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Abstract: Atmospheric upward and downward radiations in visible and near-infrared bands are the key input parameters for
radiative transfer modeling, imaging simulation and atmospheric correction. This study presents the numeral models and com-
puting methods of the atmospheric parameters which are related to the two parameters according to four-stream radiative trans-

fer theory. Focusing on the six bands of Landsat 5 TM, the parametric models among atmospheric parameters, water vapor con-

tent, visibility distance and solar incidence zenith angle were designed, based on which the sensitivity of each parameter is ana-

lyzed. The results showed that the parametric models have higher precision. Meanwhile, the atmospheric upward and downward

diffuse radiation of each band for TM remote sensing was calculated and the changes under the coverage of vegetation and bare

soil were analyzed.
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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,
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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 (L), total solar downward radiation (F4), 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—2.5um) 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: p represents the scatter-
ing process associated with the atmosphere; 7 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 0 indi-
cates observation direction of sensor ; b, t are the height of the
bottom atmosphere and top atmosphere.

w‘) EV

TOA
Atmosphere
K‘@ E (b) E(b) Eq(b)
(M (TN | [50a]
Ground surface

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:

Ey(b) = 7, Eq (1) (1)
E™(b) = 7qEy(t) + pagE ¥ (b) )
E* (b) = yEy(b) + g4E ™ (b) (3)
Eo(b) = 1y, Eg(D) + 130 E () (4)
Eo (1) = o B (1) + 740 E " (0) + 760 E, (b) 5)

where E(t) is solar incidence radiation flux at TOA (top of
the atmosphere); Ey(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;
E.(b) is the total surface radiation in the observation direction;
E,(t) is the total radiation at TOA in the observation direction;
s 1s direct transmittance of solar ray through the whole at-
mospheric layer; 7 is the diffuse transmittance in the direction
of solar rays-hemisphere; 7y, is diffuse transmittance from
hemisphere to the observation direction of sensor; 7,, is the
direct transmittance from surface to the observation direction;

paq s the spherical albedo of the atmosphere at BOA; p,, is

atmospheric bidirectional reflectance at TOA; ry is the av-

erage surroundings diffuse reflectance for solar incidence; ryy

is the average surroundings diffuse reflectance for diffuse inci-
dence; r, is the ground surface bidirectional reflectance; ry, is
reflectance in the hemispheric—observation direction.

Apparent reflectance I, ; at TOA can be obtained by simul-
taneously solving the equations developed above:
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Fo.i = Psos + (a) scattering and complex refractive index, incorporated DISORT

— — for the solution of radiative transfer model by multi—stream
(Ysd,4%s5,2 + Fdd,2%sd,2) - . :

Tdo.1 r + (b) approximation, and introduced various BRDF models to make

dd,2Pdd, 2 (6) possible the parameterized input of surface characteristics.

or (Tsd,2 + 755,41 15d,2Pdd, 1) +(0) Several basic databases in MODTRAN have been updated, and

Vo, 2 . .
000 1= Ty44.2Pdd .1 the processing method of the upper atmosphere is improved.
Too.Ts0.4Tss.0 (d) MODTRAN is one of the most popularly used radiative transfer

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:

E*(b) = Bafis Taatsa) g ™)
1-Trgq044
E’(b):ME (t) (8)
- S
1-T44P4q

Further:
_ E+(b) — (GTSS + Iriidrsd)
E_(b) (Tsd + Tgs rsdpdd)

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
A (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:

_E'®_
E~(b)

a, (Tss,l + Tsd,ﬂ,)
(Tsd 2 + Tss, 222 Pdd, 1)

Q (10)

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
0.2um—oo (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

models with higher precision (Aires et al., 2002; Ellicott et al.,
2009; Verhoef & Bach, 2003).

The three atmospheric parameters zy;, 7, and Py, 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:

rp,l =Pso,r T (a)
(Tss 117 ﬂ,)
L - —+ (b)
—®AFdd, A
(11)
(4,2 + Ts5,22.Pdd,2)
1'00’/10:/1 + (C)
1—a;p44,2
Too,/la/lrss,/l (d)

Set a; 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:

+
(75,2 + Tsd,1) } E® cosf (12)

Liay«b) = l:pso,/l + 740,205, .

l—a;p44,1

7. + 7 E.(t
I-(c)+(d) = T00,A%2 ( szt Tsa) | B )cos o, (13)
l—a,p44,1 T
E.(t
Ld) = Fo0,1%1 %55, %cos 6, (14)

where Leyip), L@ and L) indicate the radiation flux value

components obtained by MODTRAN 4 model at wavelength A.

(1) Assume that the direct transmittance z,,, and 7 ; satisfy
the Beer’s Law, the following equation would be established:

Tooi = €Xp(=b/cos8,), 74 4 =exp(-b/cosd)  (15)

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

mosphere, 6, is observation zenith angle, 6, 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 «a; =100%:
Too,4%ss.4 = exp[-b(1/cos b +1/cosb,)]
100 (16)
=L@y  xm/(Eg(t)cosby)
The following formula can be obtained:
b=—In[Lig,"* xw/(E,(t)cos§,)]/(1/cos @, +1/cosb,) (17)
7,2 can be directly solved with b and Eq. (15).
(2) The Eq. (13) can be changed into the following forms
when a;=50% and ¢;=100%:

(Tsd,l + Tss,ﬂ,)

70,403 = Licyr(a) " x®/(E(t)cosb,)
1-0.5p44,2 (18)
(Teqn +Tss.2)
o — S o |y O x (E (t)cos 6))
1= pgq,2
Pad.; can be directly solved as:
100 50
-2xL,
Padi = RORCN (©)+(d) (19)

100 50
Loy~ Lo

(3) The following equation can be set up through establish-
ing Eq. (13) and Eq.(14) simultaneously when a;=100%:

100 100
Tod,2 =[Loy+d)y  A=Pda )/ Ly —lrss  (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/cm?, and the water vapor content of
60% of the profiles is around 1.0(g/cm?); 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/em®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 Solar incidence zenith angle

e /01112) Visibility distance /km (=)
10 0.1 0.0
2.0 0.5 10.0
3.0 1.0 20.0
4.0 5.0 30.0
5.0 10.0 40.0
6.0 15.0 50.0
7.0 25.0 60.0
8.0 35.0 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 and1.87um. 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/cm?”. 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 um), 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™ 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 7 ; and 74 ; rise with the increase of visibility distance,
but pyq, 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 pyq ;.
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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 7 ; 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, 7y,
increases with the angle, of which the range is small. While
Pad.z 1s 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 74, has a slight increase. As
for pyq 4, 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

its 6 visible-near infrared bands ranges from 0.4 to 2.5um, 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 7z s, %4,
and pga 2:

[ gz
[#(2)da

where, 7 indicates the integral value by TM band response;

e2))

4

#(ADrepresents 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 7, %y and pyq 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:

Fit_Function = P, *W* + P, *W? + P, *w+ (a)

downward radiative fluxes (Py *V+Ps)/(v+Fg)+ (b)
. * g2 *
Taking Landsat5 TM data as an example, the wavelength of P s”+R*s © @2
T T T T 0.50 T T T T 0-45 T T T T
T 045 m 0.40 + =
5
2 § 040 i 035
. = .. r -
3 g
S =
g £ 035 1 &
= Y 2 030 .
2 E P
E & 030 1 2
= 1)
z = g 025 -
S 8 g
£ £ 025 1 2
= ° 5
E fh £ o 020 .
5 = §
E g 020 1 £
= =
g £ £ os -
5 Z 0.15 h %
£ § - @
g 2
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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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Where P,—Py are the equation coefficient items; w, v and S indi-
cate the atmospheric water vapor content (g/cm?), the horizontal
meteorological visibility distance (km) and cosine value of
solar incidence zenith angle (cosé,), 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
etal., 2006):

(1) Root mean square error (RMSE) represents the global
error distribution between the estimated and actual observed
values of the model:

(23)

where €; and 0; 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:

n
Z(ei -0))
Mean bias=B=1=L (24)
n

(3) Precision indicates repeated estimation accuracy of the
fitting model, that is, the standard deviation got by correcting

the average deviation:

Precision = (25)

(4) Nash-Sutcliffe efficiency coefficient (E). It can express
the commonly used decision coefficient R?, 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 — oo 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.
n

Dle—ol
E=10-—— (26)

Dol

i=1

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 w
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 (7, and pyq;) 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 Q and E 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
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Fig. 6 Relationship between Q and water vapor (a) and reflectance (b)
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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 L5SB1 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/cm?; 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 7 ;, 741 and pyq ;. 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.

400
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400
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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™ pm™', but E*(b) is only about 45
W m™ pum™" 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™ pm™,
but E7(b) is still around 450 W m™> pm™". 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
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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) L5BI; (b) L5B2; (c) L5B3; (d) L5B4; (e) L5BS; (f) L5B7
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Wem pm’

Fig. 10 Total diffuse downward flux for six bands of Landsat 5 TM
(a) L5B1; (b) L5B2; (c) L5B3; (d) L5B4; () 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™ pm™; but
E"(b) is little correlated with surface features, for example, it is
just 20 W m™ um™' 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™ pm™'; E"(b) for
the coverage of vegetation is just 30 W m™> pm™' lower than
that for bare soil. (4) At L5B4 band, E'(b) for the coverage of
vegetation is 50 W m™> pum™' higher than that for bare soil, and
the maximum value reaches around 250 W m™ pm™'; E*(b) is
nearly the same in the two types of area, around 110 W m™
um™".(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™ pum™. (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™ pum™'; while E*(b) for the coverage of
vegetation is about 1/3 of that for bare soil, as around 7 W >
pum™". The solar irradiance at TOA gradually decreases at the
wavelength longer than 0.4 pm, the amplitude of decrease is up
to 40 times that at the wavelength of 2.5um, 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, 7 ;, 74, and
Puad.z» 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 a and

a 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 7 ;, 74, and puq

under the assumption of Lambertian surface, Eanda

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

E and a 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 a and E 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 7, the diffuse transmittance in the direction of solar
rays-hemisphere 7, ; and atmospheric spherical albedo at BOA
Pad.2 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/ent’; 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. 7 ; and 7,4 ; increase with
the visibility distance, but py4 ; is opposite to the situation. (3)
7,2 gradually decreases with the solar incidence zenith angle
increasing, and the change range can reach about 10times; on the
contrary 7y, is with small increase; pyq 4 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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