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1  INTRODUCTION 

The effects of the atmosphere on solar radiation are mainly 

reflected in scattering and absorption. The solar radiation becomes 

weak with the scattering and absorption of aerosol particles and 

water molecules in the atmosphere, meanwhile, part of the 

scattering and downward solar radiation into the sensor make 

the atmospheric background and the ground surface information 

mix together, and limit the quantitative application of remote 

sensing data. In the past few years, the issue as to how to estab- 

lish an effective atmospheric radiative transfer model and 

achieve accurate atmospheric correction of remote sensing data 

has become a focus of research. Through large amounts of at- 

mospheric scientists’ hard work for over 30 years, the atmos- 

pheric radiative transfer model calculated by wide/arrow spectral 

bands and by every spectral line has been successfully developed. 

These transfer models concern various kinds of observation 

method, which are suitable for a wide range of the electromag- 

netic spectrum and various variable meteorological elements. In 

the present atmospheric radiative transfer models (e.g. 6S, 

LOWTRAN, MODTRAN and FASCODE), a large number of 

detailed atmospheric parameters should be inputted, further-

more, direct results of the atmospheric radiation fluexs can not 

be obtained. Based on the above situations, the commercial 

tools for atmospheric correction, for example, ATCOR, 

FLAASH and ACORN, etc., have been developed, which also 

require the detailed input parameters. Currently, the researchers 

have designed various simplified atmospheric radiative transfer 

model according to the specific sensor load and needs. For ex-

ample, Liang et al.(2001, 2004), Ghulam et al.(2004), Nie et 

al.(2007) divided the sensor radiation at entrance pupil into two 

items (Kaufman & Sendra, 1988; Vermote et al., 2002), namely 

the atmospheric path radiation and the solar direct radiation 

after multiple scattering by ground surface and BOA (bottom of 

the atmosphere) into the sensor. Through changing the land 

surface albedo conditions and the height of sensor, atmospheric 

path radiation (L0), total solar downward radiation (Fd), atmos-

pheric hemisphere albedo (S) and the transmittance (T) be-

tween ground object and sensor were calculated under the con-

dition of the given atmospheric condition and the observation 
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geometry among sun-ground object-sensor by means of the 

MODTRAN model. Meanwhile, the corresponding look-up 

table was built up. The contribution of upward and downward 

diffuse radiation to the sensor radiation at entrance pupil was 

not considered in the methods above, but actually, the radiation 

from ground surface contains not only the direct solar radiation 

by the surface objects, but also the atmospheric upward diffuse 

radiation scattered by neighboring objects and atmospheric 

downward diffuse radiation by the reflection of surface objects. 

Therefore, without considering the contribution of the latter two 

parts, there exists a certain degree of deficiency on the atmos-

pheric correction, that is, the atmospheric condition of the ob-

tained atmospheric parameter is better than the real atmospheric 

condition. In addition, most scholars tend to consider the proc-

ess of surface–atmospheric radiative transfer coupling as a 

whole during the process of ground surface radiative transfer 

modeling. For example, in the three-dimensional radiative 

transfer models of RGM, DART, etc. (Qin & Gerstl, 2000; 

Gastellu-Etchegorry et al., 2004), the atmospheric upward and 

downward radiative values for the given spectral band should 

be provided. Thus, quantitative calculation on atmospheric 

upward and downward radiation fluxes is still a problem to be 

solved. 

In this paper, the numeral model of atmospheric radiative 

transfer was established based on the four–stream radiative 

transfer theory (Verhoef, 1984), and the computing method of 

atmospheric upward and downward diffuse radiation fluxes was 

discussed. Meanwhile, the radiation components were param-

eterized according to the key factors of water vapor content, 

visible and solar incidence zenith angle, and then the direct, 

rapid, accurate calculation on atmospheric upward and down-

ward radiation flux was successfully achieved. Finally, based 

on this, the computing result of the narrow-band radiation 

fluxes was obtained combining with the data of Landsat 5 TM. 

2  ESTABLISHMENT OF ATMOSPHERIC RADIA- 

TIVE TRANSFER NUMERAL MODEL 

The basic idea of the parametric method is: (1) The numeral 
model of atmospheric radiative transfer with atmospheric upward 
and downward radiation components should be established. 
And the two components should be separated from the sensor 
radiation at entrance pupil. (2) Based on 6S, MODTRAN 
model (Kaufman & Sendra, 1988; Berk et al., 2000; Vermote et 
al., 2002). the numeral model could be solved, from which the 
atmospheric upward and downward radiation fluxes during 
visible – near infrared spectral band (0.4—2.5μm) could be 
obtained. (3) Based on the key atmospheric factors of visi-
ble–near infrared band which has influence on the atmospheric 
radiative transfer, the parametric model is established by per-
forming multiple non-linear regression analysis on the atmos-
pheric upward and downward radiation fluxes. 

In the spectral range of visible–near infrared band, the received 
radiation of sensor is mainly from the reflection of solar radia-
tion. The four-stream approximation of the interaction between 

the radiation received by the sensor and the atmosphere is 
shown in Fig. 1. In order to ensure the consistence of nomen-
clature of the four–stream approximation expression, the fol-

lowing symbolic variables are defined:  represents the scatter-

ing process associated with the atmosphere;  represents the 

transmittance through a layer, either directly or via (forward) 
scattering; r represents the directional reflection corresponding 
to ground surface; the subscript s indicates incidence direction 
of the solar rays; the subscript d indicates the direction of up-
ward or downward hemispherical diffuse; the subscript o indi-
cates observation direction of sensor ; b, t are the height of the 
bottom atmosphere and top atmosphere. 

 

 
 

Fig. 1  Diagram of the atmospheric radiative transfer process 

 

Based on the four-stream atmospheric radiative transfer the-

ory, the fluxes related to the atmospheric radiative transfer are 

described as the following equations: 

 s ss s( ) ( )E b E t  (1) 

 sd s dd( ) ( ) ( )E b E t E b     (2) 

 sd s dd( ) ( ) ( )E b r E b r E b    (3) 

 o so s do( ) ( ) ( )E b r E b r E b   (4) 

 o so s do oo o( ) ( ) ( ) ( )E t E t E b E b      (5) 

where  Es(t) is solar incidence radiation flux at TOA (top of 

the atmosphere); Es(b) is direct solar radiation flux at BOA 

(bottom of the atmosphere); E+(b) and E(b) respectively 

represents skylight diffuse upward and downward radiation; 

Eo(b) is the total surface radiation in the observation direction; 

Eo(t) is the total radiation at TOA in the observation direction; 

ss is direct transmittance of solar ray through the whole at-

mospheric layer; sd is the diffuse transmittance in the direction 

of solar rays-hemisphere; do is diffuse transmittance from 

hemisphere to the observation direction of sensor; oo is the 

direct transmittance from surface to the observation direction; 

dd is the spherical albedo of the atmosphere at BOA; so is 

atmospheric bidirectional reflectance at TOA; sdr  is the av-

erage surroundings diffuse reflectance for solar incidence; ddr  

is the average surroundings diffuse reflectance for diffuse inci-

dence; rso is the ground surface bidirectional reflectance; rdo is 

reflectance in the hemispheric–observation direction. 

Apparent reflectance rp, at TOA can be obtained by simul-

taneously solving the equations developed above: 
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where, (a), (b), (c) and (d) indicate single scattered radiation, 

atmospheric upward diffuse radiation, atmospheric downward 

diffuse radiation and the direct solar radiation reflected by 

ground surface contributing to the total sensor radiation at en-

trance pupil, respectively. 

Similarly, the following equations can be set up through estab-

lishing Eq.(1) — Eq.(3) simultaneously: 
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Further: 
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It can been seen that atmospheric downward and upward radia-

tion in the spectral range of visible-near infrared band are af-

fected by solar incidence angle, atmospheric condition and 

surface conditions, which is independent of the observation 

direction. To figure out the upward and downward radiation and 

the ratio of them, the atmospheric and environment property 

parameters in the equations should be obtained in advance. 

Assuming the ground surface as homogeneous Lambertian, 

surface albedo is defined as the constant value  at wavelength 

 (Surface albedo indicates the ratio of the reflection flux of 

solar incidence radiation to the solar incidence radiation flux), 

which then substitutes the variables corresponding to surface 

reflection in the equation, as follows: 

 ss, sd,
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3  PARAMETERIZATION OF THE ATMOSPHERIC 

UPWARD AND DOWNWARD RADIATION FLUX 

3.1  Computing method of atmospheric radiation flux 

MODTRAN (moderate resolution atmospheric transmittance 

and radiance code) compiled by FORTRAN language was de-

veloped by Spectra Technology, Inc. United States and Air 

Force Physics Laboratory. It is suitable for the computation of 

atmospheric transfer radiation within the spectral range of 

0.2m— (Berk et al., 2000). Since 1989, MODTRAN has 

gradually been integrated with the latest achievements in at-

mospheric radiative transfer, and the newest version is 4.0. 

MODTRAN 4.0 improves the computing precision of Rayleigh 

scattering and complex refractive index, incorporated DISORT 

for the solution of radiative transfer model by multi–stream 

approximation, and introduced various BRDF models to make 

possible the parameterized input of surface characteristics. 

Several basic databases in MODTRAN have been updated, and 

the processing method of the upper atmosphere is improved. 

MODTRAN is one of the most popularly used radiative transfer 

models with higher precision (Aires et al., 2002; Ellicott et al., 

2009; Verhoef & Bach, 2003). 

The three atmospheric parameters ss,, sd, and dd, in 

E+(b), E(b) and Q can be obtained through Eq. (6) and the 

output of MODTRAN model. Assuming the ground surface as 

homogeneous Lambertian, Eq. (6) is changed into another form, 

shown as follows: 
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Set  as 0, 50% and 100%, respectively, and input the atmos-

pheric parameters of MODTRAN 4 model based on meteoro-

logical observation data and the three atmospheric parameters 

will be obtained after three calculation results. To make the 

output results of MODTRAN 4 model convenient for solving 

the equations, radiation flux related to (a), (b), (c) and (d) are 

saved directly as a single file through modifying the program of 

MODTRAN 4 model. The relationship among column data 

identification of tape7 file as the output of MODTRAN, vari-

ables in MODTRAN 4 and Eq.(6) are respectively described as: 

(1) The sum of reflectance radiation at TOA and the total at-

mospheric upward diffuse radiation is ‘SOL SCAT’ 

→‘SUMSSR’→(a)+(b). (2) The direct solar radiation reflected 

by ground surface is ‘DRCT RFLT’ →‘RFLSS’→(d). (3) The 

sum of direct solar reflected by surface and the atmospheric 

downward diffuse radiation is ‘GRND RFLT’→‘RFSURF’→ 

(c)+(d). The following equations can be obtained according to 

the relationship described above: 
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 s
( ) oo, ss, s

( )
cos

πd
E t

L        (14) 

where L(a)+(b), L(c)+(d) and L(d) indicate the radiation flux value 

components obtained by MODTRAN 4 model at wavelength . 

(1) Assume that the direct transmittance oo, and ss, satisfy 

the Beer’s Law, the following equation would be established: 

 oo, o ss, sexp( / cos ), exp( / cos )b b         (15) 

where b is the atmospheric optical thickness of the whole at-

mosphere, o is observation zenith angle, s is solar incidence 
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zenith angle. The application of Beer’s Law will generally 

achieve high accuracy within the atmospheric window wave 

band, except in the strong water vapor absorption band which 

may lead to large error. The following equations can be estab-

lished through Eq.(14) and Eq. (15) when  =100%: 
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The following formula can be obtained: 

 100
( ) s s s oln[ π /( ( )cos )]/(1/ cos 1/ cos )db L E t        (17) 

ss, can be directly solved with b and Eq. (15). 

(2) The Eq. (13) can be changed into the following forms 

when =50% and =100%: 
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dd, can be directly solved as: 
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(3) The following equation can be set up through establish-

ing Eq. (13) and Eq.(14) simultaneously when =100%: 

 100 100
sd, ( ) ( ) dd, ( ) ss,[ (1 ) / 1]c d dL L        (20) 

3.2  Analysis of the atmospheric radiation flux 

When performing the atmospheric correction of MODIS 

data in the spectral range of visible–mid infrared band (Vermote 

et al., 2002), high accuracy can be achieved through simplified 

mutual coupling model of water vapor absorption and aerosol 

scattering. In a short period of time, effects of the atmosphere 

on short-wave radiation are mainly from water vapor content 

and aerosol conditions; whereas other gases and trace gases 

change slightly, which have relatively stable effect on the proc-

ess of radiative transfer. Through the analysis of neighboring 

effect on atmospheric radiative transfer, it also can be con-

cluded that the main atmospheric factors influencing on 

neighboring effect are water vapor content and visibility (Yang 

et al., 2007, 2008, 2009). Of course, solar incidence zenith 

angle is the main geometric factor effecting on the length of 

atmospheric radiation path in the spectral range of visible–near 

infrared band. Statistical analysis on the change of water vapor 

content within gas column is performed with the data of 1413 

atmospheric profiles in clear sky conditions stored in the TIGR 

atmospheric profile database. The change range of water vapor 

content is from 0.0 to 8.0 g/cm2, and the water vapor content of 

60% of the profiles is around 1.0(g/cm2); the atmospheric visi-

bility distance ranges from 0.1 to 35 km, with reference to Li-

ang et al. (2001); solar incidence zenith angle ranges from 0 to 

70 determined by Landsat 5 satellite overpass time and the 

geographical position. Based on the standard atmosphere model  

in U.S. in 1976, specific parameters are set as shown in Table 1, 

and statistical analysis is performed by changing the three 

variables of water vapor content, visibility distance and solar 

incidence zenith angle; here, the observation direction is 

top-down vertical direction, and the default parameter values 

are 1.0 g/cm2 of water vapor content, 25.0 km of visibility dis-

tance and 30.0 of solar incidence zenith angle. 
 

Table 1  The settings of input atmospheric parameters 

Water vapor content 
/(g/cm2) 

Visibility distance /km 
Solar incidence zenith angle

/(°) 

1.0  
2.0  
3.0  
4.0  
5.0  
6.0  
7.0  
8.0  

0.1  
0.5  
1.0  
5.0  
10.0  
15.0  
25.0  
35.0  

0.0  
10.0  
20.0  
30.0  
40.0  
50.0  
60.0  
70.0  

 

3.2.1  Computing results of parameters with different water 
vapor content 

The main absorption centers of water vapor in the atmos- 

phere include the wavelength of 0.94, 1.1, 1.38 and1.87μm. It  

can be seen from Fig.2 that the change of the three atmospheric  

parameters caused by different water vapor content is not ob- 

vious, even if the water vapor content dynamic ranges from  

1.0—8.0g/cm2. The three atmospheric parameters slightly de- 

crease with the increase of water vapor content, and the varia- 

tion range is only within round 5%. The reason is that, except  

for the water absorbing zone, water vapor in atmosphere has  

slight Rayleigh scattering only within the long wavelength  

(>1.0 μm), and half of solar energy is absorbed in near-infrared  

band. Water vapor absorption zone mainly concentrates on  

thermal infrared band, and there is more absorption under con- 

ditions of higher water vapor content. Therefore, water vapor  

content is the most important influencing factors in thermal  

infrared remote sensing but less important in visible-infrared  

band. In the figure, the downward arrow indicates a negative  

correlation with water vapor increase, while the upward Arrow  

indicates a positive correlation. The meanings of arrows in the  

following figures are the same. 

3.2.2  Computing results of different aerosol visibility  

Mie scattering by aerosol in visible-near infrared band is 

very obvious. The extinction distance of the surface aerosol at 

550nm ranges from 39.1 to 0.1 km1 when the atmospheric 

visibility distance changes in the range of 0.1—35.0 km, which 

leads to the largest change range of corresponding atmospheric 

parameters up to 10 times of the original, as shown in Fig.3, 

where ss, and sd, rise with the increase of visibility distance, 

but dd, decreases. The reason is that the probability of 

multi-scattering by aerosol is reduced with the increase of visi- 

bility distance, which directly leads to the increase of the whole 

layer atmospheric direct and diffuse transmittance. But the 

probability of multiple scattering in hemisphere-hemisphere 

direction among atmospheric upward and downward diffuse 

radiation is reduced, which leads to the decline of dd,. 
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Fig. 2  Results of three atmospheric parameters in different water vapor content 
(a) Direct transmittance of solar ray through the whole atmospheric layer; (b) Diffuse transmittance in the direction of solar rays-hemisphere; 

(c) Spherical albedo of the atmosphere at BOA 
 

 
 

Fig. 3  Results of three atmospheric parameters in different meteorology visibility distance 
(a) Direct transmittance of solar ray through the whole atmospheric layer; (b) Diffuse transmittance in the direction of solar rays-hemisphere; 

(c) Spherical albedo of the atmosphere at BOA 
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3.2.3  Calculation results of different solar incidence zenith 

angle 

While the solar incidence zenith angle changes from 0 to 70°, 

solar rays transmission distance through the atmosphere will be 

increased, where ss, gradually declines with the increase of the 

angle, and the change range is up to 10 times, as shown in Fig.4. 

The change of solar incidence zenith angle has significantly 

impact on the direct light transmittance. On the contrary, sd, 

increases with the angle, of which the range is small. While 

dd, is independent of the solar incidence zenith angle, it keeps 

constant. The reason is that with the increase of zenith angle 

and direct light transmission path through the atmosphere, the 

probability of multi-scattering during transmission has a certain 

increase, but multi-scattering has a little increase under the 

same atmospheric condition, so sd, has a slight increase. As 

for dd,, it is associated with atmospheric conditions but inde-

pendent of the direction of solar incidence and observation, 

which represents the scattering albedo in hemisphere-hemisp- 

here direction through the atmosphere. Therefore, it is inde-

pendent of the change of solar incidence zenith angle. 

3.3  Parameterization of atmospheric upward and 

downward radiative fluxes 

Taking Landsat5 TM data as an example, the wavelength of 

its 6 visible-near infrared bands ranges from 0.4 to 2.5μm, as 

shown in Fig. 5, which is consistent with the spectral range of 

data used in the previous analysis on upward and downward 

radiation, therefore, the method described above can be directly 

used in atmospheric correction on TM data. 

The corresponding value of TM bands can be obtained by 

the following equations through channel integral of ss,, sd, 

and dd,: 

 
( ) ( )d

( )d

i
i

i

    


  
 


 (21) 

where, i indicates the integral value by TM band response; 

i()represents the spectral response value at each TM band. 

The integral results of the 6 bands of Landsat5 TM data are 

analyzed by non-linear least square method to find the three 

atmospheric parameters ss, sd and dd with approximately the 

same form of regression equation, but with different scaling 

factor in different band. Finally, the fitting results of the three 

atmospheric parameters at each band are obtained, as shown in 

Table 2. The form of fitting equation is as follows: 

 

3 2
1 2 3

4 5 6

2
7 8

Fit_Function * * * (a)

( * ) /( ) (b)

* * (c)

P w P w P w

P v P v P

P s P s

   
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

 

(22)

 

 

 
 

Fig. 4  Computing results of three atmospheric parameters in different solar incidence zenith angles 
(a) Direct transmittance of solar ray through the whole atmospheric layer; (b) Diffuse transmittance in the direction of solar rays-hemisphere; 

(c) Spherical albedo of the atmosphere at BOA 
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Fig. 5  Setting of Landsat 5 TM band, atmospheric transmittance and solar irradiance at TOA 

 

Where P1P8 are the equation coefficient items; w, v and s indi-

cate the atmospheric water vapor content (g/cm2), the horizontal 

meteorological visibility distance (km) and cosine value of 

solar incidence zenith angle (coss), respectively. Water vapor 

content is cubic polynomial function of the three atmospheric 

parameters, cosine of solar incidence zenith angle is quadratic 

polynomial function of them, and visibility distance is the 

first-order rational function of these parameters. 

The following indicators are adopted to evaluate the accu-

racy of the fitting results (Zheng et al., 2004; He et al., 2005; Li 

et al., 2006): 

(1) Root mean square error (RMSE) represents the global 

error distribution between the estimated and actual observed 

values of the model: 
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1

( )
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n

i i
i

e o

n







 (23) 

where ei and oi indicates estimated and observed values of the 

model, respectively. 

(2) Mean bias indicates the errors between the estimated and 

total observed values of the model: 
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( )

Mean bias

n

i i
i

e o
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


 
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 (24) 

(3) Precision indicates repeated estimation accuracy of the 

fitting model, that is, the standard deviation got by correcting 

the average deviation: 
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1
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1

n
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
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


 (25) 

(4) Nash-Sutcliffe efficiency coefficient (E). It can express 

the commonly used decision coefficient R2, which represents 

the consistence of the magnitude of global errors between esti-

mated values and observed values of samples. In addition, it 

can fully express the consistence of the inner error distribution 

of the sample, which ranges from    to 1, the estimated value 

of the model coincide well with the observed value when E=1.0; 

The estimated precision is up to the average level of the ob-

served value when E=0.0; the error of estimated value is large 

when E<0.0. 

 1

1

| |
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| |

n

i i
i
n

i i
i

e o
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e o







 






 (26) 

Statistical analysis on the accuracy of fitting model is shown 

in Table 2, in which the accuracy of estimated value of the three 

atmospheric parameters has reached above 0.95; the maximum 

of RMSE and Precision are less than 1%; and mean deviation is 

9 orders of magnitude smaller. Therefore, the regression fitting 

model is established with sufficient precision, able to accurately 

represent the atmospheric parameters value on conditions of 

different water vapor, visibility distance and solar incidence 

zenith angle. 
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3.4  Estimation of the atmospheric upward and 

downward radiation fluxes in Landsat5 TM 

3.4.1  Analysis of ratio 
( )

( )

E b

E b



  

With combination of Landsat 5 band settings, the relation-

ship of Q value with water vapor content, visibility distance, 

solar incidence zenith angle and surface reflectance is analyzed 

according to the regression model of the three atmospheric 

parameters obtained above, as shown in Fig.6. Under the condi-

tions of the same surface albedo but different water vapor con-

tent, the change of Q value is not significant. However, the ratio 

of Q increases approximately linearly with the wavelength. Its 

reason is that the effect of atmospheric transmission on radia-

tion mainly concentrates at the elevation below 10 km in the 

atmosphere. It can be seen from Fig.2, the two atmospheric 

parameters (sd, and dd,) related to E(b) decrease with the  

increase of water vapor content, and significantly decrease with 

wavelength increasing, which leads to the E(b) decrease. Un-
der the assumption of Lambertian surface, characteristic pa-

rameters of surface reflectance sdr  and ddr  involved in E+(b) 

remain constant, but the two should have slightly increased in 
theory. Thus, the value of Q is always greater than 1 and tends 
to increase with the wavelength. 

The values of Q corresponding to L5B1-L5B4 band are all 
less than 4, while that corresponding to L5B1 and L5B7 band 
reach about 10—16. 

It can be seen from the right part, Q increases exponentially 
with the surface albedo, and the value ranges up to about 
0.1—25 times. There are large differences in the amplitude of 
increase in different bands, where L5B1— L5B3 band has 
slight increase, while the other three bands have large increase 
reaching around 26 times. 

It can be seen from Fig.7 that Q also increases with the 
wavelength, and the value at L5B7 band is 15 times higher than  

 

 
 

Fig. 6  Relationship between Q and water vapor (a) and reflectance (b) 
(a) ref=0.4, w=1.0—8.0g/cm2; (b) ref=0.1—0.9, w=1.0g/cm2 

 

 

 
 

Fig. 7  Relationship between Q with solar zenith angle and visibility distance 
(a) Different solar incidence zenith angle; (b) Different visibility distance 
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that at L5B1 band; but it decreases with the increase of solar 

incidence zenith angle; the value is on negative exponential 

decline at 0—70 of solar incidence zenith angle at each band, 

with the largest attenuation as half of that at 0. Under the con-

ditions of different visibility distance, Q increases in form of 

quadratic polynomial function of the band sequence and visibil-

ity distance, and the amplitude of increase is slightly larger than 

the former, with maximum reaching 22. 

3.4.2  Estimation of the atmospheric upward/downward radia-

tion fluxes in TM narrow band 

The selected image of Landsat 5 TM, overpass Beijing in 

June 2nd, 2009, path/row: 123/32, was used in the study. The 

area is located in Changping District of Beijing, mainly covered 

with winter-wheat, bare soil and buildings. The surface of the 

experimental area is flat, with the altitude of 52 m. Based on the 

data observed by the weather station, the estimated water vapor 

content is 2.82 g/cm2; visibility distance is 22 km; solar inci-

dence zenith angle in the satellite transmitting is 33.2. Other 

atmospheric parameters in Eq. (11) can also be calculated 

through running MODTRAN 4 for three times with reference to 

the computing method of ss,, sd, and dd,. And the corrected 

surface reflectance can be obtained by means of the calibrated 

TM data, as shown in Fig.8. 

Through the computing formula of E+(b), E(b) and Q, the 

solar irradiance data with the resolution of one wave number 

are used to calculate the atmospheric upward and downward 

radiation fluxes of the 6 bands of TM and the ratio between 

them, as shown in Fig.9 and Fig.10. 

It can be seen from the results above: (1) E+(b) is signifi-

cantly lower than E(b) at L5B1 band under vegetation cover-

age; E(b) is near 430 W m2 μm1, but E+(b) is only about 45 

W m2 μm1 which is nearly 10 times lower than the former. It 

is consistent with the results obtained above. In the 

non-vegetation covered area, E+(b) is about 100 W m2 μm1, 

but E(b) is still around 450 W m2 μm1. The results show that 

there are large differences in E+(b) for the coverage of vegeta-

tion and for the bare soil at L5B1 band, which are greatly affected 

 

 
 

Fig. 8  Reflectance of Landsat 5 TM (R:7, G:4, B:3) 

 

 
 

Fig. 9  Total diffuse upward flux for six bands of Landsat 5 TM 
(a) L5B1; (b) L5B2; (c) L5B3; (d) L5B4; (e) L5B5; (f) L5B7 
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Fig. 10  Total diffuse downward flux for six bands of Landsat 5 TM 
(a) L5B1; (b) L5B2; (c) L5B3; (d) L5B4; (e) L5B5; (f) L5B7 

 

by the reflection characteristics of surface. However, E(b) is 

nearly the same in the two different kinds of surface features 

and less correlated with surface condition. (2) E+(b) for bare 

soil is about 2—3 times larger than that for vegetation coverage; 

E+(b) for vegetation coverage is around 80 W m2 μm1; but 

E(b) is little correlated with surface features, for example, it is 

just 20 W m2 μm1 lower for the coverage of vegetation than 

for bare soil. (3) The value of E+(b) and E(b) changes accord-

ing to similar laws at L5B3and L5B2 bands, and E+(b) reaches 

its maximum in bare soil as about 200 W m2 μm1; E(b) for 

the coverage of vegetation is just 30 W m2 μm1 lower than 

that for bare soil. (4) At L5B4 band, E+(b) for the coverage of 

vegetation is 50 W m2 μm1 higher than that for bare soil, and 

the maximum value reaches around 250 W m2 μm1; E(b) is 

nearly the same in the two types of area, around 110 W m2 

μm1.(5) Both E+(b) and E(b) at L5B5 band are significantly 

lower than those at the four bands above, with the largest am-

plitude of decrease 10 times more than before; E+(b) is about 5 

times higher than E(b), but both of them are less affected by 

surface features, and E+(b) is about 40 W m2 μm1. (6) At 

L5B7 band, E+(b) and E(b) are much smaller, E(b) for the 

coverage of vegetation is nearly the same with that for the bare 

soil, as around 2 W m2 μm1; while E+(b) for the coverage of 

vegetation is about 1/3 of that for bare soil, as around 7 W m2 

μm1. The solar irradiance at TOA gradually decreases at the 

wavelength longer than 0.4 μm, the amplitude of decrease is up 

to 40 times that at the wavelength of 2.5μm, as shown in Fig.5. 

Thus, E+(b) and E(b) tend to decrease from L5B1to L5B7. In 

general, E+(b) in the first three bands are lower than E(b), but 

gradually become higher than E(b) from the fourth band. 

3.5  Discussion 

The four-stream approximated atmospheric radiative transfer 

analytical model described in the paper has been successfully 

applied in the atmospheric correction of multi-spectral and 

hyperspectral remote sensing data. To solve the atmospheric 

parameters independent of surface features in the model, the 

assumption of Lambertian surface was introduced. The models 

were solved with equations established simultaneously under 

the conditions of different surface albedo. By comparing the 

total radiation at entrance pupil calculated by the analytical 

model with four-stream approximation and the original 

MODTRAN4, that was, the output results of MODTRAN 4 

model were considered as the true value, the relative error be-

tween the obtained result in the paper and that in MODTRAN4 

model was computed. The results showed that the relative er-

rors were less than 0.5% for all bands, as shown in Fig.11. 

Meanwhile, the values of the three parameters, ss,, sd, and 

dd,, were compared with the results computed by Verhoef et al. 

(2003), which showed full consistence in the parametric value 

range and precision. 

The simplified analytical model of four-stream approxi-

mated atmospheric radiative transfer presented in the paper was 

applied in the remote sensing imaging simulation. Under the 

assumption of Lambertian surface, atmospheric radiation fluxes 

were analyzed, and the parameterization and computation of the 

atmospheric upward and downward radiation of Landsat 5 TM 

were conducted. Thus Eq. (6) could be transformed into Eq. 

(11), and Eq. (7)—Eq.(9) were transformed into Eq. (10), 

which implied that the scale of surface neighboring effect was 

the same with the spatial scale of ground object, that was, the  
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Fig. 11  Errors analysis of the analytical model of atmospheric radiative transfer 
 

neighboring objects corresponding to the two items sdr  and 

ddr  in Eq. (3) were assumed to be the Lambertian with the 

same reflectance of the ground object. The result of the proc-
essing above was that, the pixel was considered as homogene-
ous infinite Lambert surface while computing the atmospheric 
upward and downward radiation of each pixel of Landsat 5 TM 
image. In this case, the role of neighboring effect reached their 
maximum, with the same resolution with the pixel. Of course, 
this was a typical case for Eq.(3), for example, Eq. (10)— Eq. 
(11) were reasonable in a relatively homogeneous large area of 
water bodies and desert surface. If considering the neighboring  

effect, after computing the three parameters ss,, sd, and dd, 

under the assumption of Lambertian surface, sdr and ddr  

should be calculated by the direct method of radiative transfer  
model for the different surface features or by the indirect 
method of atmospheric point spread function(Hu et al., 1996; 
Niu et al., 1997; Xiao et al., 2005). Preliminary estimation 
showed that the contribution of neighboring effect caused by 

sdr  and ddr  was about 5% for Landsat5 TM data used in the 

paper under the condition of horizontal meteorological visibil-
ity distance of 22km. Therefore, the atmospheric upward and 
downward radiation of one pixel could be compared only in the 
pixel scale, and the condition that different features with dif-
ferent scale and magnitude of the neighboring effect should be 
considered in the precision calculation. That is to say, 

neighboring effect caused by sdr  and ddr  will make E+(b) 

vague just as performing low-pass filter in different degrees, 

and further affect E(b). One of the purposes of this paper is to 
apply atmospheric radiative transfer analytical model in the 
simulation of remote sensing image and the evaluation of the 

response properties of sensor under ideal conditions. In our 
subsequent study, ray tracing method will be used to calculate 
the neighboring effect approximately, obtain the PSF value for 
each pixel and spatial extent, and compute atmospheric upward 
and downward radiation fluxes in the actual situation. 

4  CONCLUSIONS 

According to the four-stream radiative transfer theory, the 
numeral model of visible-near infrared band atmospheric radia-
tive transfer was developed with consideration of the contribu-
tion of atmospheric upward and downward diffuse reflectance 
at entrance-pupil. From MODTRAN 4 model, the atmospheric 
parameters corresponding to the two items referred above have 
been calculated, and the three atmospheric parameters of 
transmittance of direct sun light through the whole atmospheric 

layer ss,, the diffuse transmittance in the direction of solar 

rays-hemisphere sd, and atmospheric spherical albedo at BOA 

dd, have been obtained. It was determined that the key factors 
affecting the three atmospheric parameters were water vapor 
content, meteorological visibility distance and solar incidence 
zenith angle through analysis. The conclusions that the value of 
60% water vapor content was about 1.0, ranging from 0.1 to 8.0 
g/cm2; visibility distance was within 0.1—35 km; solar inci-

dence zenith angle ranged from 0 to 70 were drawn from 
TIGR atmospheric profiles database. According to the parame-
ters’ value range referred above and different combination of 
them, the sensibility of the three atmospheric parameters has  
been analyzed, and results are shown as follows: (1) There is not 
significant change of the three atmospheric parameters with 
different water vapor content, and that decrease is only about 5% 
with water vapor content increasing. (2) The greatest change of 
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the three atmospheric parameters caused by different aerosol 

visibility ranges up to about 10 times. ss, and sd, increase with 

the visibility distance, but dd, is opposite to the situation. (3) 

ss, gradually decreases with the solar incidence zenith angle 
increasing, and the change range can reach about 10times; on the 

contrary sd, is with small increase; dd, is independent of solar 
incidence zenith angle and keeps constant. 

Besides, it can be found that the three atmospheric parame-
ters have the same parameterized form after performing regres-
sion analysis on them, where water vapor content was cubic 
polynomial of the three atmospheric parameters, and the cosine 
of solar incidence zenith angle was quadratic polynomial of 
them, visibility distance was a first-order rational function of 
these parameters. The model estimation precision (E) of the 
three atmospheric parameters is more than 95%, and the biggest 
RMSE and Precision are all smaller than 1%, which demon-
strates that the parametric model has the greatest precision. In 
addition, through computing atmospheric upward and downward 
diffuse radiation of the Landsat5 TM 6 narrow bands, it is con-
cluded that the change of the Q value is not obvious under the 
different conditions of water vapor content, but the value of Q 
increased approximately linear with the wavelength, in contrast 
with the situation of atmospheric irradiance decreasing at TOA; 
the value of Q tends to increase exponentially with atmospheric 
water vapor content, meteorological visible distance and solar 
incidence zenith angle, ranging from 0.1 to 25 times, but there 
are large differences at different bands in changing extent. 

Through analyzing atmospheric upward and downward diffuse 

radiation of TM bands, it can be found that E(b) is approximately 
the same either for vegetation coverage of vegetation or for bare 
soil, but it decreases with the band sequence; whereas E+(b) under 
coverage of vegetation is 2—4 times larger than that in bare soil 
besides L5B4 and L5B5 with the similar value of E+(b). 

In the paper, the upward and downward radiations were cal-
culated based on the assumption of Lambertian surface. The 
values were obtained under the ideal diffuse reflection condition, 
which has certain differences from the actual situation. In addi-
tion, the method is only suitable for flat areas as the factors af-
fecting the radiation of topography and elevation were neglected. 
The problems above will be the focus of our further studies. 
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可见光-近红外波段大气上行与下行辐射分量 
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摘  要:  可见光-近红外波段大气上行、下行辐射是辐射传输建模、成像模拟及大气校正关键的输入参数, 根据四

流辐射传输理论给出了与二者相关大气参量的数值模型及计算方法, 针对 Landsat 5 TM 6个波段建立了大气参量

与水汽含量、能见度距离和太阳入射天顶角间的参数化模型, 在此基础上对各参量间敏感性进行了分析, 结果表明

参数化模型具备较高精度。同时, 计算了各波段大气上行、下行漫射辐射值, 对二者在植被和裸土覆盖条件下的差

异进行了定量分析。 

关键词:  大气上行、下行辐射, 辐射传输, 大气校正, 参数化模型 
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1  引  言 

大气层对太阳辐射的影响主要表现在散射与吸

收。由于大气的存在, 太阳辐射因大气中水分分子

以及气溶胶粒子的吸收和散射减弱, 同时部分散射

和太阳辐射的下行辐射进入到传感器, 使大气背景

和地表信息混叠在一起, 限制了遥感数据的定量化

应用。关于如何建立有效的大气辐射传输模型, 实

现遥感数据的精确大气校正一直是众多研究者关注

的热点问题。经过大量大气和遥感科学工作者多年

的努力, 已经成功地开发并建立了宽、窄光谱带和

逐个光谱线计算的大气辐射传输模型, 这些传输模

型包括多种观测方式, 适用于非常宽的电磁波谱范

围及多种可变气象要素。目前比较通用的大气辐射

传输模型有 6S、LOWTRAN、MODTRAN和 FASCODE

等, 但这些模型需要提供大量详细的大气参数, 且 

未直接给出各大气上行、下行辐射分量结果。在上

述模型基础上已经有相应的商业大气校正工具, 例

如 ATCOR、FLAASH和 ACORN等, 但同样需要提

供详细的输入参数。目前, 大多数研究者根据不同

传感器载荷和特定需要, 设计了不同的大气辐射传

输简化计算模型, 例如 Liang 等(2001, 2004)、 吾拉

木等(2004)、聂爱秀等(2007)将传感器入瞳辐射分解

为两项(Kaufman & Sendra, 1988; Vermote等, 2002): 

大气程辐射、太阳直射辐射经地面与大气下界(bottom 

of atmosphere, BOA)作用后的多次散射辐射。通过改

变地表反射率条件和传感器高度, 利用 MODTRAN

模型间接计算出设定大气状况、太阳-地物目标-传感

器间观测几何及传感器通道范围条件下的程辐射项

(L0)、太阳下行总辐射(Fd)、大气的半球反照率(S)及

地物目标与传感器间透过率(T), 并建立相应查找

表。以上方法均未考虑大气上行、下行漫射辐射对

引用格式: 杨贵军, 高中灵, 黄文江, 刘  强, 王纪华, 张明月. 2010.可见光-近红外波段大气上行与下行辐射分量参数化方法.

遥感学报, 14(4): 637—662 

Yang G J, Gao Z L, Huang W J, Liu Q, Wang J H and Zhang M Y. 2010. Parameterization methods of atmospheric upward
and downward radiation fluxes in visible and near-infrared bands. Journal of Remote Sensing. 14(4): 637—662 
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传感器入瞳辐射的贡献; 实际来自地表的辐射中包

含了地物直接反射的太阳直射辐射外, 还有经过邻

近地物散射后的大气上行漫射辐射和地物目标反射

的大气下行漫射辐射。不考虑后两者辐射贡献时进

行大气校正会存在一定程度的矫正不足, 即计算出

的大气参数对应的大气条件要优于真实大气状况。

此外, 在地表辐射传输建模过程中, 更多学者将地-

气辐射传输耦合过程统一考虑, 例如 RGM、DART等

三维辐射传输模型中(Qin & Gerstl, 2000; Gastellu- 

Etchegorry 等, 2004), 需要提供给定波段范围内大

气上行、下行辐射值。所以, 关于定量化计算大气

上行、下行辐射分量是有效解决上述问题的关键。 

2  大气辐射传输数值模型建立 

大气辐射传输参数化建模的基本思路是: (1) 建 

立包含大气上行、下行辐射分量的大气辐射传输 

数值模型, 能够将二者从传感器入瞳辐射中分离开

来; (2) 利用 6S、MODTRAN 等模型(Kaufman & 

Sendra, 1988; Berk等, 2000; Vermote等, 2002)对建

立的数值模型进行求解, 求出可见光-近红外宽波段

(0.4—2.5μm)内大气上行、下行辐射分量; (3) 根据

可见光—近红外波段影响大气辐射传输的关键大气

因子, 对二者进行多元非线性回归分析, 建立参数

化模型。 

在可见光-近红外波段范围内, 传感器接收的辐

射主要来自反射的太阳辐射, 其与大气相互作用的

四流近似如图 1 所示。为了使四流近似表达公式命

名规范, 定义以下符号变量: 表示与大气相关的散
射过程; 表示大气直射或(前向)散射透过率; r表示

与地表相关的方向性反射; 下标 s 表示太阳入射方

向; 下标 d 表示上行或下行半球漫射方向; 下标 o

表示传感器观测方向; b,t 分别代表大气底层和大气

顶层高度。 

 

 
 

图 1  大气辐射传输过程示意图 

根据四流大气辐射传输理论, 与大气辐射传输

相关的通量满足以下方程:  

 s ss s( ) ( )E b E t  (1) 

 sd s dd( ) ( ) ( )E b E t E b     (2) 

 sd s dd( ) ( ) ( )E b r E b r E b    (3) 

 o so s do( ) ( ) ( )E b r E b r E b   (4) 

 o so s do oo o( ) ( ) ( ) ( )E t E t E b E b      (5) 

式中, Es(t)为大气层顶(top of atmosphere, TOA)入射

太阳辐射通量, Es(b)是到达大气层底(bottom of at-

mosphere, BOA)太阳直射辐射通量, E+(b)和 E(b)分

别为天空光上行、下行漫射辐射, Eo(b)是传感器观测

方向 BOA 处地表总辐射, Eo(t)为传感器观测方向

TOA处接收到的总辐射。ss为沿太阳方向直射透过

率, sd为太阳光线方向-半球方向漫射透过率, do是

半球至传感器观测方向漫射透过率, oo 为地表至传

感器观测方向直射透过率。dd为 BOA 处大气球面

散射反照率, so为 TOA 处大气双向反射率。 sdr 和

ddr 分别为关于地表太阳直射、大气下行散射的环境

平均漫反射系数, rso为地表双向反射率, rdo为半球-

传感器观测方向反射率。 

通过上述方程联立求解, 可得大气层顶表观反射

率 rp,:  

 

, so,

sd, ss, dd, sd,
do,

dd, dd,

sd, ss, sd, dd,
oo, do,

dd, dd,

oo, so, ss,

(a)

( )
(b)

1
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1

(d)
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 (6) 

其中(a)、(b)、(c)及(d)分别表示 TOA处单次散射辐射、

大气上行漫射辐射、大气下行漫射辐射及地表反射太

阳直射辐射对传感器入瞳处总辐射贡献。 

同样将方程(1)—(3)联立, 可以得出:  

 sd ss dd sd
s

dd dd

( )
( ) ( )

1

r r
E b E t

r

 


 



 (7) 

 sd ss sd dd
s

dd dd

( )
( ) ( )

1

r
E b E t

r

  


 



 (8) 

进而得到:  

 sd ss dd sd

sd ss sd dd

( )( )

( )( )

r rE b
Q

rE b

 
  






 


 (9) 

可以看出在可见光-近红外波段范围内大气下

行和上行漫射辐射同时受太阳入射角度、大气状况

和地表条件共同影响, 与传感器观测角度无关。为

了求解出二者及比值, 必须事先得到公式中的大气
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参数及环境特性参数。可假设地表为均一朗伯体 , 

定义波长  处地表反照率为常量  (地表反照率指

地表对入射的太阳辐射的反射通量与入射的太阳辐

射通量的比值), 并代替公式中与地表反射相关变量, 

可得到:  

 ss, sd,

sd, ss, dd,

( )( )

( )( )

E b
Q

E b

  

   

  
   






 


 (10) 

3  大气上行、下行辐射分量参数化 

3.1  大气辐射分量计算方法 

MODTRAN(moderate resolution atmospheric trans- 
mittance and Radiance code)是由美国光谱科技公司、空

军物理实验室联合利用 FORTRAN 编写的适用计算

0.2m—区间内的大气辐射传输模式(Berk等, 2000)。

从 1989年至今, MODTRAN逐步将大气辐射传输方面

的最新成果融入到程序中来, 版本已经发展到 4。在

MODTRAN 4 中, 改进了瑞利散射和复折射指数的计

算精度, 增加了 DISORT 考虑用多流近似求解辐射传

输模型, 并且将多种 BRDF 模型引进到模型中, 使地

表特性的参数化输入成为可能。MODTRAN4 还对几

个重要的基础数据库加以更新, 改进了高层大气的处

理, 使计算的精度得到很大提高。MODTRAN4是目前

应用最为广泛精度较高的辐射传输模型(Aires 等, 2002; 

Ellicott等, 2009; Verhoef & Bach, 2003)。 

利用公式(6)和 MODTRAN4模型输出结果可以

求得 E+(b)、E(b)和 Q 中 3 个大气参数ss,、sd,和

dd,。同样将地表假定为均一朗伯体, (6)式变为:  

 

, so,
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sd, ss, dd,
oo,

dd,
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 (11) 

设定分别取值为 0、50%和 100%, 根据气象

观测数据输入 MODTRAN 4模型大气参数, 利用模

型进行三次计算结果即可求解出 3 个大气参数。为

方便将 MODTRAN 4 模型输出结果用于方程求解, 

通过修改 MODTRAN 4 模型程序将与(a)、(b)、(c)

及(d)相关的辐射分量直接存储为单独文件。MODT- 

RAN 4输出 tape7文件中列数据标识、MODTRAN 4

模型变量及公式(6)对应关系分别为: (1) 大气层顶

反射辐射与大气上行漫射辐射之和为‘SOL SCAT’→

‘SUMSSR’→(a)+(b); (2) 地表反射太阳直射辐射为

‘DRCT RFLT’→‘RFLSS’→(d); (3)地表反射太阳直

射和大气下行漫射辐射之和为 ‘GRND RFLT’→ 

RFS URF’→(c)+(d)。根据上述关系可以得出:  

 ss, sd, s
( ) ( ) so, do, s

dd,

( ) ( )
[ ] cos

1 πa b
E t

L  
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

 


 (12) 

 sd, ss, s
( ) ( ) oo, s

dd,

( ) ( )
[ ] cos

1 πc d
E t

L  
 

 

 
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
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 s
( ) oo, ss, s

( )
cos

πd
E t

L        (14) 

其中 L(a)+(b)、L(c)+(d)、L(d)分别为 MODTRAN 4 模型

输出的波长处辐射分量值。 

(1) 假设直射透过率oo,和ss,满足 Beer 定律, 

则得到:  

 oo, o ss, sexp( / cos ), exp( / cos )b b         (15) 

其中 b为整层大气光学厚度, o为传感器观测天顶角, 

s 为太阳入射天顶角。除较强水汽吸收波段可能导

致误差较大外, 通常大气窗口波段采用 Beer 定律可

以满足精度要求。利用(14)和(15)式, 当= 100%时, 

可得:  

 
oo, ss, s o

100
( ) s s

exp[ (1/ cos 1/ cos )]

π /( ( ) cos )d

b

L E t
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求得: 
100

( ) s s

s o

ln[ π /( ( ) cos )] /

(1/ cos 1/ cos )

db L E t 

 
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
 (17) 

根据 b值和(15)式可直接求出ss,。 

(2) 当=50%和=100%时, 对于(13)式存在:  
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可以直接解出dd,为:  

 
100 50

(c) (d) (c) (d)
dd, 100 50

(c) (d) (c) (d)

2L L

L L
  

 

 



 (19) 

(3)取=100%, 联立式(13)和式(14), 可得出:  

 100 100
sd, ( ) ( ) dd, ( ) ss,[ (1 ) / 1]c d dL L        (20) 

3.2  大气辐射分量分析 

Vermote等(2002)在进行MODIS数据可见光-中

红外波段的大气订正时, 建立的水汽吸收和气溶胶

散射相互耦合简化校正模型达到了较高的处理精

度。在较短时期内影响大气对短波辐射的影响主要

来自水汽和气溶胶的状况; 而其他气体或痕量气体

变化较小 ,  其对辐射传输过程的影响是相对稳定

的。杨贵军等(2007, 2008, 2009)在大气辐射传输邻

近效应分析过程中, 也得出影响邻近效应的主要大
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气因子为水汽含量和能见度。当然, 在可见光-近红

外波段太阳入射天顶角也是影响大气辐射传输路径

长度的关键几何因子。利用 TIGR 大气廓线数据库

中晴空条件下的 1413条大气廓线数据, 统计了气柱

内水汽含量的变化, 分布范围为 0—8.0 g/cm2, 其中

60%廓线水汽含量集中在 1.0(g/cm2)左右; 大气能见

度距离参考 Liang 等(2001)给出的取值范围 0.1— 

35 km; 太阳入射天顶角根据 Landsat 5 TM卫星过

境时间和地理位置计算出范围为 0—70, 选择 1976

美国标准大气模式, 具体参数设置如表 1 所示, 通

过改变水汽含量、能见度距离及太阳入射天顶角 3

个变量进行统计分析; 其中卫星为天顶向下垂直观

测, 水汽含量 1.0 g/cm2、能见度距离 25.0 km和太阳

入射天顶角 30.0为参数默认值。 
 

表 1  输入参数组合 

水汽含量/(g/cm2) 能见度距离/km 太阳入射天顶角/()

1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 

0.1 
0.5 
1.0 
5.0 

10.0 
15.0 
25.0 
35.0 

0 
10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 

3.2.1  不同水汽条件下参数计算结果 

大气中水汽在可见光-近红外波段范围内, 主要

吸收中心有 0.94、1.1、1.38 和 1.87μm 等波长处。

从图 2看出, 即使在水汽含量动态范围变化从 1.0—

8.0g/cm2时, 单独由于水汽量变化导致的 3个大气参

数变化并不明显, 随水汽含量增大有略微减小, 变

幅仅为 5%左右。其原因是除上述水汽吸收带外, 大

气中水汽只在波长较长处产生微弱的瑞利散射(>1.0 

μm), 其近红外谱区吸收 50%太阳能量。水汽吸收带

主要集中在热红外波段 , 水汽含量越大吸收越严

重。所以在热红外遥感中水汽是重要的影响因素 , 

而在可见光-近红外波段范围内水汽的影响要小很

多。图中箭头所指方向向下表示与水汽含量增大呈

负相关, 反之则正相关, 以下其他图均为相同含义。 

3.2.2  不同气溶胶能见度计算结果 

可见光-近红外波段范围内气溶胶产生的米散射

非常显著, 当大气能见度距离在 0.1—35.0 km 区间

变化时, 对应 550 nm 处的表层气溶胶消光距离为

39.1—0.1 km1, 由此导致相应大气参数最大变化幅

度达到 10倍左右, 如图 3, 其中ss,、sd,随能见度距

离增大而增大, 但dd,则相反减小。其原因是随着能 

 

 
 

图 2  不同水汽含量条件下大气参数计算结果 

(a) 太阳入射方向直射透过率 τss; (b) 太阳入射方向-半球漫射透过率 τsd; (c) 大气底层球面散射反照率 ρdd 
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图 3  不同大气能见度距离下大气参数计算结果 

(a) 太阳入射方向直射透过率 τss; (b) 太阳入射方向-半球漫射透过率 τsd; (c) 大气底层球面散射反照率 ρdd 

 

见度距离增大 , 气溶胶导致的多次散射概率减小 , 

直接增大了大气整层直射和散射透过率, 但也同时

降低了大气上行漫射辐射与下行漫射辐射间半球-半

球方向多次散射的几率, 导致dd,呈相反下降趋势。 

3.2.3  不同太阳入射天顶角计算结果 

当入射太阳天顶角从 0—70变化时, 导致了太

阳光线在大气层中传输距离的增加, 随着角度增大

ss,逐渐减小, 变化幅度达到 10 倍左右, 如图 4, 太

阳入射天顶角改变对直射光透过率影响最为显著 ; 

相反 , sd,随着角度增大而增大 , 但增大幅度很小 ; 

而dd,与太阳入射天顶角大小无关, 保持不变。其原

因是随着天顶角增大, 在直射光传输路径增加的同

时 , 传输过程中发生多次散射的概率有一定增加 , 

但由于相同的大气条件下多次散射增加不会很多 , 

故sd,略微增大。对于dd,来说, 其本身只与大气状

况相关, 与太阳入射和观测方向均无关, 代表的是

大气层半球-半球方向散射反照率, 所以不受太阳入

射天顶角变化影响。 

3.3  大气上行、下行辐射分量参数化 

以 LandSat5 TM数据为例, 其 6个可见光-近红 
 

外波段波长分布范围为 0.4—2.5μm, 依次命名为

L5B1, L5B2, L5B3, L5B4, L5B5及 L5B7, 分别代表

对应的 Land Sat5卫星的 1, 2, 3, 4, 5, 7波段, 如图

5, 与前面分析的大气上行、下行辐射光谱范围一致, 

可以直接应用于 TM数据大气影响计算。 

采用下面公式对计算出的原始 ss, 、 sd, 和 dd,

值进行通道积分后, 才能得到对应 TM波段值:  

 
( ) ( )d

( )d

i
i

i

    


  
 


 (21) 

其中 i 为 TM 波段响应积分后的ss,、sd,和dd,值; 

i()为 TM各波段响应值。 

利用非线性最小二乘方法, 对Landsat5 TM 6个

波段积分后结果进行了回归分析, 发现 3 个大气参

数ss、sd及dd具有大致相同形式的回归方程, 只是

在不同波长处存在不同比例缩放因子, 最终得到了

3个大气参数在各波段的拟合结果, 如表 2。拟合方

程的形式为:  

 

3 2
1 2 3

4 5 6

2
7 8

Fit_Function * * * (a)

( * ) /( ) (b)

* * (c)

P w P w P w

P v P v P

P s P s

   

  



 (22) 
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图 4  不同太阳入射天顶角下大气参数计算结果 

(a) 太阳入射方向直射透过率 τss; (b) 太阳入射方向-半球漫射透过率 τsd; (c) 大气底层球面散射反照率 ρdd 
 

 
 

图 5  LandSat 5 TM 波段设置、大气透过率及大气顶层太阳辐照度 
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其中 P1P8为方程系数项; w, v, s分别为大气水汽含

量(g/cm2), 水平气象能见度距离(km)及太阳入射天

顶角余弦值(coss)。3个大气参数与水汽含量、太阳

入射天顶角余弦分别呈三次、二次多项式形式; 与

能见度距离呈一阶有理函数形式。 

拟合结果精度评价采取以下指标(郑伟等, 2004; 

何立明 等, 2005; 李庆利 等,2006):  

(1) 均方根误差(RMSE), 代表了模型估计值与

实际观测值间的误差整体分布:  

 

2

1

( )

RMSE

n

i i
i

e o

n






 (23) 

式中 ei, oi分别为模型估计值和观测值。 

(2) 平均偏差-Mean bias, 代表模型估计与实际

观测数据总体样本间误差大小:  

 1

( )

Mean bias

n

i i
i

e o

B
n




 


 (24) 

(3) 精度-Precision, 表示建立的拟合模型重复

性估计精度, 即利用平均偏差校正后的标准差,  

 

2

1

( )

Precision
1

n

i i
i

e o B

n


 





 (25) 

(4) Nash-Sutcliffe 效率系数(E), 其优点在于一

方面能表达常用的决定系数 R2所代表估计值和观测

值样本整体误差一致性大小外, 还能充分表示出样

本内部误差分布一致性, 其取值范围~1, E=1.0代

表模型估计值与观测值完全一致; E=0 代表模型估

计值精度可达到观测值平均水平; E<0 表示模型估

计值误差较大。 

 1

1

| |

1.0

| |

n

i i
i
n

i i
i

e o

E

e o






 






 (26) 

从表 2 拟合模型精度的统计结果来看, 三个大气参

数的模型估值精度 E都达到了 0.95以上, RMSE 和

Precision最大值不超 1%, 平均偏差比前者小 9个数

量级, 所以建立的回归拟合模型具有足够精度, 能

够准确表示在不同水汽含量、能见度距离及太阳入

射天顶角下的大气参数值。 

3.4  估算 Landsat 5 TM窄波段大气上行、下行辐

射分量 

3.4.1  
( )

( )

E b

E b




比值分析 

利用上面得到的 3 个大气参数的回归模型, 结

合 Landsat 5 TM波段设置, 分析
( )

( )

E b

E b




, 即 Q值与 

水汽含量、能见度距离、太阳入射天顶角及地表反

射率间关系, 如图 6。在相同地表反射率条件下, 不

同大气水汽含量条件下 Q 值变化并不明显, 但随着

波长增加比值 Q 呈近似线性增大, 其原因是大气辐

射传输影响最显著位置是在大气层 10 km高度以下, 

根据图 2 可知与 ( )E b 相关的两个大气参数(sd,和

dd,)随水汽含量增大而减小, 随波长增大呈明显减

小, 并导致 E(b)减小。而在地表朗伯体假设下 E+(b)

中地表反射特性参数 sdr 和 ddr 却保持不变, 理论上二

者应该略有增大。所以, 最终形成 Q 值始终大于 1

且随波长逐渐增大趋势。L5B1—L5B4 波段 Q 值均

小于 4, L5B1、L5B7达到了 10—16左右。 
 

 
 

图 6  Q值与水汽含量和地表反射率关系 

(a) 反射率=0.4, 含水量=1.0—8.0g/cm2; (b) 反射率=0.1—0.9, 含水量=1.0g/cm2 
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从图 6(b)看出, Q随地表反射率增大时呈现指数

性增加, 且比值范围进一步扩大到 0.1—25 倍左右, 

但各波段增大幅度差异较大, 其中 L5B1—L5B3 波

段均呈现微弱增加, 其余 3 个波段增大幅度较大, 

最高达 26倍左右。 

从图 7 来看, Q值随波长增加同样呈增大趋势, 

L5B7 波段处 Q 值最大可达到 L5B1 的 15 倍左右; 

但随入射太阳天顶角增大而减小, 各波段 0—70太

阳入射天顶角下 Q 值呈负指数递减, 最大衰减为 0

度的 1/2。对于不同能见度距离条件下 Q 值按波段

顺序增大, 随能见度距离亦增大, 均呈二次多项式

形式增大, 增大幅度略高于前者, 最大达到 22。 

3.4.2  估算 TM窄波段大气上行、下行辐射分量 

选择 2009-06-02 北京地区过境 Landsat 5 TM 

数据, 轨道号(path/row: 123/32), 实验区为北京昌平

局部地区, 该区内主要地表覆盖类型为冬小麦、裸

地及人工建筑。实验区地势平坦, 海拔高度 52m。

首先根据气象站观测资料估算出试验区水汽含量为

2.82 g/cm2, 能见度距离 22 km, 卫星过境时太阳入

射天顶角为 33.2, 参考ss,、sd,和dd,计算方法, 利

用 MODTRAN 4三次运行输出结果同样可以计算出

公式(11)中其他大气参数, 利用定标后的 TM 数据, 

得到校正后的地表反射率数据, 如图 8。 

根据 E+(b)、E(b)和 Q值计算公式, 利用 1个波 

 

 
 

图 7  Q值与太阳入射天顶角和能见度距离关系, (反射率=0.4) 

(a) 不同太阳入射天顶角; (b)不同能见度距离 

 

 
 

图 8  Landsat 5 TM数据反射率数据 (波段组合 R: 7, 

G: 4, B: 3) 

数(cm1)分辨率太阳辐照度数据 , 分别计算出 TM 

数据 6个波段大气上行、下行辐射分量及二者比值, 

如图 9、图 10。 

从以上结果可以看出: (1) 在 L5B1波段植被覆

盖区 E + ( b )明显低于 E  ( b ) ,  E  ( b )大致为 4 3 0 

Wm2μm1, 而 E+(b)仅为 45 Wm2μm1左右, 二者

相差近 10 倍, 这与前面得到结论一致; 对非植被覆

盖区, ( )E b 大致为 100 Wm2μm1, 而 E(b)仍然

大致为 450 Wm2μm1。表明在该波段植被和裸土

区 E+(b)差异较大, 受地物反射特性影响大; 而 E(b) 

却大致相当, 与地表状况相关性小。(2) 在 L5B2波

段 E+(b)裸土区大于植被覆盖区, 约为 2—3倍, 植被

区 E+(b)约为 80 Wm2μm1; 而 E(b)则与地表覆盖

类型相关性较小, 植被覆盖区仅低于裸土区 20 W m2 

μm1。(3) 在 L5B3波段存在与 L5B2波段大致相同

规律, 裸土覆盖区 E+(b)为最高, 约为 200 Wm2μm1; 
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图 9  Landsat 5 TM 6 波段大气上行漫射辐射 
(a) L5B1; (b) L5B2; (c) L5B3; (d) L5B4; (e) L5B5; (f) L5B7 

 

 
 

图 10  Landsat 5 TM 6 波段大气下行漫射辐射 
(a) L5B1; (b) L5B2; (c) L5B3; (d) L5B4; (e) L5B5; (f) L5B7 

 
E(b)在植被覆盖区仅低于裸土区 30 Wm2μm1。 

(4) 在 L5B4波段, E+(b)在植被覆盖区高出裸土区 50 

Wm2μm1, 最高约 250 Wm2μm1; 而 E(b)则在

两种覆盖区域大致相同 , 约为 110 Wm2μm1。 

(5) L5B5 波段 E+(b)和 E(b)均明显低于上述 4 个波

段, 最大降低幅度超过 10倍; 其中 E+(b)高于 E(b) 5 

倍左右, 但二者受地表覆盖状况影响较小, E+(b)约

为 40 Wm2μm1。(6) L5B7波段 E+(b)和 E(b)值更
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小, E(b)在植被覆盖和裸土覆盖区大致相同, 约为 2 

Wm2μm1; 而 E+(b)在植被覆盖区为裸土区 1/3 左

右, 为 7 Wm2μm1。由于 TOA 太阳辐照度从 0.4 

μm 后逐渐下降, 至波长 2.5μm 处已经降低了约 40

倍, 参见图 5, 所以 L5B1至 L5B7 E+(b)和 E(b)也呈

降低趋势。从总体来看, 前 3 个波段 E+(b)均低于

E(b), 而从第 4波段开始 E+(b)逐渐大于 E(b)。 

3.5  讨  论 

文中给出的四流近似大气辐射传输解析模型已

成功用于多光谱或高光谱遥感数据的大气校正。为

了求解出模型中部分与地表特性无关的大气参数 , 

利用了地表朗伯体假设条件, 分别将模型设置在不

同的地表反射率下进行联合求解, 通过对四流近似

解析模型与原始 MODTRAN 4计算入瞳处总辐射进

行比较, 即将MODTRAN 4模型输出结果看作真值, 

计算本文模型与 MODTRAN 4 模型的相对误差。结

果表明在所有波长处二者相对误差均优于 0.5%, 如

图 11。同时对上文中列出的ss,、sd,和dd, 3 个参

数与 Verhoef 等(2003)计算结果进行了对比, 从参数

数值范围及精度方面完全一致。 

本文提供的大气辐射传输四流近似简化解析方

法, 目的之一是用于遥感成像模拟, 在进行大气辐

射分量分析、参数化及利用 Landsat 5TM 进行大气

上行、下行辐射计算时, 仍然假设地表为朗伯体, 故

而式(6)可变换成式(11), 式(7)—式(9)可转换为式

(10), 其内在隐含着地表邻近效应作用尺度与地物

空间尺度相同, 即将式(3)中的 sdr 及 ddr 两项对应的

邻近地物假定为与目标地物具有相同反射率的朗伯

体。这样处理的后果是在计算 Landsat 5 TM每个像

元的大气上行、下行辐射时, 像元被看成均一无限

大的朗伯表面, 此时邻近效应作用达到极大, 且保

持与像元相同分辨率。当然这是式(3)的一种典型情

况, 例如在相对均一的大面积水体、沙漠等地表时

式(10)、式(11)是成立的。如果考虑邻近效应(胡宝新

等, 1996; 牛铮等, 1997; 肖青等, 2005), 应在地表

朗伯体假设条件下计算出ss,、sd,和dd, 3 个参数

后, 对 sdr 及 ddr 应该利用不同地物辐射传输模型直

接或利用大气点扩散函数(PSF)间接计算出二者大

小。初步估算表明在本文使用 Landsat 5 TM 对应  

22 km 水平气象能见度距离条件下, 二者造成的邻

近效应贡献约为 5%左右。所以本文中计算的像元上

的大气上行、下行辐射只能表达在像元尺度上二者 

 

 
 

图 11  大气辐射传输解析模型误差分析(反射率: 0—1.0) 
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的数量级大小, 精确的计算需要考虑不同地物对应

的邻近效应影响尺度和量级是不同的, 也就是由于

sdr 及 ddr 产生的邻近效应会使 E+(b)呈现不同程度的

低通滤波后的模糊效果, 进而也影响到 E(b)。考虑

到本文目标之一是应用大气辐射传输解析模型用于

遥感成像模拟 , 评价理想条件下传感器响应特性 ; 

后续工作中将利用光线追踪方法近似计算邻近效应, 

求出每个像元对应的 PSF 大小及空间范围, 计算出

符合实际情况的大气上行、下行辐射分量。 

4  结  论 

本文根据四流辐射传输理论, 建立了可见光-近

红外波段大气辐射传输数值模型, 考虑了传感器入

瞳处大气上行、下行漫射反射贡献。通过利用

MODTRAN 4模型对与二者相关的大气参数进行了

计算, 得到了太阳直射方向大气透过率ss,、太阳光

线方向至半球漫射透过率sd,及 BOA 处大气半球漫

射反照率dd,等 3个大气参数。通过分析确定影响 3

个大气参数的主要因子为大气水汽含量、气象能见

度距离和太阳入射天顶角。利用 TIGR 大气廓线库

分析得到 60%水汽含量为 1.0左右, 范围为 0.1—8.0 

g/cm2左右; 能见度距离取值为 0.1—35 km; 太阳入

射天顶角 0—70, 根据上述参数的取值范围和不同

组合, 对 3 个大气参数的敏感性进行了分析, 得出

了以下主要结论: (1) 水汽含量变化导致的 3个大气

参数变化并不明显 , 随水汽含量增大有略微减小 , 

变幅仅为 5%左右; (2) 不同气溶胶能见度导致 3 个

大气参数最大变化幅度达到 10 倍左右。ss,、sd,

随能见度距离增大而增大, 但dd,则相反减小; (3) 随 

着太阳入射天顶角增大ss,逐渐减小 , 变化幅度达

到 10 倍左右, 相反sd,随着角度增大而增大, 但增

大幅度很小 ; 而dd,与太阳入射天顶角大小无关 , 

保持不变。 

此外, 对 3 个大气参数进行回归分析发现具有

相同的参数化形式, 其中 3个大气参数与水汽含量、

太阳入射天顶角余弦分别呈三次、二次多项式形式; 

与能见度距离呈一阶有理函数形式。3 个大气参数

的模型估值精度 E达到了 0.95以上, 最大 RMSE 和

Precision均小于 1%, 证明所建立的参数化模型具有

很好精度。另外针对 Landsat 5 TM 6个窄波段进行

了大气上行、下行漫射辐射计算, 得出不同大气水

汽含量条件下 Q 值变化并不明显, 但随着波长增加

比值 Q呈近似线性增大, 与 TOA处大气辐照度减小

相反; Q随大气水汽含量、气象能见度距离和太阳入

射天顶角呈指数性增加, 比值范围扩大到 0.1—25

倍左右, 但各波段增大幅度差异较大。通过对 TM 

各波段大气上行、下行漫射辐射分析发现, E(b)无论

在植被或裸土覆盖区均大致相当, 但随波段顺序而

减小; 而 E+(b)除在 L5B4和 L5B5波段相近外, 植被

覆盖区 E+(b)大约为裸土覆盖区 2—4倍。 

文中大气上行、下行辐射计算是基于地表朗伯

体假设完成的, 计算出的大气上行、下行辐射是一

种理想漫反射条件下的结果, 与实际情况有一定区

别。此外, 对地形、高程影响因素暂时忽略, 方法仅

适合平坦区域。以上问题将是模型下一步改进的工

作重点。 
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