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Abstract -- The problem of radiometric correction of multispectral scanner data is posed as the 

problem of determining an intrinsic reflectance factor characteristic of the surface material being 

imaged and invariant to topography, position of the sun, atmosphere and position of the viewer. 

A scene radiance equation for remote sensing is derived based on an idealized physical model of 

image formation. The scene radiance equation is more complex for rugged terrain than for flat 

terrain since it must model slope, aspect and elevation dependent effects. Scene radiance is 

determined by the bidirectional reflectance distribution function (BRDF) of the surface material 

and the distribution of light sources. The sun is treated as a collimated source and the sky is 

treated as a uniform hemispherical source. The atmosphere is treated as an optically thin, hor­

izontally uniform layer. The limits of this approach are reviewed using results obtained with 

Landsat MSS images and a digital terrain model (DTM) of a test site near St. Mary Lake, Brit­

ish Columbia, Canada. 

New results, based on regression analysis, are described for the St. Mary Lake site. Previ­

ous work is extended to take advantage of explicit forest cover data and to consider numeric 

models of sky radiance. The calculation of sky irradiance now takes occlusion by adjacent ter­

rain into account. The results for St. Mary Lake suggest that the cosine of the incident solar 

angle and elevation are the two most important correction terms. Skylight and inter-reflection 

from adjacent terrain, however, also are significant. 

Keywords -- Radiometric correction, topographic effect, atmospheric effect, digital terrain 

model (DTM), sky radiance, bidirectional reflectance distribution function (BRDF) 
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E4(x,y) = 0.541 + 0.0781 cos(i) - 3.79x10-4 z + 1.lOxl0-7; - 0.0185 topo

(R2 
= 0.46 SE= 0.014) 

Es(x,y) = 0.350 + 0.0903 cos(i) - 2.76x10-4 z + 0.86x10-7; - 0.0193 topo

( R2 = 0.60 SE = 0.012) 

E6(x,y) = 0.856 + 0.239 cos( i) - 7. 79x 10-4 z + 2.18x 10-7; - 0.0456 topo

(R2 
= 0.71 SE= 0.024) 

E,(x,y) = 2.25 + 0.693 cos(i) - 21.0xl0-4 z + 5.7lx10-7; - 0.139 topo

(R2 
= 0.74 SE= 0.065) 

(23) 

where E,{x,y) is in mW·cm-2·sr-1, (i = 4,5,6,7), z is in meters and cos(i) and topo are unitless.

R2 is the coefficient of determination (i.e., the fraction of the total variance accounted for by 

regression) and SE is the standard error, also in mW·cm-2·sr-1. A corrected image is obtained 

�y using the regression equations (23) to remove the variance predicted by the model variables. 

The original false color infrared image and the corrected image are shown in Fig. 7. 

Correlation coefficients for the regression analysis are given in Table II. Examination of 

regression residuals as a function of the independent variables indicated no discernible trends. 

This can be confirmed by the near zero correlation between the bands of the corrected image 

and the independent variables for the target set (columns (b)). There is, however, some resi­

dual correlation when all points are considered (columns (a)). 

Table lll gives the correlation between the regression variables, both for the target set and 

for all points. High correlation between regression variables can cause the analysis to be 

unstable. There is almost no correlation between cos( i) and the other three variables when all 

points are considered. (For the target set, correlations are higher.) Significant correlation exists 

between cos( e) and z since the more rugged terrain tends to occur at higher elevations. Of 

course, cos( e) and topo are highly correlated, especially for the target set, and there is little to 

choose between them. 
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V. DISCUSSION

A. Geometric Considerations

For nadir viewing sensors, such as Landsat, geometric and radiometric correction are con­

sidered separately. This works well because negligible radiometric error is introduced by 

geometric preprocessing that, in effect, presumes all targets are seen from the vertical and 

through the same atmosphere. Thus, radiometric correction, as described here, can be applied 

after the image has been geometrically rectified. 

Independence cannot be presumed for off-nadir sensors, such as SPOT. Algorithms for 

radiometric correction require the local incident and reflected beam geometry at the time of tar­

get acquisition. This is certainly required to correct for differing atmospheric paths. To the 

extent that natural surfaces are not Lambertian, this is also required to adjust for the change in 

(B,,¢
r
) from actual to rectified sensor position. 

For terrain of a given roughness, the maximum angle O
r 

that occurs during imaging 

increases as the sensor becomes increasingly off-nadir. Thus, any dependence of the BRDF of 

the surface on B
r 

becomes increasingly important to include in radiometric correction. This local 

information is lost if radiometric correction occurs only after geometric rectification. 

B. Spectral Considerations

The BRDF also depends on the wavelength >. of the radiation in question. To make this 

dependence explicit, let Ir( 01,¢1;B,,¢
r
;>.) be the spectral bidirectional reflectance distribution 

function (SBRDF). Selective reflection can alter the spectral distribution of the reflected beam. 

If there is interaction between spectral and geometric factors, as can be the case for materials 

with significant internal scattering, then the geometric distribution also is affected. On the 

other hand, if there is no interaction between wavelength and the geometric dependence of 
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reflection then 

(24) 

where /,(>..) is a weighting function that determines relative reflection as a function of >.. If 

equation (24) holds, the SBRDF is said to be separable. 

Unfortunately, there is little data to establish the extent to which there is interaction 

between geometric factors and spectral factors in remote sensing applications. There is some 

evidence that open forest cover, for example, is not separable in that there may be a differing 

amount of green (canopy) versus brown (bare soil) seen per pixel as the viewer moves from 

directly overhead to a more oblique position. Some canopy reflectance models assign different 

spectral characteristics to each constituent component to account for this phenomenon[31]. One 

can further examine the consequences of having a material whose SBRDF is not separable. 

Suppose that a material is not separable in the sense of (24). Then there is a change in the 

spectral distribution of scene radiance as a function of the incident direction and the viewing 

direction. Consider again a Minnaert surface. The SBRDF of a Minnaert surface is not separ­

able when k depends on >... Remote sensing practitioners have investigated the hypothesis that k 

depends on >..[32-34]. Some have even suggested that this may be a way to accommodate atmos­

pheric effects[8]. Estimates for k from three St. Mary Lakes Landsat MSS images acquired at a 

similar time of year are given in Table IV. 

Now consider the two possible viewing situations shown in Fig. 8. Suppose that red, green 

and blue bands are obtained corresponding to the (known) values of k = 1.0, 0.5, and 0.25 

respectively. Suppose 0 = rr /8 corresponding to a solar zenith angle of rr / 4. The normalized 

components of red, green and blue are (0.539, 0.584, 0.607) for Fig. 8(a) and (0.341, 0574, 0.744) 

for Fig. 8(b). This represents a significant shift toward the blue for a rotation of only rr/4 (45 

degrees) about the point of observation. (Fig. 9 shows values of scene radiance and normalized 
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red, green, blue for the full range of surface orientations m the plane of the incident and 

reflected beam.) 

Suppose the above color values were obtained from remote sensmg measurements of an 

unknown surface. There are at least two possible explanations. One explanation is that the 

surface is indeed of the Minnaert class with values of k that depend on >.. Some materials do 

change color with simple movement as nonseparability requires. (One example is the neck 

feathers of certain waterfowl that change colour with movement due to the presence of 

significant internal scattering by wax particles.) Another explanation is that there are addi­

tional components of scene irradiance in remote sensing to be considered. The above example 

only considers direct point source illumination. Any diffuse background irradiance adds compli­

cation, especially as in the case of skylight, if the spectral distribution of the background irradi­

ance differs from that of the direct beam. A more plausible, indeed expected, explanation for 

this shift towards the blue when moving from a target facing the sun to a target facing away

from the sun is that there is a corresponding shift towards the blue in irradiance as skylight 

begins to dominate direct sunlight. 

C. Atmospheric Considerations

The six parameters introduced to model the atmosphere are tightly coupled together and 

difficult to treat independently. Without extended targets of near zero reflectance, it is difficult 

to separate path radiance from sky irradiance. Without extended shadow regions over the full 

range of elevations, it is difficult to estimate the dependence of sky irradiance and optical thick­

ness on elevation. Without better models of the local dependence of sky irradiance on surface 

slope and adjacent terrain, it is difficult to separate optical thickness from sky irradiance. 

The spatial distribution of sky radiance is not strictly uniform, even under clear sky condi­

tions[29,35]. Partly cloudy conditions produce even more complex distributions. Measurements 
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of sky radiance typically show brightening near the horizon indicating that adjacent terrain is 

important. 

D. Evaluation

One evaluation criterion is purely subjective. It is possible to look both at synthetic

images and at the corresponding corrected images to get a strong sense of the adequacy and 

range of the model being tested. One looks at corrected images to see if shadows are removed, if 

known homogeneous areas appear homogeneous independent of slope and aspect and if atmos­

pheric corrections are appropriate over the full range of elevations that occur in the scene. 

Local anomalies in methods that otherwise have good global performance become readily 

apparent. The software and hardware tools to generate images in this way have been invaluable 

to our work. The ability to incorporate a priori knowledge of the scene domain as a synthetic 

image provides an appropriate representation for direct comparison to real images, both for 

geometric rectification and for subsequent interpretation. 

Comparison of Fig. 7(a) and 7(b) reveals that the most evident change is the equalization 

of appearance for forest cover on all terrain aspects. (Some small topographic features have not 

been corrected. This can be seen, for example, along ridges and is likely due to smoothing of 

surface detail in the DTM.) The target set used in the regression is relatively dark, compared 

to non forest cover classes. Some evidence of dependence on aspect is still visible in alpine 

areas, which, by comparison, are relatively bright. 

Of course, formal evaluation criteria need to be developed. The only obvious criterion is 

that the reflectance factor must lie between zero and one. The methods described generally 

achieve this except along seams of slight shadow miss-registration or along sharp ridges that 

have been smoothed in the DTM. Another possible criterion would be consistency in the 

estimated reflectance factor over time. Unfortunately, reflectance depends on many factors, 
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including some like surface moisture that vary rapidly over the time period between successive 

Landsat overflights. It would be useful to test these methods on images acquired at different 

times on the same day. 

To the extent that empirical measurements of scene radiance in one spectral band can be 

used to deduce physical characteristics of the scene, then these physical characteristics constrain 

the interpretation of scene radiance in other spectral bands. For example, in our view, mul­

tispectral scanner data in the near infrared provides the best estimate of intrinsic reflectance 

properties of surface material since atmospheric effects are minimized. These estimates of intrin­

sic surface properties can help to estimate atmospheric effects in other spectral bands, provided 

the overall spectral reflectance function is separable. 

Of practical concern is the question of whether these methods improve the results obtained 

by image classification. A simple classification was performed, the details of which are reported 

in [36]. A nearest centroid classifier was used based on four ground cover classes: forest, clear­

cut, water and alpine. A truth map was constructed from the forest cover map. The 

classification of the uncorrected Landsat MSS image resulted in a map accuracy of 51 % for 

forest cover. Examination of the corresponding confusion matrix revealed deficiencies typical of 

remote sensing of forest cover in rugged terrain. That is, many forest slopes with southeast 

aspect were classified as clearcut and many forest slopes with northwest aspect were classified as 

water. The classification of the corrected Landsat MSS image resulted in a map accuracy of 

80% for forest cover. Correction for cos( i) achieved the greatest increase in classification accu­

racy. Elevation correction, in addition, decreased the miss-classification of forest as water. 

Correction for topo, while statistically significant in the regression, had little effect on the final 

classification. 
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VI. CONCLUSIONS

Conclusions following from this investigation are: 

• Surface orientation (i.e., slope and aspect) is the most significant factor in determining scene

brightness in areas of rugged terrain.

• Atmospheric effects also are significant apd vary locally with elevation, particularly in the

shorter wavelength bands.

• Sky radiance must be dealt with explicitly. In areas of rugged terrain, adjacent terrain

makes a small, but nevertheless significant, contribution.

• Changes in the spectral composition of sky radiance as a function of direction also must be

considered. For many surfaces, the apparent inseparability of measured spectral reflectance

is caused by the changing spectral composition of scene irradiance rather than by an intrinsic

reflectance property of the material itself.

• Parameters determining image irradiance can be related to physical models. Idealized physi­

cal models correctly characterize simple worlds and can be elaborated as the need is demon­

strated.

• The problem of determining an intrinsic reflectance factor characteristic of the surface

material and invariant to topography, position of the sun, atmosphere and position of the

viewer, is, in general, not well-defined. A Lambertian reflector is the only material for which

the bihemispherical reflectance factor can be expressed as a scalar, independent of the light

source, viewer and surface geometry.
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Solar Irradiance at the Top of the Atmosphere 

Landsat MSS: 
Band 4 5 6 7 
Wavelength Interval (µm) .5 - .6 .6 - .7 .7 - .8 .8 - 1.1 
Percentage of Solar Constant 13.1 11.2 9.1 18.4 

Solar Irradiance1 (mW •cm-2) 17.7 15.1 12.4 24.9 

Landsat TM: 
Band 1 2 3 4 5 
Wavelength Interval (µm) .45 - .52 .52 - .60 .63 - .69 .76 - .9 1.55 - 1.75 
Percentage of Solar Constant 10.2 10.3 6.6 10.8 3.3 
Solar Irradiance1 (mW ·cm-2) 13.9 13.9 8.9 14.6 4.5 

1 based on solar constant of 135.3 mW·cm-2• This value is considered accurate to

7 
2.08 - 2.35 

1.6 
2.1 

±2.1 mW ·cm-2 for a quiet sun at the mean sun-to-earth distance. It is estimated that the
solar constant varies from 130.9 mW·cm-2 at aphelion to 139.9 mW·cm-2 at perihelion.

Table I. Values of solar irradiance for a quiet sun at the top of the atmosphere at the mean 
sun-to-earth distance, for Landsat satellites. TM band 6 {10.4 - 12.5 µm) is not included since 
there is negligible solar irradiance at the top of the atmosphere in this wavelength interval. The 
table is derived from standard ANSI/ ASTM E 490 - 73a "Solar constant and air mass zero solar 
spectral irradiance tables'\ proposed by Thekaekara[17] and adopted in 1973, in slightly 
modified form, by ASTM Committee E-21 on Space Simulation and Applications of Space Tech­
nology. The value for each Landsat band is obtained by integrating the standard solar spectral 
irradiance curve over the specified wavelength interval. 
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Correlation coefficients 

Landsat MSS Band (raw data) 
4 5 6 7 

(a) (b) (a) (b) (a) (b) (a) (b)
cos(i) 0.512 0.559 0.508 0.731 0.715 0.742 0.713 0.732 
elevation 0.193 -0.108 0.275 0.162 -0.103 -0.161 -0.187 -0.230
cos( e) -0.073 0.291 -0.092 0.263 0.052 0.373 0.086 0.376
topo 0.021 0.211 0.038 0.271 0.044 0.277 0.043 0.254

Landsat MSS Band (corrected for cos(i)) 
4 5 6 7 

(a) (b) (a) (b) (a) (b) (a) (b)
cos(i) 0.272 -0.086 0.249 -0.023 0.263 -0.134 0.230 -0.159
elevation 0.216 -0.282 0.308 0.017 -0.144 -0.494 -0.261 -0.595
cos( e) -0.112 -0.046 -0.136 -0.176 -0.002 -0.085 0.042 -0.083
topo -0.015 -0.131 0.002 -0.146 -0.031 -0.211 -0.037 -0.246

Landsat MSS Band (corrected for cos(i) and elevation) 
4 5 6 7 

(a) (b) (a) (b) ( a) (b) (a) (b)
cos(i) 0.274 -0.088 0.262 -0.073 0.237 -0.108 0.203 -0.119
elevation 0.306 0.018 0.253 0.016 0.104 -0.012 0.096 -0.023
cos( e) -0.203 -0.180 -0.167 -0.257 -0.165 -0.285 -0.149 -0.312
topo -0.085 -0.196 -0.059 -0.240 -0.120 -0.283 -0.111 -0.320

Landsat MSS Band ( corrected for cos(i), elevation and topo) 
4 5 6 7 

(a) (b) (a) (b) (a) (b) (a) (b)
cos(i) 0.281 0.01!) 0.268 0.046 0.249 0.035 0.216 0.051 
elevation 0.310 0.044 0.257 0.043 0.110 0.030 0.102 0.027 
cos( e) -0.173 -0.013 -0.137 -0.061 -0.110 -0.049 -0.089 -0.046
topo -0.040 0.008 -0.014 -0.003 -0.039 0.006 -0.023 0.006

Table II. Correlation coefficients during the regression analysis of the September 15, 1981, 
Landsat MSS image. Columns ( a) are the overall correlation coefficients for all points, except 
those in shadow or on flat terrain. Columns (b) are the correlation coefficients restricted to the 
selected target points. 
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Con-elation Between Regression Variables 
cos(i) elevation cos( e) tODO 

(a) (b) (a) (b) (a) (b) (a) (b) 
cos(i) 1.0 1.0 -0.011 0.206 0.113 0.515 0.134 0.501 
elevation - - 1.0 1.0 -0.376 -0.154 0.016 0.139 
cos( e) - - - - 1.0 1.0 0.685 0.819 
topo - - - - - - 1.0 1.0 

Table III. Correlation coefficients between the regression variables for the position of the sun 
corresponding to the September 15, 1981, Landsat MSS image. Columns (a) are the overall 
correlation coefficients for all points, except those in shadow. Columns (b) are the correlation 
coefficients restricted to the selected target points. 

Estimates of the Minnaert coefficient k

Date Sun k 

el az band 4 band 5 band 6 band 7 

25/Sep/74 35.2 149.2 0.22 0.47 0.77 1.05 
17/Sep/79 37.8 146.6 0.27 0.55 0.78 0.99 
15/Sep/81 38.0 145.1 0.23 0.35 0.58 0.86 

Table IV. Estimates of the Minnaert coefficient k for each Landsat MSS band from images 
acquired over St. Mary Lake on three different dates. All points are considered, except those 
lying in shadow or on flat terrain. 
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Fig. 1 Directions can be represented by points on the unit sphere. The polar or zenith angle 9 is 
measured from the Z-axis and the azimuth angle q, is measured counter-clockwise from the X­
axis in the XY plane. 
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Fig. 2 The local geometry of the incident and the reflected ray can be specified by spherical 
coordinates (Oi,'Pi) and (O,,cf>r)· 
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Fig. 3 For isotropic materials, the local geometry of the incident and the reflected ray can be 
specified by three angles i, e and g. The incident angle i is the angle between the incident ray 
and the surface normal. The exitant angle e is the angle between the reflected ray and the sur­

face normal. The phase angle g is the angle between the incident and reflected rays. 
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Fig. 4 Components of image irradiance in remote �ensing. The target receives direct solar radi­
ation and diffuse sky radiation. Diffuse sky radiation has components due to scattered solar 
radiation and radiation from adjacent targets that is reflected directly or scattered back to the 
target. The sensor measures scene radiance reflected from the target with two additional com­
ponents. Path radiance is radiation scattered to the sensor from the solar beam. Some radia­
tion reflected from adjacent targets also is scattered to the sensor .. 
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Fig. S Slope and aspect of the target set plotted in the azimuthal equal.area projection. Grid 
lines are in increments of 15° in both slope and aspect. Here, the s axis is aligned with east and 
the taxis with north. 
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(b) 

(c) 

Fig. 6 Synthetic images for St. Mary Lake. Reflectance proportional to cos(t) is shown in (a) 
for the sun at an elevation of 38.0 degrees and an azimuth of 145.1 degrees, measured clockwise 
from north. This corresponds to the position of the sun at 17:52 GMT on September 15, 1981. 
Reflectance proportional to (1 + cos( e))/2 is shown in (b). The synthetic image for a hemis­
pherical uniform source, including occlusion by adjacent terrain, is shown in (c). 



(a) 

(b) 

Fig. 7 A portion of Landsat MSS image (frame-id 22428-17522), acquired 17:52 GMT on Sep­
tember 15, 1981, is shown in (a). At the time of image acquisition, the sun was at an elevation 
of 38.0 degrees and an azimuth of 145.1 degrees, measured clockwise from north. The corrected. 
version is shown in (b). Correction is based on the regression equations (23). (The original 
figure was in colour.) 
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Fig. 8 In (a) the surface is viewed with i = e � 9. In (b) the surface is viewed with i = 39 and 
e = 8. Going from (a) to (b) corresponds to rotating the surface 'about the fixation point 
through an angle of 28 in the plane of the source and viewer. 
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Fig. 9 The direct sun facing slope is at e = -45 degrees. In (a) scene radiance is shown for the 
full range of surface orientations in the plane of the viewer and light source. As e approaches 
1r /2 in the light source facing direction, scene radiance becomes unbounded for /c = 0.25 and 
le= 0.5. To emphasize colour shifts, (b) shows scene radiance in normalized colour coordinates. 
Significant colour shifts occur over the range of orientations for which the surface is visible to 
the viewer. 




