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1) ( ¥Ií�Û=²ZÂí�ïÄ¤/[��ZÂíÿCz�~/­:¢�¿/¥Ií�ÛZÂíÿCz�~/­:m�¢�¿, =

² 730020 )

2) ( H®&Eó§�ÆA^í�Æ�, H® 210044 )

( 2011 c 9 � 24 FÂ�; 2011 c 12 � 28 FÂ�?Uv )

/LUþØ²ï¯K��´º¡L§ïÄ���­��ÆJK. �©|^�èp�º¡L§Á� (LOPEX) ]
�, 3òR�a9²6�Ú\/LUþ²ï�§�Ä:þ, ��
�í9;�Ú1Ü�^;����, ¿©O^Y
©Åð'XÚü�è1§Ý�{O�
f�è1Y©R�Ïþ, �	
�í9;�!1Ü�^;�ÚY©R�$
Ä9þÑxé/LUþ²ï�K�. (JL²: �èp�«g,��e=¡��í9;�!1Ü�^;�Úè1Y
©R�$Ä9þÑx²þFCz¸�©O�� 1.5, 2.0 Ú 7.9 W·m−2; 3Uþ²ï�§¥Ú\ùn��, /LUþ4
ÜÝd 88.1%Jp� 89.6%. �í9;�!1Ü�^;�ÚY©R�$Ä9þÑxéuUõ�èp�/LUþØ²
ïG¹k�½�^, ïÄ«���ZÂíÿ�µÚ��G¹´���9;�þ�Ù¦Á�«�3�É����Ï.

'�c: �èp�, /LUþ²ï, �í9;�, 1Ü�^

PACS: 92.60.Kc, 92.70.Bc

1 Ú ó

Ô�ÚUþÅð´<�3&¢g,.L§¥
���Ä�@£��. �´, 3 20 ­V 80 c�",
�ï<
uyºíUþ��L§¥, Õá*ÿ��
Uþ©þ%�ØU��²ï, =/LUþØ²ï.
�5, IS	º¡*ÿÁ�3�«ØÓ�e=¡e
�)â'!É³!ú/Ú�/þuy
UþØ4
Üy� [1,2], Uþ4ÜÝ���±3 70%—90%�
m. ºíUþÂ|oNþ�¥yÑ�½�5Æ: é
ue=¡
ó, ZÂ²"��'Uþ4Ü�Ð, 

(�E,�e=¡�4Ü§Ý  ÑØn�; lØ
Ó�m5`, �þ�Uþ²ïé�, ¥Ìc���
CUþ4Ü. �´n��Uþ²ïG¹´éõ�í
�ªÚY©�.�Ä:, ���UþØ²ïé�ª

ÑÑ(JkØ�$��K�. �X�Æ.éº¡Ô
nL§�Øä'5 [3−5], IS	�º¡L§Á�
Ñr&ÄUþØ²ï�Å���Ì�ïÄSN�
� [6,7], EBEX-2000 �8$���r�	UþØ²
ï��Ï���8�8I [8].

Ð©éUþØ²ï�Å��&¢, Ïþ¤ì�
°Ý´Ä�'5é�, �XEâ�uÐÚ�\�
Æ�]��þ��, �Æ[Åìò81=�Ù¦�
ÔnÅnþ�. UþÂ|�©þ�*ÿØ3Ó�
�Ôn¡þ, dd7L�Ä�«9;�. �Uþ©
þ*ÿ¤?Ôn²¡��É�Ly3�©þ�v
, (Footprint) ½
«¡ÈkX 1—2 �êþ?��
É [9], �Ïþ�L5Ø��E¤éUþ²ï�K
����É�­À, x'� [10] ò�a�ü�/L
§ÝIO���/L9åþ!§Ý�IO, uy9
åþ!����¹���Ø²ï��éA. ,	,
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k
�Æ[�â�µ�[�(J, íÿµÄ�'X
ÚØU>9��µ(��U´ë6Ïþ $��
Ï [11], Foken � [9] $�@�Øþ!//Úå�$
ªµ½k|��ë6(�´UþØ²ï��Ì�
�Ï.�d, Mauder � [12] 3\<���u��¡
àXe�
 25 �±í§�Ì�Õ:, Áã±�R
��ÝÚ§Ýk'�R�9²6���	�Ïþ
5¼� “�m²þ” �Ïþ. ��aq, Lee[13] Äu
ü:µÄ�'XÚ, µï
C/�R��Ýð� 0
�b½, �Ñ
?�ë69Ïþ�R�a9²6�,
¿@�Û/¥ºÝ�6´E¤� 0 R��Ý��
Ï��, �ÛÃ�l�í�59åÆ��Ý [14], �
��
y². |^c<�?ØÚïÄ(J, òUþ
Ø²ï�K�Å�o(Xe: 1) æ�Ø�Ú¤ì 
�; 2)µÄ�'{�"�: $ªÚpªë6Ïþ�
�; 3) ��!�íÚè1UþáÂ���Ñ; 4) ²
6�K�.

�èp�/«´·IZÂ�ZÂ/«�­�
|¤Ü©, Yè6�x)
±�aù¸��L�;
./m, e=¡åÏÚØþ!�²w. |^�èp
�/«º¡L§]�, Zhang � [15] �	
R��
Ý�UþØ4Ü§Ý�'X, uy�öäkéÐ�
��5, L²R�9²6��Ñ´E¤�èp�U
þØ²ï�­�Ï�. �Ä
R�a9²6�, U
þ4Ü§Ýk
���Jp, �E�3Ø��Ñ�
Ø²ï��. ùL²Ø
¤ì°Ý, �k7�l�
[����Ñ�ÔnL§þÏ��	�UþÂ|.
Wilson � [2] o(
c<�¤J, @���1Ü�
^�;U��Ó��|^Uþ� 1%—2%, 
 Gao
� [16] O�
Üõ@­è1R�Y©$Ä, ù«$
Ä���9þ²þ�� 13 W·m−2. é�èp�5
`, 1Ü�^���;UéUþ²ï��z��3
��, Ó��éè1Y©R�$Ä?�Ú?�è1
/L9Ïþ�ék7�. �©�3|^I[g,�
ÆÄ7­:�8 “�èp�º¡L§*ÿ�Á�ï
Ä (LOPEX)”  u[�w¥�º¡L§*ÿ]�,
3�ÄR�a9²6�Ä:þ, ©Û�èp�g,
��e=¡�í9;�Ú1Ü�^�;, ¿éR�
Y©$ÄÑx�9þ?1�O, ±Ï
)§�éu
�èp�«UþØ²ï��z.

2 Õ:]�0�

=²�Æ�ZÂíÿ��¸*ÿÕ (Semi-Arid

Climate and Environment Observatory of Lanzhou
University, SACOL),  u = ² � Æ w ¥ � « °
o 1961 m �Ô=ìºþ (35.946 ◦N, 104.137 ◦E).
SACOL ?u·IgGºK�«>�ÚZÂ�Z
ÂíÿLÞ�, e=¡áu;.��èp�/m,
´ “�èp�º¡L§Á�ïÄ (LOPEX)” �8�
�L5*ÿ:��, é�èp��ZÂ«�íÿA
�kéÐ��L5 [17].

SACOL Õ�9��º¡*ÿ�8k: áÅÚ
�ÅË�©þ; è1§Ý!�ÝÚè19Ïþ; C
/�º§óÄ, YðÚ CO2 óÄ*ÿ; ©��í
§Ú�Ý, º�, º�, íØ±9üY. Ë�©þk
oË�!��Ë�!�í�e�ÅË�Ú/L�
þ�ÅË�; è1§Ý*ÿ� 6 �, ©O3/L
e 2 cm, 5 cm, 10 cm, 20 cm, 50 cm Ú 80 cm; è1�
Ý (NÈ¹Yþ) *ÿ� 5 �, ©O3/Le 5 cm,
10 cm, 20 cm, 40 cm Ú 80 cm; è196�©O�
�3 5 cm Ú 10 cm ü��Ý; �(º§¤aAÞ
3 3 m p?; ©�í§, �ÝÚº��*ÿpÝ©
O´ 1, 2, 4, 8, 12, 16 Ú 32 m, º�*ÿ3 8m. ù

*ÿ¤ì3ISþ'�Ï^, °Ý�é'�p,
ÙÌ�Eâ�I®k©z [18] �L�[`². ¿�,
é¤k]�þ�L'�î���þ�� [19,20], ¦
�U�Ø*ÿØ�. ¢S©Û�´ 2010 c 6 � 8
F —27 F (152—171Day of Year, 2010) �º¡L§
]�, Ù¥, 6 � 8, 12, 19 Ú 26 FküY, 
 6 � 8
FüY��, �� 4.9 mm, Ù¦�mUí�¹�Ð.
©¥¤^�m´�®�m.

�©¤^�/L§Ý Tz=0 ´|^ Stenfen-
Boltzmann ½Æd/L�ÅÚ�í�ÅË����
�

Tz=0 =
(

Rlu − (1 − ξ)Rld

ξσ

)1/4

,

Ù¥ ξ ´/L'Ë�Ç, �� 0.96; σ ´ Stenfen-
Boltzmann ~ê,� 5.67×10−8 W·m−2·K−4, Rlu ´
�þ�ÅË�, Rld ´�e�ÅË�.

3 /LUþ²ï¯K

3.1 UUUþþþ²²²ïïï���§§§���???���

é u n � e = ¡, / L U þ ² ï � § � ±
L«�

Rn − G0 = H0 + LE0, (1)
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Ù¥ Rn ´/LÀË�, G0 ´/Lè19Ïþ, H0

´/La9Ïþ, LE0 ´/Ld9Ïþ.
±/L�e>.,µÄ�'XÚ¤?pÝ�þ

>.��m V�ïÄé�, Ïþ/ª�YðÚ9þ
Åð�§ [21] ´

∂q̄

∂t
+ ūi

∂q̄

∂xi
=νq

∂2q̄

∂x2
i

+ Eq −
∂u′

iq
′

∂xi
,

∂θ̄

∂t
+ ūi

∂θ̄

∂xi
=νθ

∂2θ̄

∂x2
i

− 1
ρ̄Cp

∂Q∗
i

∂xi

− Hθ −
∂u′

iθ
′

∂xi
. (2)

b�Y²þ!, ¿�Ñ²þ©f*Ñ�ÚË��Ë
Ñ�, (2) ª�{z�

∂q̄

∂t
+ w̄

∂q̄

∂z
=Eq −

∂w′q′

∂z
,

∂θ̄

∂t
+ w̄

∂θ̄

∂z
= − Hθ −

∂w′θ′

∂z
. (3)

XJµÄ�'�pÝ´ h, (3) ª�mü>d 0 � h

È©, þª¦± ρL, eª¦± ρCp, ��

ρLw′q′|0 =ρL

(
w′q′|h +

∫ h

0

∂q̄

∂t
dz

+
∫ h

0

w̄
∂q̄

∂z
dz −

∫ h

0

Eqdz

)
,

ρCpw′θ′|0 =ρCp

(
w′θ′|h +

∫ h

0

∂θ̄

∂t
dz

+
∫ h

0

w̄
∂θ̄

∂z
dz +

∫ h

0

Hθ dz

)
. (4)

(4) ªþeüª��Òm>1o�þ´�Yð
�Ck'�9þ, ¿� Eq = Hθ. XJ3/¡�µ
Ä�'XÚ&ÞpÝ?vk��, @oUþ²ï
�§´

Rn − G0 =(ρCpw′θ′|h + ρLw′q′|h)

+
(

ρCp

∫ h

0

∂θ̄

∂t
dz + ρL

∫ h

0

∂q̄

∂t
dz

)
+

(
ρCp

∫ h

0

w̄
∂θ̄

∂z
dz

+ ρL

∫ h

0

w̄
∂q̄

∂z
dz

)
. (5)

ý¢�¹e, NÈ�m V S  ��¹k��
ÚYð�C)¤�v(Y, �Ä���9;� Sv,
1Ü�^ Sp ±9v(Y�9;�, Uþ²ï�§
��ª/ª¤�

Rn − G0 =(ρCpw′θ′|h + ρLw′q′|h
)

+
(

ρCp

∫ h

0

∂θ̄

∂t
dz + ρL

∫ h

0

∂q̄

∂t
dz

)
+

(
ρCp

∫ h

0

w̄
∂θ̄

∂z
dz + ρL

∫ h

0

w̄
∂q̄

∂z
dz

)
+ Sv + Sp + Sd. (6)

�{z�

Rn − G0 =H + LE + Hadv + LEadv + Sa + Sv

+ Sp + Sd. (7)

u´, �âYðÅðÚ9þÅð�§±9�X
�b�, í�Ñ�¹k¢S*ÿ�ë69Ïþ±
	��)R�²6� (Hadv, LEadv)!��Ú�í
9;�� (Sv, Sa)!1Ü�^� (Sp)!³Y9;�
� (Sd) ���Uþ²ï�§.

3.2 UUUþþþØØØ²²²ïïï���LLL«««���{{{

¢S�Uþ²ï*ÿo´�3��Ø²ï�
�. ù�Ø²ï��U
^5L�/LUþØ²ï
§Ý, �±��

Res = (Rn − G0) − (H + LE + S), (8)

þª¥ Res�����Ø²ï��, (Rn−G0)�/
L�|^Uþ, (H +LE) ´¢S*ÿ��a9�d
9ë6ÏþÚ, S ´�	�UþÏþ. ,	,�
L
�zU��ºÝUþØ²ï�²þG¹, �A�Ñ

Ø²ï��ýé��F²þ�, �^
1
48

48∑
i=1

|Res|

5O�, Ù¥ i L«�mS�.
�Ï�/LUþØ²ï�©Û��æ^ (G0 +

H + λE + S) � Rn �Ñ:ã, [Ü����Ç�
L�Ï²þ�Uþ4ÜÝ.

4 �í9;�Ú1Ü�^éUþ²ï
�K�

�
Bu�©©Û�I�, 3Á�Ïm (2010
c 6 � 8 F —6 � 27 F) �
º¡L§A���
w«3ã 1 ¥.

éu/LUþ²ï�§, (7) ª¥, �í9;
� Sa, ��9;� Sv Ú1Ü�^;� Sp ´/L
�µÄ�'XÚ�m�Ì�9;��. �í9;�
´dí§CzÚ�í�ÝCzÚå�. du·��
Á�vk'ue=¡��CXÚ§Ý��¡�*
ÿ, ÏdØU��O�§ÝCzE¤���9;�,
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�´�èp��ZÂ«ú/DÕ, �±íäù«9
;�¬'��. ­��O�úªXe.

í§CzÚå�9;���L«�

Sta = ρCp

∫ h

0

∂Ta

∂t
dz, (9)

Ù¥, Ta (K) ´í§, Cp(J·m−3·K−1) ´��í�N
È9Nþ, h ´µÄ�'XÚ�SCpÝ.

�í�ÝCz9;���L«�

Sq = ρL

∫ h

0

∂q

∂t
dz, (10)

Ù¥, L(J·kg−1) ´Y�ðzd9, q(kg·m−3) ´�í
'�. (9), (10) ª��©�ª´

Sta =
ρCp(1 + 0.84q̄)

∆t
∆T̄ah, (11)

Sq =
ρL

∆t
∆q̄h. (12)

²þí§Ú�Ý T̄a Ú q̄ ^ 2 m ?�í§Ú�
Ý�O.

��z%´1Ü�^��Ô, �´)�XÚÔ
�Ì��­�Ô�, ÙR�Ïþ$��@�´íÿ
Cz�&Ò, 
ú�´û½�í¥��z%¹þ�
­�)�XÚ. Bi � [22] 3H�ú��º¡L§Á
�L²H�gGú�� CO2 R�ÏþFCz�$
�C −0.75 mg·m−2·s−1, ¿�~c?uK�; 
�
ZÂ«�ú���==�L −0.2 mg·m−2·s−1. w
«Ñú��� CO2 �®, 3�d/«Ú�ZÂ/«
äk²w��É5. 3�díÿ«�Ó¡È�ú�
ÏL1Ü�^«ú�õ�%áÂ?Ö, �´3Ü�
/«ú�¡È2,, éu)�XÚ¡EÚYè�±
�­�5�ØN�À. CO2 ÏþéíÿCzÚ)�
XÚ�CzäkûÐ��«�^, �U
�N�1
Ü�^�'�/íUþ��L§.

ã 1 SACOL Õ 2010 c 6 � 8 F —6 � 27 FüY!í§!�í�Ý!è1NÈ¹Yþ (5 cm)!è1§Ý (0 cm Ú 10 cm)
Ú CO2 Ïþ��mCz
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�â®kÁ� [23], 1 mg·m−2·s−1 ��z%�
)�Óz�ÇÒ�u 11.2 W·m−2 UþÏþ, CO2

ÏþÚ1Ü�^�Ç�ù�éA'X�^5O�
1Ü�^9;��.

ã 2 �Ñ
�èp�g,��e=¡�í9
;�Ú1Ü�^;��²þFCzA�. �èp�
g,��e=¡��í9;��æpìú@þ?
��, ¸�?u 1.5 W·m−2, ²þ�±3 1 W·m−2,
1Ü�^9;�3þÌ 8—11 :���U���
�,� 2.0 W·m−2, 3eÌ 14 :Ñy,����¸
�, ²þ� 1.2 W·m−2. 
3{I¥Ü�àX [24] ¥,
��Ú�Î�1Ü�^9;�F²þ�±©O�
� 20 Ú 10 W·m−2; Wang � [25] éæpìú@�
1Ü�^�Ç?1
ïÄ, ùp�ú@3 20 Up
mú�þ�±�� 3 kg·m−2, 1Ü�^�Ç���
� 10 W·m−2, pu�èp�ú/. 1Ü�^�Ç�
e=¡��a.ÚÕ�ké�'X. p�j���
Ô'$L��Ôk�r�1Ü�^�Ç, Ó���
�a.j�§Ý�p, 1Ü�^�Ç��. l��
þ5`, 1Ü�^�Ç�´éíÿ��«�N. 3
�mºÝþ, ��1Ü�^¬��X)�XÚ�,
O
Cz; �mºÝþ, �d/«u��)�XÚ
7,k���1Ü�^�Ç, 
ZÂ/«���1
Ü�^�é�f. ØJ��,Ü�{9�'e=¡
��1Ü�^f��±�Ñ, ±�Ø¬K�/LU
þÂ|, IS	����'/«p�Uþ4ÜÝ�
�yf�)�XÚØÃéX.

ã 2 �èp�g,��e=¡�í9;�Ú1Ü�^;
��²þFCz

Xã 3, �Ä1Ü�^Ú�í9;���, x
U�Ø²ï��²þ~� 1.5 W m−2,�þ²þ~
� 0.32 W m−2. Ø²ï��ýé��F²þ�k¤
ü$, ü$����´ 1.04 W m−2, ���´ 0.24
W m−2, ²þ~�
 0.69 W m−2. ùü��,þ?
'��, �éUþ4Ü�,åÈ4�r?�^.

ã 3 �Ä1Ü�^Ú�í9;�c��UþØ²ï��
²þFCz (a) Úýé��ÅF²þ (b)

5 è 1 Y © R � $ Ä é U þ ² ï
�K�

ÀË�±è19Ïþ�/ª�è1DÑ9þ,
Ïdè19Ïþ´/LUþÂ|�­�|¤Ü©.
@Ï, <�éè19Ïþ�'5, 
uuy<óî
��è19Ïþ��þ�/L�è19;���
Ñ¬E¤���*�UþØ²ï. �
?���/
Lè19Ïþ, �Æ[JÑ
éõ�{, ~XÄu
è196�*ÿ�§ÝÈ©{, �âd�{, /L
è19Ïþ�L«�

G0 = G1 + Cg∆z
∂T

∂t

= G1 + C2, (13)

Ù¥ G1 ´è196���*ÿ�96þ, Cg ´è
1NÈ9N, T ´þÝ�∆z è��²þ§Ý. O�
è19Ïþ��{�k�Å©ÛÚ§Ýý���
{ (TDEC {) �, þ´Äu9þ3è1¥©fD�
�Ôn�ª. =÷v²;�è19D��§

∂T

∂t
= κ

∂2T

∂z2
. (14)
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¢S�è1�)è1âf±9�Y¥��í
ÚY©�. du���Ñ!è1�u!Y©­å±
9è1âféY©�áN�^, è1¥�Y©�3
þe[£, qÏ�ØÓ�Ýè1§Ý��É, Y©
R�$Ä¬��9þ. Ïdè1¥9þØ=¬ÏL
©fD�, Y©�[£±9§ÝCz�¬E¤9þ
�­#©�. Gao � [16] �Ä
è1Y©R�$Ä
éè19å��^, V\
���R�Y©$ÄÚ
è§R�FÝk'��, U?
²;�9D��§,
Xe:

∂T

∂t
= k

∂2T

∂z2
+ W

∂T

∂z
. (15)

# � è 1 9 D � � § � ¹ © f 9 D � Ú è
1 Y © $ Ä 9 Ñ x ü Ü ©Ôn L §. Ù ¥,
W (m3·s−1·m−2) ´è1Y©R�$ÄÏþ. ò (15)
ª) �\ (13) ª,·����¹kY©R�$Ä9
þÑx�/Lè19Ïþ

G0 = G1 + Cgk
∂T

∂t
+ CwW∆T

= G1 + G3 + G4, (16)

Ù¥, G4 ´�Y©R�$Äk'�9þÑx�, G3

3Ôn��þ� C2 ��, (16) ª¥ G3 �^ G2 O
� [16]. éuY©R�Ïþ W �O�, Gao � [16] í
�Ñ^ü�è1§Ý&EO� W �úª

W =
ω(z2 − z1)
Φ2 − Φ1

×
[

2 ln2(A2/A1)
(Φ2 − Φ1)2 + ln2(A2/A1)

− 1
]
, (17)

Ù¥, z1 Ú z2 ´ü�è1�Ý, z1 < z2; A Ú Φ ´
òè1§ÝCzw��uÅÄ���ÌÚ� . ^
d�{O��Üõ@­f�è1�Y©R�$Ä
Ïþ [16,26], ²þ´ 1.2 × 10−5 m3·s−1·m−2. �©
^ 0 cm Ú 10 cm è1§ÝO�
�èp�f�è
1�Y©R�$ÄÏþ, Xã 4. du 6 � 8 F�3
��üY,�
;�è1�Ýì�Czéè1§Ý
FCzÅÄ�Z6, Ø2O� 6 � 8 F�Y©R�
$ÄÏþ.

éõ�ª (CLM, Cable �) ò�Ü½n��O
�è1Y©R�Ïþ����{ [27], 2(Üè1
Y©Åð�§, ?
�[è1�Ý. ¢Sþ, Äu¢
ÿè1�ÝÚY©Åð�§,·��±{ü�O,
��Ý�è1Y©R�Ïþ. Y©Åð�§���
/ª´

∂θ

∂t
=

∂G

∂z
, (18)

�©�ª�
θt+∆t − θt

∆t
=

Gt
z − Gt

0

∆z
. (19)

�©¥, θt Ú θt+∆t ©O´ t Ú t + ∆t �� 5 cm
è1�Ý, Gt

z Ú Gt
0 ©O´�Ý z Ú/L�Y©

R�Ïþ, �þ����, Gt
0 Ó��´/L�Ñ.

eò 7.5 cm ?�Y©R�ÏþoÑ��� 0—
10 cm è��Y©R�Ïþ²þ�, 5 cm è1�Ý
�� 0—7.5 cm ù��è1��Ýþ�, @o (19)
ª¥� z Ú ∆z Ò� 7.5 cm. ÄuY©Åð'X
ª (19), ���F²þ�è1Y©R�Ïþ, Xã 4.

ã 4 ü«�{O��è1Y©R�Ïþ

Y©Åð*:@�Y©$Ä´ëY�, =Y
©�þÅð; ,�«|^è1§Ý��{K´
dY©$ÄK�è1§Ý©Ù�5Æ, �í��
è1Y©R�Ïþ. Y©Åð�{O��²þ
�´ 1.12 × 10−6 m3·s−1·m−2, 1�«�{²þ�
´ 8.18 × 10−7 m3·s−1·m−2, oNþY©Åð�{
�O����. ã 4 �w«Ñùü«�{(J�
�É3���è1�ÝG¹eLy��, 3 164—
171Day of Year �, du/LY©Øä�u, è1¹
Yþ���é�$�§Ý, ü«�{�(Jªu�
�. ü«�{(J�É��Ï�U�): du�½
üY�K�, è1§Ý¿Ø¤�{�Å/, §Ý�
ÌÚ� �Ø°(�U¬�Y©R�Ïþ�O�
�5K�; /L�Y©R�ÏþnØþAT�´
è1��uþ, Ø�¹����Ñ, 
¢SO�¥
K¦^
��e=¡��Ñþ, ù�´Y©Åð
'XªO��Ñ�u|^ü�§Ý�{��Ï;,
	, 7.5 cm �Ý�Y©R�Ïþ�´ 0—10 cm è
�²þ���V�O, θt �¿ØUéÐ��L 0—
7.5 cm è��²þ�Ý.

òY©Åð'XÚ|^ü�è1§Ý�{O
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�(J�²þ��� G4 ¥ W ��. ã 5 w«Ñ

è1Y©R�$Ä��9þ�²þFCzÚ
���²þ�Czª³. ²þFCz3 14 :�
m�����, �C 8.0 W·m−2. �þ�9þÑx
3 −2.0 W·m−2 NC, xUA�Ñ3 0 W·m−2 ±þ.
3Á����AU, É�Y©R�$Ä�³��^,
���'�9þÑx�é�. ��í9;�Ú1Ü
�^;��', Y©R�$ÄÑx�9þ²w��.

ã 5 Y©R�$Ä9þÑx�²þFCzÚ���²þ
Cz

Xã 6, �Ä
1Ü�^Ú�í9;��, Ó
���Ä
R�Y©$Ä���9þ�, xU
�Ø²ï��²þ~� 3.7 W·m−2, �þ²þ~
� 1.5 W·m−2. Ø ² ï � � ý é � � F ² þ �
k¤ü$, ü$����´ 4.6 W·m−2, ���
´ 0.3 W·m−2, ²þ~�
 2.1 W·m−2.

±þ©ÛL², Ú\�í9;�Ú1Ü�^;
�±9Y©R�$ÄÑx�9þ�, /LUþ²ï
G¹þk¤Uõ. ÏL'�U?c!Ú\�íÚ1
Ü�^Uþ;�Ú2Ú\Y©R�$Ä9þÑx
��Uþ²ïG¹, 5u�'5��Uþ�éUþ
²ï�U?�J. ��¦^/LUþ4ÜÝ

Ic = E/Rn, (20)

±§��ïþUþ²ï§Ý��I, E ´ÀË�
=z���«Uþ�, �)ë69Ïþ!è19Ï
þ�, Rn ´ÀË�. 3�«Uþ��Ú E �ÀË
� Rn �Uþ²ïÑ:ã¥, [Ü����ÇÒ´
/LUþ4ÜÝ. /LUþ4ÜÝ Ic ?u 0—1 �
m, Uþ²ïG¹�Ð, ��C 1.

ã 6 �ÄR�Y©$Äc��UþØ²ï��²þFC
z (a) Úýé��F²þCz (b)

3U?c�/LUþ²ï�§¥, E �L«�

E = (G1 + G2) + H + LE + Hadv, (21)

Ù¥ (G1 +G2) ´|^è1§ÝÈ©{O��/L
è19Ïþ, (H + LE) ´*ÿ�ë69Ïþ�Ú,
Hadv ´Ú\� (6) ª¥�R�a9²6. Ú\�í
Ú1Ü�^9;���, E �C¤

E =(G1 + G2) + H + LE + Hadv + Sa

+ Sp, (22)

þª¥, Sa Ú Sp ©O´�í9;�Ú��1Ü
�^;�. 2Ú?è1Y©$Ä9þÑx�, E

�U�

E =(G1 + G2 + G4) + H + LE + Hadv
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+ Sa + Sp, (23)

Ù¥, G4 ´�è1Y©R�$Ä�'�9þÑx
�, (21) ª?��/L9Ïþ�¹k9D�ÚY©
9é6ü«ÔnL§.

ã 7 �Ñ
n«�¹e�Uþ²ïÑ:ã,
L 1 �Ñ
n«�¹ek'/LUþ²ïA��
ÚOëê. �í9;�Ú1Ü�^;�Ú\c!Ú
\�±92Ú\è1Y©R�$Ä9þÑx��
Uþ4ÜÝ©O´ 88.1%, 88.4%Ú 89.6%. �Ò´
`�í9;�Ú1Ü�^;�oNÓ�
ÀË�
� 0.3%, f�è1Y©R�$ÄÑx�9þÓÀ
Ë�� 1.2%. xU�í!1Ü�^;�±9è1
Y©9Ñx�oÚ�²þ�pu 5 W·m−2. oN
þ, þã�9;��éUþ²ï��z�®k�ï
Ä¥Ù¦� (~Xf�è19;�) �'¿ØAO

âÑ, �Jp�õ�áÏUþ4ÜÝ, �´éíÿ
�K�%�U�3. íÿïÄÊH@�, �¥/L
§ÝéÙr½ (Ë�r½) �~¯a [28,29], Ùíÿ
¯aëê�� 0.5 K/(W·m−2), ê W·m−2 ��Ë�
��Ï6Ä¬UCc�S��mºÝ��¥C/
�§Ý [30]. ìdíä, XJ�Ñþãn�;��
ê W·m−2 �UþÂ|, �³7¬éíÿ�ª��
Ïíÿ�[(J�)Ø�ý���^, ¦<aéí
ÿCzª³�\Ø´Ý� [31,32]. �Û¹, �èp�
üYD��ZÂíÿ�µÚDÕ�g,����

�íÚ1Ü�^;�±9è1Y©R�$Ä, 

Ù¦�d/«�A�Uþ;�þ?¬��, éíÿ
Úíÿ�ª�K��\ØN�À. =B3�èp�
«, þã9;��éxU�
�ã�UþØ²ï�
kX����z, é§��ïÄ�kÏu�¡
)
E¤UþØ²ï��ÔnÏ��ØÓ/ .

ã 7 �í9;�Ú1Ü�^;�Ú\c (a)!Ú\� (b) ±92Ú\è1Y©$Ä9þÑx (c) �Uþ²ï'�
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L 1 n«�¹ek'/LUþ²ïA��ÚOëê

IO� í� ²þF����üÌ xU��²þüÌ ��ýé�F²þ 4ÜÝ

/(W/m2) /(W/m2) /(W/m2) /(W/m2) ��üÌ /(W/m2) /%

Ð© 45.1 15.5 — — — 88.1

Ú\�íÚ1Ü�^9;� 44.3 14.9 3.7 1.5 1.0 88.4

Ú\è1Y©$Ä9þÑx 42.2 13.4 7.9 3.7 4.6 89.6

ã 8 ØÓ��e=¡�ØÓ9;��éUþ²ï��z

�
é'
)ØÓ��e=¡�Uþ;�é
Uþ²ï��z�É, 3ã 8 �Ñ
ØÓ��e
=¡�ØÓ9;��éUþ²ï��z©Ù. oN
þéu�«e=¡, �íÚ��9;�éUþ²
ï��z'~3Ê«/þ9;�¥��, 1Ü�^
�ÑÙg, v(Y9;�ÚY©R�$Ä9þÑx
�~fØ
õ, �´�±wÑ3$°oú�e=¡
�³Y;���z3Ê«;��¥�� [23], ��
� 0.1%. ,
éu�èp�k¤ØÓ, è1Y©R
�Ïþ��z��, 1Ü�^;�g�, �í9;
���. '�Ó�9;��éUþ²ï��z3Ø
Óe=¡��¹, lã (8) �±wÑ, 1Ü�^;�
��z3$°oú� [23]!æpìú@ [25] Ú�è
p�ú/n«e=¡¥, �èp�«��, �,þ
�ú/)�XÚ, �´�èp�/?ZÂ/«, �
�DÕ, 1Ü�^�f; �í9;���z¥�è
p�/«�´��, Ùg´æpìú@; ��9;
��ØÓ���«a!CXÝÚ�Ý���', �
é$°oú�, æpìú@�j�, ú/�9N�
��
, �A�9;���r, �9��� [33] �
ú��', xUÓÀË�'~�L 2%, �þKp
� 43%, ���9;�éUþ²ï��z�éuÙ
¦����éõ. ÏL'��±uy, ØÓÁ�«
íÿ�µÚ���³�É´E¤�9;��8é

Uþ²ï�K��3ÉÓ�Ì��Ï.

6 (ØÚ?Ø

�©3òR�a9²6�Ú\/LUþ²ï
�§�Ä:þ, �Ä
�íÚ1Ü�^;�é�è
p�g,��e=¡Uþ²ï�K�, ¿'5
è
1Y©R�$ÄéUþ²ï��z.

1Ü�^�9;��Ç3þÌ 8—11 :��
�U����,� 2.0 W·m−2, 
 14 :Ñy,��
��¸�, oN²þ�´ 1.2 W·m−2. 1Ü�^Ú�
í9;��éUþ²ï��zÇ´ 0.4%. �èp
�g,���1Ü�^;���u Wilson � [2] o
(Ñ�1Ü�^;�Ó�ÀË�� 1%—2%�5
Æ, L²�èp�ú/e=¡ÊH'®k�º¡L
§Á����zÆ;�Uåf, ù3�Ù¦e=¡
�«9;�éUþ²ï�z�'�¥��±uy.
^è1Y©Åð'XO��f�è1Y©R�Ï
þ²þ�´ 1.12 × 10−6 m3·s−1·m−2, Äuü�§
ÝO��²þ�´ 8.18 × 10−7 m3·s−1·m−2. è1
¹Yþ�é�$�, ü«�{�(J'���. �
Ä
R�Y©$Ä���9þ�, xU�Ø²ï�
�²þ~� 3.7 W·m−2, è1Y©R�$ÄéUþ
²ï��zÇ´ 1.2%. ÏL�Ù¦Á�«�'�,
±w¥��L��èp��ZÂ«�ZÂíÿ�
µÚDÕ���´E¤�«9;���Ù¦/«
�3���É����Ï.

�,�©y²
�íÚ1Ü�^;�±9è
1Y©R�$ÄéUþ²ïäk�½��z, �E
k���Ø²ï�3, /Lk�UþEk��§Ý
�$�. Ø
�íÚ1Ü�^;�±9è1Y©R
�$Ä�	,º¡*ÿ¤ì°Ý!�Ïþ
«�L
5±9�mm�5ë6�Ñ¬ØÓ§Ý�K�/
LUþ4Ü, d	Øþ!e=¡G¹e, E,��
í$Ä [34−37] é*ÿÚÂ|�K��.XÛ�´
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8cº¡L§ïÄ�5Ã¯K. �©==´l�í
Ú1Ü�^;�±9è1Y©R�$Ä��Ý�
ãÙé�èp�g,��e=¡Uþ²ï�K�,
�éØÓe=¡UþØ²ï¯K, �ÔnÏ�éU
þØ²ï��z�­±9/ XÛÑI�?�Ú

�\ïÄ.

=²�Æ�ZÂíÿ��¸*ÿÕ (SACOL) Jø

º¡L§]�, [�í�Û&E¥%�º�JP�Jø

~5í�]�, 3d�¿L«a�.
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Abstract

The surface energy imbalance problem has become a challenge in the study of surface land process since it was found in the late

1980s. By using data provided by the program ”the Loess Plateau Land-surface Process Experiment (LOPEX)” and introducing the

vertical sensible heat flux into the surface energy balance equation, in the paper, we estimate the heat storage associated with change

of air temperature and humidity as well as the energy stored in plants due to the photosynthesis, determine the water vertical flux in

the shadow soil layer both by water conservation principle and two-level soil temperature, and investigate the influences of air and

plant photosynthesis energy storages and heat transferred by the soil water movement on the surface energy budget. It is found that the

diurnal variation peaks of averaged energy storages of air and plant photosynthesis reach 1.5 and 2.0 W·m−2 respectively. Additionally,

the diurnal variation peak of mean heat transferred by vertical water movement is close to 8.0 W·m−2. The closure of energy balance

is improved from 88.1% to 89.6% by adding the three additional energy terms to the energy balance equation. As a whole, the energy

storage related to air and the plant photosynthesis, and the heat transferred by the soil water movement both promote the surface energy

balance to some extent. Furthermore, the semi-arid climate and the vegetation condition of Loess Plateau essentially lead to significant

differences of energy storage be tween this area and other climatic districts.

Keywords: loess plateau; surface energy balance, air heat storage, plant photosynthesis

PACS: 92.60.Kc, 92.70.Bc

* Project supported by the Key Program of the National Natural Science Foundation of China (Grant No. 40830957), the Public Welfare Re-
search Project of China (Grant No. GYHY200806021), and the Research Program of Lanzhou Institute of Arid Meteorology, CMA (Grant No.
KYS2011BSKY02).

† E-mail: aridlhy@qq.com

159201-11


