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FIGURE 1

Atmospheric absorption along a vertical path
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FIGURE 2

Absorption above 10 THz (below 30 m) of a standard atmosphere along a vertical path�
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cos 1

PTneff

t
obs (4) 
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:��_  
  θobs:   M�	 �̀D
 T�$�'

 ���
p  

  θt:   ��P�P8
 T�$�'

 ���
p  
  neff (T, P):   .�	=
 n�o�
 , 7��$�
 '�!v3

 �t]/  

 �����D
 <1.!��(4)  '�!v3
 �t]\� �.��f >oy� M'
�_ �X'<� Q;.1/ �� �� &'l� �	=
 n�o�
 �� &
ZA
 O�neff (T, P).  

5   �������  

 ��
 ���
	�
 *	�=
 J�!� *
��y

 g21� �5.C <+� .'�2.3

 j!/ 7	m 456 M�	X	D
� '�!v3

 �
�t]/ �^�A �5.C
 �$5.?D
 ��0�PD
 9/ jFG �	X� x/ '�./)
 �
�26 O� �
Z:�55/ ��#� 9/ �^0�P/ , (����#D
 ���c
 ��) *	�=


,  �� �/ �
��Z�
 ,� .j!D
 7	m 456 <_
� �+�20 THz �375 THz�
 �ot� ���� � 9/ �
<� M'
�8�� ��5?5� '�!v3
 ��� ���.�
 456 
 �
���� ��) ��<�5P.�
 ��	��
��
 �
��Z5� ��!1��� 7�8
 	N �:G ��	m��
000 3 GHz �
�f]/ �5.C� .(

&'� �N��

 , ���'
�_ &��a
 *
��y

@"�#A� "�#A @.&'�  

1.5 0�#12�� 3&����  

 	=
 *
��y�� ����P/ ���'� w�1N:j���D
 kWN i5� �:�A� .d��/ j!/ 7	m 456 �:��P�
 '�2.3

 V���r �^6	:�\ ��� �  
2

n
C:    �	=
 n�o�
 96 QX�1�
 *
��y

 M<2� T�$�'

 456 <:.�� ���P/(m

−2/3
)�  

r0 :    M<_
� ��.$� 7��$�
 ��P�
 ��� �	=
 n�o�
 �0�� 7	md�P.!�  *
��y

 7�r 9/ ��2.3
 ��
 �+���

,  ) �	=
 n�o�
m�(  

θ0:   , ��X	D
 ��^�=
 "
	.0
 ���
p  �N��
 �� �X	D
 '<` ���o� L�A �5�� �W�
 ��
q�
 ��$�
 iN �	=
 n�o�
1 rad
2�  

τ0:    B�8
 �/q�
 ���F�
 �/q�
 7<�D
 ��� �W�
 �	=
 n�o5��
jo.5� .'�2.3

 (�
j!/) j!/ 7	m 456 *
��y

 ,  

1.1.5 �������� 	
�� 
����2

n
C 

 B�	  O� k�3�� Iy	D
 *	50)
 <1.!�Huffnagel-Valley 5/7*
��y

 dv�N �:5�/ *�!8 B�	:1�
 
WN e
<?.0
 9v�� . 
2

n
C �GE�� .`9�� ��� y5� cEd �:����.�
 ��:5�D
 

vg :    &')
 -��' �6�0(m/s)�  

C0 :    �:5�:5� ���

 �:�P�
2

n
C  M��6) &')
 I�0 [	.!/ 456∼ 1,7 × 10

−14
 m

−2/3(.  

 �����1) ����$�
 -����
 �6�0 J! |� :r.m.s. �C�5UR	
 ��!
 y5� cEd (vrms ��5� M� O�$� `Ho �
�P�(�% �
�	.A��  (Bufton)  ���8 -���5�&')
 O� ��!1��� �P.!D
 '
<D
:BE� �� �  

 91,34869,30
2 ++= ggrms ννν                m/s (5) 

 �U#� �
�P�(
 MH� ��	5�� =&)
 ����	
 �d�( e5H� ���Nd�vg  = 2,8 m/s  ~.1|� J��P.Gvrms = 21 m/s.  
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����� 2�l
�/|�
 `H#, �UER� '� �\ :2

n
C �.�;�&�
 cEd �h:BE� �� �  

  100/
0

5001/160001/102562 expexp107,2exp10148,8)( hhh
rmsn ChνhC

−−−−− +×+×=       m
−2/3

 (6) 

:��_ 

  h :      &')
 I�0 [	.!/ �	A T�$�'

(m).  

 �:5�:5� B�	:1�
 
WN ����� 9v��2

n
C  �� j� .&')
 456 ��P3 �� , e�;15� e���
 >��?.�
 dX� 9/2

n
C  9/ �
jFG jo.�

 V���r �A��/ M'��#�
 i#.P�� .�r} O� x+	/2

n
C  jo.�� .e�;1�
 �
<6� d�+ ��5a
2

n
C  x/ '��.6
�� ��<X 	� 456 ��#��

 ����� ��� e�U:	� �v	+	 .=&)
 s/( g5Z ��d�;�&�
 `�� �Nd .�;�&�
 �C5D
 6��	
 S l
�/|�	 �#;45	
 ��"�#$	

 9/ ���0� T�$�'

 , d/�v.�
 M	�r ��P/ �� �P���
 �� �
�q� �� io�1�0.001 km O� (&')
 [	.!/) �P�m �$r� <16 1 

km  T�$�'
 45620 km:�#	��	
 �	��R!
 _Z� �  

 m
20

1
exp

⎭
⎬
⎫

⎩
⎨
⎧ −= i

hi (7)  

 9/i  = 1  O�139 er% K�UEd �h139  ≅ 1 000 m �km. 20
139

1∑ = ≅
i i

h km.  

 dv2�
 ����5  �:5�D
2

n
C  qN�1� T�$�'
 45�A .T�$�'

 M���p x/ �6�!� �^�+�1�� I�!�
 <16 �N��+� ,10 km   �	A

 �
�G� �=&)
 s/(2

n
C  �U#� �U�R� ��:;PN� ��d�;�&
 cEd� .A�?% &��N� ��NH	� K�#E�2

n
C  456 <:�� �/ �FG�C0 .

 456 �f)
 {G� -����
 �
�f]/ �f]��2

n
C  �
	_ �	A ��6�$�'
 ,1 km I���� .2

n
C  <�q� ��6�$�'
 456 �5:^/

96  20  km  .&')
 I�0 �	A  

2.1.5 	���� ����� 73��8 ��� 

 �C5D
 6��	
 v(�� y5� ]��r0 �>$� 5,� ��
�R"�
 A���b A��
� ��%�q ���;	 �l
�/|�
 x
�j �y�R;	
 �/�	
 �
,  dv2�
6 96 �N��+ dP� ��
 �.��F�
 ��.$�
� .r0  �/� .�X	D
 '<` 9/ �0�:./ "qX 9/ �+���
 x:� L���!� �� ��.$�


 96 �N��+ <�q� ��
 �.��F�
r0
 

.�^��0 {6 ����Z/ �X	/ '<` d�P.!.0 i^A  
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 :i5� �\ ���<�5P� �0�:.�
 7	m J! |�  

 

5/3

22
0

0

d)(sec423,0

−

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
ζ= ∫
Z

h

n hhCkr                m (8a) 

:��_ 

  k:    iX	/ Q+'(2π/λ=)  
  ζ :   �:!�
 ���
p  
  λ:   ) �X	D
 7	mm (  

  h0  :    &')
 I�0 [	.!/ �	A T�$�'

(m).  

 :7���� 
WN�  

 

6,0

2

6,02,18

0

0

d)(

sin101654,1

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

θλ×=

∫

−

Z

h

n hhC

r                m (8b) 

:��_ 

  λ:   )  �X	D
 7	mμm(  
  θ:   T�$�'

 ���
p  

  h0  :    &')
 I�0 [	.!/ �	A ��y')
 ��a
 T�$�'
(m)  
  h :    &')
 I�0 [	.!/ �	A T�$�'

(m)  
  Z:   ) *
��y�� 7��$�
 T�$�'

20 km .(M��6  

 �:5�:5� ��5a
 ��0��P�
 �A	.� ¡ ���2

n
C  ��5� �
�P�(
 MH� �&�?�"�
 ��� y5� cEdthe Hufnagel-Valley 5/7 

 �����D�� 4��D
(6)  M�P$�
 , n	 	̀D
 	�1�
 456 ���0� <�
q.� ��P�m e
<?.0�� d/�v.�
 *	50��1.1.5.  �v	� M� K��%�
.�
<�X �����P� ����.�
 ��:+��
 �o���
 �A	�  

 �����1:    �����	
 cEd �U�R!
 ��
 `��H� ���nCwind :BE� �� �  

  1/3)5001,0(217 m587369,3exp10026,0)10148,8(
055,1

0
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟

⎠

⎞
⎜
⎝

⎛ −×= −− h

rmswind νC
 (9)  

:��_  
  vrms:   ) ����$�
 -����
 �6�0r.m.s. ((m/s)  �����D
 , �'
	�
 	�1�
 456(5)  
  h0  :    &')
 I�0 [	.!/ �	A ��y')
 ��a
 T�$�'
(m).  

 �����2:    �.�;�&�
 cEd �U�R!
 `��H�!
 ��
 ���nCheight :BE� �� �  

 

1/35001/1319
mexp1005,4105594,6 0h

heightC
−−− ×+×−= (10)  

 �����3:    �`��H�E	 s/�	
 l
�/|
 cEd �U�R!
 ��
 ���nCturb:BE� �� � 
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1/3100/85
0 m)exp10010383899,1( 0h

turb CC
−− −×−= (11)  

:��_ 

  C0:    ������� ���	
 �����
2

n
C  �
��) ���
 ��� ����� ���∼ 1.7 × 10

−14 

m
−2/3(  

 �����4:    �l
�/|�	 �#;45	
 ��"�#$	
 `��H� l����∫
Z

h

n hhC

0

d)(2:BE� �� �  

 

1/32 md)(

0

turbheightwind

Z

h

n CCChhC ++≈∫ (12) 

 �����5:    �v(�U�	
 y5� ���nr0:BE� �� � 

 

6,0

6,02,18

0
)(

sin101654,1

turbheightwind CCC

r

++
θλ×=

−
                m (13) 

 �� ��y'� ��� T�$�'
 J��P.G k�6� �o���
 �P|.t
0 km �5 km  �	A T�$�'
 ���
q�� ����
 I�0 [	.!/ �	A.°45  &Z$��
 �� �o���
2

n
C (h)  9/ 456� ��6�$�'
 456 �5:^/ I���20 km .&')
 I�0 �	A  

 ��� �
���� ,�30 THz  9/ {G� �X	/ 7
	mg�)10 µm �UL") K�NH� �
�R"�
 M� '���	
 ����
 x
�)
 e5H� �(
 96 �N��+ dP� M<_
� ��.$�1 m �=&)
 cEd ��
5!
 ^LR!� .��{	
 A���� �� C5D
 6��	
 v(�� y5� @��N��� .

 �v(�U�	
 y5� e5H�r0  9/ 456� ���� <16300  THz  9/ d+� �X	/ 7	m)1 µm(S �  ��<_  5  cm 6��� `� S �
 IJ `�#	 y5/	
 
+, �
�G� �� �A����30 cm.  

3.1.5 ��$���� B�C0��� ,���3� �<'�D  

 �� ��#j5!
 ���$D
 x
5�(
 ���
�θ0 � dv2�
 , ��y	D
7 ��j5!
 &�4 M� xGj *�d O%
{� C+	
 C�
G	
 Y�!
 B, �
, ���
��y
 kp��.X
 <��  ) �N#R� �j&�% �C5D
 6��	
1 rad ��
�p d��� .(M��6 ��X	D
 ��^�=
 "
	.0
 �� -�
Z�
 O�  

10
–6  �10

–4  rad Q�+ {G� >����� .θ0  �#$?1/ Q�+� (�5�	m ��X	/ 7
	m�) �#$?1/ �
����� ����6 T�$�'
 ��
�q�
 �:5�:5�2

n
C <�
q.� ��v�� .θ0

 

7	m V+�1.�) ��Z�
 x/ ����r   �/ ��� T�$�'

 ��
�p &�$��� �6�!� V+�1.�� (�X	D

 9/ *�P�75.  
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 J! |���X	D
 ��^�=
 "
	.0
 ���
p :i5� �\ ���<�5P�  

 

5/3

3/5

0

23/82

0

0

d))((sec914,2

−

⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛
−ζ=θ ∫

Z

h

n hhhhCk                rad (14a) 

:��_ 

  k:    iX	/ Q+'(2π/λ=)  
  ζ :   �:!�
 ���
p  
  λ:   ) �X	D
 7	mm (  

  h0  :    &')
 I�0 [	.!/ �	A T�$�'

(m).  

 :7���� 
WN�  

 

6,0

3/5
0

2

6,12,19

0

0

d))((

sin10663,3

⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛
−

θλ×=θ

∫

−

Z

h

n hhhhC

                rad (14b) 

:��_ 

  λ:   )  �X	D
 7	mμm(  
  θ:   T�$�'

 ���
p  

  h0  :    &')
 I�0 [	.!/ �	A ��y')
 ��a
 T�$�'
(m)  
  h :    &')
 I�0 [	.!/ �	A T�$�'

(m)  
  Z:   ) *
��y�� 7��$�
 T�$�'

20 km .(M��6  

 dv2�
7  
��$���� B�C0��� ,���3� �<'�D 

����  
�����	
 

���
 
�� 
����
 

 ���
 
�� 
�
��  

������ �����
 ������
�������θ  

��!"
 #�� 
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 �:5�:5� ��5a
 ��0��P�
 �A	.� ¡ ���2

n
C  ��
G�� ���$� �
�P�(�% `��H�	
 l5E(� �
�P�(
 MH� �&�?�"�
 ��� y5� cEd

 M�P$�
 , n	 	̀D
 	�1�
 456 ���0�1.1.5. .K
�#j K�$���� �#	��	
 �#U��	
 ��#�	
 �Z5� �v	� M� K��%�  

 �����1 �����	
 cEd �U�R!
 ��
 `��H� ���n ::
wind

C′:BE� �� �  

  2)90018,0(210
m0043,2exp1002,010148,8

014,1
0

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠

⎞
⎜
⎝

⎛ −×=′ −− h

rmswind νC (15) 

:��_ 

  vrms:   ) ����$�
 -����
 �6�0r.m.s. ((m/s)  �����D
 , �'
	�
 	�1�
 456(5)  
  h0  :    &')
 I�0 [	.!/ �	A ��y')
 ��a
 T�$�'
(m).  

 �����2 �.�;�&�
 cEd �U�R!
 `��H�!
 ��
 ���n ::heightC′:BE� �� �  

  28
0

122
0

153
0

184
0

23
m106181,9103855,2109834,8105015,1100236,7

−−−−− ×+×+×−×+×−=′ hhhhC
height

 (16)  

 �����3 �`��H�E	 s/�	
 l
�/|
 cEd �U�R!
 ��
 � ��n :,
turb

C′:BE� �� � 

 

2000222,0
0

5
mexp103,3

45,1
0
h

turb CC
−×=′

 (17) 

:��_ 

  C0:     ������� ���	
 �����
2

n
C  �
��) ���
 ��� ����� ���∼ 1.7 × 10

−14 

m
−2/3(  

 �����4 ���
p ��<� :��X	D
 ��^�=
 "
	.0
 ���
p �θ0:BE� �� � 

 

6,0

6,12,19

0
)(

)(sin10663,3

turbheightwind
CCC ′+′+′

θλ×=θ
−

                rad (18) 

 �� ��y'� ��� T�$�'
 J��P.G k�6� �o���
 �P|.t
0 km �5 km �	A T�$�'
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 I�0 [	.!/ �	A  °45 �
 �g� ��:562

n
C  (h)  9/ 456� ��6�$�'
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 I�0 �	A  

4.1.5 9�
2:�� ��%�E�� FG��H�� 

 ��1/q�
 V���c
 n����*
��y��  ����
 ��G	
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 ��1/q�
 ����.0
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��y
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 x�2� �:5�\fG iN �.:5�D
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�q� �5��/ �
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 ��a
 <16 -����
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  λ)  �X	D
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 ���
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 �����1 �.�;�&�
 `%��� ����	
 �d��	 �#;45	
 ��"�#$	
 cEd `�� �n :v(h) ��3���� ��5� ��0��+ �A	.� ¡ ��� .v(h) MH� �
:i5� �\ �^���P�  

 

2
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exp30)(
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −−
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h
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:��_  



 �������ITU-R  P.1621-1  16
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 �6�!5� ��5� ��0��+ �A	.� ¡ ���vg �#/UN	
 �U#�	
 =
{Z
 MH� �2.8 m/s.  

 �����2:i5� �\ -������ IX�D
 d/�v.D
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��y

 J! |� : 

 

5/323/52
3/5 /smd))(()(

0

∫=
Z

h

n hhνhCν (20)  

:��_  
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n
C(h) :    *
��y�� ��$ 	̀�
 ��3����
(m

–2/3
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  h0  :    &')
 I�0 [	.!/ �	A ��y')
 ��a
 T�$�'
(m)  
  h :    &')
 I�0 [	.!/ �	A T�$�'

(m)  
  Z:   ) *
��y�� 7��$�
 T�$�'

20 km .(M��6  

 �:5�:5� ��5a
 ��0��P�
 �A	.� ¡ ���2

n
C  A��;	
 S �&
5	
 ��R	
 '����	
 �
�P�(
 MH� �&�?�"�
 ��� y5� cEd1.1.5.  

 �����3 J! |� : ����
 ��G	
 u%�k	
τ0BE� �� �: 

 

6,0
3/5

6,02,18

0
sin10729,2

ν

θλ×=τ
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      s (21) 
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 �� �5/�6 �:;3� x/ �5:.a
 �P�#�
 eq8
� ��y'� ���� ����#A ��G�/ �� '�2.3

 �rg� �$��	� J5�.�20 THz �375 THz 
&'� k��

 , 7�0'u
 xP� ��@"�#A k��

 , 7�0'u
� "�#A @�� .�$5.¢ '�2.3
 �j!/ 456 �.�a
 �$3 �� &'�  &�� �z

 ��E$�!
 �/�N	
 ���
� e5H� ���Nd C5D
 6��	
 Q�5R� ��#N�� QR% �9
5Z �d��	
 ��Z
��
θLx
5�(
 ���
� M� �<� �  ��^�=

��X	D
 �θ0.  

 dv2�
 Iy	��8  ��P1�
 <16 ����#$�
 ��G�D
 d0�� �� .�;1�
 <�+ n�;�
R1  ���Nd `���	
 �|5� IJ K��}�� ��\� �
 ��P1�
 O� w�� <+ �	v� d��!�
 9v�� .L�A �50'� �W�
 �+	�
 ,� &')
 456 dz�P.!|�R2  �/<16� .7��P.0

 �+�

 M� �<��
 Md =5R� e� '� ��#9�:;	
 �$<�!
 IJ �#|&)
 �/�
 `(��R1   O�R2   ��P3 O� �G�8
 96�R3   ��A�yu

r.'�2.3

 �rg� 7�  

  



 �������ITU-R  P.1621-1  17

  
 �o�` >�!��θL  �o` &
ZA
 <16θL  :i5� �:G  

 

c

νν ES
L

)(2 −=θ                rad (22) 

:��_  
  vS :    d��!5� ��0�:D
 �^X	D
 �6�!�
(m/s)  
  vE:    ��y')
 ���:5� ��0�:D
 �^X	D
 �6�!�
(m/s)  
  c :   ) "	#�
 �6�0≈ 3 × 10

8
  m/s.(  

 d��0� "
	.0

 >r 456 ��y'� ��� ,� �E$�!
 �/�N	
 ���
� �E$� �uU�	
 �Nd =&)
 IJ �$�N	�% �����17.4 µrad .
,�  ����#A ��G�/j� �E$�!
 �/�N	
 ���
� e5H� �=&)
 IJ �$�N	�% A�����  ��<_ , M��650 μrad ���
p 9/ {G� 
WN� .

"
	.0
 ��X	D
 ��^�=
 �θ0  456 ��ZD
 �X	D
 '<` I���� �YA ��.���� .����6 �X'<� '	��
 ��N	2� �^1:y >�
Z� ��

"�#A k��

 , j!D
 7	m @� 456 ����� 9� &'�&'� k��

 , j!D
 7	m 456 *
��y

 I��� @."�#A  

 

 

 dv2�
8  
��0?��� �2?%�� B�"�0��� ��� �<���� B�
�JK��� 

���� ����	
��� ��� ����	
����  


���� 
�� 


	التوصية ITU-R P.1621-1
	الملحق 1
	1 الاعتبارات الجوية
	2 الامتصاص
	3 الانتثار
	1.3 انتثار رايلي
	2.3 انتثار مي (Mie)
	3.3 الانتثار المستقل عن طول الموجة

	4 الانكسار
	1.4 صيغة مؤشر الانكسار الفعال في الغلاف الجوي
	2.4 التغير الظاهري في زاوية الارتفاع

	5 الاضطراب
	1.5 مقاييس الاضطراب
	1.1.5 معلمة هيكل الاضطراب،
	2.1.5 طول تماسك الغلاف الجوي
	3.1.5 زاوية استواء الجبهات الموجية
	4.1.5 الخصائص الزمنية للاضطراب
	5.1.5 انحرافات السرعة


