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Derivation of wind fields in dust storm region
of clear-sky from FY-2E infrared window
imagery using the time difference technique
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Abstract: We compute the total increase of the brightness temperature ( T) from each of the five layers in an FY-2E IＲ1 w indow
imagery which corresponds to 50% and 30% increments in the aerosol extinction coefficient within a half hour p eriod． We used the
MODTＲAN radiative transfer model under the U． S． standard atmosphere，and analyzed the contributions to the total increment in
aerosol extinction coefficient in spring，and the level at which the layered increment in T caused by an increment in the aerosol ex-
tinction coefficient is absolutely maximal compared with the T values of other l evels． We describe a time difference technique based
on atmospheric radiative transfer theory，aim to extract the weak aerosol tracer from the FY-2E infrared ( IＲ) window channel with
a sensitivity of 0． 2 K for clear sky conditions． Both the simulation and case studies results show that we can obtain atmospheric mo-
tion vectors ( AMVs) in the arid and semi-arid dust outbreak region by tracking the movement of a weak aerosol tracer in the FY-2E
infrared ( IＲ) window channel using the time difference technique when traditional cloud tracking does not work due to the lack of
clouds． The results are in good a greement with the 850 hPa wind field acquired in National Centers for Environmental P rediction
( NCEP) reanalysis data．
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1 INTＲODUCTION

Wind-related information is one of the most important sets of
meteorological data． However，it is not measurable in areas that
lack conventional meteorological observation stations． Even in in-
land regions，the distribution density of conventional stations of-
ten makes it difficult to meet the demands of monitoring，a
nalyzing，and forecasting on small and medium scales ( such as a
gust of wind or shower of rain) ．

The wind vectors derived from satellites depend mainly on
the tracking of clouds in the Visible Satellite Imagery ( VIS) and
Infrared Satellite Imagery ( IＲ) or by tracking water vapor from
the Water Vapor Channel ( WVC) ，and the products are respec-
tively referred to as Cloud Motion Wind ( CMW) and water vapor
wind ( Stewart，et al． ，1985; Schmetz，et al． ，1993; Velden，
et al． ，1997 ) ． However，clear skies would prevent the occur-
rence of determining these kinds of vectors using the cloud track-

ing technique． Water Vapor Channel ( WVC) imagery has been
used to derive winds，which compensate for this to a certain ex-
tent，but if we are also able to use tracers in addition to clouds
from IＲ channel imagery，additional Atmospheric Motion Vectors
( AMVs) may be available，especially during clear sky periods．

Atmospheric aerosol refers to all kinds of solid and liquid
particles suspended in the atmosphere． Although aerosols account
for only one billionth of the total air quality，they have a signifi-
cant effect on the atmospheric radiation transfer and water cycle
( Luo，et al． ，2001 ) ． Aerosols act as a key factor in the re-
search of climate and environmental changes，significantly im-
pacting the radiation budget in geo-gas systems． The longwave
radiation effect of most aerosols is far smaller than the shortwave
radiation effect ( Shi，2007) ． Moreover，dust aerosols with lar-
ger particles not only increase the reflection of solar shortwave ra-
diation，but also decrease the downward transmission trends． At
the same time，they absorb the longwave radiation on the surface
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and a tmospheric downward reflection of radiation，leading to an i
ncrease in temperature above the dust layer and cooling below it．

Zhang，et al． ( 2002) analyzed the distribution and charac-
teristics of aerosols in China using a sun photometer，ground ob-
servation，and satellite remote sensing，and found that the aero-
sol optical depths correspond to the peak values obtained in the
Yellow Ｒiver，Yangtze river，coastal area，and Sichuan basin all
year round． In most areas，the aerosol optical depth is the largest
during spring，especially in arid and semi-arid regions where
dust particles are common， and the Aerosol Optical Depth
( AOD) is significantly greater than in the other seasons． Zhan，
et al． ( 2012) combined the split window and AMWs techniques
to retrieve the wind vectors from the 11 μm and 12 μm channels
on the VISSＲ onboard the FY-2E geostationary satellite． The
sand aerosol sensitivity analysis for geostationary meteorology sat-
ellite IＲSW channels has been performed using the MODTＲAN
radiative transfer model． Using the image difference mask method
and treating the dust aerosol as a tracer，effective wind informa-
tion can be obtained from the arid and semi-arid dust outbreak
region in which the conventional AMVs cannot be r etrieved．

The total increase in the brightness temperature in FY-2E
IＲ1 window imagery corresponding to 50% and 30% increments
in aerosol extinction coefficient within 0． 5 h from each of the five
layers has been computed with the MODTＲAN radiative transfer
model under the U． S． standard atmosphere，and we analyzed the
contributions to the total increment in the aerosol extinction coef-
ficient in spring and the level at which the layered increment in T
caused by an increment in aerosol extinction coefficient is maxi-
mum compared with the T values of other levels． We describe a
time difference technique based on atmospheric radiative transfer
theory for the extraction of the weak aerosol tracer from the FY-
2E infrared ( IＲ) window channel with a sensitivity of 0． 2 K for
clear sky periods．

2 TIME DIFFEＲENCE METHOD

The LW radiation measured by the satellite at infrared wave-
lengths is modified during its passage through the atmosphere．
The atmosphere is characterized by the presence of several enti-
ties that absorb and emit radiation，such as H2O and CO2 mole-
cules，atmospheric aerosol particles，and atmospheric pollutants．
Hence，the spectral radiation Iλ observed by the satellite can be
expressed as

Iλ = ελBλ ( Ts ) τλ ( 0) + ∫
∞

0
αλ ( z) Jλ ( z) τλ ( z) dz ( 1)

where λ represents the wavelength，ελ represents the surface e
missivity，Bλ ( Ts ) is the Planck function that corresponds to the
surface temperature Ts，Bλ ( z) is the Planck function at height z，
αλ is the atmospheric extinction coefficient ( including atmospher-
ic absorption and scattering) ，Jλ ( z) is the source function at
height z ( including the Planck radiation and scattering r
adiation) ，

τλ ( z) = (exp － ∫
∞

z
αλ ( z) d )z ( 2)

where τλ ( z) is the atmospheric transmittance from height z to the

top of the atmosphere，

τλ ( 0) = {exp － ∫
∞

0
αλ ( z) d }z ( 3)

is the atmospheric transmittance for the entire layer． Based on
the above analysis，Iλ can also be expressed as

Iλ = Iλ ( εs，Ts，T，αH2O，βext，αgas ) ( 4)
that is，the spectral radiation Iλ observed by the satellite in a
clear sky is determined by the surface emissivity，surface temper-
ature，atmospheric temperature at one level，water vapor，aerosol
e xtinction coefficient，and other ingredients．

Assume that the increment of the spectral radiance in a pixel
under observation for a short period Δt( t2 － t1 ) is

ΔIλ = It2λ － It1λ ( 5)
Suppose that Δt is sufficiently short，then

ΔIλ =
dIλ
dt ·Δt ( 6)

based on Eq． ( 4) ，the total derivative of Iλ respective to t is
dIλ
dt = 

Iλ
εs

dεs

dt + 
Iλ
Ts

dTs

dt + Iλ
T( z)

dT( z)
dt +

Iλ
αH2O ( z)

dαH2O ( z)
dt + Iλ

βext ( z)
dβext ( z)

dt +

Iλ
αgas ( z)

dαgas ( z)
dt ( 7)

Additionally，in the short Δt period，suppose that the sur-
face emissivity and the other ingredients can be omitted; the sur-
face temperature and atmospheric temperature can be omitted on
sea，while on the land，we used the split window difference tech-
nique to mitigate the impact of local temperature，then the only
term that remains from Eq． ( 7) for the arid and semi-arid regions
( in which there is little water vapor) is expressed as

dIλ
dt ≈

Iλ
βext ( z)

dβext ( z)
dt ( 8)

based on Eq． ( 6) ，we can obtain the numerical expression for E
q． ( 9) or Eq． ( 10) ．

ΔIλ
Δt ≈

Iλ
βext ( z)

Δβext ( z)
Δt

( 9)

or

ΔIλ ≈
Iλ

βext ( z)
Δβext ( z) ( 10)

Eq． ( 10) represents the increment of spectral radiation Iλ caused
by Δρ( g /m3 ) ． According to Eq． ( 1) ，the total increment of Iλ o
bserved by the satellite corresponds to the accumulated value in
the entire atmosphere layer．

In the MODTＲAN radiative transfer model，we can obtain
the equivalent spectral radiance of the FY-2E IＲ channel by the
convolution of the sub-spectral radiance Ltarget ( λ ) observed by
the remote sensor and SＲF fres ( λ) of the FY-2E IＲ channel．
Therefore，Iλ in the above formulas can also be written as

Iλ =
∫Ltarget ( λ) ·fres ( λ) dλ

∫fres ( λ) dλ
( 11)

According to the Planck function，we can convert the spec-
tral radiance Iλ into an equivalent brightness temperature

Iλ =
C1λ

－5

exp C2

λT( )
B

－ 1
( 12)
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from this，we can get

T =
C2

λln C1

λ5 I( λ)
+[ ]1

( 13)

where C1 = 1． 191 × 10 －12 ( W/cm2 /sr / ( cm －1 ) 4 ) is the first ra-
diation constant for the spectral radiance and C2 = 1． 439 ( K·
cm －1 ) is the second radiation constant for the spectral radiance;
T is the brightness temperature ( K) ．

We can obtain the exact numerical derivative of the spectral
radiance by using MODTＲAN． Δβext represents the increment of
the aerosol extinction coefficient for a specific narrow height in
Δt． By applying Eq． ( 10) and Eq． ( 13) ，we can obtain the ex-
act numerical derivative of the brightness temperature in the FY-
2E IＲ window imagery with respect to the increment of the aero-
sol extinction coefficient． In this paper，we analyzed the contri-
butions of the total increment of the aerosol extinction c oefficient
to the total brightness temperature in spring，and to the height
assigned to the derived AMWs in clear sky conditions．

Due to the impact of wind，precipitation，and temperature
in spring，there are frequent dust storms in the northern area，
and dust aerosol particles will exhibit obvious movement during
gale conditions and the diurnal variation of the atmospheric sta-
bility ( Shen，et al． ，2007) ，which causes the atmospheric aero-
sol optical depth to exhibit obvious and intense changes in a short
period of time． The optical depth may rapidly increase to a very
large value，and can increase by 1 or 2 when the dust storm oc-
curs for 0． 5—1 h; when the storm ends，the optical depth can
quickly r eturn to the basic normal level ( Zhang，et al． ，2002;
Shen，et al． ，2007 ) ． Therefore，the optical depth can exhibit
significant variations in a short period of time in spring during
dust storms． In this paper，we set the increment of the aerosol
extinction coefficient as 50% in a half-hour period．

Assume that 
Iλ

ρ( z) is constant for a horizontal scale of 80 ×

80 km2，which is taken as the size of a tracer module and Δβext

represents the advection movement of the aerosol． We can infer
that the texture in the subtraction imageries of pairs of three c
onsecutive half-hour IＲ window imageries is caused by the a
dvection movement of the aerosol． Therefore，we can obtain the
wind fields for clear sky conditions by extracting and tracking the
texture motion information，and the height assigned to the de-
rived AMVs in clear sky conditions is basically the level at which
there is a maximal increment in TB caused by the increment of the
aerosol extinction coefficient compared to all other levels．

In this study，the technique described above to derive AM-
Vs in clear sky conditions is referred to as the“time difference
method．”

3 MODEL CALCULATIONS FOＲ TIME DIFFEＲ-
ENCE TECHNIQUE

Because the distribution of the aerosol in the space is not u
niform，we assumed that the concentration of the aerosol decrea-
ses exponentially with an increase in height by referring to Shen
( 2007) ，as shown in Eq． ( 14) :

Na ( h) ≈ Na ( 0) e －h /Ha ( 14)
where Na ( 0) represents the aerosol concentration on the ground，

Na ( h) is the aerosol concentration at height h，and Ha refers to
the aerosol scale height，which indicates the descent rate of the
aerosol as the height increases． In the Peterson Model and K
oschmieder Model，the aerosol scale height varies according to
the season ( Nann ＆ Ｒiordan，1991 ) ． Specifically，the scale
height is 1． 25 km in spring． From Eq． ( 14) ，we obtain

βext ( h) ≈ βext ( 0) e －h /Ha ( 15)
where βext ( 0) is the aerosol extinction coefficient on the ground
and βext ( h) refers to the aerosol extinction coefficient at height
h． The relationship between the aerosol optical depth and aerosol
extinction coefficient can be given as Eq． ( 16 ) ( Elterman，
1970; Wang，2004)

ua = ∫
∞

0
βext ( 0) e －h /Ha dh≈ βext ( 0) Ha ( 16)

Then，the aerosol optical depth at a certain layer is

uh = ∫
h2

h1

βext ( 0) e －h /Ha dh ( 17)

MODTＲAN can obtain the aerosol optical depth from the
aerosol extinction coefficient，which is based on V ( horizontal
meteorological range ) ，season and water vapor amounts． He
( 2003) provided the empirical relationships between V and the
aerosol optical depth corresponding to different seasons according
to MODTＲAN simulation results Eq． ( 18) ．

V = 1
uha

－ b
a ( 18)

where a and b vary according to the season，aerosol type，and
water vapor content． According to his study，we selected values
of a = 0． 1202 and b = 0． 2974 in spring．

To simulate the aerosol profile，we assume that the aerosol
optical depth of the whole atmosphere is 1． 0 ( Guan ＆ Li，2010)
and the aerosol scale height is 1． 25 km． According to Eq． ( 16) ，
the aerosol extinction coefficient on the ground βext ( 0) is 0． 80． U
sing βext ( 0) in Eq． ( 17) ，the aerosol optical depth of each layer
can be calculated， and will determine the horizontal mete-o
rological range，which is required by MODTＲAN in E q． ( 18) ．
The surface temperature was set to 292 K and the water vapor con-
tent was set to 0． 3 g /cm2 ． We calculated the increment of the
brightness temperature caused by the 50% increase in the aerosol
extinction coefficient of each layer from 0 km to 5 km． The r esults
are shown in Table 1． The columns from left to right in the table r
espectively refer to the height，pressure，temperature，water vapor
volume ratio in ppm ( weight ) ，aerosol extinction c oefficient，
aerosol optical depth，horizontal meteorological range，the deriva-
tive of the brightness temperature respective to aerosol extinction
coefficient in IＲ1 channel，and the increment in the brightness
temperature for each layer． It can be seen from Table 1 that the
total increment in T reaches － 0． 379 K，which is the sum of the
last column in Table 1，and is almost twice as much as the temper-
ature-sensitivity threshold ( 0． 2 K ) of the F Y-2E IＲ window
channel ( assuming that the aerosol above 5 km is negligible) ． The
increment in T caused by the increment of the aerosol extinction
coefficient is maximal below 2 km． Through further calculation，a
30% increment in the aerosol e xtinction coefficient in a half-hour
period can make the increment in T reach － 0． 210 K，which is
more than the temperature-sensitivity threshold of the FY-2E IＲ
window channel． This indicates that the FY-2E satellite can ob-
serve this signal through a dust storm．
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Table 1 The profile of the aerosol parameter and the increment of the brightness temperature caused by
a 50% increase in the aerosol extinction coefficient in the U． S． standard atmosphere in spring

h /km P /hPa T /K H2O /PPMV βext ( h) AOD V /km T
βext ( h) ΔT /K

0 1013． 3 288． 2 1080 0． 800 0． 55 12． 66 － 0． 340 － 0． 173

1 898． 8 281． 7 721 0． 359 0． 25 30． 81 － 0． 598 － 0． 107

2 795． 0 275． 2 691 0． 160 0． 11 73． 16 － 0． 713 － 0． 057

3 701． 2 268． 7 224 0． 072 0． 05 163． 92 － 0． 750 － 0． 032

4 616． 6 262． 2 137 0． 032 0． 03 274． 85 － 0． 563 － 0． 009

5 540． 5 255． 7 80 0． 0015 0． 002 4157． 26 － 1． 333 － 0． 001

4 CASE STUDIES

4． 1 Analysis of weather process

To determine the impact of strong cold air and Mongolia cy-
clones，we observed the case for a dust storm that engulfed the
Nanjiang basin，the east part of northwest China，central and
western regions of Inner Mongolia，north China，and west part of
northeast China from April 28 to 30，2011． Of these areas，the
Nanjiang basin，west part of Gansu province，and west part of
Inner Mongolia suffered particularly from the strong dust storm．
This dust weather was the strongest and most extensive in area
since the spring of the previous year．

4． 2 Case studies in clear-sky conditions

We chose three sets of longitude-latitude-projected IＲ ima-
ges observed by FY-2E during the period 05: 01—06: 01 ( UTC)
on April 28 and 06: 01—07: 01 on April 30，2011． Then，they
were used to conduct cloud masking，time difference p rocessing，
and linear increase，and then applied to the Cloud-Motion Wind
Inferring System ( CWIS) ，which was developed by Wang and
Zeng( 1996) ． By tracking the movement of aerosol s ignals from
FY-2E IＲ window imagery，we obtained the AMVs retrieved from
the method mentioned above． The results are shown in Fig． 1 and
Fig． 2． Because cloud imaging cannot c ompletely cover the cloud
area，we compared it with the cloud motion winds ( Fig． 1( b) )
from the National Satellite Mete-o rological Center ( NSMC) ，and
took the area outlined by rectangle A as the experimental area．

Fig． 1( a) shows the CMWs retrieved from the original IＲ
imagery with CWIS at 05: 01 on April 28． Fig． 1 ( c) gives the
850 hPa wind field of the NCEP reanalysis data for comparison．
It can be seen that in the central and northern parts of Mongolia
( rectangle A) ，which refers to the clear sky area，we can obtain
the wind field using the time difference method by tracking the
aerosol signals in Fig． 1 ( c ) ，and the method has basically c
overed the clear sky area，whereas the conventional CMW tech-
nique fails in this regard．

It would be better to validate the AMVs retrieved from the
time difference technique presented above by using the real o
bservational data in that area． By following the studies involving
the validation of NCEP reanalysis data done by Zhu，et al．
( 2012) and Su，et al． ( 1999 ) ，we compared it with the 850
hPa wind field of NCEP reanalysis data． It can be seen that the
wind directions are almost consistent with each other，both repre-

sent west or southwest directions and the average wind speed ob-
tained using the time difference technique is 8 m /s，which is rel-
atively higher than the wind speed in Fig． 1( d) ．

On the morning of April 30，a sandstorm appeared in the
central and eastern regions of Inner Mongolia，north of Shanxi
province，Hebei province，and the western part of northeast
China． The CMW results obtained from the original IＲ imagery
with CWIS and from the National Weather Meteorological Center
at 06 : 01 of April 30，2011 are shown in Fig． 2 ( a) and Fig． 2
( b) ，respectively． Fig． 2( c) shows the AMWs retrieved using
the time difference technique． Fig． 2 ( d ) shows the 850 hPa
wind field of NCEP reanalysis data at 06 : 00 on April 30，
2011． It can be seen from Fig． 2 ( a) and Fig． 2 ( b) that there
are no wind vectors in the central and eastern regions of Inner
Mongolia and the north of Shanxi province． In Fig． 2 ( a) ，the
regions that refer to the clear-sky area appear dark． In this
case，we can obtain the wind field from the time difference
method by tracking the aerosol signals in Fig． 2 ( c ) ，and the
method has basically covered the clear sky area that is not cov-
ered by the conventional CMW technique．

Compared with the 850 hPa wind field of NCEP reanalysis
data ( Fig． 2 ( d) ) ，we can see that the wind direction retrieved
from the time difference technique for the clear-sky region is
northwest，which is consistent with the directions observed in the
NCEP r eanalysis data． In the middle of Inner Mongolia，the av-
erage wind speed obtained using the time difference technique for
clear-sky conditions is 8 m /s，which is 4—6 m/s smaller than
those values obtained in NCEP reanalysis data． In the northern part
of Shanxi，the average wind speed retrieved using the time differ-
ence technique is consistent with that in the NCEP reanalysis data．

5 CONCLUSION

The total increment in brightness temperature in FY-2E IＲ1
window imagery corresponding to a 50% and 30% increment in
the aerosol extinction coefficient within a half-hour period from
each of the 5 layers was computed with the MODTＲAN radiative
transfer model under the U． S． standard atmosphere． Also，we
analyzed the contributions to the total increment in the aerosol ex-
tinction coefficient in spring and the layer at which the increment
in T caused by an increment in the aerosol extinction coefficient
is the most among all five layers． From the simulation result，the
total increment in T reaches － 0． 379 K，and is maximal below 2
km． Also，a 30% increment in the aerosol extinction c oefficient
within a 0． 5 h period can make the increment in T reach － 0．
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210 K，which is more than the temperature-sensitivity threshold
of the FY-2E IＲ window channel． This indicates that FY-2E IＲ1

window imagery can be used to derive wind fields for clear-sky
regions under certain conditions．



1228 Journal of Ｒemote Sensing 遥感学报 2013，17( 5)

Case studies were presented to verify the simulation analy-
sis，and the results show that by tracking the movement of aerosol
in clear sky conditions using the time difference technique，AM-
Vs，rather than traditional CMW，have been o btained． The ob-
tained AMVs are in good agreement with the 850 hPa wind
field of the NCEP reanalysis data，which provide useful infor-
mation and supplement the monitoring of the sandstorm's mo-
tion．

It should be noted that the extraction of sand aerosol motion
signals mainly depend on the increase in the brightness tempera-
ture that resulted from by the increase of sand aerosol． Further-
more，we can trace additional texture features caused by more
obvious motion of the sand aerosol，which will improve the a
pplicability and accuracy of this method． Otherwise，we cannot
use sand aerosol as a tracer． Moreover， this paper focuses
mainly on the theoretical derivation，and did not study the feasi-
bility of different atmospheric conditions，regions，and seasons．
Also，the height assigned to the aerosol motion winds is mainly
in the boundary layer，which needs to be verified in a future
study．
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摘 要: 利用大气红外辐射传输模式，结合 FY-2E 静止卫星红外窗区光谱响应函数，模拟计算了标准大气环境下

0—5 km 各高度层气溶胶消光系数增量为 50%和 30%两种情况下对 FY-2E 红外 1 通道亮温增量的贡献。定量分析

了春季气溶胶消光系数对亮温增量的影响以及主要影响高度。结合 FY-2E 红外 1 通道灵敏度，提出了可用于红外

通道晴空沙尘气溶胶微弱示踪信号移动追踪的“时间差分法”。理论模拟计算和实例分析表明，在一定条件下，“时

间差分法”追踪红外通道晴空沙尘气溶胶微弱示踪信号的移动，可以获得传统云导风所无法得到的干旱半干旱沙尘

爆发区的风场信息，且反演得到的风场与美国国家环境预报中心 NCEP 再分析资料 850 hPa 风场有着很好的一

致性。
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1 引 言

风向和风速是非常重要的气象资料。但在海

洋、沙漠等测站稀少地区，风场观测资料极其缺乏。
即使在内陆地区，气象常规观测站的分布密度也常

常难以满足中小尺度( 如阵风、阵雨等对流性天气)

现象的监测、分析和预报的需求。
目前的卫星导风，主要是通过追踪气象卫星可

见光和红外云图序列上的云以及水汽图上水汽的位

移来计算大气运动矢量( Stewart 等，1985; Schmetz
等，1993; Velden 等，1997 ) ，分别称为云迹风和水

汽风。但在不能被识别为“云”的区域( 本文称为

“晴空区”) ，基于云图的云导风技术无法获得风矢。
基于水汽图的水汽导风可以在一定程度上弥补“晴

空区”缺少的云迹风矢。但是，除云和水汽可作为

示踪物外，如果卫星导风还能利用其他信息，则可进

一步补充人们渴求的大气运动信息。
大气气溶胶是指大气中悬浮着的各种固体和液

体粒子。虽然气溶胶质量仅占整个大气质量的十亿

分之一，但其对大气辐射传输和水循环均有重要的

影响( 罗云峰 等，2001 ) 。气溶胶作为影响地气系

统辐射收支的重要因子，对气候和环境变化的影响

已经成为研究热点。多数气溶胶的长波辐射效应远

小于短波辐射效应( 石广玉，2007) 。而沙尘气溶胶

具有较大粒径，增加了对太阳短波辐射的反射，使向

下透射减小; 同时又吸收地表发射长波辐射和大气

下行辐射的反射，导致沙尘层以上大气增温而沙尘

层以下大气冷却。
Zhang 等人( 2002 ) 利用太阳光度计、地面观测

和卫星遥感等对中国地区气溶胶的分布和特性进行

研究，发现黄河、长江中下游及沿海地区、四川盆地

附近，全年都是气溶胶光学厚度的极大值中心; 全国
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大部分地区在春季气溶胶光学厚度最大，尤其在干

旱半干旱地区，春季气溶胶光学厚度明显大于其他

季节，且大多为沙尘粒子。詹奕哲等人( 2012 ) 将红

外分裂窗差值监测沙尘的技术及卫星导风技术相结

合，针对 FY-2E 气象卫星，利用 MODTＲAN 辐射传

输模式对沙尘晴空区特征进行敏感性分析，再将经

过图像掩模及线性处理后的分裂窗差值图像代入导

风计算程序计算，获得了传统卫星导风所无法得到

的水汽含量低值区风场信息。
本文利用大气辐射传输模式，结合 FY-2E 静止

卫星光谱响应函数，在标准大气条件下进行气溶胶

增量对亮温增量的模拟计算，定量分析春季大气条

件下( 气溶胶消光系数半小时内变化 50%和 30%两

种情况) ，气溶胶变分对卫星红外 1 通道观测亮温变

分的影响大小以及主要影响高度，结合 FY-2E 红外

1 通道灵敏度，提出了使用时间差分技术从静止卫

星红外 云 图 提 取 气 溶 胶 微 弱 示 踪 信 号 的 理 论 和

方法。

2 时间差分法理论

红外窗波段是气象卫星进行红外探测的重要通

道。虽然这个波段十分透明，卫星遥感可以提供地

表和海面的信息，但在实际大气中，辐射传输仍然受

到大气中 H2O、CO2 等各种气体、大气气溶胶粒子和

大气污染物的影响。因此，卫星红外窗通道观测地

球大气得到的辐射量 Iλ 可表示为

Iλ = ελBλ ( Ts ) τλ ( 0) + ∫
∞

0
αλ ( z) Jλ ( z) τλ ( z) dz

( 1)

式中，λ 为波长，ελ 为地表发射率，Bλ ( Ts ) 为地表温

度 Ts 时的普朗克辐射，αλ 为大气消光系数( 含大气

吸收与散射衰减) ，Jλ ( z) 为高度 z 处大气薄层的源

函数( 含普朗克辐射和散射辐射) ，τλ ( z) 为从高度 z
到大气顶的大气透过率，如式( 2) 所示

τλ ( z) = (exp － ∫
∞

z
αλ ( z) d )z ( 2)

τλ ( 0) 为整层大气透过率

τλ ( 0) = {exp － ∫
∞

0
αλ ( z) d }z ( 3)

根据以上分析，Iλ 也可以表示为

Iλ = Iλ ( εs，Ts，T，αH2O，βext，αgas ) ( 4)

即卫星观测到的晴空区辐射量 Iλ 受地表比辐射率、
地表温度、某一高度层的大气温度、水汽吸收系数、

气溶胶消 光 系 数 和 其 余 气 体 吸 收 系 数 6 个 因 素

影响。
假设红外通道图像上晴空区某像元辐亮度 Iλ

在 Δt( t2 － t1 ) 时段内的变化为

ΔIλ = It2λ － It1λ ( 5)

如果 Δt 足够小，则

ΔIλ =
dIλ
dt·Δt ( 6)

对式( 4) 求全导数可得

dIλ
dt =

Iλ
εs

dεs

dt +
Iλ
Ts

dTs

dt +
Iλ
T( z)

dT( z)
dt +

Iλ
αH2O ( z)

dαH2O ( z)
dt +

Iλ
βext ( z)

dβext ( z)
dt +

Iλ
αgas ( z)

dαgas ( z)
dt ( 7)

进一步假设在 Δt 时段内地表比辐射率及其余

气体含量变化可以忽略; 地表温度、大气温度，在海

洋上 Δt 时段内可以近似认为不变，故在进行海洋上

晴空导风的研究中，可忽略不计; 而在研究陆面上的

晴空导风时，局地地表温度变化项在 Δt 时段内变化

较大，本文利用分裂窗差分的手段减去局地温度变

化项的干扰，则对于水汽含量极低的干旱半干旱地

区，上式右侧仅剩 1 项，为

dIλ
dt ≈

Iλ
βext ( z)

dβext ( z)
dt ( 8)

由式( 6) 可得

ΔIλ
Δt ≈

Iλ
βext ( z)

Δβext ( z)
Δt

( 9)

或者

ΔIλ ≈
Iλ

βext ( z)
Δβext ( z) ( 10)

由于式( 10) 右边代表在高度 z 处的大气薄层内

气溶胶的增量对辐射量 Iλ 增量的贡献。卫星观测

的辐射量如式( 1 ) 所示，所以其增量应该是所有大

气薄层上的增量的总和。
MODTＲAN 是基于辐射传输方程式( 1 ) 的辐射

传输模式。在该模式中，利用遥感器入瞳处的分谱

辐亮度 Ltarget ( λ) 与 FY-2E 传感器热红外通道光谱响

应函数 fres ( λ) 进行卷积，可以得到 FY-2E 卫星红外

窗区某一通道入瞳处的通道等效辐亮度:

Iλ =
∫Lt arget ( λ) ·fres ( λ) dλ

∫ fres ( λ) dλ
( 11)

再利用普朗克函数:
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Iλ =
C1λ

－5

exp C2

λ( )T － 1
( 12)

可以得到对应通道的亮温:

T =
C2

λln C1

λ5 I( λ)
+[ ]1

( 13)

式中，C1 是第 1 辐射常数，C1 = 2hc
2，等于 1． 191 ×

10 －12，单位为 W/cm2 /sr / ( cm －1 ) 4，h 为普朗克常数，

c 为光速; C2 为 第 2 辐 射 常 数，C2 = hc /k，等 于 1
． 439 K·cm －1，其中 k 为波尔兹曼常数。T 为温度，

单位为 K。

利用 MODTＲAN 可以计算出
Iλ

βext ( z)
在各高度

层的大小。式( 10) 中 Δβext为 Δt 时段内大气某薄层

气溶胶消光系数的变化量。给出一定大气状态下式

( 10 ) 右 边 各 项 的 大 小，并 结 合 式 ( 13 ) 计 算 出

T
βext ( h)

在各高度层的大小，就可得到气溶胶消光系

数的增量对亮温增量的贡献。下面分析春季大气条

件下，气溶胶增量对红外 1 通道卫星观测亮温增量

的影响大小以及主要影响高度。
春季由于受到风速、风向、降水和气温等气候因

素影响，北方地区起沙活动明显，在沙尘天气过程

中，沙尘气溶胶粒子在大风的作用下会出现大范围

的移动，再加上大气稳定度的日变化( 沈建国 等，

2007) ，使得大气气溶胶光学厚度在短时间内变化

非常明显，也很剧烈，从没有沙尘天气到发生沙尘天

气，光学厚度值可能迅速增大，在 0． 5—1 h 之内光

学厚度可以从小于 1 增大到 2 以上，而在沙尘天气

后期到结束，光学厚度又能很快地恢复到正常的水

平 ( Zhang 等，2002; 沈建国 等，2007 ) 。所以春季

发生沙尘天气时，光学厚度变化量在短时间内会很

大。在后面的模拟计算中将取 0． 5 h 内气溶胶消光

系数变化 50% ( 这等同于光学厚度变化 50% ) 。
假设在 0． 5 h 内，卫星导风示踪模块常用的水

平尺度范围内( 一般取 80 × 80 km2 ) ，
Iλ

βext ( z)
是常

数，则差值图 ΔIλ 的纹理就代表 Δβext 的纹理。另

外，认为 Δβext主要是由于大气气溶胶的平流运动产

生，则卫星红外通道两相邻时刻图像的差值图纹理

的运动就代表 Δβext的纹理运动，可以通过追踪计算

该纹理运动信息来反演相应高度层上大气的运动，

其代表高度是影响卫星辐射观测量增量的主要因素

所在高度。
基于以上理论的晴空大气风矢计算方法，称为

“时间差分法”。

3 时间差分法模拟计算

大气气溶胶含量的空间分布不均匀，参照沈建

国等人( 2007) ，取在近地面气溶胶浓度随着高度增

加按指数逐步减少，即:

Na ( h) ≈ Na ( 0) e －h /Ha ( 14)

式中，Na ( 0 ) 为地面气溶胶浓度，Na ( h) 为在高度 h
处的气溶胶浓度，Ha 为标高，用来表示气溶胶浓度

随高 度 增 加 而 减 少 的 速 率，Peterson 模 型 和 K
oschmieder模型中气溶胶标高 Ha 值( Nann 和 Ｒior-
dan，1991) 的选取随季节变化，春季取为 1． 25 km。
由式( 14) 可得:

βext ( h) ≈ βext ( 0) e －h /Ha ( 15)

式中，βext ( 0) 为地面的气溶胶消光系数，βext ( h) 为在

高度为 h 处的气溶胶消光系数。由式( 15 ) 可得整

个大气的气溶胶光学厚度与近地面气溶胶消光系数

的关系( Elterman，1970; 王毅，2004) :

ua = ∫
∞

0
βext ( 0) e －h /Ha dh≈ βext ( 0) Ha ( 16)

则某一层气溶胶光学厚度

uh = ∫
h2

h1
βext ( 0) e －h /Ha dh ( 17)

MODTＲAN 模型要求输入水平气象视距 V，然

后根据 V 和用户选择的季节、水汽量等插值得到消

光系 数，最 后，对 高 度 积 分 得 到 气 溶 胶 光 学 厚 度

( Berk 等，2003 ) 。何立明等人( 2003 ) 根据 MODT-
ＲAN 的模拟结果归纳出不同季节水平气象视距和

气溶胶光学厚度的经验公式

V = 1
uha

－ b
a ( 18)

式中，a 和 b 两个参数在不同季节、气溶胶类型和水

汽含量下取值不同。本文参考何立明等人( 2003 )

的结论，选取城市型气溶胶，在水汽含量很小时，春

季取 a = 0． 1202，b = 0． 2974。
为模拟气溶胶垂直廓线，假定整个大气的气溶

胶光学厚度为 1． 0 ( 关佳欣和李成才，2010 ) ; 气溶

胶标高取为 1． 25 km，则根据式( 16) 可以得到地面

气溶胶消光系数 βext ( 0) 为 0． 80。将 βext ( 0 ) 代入式

( 17) ，可以得到春季各个高度层对应的气溶胶光学

厚度，再由式( 18) 可以换算为 MODTＲAN 输入所需

要的水平气象视距。设定地表温度为 292 K，水汽
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含量为 0． 3 g /cm2，计算春季 0—5 km 各高度层气溶

胶消光系数 50% 的增量时，对亮温增量的贡献，如

表 1 所示。表中各列从左到右依次是大气高度、气
压、温度、水汽体积比、气溶胶消光系数、气溶胶光学

厚度 AOD、气溶胶水平气象视距、红外 1 通道亮温

随气溶胶消光系数的变化率及红外 1 通道气溶胶消

光系数 50%的增量对亮温增量 ΔT 的贡献。可见，

0—5 km 高度层( 假设 5 km 以上气溶胶影响可以忽

略) 气溶胶消光系数 50%的增量能引起亮温变化 －
0． 379 K( 即表中最后一列之和) ，且在 2 km 以下气

溶胶增量对亮温的变化贡献最大。亮温总增量绝对

值几乎为 FY-2E 星载辐射计红外分裂窗通道温度

灵敏度 0． 2 K 的 2 倍。气溶胶消光系数变化量由

50%降低为 30%，对应的亮温变化为 － 0． 210 K，也

大于 FY-2E 红外窗通道灵敏度。所以，在沙尘天气

条件下，FY-2E 红外 1 通道应该可以观测到此信息。

表 1 美国标准大气条件下春季气溶胶参量垂直分布特征以及消光系数 50%的增量对亮温增量的贡献

h /km P /hPa T /K H2O /PPMV βext ( h) AOD V /km T
βext ( h) ΔT /K

0 1013． 3 288． 2 1080 0． 800 0． 55 12． 66 － 0． 340 － 0． 173

1 898． 8 281． 7 721 0． 359 0． 25 30． 81 － 0． 598 － 0． 107

2 795． 0 275． 2 691 0． 160 0． 11 73． 16 － 0． 713 － 0． 057

3 701． 2 268． 7 224 0． 072 0． 05 163． 92 － 0． 750 － 0． 032

4 616． 6 262． 2 137 0． 032 0． 03 274． 85 － 0． 563 － 0． 009

5 540． 5 255． 7 80 0． 0015 0． 002 4157． 26 － 1． 333 － 0． 001

4 个例分析

4． 1 天气过程分析

2011 年 4 月 28 日至 30 日，受较强冷空气和蒙

古气旋影响，中国南疆盆地、西北地区东部、内蒙古

中西部、华北大部和东北地区西部相继出现沙尘天

气，其中南疆盆地、甘肃西部和内蒙古西部的局地发

生沙尘暴或强沙尘暴。此次沙尘天气是 2013 年入

春以来中国北方地区遭受的强度最大、影响范围最

广的一次沙尘天气过程。

4． 2 晴空导风试验

采用王振会和曾维麟( 1996) 开发的静止气象卫

星云迹风客观导出系统 CWIS，先后选取了以 2011 年

4 月 28 日 5: 01 及 4 月 30 日 6: 01( 本文所指时间均为

世界时) 为参考时间的连续 3 张 0． 5 h 间隔的 FY-2E
等经纬投影红外 1 通道云图，进行云图掩模和时间差

分处理后，再将差分后的图像进行线性增强，最后通

过追踪红外通道晴空区上微弱示踪信号沙尘气溶胶

的移动进行了风场反演。结果分别如图 1、图 2 所示。
由于时间差分时云掩模不能把云完全覆盖，为了避免

云移动造成的风矢的干扰，选取国家卫星中心提供的

红外 1 通道云导风结果( 图 1( b) ) 进行对比，选取框

图 A 区作为晴空实验区。
图 1( a) 为 2011 年 4 月 28 日 5: 01 CWIS ( Cloud

Motion Wind Inferring System) 红外 1 通道云导风结

果。图 1 ( c) 是本研究导出的气溶胶沙尘风场，图

1( d) 为 2011 年 4 月 28 日 6: 00 NCEP 再分析资料

的 850 hPa 风场。从图中可以看出，在内蒙古中部

偏北地区( 框区 A 所示) ，无论在图 1 ( a) 和图 1 ( b)

上均呈现黑色，属于传统红外通道云导风所无法得

到的晴空区或少云区。使用时间差分法，可以得到

如图1( c) 所示的时间差分图像，图像上可以较为清

楚地看到原来被忽视的沙尘气溶胶纹理，通过追踪

差分增强图像上的沙尘气溶胶，得到如图所示的晴

空风区风矢量。
为验证图 1( c) 结果的可靠性，需有该时刻该区

域的准确观测资料。受条件限制，根据朱彦良等人

( 2012) 、苏志侠等人( 1999) 对 NCEP 再分析资料可

靠性的研究，我们与图 1( d) 的 NCEP 再分析资料的

8 50 hPa风场进行相应区域对比，可以看出，反演得

到的晴空风场呈西风偏西南风向，平均风速为 8 m/s;
NCEP 再分析资料相应区域内风场也是西风偏西南

风向，平均风速为 6 m /s，二者有较好的一致性。
4 月 30 日清晨开始，内蒙古中东部、山西北部、

河北北部和东北地区西部部分地区出现沙尘天气。
图 2( a) ( b) 分别为 2011 年 4 月 30 日 6: 01 CWIS 红

外 1 通道云导风结果及 5: 30 国家卫星中心红外 1
通道云导风结果。图 2( c) 是本研究导出的气溶胶沙

尘风场，图2( d) 为2011 年4 月30 日6: 00 NCEP 再分
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析资料的 850 hPa 风场。图中框区 A 为晴空导风实

验对比区。从图中可以看出，在内蒙古中东部、山西

北部，无论是图 2( a) 还是图 2( b) ，都无法得到风矢，

从图 2( a) 可以看出，这片区域呈现黑色，属于传统红
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外通道云导风所无法得到的晴空区或少云区。使用

时间差分法，得到如图 2 ( c) 所示的时间差分图像，

图像上可以较为清楚地看到原来被忽视的沙尘气溶

胶纹理，再将差分增强图像上沙尘气溶胶作为示踪

物，得到如图 2( c) 所示的风矢量。
与 2011 年 4 月 30 日 6: 00 的 NCEP 再分析资料

的 850 hPa 风场( 图 2( d) ) 的相应区域进行对比，可

以看出，反演得到的晴空风场呈西北风向，NCEP 再

分析资料相应区域内风场也是西北风向; 在内蒙中

部平均风速为 8 m /s，相比 NCEP 再分析资料的相应

区域略偏小 4—6 m /s; 而在山西北部地区反演得到

的平均风速与 NCEP 再分析资料的相应区域有较好

的一致性。

5 结 论

利用大气辐射传输模式，结合 FY-2E 静止卫星

红外通道光谱响应函数，提出使用基于红外窗区大

气辐射传输方程的时间差分法从卫星云图提取微弱

的晴空区气溶胶示踪信号的方法，并模拟计算了半

小时内气溶胶消光系数 50% 的增量对卫星观测亮

温增量的贡献。从模拟结果可以看出，春季大气条

件下，半小时内气溶胶消光系数 50% 的增量能引起

亮温变化 － 0． 379 K，且在 2 km 以下其贡献最大。
气溶胶消光系数增量为 30% 时对应的红外窗区亮

温的变化为 － 0． 210 K，也能够大于 FY-2E 红外窗通

道灵敏度。这表明了在一定条件下，静止气象卫星

红外窗通道云图上无云区反演边界层大气运动矢量

的可能性。
基于时间差分法，进行实际个例分析，结果表明

这种方法能够获得沙尘爆发区域内常规卫星导风技

术所无法获得的风场信息，且与 NCEP 850 hPa 再分

析资料有较好的一致性，对于监测预报沙尘移动及

沙漠等风场观测资料极其缺乏的测站提供了风场信

息的有益补充。
反演结果同时表明，由于基于时间差分法的晴

空区沙尘气溶胶移动信号提取技术依赖于短时间内

沙尘气溶胶移动的增量对于卫星红外通道亮温的影

响，沙尘气溶胶在短时间内移动越明显，对于卫星红

外通道亮温增量的影响越大，图像中可追踪的特征

点越多，本方法的可适用性就越好，导风精度就应该

越高; 如果短时间内沙尘气溶胶没有明显的移动，则

难以提取沙尘移动信息，进而难以作为晴空区导风

的示踪物。另外，本文仅利用理论模拟计算及较少

个例对该方法进行验证，有待于进一步对该方法的

大气条件、地域和季节等适应性进行系统地研究探

讨。沙尘气溶胶导出风矢的高度，主要是在边界层

内，但更加细化的高度指定方法也有待于进一步

研究。
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