures, salinities varied widely in the upper 40 m (Figure 2b). Across the Irma array surface
salinities were low, spanning 33.3-35.1 PSU, consistent with climatological values of the Amazon-Orinoco
River plumes (Androulidakis et al., 2016; Ffield, 2007; Rudzin et al., 2019). Along the Florence array, surface
waters were saltier (averaging 36.8 PSU) and spanned a much smaller range (0.14 PSU), also consistent with
typical values (Androulidakis et al., 2016). Salinity differences across the arrays varied to a depth of about
50 m, below which salinities at the Irma array slightly exceeded those across the Florence array until about
200 m and by a maximum of about 0.4 PSU near 120 m. Greatest density differences were present in the
upper 40 m, both across the Irma array and between the Irma and Florence arrays (Figure 2c). In the
Irma array, greatest densities were on the northern side of the array, consistent with higher salinity values
present farther from the Amazon-Orinoco River outflow region. The densities between 50 and 200 m for
both arrays were broadly similar. Note that the upper ocean density differences would have been undetect-
able with temperature-only measurements, which illustrates the importance of salinity measurements for
correctly initializing ocean models. In TCs, these measurements are particularly important, as density stra-
tification determines stability and mixing of the water column. Further, variations in temperature and sali-
nity mixed layer depths have been shown in both observational (Grodsky et al., 2012) and numerical
(Hlywiak & Nolan, 2019; Rudzin et al., 2018) studies to result in barrier layers that impede mixing below
TCs and thereby enhance intensification.

Prestorm satellite-derived surface currents in each region (Bonjean & Lagerloef, 2002) indicate the presence
of relatively weak eddies across each float array prior to TC passage (Figure S3). Float surface velocities in
the prestorm environment were similar to the satellite-derived currents and averaged 0.16 m s~ across
the Irma array and 0.12 m s~ across the Florence array.

3.2. Hurricane Winds Over the Ocean Surface

Surface wind speeds across Irma and Florence (Figure 3) were measured by the SFMR aboard tasked hurri-
cane reconnaissance aircraft while passing the ALAMO arrays. Each ALAMO float profile closest to the TC
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Figure 3. Surface wind speeds (kt) across Hurricanes Irma (red) and Florence (blue) as measured by the SFMR during the aircraft pass closest to each ALAMO
array. The radial distance (km) and surface wind speed (kt) are shown for the closest location of each float to the TC center.

center was recorded within 1.5 hr of the aircraft transect (implying the winds in Figure 3 are a good
representation of the winds acting at the sea surface as the ALAMOs collected ocean data). The ALAMOs
were spaced similarly across the diameter of each hurricane—extending from about 75 km left to about
122 km right of the storm center. The closest float to either TC (9132) passed 15 km left of the Florence
center, within the radius of maximum winds and therefore twice beneath the left eyewall. In both
hurricanes, profiles were collected within 33 km left and right of the TC center—beneath each eyewall—
meaning that ocean observations were collected beneath the strongest wind bands on both sides of these
major hurricanes. Highest winds were recorded during profiles in Floats 9134 (135 kt in Irma) and 9135
(100 kt in Florence), 33 km to the right of each TC center. Wind speeds at the float profile locations
varied as each TC crossed the respective array, from tropical storm (at five floats), to hurricane (at seven
floats), to major hurricane (at three floats) intensity, indicating that the forcing imparted to the ocean at
the float locations varied greatly. Relative differences in wind speed were also present across each track.
Left of each center, wind speeds over the Irma floats were higher than over the Florence floats; however,
right of center beyond the eyewall, wind speeds in Irma decayed more rapidly than in Florence and were
lower at the outer float locations.

Both hurricanes moved across the ALAMO arrays at similar translation speeds (Figure S2): Irma at ~7 ms™"

and Florence at ~7.6 m s™*, which indicates that the ~400-km diameter of these SFMR wind profiles would
cross each array in less than 16 hr. During the 4-hr span of peak winds (at radii within 50 km), storm inten-
sities varied by less than 5 kt, indicating the SFMR pass closest to the floats is sufficient to represent the
winds at the float locations. Also, at these translation speeds, mixing would likely be the dominant physical
process in the upper ocean at the float locations, as there is insufficient time for upwelling to become signif-
icant (Price, 1981; Samson et al., 2009).

3.3. Ocean Response

Ocean surface cooling in a TC wake is often noted in satellite SST measurements (Stramma et al., 1986), and
that broadscale cooling is visible along the tracks of both Irma and Florence (Figures 4a and 4b). In both
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Figure 4. Ocean surface cooling during hurricane passage. Satellite-derived SST differences (°C) between the days following and preceding hurricane passage over
the (a) Irma and (b) Florence ALAMO float arrays. Floats colored as in Figures 1-3; TC track as in Figure 1; green diamonds outline TC locations 400 km prior
to and following array passage, corresponding to observation times in (c) and (d). The ALAMO float SST (°C) observations within 400 km of Hurricanes Irma
(c) and Florence (d) in a storm-centered, storm-relative framework. Float numbers are adjacent to the first observation within 400 km of the TC center.
Shaded arrows identify the direction of storm motion.

cases, greater cooling was present right of the TC track. Narrowing focus to the SST evolution along each
ALAMO array, more details emerge. Placing each SST measurement relative to the TC center and
heading at the observation time (Figures 4c and 4d) facilitates analysis of SST changes during hurricane
passage. As the TCs approached the float locations, SSTs were near 29°C (consistent with prestorm
conditions) and varied less than 0.5°C and 0.2°C across the Irma and Florence arrays, respectively. In
both cases, greatest cooling compared to pre-TC conditions was observed behind and right of the TC
centers, 2.3°C at Float 9134 in Irma and 2.4°C at Float 9136 in Florence. In Irma, SST cooling decayed
radially outward, reaching only 1.0°C at the outermost float, while in Florence, the surface at all floats
right of track cooled by at least 2.0°C. This post-TC cooling also greatly increased the range of SSTs across
the wake (to 2.2°C in Irma and 2.0°C in Florence) compared to prestorm conditions.

Evaluating wind and sea conditions at individual float locations over time facilitates additional cross-track
comparisons. Surface winds at each float location extrapolated from the closest SFMR transect across each
storm (Figure 3) are shown at 1-hr increments (Figures 5a, S5, and S6, black vectors) and highlighted at
the closest point of approach (CPA) of the TC center (Figures 5a, S5, and S6, red vectors). The magnitude
and direction of the surface winds over each float changed as the hurricane approached (Figures 5a, S5,
and S6). Magnitudes increased with proximity to the radius of maximum winds and were greatest at the
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Figure 5. Eyewall ALAMO float observations before, during, and after hurricane passage. (a) Surface wind speed (kt) and direction (north up) at eyewall floats in
Hurricanes Irma (columns 1 and 2) and Florence (columns 3 and 4) from aircraft SFMR observations (black vectors are hourly; red vectors denote winds at
TC center CPA to float). (b) Sea surface (black line) and depth-averaged (red line) current speeds (m s_l) derived from float GPS positions. (c) Temperature (°
C, shaded) and 26°C isotherm (black line). (d) Salinity (PSU, shaded; note different scales for each storm). (e) Density (kg m_3, shaded) and depth of maximum
Brunt-Viisild frequency (dotted cyan line). Solid vertical lines indicate the passage of each TC; dashed vertical lines indicate passage of Hurricane Jose

over the Irma array.

storm CPA to the float, except in 9132, where CPA winds were bounded by higher values due to the float
location within the eye of the storm. Wind direction varied on either side of each TC center. Right of
track, winds rotated clockwise (Floats 9134 and 9135; Figure 5a), in the same direction as inertial motion
(in the Northern Hemisphere), while left of track, they turned counterclockwise (Floats 9129 and 9132;
Figure 5a), opposing inertial motion. Thus, the winds right of track resonantly excited strong inertial
oscillations in the surface currents, while those left of track did not (Price, 1981; Samson et al., 2009).

These cross-track differences were also evident in the sea surface and layer-averaged horizontal current mag-
nitudes derived from the float positions. In both cases, currents at the eyewall float locations were larger on
the right side of the TC center (9134 and 9135) than on the left (9129 and 9132; Figure 5b); however, from the
eyewall floats outward, the currents were remarkably similar—in stark contrast to the spatial variation in
the storm-driven wind speeds present at the sea surface (Figures S5a, S5b, S6a, and S6b). At every location,
the strongest surface currents were observed at or just after hurricane passage.

Impacts of these changing surface winds and currents on the upper ocean at the float locations are clear in
vertical cross sections of temperature, salinity, and density over time. Conditions in the upper 225 m at the
floats closest to each eyewall are depicted in Figures 5c-5e and at all float locations in Figures S5c-S5e and
S6c-S6e. Similar to the SSTs, little variability was present in the subsurface ocean conditions prior to the arri-
val of each TC. This relative quiescence (noted by near-horizontal contour lines in Figures 5c-5e) was clearly
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disrupted by the hurricane passage over each array (solid vertical lines, Figure 5). Conditions began to
change as the winds ahead of each TC reached the floats and continued for about 12 hr as the eye passed
over the array (1505 UTC 05 September 2017 for Irma and 2325 UTC 11 September 2018 for Florence).
Beneath the strong surface winds and currents, rapid deepening is evident in temperature, salinity, and
density contours at most float locations (Figures 5c-5e, S5c-S5e, and S6c-Sé6e), particularly right of track.
Similar deepening has been noted in a few cases previously (D'Asaro et al., 2007; Sanford et al., 2011;
Shay et al., 1992) and is explained as shear-driven mixing when TC translation speeds exceed 4 m s~
(Price, 1981), as is the case here.

Physically, the deepening contours indicate downward mixing of warmer, fresher surface waters well into
the thermocline and halocline. Greatest deepening occurred right of each storm center, where, for example,
the 26°C isotherm (black lines, Figure 5c¢) deepened 26 m in Irma (9134) and 21 m in Florence (9135), com-
pared to changes of less than 10 m in the floats left of each TC center. Radially outward from the eyewall float
locations, results were similar (Figures S5¢ and Sé6c), with greater deepening of the 26°C isotherm right-of-
track (averaging 16 m in Irma and 24 m in Florence) than left-of-track (5 m in Irma and 7 m in Florence).
Similar hurricane-forced changes were evident in upper ocean salinity, as fresher surface waters mixed
downward into the saltier waters in the halocline more so on the right side of the TC than the left
(Figure 5d; note that different scales were required to delineate salinity characteristics in each TC). These
left-to-right (cross-track) differences were also evident in density cross sections (Figures 5e, S5e, and S6e)
with greater descent of the isopycnals during the forcing phase occurring right of each TC center.

Once the TCs passed each array, the winds abated (Figure 5a), surface currents weakened (Figure 5b), and
isopleth deepening ceased (Figures 5c-5e). Contours throughout the upper 200 m then heaved upward as
internal waves generated by the wind forcing oscillated at near-inertial frequencies with amplitudes that
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Figure 7. Ocean mixed layer deepening following hurricane passage. Depths (m) of maximum buoyancy frequency at (a) Irma and (b) Florence ALAMO float
locations. Profile (x axes) and TC passage (vertical lines) times are as in Figure 5. (c and d) Mean depths (m) across the (c) Irma and (d) Florence ALAMO
arrays of maximum buoyancy frequency before (dashed) and after (solid) TC passage and of mixing depths (m) from Price (2009) calculated for observed
conditions (dotted) and with salinity held constant (dashed gray). Shading highlights observed mixed layer deepening across each array. Radial distances

(km, x axes) denote float locations closest to TC center (as in Figure 3).

varied with wind magnitude (Figures 5c-5e). These oscillations are a well-known response to TC forcing
(Geisler, 1970; Gill, 1984; Greatbatch, 1983; Price, 1983), occur in three dimensions, and are evident in the
horizontal motion of the float surface trajectories (Figures 6a and 6b), as well as in the vertical cross
sections (Figures 5c-5e), where inertial periods averaged 41.0 hr along the Irma array (near 17°N) and
25.6 hr along the Florence array (near 28°N). While the frequencies of these internal waves were similar,
the amplitudes were not; they were greatest at the eyewall float locations and decreased radially outward
from the TC center (Figures 5, S5, and S6). In most floats, the oscillations continued through the 5 days
immediately following TC passage, although the response in the Irma floats was clearly reinvigorated by
the passage of Hurricane Jose across the array 3.5 days after Irma (dashed vertical lines, Figures 5 and S5).

To better understand the evolution of mixing during the passage of both TCs, upper ocean stratification is
measured through the Brunt-Viisidld (BV) frequency (see supporting information). The greater the BV fre-
quency, the more highly stratified the parcel is and the more mechanical energy that is required to mix
across it. Hence, mixing is most often present at low BV frequencies and less (or not) present at higher
values. The depth of the maximum BV frequency is often therefore used as an indicator of the base of the
mixed layer above the stratified ocean interior. This is illustrated for the eyewall floats in Figures 6¢c-6f
and is plotted over density contours in Figure 5e. Examining the mixed layer depths at the float locations
over time gives insight into the variability of storm-induced mixing across the TC track. Following TC pas-
sage, mixed layer depths (maximum BV frequency depths in cyan lines, Figure 5e) are deeper than in the
pre-TC state in both storms, indicating that both hurricanes drove mixing to deeper depths within the
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Figure 8. Temperature (°C) of the surface mixed layer at (a) Irma and (b) Florence ALAMO float locations, before
(red and blue dashed) and after (solid) TC passage, and as diagnosed from the Price estimate using observed (dotted) and
constant salinities (gray dashed). Shading highlights observed change in mixed layer temperature across each array.
Radial distances (km, x axes) denote float locations at the TC CPA (as in Figure 3).

upper ocean. Cross-track differences in this maximum stratification are clear in the eyewall floats, where
greater deepening is present right of the TC track than on the left. Radially outward from the eyewall
floats, however, mixed layer deepening remains remarkably consistent (Figures 7a and 7b). Even though
wind forcing at the surface decreases rapidly radially outward from the radius of maximum winds (e.g., by
more than 80 kt on the right side of Irma), post-TC mixing extends to and oscillates about nearly the
same depth (e.g., to about 100 m on the right side of Irma). Further, when comparing mean mixed layer
depths at each location before (dashed red and blue lines, Figures 7c and 7d) and through three inertial
periods after TC passage (except for 9140 which stopped reporting after about a day) across both arrays
(solid lines, Figures 7c and 7d), we find that the mixed layer deepens (shaded regions, Figures 7c and 7d)
an average of 50 m on the right side of each TC center, compared to less than 10 m on the left. These
40-m cross-track differences in hurricane-induced vertical mixing extent are generally consistent with
results from previous studies (e.g., D'Asaro et al., 2007; Liu et al., 2019; Price, 1981). However, the
similarities in mixed layer deepening with increasing distance from the radius of maximum winds to
outer radii comprise a novel observation of this study. The location, magnitude, and extent of the cold
wake this mixing creates drive changes in the air-sea enthalpy flux distribution and alter the surface
atmospheric circulation (i.e., hurricane intensity).

While some of the disparity in Irma may be attributed to eyewall asymmetry (Figure 3) and/or differences in
pre-TC salinities (and therefore densities, Figure 2) or even to the subsequent passage of Hurricane Jose
(Figure 5), it is noteworthy that these cross-track differences were also present in Florence, where eyewall
winds were nearly symmetric, pre-TC conditions were less variable, and a subsequent hurricane did not
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overrun the array (Figures 2, 3, and 5). While direct cross-track and cross-storm comparisons need to be tem-
pered with an awareness of differences in wind speeds and observation distances relative to the TC center,
there is immense value in a comprehensive observational data set collected across two storms with similar
radial-wind profiles over oceans with different initial conditions. Consistencies in these storm-forced ocean
responses focus attention on dominant dynamical processes responsible for wake formation (mixing in this
case) and highlight aspects of the upper ocean response that may be predictable.

4. Discussion

Price (2009, Equation 5) formulated an estimate of the depth that the surface mixed layer will reach when
forced with a TC wind stress. We used his stability criterion to calculate the expected deepening of the sur-
face mixed layer given the TC wind stress forcing. Specifically, the mixed layer is stable when it meets the
following criterion:

gop d2 >c,
po (8U)

where C is the critical bulk Richardson number, taken to be C = 0.6; g is the gravitational acceleration; dp
is the density difference between the surface and the depth of the mixed layer, d; p, is a reference density;
and oU is the velocity shear between the surface and the base of the mixed layer. When the right-hand side
is less than C, mixing will occur, and d will increase until this inequality is satisfied (as d increases, §p will
generally also increase, given a stably stratified ocean). Price (2009) then applied a further scaling argu-
ment (S; not shown), relating the velocity shear to the applied wind stress to enable estimation of mixing
depth when subsurface current magnitudes are not available. Here, the velocity shear can be estimated
from the float displacements, so the separate scaling argument and wind stress are not required. It is
assumed that the bulk of the observed velocity is confined only to the upper ocean mixed layer, which
appears to be reasonable based on previous observations of the surface mixed layer velocities in a hurri-
cane (Sanford et al., 1987, 2007). It is also assumed that there is an insignificant velocity below the mixing
layer, which the Ocean Surface Current Analyses Real-time data for the period prior to each TC passage
support as well. Given those prerequisites, the integrated velocity transport, J°, over the profiling depth, D,
is then equal to product of the slab mixed layer depth, d, and bulk velocity shear, §U (assuming the ocean
velocity below the mixed layer is negligible), and results in the following relation:

D
.G]:/ u(z) dz =~ 6U D = 8U d,
0

where u(z) is the ocean velocity as a function of the depth. Given the above stability criteria, along with
the observed density as function of depth, p(z), and the velocity shear, U, from the maximum value of
the float transport estimates, surface mixed layer deepening is estimated by solving for the depth that satis-
fies this stability criterion, represented in the following inequality:

5[C py T2

d>
gdp

The resulting estimated mixing depths reveal cross-track differences left and right of the TC centers and simi-
larities from the radius of maximum winds to outer radii (dotted lines, Figures 7c and 7d). They also reflect
differences between the TCs in intensity and near-surface density gradients and reasonably represent the
approximate response observed across each track. While the Price formulation slightly overestimates the
mixing left of track (by an average of 10 m in Florence and 20 m in Irma), the deepening right of track nearly
matches the observations in both cases (differing by an RMS of less than 2 m in Florence and 8 m in Irma).

Interestingly, we can also use Price's formulation to evaluate the impact of salinity stratification on mixing
depth across each TC track. We performed this mixing depth calculation for two cases: first for the actual
observations (where density was determined from observed temperature, salinity, and pressure values)
and, then to elucidate the impact of salinity, we calculated results using an isohaline profile (i.e., where
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density was recomputed assuming a constant salinity = 35 PSU). In Florence, the estimated mixing depths
are nearly identical (dashed gray and dotted blue lines, Figure 7d), which is understandable given the
near-constant salinity values at those float locations. However, recomputing the mixing depth assuming
a constant salinity profile shifts the mixing response dramatically along the Irma array. Without the
very fresh surface layer, the poststorm mixing depth for Irma (dashed gray line, Figure 7c) would have
been 20-30 m deeper than the full salinity estimate (dotted red line). This stronger mixing would have
then fostered about 0.7°C of additional mixed layer cooling (Figure 8), which would have also errantly
impacted surface fluxes and could have negatively impacted the accuracy of TC intensity forecasts. This
result clearly identifies the impact salinity can have on upper ocean mixing and highlights the criticality
of accurately characterizing both temperature and salinity within ocean models. Observations in areas
with dynamic surface features, such as the Amazon-Orinoco River outflow region, are particularly impor-
tant to correctly initialize coupled hurricane forecast models, and additional work is encouraged to
further understand the impacts of salinity stratification on TC intensification (Hernandez et al., 2016;
Rudzin et al., 2019).

One question raised by these observations is as follows: Why did such substantial and relatively uniform
mixed layer deepening extend to such great distances from the radius of maximum winds, particularly right
of the storm track? Resonance of the wind stress vector and local inertial frequency is known to factor into
amplification of surface currents beneath TCs (e.g., Rayson et al., 2015; Samson et al., 2009) and could be one
mechanism responsible for enhancing surface currents (and compensating for weaker wind speeds) at outer
radii such that shear-driven entrainment yields consistent mixed layer deepening. Cross-track differences in
resonance have been noted previously, for example, by Price (2009) who accounted for the asymmetry in his
mixing parameterization with an ad hoc scaling constant of 0.4 left-of-track and 1.2 right-of-track. However,
to the best of our knowledge, the radial dependence of that variability has not been observed in detail, and
numerical studies are underway to further elucidate and quantify the effects of this mechanism on mixed
layer deepening during hurricane passage.

5. Conclusions

We have described a comprehensive set of upper ocean measurements collected during the passage of two
major hurricanes near maximum intensity and have discussed several results. In doing so, we have also
highlighted the significance of the data set itself. The unique combination of horizontal, vertical, and tem-
poral resolutions of these observations, along with corresponding surface wind and current estimates, offers
three ways in which to advance understanding of the complex physical processes within and beneath major
hurricanes.

First, the data set allows for investigation of known hypotheses based on less complete data sets and/or
coupled ocean-atmosphere models. Our analysis of the Irma and Florence observations validates, quantifies,
and extends results from previous studies as follows:

1. The ocean response to hurricane forcing is evident in sea surface cooling and in rapid deepening of upper
ocean isotherms, isohalines, and isopycnals, followed by near-inertial oscillations of those contours in
three dimensions. In both Irma and Florence, greatest ocean surface cooling (2.3°C and 2.4°C, respec-
tively) was observed right of track shortly after TC passage. Below the surface, the 26°C isotherm plunged
twice as far beneath the right eyewall (>20 m) than beneath the left (<10 m), and similar results extended
radially outward from the radius of maximum winds.

2. Increased mixing is identified right of the TC center, characteristic of cross-track differences in upper
ocean stability and mixing following hurricane passage. Of particular note, however, is the
near-uniform magnitude of mixed layer deepening observed with increasing distance from each radius
of maximum winds. In both storms, the mixed layer deepened nearly 50 m right of track compared to less
than 10 m left of track, and in both cases, this deepening extended from the eyewall (under major hurri-
cane winds) to outer radii where surface wind speeds reached only tropical storm intensities.

3. Salinity played a critical role in modulating upper ocean temperatures during hurricane passage.
Differences in initial salinity stratification appear to have limited mixed layer deepening in Hurricane
Irma and explain why the stronger winds in Irma resulted in weaker SST cooling. The impact of salinity
on upper ocean mixing highlights an important link between salinity, surface fluxes, and changes in
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hurricane intensity and points to the importance of accurately characterizing both temperature and sali-
nity in coupled hurricane forecast models.

Next, the data set observations will be useful to address complex unresolved theoretical studies for which few
observations exist, including air-sea heat exchange, heat and energy budgets, internal wave excitation and
propagation, subsurface wake characteristics, and barrier layer studies. They support Price's (2009) scaling
argument for how much of the upper ocean thermal energy is available to the TC as the upper ocean is mixed
by the storm's winds and can be similarly used to verify other such parameterizations (e.g., Balaguru
et al., 2018). They may also help refine and quantify the role of resonance in mixed layer deepening, parti-
cularly at extended distances from the radius of maximum winds right of the TC track.

Finally, the observations will enhance coupled numerical forecast models as they enable evaluation of model
performance and parameterizations. Studies using these ALAMO float data are currently underway in the
European Centre for Medium-Range Weather Forecasts and Coupled Ocean-Atmosphere Mesoscale
Prediction System-Tropical Cyclone coupled numerical forecast models to test the fidelity of those models
and identify deficiencies. Correcting model biases will lead to improvements in the model physics and ulti-
mately to improved forecasts. Studies of these data are also underway by climate scientists analyzing wake
persistence, quantifying ocean heat storage, and assessing the impacts of changing temperatures on the
future of life in our oceans and on our planet.
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