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�
1 � � � � � � � � � 	 
 �

1.1 ��
 �������
1.1.1 ���������

f(−x) = f(x) �! #" (1.1a)

f(−x) = −f(x) $� %" (1.1b)

f(x + τ) = f(x) &(') %" (1.1c)

1.1.2 *,+.-,�
&/' 2π 0#1/243 f(x) 5m3(67 #"(8 ∑∞

0 (an cos nx + bn sinnx) 9#:�;,<�=#5?>,@(A%B
f(x) =

a0

2
+

∞
∑

1

(an cos nx + bn sinnx) (1.2)

2π1π0π-1π-2π

1.5

1

0.5

0

-0.5

2π1π0π-1π-2π

1.5

1

0.5

0

-0.5

2π1π0π-1π-2π

1.5

1

0.5

0

-0.5

2π1π0π-1π-2π

1.5

1

0.5

0

-0.5

2π1π0π-1π-2π

1.5

1

0.5

0

-0.5

2π1π0π-1π-2π

1.5

1

0.5

0

-0.5

2π1π0π-1π-2π

1.5

1

0.5

0

-0.5

2π1π0π-1π-2π

1.5

1

0.5

0

-0.5

2π1π0π-1π-2π

1.5

1

0.5

0

-0.5

2π1π0π-1π-2π

1.5

1

0.5

0

-0.5

2π1π0π-1π-2π

1.5

1

0.5

0

-0.5

1

2
+ 0.6 sinx + 0.2 sin 3x

1

2
+ 0.6 sinx

1

2

2π1π0π-1π-2π

1.5

1

0.5

0

-0.5

C
1.1: 1(243�0�3(6ED/"�FHGEAJIEK
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an, bn �
��� 0���5��	��
���
����,A%B

∫ π

−π
cos mx cos nxdx =















0 m 6= n

π m = n ≥ 1

2π m = n = 0

(1.3a)

∫ π

−π
sinmx sinnxdx =







0 m 6= n

π m = n ≥ 1
(1.3b)

∫ π

−π
sinmx cos nxdx = 0 for all m, n (1.3c)

< 0.G�������� 5����#;,<�=��! #" cos nx $)G&% sinnx �&'�(  %"H9�)7A%B+*,��" n = m 0�-)F.0/�1
1 92)(A��3 546"�7�8 '�(  J" =#924,�!A B,:70�;)9 � " 1√

π
cos nx, 1√

π
sinnx

1 7�8 '�( "�9�)HA%B
� (1.2) 0�<�=�F 1, cos mx, sinmx 5�>@?�
�"0AB�	CB� 5 −π �D π * 9 .	/ ;.A)=�"

∫ π

−π
f(x)dx =

1

2
2π + 0 + 0 + · · · (1.4a)

∫ π

−π
f(x) cos mxdx = 0 + · · · + 0 + amπ + 0 + · · · (1.4b)

∫ π

−π
f(x) sinmxdx = 0 + · · · + 0 + bmπ + 0 + · · · (1.4c)

;2��E0F
an =

1

π

∫ π

−π
f(x) cos nxdx (n = 0, 1, 2 . . . ) (1.5a)

bn =
1

π

∫ π

−π
f(x) sinnxdx (n = 1, 2 . . . ) (1.5b)

� (1.5b) 5�G0H+I,J(0�
�K+" an, bn 5�L&JNMPORQ/"	"�� (1.2) 5�L&JNMSOED/"�=�9�T7B&/' 1 2π 9 � �!UV"�WRX�Y)F 2` 92)/AR- � " ��� 0,G��#F�Z0[\�,�!AEB
f(x) =

a0

2
+

∞
∑

n=1

(an cos
nπx

`
+ bn sin

nπx

`
) (1.6a)

<4<J9
an =

1

`

∫ `

−`
f(x) cos

nπx

`
dx (n = 0, 1, 2 . . . ) (1.6b)

bn =
1

`

∫ `

−`
f(x) sin

nπx

`
dx (n = 1, 2 . . . ) (1.6c)

1.1.3 ]!^`_0acb�d�-,�
� (1.6) 0+L,JeMPO D("�5X346H %"�=�f "! ")0( 6Q

cos θ =
eiθ + e−iθ

2

sin θ =
eiθ − e−iθ

2i

(1.7)
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5��	��
������/;.A%B,<4<J9�" i ≡
√
−1 92)7A%B�� (1.7) 5�� (1.6) 0��2�)F��
	/;)A.=

f(x) =
∞
∑

n=−∞

Cneinπx/` (1.8a)

cn =
1

2`

∫ `

−`
f(x)e−inπx/`dx (1.8b)

1.2 ��
 ��� �
�
&/'��!0��2��W�X�07 " 5�L,JeMPO D("���� ;!A/F � "0A 07 " 1 ������0%&('�5������J&(' "�9�)HA)= >,@,��4����7B ;��BE2F�"�� (1.6) FR$���
 ` → ∞ 5 > @ A�<H=#FR�HA%B
� (1.6) 5���� ' ; =

f(x) =
1

2`

∫ `

−`
f(ζ)dζ +

∞
∑

k=1

1

`

∫ `

−`
f(ζ) cos

kπ

`
(ζ − x)dζ (1.9)

=��HA%B,< 0!�5F! �=�" 1 # � "
∫ ∞

−∞
|f(ζ)|dζ < M (1.10)

=��HA�$&%H0 M
1('�) ;.A��  54�" ` → ∞ F+*-,�
 0 F�.0/H;!A#B

*&�1 �=�" 2 # � ∆ω ≡ π/` = ;)A.=�"
1

π

∫ `

−`
f(ζ)

∞
∑

k=1

∆ω cos k∆ω(ζ − x)dζ (1.11)

` → ∞ 0�=2��"
∞
∑

k=1

∆ω cos k∆ω(ζ − x) →
∫ ∞

0
cos ω(ζ − x)dω (1.12)

=��HA%B,G2�6
�"�� (1.10) =��7A M
1('�) ;���4�"

f(x) =
1

π

∫ ∞

0
dω

∫ ∞

−∞
f(ζ) cosω(ζ − x)dζ (1.13)

<�� � "�� (1.6) 0E2��!F ' ; =�"
f(x) =

∫ ∞

0
[a(ω) cos ωx + b(ω) sinωx]dω (1.14a)

a(ω) =
1

π

∫ ∞

−∞
f(x) cos ωxdx (1.14b)

b(ω) =
1

π

∫ ∞

−∞
f(x) sinωxdx (1.14c)

*&��"�304("4:05H9 � "
f(x) =

1

2π

∫ ∞

−∞
eiωxdω

∫ ∞

−∞
f(ζ)e−iωζdζ (1.15)

=��HA%B
9



� 0�� " ������0�� "
-�� &/' &/34" 6 &/34" ( 6	��
 )

t T f = 1/T ω = 2π/T = 2πf��� 3�
 34"
x λ κ = 1/λ

: 1.1: -��������(0��4"
1.3 ��
 ��� ���

f̂(ω) ≡
∫ ∞

−∞
f(x)e−iωxdx (1.16)

= ;.A)=5"�� (1.15) � "
f(x) =

1

2π

∫ ∞

−∞
f̂(ω)eiωxdω (1.17)

=��HA%B f̂(ω) � f(x) 0+L,JeMPO	��� =�9246�!AEB
� (1.16),(1.17) 0���� � " x

1 -�� t �� �4 ω = 2πf G��














f̂(f) =

∫ ∞

−∞
f(t)e−i2πftdt

f(x) =

∫ ∞

−∞
f̂(ω)ei2πfxdf

(1.18)

<4<J9�" f � &/34"�92)7A%B�*�� x
1 ���R:H0 ��� �� �4R"















f̂(κ) =

∫ ∞

−∞
f(x)e−i2πκxdx

f(x) =
1

2π

∫ ∞

−∞
f̂(k)ei2πκxdk

(1.19)

<4<J9�" κ � 3 "�9�)HA%B
1.4 ���! #"�" �
)HA$� " u 0 2 %40�-'&H9/0)(	" u(t) = u(t′) 0'*) u(t)u(t′) � ",+.-/*! 0  %"21 (autocor-

relation) =�9�4,�2" u
1.3 ¤�Y2�54�
�� 5 �	
24�" t = t′ 0 ��� τ 0	6.F87 ' ;.A%B

Ru(τ) ≡ u(t)u(t + τ) (1.20)

< <?9 · �/9�: 5 :(; B<;5=�" R(0) = u(x)2 �
/.> 9�),�V"�+$-<*H � /'> Ru(0) 9���? � �+����"

ρu(τ) ≡ R(τ)

R(0)
=

u(t)u(t + τ)

u2
(1.21)

5�+'-/*! ,Q7"�=�9�T�B ρu(0) = 1 92)7A#BR
�@��! �"
Ru(−τ) ≡ u(t)u(t − τ) = u(t + τ)u(t) = Ru(τ) (1.22)

10



C
1.2: +.- *) ( %" = .2/ ��� J�� (Tennekes and Lumley, 1972, G � )

+.-$*� / "���Q7" � r = 0 9	����( 5�
 A �, "�9�)HA%B
+�-$*) / #" 1 �
� F 0 F��HA ��� � " 2 ��0���� 1 ��*) )F��7A ��� 9	) � "	����0��7:+Y

�)� ��Y�� ��� J��H0�W�% 92)/A%B�A 0 �D*��0��� .�� �#=0,�
 .2/ �
� J�� Λ 5�����AH<H= 1
)/AEB

Λu ≡
∫ ∞

0
ρu(τ)dτ (1.23)

+�-$*) / #"���Q/" =�� K ,5� � 0)F����) #" 1 ) ���
�� �!H0#"
$�9�G+U �	�D S�.AEB 2 ?
���) " � ��� 0,G��#F5
�@+�,�!AEB

Du(τ) ≡ [u(t + τ) − u(t)]2 (1.24)

<�� � ��� 0����D �+'-/*! �=  ,Q 1 )HA%B
Du(τ) ≡ [u(t + τ) − u(t)]2 = 2Ru(0) − 2Ru(τ) (1.25)

*&��"	%�& 3�' ! (Geostatistics) 9 � " Du(τ) 5�(�)	M#G�*�I�+ (Variogram), Du(τ)/2 5-,/.
(�)�MPG0*�I1+ (Semivariogram) =�9�THB

11



�
2 � � � � � � � �
	

2.1 �
�
� ����� ����
. " � 3 %40����HA����H9R
�@+�,�!AEB
1. +'-/*! )5����2�&
�@
2. ��� 0 L�J@M O��	��5��2���6
�@
3. L��-����J ���42 � 9	: � �,F7G A�
�@

<��@ 3 % � "�$�!��!F�"$#�9�)(AH<H=%5�5/;,<�= 1 9�� A (Bendat and Piersol, 1971) B)< < 9
� "�% 2 & 5�
!� :('4A%B
2.1.1 )+*�,��.-0/21�3+4�56�7 J � �+�2� ���'
! J" (spectral density function) 0!" 1 06
�@ � "2+.-<*)  "�0	L�JNM
O	��� =�,#
7B

Su(f) ≡
∫ ∞

−∞
Ru(t)e−i2πftdt (2.1)

< 0�83L&JNMSO	��� � "
Ru(t) =

∫ ∞

−∞
Su(f)ei2πftdf (2.2)

=�� � "�� (2.1) = (2.2) 0  �Q 5 Wiener-Khintchine 0:9���=�9BT/B�� (2.2) G � " Ru(0) = u(t)29�)HA7<�=��D #"
u(t)2 =

∫ ∞

−∞
Su(f)df (2.3)

=,�HAEB�� (2.3) � " � �(�;� � �	
, %"!0�< = �&�0� 5 :�; B ;	��E2F�" � �>�;� � ��
, #"
Su(f) � "���? u2 02� &/34" f FR$A@ A�BDC 5 :H; B
2.1.2 E2F@_0acb�d+G>H;-0/I1�3>4�5
�(" u(t)

1
0 ≤ t ≤ T 9�
�@3�&�	".<�� ��J 0+K��(9 � u(t) = 0 =,��A.� L�9�)�A!= ;,A B

u(t) 0+L�J@M O��	� û(t)

û(f) =

∫ T

0
u(t)e−i2πftdt (2.4)

5��	��
0":���2L&JNMSO	��� 5����2� � ���M� �D��
! %"�0R
�@ � ��� 0ON!�#=��7A#B
Su(f) = lim

T→∞

[

1

T
|û(f)|2

]

= lim
T→∞

[

1

T
û(f)û∗(f)

]

(2.5)

12



|û(f)|2 � "E&(3(" f F�$ @4A u(t) 0���?�0 � �%92)HA%B u(t)
1���� � "�0���� � " |û(f)|2 0E'	 ( E

[

|û(f)|2
] 5����0"

Su(f) = lim
T→∞

E

[

1

T
|û(f)|2

]

(2.6)

0!G	� F��/AEB� ���M� �D��
! ")0�
�%(0R
�@�"�� (2.1) =�� (2.5)
1 " #�9�)/AH<H= 5 5H;EB +'-/*) 4 %"0B
�@�"�� (1.20) 5�� � ' ;�=�"

Ru(τ) ≡ lim
T→∞

1

T

∫ T

0
u(t)u(t + τ)dt (2.7)

=��HA%B�� (2.4) 0O8�L,JeMPO����2"
u(t) =

∫ ∞

−∞
û(f)ei2πftdf (2.8)

5�� (2.7) F��&	 ,�" .2/
��� 5+	���� @ A.=�"
Ru(τ) = lim

T→∞

1

T

∫ T

0
u(t)dt

∫ ∞

−∞
û(f)ei2πf(t+τ)df

= lim
T→∞

1

T

∫ ∞

−∞
û(f)ei2πftdf

∫ T

0
u(t)ei2πftdt

<#< 9�" u(t)
1

0 ≤ t ≤ T
� J 9 0 9�) A <4=#�\ " :��+ �=40 .�/���� 0 ≤ t ≤ T � −∞ ≤ t ≤ ∞=�,�
 � ����<H=#FR�HA%B,G2�6
�"�� (2.4) 0!3
4�����5�������4�"

Ru(t) =

∫ ∞

−∞

[

lim
T→∞

û(f)û∗(f)

T

]

ei2πftdf (2.9)

=��HA%B Ru(0) = u(t)2 5���� ,#
0"
u(t)2 =

∫ ∞

−∞

[

lim
T→∞

û(f)û∗(f)

T

]

df (2.10)

=�� � "�� (2.3) =����H;.A)=5"�� (2.5) 5��,AEB
Su(f) = lim

T→∞

û(f)û∗(f)

T

2.2
� � 
! #"%$ &('*),+.-

Su(f) 06�0� 50/21)A!=�"
Su(−f) =

∫ ∞

−∞
Ru(t)ei2πftdt = S∗

u(f)

<4<J9�" S∗
u(f) � Su(f) 0!3
4�����9	)/AEB\*&��" Ru(t) � �. %"�92)7AH<�=5�! �"

Su(−f) =

∫ ∞

−∞
Ru(t)ei2πftdt =

∫ ∞

−∞
Ru(−t)e−i2πf(−t)d(−t) = Su(f)

13



G2�6

Su(−f) = S∗

u(f) = Su(f) (2.11)

=�� �V" Su(f) � " f 0��70%�! #"H9	)7A#B Ru(t) ∈ < 9�)HA%0(9�� (2.1) � "�����F ��� 0.G2�F :�;,<�= � 9 �EA%B
Su(f) =

∫ ∞

−∞
Ru(t) cos(2πft)dt = 2

∫ ∞

0
Ru(t) cos(2πft)dt (2.12)

"�� F&"
Ru(t) =

∫ ∞

−∞
Su(f) cos(2πft)df = 2

∫ ∞

0
Su(f) cos(2πft)df (2.13)

=��HA%B
2.3

���  #" $ &(' �	� �  #" $ &('

<�
 � ����� � ��
 � �>�M� �
��
Su(f) Gu(f)


�@�� (−∞,∞) (0,∞)

Su(f)=

∫ ∞

−∞
Ru(t)e−i2πftdt Gu(f)= 2

∫ ∞

−∞
Ru(t)e−i2πftdt

= 2

∫ ∞

0
Ru(t) cos(2πft)dt = 4

∫ ∞

0
Ru(t) cos(2πft)dt

Ru(t)=

∫ ∞

−∞
Su(f)ei2πftdf Ru(t)= R

[
∫ ∞

0
Gu(f)ei2πftdf

]

= 2

∫ ∞

0
Su(f) cos(2πft)df =

∫ ∞

0
Gu(f) cos(2πft)df

u(t)2=

∫ ∞

−∞
Su(f)df u(t)2=

∫ ∞

0
Gu(f)df

: 2.1: <�
 � �(�2� ��=���
 � �(�2� �
: 
 9 � " 6�7 J � ����� � Su(f) 5?&/3/" f 0 −∞ < f < ∞ 0 � � 9�
 @\���2
��2� 1 "

���H0�����9 � 0 ≤ f < ∞ 0 � � 9R
�@4;)A�� 1 ���2Y 9�)/A%BH< 0!G���� � � 9R
�@(;)A � ���� � 5���
 � �(��� � (One-sided Spectrum) =�92%)<7<J9 � Gu(f) = 
 ,�"�<�
 � �>��� �
(Two-sided Spectrum)Su(f) =�K���;!A#B Gu(f) � "

u(t)2 =

∫ ∞

0
Gu(f)df (2.14)

5��+�#; <H=��  �" Su = Gu 0/ &Q �
Gu(f) = 2Su(f) for 0 < f < ∞ (2.15)

14



=��HA%B���
 � �(�2� �!FE E;.A6"�� (2.1),(2.2) �
��� 0.G2�%F?:����.A#B

Gu(f) = 2

∫ ∞

−∞
Ru(t)e−i2πftdt

= 4

∫ ∞

0
Ru(t) cos(2πft)dt (2.16)

Ru(f) = R
[
∫ ∞

0
Gu(f)ei2πftdf

]

=

∫ ∞

0
Gu(f) cos(2πft)df (2.17)

2.4  #" $ &('����
2.4.1 �����
���+�&7	�(3H0 � �(�2� �!F'%���
E> @,
�6,G2� B u(t) 5

u(t) = a0 sin 2πf0t (2.18)

= ;.A%BE&4' � T = 1/f0 92)7A6" +.-$*� � "E&4' n 
 / 0 9�: 5�= AH<�= 9�"
Ru(τ) =

1

nT

∫ nT

0
u(t)u(t + τ)dt =

a2

2
cos 2πf0τ (2.19)

=��HA%B,< 0 L�J@M O��	��5���
�A.=�"
Su(f) =

a2

2

∫ ∞

−∞
cos(2πf0t) cos(2πft)dt

=
a2

4

∫ ∞

−∞
{cos[2π(f0 + f)t] + cos[2π(f0 − f)t]} dt

=
a2

4
[δ(f − f0) + δ(f + f0)] (2.20)

=��HA%B,<4<J9�" δ(x) � Dirac 0����>�# "�9�)HA%B�� (2.3) 5 ��� ,EG�� B67��43�0 /�> � "
u(x)2 = Ru(0) =

a2

2
(2.21)

=��HA%B � �(�2� �/0 .�/ � "
∫ ∞

−∞
Su(f)df =

a2

4

∫ ∞

−∞
[δ(f − f0) + δ(f + f0)] df =

a2

2
(2.22)

=��HA%0(9�" /'> F # ,#�7B
2.4.2 �������
I����1+��.��?�0�� ��� , � &/3 "�����5����! �"#"%$�&�' (white noise) =�9	4,�)A#B("%$�&

'(0 +.-$*� Ru(t) � " t > 0 F�$R��
 Ru(t) = 0 = >�@  P�.A#B.G��&
�"
Ru(t) = cδ(t) (2.23)
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Box 1 Dirac 0��	���  #"
$�%�0( #" f(x) F)%���
 ��� 0/ &Q	�,5��+�#;� " 5 Dirac 0��	���  #"�=�9�T�B

∫ ∞

−∞
δ(x)f(x)dx = f(0)

�	���  #" � ��� 0!G	���,����5 � %4B
∫ ∞

−∞
δ(x − ξ)f(x)dx = f(ξ)

∫ ∞

−∞
δ(x − ξ)dx = 1

d

dx
H(x) = δ(x)

δ(−x) = δ(x) (δ(x) � �, " )

<4<J9 H(x) � �������  #"H9
H(x) =







0 for x < 0

1 for x ≥ 0

9R
�@+�,�!AEB
= : ���,A%B�"%$ &�'70 � ����� � � "

Su(f) = c

∫ ∞

−∞
δ(t)e−i2πftdt = c (2.24)

=�� � "�W�
�( 5H=%A7<�= 1 E���A%B
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�
3 � � � � � � � � � � � � � � � 	

+'-/*! �= � �(�2� �/0 2 � "��/0BZ�[ 1 * !�*) = �	� �
� �>�M� �/92)7A#B � �>�M� � 1
+.-$*� (0�L&JNMSO	��� =�,#
�
�@ ���	�)G2�%F6"A�
� ��� �(�2� � � ")* !	*) 40+L,JeMPO��
� =�,#
�
�@\���,A%B
3.1  ��  #"�" �
* !�*) (cross-correlation) � 
�%(0�
 � u(t),v(t) 0�-�������0�*�!) 6Q 5 :H; B)* !	*! / " Ruv, * !�*) &Q/" ρuv �

��� 0.G2�%F�
�@ ���.A
Ruv(τ) ≡ u(t)v(t + τ) (3.1)

ρuv(τ) ≡ u(t)v(t + τ)/
√

u2
√

v2

= Ruv(τ)/
√

ρu(0)ρv(0) (3.2)

+.-$*! = �+� � "'* !�*! 9 � r = 0 9(0 *	��� � � U "�A(0���E � ��� 0,G2�,�  6Q 1�� �� %/B
ρuv(τ) = ρvu(−τ) (3.3)

3.2 $��   #"%$ &('
��� ��� ����� � �	
. #" (cross-spectral density function)Suv � "'*0!�*! 7 %"!0 L,J MSO

�	� =�,�
R
�@+�,�!AEB
Suv(f) ≡

∫ ∞

−∞
Ruv(τ)e−2iπfτ dτ (3.4)

Ruv(τ) ≡
∫ ∞

−∞
Suv(f)e2iπfτ df (3.5)

*���" � ����� � = "3?%G2�%F ���	L,JeMPO���� 5��2��
0"A�
� ��� �(�2� �,5�
�@(;!AH<�= �9 �EA%B u(t) = v(t)
1

0 ≤ t ≤ T
�DJ 9 0 92)7A��� �4R"R: 
 0B
�@ � ��� 0!G	� F1� �8��@4A<H= 1 9 �%AEB �

uv(f) = lim
T→∞

[

1

T
û∗(f)v̂(f)

]

(3.6)

)/AB� � " �#��� ��� � 9�: E[] 5��	��
0"�
uv(f) = lim

T→∞
E

[

1

T
û∗(f)v̂(f)

]

(3.7)

= : ���,A%B
17



�
� ��� �(�2� �/0B����5��@U %0����
�6,G2� B�� (3.5) 9 τ = 0 = ;!A!=
Ruv(0) = uv =

∫ ∞

−∞
Suv(f)df (3.8)

=��HA%0(9�"�� � ��� ���M� ��5 � &/34"�� � F)%���
 .	/ ;.A)=5"�� /'> FR�HA%B3*,��"�* �
� � "

Suv(−f) = S∗
uv(f) = Svu(f) (3.9)

=�� � "+�	� ��� �(�2� ���	
���� � 304�����9�)HA7<H= 1 E��HAEB
3.3 	  #" $ & ' �#$ 
 �
�����  #" $ &('
�
� ��� �(�2� ������������������� ��� Cuv(f), Quv(f) !#"�$%�'&

Suv(f) = Cuv(f) − iQuv(f) (3.10)

��(*),+.-�-�! Cuv(f) �./�0
1 � �32 (coincident spectral density function, co-spectrum),

Quv(f) �D��46587:9<;=0,1(�M�>2 (quadrature spectral density function, quad-spectrum) �#?@ + 1 +A
(3.5) B A (3.10) �8C DFE ���G�IH�)��J&

Ruv(t) =

∫ ∞

−∞
[Cuv(f) cos 2πfτ + Quv(f) sin 2πfτ ] df (3.11)

� ��)�+ τ = 0 �I$.).�'&
Ruv(0) = uv =

∫ ∞

−∞
Cuv(f)df (3.12)

�K(%LM&N/K0#1(�2�O2�� ��P�Q �,R
SUT �
S�VW�K(
)�-
�KT#X
Y
)Z+ A (3.8) �\[�]U$.).�'&
∫ ∞

−∞
Quv(f)df = 0 (3.13)

�K(
)�- �^T_X�Y )�+`�a & A (3.4) ?<LM&
Cuv(f) =

∫ ∞

−∞
Ruv(τ) cos 2πfτdτ

=

∫ ∞

0
[Ruv(τ) + Rvu(τ)] cos 2πfτdτ (3.14)

Quv(f) =

∫ ∞

−∞
Ruv(τ) sin 2πfτdτ

=

∫ ∞

0
[Ruv(τ) − Rvu(τ)] sin 2πfτdτ (3.15)

�K(
)��,!,&
Cuv(−f) = Cuv(f) (3.16)

Quv(−f) = −Quv(f) (3.17)

�K(%LM&N/K0#1<b�cO2 dKe.���U&.b:4�5f7�9.;�0#1<b�cg2.d=h���� !
i
)�- �^T_X�Y )�+
1Bendat and Piersol (1971) jIkMl Cuv(f), Quv(f) kMmMnKofp>qrqtsIoZuwvfxzy Guv(f) = 2Suv(f) (f > 0) {|t} lz~ }������3���J���f���I�>�
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3.4 	���� �����
	���
����
/=0#1<b�cO2G��b:4�5f7�9.;�0#1*b c�2
Y��I&�b ��0_0_1.bWcg2
��������d����
�*?���BJ"��

�.)Z+
|Suv(f)| =

√

C2
uv(f) + Q2

uv(f) (3.18)`=a & �!���<?"��B�#%$'&)( (phase angle) �+*",_$*)��J&
θuv(f) ≡ tan−1 Quv(f)

Cuv(f)
(3.19)

b�-�0_0_1.bWcg2 Suv(f) d
Suv(f) = |Suv(f)|e−iθuv(f) (3.20)

�.?.��B0/!1%2�"!3�$*)�- �^T_!54Z)�+`�a &�/76�&�8 9=0 coh(f) d:�%�U�.?.��B;*!,<�K�<)�+
coh2(f) =

|Suv(f)|2
Su(f)Sv(f)

(3.21)

=
3.1 B�/^0Z1.b c 2,&#b7> 5�7=9
;^0�1�b�c 2,&�/�6?&@8:9K0�&7#:$?&�(�(BAI�:C7D�EF�F3�$�+

19



Q(Tq)
C(Tq)

Frequency [Hz]

f
·
C

T
q
(f

),
f
·
Q

T
q
(f

)

10010−110−210−3

10−1

10−2

10−3

10−4

10−5

10−6

10−7

(a) ��q>s8o�u v CTq(f)
� o �������� qtsIoZuwv QTq(f)

CohTq

QTq/
√

ST Sq

CTq/
√

ST Sq

Frequency [Hz]

f
·
C

T
q
(f

),
f
·
Q

T
q
(f

)
10010−110−210−3

1

0.8

0.6

0.4

0.2

0

-0.2

-0.4

-0.6

(b) 	�

��� ��� CTq(f)
�

QTq(f) �������������
�'q
cohTq(f)

θTq

Frequency [Hz]

d
e
g
r
e
e

10010−110−210−3

100

50

0

-50

-100

-150

-200

(c) � �!��" θTq(f)

=
3.1: #%$ T �\[�& q ��'#��b%-:0�0�1�b�c�2�B)()* E a)+ +�9�,.-Fc0/2143�!_�6587�!�&9#�$

d�:<; Q�=8> C�&�[8&<d Vaisala ?�@ Humicap !�C47 E a + Humicap dA/ P
Q (0.1Hz �43 ) !
�)B�C�TED�S�!Ud,(2FN-
��B9G4H
+ (a) /J0_1.b�cO2 CTq(f) ��b�> 587=9.;:0_1.b c�2 QTq(f) +
(b)

√

ST (f)Sq(f) !AI�J�K�L�E a /J0_1.bWcg2 CTq(f) ��b�> 587=9<;=0_1.b�cO2 QTq(f) &�M ?N /%6 & 8:9�0_+ (c) #�$:&!( θTq(F ) +
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�
4 � � � � � � � � 	


���
 ������d
I���B�� 4JY��)*�����!
i,)�T#&����NB�d�-'��� A/D  �!�"*( A���#%E%$'&'() 2'*<9�+-,:9�.
�0/ F,&�1_V��
(�&2( ) 2�&�& ) B ��E3$B#'&4,%5� �!���/��,��F��%6�7F�'H
)�-U�^T��8�9�#!Ui,)�+
?8:;$_&
-^� ` !:3 E�$<4 a ?)�=(�*��9��(="���Y@� , 1�V9��(="�����<
4>=�$<- �^T�?�@��K(
)�+
4.1 � � ACBEDGFIHKJMLON
 �P u(t) T 0 ≤ t ≤ T ��QU!�R<-�! i�)-SI$*)�+<-^�*d A (2.5) �3T F�$�0_1*bWc�2CU0C�DU$
)�S%4�B;?�@.(;V)*�!
i�)�T_& 
%� �'� Y@��W4' T X�Y ',&
5�7ZU0/[: a -9S�B�\�]Z$.)�+�-_^
d�&AK�X� �P u0(t) B_`'acb�d!9�5eb wT (t) U�Y�f a -gS�B�h<(5�K(2F�+

u(t) = u0(t)wT (t)

-,-;i�&
wT (t) =







1 (0 ≤ t ≤ T )

0 ( j�^!��Q )

(4.1)

S:(�)�`�akb�d"9%5�bli i�)Z+W8'%'�m ∆t i N n�*59�+o,'9�.�E3&�( ) 2AL E a SI$.)�S'&�W�' B2(#$�)lp�q�r�d'���2X8#
L�S:(�)Z+

∆t = T/N (4.2a)

t = j∆t (j = 0, 1, . . . , N − 1) (4.2b)

u(t) = u(j∆t) ≡ uj (4.2c)

`=a P,Q PNBE(Z$*)lp�q�r d�&
∆f = 1/T (4.3a)

f = k∆f = k/T (k = 0, . . . , N − 1) (4.3b)

û(f) = û(k∆f) ≡ ûk (4.3c)

i8sctB�%^.)Z+.->X.?.�K(>q�roX�u[S u(t) X #'&4,v5� �! &
û(f) =

∫ ∞

−∞
u(t)e−i2πftdt =

∫ T

0
u(t)e−i2πftdt
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U01,V4L
$�)oS'&
ûk =

N−1
∑

j=0

uj exp (−i2πk∆fj∆t) ∆t

= ∆t
N−1
∑

j=0

uj exp

(

−i2π
jk

N

)

=
T

N

N−1
∑

j=0

uj exp

(

−i2π
jk

N

)

(k = 0, . . . , N − 1) (4.4)

U���)�+ A (4.4) U������	��

����� S�� @ +
#:& ,e5' �!gX81�V8L,"'� B�MAF�$�&�W8'�����i2X�1�V�L�q�r (

A
(4.2)) d8*�9�+[,�9�.�W'Xq�rGB
?�:�$������!*��;^<)#T_& P�Q P�����i'X81,V8L�q�r (

A
(4.3)) d�& 2 J9��B��!*���^*)Z+

$U(#X��_& A (4.4) X8<o=�BAMEF�$ ∆f X����.d� 8Hgi
i%Lz&
ûk = ∆t

N−1
∑

j=0

uj exp

(

−i2π
jk∆fT

N

)

?.L3&� 8H2X f = k∆f B?� E�$ û(f) U�!#"U)
-2S^T%$'&2i
i�)�+*E'Y�EJ(#T@�
! ` : a ûk d)($
T%*,+'iUi
)-S�d��@�K(EF�+ N -oX uj(j = 0, . . . , N − 1) Y �=dZ& N -oX'*.+ ( ûk EKY/� �^ (AF�X�i
i
)�+�0�132�0 c P�Q P fN ≡= 1/(2∆t) U0T F )oS ûk T *!,<�l^<) P�Q P#465�d%7
|f | ≤ fN (4.5)

i�8@��^:9#Y���7<;;X3=A'oU N -�>:S�?�@ ∆f = 2fN/N = 1/T S�A�^:B%7%C�F:>)*.+3D ûk U
N -#�E9�;9S^T�i54)7�F[u)G�H�X<I
F ∆f X����2i i�9%J6;>XcS%4K7 k X/LNMO�E90��d�7

−N/2 ≤ k ≤ N/2

i
i.9/J���P.7�1,V@#'&4,%5� �! QSR (4.4) T�d'7

ûk+N =
T

N

N−1
∑

j=0

uj exp

(

−i2π
j(k + N)

N

)

= ûk (4.6)

Y@�VU'Y N X/U'Y#WkU�X9�#J:;l^�d�1_V8LY>.I%9	Z�[�\giUi.9/J<;_^UY���7 û−N/2 = ûN/2 i i
M]7 ûk(k = −N/2, . . . , 0, . . . , N/2) X��K��7�^�_`>K*,+.D�X
d N -9iUi�9/J `=a 7/U�Y�W U�a�T
@�$ k X%4`5-U

0 ≤ k ≤ N − 1

S%@ $/bEF,;�S\T�X#Y�9�J `'a 7 u(t) T)^�P.D.��B)7 #0&C, 5� >!�i�d û(−f) = û(f)∗ (u(t) ∈ < XZS�4 )

T/cdMe+2��X�i#781�V�a<>�M2F'$gu
û−k = û∗

k (if uj ∈ <) (4.7)

T/c,+�A69/J`I�:�$ N/2 + 1 ≤ k ≤ N − 1 X,=E'Ud�7=e (>P�i i�9�f'g*b�cih'X f < 0 X%j�SCUk
c.A`9�lgf>i
i.9/J<I�:�$#7�f'g<b�cih[U0C%D.A69-S�F���m_��i d%7

0 ≤ k ≤ N/2

X/4:5�X7C�D.T>/ X�^'^`B�?�@8D,S2i
i.9/J
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4.2
�
� � ACB D FIHKJMLON

� #;& ,v5� �!37
u(t) =

∫ ∞

−∞
û(f)ei2πftdf

X�1,V4L#8��Nd�7
uj =

N−1
∑

k=0

ûk exp (i2πk∆fj∆t) ∆f

=
1

T

N−1
∑

k=0

ûk exp

(

i2π
jk

N

)

=
1

N∆t

N−1
∑

k=0

ûk exp

(

i2π
jk

N

)

(j = 0, 1, . . . , N − 1) (4.8)

SV8@�l^,7/�������)� 
V�%��� S��`B�^<9/J�1_V2agXB#�& ,e5�� � #�& ,e5� �!*d
ûk =

T

N

N−1
∑

j=0

uj exp

(

−i2π
jk

N

)

(k = 0, . . . , N − 1) (4.4)′

uj =
1

N∆t

N−1
∑

k=0

ûk exp

(

i2π
jk

N

)

(j = 0, . . . , N − 1) (4.8)′

S�D.9/J���� > FFT D<A�XB#�& ,v5� �!Z+%-�.��	��D5A0i�d�7 ∆t = 1 S#@3$#7
ûk =

N−1
∑

j=0

uj exp

(

−i2π
jk

N

)

(4.4)′′

uj =
1

N

N−1
∑

k=0

ûk exp

(

i2π
jk

N

)

(4.8)′′

U+C�D�A69/J `:a�
 # c%b�$%>�>�I8:>$ d%7 (4.8)′′ X
�8X 1/N U���� @�$�F39�u8Xgu�i M]76G4H
T�?�@2i i�9%J
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�
5 � FFT

� � � � � � � � �
	 � � 


FFT(Fast Fourier Transform) �'7�1�� #'& ,%5� �!kU�/ > > C!D,A69g+!-�.
�	��i�� MO7:;^CUKa�T @�$�7�R (2.5) ����f�g���� h�X��!*cU�/��';�S���i@4/9%J
5.1 FFT �
� � �
!#"

Fortran, C DBA3i2I%$�i'a�T�i54/9 FFT C%D�TgX�(>P � *�&�h('*)�d!9;X,+�8���D�u8XCS#@�$-(. X6I�/�D2u�X*�0�.9/J
FFTW (C)


2103�

F
>

FFT * &�h0'0)2d04)J�&5' ) P�� 2n iAI�6�S�u87(9�i;:�9/7=<0><;S=�?>0>:;9SKl�7�i%@(A0B�T3J (URL: http://www.fftw.org) J
fftpack (C,Fortran) NCAR C5D,J Netlib >�u,E�FHG;^�$�I M]7 Lapack ( +�8��,D,J2aK+2P2TLNM,O '�( ) P S>u�Q*R'W��%b*>TS�QVU%W0X`T (URL: http://www.netlib.org/fftpack/)

Numerical Recipes Y�Z [�\.�0];^(_ (C,C++,Fortran,Pascal) `?a ”Numerical Recipes in

C/ Fortran/ C++/Pascal”(Press et al., 1992) b*c9X(de&)h*'*)9d*4�J6;�X%`Kaf�'7?J�a
+'P.7;P%g(hji � R*i,D;kml,n;o%D,p�q%rsd &�h0'�)st�4(umbKc�@wvK>`9/J�xY>zy0{�j�is�| ^ @wvsI M]7,}?~���D8p0qK7%9E>=�%A39�����`��#@�v��?���0�6>��Krs�*�*��J����=�(q(�� r����?b0c*de&��*'0)�t*4,l �s���K���5�=�����(� �, e¡,� ���¢8£ � Mathematica, Matlab, Labview, Maple P�l�¤j/8¥=¦(§�l5p0q�7K9H¨0�©�2¡%��ªs«­¬¯®�°±f² 4�� FFT 7(9s�0'*)�t*4=��³*´Kµ ¢ �0v0>��j¶s���5·*>��

k�l ¤�/�¥5d�&,��'s)jts4(uw¸*rs� � �K:5¡K�,¹�º ¥�¶j�8�%�?»��N�='�¼�½¾¬¿»(�*Àf�,'©¼2½Á�Â ÃÅÄ
(4.4),(4.8) Æ�lNk�l%Ç*ifu�ÈjÉ ¡�7�9�Êzv0>��%�(��Ë�Ì��Í�Î�(7�9s�*'*)�t04��Nk�l;¤

/�¥?Ïj��pNum¸0rÍÊwv0>��%�=P��K�0'*)�t*4�Ðe¡�Ñ�¥s�?l����5y�{HuwÒ*yTÊ £�Ó �?¸*rs� �s¶j�
�?Ô ¢ Êz>��

5.2 FFT Õ×ÖÙØ#Ú#ÛÝÜ Þ8ßÙà×á­âäãæå
FFT �%'%)?t=4�uçr�> £ ÈKÉ5l5Ë=Ìs�è�é�?7=9��,�ëê 5.1 ls¤(/z¥� =ì;uçí*îs¶���¡=¥%� (Kaimal

and Finnigan, 1994; ïçð , 1977) � -0. ��ìHu�ñeò?v5{�óNÊmv�>©6ô�

5.2.1 õföè÷�øúù5û*ü
ýÿþ��
�='�¼2½ Á(Â�� ���K'�� ¬ �=pHu��
	
¬��
	s�?pjl�
��;¡,i5y*� �?l������*�eu����©Êmv(>����
¤%ò?v����sl
�%'��K¡�����4������ ¢ ���! �� � � ¶��eu#"�$0���j¶s�!��%�º��8¥*���&"�$&')(
��Êzv � �5J&*,+�-�¡*¤K��J
*.�/��4�� l�"�$s�5pKgè�Kt=�,�#0 ¡*¤%����l5P1�32*�4� (Kaimal

and Finnigan, 1994, 5 7 6�738 ) �
9%�3:%��}�;s}4<��32s�?�
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1. ��0��,l ����4�� l&"�$
?

2. Ï��?p�l � r
?

3. ��0,��p�l����j� 0 ��0,�=l����
?

4. FFT ¡*¤%�8�jl(Ë(Ì���� �(7K9
?

5. �sËKÌ	� �Î�*l�

���
ê 5.1: FFT °
��������umr�> £ Ë%Ì	� �Î�K7(9�l5 Kì

5.2.2 �����©ø����Ó ¡(�! �" £ ¤�#?¡?�%��$�%�&4; 0 ≤ t ≤ T l���0,�(¡0�#0�¼�½ Á(Â u('*)(����>�#�¶��,+�$
;slKÈ*É0l&�)0���¡.-�*sl%Ïj��pNu(/s�f¶s�?¡10;¥32�¥5> (

Ä
(4.1)) �f¤Kò=v0�%ÈsÉ�¡ �

ûT (f) =

∫ ∞

−∞
u(t)wT (t)e−i2πftdt =

∫ ∞

−∞
û(f ′)ŵT (f − f ′)df ′ (5.1)

¶�¶8�0� ŵT (f) =

∫ ∞

−∞
wT (t)e−i2πftdt = T

(

sinπfT

πfT

)

(5.2)

u,4?9èÊôv5>0�K¶���¡,¥%�8��¶w� � � ê 5.2(b) l f = 0 �54?9�Gz�j��Ë?Ì�� �é�Kl=}=Ç�� |f | > 1/T �
�j¥7698 ûk � ûk−1 : ûk+1 ¡ ” ;0�;� ” ¶���u1<�=(���5��¶��eu!>@? £�A ¡?� wT (t) l5BC6ED�¡
neo�¥�Ï �%p��?¸	6��e�5�5Ï ��p�l�F�G : 9%� :K��l7H9I0p*x
Jf¥ek5¡�K9L*v � � Kaimal and

Finnigan (1994)7.3 M�� Press et al. (1992) Nf¡POTÊQL0�R < ��%Kº�¥5l � �%Ïj�?pHu('*)K� � �jl���0,�=l�
�S���TU�8� � +WVz¥s�?l(�0�j�	#m}�X9

Sjl74�Y���%�º;¡K¥0�j¶s�0�z�5Ï��?pf¡*¤Kò=v
��0��?l Á�Z ��[;�j¶s��¡5¥s�?l(�
9(lKieu�2;�
�]\�v9^%���#%Kº ��2s�?�7_7` ��¡ � �%Ïj�?p w(t) uQ'�) £  &� � �74�Y*a�� £ Ë(Ì���� �;u

Cw =

∫ T

0
w(t)2dt (5.3)

��bfò?v : �#%Kº ��2s�?�

5.2.3 õföè÷��©ø�c*d
FFT lCe,��f�¼hg9�&9(lj�%l �Pi <jl�p�l&�)0��K¡Pj�Êmv � r
k�ls� 2*���K�(·mV�l FFT °
�7�9�!� � 2n (n = 1, 2, . . .) l]n(psl&��0 �,l%´;upoq#��pr�s3�40��#��¶�l=pT��}�tTÊ�¥�L� &�� �
��0��,l(}%ÇHu(u
v©Êmv
��0,��pHu([w2���x(�
2s�5L � TU�#�)0��*uQ�
�TÊmv
��0,�=l�pHuy
: ��%(º �320����Tz� ¬ ��0,��uQ�
�*� ���!��0,��; T �4;mV�¥�D �5{w2ç�;�?Ë%Ì	� �Î�0l�H
IKp�&�| � ∆f = 1/T

�!} x�V�¥0���(���#0�¼ç½ ÁKÂ l5~ji���9Kls�%l �=Á 6@2�¥�L�l����9�z�
� 0T¼ç½ ÁKÂ �5��6%�;�?�
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5.2.4 FFT �������fø��	��
¾ù
�����
FFT ¥����e��0Í¼m½ Á*Â °��9����� �KÄ (4.4) u�r�L�vj� uj x@2 ûk u!4�Y��e�)�*���j� �

∆t = 1 �*Êwv�������4�YNuQ�m#2�
N−1
∑

j=0

uj

[

cos

(

2π
jk

N

)

− i sin

(

2π
jk

N

)]

= Ak − iBk (k = 0, 1, . . . ,
N

2
)

¤%ò?v�� Ak, Bk x*2
ûk =

T

N
Ak + i

T

N
Bk (5.4)

¡0¤(ò?v�{m2�� �5�(Ë(Ì���� � � ¶0¶�x�2w�
Su,k =

1

T
E

[

|û2
k|

]

=
T

N2
E

[

(A2
k + B2

k)
]

=
∆t

N
E

[

(A2
k + B2

k)
]

(5.5)

T

w
T
(t

)

T0

1

0.5

0

T

w
T
(t
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w
T
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T
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T
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0

(a) ����� �
! wT (t)

f

ŵ
T
(f

)
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0

(b) �"���#�$! %'&�(�!�)"* ŵT (f)
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w
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(c) Cosine Tapering

f

ŵ
T
(f
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(d) Cosine Tapering %+&,("!�)"*
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(e) -/."0$� �+!

ê 5.2: Ïj��p©�!91��H�I�p(x�J
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(b) �����������
ê 5.3: FFT ¡0¤(ò,v�4�Y*a�� £ � �0Ë%Ìz� � �H� � ���7�!
�Sèu��Nò £ ËKÌ	� �Î�

��Êzv�� A 2�� �5�

5.2.5 ��� ��
 ù
��ø��! !" #%$èü'&Íü)(1�)�+*
¶ �;¤�#�¡�Êzv�{W22� £ � ��ËKÌ	� �Î�7� � �?xN¡-,7H
Ie¡/.�L10K�32?¥ Á�Z5476 �K��¶�� 4

È/8:9j¥';���¡=�=<0¡ �/> Ó Ä � E[] ¡7?=@K�=<BA�Y��4%(ºDC12D<?�;¶��;¡ �/> L@VpK9x1�)'&(
��2D<?�
EGF�H Ë%Ìz� � � ¡PjTÊ�0 >JI�Z 
�S :1K�L+M/NDO � M ¥�� 4 '3)P0�
9���s�:<5�Q'RDS�T EGU Ë%Ìz� � �
�)0�� 4 l nf¡PV7b�Ê > 9��1:��DC � �1���.
�S 4 �!<��
WDX-YZX Q7[ EGU Ë(Ì����Î� 4 �+<B\	��%�]1^ 4 m nN¡-V�b�Ê�0D.Z2 > 9��1:5� ��Ë(Ì���� �4 4�YÍÊ £`_ > m n ��ËKÌ	� �Î� 4 
�Ss�=<��

5.2.6 � ��
 ù
�èøba!c+dJe+f
� Ó �;¤�#?¡ Ê�0G� A 2�� £ Ë%Ì	� �Î� Su(f)

��> Ê,��Ê���jGg1h 4 8�L10�i 6 a,�=<s¶kj/�
·�L�l ¶ ��% >

u2 =

∫ ∞

−∞
Su(f)df =

∫ ∞

−∞
fSu(f)d(log f) (5.6)

C32D<���C > x h 4 log f j0Ê�0 y h 4 fSu(f) jz�:<Zj > x h (log f) j fSu(f) ��& �Jm�~��/Vn ¡o?�@��=<PlBp1q�r's;¡J.�)/<ot�8kC �`> x h 4 log f
>

y h 4 log[fSu(f)] j��=<0¶Dj��5·�L ��`>
f j Su(f)

> 9NÊu0 fSu(f) &j¡�.�)/<]"!2uv�w-x���yJz+{7i 6 a}|Z<�~kj 4�� 8b�7��; �GC
2'<�l
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�
6 � � � � � � � �	� 
 �

��
��������������������! �"#������$&%!��')(#*,+.-�/0-21�"#35476�8!9;:=<?>)@BA)C0�ED7FG�H :I<J>)@
x = (x, y, z) = (x1, x2, x3)

"�K��ML&N;OQP�R#S�TVU)WX'�8&YQZM[!\]@
ui(x) ^X_ ��D

i = 1, 2, 3
'�`2�!"

ui

�ML�N�'
3 a�b (u, v, w)

"cK��
i = 4

'�`2�#S�T
u4 = T ,

K��
u5 = q

��de @gf _h^7_ �EDK��0"�i�j�k�l�m�n�o&'�p�qsr�P5tu"#v&w�N�T
u∗
'�x2y

( z0{�| r�}�L)y u)
@

x ~ r��5��D
6.1 3 �	�	�����	�	����� �M�
6.1.1 3 ���s�;�,�������
��;'E���5�E���cr0�!"���\

ui

'0$2%M �¡5r&P!¢E6!£�¤5¥#¦��&§ ^g¨�©�ª D)Kg«0" 3
�����'5(�*¬+­-�/�-Q1�"

3
����$&%�-Q1�®;¯�°#>)@²±�³2'�PQ´�rMµ�¶ _ �!D

Rij(x, r) ≡ u′
i(x + r)u′

j(x) (6.1)��
�� ¨ `�$&%!·&x&��¸&¹ | r��Eº »
statistically homogeneous ¼ U5½M¾0" Rij(x, r)

�
r

'�¿&'1�À;" _ U�Á2Â Rij(x, r) = Rij(r) ^ U��ED Rij(r)
'VÃM[=ÄÆÅ�Ç�È]@

Eij ^X_ � ^ÊÉ�Ë '�1�Ì)�0"
Eij(κ) =

1

(2π)3

∞Í
−∞

Rij(r)e−i Î · Ï dr (6.2)

Rij(r) =

∞Í
−∞

Eij(κ)ei Î · Ï dκ (6.3)

^ U��ED)§�§#��" κ = (κ1, κ2, κ3)
�MÐ�À H :I<�>

-
�Q�&��D�Ñ

(6.1),(6.3)
r!O ª 6 r = 0 ^ 4B6�"Ò&Ó a�b '�Ô Rii(0)

�0"
Rii(0) = u′

iu
′
i = u′2 + v′2 + w′2 =

∞Í
−∞

Eii(κ) dκ (6.4)

^ UhtÕ"���
&Å&Ö�>�×![�' 2 ØÙ^ U��ED Eii(κ)
�!"!��
&Å&Ö�>�×![�'c´²Â�Ð�À H :,<�> ¨ " κ =

(κ1, κ2, κ3) ^ U��MN�T�Ç0Ú2'!Û2Ü�Å�Ö�>;×�[�" _ U�Á�Â�Ð�À&$&%���'!��
�Å�Ö�>Q×E[�' b�Ý @Xf476 ª ��D�Ð�À�$&%���"EÞ�ß κ = |κ|
'�à�á�â

σ
r0O ª 6 Eii(κ)

@7ã b�_ ��§ ^ ��" Eii(κ)
'!ÛÜ�x;y#ä�'�å�æ ¨!çÙè Uhté"!Ð�À κ

'�¿�'&1�À2�Q�&�
3
�&��Å�Ö�>�×�[&8�9):Ù<J>

E(κ)
@gê��§ ^²¨ ��ëE�!D

E(κ) =
1

2 ì
∮

Eii(κ) dσ (6.5)

E(κ)
@

κ = 0 í ½ ∞
Kg�!ã b�_ ¦V¾�"

∫ ∞

0
E(κ)dκ = et ≡

1

2
u′2 + v′2 + w′2 (6.6)

^ Uhtu"!î���
2Å�Ö�>Q×![ ^ U��!D
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6.1.2 �����s�;�,�������
�n&o���3�'����2'��!�	��
 | r&P è ¹
�5¥M¦)���0'�r�" R11(r1, 0, 0), R22(r1, 0, 0) ¨ �htÕ"3E¦���¦��&-Q10"���-;1 ^�� ¾M¦���D�3!¦���¦��0
��2� u = u1, v = u2

@²}!
�N�xQy�r
r1 � ¦Q�

2 ��� �0¹��I4X6
�& h½Æ¦)� í "��&� ª � 1 ��� '�`	�
���� ]r"!�#;�%$�&&��

'�(�@)� ª 6
� c½Ê¦��!D�3�';Ã�[hÄÊÅ�Ç�È
Fu(κ1), Fv(κ1) ^�* Ã�[hÄÊÅ�Ç�È��0"

Fu(κ1) =

∫ ∞

−∞
R11(r1, 0, 0)e

−iκ1r1dr1 R11(r1, 0, 0) =

∫ ∞

−∞
Fu(κ1)e

iκ1r1dκ1 (6.7)

Fv(κ1) =

∫ ∞

−∞
R22(r1, 0, 0)e

−iκ1r1dr1 R22(r1, 0, 0) =

∫ ∞

−∞
Fv(κ1)e

−iκ1r1dκ1 (6.8)'�PQ´�rMµ�¶)¥²¦2"%��-Q1�8�9V: <J>&"���-;1�8�9V: < > ^+� ¾#¦)�ED]KM��"%�&-;1�8�9V: <J>^ "�,)r"!�#2� Eij(κ) ^ '�1EÌ)�0"�Ñ (6.3)
r

i = j = 1 ^ r = (r1, 0, 0)
@.-�/=476&"

R11(r1, 0, 0) =

∫ ∞

−∞
eiκ1r1dκ1

∞0
−∞

E11(κ) dκ2dκ3 (6.9)

§g¦�@²Ñ
(6.7) ^ d	1 _ � ^ "

Fu(κ1) =

∞0
−∞

E11(κ) dκ2dκ3 (6.10)@Bê]�ED�2gºsr�"
Fv(κ1)

rEÜ ª 6��!"
Fv(κ1) =

∞0
−∞

E22(κ) dκ2dκ3 (6.11)

@Bê]�ED
1
����809�:I< >

Fu(κ1), Fv(κ1) ^ 3
���28!9�: < >

E(k)
'�1MÌ5���!�5r0��3
4������ ¨ "E�º�52x�ä���
�r!O ª 6;��"�±�³2'�PQ´²U76�8VU!Ñ��!f]¥M¦V� (Tennekes and Lumley, 1972)

D
E(κ) = κ3 d

dκ

(

1

κ

dFu(κ)

dκ

)

(6.12)

d

dκ
Fv(κ) = −κ

2

d2

dκ2
Fu(κ) (6.13)§g¦ ½7'�Ñ í ½7" E(κ) ∝ κn

U]½²¾!"
Fu(κ) ∝ κn

OQPER
Fv(κ) ∝ κn

�2�&��§ ^�¨�9 ¥M¦V��D
6.2 : �<;>=@?BA CEDGFIHKJ@L@MON
P !�')P�´#U

1
���2'�-;1�1EÀ)�!"!��
��Q'�����Q5¯�R�[)@"S�`;r�Ú í0_�í "!µ � ��'�`����T ����êI½Æ¦���`��	� í ½7"²êV�&§ ^X¨ �]ë��EDgq�C�¾U Ë '��
V��Q��" x = x0

r!O�W��E`����
��µ

ui(x0, t)
�!"

ui(x0 − ut, 0) ^ 4B6�$Q% b!ÝÙ^ 4X6!��X _ �Q§ ^�¨ �]ë!�!D�§M¦��0"���
&�¨ ��� í �%$	& 4Ê6 ª � í '�º�r.YI´�§ ^gí ½B"%$	&���
	'
( (frozen turbulence hypothesis)
�� ª � Taylor

'
( ^+� ¾#¦)�ED$�&��&
�'�(s@�8�95: < >2'	Z&l�r�[�6��� V�Q§ ^ ��" κ1 = 2πf/u ^g_ ��\�rU]]Us½MU ª D
u1 = u

'�^&Ð�À;809):I<J>5@
Su(f) ^X_ ¦V¾�"
∫ ∞

−∞
Fu(κ1)dκ1 = σu =

∫ ∞

−∞
Su(f)df (6.14)
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�
6.1:

Å�Ö�>Q×![&Y�8���[�� '����
(Kaimal and Finnigan, 1994,

P5t
)

¨Ea
	�_ �ED)§�§ í ½X"
Fu(κ1)dκ1 = Su(f)df_ U0Á&Â�"
κ1Fu(κ1) = fSu(f) (6.15)¨ "�$	&&��
�'
( ^ 5�� ^gª ´0§ ^ r!U��ED

6.3 
 � ������� ����� ��� 3 �	����� � !#"��
Q�2�0"!isë#U�8���[�>&'%$ ¨'&)( 
 í ½7Å�Ö�>Q×![)@+* Wg� tu"�N�T2Ç0Ú;'�,0«�¿Vr�P��$�'.-�/]r�P�¢#6)0V¥�U!8��0[�>�1�Å�Ö�>;×�[ ¨�2�3 ¥²¦2"'4
 5r b6587 äcr�P�¢�6�"%95rMÇ�È¥#¦)�
(Tennekes and Lumley, 1972)

D]§E')P2´�r#��
2Å&Ö�>V×![ ¨�b�567 ä�r2P�¢#6)95r#Ç�È¥²¦)�2§ ^ @ 7 ä
:%; » 7 ä);=<2" viscos dissipation ¼�^ PER�" 7 ä=:8;cr&P�¢#6695r#Ç�È]¥#¦�#Å&Ö�>�×E[�\]@>:%;=? »@;�<�?
, dissipation ratio ¼s^ µ�¶s4g" ε

�0f _ D
ε ≡ ν

(

∂u′
i

∂xj
+

∂u′
j

∂xi

)

∂u′
j

∂xi
(6.16)§M')P�´#U�isë#U.$ í ½A05¥!U.$�1&'���
&Å�Ö�>;×�[�'�
&¦]@²Å�Ö�>;×�[�Y�8���[�� ^+�)B D��
2'64 �Ei�ëEUC$)�D4&i&'!��
�Å�Ö�>;×�[)@XÛQÜ�'��&"!isë#U.$�'0Ð�À)E�Fs@²Å�Ö�>;×�['G

H E�F ^)�6B D)K��0"6:6; ¨CI §0��P2´MU�Ð�À8E�F)�0" b)5%7 ä ¨%J6KQ_ �CL)M í ½.N è 0)¥0U$Q'.E=F��;�=tu"�Å�Ö�>V×0[6G H E=F ^ � ª è Ü ��'�O&[QPE[&��Ð�À ¨6R U2�0' ¨ �0���;�2�0DP0¢E6�"&3�'&%;r+S�iQU!Å�Ö�>;×�[�Y�8���[�� ¨6T6U2| r!U��+E�F ¨ �stu"�p�ä
0'E�F ^)� ¾E¦�ED)§M')P�´�r�"0��
;809):I<�>�'0Ð�À)E�F5��icK í r 3
Ü�r b W0�2§ ^²¨ ��ëE��D
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6.3.1 � � �������	��
	�Å&Ö�>Q×![.G H E�F5�!"!��
Q'%4E��icëEUC$]rg- [ _ �MÐ�À8E�FQ�2�stÕ"����cr���
28�9�:,<>
E(κ)

'��M[;:gÐ�À�^�
�'���j��&�&�ED��0
Q''4�i&''$2'�i�ë!¥0�!"Mã b 8��0[�> Λ(
Ñ

(1.23))'8O�[ P�[��Q���!D�P�¢#6&"0Å&Ö�>�×E[%G H E�F5�
κ ∼ 1/Λ ��z '�^�Ð�À8E�FQ�2�&��D

6.3.2 ����
��
:8;�E�F;�Q�!"6:8;�?

ε
'���V2����
2Å�Ö�>Q×![ ¨ 95r#Ç�È)¥#¦V��DV§�'�Ð�À8E�F�r�O ª 6�}M;U���Z���[��#[Q�

ε ^ Ú 7 ä�Ì&À ν
�2�&��DV§#'���Ü í ½X"��5¥E"�`�%�"�N�TQ8��0[�>]@Xµ�¶�5ë!�ED

η ≡
(

ν3

ε

)1/4

τ ≡
(ν

ε

)1/2
υ ≡ (νε)1/4 (6.17)§g¦ ½7'�8���[�>��� �>�!	"�#�Ã�'%$'&;:�#�8���[�> »(#�)�*��2�,+.-Q8���[�> ¼]^.� ¾�¦�"6:;8E�FQ'6$�'��)¥�"�`&%�"!N�T;'�8���[�>5@Xf 4B6 ª �ED)§M'/$�&�:,#E8���[�>5@.� ª � ^ "6:;8E�F2�;�

κ ∼ 1/η
�Q���2§ ^ r!U��ED

6.3.3 0	132�
�����cr
Λ ^ η

�6O�[ PE[�� R Uhtu"�Å�Ö�>V×�[%G H E=F κ ∼ 1/Λ ^ :);�E�F κ ∼ 1/η
'&%;r��"54�O�[ P�[Qr �2K²� ¨ �gÐ0À%E)F ¨76�8�_ ��D�§M';P�´�UMÐ0À6E)F�@Æp�ä�0'E)F ^��%B�¨ "�§'CE�F;�2��Å�Ö�>Q×![�Y�8���[�� ¨ }8M;U����2���hté"0��
2Å�Ö�>Q×![ ¨�96I 4²�st;:�Á�¦Q�ht_ �%\���U ª D�§�'CE�Fc@EY�8���[���4B6 ª=è Å�Ö�>;×E[;��"8:%;�E�Fcr!O ª 6�:�Á�¦V��Å�Ö�>×E[

ε
rU5 4 è "0Å�Ö�>Q×![�8�9�:,< > E

�
ε ^ κ

'�¿=< 62_ ��D!��������r&P�¢�6�"
E(κ) = αε2/3κ−5/3 (6.18)@7ê5�ED!Ñ

(6.18)
�

Kolmogorov
'

-5/3 >'?I^+�8B D�Ñ (6.18)
@��0���2809V:I<?>Vr�Ü ª 6�@sëA _h^ "

Fu(κ1) = α̃ε2/3κ
−5/3
1 (6.19)

Fv(κ1) = Fw(κ1) =
4

3
Fu(κ1) =

4

3
α̃ε2/3κ

−5/3
1 (6.20)

^ U��!DV§�§M�&" α
�&� ª � α̃ = 18

55α
�

Kolmogorov
µ�À ^)� ¾E¦)�CB,D | U�µ�À2�Q�htu" α̃ =

0.51±0.01(
i&j!k0l�m��!
2"

Högström, 1996), α̃ = 0.52±0.04( EGF &�HX>,I��0
&" Sreenivasan,

1995, 1996) ^Bª ´Ææ/J ¨ �&��DKE��"�p�ä=08E�F�r�O�W��MS�T
θ
"!d e

q
')P2´#U08�Y�ZM[�\

s
'�8�9V:,<J>

Es(κ)
r!Ü ª 6��"�â�K ^ 2²º)U�£�¤�r�P�¢#6

Es(κ) = βεsε
− 1

3 κ− 5

3 (6.21)@Bê]�
.
KM�

1
���Q809):I<�>�r�Ü ª 6��0"

Fs(κ1) = β̃εsε
− 1

3 κ
− 5

3

1 (6.22)

^ U��EDV§�§M��" εs

�!8�Y�Z²[
s
'6:6;�?�"

β
K#�&�

β̃ = 5
3β
�

Obukhov-Corrsin
µ�À ^)� ¾�¦�CB,D&µ�ÀQ�2�htÕ"

β̃ = 0.8 ± 0.1(
i&j�k�l�m���
;"

Högström, 1996), β̃ ' 0.8( ELF &MH²>/I0�
2"
Sreenivasan, 1995, 1996) ^Xª ´Ææ/J ¨ �&��D
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�
7 � � � � � � � � 	 
 � � 
��

7.1 ������������������! #"%$'&)(#*,+�-�.0/%1'243!57698#:,;�.=<%>7.@?A>CB�DAE�FHGJI
Su(f), Sv(f), Sw(f), Sθ(f)B'K7L�MH(ONQP�8'R�DCS�TVU%�,WAXZY,[�T]\AT4^'.

u∗, θ∗ ≡ w′θ′0/u∗, z, L _a` 8'R Su(f)
B'bdce�fCgdh�i ^j.�kaBAlm3ondk�pdM _Zq 8'R κ1 = 2πf/u _a` 8jrZst.,u (6.15) v]w .

fSu(f) = κ1Fu(κ1) = α̃ε2/3

(

2πf

u

)−2/3

(7.1)

(a) Su(f) (b) Sv(f)

(c) Sw(f) (d) Sθ(f)

x
7.1:

/d172Q3j5a6,8y:�;{z|<�>�}j~4B7D�E]F�G�ICB'n7kdp7�7�
(Kaimal and Finnigan, 1994,v)w )

R
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��� 8%R
ε
^'���]���A�)���j O",$C& 3,5�+d-����CB v�� 3ondk�pdM
	�� 8 .

φε =
kzε

u∗
3

(7.2)


 �Z(�*a+�-C.
fSu(f)

u∗
2

=
α̃

(2π)2/3

(kz)2/3ε2/3

u∗
2

1

(kz)2/3

(

f

u

)−2/3

=
α̃

(2πk)2/3
φ2/3

ε

(

fz

u

)−2/3

(7.3)

� ��	���8yR
fz/u

^tn�k'p'M�	����������d. n�k�p������43 "����C8!B _ . n
� ���#.

α̃ = 0.55, k =

0.4
� ���! �.

fSu(f)

u∗
2φ

2/3
ε

= 0.3n−2/3 (7.4)

��� 8%R
Sv(f) = Sw(f) = 4/3Su(f)(

u
(6.20)) v)w .

fSv(f)

u∗
2φ

2/3
ε

= 0.4n−2/3 fSw(f)

u∗
2φ

2/3
ε

= 0.4n−2/3 (7.5)

��� 8%R#"$��.%<7>Q3�%,+d-'&�(Olm39.jn�k7p�<�>�)�*�+
φεθ

φεθ
≡ kzεθ

u∗θ∗
2 (7.6)

(�*a+�-C.
fSθ(f)

θ∗
2φεθ

φ
−1/3
ε

= 0.43n−2/3 (7.7)

� �'� 
 ��, _Qq 8'R x 7.1(a) - (d)
^�.jn7k7p7M.����D�E F G I�B�/10,>

z/L
3�2�� 8�3Q8$4+ _a` 8'R
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