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ïÄ
Äuù	�©1ÆáÂ1ÌEâ��¸�í¥�Yðÿþ�{. ¤^¢�C�dg���©Ñù	õ
|©íN©Û¤UC
¤, �â HITRAN êâ¥Jø��rëê, æ^ Voigt Ð°�.Ú�{, ¿�Ä§Ý!íØ9
¤ì¼ê�K�, O�Ñ
Yð�üÅã�k�áÂ�¡. ò�ü�YðßÝ��©Ñù	©Û¤�ÿþ(J?1

¢�é', ��
�Ð�ÿþ��5, ÿþ�'Xê� 0.93347. �8�æ^ù	 DOAS EâÿþÙ¦3b	��
ÅãÃáÂ½=kfáÂ�íN (X CO2, CH4, CO, N2O �) Jø
�/��)û�Y.

'�c: �¸À/iÿ, 1ÆÿþEâ, ù	 DOAS, Yðÿþ

PACS: 07.88.+y, 42.87.–d, 42.72.Ai, 33.20.Ea

1 Ú ó

Yð���¸�í¥�Ì�¤©��, éí�
ÚíÿÑäk�~­���^ [1,2]. d	, Yð�´
<�6±)��/¥[	¥�­��§¿íN, /
¥ 90%�g,§¿�Aþ5guYð, ^5�±/
¥§æ±�X)·��3 [3,4]. ,	, �¸�í¥Y
ð¹þ�O(ÿþéþz©Û<N�9þ��Ú
Yí��k­����^ [5].

YðßÝ�ÿþ�{©��ÿ{Ú��ÿþ
{. �ÿ{Ì��Å1�Ä�ÿ½(1¤�, Ehret

� [3] æ^Å1Cù	�©áÂX�XÚ�ÿ

é6��Yð+�©ÙÚ·Ü'Ç, äk�p�
�mÚ�m©EÇ; �13 terra Ú aqua ¥(þ
� MODIS ¤ì�±±¥�©EÇ (���m©
EÇ�� 250 m) ��­.¢�Jø�¥Yð©
Ù [4,5]. ��ÿþ{Ì�k>fDaì{!Z�
ÝO{!1ÌáÂ{�. ��ÿ{�', ��ÿ
þ{�äk«��L5. Cc5, 1ÌáÂYð

ÿþ{�ÉïÄö���à. Arroyo Ú Hanson[6]

¦^ 1.38 µm ��N� InGaAsP ��N-1ì¢
y
�¸�í¥�YðßÝ!§Ý9�.ëê
ÿþ (Äu�N���N-1áÂ1ÌEâ (tun-

able diode laser absorption spectroscopy, TDLAS); Fix

� [7] |^ 935 nm ��NÄ$���-1ì¢
y
�¸�í¥�YðßÝÿþ (Äu/Ä�©
áÂX�Eâ, differential absorption lidar, DIAL);

Schneider � [8] Ó�¦^Fp�C�ù	1ÌE
â (Fourier transform infrared spectroscopy, FTIR)!
õÏ�K�Ë�O (multi-filter rotating shadow-band

radiometer, MFRSR)!Cimel ��1ÝO!�¥½
 XÚ (global positioning system, GPS) 9 Vaisala

RS92 Ã�>&�¤é�¸�í¥�Yð?1
�
Ïé'ÿþ, ¿�Ñ
A«ÿþEâ�ü°Ý!�
Ï­½5�5U�é'©Û(J.

�©1ÆáÂ1ÌEâ (differential optical ab-

sorption spectroscopy, DOAS) duÙÕA�1Ì©
Û�{, �~·Üp°ÝèþíN©Û. uÐ�8,

TEâ®¤õÿþ
l ppb �z©'��S� 10
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õ«íN, ¤ì(�Z��O, ÿþ«a�l�©
�ü|©*Ð�
A|©, 2�A^u-�!À
/!��!ð�!zÆ!�õ9Ù¦+� [9−12].

,
IS	©z¥��� DOAS Eâó�Åã
Ì�8¥3b	��Åã (200—760 nm), é3d
Åãäk�ráÂ� SO2, NO2, HONO, �XÔ,

O3 �äk�pÿþ°Ý. 
é3dÅãvkáÂ
½=kfáÂ� CO2, H2O, CH4, CO �íN, ~
5 DOAS EâKÃU�å [10−13]. ù	Åã (1—

10 µm) �©f�=1Ì�ÄªáÂ«, éõíN
3ù�ÅãÑ�3�«áÂ�, áÂrÝ��Ù
¦áÂÅã� 10—10000 �. XJUò DOAS E
âÿÐ�ù	Åã, Ø=UO\TEâ�íNÿ
þ«a, ��±JpÜ©íN�ÿþ°Ý. Cc5,

±�I��L�î³I[Çkò DOAS EâÿÐ
�ù	Åã. dî�Ûu���13 ENVISAT-1

þ� SCIAMACHY ¤ìÒæ^ù	 DOAS Eâ
�ü�¸�í¥ CO2, H2O, CH4, CO, N2O �Îß
Ý [14]; dØ5r�Æ!Å]"²0¿[¥%9�
I/��ÆïÄ¥%éÜmu�Å1ù	 DOAS

XÚ MAMAP (methane airborne mapper) �±Ó�
�ü/LÀ/
� CO2 Ú CH4 R�ÎßÝ9·Ü
'Ç [15,16]. 8c·Iéb	��Åã� DOAS E
âmÐ
2��\�ïÄ, ,
3ù	 DOAS Eâ
Ú��þ�´�x [17].

�©æ^ù	 DOAS Eâÿþ�¸�í¥�
YðßÝ, ¿òÿþ(J� NDIR (non-dispersive

infrared) Y ð ÿ þ ( J ? 1 ¢ � é ', & ¢ ù
	 DOAS Eâp°Ýÿþ�¸�í¥YðßÝ
��15, �8�æ^ù	 DOAS EâÿþÙ¦3
b	��ÅãÃáÂ½=kfáÂ�íN (X CO2,

CH4, CO, N2O �) C½Ä:.� � �
� � �

� � �

ã 1 UCc��¢�C�é' (a) NDIR õ|©íN©ÛC�; (b) UC��ù	 DOAS Yð©ÛC�
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2 ù	 DOAS �n

ù	 DOAS �ü�{d~5 DOAS �ü�{
û)
5, �~5 DOAS �{aq. ù	 DOAS

�ü�{�æ^���¦{[Ü, ¦ë�1Ì�
éê��ÿþ1Ìéê�����, X (1) ª¤
« [15,16]: ∣∣ln IM

i (λ, V ) − ln IR
i (λ)

∣∣2
= |RESi(λ)|2 → Min, (1)

Ù¥ IM
i (λ) L«1 i «íN�ÿþ1Ì, IR

i (λ) L
«1 i «íN�ë�1Ì, V �[Üëê, ��
�þ. 3?1���¦{[Ü�c, k|^êi
ÈÅ�Øÿþ1Ì¥díN©fE¤� Rayleigh,

Raman Ñ�ÚíM��âE¤� Mie Ñ��Ï�
�K�±91Ì¥�úCzÜ©. ù�dÿþ1
Ì�±�Ñ=L«íN©fáÂ��©1Æ�
Ý OD[16]:

OD =
n∑
i

σi(λ)CiL, (2)

Ù¥ σi(λ) L«1 i «íN�áÂ�¡, Ci L«1 i

«íN�ßÝ, L L«íNáÂ1§. ù�ÏL�
©1Æ�Ý OD �íN©fë�áÂ�¡���
�¦{[Ü, �±���«íN�ßÝ.

3 ¢�C�

¢�C�dg�� NDIR õ|©íN©ÛC
�UC
¤ [18−20], ã 1(a) Ú (b) ©O�UCc�
�¢�C�. Ì�UÄÜ©Xe: �K�C��È
1Ó, ò�C��&ÿì9�Yêâ?nXÚ��
1Ì¤9O�Å; �K�C��¬³ð§XÚ¥�
\9Ü©��3§ÝÿþÜ©; Øå�§ÝDaì
¢�ÿþ�¬³S�íØÚ§Ý, ��O�ë�á
Â�¡�Ñ\ëê. C��UÄÜ©�äN£ãÚ
ó��n��©z [18—20].

1&Ò²LYðáÂ�d1n�\1Ì¤,

1Ì¤�O�Åë�, ¢yëY1Ìæ8Ú�
�. ù	1Ì¤ÀJ{I°�1Ì¤úi)�
� NIRQ512, æ ^ InGaAs � � & ÿ ì (9 > �
e � –20 ◦C), 1 Ì ¤ \ � d ¿ � � 25 µm, ©
EÇ�� 0.28 nm, Ï�ê� 512, 1ÌCX��
� 1.4993—1.562 µm.

4 H2O k�áÂ�¡¼�

ã 2 � HITRAN êâ¥Jø� 1.50—1.56 µm

Å ã Ô « í N � á Â � r © Ù [21]. � Ä � �
í¥Yð¹þ�� �uÙ¦íN¹þ, �
{
z � Y ê â ? n J Ý, ù p � � Ñ á Â � r �
u 10−25 cm2/molec ��¹. lã¥�±wÑ, X
JYð[ÜÅã�u 1.53 µm, K�±Cq�ÑZ
6íN�K�, =�L¼��üÅãYð�IO
�¡=�. �IêÊïÄ¤mu� MPI 1Ìêâ
¥ (MPI-Mainz-UV-VIS Spectral Atlas) �±Jøb
	��Åãý�õêíN�p©EÇIOáÂ�
¡, ù
êâÑ´d¢�¿p©EÇ1Ì¤ÿ�,

�Têâ¥8c¿vkJøù	Åã�íNáÂ
�¡ [22]. 3�í�¸e, Äu HITRAN êâ¥J
ø�íNáÂ�rëê, ·�|^ Voigt �.éY
ð3 1.50—1.53 µm Åã�A�áÂÌ�?1
Ð
°. Voigt �.´dõÊVÐ°ÚØåÐ°�Ó�
^�(J, �±L«� [6,7]

σ(ν) =
S

γπ3/2

∫ +∞

−∞

exp(−ξ2)

1 +
(

x − ξ

y

)2 dξ, (3)

Ù¥

y =
γ

γD
(ln 2)1/2;x =

ν − ν0

γD
(ln 2)1/2, (4)

ν L«Åê, ν0 L«z^áÂ��¥%Åê, γ

Ú γD ©OL«ØåÐ°�°ÚõÊVÐ°�°, S

L«Yð3Åê ν ?�áÂ�r. S �§Ý�'5
�±L«�

S = S0

(
T0

T

)1.5

exp

[
E

′′
hc

k

(
1
T0

− 1
T

)]
, (5)

h �ÊK�~þ, c �1�, k �À�[ù~þ, T �
¢S§Ý, T0 �ë�§Ý, E

′′
�©f$U�Uþ,

S0 L«ë�§Ý T0 ��áÂ�r. ØåÐ°�
° γ ÚõÊVÐ°�° γD �§ÝÚØå�'5�
±©OL«�

γ = γ0
P

P0

(
T0

T

)n

, (6)

γD =
ν0

c

(
2kT ln 2

M

)1/2

, (7)

�êÏf n �Ãþjþ, d HITRAN êâ¥J
ø [18], P Ú T �¢S�íØÚ§Ý, P0 L«ë�
�íØ, M L«Yð©f�þ. ã 3 �Uì±þ�

140705-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 14 (2012) 140705

{O�¼�� T = 298 K, P = 101325 Pa ��p
©EÇYðIOáÂ�¡. ���¦{[Ü�, �

¦ë��¡�ÿþ1Ì�©EÇ�Ó, dO�
¼��p©EÇIO�¡7L�1Ì¤�¤ì¼
ê H ?1òÈ±¼�k��áÂ�¡ σeff(ν). ã 4

�ÏLpd[Ü 1501.32 nm þ�¸���1Ì¤
¤ì¼ê H , ã 5 �ã 3 ¤«p©EÇIO�¡
�8�z�¤ì¼ê H òÈ����k�áÂ�
¡ σeff(ν), =[Ü¤I�ë��¡.

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � � � 	 
� �� � �
 �	 � �� � �� � �� � ��� ��� ���� ���� 
 � �
ã 2 HITRAN êâ¥Jø� 1.50—1.56 µm ÅãÔ«íN�
áÂ�r©Ùã

� � � � � � � � � � � � � � � � � � � �� � � �� � � �� � � �� � � �� � � �� � � � 	 
 � � � 
� 
 � � � � � � � �� � �� � ��� ��� ���� ����
ã 3 Voigt Ð°O��Ñ�YðIOáÂ�¡ (T = 298 K,
P = 101325 Pa)

5 ¢��(J©Û

5.1 ¢¢¢������{{{

òUCÐ�ù	 DOAS Yð©ÛC��{I
9> (Thermo Electron, TE) úi)�� NDIR-60i

õ|©©Û¤ (S¹Yð©ÛõU) ?1ÓÚYð

ÿþ, ü�¤ìþlI	Ó�/:æ8�í. DOAS

©ÛC�z 10 min gÄ���^1Ì, �
Bu'
�, NDIR ©Û¤��� 10 min ²þÑÑ�ª.

¢�¥3 1.50—1.5102 µm ÅãS�ü H2O,

lã 5 �±wÑ3dÅãS H2O kÔ�Ì�k�
áÂ¸, k�r�áÂ. ¦+ã 2 w«d�üÅãÙ
¦íN�Z6é�, ��Ä�í¥�3� 380 ppm

� CO2, �~�Z6, Jp�ü°Ý, ë�[Ü��
k CO2. CO2 k��¡�O�� H2O aq. ã 6 ¤
«� 2011 c 10 � 11 F 02 : 59 ÿþ��^1Ì�
�üL§. ã 6(a) ¥w«�´ H2O �[Ü, [�w
«�´ÿþ1Ì²L?n���©1Æ�Ý, o�
w«�´[Ü���NÈ·Ü'� 1.18%� H2O

�©áÂ(�; ã 6(b) w«�´ CO2 ²L?n�
�ÿþ1Ì��©1Æ�ÝÚ[Ü����©á
Â(��U\; ã 6(c) ¥w«�´�ª[Ü��{
(��í�, ¸¸�� 6.37×10−3, Ì�5
u��
¤©�áÂ(�ÚXÚD(.

� � � � � � � � � � � � � � � � � � � � � � � ��� � � �� � � �� � � �� � � � �� � � � �	
 ��
� � � � �
ã 4 pd�.[Ü¼��1Ì¤¤ì¼ê

� � � � � � � � � � � � � � � � � � � ��� � � �� � � �� � � �� � � �� � � �� � � �� � � � � � � � 	 
� � � � � � � � � 
� � �� � ��� ��� ���� ����
ã 5 Yð�k�áÂ�¡
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� � � � � �� � � � � ��� � � � �� � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � �� � � � � � �� � � � �� � � � �
	 
 �	 � �
 � �� � �

	 � �� � �
ã 6 H2O 1Ì[ÜL§«~

�� � �� � �� � �� � �� �� �� �� �� �� �� �� �� �	 �

 
 � 
 � � 
 � 
 
 � � � � �
 
 � 
 � � 
 � 
 
 
 
 � � �
 
 � 
 � � 
 � 
 
 
 � � � �
 
 � 
 � � 
 � 
 
 � 
 � � �
 � � 
 � � 
 � 
 
 
 
 � � ���

���� � � � �� � � �
 � � 
 � � 
 � 
 
 
 � � � � � � � � � �� � �

ã 7 ù	 DOAS C�� TE-NDIR-60i Yðÿþ�é'
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5.2 ¢¢¢���(((JJJééé'''

2011 c 10 � 8 F 13 : 00 � 10 � 14 F 17 : 00

ù	 DOAS C�� TE úi� NDIR-60i ©Û¤é
�¸�í¥�Yð?1
¢�é'ÿþ, ¼�
�
þ¢�êâ (�L 800 ^�íÿþÌ). ã 7 � 2011

c 10 � 10 F 17 : 00 � 10 � 11 F 16 : 00 �mã
Sü�©Û¤���²þÿþ�é'�¹. ã 7(a)

�æ8:?��í�é�ÝCz�¹, ã 7(b) �§
ÝDaì¢ÿ�§ÝCz�¹, ã 7(c) �ü�©Û
¤�¢�é'�¹. üö�N�YðCzª³Ä�
��. ã¥w«, 2011 c 10 � 10 F 18 : 00 � 10

� 11 F 8 : 00, ��áì��, �í¥�§Ýeü,

�é�ÝO\, YðßÝ¥yO\ª³. 10 � 11

F 8 : 00, ��Ñ5��, �í¥�§Ýþ,, �é

�Ý~�, YðßÝ¥y~�ª³. ã 8 �ü�¤
ìÿþ���'Ýé'�¹, lã¥�±wÑü�
¤ì�ÿþ�'Ý R � 0.93347.

� � � � � � � � � � � � � � � � � �� � �� � �� � �� � �� � � � � 	 
 � � 
� � � � � � � � �	 � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � ������ ! " # $ % &
ã 8 ù	 DOAS C�� TE-NDIR-60i Yðÿþ�'Ý©Û

� � �� � �� � �� �� �� �� �� �� �� �� �� �
	 
 � �
 � � � 
 � � 
 � � � � � 
 

 � � � 
 � � 
 � � � � � 
 

 � � � 
 � � 
 � � � � � 
 

 � � � 
 � � 
 � � 
 � � 
 

 � � � 
 � � 
 � � 
 � � 
 

 � � � 
 � � 
 � � � � � 
 
� � �� � �� � �

��
����

ã 9 ù	 DOAS C�ÿþ��O��¢�é'

d	, ·��òù	 DOAS C�ÿþ��í�
]�w«�YðßÝ?1
é'. í���Ñ�þ
��é�Ý�, �Bu�ÿþ�?1'�, Iò�
é�Ý=��ýé�Ý. �½§Ý T e, �é�Ý
� RH ��ýéYð¹þ xH �±L«�

xH =
PH2O(T )

Patm
RH, (8)

Ù¥, PH2O(T ) L«§Ý� T ��Yð Ø, Patm

L«§Ý� T ���¸�íØ, üö�'X�Ï
L Clausius-Clapeyron �§L« [23]:

PH2O(T ) = Patme−L/RT , (9)

Ù ¥, L L « § Ý � T � � ð z 9 X ê, �
Ï L � L � � [24], R � Ê · í N ~ þ, � �
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� 8.31×10−3 kJ/mol·K−1.

ã 9 � 2011 c 10 � 8 F 13 : 00 � 10 � 9

F 12 : 00 �mãSù	 DOAS C���²þÿþ
��ÄuUíëê�Ñ�O���m�é'�¹,

Uíëê5gu¥Ií�Û�Ñ�S �Ü�½
��UUíý�]�, �)�é�ÝÚ§Ý, íØ
þ� 1 �IO�íØ. ã 9(a) �Uíý��Ñ�
�í�é�ÝCz�¹, ã 9(b) �§ÝCz�¹,

ã 9(c) �ÿþ��O���¢�é'�¹. lã¥
uyüö�ÿþ(J�3�É. ã 10 �ÿþ��
O����'Ýé'�¹, lã¥�±wÑüö�
�'Ý R =� 0.51272.

� � � � � � � � � � � � � � � � � � � �� � �� � �� � �� � �� � �� � � 	 
 � � 
 � �� � � � � � � � �� � � � � � � � � � � � � � � � �
 � � � � � � � � � � � � � � ��� !"# $ %
ã 10 ù	 DOAS C�ÿþ��O����'Ý©Û

�±ù�)ºüö��É: 1) ¢�¤^ DOAS

C��g�, É¢�^�!��ó²!êâæ8E
â�Ï����, ¢����Ø
�õ; 2) Uíý
���Ñ�§ÝÚ�é�Ý´��Ü�½«��
²þCz�¹, ÏdO��Ny�´�N�²þ
YðCz, 
ÿþ�=�L�íæ8:?�YðC
z, üö�½k�O; 3) ¤kÿþ¢�þ3Ü�½
�Æ��¤, T?n¡�Y, §Ý!ºåÚº�é
�¡�K�¬��K��æ8:YðßÝ�Cz,

��ÿþ:YðßÝ�O���3�½�É; 4) ù
	Åã�b	��ÅãØÓ, TÅãéN´É�Z
6, ?Û9ÔNÑË��½�ù	1, Z6ÿþ, ù
�´E¤ÿþØ���Ï��; 5) du�í¥C
/¡íØCzØ�, 3¢�O�Yðk�áÂ�¡
�, �{zO�, ·�Ñb½íØ� 1 �IO�í
Ø, ù��UE¤�½Ø�. ,
, DOAS Eâá
up°ÝíNÿþEâ, ¤ìj"�5�Ø���
�u�¸Ï��5�Ø�, ã 7 Úã 8 ¥� TE ú
i NDIR-60i Yðÿþ��é'Ò�±éÐ/y²
ù�:. ØLÏLêâé'��±�Ñ, �¸�í
¥�YðduÉ§Ý!ºå!º��Ï��K�,

«��É5��.

6 ( Ø

ó�3b	��Åã�DÚ DOAS Eâé3
dÅãäk�ráÂ� SO2, NO2, HONO, �XÔ,

O3 �èþíNäk�pÿþ°Ý, 
é3dÅã
vkáÂ½=kfáÂ� CO2, H2O, CH4, CO �
íNKÃU�å. �
�ÖT�", �©}Á¦^
ù	 DOAS �{�ü�¸�í¥�Yð, &¢ù
	 DOAS íN�ü�{�'�:ÚJ:, �æ^ù
	 DOAS �{�üÙ¦íN�e
Ä:. �Ä§
ÝÚíØ�K�, æ^ Voigt �.é H2O 3 1.50—

1.53 µm Åã�áÂ�?1
Ð°, ¼�
p©E
Ç�YðIOáÂ�¡, ¿�8�z�1Ì¤¤ì
¼ê?1pdòÈ��
YðßÝ�ü¤I�k
�áÂ�¡. ò�ü(J� TE úi)�� NDIR-

60i ÿþ(J?1
¢�é', ¼�
�Ð���
5, üöäk�p�ÿþ�'Xê (0.93347). ¢�
L²æ^ù	 DOAS �{p°Ý�ü�¸�í¥
�Yð´�1�.

[1] Shindell D T, Faluvegi G, Koch D M, Schmidt G A, Unger N,
Bauer S E 2009 Science 326 716

[2] Gary K 2002 Spectrochimica Acta Part A 58 2373
[3] Ehret G, Kiemle C, Renger W, Simmet G 1993 Appl. Opt. 32 24
[4] Syed I, Edward V B 1989 Appl. Opt. 28 3603
[5] Heusinkveld B G, Adrie F G J, Albert A M H 2008 Agricultural

and Forest Meteorology 148 1563
[6] Arroyo M P, Hanson R K 1993 Appl. Opt. 32 6104
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Abstract

In this paper, we present a method of measuring atmospheric water vapor concentration by using infrared differential optical

absorption spectroscopy (DOAS). The experimental setup is converted from a self-made non-dispersive infrared multi-gas analyzer.

In the process of DOAS retrieval, the reference absorption cross section is calculated by applying the Voigt broadening method to the

absorption lines from HITRAN database. The influences of temperature, pressure and instrument function are also taken into account in

the calculation. A validation study of the water vapor measurement is performed by comparing the results measured by a non-dispersive

infrared analyzer. The results show good agreement with each other (correlation coefficient = 0.93347). It indicates that the infrared

DOAS technique has the potential applications to other gases measurements which have no or weak absorption within the UV region,

e.g. CO2, CH4, CO, N2O, etc.

Keywords: environmental pollution measurements, infrared technology, infrared DOAS, water vapor measure-
ment
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