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Abstract The drag coefficient, often used to parameterize the surface wind stress 1, beneath tropical
cyclones (TCs) is a critical but poorly known factor controlling TC intensity. Here, 7 is estimated using
current measurements taken by 12 Electromagnetic Autonomous Profiling Explorer floats beneath the
forward half of five TCs. Combining estimates of T and aircraft measurements of winds Uy, the downwind
drag coefficient CH and the angle ¢ clockwise orientation from Uy to T are computed. At IUyql = 25-40 m/s,
C” and ¢ vary over (0.8-3.1) x 10> and —15-40°, respectively. A new nondimensional parameter

“effective wind duration,” a function of |Ugl, storm translation speed, and positions in TCs, predicts 6] to
within 25%. The largest é] and smallest ¢ occur at high winds, in the forward right quadrant of
fast-moving storms. These dependences are explained by variations in surface wave age and breaking under
different wave forcing regimes.

Plain Language Summary The forecast of tropical cyclone intensification is critical to the
protection of coastlines, involving the complicated tropical cyclone-ocean interaction. The wind of storms
can force strong near-inertial current via surface wind stress (often parameterized by a drag coefficient Cy),
and then induce the upper ocean cooling due to the shear instability. The transferred momentum and
reduced heat supply can both restrict tropical cyclones' development. In other words, the Cy can affect the
prediction of momentum and thermal response under storms, and thereby the forecast on storm intensity.
This study investigates the spatial variability of downwind drag coefficient C,4 under five different tropical
cyclones, by integrating the storm-induced ocean momentum because previous results of C, as a function
of wind speed Uyl are scattered significantly at [U;9l=25-40 m/s. Here, larger C, in the front-right sector
of faster storms than that of slower stoms is found, presumably due to the surface wave effect. A new
parameterization of C, using the surface wave properties under tropical cyclones is proposed, which largely
improves the conventional parameterization of C4(IUjyl). Future studies on the tropical cyclone-wave-ocean
interaction and storm intensification forecast will be benefited from this new parameterization.

1. Introduction

Surface wind stress 7 of tropical cyclones (TCs) acts as a major forcing to upper ocean dynamics, for example,
near-inertial current, which may trigger shear instability and lead to strong vertical mixing and surface
mixed layer cooling on the right side of storm tracks (Price et al., 1994). Both the momentum transfer into
the ocean via 1, and the induced upper ocean cooling can affect the intensification of tropical cyclones
(Balaguru et al., 2015; Emanuel, 1995). The 7 in tropical cyclone has been studied extensively in the labora-
tory (e.g., Donelan et al., 2004; Takagaki et al., 2012) or field experiments (Hsu et al., 2017; Powell et al., 2003;
Sanford et al., 2011), and is often parameterized by a drag coefficient C, as Izl = 0airCalUzol?, where py;, is the
air density, and Ujo the wind at 10-m height above sea surface.

Many previous studies conclude that C, increases linearly with wind speed at Uyl < 20 m/s (Edson
et al., 2013; Large & Pond, 1981) and remains constant at 1.5-2.0 X 1073 at Uyl > 40 m/s (Hsu et al.,
2017; Powell et al., 2003; Sanford et al., 2011). At IUyol = 25-40 m/s, the values of C, widely range from
1.5t0 4.5 x 1073 (Bryant & Akbar, 2016; Donelan et al., 2004; Holthuijsen et al., 2012; Hsu et al., 2017,
Jarosz et al., 2007; Powell et al., 2003; Sanford et al., 2011), presumably because factors other than wind
speed are important, such as the spatial variability of surface gravity waves (Holthuijsen et al., 2012).
Several studies use atmosphere-wave-ocean coupling models (Chen et al., 2013; Reichl et al., 2014) to
simulate the map of C,; under tropical cyclones. The simulated C, in the front-right quadrant of tropical
cyclones is higher than that in the front-left quadrant, inconsistent with the spatial pattern observed by
Holthuijsen et al. (2012). The 7 has also been reported to be misaligned with U;o under tropical cyclones
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(Hsu et al., 2017; Potter et al., 2015), presumably due to the influence of surface wave propagation (Potter
et al., 2015).

Jarosz et al. (2007) and Sanford et al. (2011) estimate the surface wind stress under hurricanes, assuming a
linear momentum budget, using the measurements of storm-induced ocean current velocity. Hsu et al.
(2017) apply the same method under Typhoon Megi 2010 and carefully remove effects of background
currents on surface wind stress estimates. Here, we extend the analysis to explore the variability of drag
coefficients in five tropical cyclones (section 5). These data are used to develop a new parameterization
which includes the effects of surface waves (section 6), in addition to [Uygl.

2. Experiments in Tropical Cyclones

As a part of the 2004 Coupled Boundary Layer Air-Sea Transfer Experiment (CBLAST) (Black et al., 2007)
and 2010 Impact of Typhoons on the Ocean in the Pacific (ITOP) programs (D'Asaro et al., 2014), a series
of experiments were conducted in tropical cyclones, including Frances 2004, Gustav 2008 (Rabe et al.,
2015), Ike 2008, Fanapi 2010, and Megi 2010 (Figure 1). Nineteen Electromagnetic Autonomous Profiling
Explorer (EM-APEX) floats were air-launched by aircraft ~1 day before four tropical cyclones, except Ike.
A total of 668 air-dropsondes measuring wind, temperature, and humidity profiles were deployed in these
storms as they passed over the floats. These were processed by the National Center for Atmospheric
Research/Earth Observing Laboratory. Stepped-Frequency Microwave Radiometers mounted on the aircraft
measured brightness temperature which was used to estimate |Ujol. For Fanapi and Megi, the dropsondes
and microwave measurements were combined to create maps of |U;gl as described in the supporting
information A. Wind fields for Frances, Gustav, and Ike were provided by Atlantic Oceanographic and
Meteorological Laboratory/Hurricane Research Division/National Oceanic and Atmospheric
Administration (AOML/HRD/NOAA). The wind maps used are shown in Figure 1. Estimates of Uy at float
positions are interpolated using the observed wind maps.

Megi has the smallest radius of maximum wind speed (Rpn.x = 14 km), the fastest translation speed
(U, = 7.7 m/s), and the greatest maximum wind speed (Vin.x = 75 m/s) (supporting information B).
Gustav has similar Vi, (46 m/s) with Fanapi (52 m/s), but larger Ry,.x (46 km > 20 km) and faster U,
(7.7 m/s > 3.8 m/s). Ike has the largest Rax (75 km) but the lowest Vin.x (41 m/s) of the five tropical
cyclones. Frances has the greater Vi,.x (56 m/s), with Rpax (30 km) smaller than Gustav and Ike.

3. EM-APEX Float Measurements

EM-APEX floats measured vertical profiles of horizontal current velocity, temperature and salinity (Sanford
et al., 2005). The vertical profiling speed was ~ 0.11 m/s, resulting ~3-m vertical resolution of current velocity
due to the data processing in every 50-s data window with 25-s overlap. During Frances and Megi, floats did
not profile shallower than 30-m depth, to avoid damage by storm-induced ocean surface waves (Hsu et al.,
2017; Sanford et al., 2011). Missing measurements in the upper 30 m were extrapolated using the uppermost
velocity measurements in each profile. The effect of extrapolated current velocity to the drag coefficient
results is negligible (supporting information C). Twelve floats captured the oceanic response to winds greater
than 25 m/s (supporting information B). Seven floats passed the right-hand side of tropical cyclones' track,
three floats passed the eyes of Frances, Fanapi, and Megi, and two floats passed the left-hand side of Gustav
and Fanapi's tracks. The float deployed on the left side of Gustav's track drifted to the right side of Ike's track.

4. Method of Estimating Drag Coefficients

Sanford et al. (2011) and Hsu et al. (2017) estimate the surface wind stress T using float measurements of
horizontal current velocity v, assuming surface wind stress 7 balanced with the acceleration of ocean current

velocity dv/ot and Coriolis force fkxv in the linear momentum budget, that is,

~ ov -~
Tt At=pyf y <§ +kaV> dz 1

where At is the uncertainty of 7, v = ui + vifandfthe unit vectors in east and north directions, respectively,
H =100 m the base of momentum integration in this study, f the local Coriolis frequency, po the Boussinesq
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Figure 1. The tracks of hurricanes in the North Atlantic (a), Frances: green; Gustav: purple; Ike: gold. The tracks of typhoons in the western Pacific (b), Fanapi:
blue; Megi: red. Tropical cyclone wind maps at the time eyes pass near EM-APEX float positions (c-g) and trajectories of float positions (blue dots connected
with lines in c-g). The colored dots connected with thick lines in (a) and (b) are tracks of tropical cyclone eyes every 12 hr, and the black dots connected with a thick
line in (c)—(g) are tracks of tropical cyclone eyes every 6 hr.

density, and k vertical unit vector. The vector T is represented in the cross-wind and along-wind components
(Hsu et al., 2017) as
— — Tt
T= 'CJ_Uml-i-T”Um“ and ¢ = tan ‘E_ (2)
Il

where I/J; 1 and I/J;” are unit vectors perpendicular and along the Uy (Figure 2c), T, and 7 the projected
stress at the crosswind and downwind directions, respectively, and ¢ the angle between the surface wind
stress T and Uy rotating clockwisely from Ujq to 7. Note that t; > 0 and ¢ > 0 when 1 is clockwise from
Usp. Crosswind C; and downwind drag coefficients C; are parameterized as

T

. 3
pair|U10 |2

Cy Ch

= —lz and
pair|U10‘

Previous studies (e.g., Powell et al., 2003) often report the estimates of drag coefficient Cy assuming the align-
ment between T and Uy, that is, the C is the same as the conventional definition of Cy. The C) and C, are
the drag coefficients “felt” by the ocean current under the storms (i.e., Reynolds flux from the atmosphere
into the ocean), and may differ to the C, estimated using the wind measurements (i.e., Reynolds flux in
the atmosphere; Jones & Toba, 2012). Nonlinearities in the ocean response limit the use of this method
(equation (1)) to the forward half of the storm (Hsu et al., 2017), that is, before the storm eye passes the floats.
Thus, all of the results presented here are limited to the front part of the storm.

Ocean current not forced by tropical cyclone wind, such as tides and eddies, may result in errors on estimates
of surface wind stress using equation (1) (Hsu et al., 2017) and are removed from velocity measurements
(supporting information B). Effects of horizontal advection, divergence, and pressure gradient terms
excluded in equation (1) are corrected using results from a PWP3D model (Price et al., 1994) (supporting

information C). Downwind drag coefficients E‘] and angles ¢ are computed using corrected 7 as a function
of Uy at float positions. Standard deviations of the averages of drag coefficients in three different wind speed
bins (IUyel = 27.5 + 2.5, 35 + 5, and > 40 m/s) are less than 0.5 x 10™> (Figure 2).
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Figure 2. Estimates of adjusted downwind drag coefficient CNH (aand d) and the angle ¢ (b and e) between the surface wind
stress T and wind Uy in five different tropical cyclones (colored lines), using the float measurements in the front-right
(a and b) and front-left (d and e) sectors of tropical cyclones (c). The vertical error bars represent the standard deviations of
CNH averages and ¢, respectively, and the horizontal error bars represent the standard deviations of interpolated [Uyql at
the float positions. The red arrow in (c) is an example of estimated surface wind stress 7 on the coordinates of crosswind
I/Jl\o 1 and downwind I/JE” directions (blue dashed lines in c). The boundary between two sectors is defined assuming

65 = —10°. For the positions of the floats, the azimuth 8 > 0 is clockwise from tropical cyclones' motion, and r the distance
of floats to the tropical cyclone's eye. Black dashed lines are results using the Powell et al. (2003) drag coefficient.

5. Distribution of Drag Coefficients in Different Tropical Cyclone Sectors

Variations of drag coefficients are discussed in two sectors of tropical cyclones: front-right and front-left,
divided by 6; = —10°, where 6; is the angle clockwise from the storms' translation direction (Figure 2c).
The front-right sector includes estimates on the storm tracks (supporting information D).

At Uyl = 25-30 m/s, a varies between 1.1-2.9 x 10~ in the front-right sector and is 0.8 X 103 (Gustav)

and 1.7 x 107> (Fanapi) in the front-left sector (Figure 2). Higher CN” in the front-right sector agrees with pre-
vious model simulations (Chen et al., 2013; Moon et al., 2004) but is opposite to observations by Holthuijsen
et al. (2012), presumably due to the presence of surface waves (supporting information C). Because of the

consistent spatial distribution of E:] under two different storms (Gustav and Fanapi), we will discuss the
CT| in the front-left sector of storms with those in the front-right sector together in the next section, though
the measurements are fewer. At [Uqol = 30-40 m/s, CT| in the front-right sector is 2.2-3.1 X 1073, higher than
the peak Cy reported by Powell et al. (2003), ~2.0 x 10>, The scattering of 6] decreases at higher wind

speeds. The estimates of E‘] at [Uyel = 25-40 m/s under both sectors of five tropical cyclones are least

HSU ET AL.
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squares fitted as a = (0.057|Uyel + 0.42) X 10~> (not shown in the study) with the root-mean-square error
(RMS) ~ 0.68 x 10~3. The RMS is ~ 0.52 x 10> for the front-right sector alone. At [Ujol > 40 m/s, a‘ in the
front-right sector of Fanapi and Megi is saturated, ~1.6 X 10~>, in good agreement with the saturation of Cy
reported previously (Jarosz et al., 2007; Powell et al., 2003).

At Uyl = 25-30 m/s, the wind stress is clockwise from the wind U, with ¢ = 15-40° in the front-right
sector of Frances, Ike, and Fanapi. The 7 is nearly aligned with the Uy, in the front-right sector of Megi.
The ¢ is ~ —15° in the front-right sector of Gustav and 40° in the front-left sector. The ¢ in the front-right
sector of storms varies from —15-40° at |U;¢l = 25-30 m/s and becomes less scattered at |U;9l = 30-40 m/s,
+15°. The decreasing scattering of ¢ at higher wind speed is similar with the trend of 6” . At wind speed
[Uyol > 40 m/s, 7 is nearly aligned with the Uyy. The angle ¢ decreases with increasing wind speed.

6. Scaling Drag Coefficients Including Effects of Surface Waves

Many previous studies assume that drag coefficients depend on wind speed alone (e.g., Smith et al,,
1992). However, reported drag coefficients scattered significantly from 1.5 to 4.5 x 107> at |Uyol = 25—
40 m/s (section 1), presumably due to effects of surface waves (e.g., Johnson et al., 1998; Smith et al.,
1992). The wind forcing along the fetch of surface waves y contributes most momentum transferred from
the atmosphere into the ocean via wave breaking (Jones & Toba, 2012; Melville & Rapp, 1985).

Here, a nondimensional “effective” wind duration ¢ is proposed for parameterizing the drag coefficients as

gT g (ULJ

‘= [Uso| cosyp - |Uyo| cosy 4)

where g is the gravity, T the duration of wind blowing along a fetch y, and ¢ the angle between dominant
surface waves and Ujq. The rationale for these terms is as follows: Wind forcing with longer duration will
generate surface waves with higher energy (Young, 1999). The cos ¥ is added to adjust for the difference
in wind and dominant wave directions. The T is defined as the time for a tropical cyclone to travel over a
fetch x at a translation speed Uy, that is, T = x/Uj,. The fetch x(r,0) is estimated using the expression in
Hwang et al. (2016) (supporting information E) derived from data taken in Hurricane Bonnie. The value
of i in degrees is computed as (°) = 30 + 6(Uy/Uyo), where Uyo = 1 m/s in the front-left sector and as a
constant (3 = 30°) in the front-right sector, based on model simulation results in Moon et al. (2004). The spa-
tial distribution of assumed 1 is consistent with the observed 1 in the previous studies (e.g., Black et al., 2007;
Wright et al., 2001). The analysis on the effects of individual parameters in § to the parameterizations of drag
coefficients is described in supporting information E.

At Uyl = 25-40 m/s, the q is nearly constant at 2.5 x 10~ for { < 8x 10> and decreases with increasing ¢
(Figure 3a). Because { is inversely proportional to Uy, in the front-right sector of storms, faster storms, such as
Megi and Frances, tend to have higher é] than the slower storms, such as Ike and Fanapi (supporting
information B). Though Gustav's Uy, is nearly the same as Megi (~7.7 m/s), the dependence of ¢ on the Uy,
results in the smallest value of é] in the front-left sector of Gustav, ~0.8 X 10~>. Note that the difference
of q at Ul = 25-30 m/s (Figure 2) between the front-left and front-right sectors of Fanapi
(~0.5 x 107°) is smaller than that in Gustav (~1.5 x 107°), that is, the q under Fanapi is more spatially

homogeneous. The slow U, of Fanapi (~3.8 m/s) may generate the homogeneous é] , by balancing the oppo-
site effects of wind forcing duration T and the magnitude of wind forcing |Ujel cosy in the &

The ¢(§) at IUyol = 25-40 m/s under five tropical cyclones has larger scattering than the C~|| (©), but generally
increases with increasing {. Most ¢ is within +15° at { < 12 x 10° and varies from —10 to ~40° at { > 12 x 10°.
Potter et al. (2015) report the estimated ¢ = 10-20° at r > 5 Ry« in the front-left sector of Typhoon Chaba
2010 (the cross-swell region in Holthuijsen et al., 2012), suggesting that the orientation of T may be altered
by the swell. The orientation of T under faster storms may be less affected by the swell than that under slower
storms, because the ¢ generally decreases with decreasing ¢.

HSU ET AL.
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Figure 3. Dependence of adjusted downwind drag coefficient CNH (a) and the angle ¢ between the surface wind stresst and
wind Uy g (b) under five tropical cyclones at [U3gl = 25-40 m/s (front-right sector: dots; front-left sector: triangles) on
the nondimensional effective wind duration £ The mean and standard deviation of the adjusted drag coefficient
averages in each wind speed bin are used to generate 1,000 realizations in the stochastic simulation, assuming a normal
distribution. The curve in (a) and (b) are the fitted parameterizations of CNH and ¢ using all realizations, respectively.
The bounds of gray area from the curve in (a) are the standard errors between individual drag coefficient estimates

and fitted curve. See Figure 2 for the descriptions of vertical error bars. Horizontal error bars represent 1 standard
deviation of ¢.

We parameterize all realizations of aﬂ and ¢ in the front-right and front-left sectors of storms as a function of
¢ (black lines in Figure 3), respectively. that is,

2.7 ; for i =6—9
C | X1000 = 1000 (5)
- 2
: aj i + b L +¢; for L =9-21
1000 1000 1000
0 ; for % =6-—12
$() = (6
U TS S D SN
1000 1000 1000

The mean and standard deviation of the coefficients are a = (—5.2+0.2) X 1073, by=(3.8+5.5)% 1073, o=
3.05+0.03, ay = 0.44 + 0.01, by = —9.70 + 0.19, and cg = 52.45 + 0.16. The RMS of Eﬂ@) and ¢(¢) are about
0.35 x 10> and 14°, respectively. The RMS of q (&) improves the RMS of q (IUq0l) ~ 0.68 x 10> under five
storms, and those reported by the previous studies, from 1.5 to 4.5 x 10> at Uyl = 25-40 m/s (section 1).

The new parameterization of 6” (8 is used to simulate the C4(IUygl) at Uyl = 25-40 m/s under an idealized
tropical cyclone (supporting information G) with different storm properties. The Cy is assumed the constant
of 1.6 x 10 at [Uyol = 50 m/s (the average of Megi and Fanapi's Eﬁ in Figure 2), and linearly interpolated
at [Uyol = 40-50 m/s. For a float deployed at 40 km to the right of storm's track, faster storms have higher
C,4 than slower storms (Figure 4a), assuming the storms with the constant R,,,x = 40 km but different Uj,.
The ocean model simulations using the C, reported by Powell et al. (2003) may underestimate the current
velocity at the assumed float positions if U, > 5 m/s, and thereby the sea surface temperature cooling.
Smaller storms tend to generate higher C, than the larger storms (Figure 4b), but the effect of Ryax to Cy
is less than that of the Uj,. The E:] (&) will benefit the future model studies on simulating the upper ocean
response under different storms.

7. Discussion: Parameter §

Young (2003) discusses the importance of the time that surface waves remain in the intense wind region
to the wave growth. We therefore define a “motion-forced” frequency f, for surface waves when
their group velocity ¢, equals the storm translation speed Uj. For deep-water surface waves k*d > m,

HSU ET AL.
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Figure 4. Simulated drag coefficient C4(IUyol) at 40 km to the front right of the track of an idealized tropical cyclone using
the parameterization of C;(¢) in equation (5), assuming (a) different storm translation speed Uy, (radius of maximum
wind speed Ryax = 40 km), and (b) different Ry, ax (Un = 5 m/s). Black dashed line in (a) is the Cq result reported by Powell
et al. (2003).

fr = g/(4mcy) = g/(4nUy,), where k is the wave number and d the ocean depth. These waves are forced
continuously by the wind under a moving tropical cyclone. Because the f, is inversely proportional to
U, that is, U, « f, faster tropical cyclones (larger U,) more effectively generate lower-frequency
surface waves of a faster group velocity. The difference between ¢, and Uj, determines the time of wind
forcing on surface waves in moving tropical cyclones (Young & Vinoth, 2013).

Because of the local equilibrium between the wind input and energy dissipation, the fetch x of fetch-limited
surface waves is inversely proportional to peak frequency f,, that is,  « ];_1, under the constant wind speed
(Fontaine, 2013). Therefore, the duration T = x/U), « f/f,. Lower f,/f, may imply higher wave energy S, at f,
if f,/fp > 1, because most surface wave spectra under tropical cyclones have a single spectral peak at f, (Hu &
Chen, 2011; Young, 1998). Faster storms, such as Gustav, have the ratio of f,/f, closer to 1 than slower
storms, such as Fanapi (supporting information F). Their wind [U;el may “continuously” force surface
waves at a more extended period such that surface waves contain higher energy S, at the f; (i.e., increase
of wave height at f,) and then result in wave breaking when the wave slope (the ratio of wave height to wave-
length) at f, exceeds 0.1 (Donelan et al., 2012). Most wave momentum is transferred by the breaking of high-
frequency waves (small disturbances) instead of long waves (Jones & Toba, 2012). The transfer of wave
momentum into the ocean current via wave breaking is proportional to the spectral level S,(f,) (e.g.,
Donelan et al., 2012; Tolman & Chalikov, 1996). Stronger wave breaking may therefore occur under faster
storms. The parameter T introduces a new concept for wave momentum transfer under a tropical cyclone
moving at a speed of Uy,

This study uses the effective wind duration ¢ to study the variability of drag coefficients. The ¢ is parameter-
ized by T, which may be regarded as an indicator of wave momentum transfer due to the wave breaking
forced by moving tropical cyclones. The wind along the direction of dominant surface waves |Uyl cosy in
the ¢ may be associated with the wind for inducing the wave breaking (Phillips, 1957; Miles, 1960;
Donelan et al., 2012). According to the dependence of é] on the ¢ in the front-right sector of storms
(Figure 3a), faster storms may force more efficiently on surface waves with larger amplitude and result in
stronger wave breaking, that is, more wave momentum transfer into the ocean current. The wave breaking
under faster storms may therefore lead to higher drag coefficients than slower storms. The lower q () inthe
front-left sector of storms than in the front-right sector may be due to a greater angle of ¢, which results in
less wind forcing for inducing wave breaking. The proposed parameter § o f,/(f, |U1ol cosy) is different from
the previously proposed parameter wave age c,/IUzql o 1/(f,IUql) (Johnson et al., 1998), about the relative
speed between wind and surface waves' phase speed c, at the f,.

The ¢ presents the importance of wave breaking for the momentum transfer efficiency under the moving
weather system, that is, (’:] (©) under systems such as the propagating Madden-Julian oscillation may be

HSU ET AL.
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estimated by using different definition of T in the future. Unfortunately, the wind distribution under tropical

cyclones may make the CNH (&) in this study only applicable to systems as storms. Note that other tropical
cyclones' properties, for example, the normalized distance of float positions to storms’ eyes r/Rax (Hwang

& Walsh, 2018), may affect the assumed x and %, and thereby the Eﬁ (8. We summarize several potential
parameters that might be important to drag coefficients (supporting information F), and encourage further
investigations, especially the parameterization of ¢.

8. Conclusion

Nineteen EM-APEX floats were deployed from aircraft in five different tropical cyclones: Frances, Gustav,
Ike, Fanapi, and Megi, to measure profiles of ocean current velocity, temperature, and salinity. The surface
wind stress 7 is estimated by depth integrating the estimated wind-driven current in the linear momentum
budget and used for computing the drag coefficients in the front-right and front-left sectors of tropical
cyclones.

At Uyl = 25-40 m/s, the downwind drag coefficient é] in the front-right sector of tropical cyclones,
1.1-3.1 X 1073, is mostly higher than that in the front-left sector of Gustav and Fanapi, 0.8 X 1073 and

1.7 X 1073, respectively. The peak CN” is found at |Uyol = 30-40 m/s. The CN” in Fanapi and Megi is saturated
at [Uyol > 40 m/s, ~1.6 X 10>, in good agreement with the Cy reported by Powell et al. (2003). The angle ¢ in
the front-right sector of tropical cyclones is —15-40° at [Uj¢l = 25-30 m/s, and the scatter of ¢ decreases with
increasing [Uygl.

The estimates of drag coefficients at U9l = 25-40 m/s are parameterized for the first time as a function of
the effective wind duration ¢ (equations (5) and (6)), associated with the wind forcing, storm translation

speed, and fetch. Parameterization based on these factors fits the variations in the q 0f 0.8-3.1 x 10> to

a RMS of 0.35 x 1073, better than the RMS of conventional parameterization of E:] (IUgel) ~ 0.68 x 107>,
The @({) has a RMS ~ 14°, presumably due to other factors, such as the misalignment between wind

and swell. The é] in the front-right sector of tropical cyclones decreases with slower Uj,, implying less

transfer of wave momentum under slower storms. The (/3] in the front-left sector of tropical cyclones is
lower than in the front-right sector, which may be resulted from a greater angle between the wind and
waves. The U, of tropical cyclones may alter the surface wind stress T by affecting not only the time for
surface waves staying in the moving tropical cyclone but also the wind forcing on the dominant surface
waves.

This study presents a new data-based parameterization of drag coefficients at IUyql = 25-40 m/s by consider-
ing the interaction between surface waves and wind forcing under moving tropical cyclones. Including the
concept of wave momentum transfer in this parameterization emphasizes the importance of tropical
cyclone-wave-ocean interactions, in good agreement with the previous model studies (e.g., Chen et al.,
2013; Reichl et al., 2014). These results are important and useful to guide future model studies on the oceanic
thermal and momentum responses to tropical cyclones, especially the maximum cooling on the right of

tropical cyclone tracks. Because ¢ can be a predictor of wave breaking under moving weather systems, (’3]
(&) may be estimated in other moving weather systems in the future, such as the propagating Madden-
Julian oscillation.
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