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Abstract

In the realm of marine meteorology, physical oceanography, and coastal and ocean
engineering, the wind-stress across the air-sea interface plays a dominant role. However,
under tropical cyclone conditions, there is no consensus for the formulation of the drag
coefficient, Cq, in the literature. Based on the wind-gust method and the measurements from
data buoy 42001 during Hurricane Lili, it is demonstrated that, U = 0.073U1o - 0.44, which is
valid up to wind speed 47 m s™! and wind gust to 66 m s, here U+ is the friction velocity and
Uio is the wind speed at 10-m height. This formula is also supported by the atmospheric
vorticity method. Applications for this proposed formula to estimate the variation of the wind
speed with height and to determine the wind-stress storm surge or saltwater flooding during
the most recent Hurricane Helene in 2024 are successful. In addition, it is found that Cy4 =
(1.29Ln(Hs) + 0.27)/1000, which may be used to explain the behavior of the variation of Cy
with the significant wave height, Hs. In order to further substantiate the proposed formula,
more datasets during other tropical cyclones are incorporated for the validation.
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1. Introduction

The wind stress or momentum exchange across the air-sea interface is a vital parameter for
marine meteorology and physical oceanography (met-ocean). An extensive review on the subject
can be found in Bryant and Akbar (2016) [1]. The wind stress, T, is defined as

T = PairlU %= .DaierUlO2 (1)

Here pair (1.2 kg m3) is the air density, U= is the friction velocity, Cq is the drag coefficient, and
Ui is the wind speed at 10-m height. The units are in SI, unless specified otherwise.

Based on direct measurements, according to Edson et al. ([2], p.1603), for fully rough seas, when
U10>8.5m s, Us>0.035U10 or U+ >0.30 m s, and for U1o < 25 m s,

U *= aU10 + b == 0062U10 - 028 (2)

Here “a” and “b” are coefficients which need to be determined from field measurements. Edson
et al. further stated that although Eq. (2) is not expected to hold for wind speeds associated with
tropical cyclones (TCs), it provides additional evidence that the increase of the drag coefficient with
winds is already slowing between 20 and 25 m s,

Because extreme variations in the wind-stress formulation existed in the literature for strong
winds, according to Bryant and Akbar, and Uio < 25 m st were employed in Edson et al., it is the
purpose of this study to alleviate these deficiencies by using wind gust method [3] as measured
directly by the National Data Buoy Center (NDBC, available online at www.ndbc.noaa.gov) at the

data buoy 42001 during Hurricane Lili with Uio over 47 m s and gust up to 66 m s*. This is to see
whether Eq. (2) can be extended into hurricane conditions. In addition, resolving the wind-stress
formulation for Uio > 25 m s is needed in met-ocean science and coastal and ocean engineering
such as better storm surge forecasting for the evacuation of coastal residents and hindcasting for
the assessment of property damages during TCs. In this regard, in 2024, we had Hurricanes Francine
and Helene impacted several met-ocean stations in the Gulf of Mexico. Pertinent datasets during
these storms and others are also incorporated in this study.

2. Met-Ocean Characteristics of Hurricane Lili

According to the National Hurricane Center (NHC. see
www.nhc.noaa.gov/data/tcr/AL132002 Lili.pdf) and the NDBC (www.ndbc.noaa.gov), Hurricane Lili
in 2002 impacted Buoy 42001 greatly (see Figure 1) [4]. Table 1 depicts that Buoy 42001 was in the
collision course with Lili, indicating its eye passed almost directly. The met-ocean parameters as
measured show that Ui reached up to 47 and gust to 66 m s™. According to Hsu ([5], Figure 2),
when Uio > 9 m/s and -10 < (Tair - Tsea) < 7°C, the atmospheric stability is neutral. Since our
measurements were within these limits, the period as listed in Table 1 was neutral, indicating the

mechanical turbulence overpowered the thermal effects so that the logarithmic wind-profile law
can be applied. In addition, the absolute difference between wind direction and wave direction was
within 100 degrees and the wave steepness, Hs/L, > 0.020 (here L, (=1.56 T,?) is the peak wave
length) (see [6]), wind waves prevailed.
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* 42003

Figure 1 The track of Hurricane Lili in 2002 and the location of Buoy 42001 based on Hsu
[6] at https://www.vos.noaa.gov/MWL/spring 03/nowcasting.shtml.
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Figure 2 Further verification of Eq. (2) using six hurricanes including Lili.
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Table 1 Met-ocean measurements at Buoy 42001 during Hurricane Lili from 2 to 3 Oct
2002 (data source: www.ndbc.noaa.gov). Here Ugust is the wind gust, Hs is the significant
wave height, T, is the peak wave period, Baro stands for the barometric pressure in
millibar or hPa, and Tair, Tsea and Tgew are for air, sea and dew-point temperatures,

respectively.

Hour, wind Uso, Ugust, To, wave Baro Tair, Tsea, Tdew,
. Hs, m .

UTC Dir. m/s m/s sec dir. mb degC degC degC
0 75 9.5 10.7 1.34 5.88 69 1012.5 28 28.2 24.2
1 74 11.7 13.2 1.5 6.25 69 1012.3 279 28.2 23.9
2 64 11.9 13.7 1.58 5 75 1012.7 28 28.2 24

3 62 10.9 13.8 1.72 5.88 66 1012.8 279 28.2 24.2
4 58 12.1 14.5 191 5.88 73 1012.7 28 28.1 24

5 54 11.8 14.5 2 6.67 80 1012.1 27.2 28.1 24.1
6 57 11.5 13.2 2.13 7.69 90 1011.2 27.4 28.1 23.5
7 64 12.7 14.8 2.17 7.69 97 1010.6 27.8 28.1 234
8 53 12.5 14.6 241 7.69 96 1009.1 27.8 28 23.9
10 67 13.5 16.1 2.73 7.14 74 1008.1 26.7 28 22.6
11 55 14.9 19.1 3.31 9.09 94 1007.4 28 28 24

12 49 14.8 17.4 3.98 10.81 106 1006.6 27.7 28 24.1
13 58 13.1 15.5 4.26 12.12 106 1006.7 259 28 23.1
14 51 14.6 16.9 4.75 12.9 108 1006.5 24.1 28 22

15 44 16.5 20.6 4.88 12.12 110 1004.8 26.1 28 23.1
16 48 16.1 23.4 5.35 12.12 108 1003.3 26.2 28 23.3
17 63 23.3 28.9 6.66 13.79 112 1000.3 25.6 28 22.9
18 61 26.7 32.8 7.65 12.9 106 995.1 25.1 27.9 24.5
19 59 32 39.1 8.88 13.79 111 984.6 256 279 25.2
Eye 103 47.2 65.6 10.22 13.79 111 956.1 259 27.6 254
21 158 33.7 40.5 11.2 12.9 110 975.4 25.7 27.1 25.5
22 178 25.1 32,5 7.29 10.81 112 988.4 25.7 26.9 24.5
23 190 20.7 24.5 5.69 9.09 229 994.2 26 27 24.2
0 195 19.5 26.3 4.61 10.81 95 998 273 27 24.4
1 200 17 21.5 4.33 7.14 223 1001.1 26.5 26.8 23.9
2 199 16.2 20.3 3.77 6.67 211 1003.6 26.8 26.4 23.9
3 191 16 19.2 3.43 7.69 248 1004.9 26.7 26.3 23.8
4 190 15.4 18 3.18 6.67 212 1006.7 27.1 26 24

5 186 13.8 16.6 3.38 6.67 201 1007.2 27.4 259 24.3
6 192 12.1 14.1 3.14 7.14 210 10074 27.4 26.2 24.4
7 184 14.2 16.6 3.08 7.14 238 1007.2 26.2 26.3 23.1
8 192 12.3 15.1 2.8 6.67 197 1007.2 26.8 26.2 24.2
9 191 10.5 12 2.67 6.67 213 1007.6 27.5 26.2 24.5
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3. Methods

The wind gust method used in this study is based on Hsu (2003b, Equations 16 and 17) [3] and
Hsu and Blanchard ([7], Eq.8) that

U = 0.2(Ugyse — Uso) (3)

In boundary-layer meteorology the well-known logarithmic wind-profile law (see, e.g. [3]), under
neutral stability conditions, is

U, = */k)In(Z/Z,), or (4)
by setting Z=10 m, we have
U x= kU,,/Ln(10/Z,) (5)
And, according to Taylor and Yelland [8],
Z,/Hs = 1200(H;/Lp)** (6)

Here U, is the wind speed at height Z, k (=0.4) is the von Karman constant, and Z, is the roughness
length.

In order to compare Equations (3) an (4), following datasets during Hurricane Dorian in 2019 are
employed: According to the NHC (AL052019 Dorian_final 20200427 (noaa.gov), p.23), at USAF
Tower 313 at 0657 UTC on 4 Sep 2019, the 1-minute wind speed and its gust were: at Z; = 16 m, U1
= 44 kts (22.7 m s1), Uzgust = 62 kts (32.0 m s1) and at Zo =90 m, Uz = 60 kts (30.9 m s) and Uazgust =
70 kts (36.1 m s%).

By eliminating Z, from Eq. (4) at two levels for Z1 and Z;, one gets

Ux*=k(U, —Uy)/Ln(Z;/Z1) (7

Now, by substituting appropriate values as measurements at 16 m into Eq. (3), U = 1.86 m s
and into Eq. (7), U= = 1.90 m s}, indicating that the wind-gust method is consistent with logarithmic
wind-profile approach. In order to further substantiate Eq. (3), more datasets as listed in Table 2 are
analyzed using Equations (5) and (6) against (3) and presented in Figure 2. Since the slope is near
unity and the correlation coefficient is 0.85, indicating that our wind-gust method is reasonable to
use in this study.

Table 2 Simultaneous measurements of Uio, Ugust, Hs, and T, for wind seas during 6
hurricanes based on www.ndbc.noaa.gov.

Hurricane name Month/Year  From To NDBC Buoy
Kate Nov/1985 0200UTCon 19 2300UTCon21 42003
Lili Oct/2002 2200 UTCon 01 0900UTCon03 42001
Ivan Sep/2004 0800 UTCon 13 1100UTCon16 42003
Katrina AUG/2005 1500 UTCon 26 0500 UTCon 28 42003
Wilma OCT/2005 1200 UTCon 19 0200 UTCon 24 42056
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Ike Sep/2008 0050 UTCon 10 1350UTCon 13 42001

4. Results and Verifications
4.1 Relation between U~ and U1
Figure 3 shows the relation between U~ and Uip that
U *= 0.073U;, — 0.44, or (8)
Cq = (U */Uip)? = (0.073 — 0.44/U,,)? 9
With a correlation coefficient, R = 0.91, which is valid for Uio up to 47 m s

4

- y=0.073x - 0.44 ®
7 R=0.91
w 3 Data source: Table 1
£
<25
>
. 2
&
=)
=~
s ’ ® o . % e
n 1 A“.......
H °F e
05 v o
P
0
0 10 20 30 40 50

U,o, m s 1, measured at Buoy 42001 during Hurricane Lili

Figure 3 Relation between U+ and Uip based on the wind-gust method (Eq. 3).

Verifications of Eq. (8) against other methods are presented from Figures 4 through 7 based on
the pertinent datasets provided in the literature from [9-12]. If one accepts the statistics indicated
in these figures, Eq. (8) is verified for practical use.
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Figure 4 Verification of Eq. (8) against the direct measurements by Smith [9].
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Figure 5 Verification of Eq. (8) against the direct measurements by Geernaert et al. [10].
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Figure 6 Verification of Eq. (8) against the direct measurements by Banner et al. [11].
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Figure 7 Verification of Eq. (8) against the atmospheric vorticity method by Anthes [12].
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A graphic representation of Eq. (9) is presented in Figure 8. Equations (8) and (9) indicate that
the generic form of Eq. (2) can now be extended into hurricane conditions and that the increase of
the drag coefficient with winds is already slowing between 20 and 25 m s as mentioned in the
introduction is further confirmed.
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Figure 8 A graphic representation of Eq. (9) (using every 5 m s’ interval for Uio).
4.2 Relation between U+ and Hs
In order to related U+ and Hs, Figure 9 is presented that
Ux=0.17H, (10)

With R = 0.88.

2.5
y=0.17x, R=0.88
Data source: Table 1

= N
n o
@.

®

0.4U,,/Ln(10/Z,), ms !
Z,/H, = 1200(H,/L,) **
[ay
o
®
°

U.=
.f%@
k|

0.0

Figure 9 A relation between U+ and Hs based on Table 1 (except inside the eye).
4.3 Relation between Hs and U1
From Equations (8) and (10), we have
H, = 0.43U,5 — 2.6, 0r (11)
Ujp =2.33H; + 6 (12)
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Eq. (12) is further verified as shown in Figure 10.
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Figure 10 A validation of Eq. (12) using the datasets provided in Table 2.
5. Applications
5.1 Estimatng the Variation of Wind Speed with Height
Rearranging Eq. (7), we have
Uy = Uy + (U */k)Ln(Z;/Z4) (13)
And substituting U= from Eq. (10) into Eq. (13) and set k = 0.4, one gets
U, =U; +0.43H,Ln(Z,/Z;) (14)

A validation of Eq. (14) is presented in Figure 11 at NDBC Buoy 42036 which was impacted by
Hurricane Helene in September 2024 (for location, see www.ndbc.noaa.gov). For a rapid estimation
of Uio from Us g as measured by this buoy, see Figure 12 that

U10 = 1'1U3.8 (15)
40
y=0.99x, R=0.99
35 At Buoy 42036 from L
1650 UTC on 26 to
o 30 1420 UTC on 27 Sep 2024 o8
g during Hurricane Helene .
Z 25 | Data source:www.ndbc.noaa.gov/ o
F data/derived2/42036.dmv L
-~ 20 )
w | 4
€ 15 ‘."
=) ®
10
5
0
0 5 10 15 20 25 30 35 40

Uyo= U, +0.43H,Ln(10/3.8) = U, 5+ 0.42H, m S

Figure 11 Further verification of Eq. (14).
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Figure 12 A rapid estimation of Uio from Uss.

Since there are instances that only Hs is available but one still needs the estimation of the wind
speed at different elevation other than Uig, this can be accomplish as follows:

By setting U, as U, and U1 as Ui into Eq. (14) and using Eq. (12), we have
U, = (2.33H; + 6) + 0.43H,Ln(Z/10) (16)

During Hurricane Francine in Sep 2024 (see www.nhc.noaa.gov, The Louisiana Offshore Oil Port
(LOPL1) (for location, see www.ndbc.noaa.gov) was impacted. Since the anemometer is located at

Z=57.9 m above the sea surface and using the H; measurements at this facility, the wind speed can
be estimated and verified in Figure 13.

30
y=1.08x, R=0.91
At LOPL1 from 2122 UTC

25 | on10to 2117 UTCon 12 ®
o in Sep 2024 during
é 20 Hurricane Francine pe ‘0 -
g www.ndbc.noaa.gov . Q. ° ®
o 15 o.‘ o *
L g O

® s

E 10 |{
&
3 R

5

0

0 5 10 15 20 25

Uy, = (2.33H, + 6) + 0.43H,Ln(57.9/10), m s -*

Figure 13 A verification of Eq. (20) at LOPL1 impacted by Hurricane Francine in 2024.

5.2 Estimating the Wind-Stress Induced Storm Surge

The storm surge induced by the wind stress, also called saltwater flooding in layman’s term, is
simplified (see, e.g., [13]), based on Eq. (1), that

PseagD dS/dX =T = pg;yU *2= paierUlO2 = 1-2(0-2(Ugust - UlO)z) (17)
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Here psea is the density of seawater, g is the gavitational acceleration, D is the water depth, dS/dX
is the water slope in which S is the water level along the onshore distance X. Eq. (17) indicates that
the seawater slope or storm surge (a surrogate for the potential energy) is balanced by the wind
stress (a surrogate for the kinetic energy).

In September 2024, Hurricane Helene devasted the “Big Bend” area, Florida with over 3 m (10 ft)
saltater flooding. According to RAMMB, the track of Helene is shown in Figure 14 and isotach
analysis in Figure 15, respectively. Figure 16 illustrates the forecast peak storm surge in ft (note: 1
m = 3.281 ft) by the NHC.
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Figure 14 A portion of storm track over the Gulf of Mexico during Hurricane Helene in
September 2024, based on https://rammb-
data.cira.colostate.edu/tc_realtime/products/storms/2024al09/diagplot/2024al09 dia
gplot 202409271800.png.
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Figure 15 The spatial distribution of the isotach (lines of equal wind speed in knots (note:
1 m s =1.94 knot)) near the landfall of Helene on the “big Bend” area in Florida based
on https://rammb-
data.cira.colostate.edu/tc_realtime/products/storms/2024al09/mpsatwnd/2024al09
mpsatwnd 202409270300 swnd.gif.
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Hurricane Helene User Notes: Water levels along the immediate coast could reach the following heights above
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NWS Nati Hurricane Center peak surge range. Values shown on this graphic are inclusive of tide.

Figure 16 Peak storm surge forecast for Hurricane Helene in September 2024 based on
https://www.nhc.noaa.gov/storm graphics/AT09/refresh/AL092024 peak surge+png
/211601 peak surge.png.

Note that the isotach analysis similar to Figure 14 has been available since 2006 as issued by
RAMMB for tropical cyclones worldwide, it is employed here for rapid estimation of saltwater
flooding. In order to facilitate these estimation, Table 3 is presented. It can be seen that using this
table along with Figure 15, our rapid estimation method is consistent with the peak storm surge
forecast as depicted Figure 16 which is based on extensive computer modeling. Note also that the
software used in Figure 15 and Figure 16 are from RAMMB and NHC, they cannot be juxtaposed
with each other at this time.

Table 3 Rapid estimation of seawater flooding based on the isotach analysis by RAMMB.

Isotach, kt Isotach, ms? Cg, Eq.(11) Seawater flood, m Seawater flood, ft

35 18.0 0.0024 0.93 3
50 25.8 0.0031 2.48 8
65 33.5 0.0036 4.85 16
80 41.2 0.0039 7.94 26

In order to further demonstrate the usefulness of Eq. (17) for saltwater flooding estimates, the
wind measurements during Helene at Cedar Key, Florida (CKYF1, located just south of Suwannee
River as shown in Figure 16, and for its exact location see www.ndbc.noaa.gov), are employed.
Figure 17 shows the measurements of wind speed and its associated gust at 10.3 m.
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Figure 17 Measurements of wind speed and its gust at 10.3 m at CKYF1 during Helene.

Using the computed values of U= as provided in Figure 18, characteristics of the storm surge at
CKYF1 is demonstrated in Figure 19. Since the estimated seawater flooding is approximately 10 ft
and by adding the 3 ft astronomical tide, the total peak water level is 13 ft, which is consistent to
the forecast peak storm surge of 10 to 15 range by the NHC as indicated in Figure 16 in area just
south of Suwannee River where the met-ocean station CKYF1 is located.

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4

U* = 0.2(Ugust - U10.3), ms !

0.2

0.0
0 100 200 300 400 500 600

Six-minute sampling from 26 to 27 Sep 2024 at CKYF1 during Helene

Figure 18 Estimates of U+ at CKYF1 during Helene.
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Figure 19 Temporal variations of seawater flooding, astronomical tides and total water
level at CKYF1 during Helene.
5.3 Relation between Cq and H;

Finally, based on aforementioned analysis and discussion, we are now able to resolve the
longtime dispute among scientists and engineers on the variation of Cq with U1 during a tropical
cyclone as set forth in the introduction:

By substituting Eq. (12) into Eq. (9), we have

Cy = (0.073 — 0.44/(2.33H, + 6))?/1000 (18)
Eq. (18) can be further simplified as depicted in Figure 20 that
C4 = (1.29Ln(Hg) + 0.27)/1000 (19)

With coefficient of determination R2=0.99 or R = 0.99.
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Figure 20 A relation between Cq and Hs.
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According to Holthuijsen et al. (2012) [14], the saturation of wave streaks occurred around Uip =
40 m s or approximately Hs = 15 m based on Eq. (11). Therefore, for Hs > 15 m, the wind is not only
drag the actual waves but also the sea forms and wave streaks so that the slope slows down more
as depicted in Figure 20.

An application of Eq. (19) is presented as follows: According to Bancroft [15], during Super-
Typhoon Soudelorin 2015, an extreme value of Hs = 27.6 m was measured. By substituting this value
into Eq. (19), we have C4 = 0.0045, and Eq. (10), U+ = 4.7 m s*. Therefore, Uip = U+/C4®> =70 m s},
which is in excellent agreement with the measured near surface wind speed of 72 m s as stated in
[15].

6. Conclusions

On the basis of aforementioned analysis and discussion, it is concluded that the wind-stress
induced drag coefficient can be formulated up to the 47 m s uing the wind gust method (see
Equations 8 and 9 based on six hurricanes as listed in Table 2). The magnitute of wind-stress induced
storm surge or saltwater flooding can be estimated by Eq. (17), which is also verified by the most
recent Hurricane Helene in 2024 by both the extensive computer modeling by the NHC as well as at
a coastal met-ocean station impacted by the storm. Using the wind-wave-friction velocity relations
as presented in this study, our proposed wind-stress drag coefficient formulation can also be linked
to the wave effects including the actural wind waves, wave streaks and sea forms as depicted in Eq.
(19) and Figure 20 for the slow-down behavior of the drag coefficient. An application of Eq. (19)
during an extreme wave condition induced by a super typhoon is also presented.
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