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Abstract

Observed data— wind speed, temperature, and vapour pressure at 5 levels above the sea surface
up to the 400cm height, evaporation from the sea surface, and wind wave elements — obtained at
Kagoshima Bay during 1953-1956 are given in Part L.

In Part II, it is concluded that the layer of hydrodynamically smooth flow, surmounted with
the hydrodynamically rough flow of land origin, exsists always near by the sea surface, and that
the thickness (%) of the lower layer of smooth flow can be expressed by a rough empirical formula
of h==ay/ 1, where ¢ is progressive time (ratio of fetch and wind speed at 400cm height) and @ is a
constant depending upon stability condition, i.e. @=3.1 (under stable condition)~20.0 (under
strong instability).

The critical values of friction velocity for the first formation of wind waves and the generation
of whitecaps are determined empirically as 3.7cm/sec and 17cm/sec respectively in Part III; and
humidity profiles and evaporation from the sea surface are discussed in Part IV.
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Introduction

It is noticed recently that the lowest layer of the atmosphere next to the sea sur-
face up to several meters, as well as next to the ground surface, is a quite special
region where comparatively weak wind and less austausch prevail. Detailed studies
on phenomena occurring in this layer are desired as micro-meteorological problems.
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Micro-meteorological studies over the s¢a have such an advantage that a physical treat-
ment is comparatively easy owing to physically simple character of sea surface. On
the other hand, observed data over the sea are less numerous than over the ground,
due to increased difficulties in observations. From this point of view, the author
have carried out micro-meteorological observations over the sea at Kagoshima Bay
and attempts to get new knowledge concerning the problems of wind profile and
evaporation and so on which give rise to discussion in this branch of meteorology.

Part I Micro-meteorological Observations at Kagoshima Bay

during 1953-1856.

1. Method of Observation.

Observing levels of 25, 50, 100, 200, and 400cm above the sea surface are con-
veniently selected for measurements of wind speed, air temperature, and vapour pres-
sure. Surface water temperature, evaporation, wave length, wave height, and wave
period are also observed.

Thermocouple anemometers (S. Kawata and others®), which are always free from
the effect of temperature of ambient air, are used for wind speed measurements, keep-
ing their hotwire in plumb line to prevent them from the effect of the variation of
wind direction. Detailed type of them made and used by the author for the practical
purpose is somewhat different from Kawata’s type, but it is quite same in principle.
Reading in millivoltmeter (5mV in full scale) is converted into wind speed (cm/sec)
by means of calibration curves, obtained from careful experiments in our laboratory.

In actual observations over the sea, thermocouple anemometers mounted at 5 levels
are connected with a switch board and a millivoltmeter. Average values for 30 seconds
for each anemometer are read in turn, and these measurements are repeated 4 times
successively. Mean values of these four 30 second averages for each specified level
are calculated and are regarded as the wind speed at the specified levels. Since it takes
10 minutes during the observations stated above, mean wind speed during the iden-
tical 10 minutes are measured simultaneously with cup anemometers (one contact for
ca 50m of air flow) at three levels mostly (100, 200, and 400cm excepting the early
observations). One of cup anemometers is calibrated in the wind tunnel in Meteor-
ological Agency of Japan and others are calibrated on the roof of Kagoshima Me-
teorological Observatory and our laboratry comparing with standard ones.

For temperature and vapour pressure measurements, a set of dry and wet thermo-
piles (12 couples of copper-constantan) is used at 25 and 50cm levels successively and
Assmann’s aspiration psychrometers at 50, 100, 200, and 400cm levels.

One side junction of thermopile, shaped like a comb and eqipped with a radia-
tion shield, is mounted at a observing level; while the other side, sealed with paraffin
wax into 12 small glass tubes, is floated at the sea surface, maintaining the glass tubes
vertical to the surface by a float (wooden frame supporting the glass tubes) and a
sinker. The temperature difference between air and water is read directly in milli-
voltmeter (5mV in full scale) and the reading is converted into temperature (to the
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order of 0.1°C) by means of calibration curves. Air temperature is obtained from
this temperature difference and from the surface water temperature, simultaneously
observed with a mercury thermometer graduated at every 1/10°C. Average values
for 30 seconds are read twice at two levels in turn. Mean values of these two averages
for each specified level are employed as temperature data at the specified levels. As-
smann’s psychrometers are read after 3 minute aspiration. When the two different
instruments give different values for the same level of 50cm, the values obtained with
thermopile are rejected.

For evaporation measurements, a pan is used. This is a cylindrical vessel (20cm
in diameter and 25cm in depth) equipped with a small wooden float surrounding its
body. Containing the neighbouring sea water of 13cm deep to be evaporated, it is
floated on the sea surface, after the float is adjusted to keep the inside water level as
nearly same as outside sea level. To protect the pan from inundation due to waves,
it is moored to the inside of a floating square frame (2m in side) without floor and
with sinkers, locating at a nearly central point of the frame. Six hours later, the
decrease of the contained water in the pan is measured with a common rain measur-
ing glass.

Water temperature inside of the pan agreed always with that of the outside of
even the frame, but the exposure of the contained water to be evaporated is not under
the natural condition owing to the edge of the pan and the frame. The disturbances
of the mside water are of course much less than those of outside water.

Another cylindrical pan (20cm in diameter and 10cm in depth) containing the
neighbouring sea water of 2cm deep, in the interest of comparison, is exposed on the
deck of the observing boat and the decrease of the contained water for 6 hours is
measured with the rain measuring glass.

To measure the wave length, waves are photographed including two scales, crossed
perpendicularly to each other and suspended horizontally at a short distance above
wave crests. It is obvious that the wave length (L) is given by the relation of

li— %, sin (tan~! %),
when portions of the two scales covering N waves are [ cm and mcm in length
respectively. When wave length exceeds about 200cm, aditional measurements are
made by the well-known usual method estimating wave length on the basis of observ-
ing ship’s length.

To observe wave height and period, a floating scale of well-known Froude’s type
is used. The heights and numbers of successive individual waves passing through
the location of the scale during one minute are measured by naked eyes, and then
mean height and wave period are calculated. For very short waves, average height
is estimated directly, because individual wave heights cannot be observed by this
primitive way.

2. Observed Data

The observing points are indicated in Fig. 1 and the observing periods are shown
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in the following table.  All instruments are calibrated carefully in our laboratory
before and after each series of observations. When the calibration curves obtained
after a specified series of observations disagree with those before the observations, the
specified series of observed data are all rejected. (These series are not included in

the table.)

130°30E 130°40°E

STaoN} 3140

330N

3130N

KAGOSHIMA BAY

13030 13040 E
Fig. 1. Map showing observing points.

Observing periods

Series Period Station No. of obs. Method of setting
A Sept., 1953 tly 94y Shyedh 4 | Boat
B Oct., 1953 5) 2 J Fixed to sea floor
c Dec., 1953-Jan., 195¢ | 6 31 | Fixed to sea floor
D Dec., 1954 7 148 | Boat
E | April-May, 1955 8, 9, 10 69 | Boat
F | Aug,1955 10 5 Boat
G | Oct-Nov., 1955 6 gl SBoa
H Aug.-Sept., 1956 9 50 | Boat
|

\ Total ' 402 ‘

For the series B and G, the instruments are mounted to movable arms stretching
from a pole fixed to the sea floor and are moved up and down along the pole accord-
ing to the tide to retain them, except for cup anemometers, at specified elevations.

For other series, observations are made on a small fishing boat (9m in length),
which is moored to three buoys (glass ball of ca 40cm in diameter) connected respecti«
vely to dropped three anchors surrounding the boat. The instruments are mounted
to arms stretching outerward from a pole set up specially for the present purpose at
a corner of its stern. The stern has been kept formost to wind during observations,
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adjusting the lengths of rope from the boat to the buoys and also the locations on the
boat connecting the ends of the ropes. It took only 1-5 minutes to complete this
procedure of keeping the stern windward at a shift of wind or tidal current. Fur-
thermore, to get more reliable data, the boat is equipped specially with a sea-anchor
preventing it from undesirable tossing, though the weighty engine lying at the center
on the boat floor has the similar effect. The setting of the instruments and examples
of the procedure at a shift of wind or tidal current are illustrated in Fig. 2.

(A)

(B €)

P —
CURRENT CURRENT

X INSTRUMENT
O BUOY
& ANCHOR

Fig. 2. (A) Arrangement of observing boat and setting of instruments.
(B), (C) Examples of situation under different directions of wind and tidal current.

The observed data are listed in the following three tables. In the table wind
speed, temperature, and vapour pressure are denoted by z (in m/sec), T’ (in °C), and
e (in mb) respectively. Subscripts indicate specified observing heights (cm) above
the sea surface, T is the surface water temperature, and e, is saturation vapour pres-
sure at the sea surface and is obtained from the saturation value corresponding to the
surface water temperature multiplied by a constant of 0.98 for its lowering due to
salinity. Values in bracket in wind speed column are obtained with cup anemo-
meters.
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-meteorological Observations and Studies over the Sea

Takahashi: Micro
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Takahashi: Micro-meteorological Observations and Studies over the Sea
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Micro-meteorological Observations and Studies over the Sea

Takahashi

DO0SEgFENITTIG Gl 6506 T e e 8 |G 6 TN Sh0T N6l T g B alue e 9l e 00 6O
059 S 50V 6T - F 0% #20z ~h06 = GG 958 98l Teusl A ¢ — 18U8IT| 090 T — G0 = F o | 4S00R601 6 HEY
B0 TSt e 501 A o I 1 7 o o G 01 ) B 36001 St e | B st 0 e e 00T
=i neag i I i s o) gl = 3 |5 (T O 5 IR Tt L S e i [ 015 0 e W U e B 1 L RG GH B  ld
y (97¢) (z¢) (872) ﬂ
009 ‘G Ml zsgr €kt GrLT BT L= €76 | 706 106, 070¢ 66T — 976l 9958 8¢ L8 G0°G 9%°¢ |4 100780 {4 4
: 3 (#¢) (3¢) (0°6) .
000"cz|E'S¥S| 901 ' ¥:91 9°91 191 — 17c|9:0c ¥0e €05 ¢0c — #6I| s @6s Y0C 8% gE |4 [0oTLoqh 4
) (#°¢) (0°¢) (672)
000fTT[ HN| G G7Ll GCLL 97T — B°1% |0 1°0c €0C 106 — §6I Mxﬂmv mmo.mv Mmm.w /9 €5°g |* Heorgoq @
g @D (ogl ,
00F ‘¢l HINCTAIE 8/ RTS8 = MEZE WBEGTINAIBT LIBINEEETE =TT mA.N.J MN.J NA:v €0°T 96°0 |4 |00°%0 |4 4
SR (G
000°ce) TS| 616E GO9I 26T 619F — €:E [ 070z ®761 6760 -6i6I  — - OT6LN|VEEA Lol ST 171 8670 4 |007E0 4 S
: (61) (81 (9°1)
600 ‘9 Nj T8l F°0T 971 8T = e |H6r 96T 661 98I = §61( Y6-I 0871 89 46T SET % H00TE0 (" 4
. (oD (0N 80
6009 Nl 181 ¢81 06l L6 — €'Gz|8%6l 86l 960 61 — 96| SO'T F0°T ¥6°0 €80 180 |# [CO°TO|# 4
) (z+) (8¢ (9°9) ,,
009 ‘0t Sl BHBIEGE 6T OSET 080G ! Sete |18 BT 86Tl I8EbIe BIBT - = S EDE6T MN.J wm.mv mm.mv Y€ 2g'¢ |4 60°C0 8
1:2) (0°2) (61 ,
009 ‘01 SL8EgT Gi8L 9HgT 9en L — gigw I676T . 6767 B6L 66l — 9561 (L1 90"z Genl G8FL €970 M lCoseE (4
. €% (69 ¢
00F ‘€1 i 66T 9EeT OicIbisT — | igier (2108 (Titguesel 66T — 9i6L | €9rp 88SC HIGEE /76 GORE ¥ 100FGE (|4 ¢
: (9% (€9 (1)
000°6g|E S S| 361 661 L61 661 — 9°22|%06 €05 €06 €06 — 86| L9% 9¢' L0} #8°'€ GG'€ |4 [0O°Ig |# &
y (¢2) (8°9) (+°9) ,
000°Ge/ T S 8| 9105 0 G0 906 — G'%¢| 608 B0C €06 F'0C — H0T wm.w mw.@v mm.wv G0°9 09°C |4 |c0Cg |4 u
g6 8% by "
C0s‘6 IMS S| 861 z61 €05 18 — 8'¢c|¥%0z %0z 9Cz %0z — 9°0c| 61'S SLp Lyy 9% 68°€ [# |GO°6I |4 4
. : (6°¢) (#76) (1°€) 7
00901 S{l00z 6102 LH0E 'SP0T L0z 68T |19WTE ¥ \gtTL gilT. ¢iE  LI0T mo.mv _%,.m,v M: .mv Z8'% 8F'H |4 [CO'8I |4 4
9%) (%) (L°¢ |
00s°‘s | MS{T0g 905 0% 0°12 S°Ig ¢'%2 | 616 ¥t 0°1¢ ¥'16 0°1g 6768 m.\l.w mm.w m%.mv 8¢ Sg'e |4 (CO°LL (4 4
6°1) (L1) (9°1 ,
00s‘c | MS|v6r 00z L06 970 %1 6'€C | ¥'1¢ 9'1¢ ¢'1¢ 116 0°1c L°0% mm;v m:v M.@.J 66T Gh1 |4 loocor |4 4
1) (81 (81 ,
0056 | MS| S0z 306 %'Gc 00z $0c 1'% |21z I1°16 0°16 S°0Z 808 8°C| SI'¢c €6°1 281 91 ST |6 [CO'GI 1 Ael
w g | 6l
; _ > _
; 00¥y 00z 001y 05y Sy 0o E:& E:.H E:& Srm ﬁ&. 0 | 00Fpm 00Zp 00Ip 087 SZm
sm”wm v:hmm\m» : | _.Hm suly | 9req
(quu) auanssoxd anodep (D,) sanierodwa T, * (o9s/wi) poads purpy ‘

(ponuniuop) oanssaxd imodea pue ‘rnjeraduwd] ‘puim Jo BIEp PIAISSqQ)



Mem. Fac. Fish. Kagoshima Univ. Vol. 6,

() (G

000 ‘9 N| g0z 0°0c £°0z 9°02 9'61 L'Sg|L'81 9'81 8°81 0°61 681 6'1z| 052 91'2 €1°C 86°1 281 |6 [00°1g |9z 120 |0Lg
000 {56 RENIR/N 0SS 0RLE = 006S il F e8GR e T [ eI S Zalior M6 Tea Bz sriiie Mg vz = a4 100761 |4 4 1697
000°6g] IN| %06 €05 86 €08 — 186|965 865 S0 865 — G'8| 8.C — Ly — 7 4 100°gl (# 4 |89g
00L I S A RS A e == OB s Bt G e e Ele = | AT A i o “ 10060 (# 4 |98
0gh ANUNHEPRS TS BEEY [ S eaT g pit ==l ol Cll Mo C G G ARC B0 O 7 N =S s/ O 7l B 2 R T S G T e = 4 100°00 (L # |99¢
0sy MNINBEGZHNS 08 RI0GH 908 R === = 6EHIG ez IGE L L IGT 66T =P ey G eRy s Go o S 4 100°1¢ |# 4 |69T
09 Sl liBd6rl 96RO 0E U RIoS S e/ alliEgRarilGhazil ong pre a7l = BT e g 7 O SRt s SR C/aTa B — 4 100°8T (# 4 %92
00Z ‘S S ORICIEE STER A RS S GO R B R O PR BT CER OB CRNTIRT ORI 0TS = i 678 (B O (RGNS e B e SR s 4 100°GI |# 4 189Z
000%ge|"F ENio g $i87 1096 :Gi6c — 189 ['6°8% 6% 8166 [6C — Gul 16100 =0 080 — S 4 100°gl (4 4 179g
000<ge|sENFO/G! /06 0586 g 6c -~ gH9gHoiRz i /er lpiEEa ge - = Mgzl iogaii R T o 4 10060 [# 4 |19
08y NS S S8 e R O S T — RGeS O R a i 6 CZ R RO 6 v e I G Ol RS C e O T 4 100°S0 (# 4 1092
00L WG Aot e i s e R (| st el B s U= || e T e B e = 4 100°€0 |# 4 |66C
0UOkEE REENIIEC H0SRBENGIGC I [RTS == H0R0gH Seccaiiicker S pecailciczl = gzt BTG as TR oE ez e £ = 4. 100°C0 9 # |8GC
00L NIRGE6EE 108 GHDE 19808 = 0G0 07 9k07 Sptgz gligzii—" H0s07 [l 6G0Ee s s i opiz A i i (610) S o 0 S s
0S¥ MNIBIEEE I GR6EMIBREAIE 0S8 SNBRIEH F6 R0z a0 907 G ROT N = SNG ) 7aIE sy SR Sl A Gis SR = 4. 100781 |# 4 (96T
00L INIEG RIS R GHOS N SRS SHIE W — I CROCRBITIC ORISR TS ORTST = H0R 67 I GoNGI S oo G s 4 0061 |6 “8ny 66
0s9 SIS A0 7206 P ATGIRBIGE 1 == N GEOGH 6 =Z G 8¢ 61 6566 1 856G — | /6 07| 06RO G/ O = 4 100°GT (# 4 13CT
000 e0 I NISTH0ENE IR ONGT N6 TE i R R GRZEH 60O EIE /o1E HORIG o — 56T [WOSREe e STl — == 4 100760 [# 4 666

B A(E A6 LREQE 6T SIBTRNG = G H0E == ST G NS SO e @ TR C G TR 1A S TR R 6 2 O T RN O SRORENEE S G OR (S T 4100760 [T 4 |ZGC
0¢¥ MINIRESTEERO ST /TGS Slic e == G e G GE O GE O CE 07 R IROGHN =z 0z S TG T = S ORI CHIS LR
007 ‘G HHRORCGEONT G PHOT G eI = AR E R R 6 o SR I Gl G0 S GG e I G [ CLa SR =R 9N — — |01 |00°GT |6 4B |0ST

T Ga61

S 00¥p 00Z5 00Ty 0Sp  SZp 0p | 007y o0z 00Ty 0Sy szp  Of 007 002z 00Ty 0Sp  Sip h Syt

U219 471 PUTM i

(quu) aanssaxd anodep

(D,) 2amjeraduw T,

(09s/wr) poads purpy

(ponunuop)

sanssaxd anodea pue ‘9injetadwa) ‘puIm Jo BIEP PIAIIS
P PUIM J PP 90



19

Takahashi: Micre-meteorological Observations and Studies over the Sea

(9:0) (+°0) (9°0)

|

000 ‘9 NI8T - T6T G616 16T L GE 0T w90k il T 058 €2 Bl 681 98T GG, R o b | | e e
| P D), (ORI (0i)

0009 NI g:61 1708 ¢ 0 605 602 1:95 .81 .68 G61 @6l 66l 178 AL SR o el W R o o
| (gr0) (00 (0°0)

— lwealizioe 470 $°0¢ L°0g 0716 179 £81 1760 @6l 176l &¢l6l 172 | S I 00 | L
f , | (0°0) (00) (0°0)

— |wred | 961 S'61 002 S°06 %°0¢ 1°92|€°1¢ ¥%1¢ 0°1¢ S°1¢ 9°1¢ 1°C¢C — — |& looog |« 4 |88z
| ” (00 (00 (00

=+ | unjes | @s0g 031C 931% 63C €3¢ L5t | v £AC F¢ 93¢ 640% 610 — = e leocer | @ W8z

4 | ((c1): (21) (2

009°C | M| Dieg 1702 GG B7G6 176¢ 956 |iLile 1316 63¢ S36 8716 8% == == a 100780 [# 4 |98%

B @0 €0 €0

000°¢ M SM 0735 L°IC 0T 87Cc L€ ©'9 |8’z 616 07Cc 8716 1°1 7CT | — = 4 loogE a4 87
, ” | (¢°0) (0°0) (0°0)

— |weo 661 661 070z 177 S¥ %92 |L'1C 8'1¢ 616 6°16 ¢ €770 | — — |4 |00°91 |# 4 |b8T
W | @0 (00 (00

e o¢laapes| £ LG SHE 088 8% ©i9% €T 6B 1:EE AT LT F:Te| — — g lenier e geE
| (¢0) (0°0) (00

= (| wyed | 0:g8 TE6 €06C %8¢ 67%% L9% |07 1°7CE 6716 878 676 ST —  — | leo#r |4 +# |z8%
(#0) (00 0

— | wuee | 6725 678¢ S7C S5 94T 6% | €:4T £4% €8T 07€C LT 880 — = |4 Jeo:sE [# 4 |18%
(g1) B 1)

009°G M| 6717 %1% SWC ©XT S8 SiT | 6512 8% 6ilg 6:I5 086 0:86 — — |4 |ooBl |4 4 |08

(¢1) (1) (3°1)
009 ‘G M 612 6% S%T 610 95T 897 | 6a¢ SHT 9:Ne 0B Tite @we ] 85t SSUL HEhL SISl G0CT i 60U (& 4 (646
@0 F0 (g0
e ol wreni| ‘gelz 05T 6617 858¢  Bild Li6T I 35HG. Ll 8°16 180G Go1T 6AIGY 1Ei0. Sha0. ghi0 BE:0 480 |4 |60:0L | 4 184G
(z0 (g0 (g0
009 Mi‘gear BT TiTT) 9500 T:S6 BT |08 606 600 GilE 9L0G GilT N%.ov m%.ov mm.ov 6V°0 L¥°0 |4 [00°60 |# 4 |LLG
Z:@) (0:c) (8.0
O00STIla SN[ g0 £:0%7 807 1% 8:06 £:6¢ | 880 16l 6:81 %61 G6I 6UIF MM_.NV mmo.mv Nﬁm.a Z8°1 gL'l |# (00780 |4 # |9l
8:1) () (g
0009 N| g1z ¢:0% ©:lc S:06 6i05 6:60 | Li8I 8:8I 76l 1:61 %161 0766 | S6l €8l 6931 8CT. SR |4 1000 |4 & GG
m (@) (ei0) (o)
000°9 | NI B—=t 8=l =10 %200 10z 1:9% | %81 6L 961 0500 76l [FiGe.| 8¢@ 606 96l 684 73l |# 00590 |4 4 |PAT

(L2) (€80 )
19°C €v°Cc 08T LI'G |# |00°00 |[L& # |6L8
| (58 (1) (0:5)
000‘0| N|g0z 661 661 00z S6I 962 |6°LI 08 88l 98 161 812 mm.mv w;v Mo.mv 98°1 89°1 |4 [00°€g |# 4 |[¢Lg
158) (6:2) (LiE
000°9| N|6'6I 00z 00 661 S0z 192|681 €8 6l 88 S8 1°7c| 0I'¢ €6°¢C 08¢ 65C L&'G |6 [007G2 (98 O |18

=
o
™
o
=)
]

ooo“mmmmZZ 46T 67 GLeE .m.@ 0108 T8 | Bkl Ll %81 “GiBI ©.6l

m Wy | 666l

(et 0075 00Zp 00Tp 0Sy  Sip 0p | 00vy o0z 00Tf seg 0 00 002y 00Ty 0Sp  Sipm i i _ gL
yoiof _ PUIM (qu) aanssoxd anodep (D,) ermyerodwa g, (09s/w) paads purpy .

(panunuop) oanssaad unodea pue 9injesoduwl PuIM Jo BIEP PIAIISGQ)



Mem. Fac. Fish. Kagoshima Univ. Vol. 6,

(=]
N

eIl
691
Pkl
9°LI
¢8I
LLT
0°61
0°0g
6°1%
0°1%

G'Ce
G'1g
981
8°LI1
6°L1
§°LI
£:91
[°8I
LEAT
LT

ochN

L9l
[T
G LT
8°LI
¢8I
8°LI
9°8I1
[°02
9°1%
0°I%

1722
8°1¢C
681
64T
081
L°LT
VAl
£ 81
G 81
LdT

ccnrN

891
LI
GOLT
8°LI
¥ 81
98I
¢ 6l
¢ 02
1722
¢'1c

22
6°1%
681
& 81
G 81
681
8°L1
G 81
98I
8°L1

cmrN

gLl
8°L1
8°LI
081
98l
G 6l
66l
802
[°0%
9°1¢

¢°'1T
122
G'Ie
[
L°12
6°12
812
0°cc
122

1722

Sh°L
(298

(80
(€°0)
(80
(1°2)
(0°¢)
(02
(0°¢)
@2
(9°1)

-0
@
(8-0)
(00
(8°0)
(02
(82
6°1)
(8°2)
(©°2)
*1)

(572)

LG
(z°¢)
¢z ¢
(%)
9%
(#°2)
8%
(69
00°L
(6°9)
08°6
(6°¢)
£0°9
(z9)
C7iG
(0°9)
€0°6
(£°9)
08°9
(0°9)
80°9
&1

(L0
(0°0)
(80
(81
(92
(240
(9°%)
6°1)
(€1

82°C
G0°¢
68T
0%
$6°9
67 'S
£9°G
£€8°%
L9°%
0z °9
(AN

G2
+8°C
£1°C
60°C
069
81°G
1¢°6
9%
0% %
09°¢
96 %

I

I

00v n

00z

00T p

0Sp

Sin

0009 NITSHT DSGI 6°F1 (GG %91 LT |1 801
0009 N| 66T 6°61 0°91 €°9T €°LI 1°9¢ | 891
000°9 NI 791 69T 8191 (0°/I S/ [34¢ [ SLT
0009 Nl 291 991 9°91 9°91 0°LT L°%C | 8°LI
000°9 N| 9t £°91 991 181 I'61 %°GC |¢C'8l
0009 N| #°41 68T ¢6l 061 %0z LG5 | T8l
0009 NIF€S4T 9&8L. T8I Q86T 051G 9:9¢ | 84
000 ‘9 Ni1°81 681 181 981 0°1Z 6°G¢ | 1702
00¢ ‘% IMNN| 8°L1 %'61 '8 €07 S%C 1°9%|6°1%
000°9 NI 861 €12 L°Iz 616 €66 193 | 808
0009 NI G g = = m L [ROENIES 04
000°¢e| TS| 0 8°CC 0°S6 0°SC £°€C 6°G% | €708
000°¢¢| A S| S°GC 'S T'EC 9°€T $FE L'ST | §°I¢

— |wWed | 9°61 ¢°06 0°0z €06 8°0c 9°6g | 9°8I
000°IT| AN| 6°8I g6l S6I 86 1708 L°SE|LLI
000°‘65)ANN| ¢°61 G'61 €61 L6 003 9°G% | 6°LI
000°¢ | MN| £L'8T %61 105 0°0Z2 005 9°G3 | ¥"LI
000°¢ | MN| 6°LT %81 6°81 061 007 9°63 | 0°LI
000°¢ | MN| T°81 %81 681 ['6I 00z %6 | 0°8I
000°¢ | MN| 9°81 €61 €61 %61 9°0z 9°6z | I8l
000°9 N[ 681 66T L6L G068 018 £4°G& | Ll
\Ac!b s J::G 0025 00Ty 08y  SZp 0 | 007
Uo33q | PUIM

(qur) aanssaad mnodep

(D,) 2amieroduwa g,

(09s/ux) poads puipp

00°00 0§
00°6g 4
00723 | i
00°1g | #
0003 | #
00761 | #
00°81  «
00°L1 | #
00°91 |«
00°GI |«
00 6T
00°60 | #
00°80 i
00°L0 | #
00°90 | #
00°60 | #
00°%0 | #
00°€0 | 4
00°20 | #
00°10 | 4

0000
w g

owir,

=~

U

U

]

i

]

U

U

(483
11g
01¢
608
80%
L0%
90%
608
08
608
208
106
008
66¢
867
L6T
96¢
G60
63
660
765

(panuniuop) aanssoad anodea pue ‘9rnjerodwa) ‘puim Jo BIEp PaAIasq()



21

Takahashi: Micro-meteorological Observations and Studies over the Sea

¢en &N G T | _
MNN| 8%1 8%l 8%l §°GI €61 9°G3 | 0%l T% T S¥I L¥I 8°IC MM:v WIV miv 0Z°1 80°1 |4 (00°0% |# 4 |gg8
i DY ) A i ,
MN| 561 861 GG LS €91 6°G¢|6'%] I1°GI %Gl T'SI 6°G1 0733 mn._v mm.f m_ .f 01 L6°0 |4 [00°61 [# 4 |ggg
T T 0k f
N| 691 691 9°91 69l £°91 1°63|9°91 €91 %91 991 8'91 12z | OS'I ¢c'I €0'T %60 S8'0 |# |00°8I |# # |1gg
(1) (G1) (870
N &2 &=t =31 =1 b= 65819l =i =i =1 o= 0°ge | €9°T  0%°L 960 £8:°0 €8°0 |4 lopsAL e S logg
(e, @1, (070
N| 891 891 0°Z1 881 %'61 9°GZ |68 681 88 L8 0°61 8I¢| 91 S&'T OI'T %01 S6°0 |[# |00°LLI |4 # |62¢

gl =1 = = =1 = 668|008 —: ! —( —, 07&| 05T $6°T GZN LL'L §L'T, |4 |opoL. |4 "« |gzg

S| 09l ¢91 O°LT [£°LT €81 ¢°9¢ |€'0c 1°0c €0 €0 S°0¢ ¢T'C¢ wm.f mm.ﬁv WNAV GI'lL 00°1T |4 |00°91 |# & |LTG
6. 1) & L) (G
MS S| 96T $91 S9I L°9T 0°81 L°9¢2|1°0¢ 002 #06 .02 %°'Ig G°Cc| L6°1 ¢TL'T L¥P'l 86’1 GZ'l |L |[00°GT |I °AON me

MN| G661 G641 0°8l 1°81 9°81 ¥%°6¢ |68 %81 S8 1°61 961 L'Ig| 899 SI1°9 0OL'G I¥'S @l'G¢ |4 |00°Cl [# & GZg

MNPl = UeSf B) Eal 0S| 48T Hail 6 il Sal Sl RIE 680 F0EGCGECE 081G ARG i ISR AT 1 k7S
(6°2) (89) (09
MN| %91 241 T°LT 1°41 6°81 8% |98l €81 L8l %8 G661 §'1Z| 0S°L €9°9 98°G GS°'S %2°S |# |[00°1I [# 4 |gT8
(8%) (8¢) (9°¢)
MN| 091 %41 891 691 0702 L°Gg|9°L1 G'81 88l 06l €61 6°1Z2| IL¥% 86°¢ ¢9°'¢c 0S¢ 0¢°¢ |# (0070 |# 4 |ggg
(#-¢) (83 (970
MN| L% L% ©ST ¢'91 8°L1 6°Gz | 081 '8 78l 08l '8 0°G3 m«.mv wo.mv MM.V.NV 0S'G L&'¢ |# |00°60 |# 4 [1g8
5% @ Wz ,
TRIN| GoRl NG 8iGL ‘09T /=8I A5GE | ST RSAT AT LT 08T 631% | SSTe ShG 066, L6°1.168°T [ 00:g0 W 4 026
; €9 @9 67 ‘
WUNI| 0561 @:GT LiST  1:91 G:AL 19562 | 9341 “4o4T 8341 0581 (8T 81T MN.mv ww.mv ﬂm.mv 08¢ GS°G |# |00°L0 |4 4 |61g
1¢) (63 (LT
AN T:61 0i6T B 91 'S8l L:6¢ | B4l G €L Bl 84T 6717 wo.mv mm.w w@.w 6v°C Lg'C |4 (00790 |# 4 |8Ig
1'%) (6°¢) (9°¢
N| 0361 Z:C1 BIGI 79T G:I 9362 [Z:91 %91 9°9T O°LI G4 8°1% m:v mw.mv m%.mv 8v°'¢ FI°¢ |4 |00°60 |4 4 |LIg
851 () (@ T u
MN| 6°%1 g°61 8°S1 £°91 %L1 L°GZ|6°GT %91 6°91 I°LI 6°Ll 6°1% mfv M:v m%._v 291 9F°1 |4 |00°%0 |# 4 |9Ig
171 (8:°0) (0T ﬂ
MINIFOEPIC " ipl LGBl 66T OFAL LEERINORAT T AT EiL Sl LAl 65T ﬁmo.w mﬁo.a wo.f G8°0 06°0 |# (00°¢0 |4 4 [GIg
G¢) (g¢) (I¢ ,
NI %&T 8:%1 8%l 08I GOl LiGE (8501 0L Q#l HAl o4 613 mn.mv mm.mv mo.mv ¥6'C GL°C |4 |00°G0 |# 4 m:m
G¢) (g (I¢
N| ¢l S¢1 6°61 0%l €61 9°62 | %9l %91 691 %L1 9°LI 8'1¢| G§'¢ 8I'C G0°'¢ €8°C 89 |6 |00°10 |08 PO wm;
w Y | GG6[

00¥p 0025 00Tp 0% S5 0y 007y 00zy 00Ty 08y s&p  Of 00V 00zp 00Ty 0Sp  SZp

< g |ounp | oeq |oN
(D,) @anjeroduwo (09s/w) poads purpy ;

(ponunuop) ainssaxd odea pue Drnjerndwd) ‘puim Jo erep paalosqQ)



Mem. Fac. Fish. Kagoshima Univ. Vol. 6,

/I

"

h

i

I

19 (L) (7€)

009 ‘0T Qi eI C hRIG 61ZS /58S 8BS |8 i6AIN/S6T /65 G I6G |9 16018580 m_ .J mm.mv mm.w 8z°¢ G0°¢ |# |00°91
0=e)n (65D (67T

000°6Z|T S S| 908 9708 S0 L0g 1°1¢ S'66|6°06 6°08 L0 ¥0 0705 T°68 wo.mv *mm.w mw.a ¢L°T #9°1 |6 [00°GI
¢'¢) (8% (B¢

0L1 Ml 021 66T z'91 0°81 S°81 1°9%|L'61 6°6I €05 L°0c 1°1c 1°CC| Sp'€ 88T €672 96T £9°T |# 00T
(g (1¢) (972

0LT M| 091 z'9l H'S€T 0°91 1741 %93 |S61 L6l 1°0c £0c %02 G766 | €96 GL'€ 897 GLc 8°[ |4 |00°FI
; " (g9 (L) (1°€)

0LT M[{9°1 T°91 8°91 L°91 281 1°9% |0z S0z ¢0Z 10z 90 178 NAN.J m%.mv mw.mv 09°C ¥6°¢ |# [00°€l
, %) (072 (91

00% N| €91 G661 %91 69 88l “.miv.: TAT GoAT 98T 9561 6:16 | G560 0851 0SCLN LAl 840" |4 60 El
(g0 (61 (1)

091 |MNN| g6l 8% #%'SI L9 98I m.me:: 681 €61 S'61 861 9°1% wm.a ﬁwm._v mo.w 98°0 SH°0 |# |00°1I
075 &) (T

05T MN 95ET B:6I 9°6I Z:91 9Ll HSE | 6#I 6] 6341 6°L1 @8I G IC wm.w wm.f mm.f €6°0 08°0 |# |00°01
L) (9nn) (G

091 |MNN|0'ST %61 8'61 %91 %I €°6g|¢91 9°91 1Ll €°L1 08l 971g| %671 891 Ly 6071 00T |4 00 "60
(951): @) (G

06T MN| 1% %0 L% 2SI €91 %62 |0% %% 9% 6% 86l L'16| ©L1 05T SI'T 90°1 I0°T |# 0080
&8 (0 (1)

05T MINIEST 20T fel Capl SOl WiaET | Giel 66l SHC[ g Sl 6 HINGT Mm.mv M:.Nv ww.w 0S°I I¥'1 |4 |00°LO
6°1) (G1) (I°1

6ot & lwaem 9721 231 O:er g8l ST OSE | &1 BUhL 9 @@l B88L #E | ORI ekl SIU gld €0d 4 00 "0
(GHD) eam gl

gor-C Imnem] 9521 £:21 ©'¢l 6:BL 06T TG |sAI ¥ 61 4@l FEl S8 0l¢ /S g6 OIT. Q071 |4 007D
973 B2 61D

0T |MNM| 0@l #gl 6781 €1 0°SI €°6Z |80l I'1I 911 7l %€l 9°I¢ w@.mv m%.w ﬂm.w 06°1 9L°T [« |00°H0
. Gea) (s 6T

051 MINITGETT Zogl #oel |8:gl Gigl 066% (/501 9501 ORI galls 8EITH e m%.N mo.mv m:v G ] gLl |4 100780
¢g) (0@ (L1

0ST1 MN| 6°11 2zl 872 '€l 0% €6 |90l 80l €11 811 Sl 91z | 667 00§ 091 09T Ly'I |# 1000
02 1) O

061 MN| e:z1 91 271 zEr 8:81 €:6% | ¢ I 0L 8l 9@l 9108 | Gl'c S8 GSI APl gl 4 100710
@) o) (%)

0ot |MNM|Gizl 9561 681 0:6T 88l $isd | Gad S0 &l 8ill kel 9E w@.wv wm.mv mo.mv $L°1 OL°1 |# [00°00
9l (1) (@l

0ST MN| 271 £z zgl S°gl 8°€l 1:6% | %I %1 911 611 $gl §°1g| @LT 051 €Il OI'T 860 |# [00°€6C
() (02 71

051 MINI|ieseT 36T 8l BT Gkl $390 | F@l Sl Sl 8l (sl 911G mm.mv N%.J wfv Gh'l 961 |# (00732
I G )G

051 MINILBEGT 6581 2T GBI @ISl §:8C | 9@l 6781 06T %igl 661 o._j Sl R SR s G L A g

w q

| 00¥5 002z 00iy 08y S 0o 1ccq~u ceNk. :oﬁN cmrm mmrm crN 00¥v 00Z ¢ 00L ¢ 0Sn Sin 7
() e s : g .Hm,uc.:rﬁ
40191 | PUIM g

(qu) suanssoxd anodep

(panunuop))

(D,) 2ameraduwa g, (09s/w) paads puipy

arnssaxd anodea pue *oanieloduio) ‘puIm Jo BIEP PIAISS
P PUIMf PP q0

i

Ig “8ny

9661

"

I
U

"

i

419
666
1499
168
0S¢
676
816
L¥E
9t¢
929
1413
1329
1429
629
0v6
666
866
IA%S
966
GE8




23

Takahashi: Micro-meteorological Observations and Studies over the Sea

00§ ‘S Wémm 9'8z €62 0°0¢ %06 1°1¢ [°1%|9'1¢ €°1¢ 0°1€ 8°0¢ 9°0¢ 867 me m #v m wv SO0’ 86°0 |# |00°€l _: i 6L
006 ‘¢ _ MS|8'97 8'9¢ €°LG ¥°LT 9°LC 6'6% | L°6C 9°6C 9'65 G606 S'65 €68 mw wv Mm mv MW mv 09°0 S6°0 |4 l00'gl |4 4 |pLg
00£°C M S S| ¢87 €86 €8 G'8 68 €'65 |58 G°8 68 9'8% L'8C 0°6% mw wv % % % mv ¥9°0 29°0 |# |00°II |# 4 16l%
ooonmm“ q m.., 98 65 8'6C £0¢ 1°C6 %8¢ |0°8% 0°8C %'8C ¢'8C £'8C 9787 %m“v Wwwv mwwv IT°1 S0°T |# |60°O1 |# 4 (LS
000°TT| " AN| 766 976¢ 'L°66 L°6C8 %708 L°LG |97l L°¢ 67LT 0°8¢ 1°8C €8¢ mm wv mmm wv *Mm mv 99°0 09°0 |4 |00°60 |# 4 |ILE
000°11| AN|96C 1°05 €705 S°06 T1°1€ 8°98 | 07L& 0°LZ 0°LT 1°L8 ¥%'LE 6°LT %M mv M“ mV Mm Mv 6L°C €9°C |4# |00°80 [# 4 0LE
005y /MNIN| ¢°87 S°8C L°8C T'66 S°06 $°9¢| €92 €'9C $9¢ %9 L'9C L°LC Mw mv MM wv Mm wv 80°c 86°1 |4 100°L0 |# 4 698
000 ‘g MN| 1°85 062 L'66 1°05 0°1€ %9 | 8%c 6'%¢ 0°6¢ 1°6¢ G'G¢ L°LT %w mv .MV Mv Mm ww L9°c 95°¢ |4 100790 ﬁ.\ 4 189¢
0009 | N| 8°8c €62 L'66 666 ¢05 9'9¢ | ¥4 S%6 9% L'¥C 6% 8°LT Mw mv mmw mv mmm m "gl°g 86°C |4 |00°SO la L9¢
000 ‘9 N| 96z ¢'6¢ L66 C0¢ 0°1¢ %'9¢ | L% 8% 6°%¢ 0°SC ¢'Sc L'LT Mm mv MMM m %M w 01 96°1 [« [B0ip0 [ 4 1998
000°9 N| €8 98 66 860 665 896 |8%c 8'%C 6%¢ C'Sc L'SC 6°LT m mv Mw mv mmm mv I8¢ 09°C |# |00°€0 [# & |G9g
0009 N| 98z 06c 766 L'6¢ 105 8°9¢|8°%¢ 6%¢ 6% 0°SC 8'Gc 6°Lg %m mv mw Mv Mw MV Gl'¢ 86°C |# 1007C0 |4 4 |9
009 T 7 M| £'6c 105 666 S'60 Y08 €°L&| LG 66 0°9¢ €°9¢ 6°9¢ 1°8¢ WM mw mmww ﬁmm Mw 16°0 06°0 [# 0010 |# & (9%
009 ‘g ; M| '8 %86 68 %'6¢ Y08 LLE|1°9¢ %92 €°9¢ S'9% 6°9¢ €°8C NAM“T mm“v ﬁmmwv €6°0 ¥8°0 |# 00700 |I "ddg [79¢
000°¢ | MN| 6'9¢ 8°9¢ ¥'Lc 1°L6 S°LG G°LE|T'9¢ %'°C S'9¢ 99 L'9% T8 MMT wm“v mw T 0T 00°1T |4 loo°¢g |4 # |19¢
006y MNN| £°/g L°LZ T'8C %'8C L'8C L°L¢|8°9z 8°9c 8°9% 6°9¢ T'LT €'8C 9l e ”J mﬁw#v ¥e°'1 9I°1 |4 100°Gg (# 4 |09
0009 N| %62 ¥%¢ L'vC 1°SC 0°LC L°LS | 0°Lc 1°L 0°L% 1°L¢ 1°Lc $°8C Mm Mv MW# €¢ ”J Lg°l 68°1 |# 00°1¢ |# 4 |6SS
000°G |*/ MNIl 6it/T 19/ 19T LT 6746 (LAS)| 6198 047 ©LT 'GiLT 6T €8T MM mv Mm. mv mm M ¥6°l 68°1 |# |00°0C |# 4 [8GE
000°¢ | MN| G'67 9'6¢ 8'6C 665 S8 L'LS|S°Le ¥°Le ¥°LT L'LT 0°'8C £°8C %m Mv % wv *Mm mv €9°C 86°C |# 00761 |# 4 |LSG
006°c MS S| 61§ 8°'1¢ 9°3¢ L'CE €'€6 G'/L§ |88 L'8% 9'8C 9'8C S'8C T8¢ %m m.v mm mv %w MV I8¢ G9°¢ (4 |00°8l |4 4 |9G¢
009 ‘01 S| L0g ©°I¢ G°IE €1 %1€ 6°LE | L6 9°6C 9°6C G'6C $'6T ¥°8C mmm .wv mm Mv Mm .mv Gg'¢ 80°¢ |6 omh.\.h ;mw.wmwﬂ GGS

o e R el G el R LR P e e R e v SRl Bl L L iR aolsmry | s | soN
U2d | PHIM (quu) aunssoaxd anodep (D,) 2amyeraduwa , (09s/wr) paads purpy $

(ponur;uop) aunssord anodea pue ‘ainjerodwd) ‘puIM JO BIEp PIAIISGQO



<
(=]

Mem. Fac. Fish. Kagoshima Univ. Vol. 6,

: : ! 1) (970 (00
000STT] - TNIEAE8T L/565 50508 96T = = 6145 | N0 S6GRIE650 (65 6180 BNIZ mw.ov 84°0 €L°0 1L°0 99°0 |[# o001 |« & |ogg
0°1
000°6Z|ANN| 282 L6 0°05 8'6% €05 G'LS|L'8C L8 9'8 68 %85 783 _&._v Mmo.a wm.ov 88°0 $8°0 |« [0060 |# 4 |cgg
1) 91 Gl
000‘¢ | MN| 262 005 005 206 G085 9°9¢|6°Lc 6L 6°L% 6°Lt 6°LT 8°LT mm.w MM@.J m%.w 0S°T 98°1 |# |00°80 |# & |p6g
0% (8¢) (9°¢
00 [MNN| 96z 662 L°08 T1°1§ ¥%°1§ 95 |9°92 $°9¢ 696 L'9% 69 9°LT mm.mv mw.mv wm.mv ¥6'¢ LI'€ |4 [00°L0 |4 & |gge
rg) (G¢) (0°¢
008y IMNN| 00¢ #0¢ 1§ L°05 C'I§ ©'9¢|C'Sc %S¢ %'ST L'Sc 0°9% 9°Lg —  — |a looro |4 4 |zgg
)y (v (@)
0009 N| +06 005 9705 8°05 0°1¢ ¢'9¢|¥'Sc 96 G'ST 965 L°Sc 9°LT — — |u looco |4 4 |igg
(¢2) (13 (0°3)
005y IMNN| 1°0¢ 08 606 605 ¥1¢ 095 | +°Se G6°6Z 9°G5 L'Sc 8°Gc §°Lg b bl —  — |u looto|s 4 |osg
g (¢ (Ig
00¢‘% IMNN| +056 05 605 605 605 8°G8|L'Sc L°GZ 8'Sc 8°Gc 8°Gc ¥'LT Bialag — — |u loogo|# 4 |ggg
8°1) (£'1) (91
000°s | MN| $08 %0¢ 6°05 11§ £°1¢ 9'9¢ | 8°Gc LS 8°Sc 6°Sc 8°9¢ 8°L% e e —  — |u loogo|a  |ggg
¢ (g1 @1
008°C IMNM| 9°0¢ €°1¢ 608 LI G626 %°9¢|6°6c 09¢ 1°92 1°9¢ 1°9¢ L°L —  — |a lgo10|# @ |rgg
(9°1) (1) (5°1)
0009 N| €62 9'66 1°0% L°08 €718 995|692 ¢9c 992 892 04 8.3 =0 =0 % |eoreel|@ a2 98g
(82 (93 (973)
000°9 N/l g8 9°08 8708 $7U8 8718 998 | 146 04E 146 T°le Vis 8.6 — 0 —a ' looked|ie i logg
(@¢) (0°g) (672)
000°Gg|T S S| 05 9°0¢ 8°0¢ 808 80¢ 8°9¢ | L°LG 8°LG 8°L% 8°LE 8°LT 6°LC =8 Gt | loorzel|a a4 [H8g
#6) (G5 (09
000“Gg|d S SI| ci0g 9:0% O0°I5 9UIS e &4 | 8= 8u% 6546 8Lt L°Le 686 — ¢ —o |u loorre e w  |ege
(G2 (89 (-9
009 ‘0T Siffgrost 0le Gas Fie B8 ell6 G 654G 6ie 6hle %688 —  — |u ooz |4 a4 |z8¢
g (16) (¢8) (s°L)
609 ‘0T S| 9:0¢ z°1¢ 0°1¢ 0°1% 0% 0:4% |18 08 08 08 08 082 ==& =4 |« |eoyen |4 4 [[8g
06 (€% @)
009 ‘01 S| g1 91§ %°1¢ 07CE €65 8°9% |98 98 S8 %8 £°8 6°LC wo.mv m%.w wd ¢0v I1L°¢ |4 |00°8I |4 4 |08%
$°9) (86) (66
000°GZ|T'S' S| 656 GG LGe LGS 8°C¢ 9795 |88 88 918 68 %8 8°LC mf@v w;v mm.mv 9°S 96'% |# |00°L1 |4 i  i6LS
1'%) (L¢) (6°¢
00S°s | MS|Gcgg €66 ¥°¢6 0% ¢%¢ G'LE | $'6C £6C G'6C 1'6Z 0°6 G 8% wo.vv w;v Mww.mv 10°¢ ¥8°¢ |% |00°91 |# 4 |8L%
9°¢) (z'¢) (67
005G [MS S| 835 8¢ 676 1°66 C'¢6 8°8¢ | L6 L'65 G656 965 ¥%'6C 8°8C N%.mv wm.w mw.wv 0L G5° |4 |00°GI |# 4 |LLS
, 67 (9% (6%
008G IMS S| 11§ %°1§ L°1§ L°1§ 8'l¢ N.o:m.om G'0g G058 G05 €05 ¥6C| L6°C S9°C €6 Lg% 91°% |6 |00°%l |1 1d3S 9/g
w g | 9661 |
( . 00Fp 00z 001y 0S5y $79 05 N_E:FN 00z 00Ty 0Sp sz oL 00Fpp 00Zp 00Ipp 0SSy Sin .
w 213 | s s v v
LEV%E%) g |owrL | 9@ | 'ON

(quu) aanssaad inodep

(D,) sanyerodway,

(o9s/w) poads purpy

(ponunuop)

aanssoxd anodea pue ‘9injerodwoal ‘puim Jo BIEP PaAIISqQ



Micro-meteorological Observations and Studies over the Sea
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Observed data of wave elements (Continued)

No. | Length | Height | Period Remark No. | Length | Height | Period Remark
(cm) (cm) (sec) (cm) (cm) (sec)
59 14 2 0.39 180, 32 2 0.41
60| 125 10 1l 4153 181 25 3 0. 38
61 105 7 0.94 182/°-32 4 0. 45
62| 88 5 0.75 1838 86,5 0.5 0. 26
63 74 6 0.61 184| 43 3 0. 55
64| 120 6 1.00 185 49 3 0.61
65 61 5 0.65 186/ 40 5 0.52
66]5= 31 4 0. 46 187 20 4 0. 40
67, 12 3 0.38 188 55 7 0.65
68 18 2 0.39 189 33 4 0.45
84| 155 12 1. 30 190/ 36 5 0.45
85IEE 39 S 0. 49 191) 18 2 0.39
86| 46 6 0. 58 192| 11 1 0. 32
87| 27 4 0. 45 193 24 3 0.39
88 22 3 0.43 22310 10 0 0 no wave
89 64 8 0.70 224 14 2 0.35
90| 36 4 0.61 225(5 40 0 0 no wave
91 0 0 0 no wave 228 — = == whitecaps
92 655 1 0. 30 230/ 30 6 0.43
108 55 6 0.61 231| 120 15 1. 28
108 9.1 1 0.27 232| 480 55 2.14 whitecaps
1101= 12 1 0.32 277 1.0 0 0 no wave
1 11[EES39 2 0.48 278 0 0 0 no wave
11215257 3 0.63 279|887.16 0.5 0. 26
113 28 3 0.41 2801723 0.5 0.29
EL) 1 0.41 281 O 0 0 no wave
13115597 3 0. 39 302 — — — whitecaps
132(~ 33 3 0. 46 303| 360 30 1.82 whitecaps
133 32 3 0.53 304/ 280 25 1.67 whitecaps
134| 40 4 0. 55 305 — — — whitecaps
135( 41 3 0. 54 306 — — — whitecaps
136] 30 2 0.49 321| 120 17 0. 94
137 36 2 0.47 322| 175 32 1. 50 whitecaps
138 43 3 0.62 323| 360 40 1. 50 whitecaps
155{ 55 6 0. 60 324| 430 55 2.00 whitecaps
156| 43 4 0. 60 325/ 360 24 1. 30 whitecaps
157 30 1 0.53 326| 15 1 0.31
158 38 4 0.43 327 S5 1 0.32
153[Fg] 3 0.48 328 10 1 0. 32
160 0 0 0 no wave 330, 8.0 1 0. 30
161 18 2 0.41 344|718 6 0.31
162 0 0 0 no wave 345/ 4.5 0.5 0. 26
163 12 1 | 0.38 346 10 0.5 | 0.29
179 14 1 0.39 34:7( =702 0.5 0. 26
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Observed data of wave elements (Continued)

27

No. | Length | Height | Period Remark No. | Length | Height | Period Remark
(cm) (cm) (sec) (cm) (cm) (sec)
348 0 0 0 no wave 376/ 61 6 0.83
349 0 0 0 no wave 377 43 7 0.65
350425 4 0.39 378| 38 6 0.43
351 35 3 0.38 379 — — — whitecaps
352 38 3 0. 42 395" 8.8 0.5 0.31
354/ 110 8 1.09 396 0 0 0 no wave
355 180 9 1. 40 397|™ "'8.3 1 0. 32
370/ %50 6 0.68 398 0 0 0 no wave
371 0 0 0 no wave 399 0 0 0 no wave
372 9.2 1 0.27 400, 5.8 0.5 0:129
373 0 0 0 no wave 401| 400 21 1.94 whitecaps
374 0 0 0 no wave 402| 530 23 2.07 whitecaps
375 952 1 0.29
Observed data of evaporation
Evaporation from Evaporation from
Date Time (mm/6 hours) Date Time (mm/6 hours)
(om0 e surface| pan on deck (zenie) sea surface| pan on deck
Dec. 23, 1953 05—115 1.12 1. 50 Dec. 20, 1954 1%—211x 1. 35 0.45
024, n 09-15 1.48 0. 55 U Moy 21-03 1.08 0. 40
12850 Y 09-15 0.67 0.47 v 21, 03-09 1.85 0. 52
Jan. 6, 1954| 09-15 1.82 0. 60 TP ey 3\ V 09-15 1.70 1.83
ST 09-15 1235 1210 Tt MG 15-21 1.90 0. 50
e B 09-15 1. 60 0. 58 RS2 21-03 3.80 0. 10
no 14, u 09-15 0.175 0.70 new220 S 03-09 1.63 0.12
Dec: 155 15-21 1.13 0. 55 eSS 09-15 0.83 1. 40
Teis ) 21-03 1.00 0. 16 April26, 1955 09-15 0.51 0.65
v 16, n 03-09 0.75 0. 10 U Iy LS 15-21 0. 16 0225
s 09-15 0.82 0.43 [T 21-03 0.25 0. 10
Uiy 17T 09-15 1. 10 1.28 w2 03-09 0.27 0.48
el 15-21 1592 0. 44 no 28, n 21-03 0.33 0.12
JESTIS ) 21-03 1. 44 0.12 29, 03-09 0. 21 0. 52
e 18y 03-09 3405 0.23 0 sl 09-15 0. 40 0. 84
TF D ) 09-15 1. 26 1217 ey ) 21-03 0. 34 0. 15
o Uy 15-21 1571 0. 20 May 1, » 15-21 0. 20 0./31
E LTyl 21-03 1. 85 0.11 gl il 21-03 0. 18 0. 10
19 03-09 1. 38 0. 10 e A 03-09 0. 20 0.62
0. e W 09-15 1. 30 1. 30 e e 15-21 0.15 0.25
0 g I 15-21 1. 67 0. 28 (L 21-03 0.31 0.10
st 21-03 0.:55 0.05 95 03-09 0.45 0.68
122055 03-09 1.65 0:517 e e 09-15 0.19 1.25
) 09-15 1.5 1313 S =il 15-21 0. 68 0. 95
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Observed data of evaporation (Continued)

Evaporation from Evaporation from
Date Time (mm /6 hours) Date Time (mm /6 hours)
(from-to) ((from-to)
sea surfacejpan on deck [ sea surface pan on deck
May 9, 1955 21-03 [ 0.30 0.13 Oct. 29, 1955 13-21 | 1.30 0. 74
n 10, « | 03-09 0.22 0. 50 i s 21-03 1. 56 0.31
GO T 09-15 0. 30 0.85 n 30, u 03-09 1.27 0. 26
Aug. 5, # 15-21 0.33 J532 R ) 1. 06 1. 34
1R 21-03 0.85 0.27 Nov. 1, »# 15-21 0.73 0.60
6 03-09 1. 06 0. 55 0E =iy 21-03 1. 24 0.05
G g 09-15 0.77 3.74 T/t 2 S 03-09 1.61 0.10
Y 15-21 0. 30 1.08 ks 09-15 15 85 2.20
T s 21-03 0.45 0.55 Aug.31, 1956 15-21 0. 40 2517,
ST ) 09-15 0.95 3.86 Ui S lIE e 21-03 1. 05 0533
Oct. 26, # 21-03 1525 0. 50 Sepil 03-09 1. 40 0. 54
IS 03-09 1. 16 0.68 Yoyl 09-15 1:72 3.56
s 09-15 0. 80 2.103 W B 15-21 0.83 2.00
B il 15-21 1572 0. 35 W g il 21-03 0. 80 0.28
Wl il 21-03 1. 80 0. 53 i 03-09 0.92 0.35
EeiAey e p 03-09 1. 10 * 0,25 Wit IR ) 09-15 1521 2.88
Y29 8y 09-15 0.85 0292
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Part IT Wind Profiles over the Sea not far apart from Land

1. Historical Note.

Wind observations at several levels up ot a few meters over the sea were made
by G. Wiist? for the first time. Analysing these Wiist’s data, W. Shoulejkin’s, and
R. B. Montgomery’s, C. G. Rossby® concluded that the wind profile for light wind
over the sea obeys the well-known Karman’s formula,

o | 1wz

u*—5.5 +ko In o (1)
of hydrodynamically smooth flow; and that for moderate or strong wind a layer ob-
eying Karman’s formula (1) exsists below a layer obeying Prandtle’s formula,

u 1 i

B In jont (2)
of hydrodynamically rough flow and the boundary of these two layers is ca Im in
height. In the preceeding equations, u is wind speed (cm/sec) at zcm upwards from

the sea surface, u,, is friction velocity and is 1/%’ (To shearing stress, p density of

air), ko is Karman’s constant of ca 0.4, v kinematic molecular viscosity, and zo rough-
ness parameter, which is equal to ca 0.6cm according to Rossby.

H. Bruch”, using his own observations in the layer below 225cm, showed that
the two layers, pointed out by Rossby, exsist and the boundary between them is 64cm
in height indepsndent of wind spsed. H. U. Roll” pointed out the effect of moving
mast on Wiist’s data and manifested that wind profile over the sea obeys equation (1)
of hydrodynamically smooth flow, according to his own observations in the layer
below 200cm level made with instruments mounted to a pole fixed to the sea floor.

On the other hand, F. Model,” reanalysing Bruch’s data, showed that wind profile
can be considered to obey equation (2) of hydrodynamically rough flow and zp=0.03-
0.06cm independent of wind speed. E. L. Deacon,” basing on N. Johnson’s data, also
stated that wind profile obeys equation (2) and zy=0.02-0.04cm. J. S. Hay,® accord-
ing to his own observations, suggested that wind profile within 50-800cm above the
sea surface obeys equation (2) and z, increases with wind speed (0.02-0.25cm). He
added some discussions concerning effects of stability on wind profile.

2. Wind Profiles undér Neutral Condition of Stability.

The discussions reviewed in the preceeding section are based on the aerodynamical
analogy. Therefore, such wind profiles are picked up here that they can be considered
to be almost free from any influence of stability condition. This condition of nearly
neutral equilibrium of stability is dzfinsd here as the temperature difference (7400 —
To) of —0.5~ 40.5°C (inclusive of both limits).

In the present observations, made at Kagoshima Bay, air flow arriving at observ-
ing points after having passed over land area is observed. It is well-known that wind
profile over land obeys equation (2) of hydrodynamically rough flow. Accordingly,
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when air flow with this character over land area sweeps over the sea of hydrody-
namically smooth surface, it is expected that a lower layer forms into obeying equa-
tion (1) and that the thickness of this layer increases with progressive time. -

To confirm these expectations, observed data must be classified into some groups
according to progressive time. The author defines the progressive time (¢) as the ratio

of fetch (f) and wind speed at 400 cm level (u400), i.e. #(sec) = %, where fetch ( f)
4
is defined as windward straight distance from a observing point to the coast.

Observed data belonging to this category of neutral condition of stability are classi-
fied into three groups according to progressive time as follows:

(i) £< 600 sec, - (ii) 600 <¢< 3,000 sec, (iii) 3,000 sec<t.

The mean values for each group will be discussed, because more reliable conclusion
will be derived from mean profile than from individual ones. The mean wind pro-
files for each group under neutral condition of stability are as follows.

Mean wind profile under the condition of —0.5°C<T" 359 —T(<+0.5°C

Range of ¢ Wbl ) Range of No. of obs.
g=c) Uzs Usog Wigo U200 U400 Bansi{emy/ssc)
t< 600 320 346 373 426 487 439-535 2
600<C¢< 3,000 25151 $P67002858 31051 845 138-650 11
3,000<¢ 138 148 160 172 181 72-724 11

These observed profiles are compared with equation (1) of hydrodynamically
smooth flow, and the results are shown in the following table in the form of wind ratio.
Calculated values in this table are obtained by equation (1) from the respective mean
values of wind speed at z=25cm. Inspecting the results shown in this table, we can
find following facts:

(1) For t>>3,000 sec, wind profile obeys equation (1) up to at least the observing
height of 400 cm.

(2) For £< 3,000 sec, wind profile in a lower layer obeys equation (1), and the
height of upper boundary of this layer increases with increasing 7.

Comparison between observed and calculated wind ratio under neutral condition of stability

Range of ¢ Height (cm)

(sec) 25 50 100 200 400
Observed 1. 000 1.081 1.166 153311 18522

t< 600  Calculated 1. 000 1.070 1. 140 1.210 1.281
Difference (%) +1.0 +2.3 +10.0 +18.8
Observed 1. 000 1.064 ' 1.135 13:235 1. 374

600<t<3,000 Calculated 1. 000 1071 1143 19215 1. 287
Difference (%) -0.7  =0.7 +1.6 +6.8

Observed 1. 000 1.072 15159 1. 246 15312

3,000<¢ Calculated 1. 000 1.076  1.152 1.228 1. 304
Difference (%) . —0.4 +0.6 +1.5 +0.6
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In the latter case of ¢<3,000 sec, supposing that the upper layer obeys equation
(2) of hydrodynamically rough flow, while the lower layer obeys equation (1) of
hydrodynamically smooth flow, we can find the height of the boundary (%) of these
two layers. According to R. B. Montgomery,” if we assume that » is continuous at
z=h and allow that u, is discontinuous at z=#, the required height (4) is obtained
by the equation of

; 5.5k + 1n 2120
3 v
In—=———, (3)

Zo gz |
22751

derived from equations (1) and (2), where wuy; and wuy, are friction velocity in the
lower and upper layers respectively. Numerical values of zp and u,. are calculated
by equation (2) from observed values of us00 and w400, assuming 2<<200cm, while
U, is calculated by equation (1) from observed value of uss. Thus, numerical values
of h can be obtained by (3) from these values and they are 105cm and 164cm for
1=518 sec (mean value of individual ones belonging to (i) ¢ < 600sec) and t=1,306
sec (mean value for (ii) 600 <_#<3,000sec) respectively. From these /4 values, rough
empirical formula of 7==4.6/ ¢ is obtained, assuming that / is proportional to /.

3. Wind Profiles under Stable Condition.
The stratification will be called stable, when the temperature difference (Ts00 — T')

exceeds +0.5°C. No actual value of this temperature difference exceeds +2.8°C.
Observed data belonging to this category of stable condition are classified into follow-

ing three steps of progressive time;
(i) £<3,000sec (ii) 3,000 <¢<8,000sec (iii) 8,000sec<_¢,

because there is no complete set of observation belonging to << 600sec and are
considerable number of observations of large progressive time. Mean wind profiles
for each step of ¢ are calculated and listed as follows.

Mean wind profile under the condition of +0.5°C<Ty99—T"

Range of ¢ \ WiResspead (bmy/scs) Range of w40 No. of obs.
(sec) (cm/sec)
Uzs Usp U190 U200 U400
t< 3,000 ] 2381 1:255] 127311299 336 93-600 19
3,000<¢< 8,000 283 304 325 345 374 122-688 14
8,000t 93 101, 106 114 121 65-206 5

These observed profiles and those of hydrodynamically smooth flow are compared
in the following table in the form of wind ratio. Inspecting the table, we can see
the following facts:

(1) For t>>8,000sec, agreement between observed and calculated profiles is pretty
good up to at least the observing height of 400 cm.

(2) For £< 8,000sec, wind profile only in the lower layer obeys equation (1), and
the thickness of the layer increases with progressive time.



32 Mem. Fac. Fish. Kagoshima Univ. Vol. 6,

Comparison between observed and calculated wind ratio under stable condition

Height (cm)

Range of ¢
ee) 25 50 100 200 400
L 22 1 L

Observed 1. 000 1.071 1. 147 1. 256 1.412

t<3,000 Calculated 1. 000 1.072 1.144 1.216 1. 288

Difference (%) -0.1 +0.3 +3.3 +9.6

Observed 1. 000 1.074 1. 148 1.219 15322

3,000<t<8,000 Calculated 1. 000 1.071 1. 141 1,213 1. 284
Difference (%) +0.3 +0.6 +0.5 +3.0

Observed 1. 000 1. 086 1. 140 1. 226 1. 301

8,000<¢ Calculated . 000 I2079F 45125158 15237, 15316
Difference (%) +0.6 —1.6 —0.9 —1.1

—

In the latter case of £<C8,000sec, we obtain the following results, calculating the
height of the boundary (%) by the same way to the previous section:

(i) h=147cm for ¢t=1,720sec, (ii) h=186cm for ¢=4,801 sec.
Accordingly, a rough empirical formula of 4*=3.1y/ ¢ is obtained.

4. Wind Profiles under Unstable Condition.

The stratification will be called unstable, when the temperature difference (7400 —
T,) is lower than —0.5°C. The observed data belonging to this category of unstable
condition are divided into three stages of instability,

(@) — 5.0°C<Ts0o—To< —0.5°C (weak instability),
(b) —10.0°C<Tso—To< —5.0°C (moderate instability),
(c) Tso—To< —10.0°C (strong instability),

since there are great number of observations under unstable condition.

(a) For weak instability, mean wind profiles and the comparison of these with equa-
tion (1) are shown in the following tables. In this case, there are considerable number
of observations of small progressive time. Therefore, the boundaries of subdivision
by ¢ are somewhat different from the previous cases. It is seen from the table that
wind profiles obey equation (1) up to the 400cm level for 2>1,500 sec.

Mean wind profile under the condition of —5.0°C<7"yyy—Ty< —0.5°C

Range of ¢ Wingapeatolemiice) Range of w49y No. of obs.

sec cm/sec
(ss) Uzs Usp WU1i00 U200 U400 gmres)

1< 60 2008894980 B4R 391 370 Sl 284-467 | 13
60<t< 300 T3 PEARNRTARI0 fg oD/ iE) 162-305 15
300<t< 1,500 312" 331508519, 3805 422 57-833 30
1,500<¢ < 3,000 173 8RS ORESI OO RS/ T2 23 112-390 ‘ 27

3,000<¢ 18851 202705 2)1i63 2301249 52-699 | 25

N d e . I
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Comparison between observed and calculated wind ratio under weak instability

Height (cm)

Range of ¢
(sec) 25 50 100 200 400
Observed 1. 000 1. 158 1. 359 1. 550 1. 780
t< 60 Calculated 1. 000 1.073 1. 146 1219 1.292
Difference (%) +759w +18.6 +27,2 +37.8
Observed 1. 000 1. 130 1. 267 1.458 1. 687
60<t< 300 Calculated 1. 000 1.076 1..153 1.229 1. 306
Difference (%) +5.0 +9.9 +18.6 +29.2
Observed 1. 000 1.061 1. 125 1.218 1..353
300<t< 1,500 Calculated 1.000 1.070 1. 140 1,211 1. 281
Difference (%) =10 —1.3 +0.6 +5.6
Observed 1. 000 1.075 1. 150 1.:225 1. 289
1,500<¢< 3,000 Calculated 1. 000 1.074 1. 148 1,223 1,297
Difference (%) +0. 1 +0.2 +0. 2 —0.6
Observed 1. 000 1.074 1. 144 1..223 1.287

3,000<¢ Calculated .000 1.073 1. 147 1.:221 1. 295
Difference (%) +0. 1 —0.3 +0.2 —-0.6

—

(b) For moderate instability, mean wind profiles and the similar comparison as pre-
vious case are shown in the following tables. The boundaries of subdivision by #
are a bit changed again, because there are few observations of large ¢ and more ob-
servations of small ¢ than previous case. It is seen from the table that wind profile
up to the 400 cm height obeys equation (1) for 2> 300 sec.

Mean wind profile under the condition of —10.0°C<Ty99—7y< —5.0°C

Range of ¢ ‘ Wand espesdiifemyisca) Range of uyqy No. of obs.
(ee) } Uzs  Usg  Wig0 U200 U400 (era/sec)
1< 60 273 3008NN333 =374 =495 176-647 23
60<t< 100 141 151 164 182 204 134-313 25
100<z < 300 131 142 151 168 190 60-394 29
300<¢ 2355251 " 267 283 1301 90-735 16

Comparison between observed and calculated wind ratio under moderate instability

Range of ¢ Height (cm)

Ge0) 25 50 100 200 400
Observed 1. 000 1. 099 1. 220 1.370 I%:557
t< 60 Calculated 1. 000 1.071 1. 142 1.213 1. 285
Difference (%) 4-2.6 +6.8 +12.9 421.2
Observed 1. 000 1.071 1. 163 1.291 1. 447
60<t< 100 Calculated 1. 000 1.075 1151 1.227 1. 303
Difference (%) —0.4 +1.0 +5.2 4111
Observed 1. 000 1. 084 1. 153 1.282 1. 450
100<t¢< 300 Calculated 1. 000 1.076 1,153 1. 229 1. 305
Difference (%) +0.7 0.0 +4.3 4Tl 1
Observed 1. 000 1. 068 1. 136 1. 204 1.281
300 Calculated 1. 000 1.072 1. 144 1.216 1. 289
Difference (%) —0.4 -0.7 -1.0 —-0.6
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(¢) For strong instability, no observation is taken under large ¢ Therefore, the
observed data are subdivided into two steps of ¢ (¢<<60sec and 60sec<(7). Mean
wind profiles and the similar comparison as before are shown in the following tables.

Mean wind profile under the condition of T'4gq—1"y < —10.0°C

|
Range of u4go No. of obs.

sec cm/sec
(sec) Uzs Usg U100 U200 U400 ( )

Wind speed (cm/sec)

t <60 236D 5IRNE0 71 RS 204 M 304, 260-500 20
60<¢ 511628172 S ] 861 200 107-286 57

Comparison between observed and calculated wind ratio under strong instability

Range of ¢ )
(gec) 25 50 100 200 400

Observed 1. 000 1.076 1. 148 1. 246 1.373

t<60 Calculated 1. 000 1.072 1. 144 1.216 1.289
Difference (%) +0.4 +0.3 +2.5 +6.5

Observed 1.000 1.073 154139 5232 15325

60<¢ Calculated 1. 000 1.075 13150 1. 226 1. 301
Difference (%) —-0.2 —1.0 +0.5 +1.8

The relation between the height (4) of the lower layer obeying equation (1) of
hydrodynamically smooth flow and the progressive time (¢) is already assumed to be
a parabolic form. A verification for this assumption can be shown from the compara-
tively great numbers of observed data under unstable 'conditions. Numerical values
of &, calculated by the same procedure as before in these cases, are plotted against ¢
in Fig. 3. It is understood from Fig. 3 that the appropriateness of the assumption is
pretty good and rough empirical fromulae of 2:=7.31/ ¢, h==12.71/ , and 7==20.01/¢
are obtained for weak, moderate, and strong instability respectively.

Fig. 3. Parabolic increase of the thickness
(%) of the lower layer of smooth
flow with increasing progressive
time (¢) under (a) weak,(b) mode-
rate, and (c) strong instability.

S Calculated values by equation (3)
tesecy t (sec) indicated by crosses.

200

5. Conclusions and Remarks

Following conclusions are derived from the studies stated above:
(I) Wind profile over the mid-ocean far apart from land under any condition of
stability can be considered to obey equation (1) of hydrodynamically smooth flow.
(2) When air flow sweeps over the sea surface after having lpassed over land area,
a lower layer near the sea surface forms into obeying equation (1) of hydrodynami-
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cally smooth flow and the thickness of the layer (%) increases with progressive time
(1), while wind profile above this layer can be considered to obey equation (2) of
hydrodynamically rough flow in the same manner as that over land.

(3) The relations between the height of the lower layer (h), within which wind
profile obeys equation (1), and the progressive time () are represented by the fol-
lowing rough empirical formulae:

h*= 3.1/t for stable condition,

h= 4.61/¢ for neutral condition of stabiiity,
h= 7.3y/¢ for weak instability,
h*=12.74/¢ for moderate instability,
7*=20.01/¢ for strong instability.

From these relations it is clear that / increases rapidly with progressive time under
unstable condition and slowly under stable condition. This influence of stability
condition on wind profile is an especially notable fact which deserves dynamical
explanations.

Remarks:

The exsistence of the lower layer over the sea obeying equation (1) of hydro-
dynamically smooth flow is a remarkable fact pointed out by Rossby. According to
him, wind profile within the layer below usual anemometer heights obeys equation
(1) for light wind, while only the lower part of the layer obeys equation (1) for
moderate wind. However, if the fetch (f) is constant, the height of the lower layer
(h) obeying equation (1) must increase for light wind, because progressive time (z)
becomes obviously larger than that for moderate wind. The height () for light wind
in his conclusion seems to exceed the observing height, though the perfect confirm-
ation to this reasoning cannot be made owing to indistinction of full details of the data
employed by him. Therefore, Rossby’s results are consistent with our results.

H. Bruch’s conclusion is similar to the author’s, but he did not discuss how the
height of the boundary of the two layers is determined. H. U. Roll’s conclusion is
also consistent with the author’s. According to him, wind profile obeys equation (1)
within whole layer up to the observing height of 200cm. His conclusion seems to
be natural, because many observations were taken when it blows from the sea, though
fetches are not indicated clearly.

On the other hand, the layer obeying equation (1) is disregarded by Model, Hay,
and Johnson, as stated above. However, in Hay’s observations, it is supposed that
the height of the lower layer () will be about 50 cm, because progressive time come
within about 100-200sec from numerical values of the fetch of ca 1,000m and wind
speed of 5-10m/sec. Moreover, wind speed at 50cm level indicates frequently a
higher value than that obtained by the best fitting of equation (2) to whole observ-
ing layer. Therefore, his observations cannot be serious objections to our conclusions.
Model’s study is similar to Hay’s one using best fitting method. Johnson’s observat-
ions can be out of discussion, because the observing levels are very high. It must be
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added that we can readily see from simple calculations that the incomplete sets of our
observed data, rejected in the calculations of mean wind profile, also support our

conclusions.
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Part III Wind Profiles and Wind Waves

1. Imtroduction.

It is a well-known fact that the state of sea surface or wind waves depends upon.
wind speed prevailing above the surface. From this fact, Beaufort’s wind force scale:
is derived empirically. However, a description of this relation between wind speed
and wind waves is nonsence unless the anemometer height is specified, because wind.
speed above the sea surface varies with height.

It can be considered that the dynamically controlling force of formation of wind

waves is shearing stress (7¢), namely it depends upon friction velocity, u*(=}/ Loy,

From this point of view, relations between friction velocity and wind waves are ex-
amined from our observed data. Friction velocity for this purpose is calculated by
equation (1) of hydrodynamically smooth flow from numerical value of observed
wind speed at the lowest observing level, assuming that a layer obeying equation (1)
exsists always above the sea surface at least up to the level, according to the conclu-
sion of Part II of the present paper.

2. Critical Friction Velocity for the First Formation of Wind Waves.

There are 156 sets of simultaneous observations of wind and waves and in 21 of
these sets no persistent waves are found (data table in Part I). For these 21 cases no
numerical value of friction velocity exceeds 3.71cm/sec, while for all of the remain-
der sets it is equal to or more than 3.7lcm/sec. Therefore, the numerical value of
Uy1*=3.7cm/sec can be adopted as an empirical critical value for the first formation
of wind waves, according to our observations. There are three sets of u,; =3.7 lem/sec
and no waves are formed for one of these three sets (No. 18), while waves are formed.
for the other two (No. 58, No. 347). The state of sea surface in the case of No. 58
is shown in plate.

The state of sea surface at the observation of No. 58.

Lengths of wave for these two cases at the critical friction velocity of 3.7lcm/sec
do not coincide with each other, i. e. they are 6.3cm and 7.2cm. Furthermore, shorter
wave lengths are observed at higher friction velocity than those for the above-men-
tioned two cases, i. e. L=4.5cm for u,; =4.57cm/sec (No. 345) and L=>5.8cm for
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Uy =4.54cm/sec (No. 400). Therefore, it is hard to determine uniquely the critical
wave length at the first formation of wind waves from just our observed data.

For the critical friction velocity of 3.7cm/sec, wind speed at several levels is cal-
culated by equation (1) and is shown in the following table.

Wind speed calculated by (1) for uy; =3.7cm/sec

Height (cm) 25 50 100 200 400

Wind speed (cm/sec) 80 86 93 99 105

If it is assumed that the height of the layer obeying equation (1) is 25cm and that
the upper layer above 25cm obeys equation (2) of hydrodynamically rough flow with
z0=0.6cm, wind speed at several levels is as follows by the equations for the critical
friction velocity of 3.7cm/sec.

Calculated wind speed for uy; =3.7cm /sec, h=25cm, zy=0.6cm

Height (cm) 25 50 100 200 400

Wind speed (cm/sec) 80 95 110 125 140

Critical wind speed for the first formation of wind waves, obtained empirically
by H. Jeffreys,'® was 110cm/sec. A comparison of this value, obtained at uncertain
height, with our result can be made from a determination of the height (z,) where
u=110cm/sec on the basis of the critical friction velocity of 3.7cm/sec. For hydrody-
namically smooth flow, we obtain z,=656cm by equation (1). However, his observa-
tions were made over a small pond, where the progressive time was expected to be
small. Then, assuming hydrodynamically smooth flow below z=25cm and hydro-
dynamically rough flow with zo=0.6cm above the elevation, we obtain z,=100cm.
Therefore, a critical wind speed, as stated before, without specifying anemometer
height is nonsence, though these (656cm and 100cm) are possible anemometer heights.

W. G. Van Dorn'? obtained empirically the critical wind speed of 200cm/sec at
25cm elevation over a small pond near sea coast. Friction velocity for this case is
uy1=8.5cm/sec by equation (1). This is a remarkably higher value than the critical
value obtained by the author.

The numerical values of shearing stress (7o) and coefficients of resistance (735 at
z=25cm, Y30 at z2=400cm) for the critical friction velocity of 3.7cm/sec are easily
obtained, assuming p==1.2 X 10~ and the results are as follows:

To =uj1p=1.64x10"% dyne/cm?

v, =f‘—1 =92.14x10-%

2
25

2
')’Eoo= lﬁ;’}“ =1.24 % 10—3.
U400
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3. Generation of Whitecaps.

Whitecaps appear in 19 cases among 156 observations. Numerical values of u,; for
these cases are higher than 17cm/sec, except for two cases (No. 32 and 322) with
of 15.32cm/sec and 13.37cm/sec respectively. The latter, 13.87cm/sec, is the lowest
value. However, no whitecaps appear in 6 cases (No. 60, 84, 134, 135, 138, and
188), even though u,; exceeds 13.37cm/sec and one of them exceeds 15.32cm/sec
(No. 135).

It is adequate from these facts to presume u,;*=17cm/sec as the empirical value
of the critical friction velocity for generation of whitecaps. For this value of 17cm/sec,
wind profiles are obtained as follows, by equation (1) assuming 2=400cm, and by
equations (1) and (2) assuming 2=25cm and z,=0.6cm.

Calculated wind speed for uy; =17cm/sec

Height (cm) 25 50 100. 200130400 Assumption
Wind speed 431 461 490 520 549 h=400cm
(cm/sec) 431 | 511 D591 67 1sudu 761 h=25cm, z7=0.6cm

At 25cm level the critical wind speed is 431cm/sec, whereas the critical wind speed
indicated by W. H. Munk'? is 660cm/sec, where the anemometer level is not speci-
fied. Calculating the height where uw=660cm/sec for u,; = 17cm/sec, we obtain
54.5m by equation (1) assuming A=anemometer height, and 182cm by equations (1)
and (2) assuming A=25cm and zp=0.6cm. The former is too high value for an
anemometer height and the latter corresponds to a case of too short progressive time.
Therefore, his result is inconsistent with the author’s.

The numerical values of shearing stress and coefficients of resistance at z=25cm
and 400cm for the critical friction velocity of 17cm/sec are as follows:

To =384.7%10~% dyne/cm?
Yzsu= 1156141072
7%002'0.96 X 10—3.

4. Friction Velocity and Wave Length and Height.

The dependency of wave length (L) and height (H) on friction velocity is examined
from the respective mean values for each group, into which the observed data are
classified according to individual values of u,;(3.7-6, 6-9, 9-12, 12-17, and more
than 17cm/sec).

The results are shown in the following table. It is seen that the mean values of
wave length and height both increase with increasing friction velocity. However, the
ranges of individual values for a specified group remarkably overlap on those of
neighbouring groups.
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Dependency of mean wave length and height on friction velocity

Range of uyq | Mean of uy Mean value Range No. of obs.
i h Heigh Height
(cm/sec) (cm/sec) (ECI:I%; (?ngl) £ L(e:rggh (:;E)

3.7-6 4.70 10. 1 5l 4. 5-18 0.5-2 33
6-9 7.39 2835 2.6 6. 5-49 1-6 37

9-12 10. 20 45.5 4.7 15-120 1-17 29
12-17 13. 40 99. 8 9.8 30-300 2-36 17

17~ 19..23 348. 8 ’ 3382 195-530 21-55 12

Wave steepness (H/L) and wave age (C/usys) are calculated from the mean values
and the results are shown in the following table, where wave velocity (C) is calculated
by the ratio of observed mean wave length and observed mean wave period, and ugs
by equation (1) from the mean value of u,;. It is seen that H/L and C/uss are nearly
constant with increasing friction velocity.

Wave steepness and wave age

Range of w4 IMean observed (6 Usys

H/L wave period C/uys

(cm/sec) ~ (sec) (cm/sec) (cm/sec)
3.7-6 0.11 .32, | 32 104 0.31
6-9 0.11 0.42 55 172 0. 32
9-12 0. 10 0565 [ 83 245 0. 34
12-17 0. 10 0.91 ‘ 110 331 0.33
17~ 0. 10 1:473 [ 202 493 0.41

5. Conclusion.

From the simultaneous observations of wind profile and wave elements, the follow-
ing facts are empirically derived:

(1) The critical friction velocity for the first formation of wind waves is 3.7cm/sec.
No waves appear when friction velocity is less than this value.

(2) The critical friction velocity for generation of whitecaps is ca 17cm/sec. White-
caps generate when friction velocity exceeds this value.

(83) Wave length and height increase generally with increasing friction velocity,
though individual values are often far from this tendency.

(4) Wave steepness (H/L) and wave age (C/us5) are nearly constant with increasing
friction velocity as far as we concern.

It is noticed that the observing ievel of wind speed must be spscified, when the
critical values are given in wind speed itself instead of friction velocity. More than
all, it is notable that the numerical values of the critical friction velocity stated above
are inconsistent with other researchers’ results. These facts deserve future dynamical
illustrations.
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Part IV Humidity Profiles over the Sea and Evaporation from its Surface

1. Humidity Profiles over the Sea.

Observed data of vapour pressure are classified into the same groups as wind
data are classified in Part II. Mean profiles for each group are shown in the follow-
ing table and Fig. 4.

Mean humidity profile under different conditions of stability

Stability condition Range of ¢ Vapour pressure (mb) No. of
obs.
°Q) (sec) €0 €25 €50 €100 €200 €400
t< 3,000 [31.10 25.82 25.34 25.08 24.66 24.30| 16
+ 0.5<T490—To 3,000<t< 8,000 (27.23 22.01 21.93 21.50 21.38 21.01 8
8,000t 88,60 30.75 30.501 30.40 30.30" 29.95 2
t< 600 [20:-55 - 15550 15::861 145958 142654514201 = 2
— 0.5<Ty90—Tp<-+0.5 | 600<<r<3,000 (25.67 21.18 20.62 20.27 20.22 19.82 9
3,000t 31.81 26.13  25.83" 25763 25,441 2518 9

t< 60112207 142100 218.:37 - 12..88 512698 12.155(< < 12
60<t< 300 (22.21 14.51 13.70 13.04/*12.44" ‘12.19] 14
— 5.0<T90—Ty< =0.5 300<t< 1,500 |25.67 20.14 19.36 19.07 18.86 18.42] 31
1,500=t< 3,000 |29. 15 28.62 23.18 - 22.87 . 22.59} 22.49( 33
3,000<t 25..59 ~20.03" . 19.36" 19;06. 18.83; 18.54) 31

t< 60|20.88 10.82 10.05 9.34¢ 9.19 8.85 23

60<t< 100 | 21.91 12.07 11.59 11.26 10.84 10.63| 22
—10.0<T400=To< =5.0 | 100Z;<c 300 | 20.72 11.27 10.63 10.15 9.82 9.73 24
300<¢ 21.65 12.49 11.82 11.18 10.83 10.66| 15

t< 60 ]20.88 9.17
60<¢ 213211°9.78

.65 - 8,16 7489'% 7.67 18

Tyo0—To< —10.0 .31 8.93 8.63 8.40 46

O

Assuming that eddy diffusivity of vapour transport is equal to that of momentum
transport, Montgomery® derived the following relations which represent the expected
water vapour distribution above the sea surface; i.e.

1 de

eo— ey dlnz

=1
= (0.96 i ln%ﬁ> ! (4)

K

when wind profile obeys equation (1) of hydrodynamically smooth flow; and

=1
= e};'i_eb C% = [ln'% + %(0.96 +1n “*—;hﬂ (@)
when wind profile above the height of % obeys equation (2) of hydrodynamically
rough flow. In the preceeding equations e, is vapour pressure (mb) at b cm upward
from the sea surface, b is any standard level, and « is kinematic coefficient of mole-
cular diffusion of water vapour through air.

An examination of these formulae (4) and (5) is made from the present observed
data. Assuming that humidity profile obeys a logarithmic law and adopting b=400cm,
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Fig. 4. Humidity profiles at different steps of progressive time under different
conditions of stability. Straight lines in Inz-e diagram determined by
the least square method. Observed values indicated by crosses.

we can calculate the numerical values of the left hand side of the equations by the
least square method from the observed vapour pressure listed in the preceeding table.
Numerical values of right hand side of them can be calculated from the results ob-
tained in Part II. These values of both sides are listed in the following table. It is
seen that the agreements of one side with the other are insufficient. This fact suggests
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that the assumption, which the formulae (4) and (5) are based on, cannot be exempt:
from amendments, though the fact may be partly due to possible inaccuracy of hu-
midity measurements.

Examination of the formulae (4) and (5)

Stability condition Range of ¢ Left hand side | Right hand side | Formula
() (sec)
£<3,000 0.078 0.046 (5)
F0u5 <Dy 3,000<¢< 8,000 0. 059 0. 066 (5)
8,000=¢ 0.029 0. 102 )
t< 600 0.074 0.037 )
0.5 0= Ti=-005 600<¢ < 3,000 0.076 0. 050 (5)
3,000<¢ 0.049 0. 099 )
£ \60 0.056 0.035 )
60<r< 300 0.085 0.037 (5)
BT e =055 300<1< 1,500 0.078 0. 049 (5)
1,500<t< 3,000 0.061 0.097 )
3,000t 0.071 0.096 4
1< 60 0.057 0. 039 )
e e 60<t< 100 0.046 0.051 | (5
10.0<Tpo—To< =5:0 100<i< 300 0.051 0.048 )
300<¢ 0.051 0. 094 )
) 0.041 0. 056 )
T400—To< —10.0 60<t 0.039 0.081 (5)

However, it is seen in Fig. 4 that humidity profile seems to obey a logarithmic law,
except for the cases under unstable conditions, and that for unstable conditions it shows
convex form against e-axis in Inz-e diagram independent of progressive time. This fact
suggests that two layers obeying different logarithmic laws of humidity profile may
exsist and that the boundary between them will be higher than the observing height
under an unknown condition.

2. Evaporation from the Sea Surface.

The observed data of evaporation for 6 hours, obtained by the method stated in
Part I, are classified into four groups according to observing month (April and May;
August and September; October and November; December and January), since the
numbers of observations for each month are too low to find a character of annual
variation of evaporation from the sea surface. Mean values for each group or season
are calculated and the results are listed in the following table, which includes also
the similar mean values of those from a pan on deck in the interest of comparison.

It can be considered that this table indicates the actual conditions of seasonal and
diurnal variation of evaporation from the sea surface at Kagoshima Bay. The charac-
ter of variation is quite different from the case of pan on deck, though the annual
mean value does not differ so much. '
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Mean amount of 6 hour evaporation

Month Time ‘ Evaporation from No. of

(from-to) sea surface pan on deck 2
(h) (mm) (mm)

03-09 027 0. 56 5

09-15 0. 35 0.90 4

: 15-21 0. 30 0. 44 &

April-May 21-03 0.29 0. 12 6
Total 1.21 2.02

03-09 15013 0.48 3

09-15 1. 16 3.51 d

15-21 0.47 1. 64 4

Aug.-Sept. 21-03 0.79 0. 36 4
Total 3255 5.99

03-09 129 0282 4

09-15 1. 02 1.62 4

: 15-21 1525 0. 56 3

Oct.-Nov. 21-03 1.46 0.35 4
Total 5.02 2.85

03-09 1572 0. 21 6

09-15 1. 24 1. 00 14

15-21 1.61 0.40 6

Dec.-Jan. 21-03 1. 62 0. 16 6
Total 6. 19 1.77
Annual mean value of 3.99 3.16

one day evaporation

The evaporation from the sea surface is given as the product of eddy diffusivity
and the vertical gradient of specific humidity. Several formulae of evaporation pro-
posed by several researchers are all based on this point of view, since one of them
was proposed by H. U. Sverdrup'® for the first time. Montgomery” derived the
following formulae giving evaporation (E gr/cm’sec) from hydrodynamically smooth
or rough sea surface, when humidity profiles are given by equations (4) and (5) re-
spectively. He gets

E=pkoty1 " 1(qo —qs) (6)
on hydrodynamically smooth surface; and
E=Pkou*z['2(90_%) (7)

on hydrodynamically rough surface, where ¢o and ¢; are specific humidity at the sea

surface and at b cm height respectively, and /'; and /7, are given by equations (4)
1 de

eo—ep dlnz’

and (5) respectively in the form of ['= —

It is stated in the preceeding section that the assumption, involved in the deriva-
tion of these equations, cannot be confirmed from the present observed data. If we
assume these equations hold, evaporation can be determined from our observed
data of wind and humidity profiles. From this point of view, evaporation for
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individual instances is calculated by equation (6) from observed value of u,; and
g» based both on the lowest observing level, and of /'; obtained by the right hand
side of equation (4). To compare this with the observed 6 hour evaporation, the
individual values within a specified time interval are summed up and multiplied, if
necessary, by a constant to make 6 hour evaporation. Mean values of them for every
two months are listed in the following table. Agreements of these results with the
observed values of evaporation, shown in the preceeding table, are not sufficient. But
it should be reserved to regard this assumption inadequate, because the disagreements
may be partly due to possible inaccuracy of humidity measurements.

The well-known practical formula of evaporation proposed by C. W. Thornth-
waite and B. Holzman'® can be represented by the form of

e pous(q1—g2)
i 2y 2 (8)

where ¢; and ¢, are specific humidity at z; and z;cm levels respectively. 'This equa-
tion holds when wind and humidity profiles obey logarithmic laws. The former con-
dition is approximately satisfied by actual profiles, as shown in Part II; and the latter
condition is approximately satisfied by actual profiles except for those under unstable
condition, as shown in the preceeding section. Assuming u, =u,, calculated by equa-
tion (1) from wind speed at the lowest observing level, and taking z;=25cm and
z5=50cm and 400cm, numerical values of expected evaporation for individual in-
stances are calculated by equation (8). When the observed data of eys is lacking, its
numerical value is estimated by logarithmic extrapolation. Six hour evaporation,
obtained by the same procedure as before, is shown in the following table. Agree-
ments of calculated values for two cases with the observed values are both insufficient

even though unstable cases are rejected.

Calculated values of 6 hour evaporation (mm)

e Evaporation calculated by
Month (from-to) equation (6) equation (8)
(h) z1 =25cm,z, =50cm | 21 =25cm,z, =400cm

03-09 0.18 0.15 0.08
ook o 09-15 0.18 0. 26 0. 20
Piagasy 15-21 0. 14 0.35 0.29
21-03 0.13 0.07 0.13
03-09 0.38 0.37 0.26
e 09-15 0. 42 0.41 0.31
gEoepts 15-21 0.60 0.48 0.37
21-03 0. 36 0. 20 | 0.18
03-09 0.38 0. 54 1‘ 0.28
09-15 0. 45 1. 49 : 0.81
Ot Rov: 15-21 0.38 1.05 0. 52
21-03 0. 50 0.35 0.21
03-09 0.70 0.35 0.26
Dec.- 09-15 0.63 0. 56 0.37
eoelan, 15-21 0.63 0. 22 0.22
21-03 0.76 0.31 0.25
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3. Conclusion.

Actual conditions of seasonal and diurnal variation of evaporation from the sea
surface are indicated from direct observations taken at Kagoshima Bay. These results
are compared with the expected values, calculated from observed wind and humidity
profiles by Montgomery’s formula and by Thornthwaite and Holzman’s formula.
Agreements between them are insufficient. Therefore, the problem of the way cal-
culating the evaporation from the sea surface from wind and humidity profiles de-

serves further studies.
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