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Turbulence and Mixing in Tidally Energetic Shelf Seas

Abstract

The shelf seas have an importance that is out of proportion to the relatively

small fraction of the area of the global ocean they occupy (∼8%). It is area of

intense physical and biological activity. In shelf seas, turbulent mixing is central to

many physical and biological processes, as it is often the key determinant of water

column structure and nutrient fluxes, and hence the rate of primary production,

and also the settling, resuspension, aggregation and disaggregation of particulate

matter. In this dissertation, turbulence and mixing in typical tidally energetic

shelf seas are investigated by using direct measurements of turbulence parameters

in the Yellow Sea and Clyde Sea.

By analyzing the characteristics of turbulence at two comparative stations

(the flows are reversing and rotating tidal currents, respectively) in the Yellow

Sea, it is found that the reversing and rotating tidal flows affect small-scale near-

bottom dynamics differently. In reversing flows, the near-bottom shear and the

shear at the upper levels are almost in phase, while in rotating flows, the shear gen-

erated near the seafloor propagates slowly to the water interior. The log-layer and

skin-layer estimates of the bottom friction velocity show close correspondence for

the reversing tidal flows, but when the tidal vector rotates over a sloping bottom

the log-layer estimate is approximately twice of the skin-layer one. The rotation,

form drag due to local topographic inhomogeneities, and weak but appreciable

stratification are suggested to be possible sources for this discrepancy. The clas-

sical wall-layer parameterization of the turbulent dissipation rate is found to hold

well for reversing flows, while modifications are needed for rotating flows. The

relationship between the turbulent kinetic energy and its dissipation rate, which

is widely used to parameterize the dissipation rate in turbulence closure models,

is found to hold well for both reversing and rotating flows, but with different

coefficients.

Microstructure profiling measurements at two comparative stations (a deeper

central basin and a local shelf break) in the stratified Yellow Sea are analyzed,

with emphasis on tidal and internal-wave induced turbulence near the bottom

and in the pycnocline. The water column has a distinct three-layer thermohaline
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structure, consisting of weakly stratified surface and bottom boundary layers and

a narrow sharp pycnocline. Turbulence in the surface layer is controlled by the

diurnal cycle of buoyancy flux and wind forcing at the sea surface, while the

bottom stress induced by barotropic tidal currents dominates turbulence in the

bottom boundary layer. The maximum level at which the tidally enhanced mixing

can affect generally depends on the magnitude of the tidal current, and it can

be up to 10–15 m in the Yellow Sea. This suggests that, in the deeper regions

of the shelf seas, turbulent dissipation and mixing are very weak at the levels

between the near-bottom tidally enhanced layer and the pycnocline. Therefore,

these levels provide a significant bottle neck for the vertical exchanges. In the

shallow regions, however, the tidally-induced turbulence can occupy the whole

water colum below the pycnocline. A quarter-diurnal periodicities of the turbulent

dissipation rate and eddy diffusivity are found at different heights with evident

time lag. In the relatively flat central basin, the pycnocline is essentially non-

turbulent and internal-wave activity is very weak. Therefore, vertical fluxes across

the pycnocline decreased to molecular levels. In contrast, internal waves of various

periods can be always found near the local shelf break. Particularly, on the passage

of internal solitary waves, turbulence in pycnocline can be increased by orders.

The linear theory of dynamic instability is used to investigate the stability of

baroclinic tidal flows in shelf seas. It is found that the flows are not generally in

a state of marginally stable, but either very unstable or very stable. Although for

some flows the critical gradient Richardson number is close to the Miles-Howard

limit of 0.25, for others it is substantially less. The e-folding period of the most

unstable disturbances is found to be generally close to the buoyancy period at the

levels where the disturbance has the largest amplitude. This suggests that the

growth rate of small disturbances and the consequent turbulence in the flow are

largely under a physical control of the stratification. A mechanistic link between

the turbulent dissipation and the instability of the flow is revealed, based on which

a new paramerization formula for turbulent dissipation is devised.

Keywords: shelf seas, tidal current, turbulence, mixing, internal waves,

dynamic instability
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¬XÛK�r�°ºe°¥�ë6·ÜA�´��£��¯K.

�°²þY�44 m§´;.�r�°ºe°. Ø
m�u)��ºE¤

�º)6§�6´�°���Äå��. 3¢ÁG!£�(�/§�¢�Ð

S¤§°¡e%E¤�R�é6!°¡º·Ü±9�63.>.�SE¤�r

ë6·Ü¦YNR�·ÜC�þ!§YNR�£Ô�!9þ¤���~Ï�. d

u�°¥
°�«��6�;.�^=�6§3CW£X�²���NC¤

õ� E6§ÀJüé'5Õ £�6a.©O�^=6� E6¤?1*ÿ

ïÄ§ò¬¼�ØÓa.�6eYNë6·ÜA�§AO´.>.�ÄåÆA

���É9Ù�U�Ån. 3SgG!£�(�/§�S�@¢¤§d°¡\9

E¤�r�(´�°��Y©A�. Y²þ§�N¹ò��°«©�¿©·Ü

�fY«�r�z��Y«.  u°�¥
��±e��°eYì´�°�z

G!�;.�A�. 3�z��°eYì«�§YN¥y;.�n�(�§3Y

NC�·Üþ!�þ·Ü��.>.��m§�3X�kA�þ�r��§�

�þe§���20◦C. ù«;.�n�(�´Nõ�(6NnØ�¢�ïÄ¥²

~æ^��.§�¦�zG!��°eYì«�¤�ïÄ��Sm�5r·Ü

�A�9Ù�)Å��U,¢�¿. Ïd§éu�°�zG!ë6·Ü�*ÿï

Ä§Ø=�±\�<�é�°A½�¸eë6·ÜA��@£§��±^5

u�NõnØ!¢�±9ê��[ïÄ�(J.

Clyde°´ u��=Üý����µ4.r�°ºe°§�O�=°��

°b£North Channel¤ÏL���40 m��°�/great Plateau0�ë. ¥


°�«Y��100–180 m. du�þ��YÑ\§3�c¥��Ü©�mClyde°

Ñ?u�zG�. AO´3gG§°L\9��YÑ\�V�^¦�YN¥y

r�z§L.�Ý�É��2 kg m−3§Ïd�~·Ü?1��Sm�5r·Ü

�)Å��ïÄ.

ÄuéþãïÄ�µ�@£§�Ø©|^3�°ÚClyde°ü;.r�°º
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e°ØÓG!ë6·Ü���*ÿ§XÚïÄr�°ºe°¥ë6·Ü�A�

9ÙÅn.

1.2 °�ë6·ÜïÄÄ:

1.2.1 ë6�Ä�5�

g,.¥��õê6ÄÑ¥ë6G�§ùNy36Ääkér��Å5�

Ø5K5�¢S�6ÄdØÓºÝ�µ^|¤. 3°�¥§ë6µ^�ºÝ�

�ª�l�þ?§=lÎ�þ?�ÑÑºÝ�zúp�¥ºÝµ^§Ù�m

ºÝKl1 s±S�ê�. éuë6�(�½Â�~(J§�8ÿ�kú@�(

Ø§��ÏLÙXewÍA�5?1�x£Kantha and Clayson 2000¤µ

1!Ø5K5��Å5µë63�m��mþÑäkér�Ø5K5§éJ

éÙ3¤k��ºÝþ?1��/�x§�UÏLÚO��{5£ã. ë63

��þ´�Å�¶

2!�mn�5µ¤kë6Ñ´n��§Ïdéë6���£ã§7L3n

��m¶

3!pµÝµë6¥6N�ì�3wÍ�C/�^=§µ^�.�´ë6¥

µÝ�)��±�Ì�Å�¶

4!p��5µë63��þ´p��5�§ÏdØÓºÝ�µ^�3wÍ

��p�^§l��µ^�.�§¦ë6�±ÙpµÝ§Uþd�ºÝÅì

��ºÝ?G§�ªd©fÊ5ÑÑK¶

5!pÑÑ5µµ^�.��±òUþ�µÝ����ºÝD4£?G¤§

�µÏLë6}�Aå�²þ6�}���p�^¼�Uþ§�µÏ�©f

Ê5��^ÅìÑÑUþ§Ïdë6��±I�Øä/l²þ6¥¼�U

þ§����Uþø�§ë6ò¯�P~¶

6!p*Ñ5µë6¥�þ!9þ±9Äþ�*ÑXê��'©f*Ñ£½

Ê5¤Xê�ÐA�þ?¶

7!äké°�Ì�µë6�UÌäké°�Åê�§�UþÌ�©Ù3�

ºÝ£$Åê¤§UþÑÑÌ�u)3�ºÝ£pÅê¤¶

8!3�ºÝ´��É5�µpXìêë63�ºÝÄ�þ´��Ó5�§

�3�ºÝ§o´��É5�§Ïdë6¥}�Aå£XìAå¤Ì�d¹U

�µ��§�µ��zÄ��±�Ñ£3î����Ó5ë6¥}�Aå�

"¤.
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1.2.2 ë6�ÚO£ã

3ë6¥§µ^���ºÝ£��^KolmogorovºÝ5L�¤��u©

fgd§§E,÷v6N�ëY0�b�§Ïd6Ä�±dNavier–Stokes�

§5£ã. ,§duë6�p��5�·bA5§éÙ°(�£ã��´

Ø�U�. ¢SïÄ¥Ï~æ^Xì©)��{éÙ?1ÚO£ã§=ò6

�ui£i = 1, 2, 3©OL«6��n�©þ¤©)�²þ6�ui�ë6óÄu′
i�Ú

ui = ui + u′
i, (1.1)

�â½Â§ë6óÄ�²þ�u′
i = 0. òª1.1�\Navier–Stokes�§§¿�²þ

=��²þ6�Äþ�§. �±wÑ§�§¥Ø©fÊ5å	�Ñy
XìAå

Üþ−ρu′
iu

′
j§��©þ/ª=�

τxx τxy τxz

τyx τyy τyz

τzx τzy τzz

 =


−ρu′2 −ρu′v′ −ρu′w′

−ρv′u′ −ρv′2 −ρv′w′

−ρw′u′ −ρw′v′ −ρw′2

 , (1.2)

ù´��é¡Üþ£=−ρu′
iu

′
j = −ρu′

ju
′
i¤§é�����{�Aå§�é

�����}�Aå. Ù¥§τijL«i²¡þj���ÄþÏþ. éuî��

��Ó5ë6§u′
iu

′
j = 0§�u′2 = v′2 = w′2. 3°�¥§Y²þé6o´

wÍÓ`�§Ïd§·�����ÄY²Äþ�R�Ïþ§=½ÂXìA

å~τ = (−ρu′w′,−ρv′w′).

²þ6$Ä�§¥XìAå�Ñy¦�Ù¦)7L�6uë6óÄp�þ

��O§�¼��ö�¦)7L�6u�p�þ��O§Ïd�)¤¢�ë

6Øµ4¯K. XJØÚ\ë6óÄp�þ�²þ6m�,«'X§²þ6�

$Ä�§òÃ{¦). �)ûù�¯K§BoussinesqJÑ
ë6�qÊ5b�

£e.g., Kundu and Cohen 2002¤§=òXìAå'[u©fÊ5å��²þ6

6�FÝ£}�¤�ëÊ5Xê�¦È§

τxz = −ρu′w′ = ρKM
∂u

∂z
,

τyz = −ρv′w′ = ρKM
∂v

∂z
, (1.3)

ùp§KM�R�ëÊ5Xê. I��Ñ�´§nØþùþãüª¥�R�ëÊ

5Xê¿��½��§�¢SïÄ¥��Øò�ö?1«©.
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aq/§6N�Iþá5s£X§Ý!íÝ!�Ý�¤��©)�²þþ�

ë6óÄþ�Ú§=

s = s + s′,

s′ = 0, (1.4)

u´§Iþá5s�²þÑ$�§¥¬Ñyë6*Ñ�−u′
is

′. a'uXìAå�

ëêz§−u′
is

′�±��s�FÝ�ë*ÑXê�¦È§

−u′
is

′ = Ki
∂s

∂xi
, (1.5)

ùp§Ki�i��þ�ë*ÑXê£i = 1, 2, 3©OéAux, y, z��§�A�ë

*ÑXê�©O��Kx, Ky, Kz¤. 3°�¥§duYN��¥½�zG�§

ëµ�R��=I��Ñå�õ§R�·Ü'Y²·ÜI��õ�Uþ§Ï

dR�ë*ÑXê£Kz¤wÍ�uY²ë*ÑXê£Kx&Ky¤. ,§duY

²þé6wÍÓ`§Y²·Ü��^�é�f§3R�þ§ë6·Ü´Iþ

á5���Ì�L§§ÏdYN�R�·Ü�~�§�´°�ë6·ÜïÄ

�Ì�é�. ØAO`²	§�©¥¤!��ë6·Üþ�R�£ª��¡¤·

Ü§ëÊ5Xê�R�ëÊ5XêKM§ë*ÑXê�R�ë*ÑXêKz.

|^þã6��Xì©)±9Navier-Stokes�§�Ø�Ø6N�ëY�§

�±��XeëÄU�§§

d

dt

(
1

2
u′2

i

)
= − ∂

∂xj

(
1

ρ
p′u′

j +
1

2
u′2

i u′
j − 2νu′

ie
′
ij

)
− u′

iu
′
j

∂ui

∂xj
− g

ρ
ρ′w′ − 2νeijeij,

(1.6)

Ù¥§
d

dt

(
1

2
u′2

i

)
=

∂

∂t

(
1

2
u′2

i

)
+ uj

∂

∂xj

(
1

2
u′2

i

)
§L�÷²þ6$Ä;,þëÄ

U�O�Ç§�Òm>cn��UþÏþ�ÑÝ§L�ëÄU��mÑ$£c

ü��ë6g��Ñ$§1n��Ê5Ñ$¤§�Òm>�n�©O�ëÄU

�}�)¤�£o´��¤!2å)¤�£�K�ûuYN��(G�¤�Ê

5ÑÑ�£o�K�¤. éuå½��zYN§2å)¤��K�§L�ë

6·ÜL§¥ëÄU�YNå U�=z¶éuåØ½�(§2å)

¤����§=YN¥R�é6�u)�±��ëÄU�)¤.

ëÄUÑÑÇε = 2νeijeij§Ù¥ν�°Y�©fÊ5Xê§eij ≡
1

2

(
u′

ij + u′
ji

)
�.�Ç. þãL�ª���N´n)�/ª=�µε = 2ν

3∑
i=1

3∑
j=1

e2
ij =

6
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1

2
ν

3∑
i=1

3∑
j=1

(
∂u′

i

∂xj
+

∂u′
j

∂xi

)2

. �±wÑ§ε�°(L�ª�~E,§ÏdéÙ

O(�ÿþ4Ù(J. éu��Ó5ë6§þª��{z§ε = 7.5ν(∂u′/∂z)2 =

15ν(∂u′/∂x)2. ª¥∂u′/∂zÚ∂u′/∂x�±�d/O��Ù§6�©þ�}�

£∂u′
i/∂x′

j¤½.�£∂u′
i/∂x′

i¤. Ï�é��Ó5ë6¥ε�*ÿ�I�ÿþÙ

¥��6�©þ�}�½.�§¤±*ÿ�JÝ��ü$§�Ïd¦���Ó

5b�¤�°�ë6*ÿ¥£Xë6�ºÝ¿¡*ÿ¤ÊHæ^�b�. ���

5¿�´§3Nõ�¹e§��Ó5b��·^5¿���y¢§Ïdéÿþ

(J��º�A^7L�~�%.

XJ�Ñª1.6¥ëÄU��mCz��mCz�§=Ú\ëÄU�Û/²

ïb�§��

−u′
iu

′
j

∂ui

∂xj
=

g

ρ
ρ′w′ + ε, (1.7)

=6�}�)¤P = −u′
iu

′
j

∂ui

∂xj
�ë6ÏLR�·Ü=z�YN�å 

UB =
g

ρ
ρ′w′�©fÊ5ÑÑε�Ú�²ï. 3��zYN¥£X3.>.�

S¤§B = 0§þã²ï{z�P = ε§=Û/ëÄU)¤�©fÊ5ÑÑ�²

ï¶3�zYN¥§ÏLÚ\ÏþRichardsonêRf = B/P�dª1.7¦�R�

�Ýë*ÑêKρ£Osborn 1980¤§

Kρ =
B

N2
=

Rf

(1− Rf )

ε

N2
= Γ

ε

N2
. (1.8)

Ù¥§N�25ªÇ§Γ =
Rf

1− Rf
�·Ü�Ç. 3ÙmM5�Ø©¥§Osborn�

ÑRf�þ��0.17§=Γ ≤ 0.20§¿�2�Ú^�8. �I��Ñ�´§°�

¥·Ü�ÇΓ¿�~ê§�ë6�)¤Å��üz�ã�k'£e.g., Thorpe

2005; Ivey et al. 2008¤. ¯¢þ§Simpson et al. £1978¤ÏL©Û�N¹?

�Uþ²ï�Ñ§3r�°ºe°¥�Ø�6�·Ü�Ç�~$§éA�Ï

þRichardsonêRf = 0.0037. ùØJn)§Ï��6Uþ�ÑÑÌ�3®²C�

·Üþ!�>.�S. 3�z}�6N¥§Γ�'�Ø�6�·Ü�Ç�1–2�

þ?§�ØÓ�ö�(J��é�µXStigebrant and Aure £1989¤�ÑRf =

0.056§Arneborg£2002¤�ÑRf = 0.11§Gargett£1984¤�Sandstrom and

Oakey£1995¤K�ÑRf = 0.20. �,8cé°�¥ë6·Ü�Ç�@£��~

k�§�k�:�±�½�´§éu�z�r½�f�YN�Γ = 0.20Ñ´ØÜ

·�§Ïd3A^ª1.8�OR�ë*ÑXê��AO�%. Cc5§�X°�
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*ÿEâ�ØäJp§°�ë6·ÜUþÆ�ïÄ��
wÍ�?Ð§�
#

�*ÿÃãØäZyÑ5§�éuë6·Ü�Ç�@£�Ì��6uê��[

Ú¢�¿Á�§Ïd§éë6·Ü�Ç�ïÄ´�c°�ë6·ÜïÄ��

?Ö��§�´��J:.

1.2.3 ë6�UÌ

éupXìêë6§UÌ��dn�B«|¤µ¹UB«!.5B«±9

ÑÑB«. ¹UB«éAu�ºÝ$Ä§d�µ|¤§�µÏLXìAå�²

þ6�}���p�^l²þ6¥¼�Uþ§Ïdë6�UþÌ�d�µ��.

3¹U«S§ë6LyÑwÍ���É5§¤±�µ���Xë6�ÄþÏþ

£Xì/}�Aå¤. 3¹UB«S§UÌ�/ª�²þ6�r½k'§ÅêÌ

3UþÑ\wÍ�Åê?£ã¤äk²w�¸�.

10
−2

10
−1

10
0

10
1

10
2

10
3

10
−12

10
−10

10
−8

10
−6

10
−4

10
−2

ε
ADV

=1.5×10−7 W kg−1

ε
MSS

=1.8×10−8 W kg−1

Energy−containing scale Inertial subrange Dissipation subrange

k (cpm)

φ(
k)

 [
(m

2  s
−

2 )/
cp

m
]

Nasmyth Nasmyth

w’
ADV

u’
MSS

−5/3

−5/3

u’
ADV

ããã 1.1: ¢ÿ6��ÅêÌ. Ù¥§ù��É��d��	°�Õ D?¼�

�n�:ª6�¤ADV*ÿ]�O��6�À©þu�R�©þw�ÅêÌ

£��1nÙ¤§7��dH�°¥Ü�Õ A1?ë6�ºÝ¿¡¤MSS*

ÿ]�¤O��Y²6�u�ÅêÌ£��1oÙ¤§çÚ¢��J�©O

�¢ÿÅêÌ¤éA�.5B«�ÑÑB«S�nØÌ. ã¥�Ñ
�AÅê

Ì¤éA�ëÄUÑÑÇε.

ÑÑB«d�µ|¤§É©fÊ5å�K��~wÍ§Ïd�3Xér�

UþÑÑ§ë6ÑÑÌ3dB«Säk²w�¸�. *ÿL²§3ÑÑ«Së

6UÌCq÷vNasmythÊ·Ì£1970¤§ØÅêk	§Ê·Ì��ëÄUÑÑ
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Çε�©fÊ5Xêνk'§Ïd�±ÏLd¢ÿUÌ[ÜÊ·Ì��{5�

Oε. ù¢Sþ´dë6�ºÝ¿¡*ÿ]��Oε�Ä��n. d	§duë6

�ºÝ¿¡¤�±ÿ�ÑÑ«Sé°Åê�þë6�UÌ�Ý§Ïd��±Ï

L��È©6�}�Ì��{5�Oε. �du¢ÿë6UÌ¿ØUºXë6Ñ

Ñ���Åã§���´§¢ÿë6UÌ3pÅêã  �3wÍ�DÑ§

�DÑ�UþY²~~wÍ�uë6�Uþ§Ïdæ^��È©��{I�é

O�(J?17��¾�.

�XìêRe = ul/νv
��§3¹UB«�ÑÑB«�m�3.5B«.

ùp§uÚl©O�¹U�µ��ÝÚ�ÝºÝ. nØþù§�kReÃ¡��§â

¬k.5B«��3. 3.5B«S§ë6UÌQØ�6u�ºÝr½§�Ø

É�ºÝÊ5�A�K�§Ïd§ë6UÌ�Ýφ��ëÄUÑÑÇε�Åêkk

'. ÄuþãÔn�ú§Kolmogorov£1941¤�âþj©Û��{�Ñ
Í¶

�/Kolmogorov−5/3½Æ0

φ(k) = cε2/3k−5/3 (1.9)

Ù¥§c���½Ê·~ê. éu��UÌ§c ≈ 0.5£e.g., Thorpe 2005¤. X

ã1.1¤«�¢ÿ6��ÅêÌ�éA�nØÌ. �±wÑ§¢ÿÅêÌ�n

ØÌÎÜéÐ§Ïd�±ÏL[ÜnØÌ��{¼�ëÄUÑÑÇε��O.

Éæ�ªÇ���§dADV�*ÿ]��U¼�.5B«S6��UÌ§

dMSS*ÿ]�O��ÅêÌ�±ºX.5B«�ÑÑB«S�Ü©Åêã. �

X·�31nÙ¥ò�[Øã�§éuADV*ÿ]�§R�6�óÄw′¥�D

ÑY²�wÍ$uY²6�óÄu′§¤±¢SA^¥AÀ�w′5�Oε. k��

´§ã1.1¥w′�k�ÅêÌØ=ºX.5B«§���Ð�ÑÑ«S§¿©

w«
ADV¼�pª6�]��k�5. ©z¥ÿ�kÄu(Æ�{©EÑÑ

B«���.

1.2.4 ë6�A�ºÝ

°�ë6·ÜïÄ¥Ì��9o�ë6�A�ºÝ§=Kolmgorovº

Ý§OzmidovºÝ§ThorpeºÝ±9BatchelorºÝ.

KolmogorovºÝ½Â�LK = (ν3/ε)1/4§Ù¥ν�°Y�©fÊ5Xê§ε�

ëÄUÑÑÇ. §L�§3©fÊ5�^eë6µ^¤U�3���ºÝ. 3°

�¥§LK���mm�þ?§3ë6ÑÑ4f��°§LK��1 cm§3rÑ

Ñ«£ε��10−1 W kg−1¤§LK=�6×10−5 m£Thorpe 2005¤.
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OzmidovºÝ½Â�LO = (ε/N3)1/2§Ù¥N�25ªÇ. §L��(YN

¥ë6µ^�=���ºÝ§�L��(YN¥��Ó5ë6µ^����

UºÝ. ¯¢þ§LO/LK = [ε/(νN2)]3/4 = I3/4§Ù¥I = ε/(νN2)���Ó5

ëê. �I > 200�§YN¥k��Ó5ë6��3£Thorpe 2005¤. 3°�

¥§LO�Cz��é�§3r�z«§��31 m±e§3�°f�z«�

�100m£ã1.2¤.

10
−4

10
−3

10
−2

10
−1

10
−9

10
−8

10
−7

10
−6

10
−5

10
−4

10
−3

N (s−1)

ε 
(W

 k
g−

1 )

L O
 =

 1
00

 m
L

K
 = 1 mm

L
K

 = 5 mm

L O
 =

 1
0 

m

L O
 =

 1
 m

Upper equatorial
    thermocline

Internal hydraulic flow on
    the Continental Shelf

Tidal channel

Strait of Gibraltar
hydraulic jump

Wind−mixed layers

Main thermocline

Bottom boundary
       layer

Convectively
mixed layers

ããã 1.2: °�¥ØÓ«�SëÄUÑÑÇε�25ªÇN�©Ù. ã¥:

��KolmogorovºÝLK����§J��OzmidovºÝLO����.£�

âSmyth and Moum£2001¤#±�.¤

ThorpeºÝLT´Äu�(6N¥]��Ý£½§Ý¤¿¡¤½Â���

�ÝºÝ§§�*/�NYN¥µ^��=ºÝ. duëµ��=§¢S�(

°�¥�YNo�3åØ½�«�§ÏLòù«Û/åØ½��Ý

¿¡?1åN��±¦�Ø½«�S��Ý¡�R� £d′ = z2 − z1§

¡�Thorpe £. ùpz1�z2©O�,��Ý¡N�c���Ý. ThorpeºÝ½

Â�Thorpe £d′�IO��§=LT = rms(d′). duThorpeºÝ�Ozmidovº

Ý�m�3{ü��5'XLO = 0.8LT£Dillon 1982¤§¤±�±ÏLO

�ThorpeºÝ��{5�OëÄUÑÑÇε.

BatchelorºÝ½Â�LB = (νκ2/ε)1/4§Ù¥κ�©f*ÑXê. §L�3©

f*Ñ�^eIþá5FÝ¤U�±���ºÝ§�ÄØÓÔnþ�§úª¥
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�κ��A�©f*ÑXê.

1.3 °�ë6·ÜïÄ�*ÿ�ê��[�{

°��Æ´��±*ÿ�Ä:��Æ§�éu°��Æ�Ù§ïÄS

N§°�ë6·Ü�ïÄK�\�6u	°���*ÿ. �Ï�Xd§°�

ë6·ÜïÄ�í?wÍ/�6u*ÿEâ�Jp. Cc5§�X°�*ÿ

Eâ���uÐ§AO´(ÆõÊV6�¿¡¤(ADCP)!n�pª:ª6�

¤(ADV)!ë6�ºÝ¿¡¤±9p°Ý§í�¿¡¤(CTD)�2�A^§

°�ë6·Ü�ïÄ��
wÍ�uÐ. 3Ù;Í5The Turbulent Ocean6

¥§Thorpe£2005¤éî8��°�ë6·ÜïÄ¤���¤J?1
ME5

�nã. du�Ø©Ì�ér�°ºe°¥�ë6·Ü?1XÚ�ïÄ§±e�

é�ºe°¥ë6·ÜïÄk'�*ÿ�ê��[�{?1Vã.

1.3.1 *ÿ�{

8c§éuºe°¥ë6·Ü�ïÄÌ��6un«*ÿ�{µ1!|^g

deüë6�ºÝ¿¡¤£XMSS!FLY¤ÿþ6��ºÝ}�§dd�±�

�O�ëÄUÑÑÇ¶2!|^n�pª:ª6�¤£ADV¤��¼�pª6

�óÄ�*ÿ§�±^5�O}�£Xì¤Aå�ëÄUÑÑÇ¶3!pª°

�ADCP§�±d÷Åå6�����O}�Aå�ëÄU)¤Ç§ù«�{

¡�/���{£Variance Method¤0.

gdeüë6�ºÝ¿¡¤�Ñy§¦�éuëÄUÑÑÇε�p�þ*

ÿ¤��U§�Ïd�@�´8cïÄ°�ë6·Ü�Z�*ÿ¤ì. gde

üë6�ºÝ¿¡¤ÏLÿþ�ºÝ6�}�5�OëÄUÑÑÇ§Ù�OØ

���50%£e.g., Simpson 1996¤§ù��Ø�wå5é�§�°�¥ëÄU

ÑÑÇ�����10−10 W kg−1£�°¤– 10−1 W kg−1£r·Ü«¤£Thorpe

2004¤§ª�9�þ?§Ïdù��Ø�¿vkÐwå5@oî. �A^ù

«¤ìé¦^ö��¦ép§?1�g*ÿI��NÄþ��~�§���

´§¦^ù«¤ìØ�U?1p�Ý��Ï*ÿ.

ADV´�«#.�(ÆõÊVpªn�:ª6�¤§�DÚ�>^°6O

£EMCM¤½ADCP�'§§äké��æ�NÈ£���cm3�þ?¤. d

u��k�æ�ªÇ�'uæ�NÈ£Soulsby 1980¤§¤±§�ªÇ�Aw

ÍJp§æ�Ç��AzHz £k�æ�Ç�A�Hz¤§®�¤õA^uNõ

11
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ºe°�à�«�ë6·ÜA�9Ù�)Ån�ïÄ¥£e.g., Voulgaris and

Trowbridge 1998; Fugate and Chant 2005¤.

Lohrmann et al.£1990¤uþV90c�ÐJÑ
|^óÀ�'(Æ6�

¿¡¤�O°�¥}�Aå�/���{0. ��§Stacey et al.£1999¤�Lu

and Lueck£1999¤uÐ
Lohrmann et al.��{§¿|^pª°�ADCPòd

�{A^�ºe°. |^ù«�{§�±éN´/?1��m�p�Ý*ÿ§

NÄþ�'gdeüë6�ºÝ¿¡¤��õ. d	§A^ADCP�kXe`

:µ1!§´�«��\��{§*ÿ�Ø¬»�6|�(�¶2!&Þþ)Ô

�NXØ¬wÍK�*ÿ(J��þ¶3!§�±*ÿA���YN. Ïd§|

^pª°�ADCP�*ÿ�{�5�É�<���à§�´8cw5�~kc

å�ë6·Ü*ÿ�{. /���{0�OXìAå�Ø�Ì�u¤ìØ�

Ú�6Äk'�D(§���O}�Aå����êþ¤�'£Stacey et al.

1999; Lu and Lueck 1999; Williams and Simpson 2004¤. O���êþ�±k�

/~�}�Aå�O¥�Ø�§�ù�É�ADCPæ�Ç���§Ï�¤ì�

M�û½
§��¯k�æ�Ç. RDIúi#CíÑ�mode12M��¬§�éu

ÊÏ�°�ADCPäk�¯�k�æ�Ç§Ïd�±wÍ/ü$}�Aå�ë

ÄU)¤Ç�O¥�Ø�£Williams and Simpson 2004; Nidzieko et al. 2006¤.

�XADCP��æ�Ç�ØäJp§�
#��O�{ØäZyÑ5.

Lorke and Wuest£2005¤ò/.5ÑÑ{0^u
$U�Ñ�¸pëÄUÑÑ

Ç��O§�duADCPæ�ªÇ���§ù«�{3Äå�¸¹��ºe°

Ø·^. Wiles�£2006¤JÑ|^/(�¼ê0{5�OëÄUÑÑÇ��{.

d	§Gargett£1994; 1999¤uÐ
|^ÏLÊ(IADCP*ÿ¹U�µ5

�OëÄUÑÑÇ��{. âf¤�¤£PIV¤��A^uºe°¥ë6·Ü�

ïÄ¥£Doron et al. 2001; Nimmo Smith et al. 2002§2005§2008¤§�du

��*ÿXÚ�~E,§á�mS�éJ�2�æ^.

�XBurchard et al.£2008¤¤�Ñ�§éuë6���*ÿ§I�é�'

�óÄþ3o��m£�mn�§�m��¤S?1p£��¤©EÇ�*

ÿ¶éëÄU!ëÄUÑÑÇ�ë6ëê��O§�k?1v
ªÝ!v


��m�*ÿâU¼����(J. 3°�¥§ù«*ÿ��´Ø�U�§

Ï~�*ÿ�UºX��½ü�. ADV�½:pª*ÿ�ë6�ºÝ¿¡¤

�¿¡*ÿ�ºX�m��£ÏL/TaylorXÈë6b�0�±Cq��m�

�¤§ADCP�¿¡*ÿ�ºX��ü�§PIV�*ÿ��ºXn��m£�

mü�§�m��¤. Ïd§yk�¤k*ÿÃãÑ��"����*ÿ§

12
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ë6��qäkér���m�5§�¤k�*ÿÃãÑØUºXë6�¤k

�mºÝ£l���ÑÑºÝ§���cm�þ?§����¹UµºÝ§�

��m�þ?¤§Ïdyk�*ÿÃãÑ7LÚ\�½�nØb�â�±¼�

ë6ëê��O. Û/��Ó5£é�ºÝë6¤´�~^�b�. duÃØ

´ë6�ºÝ¿¡¤�´ADV!ADCP*ÿ��Ñ´ë6Ì��Ü©§3?1

ë6ëê�O�·�7LÚ\ù��b�µ�µéë6Uþ�ÑÑ¿ØwÍ±

�u�±�Ñ§�µéë6ÄþÏþ£}�Aå¤�ëÄU��z��±

�Ñ. dupª�*ÿ'p�m©EÇ�*ÿN´�õ§·�²~Ø�ØÚ\

/TaylorXÈë6b�05ò¼���mS�=z��m©Ù. duþãnØb

�Ñvk���y¢§¤±ë6ëê�O�°Ý���ØXé§Ý!íÝ!6

��²þ�Ônþ*ÿ�°Ý.

1.3.2 ê��[�{

Ø
	°���*ÿ	§ê��[��2�A^uºe°¥ë6·Ü�ï

Ä¥. o�5ù§Ì�do«�{µ

1!��ê��[£DNS¤§ÏL��¦)N–S�§5ïÄë6·Ü. d

uDNS�{I�©E6Ä�¤kºÝ§¤±yk�O�Å$��Ýû½
ù«

�{�UÛ�uïÄ$Xìê$Ä§ÏdDNS�{¿Ø·^uïÄºe°¥�

¢S6Ä§�U��
Å�5�ïÄ£'XïÄK–HØ½5§Smyth et al.

2001¤¶

2!�µ�[�{£LES¤§ÏL¦)�mÈÅ�N–S�§5ïÄë6·

Ü§Ïd�k¹U��µ���¦)§�ºÝL§I�ëêz§�DNS�{

��§LES�Ø·Ü�[��ºÝ�°�$Ä§°�¥Ì��^u°�>.�

�ïÄ. ��XO�Å�Ý�ÅìJp§LES¬�5�õ/�A^�°�ë6·

Ü�ïÄ¥¶

3!ÚOë6�[§¦)Xì²þ�N–S�§£RANS¤§ë6óÄ�'

�ÏLÚO��{?1ëêz. 3°�ê��[¥§Ï~|^Û/²ïb�5{

zRANS§lÏLëêz5µ4RANS. ù´8c°�ê��[¥ÊHæ^�

�{. dBurchard et al.£1999¤mu�/°�ë6�ª0£GOTM¤8Ü
8

c®k��õêë6ëêz�ª§�Åì�A^�°�ê��[¥¶

4!²�ë6�[§¦)RANS§ÏL>.�Ïþb�5µ4�§§KPP�

ª´ùa�{��L.

13
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du�©¿Ø���9°�ë6·Ü�ê��[§é±þ�{òØ��ã.

1.4 �©[mÐ�ó�

|^3�°�Clyde°ü;.r�°ºe°¥ë6·Ü���*ÿ§�©é

r�°ºe°¥�ë6·ÜA�9ÙÅn?1�\�ïÄ. 1�Ù�1nÙ��

Ø�6¤�ë6·ÜA��ïÄ. 3ùüÙ¥§·�ò|^3�°üé'5Õ 

£�6a.©O� E6�^=6¤?YN9í(�!²þ6�¿¡±9.>

.�Sn�pª6��rz*ÿ]�§�\ïÄr�°ºe°¥�·Ü�Ä�

A�±9�6^=éYNë6·ÜA�!AO´�6.>.�Së6·ÜA�

�K�. 1oÙ��zG!r�°ºe°¥ë6·ÜA�9Ù�)Å��ïÄ§

¤^]���°üé'5Õ ?£©O u¥
°�«�Û/º·«¤YNë

6·Ü���*ÿ. 1ÊÙ��zr�°ºe°¥ë6·Ü�Å�5ïÄ. ·�

ò|^}�Ø½��5nØ£Taylor-Goldstein�§¤5ïÄ3S�K�eY

N�½5G�§¿ïáåYNë6·ÜA��YN}�Ø½5m�Å�5

éX§JÑ#�ëÄUÑÑÇëêz�Y. 18Ù�Ñ�©�Ì�(Ø.

14
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1�Ù ^=� E.�69Ù¤�ë6·Ü

I. ²þ69Ù}�

2.1 Úó

3ºef°§�Å�.//9Y²W.��p�^/¤^=½ E.�

6. 3¥
°�«�6���^=6§3CW§AO´3°�\�?Úa�

±�S§�6K��� E6. �,Cc5�Xë6�ºÝ¿¡¤�pª°

�ADCP�2�A^§<�®²¼�
ºe°¥ë6ëê£'XëÄUÑÑÇ

�)¤Ç¤�p�þ*ÿ£e.g., Simpson et al. 1996; Rippeth et al. 2003¤§l

¦�<�ér�°ºe°¥��ë6·Ü£{¡�·Ü¤�@£��
wÍ

�?Ú. ,§®k���*ÿïÄ=�u E.�6§éu�6�^=XÛ

K��·Ü�@£§�8��~k�. ÏLò�66�¥þ©)�©O÷^��

���_����^=�ü�©þ§¿Ú\~ëÊ5Xêb�9�5�.Aå

ëêz�Y§Prandle£1982¤¼�
�Å�§£fY�§¤�nØ). ¦�ï

Ä(JL²§�6�^=����6ý��ý�Ç�wÍ/K��6.>.�

�þÝ. 3��¥§3�6rÝ£�Ì¤����¹e§^��^=�6�.>

.�þÝ�wÍ�u_��^=�6�.>.�þÝ. Ïd§^��^=�6¤

��·Ü�UwÍ�u_��^=�6��·Ü. Simpson and Tinker£2009¤

�*ÿ(J|±þãíØ§=�6�^=�ÏL���6.>.��þÝ5K

��·Ü�rf. ,§l����¿Âþù§^=�6� E�6éYNë6

·ÜA��K�kÛ�É�´��ÿ�£��¯K.

�°´��;.�r�°ºe°§3Ù¥
°�«§�6Ì��^=.�

6§3CW§�6ª�u E.�6£e.g., Lee and Jung 1999; Kang et al.

2002¤. 3�Ù�1nÙ¥§·�ò|^3�°né'5Õ £�6a.©O�

5K^=�6!Ø5K^=�6±9 E.�6¤?éYN9í(�!²þ6

�¿¡±9.>.�Sü:n�pª6��rz*ÿ§é^=� E.�6�

(�9Ù�·ÜA�?1�\�ïÄ§±�Ñr�°ºe°¥�·Ü�Ä�A

�±9�6^=éYNë6·ÜA�!AO´�6.>.�Së6·ÜA��

K�.

�ÙÌ�0��Õ �¤ì���*ÿ£§2.2¤!*ÿÏm�í�G¹

£§2.3¤!¢ÿ6��Ä�A�£§2.4¤!�Õ YN�9í(�£§2.5¤±9

15
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�Õ6�¿¡96�R�}��(��A�£§2.6¤. ^=� E.�6��·

ÜA�9Ù�Éò31nÙ¥��\�&?.

2.2 ¤ì���*ÿ
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ããã 2.1: n±FëYÕA1!A2£�ã¤�D£mã¤�Õ ã. �ã¥çÚ�

:¤« ��2005c3�19–26FÏm?1CTD¿¡*ÿ�24��¡Õ. ã¥

����ü �m.

�Ù£�1nÙ¤¤|^êâ�2005c3��12�|^/À�ù20Ò°�

�ÆN�E3�°¼��*ÿ]�. Ì��)3n�±FëYÕD!A1�A2¤

?1�eX*ÿ£ã2.1¤. DÕ£36.04◦N§120.32◦E¤ u��	°§��²

����å2 km�m§²þY�19 m§*ÿ�m�2005c12�14–15F¶A1Õ

£35.90◦N§121.58◦E¤ uH�°§3DÕÀÜ�115 km?§²þY�38 m§

*ÿ�m�2005c3�26–27F¶A2Õ£38.50◦N§123.00◦E¤ u��°§²þ

Y�58 m§*ÿ�m�2005c3�20–21F. d	§2005c3�19–26FÏmu�

°24��¡Õ??1
YN§Ý�íÝ�¿¡*ÿ£ã2.1¤.

3z�±FëYÕ§YN²þ6�¿¡�C.?ü:pª6�]�©O

d���.RDI 600 kHz ADCP���Nortek 6 MHz /Vector0ADV*ÿ¼�.
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3A1ÕÚA2Õ§ADVæ�NÈ u.þ0.95 m?§±óÀ�ª?1æ�§óÀ

m��10 min§zgæ�32 s§æ�ªÇ�64 Hz. 3DÕ§ADV�æ�NÈ 

u.þ0.45 m?§±ëYæ��ªó�§æ�ªÇ�16 Hz. ADCP6�¿¡�

R�©EÇ3�Õ þ��0.75 m. duY��é�f§3DÕÚA1Õk�*ÿ

¿¡A��)
��YN. 3A2Õ§É¤ì*ÿ�����§k�*ÿ¿¡

=�.þ38 m?. 3A1ÕÚA2Õ§ADCPC.1��6��¶Â�Ý�.þ2.4

m£=ζ = 2.4 mab¤§3DÕ�.þ2.8 m. ADCP�æ��ª�ADVaq§

3A1ÕÚA2Õ±óÀ�ª?1æ�§óÀm��10 min§zgæ�5 min§�

©æ�ªÇ�2 Hz§ÿþ(J±/¥�IXe�6�©þP¹§�P¹c?12

s²þ£=4�ping¤¶3DÕ§±ëYæ��ªó�§�©æ�ªÇ�2 Hz§

ÿþ(J±beam�IXe�6�©þP¹§P¹c?12 s²þ. *ÿÏm�Y

 CzdADCPþ�Øå&Þ*ÿ¼�.

3�Õ25 hr�*ÿÏm§|^��Sea-Bird 911plus CTD?1YN§Ý�

íÝ£>�Ç¤�¿¡*ÿ. 3DÕ§z0.5 hr?1�g¿¡*ÿ§Ïdo�

¼�50g¿¡¶3A1ÕÚA2Õ§z2 hr?1�g¿¡*ÿ§�¼�13g¿¡.

*ÿÏm�í�]�d��CR1000.gÄí�Õ*ÿ¼�.

2.3 *ÿÏm�í�G¹

Xã2.2¤«��Õ*ÿÏm�í�]�. 3A1Õ§°¡±þ10 m?�º

�〈W10〉 = 4.0± 1.8 m s−1§3A2Õ§〈W10〉 = 5.2 ± 2.6 m s−1. ùp〈 〉L«²
þ�±IO��. Xã2.2(a)¤«§A1Õ*ÿÏmº��Cz²w©�ü��ã.

3c9 hr§=3�26F15:00–27F00:00§º�W10�º�Θ£ã¥��Ñ¤Ñé

½§Czé�§〈W10〉 = 6.0 ± 0.54 m s−1§〈Θ〉 = 168◦±7.5◦¶éA�°L�Þ

�Ýu∗s£≡
√
|~τa| /ρw§Ù¥|~τa|�°LºAå���§ρw�°Y��Ý¤�C

zXã2.2(b)¤«. °LºAå|~τa|£ã¥��Ñ¤3c9 hr�²þ��5×10−2 N

m−2§ÙIO��σ| ~τa| = 9×10−3 N m−2§º�°��UþÑ\〈E10〉 = 0.3±0.08

W m−2§ùpE10 ≡ W10|~τa|. 27FÌ�±�§º�wÍ~�§�01:30~�2 m

s−1§����32 m s−1�4 m s−1�móÄ.3A2Õ§*ÿ�m©ueÌ15:00§

3*ÿÏm�c10 hrº���32 m s−1�6 m s−1�mCz. g3�21FÌ�§

º�ÅìO�§�¥Ì12:00O�9.1 m s−1. d�§º�Åì~�§�*ÿ(å

�~�7 m s−1. A2Õ°LºAå|~τa|�Cz���3.5×10−3–1.2×10−1N m−2§

º�°��UþÑ\E10�Cz���0.04–1.1W m−2.
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ããã 2.2: �Õ *ÿÏm�í�]�µ(a) °¡±þ10 m?º�W10¶(b) °

L�Þ�Ýu∗s¶(c) °í§�∆T . Ù¥§ùÚ�/L«DÕ§7Ú�:L

«A1Õ§ÉÚn�/L«A2Õ. 3�Õ§*ÿm©�mþ��®�m15:00.

3A1Õ�A2Õ§°-í§�Ñ'��. 3A1Õ§°¡í§Ta�Cz��

�2.5–5.9◦C§°L¡§ÝTw�Cz���3.65–4.25◦C§°-í§�∆T=Ta −
Tw�Cz���−1.5–1.5◦C. 3A2Õ§Ta�Cz���3.4–5.1◦C§Tw3*ÿ

Ïm�c11 hrd4.25◦CÅì~�3.80◦C§��Ta�±33.82◦C�m�*ÿ(

å§∆T�Cz���-0.5–1.0◦C. Ïd§°L9Ïþ�2åÏþÑé�§Ø¬K

��L�±eYN.

3DÕ§25 hr�*ÿÏm°¡ºr½'�½§°¡±þ10 m?º�〈W10〉
= 9.3 ±1.7 m s−1. °L�Þ�Ýu∗s�²þ��1.1×10−2 m s−1§��ufº�

�A�þ�§º�°�²þ�UþÑ\�1.37 W m−2. �A1ÕÚA2ÕwÍØ

Ó�´§DÕ*ÿÏm°-í§��~�. 3�m§°-í§�∆T��−12.0◦C§

3Ì�∆T��−7.4◦C§Ïd°L9Ïþ�2åÏþ�~wÍ. 325 hr�*

ÿÏm§°¡í§Ta�Cz���−4–0◦C§°L¡§ÝTw�Cz���7.0–
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8.5◦C§°-í§�∆T�²þ��-10.1◦C§°¡²þ�2Ïþ�-1.3×10−7 W

kg−1§31nÙ¥ò¬w�§§��6.>�S�ëÄUÑÑÇ��. 2åÏþ

�K�§L«§ò¦°¡9þ�YN�)�wÍ�R�é6.

2.4 �6�b�

3�°§Ø
m�u)��ºE¤�º)6	§�6´���Äå��.

3�°�ý�Ü©«�§�FM2©�²wÓ`§��O(ý��°¥�� 

Ú�6§�A�Ä��Ê�Ù§©�§=O1§K1§S2§M4�MS4. �X�ÙÚ

ó¥¤�Ñ�§�°�ïÄr�°ºe°¥�ë6·ÜA�9ØÓ�6a.�

m��ÉJø
ûÐ�¢�¿. ·�¤ïÄ�n�ëYÕ�L
ØÓ��6a

.µA1Õ?�6ý�é5K§�;.�_��^=�6¶A2Õ?�6ý�éØ

5K§�,E�_��^=�6§����±ÏS6���Ì�3À�-ÜH�

�¶DÕ?�;.� E.�6§�3e©¥òw�§*ÿÏm¢ÿ6Ä¥�

¹b��K�.

Xã2.3(a)–2.5(a)¤«��Õ10 min²þ�6��¥þã. ��Ù/w«

Ñ6�¥þ�^=§ã¥��Ñ
z�1 hr�g�6�. duØÓ�Ý?6

��Cz�~�q§ã¥��Ñ
���Ý?�6�¥þã��«~. X

ã2.3(b)�2.4(b)¤«©O�A1Õ�A2ÕM2©�6�ÌUM2�{6Urs�R�¿

¡. 3É.�ÞwÍK���6.>.�±þ�Ý§A1ÕM2©�6��Ì

�0.35 m s−1§A2ÕM2©�6��Ì�0.42 m s−1. 3üÕ §{63ØÓ�

ÝþÑ�3XwÍ��É§A1Õ¥�{6=�0.5 cm s−1§�CL���3.0 cm

s−1¶A2Õ{63.>.�S�1.5–2.0 cm s−1§¥�{631.0 cm s−1±e. X

ã2.3(c)&2.4(c)¤«§¢ÿ6�©þ�NÚ©Û¤��66�©þ�~��§ü

ö��'Xê30.98±þ. ùL²§A1Õ�A2Õ�6ÄÌ�d�6��.

3DÕ§�,¢ÿY �CzA���d�N¤��§�¢ÿ6�¥²w

�¹�6±	Ù§6�¤©��z£ã2.5(c)¤. 325 hr�*ÿÏm§C.6�

�Cz���0.01–0.54 m s−1. �éu6��À©þu§6���©þv��é

�§Ïd6�Ä�þ�ÀÜ�§L²d?�6�ÀÜ� E6. 6�À©þuä

k²w��F��6A�§�6��©þv%vk²w��&Ò. Þá�äk²

w�Øé¡5§��Þ�6�����á�6��2�. XJÏLNÚ©ÛØ�

¢ÿ6�¥��6©þ§@o¤�{6¥äk²w�óÄ©þ§3á��§ù

«óÄ��Ì���66�����§$��u�66���.
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ããã 2.3: A1Õµ(a) .þ2.36 m?£ADCP¿¡*ÿ�C.1��¤6��¥

þã§ã¥¤Iêi��éu*ÿÐ©�����ê§7�Úù�©OL«

ü�ØÓ��±Ï§çÚ���Þ�«Ñ
�6�^=��¶(b) M2©�

6��ÌUM2£7Ú¢��¢%�¤�{6Urs£ùÚ¢�¤�R�¿¡¶(c)

.þ7.6 m?¢ÿ6�À©þuobs£ùÚ¢%�¤��©þvobs£7Ú�%

�¤9éA�6©þutidal£ùÚ¢�¤�vtidal£7Ú¢�¤��mS�§Ù

¥�6�)
8�Ì�©�.

�
ïÄDÕ¢ÿ6��Y ¥�épª���6©þ�A�9Ù¤Ï§

·�éþã¤�{6£urs&vrs¤9{Y ηrs£≡ η−ηtidal§=¢ÿY �� 
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ããã 2.4: A2Õµ(a) .þ18.1 m?6��¥þã§ã¥¤Iêi��éu*

ÿÐ©�����ê§7�Úù�©OL«ü�ØÓ��±Ï§çÚ�

��Þ�«Ñ
�6�^=��¶(b) M2©�6��ÌUM2£7Ú¢��¢

%�¤�{6Urs£ùÚ¢�¤�R�¿¡¶(c) .þ20.0 m?¢ÿ6�À©

þuobs£ùÚ¢%�¤��©þvobs£7Ú�%�¤9éA�6©þutidal£ù

Ú¢�¤�vtidal£7Ú¢�¤��mS�§Ù¥�6�)
8�Ì�©�.

�m��É¤¥��pªCzηrs(hf)?1ªÇÌ©Û. Xã2.6¤«�{6�{Y

 ��UªÌ.Ù¥§EU = 0.5(Eurs+Evrs)§Eurs�Evrs©O�6�À©þu�

�©þv�ªÇÌÌ�§Eηrs�{Y �ªÇÌÌ�. �±wÑ§{6�{Y 
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ããã 2.5: DÕµ(a) .þ2.8 m?£ADCP¿¡*ÿ�C.1��¤6��¥

þã§ã¥¤Iêi��éu*ÿÐ©�����ê§7�Úù�©O

L«ü�ØÓ��±Ï¶(b) ¢ÿY ηobs£ùÚ¢%�¤§� ηtidal£7

Ú¢�¤§{Y ηrs£çÚ¢�¤9{Y ¥�$ªCzÜ©ηrs(lf)£É

Ú¢�¤��pªCzÜ©ηrs(hf)£eã¥çÚ¢�¤¶(c) .þ0.45 m?

£ADV¤ÿ�¤¢ÿ6�À©þuobs£eãùÚ¢��¢%�¤��©

þvobs£þãùÚ¢��¢%�¤9éA�6©þutidal£eã7Ú¢�¤

�vtidal£þã7Ú¢�¤��mS�§Ù¥�6�)
8�Ì�©�§eã

¥çÚ¢��{6��mS�.

ªÇÌ¥�wÍ�ªÇf0A����Ó§éA��wÍ±Ï�t0 = 1/f0 ≈ 2.3

hr. d	§3ã2.6¥§�wÍªÇf0¤éA�g�ÚªÇf0/n (n =1, 2, 3, ...)?

�¸��'�wÍ. ã¥�Þ�Ñ
cn�Ûg�ÚªÇ§��õêóg�Úª

Ç�'�wÍ.

ù«±Ï��2.3 hr�6��Y ©þ�Ud�²�S�)�b�¤�.

du�²�´���µ4�°�§�²�Sb��Ä�g,±Ï�dU?

�MerianúªO�¼�§τsch = 4LJB/csch£e.g., Knauss 2000¤§Ù¥csch =
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ããã 2.6: {6£fEU (f)¤�{Y £fEηrs¤��UªÌ. �¦{6Ì�{Y

 Ì�ºÝÄ���§ã¥{Y �Ì���
15�. �wÍªÇéA�±Ï

��2.3 hr§�Þ�Ñ
�wÍªÇ�Ûg�ÚªÇ.

(gHJB)1/2�b�£åÅ¤���Ý§LJB�HJB©O��²��Y²A

�ºÝ�A��Ý. XJ�LJB����°��W���ål18 km§�HJB�

�²��²þ�Ý7 m£Liu et al. 2004¤§@o�±O�Ñτsch = 2.4 hr§�

ã2.6¥��wÍ±Ït0�~�C. ùL²§DÕ¢ÿ6�´�6�b��Ó�^

�(J. ã2.5(c)w«3á��b���3�\²w§ù´Ï�á�6wÍ�u

Þ�6§Ïd3á��b�6��é�Ì��. ��5¿�´§��m�±�S

�b���3Ûg�ÚªÇ§=n =1, 3, 5, ...§�DÕ{6�{Y £AO´{

Y ¤�ªÇÌw«¢ÿ]�¥�¹l2�7�¤kg�ÚªÇ. ù�d*ÿÏm

º��Cz5)º. 3*ÿ�c10 hrS§º��330◦§=A��ÐN���?

£ë�ã2.1¤§º����10–12 m s−1. d�§º�Åì~�6–8 m s−1§�º

�Åì=�Ü. Ïd§Üº�±3�²�S�)µ4°�.b�§ÙÄ�g,±

Ï�dMerianúªO�¼�§τsch = 2LWE/csch ≈ 70 min§Ù¥��²��À

Ü�°ÝLWE = 15 km. ù�±ÏéA�ªÇ��f0���§Ïd¢ÿ]�¥¤

�¹�f0�óg�ÚªÇ�U�dµ4°�.b��g�ÚªÇ.

2.5 9í(�

3ÁG£DÕ¤�@SG!£A1Õ�A2Õ¤§�°��z�~f. 3°¡

e%E¤�R�é6!°¡º�·Ü±9�63.>.�SE¤�rë6·Ü

23



r�°ºe°¥�ë6�·Ü

ããã 2.7: 2005c3�*ÿÏm�°ÜÜ°�20 m�Ý?(a)§ÝT!(b)íÝS±

9(c)  ³�Ýσθ��¡©Ù.
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ããã 2.8: nÕ .�£A1ÚA2Õ�ζ = 0.95 mab?§DÕ�ζ = 0.45 mab?¤

Y§��mS�. ã¥Ó��Ñ
A1ÕdCTDÿ��ζ = 5§10915 mab?

Y§��mS�.

��Ó�^e§YNR�·ÜC�þ!. �dueæYì��p�^§¥
°�

«  �3f�z. É�íe%�^�à6Ñ\�K�§CWYN§Ý��$u

	°Y§§íÝ��Ý��lWålO�ÅìO�.

Xã2.7¤«�2005c3�*ÿÏmÿ���°ÜÜ°�20 m�Ý?§ÝT!

íÝS� ³�Ýσθ��¡©Ù. ùÄ��A
ÁG�°ÜÜ°��Yì�íÿ

�©Ù. 3A1ÕÀHÜ�p§!pí!p�Y���°æ6§3Ù�Ü�$

§!$í!$���°÷W6. dã2.7(a)�±wÑ§A1ÕNCY§�Y²F
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ããã 2.9: �Õ Y§��Ý–�mCzãµ(a) A1Õ¶(b) A2Õ¶(c) DÕ. �

ã¥p�I���þ�ÿÕ�²þ�Ý§.ÜÒKÜ©�Ñ
���CTD¿

¡����Ý. ��Bé'§�Õ¦^
�Ó�R�ºÝ.

Ý�~wÍ§ù�3d�.ADVÿ��.�£ζ = 0.95 mab¤Y§��mS�

¥Ny��~�Ù£ã2.8¤§=�6�é6�^¦�A1ÕY§äkwÍ��

Cz. dCTDÿ��z2 hr�g�§Ý¿¡�w«§A1ÕCL�±eØÓ�Ý

?Y§��mCz�.�Y§��mCzA�����£ã2.9(a)¤§�§�

C�ç�. ã2.8�Ñ
A1ÕCL�±eo��L5�Ý£ζ = 0.95§5§10§15

mab¤?§Ý��mS�§�±wÑ§��þ���mCzA�����. Ó

���ØÓ�Ý?Y§����O=�0.09◦C§.�Y§3���±ÏS

�Cz�0.16◦C§ù?�ÚL²A1ÕY§�±Ï5Cz�Y²é6�(J. d

	§A1ÕCL�YNLyÑwÍ�¼�Cz§ùd°L\9½e%�^�FC

z¤�. 3 u��°�A2Õ§Ï�Ø�3§Ý²w�É�ØÓYì§Y§Y

²FÝ�~�£ã2.7(b)¤. CL�YNÉ°L\9½e%�^�K�LyÑ
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�A1Õaq�¼�Cz§�CL�±eY§Cq�~ê§��Ý��mþvk

²w�Cz§Y§��3.6◦C£ã2.9(b)¤§.�£ζ = 0.95 mab¤Y§3��±

FS�IO�=�0.008◦C£ã2.8¤.

Xþ¤ã§3A1�A2Õ§CL�Y§É°L\9½e%�^�K�§Ly

ÑwÍ�¼�Cz§ÏdCL�YN� ³�Ý��3aq�Cz. �L�Y§

�p�£XA1Õt = 1–6 hr�m§A2Õt = 1–9 hr�m¤§3L�YN�·ÜC

�þ!�.�Y�m�3�f�§Ý£�Ý¤��§ÙØ% u10 m�Ý?�

m. CL�±eYN·ÜC�þ!§�(�~f. 3A2Õ§f���3��*ÿ

Ïm±Y�3§�3A1Õ§���Ñy3xUí§�p�§3�m§�Xí§

�ü$§3°¡º·Ü�R�é6��^e����»§��YNR�·ÜC

�þ!.

3DÕ§duY��f§�°-í§��~wÍ§3°¡e%E¤�R�

é6!°¡º·Ü±9�·Ü�éÜ�^eYNR�·Ü�~þ!§Y§3

��YN¥Cq�~ê§�§�÷R�B���YN£ã2.9(c)¤. du�

²��SYN��°÷WYäk²w�§Ý�É§3�6�pªb��éÜ

^e§DÕY§¥ywÍ��mCz. 325 hr�*ÿÏm§Y§�Cz��

�7.1–8.1◦C. �6�=��§Y§u):ìCz§30.5 hrS§Y§d8.0◦C×�

C�7.5◦C£ã2.9(c)¥t = 11 hr�m¤. duØÓ�Ý?YNíÝ�[��É§

 ³�ÝØ�§Ý@oR�þ!§��z�~f§*ÿÏm25ªÇN���

�=�2.8×10−3 Hz.

2.6 6�¿¡�}�

2.6.1 6�¿¡

3n�Õ §Y²6��R�¿¡3C.�þ¥wÍ�éê©Ù§

=U(ζ) = u∗
κ ln( ζ

ζ0
)§Ù¥§ζ�l.pÝ§u∗�°.�Þ�Ý§κ = 0.40§�von

Karman~ê§ζ0�°.o÷Ý. ��«~§ã2.10¥�Ñ
A1ÕY²6�¿¡

32 hrS�Cz. �±wÑ§éê���3�~²w§�ÙþÝ��10 m±þ.

¯¢þ§3A1�A2Õ§3���±Ï��Ü©�méê���3Ñ�~²w§

�36������wÍ. Ïd§�±ÏLò¢ÿ6�¿¡[Üéê©Ù5�O

°.�Þ�Ý. ·�ò31nÙéd��\&?.

3A2Õ§éê��þÝHl3���±ÏS�Czé�§3�Ü©�mHlþ

34–5 m�m§�k36�U(ζ)�C������ã�mS§Hl��6–7 m.
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ããã 2.10: A1Õ¢ÿ6�¿¡U(ζ). 3cü�6�¿¡¥£t =

19:20Ú19:50¤§6�3¥��3²w����§�X6�ÅìO�§¥

�6����Åì��. ã¥çÚ�:L«�éA¢ÿ6�¿¡���C£�

��¦¿Âe¤�éê©Ù.

k¿g�´§�U(ζ)�CÙ����£d�6�3¤k�ÝþÑ�u0.05 m

s−1¤§=t = 9–10 hrÚt = 15 hr�m£ë�ã2.4(a)¤§6��l.pÝO�

Åì~�. ù�d�6Äþ�§¥��� ��5)º. éu�6§Äþ�§�

±w�n��²ïµ.5�!Y²ØrFÝå�±9Ê5å�§Ïd6��C

z�ûuY²ØrFÝå�ëÊ5å�m�²ï. duY²ØrFÝå3YN�

�ÝþÑ´���§Ê5å3C.��wÍ�uþ�YN§Ïd6��Cz

3ØÓ�Ý?äkwÍ� ��§�l.ålO�§�6� �Åì¢�§=

Ï~¤`�/.�kÞká0. ��6 � u=6��NC�§ù« ���

±��A2Õ¤*ÿ��/�0�6�¿¡. ¯¢þ§Guo and Yanagi£1998¤

3|^�!À°n��6�ª?1�ê�¢�¥�uy
aq�y�. ùL²§

�6Äþ�§¥��� ��É�±��6�¿¡äkØÓu~5��l.p

ÝO�ÅìO��R�(�. ù«�~�6�(�q�L5K�Äþ�§�

²ï.

3DÕ§éê��þÝHl����A2Õ��§��4–5 m§�éê���3

¿vkA1Õ�A2Õ@o²w. 3¤©Û�176�6�¿¡¥§k126�¿¡�±

uyéê���3§��õu)36�÷À!Ü�?!Ñ�²����§�Ó

o*ÿ�m�70%. ��6���§b�é6��K��~wÍ§6��l.å
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ããã 2.11: A1Õéê�þÝHl�.�6���U0.95��mS�. Ù¥§3ÒK

Ü©¤«�ã6�¿¡3éê�þ.NC�36�����.

�A2ÕÚDÕwÍØÓ�´§A1Õéê��þÝHl3���±ÏS�3w

Í�Cz§ÙCz���6.1-15.1 m. Xã2.11¤«�A1ÕHl3��±FS�C

z. �±wÑ§Hläk²w�o©��±F±Ï�Cz§��.�£ζ = 0.95

mab¤6��Cz�~��§�'Xê�0.87. ��±FSHl�²þ��9.85

m§IO��σHl
= 1.62 m.

3éê�±þ§A1ÕY²6�¿¡U(ζ)¥yÑwÍ�¥����Umax£�

ã2.10¤§��Ñyu�66���ÅìO���ã. ã2.11¥�ÒKÜ©I

«Ñ
UmaxÑy��ã. é'ã2.3(a)�2.11�±uy§UmaxÌ�Ñy3�6

d�6ý�á¶��=��¶����ã§=�6��U(ζ)ÅìO���ã.

��6\�ÝdU/dt�����Umax����§���X�66��?�ÚO

�UmaxÅì��§6�¥yÏ~��l.ålO�ÅìO��¿¡(�. T

L§3z���±Ï±Y�3 hr. 3Umax����ã§éê�±þ6��R�}

�Åì~�§��6�����£=�6=��6ý��¶��¤�éê�±

þ6�Cq�~ê§��ÝCz�~�.

½5/ù§6�¥�����Ñy�����±d�63YNØÓ�Ý?

� ��5n). Ï�.�6�� �+kuþ�YN§¤±��66�Åì

O��§C.�6�kO�§þ�6���âm©O�§\�.�Þé.�
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6�����å�^§¬3¥�Ñy6�����¶�X�66��?�Ú

O�§þ�6�Åì`þ§Ïd¥����Åì��. ��66���Åì~�

�§C.�6�k~�§ÏdØ¬Ñy¥�6����. ���5¿�´§þã

)º�Ün5�I��õ*ÿ�ê�¢��u�§Ï�¢S�6�R� ��

´ÄU
Ün/)ºþã¢ÿ¥������Ñy����Ø��.

Ø
�6�R� ��§�kNõ�U�Å��±)º¢ÿ6�¿¡¥�

¥����. 3���.6Ä¥§C.�p]2ÔßÝéë6�³��^�±

E¤�6£Barenblatt and Golitsyn 1974¤. éuëÊ5XêKM�~ê���

��.6Ä§{ü�Stokes)�Ñ�6�¿¡3².±þHl?�36����

�§�Ù �HldKM96Ä���ªÇω(½. 3�N¹¤E¤��6S§6

��R�¿¡��U�3¥����. 3a�±�S§�6=����UÑy6

��¥����. �º)6'�wÍ§���66�Ø���§¢S6�¿¡�

�U�3¥����. d	§�6�SÅ½C.5����p�^��U��¢

ÿ6��¥����. ,§A1Õ¤*ÿ��6�¥����Umaxäk²w�

�Cz§Ïd·�3e¡ò�©Û��k'�Å�.

3A1Õ§*ÿ�m�3�26–27F§°Yffm©O§§�z��~f§

Ïd�N¹ÿ�/¤§�Simpson-HunterêSH = log10(H/U3) = 2.95£ù

pH�A1Õ�²þY�38 m§U = 0.35 m s−1��6�²þ�Ì¤§wÍ�u

Ï~¤@���.�1.8–2.0§Ïd¢ÿ¥����UmaxØU8(u�N¹¹)

�6�(J.

Guo and Yanagi£1998¤�ê�¢�L²§XJ�ëÊ5XêKM�~ê§

@o3��z�6¥YNeÜ��)6�����. ¯¢þ§Sakamoto and

Akitoma £2006¤�ê�Á��L²§XJ�KM�~ê§^=�6¥�6.>

.�±þ�UÑy6�����. 3A1Õ§Ï�vkKM�¿¡*ÿ§·�Ã{

���äKM3YN¥´ÄCq�~ê§�éu�l>.!�z�~f�¥�

YN§~ëÊ5Xêb�Ä�þ´Ün�. Ïd§·�ÏL±e©ã¼ê5£

ãA1Õ�6�¿¡§=e��éê�§þ����²���.6Ä�Stokes)

£Schlichting 1962¤§

U(ζ) = (u∗/κ) ln(ζ/ζ0), ζ ≤ Hl (2.1)

U(ζ, t) = Re
{
UA

[
1− exp(−1 + i)ζ/

√
2KM/ωtde

iωtdt
]}

, ζ > Hl (2.2)

Ù¥§UA��6�A��Ì§ωtd��6��ªÇ. T©ã¼ê�·^5X
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ããã 2.12: A1Õü;.6�¿¡µ(a) 2005c3�26F19:30£t = 4.5 hr¤¶(b)

2005c3�27F01:00£t = 11 hr¤. �¦nØ¿¡���Ý/�¢ÿ6�¿¡

��§úª2.1�2.2¥�ëþ��A©O��µ(a) UA = 0.285 m s−1§KM =

2×10−3 m2 s−1§u∗ = 1.62×10−2 m s−1§ζ0 = 6.12×10−3 m¶(b) UA = 0.42

m s−1§KM = 3×10−3 m2 s−1§u∗ = 2.24×10−2 m s−1§ζ0 = 4.29×10−3 m.

ã2.12¤«. �±wÑ§ã¥¤«ü�¿¡�éê�þÝ©O�11Ú13 m. ÏL

[Ü¢ÿ¿¡��ëÊ5XêKM��(2–3)×10−3 m2 s−1§ÎÜf�zºe°

¥ëÊ5Xê�A�. �Ä�ë*ÑXêKz����uëÊ5XêKM�¯¢

£e.g., Thorpe 2005¤§þãKM��O���·�3e�Ù¥d¢ÿCTD]�

�OÑ���±eYN¥²þ�ë*ÑXêKz ∼ 3×10−4–2×10−3 m2 s−1�(

J�~��.

��5¿�´§ÄuþãnØ�.§Ï�ëÊ5XêKM�~ê§¤±é

ê��þÝHl£�=6�¥����� �¤Ø��mCz. ,§Xã2.11¤

«§A1Õ¢ÿ6��Hl��mäk²w�o©��±F±Ï�Cz. Ïd§þ

ã{ü�nØ�.�U�·^u��ã�m§ØUA^����±Ï. �
¦

��.U
A^u���±Ï§·�I�éþã�.?1U?. äN/ù§·�

-KMäk�±Ï�Cz§=

KM (t) = KM0 [1− κ cos(ωtdt)] (2.3)

Ù¥§KM0 = 3×10−3 m2 s−1�ëÊ5Xê�A��§ÏL[Ü¢ÿ6�¿¡¼

�. |^úª2.3�2.2§·��[
��±FS6�¿¡U(ζ, t)�Cz§(JX

ã2.13¤«. ã¥Ó��Ñ
6�R�}���Ý–�mCz. �±wÑ§dþã
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ããã 2.13: dúª2.2Ú2.3�[�A1Õ6�U(a)9ÙR�}�∂U/∂z(b)��

Ý–�mCzã.

nØ�.¤�[�Y²6�¿¡�Cz�A1Õ¢ÿ6�¿¡�Cz�~aq§

3ζ = 6–15 mab��Ý?äk6��¥����£ÉKM0����K�§�[

�6��¥����� �'A1Õ¢ÿ� �p�5 m�m¤. Ïd§A1Õ¢

ÿ6�¥�����±Ï5Cz�Udéê�±þYN¥ëÊ5Xê�±Ï5

Cz¤�. ,§�u��où«±Ï5Cz�u)3A1Õ§3A2Õ�DÕ

%vkNy§·��Ø�Ù. �Xc¡¤J��§A1Õ�Ù§ü�Õ�Ì�«

O3u�6a.�ØÓ. A1Õ�6�5K�^=�6§A2Õ?�6�^=%

éØ5K§DÕK� E.�6§Ó�É�b��K�. ,§�,þãnØ�

.�±�Ð/�[ÑA1Õ¢ÿ6��Ì�A�§��.¥¿vk�¹�6�^

=. Ïd§�,�6�^=3¥�6�����uÐL§¥�Uäk�½��

^§�Ù�^¿Ø²w.

2.6.2 Y²6��R�}�

3�Õ§Y²6��R�}�Sh =
√

(∂u/∂z)2 + (∂v/∂z)2�d¢ÿ6�¿
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ããã 2.14: nÕ Y²6�R�}���Ý–�mCzãµ(a) A1Õ¶(b)

A2Õ¶(c) DÕ. ã(a)Ú(b)¥çÚ¢��J��«
C.r}��þ�DÂ§

§��Ç���L�
}��þDÂ��Ç. Ù¥§¢�éA.Ü}����

��§J�éA.Ü}����Ï£�66�����ã¤. ��Bé'§�

Õ¦^
�Ó�R�ºÝ.

¡O�¼�. �
�Ø¢ÿ6�¥�pª6Ä�*ÿØ�éSh�K�§O�

6�}�cé¢ÿ6�¿¡?1
$ÏÈÅ§�©æ^��ButterworthÈÅ

ì§�äÅêklp = 0.13 cpm£=klp = 0.2 kN§Ù¥kN = 1/(2∆z)�¢ÿ6�

¿¡�òUÅê§∆z = 0.75 m�¢ÿ6�¿¡��m©EÇ¤. Xã2.14¤

«��Õ6�}���Ý–�mCzã. �±wÑ§6�}����Ì�Ñy

3.>.�S�CL�. 3.>.�S§6�}�Ì�d°.�Þ�^u�6

�)§Ïd�66����§6�}����¶3CL�§6�}�Ì�

d°¡ºr½�). ù3A1�DÕ�~²w§3DÕ§du6�}��é�

f§þãA�vkÙ§üÕ@o²w. 3A1Õ§C.r}����.þ12–15

m?§Ó��Y��32–39%§3A2Õ��.þ7–8 m£Y��12–14%¤§
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ããã 2.15: A1Õ6�}�©þ∂u/∂z£a¤�∂v/∂z£b¤��Ý–�mCzã.

3DÕ�7–10 m£Y��39–56%¤. 3A1Õ§C.r}�3*ÿÏm��Ü©

�mS£80%±þ¤ÑéwÍ§3A2Õ§�k��20%��mSC.r}�

'�wÍ§DÕ�40%�m.

3Y��f�DÕ§3CLr}���C.r}���m}��é�f. }

��lþ!e>.ålO�Åì~f. duY��f§3*ÿÏm�,
�

ã§r}��±0B��YN.

�~k¿g�´§A1Õ6�}�3CL�±e��Ý?þ�6����

Cz¥y±Ï5�Cz£ã2.14(a)¤. ù36�}��©þ∂u/∂z�∂v/∂z��

Ý–�mCzã¥Ly���wÍ£ã2.15¤. ùL²§�6�^=�U´��

6�}�gC.��þDÂ�'�Ïf. dã2.14(a)�±�OÑ§A1Õ6�}

��þDÂ��Ç£½¡/��Ý0¤��6 m hr−1. é'ã2.14(a)�2.13(b)�

±wÑ§3.þ10–15 mS¢ÿ6�}��þDÂ�A��·�3þ�!¥JÑ

�nØ�.�(JÄ���. ,§��5¿�´§TnØ�.¿��Ä�6�

^=§�§XJ�²þ�ëÊ5Xê�KM=3×10−3 m2 s−1§@o.>��
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þÝδ =
√

2KM/ωtd=�7 m§ùwÍ�u¢ÿ6�}�¿¡¥¤w«Ñ�.>

��þÝ. �¦nØ�.�.Ür}�K��.þ10–15 m?§¤I²þ�ëÊ

5XêKMòwÍ�ur�°ºe°¥�A��§Ïd´ØÜn�.

3A2Õ£ã2.14(b)¤§6�}�g.��þ�DÂvkA1Õ@o²w. 6

�}����Ì�Ñy3.þ20 m±S�YN¥. 3t <15 hr��ã§6�}

��LyÑg.��þDÂ�A�§�ÙDÂ�Ç²w�uA1Õ§��10 m

hr−1. k¿g�´§3t = 15 hr±�§6�}��þDÂ�A�¿Ø²w§.þ

ØÓpÝ?6�}��� Ä���. dã2.4(a)�±wÑ§3t <15 hr��ã§

6��5K�_��^=�6§3Ù�§6��CzéØ5K§Ïd6�C

z�Ø5K5�U´t = 15 hr�6�}�vk²w�þDÂA���Ï.

�±�½�´§þã¤*ÿ��C.r}��þ�DÂ;�éXu6�¿

¡�A½(�§=6�¥����9Ù ��±Ï5Cz. ã2.13L²§XJ

¦�R����ëÊ5XêKM��m�±Ï5Cz§{ü�����.6Ä

�Stokes)�±¤õ/�[Ñ.þ10–15 mS¢ÿ6�}�g.��þDÂ�A

�. 3¥�6����±þ§}���)Ì�d6���ÅìO���6���

l°Lål~�Åì~�¤�. k¿g�´§6�¥����±þ�Ý?6�

�Cz�.>.�¥6��Cz�~��§l¦���YN¥}��þDÂ

��ÇÄ���£ã2.15¤. ,§·�3þ�!¥é6�¿¡(�£=6�¿

¡äk¥����¤�)º¿ØU�Ñ��YN¥}�DÂ�Ç������

Ï. �X·�c¡¤�Ñ�§ØÓ�Ý?�6Äþ�§¥��� ���±��

6���~(�§ÏdA½��6G¹�¤éA�ë6·ÜG¹��p�^�

U´¢ÿ6�¿¡¥6�¥����±9��YN¥}�±Ó��Ç�þDÂ

��Ï. d	§�CLº�6�}��DÂA��C.r}�DÂA����§

��±w���YN���DÂ�Ç.

�·�¤*ÿ��6�}���þDÂaq§Simpson�£Simpson et al.

1996; Rippeth et al. 2003¤3O�=°*ÿ�
ëÄUÑÑÇεgC.��þ�

DÂ§�ÙDÂ��Ç£∼10–50 m hr−1¤��u�©¥¤uy�6�}��D

Â�Ç.#�*ÿ£Simpson et al. 2009¤L²ØÓ�Ý?ε�DÂ�Ç�Ø�Ó.

Simpson�@�C.��(éë6�³��^���ε�DÂ�Ç. ù�{ü�n

Ø�ª��§Ï�}��DÂ�Çc ∼
√

2KMωtd. ,§A1Õ�A2Õ�(J¿

Ø|±þãnØ§Ï�3üÕ �(Ñéf§�YN9í(��~aq§�6

��}��(�%�Oé�. Ïd§�6�^=½öÙ§�Ï§��(G¹§

�U´þã�O�ý��Ï.
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2.7 �Ù�(

�ïÄr�°ºe°¥�·Ü�A�±9�6^=é�·Ü�K�§·�

3�°né'5Õ ??1
YN9í(�!²þ6�¿¡±9.>.�Sü

:n�pª6��rz*ÿ. ��1�Ü©§�ÙÌ�?Ø
YN�9í�6�

(�.

3 u��	°�DÕ§�6�;.� E.�6§�Þ�6wÍ�uá

�6§��Þ�6�����á�6����. ØÉ�6���	§¢ÿ6�¥

�²w�¹±Ï��2.3 hr��pªóÄ. ©Ûw«§ù«pªóÄ�U´�)

u�²�S�b�. 3*ÿÏm��Ü©�m§6�¿¡3C.�¥wÍ�éê

©Ù§éê��þÝ��4–5 m§�3�Svk²w�Cz. 3 uH�°Ü

Üºe«�A1Õ§�6�5K�^=6§éê���3�~wÍ§�ÙþÝ�

�66����Cz¥o©��±F±Ï�Cz. 3��±FS§éê�þÝ

�Cz���6–15 m. k¿g�´§3�6¥þd�6ý�á¶��=��¶�

�£=6���ÅìO�¤�c���ã§éê�þ.?Ñy6����§�

z���±Ï±Y3 hr�m. ©ÛL²§éê©Ù�����.6Ä�Stokes)

�|Ü�±�Ð/£ãþã6�(�§¤I~ëÊ5Xê�KM = (2–3)×10−3

m2 s−1§ÎÜf�zr�°ºe°¥ëÊ5Xê�A�§��·�e�Ù¥¤

¼��YNR�ë*ÑXê��O��. XJ�þãnØ�.¥�ëÊ5Xê�

±R�þ!���m±�F�±ÏCz§�.�±½5/�[ÑA1Õ¢ÿ6�

�}��(���SCzA�. ,§I��Ñ�´§Stokes)´3~ëÊ5X

êb�e�Ñ�§¦^��mCz�ëÊ5Xê��
Stokes)�Ä�b�§

Ïdþã�[�¢ÿ(J���5�U�L²ëÊ5Xê��mCz´6�¥

����Ñy��Ï§äN���Å�§�I��?�Ú�ïÄ.

3�Õ §Y²6�R�}����ÑÌ�Ñy3.>.�S�É°Lº

r½wÍK��CL�§Ù�é��©O�ûu�66��º����. éu

 E.�6£DÕ¤§6�R�}�� ���ÝvkwÍ�Cz§ØÓ�Ý

?}�� �Ä���. éu^=.�6£A1Õ¤§6�}�¥yÑgC.

�þ�úDÂ�A�§²þ�/��Ý0��6 m hr−1. 3�6a.éØ5K

�A2Õ§6�¿¡�}��(�LyÑwÍ�Ø5K5. 3*ÿ�,
�ã§

6�}��LyÑg.��þDÂ�A�§�Ù��ÝwÍ�uA1Õ§��10

m hr−1.

þãïÄ(JL²§3r�°ºe°¥§�6�^=¬wÍK�6�R�
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}��(�§lK�YN�ë6·ÜA�. ^=£A1Õ¤� E£DÕ¤.�

6¥�ë6·ÜA�9Ù�Éò3e�Ù¥?1�\�&?.
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1nÙ ^=� E.�69Ù¤�·Ü

II. C.ë6�·Ü

3.1 Úó

Cc5§�Xpª!°�(ÆõÊV6�¿¡¤ADCP±9p°Ý!pæ

�Çn�:ª(ÆõÊV6�¤ADV�ÅÚA^§r�°ºe°¥ë6·Ü

�ïÄ��
wÍ�?Ð. |^�.eXADV�pª6�*ÿ]�§�±��

O�C.�S�ÄþÏþ£=XìAå¤£−u′w′§−u′w′¤±9°.�Þ�

Ýu∗ =
√

(−u′w′)2 + (−v′w′)2£e.g., Voulgaris and Trowbridge 1998; Kim et al.

2000; Fugate and Chant 2005¤§l�±¼�°.ö�XêCd = u2
∗/U

2��

O. ùp§U��ë�²þ6�§�±´°.±þ,pÝζ?�²þ6�§½

ö��YN�R�²þ6�. 3�°§UÏ~��.>.�±þ,?�/=6

�. |^ADV¢ÿpª6��ªÇÌ¥Kolmogorov.5B«��3§�±Ï

L[ÜnØÌ/ª��{5�OëÄUÑÑÇε. |^ADCP�6�¿¡*ÿ]

��±ÏLéê[Ü��{5m��Ou∗£e.g., Lueck and Lu 1997; Friedrichs

and Wright 1997; Cheng et al. 1999; Foster et al. 2000; Elliott 2002; Howarth

and Souza 2005¤§ùÄu6�¿¡3C.�ÎÜéê©Ù�¯¢§=U(ζ) =

u∗
κ ln( ζ

ζ0
). ùp§ζ�l.pÝ§κ = 0.40§�von Karman~ê§ζ0�°.o÷Ý.

I�5¿�´§lî�¿Âþù§þãéê©Ù¤·^�é�´½~!��!

��z!¿©uÐ�²1}�6N. d	§Äuë6�b9nØε = u3
∗/κζ§

=ë6}�)¤�Ê5ÑÑ�Û/²ïb�§u∗��±ÏL¼�°.±þ,

pÝ?ëÄUÑÑÇε�*ÿ5?1m��O£e.g., Dewey and Crawford 1988;

Sanford and Lien 1999; Shaw et al. 2001; MacKinnon and Gregg 2005a¤.

®k�ïÄL²§ÏLéê[Ü¢ÿ6�¿¡¼��°.�Þ�Ýu∗��

O�  �udADVpª6�]���O��(J£e.g., Friedrichs and Wright

1997; Howarth and Souza 2005¤. �c<  òþã�É{ü/8(u¢ÿ6�

¿Ø÷véê©Ùî�¤á�^�£Smith and Mclean 1977; Li 1994; Friedrichs

and Wright 1997¤§éuÛ/ÄåL§��²5!YN��(G¹!./

/�[(�±9���'�.{�Ï�éüö'X�K�§�8ÿ�k���

\�?Ø.

3�Ù¥§·�òé�°üé'5Õ ?�C.�·ÜA�?1�\ïÄ.
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¤^]��1�Ù¥¤0��A1Õ�DÕ�ADCP6�¿¡*ÿ]�±9C.

�Sü:n�pª6�*ÿ]�. §3.2Ì�0�C.ëÄUÑÑÇεnb�R�ë

*ÑXêKz��O±9§�éë6XìêRenb��6'X. 3�!¥§·��

ÏLO�ThorpeºÝ��{�Of��±eYNS²þ�ëÄUÑÑÇ〈ε〉�
R�ë*ÑXê〈Kz〉§¿?©Û§�é¬NRichardsonêRib = 〈N2〉/〈Sh2〉�
�6'X. ùp§〈N2〉�〈Sh2〉©O���±eYNS²þ�25ªÇ�²��
Y²6�R�}��²�. ^=� E.�6¥°.�Þ�Ýu∗��mCzò

3§3.3�±0�. §3.4?ØØÓ�6a.eεnb,u∗±9ëÄUetr�m��p'X.

§3.5��Ù�(.

3.2 ëÄUÑÑÇ�R�ë*ÑXê

|^ADVpª6�*ÿ]��±ÏL3¢ÿë6UÌ.5B«S[ÚnØ

Ì/ª5�OëÄUÑÑÇε. ë6UÌ�.5B«´�§3ë6UÌ�,�Å

ê��SUÌ�Ýφ��ëÄUÑÑÇεÚÅêkk'§�ë63�ºÝ�Uþ

Ñ\93�ºÝ�UþÑÑ£©fÊ5¤Ã'. |^ë6.5B«�OëÄUÑ

ÑÇε��{¡�.5ÑÑ{.

éu¿©uÐ�ë6>.�§ë63�ºÝ�UþÑ\�3�ºÝ�Ê5

ÑÑ?u²ï§u´��ë6UÌäkXe/ª§

φii(k) = αiε
2/3k−5/3, (3.1)

Ù¥§φii(k)�1i�6�©þ3Åêk�UÌ�Ý£i = 1, 2, 3§©OéA

uu§vÚw¤§αi���KomolgorovÊ·~ê§d¢�(½. XJ�i = 1éA

u²þ6��§i = 2, 3©OéAu�²þ6R��,	ü�6�©þ§@o�

âSreenivasan£1993¤§α1 = 0.53§α2 = α3 = 4
3α1≈ 0.71.

Ï�ADV*ÿ]��ü:�6��mS�§Ã{��¦�ë6�ÅêÌ§

¤±I�ò¢ÿë6�ªÇÌ=z�ÅêÌ£½öònØ�ÅêÌ=z�ª

ÇÌ/ª¤. �kφii(k)/U2� 1�§Åê�k�ëµ��mºÝ��ué6�m

ºÝ§=ë6óÄ��u²þ6�§�±|^/TaylorXÈë6b�0£e.g.,

Thorpe 2005¤òë6�ªÇÌ=z�ÅêÌ

k =
2πf

U
, (3.2)

kφii(k) = fφii(f), (3.3)
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Ù¥§f�ªÇ§U�²þé6�Ý£=²þ6�¤§φii(f)�φii(k)©O�ë6

�ªÇÌ�Ý�ÅêÌ�Ý. éáª3.1–3.3��§

φii(f) =

(
U

2π

)2/3

αiε
2/3f−5/3, (3.4)

d=±ªÇÌ/ªL«�Kolmogorov.5B«nØ£Kolmogorov 1941¤. dþ

ª�±wÑ§3.5B«S§ªÇÌ�Ýφii(f)�ªÇf�m÷v−5/3g�ê

'X§Ïd.5B«nØ²~�¡�/Kolmogorov −5/3½Æ0. 3¢SA^

¥§−5/3g�ê'X´�äë6ªÇÌ¥´Ä�3.5B«�Ì��â. Ï

d§®�²þ6�U9ë6ªÇÌφii(f)§=�deª�OëÄUÑÑÇε

ε = 2πU−1α
−3/2
i [f5/2φii(f)3/2]. (3.5)

Ù¥§�Cþ�¹ÂXc¤ã§�)ÒL«�.5B«S�²þ�. T�{®

�¤õA^uNõ�°ºe°¥C.ë6·ÜA��ïÄ¥£e.g., Kim et al.

2000; Doron et al. 2001; Nimmo Smith et al. 2005¤.

Stapleton and Huntley£1995¤�Ñ§3.>.�SR�6�ÉÅÄ�K

���Y²6���§R�6�óÄw′Ì�dë6�)§ÏddADVpª6

�]�¤O���w′�ªÇÌ3pªã�DÑ�wÍ$uu′�v′�ªÇÌ. ·�

3DÕÚA1Õ�*ÿ]�|±ù�(Ø. Xã3.1(a)¤«�DÕÞ�ÏmÓ��

ãn�6�©þu′!v′±9w′�ªÇÌ. �±wÑ§3n�6�©þ�ªÇÌ

¥.5B«��3Ñ�~²w§�Ù¤Óª��°Ý3u′�v′�ªÇÌ¥��

uw′§ù�Monin and Yaglom£1975¤�nØ��. d	§ã¥��ß/w«

Ñ§3pªÜ©6�©þu′!v′�ªÇÌ�DÑY²�wÍpuw′�DÑY²§

ù3ã3.1(b)¥Ly����Ù. ã3.1(b)L²Y²6�óÄ3f∼0.12 Hz£±

Ïτ∼8 s¤?äkwÍÌ¸§3R�6�w′�ªÇÌ¥%vk²w�Ny§ù

L²L¡ÅéC.Y²6��K���wÍ§éR�6��K�%�~�f.

Ïd§�Ù¥§·�ò�dR�6�óÄw′�ªÇÌ5�OëÄUÑÑÇε.

3A1Õ§Ï�æ^óÀ�ª?1æ�§�óÀm��10 min§¤±325

hr�*ÿÏm¼�
147|!�Ý�32 s!�mm�� 1
64 s�pª6�*ÿ]�.

©ÛL²§3*ÿÏm�ý�õê�ã£Ù¥�139|¤§ªÇÌφw(f)¥.

5B«��3Ñ�~wÍ§�k8|6��mS��ªÇÌ¥.5B«Ø�²

w. ��«~§ã3.2¥�Ñ
A1Õ5|w′�ªÇÌφw(f). �±wÑ§3z�ª

ÇÌ¥§.5B«��3Ñ�~wÍ§�Óâé°�ª�. d	§3t = 1.64
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ããã 3.1: DÕë6ªÇÌ«~µ(a) n�6�©þu′£ùÚ¤, v′£7Ú¤

�w′£ÉÚ¤�ªÇÌφ(f)§®ùÚ¢��«
.5B«SªÇÌ�

Ýφ(f)�ªÇf�mA÷v�−5/3g�ê'X¶(b) 6�©þu′£ùÚ¤

�w′£ÉÚ¤��UªÇÌfφ(f).

hrÚ8.17 hr�§ªÇÌ3f = 2–3 Hz?�3²w�Ì¸§ù´duT�ãA1Õ

C.��3wÍ�R�é6§·�ò3�©¥����[�?Ø.

3DÕ§du´ëYæ�§·��±æ^ØÓ��m�Ý5½ÂXì²þ

��m¿O�R�ë6óÄw′9ÙªÇÌφw(f). ©Û(Jw«§ë6ªÇÌ�

A�9dÙ¤�OÑ�ëÄUÑÑÇεéXì²þ��m�Ý¿Ø¯a. �¦¤

�ëUÑÑÇε�A1Õ�(Jäk�q�ÚO²þ¿Â±�B�ö��p'�§
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-5/3

-5/3

Segment No. & Time
#012, t = 1.64 hr
#050, t = 8.17 hr
#086, t = 14.17 hr
#106, t = 17.5 hr
#126, t = 20.83 hr

10-1 100 101
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φ w
(f

)  
[(

m
2  s

-2
)/H

z]

ããã 3.2: A1ÕR�6�óÄw′�ªÇÌφw(f)«~. ã~¥�Ñ��m��|

ë6óÄ�mS��²þ�m§ü �*ÿm©£2006c3�26F15:00¤�

���ê. �Ú¢��«
.5B«SªÇÌ�Ýφ(f)�ªÇf�mA÷v

�−5/3g�ê'X.

·�òDÕ�©êâz10 min©��|§¿�z�|¥11 min�êâ?1©Û.

�A1Õ��§O�¤�φw(f)¥.5B«��3��~wÍ§�3f > 0.5 Hz�

ªãþvkwÍ�Ì¸.

Xã3.3¥(1)&(2)©O�DÕC.�£ζ = 0.45 mab¤ëÄUÑÑÇεnb�ë

6XìêRenb = (∆U/ζ)L2
tr/ν��mS�. ��Øεnb�Renb�mCz¥�pª

óÄ§ã¥¤«(J®?1
Ê:wÄ²þ. �±wÑ§εnb�Renb3��ºÝ

þ��mCz�~��. ùp∆U�ADVÿ��.þζ = 0.45 mabpÝ?�²þ

6�U0.45£5¿�°.?²þ6�Uζ=0 = 0¤§Ltr�¹Uëµ�A�ºÝ§ν�

°Y�©fÊ5Xê. 3C.�§²þ6�¿¡÷véê©ÙU(ζ) = u∗
κ ln ζ

ζ0
§

°.�>.´ëµuÐ�Ì���Ïf§ëµ�A�ºÝ�dÊKA·Ü

�nØ5£ã§=Ltr = κζ. òþã�þ�\Renb�L�ª��§DÕ*ÿÏ

mRenb�Cz����102–103§�3Þ�6��������£ã3.3¤. 36

����Þ��ã§C.�ëÄUÑÑÇεnb��5×10−5 W kg−1£ã3.3¥t ∼
10–11 hr�t ∼ 22–23 hr¤§36����á��ã§εü�∼ 10−7 W kg−1 £t
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ããã 3.3: DÕC.�£ζ = 0.45 mab¤�þ��mS�µ(1) ëÄUÑÑ

Çεnb¶(2) ë6XìêRenb¶(3) ²þ6�Θ¶(4a) dLtr = κζO�¤��R

�ë*ÑXêKnb¶(4b) dLtr = 0.5w3
∗/εO�¤��R�ë*ÑXêKnb.

∼ 5 hr�7 hr¤. d	§3á��ã!AO´�C=6����ã§�66�

�é��§b��K�'�wÍ§Renb�εnbÑLyÑ±Ï��2 hr�pªCz

£ã3.3¥t = 2–4 hr�t = 13–18 hr).

®�ëÄUÑÑÇε§C.��R�ë*ÑXê�deªO�¼�µKnb

= aε1/3L
4/3
tr £Monin and Yaglom, 1971)§Ù¥a = 1�Ê·~ê§Ltr �¹U

ëµ�A�ºÝ. Xc¤ã§3C.�§ëµ�A�ºÝ�d·Ü�nØ

5£ã§=Ltr = kζ = 0.18 m§dd�±O�Ñ*ÿÏmDÕC.�R�

ë*ÑXêKnb�����3×(10−4–10−3) m2 s−1. d	§�âMonin and Ya-

glom£1971¤§ëµ�A�ºÝLtr��dR�ë6óÄ�A�ºÝw∗�ëÄU

ÑÑÇε5£ã§=Ltr = 0.5w3
∗/ε. ùp§w∗�±��¢ÿR�6�óÄw′31

minS�IO�rms(w′). Xã3.3¥(4a)&(4b)©O�dþãü«ëµA�ºÝë

êz�{¤O���Knb��mS�. �±wÑ§ü«�{¤�(J�~��§

�'Xê�0.97. ùL²§3C.�§ëµ�A�ºÝÌ�dl.ålû½§3

.þ�½pÝ?Ù���~ê§�²þ6��CzÃ'§�±d·Ü�nØ5

éÐ/£ã. Ïd§3 E.�6¥§ë6·ÜA�ÎÜéê©Ù�Ä�b�§

¢ÿ6�÷véê©Ù§éê���~Aå�§�Ê5�£e.g., Lorke et al.

2002¤. 3DÕ§|^[Üéê¿¡��{5�O°.�Þ�Ýu∗´Ün�.

3A1Õ§6��5K�_��^=�6§�6ý��Ì¶÷Ü�–ÀH
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ããã 3.4: A1Õ�þ��mS�µ(a) C.�£ζ = 0.95 mab¤ëÄUÑÑ

Çεnb§ë6XìêRenb±9²þ6�Θ¶(b) �Ý²þ�ëÄUÑÑÇ〈ε〉�

R�ë*ÑXê〈Kz〉±9¬NRichardsonêRib.

��§CqR�uÛ/���§�6ý��ý�Ç��0.5. Xã3.4(a)¤«

�A1ÕC.ëÄUÑÑÇεnb§ë6XìêRenb±9²þ6�Θ��mS�. �

±wÑ§�DÕØÓ§εnb�Cz¿Øo´�Renb��. 3ã3.4(a)¥ÒKÜ©

¤L«�ü��ãS£t = 0.6–4.5 hr�t = 13.0–16.6 hr¤§εnb�Renb�Cz

A�����. ù�d�6�=�5)º§=�66�dþ·=�e·§=

dφ∼300◦£Ü� Ü¤=�160◦£ÀH H¤. ��66�=�÷º·��

£φ∼240◦¤�§�,²þ6���§lë6XìêRenbé�§�C.ë6Ñ

Ñ%�~r§ëÄUÑÑÇεnb��*ÿÏm��p�. ©ÛL²§εnb�Renb�

��ü��ã�A1ÕC.�§Ý�p��~éA£ë�ã2.8¥A1ÕC.Y§

��mCz¤. ùL²§��6÷º·��dÀ£½À� À¤6�Ü£½Ü

H Ü¤�§�6�é6�^ò*ÿÕ À£½À� À¤Ü�C.�æY

���*ÿÕ £ë�ã2.7(a)¤§C.�æY��3���C.�YN�

R�é6. Ïd§¢ÿëÄUÑÑÇεnb�6�}�)¤�R�é6�Ó�^�

(J§wÍ�uüX�}�)¤§ë6XìêRenb�L�}�)¤�rf§

¤±�ö¿Ø�3{ü�éA'X. ¯¢þ§Moum et al. £2004¤3{I�

Veºe°�uy
��C.R�é6��3. é*ÿÏmR�6�w′�ªÇ

Ìφw(f)�©ÛL²§3pε!$Renb��ã§φw(f)3f = 2–4 Hzªã¥�3�

wÍ�¸�£�3.2¥�«~¤. 3�66�dþ·��Åì=�÷º·���

L§¥§R�6�ªÇÌφw(f)¥�ù�¸�ÅìC�wÍ£t = 2–3 hr�t =

43



r�°ºe°¥�ë6�·Ü

14–15 hr¤§��Åì~f§¿�ª3�66�=�H!��CW�eY�

*ÿÕ ���£t = 4.5 hr�16.6 hr¤. YN¡Eå½�§C.ë6q¡

Ed6�}�)¤���~5.>.�ë6(�§ëÄUÑÑÇεnb�ë6Xì

êRenb�Cz�~��. Ïd§R�6�ªÇÌ¥�Ì¸L²§C.�R�é

6E¤
YNR�6��pª6Ä§ÙªÇ�2–4 Hz§éA��mºÝ�3–6

cm§ÎÜR�é6�Ä�A�.

3A1Õ§C.��R�ë*ÑXêKnb��dëÄUÑÑÇεnb�¹Uë

µ�A�ºÝLtrO�¼�. ùp§·��Ltr = κζ§ζ = 0.95 mab§=Ltr =

0.38 m. O�(Jw«§ØR�é6u)��ã	§Knb�Cz�ã3.4(a)¥

¤«εnb�Renb��mCz�~��§�ÙCz���(2–5)×10−3 m2 s−1. ù

'Lozovatsky and Fernando£2002¤¤���;.��°ºe°ç°¥�R�

ë*ÑXê���þ?. 3R�é6u)��ã§R�ë*ÑXêÃ{dþãë

êzúªO�¼�§Ï�§�·^u}�ë6.

3A1Õ§CL�±eYN¥�~f��z§·��±ÏLO�Thorpeº

ÝLT£Thorpe 1977¤��{5�OT�YN¥�ëÄUÑÑÇε�R�ë*

ÑXêKz. ùÌ�ÄuXenØµDillon£1982¤�ÑLT�OzmidovºÝLO =

(ε/N3)1/2¥{ü��5'X§=LO = 0.8LT§�âOsborn£1980¤§Kz =

Γ(ε/N2)§Ù¥Γ�·Ü�Ç§ùp��~ê0.2. Ïd§ε = 0.64L2
T N3§Kz =

0.128L2
T N . d¢ÿR�©EÇ�0.05 m�CTD*ÿ]�§Äk¦�Thorpe 

£d′§ThorpeºÝLT = rms(d′)�±ÏLO�z1 mSThorpe £�IO�

���§¿Ó�|^åN��� ³�Ý¿¡O�T1 mS²þ�25ª

Ç²�N2. �~��O¥�Ø�§·�ò±þ¤�1 mm���þ3f��

±eYN£z ∼ −37– −12 m¤¥?1R�²þ. Ó�§|^ADCP6�¿¡

]�§·��±O�Ñþã�Ý��S²þ�Y²6�R�}�²�〈Sh2〉§
¿?O�ÑT�S¬NRichardsonê〈Rib〉 = 〈N2〉/〈Sh2〉. Xã3.4(b)¤«

�〈ε〉§〈Kz〉±9〈Rib〉��mS�. �,æ�m�£2 hr¤é�§�²þëÄ

UÑÑÇ〈ε〉�R�ë*ÑXê〈Kz〉ELyÑ²w��Cz. 3��±F�*

ÿÏm§〈ε〉�〈Kz〉�Cz��©O�10−8–10−7 W kg−1�2×10−4–6×10−3 m2

s−1. �〈ε〉�〈Kz〉���£t = 8, 10±922 hr¤§¬NRichardsonê��£〈Rib〉
∼ 0.1¤§�〈ε〉�〈Kz〉�����§〈Rib〉 ∼ 0.1. ùL²§}�Ø½´f

��±eYN¥ë6�Ì�)¤Å�. ·�31�Ù¥®²�Ñ§A1ÕC.�

�r6�}�±�6 m hr−1���Ý�þDÂ§ÏdYN¥Ü£z ∼ −20 m¤

�ë6)¤�'.�ë6)¤�3 hr�m. é'ã3.4(a)&(b)�±uy§YN
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ããã 3.5: A1Õ(a)�DÕ(b)²þ6�¿¡«~. ç:L«¢ÿ6�§�Ú¢�

L«d���¦[Ü���éê©Ù. ü6�¿¡¥éê��þÝ©O�11

m�4–5 m.

¥ëÄUÑÑÇ�(�3þã ��£É〈ε〉�m©EÇ���§ã3.4¥Ny

�¿Ø�²w¤. ã3.4(a)¥Renb�εnb3t = 7 hr�4��éAuã3.4(b)¥t =

10 hr�〈ε〉�4��. t = 19 hr�Renb�εnb�4��éAt = 22 hr�〈ε〉�4�
�§t = 13 hr�Renb�εnb�4��éAt = 16 hr�〈ε〉�4��. �I�5¿�

�§t = 2�15 hr�εnb���3ã3.4(b)¥éØ�éA���§Ï�§�´dC

.R�é6E¤�§�6��R�}�.

3.3 °.�Þ�Ý

X1�Ù¥¤�Ñ�§3A1ÕÚDÕ§*ÿÏm��Ü©�mY²6�

�R�¿¡3C.�¥wÍ�éê©Ù§éê��þÝ©O�6–15 m�4–5

m£ã3.5¤§Ïd�±ÏLéê[Ü¢ÿADCP6�¿¡��{5�O°.�

Þ�Ýu∗�°.o÷Ýζ0. |^ADV�n�pª6�]��±ÏL��O�

XìAå©þ−u′w′�−v′w′5�Ou∗£e.g., Kim et al. 2000; Souza and Howarth

2005¤. duÏLéê[Ü¼��°.�Þ�Ý��Ou∗(log)  �u£$�w

Í�u¤dpª6�óÄ��O��(Ju∗(cov)§Nõ�ö£e.g., Friedrichs and

Wright 1997; Foster et al. 2000; Lorke et al. 2002¤éÏLéê[Ü�O°.�

Þ�Ý�Ün5JÑ
�¦. Howarth and Souza£2005¤�Ñ§�ö��É�
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C
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0.0

0.1

0.2

0.3
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0.5

U
 (m

 s-1
)

Cd

U

u*(cov)

u*(log)

ããã 3.6: DÕC.�£ζ = 0.45 mab¤²þ6�U§dADV9ADCP*ÿ]�

¼��°.�Þ�Ýu∗(cov)�u∗(log)§±9°.ö�XêCd��mS�. Ù

¥Cddu∗(cov)O�¼�§ã¥�ÉÚJ�L«Ù¥�1.65×10−3.

U´Ï�u∗(log)L�
'ADV¤U*ÿ����ºÝ�L§. d	§dÛÜ//

E¤�.{��@�´E¤u∗(log)�uu∗(cov)��Ï§Ï�u∗(log)L�
YN¥¢

S�ÄþÏþ§u∗(cov)��L
üX�°.L¡�Þå£Smith and McLean

1977; Chriss and Caldwell 1982; Dewey and Crawford 1988; Li 1994; Lueck and

Lu 1997; Sanford and Lien 1999¤. Lorke et al.£2002¤�Ñ§¢S*ÿ��é

ê��U´Ù§Ï��(J§�C9�q5nØÃ'§�Ïd¿ØU�L

C.��ÄþÏþ. Friedrichs and Wright£1997¤�Perlin et al. £2005¤K�

Ñ§3.>.�S§=¦éf��z��U¦�¤�OÑ�u∗(log)wÍ�u°.

¢S��Þ�Ý. o�§éuu∗(log)�u∗(cov)m�É����Ï§�8�éØ�

Ù§I��õ�ïÄ5�«.

·�éA1Õ�DÕ°.�Þ�Ýu∗�O�L²§3 E.�^=.�

6¥§u∗(log)�u∗(cov)�'XwÍØÓ. DÕu∗(log)�u∗(cov)��mS�Xã3.6¤

«. �±wÑ§3��±F*ÿÏm��Ü©�m§AO´36��r!

6�'�½�Þ��ã£ë�ã3.3(3)¤§�öÄ���§vk²w��

O. 3á��ã§dub���^�éwÍ§6�!6�Ñäk²w�pª

Cz§u∗(log)�u∗(cov)��'5�é�f. �§3t = 15–20 hrÏmo�30�

6�¿¡¥k20�¿¡Ø�3²w�éê�§�ÏdÃ{¦�u∗(log). X

ã3.7�DÕu∗(log)�u∗(cov)�Ñ:ã. XJ|^¤k�£125|¤Ñ:?1£8©
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0.000 0.005 0.010 0.015 0.020 0.025
u*(log) (m s-1)

0.000

0.005

0.010

0.015

0.020

0.025

u *(
co

r)
 (m

 s-1
)

u*(cor)= 0.89u*(log)

R2 = 0.94

ããã 3.7: DÕu∗(cov)�u∗(log)�Ñ:ã. �Ú¢�L«d£8©Û¼��üöm

��'~¼ê'X.

Û§���ö��'~¼ê'X�u∗(cov) = 0.89u∗(log)§(½XêR2 = 0.94. X

J��ÄÞ�Ïm�Ñ:£t = 6.5–12.5 hr±9t = 20–24¤§@o�ö��'

~¼ê'X�u∗(cov) = 0.93u∗(log)§(½XêR2 = 0.97. Ïd§�,�ö��

Oé�§���õê®k�ïÄ¥�����§u∗(log)��uu∗(cov)§ù�U�

«
Ø5K//þë6>.�ÄåÆ�A�. ,§I�5¿�´§éupX

ìê�/¥6N§von Karman~êκ�U�0.35£Businger et al. 1971; Telford

and Businger 1986¤§XJ�Ä�ù�:§þã¤¦�u∗(log)¬k¤~�§l

u∗(log)�u∗(cov)m��O�¬~�. Ïd§�Ä�u∗(log)�u∗(cov)�O¥��«

Ø�±9κ�Ø(½5§DÕ°.�Þ�Ýü«�O�m�[��O£10%±

S¤3ÚOþ�U¿ØwÍ. ã3.6¥Ó��Ñ
DÕC.�£ζ = 0.45 m¤²þ

6�U�°.ö�XêCd = u2
∗/U

2. 3��±F�*ÿÏm§Cd�¥��IO

��©O�1.65×10−3�1.2×10−3. I�AO�Ñ�´§36���!6��6

�Ñ'�½�Þ�Ïm§Cd�Czé�§Cq�u±FS�¥�1.65×10−3.

3DÕ°.o÷Ýζ0�~�§Ù��±FS�¥��2.8×10−5 m§ÏdL�


*ÿÕ °.�Ôno÷Ý§ù��*ÿÕ �Y�.�´�Î�£Soulsby

1983¤.

3A1Õ§²þ6�5K�_��^=�6. ²þó§u∗(log)��u∗(cov)�
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ããã 3.8: A1ÕC.�£ζ = 0.95 mab¤²þ6�U(3)±9dADV9ADCP*

ÿ ] � ¼ � � ° . � Þ � Ýu∗(cov)(1)�u∗(log)(2)� � m S �. ã

¥(2a)�0.5u∗(log)��mS�. eàÒKÜ©�«
u∗(cov)�u∗(log)Czª

³�~����ã.

��£ã3.8¤. AO´3t = 8–13 hr�t = 20–24 hrÏm§üö��mCzª³

�~��§u∗(log)A��Ð�u∗(cov)���. é'ã3.8�3.3(3)��§ùéAu�

6dÀH6�Ü��þ·�ã.

�âLi£1994¤�Sanford and Lien£1999¤§u∗(log)�u∗(cov)m���'X

éuâÅ«'�ÊH§ù´.{�(J. äN/ù§¢�¿¢�L²§Smith

and McLean£1977¤�Aå©��ª�±�(/ýÿL¡�Þå�o}�A

å£=L¡�Þå�.{�Ú¤�'. Li £1994¤�Ñ
��±/6«ëê0

£flow ripple parameter¤u∗(log)/hrL«u∗(cov)/u∗(log)�²�úª§ùphr�°.

Å«�pÝ. éuu∗(log)/hr�Ï~����1–2 s−1§u∗(cov)/u∗(log)�Cz�~

�§�0.5–0.6. 3A1Õ§u∗(log) = 0.015–0.025 m s−1£ã3.8¤§¤±u∗(log)/hr

∼ 1.5 s−1. ùp�*ÿÕ ?hr = 0.01–0.02 m. Ïd§XJu∗(log)É.{K�

�{§u∗(cov)/u∗(log)AT�C0.5. k¿g�´§��6÷º·���£t = 1–4

hr�t = 13–16 hr¤§u∗(log)�u∗(cov)��O�~�§L²d�.{¿ØwÍ. �t

= 2–3 hr�§�66��À���§u∗(log)�u∗(cov)A�����. 3e���±

Ï�Ó��ã£t = 15–16 hr¤§üö��O��~�§u∗(log)=Ñ�uu∗(cov).

üöm'~��m�Cz�U�°.Øé¡Å«���½°.//�Ù§Ø5

K5k'£Testik et al. 2006¤.

Äu{I�Veºe°^=�6¥²þ6��ë6ëê���*ÿ§Perlin

et al. £2005¤�«
�zéu∗(log)�u∗(cov)m'X�K�. 3¦��*ÿÕ §
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éê�þÝ��5–20 m§u∗(log)'C.3 m±S¢ÿ�Þ�Ýu∗�ü�õ. ÏL

�Äéê�þ.?��(G¹§¦�JÑ
��U?�éê¿¡úª§¿?

dd¼��Þ�Ý��O. dU?��úª¤�OÑ�u∗=�d�©éê¿¡ú

ª�O��0.4�. Ïd§3A1Õ§.{�f��(£N = (2–2.4)×10−3 s−1¤

�U´u∗(log)'°.L¡�Þ�Ý����Ì��Ï.

3.4 ëÄUÑÑÇ��Þ�Ý�'X

C9²²1}�6N¥ëÄUÑÑÇ�deª£ã

ε = c0
u3
∗

κζ
, (3.6)

Ù¥§c0��Ãþj~ê§����1§von Karman~êκ = 0.40. �u�þª

´Ä·^u E.�^=.�6§·�|^DÕ�A1Õ�ADV*ÿ]�5©

ÛC.�ëÄUÑÑÇε�°.�Þ�Ýu∗�'X. �Xþ�!¥¤�Ñ�§

3DÕu∗(log)�u∗(cov)�~��§ÏdÀ�=��Þ�Ý?1'�Ø¬k���

�O. 3A1Õ§u∗(log)�u∗(cov)3�Ü©�mSwÍØÓ§Ïdª3.6�·^5

�Uék¯K. ,§�Ä�ADV6��IO���'u°.L¡�Þu∗(cov)�

¹Uëµ�A�ºÝ�'ul.pÝζ§ª3.6�U·^uu∗(cov). 3DÕ§ζ =

0.45 mab§Ïdª3.6�±��ε = 5.6c0u
3
∗¶3A1Õ§ζ = 0.95 mab§ª3.6=

�ε = 2.6c0u
3
∗. Xã3.9¤«�DÕ�A1Õε�u∗(cov)�Ñ:ã. éuDÕ§*ÿÏ

mε�Czª�o�þ?§��u3
∗�3²w��5'X. XJ|^ã3.9(a)¥¤k

�Ñ:£ùÚ�:¤?1£8©Û§�±�Ñc0 = 1.3£ù�¤§ù�Ï~¤@

��1��Ø�§�95%�&«m�±�)A�¤k�Ñ:. XJò�©ε�u∗?

130 min²þ£7Ú�:¤§@o£8©Û��c0 = 1.0£7�¤. Ïd§DÕ

�(JL²§²;�9ë6nØ·^u��z� E.�6.

Xã3.9(b)¤«§A1Õε�u∗�Ñ:ã²w©�ü�«�. d�Úý��4

�çÚÊ�(£31�¤éA�6dÀ6�Ü��ã£þ©®�Ñ§d�C.�

�Uu)wÍ�R�é6¤§çÚ�:£133�¤KL«Ï~�6�}�)

¤ë6. é�ö?1£8©Û��c0 = 1.5§�u²;b9nØ¤éA�1. �

±wÑ§ε�Cz��ª�ü�þ?§��éu£8���©ÙØ5K. �Ä�

�O¥��«Ø�§Ã{�ä´Ï��6�^=�±3°.�Þå�½��¹

e�)�õ�ëÄU�´¤¦c0�u1�´ÚOØ(½5�(J. 3R�é6u

)��ã§ëÄUÑÑÇε�~p£>2×10−5 W kg−1¤§�Þ�Ýu∗ ∼ 0.01 m
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ζ = 0.45 mab

ε = 1.3u3
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g-1

)
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u*(cov) (m s-1)

ε = 1.5u3
*/(κζ)

ζ = 0.95 mab  

b)

ããã 3.9: DÕ(a)�A1Õ(b)ëÄUÑÑÇε�°.�Þ�

Ýu∗(cov)�Ñ:ã.

s−1§�εA�Ø�6uu∗. �,u∗��éCz=�2§ε�Cz%�ü�þ?. ù

L²§º·þYN9í(��Y²Øþ!5�UwÍK�C.��ë6·ÜA

�.

|^ADVÿ��pª6�]�§·���±ïÄëÄUÑÑÇε�ëÄ

Uetr�'X. 3ëµ4�.¥§eª²~�^5ëêzëÄUÑÑÇ

ε = cε
e
3/2
tr

Ltr
. (3.7)

50



r�°ºe°¥�ë6�·Ü

ε = 0.34etr
3/2

R2 = 0.88

-4.5 -4.0 -3.5 -3.0 -2.5 -2.0
log10[etr (m

2 s-2)] 
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-3.0

lo
g 10

[ε
 (m

2  s-3
)]

a)

ε = 0.245etr
3/2

R2 = 0.60

-4.0 -3.5 -3.0 -2.5 -2.0
log10[etr (m2 s-2)] 

-7.0

-6.5

-6.0

-5.5

-5.0

-4.5

-4.0

-3.5

-3.0

lo
g 10

[ε
 (m

2  s
-3

)]

b)

ããã 3.10: DÕ(a)�A1Õ(b)ëÄUÑÑÇε�ëÄUetr�Ñ:ã.

Ù¥§¹Uëµ�A�ºÝLtr = κζ. 3DÕ§Ltr = 0.18 m¶3A1Õ§Ltr =

0.38 m. ��5ù§cε������0.06–0.12§�Ï~��0.08£e.g., Mellor and

Yamada 1982; Lozovatsky et al. 2006¤. Xã3.10¤«�DÕ�A1Õε�etr�Ñ

:ã. �±wÑ§3üÕ §¢ÿêâÑ�~ÎÜª3.7�/ª§=ε ∼ e
3/2
tr . £

8©Û��§3DÕ§cε = 0.06§�(½XêR2 = 0.88§3A1Õ§éu}�

ë6£=C.�u)R�é6±	��ã¤§cε = 0.09§(½XêR2 = 0.60.

Ïd§üÕ ¤¦�cεþ3Ï~¤@����S. �éu E.�6§^=!

f�z�6¤I�cε��50%. 3A1Õ§duYN¥f�z§Øë6ÑÑ	§

ëÄU���YN�R�·ÜJøUþ§XJ�·Ü�ÇΓ = 0.2§@où��

I�cεO�25%. d	§^=�6¥ë6���É5��U' E.�6¥��

wÍ. 3ù«�¹e§dR�6�óÄªÇÌφw(f)�â��Ó5úªO�¤�

�ε�Uk¤$�§Ïd¦�cε��. ^=�6� E.�6¥ë6}�)¤�

�Ç±9ë6��Ó5§Ý��É���\�nØ�¢�ïÄ.
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3.5 �Ù�(

|^3�°üé'5Õ D�A1?¼��YN²þ6�¿¡�C.�n�

pª6��*ÿ]�§�ÙïÄ
f�zr�°ºe°¥�·Ü�A�. äN/

ù§·��O¿©Û
C.�ëÄUÑÑÇεnb!°.�Þ�Ýu∗±9C.�R

�ë*ÑXêKnb�A�9Ù�SCz. Ø�«�·Ü�Ä�A�	§ÏLé^

=� E.�6¥�·ÜA��é'5ïÄ§�Ù:&?
�6^=é�·

ÜA��K�.

ÄuADVn�pª6�]�§�Ù|^.5ÑÑ{�O
üÕ ?C.�

�ëÄUÑÑÇεnb. 3��±F�*ÿÏm§εnb��mCzÄ�þ�²þ6

���£½öë6XìêRenb¤�Cz��. 3DÕ§C.�£ζ = 0.45 mab¤

ëÄUÑÑÇεnb������5×10−5 W kg−1§ÑyuÞ�6����§�

²þ6�3á��ã������§εnb < 10−7 W kg−1. C.R�ë*ÑX

êKnb�Cz���3×(10−4–10−3) m2 s−1§ù'��°ºe°¥�ë6*ÑX

ê���þ?. 3A1Õ§C.�£ζ = 0.95 mab¤ëÄUÑÑÇεnb�ë6Xì

êRenb�Cz¿Øo´��§��6���k'. 3�66�dþ·=�e·

L§¥§C.ë6ÑÑwÍOr. ©Û(Jw«§ù�U´�6�é6�^òÿ

ÕÀÜ�æY���ÿÕ�(J§Ï�C.æY��3���C.�YN�R

�é6§lE¤C.�ë6ÑÑwÍ�uüX�}�)¤. 3Ó��ã§R�

6�ªÇÌφw(f)¥3ªÇf = 2–4 Hz£éA��mºÝ�3–6 cm¤?�wÍÌ

¸|±þãíØ.

|^²þ6éê¿¡{£u∗(log)¤�ë6óÄ�'{£u∗(cov)¤©O¼�


°.�Þ�Ýu∗��O. 3CW� E.�6¥£DÕ¤§u∗(log)�u∗(cov)Ä��

�§üö��'5ép§AO´36���!6��6�Ñ'�½�Þ�

�ã. d�§°.ö�XêCdCq�~ê1.65×10−3. 3ºe«�^=�6¥

£A1Õ¤§u∗(log)��u∗(cov)���§ù�U´Ï�.{�YNf�(�K�.

©Ûw«§dë6óÄ�'{¤O�Ñ�°.�Þ�Ýu∗(cov)´C.~Ïþ�Ä

þÏþ��*L�§u∗(log)KÉ.{�¯õÏ��K�.

éεnb�u∗(cov)m�6'X�©ÛL²§3 E.�6£DÕ¤¥�öÎÜ²

;�b9nØ§=εnb = c0u
3
∗/κζ�c0 = 1§3^=�6¥£A1Õ¤§�,Ø

C.�R�é6u)��ã	�ö�Ä�÷vεnb = c0u
3
∗/κζ§�c0 = 1.5. �Ä

�εnb�u∗�O¥��«Ø�±9�ö:àã�uÑ§Ý§þãc0�O��²;

b9nØ��O�UÚOþ¿ØwÍ§�ù�(J�UL²�6�^=¬¦�
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C.ë6A�u)wÍ�UC. d	§.>.�¥YN�f�(±9C.ë6�

��É5��U´^=�6¥c0����Ï. 3A1Õ§��6ò*ÿÕ ÀÜ�

C.�æY���*ÿÕ �§duC.�R�é6�u)§C.ë6ÑÑw

ÍOr§εnb�u∗(cov)m�'XwÍ lb9nØ.

|^ëÄUetr9ÙÑÑÇε��O§�Ùu�
°�ë6µ4�.¥²~æ

^�detrL�ε�ëêzúª§=ε = cεe
3/2
tr /Ltr. ©Û(Jw«§3 E.�6

¥cε = 0.06§3^=�6¥cε = 0.09§þ3Ï~¤@����S. .>.�¥

YN�f�(±9^=�6¥ë6��É5�Or�U´�ö�É��Ï.
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1oÙ r�°ºe°¥�SÅ!ë6�·Ü

4.1 Úó

Cn�c5§ë6�ºÝ¿¡*ÿ®²¤��O°�¥ëÄUÑÑÇε�Ì

�Ãã. �,3À°£±[� 2005; Matsuno et al. 2006; Lee et al. 2006¤!r�

°�î³ºe°£e.g., Simpson et al. 1996; Rippeth et al. 2001; Howarth et al.

2002; Rippeth et al. 2003¤±9Ù§�
ºe°¥£e.g., Dickey and Williams

III 2001¤®²?1
Nõε���*ÿ§�3�°§�8ÿ�kéε��¿¡*

ÿ���. ���;.�r�°ºe°§Ù¥
°�«YN�z3SgG!¤¥

y�n�(�¦��°¤�ïÄr�°ºe°¥SÅ!ë6�·Ü�;.°�.

Ïd§éu�°�zG!ë6·Ü���*ÿ§Ø=�±¼��°A½�¸e

ë6·Ü�A�§��±^5ïÄr�°ºe°¥ë6·Ü�Å�§AO´

��¥m�5rë6·Ü�Ì��)Å�.

�,8c<�é��zYN¥ë6·Ü�Å�k
�Ð�@£§yk�ë

µ4�.��±�Ð/�[��zºe°¥�ë6·ÜL§§�<�éu�z

YN¥ë6·ÜÅ��@£��~k�. 3�z�r�°ºe°¥§�6ÏL.

�ÞE¤�rë6ÑÑ´.>.�¥ë6�Ì�5§3�z�YNSÜ§

dSÅ���YN�}�Ø½�±�)m�5�rë6. ®k�ïÄL²§S

�ÚC.5SÅ�U´r�°ºe°SÜë6)¤�Ì�Uþ5. 3�lº·

Úo÷//�Sºe°§pªSÅ�C5�U´YNSÜë6·Ü�Ì��)

Å�.

3�Ù¥§·�|^�zG!3�°üé'5Õ ε���¿¡*ÿér

�zr�°ºe°¥�SÅ�ë6·ÜA�?1ïÄ. �Ù���!SüX

eµ§4.2�*ÿ�êâ?n¶§4.3�*ÿ(J�?Ø¶§4.4��Ù�(.

4.2 *ÿ�êâ?n

�Ù¤|^êâ�2006c9�19–26F|^/�Ì0Ò°��ÆN�E3�

°��ä¡ABþ¼��*ÿ]�£ã4.1¤. 3ä¡þ�Õ §YN�§Ý

�íÝ£>�Ç¤¿¡d��Sea-Bird SBE-25 CTD*ÿ¼�. 3ü�±Fë

YÕS1£35.01◦N§123.00◦E§²þY�73 m§*ÿ�m�2006c9�20–21F¤

ÚS2£35.00◦N§121.50◦E§²þY�38 m§*ÿ�m�2006c9�25–26F¤§
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ããã 4.1: H�°9ÙNC°��//ã. S1ÚS2�?1MSS-60¿¡*ÿ�ü

ëYÕ§±¢%n�L«. ã¥ç:¤« ��o��¡Õ. 3S2ÕÓ�?1


6��¿¡*ÿ. ã¥����ü �m.

YN�§Ý!íÝ9ëÄUÑÇε¿¡d��gdeüë6�ºÝ¿¡¤MSS-

60¼�. z��?1�|MSS-60¿¡*ÿ§�Jp*ÿ�ÚO�L5zgëY

æ�3g§zügæ���mm��2–3 min. d�ISea & Sunúi)��MSS-

60ë6�ºÝ¿¡¤´^5ÿþYN�ºÝ�(�}��õëê¿¡¤§Ùþ

ØC�kü��ºÝ}�&Þ	§�k��¯�§Ý&Þ!IO�§Ý!>�

Ç�Øå&Þ±9��Y²\�Ý&Þ. ¤k&Þ�¶Âæ�ªÇþ�1024 Hz.

duMSS-60*ÿ��gdeü�Ý��0.65 cm s−1§Ïd�±¼�R�©EÇ

�6 mm��ºÝ6�}��*ÿ.

3±FëYÕS2§d���.RDI 600 kHz ADCP?1YN6�¿¡�

*ÿ. æ��ª�ëYæ�§�©æªÇ�2 Hz§�þ�0.75 m§ÿþ(J

±beam�IXe�6�©þP¹§�P¹c?12 s£=4�ping¤²þ. *ÿ¥

�¼�
YNC.�20 m±S�6�*ÿ§6��¶Â�Ý�z = 2.4–20.4 m.

*ÿÏm�í�]�d��CR1000.gÄí�Õ¼�.

MSS-60*ÿ]��êâ?næ^Stips and Prandke (2000)§Stips (2005)±

9Roget et al.£2006¤��{. Äk§ÏLÅÚS���{GØ¤k*ÿ&Ò
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ããã 4.2: 3S1Õ¼��¢ÿ}�Ì�~fµ(a) þ·Ü�¶(b) ��S¶(c) �

�±e¶(d) .>.�S. ã¥IÑ
¤¦��ëÄUÑÑÇε��±9éA

�NasmythÊ·Ì. (e)¥�Ñ
éA�ε� ³�Ýσθ�R�¿¡.

¥���ÌÛÉ�. Ùg§|^����Butterworth�ÏÈÅìÈØ}�&Ò

¥�$ªóÄ�pªDÑ§�ÏÈÅì��äªÇ�1Ú100 Hz§éA��äÅ

êk©O�1.5Ú308 cpm£circle per meter¤. |^�ºÝ}�&Ò§ëÄUÑÑ

Ç�d��Ó5ë6�O�úª¼�§

ε = 7.5ν(∂u′/∂z)2 (4.1)

Ù¥§ν�°Y�©fÊ5Xê§´§Ý!íÝ9Øå�¼ê§�Ì�É§Ý

�K�§�íÝÚØå�Czé�§�d°�.ÊHæ^�Matlab Seawateró

ä�O�£ftp://ftp.marine.csiro.au/pub/morgan/seawater¤. úª4.1¥�6�

óÄ�}����dz1-mm�S�ºÝ}��ÅêÌÈ©¦�. È©e��2

cpm§þ��KomogorovÅêkK = (ε/ν3)1/4/2π. Ï�kK´ëÄUÑÑÇε�¼

ê§¤±þãÈ©§�=ε§I�ÅÚS�5¦�. Xã4.2¤«�¢ÿ6�}

�Ì�~f. �±wÑ§¢ÿ6�}�Ì�NasmythÌ£Nasmyth§1970¤Î

ÜéÐ. NasmythÌÏ�éÐ/L�
�ºÝë63.5–Ê5«S}�Ì�/

ª§3¢SïÄ¥²~�w��ºÝë6�Ê·Ì£e.g., Thorpe 2005¤. d
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ããã 4.3: §Ý!íÝ9 ³�Ý÷ä¡AB����©Ùµ(a) §Ý¶(b) í

Ý¶(c)  ³�Ý. ä¡AB� ��ã4.1.

	§Panchev–KesichÌ��y²�±éÐ/L��ºÝë6�}�Ì£Roget et

al. 2006¤.

YN¥R�ë*ÑXê�dOsborn£1980¤JÑ�Xeúª¦�§

KN = Γ
ε

N2
(4.2)
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ããã 4.4: ABä¡þ�Õ�§Ý¿¡. ¤kÕ �§ÝÑ�S1Õ ?¤«�§

ÝºÝ§J��«
Õ � �.

Ù¥§25ªÇ�²�N2�dO�εÓ��Ý��S1-mm�� ³�Ý¿¡¦

�. du¢ÿ ³�Ý¿¡¥�¹
ë6R��=E¤�� ³�Ý¡�6Ä§

O�N2cI�ò¢ÿ� ³�Ý¿¡?1åN�§=²þ ³�Ý¿¡A

�å½�. �,®k�ïÄL²·Ü�ÇΓ�U´FÝRichardsonê�¼ê

£e.g., Lozovatsky et al. 2006¤§��Ä�äN��6'X��vkt�Ù§·

�3�¥E�ÙDÚ�~ê�0.2.

4.3 (J�?Ø

4.3.1 9í(�

Xã4.3¤«�§ÝT!íÝS±9 ³�Ýσθ÷ä¡AB£ã4.1¤����

ã. ù�ä¡�)ü�ëYÕS1ÚS29o��¡Õ. �±wÑ§�°�z�n�

(��~²w. CL20 m±S�¿©·Ü�æY£T = 22–23◦C¤. ���Ý�z

= −20 – −32 m§��S§Ýd23.5◦C~�10◦C�m. ��±e��°eYì§

Ù$§¥% u123.2◦E§�$§Ý39 ◦C±e£ã4.3(a)¤.

3ä¡��Àà§=�°eYì«��¥% �§d°L�°.íÝÅ

ìO�§L�íÝ�31.1§.�íÝ�33.7£ã4.3(b)¤. 3þ�§�3�¥%

 u123.2◦E�$íYì. 3ä¡��Üà§CW$íY�íÝ331±e. 3ä

¡ABþ§í����Ý�§��Ä�þ��§í��SíÝd31.25O�32.5§
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í��±eíÝ��ÝO\�úO\§�.��33.7.

Xã4.3(c)¤«§ ³�Ý�����òL²3ä¡�Üý�3�|÷º·

�O/=6. ¯¢þ§dS2Õ ��±F�ADCP6�]��±¦�±F²þ�

{6�µ〈ures〉 = −0.3 cm s−1§〈vres〉 = −4.6 cm s−1§L²�(�3�|÷º

e�H�÷W6§d=�°÷W6. 3gG§�°÷W6´H�°ÜÜ�6�Ì

�©|.

��5¿�´§Éã�pî'���§ã4.3¥¤«����¿vk�(w

«Ñ�zG!�°�kAmþ�r��. ù´Ï�§°�9í(��pî'£=

R�ºÝ�Y²ºÝ�'¤���u10−3£Fedorov 1978¤§Ïd§|^ù«Õ

:m��A�km�¿¡]�?1±ã§�U�NÑYN�²þ9í(�§¿Ø

U�xÑYN�z�[(�. �
�Ð/w«���Ý�þÝ3ä¡ABþ�C

z§·�3ã4.4¥xÑ
ä¡ABþ�Õ �§Ý¿¡§Ù¥ÒKÜ©L«°

.. �±wÑ§3Û/º·«£S2Õ¤��²wC�. ù´Ï�Û/º·«ì

�Cz�//E¤
YNë6·Ü�Or§.>.�þÝ\�§Ïd�±òC

.15 m±S�YNR�·Üþ!. ��±w�§��dº·«£S2Õ¤Àý�

CW£ä¡�Üý¤²{
kC�qCþ�=C§ù�±dº·«ÏS��.

//�p�^�)���5SÅ�DÂ5)º. Navrotsky et al.£2004¤�

Ñ§dS��.//�p�^¤�)���5SÅ�±3�é�þ���SE

¤r�ë6·Ü§Ïd�±ò��©�¤ü�é��§£�¤Ý.¡. XJù�

L§ý�3ä¡AB�º·«u)§@oº·«�r����±)º�XeL

§�(Jµþ�·Üòþ¡��§£�¤Ý.¡�»§¦Ù¤�þ·Ü���

Ü©§e¡�§£�¤Ý.¡KLy�*ÿ��� uz = −20 – −22 m��

r�§£�¤Ý��.

Xã4.5¤«�S1ÚS2Õ±F²þ� ³�Ýσθ�25ªÇ²�N2¿¡.

3S1Õ§CL16 mYN¥yf�(§N2 = (4–8)×10−5 s−2. Ùe�é��r�

�§�Ý�z = −17 – −22 m§��Ø%£½Â�25ªÇ���¤3�Ý¤

 uz = −19 m?§25ªÇ²�����N2
max = 2×10−2 s−2. ��.Ü�z =

−50 m�YN¥f�z§N2Cq�~ê9×10−5 s−2. 3z = −50 – −58 m�Ý�

�S�3�g��§ÙØ% uz = −54 m?§éA���25ªÇ²�N2
max

= 3.6×10−4 s−2. 3g��S§ÝÚíÝÑ��ÝO\ÅìO\§Ïd�U

u)V*Ñ. d±F²þ�§Ý�íÝ¿¡O���§g��SíÝ�R�F

ÝSz�§Ý�R�FÝTz©O�0.035 m−1Ú0.036 ◦C m−1§�íÝØ Xê�

§Ý)äXê�'�β/α = 4.95 ◦C§Ïd�Ý'Rρ = βSz/αTz = 4.8§YN�
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ããã 4.5: ±F²þ� ³�Ýσθ�25ªÇ²�N2¿¡µ(a) S1Õ¶(b) S2Õ.

ÒKÜ©L«�þ3±FS�Cz��£=²þ�±IO��¤.

Uu)V*Ñé6£Kelley et al. 2003¤. TV*Ñé6g����3L²§

39�°�°æ6®²wÍK���°eYì«��Y©A�. g��±e��

6.>.�§YN��Ø�6 ��ØÓ¥yf�z£N2 = 4×10−5 s−2¤½

¿©·ÜG�.

3 uÛ/º·?�S2Õ§YNþ·Ü���Ý£17 m¤Ñ�u�6.>

.��þÝ£14 m¤§�þ·Ü�¥²þ�25ªÇ²�£N
2
s = (1–2)×10−4

s−2¤wÍ�u.>.�¥25ªÇ�²�£N
2
b = (3–5)×10−5 s−2¤.þ·Ü

��.>.��m��~��r��£3]��Ý¿¡¥§��þÝÏ~�

k2–3m¤. Xã4.5b¤«§duSÅE¤���¡�wÍåÏ§���Ý3±

FS�Cz�~wÍ. ��Ø%?(z = −21 m¤25ªÇ²��²þ�N
2
p =
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ããã 4.6: S1Õ�þ��Ý–�mCzãµ(a) ëÄUÑÑÇε¶(b) 25ªÇ²

�N2¶(c) R�ë*ÑXêKN .

1.5×10−3 s−2§Ù�����1.2×10−2 s−2.

é'ü±FÕ �±uy§3 u�°°�¥
�S1Õ§��S,��Ý

?25ªÇ3±FS�Cz�~�§L²SÅ¹Ä�~�f¶3 uÛ/º

·«�S2Õ§��S,��½�Ý?�25ªÇ3±FS�3XwÍ�Cz§

L²SÅ¹Ä�~¹�. ·�ò3e!¥�[?Ø±FSYN�(�Cz±9Ù

é�°ë6·Ü�K�.

4.3.2 ε!KN9Ri��Ý–�mCz

�X�©Úó¥¤�Ñ�§Ø
m�u)��ºE¤�º)6§�6´�

°���Äå��§�M2©�3�°�ý�ê«�Ñ²wÓ`. ���;

.�r�°ºe°§�°�@�´�¥�UÑÑ�Ì�°«��£e.g., Egbert

and Ray 2000¤. 3�zG!§r�z!r�6±9m�5��º�SÅ�)

¤ME
k|^�. ©O|^y|*ÿ]�!SARK�]�±9SPOT¥(]

�§Lee et al. £2006¤!Hsu et al. £2000¤�Alpers et al. £2005¤�«
�

°SÅ��3. 3�°§�63.>.�E¤�rUþÑÑ!°Lºr½±9S

Å�»��C5´YNë6·Ü�Uþ5.

a. ¥
°�«µS1Õ Xã4.6¤«�S1ÕëÄUÑÑÇε§25ªÇ²

�N2±9R�ë*ÑXêKN��Ý–�mCzã. �±wÑ§ε���Ì�©Ù

3n�«�µCL�!C.�±9��.Ü£ã4.6(a)). 3t = 0–9 hrÏm§=

g9�20FÌ��þÌ9�§CL10 mS�rë6ÑÑ£log10ε > −6.5¤´°L

ºr½£º�Wa = 4.4 m s−1§°L�Þ�Ýu∗s = 0.5 cm s−1¤��mR�é6
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£2åÏþJb = 9.8×10−8 W kg−1¤�Ó�^�(J.3t = 12–20 hrÏm§d

u°L\99ºå�~f£Wa = 4.4 m s−1¤§þ·Ü�S�ë6ÑÑwÍ~f

£log10ε < −9¤§ëÄUÑÑÇ~��ºe°¥ëÄUÑÑÇ��µ�. gt =

21 hrm©§�Xí§�ü$§°LR�é6q¦�þ�YN¥ë6ÑÑ×�O

r§ε ∼ 10−7 W kg−1. CL�¥N2��Ý–�mCz�ε�Czaq§�N2�$

�£t = 0–10 hr9t > 21 hr¤éAuε�p�§N2�p�£t = 12–20 hr¤éA

uε�$�£'�ã4.6(a)(b)¤. du��*ÿÏmCL�YN��?uf�z

G�§N2
min ∼ 10−5 s−2§Ïd|^úª4.2O�R�ë*ÑXêKNéu��Y

N5ùÑ´Ü·�. Xã4.6(c)¤«§CL�YN¥KN3�m��10−3–10−2 m2

s−1§�3¥Ì§duYN2�(£restratification¤!°L\9±9ºå�wÍ

~f§KNü�10−6–10−5 m2 s−1. 3��¥£z = −18 – −25 m¤§KN��. d

úª4.2O���§��SKN ∼ 10−7 m2 s−1§�Cu©f*ÑXê. �I�5

¿�´§3r�z���S§�·Ü�ÇΓ = 0.2�U´ØÜ·�. 3S1Õ§�

�3��±FS�åÏ�~�f§L²d?S��¹Äéf. du3dÕ vk

6�½§í�pª*ÿ]�§·�Ã{©Û*ÿÏm�pªSÅ§��±�½

�´µ=¦�3pªSÅ§§��Ø�U3��SE¤wÍ�R�·Ü. ��S

4f�R�·ÜwÍ/��
ª���9þ�Ô���§ù´�°r���±

½�3��Ï§�L²E�í�)zÏf�R���éØÏ�.

'�ã4.6(a)&(b)�±wÑ§3��.Ü6–7 m����S�3XwÍ�

rë6ÑÑ. 3d�¥§25ªÇ²�N2 = (8–16)×10−4 s−2§ëÄUÑÑ

Çε = 3×10−8–2×10−7 W kg−1, R�ë*ÑXêKN ∼ 10−5–10−4 m2 s−1. T

�S�rë6ÑÑ�±8(���e.?e�.S�áÅ£internal soliton of

depression¤�DÂ. Ï�e�.S�áÅ�e¤K���Ý�Ù�Ì���

�§¤±�±íÿS�áÅ��Ì�6 m�m. ¯¢þ§Äuë6�ºÝ¿¡]

��ADCP6�]�§Lee et al. £2006¤3À°�Ü°��uy
�Ì�6–7

m�e�.S�áÅ§van Haren et al. £1999¤�Rippeth£2005¤K©O�

�
�°ÚO�=°¥��.Ü�rë6ÑÑ.

3�6.>.�S§r�ë6ÑÑ�·Ü��.þ12–14 m. ëÄUÑÑ

Çε�R�ë*ÑXêKNþ�3²w�o©��F±Ï�Cz§��l.ål

O�§ �äkwÍ�¢�. du3S1Õvk6�]�§·�Ã{éë6�)

¤Å���\�&?.

b. Û/º·«µS2Õ 3 uÛ/º·«�S2Õ§Ø?1ë6�ºÝ¿
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ããã 4.7: S2Õ��±FSζ = 2.4–19.6 mab�Ý?Y²6��¥àã. f�Ú

���Ú�©OL«��þ!e.?�6�Cz

¡±	§�¼�
YN6��*ÿ. Äuù
]�§·�3�!éS2Õ?�ë

6·ÜA�9Ù�)Å�?1�\�&?. Xã4.7¤«§3���Ýþ�6þ

wÍÓ`§�6ý�éØ5K§ÙÌ¶�Ü�–ÀH��. ã¥f�Ú���Ú

�©OL«��þ£ζ = 19.6 mab¤!e£ζ = 15.9 mab¤.?�6�Cz§

Ù¥�)
6�Ì�©�. du�FM2©�6wÍÓ`§�6�Øé¡5��C

.}�Aåo©��±F�±ÏCz�Øé¡§lK�.>.�SØÓ�Ý

?ë6rÝ�Cz. �
?�Úw«�6éuS2Õ?6�����^§·�3

ã4.8¥�Ñ
n;.�Ý?6���mS�. �±wÑ§*ÿÏm.5��9

Ù§$ª6Ä¿ØwÍ.

Xã4.9¤«�S2ÕëÄUÑÑÇε§25ªÇ²�N2±9R�ë*ÑX

êKN��Ý–�mCzã. ã4.9(a)¥�����Y²6��R�}�Sh =

[(du/dz)2 + (dv/dz)2]1/2. �S1Õ/¤é'�´§S2ÕCL�YN¥�ë6ÑÑ

¿vk²w�FCz§ε���dá��rº¤E¤. CL�YN��(G¹A

�ØÉë6G¹�K�§N2 = (1–2)×10−4 s−2. CL�YN¥·Üéf§KN ∼
10−6 m2 s−1§�°¡NCO��10−5–10−4 m2 s−1 £ã4.9(c)¤.

�S1Õaq§S2Õ?���ér§N2 > 0.02 s−2§�ÙþÝé�§�k2–3

m§�ÉS��K��~wÍ£ã4.9(b)¤. ��R�åÏ�²þ�Ì��4

m§Ø�F±Ï�S�	pªSÅ��3��~wÍ. Xã4.10¤«§XJÈ

Ø6�¥��&Ò§@oY²6���U£energy-preserving¤ªÇÌfEUr(f)
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ããã 4.8: S2Õn;.�Ý?¢ÿ1-min²þ�6�©þ£uobsÚvobs¤��66

�©þ£utidalÚvtidal¤�Cz�µ(a) C/�£ζ = 3.9 mab¤¶(b) .>

.�S£ζ = 12.9 mab¤¶(c) ��NC£ζ = 18.1 mab. �
�Ù/w«Ñ

¢ÿ6���6��O§ã¥�xÑ
z�30 min�g�6�.

ããã 4.9: S2Õ�þ��Ý–�mCzãµ(a) ëÄUÑÑÇε¶(b) 25ªÇ²

�N2¶(c) R�ë*ÑXêKN . ����log10Sh. ã(b)¥�çÚJ���I

Ñ
t = 23 hr�mdþ,.S�áÅE¤����:ìþ,.

= 0.5[fEur + fEvr ]w«Ñ£��¤4�ÚOwÍ�¸�§�éA�±Ï©O

�43§18§14Ú11 min. pªSÅ��Ì3C.�£ζ = 3.9 mab¤��§�3

��e.?ζ = 18.9 mab¤��. ù�·�dã4.5(b)¥¤«²þ25ªÇ¿¡

¤O�Ñ��5SÅY²6����¼ê��.

dã4.9(b)�±wÑ§3t = 23 hr�m��:ìþ,§��1 hr�q¡E�
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ããã 4.10: S2Õn;.�Ý?£C.�!��e9��¥¤Y²6���Uª

Ì. êi1–4©OIÑ
±Ï�43§18§14�11 min�Ì¸.

kc� �. ù�U´þ,.S�áÅ²L*ÿÕ �(J. d���þ,ÌÝ

�±�OÑS�áÅ��Ì�4–5 m. ��5¿�´§S2Õ*ÿÏm���²þ

 �3z = 20 m£ζ = 18 mab¤§��þ!eC�¿©·Ü�>.��þÝ©

O�hs = 20 mÚhb = 18 m. Ïd§þã*ÿL²�S�áÅd	°DÂ�CW

fY«��dÏ~�e�.S�áÅ£hb � hs¤=z�þ,.S�áÅ£hb <

hs¤. �,�u¿¡*ÿ�æ�ªÇ£z1 hr?1�|¿¡*ÿ¤§·�¿vk

¼�S�áÅ°[(��*ÿ§�t = 23 hr������:ìþ,¿31 hr�¡

E��5� ��Ù/w«
S�áÅ��3.

�S1ÕØÓ�´§S2Õ��±e��ÜYNþ?urë6·ÜG�. T�

SëÄUÑÑÇεo�u10−8 W kg−1§���Ø�6 ��Cz�3wÍ�

Cz. �66����§C.�ε��10−6 W kg−1 £ã4.9(a)¤. YNë6·

ÜA���Cz3ëÄUÑÑÇε�R�ë*ÑXêKN��Ý–�mCzã¥

Ñ�~²w£ã4.9(a),(c)¤. ã4.9(a)¥Y²6�R�}�����£log10Sh =

−2.3§}�Sh�ü ´s−1¤�©ÙA�L²��±eYN¥�ë6Ì�d�6

3°.E¤�r}��)§�.>.rë6±5–6 m h−1���Ý�þDÂ. ù

�·�3þ�Ù¥¤£ã�A1Õ}���þDÂ´���.

Xã4.11¤«��X�Y²6�R�}�²�Sh2§ëÄUÑÑÇε§±9

FÝRichardsonêRi�R�¿¡. Ù¥Ri = N2/Sh2. �þ�R�©EÇþ�1

m. �±wÑ§du�66��wÍCz§Ó��Ý?Sh2!ε9Ri�CzÑª�
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ããã 4.11: S2ÕY²R�6�}�²�Sh2§ëÄUÑÑÇε�F

ÝRichardsonêRi�R�¿¡. �J��áJ�©O�Ñ
C.r}��

�¥m��þ..

�ü�þ?. 3��S£ζ = 15–20 mab¤§Ri�Cz����o�þ?. ��

±eYN�âSh2!ε9Ri�CzA��©�wÍØÓü�§=C.r}��9

0u��.Ü�C.r}���¥m�. 3C.r}��¥§Sh2�εþ�l.

pÝζ�O�Åì~�§Ri�l.ål~�Åì~�§�3�õê�mSÑ

�u1$��u0.25. 3¥m�¥§¤kCþ�l.ålζO�ÑA��±ØC§

L²d?ë6Ä�þ?u²ï�. Strang and Fernando£2001¤éù«G�?1


�\?Ø. ¦��ïÄL²µ3�½^�e§YN¥�z�}��±p�N

�§l¼����·Ü�Ç. 3��¥§Ri�õê�¹eÑ�u0.25§ε�l

.pÝO�Åì~�§Sh2K�l.pÝO�ÅìO�§ù3Ri > 1��

zYN¥�~ÊH. ù´Ï�r�zYN¥ë6É�wÍ³�§R�Äþ��é

ØÏ�§lE¤6�}��Or£Pardyjak et al. 2002¤. }��Or��6

�¿¡�AÏ(�k'§Ï�6�����3��±e� �. ·�31�Ù�

[?Ø
3r�°�ºe°¥ù«6�R�(��«�U�/¤Å�.

Xã4.12¤«�S2ÕFÝRichardsonêRi��Ý–�mCzã. �±wÑµ

3��±e§��66����ØäCz§Ri¥y±Ï5�Cz. 3C.�

¥§��66����§Rio�u0.25§ÏdYNéN´u)}�Ø½. ù

�L§3z��F�±ÏS±Y3 hr�m. du}�Sh�l.ålO�Åì

~�§Ri�l.pÝO�ÅìO�§�3�6>.�SRio�u1. ��6�

Ý���§YN¥ÑyRi�p�. ã4.12¥Ri��6���Cz�ã4.9(a)¥ë

ÄUÑÑÇε�Cz�~��§=Ri�p�éAε�$�§Ri�$�éAε�p�.
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ããã 4.12: S2ÕFÝRichardsonêRi��Ý–�mCzã.

ùL²§3 uÛ/º·«!Y��f�S2Õ§�6du.�Þ�)�rë

6ÑÑ´��.>.�¥ë6�Ì�5.

3��¥§FÝRichardsonêRi����§�3t = 22–23 hr§RiwÍü

$§�$Ri�éA��m���:ìþ,��m����§?�Ú�«
S�

áÅ��3. �,¿¡*ÿ]�¿vk¼�S�áÅ�°[(�§�ADCP�

6�*ÿ]��ß/w«Ñ3t = 22–23 hrÏmR�6�wwÍO\£ã4.13¤.

þ,.S�áÅ²L�§w����Ñy3��S§�ÙK���°.§ù

�Diamessis and Redekopp£2006¤�(J´���. C.ØåPb�êâL²§

S�áÅ²L�S2Õ?u$�. �6���0.30–0.35 m s−1§6�R�u��

��À§�Ã{�OS�áÅ�DÂ��. 5¿�§Lee et al.£2006¤3À°

*ÿ��X�e�.S�áÅ§��Ñu)u$��. Ïd§�?�Úy¢


S2Õ¤*ÿ�����:ìþ,´dþ,.S�áÅ�K�¤�. S�áÅ

��YN¥�)r}�§Ïd�±E¤YN�}�Ø½§l�)ë6. X

ã4.14¤«§S�áÅ²L�£t = 23 hr¤��S£z = -16 – -20 m¤ë6Ñ

ÑwÍOr§ëÄUÑÑÇε∼2×10−8 W kg−1. ����SεÅì~�£t = 24

hr�§ε∼(4–6)×10−9 W kg−1¤�2 hr�~���Sε��µ�∼(2–3)×10−9 W

kg−1. É*ÿ�m�Ý£=���±F¤�ë6�ºÝ¿¡*ÿªÝ£z1 hr�

|¿¡¤���§·�Ã{égG�°ù�;.r�°ºe°¥SÅ�ë6·

Ü����\�&?§r�°ºe°¥S�áÅ�)¤Å�9ÙéYN�(
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ããã 4.13: ã4.9¥¤«S2ÕS�áÅ¯�ÏmR�6���Ý–�mCzã±

9Y�£°.Ør¤�Cz�. o��� �Cz§[��¢ÿY��C

z.

�9SÅ|�K��I�ÏL�õ�	°*ÿ5�\ïÄ.

4.4 �Ù�(

|^�gG!3�°üÕ S1ÚS2¤¼��ëYrz*ÿ]�§�Ùé�

zG!r�°ºe°¥�SÅ!ë69·Ü?1
���\�ïÄ. S1Õ u/

/��²"!Y��é��£73 m¤�¥
°�«§S2ÕK u//Cz�

�ì�!Y��é�f£38 m¤�Û/º·«. 3S2Õ§Øë6�ºÝ¿¡]

�	�¼�
YN6��*ÿ.

�zG!��°§���n�(��~wÍ§3YNC�·Üþ!�þ·

Ü��.>.��m�é��r��. 3°Lºr½'�f��¹e§CL�

YN�ë6·ÜrÝÌ�d°L2åÏþ�FCz¤��£�m·Ür!xU

·Üf¤. ù�·�3þ�Ù¥¤©Û�ÁG��¹��ØÓ. 3ÁG§3°¡

rºr½�YNR�é6�éÜ�^e§��YN·ÜC�þ!§YNR�Ô

�!9þ�Äþ���~Ï�¶3gG§dur���{��^§�6Ï.

�Þ�)�rë6ÑÑ�.>.�¥ë6�Ì�5§���9Ù±þYN

¿ØÉ��C.rë6�K�. 3S1Õ§�6Ï.�Þ�)�rë6·Ü�K

�C.10–15 m±S�YN§3S2Õ§��rë6ÑÑ��X����±e�
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ããã 4.14: S2ÕS�áÅ¯�Ïm���ëÄUÑÑÇε�R�¿¡±9 ³

�Ýσθ��Ý–�mCzã. �
âÑw«S�áÅ¯�é��NCYN(�

9ë6ÑÑ�K�§ã¥��Ñ
z = -22 – -12�m�(J.

YN. ëÄUÑÑÇε�R�ë*ÑXêKNþäk²w�o©��±F±Ï�C

z§��l.ålO� �äk²w�¢�£∼5–6 m hr−1¤. Ù¥§ε�KN�

Cz��©O�£5×10−8–5×10−6¤W kg−1Ú£10−5–10−2¤m2 s−1. 3C.8

mS§Ri370%�*ÿ�mSþ�u1§�320%��mS�u0.25§L²3C.

YN¥�3XwÍ�}�Ø½.

*ÿÏm§S1Õ���Së6·Ü�~�f§�vkwÍ�SÅ�3. Ï

d§��SR�*ÑXê~�©f*ÑY²§lwÍ³�
9þ9E�í�

M)��)z���ª��·Ü. 3S2Õ§3��YN¥SÅ¹ÄÑ�~¹

�. ØÉwÍ�S�K�	§±Ï©O�43§18§14Ú11 min�SÅ�Ì�'

�wÍ. ��S§SÅ�»���m�5�rë6·Ü. 3$��§���:ì

þ,�«
�Ì��4 m�þ,.S�áÅ��3. S�áÅ���r6�}

�¦���¥FÝRichardsonêRi~��0.25±e§l��
YN�rë6Ñ

Ñ§ëÄUÑÑÇε∼2×10−8 W kg−1§��S�áÅ²Lc�YNëÄUÑÑ

Ç�10�.
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1ÊÙ r�°ºe°¥S��}�Ø½

5.1 Úó

3�(°�¥§AO´3�6Ú£½¤º)6Ñ�~r�G!5�zºe

°¥§d}�Ø½£�¡ÄåØ½¤E¤�ë6·ÜéuYNÄþ!U

þ!9þ±9Ô��R���äk�¿Â. }�Ø½´�(}�6N¥ë6

���)¤Å�. 3�l£þ!e!ý¤>.��(°�SÜ§dSÅE¤�

�Ý|�r}���Ý|�.�´YN}�Ø½�Ì��)Å�§}�Ø

½´SÅ»��Ì�/ª. Ïd§}�Ø½��XYNë6·Ü�rf9Ù�

�Cz.

3þãnØ��e§Gregg�<£e.g., Gregg 1989; Kunze et al. 1990; Polzin

et al. 1995; Gregg et al. 2003; MacKinnon and Gregg 2003b, 2005b¤ÄuÅ-Å

�p�^�nØuÐ
±YN÷*}���(L�ëÄUÑÑÇε�ëêz�

Y. 3�Ù¥§·�òÏLu�3ÉS�wÍK��r�°ºe°¥ëÄUÑÑ

Çε´Ä;�éXuYNØ½6Ä�A�5?�ÚuÐþãnØ. äN/ù§

·�ò|^3=IClyde°��±F�rzëY*ÿ]�5u�Xeb�µYN

¥ëÄUÑÑÇε�}�Ø½�m�3XÅ�5�éX.

FÝRichardsonêRi½Â�N2/S2§Ù¥N�25ªÇ§S = dU/dz�Y²

6��R�}�.�,ÄuMiles–Howard½n£Miles 1961; Howard 1961)∗§Ri<

0.25²~�^��(YN}�Ø½u)��â§�¯¢þYN�Äå½

5é6�Ú�Ý¿¡��6�~�©£Howard and Maslowe 1973; Sun et al.

1998¤. ��{ü/|^YNFÝRichardsonêRi�,
A�þ£Ï~�YN

¥Ri����¤5�½YN½5§|^}�Ø½��5nØ§=��¦

)Taylor–Goldstein�§£±e{¡T–G�§¤§5ïÄYN�}�Ø½5´

�\k�Ú����{.

3�Ù¥§·�ò|^d¢ÿ�6���Ý¿¡5¦)T–G�§��{

ïÄYN�½5A�§¿?u�þ¡JÑ�b�. �Ù���!SüX

eµ§5.2òé¤|^�*ÿêâ�±0�¶½5©Û��{ò3§5.3¥ÏL

éÙ¥�|�ÝÚ�Ý¿¡�äN©Û�±�[0�¶T�{ò3§5.4.1¥
∗T½n�Ñ§£3�½���^�e¤XJYN¥FÝRichardsonêRi??�u0.25§@oYN¥¤

k���Ì6ÄÑ´½�¶Ø´XJYN¥k,?Ri�u0.256ÄÒ¬Ø½. Ïd§Ri<0.25�´Y

N}�Ø½�7�^�§¿�¿©^�.
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A^u¤k�¢ÿ6���Ý¿¡¶Äué*ÿêâ�©Û(J§þãb�ò

3§5.4.2¥�±u�¶§5.5´é(J�?Ø��Ù�(.

5.2 *ÿêâ

5.2.1 *ÿ�{

�Ù¤|^�êâ�2002c7�3Clyde°�Õ C2£55◦21’N§5◦4’W¤�

��±F�ëYrz*ÿ]�£ã5.1¤. Clyde°´ u��=Üý����µ

4.r�°ºe°§�O�=°��°b£North Channel¤ÏL���40 m�

�°�/great Plateau0�ë. *ÿÕ C2 u°�Sý§²þY��58 m§*

ÿÏm���2.0 m. 3��±F�*ÿÏm§10-min²þ�Y²6�¿¡d�

��/RDI 300 KHz ADCP£(Æ6�¿¡¤¤¼�§æ��ª�ëYæ�§

*ÿ���.þ3.6 m �51.6 m§R�©EÇ�2.0 m. YN�§Ý!íÝ9ë

ÄUÑÑÇε¿¡d��gdeüë6�ºÝ¿¡¤FLY£e.g., Simpson et al.

1996¤¼�. z��?1�|FLY¿¡*ÿ§�Jp*ÿ�ÚO�L5zgëY

æ�6g§zügæ���mm��2–3min§�ª¼��§Ý!íÝ9ε¿¡�

R�©EÇ�1.0 m.

òz���|�6�§Ý!íÝ9ëÄUÑÑÇε¿¡?1²þ=¼�1-

hrm��12–18 min²þ�§Ý!íÝ�ε¿¡§Ó��mã�Y²6�¿¡

dADCP*ÿ]�O�¼�. ù�Ò¼�
1-hrm��25|6���Ý¿¡. ù


¿¡ò�^5¦)T-G�§§±¼�YN�½5A�. �Qã{Bå�§3

e©¥·�ò|^hour-0§hour-1§,,§hour-245©O��þã�|6��

�Ý¿¡. duFLY�Å��æ§*ÿÏmvk¼�hour-20����Ý�ëÄ

UÑÑÇ¿¡§Ïde©òé¼��24|¿¡?1©Û.

5.2.2 F²þ6�!�(�ëÄUÑÑÇ

Xã5.2(a)Ú5.3(a)¤«§±F²þ���éþ§25ªÇN3z = 42 m?�

����0.022 s−1. ²þ63.þ30 m±S�~f£≤0.05 m s−1¤,�dd�þ

�l.pÝO�ÅìO�§�.þ51.6 m?O�0.16 m s−1£ã5.2(c)¤. ±F

²þ6���(éA�FÝRichardsonêRi3YN¥??�u0.25£ã5.3(b)¤§

Ïd�âMiles–Howard½n§²þ6é?Û��Ì6ÄÑ´½�§YNØ

¬u)}�Ø½. ��r�°ºe°�;.A�£e.g., Simpson et al. 1996;

Rippeth and Inall 2002; MacKinnon and Gregg 2003b§2005b¤§ëÄUÑÑ
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ããã 5.1: Clyde°�*ÿÕ C2.

Çε3þ>.�Ú.>.�¥þ�l>.ålO�Åì~�£ã5.3(c)¤. �,

�±wÑε�Riäk�½�K�'5§�üö��'XêÚOþ¿ØwÍ.

5.2.3 6�!�(�ëÄUÑÑÇ���Cz

Xã5.4¤«§*ÿÕ �6�Ì�d^=�F�6��§�6�� ��

l.ålO�äkwÍ�¢�£ã5.4(b),(c)¤. r}�Ì�©Ù3CL�Ú

��S£'�ã5.4(d),(e)¤. S���3�~wÍ§�3σθ =25.2Ú25.4ü��

�¡��ÝCzþNy���²w£ã5.4(d)¤. 324 hr�*ÿÏm§Øhour-

18Úhour-19	§YN¥ok
�ÝFÝRichardsonêRi�u0.25£=Ri−1 >4¤

£ã5.5(a)¤§Ïdk22|¿¡�Uu)}�Ø½. Xc¤ã§Ri<0.25�´}

�Ø½u)�7�^�§�¿©^�§¤±ù22|¿¡¿��½�Ü¬u

)}�Ø½.

��r�°ºe°�;.A�§ëÄUÑÑÇε���Ì�©Ù3n�«

�µCL�!C.�±9��S. �þ�Ù¤�Ñ���§éAu6���F

±ÏCz§C.ë6äk²w�o©��±F±Ï�Cz. YN¥ε����
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ããã 5.2: F²þ¿¡µ(a)  ³�Ýσθ¶(b) Y²6��À©þu��©

þv¶(c) Y²6����U���Dir.

Ñy3�6.>.�����m£ã5.5(c)¥�7Ú�G¤§3d�Ý��F

ÝRichardsonêRio´�u0.25£=Ri−1 >4¤. '�ã5.5(c)Ú5.4(d)�±wÑ§

����Ý�ëÄUÑÑÇ�Czäk²w��'5. Ri�log10ε��Ý–�m

Czäk²w�K�'5§�Ri−1�log10ε��'Xê��ÝCz. 3CL�

Úz = 19–24 m�müö��'Xê¿ØwÍ§3z = 8–16 m�müö��'X

ê�0.50£95%�&«m�[0.12 0.75]¤§3z = 30 m?��0.92£95%�&«m

�[0.82 0.97]¤. XJoÑ/½Âü��¡σθ = 25.0Ú25.4�m�YN���§@

o��S²þ�Ri−1�log10ε��'Xê�0.68£95%�&«m�[0.38 0.85]¤§

L²YN½5ÚëÄUÑÑÇε�Û/�'5�é�f.

5.3 ©Û�{

5.3.1 Taylor–Goldstein�§9Ùê�)

3BoussinesqCqe§ÃÊ!Ø�Ø!å½�}�6Né��Ì6Ä�

½5�ûuT–G�§�)§

φ′′ + [
N2

(U − c)2
− U ′′

U − c
− k2]φ = 0 (5.1)

Ù¥§φ(z)�6Ä�6¼ê�Ð©�Ì§k�6Ä�Y²Åê§c (= cr + ici)�

6Ä�E��§φ′′ = d2φ/dz2§U(z)ÚN(z)©O�²þ6�Ú25ªÇ¿
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ããã 5.3: F²þ¿¡µ(a) 25ªÇN�Y²6��R�}�S¶(b) F

ÝRichardsonêRi¶(c) ëÄUÑÑÇε. ã(c)¥§ÒKÜ©L«ε��±FS

�Cz��£²þ�±��¤§:�Ú:J�©OL«üëÄUÑÑÇ~

êε∗Úε0£�g¹Â�§5.5.3¤.

¡¶U ′′ = d2U/dz2. �§5.1��>�¯K§�½ü�Ü·�>.^�§'X

-6Ä�R�6�w§�=6Ä�6¼ê�Ð©�Ìφ§3°.(z = 0)Ú°¡

?(z = h)þ�0§=φ(0) = 0, φ(h) = 0§�§5.1�>.^�=�¤��IO�

���¯K. éu?���)φ(z)§6Ä�6¼ê�Ψ(x, z, t) = φ(z)exp[ik(x −
ct)]§�=φ(z)exp[ik(x− crt)]exp(kcit)§Ïd§éukci >0���)5ù§6Ä

��Ì§=φ(z)exp(kcit)§��m±)�Çkci�êO�§Ïd6Ä´Ø½�.

YN¥Ø½6Ä���)§YN�½5òÌ�d¤��¯£=¤�Çkci�

�¤�6Ä¤��§ÏdYN�½5A��dYN¥¤U�)�)��¯�

6Ä5�x. Ø�òù«)��¯�6Ä¡�YN¥�Ø½�6Ä. 3¢S�

½5©Û¥§·�ò�©ÛYN¥�Ø½6Ä�A�§¿±d�LYN�

½5A�. 3�Ù¥§eØ\±AO`²§¤J��Ø½6Äþ��Ø½

�6Ä§6Ä��Ìþ�6Ä�Ð©�Ìφ(z).

éu�½�6��25ªÇ¿¡§�§5.1�±|^IO�/�q{0

£e.g., Thorpe and Jiang 1998¤½/Ý
{0£Monserrat and Thorpe 1996¤

?1¦). �,/�q{0�¦)T–G�§�²;�{§©z¥A^�õ§��

Ä�36��25ªÇ¿¡�R�©EÇv
p��¹e/Ý
{0�±¼�

�§5.1�¤k��)§/�q{0K  ¦K�
��)§$�¦K�Ø
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ããã 5.4: �ëê��Ý–�mCzãµ(a) Y ζ¶(b) 6�U¶(c) 6

�Dir¶(d) 25ªÇN¶(e) }�S. �w«���Cz§ã(d)¥U\


� ���©Ù.

½�6Ä§3�Ù¥·�æ^/Ý
{0é�§5.1?1¦). �
(�O�(

J���5§·�éÙ¥A|6���Ý¿¡©O^/�q{0Ú/Ý
{0

?1
¦). O�(JL²§ü«�{¤�(J��éØ�o33%±S§Ïd

|^/Ý
{0¦)�§5.1´Ü·�.

I�5¿�´§Äu}�Ø½��5nØ¿ØU¼�6Ä6¼ê�Ì

�ýé��§¦)�§5.1¤���φ(z)�äk�é¿Â¶Ùýé�|φ(z)|��
��N
YNØÓ�Ý?6Ä�Ì��é��§Ù�KÒK�A
ØÓ

�Ý?6Ä� �m��É£ÓÒL« ���§�ÒL« ���§=�

�180◦¤. Ïd§zg¦)�§5.1�AÄkòφ(z)?1IOz£8�z¤§IO
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ããã 5.5: (a) FÝRichardsonê��êRi−1��Ý–�mCzã¶(b) YN¥

��RichardsonêRimin��mS�¶(c) ëÄUÑÑÇε��Ý–�mCz

ã. duFLY�Å��æ§hour-20vkêâ. ã(a)¥�çÚ�%�L«

���Rimin¤3�Ý§ã(b)¥:J�L«Ri�Miles–Howard�.�0.25§

ã(c)¥U\
� ���©Ù.

z��φ(z)�0u-1Ú1�m§φ(z) = 1�L6Ä����Ì§φ(z)ª":��ê

L�ÙR���. eØ\±AO`²§e©¥¤J��6Ä�Ìþ�IOz��

�Ì.

5.3.2 ¢ÿ6�½5©Û

3�!§·�òÏLéhour-15êâ��[©Û5äN�ã½5©Û��

{. �,36�!�Ý9¢ÿëÄUÑÑÇε�R�©Ùþhour-15¿Ø�äk

�L5§�dã5.5�±wÑ§d�YN��Ü©�ÝFÝRichardsonêRiÑ�

u0.25§�3�lL!.>.�YNSÜ�3XwÍ�rë6ÑÑ. ���½

5©Û�L²*ÿÏm�Ø½�6Äu)3hour-15.

Xã5.6(a)&(b)¤«§6��À©þÚ�©þÑäkwÍ��Ø(�§�

�éþ§��Ø%¿Ø²w. l°L�z = 39 m?§FÝRichardsonêRio

´�u0.25§�gz = 39 m?�°.§25ªÇwÍ$uY²6��R

�}�§ÏdRiþ30.25±e£ã5.6(c),(d)¤. 3C.20 m±S§ëÄU

ÑÑÇε�l.ålO�Åì~�§L²�6.>.��þÝ��20
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e) f)
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ããã 5.6: Hour-15���ëê�R�¿¡µ(a) 6�©þuÚv¶(b)  ³�

Ýσθ¶(c) }�S�25ªÇN¶(d) FÝRichardsonêRi¶(e) ëÄUÑÑ

Çε¶(f)Ri<0.25��Ýþ}����θ.

m£ã5.6(e)¤. 3�6.>.�±þ§ε�Ri�Czäk²w�K�'£'

�ã5.6(d),(e)¤§Ri−1�log10ε��'Xê�0.52£95%�&«m�[0.03 0.81]¤.

dã5.6(f)�±wÑ§3Ri<0.25��Ý��SY²6�R�}�����õ

3θ = −60◦NC. Ïd§·��±ý�YN�Ø½6Ä�DÂ���U3θ=

−60◦NC.

a. ½5A� �âSun et al.£1998¤ÚThorpe£1999¤§����Ì

6Ä3,���αþ�½5�±ÏLòT–G�§¥�6�UO��6�¥

þ3α��þ�ÝKUα = ucosα + vsinα5ïÄ. ùp§uÚv©O�6�¥þ

�À©þÚ�©þ§α�6Ä�DÂ��§½Â�g�À��_��=L�

�Ý. 5¿�T–G�§'uÅêk�é¡5§©Û¥�I�ÄÅ¥þ�m��
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Δz = 0.10 m

Δz = 0.20 m

Δz = 0.50 m

Δz = 1.00 m

ããã 5.7: |^o«ØÓ����¤O����hour-15��6Ä)�Ç�6Ä

Å��Czã. �
âÑ����éØ½6Ä��)�Ç�K�§ã¥��

Ñ
Å�3[15 50]m ��S�©Ù.

�. 3�Ù¥§·�À�α3−90◦Ú90◦�m§�Ú��5◦§=ò6�¥þÝK

�−90◦Ú90◦�m37�þ!©Ù���þ. �âMiles–Howard½n§XJ��

FÝRichardsonêRiα§½Â�N2/
(

∂Uα

∂z

)2
§3YN¥??�u0.25§@oYN

¥¤k���Ì6Ä3d��þÑ´½�§Ïd3ù����þØI�¦

)T–G�§.

éuÙ§���α§�½Y²Åêk§=�éT–G�§?1ê�¦). éu

n��V��6���Ý¿¡§YN¥�3X��wÍ�r}��§Miles

and Howard (1964)uyYN¥�Ø½6Ä�Å����r}��þÝ�4–

8�. �éuR�¿¡(��~E,�¢ÿ6§YN¥¿Ø�3²w�r}�

�§¿�YN¥²~kõ�ØëY�«�FÝRichardsonêRi�u0.25§Ïdé

J�äYN�Ø½6Ä�Å���. �
(�O�¥Ø¬¦KYN¥�Ø½

�6Ä§·�ÏLÀ���é��Åê��5éõ|¢ÿ¿¡?1¦)5(½

��Ü·�Åê£Å�¤��. ©Û(Jw«§À�l0.5 m�60 m�Å���

�±ºX¤k�ïÄ�YN¥�Ø½�6Ä§Ïd3e©�¤kO�¥ÑÚ

�ÀJù�Å���.

�
|^Ý
{�°(/¦)T–G�§§6�Ú25ªÇ²�N2�¿¡7

Läkv
�R�©EÇ. Ïd§·�Äkò¢ÿ�©EÇ©O�2 mÚ1 m�

6��N2¿¡���©EÇ∆z�0.2 m�þ!�:þ. éuN2§duT–G�§
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ããã 5.8: Hour-15��(a) ��FÝRichardsonê��êRi−1
α 3�Ý–��

£z–α¤²¡þ�©Ù¶(b) 6Ä)�Ç3Y²Å¥þ²¡þ�©Ù. �


�ß/w«Ñ6Ä�Å�§ã(b)¥Y²�I�þ�L«Å�§��L«

Å¥þ���§=6Ä�DÂ��.

¥��9N2��§�±æ^{ü��5��§éu6�§duT–G�§¥Ø

=�9�6���§��¹6�����ê§Ïd7Læ^p����ª§

�©¥æ^ng�^��. �
u�¿¡©EÇ∆zé½5©Û(J�K�§

·�éÓ�|�Ý�N2¿¡©Oæ^
o«ØÓ�∆z?1¦)§O�(JX

ã5.7 ¤«. �±wÑ§O�¤��Ø½6Ä�)�Çkci�∆z~�ÅìO

�§�ÅÚÂñ. Ù¥§∆z©O�0.2 mÚ0.1 m��O�(J��$�§�é�

O31%±S§=�Ø½6Ä�Å�λ9Ù)�ÇkciþA��Ó§L²ÀJ∆z

= 0.2 m?1O�´Ü·�.

Xã5.8-5.10¤«�hour-15�©Û(J. �±wÑ§éu¤k���α§Y

N¥ok
�Ý��FÝRichardsonêRiα�u0.25£ã5.8(a)¤§L²Ø½6

Ä�÷¤k��DÂ. �Xþ©¥¤ý��§YN¥�Ø½6Ä�(÷α=

-60◦��DÂ§ÙÅ�λ�24.0 m§)�Çkci�1.31×10−2 s−1£ã5.8(b)¤. �

���þ�Ø½6Ä�R�(�Ä�þ�1���§�6¼ê�Ì��

��Ñy3Riα����NC£'�ã5.8(a)Úã5.9¤. YN¥�Ø½�6

Ä�R�(��1���§�6¼ê�ü�4��©O uz = 14.2 mÚ9.8

m£ã5.10(a)¤. �Ø½6Ä���Ýcr�−0.056 m s−1§éA��.pÝ

�z1 = 13.0 mÚz2 = 28.9 m£ã5.10(c)¤. ��¤�ÇéA�e-ò±Ï�76.3

s§´6¼ê�Ì��?25±Ï�17%.
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ããã 5.9: Hour-15������þ�Ø½6Ä�6¼ê��Ì. �
�Ù/

w«6¼ê�Ì�R�(�§ã¥��Ñ
z�15◦��þ�(J.

b. �.½5 �!¥§·�òÏL<�UC¢ÿ6�����{5ï

ÄYN�Ø½§Ý§¿?�äÙ´Ä?u�.Ø½G�. äN/ù§

ò6�U�XeC�µUΦ = (1 + Φ)U§=ò6�O\£½~�§�ûuΦ�Î

Ò¤Φ�. ÏL�½�X�Φ��§±UΦ9¢ÿ�N2ê�¦)T–G�§§=�

¼�6�O\Φ��¤éA��Ø½6Ä�)�Ç. XJ¦)T–G�§�ê�

�{v
°(�{§Ï��XΦÅì~�§Ø½6Ä���)�Çkci�Åì

~�§@o�±��¼�kci~�0�¤éA�Φ§Ø�¡��.½5ëê§

¿P�Φc. �´du¦)Ý
���¯K¤Ø�;��Ø�§¢SO�¥éJ

��ÏLò6Ä��)�Çkci~�05¦�Φc. ê�¢�w«§=¦YN¥F

ÝRichardsonêRi??�u0.25§k��¬¦���kci§ùw,´ê�O�Ø

�E¤�. Ïd§·�æ^Xem���{5�O�.½5ëêΦcµ�½�

X�0u,����1�mΦ�§±UΦ9¢ÿ�N2¦)T–G�§§,��âΦ�

O�¤�Ø½6Ä���)�Ç�éA'X?1õ�ª[Ü¿²w/	�

�kci = 0?§l¼�Φc��O.
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ããã 5.10: Hour-15��(a) �Ø½6Ä�6¼ê��Ìφ(z)¶(b) �Ø½

6ÄDÂ��þ£α = -60◦¤��FÝRichardsonê��êRi−1
α ¶(c) Y²6

�3�Ø½6ÄDÂ��þ�ÝK.

Xã5.11(a)¤«�hour-153α =−60◦��þØ½6Ä���)�Çkci�Φ�

éA'X.�±wÑ§�Φ =−0.72�§YN¥��FÝRichardsonêRi£�u¢

ÿYN¥��FÝRichardsonêØ±(1+Φ)2¤�u0.25. Ïd§�Φ <−0.72�§

YN¥FÝRichardsonêRi??�u0.25§�âMiles–Howard½n§YN´½

�§Ø�3��kci§3ã5.11¥±�ÚL«. ê�[Ü¢�L²§Ø
3Ø½

6Ä��)�Çkcié��«�£ã5.11(a)¥Φ <−0.5�«�¤	§ngõ�ª

�±�~Ð/[Ü¤k�:§¿��±²w/	��kci =0?§dd��Φc�

�O��−0.69.

�.½5ëêΦc = −0.69L²7Lò¢ÿ6�~�69%âU¦YNé¤

k���Ì6Ä½§ÏdYN¿�?u�.½G�§´éØ½. �.F

ÝRichardsonêRic�0.21§�0.25'��C. O�(J�w«�Ø½6Ä�D

Â��¿Ø�Φ��CzCz.

5.4 ©Û(J

5.4.1 ��)�Ç��.½5

�!¥§·�ò|^§5.3¥¤uÐ�¢ÿ6½5©Û��{5©ÛÙ

§21|�Uu)}�Ø½�6���Ý¿¡. ©Ûuy§3ù21|¿¡¥§k
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ããã 5.11: ��6Ä)�Çkci�Φ�'Xãµ(a) hour-15¶(b) hour-6.

éuhour-15§�.½5ëê�ÏLngõ�ª���O�Φc =

−0.69±0.03§�.FÝRichardsonê�Ric = 0.21±0.04. éuhour-6§6

Ä���)�ÇI�ÏL��¼�§=ã(b)¥Φ=0?¢%n�/?�

�§ΦcÚRic©O�−0.06±0.01Ú0.16±0.02.


¿¡¤éA�FÝRichardsonêRi�3�~���Ý��S÷v}�Ø½

u)�7�^�£=�u0.25¤§k
$��3���©�:þRi�u0.25§

ÏdéJÏL��¦)T–G�§��{5�OYN�½5A�. �
�Ñù�

(J§·�Äkæ^aqu§5.3.2¥©Û�.½5��{§=ÏLu�½5

©Û�(J´Ä�¿¡����∆z�Åì~�ÅìÂñ§5�½éu=
¿

¡��¦)T–G�§¤��(J´�&�. äNù§·��½���é�O��

.�§'X1%§XJ�����∆zd,���§'X0.2 m§Åì~�§O�

¤�Ø½6Ä��¤�Ç�Czo�u¤�½��é�O�.�£1%¤§@

où��¿¡��¦)T–G�§¤�(J´�&�§ÄK¤��(J´Ø�&
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LLL 5.1: �±��¦)T–G�§¼�YN½5A��7|6���Ý¿¡¤éA��

Ø½6Ä�A�þ. Ù¥λÚkci©O��Ø½6Ä�Å�Ú)�Ç§N´�Ø½

6Ä�6¼ê���¤3�Ý?�25ªÇ¶τ = (kci)−1��Ø½6Ä)��e-ò±

Ï§Tb = 2πN−1��Ø½6Ä�6¼ê���¤3�Ý?�25±Ï. L¥�Ó��Ñ


�.½5ëêΦc±9YN��.FÝRichardsonêRic. L¥�Ñ�15∗�N¹¥?Ø

�hour-15��S��Ø½6Ä�A�þ.

Hour Mode λ (m) kci (s−1) N (s−1) τ/Tb Φc Ric

0 2 11.5 1.20×10−2 4.6×10−3 0.06 −0.83±0.02 0.24±0.05

8 3 31.5 6.1×10−3 1.22×10−2 0.32 −0.53±0.03 0.09±0.01

9 2 16.5 5.0×10−3 8.3×10−3 0.26 −0.46±0.04 0.21±0.03

12 2 39.0 4.7×10−3 1.46×10−2 0.50 −0.36±0.03 0.25±0.02

15 2 24.0 1.31×10−2 1.40×10−2 0.17 −0.69±0.03 0.21±0.02

15* 2 47.0 5.0×10−3 8.9×10−3 0.28 ) )

16 2 16.5 4.0×10−3 1.09×10−2 0.44 −0.42±0.02 0.23±0.02

24 3 23.0 5.3×10−3 8.5×10−3 0.25 −0.52±0.02 0.12±0.01

�. O�(JL²§�)§5.3®²�[©Û�hour-153So�k7|¿¡�½

5A��±ÏL��¦)T–G�§¼�. ¤�(J�uL5.1¥.

XL5.1¤«§éuù7|¿¡§Ø½6Ä���)�Ç�(0.4–1.31)×10−2

s−1§éA�e-ò±Ïτ�76–253 s§���Ø½6Ä6¼ê�Ì���?25

±ÏTb = 2π/N�(6–50)%. Ïd§6Ä¤��±Ï�uYN¥U
�3�SÅ

���±Ï§�wÍ�u��ü|FLY¿¡42–48 min��mm�.

ù7|¿¡¤éA��.½5ëêΦc��.FÝRichardsonêRic�±Ï

L§5.3¥��{?1�O. XL5.1¤«§|Φc|¿ØwÍ�u1§ÏdYN¿Ø?u

�.½G�. �,éuÙ¥�5|¿¡§Ric0u0.21Ú0.25�m§�Ä��O

¥�Ø�§§��Miles–Howard�.�0.25�m��O¿ØwÍ§�Ù§2|¿

¡�RicwÍ�u0.25.

éuÙ§15|ØU��ÏL¦)T–G�§5¼�YN½5A��6��

�Ý¿¡§�±ÏLm���{�OYN�½5A�. �,éuù
|¿¡

�Ø½6Ä�¤�Çkci¿Ø�¿¡����∆z~�ÅìÂñ§�·�u

yXJò¢ÿ6�O��½��êΦ£> 0§Ù½Â�§5.3¥��¤§O�(J

ò�∆z�~�ÅìÂñ. Ïd§ÏL�½�X�Φ�§�±¼�YN�Ø

½6Ä�¤�Çkci�Φ�éA'X§aqu§5.3¥�.½5ëêΦc�¦)�
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LLL 5.2: Ù§15|6���Ý¿¡éA��Ø½6Ä�A�þ. L¥�Cþ�¹Â�

L5.1¥�`².

Hour Mode λ (m) kci (s−1) N (s−1) τ/Tb Φc Ric

1 2 42.0 2.4×10−3 2.19×10−2 1.45 −0.19±0.01 0.01±0.005

2 2 31.0 1.0×10−3 1.81×10−2 2.88 −0.10±0.01 0.20±0.03

3 ) ) 0£½¤ ) ) 0.06±0.01 0.20±0.02

4 ) ) 0£½¤ ) ) 0.41±0.02 0.11±0.01

5 1 37.5 0.4×10−3 2.24×10−2 8.92 −0.04±0.01 0.24±0.03

6 2 22.0 0.5×10−3 1.23×10−2 3.93 −0.06±0.01 0.16±0.02

7 ) ) 0£½¤ ) ) 0.21±0.02 0.04±0.01

10 1 29.0 0.5×10−3 2.85×10−2 9.08 −0.03±0.01 0.07±0.01

11 ) ) 0£½¤ ) ) 0.01±0.01 0.09±0.01

13 1 35.0 2.0×10−3 9.4×10−3 0.75 −0.32±0.02 0.24±0.02

14 ) ) 0£½¤ ) ) 0.22±0.02 0.03±0.01

17 ) ) 0£½¤ ) ) 0.00±0.01 0.23±0.02

21 2 42.0 2.0×10−3 6.0×10−3 0.48 −0.36±0.02 0.22±0.02

22 2 26.5 0.5×10−3 1.23×10−2 3.92 −0.10±0.02 0.20±0.02

17 ) ) 0£½¤ ) ) 0.14±0.01 0.06±0.01

{§Φ =0£=¢ÿ6�¤éA�kci�±ÏL	�¼�. Xã5.11(b)¤«§�±

¦�hour-6�kci�0.5×10−3 s−1. ©Ûuy§�Φ30Ú1�mCz�§¤��Ø

½6Ä�Å��6¼ê�Ì�R�(��Cz¿ØwÍ§Ïd�±dΦ���

�(J¦�¢ÿ6���Ý¿¡¤éA��Ø½6Ä�Å��6¼ê�Ì. d

dm��{¤¦��ù15|6���Ý¿¡éA�½5A�X�uL5.2¥.

5.4.2 �ëÄUÑÑÇ�'�

Äuc¡�©Û(J§·�3�!u��ÙÚó¥¤JÑ�b�µYN�

Ø½6Ä�A�þ�ëÄUÑÑÇε�3Å�5�éX. XJ^δ5L«,�

0u0Ú1�m��þ§@o3YN¥÷v|φ(z)| ≥ δ��Ý��S£Ø�P�[z1

z2]¤Ø½6Ä��Ì�é��§}�Ø½£XJu)
¤��wÍ. Ïd§

ëÄUÑÑÇε3d�Ý��S�È©§=E =
∫ z2

z1
εdz§�±�*/L�YN

Ø½6Ä��wÍ��Ý��S�ë6ÑÑ. Xã5.12¤«§o¢\IÑ
δ
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= 0.2����Ø½6ÄwÍ��Ý��[z1 z2]3YN¥� �. ���©Û�

uydδ = 0.25½ÂØ½6ÄwÍ��Ý��´Ü·�§�±^5½þ/u

�YNØ½A��¢ÿε�m�Å�5éX. dã5.12�±wÑ§3¤k15�

d�5nØýÿ¬u)}�Ø½���§�õê�¹edþã½Â�ª¤(

½�Ø½6ÄwÍ�Ý��� �Ñ3�lL!.>.�YNSÜ. éuÙ

§��§'Xhour-16§½5©Û¤�Ñ��Ø½6Ä����Ì3.>.

�S§30uz = 20 mÚz = 40 m�mrë6ÑÑ²w�3�YNSÜO�

¤��Ø½6Ä%¿ØwÍ§·�æ^aquN¹¥'uhour-15���©Û

�{5Ï¦6Ä�Ì3��S��wÍ�Ø½6Ä. ,§O�(Jw«§

3ù
��YNé6Ä�Ì3��S��wÍ���Ì6Äo´½§=éu

ù��6Ä¤O�Ñ�6Ä)�Çkcio�0. Ïd§3e¡�©Û¥§·�æ^

L5.1ÚL5.2¥�Ñ�Ø½6Ä�A�þ55u�§��¢ÿε�m�'X. Ù

¥hour-15æ^L5.1¥hour-15*éA�(J.

ããã 5.12: ëÄUÑÑÇε��Ý–�mCzã. [¢��� ³�Ý�§o¢

\�δ = 0.2����Ø½6ÄwÍ��Ý��[z1 z2]. éuhour-15§o¢

\¤«�N¹¥?Ø�6Ä�Ì3��S��wÍ�6Ä�6¼ê���§

éuÙ§��K�YN¥�Ø½6Ä�6¼ê���. ÎÒ/S09çÚ

�Þ�«
YN?u½G��10���. Hour-20��vkêâ§3ã¥±

ÒKL«§¿5±/ND09�Ú�Þ.

Xã5.12¤«§Ø½6Ä6¼ê���(��±�Ð/�xYNSÜr
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ë6ÑÑ�u). ,§�
�yþãb�§·�I�½þ/�	Ø½6

Ä�A��¢ÿëÄUÑÑÇε�m�'X§=µØ½6ÄwÍ��Ý��

Sε�È©E�±dØ½6Ä�)�Çkci!Å�λ±9Ø½6ÄwÍ��Ý

��l£≡ z2 − z1¤5L�íº

©Ûuy§�δ���§Ø½6ÄwÍ��Ý��l�Ø½6Ä�Å

�λ��'5�~p. �δ ≤ 0.18�§üö��'Xêr ≥ 0.82£95%�&«m

�[0.53 0.94]¤§�δ ≤ 0.34�§r ≥ 0.66£95%�&«m�[0.22 0.88]¤. ¤±§

éu��δ§Ø½6Ä�Å�λ�±üÕ��Eëêzúª¥��ÝºÝ§

ØI�Ó�Ú\λÚl5ëêzÏ}�Ø½E¤�rë6. Ïd§éu�

�δ§·�JÑXeëêzúª

EL = ε∗l + c0(kci)
3−aNaλ3 (5.2)

Ù¥§ε∗L«��µë6§kci��Ø½6Ä�)�Ç§N��Ø½6

Ä6¼ê�Ì���Ý?�25ªÇ§�Cþ�g�À�´�
�yú

ª¥��þjþ���. ��5¿�´§FÝRichardsonêRi§½ö`¢S

FÝRichardsonêRi��.RichardsonêRic���Ri−Ric½ö�.½5ë

êΦc¿vk�¹3þãE�ëêzúª¥. ù´Ï�YN½5G��&E

®²%¹3Ø½6Ä)�Çkci�¥.

éuØÓ�δ§úª5.2¥�n���ëêε∗§c09a�±ÏL[ÜL5.1Ú5.2¥

�êâ¼�. [Ü(JL²§�0.12 ≤ δ ≤ 0.34�§¤¦��ε∗Úa�δ�Cz

é�. �´�XδÅìO�§
∫ z2

z1
εdzÓYNSÜë6ÑÑ�oÈ©§½Â

�
∫ 47m
10m εdz§�'~�5��§�δ > 0.20�§

∫ z2

z1
εdz�Ø�

∫ 47m
10m εdz���. Ó

�§�Ä�úª5.2�JÑïá3l�λpÝ�'�Ä:þ§Ïd·���Ñδ�

���[Ü(J. �0.12 ≤ δ ≤ 0.34�§�µë6〈ε∗〉�(6.72 ± 0.22) × 10−8 W

kg−1§Ù¥〈 〉L«²þ�±IO��§〈a〉 = 1.83 ± 0.04. ¤¦�ε∗����é

��L²YN¥�(�3�Cq~ê��µë6. ¤�a��L²§Eé25ª

ÇN��6'éØ½6Ä)�Çkci��6��r§©O�1.8Ú1.2g�. ù�

(J|±Thorpe and Liu£2009¤�Xeß�µYN¥��Ì6Ä�)�Ç±9

ë6�rÝwÍ/É�uYN��(G¹. dúª5.2�/ª�±wÑ§c0AT

�δO�Åì~�§�yk�êâÃ{�ÑäN��6'X.
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5.5 �Ù�(�?Ø

5.5.1 6Ä�½5

3�Ù¥§·�|^T–G�§ïÄ
�;.�zr�°ºe°¥YN�

Äå½5A�. ©Û(Jw«§3¤ïÄ���±FS§YN�Ü©�

m?uØ½G�§YN¥��FÝRichardsonêRimin�uMiles–Howard�

.�0.25§��k
��YN¥Ri??�u0.25§=YN´½�. YN��

.FÝRichardsonêRic3k
���~�CÏ~¤æ^�Miles–Howard�.

�0.25£'Xhour-0§hour-5§hour-12�¤§��k
��RicwÍ�u0.25£'

Xhour-13¤. 3dMiles–Howard½n¤�½�22|�U£5¿�T½n��Ñ


}�Ø½u)�7�^�§�¿©^�¤u)}Ø½�6���Ý¿

¡¥§k4|´�~½�§=Φc > 0§�|Φc|¿Ø��u1§k8|?u�.

½5G�§=|Φc| � 1, k10|�~Ø½§=Φc < 0§�|Φc|¿Ø��u1 .

YN¥�Ø½6Ä�Å��(11.5–44.2) m§��Y��(20–72)%. �,�

Ø½6Ä)��e-ò±Ï��Ø½6Ä�Ì����Ý?25±ÏTb�'�

3��±FS�Cz�~wÍ£Cz���[0.06 9.08 ]¤§�τ/Tb3�õê�¹

eÑé�Cu1§��±FS�¥��0.53. YN¥�Ø½6Ä�R�(��

���1���§Ù§�1�½1n��.

5.5.2 Ø½6Ä�)�Ç;�éXuεíº

·�ÏLúª5.2u�
YN¥Ø½6Ä�A��¢ÿëÄUÑÑÇε�m

�éX. �,�0.12 ≤ δ ≤ 0.34�dúª5.2¤ý��EL�¢ÿE�m��'Xê

��0.75£95%�&«m�[0.39 0.91]¤§dúª5.2ý�ëÄUÑÑÇÈ©��

éØ���3. �'Xê�95%�&«������L²üö�p��'Xê�

U´du'��gdÝ��. ��¼�úª¥n���ëê��Ð�O§I��

õ�êâ5[Üúª5.2. ,§dúª5.2ý�EI�Äk¦)T–G�§5¼�

YN�Ø½6Ä�)�Ç!Å�±96¼ê�R�(�§Ïdúª5.2¿ØU

Jø��dYN6�!�Ý¿¡ý�YN¥ëÄUÑÑÇ�{ük���{.

d	§Xã5.12¤«§�Ø½6Ä�6¼êwÍ��Ý���YN¥rë6

ÑÑ��Ý��¿Øo´��. �,YN¥ë6�rÝ�U¢�u}�Ø½�

u)§��Ä�Ø½6Ä�)�Ç�é��§þã¢�Ø¬�È§��½�

uykêâm1 hr�m�. Ïd§ÄuykêâÃ{u�ëÄUÑÑÇ�YN
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½5�m�U�¢�.

5.5.3 #�ε ëêzúª�Ù§úª�'�XÛº

Äu3#=�=ºe°�*ÿ]�§MacKinnon and Gregg£2003b§2005b¤

JÑ
XeëÄUÑÑÇε�ëêzúªµ

εMG = ε0

(
N
N0

) (
Slf

S0

)
(5.3)

Ù¥§N�25ªÇ§Slf�$ª!$��SÅ£'XS�¤���YNY

²6��R�}�§N0ÚS0©O�ë�25ªÇ�ë�}�. �
{Bå

�§S0�N0þ��3 cph£≡ 5.2×10−3 s−1¤. ª¥�ε0�±ÏL[Ü¢S*

ÿêâ¼�. |^�gG!3#=�=ºe°�*ÿ]�§MacKinnon and

Gregg£2003b¤�Ñε0 = 6.9×10−10 W kg−1§[ÜSG�*ÿ]�K�Ñε0

= 1.1×10−9 W kg−1§üö��C���. éuù��O§MacKinnon and

Gregg¿vk�ÑÜn�)º. �éu·�|^úª5.2ý�ëÄUÑÑÇ���

��éØ�3§úª5.3��éØ���2–4£�MacKinnon and Gregg£2005b¤

�ã11¤§Ïdüö�Ø�Y²Ä���.

ÏL©ÛëÄUÑÑÇε325ªÇN�}�S²¡¥�©Ù��§�©

¤©Û�Clyde°�]�aquMacKinnon and Gregg�(J§=ε�±Cqd

úª5.35£ã§dd�±¦Ñε0 = 1.5×10−8 W kg−1. ù��'MacKinnon

and Gregg£2003b§2005b¤¤¦�ε0���þ?�õ. Ó�5¿�§Palmer et

al.£2008¤|^3Celtic°�]��Ñε0 = 4.4×10−9 W kg−1§'��Cu·

��(J§Sundfjord et al.£2007¤|^3Barents°>�X«�]��Ñε0 =

4.5×10−8 W kg−1§A�'MacKinnon and Gregg�(J�ü�þ?. Ïd§�

,ÿØ�ÙεäN�ûu�oÔnL§§�°«¤�ê�m����É�UL²

�ºÝ/ÿÁÅ£test waves¤0�Uþ�Ý£MacKinnon and Gregg 2003b¤

�ïÄÕ ?�YÄåÆG¹9//A����'. ù3é�§Ýþ��
ú

ª5.3�¢^5.

Xã5.3(c)¤«§dúª5.2¦���µëÄUÑÑÇε∗Cq�u��S±F

²þ�ëÄUÑÑÇ§Äuúª5.3¤��ε0�±F²þ�ëÄUÑÑÇ��

���~�C. ù�U�«
úª5.2Úúª5.3¥ü�ëÄUÑÑÇ~êm�Ô

n�Éµε∗L�
���¥vk}�Ø½)��ë6ÑÑY²§ε0K�U

L�$ªSÅ£S�¤¤N\u�þ�²þ6|¤�±�$ë6ÑÑ�µ.
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18Ù (Ø�Ð"

6.1 (Ø

|^3�°�Clyde°ü;.r�°ºe°¥ë6·Ü���*ÿ§�©é

r�°ºe°¥ë6·Ü�A�9ÙÅn?1
���\�XÚ�ïÄ. 3�©

¤���*ÿ¥Ñæ^
�8�k?�*ÿÃã�]�©Û�{§¼�
*ÿ

°�ë6·ÜA��p�þ*ÿ§Ïd3é�§Ýþ´L
<�ér�°ºe

°¥ë6·ÜA��@£. AO´3�°§ùoXÚ!p�þ�ë6·Ü*ÿ§

ÿáÄg. Ó�§|^ù
*ÿ]�§�©ér�°ºe°¥ë6·Ü��)Å

n?1
�\&?§�«
��r�°ºe°¥ë6·ÜrÝ9Ù��Cz�

'�ÔnL§§u�
�8°�ê��[¥æ^�,
ë6·Üëêz�{§

¿JÑ
#�ë6ëêz�Y. äN/ù§�©Ì�¼�
Xe(Øµ

1!ÏL3f�zG!é�°üé'5Õ £�6a.©O� E.�^=

.¤?�6(��ë6·ÜA��ïÄ§�©uy E.�^=.�6¥�·

ÜA�wÍØÓ. 3 E.�6¥§YNØÓ�Ý?Y²6�R�}�� �

Ä���§�l.ålO�vk²w�¢�§3^=.�6¥§d°.�Þ

�^u�6�)�6�r}�d.Ü�ú�þDÂ§3 uH�°!Y��

�6²þ�Ì©O�38 m�0.35 m s−1�A1Õ§}��þDÂ���Ý��6 m

hr−1. 3 E.�6¥§d²þ6��éê¿¡¤�OÑ�°.�Þ�Ý�d¢

ÿpª6���O��(JÄ���§3^=.�6¥§cö´�ö���.

©ÛL²§�6�^=!dÛ///E¤�.{±9YN�f�z�U´þã

�É�)��Ï. 3YNY²9í(�Øþ!�ºe°�§�6éØÓ5�YN

�Y²Ñ$�UwÍK�YN�ë6·ÜA�£XE¤ÛÜYN�R�é6¤.

é¢ÿëÄUÑÑÇ!°.�Þ�Ý±9ëÄU�'�©ÛL²§²;�9ë

6nØ±9ëµ4�.¥²~æ^�ëÄU�ÙÑÑÇm�'Xéuf�z�

 E.�6´¤á�§3^=.�6¥§9ë6nØI�?1?�.

2!é�zG!�°üé'5Õ £©O u¥
°�«�Û/º·«¤?

�z!SÅ±9ë6·ÜA��ïÄ(JL²µ�zG!�ºe°YN��¥

ywÍ�n�9í(�§3YNC�·Üþ!�þ·Ü���6.>.��m

�r��¶CL�YN�ë6·ÜrÝÌ�d°L2åÏþ�FCz£�mÏ

°LR�é6�)r·Ü§xU�(é½§ë6·Üéf¤�°Lºr½

��§3�6.>.�S§�·Ü´YN9þ!Ô�!Äþ�UþR�Ïþ
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�Ì�Å�¶�·ÜK���Ýd�6��û½§����10–15 m§Ïd§3

Y����«�§3����·Ü¤��Ý���þ.�m�3ë6·Ü�~

f�«�§ùwÍ³�
YNSÔ��R�Ïþ§�Ô�R����´¶§

3Y��f�«�§�·ÜK�������.Ü§ÏdÔ�3��±e��

YN¥·Ü�~þ!§���Sm�5r·Üu)�§�±�)wÍ�R�Ô

�Ïþ¶�f�zG!aq§C.��rë6ÑÑ�ú/�þDÂ§3�°ü

*ÿÕ ?§ëÄUÑÑÇ�þDÂ���Ý�5–6 m hr−1§ÉÙK�§.þ

ØÓ�Ý?R�ë*ÑXê�LyÑaq� ��É§��öþ��m¥yo

©��±F±Ï�Cz¶3//��²"�¥
°�«§SÅ¹Ä�~�f§

Ïd��Së6·Ü�~f§R�*ÑXê�©f*ÑY²§ª��Ô�Ïþ

É�wÍ³�§3//Cz��wÍ�Û/º·«§SÅ¹Ä�~¹�§Ø

S��K�	§pªSÅ�S�áÅ�K��éwÍ§Ïd��S�3ér�

m�5r·Ü§S�áÅ�3�«�§YNë6·ÜwÍOr§�Jp��þ

?.

3!�©|^}�Ø½��5nØ£=Taylor–Goldstein�§¤ér�z

r�°ºe¥YNÄå½5�ïÄ(Jw«µ��5ùYN¿Ø?u�
ï

Äö£e.g., van Haren et al. 1999; Rippeth et al. 2005; Rippeth 2005¤¤@��

�.½5G�§�U´�~Ø½½é½¶�,r�°ºe°¥¢S6

Ä¤éA��.FÝRichardsonêk��~�CMiles–Howard�.�0.25§�3

éõ�¹eÙwÍ�u0.25¶YN¥�Ø½6Ä)��e-ò±Ï��Ø½6

Ä�wÍ?�25±Ï��§YN¥��Ì6Ä�)�Ç±9ë6·ÜrÝw

Í/É�uYN��(G¹¶YNë6·ÜA��}�Ø½5�m�3XÅ

�5éX§�±dØ½6Ä�A�þ5ëêzëÄUÑÑÇ.

6.2 Ð"

|^ë6ëê���*ÿ§�©ér�°ºe°¥�ë6·ÜA�9ÙÅ

n?1
���\�XÚ�ïÄ. �7L�Ñ�´§É*ÿ]����§�©�

ïÄó���´ÐÚ�&?. ùÌ�Ny3µ1!�,�©�ïÄL²§^=.

� E.�6éC.�ºÝL§�K�wÍØÓ§��½þ/&?�6^=é

��ë6·Ü�K�§7LÀJY�!²þ�6�Ì�A�þÄ���§�

6a.wÍØÓ§=©O�^=.� E.�6½Ó�^=.�6�ý�Çw

ÍØÓ�Õ ?1é'. 3�©¥§^5�é'©Û�üÕ Y���6�ÌÑ
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wÍØÓ§ÏdÃ{(½ë6·ÜA�wÍ�É�Ì��Ï´�6�^=�´

Ù§Ï�¶2!�X�©1�Ù¥¤�Ñ�§3��S§S��C.5SÅ�U

´��S6�}��Ì�5§�Ïd��X��S�m�5r·Ü§�du

�©¤|^]���Ý=���±F§Ã{©EC.5$Ä.

É*ÿ]��Ý���§ºe°¥ë6·Ü�ïÄó���õÛ�3éÙ

�SCzA��&?§éÙ3���mºÝþ�Cz§X3���S�üz

L§§·����$�. Ïd§éºe°¥ë6·Ü����m�*ÿ�~7

�. �éºe°¥ë6·Ü?1��Ï�*ÿ§7L¿©u�ADV�ADCP£X

ÏL���{�OXìAå!ëÄU)¤±9R�ëÊ5Xê�R�¿¡¤�

(ÆõÊV¤ì��^. �éu�é5K�S�ó§8céC.5SÅ9Ùé

��Sm�5r·Ü�^�ïÄ�ék�§Ïd§ïÄºe°SC.5SÅ�

A�9Ù�)��PÅ�AT´8�ºe°ë6·ÜïÄ���:. d	§±

L§ïÄ�8��£R�¤��½n�ê��[�p�þ	°*ÿ�k�(Ü

ò¬¦ºe°¥ë6·Ü�ïÄ��wÍ?Ð. �X�©1�Ù¤�Ñ�§�,

±ëÄUÑÑÇ�Ä�*ÿþ�°�ë6UþÆCc5��
wÍ�?Ð§�

éuë6·Ü�Ç�@£�Ì��6uê��[�¢�¿Á�§Ïd§éë6

·Ü�Ç�ïÄ£'XÏL��*ÿ2å½Ô�Ïþ¤AT´�c°�ë6·

ÜïÄ����?Ö.
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N¹A >. ��À�é½5©Û(J�K�

�Û/6Ä�)�Ç

·�3dN¹¥ÏLn���¢�5ïÄ½5©Û¥þ!e>. ��

À�éO�(J�K�µ¢�A)òþ>.lz = 51.6 m ?£�z = 44.0 m§

�±e>.3z = 3.6 mØC¶¢�B)òe>.lz = 3.6 m£�z = 10 m§�

±þ>.3z = 51.6 mØC¶¢�C)òe>.£�z = 16 m§�±þ>.3z

= 51.6 m. ¤^êâ�hour-15���25ªÇ¿¡�6�3α = -60◦��þ�

ÝK. Xã5.10(b)¤«§éu¢�A5ù§þ>.�e£~�
YN¥p��

FÝRichardsonêRiα��Ý��§¿vkK��YN¥Riα�u0.25�«�§

éu¢�BÚC5ù§e>.�þ£K�g�K
 uYNeÜ�ü�Ri−1
α �

u0.25�«�.

−1 −0.5 0 0.5 1
0

10

20

30

40

50

φ(z)

H
ei

gh
t (

m
)

4 10 20 30 40 50 60

Riα
−1

−0.2 0 0.2

c
r
 = −0.021 m s−1

Uα (m s−1)

b)a) c)

ããã A.1: ¢�A¤éA�¿¡µ(a) �Ø½6Ä��Ìφ(z)¶(b) ��F

ÝRichardsonê��êRi−1
α ¶(c) 6�Uα.

O�(Jw«§éu¢�A5ù§(J�Ø£Ä>.¤��(JA�vk

�O§L²·�31ÊÙ½5©ÛO�¥¤æ^�>. �´Ü·�. éu

¢�B5ù£ãA.1¤§>.�£Ä¦�O�«�Ø�) uz = 5.6 mNC�

$Riα«�.O�¤�6Ä���)�Çk�5�1.31×10−2 s−1~��0.80×10−2

s−1§�Ø½6Ä���Ýcr�−0.0021 m s−1§éA��.�Ý�z = 12.6

mÚ30.0 m. �Ø½6Ä�6¼ê?,�±�1���§�´6¼ê����
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−1 −0.5 0 0.5 1
0

10

20

30

40

50

φ(z)

H
ei

gh
t (

m
)

4 10 20 30 40 50 60

Riα
−1

−0.2 0 0.2

c
r
 = 0.0096 m s−1

Uα (m s−1)

b) c)a)

ããã A.2: ¢�B¤éA�¿¡µ(a) �Ø½6Ä��Ìφ(z)¶(b) ��F

ÝRichardsonê��êRi−1
α ¶(c) 6�Uα.

4 20 40 60

Riα
−1

b)

−1 −0.5 0 0.5 1
0

10

20

30

40

50

φ(z)

H
ei

gh
t (

m
)

a)

0 10 20 30 40 50 60
0

1

2

3

4

5

6
x 10

−3

λ (m)

c)

kc
i (

s−
1 )
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