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ABSTRACT � The study presented in this paper investigated the influence of
radiative transfer (RT) codes upon the surface reflectance retrieval and, ultimately,
upon the spectral unmixing for mineral identification and mapping of mineral
abundances. The effect of post-processing of the RT code retrieved surface
reflectance was also studied. For this purpose, an AVIRIS radiance cube acquired
over the Cuprite mining district area in Nevada on June 12, 1996 was used to
generate the surface reflectance using the three RT codes ATREM (ATmospheric
REMoval program), CAM5S (Canadian Advanced Modified 5S), and MODTRAN4
(MODerate atmospheric radiance and TRANsmittance model). The mineral
abundance maps generated from MODTRAN4 reflectance data showed the best
match with a classification carried out by the United States Geological Survey
[USGS 98]. However, the resulting fraction maps produced based on ATREM and
CAM5S reflectance data are quite similar for most minerals identified, with the
exception of montmorillonite and chalcedony. In addition, differences occur in
several cases between the RT code retrieved reflectance and post-processed data.    

1 - INTRODUCTION

Identification and subsequent mapping of minerals has become possible with hyperspectral data
[Clark 90; Boardman 96; Cloutis 96]. Several processing steps such as surface reflectance retrieval,
endmember selection, and spectral unmixing, are applied to such data to produce mineral
abundance maps. A significant step in the data processing chain is the retrieval of surface
reflectance. In order to calculate surface reflectance from remotely measured radiance, radiative
transfer (RT) codes play an important role for removing the atmospheric scattering and gaseous
absorption effects [Gao 93; Richter 96; Staenz 97a].  Given the complexity of hyperspectral data,
the surface reflectance retrieval results depend strongly on the selected RT code as well as on the
radiometric and spectral calibration of the sensor [Staenz 00; Secker 00].

This paper concentrates on the assessment of mineral abundance maps generated from surface
reflectances using the three atmospheric RT codes CAM5S (Canadian Advanced Modified 5S;
O�Neill  96), ATREM (ATmospheric REMoval program; Gao 93; CIRES 99), and MODTRAN4
(MODerate atmospheric radiance and TRANsmittance model; Berk 89 and 98). For this purpose,
Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) data from the Cuprite mining district of
Nevada were processed to yield abundances (fractions) of minerals. These fraction images were
compared quantitatively against a reference to demonstrate the effect of the different RT codes on
the unmixing results. The main portion of the analysis was carried out on the Imaging Spectrometer
Data Analysis System (ISDAS), an advanced hyperspectral analysis software package developed at
the Canada Centre for Remote Sensing [Staenz 98].



2 - STUDY SITE AND DATA DESCRIPTION

The site selected for this study lies within the Cuprite mining district of Nevada (37.60 N and 117.20

W). This site has been used as a test area for mineral mapping in hyperspectral remote sensing for a
many years [Goetz 85; Hook 90; Swayze 92; Neville 98]. Accordingly, this site is very well
characterized in terms of mineralogy. This and the excellent exposure of alteration minerals such as
alunite, calcite, kaolinite, buddingtonite, silica, and others. together with limited soil development
and sparse vegetation make this area an ideal test site for evaluation of hyperspectral mineral
mapping capabilities.

One of the Cuprite standard AVIRIS data sets available form NASA�s Jet Propulsion Laboratory
(JPL) has been used for this study. This particular data cube was collected on June 12, 1996.
AVIRIS acquires imagery at approximately 20 m ground resolution in 224 spectral bands, each
about 10 nm wide, in the 400-nm to 2500-nm wavelength range. Additional information for
validation purposes include reference data sets consisting of a detailed mineral map retrieved from
AVIRIS 1998 data by [USGS 98] and ground spectra acquired with GER3700TM and PIMATM

spectroradiometers.

3 - APPROACH

3.1 Surface Reflectance Retrieval

Prior to surface reflectance retrieval, an assessment of noise was carried out in the principal
component (PC) domain. The results revealed that no significant noise pattern could be found. In
addition, no significant errors were found in the wavelength position of the AVIRIS bands. It
should be noted that the bands in the strong water absorption regions around 1380 nm and 1870 nm
were not included in the analysis.

The RT codes used to remove scattering and gaseous effects are ATREM, CAM5S, and
MODTRAN4. These codes are models commonly used in hyperspectral remote sensing to retrieve
surface reflectances from at-sensor radiances. The specific features of these models are summarized
in [Staenz 00]. ATREM was used outside of ISDAS in its original configuration as available from
the University of Colorado [CIRES 99] while MODTRAN4 and CAM5S were run inside ISDAS as
part of a look-up table (LUT) procedure.

The MODTRAN/CAM5S procedure is based on a LUT approach with tunable breakpoints as
described in [Staenz 97a], to reduce significantly the number of radiative RT code runs. A selected
RT code was used in forward mode to generate the radiance LUTs, one for each of a 5% and 60%
flat reflectance spectrum.  These LUTs were produced for five pixel locations equally spaced across
the swath, including nadir and swath edges, for a range of water vapour contents, and for single
values of aerosol optical depth (horizontal visibility) and terrain elevation.  The specification of
these parameters and others required for input into the RT codes are listed in Table 1. The finest
available wavelength grid intervals were used for the RT code runs. None of the BRDF options
available in CAM5S and MODTRAN4 were used for this study.  It should be noted that a common
user interface is used for the specification of the atmospheric conditions.

For the retrieval of the surface reflectance, the LUTs were adjusted only for the pixel location in the
swath and water vapour content using a bi-linear interpolation routine [Press 92] since single values
for the other LUT parameters were used for the entire cube. For this purpose, the water vapour
content was estimated for each pixel in the scene with an iterative curve fitting technique [Staenz
97b]. The surface reflectance was then computed for each pixel as described in [Staenz 97a].



The next step of processing performs an empirical correction for irregularities in the reflectance
data (band-to-band errors) that may have originated in the sensor, or that may have resulted from
the approximation made in atmospheric modelling and the selection of RT code input parameters.
These band-to-band errors were removed by calculating correction gains and offset using spectrally
flat targets [Staenz 99]. The removal of these errors is referred to in the following sections of this
paper as post-processing.

Table 1: Input parameters for radiative transfer code runs.

Radiative Transfer Code ATREM CAM5S MODTRAN4
Atmospheric model US standard 62 US standard 62 US standard 76

Aerosol model Continental Desert Desert
Date of overflight June 12, 1996 June 12, 1996 June 12, 1996
Solar zenith angle 15.8° 15.8° 15.8°

Solar azimuth angle 153.7° 153.7° 153.7°
Sensor zenith angle Fixed Variable Variable

Sensor azimuth angle Fixed Variable Variable
Terrain elevation (above sea level) 1.524 km 1.524 km 1.524 km
Sensor altitude (above sea level) 20.100 km 20.100 km 20.100 km

Water vapour content variable variable variable
Ozone column as per model as per model as per model

CO2 mixing ratio as per model as per model 300 ppm

Horizontal visibility 50 km 50 km 50 km
Wavelength grid interval 2.5 nm 10 cm-1 1 cm-1

3.2 Endmember Selection and Spectral Unmixing

Endmembers needed for the spectral unmixing were selected from the data cube itself using an
automated method.  This method is called Iterative Error Analysis (IEA) and is described in detail
by [Szeredi 00].  To start, the average spectrum of the scene is used to unmix the data set.  When a
data set is unmixed, a residual error image is produced.  These errors are calculated using a least-
square estimate between the average spectrum and the spectrum of each pixel.  The errors are also a
measure of the distance in N-dimensional space (N = number of bands) between the average
spectrum and all the spectra of the data set.  The next step is to find the pixel or pixels that
encompass the largest errors, i.e., that are furthest away from the average spectrum.  The user
provides the number of pixels forming these endmembers.  This first endmember is then used to
unmix the image cube, and the average spectrum is discarded.  The errors will again be used to find
the furthest pixels from the first endmember and will create the second endmember.  This process is
repeated until the number of endmembers predetermined by the user is reached. In this case, 30
endmembers have been selected.

Once all the endmembers were found, the image cube was unmixed using a constrained linear
technique [Shimabukuru 91; Boardman 95]. Spectral unmixing uses a linear combination of a set of
endmember spectra to unmix the composite spectrum into endmember fractions (between 0 and 1)
for each pixel of the scene. The full wavelength range of the AVIRIS sensor was utilised for the
endmember selection and spectral unmixing.

In a final step,  the resulting  fraction maps were  compared with  each other on a  quantitative basis



using the Average Euclidean Distance Coefficient (AEDC) [Romesburg 84]:
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where xi is the reference fraction of pixel i, yi is the fraction to be compared of pixel i, and n is the
total number of pixels of the fraction map. AEDC provides a measure for the deviation from the y =
x line. Accordingly, AEDC = 0 means a perfect match between the reference fraction map and the
fraction map to be compared.

4 � RESULTS

4.1 Surface Reflectance Retrieval

The surface reflectance retrieved with the different RT codes indicates that the gas absorption
regions are the major areas of concern as illustrated in Fig. 1  for the endmember spectra of  alunite.

Fig. 1: Alunite endmember surface reflectance spectra retrieved with
MODTRAN4 (top), CAM5S (centre), and ATREM (bottom) from the



Cuprite AVIRIS cube in comparison with associated post-processed
spectra. The spectra were generated from 10 to 13 pixels.

The reflectance is especially affected in the 940-nm and the 1130-nm water absorption bands, as
well as in the wings of the strong 1380-nm and 1870-nm water absorption regions. Problems were
also encountered in the O2 absorption regions, especially in the 760-nm absorption feature and to
some extent in the 1265-nm region for all three codes. The same is valid for the CO2 region at
2055 nm for CAM5S and to a lesser degree for ATREM and MODTRAN4. These differences are
mainly due to the use of different transmittance models and wavelength grid intervals in these RT
codes. Line wing absorption effects are accounted for in the calculation of the transmittance in
MODTRAN4, but not in ATREM and CAM5S. Significant differences occur also in the 2100-nm
to 2450-nm region between the retrieved reflectances. These differences are mostly due to the
different solar exo-atmospheric irradiance functions used in the RT codes [Staenz 95]. These
functions are based on [Neckel 84] and [Green 93] for ATREM, [Iqbal 83] for CAM5S, and
[Kurucz 94] for the MODTRAN4 run.

Based on these results, MODTRAN4 outperforms ATREM and CAM5S. Such a performance of
these RT codes was previously reported in a study which indicates an average relative error
between retrieved and ground-based reflectance of 2.0 % for MODTRAN4, 3.2 % for ATREM and
3.7 % for CAM5S [Staenz 00].

4.2 Endmember Selection and Identification

Tabel 2 lists the minerals identified on the basis of the 30 extracted endmembers. These
endmembers were compared with lab spectra [Grove 92] and particularly the absorption features
located mainly in the 2000-nm to 2500-nm wavelength region. Subsequently, they were grouped
into single mineral categories wherever possible. An exception is the category alunite/kaolinite
which probably represents an intimate mixture between these two minerals. Also a relatively high
number of endmembers could not be categorized. Despite this fact, a comparison with the [USGS
98] mineral list from the same area shows good agreement. Table 2 indicates that for each of the
data sets at least one endmember could be associated with one of the mineral categories, with the
exception of chalcedony for the ATREM post-processed data cube. In most cases more than one
endmember could be identified per mineral category. This is mainly due to the different degree of
contamination with other minerals (e.g., muscovite), structural differences (e.g., kaolinite), and
elemental substitution. The combination of illumination and terrain (slope and aspect: bidirectional
reflectance distribution factor effect) also affects the number of endmembers selected by the IAE
technique for a particular mineral category. The different number of endmembers extracted from
the data sets for a specific  mineral  category does  not necessarily mean  that  the  mapped  areas
differ

Table 2: Endmembers identified. The numbers in the table indicate the number of
endmembers found per mineral type. (Ref = original reflectance data, PP =
post-processed reflectance data).

MODTRAN4 ATREM CAM5SEndmember
Ref PP Ref PP Ref PP

Chalcedony (opal) 2 1 4 0 3 1
Alunite 2 2 2 2 2 2
Kaolinite 3 3 3 3 3 3
Alunite/Kaolinite Mixture 7 6 6 6 6 6
Montmorillonite 2 1 1 1 1 1
Dickite 1 2 1 2 2 1
Muscovite 4 4 4 4 5 4



Buddingtonite 1 1 1 1 1 1
Calcite 1 1 1 1 1 1
Unknown 7 9 7 10 6 10

significantly in size. This is true as long as the specific mineral is spectrally well characterized.

The lack of proper removal of atmospheric absorption features can cause problems for the
identification of a specific mineral. This is especially a problem when these absorption regions are
on top of the mineral absorption features. For example, one of two the montmorillonite
endmembers could be identified only using the MODTRAN4 reflectance data cube.  In this case,
this mineral could not be mapped properly, according to the [USGS 98] map, for the other data
cubes with just one endmember. With the exception of dickite (MODTRAN4 and ATREM), more
endmembers could be identified using the original reflectance data than the post-processed ones.
This is due to the post-processing effect that can cause a smoothing of weak, but important
absorption features for mineral identification.

4.3 Spectral Unmixing

The fraction maps of the individual mineral categories extracted from the MODTRAN4 reflectance
data, were selected as references for comparisons of the fraction maps on a pixel basis. The choice
is based on the good agreement between these MODTRAN4 fraction maps and the classification
reported by [USGS 98]. The results are summarized in Table 3. In general, a fairly good match was
achieved for most minerals, especially for buddingtonite and kaolinite. Exceptions are the minerals
montmorillonite and chalcedony, and as well to a lesser degree, the alunite/kaolinite mixture. For
these minerals, the areas of occurrences do not coincide; see for example the montmorillonite maps
in Fig. 2. The reason for the montmorillonite case is that one of the montmorillonite endmembers
was identified as chalcedony for the ATREM and CAM5S cases, as well as for the MODTRAN4
post-processed data. The difference between the fraction maps extracted from the original
reflectance and post-processed data is similar in most cases. An exception is montmorillonite and
chalcedony for the MODTRAN4 case as well as dickite for the ATREM and CAM5S cases.

Table 3: Correlation expressed via the AEDC between the retrieved fraction maps. (Ref =
original reflectance data, PP = post-processed reflectance data, N/A = no
endmember identified).

MODTRAN4 ATREM CAM5SEndmember
Ref PP Ref PP Ref PP

Chalcedony (opal) - 0.045 0.151 N/A 0.147 0.066
Alunite - 0.015 0.015 0.016 0.015 0.017
Kaolinite - 0.008 0.010 0.010 0.010 0.009
Alunite/Kaolinite Mixture - 0.044 0.053 0.063 0.053 0.050
Montmorillonite - 0.170 0.170 0.172 0.170 0.172
Dickite - 0.019 0.009 0.018 0.020 0.008
Muscovite - 0.041 0.039 0.039 0.040 0.038
Buddingtonite - 0.005 0.007 0.006 0.006 0.005
Calcite - 0.020 0.019 0.022 0.021 0.024

5 - CONCLUSIONS

The effect of different RT codes for mineral mapping was studied in this paper. For this purpose,
the RT codes ATREM, CAM5S, and MODTRAN4 were applied to AVIRIS radiance data of
Cuprite, Nevada to retrieve surface reflectance. Subsequently, 30 endmembers were selected from



the reflectance data and grouped into nine minerals and one unknown category. Endmembers could
be identified with the exception of chalcedony (CAM5S, post-processed) for each of the mineral
categories although the number of endmembers vary  depending on the RT codes used and  whether
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Fig. 2: Distribution of montmorillonite abundance (fraction) based on ATREM, CAM5S,
and MODTRAN4 retrieved reflectance data. The [USGS 98] montmorillonite map
is shown as reference.

the data was post-processed or not. Fewer endmembers could be associated with minerals for the
post-processed data cubes. A comparison of the mineral fraction maps generated with constrained
linear spectral unmixing revealed differences in some cases depending on the RT code used and
post-processing. Significant differences occurred for the minerals montmorillonite and chalcedony
for the MODTRAN4 retrieved data compared to the other cases.  The ATREM and CAM5S cases
produce generally similar fraction maps, although some differences occur in some cases between
the RT-code retrieved and post-processed data. In general, MODTRAN4 retrieved reflectance data
yielded fraction maps that show the best match with a mineral classification carried out by
[USGS 98] over the same area using AVIRIS data.
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