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Abstract

As regards the wave dependence of the roughness length, turbulence of the wind above the sea surface
was measured at a station 2 km off Tsuyazaki, Fukuoka, Japan, in the autumn of 2003.. The measurement
system was designed to provide independent estimates of the friction velocity u. and the surface roughness
20 based on different principles: (a) the profile method, (b) the eddy-correlation method, and (c) the
inertial dissipation method. For this purpose a vertical array of anemometers were fixed to the station
for the simultaneous measurement of the wind turbulence and mean wind profiles. The array consists
of four cup-type anemometers and three ultrasonic anemometers in between. The data analyzed were
(1) mean wind profiles over the sea surface, (2) Reynolds stress, (3) spectral level of wind turbulence in
the inertial subrange of wind turbulence, and (4) wind-waves measured by a wave-gauge of capacitance
type. The measurement system worked well. However, most data obtained were not so good in quality
primarily due to the unfavorable wind direction and low wind speeds in autumn, though the stratification
was neutral throughout the period of experiment. Here only a preliminary analysis was presented for
data of a good quality. For those data all the methods yielded a good agreement, though the eddy-
correlation and profile methods were liable to give a larger scatter. The drag coefficient Ca against Ujo
was found in a reasonable range of 1 x 10™% ~ 2 x 1072, Most data of the nondimensional roughness
were scattered in the range of 1072 ~ 10~! against the wave-wind parameter (inverse of the wave age)
& = wptt /g = 2 %x 1072 ~ 7 x 1072, where w, denotes the peak frequency of wind-wave spectra and g
the gravitational acceleration. The nondimensional roughness in the central part of the scattered data
was about 3 x 1072, which was a little larger than a standard value of the Charnock constant 1.8 x 1072,
The nondimensional roughness %, = gzo/u2 was observed to increase with the wave-wind parameter 4 like
Zo « % in accordance with other field observations. As a whole the present results are close to those of the
HEXOS experiment. Though more careful analysis and further experiment are needed, the present results
suggest that the nondimensional roughness is not so large or small as has often been reported from the
observation in the sea, and that it is somewhat larger than the Charnock constant.

Key words : wind turbulence over the sea surface, friction velocity, roughness, wind stress,
profile method, eddy-correlation method, inertial dissipation method
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Fig. 1 Side.view of the Tsuyazaki station (unit in
m). LWL means the low water level, and
HWL the high water level.
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Fig. 2 Array of four anemometers of cup-type and three ultrasonic anemometers in between. The panel in the
lower right shows that the array of the anemometers are sufficiently separated from the tower.
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Fig. 3 Time series of wind and waves on October 22, 2004: (top) wind speed, (middle) wind direction, and
(bottom) energy and spectral peak frequency of wind waves. The abscissa is the time from the beginning
to the end of the measurement for about 24 hours. The top panel shows the temporal variation of wind
speeds measured with 8 anemometers at different altitudes (the broken line is due to No. 8 anemometer
of propeller-type, other details being omitted). The upper bound of the top panel is 13.4 m/s and the
lower bound is 0.73 m/s. The middle panel shows the temporal variation of the wind direction measured
with 3 ultrasonic and 1 propeller anemometers. The central horizontal line indicates the direction when
the anemometers are located in the upwind side of the observation tower. The hatched area close to the
upper or lower bound of the panel means that the array of anemometers is in the lee of the tower. The
bottom panel shows the wave energy E (two increasing thick lines), spectral peak frequency w, (two
decreasing gray lines), and Ew;’,’ /gu. (a broken line), where g denotes the gravitational acceleration and
u. the friction velocity. The upper bound of the panel corresponds to 0.15 m?, 1.96 rad/s, and 0.1,
respectively, for E, w,, and Ewﬁ /gu.. In the same way the lower bound indicates 0.061 m?, 1.06 rad/s,
and 0, respectively, for E, wp, and Ew}/gu..
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Fig. 4 Time series of friction velocities u. ob-
tained by the eddy-correlation method in
comparison with the profile method. The
abscissa is the same as in Fig. 3. The up-
per bound of the ordinate indicates u. =
0.623 m/s and the lower bound u. = 0
m/s. A thick broken line shows the fric-
tion velocity by the profile method and
the other three solid those obtained by the
eddy-correlation method at the three alti-
tudes of ultrasonic. The broken line in
the upper part indicates the coefficient of
contribution when the observed profile of
mean wind speeds were regressed to the
logarithmic profile.
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(Masuda and Kusaba 1987)'?). ¥ /= Mitsuyasu
(1968)%%) OWEFERERNZ L NIT Ewd/gu. ~ 0.043
TH3, LBLIZOETIIPONIWEEZRFLE
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7R, EEEEO=DONREICIELL TR
EIZBRELTWE. TROEIITRDIEARY
MVE—7 R ZER\WS L EFOERICHYT S
HDHMN0.03 ~0.04 ITRBRBENDITETHSD. IO
ZEEREM - BERR D ADE TR KRIIBHE
BEIZE W S HIT L .
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Fig. 5 The same as in Fig. 4 except that the iner-
tial dissipation method is used instead of
the eddy-correlation method. The upper
bound of the ordinate indicates u. = 0.8
m/s and the lower bound u. =0 m/s.
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FZEROBNTHHEBEEDELTIHRTFER
FHTRLS. MHEREEICLZBDE Fig. 412, 8
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Fig. 3 LR TH 3.
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IKERERL S DEE), HELBO=ZRFITDOVTE
MEGREZBER L CTED0OEE TH - BEEEE DR
ML ERT. PIIVEBROEEEL L THMIETK
HEHLOHEWETNS. MEMOMEAIMENMNRIZD
DTHEELTHEEW,

ZDZODEMNSZDDAHEERNT=ZD0GEE
TROZ M SEREENB < BHEIL TEELTW
BT EMIMND. HHET 1, WARET 3, BE#R
BIET 3x 3 =9 & 13 BEOMIITEEIL /- BESEE
MZFTHEEL TWD. TROBREITHZHDODH
R—HLTELL T ZOXSKERART—4
2157 BiZ 5 BOKEFRFIRF T THHT W, HEE
FELHAEEDRRLZS I3EORBOBONSHENT
BIE—HT2BEEEENEG L THSNZDTHS.
WO TZORICEHEIL -EREEIIBMNEL <HE
TETWAEHM LK. Thbs, 6 BEFESFUT
DEETIIHRMNEHRZTMEIC—ERBEEL T

F 1-th
[ 2-tn
L 3-th e
- 4~th --e-

NN

> O @ N @ OO =N
T

I 5—th
L 6-th
L 7-th
8-th —o—
[ s—th -

L1o-th - -

Fig.6 An example of a sequence of the observed
profile of wind speeds and their regressions
to the logarithmic profile. The abscissa
shows the wind speed on a linear scale and
the ordinate the altitude on the logarith-
mic scale. Note that the abscissa is from
7m/s to 12 m/s.

B, ERBIAFOFRREBHAL TR,

WARITHY S BTN T 2 55 I BRIBEE ALK
WML TWS., EEENOEEEEIC S BIRHE
EAEM L TWAHRFNRRAS. BEHREICHER
5 Ltk L REBKIIESEN R ENT EMNHH
3, I5DOZFREHZ2BODEZTOHDIEILEELT
HMEIZRL —¥KT 5.

Figs. 4-5 CIXEBNZE ORI MWEERZ 1 FMA /.
ZHIZBRAIL LY RS E BN RETHES /I
BEIVELZOHFLSE (BEE) R ORRITH
5. BEENTARBIIKESBVATIETHIHED .
BEX2BEBEFERERMOLENEZDHDER—K
LTWa., EBABOXEEBERITIZENIATIE
BIEDOEMFE L WARME Zo /. ERIZIX, AM
ENDLESTHREFEOKREVNELITESENKE
<BOTWBZENGMND. BAE - BN EE S
72 ZEA (AT S E¥OEHB) TIREMARAE DR
TRICARDESEIIRE U EREE b REREREL
ZoRUE. UTFORTHRITERTIE R? >0.81 O
EEWETHOOHERTH, THIILRBOS 5
BEOBREIHIHEL THIRPOT—ITHB I &
M5, o

4.3 MERESHERRARS MV

TEGEREA NS TIRD T EOBRES > HEHAT
BB BEOKEVEIOAE Fig. 6 IORT (B



JUNKZIERF RS 53126 5

2004 3 A 33

HEESENRNENI DT TIIARN). 5.46 2 FEE
EAHDIFE-RRICHE B EENES NS, B
DENEMN RBEDAEERTHEMOESE 0
METS5RTNS. IKEORTS [F1) EEIT
—ETRLEHLTVS. VA REENFE
BIERBRASAD T8 CBHTIRTFNRELS.
ZORTHED THEH | BREEOREIEDT
2 BEAES THEL, 3 BRFIE ENISSICY
TY TR BHNEN >z, BELEOHEHENT
3. BRRBROEDIZ, BEZAF—TV0&F I TEHA
BEKTIC L TROKENHEFRILEZ 555,
ZOH I, DIELOTTT I UMRSNANMS .
A< EBBEORENTIIAY. EERE 1m B
FA NI DDHDBOTYHNE & /- a8t
a U UBREEHEFI &K Iz L B 81015
. BEIZEL A0 S0

J(ki&?ﬂl’\b MVDEZEZR S (Fig. 7) PR AN
2 MIVZER 10 ZD=H T 4 V5 — % FIWTERL
Lz, ZORBKH—BEIChE 3 HBROE(LERT.
5.46 FEITRDIARY FIVEIRK, EITTS5LT
B (KEXEHFMTEKT D). ELRFOM
WIRERIZ R DX S ICEHBEL AR MVE—2
BEETRT. BORSERBRTROARY Ml (R
HWOHD) ITHT2H0, RWHNREEDARY b
W(EEBNERIOBD) ITHTEHDTHS. HEICK
BARY MVE— I EBERERL —BTS. Bl
KEROBEHDHELHBMBRENWL—V A
BRAERETEB LS THS. ZORICENIE, &
RIZEEZFEDOGERARY MVEEZA UERIENC
bEFEL TS, EuWl 3/ gu. NEFO 3/2 RANCED
EHIDPRDNEDE oD (Fig. 3), A& BT
BRRFR TR H 5 S LT RN,

4.4 BRRE - SRR - SXOTEE

ZO0FHE, ZOOEETROLEEEED—K
BAZEBARTRES (Fig. 8). 2 HBOBFHAMER
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Fig. 7 An example of a sequence of the observed
spectra of wind waves. Ten spectra are
drawn with a shift of spectral level; the
lower spectrum indicates the earlier one.
The vertical two lines show the spectral
peak frequencies: the shorter one for the
bottom spectrum while the longer one for

" the top spectrum. The top and bottom
spectra are drawn by thick lines.
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Fig. 8 Scatter diagram of the friction velocities
(m/s) observed at different altitudes by
different methods against that due to the
eddy-correlation method at the altitude of
the anemometer No.2. The data R? <
0.81 are excluded in the figure, where
R? denotes the coefficient of contribution
when the observed vertical distribution of
mean wind speeds are fitted to the loga-
rithmic profile.

flux2e @
flux4= A
flux6m v

Fig. 9 Drag coefficient Cy against Ujo (m/s), the
mean wind speed at z = 10 m . See also
Fig. 8 for legend.
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BISICERTTHE 5, 2EEEK o oL TrOy
kU7 (Fig. 10). Z Z TiIBHEBREIC L DEHRIE
Bappnk. (FaR) Th2MMEMEEERDIIE
EZEEAL, ZLOKRTFEANKRE1-DTHS. BS
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Fig. 10 Nondimensional roughness Z = gzo/u.
against the wave-wind parameter (inverse
of the wave age) & = wpu./g. The data by
the inertial dissipation method are omit-
ted here. The dotted, chained, and dashed
straight lines respectively show three typ-
ical empirical formulas for Zp as a func-
tion of #: Charnock, Toba et al. and
Kusaba and Masuda. If upper and lower
wild data are omitted, the data seem to be
aligned along a solid line of a slope of unity
(%0 = 0.674, which is close to the HEXOS
formula). See also Fig. 8 for legend.

BIENT & ~3x 1072 fHET 1074 ~ 1073 &M iTBE
NThE Motz /= Toba et al. (1990)'2), Suzuki
et al. (1998) 2V KHEINTVBF—F DL
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HOBNWEZUBEREEZATWS., B, BPIZH
LEZD0ERIIROERARNEXRT.

Charnock Z=18x10"2
Toba et al. Zo=25x 10724t (8)
Kusaba and Masuda 3o = 1.01 x 10~24
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¥ T/hX < Kusaba and Masuda OEBRADIEE L
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Fig. 11 Nondimensional roughness zo = gzo/u«
against the wave-wind parameter (inverse
of the wave age) & = wpu. /g in a wider re-
alistic range of abscissa &, where the data
based on the inertial dissipation method
are included again. The straight lines in
the figure are the same as in Fig. 10. The
impression differs from that of Fig. 10:
(1) the data seem to have a slope larger
than unity; (2) the central value is fairly
large than the ordinary Charnock con-
stant 0.018; and (3) Zo due to the iner-
tial dissipation method appear to have a
smaller scatter and also have somewhat
smaller values than the other two meth-
ods.

WZH N7 — 4 2Bk & Kusaba and Masuda (1988)
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Charnock T® Toba et al.. DABTHIRV. D
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i) 13, HEBEFERICERIL 2R E LT UELIEHR
I N TE /= (Kusaba and Masuda 1988, Smith et
al. 1992, Donelan et al. 1993) 191918) 572 B4z
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%o = 0.484 (10)
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Fig. 12 The same as Fig. 7 except that the profile
method was applied to the wind speeds
observed with anemometers Nos. 2-7 in-
stead of Nos. 1-6. The cross symbol de-
notes the value due to the profile method.
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Fig. 13 The same as Fig. 11 except that the pro-
file method was applied to the wind speeds
observed with anemometers Nos. 2-7 in-
stead of Nos. 1-6. The cross symbol de-
notes the value due to the profile method.
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