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Abstract An array of surface drifters deployed ahead of Hurricane Michael measured the surface
temperature, pressure, directional wind and wave spectra, and surface currents one day before it made landfall as
a Category 5 Hurricane. The drifters, 25–50 km apart, spanned two counter‐rotating ocean eddies as Hurricane
Michael rapidly intensified. The drifters measured the shift of wave energy between frequency bands in each
quadrant of the storm, the response of upper ocean currents, and the resulting cold wake following Michael's
passage. Wave energy was greatest in the front quadrants and rapidly decreased in the left‐rear quadrant, where
wind and wave energy were misaligned, and components of the wave field were aligned with currents.
Hurricane Michael's wave field agreed with previous studies of nondirectional wave spectra across multiple
tropical cyclones but had some unique characteristics. The analysis demonstrates how co‐located surface wind
and wave observations can complement existing airborne and satellite observations.

Plain Language Summary Lagrangian drifters were air‐deployed ahead of Hurricane Michael and
measured the direction and strength of waves and surface wind, sea surface temperature, and sea‐level pressure
as the storm transited through the central Gulf of Mexico. As Hurricane Michael passed over the drifters, the
drifters observed the cyclonic structure of the wind, the shift of wave energy from swell to wind‐sea, and the
relative mismatch in direction of wind, waves, and ocean currents. In the rear quadrants of the storm, low‐
frequency waves opposed the wind direction. The drifters, caught in counter‐rotating eddies, were ultimately
entrained in different sides of the storm. The observations illustrate the importance of a suite of in situ surface
observations to complement airborne observing strategies of tropical cyclones.

1. Introduction and Background
After a complex, rapid transit, Hurricane Michael slammed into the Florida Panhandle on 10 October 2018 as a
Category 5 hurricane with a minimum pressure of 919 mB, and wind speeds of 72 m s− 1 (Beven et al., 2019; Le
Hénaff et al., 2021; Wadler et al., 2021). Hurricane Michael was the fourth strongest landfalling hurricane
recorded in the United States, and the strongest along the Florida Panhandle (National Oceanic and Atmospheric
Administration, 2019). The resulting wave and wind fields contributed to a storm surge of 2.7–4.3 m, peaking at
Mexico Beach (Beven et al., 2019). During its transit Hurricane Michael experienced moderate vertical shear, but
the relative locations of counter‐rotating warm‐ and cold‐ring eddies stabilized Michael's symmetry and allowed
for strong convection and intensification (Wadler et al., 2021). Assimilation of available temperature and
altimetry observations verified the importance of these eddies in forecasting Michael's track and strength (Le
Hénaff et al., 2021). Previous studies, however, were limited by the number of in situ surface observations,
confounding a full analysis at the air‐sea interface, and had no description of Hurricane Michael's wave field.

The air‐sea interface under a hurricane is a complex environment, with rapidly changing winds, waves and
currents (e.g., Black et al., 2007; D'Asaro et al., 2014). Waves under a hurricane are a mix of swell and wind‐sea,
highly dependent on the radius, speed, trajectory and quadrant of the storm (e.g., Holthuijsen et al., 2012;
Hwang, 2016; Kudryavtsev et al., 2015; Reichl et al., 2014; Young, 2006). The air‐sea exchanges of heat,
moisture, and momentum that determine a hurricane's strength and intensification rates can depend on wave
parameters such as height, direction, and breaking (Bell et al., 2012; Edson et al., 2013; Emanuel, 1995; Fairall
et al., 2003; Zhao et al., 2022). Many coupled atmosphere‐ocean models parameterize the surface roughness using
a wave age dependent Charnock coefficient (e.g., Charnock, 1955; Edson et al., 2013), although there have been

RESEARCH LETTER
10.1029/2023GL105730

Key Points:
• Ten surface drifters measured

temperature, pressure, currents,
directional wave spectra, and wind
under Hurricane Michael

• Wave energy was greatest in the front
quadrants with misalignment of wave
energy by frequency band in rear‐
quadrants of the storm

• Waves agreed with fetch‐limited wave
growth and there were significant dif-
ferences in wind‐wave‐current align-
ment in each quadrant

Supporting Information:
Supporting Information may be found in
the online version of this article.

Correspondence to:
M. C. Schönau,
mschonau@ucsd.edu

Citation:
Schönau, M. C., Paluszkiewicz, T.,
Centurioni, L. R., Komaromi, W. A., Jin,
H., & Doyle, J. D. (2024). In situ
observations at the air‐sea interface by
expendable air‐deployed drifters under
Hurricane Michael (2018). Geophysical
Research Letters, 51, e2023GL105730.
https://doi.org/10.1029/2023GL105730

Received 29 JULY 2023
Accepted 18 JAN 2024

© 2024. The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution‐NonCommercial‐NoDerivs
License, which permits use and
distribution in any medium, provided the
original work is properly cited, the use is
non‐commercial and no modifications or
adaptations are made.

SCHÖNAU ET AL. 1 of 13

https://orcid.org/0000-0002-2344-5075
https://orcid.org/0000-0002-6248-8780
https://orcid.org/0000-0001-9236-0692
https://orcid.org/0000-0003-2941-2132
mailto:mschonau@ucsd.edu
https://doi.org/10.1029/2023GL105730
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


contradictory studies on the nature of this relationship (e.g., Donelan et al., 1993; Fairall et al., 2003; Oost
et al., 2002; Smith et al., 1992; Toba et al., 1990; Volkov, 2001).

In the past, hurricane wave field observations have relied on airborne measurements with scanning radar al-
timeters (Black et al., 2007; PopStefanija et al., 2021; Wright et al., 2001); observations from moored buoys or
single autonomous platforms (Collins et al., 2018; Esquivel‐Trava et al., 2015; Hu & Chen, 2011; Lenain &
Melville, 2014; Tamizi & Young, 2020; Young, 2006); satellite or airborne observations from synthetic aperture
radar (Elachi et al., 1977; Holt & Gonzalez, 1986); and subsurface observations with waves derived from
Electromagnetic Autonomous Profiling Explorer floats (J. Hsu, 2021; J. Hsu et al., 2018). Several studies have
compared hurricane wave observations to wind‐driven wave models (e.g., Moon et al., 2004a, 2004b; Moon,
Hara, et al., 2004; Fan et al., 2009; Holthuijsen et al., 2012; Montoya et al., 2013; Tamizi et al., 2021; Chen
et al., 2022; Zhou et al., 2022), and examined wave growth under hurricanes using self‐similar wave growth
theory (Hu & Chen, 2011; Hwang, 2016; Kudryavtsev et al., 2015; Tamizi & Young, 2020; Young, 1998, 2003,
2006). The influence of the wave field on the surface drag coefficient continues to be explored (e.g., Black
et al., 2007; Davis et al., 2023; Drennan et al., 2003; Moon et al., 2004b), particularly the importance of the angle
between wind, waves and surface stress (Holthuijsen et al., 2012; J. Hsu, 2023; J.‐Y. Hsu et al., 2019; Moon
et al., 2004a; Zhou et al., 2022).

Here we present in situ observations from the sea surface from 10 Lagrangian drifters that sampled sea surface
temperature (SST), sea level pressure (SLP), surface wind velocity, currents, and directional wave spectra under
Hurricane Michael as it straddled warm and cold‐core ocean features just prior to rapidly intensifying. These
observations build on past air‐deployments of drifters and floats under tropical cyclones (TCs) (Black et al., 2007;
D'Asaro et al., 2014; Hormann et al., 2014; Sanabia & Jayne, 2020). Under HurricaneMichael, the suite of drifters
was able to resolve the complex surface conditions across all quadrants of the storm. Comparison to previous
observations shows that drifters can provide reliable observations to measure surface processes under TCs that are
often parameterized by models, complementing existing airborne observations and having broad applications for
air‐sea research.

2. Data and Methods
Ten satellite‐tracked Lagrangian drifters were air‐deployed in front of Hurricane Michael's expected path
(Figure 1). The array included Surface Velocity Program (SVP) drifters equipped with barometers, Directional
Wave SpectraDrifter (DWSDTM) andMiniMet drifters, also called SurfaceVelocity Program ‐Barometer Drifters
(SVPBWD). All drifters were equipped with a high‐quality thermometer to measure SST. Data were relayed to the
LagrangianDrifter Laboratory (LDL) servers in near‐real time and subsequently to theGlobal Telecommunication
System (GTS) of theWorldWeatherWatch using Iridium Short Burst Data telemetry. A narrowmedian filter was
applied to all drifter data to remove spurious data points, but no other smoothing or filtering was applied.

SVP drifters follow the near‐surface horizontal currents via a ∼6 m holey sock drogue that is centered at 15 m.
The National Oceanic and Atmospheric Administration (NOAA) funded Global Drifter Program (Centurioni,
Horányi, et al., 2017; Niiler, 2001), the largest component of the Global Surface Drifting Buoy Array (Centurioni
et al., 2019), sustains more than 1,250 SVP drifters. When equipped with barometers, the SVP also measures sea
level atmospheric pressure (SLP) and is referred to with the acronym Surface Velocity Program drifter with
barometer (SVPBD).

The DWSD is a 38 cm diameter undrogued buoy that pairs a performance Global Positioning System (GPS)
engine with the LDL developed controller and software algorithm for in situ computation of the directional wave
spectrum (Centurioni, Braasch, et al., 2017). The GPS's Doppler shifted satellite signal frequency provides the
three velocity components of the buoy and thus of the sea surface motion, assuming that the buoy is a good wave
follower. The Fourier transforms of the correlation functions for each pair of the velocity time‐series were used to
derive the power spectral density, co‐spectra and quadrature‐spectra parameters, providing the first‐5 independent
Fourier coefficients: a0, a1, b1, a2, b2 (Benoit et al., 1997; Longuet‐Higgins et al., 1963). Sampling intervals are at
either 30‐min or 1‐hr, depending on desired setting. The use and accuracy of wave observations using GPS buoys
has been established previously by others (Herbers et al., 2012; Thomson, 2012).

The MiniMet drifter (Centurioni, 2018) has been used extensively in early ocean‐hurricane interaction programs
(D'Asaro et al., 2011; Hormann et al., 2014; Goni et al., 2017) and other scientific studies (Klenz et al., 2022). The
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MiniMet measures SLP via a barometer, and near‐surface wind velocity via a sonic anemometer (up to 60 m s− 1;
2% full‐scale [FS] accuracy). The wind direction is measured by an internal compass with a directional accuracy
of ±2.5°. An on‐board quality control algorithm discards the invalid anemometer data that occurs, for example,
when the drifter is submerged. Extensive comparisons between MiniMet drifters, 10‐m European Center for
Medium‐Range Weather Forecasts Earth Reanalysis version 5 reanalysis (ERA5) winds, and shipboard obser-
vations were made in the North Atlantic (Klenz et al., 2022). The observed MiniMet winds were adjusted to a 10‐
m height following Klenz et al. (2022) and were in general good agreement with ERA5 away from Hurricane
Michael's eye (Figure S1b).

Figure 1. Drifter tracks in relation to Hurricane Michael. (a) Drifters and the National Hurricane Center (NHC) best track from 7 October 2018 to following landfall on
11 October 2018. Drifter tracks are shown from their deployment on 8–15 October 2018. Box shows location of enlarged tracks in (b). The legend provides the drifter
identification number and type: Surface Velocity Program drifter with barometer (SVPBD), Directional Wave Spectra Drifter (DWSD), andMiniMet drifter. (b) Drifter
tracks colored by velocity as calculated by change in drifter position and (c) Sea Surface Temperature (SST). In (b) and (c), black lines with an arrow indicates the NHC
best track; black contours in bottom left are isobaths. Model simulation snapshots: (d) 10‐m wind speed and direction from Coupled Ocean/Atmosphere Mesoscale
Prediction System for Tropical Cyclones, reduced by 10%, (e) significant wave height from Wave Watch III® (WW3), (f) peak period from WW3, and (g) sea surface
elevation (color) and currents (vectors) from the Naval Coastal Ocean Model (NCOM).
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For calculations of wave growth and wave age, 10‐m wind was obtained from the Coupled Ocean/Atmosphere
Mesoscale Prediction System for Tropical Cyclones (COAMPS‐TC). COAMPS‐TC (Doyle et al., 2012),
developed by the U.S. Naval Research Laboratory and run operationally at Fleet Numerical Oceanography and
Meteorology Center, is the Navy's operational forecast model for TCs. COAMPS‐TC is a non‐hydrostatic,
convection‐permitting model, featuring a 4‐km resolution storm‐following nest, and was initialized using a
modified Rankine wind vortex that was best fit to Hurricane Michael's wind field, as designated by the National
Hurricane Center (NHC) best track. The model simulation wind includes the instantaneous wind, which compared
well with the NHC maximum wind, although exceeded the 10‐min averaged, 10‐m MiniMet winds, especially
near Hurricane Michael's core (Figure S1b). The model simulation may have had artificially high instantaneous
winds outside the observed inner core, which had a 4‐km grid increment in the inner mesh, owing to Hurricane
Michael's relatively small radius and its speed. Regression of COAMPS‐TC with the 10‐min adjusted MiniMet
wind during the first 12‐hr of observations suggested a scale factor reduction of 10% of the COAMPS‐TC strength
which was applied to this analysis. COAMPS‐TC and MiniMet winds were also compared to 10‐m ERA5 winds
(1/4°, 1‐hr; Figure S1b; Copernicus Climate Change Service (C3S), 2017; Hersbach et al., 2020). ERA5 winds
were weaker, and the eye was artificially large caused by the coarser grid spacing.

Bulk wave parameters were available from the University of Hawai'I GlobalWAVEWATCH III (W3) (1/2°, 1‐hr;
Cheung, 2010; Tolman, 2009; Figure S1c). These provided background conditions during Hurricane Michael's
transit (7–15 October 2018; Figures 1e and 1f) and comparisons to DWSD observations (Figure S1c). The
American Seas (AmSeas) Regional Navy Coastal Ocean Model (NCOM; 1/12°, 3‐hr; Barron et al., 2006) pro-
vided surface currents and dynamic height.

3. Hurricane Michael
Hurricane Michael began as a tropical depression over the western Caribbean Sea, intensifying as it reached the
tip of Cuba and moved into the Gulf of Mexico. On the afternoon of 8 October 2018, the stepped frequency
microwave radiometer on a 53rd Weather Reconnaissance Squadron (WRS) “Hurricane Hunters” C‐130J plane
measured windspeed of 20 m s− 1 (Beven et al., 2019; National Hurricane Center, 1997). During the same flight, 5
DWSDs, 2 SVPBDs, and 3 MiniMet drifters were deployed in a 200 km line array approximately 290–390 km
ahead of Hurricane Michael's eye, transecting the storm's projected path (Figure 1a). A drogued SVPBD or a
MiniMet drifter was paired with an undrogued DWSD to provide concurrent wave, SLP, wind, and current
measurements. The drifters began transmitting data around 23:00 UTC on 8 October 2018. The storm
strengthened to an initial peak intensity of a Category 2 hurricane at 9 October 2018 00:00 UTC with winds of
45 m s− 1 (Beven et al., 2019).

The drifters spanned counter rotating eddies (Le Hénaff et al., 2021; Wadler et al., 2021), an anticyclonic eddy
(warm core) to the west and a cyclonic eddy (cold core) to east (Figures 1a, 1b, and 1g). Hurricane Michael
transited over the drifters from 9 to 10 October 2018 (Figure 1d). The wind field was slightly asymmetric, with
a tight inner core (Figure 1b). On 9 October 2018, the radius of maximum winds (RMW) decreased from 37 km
at 00:00:00 to 28 km at 15:00:00, when it encountered the drifters (Figure S1a). Model snapshots show that the
greatest wave heights preceded the storm's eye (Figure 1e) with long period swell extending throughout the
Gulf of Mexico (Figure 1f). On 9 October, the translational speed was 5–6 m s− 1 (Figure S1a, NHC Best
Track).

3.1. Drifter Observations

At deployment, mean MiniMet 10‐m wind speeds ranged from 10 to 15 m s− 1, the SLP was 1,006 mB, and SST
was 28.5–29.5°C across the array (Figures 2a–2c). The easternmost drifters observed slightly cooler SST,
indicating their relative position to the eddies (Figure 1b). Waves preceded the storm's arrival, with significant
wave heights ∼4 m and peak period ∼9 s (Figures 2d and 2e). In storm‐centered coordinates, the drifters were
within 250 km of Hurricane Michael's eye from 9 October 2018 01:30 UTC to 10 October 03:00 UTC (Figure 2,
right panels). Hurricane Michael transited over the easternmost drifters (SVPBD2 and DWSD5; Figures 1a and
1b) between 15:00 and 15:30 UTC on 9 October 2018 as a Category 2 storm. At the time, Hurricane Michael's
velocity was ∼6 m s− 1 with a RMW of 28 km (NHC Best Track; Figure S1a).

Wind, significant wave height (Hs), and wave peak period (Tp), were greatest in the front quadrants of the storm
(Figure 2c). SLP, roughly symmetric around the storm center, had a minimum of 967.6 mB approximately 9.9 km
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east of the NHC best track (Figure 2b, SVPBD2; 9 October 15:30 UTC). The 10‐m mean wind speed peaked at
26.8 m s− 1, measured by MiniMet3 at the edge of the NHC Best Track 64 kt (32.9 m s− 1) radii. Hs peaked at
8.69 m and Tp at 13 s, roughly 2 hr before the eye's passage (Figures 2d and 2e).

Figure 2. Drifter observations of (a) sea surface temperature, (b) Sea Level Pressure (SLP), (c) mean 10‐m wind speed, (d) significant wave height (Hs), and (e) peak
period (Tp).Hs and Tp have the same legend. The color bar at the bottom indicates Hurricane Michael's strength on the Saffir‐Simpson scale, with the red dotted line at 9
October 2018 15:00 UTC, when Michael's eye transited over the drifters. The black dotted lines are at 9 October 2018 03:00 UTC, 10 October 2018 03:00 UTC, and 11
October 2018 12:00 UTC corresponding to the times of the snapshot in Figure 2. Grid lines fall at 12:00 UTC for each date. The right‐hand panels show the variables
from each panel transformed with respect to Michael's forward motion (shown by arrow) with axis units normalized by 50 km. The red dot at the center indicates the
storm center. Temporally, these observations fall roughly within the first set of black dotted lines in the left‐hand panels, over a period of roughly 24‐hr (see Figures 3
and 4).
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Drogued and undrogued drifters had similar trajectories prior to, during and following Michael's transit
(Figure 1b). Drifter velocities to the left of Hurricane Michael's track were 0.2–0.5 m s− 1 prior to Michael's
arrival, with undrogued drifters at greater speeds. Drifters to the right of Hurricane Michael's track had speeds of
1–1.5 m s− 1 immediately prior to and following Hurricane Michael's passage, with their trajectories changing
significantly (Figures 1b and 3b). The alignment of drogued and undrogued drifters nearest to Michael's eye
(Figures 1b and 3a), indicates a slab‐like advection of the upper 15 m of the ocean (the depth of the drogue). The

Figure 3. (a)Wind (red) and wave (black) magnitude and direction scaled by the mean wind speed and significant wave height. Quantities were averaged over each of the
MiniMet drifters (wind) and Directional Wave Spectra Drifter (DWSD) (waves) observations in 50 km by 50 km bins with respect to Hurricane Michael's forward
motion (shown by arrow in bottom right). A small symbol at the center indicates the eye of the storm. Solid black lines separate the storm quadrants. (b) Similar to (a) but
for drogued and undrogued speed and direction. (c) Direction and relative wave energy within each frequency bin with respect to HurricaneMichael. The magnitude was
averaged in 50 km bins and the direction of peak energy within that bin was rotated with respect to Michael's forward motion. Color around each grid point indicates the
average time of the drifter observations, with Hurricane Michael's eye over the drifter array at roughly 9 October 2018 15:00 UTC. The inset below magnifies part of the
rear left quadrant by a factor of two. (d) DWSD2 1Dwave energy spectrum. Yellow lines mark the frequency bins in (c), and the thick black line at 9 October 2018 15:00
UTC indicates when Hurricane Michael's eye was nearest to the drifter. (e) The mean spectral energy for each the 0.04–0.08 Hz, 0.08–0.12 Hz, 0.12–0.16 Hz, and 0.16–
0.2 Hz bins with respect to Hurricane Michael's forward motion. Color around each grid point indicates the average time of the drifter observations, as indicated in (c),
with Hurricane Michael's eye over the drifter array at roughly 9 October 2018 15:00 UTC.
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two easternmost drifters measured SST cooling of 1°C (Figures 1c and 2a). Following Michael's passage, sig-
nificant wave height and period rapidly decreased, falling by half within 6 hr (Figures 2d and 2e). The west-
ernmost drifters entered an anticyclonic eddy, and the four eastern drifters proceeded southward with
characteristic inertial circles (Figures 1a and 1b).

3.2. Directional Wave and Wind Observations

The magnitude and direction of the wind and waves, averaged in 50 km bins in storm‐centered coordinates,
changed significantly during Hurricane Michael's passage (Figure 3a), providing a snapshot of the storm struc-
ture. The wind was cyclonic around Michael's eye and waves were often at an angle to the wind. In the front
quadrants, the dominant wave direction was northwestward (Figure 3a), roughly aligned with the wind in the
right‐front quadrant and at progressively greater angles to the right of the wind in the left‐front quadrant. In the
left‐rear quadrant, the dominant wave direction was at angles greater than 90° to the wind direction, and at times
opposed it.

Averaging the wave spectra in frequency bands, also in 50 km storm‐centered coordinates, provides the direc-
tional wave energy as a function of frequency under Hurricane Michael (Figure 3c). The frequency, fp, of the
maximum spectral energy was identified within a given band, S( fL‐H), where fL‐H is the frequency range of that
band. The direction and energy at fp were then averaged within that bin. Prior to the storm's arrival, the wave
energy was greatest within the 0.08–0.12 Hz frequency band, with energy increasing at lower frequencies (0.04–
0.08 Hz) nearer to the storm center (Figures 3c and 3e). At higher frequencies, the direction of peak energy shifted
progressively toward the wind direction (Figures 3a and 3c), as expected from stronger wind‐wave coupling. In
the left‐rear quadrant, the decrease in wave energy across all frequency bands corresponded to the dramatic falloff
in significant wave height (Figure 2d). In this quadrant, there was rough alignment with currents at middle
frequencies (0.8–0.12 Hz) greater than 50 km from the storm center (Figures 3a and 3b). In the right‐rear
quadrant, the disorganized wave field had eastward and northwestward waves, suggesting a bimodal structure.

3.3. Wave Energy and Wave Age

The 1D variance spectra also shows the shift in spectral energy. For example, the spectral energy of DWSD2 was
between 0.08 and 0.2 Hz (Figure 4c). The range broadened and peaked prior to Michael's arrival, then quickly
narrowed and decreasing following Michael's passage. (The low‐frequency wave energy on 11 October 2018
12:00 UTC was caused by northerly winds over the northern Gulf of Mexico.) Averaging across the drifters in
frequency bands and storm‐centered coordinates provides the distribution of spectral energy across Hurricane
Michael, S(fL‐H) (Figure 3e). The energy was greatest in the front quadrants of the storms, mostly distributed
between S(f0.08–0.12) and S(f0.04–0.08). S was smallest in the left‐rear quadrant at frequencies below 0.16 Hz, where
wind and waves were most misaligned (Figure 3a). Energy was greatest near the storm's center at frequencies
above 0.12 Hz, indicative of wind‐sea.

Wave age is a parameter that has been used to analyze the local versus remote response of the wave field, assess
wave growth, and parameterize air‐sea coupling. The wave age can been alternatively defined as Cp /|U10| (e.g.,
Donelan, 1990), the phase speed divided by the 10‐m wind speed, or as Cp/|U10|cos(θ), where θ is the angle
difference between the wind and wave directions (e.g., Collins et al., 2018; Grachev & Fairall, 2001; Grachev
et al., 2003; C.‐E. Hsu et al., 2023; Kudryavtsev et al., 2021). Taking the first definition, wave age for each energy
band was calculated across Hurricane Michael (Figure 4a). The phase speed of deep‐water waves scales with
frequency, Cp = g/2πfp, according to the linear dispersion relationship. U10, available from COAMPS‐TC, was
interpolated to the drifter location. If the wave age is greater (less) than 1.2, then the waves are considered swell
(wind‐sea) that have been remotely (locally) generated (Donelan, 1990). Using this definition, swell conditions
existed in the lowest frequency band (0.04–0.08 Hz) furthest from the storm center, with wind‐sea dominating
nearer to the center of the storm (Figure 4a). At frequencies greater than 0.12 Hz wind‐sea conditions existed
across the storm as expected.

These observations can be compared to fetch‐limited wave growth under TCs by plotting the non‐dimensional
energy, ε = g2Etot/U10

4, versus the inverse wave age, ν = fpU10/g scaled by 2π (Young, 2006). Here g is the
Earth's gravitational constant and Etot = (Hs /4)

2 is the integrated wave energy (Figure 4b). This comparison can
be done either with DWSD‐MiniMet pairs (e.g., DWS1‐MiniMet2 and DWS2‐MiniMet3) or using COAMPS‐TC
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winds. The results were similar between the two and agree with previous observational studies using a moored
platforms under TCs and those of fetch‐limited conditions with unidirectional winds (Donelan et al., 1985;
Hasselmann et al., 1973; Hu & Chen, 2011; Hwang, 2016; Young, 2006). Using ERA5 instead of COAMPS‐TC
(not shown) led to poor agreement, emphasizing the importance of a wind field that resolves the maximum wind
speeds at the storm center.

Figure 4. (a) Wave age by frequency band averaged over the Directional Wave Spectra Drifter (DWSD) observations, translated with respect to Hurricane Michael's
forward motion and averaged in a 50 km by 50 km bin. (b) Nondimensionalized wave energy versus nondimensionalized inverse wave age (normalized by 2π) compared
to other observational results from tropical cyclones and fetch‐limited cases, with the wind from either the (i) drifterU10 and (ii) Coupled Ocean/Atmosphere Mesoscale
Prediction System for Tropical Cyclones (COAMPS‐TC) U10 (right). For (i), only data points where DWSD and MiniMet drifters were in the same 50 km

2 box were
included. (c) Inverse “directional” wave age. As in Figure 3c, color around each grid point in (a) and (c) indicates the average time of the drifter observations.
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The previouswave age definition doesn't incorporate direction andmay not completely account for air‐wave‐ocean
dynamics that determine the drag coefficient (Zhou et al., 2022). An inverse “directional”wave age, |U10|cos(θ)/Cp,
as referenced above, can be used to examine the wind‐wave direction mismatch, using the inverse to avoid the
singularity at θ = 90°. In the left‐rear quadrant, the dominant wave direction opposed the wind within the 0.04–
0.16 Hz frequency bands (Figure 4c). Comparing Figures 3d and 4c, wave energy was low inmany of the locations
where the directional wave age was “negative,” such as in the far left‐rear quadrant. However, at times dominant
wave energy opposed the wind, particularly directly to the left of the eye.

4. Discussion and Conclusion
Drifters observed the evolution of SLP, SST, waves, winds, and currents under Hurricane Michael, spanning
warm‐ and cold‐core eddies. The observations were consistent with modeled winds, wave heights, and NHC best
track information and were able to resolve wind, wave, and current magnitudes and directionality. Of particular
interest is the rear‐left quadrant where the misalignment between wind and wave directions was greatest, and
wave‐current interaction could have been an influencing factor in wave height.

These observations confirm what several other observational and numerical studies have found about TC wave
fields (e.g., Black et al., 2007; Holthuijsen et al., 2012; Hwang & Walsh, 2018; Young, 2006): in the right‐front
quadrant extended fetch occurs and there is relative alignment of wind and waves, and in the rear quadrants the
waves were at greater direction to the wind showing greater misalignment. Several studies have found that TC
wave fields are dependent on the storm transit speed, RMW, and distance from the eye (Kudryavtsev et al., 2015;
Moon et al., 2003, 2004a; Reichl et al., 2014; Tamizi et al., 2021). Hurricane Michael had a radius, R, of roughly
30 km, making the analysis here to 250 km (∼8R) reasonable. The storm transited at an average speed (5–8 m/s),
with a ratio of maximum winds to speed of about 0.1–0.15, putting it within the limits of trapped and enhanced
waves in the right front quadrant (Kudryavtsev et al., 2015) and providing energy for an asymmetric wave field, as
was observed. The drifter observations matched the non‐dimensional empirical growth relationship when using
both the observed MiniMet and COAMPS‐TC winds (Figure 4c). However, some of the ocean interactions with
Hurricane Michael were unique. In Hurricane Michael, waves had greater alignment with wind in the front
quadrants and were at greater angles to the wind in the rear‐left quadrant when compared to composites across
multiple TCs (Esquivel‐Trava et al., 2015; Hu & Chen, 2011; Tamizi & Young, 2020). There was some evidence
of bimodal spectra (Figure 3c), as has been found by other studies (Collins et al., 2018; Holthuijsen et al., 2012;
Hu & Chen, 2011; Hwang & Walsh, 2018).

Drogued drifters were advected according to the upper‐ocean dynamic response (from the surface to 15 m depth).
Undrogued drifters moved faster than drogued drifters preceding the storm likely because they are more
vulnerable to local winds and Stokes drift. The drifters aligned in Hurricane Michael's immediate wake
(Figure 3b), suggesting that upper‐ocean vertical shear was small, and the upper ocean moved as a slab. The
dramatic shift in direction directly under the storm was consistent with other studies (Chang et al., 2013, 2016;
Ginis & Sutyrin, 1995). Observations of uniform currents to a depth of 50 m have previously been made in a
hurricane's wake (J. Hsu et al., 2017), but there were not sufficient subsurface measurements under Hurricane
Michael to complete a full upper‐ocean analysis.

The drifter trajectories were not in the direction of either the wind or waves in the front quadrants of the storm
(Figures 1b, 3a, and 3b). Alignment of the currents and waves (Figures 3a and 3b) in the left‐rear quadrant could
have created a wave‐current interaction favorable to a reduction in Hs (Fan et al., 2009; Hegermiller et al., 2019).
This may have contributing to the reduction of wave energy measured in this quadrant (Figures 2d and 3e).

The relative wind and wave directions as a function of frequency band were illustrated by the inverse “directional”
wave age. Here the cos(θ) term, which should be used with care when determining swell and wind‐sea (e.g.,
Högström et al., 2011; Smedman et al., 2009), was used to emphasize the angle mismatch. A plot of θ had a
similar pattern (e.g., Figure A1 of Holthuijsen et al., 2012), with the angle exceeding 100° in much of the left‐rear
quadrant at frequencies below 0.16 Hz. The direction and magnitude of the wind and waves are critical to surface
roughness and momentum transfer. In the case of the rear‐quadrant, the misalignment could have significant
impacts on the drag coefficient (Chen et al., 2022; Drennan et al., 1999; Grachev et al., 2003; Holthuijsen
et al., 2012; J. Hsu, 2023; J. Hsu et al., 2017; J.‐Y. Hsu et al., 2019; Moon et al., 2004a; Reichl et al., 2014; Zhou
et al., 2022).
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Under HurricaneMichael, the 30–60 km instrument spacing resolved the wave field, but optimal spacing depends
on the storm parameters (e.g., radii, transit speed). The bin averaging of 50 km used in this analysis, was based on
drifter sampling, providing roughly 5–6 observations in each bin and full coverage across the storm. Finer
averaging (e.g., 25 km) did not significantly alter results and led to gaps in the analysis, whereas greater bin size led
to averaging over dissimilar storm structure. Drifters were deployed in a single line with observations taken over a
24‐hr period. In the future, deployment of two drifter lines would better assess the storm's temporal evolution.

The observations under Hurricane Michael show the capability of air‐deployed Lagrangian drifters to obtain a
suite of in situ measurements at the air‐sea interface under TCs. The drifters provided direct measures of
directional surface wind, wave, and currents across multiple quadrants of the storm, variables that often need to be
extrapolated or parameterized instead of measured directly (e.g., J. Hsu et al., 2018; Zhang & Uhlhorn, 2012;
Zhou et al., 2022). The relative low‐cost, and ease of the drifter deployment provides an additional research tool to
complement existing airborne and satellite observational strategies.

Data Availability Statement
Hurricane Michael drifter data is available from Centurioni et al. (2022a, 2022b).

The Hurricane Michael COAMPS‐TC simulation is available from Schönau et al. (2024).

ERA5 reanalysis data on single levels (1950‐present) is available from the Copernicus climate service (https://
cds.climate.copernicus.eu/) at https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis‐era5‐single‐levels?
tab=overview.

WW3 Global model output is available from the Pacific Island Ocean Observing System (PACIOOS; https://pae‐
paha.pacioos.hawaii.edu/erddap/) at https://pae‐paha.pacioos.hawaii.edu/erddap/griddap/ww3_global_lon180.
html.

Regional AmSeas NCOM is available from the National Center for Environmental Information (https://www.
ncei.noaa.gov/erddap/) for surface velocities at https://www.ncei.noaa.gov/erddap/griddap/NCOM_amseas_
latest3d.html and surface elevations at https://www.ncei.noaa.gov/erddap/griddap/NCOM_amseas_latest2d.
html.

National Hurricane Center (NHC) archives observations from the 53rd WRS (https://www.nhc.noaa.gov/recon.
php) at https://www.nhc.noaa.gov/archive/recon/2018/REPNT2/, and NHC Best Track information for Hurri-
cane Michael is available from the Hurricane Databases (HURDAT; https://www.nhc.noaa.gov/data/#hurdat) at
https://www.nhc.noaa.gov/data/hurdat/hurdat2‐1851‐2021‐100522.txt.
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