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ABSTRACT

Seven subsurface Electromagnetic Autonomous Profiling Explorer (EM-APEX) floats measured the voltage
induced by the motional induction of seawater under Typhoon Fanapi in 2010. Measurements were processed to
estimate high-frequency oceanic velocity variance o,%(z) associated with surface waves. Surface wave peak fre-
quency f, and significant wave height H, are estimated by a nonlinear least squares fitting to o,%, assuming a
broadband JONSWAP surface wave spectrum. The H; is further corrected for the effects of float rotation, Earth’s
geomagnetic field inclination, and surface wave propagation direction. The f,, is 0.08-0.10 Hz, with the maximum f,
of 0.10 Hz in the rear-left quadrant of Fanapi, which is ~0.02 Hz higher than in the rear-right quadrant. The H; is
6-12m, with the maximum in the rear sector of Fanapi. Comparing the estimated f,, and H; with those assuming a
single dominant surface wave yields differences of more than 0.02 Hz and 4 m, respectively. The surface waves
under Fanapi simulated in the WAVEWATCH III (ww3) model are used to assess and compare to float estimates.
Differences in the surface wave spectra of JONSWAP and ww3 yield uncertainties of <5% outside Fanapi’s
eyewall and >10% within the eyewall. The estimated f, is 10% less than the simulated fl;”‘“ before the passage of
Fanapi’s eye and 20% less after eye passage. Most differences between H; and simulated H** are <2 m except
those in the rear-left quadrant of Fanapi, which are ~5 m. Surface wave estimates are important for guiding future
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model studies of tropical cyclone wave—ocean interactions.

1. Introduction

Surface waves carried by the storm surges of tropical
cyclones are disasters for coastlines. Surface waves also
change the roughness of the ocean, altering the surface
wind stress under tropical cyclones (Moon et al. 2004;
Chen et al. 2013). The wave-dependent surface wind
stress extracts the tropical cyclone’s momentum to force
ocean current (Emanuel 1995). The induced ocean cur-
rent then leads to shear instability, vertical mixing, and
cooling in the upper ocean (Price et al. 1994), thereby
lessening the heat available for cyclone intensification
(Lin et al. 2013). Measuring surface waves under tropical
cyclones is critical for improving the parameterizations of
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surface wind stress in the forecast of tropical cyclone in-
tensification (Fan et al. 2009).

The most often used platforms for measuring surface
waves include wave sensors mounted on drifting buoys
(e.g., Herbers et al. 2012), sensors mounted on buoys
connected to moorings (e.g., Mitsuyasu et al. 1975;
Steele et al. 1992; Young 1998; Graber et al. 2000;
Dietrich et al. 2011; Drennan et al. 2014), satellite al-
timeters [e.g., Environmental Satellite-1 (Envisat-1) and
European Remote-Sensing Satellite-2 (ERS-2) in Fan
et al. 2009; Young and Burchell 1996; Young and Vinoth
2013], radar altimeters mounted on aircraft or ships
(e.g., Hwang et al. 2000; Wright et al. 2001; Black et al.
2007; Magnusson and Donelan 2013), and Doppler so-
nar radar mounted on towers in shallow water or on
coastlines (e.g., Pinkel and Smith 1987; Reichert et al. 1999;
Lin et al. 2002). Deploying buoys to measure surface waves
after tropical cyclones have formed is risky, when possible
(Collins et al. 2014). Most tropical cyclones do not pass buoys
deployed in the open ocean. Recently, however, moored
buoy measurements were taken as Typhoon Nepartak’s eye
passed (Jan et al. 2017). Wave sensors and wire cables
mounted on buoys may be damaged by strong tropical
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FIG. 1. (left) Typhoon Fanapi’s track in the western Pacific (black curve with dots) and deployment positions of
EM-APEX floats (blue and magenta dots). (right) The map of |[Uy| (color shading) and EM-APEX float positions (blue
and magenta dots) at 0130 UTC 18 Sep 2010 when Typhoon Fanapi arrived at the float array. Float trajectories are
indicated (blue lines). Typhoon track (black line with dots) is labeled with time as month/day/hour UTC. Construction of
Fanapi’s wind map |Uy| is described in appendix E. The measurements taken by four EM-APEX floats (magenta dots)
within 100 km of Fanapi’s track are mostly at [U;| >20m s~ and are used to estimate surface wave properties in Fig. 4.
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cyclone winds (e.g., >25ms™ ') and turbulence at the sea
surface (Collins et al. 2014). Scanning radar altimeters (SRA)
mounted on aircraft have been used to study surface waves
under tropical cyclones by remote sensing of ocean surface
displacements (e.g., Wright et al. 2001; Black et al. 2007; Fan
et al. 2009). Unfortunately, SRA backscattered signals are
vulnerable to contamination by sea foam, spray, and bubbles
(Magnusson and Donelan 2013), which are ubiquitous in
strong tropical cyclone wind environments (Black et al. 2007).

When seawater is moved by ocean currents and surface
gravity waves through Earth’s geomagnetic field, an electric
field is induced (Longuet-Higgins et al. 1954; Weaver 1965;
Sanford 1971; Podney 1975), producing electric current in the
ocean (Cox et al. 1978). The temporal variations of wave-
induced electric current in the ocean will further generate an
electromagnetic field according to Ampere’s law (Watermann
and Magunia 1997; Lilley et al. 2004). Sanford et al. (2011)
measured the high-frequency velocity variance associated
with the motional induction of surface waves using Electro-
magnetic Autonomous Profiling Explorer (EM-APEX) floats
under Hurricane Frances 2004. These subsurface floats were
air launched (e.g., Sanford et al. 2011; Hsu et al. 2017) from a
C-130 aircraft about 1 day before the passage of the tropical
cyclone’s eye, and they took measurements of temperature,
salinity, current velocity, and velocity variance under strong
tropical cyclone winds (e.g., >25ms™1). They estimated sig-
nificant wave height and the mean wave period, assuming a
single dominant surface wave under the hurricane. This study
aims to provide an improved method for estimating surface
waves using EM-APEX float measurements by assuming a
broadband surface wave spectrum. Uncertainties in the sur-
face wave estimates are assessed.

Seven EM-APEX floats were launched from a C-130
aircraft (Mrvaljevic et al. 2013; Fig. 1) starting at 0100

UTC 17 September 2010 in Typhoon Fanapi along
126.1°E between 22.6° and 24.4°N, with a horizontal
separation of ~25km. Details of measurements taken
under Typhoon Fanapi during the Impact of Typhoons
on the Ocean in the Pacific (ITOP) project are de-
scribed in D’Asaro et al. (2014). Section 2 describes
EM-APEX float measurements. Section 3 discusses the
theory of motional induction by surface wave velocity
and ocean currents. Section 4 presents methods to es-
timate the surface wave velocity variance from float
measurements and surface wave properties at the float
positions assuming the empirical JONSWAP spectrum
(Hasselmann et al. 1973; appendix D, section a). In
section 5 we estimate surface waves under Fanapi using
two methods—one assuming the JONSWAP spectrum
and one assuming a single dominant surface wave
(Sanford et al. 2011). The oceanic surface wave model
WAVEWATCH III (ww3) is used to simulate the
surface wave field under Typhoon Fanapi. In section 5
the ww3 model outputs are compared with the float
estimates of surface waves. In section 7 we describe
using the model study uncertainties in our surface wave
estimates. Section 8 will summarize the methodology
and results.

2. EM-APEX float measurements

EM-APEX floats measure temperature, salinity, and
pressure between the ocean surface and 250-m depth
using a Sea-Bird Electronics SBE-41 CTD sensor
mounted on top of the floats. The CTD sampling rate
varies from 0.025 to 0.05Hz. The floats profile vertically
by adjusting the buoyancy relative to the surrounding
seawater. The average vertical profiling speed of the
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TABLE 1. Notations in this study.

Notations in the equations of motional induction

J Electric current

x,y,and z Directions (positive x toward geomagnetic east, positive y toward geomagnetic north, and the depth z
positive vertically upward from seafloor); x, y, and z in the subscript of the parameters represent the
components in the corresponding directions

o

i, , and k Unit vectors in x, y, z directions

b Electromagnetic field induced by ocean current

\% Ocean current velocity

F Earth’s geomagnetic field

o Electrical conductivity

) Electric field potential

Vigw Surface waves’ velocity

a2 Horizontal velocity variance of the surface wave at the ocean surface
1/ Phase of the surface waves

k. and ky Wavenumber components in x and y directions, respectively

bo Initial phase of the surface wave (atx = 0,y = 0, and ¢ = 0)

0 Surface wave propagation direction counterclockwise from the east
f Surface waves’ frequency

1) Surface waves’ angular frequency

k Wavenumber magnitude

J . Electric current induced by surface waves

<%) and <%> All depth-independent electric current terms in Sanford et al. (1978)

B Geomagnetic field inclination effect
J Electric current induced by a low-frequency ocean current (appendix A, section d)

EM-APEX float estimated surface waves

—V®gy Electric field around EM-APEX floats

o’ Profiles of velocity variance measured by EM-APEX floats

fp and H; Estimates of f,, and H; using ,* assuming the JONSWAP spectrum

f, and H, Estimates of f, and H; using ¢, assuming the single dominant surface wave following Sanford et al. (2011)
Q EM-APEX float angular rotation frequency

b; Orientation of the two pairs of electrodes at t = 0 (Fig. 2)

t Time in the 50-s harmonic fit

a Rotational demodulation effect

Surface wave spectrum in the least squares fitting

Sy Surface wave spectral energy

S, Peak spectrum level of S, at f,

g4, 0p, and y Dimensionless shape parameters in the JONSWAP spectrum

1 Peak frequency

H; Significant wave height

T Modeled velocity variance of surface waves using empirical surface wave spectrum S,

WAVEWATCH III model (ww3)

s ww3 simulations of surface waves’ horizontal velocity variance
Cws® Simulations of o2 ; measured by EM-APEX floats
j},ww} and H,""* Estimates of f,, and H; using oy’
[ and HY™ ww3 model output of f, and H,
Sy ww3 model output of S,
Notations in the appendixes
E Background electric field
B Ambient magnetic field
a Magnetic vector potential
b Electromagnetic field
m Magnetic permeability
n Sea surface displacement
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FIG. 2. (left) Photo of EM-APEX floats, (middle) the top view of EM-APEX floats, and (right) an illustration of electric field around
floats, —V®gy (blue arrows). The voltage measured by two orthogonal pairs of electrodes, E; and E,, is associated with V®gy The float
rotates counterclockwise viewed from the top when ascending, at a rotation angular frequency () (black arrow). The angle between the
pair of electrodes E; and the magnetic east is Q¢ + ¢; (i = 1 for the E; pair and i = 2 for the E, pair). The projection of V®gy; on E; is equal
to (Vg - ) cos(Q + ¢;) + (VDey - ) sin(Qr + ¢,), where  is time and ¢, is the initial phase at ¢ = 0.

EM-APEX floats is about 0.11ms~!, which is slightly
faster descending than ascending (~0.02ms ™' difference).
EM-APEX floats measure the voltage using two pairs of
Ag-AgCl electrodes (Fig. 2), E; and E, pairs, mounted on
orthogonal axes (Sanford et al. 2005). The sampling rate of
voltage is 1 Hz. As the floats profile vertically, they rotate by
an array of slanted blades mounted on the float. The rotation
frequency is about 0.08Hz when the floats ascend and
0.12 Hz when the floats descend. Oceanic horizontal currents
are estimated by least squares fitting every 50s of the float
voltage measurements (Sanford et al. 1978) with a moving
window of 25s; that is, the raw voltage data size is 25 times
larger than the processed current velocity data. The residual
squares from the harmonic fit represent the velocity variance
of surface waves plus measurement errors o, (details in
section 4). Float GPS positions and measurements of salinity,
temperature, horizontal current velocity, and velocity var-
iance are transmitted via Iridium satellite communications
when the floats surface. The raw voltage data cannot be
collected via satellite because of size, but they could be
downloaded from the floats after recovery by ship.

Four EM-APEX floats measured velocity variances at
wind speeds > 25ms™ " under Typhoon Fanapi (magenta
dots in Fig. 1). The &,> decayed “exponentially” with
depth (Figs. 3e-h), in agreement with the report by Sanford
et al. (2011). air pump tubing inside the floats used to inflate
air bags was broken due to strong Fanapi downwelling
winds, resulting in the floats descending from the sea
surface slower than usual in the first several minutes
and thereby lengthening the rotation period for
measuring voltage. Voltage measured by the elec-
trodes with a rotation period > 25 s was excluded from

the data processing (Sanford et al. 2005), so 38% of
profiles of &> have no measurements in the upper
20m. The o, is used to estimate surface wave prop-
erties in this study (section 5).

3. Theory of seawater motion-induced electric
current

a. Electric current in a moving medium

Sanford (1971) studies the motional induction of
oceanic current modulated by the electromagnetic field
b in Earth’s geomagnetic field (appendix A, section a).
Because the temporal variations of b and the motional
induction of ocean current in the b affect the electric field
insignificantly, the electric current induced by a low-
frequency ocean current is mainly driven by the motional
induction resulting from the ocean current V crossing
Earth’s geomagnetic field F (Longuet-Higgins et al. 1954)
and the background electric field —V®, that is,

I vo+vxF, 1)
g

where J=J,i+J,j+Jk V=ui+uvj+wk, and F=
F,j + F:k (Table 1). Equation (1) can also be applied to the
electric current induced by a surface wave, because the

electromagnetic field induced by surface waves affects the
electric field negligibly (appendix A, section b; Weaver 1965).

b. Electric current induced by a surface wave and
low-frequency current in the upper ocean

Sanford et al. (1978) shows that the electric current
induced by a low-frequency ocean current u = ui + vj
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FIG. 3. (a)-(d)Vertical positions of four EM-APEX floats near Fanapi’s track descending (blue dots) and as-
cending (red dots). (¢)-(h) The profiles of measured velocity variance 7,2 taken by one pair of the electrodes E; on
the floats ascending (dots) at the time relative to the arrival time of Typhoon Fanapi’s eye at the float array
(different colors). The abscissa in (a)—(d) is the time ¢ relative to the arrival time of Typhoon Fanapi’s eye at the float
array, 0130 UTC 18 Sep 2010. The scale of Ac,? is presented in (e). Colored curves in (e)—(h) are The estimated
surface wave profiles are shown in (e)—(h) using the method described in section 4 (colored curves). The average
float distance to Fanapi’s track is labeled in the lower-right corner in each panel, with the positive values to the
right-hand side of the track.

[Eq. (A10) in appendix A, section c], assuming a negli- current J' in the same as the low-frequency current
gible horizontal shear of u. If the surface wave velocity  (the superscript prime (') represents the wave-induced
Viw [Eq. (A11)] is assumed to induce the electric component), then J' can be expressed as
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V/o~ \/Eguo F, siny(sinfi — cosbj) e

where i = ko +kyy —wt + ¢, 6= tan” Y(kylk,), and
k= (k> + k2)2 The J is affected by the surface wave
velocity amphtude (040 €5%) at different depths.

We assume the locally uniform conductivity o in the
upper ocean, V(1/0) = 0; the conservation of electric
current J, V-J = 0; the boundary condition J, ~ 0 at the
ocean surface z = 0 [Eq. (A13); Longuet-Higgins et al.
1954); and the boundary condition ® ~ 0 at z = —« [Eq.
(A14)]. Using the abovementioned assumptions and the
boundary conditions in Eq. (1), the electric current

15 T
[0 g [0
R
g ag g

4. Methods to estimate surface waves using
EM-APEX float measurements

a. Profiles of high-frequency velocity variance o,*
measured by floats

EM-APEX floats measure the voltage A® associated
with the electric field —V®gy around the floats (Fig. 2),
which is primarily from the electric current J [Eq. (4)]
induced by the motional induction of seawater [Eq. (B3)
in appendix B, section a]. Voltage measurements taken
by two pairs of rotating electrodes E; and E, (appendix
B, section b), A®; (i = 1 for the E; pair and i = 2 for the
E, pair), are least squares fitted in 50-s data windows
to demodulate the voltage associated with the low-
frequency electric current J (<0.02Hz) from the
voltage measurement offset and trend (appendix B,
section c¢; Sanford et al. 1978), because the offset and
trend are much greater than J. The residuals ¢; in the
harmonic fit contain part of the voltage associated with
the wave-induced electric current J' (>0.02 Hz).

The residuals ¢; are used to provide the profiles of the
estimated velocity variance o, [Egs. (B6) and (B10) in
appendix B, section d] as

s "‘) (1+ B0, e + 82, )

u

where o = 2( coszt]f) — 2(costh)* — 2(cos2i,) represents
the rotational demodulation effect resulting from the
difference between the surface wave angular frequency w
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J =Jjj+J;j induced by a single surface wave in the
deep ocean is [Eq. (A17) in appendix A, section d)

V20 ,F,\/1+ B siny, (sindi — cos6j)e’, (3)

where i, = + tan"'(8) and the geomagnetic field in-
clination effect B = (F,/F;) sin. Compared with Eq. (2),
the amplitude and phase of J' are modified for the
geomagnetic field inclination F,/F, and surface wave
propagation direction#.

Assuming the interaction between the low-frequency
current and surface waves in the motional induction
resulting from the electromagnetic field is negligible, the
electric current J = J,i +J yj induced by a low-frequency
current and a surface wave in the upper ocean is

Yo =

J
Y : k X
\@aquZ\/ 1+ B”sings sinf e* + P

= —(V20,,F_\/1+ B* sinys, cosh ) +

4)

S <

and the EM-APEX float angular rotation frequency
Q, Y=—(0-Dt+¢g, ¢y=kx+ky+d,td+
tan"}(B) -0, ¢o=0—Qr+¢;, where the angle
brackets, (), represent the average over the 50-s fitting
window (AT = 50), and & is the instrumental noise
(6 = 0.8-1.5cms ™' in Hsu et al. 2017).

Estimated velocity variance may differ from the ac-
tual surface wave velocity variance (02, €*%) as a result
of the rotational demodulation effect « and the geo-
magnetic field inclination effect 8 [Eq. (5)], biasing
surface wave estimates. The « is always less than 1 for
surface waves and low-frequency current when the float
rotation rate Q= Q,, where Q. = 27/AT rads™ . Typi-
cally, float Q) ~ 40}, when ascending. The 2<cos{]/)2 in the
expression of «, associated with the mean of surface
wave measurements on the rotating electrodes, is re-
moved as the offset in the processing of voltage mea-
surements [Eq. (BS)] and may not be zero if |w - Q|27 <
0.02Hz. So, a = 0-1. The F, and F, were about 36
and —24 uT, respectively, under Typhoon Fanapi, ac-
cording to the geomagnetic field data from the NOAA
National Centers for Environmental Information (NCEI)
(Thébault et al. 2015), that is, 8> = 2.25.

In short, the « effect may underestimate the actual
surface wave velocity variance by 50%-75% (a« = 0-1),
and the B effect may overestimate by >2 times (8> =
2.25). Sanford et al. (2011) neglect the a and B effects
when estimating surface waves, assuming a single dom-
inant surface wave velocity variance as 7,> = o Oez"Z
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In this study we use the profiles of 7,2 to estimate sur-
face waves, assuming a broadband surface wave spec-
trum, including corrections of the « and B effects
(section 5a), instead of following Sanford et al. (2011).
The results from two different approaches will be com-
pared in section 5b.

b. Estimating surface waves from velocity variance
profiles

Surface wave spectra S, under tropical cyclones have
been reported previously (Ochi and Chiu 1982; Young
1998; Ochi 2003; Young 2003). Over 85% of surface waves
under hurricanes have a single peak frequency spectrum
(Hu and Chen 2011), similar to the empirical JONSWAP
surface wave spectrum (Young 1998). The remaining 15%
of surface waves have two frequency spectral peaks.
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We assume that surface wave spectra under Typhoon
Fanapi can be parameterized by the empirical JONSWAP
spectrum form S, (f,, Sp, 04, 05, v) [Eq. (D1)], where
S, is the peak spectrum level of S, at the peak frequency
fp; and a,, 03, and y are the dimensionless shape pa-
rameters. This assumption should be reliable to most
wind waves in the open ocean. We further assume constant
shape parameters o,, 0}, and v, so that S, =f(f,, S,).
Modeled velocity variance BIZ(SW, z) of surface waves
depends on only f, and S, (appendix C), that is,
57,2(51;, 7)= az(fp;vspa Z);

The parameters f, and S, are estimated by minimizing
the root-mean-square logarithmic error (RMSLE) be-
tween observed velocity variance o,%(z) [Eq. (5)] cor-
rected by an estimated instrument error > and modeled
velocity variance az(fp, Sps 2),

> {108l (=) = 81 = loal7, G, 8,021}

RMSLE(f,.5) = |/ =

where N is the number of 7,2 measurements in the up-
per 100 m (~31 data points when floats ascend) and 67 is
estimated as the average of observed 7,%(z) between 150
and 200 m, assuming that surface wave signals are neg-
ligible within this layer. The S, is estimated using f, and
S, [Eq. (D1)]. Confidence intervals of surface wave es-
timates are evaluated using the bootstrapping method
(Roy 1994). We randomly select 80% of the o,> mea-
surements in each profile to estimate surface waves and
repeat 100 times. The results of the 100 realizations are
used to compute the mean and standard deviation of
surface wave estimates. s .

Significant wave height H, is estimated using S,,
assuming a Rayleigh distribution of surface waves

(Young 1999),
Hs%4&vn:4~/‘[sndf’ )

where E:,z is the estimated variance of ocean surface
displacements.

5. Surface waves under Typhoon Fanapi 2010

a. Surface wave estimates assuming the JONSWAP
spectrum

The peak frequency f; and significant wave height H,
are estimated using the observed velocity variance o, in
the upper 100 m (Figs. 3e-h), assuming the JONSWAP

= , ©)

spectrum [0, = 0.07, o, = 0.09 and y = 3.3 in Eq. (D1)].
Three successive profiles of @, taken within 1.5h are
used in the fitting to reduce errors in estimates. We ex-
clude profiles with no measurements in the upper 20m
(the profiles of blue dots in Fig. 3, ~38%), because the
surface wave exponential depth-decaying scale (g/w?)
is less than 20m at frequencies > 0.12 Hz, where g is
gravity.

The sum of &, [Eq. (5)] from the orthogonal E; and
E, may not equal the actual surface wave velocity vari-
ance, because some variance in surface waves might
have been removed as the offset in the data processing
on each pair of electrodes [Eq. (B5)]. In this study the
surface waves are estimated using measurements on E,
and E; separately. The « effect on the estimated H, is
corrected using an empirical corrected function (section
7c), derived using the simulated surface waves under
Typhoon Fanapi in the ww3 model (section 6),
assuming a random distribution of initial surface wave
phase. The B effect on H; is corrected using the ww3
model output of surface wave propagation direction at f,,
(section 7d). -

Estimates of f;, and H; under Typhoon Fanapi using
estimated o> taken by two independent pairs of elec-
trodes on each float agree with each other (Fig. 4). The
mean and standard deviation of all fitted profiles’ RMSLE
[Eqg. (6)] is ~0.048 = 0.017. At 0.4 day before the arrival
of Typhoon Fanapi’s eye, the f;, is about 0.07-0.08 Hz
and remains nearly constant until the passage of Fanapi.
The H on the right-hand side of Fanapi’s track is mostly
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FIG. 4. EM-APEX float estimates of (a),(c),(e),(g) peak frequency and (b),(d),(f),(h) significant wave height
assuming the JONSWAP spectrum (f, and Hj, respectively; dots with error bars as one standard deviation) or
assuming a single dominant surface wave (f, and H;, respectively; dots connected with lines) on electrodes E,
(blue) and E, (red) of four EM-APEX floats. Also shown is H; without the correction of a and B effects (dashed
lines). The average float distance to Fanapi’s track is labeled in the upper-right corner of each panel, with positive
values to the right-hand side of the track. Poor surface wave estimates within Fanapi’s eyewall resulting from the

assumption of the JONSWAP spectrum (shaded gray area; see Fig. 6).

6—10m before the passage of Fanapi’s eye. The H, at the
front-left quadrant of Fanapi is about 6 m and some-
times it is 5m lower than at the front-right quadrant.
After the eye of Typhoon Fanapi passes the float array,
f» changes from 0.08 to 0.1 Hz at floats em4906a (left)
and em4910a (track), and about 0.08 = 0.01 Hz on the
right-hand side of the track (em4907a and em4912a).
The maximum H; at the rear-left quadrant of Typhoon
Fanapi is about 11m at 0.15 day after the eye of

Typhoon Fanapi passed the float (em4906a), nearly the
same as that at the rear-right quadrant (em4907a).

The f; at the rear-left quadrant of Fanapi is higher
than at the front-right quadrant, supporting the spatial
variability reported in previous model studies (e.g.,
Moon et al. 2004; Fan et al. 2009). The H; > 10m at
the rear-left quadrant of Fanapi is higher than reported
in studies using SRAs under hurricanes (e.g., Wright
et al. 2001; Fan et al. 2009). Because the RMSLE at the
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rear-left quadrant of Fanapi, ~0.043, is within the 95%
confidence interval, the nonlinear fitted results using
the assumption of the JONSWAP spectrum may still
be reliable. Note that Fanapi’s translation speed U,
is ~4ms~'. The slow motion of Fanapi may reduce the
“extended fetch” effect (Young 2003) and results in
more symmetric H; at the rear sector of Fanapi than
other storms, for example, U, ~5ms~! in Hurricane
Ivan (from NHC best-track data). Collins (2014) also
estimates the surface waves under Fanapi, but the wave
measurements on the nearest buoy were >300 km to the
left-hand side of Fanapi’s track; they are not used as
comparisons in the present study.

b. Surface wave estimates assuming a single dominant
surface wave

Sanford et al. (2011) assume that the estimated velocity
variance &,% equals a single dominant surface wave’s ve-
locity variance, 7,2 = 0%, €2, and linearly least squares fit
the observed profiles of 7,2 to derive wavenumber k and

o7, in the logarithmical scale, that is, log[o-uz(z)] 2kz +
log(o7,). The peak frequency f =Q2m) (gk)”2
the significant wave height H, = 4<ru0(gk) are com-
puted using estimated k and o2, (Fig. 4). The HS is cor-
rected for the « effect according to Eq. (5) and for
B effects using the ww3 model output (section 7d). The
difference in H; as a result of the @ and B effects can be
more than 3 m (dashed lines vs sold lines with dots in
Fig. 4), unless these two effects («: underestimated; 3:
overestimated) were coincidentally balanced by each
other; that is, corrections for « and g effects are required.

Estimates of f , and H are compared with f, and Hs,
respectively, using the JONSWAP spectrum (dots with
error bars vs sold lines with dots in Fig. 4). At the
positions of floats em4907a and em4906a (~40km off
Fanapi’s track; Figs. 4c and 4g), the f is >0.01 Hz lower
than f, at 0.2 day before the passage of Fanapi’s eye and
is <0.01 Hz lower than fp after the passage of the eye.
The H, on the left-hand side of Fanapi’s track is about
1-2 m lower than HS, but it is mostly more than 3 m lower
than at floats em4907a (right) and em4910a (track). The
difference between f, and f, is less than 0.01 Hz at 92km
on the right-hand side of Fanapi’s track (em4912a;
Fig. 4a) and more than 50% of H, differ from the H;
within 2m. The difference in surface wave estimates is
due to the assumption of a surface wave spectrum, that
is, broad band versus narrow band.

6. Surface waves simulations under Typhoon
Fanapi in ww3

The WAVEWATCH III oceanic surface wave model,
version 5.16 (WAVEWATCH III Development Group
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2016), developed by the NOAA National Centers for
Environmental Predication (NCEP), has been used in
studies of global and regional surface wave forecasts
(e.g., Moon et al. 2004; Reichl et al. 2014). In this study
we simulate surface waves under Typhoon Fanapi using
ww3 (section 6a) for several purposes: 1) to compare
directly surface waves derived from floats with those
from ww3 model simulations (section 6b), 2) to justify
the uncertainties of float estimates of surface waves re-
sulting from the assumption of the JONSWAP spectrum
(sections 7a and 7b), and 3) to quantify the biases of float
estimates of surface waves caused by the aliasing effect «
(section 7c) and the geomagnetic field inclination effect
B (section 7d).

a. Simulated surface waves during Typhoon Fanapi
in the ww3

The surface wave field under Typhoon Fanapi is sim-
ulated in the ww3 model from 0100 UTC 17 September to
1200 UTC 18 September (Fig. 5), using the model results of
Typhoon Fanapi winds (appendix E). The simulated di-
rectional surface wavenumber spectra are discretized in 24
directions of 15° intervals and 45 frequencies from 0.012 to
1.3 Hz at a logarithmic increment f,,; = 1.1f,, following
previously described methods (e.g., Moon et al. 2004; Fan
et al. 2009; Reichl et al. 2014). The model includes wind
forcing, wave-wave interaction, and the dissipation re-
sulting from whitecapping and wave-bottom interaction.
The wind forcing is parameterized in the ST2 package
following Tolman and Chalikov (1996) (WAVEWATCH
III Development Group 2016). The drag coefficient cap is
set at 2.5 X 103, occurring at wind speed > 30ms™'. The
nonlinear wave-wave interaction is simulated using the
discrete interaction approximation (Hasselmann et al.
1985). The temporal resolution is 180s, and the spatial
resolution is 0.1° latitude X 0.1° longitude. The water depth
is obtained from NOAA NCEI in the western Pacific.

At the front-right quadrant of Fanapi, simulated sur-
face waves are longer and higher than waves at the rear-
left quadrant, a pattern consistent with the simulated and
observed surface wave fields under other tropical cyclones
(Wright et al. 2001; Moon et al. 2004; Chen et al. 2013). The
simulated propagating directions of surface waves in dif-
ferent quadrants also agree qualitatively with those ob-
served under other tropical cyclones (Wright et al. 2001;
Young 2006; Potter et al. 2015), that is, propagating nearly
perpendicular to the wind at the front-left quadrant of the
typhoon and nearly parallel with the wind at the right-hand
side of the storm’s track.

Black et al. (2007) and Holthuijsen et al. (2012) define
three sectors to describe the surface wave fields under
tropical cyclones—front-left, right, and rear sectors—
based on reported observations of surface wave
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FI1G. 5. WAVEWATCH III (ww3) model outputs of (left) significant wave height (color shading), (right) surface
wave mean wavelength (color shading), and surface wave propagating direction (white arrows in the right panel) at
0130 UTC 18 Sep 2010 forced by the modeled Typhoon Fanapi winds (black contour lines and black arrows in the
left panel). The ww3 model results for surface waves at the EM-APEX float positions (e.g., blue and magenta dots)
are used for the discussion of float estimated surface waves in this study. Typhoon Fanapi moved nearly westward
(black thick line).

propagation directions relative to the wind. Frequency structure in the three sectors (Figs. 6b—d), except that
spectra of ocean surface displacement S‘;;W3 in the ww3  the spectrum shows double peaks within the eyewall of
model simulation show a similar single peak broadband the typhoon (Fig. 6¢), presumably resulting from the
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FIG. 6. (b)-(¢) WAVEWATCH III model outputs of frequency spectrum of ocean surface displacement Sf;"V3 (solid lines) at (a) four
locations under Typhoon Fanapi: front-left (represented by black A), right (represented by purple B), and rear (represented by green C),
and within the eyewall (represented by blue D within the red circle). Fitted results assuming the JONSWAP spectrum (dashed lines).
Typhoon Fanapi (red dot) moves along the storm’s track (red line) in the model. Profiles of 02 ; are computed [Eq. (C2)] using the ww3
model results of surface wave spectra S:"]W3 at different locations [colored lines in (f)].
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FIG. 7. Maps of (a) ]i and (d) H, using results in Fig. 4, and actual ww3 model outputs of (b) fp‘”‘”3 and (e) H™?. (c) The ratio Afp/fp‘”‘”3
A, =f- prW3) and (f) AH, (AH, = H; — H™?). The wind speed at 10-m height above the sea surface (black contour lines). Abscissa
shows the relative arrival time of Typhoon Fanapi’s eye to the float array. The ordinate is the distance of float positions to Fanapi’s track.

complicated nonlinear wave-wave interactions sug-
gested by Hu and Chen (2011). Surface waves have
higher values of maximum spectral energy level S, and
H, in the right sector of Typhoon Fanapi (Figs. 5 and 6¢).
The S‘g‘”3 is used to compute the vertical profiles of
surface wave velocity variance o2, [Eq. (C2)]. The 02 5
of surface waves with a shorter mean wavelength in the
rear sector of Typhoon Fanapi decays more rapidly with
depth than in the right sector (Figs. 5 and 6f).

b. Comparison between model results and float
estimates

The ww3 model outputs of /™ and H}™* are com-
pared with f, and H, respectively, on the EM-APEX
floats (Fig. 7). Before the arrival of Fanapi, fl}VW3 at all
float positions is about 10% higher than f, (Fig. 7c), con-
sistent with the validation of ww3 by Fan et al. (2009). The
H;”W3 is in good agreement with Hj, with a difference
of <2m (Fig. 7f). After the passage of Typhoon Fanapi,
f;VW3 at ~40km off the track differs >20% from f,. The
difference between The H™ and H; on the right-hand

side of Fanapi’s track is mostly within 2m, in agreement
with the validation of ww3 by Fan et al. (2009). In-
terestingly, the H™ at - the rear-left quadrant of Fanapi
can be >5 m lower than H;. Fan and Rogers (2016) present
directional surface wave spectra under Hurricane Ivan
using SRA measurements and make comparisons to the
ww3 model simulations. The ww3 model underestimates/
overestimates the spectral energy at the wind-wave/swell
frequency at the rear sector of the hurricane. Better pa-
rameterizations of the surface wave physics at the rear-left
quadrant of Fanapi in the ww3 model may be needed.

7. Simulations of float-estimated surface waves
using ww3

a. JONSWAP model spectrum

Our method for estimating surface waves assumes the
JONSWAP spectrum. The uncertainty resulting from
this assumption is assessed using the simulated surface
wave horizontal velocity variance o2,,;(z) (Fig. 6f), com-
puted using S [Eq. (C2)]. Assuming oyys3® = 02,5 + 87,
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FIG. 8. Peak (a),(c),(e),(g) frequencyfpwW3 and (b),(d),(f),(h) H,"™ estimated using the ww3-simulated 0wy (red

dots), and the actual ww3 model outputs of f,}“"3 and H™? (black lines) at different float positions under Typhoon
Fanapi. Average float distance to Fanapi’s track is labeled in the lower-right corners of each panel, with the positive
values to the right-hand side of the track. Wind speed |Uj| (blue lines) is labeled on the right-hand side of (b),(d),
(), and (h). Poor estimates of Af,,/, f“"“’3 > 5% within Fanapi’s eyewall (gray shading), resulting from the assumption

of the JONSWAP spectrum, where Af, = fI,WV” fWW3

f;wm and H,"™ (superscript ww3 represents the simulated
float estimates) are estimated using w32 in the upper
100m, assuming the JONSWAP spectrum [0, = 0.07,
op = 0.09,and y = 3.3in Eq. (D1)]. The 6 is assumed to be
Tcms ! (Hsu et al. 2017). The vertical resolution of gyys?
is 3 m, similar to the actual EM-APEX float measurements
(~3m)._ .

The £,"* and H,"™ are compared with the actual
ww3 model outputs of £ and H™ (Figs. 8 and 9).
Most estimates of f,,,WW3 and H; Ho (Figs. 9a and 9d)
on the right-hand side of Typhoon Fanapi’s track
agree with the [ and H™ (Figs. 9b and Ye),
and the Af,/fi** (Af,= f,,WW3 — ™) and AH/HM
(AH; = H; H,™ — H™3) are less than 2% (Figs. 9c and 9f)
The S differs slightly from the fited JONSWAP spec-
trum (Fig. 6¢). The Af,/f;™ and AH/H™? on the left-
hand side of the storm’s track are larger but still within 5%,
because the spectral peak of S‘;’W3 (Fig. 6b) is broader than
on the right-hand side of the track. Our analysis shows that
f,,ww3 and H,"™ estimated assuming the JONSWAP
spectrum are reliable outside the eyewall of Typhoon
Fanapi—even the single spectral peak of the S‘;’W3 is
broader than the fitted JONSWAP spectrum. If the fre-
quency of wind waves and swell on the left-hand side

of the track is similar—for example, f = 0.08-0.10 Hz in
Wright et al. (2001)—then the §S,, computed by integrating
bimodal “directional” spectra will remain a broader and
monomodal spectrum feature.

However, within the eyewall of Typhoon Fanapi (gray
shaded area in Figs. 8e and 8f), the Afp/prW3 and
AH/H can be up to 25% and 14%, respectively,
because the S¥W3 has two spectral peaks within the
eyewall (Fig. 6e). Our estimates using the float mea-
surements within Fanapi’s eyewall (e.g., gray shaded
area in Figs. 4e and 4f) might not be reliable, because of
the significant frequency difference between wind waves
and swell.

b. Variations of empirical spectrum

We further evaluate the influence of variations in the
spectral shape on surface wave estimates USINg G yw3>.
Donelan et al. (1985) propose a one-dimensional surface
wave spectrum S*(f,,, S, |Ujo|) [Eq. (D2)]. The single
spectral peak in S% near the f, is mainly parameterized
by the peak enhancement factor vy, (Young 1999), sim-
ilar to the S, of the JONSWAP spectrum [Eq. (D1)].
But, the spectral energy of Si is proportional to f~*
f>f,, instead of f7° in the S, of the JONSWAP
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FIG. 9. Maps of ww3-estimated (a) f;w“’3 and (d) I’TI;WW3 using results in Fig. 8, and actual ww3 model outputs of (b) pr”"3 and (e) H*. The
ratios (d) Af,/f;™ and (f) AHs/H™, where Af, = = ¥ and AH, = H{™ — HY3, respectively. Wind speed |Uyp| (black contour
lines). The abscissa is the relative arrival time of Typhoon Fanapi’s eye to the float array. The ordinate is the distance of float positions to

Fanapi’s track.

spectrum. The f;w‘“ and H,"™ estimated using S% are
nearly the same as those estimated using the JONSWAP
spectrum (Fig. 10). The surface waves’ spectral slope at
high-frequency bands does not alter the estimates of
surface waves significantly.

Previous studies (Hasselmann et al. 1976; Mitsuyasu
et al. 1980; Lewis and Allos 1990; Young 1998) report
the values of nondimensional shape parameters o,, o, and
v in the JONSWAP spectrum as varying within =50% of
their mean values (o, = 0.07, 03, = 0.09, and y = 3.3). We
estimate f,,WW3 and H,""* using different values of o, 0y,
and vy within =50% separately in the JONSWAP spec-
trum (Fig. 11) and conclude that the variations of the
JONSWAP shape parameters within +50% have negli-
gible effects on our surface wave estimates.

c. Surface wave estimates from rotating-frame
measurements

Measurements of o, are affected by EM-APEX float
rotation. The difference between 0,2 and actual surface

wave velocity variance depends on the float rotation rate
and surface wave frequency, termed the rotational de-
modulation effect @ in Eq. (5). Sanford et al. (2011)
neglect the a effect and assume 7,2 = 02 € [i.e,a =3
in Eq. (5)], which may underestimate the 0%, ¢*** mea-
sured by the rotating electrodes. We use ww3 model
simulations to quantify the « effect.

We simulate 2700 realizations of zonal propagating
surface waves (6 =0) in each float profile using ww3
model outputs of S;‘7’W3, assuming an initial phase ¢,
randomly distributed from 0 to 277. The motional in-
duction of simulated surface waves then generates the
simulated electric current J' in the upper ocean [Eq. (3)].
The voltage measurements associated with simulated J’
are taken by the electrodes at a constant rotation rate ()
[Eq. (B4)] and then processed to generate the simula-
tions of estimated velocity variance .3’ at the float
positions [Eq. (5)]. The simulated rotation rate /27 of
electromagnetic (EM) sensors is varied from 0.05 to
0.25 Hz. The float vertical profiling speed is assumed to
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FIG. 10. (a) Peak frequency f;WW3 and (b) H," estimated using the ww3-simulated dyys? at float em4907a,
assuming the JONSWARP spectrum (blue dots) and the empirical spectrum in Donelan et al. (1985) (red dots).
WAVEWATCH III model outputs are indicated (black lines).

be 0.11ms~ !, and the vertical resolution of O3’ 1S
~3m, similar to EM-APEX float measurements.

The f:,WW3 and H,"™ are estimated using the simulated
float measurements w32 at float em4907a in the upper
100 m, assuming the JONSWAP spectrum [o, = 0.07,
ap = 0.09, and y = 3.3 in Eq. (D1)]. We compare the
A £, and H,"* with the actual ww3 model outputs of
£ and HY™. The f, £, is consistent with the £, and
the standard deviation is <5% (Fig. 12a). The frequency
difference between surface waves and rotating electrodes
does not affect estimates of prW3 On the other hand, the
H,"™ is affected slightly by the difference between (/27
and f,"° (Fig. 12b). The H,"3/H™® is about 1/v/2 if
|fp QO/27| > 0.07Hz and about 1/2 1ffp QO/27. The
amplitude of any signals measured by the rotating elec-
trodes will remain at least 1/v/2 of their actual amplitude,

thatis,& = 1 and &, = (1/v/2)0 0 € [Eq. (5)]. The smaller
the difference between (/27 and fp“’w3 the more mea-
surements of surface wave velocity variance near the f,
with nonzero averages that are removed as the offset [Eq.
(B5)]—that is, «—0 and &, = (1/v/2)0u0 < [Eq. (5)}—
and the H,""* underestimation increases.

The H; WW3/HWW3 is averaged within every =0.01-Hz
interval of |fpww3 (Q/27)| to quantify the rotational
demodulation effect « (Fig. 12b). The results at
|f,,WW3 — (Q27)| > 0.07Hz maintain the constant of
1//2. The float estimated fp and the float rotation
rate ()/27r in this study are mostly within 0.04 Hz (cov-
ered by black bars in Fig. 12). The results averaged in
I, — (Q/21)| = 0-0.04 Hz are used to correct the float
estimates of H, (Fig. 4 in section 5), assuming surface
waves with a random distribution of the initial phase.
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FIG. 11. (a)-(c) Peak frequency f;,WW3 and (d)—(f) H,"™* estimated using the ww3-simulated gyys? at float em4907a, assuming different
values for the shape parameters o, [different colored dots in (a) and (d) with y = 3.3 and o, = 0.09], o, [different colored dots in (b) and
(e) with y = 3.3 and o, = 0.07], and v [different colored dots in (c) and (f) with o, = 0.07 and o3, = 0.09] in the JONSWAP spectrum.

Actual ww3 model outputs (black lines with dots).
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FIG. 12. Ratio of the ww3-estimated (a)fpww3 and (b) H,** to the
actual ww3 model outputs of ;™ and Hy"™ at float em4907a. The
mean and standard deviation are computed using the estimates in
every £0.01 interval of | f;ww — (Q/2m)| (red lines with vertical bars
as one standard deviation), where () is the float angular rotation
frequency. The range of | ﬁ,“"’@ — (Q/27)| covering float estimates of
surface waves in Fig. 4 is indicated (black bars).

d. Geomagnetic field inclination and surface wave
propagation direction effects

Measurements of 7,* affected by the geomagnetic

field inclination effect 8 (=F,/F,sinf) are studied fur-
ther [Eq. (5)]. The difference between o,% and actual
surface wave velocity variance depends on the geo-
magnetic field inclination F,/F, and surface wave prop-
agation direction 6. Sanford et al. (2011) neglect the
geomagnetic field’s inclination effect [i.e., 8 = 0 in Eq.
(5)], which may overestimate the surface wave velocity
variance by more than 2 times for the meridional
propagating surface waves (8> = 2.25) at the front-left
quadrant of Fanapi (section 6).

We use the surface wave propagation direction 6 from
the ww3 model output [Eq. (4)] to assess the 3 effect on
H,"™, because the 8 effect on prW3 is negligible (not
shown in this study). The H, is estimated using 2700
realizations of simulated float measurements O gws>
(section 7c) in the upper 100m at float em4907a, as-
suming the JONSWAP spectrum [o, = 307, g, = 0.09,
and y = 3.3 in Eq. (D1)]. Estimates of H; are averaged
and corrected for the rotational demodulation effect «
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F1G. 13. Comparisons between the ratio of ww3-estimated H™ to
actual ww3 model output of H™? and /1 + B H, has already been
corrected for the rotational demodulation effect « in Fig. 12b. The
terms B, and 3, are parameterized using the ww3 model outputs of
surface wave direction at f,, (blue dots) and mean surface wave di-
rectlon (red dots), respectively. Note that H, H,™ for poor estimates of
(f fWW3)/ fWW1 > 5% (i.e., more than one standard deviation in
Fig. 12a; c1rcles) See Fig. 12 for the definitions of f,,ww3 and fWW3 The
term B, is more suitable than B, for correcting the uncertainties of
H resulting from the geomagnetic field inclination effect.

(Fig. 12b) using estimates of f;,WW3. We expect that, after

averaging over a random initial phase, the ratio of cor-

rected H,""? to H,""? equals \/1 + B* (Fig. 13), because
%y 1+ BZO-MO [Eq (5)]

The expression of B is for a single wave [Eq. (4)]. The
effect of single wave-dependent 8 on H,"" estimated
assuming the JONSWAP spectrum also needs to be
assessed. The parameters 8, and 8, are computed using
the ww3 model outputs of mean surface wave direction
and wave direction at peak frequency, respectively
(Kuik et al. 1988). The correlation coefficient between

H,"3/H™3 and /1+ B2 is about 0.75, and that be-
tween H,"/H* and /1 + B is about 0.88 (Fig. 13).
Estimates of H,"™* in this study are corrected for the 8

effect by dividing /1 + B2 by the H; H™™ (Fig. 4 in section
5), that is, corrected H, o = = H"™//1+ B;- Most
\/1+ B2 outliers occur when the (f,""* - fp"””)/fpWW3 is
more than 5% (more than one standard deviation in
Fig. 12a), that is, when the estimates of ];;W“G are poor.
The root-mean-square (RMS) error between IA-I:“"’G/H;’VW3

and | /1 + 2 is about 0.08 at (£,""* — £i™3)/f1™ < 5%. It

is used as one standard deviation to run 1000 realizations
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of B, as bootstrapping simulations to compute the un-
certainties of corrected H,"", ~8% (Fig. 4 in section 5).

8. Summary

Seven EM-APEX floats were air launched from a
C-130 aircraft ahead of Typhoon Fanapi in 2010
(D’Asaro et al. 2014) to measure oceanic temperature,
salinity, current velocity, and high-frequency velocity
variance &> as the typhoon passed. The o, induced by
the motion of surface waves (Longuet-Higgins et al. 1954;
Sanford et al. 1978) in the upper 100 m are used to esti-
mate the peak frequency f, and the significant wave
height H;, assuming the empirical JONSWAP spectrum
under Typhoon Fanapi. The ﬁ and H; are compared with
the f, and H, estimated assuming a single dominant
surface wave (Sanford et al. 2011), and the model outputs
in the WAVEWATCH III model. The uncertainties of f,
and H, on the EM-APEX floats as a result of assuming
the JONSWAP spectrum are <5% outside Fanapi’s
eyewall, but sometimes they are >10% within the eye-
wall, which is assessed using the ww3 model outputs.

At 0.4 day before the arrival of Typhoon Fanapi’s eye,
the f, is almost homogenous under Typhoon Fanapi,
about 0.08 Hz. The H; at the front-right quadrant of
Typhoon Fanapi is about 6-10m and can be 5 m higher
than that on the front-left quadrant. The spatial vari-
ability of the surface wave height and wavelength before
the arrival of Fanapi’s eye has similar features to those
reported using SRA measurements (Wright et al. 2001;
Walsh et al. 2002; Fan et al. 2009). After the passage of
Fanapi’s eye, the f, on the left-hand side of Fanapi’s
track changes more significantly than on the right-hand
side of the track, from 0.08 to 0.1 Hz. The H, can
be >10m at the rear-left quadrant of Typhoon Fanapi
and is higher than those estimated using SRA mea-
surements at the rear-left quadrant of hurricanes (e.g.,
Wright et al. 2001). The slow motion of Fanapi may
reduce the extended fetch effect (Young 2003) at the
rear sector of the storm.

Estimates of fp and H, are compared with f and HM
respectively. The f,, is mostly >0.01 Hz hlgher than f »
within 40 km of Fanapi’s track at 0.2 day before the passage
of Fanapi’s eye. The greatest difference in peak frequency
occurs on Fanapi’s track, ~0.02Hz. The difference be-
tween H, and H, is mostly 2-3m, except for those esti-
mates on the left-hand side of Fanapi’s track. The
difference in surface wave estimates is due to the surface
wave spectrum assumed, that is, broad band versus narrow
band. Assuming a broadband surface wave spectrum un-
der tropical cyclones is more appropriate.

The f, and H; are also compared with the ww3 model
outputs of f}™> and H"™>. The f, is 10% lower than f}*?,
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in good agreement with the ww3 validation by Fan et al.
(2009). In the rear sector of Fanapi in the ww3 model,
the f,; on the three EM-APEX floats within 40km of
Fanapi’s track is at least 20% lower than the f,;”W3. Dif-
ferences between H, and H™? are mostly within 2 m in the
rear-right quadrant of Fanapi. In the rear-left quadrant of
Fanapi, the H, can be 5.5 m higher than the H™.

This paper presents a method for using subsurface
float measurements to study surface waves, avoiding the
strong impacts of wave breaking and wind forcing on
surface platforms. More than 180 surface wave estimates
are presented at wind speeds > 20ms ™" and outside of
Fanapi’s eyewall, including the complex surface wave
field in the rear sector of storms (Black et al. 2007). In
this study we use surface wave propagation direction 6
from the ww3 model output to correct the g3 effect on H;.
In future studies we will focus on developing a method
to estimate 6 using high-resolution voltage measure-
ments. Direct observations of surface waves under
tropical cyclones are crucial for guiding model simula-
tions for studying typhoon wave—ocean interactions
(Chen et al. 2013; Reichl et al. 2014).
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APPENDIX A

Electric Current in the Motional Induction in the
Upper Ocean

a. Electric current induced by a moving medium in
Earth’s geomagnetic field

Sanford (1971) describes the electric current in a
moving medium as

J=0(E +V XB). (A1)
The electric current J is driven by two voltage sources:
V X B is the motional induction resulting from the ocean
current (Longuet-Higgins et al. 1954) and the back-
ground electric field E.
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Based on the Maxwell-Faraday equation, E in a
moving medium [Eq. (A1)]is the gradient of electrical
potential ® modulated by the temporal variation of
the magnetic field (9a/dt) in the ocean (Sanford 1971),
that is,

E--vo-2

at’ (A2)

where the gradient operator is V = ;—Xi + ai j + %f(.

Following Ampere’s law (Sanford 1971; Podney 1975),
the magnetic potential vector a is primarily associated with
the electric current J, assuming the aspect ratio of the
ocean is< O(1), that is,

VX (VXa)~ulJ. (A3)

We assume the ambient magnetic field B in the
ocean primarily consists of Earth’s geomagnetic field
(F = F,j + F;k) and the electromagnetic field b,

B=F+b. (A4)
The electromagnetic field b is the curl of a, b=V X a.

Substituting Eqgs. (A2)-(A4) into Eq. (Al), the
electric current modulated by the electromagnetic
field is

y VoV @Er) -2 (AS)
o ot

Note that both a and b are functions of J.
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b. Motional induction of surface waves in a moving
medium

In Eq. (AS), the J induced by surface waves is mod-
ulated by the temporal variation of magnetic vector
potential (da/,,) associated with the wave-induced
electric current [Eq. (A3)] and the motional induction
of surface waves in the electromagnetic field Vg, Xb,
where Vg, is the velocity of surface waves in deep
water. The [—(aa/at) + Viow X b] < (VO + Vg, X F)
will be shown in the following analysis, that is,

i~—V<I)—|-V XF. (A6)
o SgW

We perform the perturbation analysis of Eq. (AS)
following Sanford (1971). The electric current induced

by the motional induction of surface waves is the first-
order term J® (Longuet-Higgins et al. 1954), that is,

Jo
—=-Vd+V_ XF.
o SgW

(A7)

The higher-order electric current J® is the sum of the
first order of electric current J! and the correction of
electric current AJ (”), that is,

IO =3O 4+ AJ®: for n=2.

The correction of electric current AJ" caused by the
electromagnetic field’s temporal variation 9[a*)]/ot
and motional induction in b"*" is associated with J*
following Ampere’s law (Sanford 1971), that is,

n+1
AJOHD :0_{_8[3( ] Ry Xb(n+1)}
al» SgW

(A8)

- a{ —% JJJ[MJ(")] dxdydz +V,, ¥ J(MJ(”)) dl}; for n=1,

where /is the length scale of surface waves over a surface
wave period.

We assume that a® and b are zero (Sanford 1971).
The higher-order a® * V and b * V) are computed using
J™ following Eq. (A8). The surface wave is assumed to
propagate in the zonal direction to simplify the follow-
ing scale analysis. Based on the linear wave theory, the

@
|AJ(2)| :O-‘_aa_+v <X b®
at Sgw
— |2 o)
=0 (nIP)dxdydz

horizontal and vertical scales of electric current in-
duced by surface waves should be proportional to the
inverse wavenumber k™' of surface waves, and the
temporal scale should be inversely proportional to
the surface wave frequency w. The magnitude of the
corresponding correction on the second order of
electric current AJ® is

" ‘ngw x ‘”H ~ m3 ],
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where m = ou[—(w/k?) + (A/k)] and A is the surface
wave velocity amplitude. The scale of [AJ™| can be
expressed as

m: —m

n
|AJ(")| ~ ‘J(1)| Zm(i—l) = |J(l)|7- n=2.
i=2

n __
; A9
) (A9)
The higher-order correction of electric current resulting
from the time variation of the electromagnetic field

|AJ?| [Eq. (A9)] relative to the first-order electric
current [JU| [Eq. (A7)] is

nm—m
AT [l m—1 _m'—m =2
~ = , n=_2.
L per s me

The seawater’s conductivity o is ~4 mhom ' and
w ~ 4w x 1077 Hm'. Under tropical cyclones the wave
frequency w/27m ~0.07-0.2 Hz (e.g., Collins et al. 2014),
the wave height in deep water n = (A/w) (Young 1998)
is less than 20m, and the wavelength (A =2w/k)
~100-300m; that is, ou(w/k?)~ 0107, cu(nw/k) <
0(1073), and [AJ™|/|JV| < 1. The correction of the elec-
tromagnetic field induced by surface waves on the wave-
induced electric current is negligible, as suggested by Weaver
(1965) and Lilley et al. (2004); that is, the electric current
induced by a single surface wave [Eq. (A7)] is in the same
form as the electric current induced by a low-frequency
current [Eq. (1)].

c. Electric current induced by a low-frequency current

Sanford et al. (1978) describe the electric current
J =in+]yj induced by a low-frequency (<0.02Hz)
current u = ui +vj [Eq. (9) in Sanford et al. 1978], as-
suming the aspect ratio of oceanic current < O(1) and
excluding the effect of high-frequency surface waves,
that is,

: (A10)

where (]—x> = (J—x) - Fu'; <J—y> = (]—y> + Fu*;
o o o o

V* =u'i+ fj is a depth-independent term, equivalent
to VO(—H) at the seafloor —H (Sanford et al. 1978);

Jx N J .
and <£> = (—)1 + (—y> j represents all other depth-
g

ag g
independent terms except V¥ (Sanford 1971), which is
often assumed negligible compared to other terms
(Sanford et al. 1978).
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d. Electric current induced by a surface wave

In linear wave theory, the surface wave velocity Vg,
in the deep ocean can be expressed (Young 1999) as
follows:

ngw = usgwi + vsgwj + ngwk
=A(siny cosbi + singrsin6j — cosyk) ek (A11)
k
p=kx+ky—ot+d; 0= tan’lk—y and

k= (k2 + 2N,

where A =02 /2 is the velocity amplitude of the surface
wave at the ocean surface.

To derive the solution of electrical potential & in-
duced by a surface wave, we first assume that the con-
ductivity o in the upper ocean is locally uniform,
V(1/o) =0, and the conservation of electric current J,
V-J=0 (Longuet-Higgins et al. 1954). The curl of
Earth’s geomagnetic field is VX F=0 in the upper
ocean according to Maxwell’s equations, because F
originates in the core of Earth. Because the surface wave
is irrotational (V X Vg, =0), the gradient of Eq. (1) in
the upper ocean becomes

o SgwW

V2q>=v-<vsgw><F—1>=(v><v )-F

—ngw-(VXF)—V(g) =0, (A12)

where the gradient operator V= (a/ax)i + (G/Gy)j +
(8/81)]2. Surface waves decay exponentially with depth,
so ® generated by surface waves at z = —o is assumed
negligible. The general solution of ® has the exponential
form ek<.

At the ocean surface, the component of electric cur-
rent normal to the ocean surface is zero (Longuet-
Higgins et al. 1954), that is,

J-n=0 at z=mn,

where n is the unit vector normal to the ocean surface,
and z = m the ocean surface. The ratio of the wave height
to wavelength is typically less than O(0.1) (e.g., Wright
et al. 2001; Hu and Chen 2011), or wave breaking will
occur (Donelan et al. 2004). We assume i ~ k and

Jz~0 at z=0.

The boundary condition at the sea surface can be as-
sumed using the vertical components of Eq. (1) as
follows:
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P

7z Wy at z=0.

(A13)
Because a surface wave decays exponentially in
depth, the induced ® at z = — is assumed negligible,
that is,
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Using Egs. (A11)—-(A14), the ® induced by a surface
wave is

O = %Fy(A sinys cosf ev%) (A15)

Substituting Egs. (A11) and (A15) into Eq. (1), the
components of electric current induced by a surface

O(z = —x)~0. (A14)  wave become
Lcpy - ~ O A sing(F sing + F inf) et Al6
o= Py, T Ew,, — o =Asin (F, sinys , cosirsin )e (A16a)
J, oD . N ke
P —Fu,, — oy = —Acost(F_sings + F cosysinf) e (Al6b)
J
<=Fu_ — 9P (Al6c)
o Y gz

The vertical electric current induced by the surface wave
is zero. The equations given above can be simplified as
follows:

Jo=v20 F

u0” z

1+p% sin(/fw(sinei —cosBj) e, (A17)

where i, = ¢ + tan"'(8) and B = (F,/F,) sinf.
APPENDIX B

Voltage Measurements and Data Processing on
EM-APEX Floats

a. Voltage measurements on autonomous drifting
floats

EM-APEX floats are designed to drift freely with the
seawater horizontally. If the float velocity Vg is the
same as seawater V, then the electric field around
the float (—=V®gy) is (Sanford et al. 1978)

(VEM—V)XF—i

(o

Vo

(B1)

EM

J=(1+C)I,

Q|

(B2)

where J is the electric current induced by the motion of
seawater, and J is the electric current measured on the
float, modified by the float’s physical presence. The
float’s insulated outer surface stretches the path of
electric current and its shape enhances the electrical
potential density lead to a head factor C; (Sanford et al.
1978). The C; is ~0.5 for EM-APEX floats, as de-
termined in the laboratory by comparing the voltage
measurements in a water tank taken by EM-APEX

floats and a T bar, which is a simple pair of electrodes.
We assume its physical presence does not affect the
electric current J, that is, C; = 0 for T bar.

EM-APEX floats profile vertically at a vertical com-
ponent of velocity wgy relative to the surrounding water
by adjusting the floats’ buoyancy. The vertical motion
generates a zonal component of electrical current,
F,(1+ Cz)wEMi, where the head factor C, is —0.2
(Sanford et al. 1978). Therefore, the electric field around
the EM-APEX float is expressed as

AR Iy
Vg = [F(1+ Cwgy = (1+C)~ 1—(1+C1)Ey3.

(B3)

b. Voltage measurements on the rotating electrodes

Two orthogonal pairs of Ag-AgCl electrodes, termed
E, and E; pairs, are equipped on the EM-APEX floats to
take voltage measurements (Fig. 2). Float voltage mea-
surements A®; (i = 1 for the E; pair and i = 2 for the E,
pair) primarily consist of the projections of the electric field
on the electrodes [~ V®gy, expressed in Eq. (B3)], a trend
Ad.,q resulting from the vertical variations of salinity and
temperature, an unknown constant offset Ad ., and in-
strumental noise A®d,;. (Sanford et al. 1978),

!

AD,
L

A
Fy(l + Cwgy —(1+C)) P + - cosf,

/

7T ) AD
-1+ C1)<Uy+0y> sinf,, +T‘dt

AD AD

4 offset + noise

DR A ®4)
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where L is the distance between electrodes, and the
angle of the electrode pair from the geomagnetic east is
0o = Ot + ¢,. Note that J, and J, are electrical currents
induced by the low-frequency current (< 0.02 Hz), and
J, and J are electrical currents induced by surface
gravity waves (>0.02 Hz).

c. Voltage measurements associated with low-
frequency electric currents

Low-frequency electric currents J/o taken by the EM-
APEX floats are obtained by least squares fitting A®;
[Eq. (B4)] in 50-s data windows, where the direction of
EM sensors 0q (=Qt + ¢,) is determined using the float’s
magnetometer measurements (e.g., Sanford et al. 1978,
2005), that is,

AD. - . - ~ .
t=a, cost, +a,sind, +a;t+a,+e, for i=12
(B5)
o7
a, = ;(1+C)+F(1+C)w
- _ 7
a,=——=(01+C)
g
g Aq)ren
a3: i d s

AD

offset

a,~—(1+C) ) + =2

AD .
& = _(1 + C])(X_ <X>) +%

wherg a—ay are the fitting coefficients, ; is the residuals,
X ==* cosfq + - sinfg, and the angle brackets, (),
o o

represent the average over a 50-s fitting window. Note
that because the surface wave period is typically much
shorter than 50s, only the electrical currents J, and J_y
induced by low-frequency oceanic currents are fitted in
the 50-s data windows. The constant offset a; may in-
clude the effects of surface waves if y is not negligible
(appendix B, section d).

d. Subsurface float measurements of velocity variance

The residuals &; [Eq. (B5)] associated with surface
waves are used to compute the measured velocity vari-
ance o> as follows:

2 B 0 =)’
u 2 2
1+C)F? F:

+ 82, (B6)

where the angle brackets represent the average
over a 50-s fitting window, the instrumental noise
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2 ACI)noisc : 2 2 /
8 = —7 IF;(1+ )", and y=(Ji/o)cosbq +

(Jy/o)sinfq. The term x = (Ji/o)cosfq + (J}/o) sinfo
can be rewritten using Eq. (3) as follows:

x=V20,\/1+ B’F_ " siny siny,,

where 6 = Qr + ¢, is the orientation of electrodes,
and the angle difference between surface wave
propagation direction and electrodes i, =6 —6q.
Because the surface wave period under tropical cy-
clones is usually <50s (e.g., Collins et al. 2014), the
averages of cosy,, and cos(y, + i) in the 50-s data
window are

(cosip, ) = (cos(, + )} =0

Substituting Egs. (B7) and (BS) into the (y*
respectively in Eq. (B6),

)

(B7)

(B8)
) and (x)°,

T g 2 (sin’p, sin’y, )
%((1 — cos2y, )(1 — cos2y,))
- ; % +(cos”(, — 1)) — (cos2iy)
____lgg_y___:z<gn¢man¢ﬂf
F2(1+ B*)oz ek
% {cos(, — ) — cos(, + i)’
% (cos(W, — )’

the 7,2 becomes

~2

o [1 2 2
72 =0 |5+ (0w, — )~ (costh, ~ )

- <c0s2¢9)] (1+B%)e* +82. (B9)

The estimated velocity variance @, in Eq. (B9) can be
rewritten as

(1+a)

(1 + B2, e + 87, (B10)

where a =2 (coszfp)—2 (cosfp)2 —2{cos2iy) is termed
the rotational demodulation effect in this study,
U =—(w—Q)t + ¢, is the difference between the sur-
face wave angular frequency w and the float angular
rotation frequency ), and ¢y=kx+kyy+ ¢, +
¢; + tan"1(B) — 0.
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APPENDIX C

Profiles of Surface Wave Horizontal Velocity

Variance o2

According to the linear wave theory of surface waves
in the deep ocean (Young 1999), the velocity of surface
waves decays exponentially at the rate of k' in depth,
where k is the wavenumber, and the ratio of surface
wave horizontal velocity to ocean surface displacement
n equals the angular frequency w = 27f. We can relate
the horizontal velocity spectrum S, and the ocean sur-
face displacement spectrum S,, as (Young 1999)

S, (f.z)= a)zSn(f) e (C1)
The dispersion relationship of surface waves in the deep
ocean is w? = gk. Integrating the surface wave velocity
spectrum S, [Eq. (C1)] at different depths, the profiles of
surface wave horizontal velocity variance o2 can be
computed as

(S, = [0 =[085, ar. @)

The o? in the deep ocean can be computed using S, (f),
which will be implemented by the empirical surface wave
spectrum reported in previous studies (appendix D).
Note that the variance of ocean surface displacement
037 (=/S, df) resulting from surface waves is proportional
to the surface wave horizontal velocity variance o (= [ S, df ).

APPENDIX D

Empirical Surface Wave Model Spectrum
a. JONSWAP surface wave spectrum

The Joint North Sea Wave Project (JONSWAP)
conducted a series of experiments in the 1960s to study the
surface wave field in the North Atlantic Ocean (Hasselmann
et al. 1973). An empirical surface wave spectrum, often
termed the JONSWAP spectrum, is expressed as

£\ si(r) " exppif’}gz}l

(D1)

{a’=0’a at f=f,

oc=o0, at f>fp

where the peak enhancement factor y equals 1 when
surface waves reach their full development (Pierson and
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Moskowitz 1964). The parameters o, and o}, define the
width of the spectral peak region (Young 1999). Note
that the JONSWAP spectrum is a monomodal fre-
quency spectrum, which concentrates energy within a
narrow frequency band. The mean values of ¢,, 0}, and
v reported by Hasselmann et al. (1973) are 0.07, 0.09,
and 3.3, respectively. The JONSWAP spectrum is first
used for least squares fitting the velocity variance mea-
sured by EM-APEX floats in this study.

b. Surface wave spectrum in Donelan et al. (1985)

Donelan et al. (1985) studied the surface wave spectra
in Lake Ontario in different sea states, v = f,|Uo|/g. The
empirical surface wave spectrum form is expressed as

f —4 f -4 exp [—(J;sz’/’zz} -1
Sn = SP (f;) eXpy — |:<f_-p> - 1:| Ya (DZ)

[ 6489 +6log(v); if v=0.159
Ya 1.7 it v<0.159
0,=008+129%x 10733,

where vy, is the peak enhancement factor in the Donelan
spectrum, |Uyg| is Fanapi’s wind speed at 10-m height
above the sea surface (appendix E), and the parameter
o, defines the width of the spectral peak region. The
high-frequency portion of the Donelan spectrum decays
in 74, whereas the JONSWAP spectrum decays in f>

[Eq. (D1)].

APPENDIX E

Typhoon Fanapi’s Wind Field

The ITOP project is an international joint field experi-
ment conducted in the western Pacific in 2010 to study the
oceanic response under three tropical cyclones: Fanapi,
Malakas, and Megi (D’Asaro et al. 2014). About 139
dropsondes were deployed from a C-130 aircraft to measure
the vertical wind profiles in Typhoon Fanapi during
14-18 September, with complementary measurements of
wind speed at 10-m height above the sea surface taken by
a Stepped Frequency Microwave Radiometer (SFMR)
mounted on the C-130 aircraft. With data assimilation of
dropsondes and SFMR wind measurements, the wind field
under Typhoon Fanapi is modeled using the Weather Re-
search and Forecasting (WRF) Model, supplemented with
Navy Operational Global Atmospheric Prediction System
(NOGAPS) products (Ko et al. 2014). The temporal reso-
lution is 1h, and the horizontal spatial resolution is 0.0375°
latitude X 0.0375° longitude. At 0130 UTC 18 September



1074

2010, the maximum wind radius of Typhoon Fanapi was
about 30 km, the maximum wind speed about 43ms ™!, and
the translation speed about 4ms ™' (Fig. 1).
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