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ABSTRACT: 

A method to correct atmospheric effects on Land
sat/TM data over mountainous terrain in the solar 
spectrum was deve loped primari ly for forestry ap
plications, but can also be adapted to other sen
sors and applications. The algorithm automatically 
identifies patches of dense, dark vegetation as 
controllable dark surfaces for the purpose of 
estimating aerosol optical thickness. Thereby a 
network of radiometric control points, rendering 
both horizontal as well as relief induced vertical 
changes of atmospheric conditions, is expanded over 
a scene. Atmospheric parameters calculated with 
LOWTRAN over these pi xe 1 s are smoothed and 
interpolated by cubic spline regression. With these 
values atmospherically corrected ground re
flectances are calculated pixelwise by iteration of 
a correction model. Improvements in visual 
interpretation, in the standardization of photo 
products and in the use of calibrated data with 
multitemporal applications are discussed. 
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1. I NTRODUCTI ON 

A number of remote sensing satellites such as the 
Landsat series have produced encouraging results 
for the application over land and water bodies. The 
importance of monitoring tasks and of input into 
information systems grow steadily as opposed to 
single evaluations. This developement leads to the 
demand for a standardization method for the ever 
increasing amount of heterogenous multitemporal, 
multisensor and multiangle data. 

The distortion of surface signals by external con
ditions during the sensing aggravate the qualita
t ive and quant itat ive data interpretat ion and the 
comparison of different data sets in both visual 
and digital interpretation. Particularly forestry 
evaluations of multispectral data which are fre
quently taken over mountainous terrain suffer from 
vertical (Hildebrandt et al., 1987; Kattenborn, 
1987) and horizontal (Schardt, 1991) atmosphere 
inhomogenities. It is therefore desirable to stan
dardize data sets taken at different dates or pla
ces by eliminating the effects of varying atmosphe
ric and insolation conditions. 

2. REMOTE SENSING MODEL 

Atmospheric gases and aerosols modify the incident 
solar radiation as well as the radiation reflected 
from the surface by attenuating it and by changing 
its spatial distribution. The result is a blurred 
image of the objects. Dark surfaces, such as vege
tation or water in the visible spectral region, are 
brightened by path radiance. Bright surfaces, such 
as vegetation in the near infrared, are darkened by 
extinction of the reflected radiance. Furthermore 
the reflection from contrasty surfaces leads to a 
net transfer of radiance from bright surfaces into 
the line of sight of the sensor while the sensor 
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itself points toward a dark target. The result of 
this background effect is a diminuishing of the ef
fective ground resolution and is especially impor
tant for high resolution sensing systems. 

The satellite signal in a given spectral band can 
be described by a remote sensing model which calcu
lates the solar radiance reflected by a Lambertian 
surface and received by a sensor in space 

- for a uniform surface or given a low ground reso
lution of the sensor as 

(1) 

- for a nonuniform surface and given a high ground 
resolution of the sensor as in the case of Land
sat/TM or SPOT as 

(2) 

where Lobs = radiance observed, A = target reflec
tance, AB = average background reflectance, EG 
global irradiance on the ground, tdir = direct 
transmittance, tdiff = diffuse transmittance and Lp 

path radiance. 

3. ALGORITHM FOR ATMOSPHERIC CORRECTION 

The atmospheric correction method was developed and 
tested using Landsat/TM data for forestry ap
plications. Concept and implementation are however 
universal enough to be adopted to other sensors and 
applications. 

The steps of the procedure are carried out with 
KALKUL (Kienzle, 1989), a programming system spe
cially developed for pixelwise processing of digi
tal images at the Abt. Luftbildmessung und Ferner
kundung of Freiburg University. The code LOWTRAN 7 
(Kneizys et al., 1988) is applied for all radiative 
transfer calculations. The calibration coefficients 
recommended by Hi 11 (1989) are used for the ca
libration of the Landsat/TM data. The spectral re
sponses of the TM bands are taken into considera
tion within the bandwidths and with values provided 
by the moments method (Palmer, 1984). 

3.1 Selection of Radiometric Control 
Points 

Atmospheric corrections of multispectral satellite 
data which are not merely based on climotological 
da ta or add it i ona 1 measurements must make certa i n 
assumpt ions on the refl ect i on character i st i cs of 
observed surfaces. For this purpose it is important 
to select dark surfaces with stable optical charac
teristics over which the satellite signal carries 
primarily information on atmospheric scattering. 

The most appropriate surfaces from the viewpoint of 
forestry remote sensing are vegetation and especi
ally forest stands which fulfil the required re-



flect ion characteristics in the vis ib le spectra 1 
region and exist in the image data in sufficient 
numbers as central objects of the evaluation. The 
suitability of vegetation stands for the calibra
tion of multispectral data has already been tested 
and confirmed by other authors (Ahern et al., 1979; 
Fehlert, 1984; Kim, 1988). 

A mod if i ed vers i on of the method of Kaufman and 
Sendra (1988) is applied to identify the pixels 
representing the required dense, dark vegetation. 
First, areas with dense vegetat ion are ident ified 
by high values of a vegetation index (section 1). A 
low reflection in the near infrared (section 2) 
serves as a second criterion for the selection of 
dense, dark vegetation stands. The intersection of 
section 1 and 2 contains pixels with the required 
characteristics (Fig. 1). 
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Fig. 1: Schematic Description of the Method for the 
Identification of Dense, Dark Vegetation from High 
Values of a Vegetation Index and a low Reflection 
in the Near Infrared. 

The size of the sections 1 and 2 is determined by 
an estimate of the vegetat ion area in the scene 
(Kattenborn, 1991). The scene is thus covered with 
a network of radiometric control points which, by 
means of radiative transfer calculations, serve to 
generate data on the actual local conditions of the 
atmosphere. 

3.2 Modelling Atmospheric Conditions 

3.2.1 Selection of an Aerosol Model and Compu
tation of Atmospheric Data For an accurate correc
tion of atmospheric effects in all spectral bands 
it is essent ia 1 to select an appropriate aerosol 
model for the radiative transfer calculations. 
LOWTRAN aeroso 1 mode 1 s represent the opt i ca 1 cha
racter i st i cs of the aeroso 1 s and the i r wave length 
dependency. Converse ly the aeroso 1 opt ica 1 th ick
ness calculated in two of the spectral bands of the 
image data supplies according to its wavelength 
dependence information on the required aerosol mo
del according to 

(3) 

where v = wavelength exponent of aerosol extinc
tion, TAl,TA2 = aerosol optical thicknesses for wa
ve lengths A 1 and A2. 

This relation can be used to infer the particle si
ze distribution from the wavelength exponent with a 
precis ion sufficient for remote sens ing app 1 ica
tions (Kaufman and fraser, 1983). 

Using various aerosol models LOWTRAN calculates the 
mean aerosol optical thicknesses in bands TMI and 
TM3 over the radiometric control points. Conside
ring reflectance values measured for vegetation 
stands the calculation is based on a surface re
flectance of 0.025 in TM1 and 0.030 in TM3 
(Kattenborn, 1991). Eq. 3 calculates from the aero
sol optical thicknesses the wavelength exponent of 
the extinction for each aerosol model tested. The 
wavelength exponents calculated in this way from 
the image data are now compared with the wavelength 
exponents of the aeroso 1 mode 1 s for the standard 
aerosol concentrations provided by lOWTRAN. The ae
rosol model with the closest correspondence is used 
for all further calculations. 

This aerosol model and the assumed reflectance for 
dense, dark vegetation serve to determine the aero
sol concentration over the individual radiometric 
control points in band TMI. It is used for the cal
culation of the values for transmittance, path ra
diance and global irradiance in all spectral bands 
under correction. If a digital terrain model is 
available, the altitude of the radiometric control 
points can be considered by a modification of the 
aerosol profile in the atmosphere boundary layer. 

3.2.2 Smoothing and Interpolation of the Atmo
spheric Data For the atmospheric correction of a 
scene atmospheric parameters must be determined for 
each pixeL The atmospheric data ca lcu lated over 
the radiometric control points are therefore smoo
thed by cubic spline regression and values of the 
parameters are stored s imu ltaneous ly for each pi
xel. This is an efficient way to smooth high fre
quencynoise of the atmosphere parameters during 
the horizontal and vertical modelling of the re
quired regional changes in atmospheric conditions. 
The resu 1t are radiometric data ava ilab le for the 
application of the correction model at each pixel 
as shown in Fig. 2 with the example of the aerosol 
optical thickness in band TMI of a Landsat/TM scene 
of an area near Freiburg taken in 1984. The digital 
terrain model on Fig. 2 shows that the aerosol op
tical thickness values from the image data are lar
gely correspondent with the changes in the terrain. 

Fig. 2: Three-Dimens iona 1 Diagrams of the Terra in 
Model (Above) with Altitudes Ranging from 180 m to 
700 m and the Aerosol Optical Thickness in Band TMl 
Varying from 0.78 to 0.63 (Below) Derived from the 
Image Data ofa Landsat/TM Scene of an Area Near 
Freiburg Taken in 1984. 
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3.2.3 Iteration of the Atmospheric Correction 
Model Owing to the lack of necessary information 
on background reflectance it is assumed that the 
pixel reflectance and the average background re
flectance are ident ica 1. lnvers ion of Eq. 1 thus 
allows to derive pixelwise the surface reflectance 
for the scene under correction. The resultant re
flectances are taken as a first est imate of the 
background reflectance. 

The next step is to app ly the i nvers ion of Eq. 2 
considering the background effects, and to re-apply 
the calculated reflectances to determine the back
ground reflectances. The procedure is iterated un
til the differences in atmospherically corrected 
reflectances in subsequent calculations have fallen 
below a threshold defined according to the radiome
tric resolution of the sensor. 

The average background reflectances are calculated 
with a 51 x 51 pixel matrix. With regard to the 
ground resolution of Landsat/TM the method thus 
follows measurements and calculations of background 
effects by various authors (Ueno et al., 1978; 
Tanre et al., 1981; Dana, 1982) in assuming a 
"radius" of 750 m around each pixel. 

The assumption is that the background reflectance 
decreases toward the outside until pixel pro
ject ions and scattering angles in the atmosphere 
become negligibly small so that the path lengths of 
the scattered photons (Bakan and Quenzel, 1976) be
come too long for a noticeable effect on the target 
signal. 

The weighting of the reflectances from neighbouring 
pixels is therefore calculated in inverse propor
tion to the radius as 

n 
1/{8'k2:}: l/i) 

1=1 
(4) 

where Gk = weight of neighbouring pixel with actual 
radius k (in pixels), n = total radius. 

4. RESULTS 

An area near Freiburg, Germany of about 24 km * 15 
km is used to illustrate results of the atmospheric 
correct i on method. The area encompasses parts of 
the Rhine Valley, the Kaiserstuhl mountain and the 
western s lopes of the Black Forest with a lt itudes 
ranging from 180 m to 700 m. The Landsat/TM scenes 
were recorded on 23 July 1984 (path 195, row 27), 
27 June 1986 (path 195, row 27) and 25 May 1989 
(path 196, row 26). 

4.1 Atmospherically Corrected Image 

For a visual evaluation of the correction results 
Fig. 3 compares the atmospherically corrected data 
of band TM1 from the 1984 Landsat/TM scene with the 
original data. 

Even at first glance the atmospherically corrected 
image appears sharper and richer in contrasts. This 
is due to an enhanced detail visibility which ap
plies to all forms of land usage. Farmland shows a 
clearer structuring and parcelling than in the un
corrected image. The correction has also produced a 
sharper distinction between forest and non-forest 
areas. Within the forest parts of the infrastruc
ture are discernible such as forest stand delinea
tions through the road network. 
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Fig. 3: Enlargement of a Section from the Original 
Band (Left) and the Atmospherically Corrected Band 
TMI (Right) from a Landsat/TM Scene of an Area Near 
Freiburg Taken in 1984. 

4.2 Profiles of Pixel Values 

For a detailed evaluation of the effects of atmo
spher i c correct i on pi xe 1 va 1 ue prof il e were esta
blished for identical lines from the atmospheri
cally corrected and the uncorrected band TMI from 
the Landsat scene recorded in 1984. Comparab il ity 
was ensured by selecting a line with an almost 
i dent i ca 1 amp 1 i tude of corrected and uncorrected 
values (Fig. 4). 

Fig. 4: Pixel Value Profiles of an Image Line in 
the Original (Left) and the Atmospherically Correc
ted Band TMI (Right) from a Section of the Land
sat/TM Scene of Freiburg Taken in 1984. 

The comparison of the profiles confirms that atmo
spheric correction increases the dynamics of the 
data considerably, and therefore the contrast. 

4.3 Standardized Photo Products 

When original grey values are used neither standard 
transformations due to changes in observation con
ditions, nor scene specific transformations due to 
changes in the contents of the scenes allow a stan
dard colouring of photo products from various sce
nes. It ;s therefore difficult for the interpreter 
to distinguish the actual changes from one scene to 
another from the artefacts of image enhancement. 



With atmospherically corrected data, which are lar
gely undistorted by changes in sensing conditions, 
it is however possible through standard transforma
t ion to produce photo products of each Landsat/TM 
scene with constant colouring. 

The photos in Fig. 5 were g~nerated from the 
atmospherically corrected 1984 afd 1986 landsat/TM 
scenes through a linear transf rmation of bands 
TM7, TM4 and TM3. The upper and ower limits of the 
reflectances to be transformed see Table 1) were 
specially selected for forestry application closely 
following Ahern and Sirois (Ahern and Sirois, 
1989). 

band TM1 TM2 TM3 TM4 TM5 TM7 

min. 
refl. -0.01 -0.01 -0.01 -0.01 -@.Ol -0.01 

max. 
refl. 0.12 0.15 0.17 0.53 0.35 0.21 

Table 1: linear "Transformation limits for the Gene
ration of Standard Photo Product~ for Forestry Ap
p 1 icat ions from Atmospherically Corrected Reflec
tances. 

The photo products a llow the" forested areas to be 
clearly ident ified through their co lourat ion and 
thus provide a good survey of the region's forest 
ratio. Within forests deciduous and coniferous 
stands differ from each other by their varying 
light and dark green colouring. This, in addition 
to the constancy in colouring (see Fig. 5 left and 
right), is another advantage of photo products 
standardized in this way which, by selection of the 
spectral bands and the transformation limits, can 
be further refined simi 1ar to themat ic maps with 
classes distinguished by colours. 

Fig. 5: Standard Photo Products Refined for Fore
stry Applications. The Images Were Generated by a 
Linear Transformation of Atmospherically Corrected 
Reflectances in Bands TM7, TM4 and TM3 from landsat 
Scenes of Freiburg Recorded in 1984 (left) and 1986 
(Right). 
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5. VERIFICATION 

5.1 Multitemporal Comparison 

The time series of 1984, 1986 and 1989 which are 
shown in Table 2 cons i st of the average original 
grey va lues and atmospherically corrected reflec
tances in the bands of landsat/TM scenes of the 
southern Upper Rhine Valley. 

In contrast to the average grey values which vary 
considerably in the individual bands the averages 
of atmospherically corrected reflectances are lar
gely correspondent. The average reflectance of the 
area appears to be relatively stable at the various 
recording dates, while the variations of atmosphe
ric conditions and sun angles which are recog
nizable in the differences in the average grey va
lues, were for the most part eliminated in the cor
rection. 

TM1 TM2 TM3 TM4 TM5 TM7 

scene atm. corrected reflectances 

1984 0.066 0.109 0.120 0.518 0.292 0.189 
1986 0.066 0.111 0.110 0.501 0.297 0.197 
1989 0.067 0.112 0.122 0.476 0.308 0.218 

original grey values 

1984 88.4 38.0 37.3 94.6 79.0 31.9 
1986 82.9 37.5 35.3 98.9 86.0 36.0 
1989 79.6 36.5 36.8 92.4 70.3 38.7 

Table 2: Average Original Grey Values and Atmosphe
rically Corrected Reflectancesof the Southern Up
per Rhine Valley in the Bands of landsat/TM Scenes 
from 1984, 1986 and 1989. 

5.2 Background Effect Correction 

Small water bodies are a good example to demonstra
te the necessity and efficacy of background effect 
correction. This study uses the spectral signatures 
of a lake from the 1984 landsat/TM scene of Frei
burg which is closely surrounded by forest and 500 
m in diameter. To avoid distortions from signal 
components from the lake bottom near the banks pi
xe ls toward the centre were se lected for a spot 
check. 

Exoatmospheric reflectances were calculated as well 
as path radiance corrected reflectances prior to 
background radiance correction and both path ra
diance and background radiance corrected re
flectances as the final products of the correction 
procedure (Fig. 6). 

The uncorrected and merely path radiance corrected 
Signature of the lake are marked by a peak in band 
TM4, the spectral region of maximum reflection of 
vegetation. These values which are unusually high 
for the reflect ion from water bodies in the near 
and middle infrared are due to the background con
tribution from the surrounding vegetation. In this 
case on 1y background effect correct ion produces a 
signature which is typical for water because the 
reflectance from clear water in the infrared spec
tral regions is zero. The difference between the 
background effect corrected signature and this le
vel can be taken as an indication for the precision 
of the method of atmospheric correct ion owing to 
the fact that this particular lake is relatively 
clear. 
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Fig. 6: Exoatmospheric, Path Radiance Corrected and 
Both Path Radiance and Background Radiance Correc
ted Signatures of a Lake from the 1984 Landsat/TM 
Scene of Freiburg. 

5.3 Sensitivity to the Assumed 
Reflectance of the Radiometric 
Control Points 

The reflectance assumed in the radiative transfer 
calculations for dense, dark vegetation has an im
mediate effect on the values calculated for path 
radiance, transmittance, global irradiance and the 
correction result itself which has been calculated 
on the basis of these data. It is therefore impor
tant to give an estimate of the imprecision of the 
correction result which is tied to the reflectance 
assumed for the radiometric control pOints. 

Table 3 shows the atmospherically corrected reflec
tances for the mean grey values of the Landsat/TM 
scene from 1984 when the assumed reflectance of the 
radiometric control points in band TMI changes by 
0.01. In band TMI a change in the assumed reflec
tance by 0.01 produces a change of the atmospheri
ca lly corrected reflectance of the same size. In 
the other bands the change is considerably smaller. 

refl. atm. corrected reflectances 
rad.c. 
points TMI TM2 TM3 TM4 TM5 TM7 

0.025 0.067 0.108 0.116 0.522 0.264 0.167 

0.015 0.057 0.102 0.112 0.526 0.267 0.167 

Table 3; Atmospherically Corrected Reflectances for 
the Mean Grey Va lues of the Landsat/TM Scene of 
Freiburg Taken in 1984 when the Reflectance of the 
Radiometric Control Points in Band TM1 Assumed in 
the Calculation of Atmospheric Data is Changed from 
0.025 to 0.015. 

6. CONCLUSION 

Landsat/TM was used as an example for the develop
ment of an algorithm for atmospheric correction of 
multispectral satellite data. The method requires 
only one data set and can be applied to any ground 
resolution provided that the scene contains patches 
of dense, dark vegetation beyond pixel size. 

Among vegetation types especially forest areas 
(Kattenborn, 1991) provide controllable surfaces 
which can be used to establish a network of radio
metric control points for the ca lculat ion of the 
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requ ired atmospheric data. These data correspond 
with the actual local atmospheric conditions over a 
scene in contrast to algorithms which use visibi
lity estimates or assume standard atmospheric 
conditions. 

Information on the reqired aerosol model, e.g. the 
aero so 1 phase function, is also gathered from the 
image data. The method used for this purpose can be 
applied to all imaging systems which have at least 
two bands within the visible spectral region 
(Kaufman and Fraser, 1983). A possible imprecision 
of the single scattering albedo, e.g. the aerosol 
absorption, which cannot be determined from the 
image data might be balanced by the inc lus ion of 
the value for the single scattering albedo both in 
the calculation of the aerosol optical thickness 
over the radiometric control points and in the path 
radiance values employed in the correction model. 

Almost completely based on image data atmospheric 
parameters are calculated with a minimum of genera
lising climatological data. Correspondingly the at
mospheric correction model is designed for opera
tional use independent of further input. However, 
although producing good results the correction mo
de 1 also illustrates the 1 imits of ground reflec
tance calculation from multispectral satellite da
ta, since each refining of the correction model re
quires additional input data which must be corre
spondingly precise. An equation for the exact de
scription of the radiation field over a pixel could 
in this context serve as an extreme example. It 
would require precise information on the surface 
reflection characteristics before it could be sol
ved to calculate these reflection characteristics. 
Th is lack of a priori informat ion is compensated 
for by generally presupposing Lambertian surfaces. 
According to Lee and Kaufman (1986) this assumption 
is justified for nadir or almost nadir observations 
as in the case of Landsat/TM. 

Possible anisotropy effects are less important in 
multitemporal interpretations and monitoring tasks 
us ing atmospherica lly corrected data prov ided the 
same sensing system with the same observation geo
metry is used. Furthermore Koepke (1986) has pre
sented a possible solution through the description 
and ca 1 cu 1 at i on of an isotropy convers i on factors 
for the surface types coniferous forest, pasture 
and arable land which could be used for anisotropy 
correction by subsequent processing. 

As shown with the example of a water body, the ite
rative approximation for background effect correc
tion based on a pixel "radius" of 750 m has turned 
out to be efficient. 

Results of multitemporal comparisons of targets 
with stable reflection and a sensitivity analysis 
have shown that an absolute precision of 0.01 can 
be reached in atmosphere corrected reflectances 
(Kattenborn, 1991). A correction method which takes 
neither horizontal nor vert ica 1 changes in atmo
sphere conditions into account would certainly be 
less precise. 

A lbedo images generated with the correct i on model 
are much easier to comprehend in visual and digital 
interpretation because in contrast to the original 
data they represent intrinsic surface characteri
stics. The reached precision allows the production 
of standard photos which could be used as survey 
maps. It seems to suffice for such monitoring tasks 
as the study of changes in forest areas or land 
usage. These monitoring demands require new efforts 
in the visual and digital interpretation of the 
corrected images. Particularly the input of atmo-



sphere corrected, and thus largely standardized da
ta into information systems is likely to improve 
the methods of interpretation. With the trend to a 
rat iona 1 izat ion of the i nterpretat ion the correc
tion of external effects becomes more and more im
portant because reliable radiometric correction 
he 1 ps to reduce the number of prob 1 em so 1 ut ions 
which a interpretation or expert system has to take 
into account. 
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