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Abstract
Ceophysical Environmental Research (cnn) as-channel air-
craft scanner data were used to map the mineraloglr at
Makhtesh Ramon in the Negev area of southern Israel. The
data were calibrated to apparent reflectance using three tech-
niques; the flat feld (rr) method, the empirical line (tt)
method, and the internal average relative reflectance (u,nR)
method. Results of these calibrations were evaluated by ex-
tracting image spectra and comparing them to librory'spectra
for pure minerals and to laboratory spectra of samples col-
lected from the field area. These comparisons show that
each calibration method produces apparent reflectance spec-
tra that contain useful mineralogical informotion. Care must
be taken, however, to qvoid over interpretation, as oll of
these calibrations may produce spectral artifacts. For this
site, the IARR reflectance technique, which does not require a
priori knodedge, was selected as providing the best results.
Mineral maps werc produced showing the spotial distribution
of severul spectral endmembers. Comparison of the mineral
maps with laboratory spectrul measurements of field samples
and published geologic maps indicates that the cnn imaging
spectrometer data are providing additional geologic detail.

lntroduction
The Geophysical Environmental Research (cER) aircraft scan-
ner system was described in detail by Collins and Chang
(1988; 1990). Basically, the instrument provides 63 spectral
channels in the visible/near-infrared (vNn) and shortwave
infrared (swn) regions with a spectral coverage of 0.433 to
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0.971 pm and 1.080 to 2.495 pm, respectively. This spectral
coverage is obtained by using three detector arrays for the
vNrR (0.433 to 0.971 pm), swnr (r.Og0 to r.aoo pm), and
swn2 (1.986 to 2.495 pm) regions with a bandwidth of tz.q
nm, 120 nm, and 16.2 nm, respectively. This instrument is,
in effect, an imaging specbometer in that it provides high-
resolution, near-laboratory-quality reflectance spectra for
each pixel of the image.

cEn aircraft scanner data have been used successfully for
a number of mineralogical applications since 1985 when the
first results of a narrow-band scanner were reported by Col-
lins and Chang (1985). In Australia, Mackin and Mqnday
(t988) concluded that the instrument is capable of distin-
guishing between AI-OH, Mg-OH, and carbonate minerals
and can be used effectively for remote mineral identification.
Using cER data, Podwysocki and Jones (1988) mapped out
distributions of kaolinite, alunite, and buddingtonite at Cu-
prite, Nevada. Kruse et o/. (1988; 1990), working in the same
area, concluded that using imaging spectrometers such as
GER allowed production of detailed maps for mineral exp.GER allowed production of detailed maps for mineral explo-
ration. They pointed out that, in addition to the minerals
GER allowed production
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mapped by Podwysocki and fones (1988), hematite, goethite,
and larosite could be mapped at Cuprite without prior
knowledge of their locations. Werner and Lehmann (1991)
concluded that soil surfaces with even small mineralogical
variation could be differentiated using the shortwave infrared
(swn) cER data. AII of these applications ernphasized the re-
quirement for adequate calibration to reflectance of the raw
cER data. This step is perceived as critical for deriving maxi-
mum information from such data (Vane et a1.,7s87).

The GER instrument was flown over Makhtesh Ramon,
Negev Israel during fuly 1989. Unfortunately, the flight was
not followed by field reflectance measurements nor any
ground sampling. Except for one recent study (Kauftnann ef
o1., 1991), the data have not been analyzed, mostly because
of calibration difficulties. Kaufrnann et al. (7997) have ap-
plied the flat ffeld (rr) and/or log residual (LR) calibration
methods to part of the second flight line (from four taken) for
the SwIR region only. Different cER spectra obtained for dif-
ferent lithological units were presented; however, no sup-



porting spectral measurements were presented and detailed
information about the calibration methods was not dis-
cussed.

This study compiues three commonly used calibration
methods (the flat field (pr) method, the empirical line (uL)
method, and the internal average relative reflectance (nnn)
method) for the cER data of Makhtesh Ramon. The study
covers the full \ IIR-swtR (0.4- to 2.5-pm) region and uses
ground sampling for verification checks. The purpose of this
study was to provide a baseline to help future workers
achieve the most from this particular cER flight and to pro-
vide general information regarding the applicability of spe-
cific calibration methods to the GER data.

Geology and Alteration
Makhtesh (mortar in Hebrew) Ramon is located in southern
Israel in the Negev area (Figure 1). Structurally, the area is
an anticline with an eroded central valley, mostly drained by
a single river (Nahal Ramon). The valley is bounded by steep
walls with friable sandstones at the bottom and more resis-
tant limestones and dolomites at the top (Ben-David and Ma-
zor, 1988) (Figure 2). Makhtesh Ramon shows a continually
exposed section from the Middle Triassic to the Middle Eo-
cene. A good geologic summary (paraphrased below) is given
by Kaufmann et al. (1.951.).

fit40

The Triassic formations at Makhtesh Ramon consist pri-
marily of sandstones and marine-littoral shales overlain by
alternating limestones, dolomites, and argillaceous carbon:
ates ("marl"). The Upper Triassic sediments are interpreted
as lagoonal and are characterized by intercalated gypsum,
dolomite, and clay capped by limestones. furassic sediments
unconformably overlay the Triassic with development of fos-
sil laterites consisting mainly of kaolinite and bauxite miner-
als prior to deposition of the furassic units. The Lower
furassic Ardon formation was deposited in a shallow-water
marine environment. The Early to Middle furassic Inmar for-
mation consists primarily of sandstones and lacustrine clays
and is overlain by sandstones, dolomite, and shales. A maior
unconformity separates the marine sediments of the Middle
Jurassic from the continental Nubian sandstones of the Early
Cretaceous Hatira Formation. Upper Cretaceous limestones
and dolomites contain glauconite and bentonite beds. Alka-
line to hyper-alkaline laccoliths, sills, and dikes have been
intruded into all units up to the Early Cretaceous. Hydrother-
mal alteration is often associated with these intrusions. Large
sheet extrusions of alkaline basalts took place during the
Early Cretaceous. There are limited exposures of Eocene
limestones on the southern side of the makhtesh.

Evolution of the present exposure of Makhtesh Ramon is
the result of post-Eocene erosion and structural modification.
Ben-David and Mazor (t9aa) present evidence for the forma-
tion of a pre-makhtesh peneplane during the Miocene caused
by rivers flowing from south to north. They attribute excava-
tion of the makhtesh by an eastward-flowing fluvial system
to subsidence of the Arava Rift Valley accompanied by east-
ward tilting of the Nesev heishts includine the Ramon mono-
cline, the pre
ward tilting of the Negev heights including
cline, the pre-malhtesh peneolane. and Halcline, the pre-malhtesh peneplane, and Hatira Formation
sandstone exposures. Subsequent deepening of the Makhtesh
resulted from gradual erosive incision, forming step-like allu-
vial terraces. Neotectonic movements along predominantly
east-west dextral strike-slip structures are recorded in shifts
of the course of Nahal Ramon. Wind-borne sediment from
the loess province of the northwest Negev has been trapped
at the makhtesh walls (especially the northwest walls) and
stabilized by debris (Ben-David and Mazor, 1988).

The area of Makhtesh Ramon is known as one of the
most important mineralogical sites in Israel and is termed as
a "laboratory in nature" (Ben-David and Mazor, 1988). The
area has been declared a "Reserve National Geology Park"
and consists of interesting mineralogical variation exposed in
a small area. Because of the arid weather, only minor vegeta-
tion occurs within the Makhtesh. As a result, the area was
selected to be covered by the GEn aircraft scanner in order to
yield new, useful information regarding the lithology and
mineralogy of the Makhtesh Ramon.

The Calibration Methods
Because the cER system responds to solar irradiation and at-
mospheric attenuation and scattering as well as Earth's sur-
face reflectance, it is critical to remove unwanted
components of the signals prior to analysis. The atmos-
pheric/irradiation removal procedure (so called calibration)
is an important step that must be taken prior to any spectral
image analysis. This step requires great attention and care,
and requires careful study for each image data set. This stage
is doubly important for the cER scanner data because no on-
and requires careful study for
is doubly important for the GI
board calibration is available.

and requires careful

board calibration is available. Several methods to calibrate
high resolution image data are in common use. Methods se-
lected for this study and useful for unvegetated areas are dis-
cussed below:
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Figure 1. Makhtesh Ramon: location and geology (after
Zak (7987)) and coverage of the Ramon-3 flightline.
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Figure 2. Schematic cross section of central Makhtesh
Ramon (after Mazor and Shoval (1987)).



(r) The Flat Field (rr) method has been widely applied in
studies involving imaging spectrometer data (Goetz and Sri-
vastava, 1985; Conel, 1985; Crowley et a/., 19BB; Rast et a1.,
1991). This method requires a small area in the scene char-
acterized by non-absorbing materials. The average specuum
of the small area is then divided into the spectrum for every
pixel in the scene to achieve a normalized image. This
method suffers difficulties related to defining a homogene-
ous area (spectrally featureless area) within the scene being
studied.

(2) The Empirical Line Method (nl) method is a useful tech-
nique for removing the atmospheric and solar effects as well
as instrument noise. This technique is described in detail
by Roberts ef aI. (1985) and has been successfully applied
by several other workers (Conel et o/., 1988; Elvidge, 1988;
Green ef o1., 1988; Kruse ef o1., 1990; Zamudio and Atkin-
son, 1990 ). Basically, the method requires field or labora-
tory spectra for two targets of contrasting albedo and several
imaging spectrometer radiance spectra for each of the two
gtound targets. A linear regression is used to force the re-
sponse of each image spectral channel to match the field
spectra of the two targets, and the atmospheric-solar-instru-
ment factors are determined as gains and offsets to be ap-
plied to the data. These factors are used to transform
instrument DN into reflectance for the entire imaging.spec-
trometer data set.

(:) The Internal Average Relative Reflectance (l,rnn) method is
described in detail by Kruse et aI. (1985) and Iftuse (1988).
This method uses a reference spectrum curve calculated as
the spectrum average of the whole imaging spectrometer
scene. This curve is then divided into each image radiance
spectrum to produce a residual relative reflectance curve for
each pixel. Although the nnn method does not require pre-
vious knowledge of the study area, great attention must be
taken when interpreting the spectra (Kruse, 1988). As in the
case of the FIat Field method, artifacts may be interpreted
as real spectral features and individual absorption features
may be suppressed or removed, depending upon the spec-
tral response of the dominant cover types (Kruse, 1988;
Mackin and Munday, 1988; Zamudio and Atkinson, 1990).

While ground sampling and field-laboratory spectral
measurements (which ideally should be taken very close to
the flight time) are a basic condition to use for calibration of
method 2, no field-laboratory measurements are required for
methods 1 and 3. Calibration method 1 can technically be
run without field-laboratory measurements and even produce
reasonable results if techniques such as "relative band
depth" (nnn) are applied (Crowley, 1990). In practical use,
however, this method requires a pilori spectral knowledge
of the study area for accurate selection of featureless tar-
gets.

There are other equally viable calibration methods be-
sides the three calibration methods discussed here. These
methods include techniques with similarities to the above
methods and other model-based techniques. Several having
similarities are the Single Spectrum (ss) method (Crowley ef
o1., 1988), which requires field measurements, and the Log
Residuals (rn) method and Least Upper Bound (Lun) meth-
ods (Green and Craig 1985). Other techniques based upon at-
mospheric models, such as the LoWTRAN-7 model (Kneizys ef
o/., t98B; Rast ef a/., 1991), require atmospheric measure-
ments taken during the flight. Other techniques that use at-
mospheric models and information from the imaging
specuometer data themselves €ue also providing excellent
calibration results (Gao and Goetz, 199o). For all calibration
methods, verification is a very important stage that has to be
accomplished routinely in order to prevent errors in the im-
age interpretation.
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Data Prccessing and Analyses

Data Chanc'tedstfcs
The crn aircraft was flown over Makhtesh Ramon on 9 July
1989. Four flight lines were flown to cover most of the
Makhtesh Ramon area. One flightline was flown at an alti-
tude of approximately 1500 metres (5000 ft) above sea level
and was named Ramon 1. The data from this flightline are
severly distorted because of synchronization problems which
occurred between the aircraft and the scanner motions. The
other three flightlines were flown at an altitude of approxi-
mately 4500 metres (15,000 ft) and named Ramon 2, 3, and
4. For this study, only flight line Ramon 3 was selected (Fig-
ure 1). This flight was characterized by the following data:
flight direction, 050o; starting local time, 10s0; flight time, 5
minutes; starting geographic points (in terms of the local Is-
raeli geographic system), 7225,9976; and flight altitude, 4500
mebes. Data were recorded in 16-bit mode and each cross-
track consisted of st2 pixels. The ground resolution obtained
was about 13.44 m by 73.44 m at nadir. System parameters
for the whole spectral region (including number of bands,
band-width, and band centering) are given in Tables 1 and 2
(Kaufmann et aI., 1,997). Two bands were omitted from the
analysis ftand za, 0.81 pm, and band 32,7.440 pm) because
of poor (noisy) spectral response. Band centering was exam-
ined on the basis of known absorption features of the atmos-
pheric carbon dioxide (COr) located at 2.005 and 2.055 pm.
The corresponding CO, bands were observed in the GER radi-
ance data at2.OO2 pm and 2.054 pm, thus confirming the
nominal values provided by GER. As other strong absorption
bands (such as COr) are absent in the VNIR region with re-
spect to the GER raw data, we assume that band centering is
accurate throughout all the GER spectral regions.

Interrtlve Data Vlewlng and Analysls
An updated version of the Spectral Image Processing System
(stps v r.r) developed at the Center for Study of Earth from
Space (csrs) was used to read and process the cnR data
(csES, 1992; Kruse ef d/., 1993). This sophisticated and user-
friendly package provides many interactive analysis tools
such as data calibration, image display and enhancement,
color compositing, selection and display of image spectra, re-
gion of interest analysis, spectrum matching, and more
(Kruse et aI., 7ss3). The package includes two spectral li-
braries: the ImP-264 library (Kruse and Hauff, 1993) and the
fPL Spectral Database (Grove et al., 7992) which together con-
tain more than 180 laboratory spectra, primarily of pure min-
erals. Additionally, the software allows users to create their
own spectral libraries and permits interactive comparison be-
tween the image spectra and the library specba. For the cur-
rent study, all rgz laboratory spectra (26 IGCP-264, 160 IPL,
and the 11 spectm measured in the laboratory for the Ramon
site) were resampled into the 63 GER channels to allow im-
proved comparison between the GER and the library spectra.
The spectra related to the IGCP-264 or to the pr Database
were named "LIB" and those related to the Ramon spectral
library were named "LAB."

In order to preview the data (prior to the calibration pro-
cess), each of the 63 GER channels of the "Raw" (uncali-
brated) data were examined. Channel #45 is shown in Figure
3 as an example of a typical image. Comparison of this im-
age to Figures 1 and 2 allows location of many of the
mapped geologic features and stratigraphic units. Note that
there are several clouds on the west part of the image. The

1.gL



1
2
3
4

477
489
502
574
526
539
5 5 1
564
576
588
601
613
625
638
650
662
675
687
699
7 7 2
724
736
749
767
774
786
798
8 1 1
823
835
848

20964
20450
19920
19455
19011
18553
18149
17730
77361
77007
16639
16313
16000
75674
15385
1s106
1481 5
14556
14306
74045
73812
73587
13351
73\47
12920
72723
72531

72757
77976
77792

0.0539
0.0584
0.0562
o.o474
o.0429
o.0477
o.0342
o.o426
0.0395
0.0386
0.0359
o.o378
0.0343
0.0318
0.0305
0.0291
0.0301
o.0226
o.o274
o.0252
0.0236
o.0240
o.o257
0.0250
o.0234
o.0227
0.0143

o.0724
0.0184
0.0165

1400
1560
1680
1800
2005
2022
203A
2054
2070
2087
2103
27t9
2135
2757
2168
2784
2200
2216
2232
2249
2265
22Ar
2297
2374
2330
2346
2362
2378
2395
247r
2427
2443

u-o
5952
J J J J

8
4946
4907
4869
4831
4752
4755
4779
4684
4649
4613
4579
4545
4513
44AO
4446
4475
4384
4354
4322
4292
4263
4234
4205
4775
4148
4720
4093

t.un u-n
1.08 E-3
2.708-4
3.27 E-4
6.27 E-4
6.51 E-4
4.86 E-4
4.84F.-4
6.12 E-4
s.7z E-4
5.63 E-r
6.01 E-4
5.48 E-4
s.83 E-4
5.61 B-4
5.48 E-4
6.30 E-4
6.55 E-4
6.74E-4
6.30 E-4
6.22F-4
5.70 E-4
s.36 E-4
5.14 E-4
5.96 E-4
7.27 E-4
6.47 E-4
6.708-4
6.88 E-4
8.O2 E-4
7.46E-4

32
33
34
35
36
3 7
38
39
40
4 l
42
43
44
45
46
47
48
49
50
5 1
52
5 3
54
J C

56
c t

58
59
60
61
62
63

J

6

8
I

1 0
7 7
1.2
1 3
l 1

1 5
1 6
7 7
1 8
1 9
20
z l

2 2
23
24
25
26
2 7
2a
2 9
30
31

TneLe 1. WAVELENGTHS rtlo CnLtananoN F[e ron rxE Mlxxtesn Rruot't Fuexr, Jur-v, 1989 (souRcE, Lenumrt Er nr-. (199O TAKEN FRoM KAUFMANN 1991)).

channel

center
wavelength

lnml

VIVIR

center calibration
wavenumber file

[cm-'1 [mWcm-t sr 1!.m-1] channel

center
wavelength

lnml

SWIR

center
wavenumber

[cm-'1

calibration
ffle

[mWcm-t s1-t Prn-t]

associated cloud shadows (black) could easily be mistaken
for basalt. All ground locations and targets discussed
throughout this report (for calibration, and verification as
well) are also shown on this image.

Grcund Sampllng and Callhatlon Sltes
Selected ground sites (see Figure 3) along the flightline were
sampled during fune 1992. Rock and soil samples were col-
lected, and measured in the laboratory using a cER Single
beam Infrared Intelligent Spectrometer (SIRIS) (cER, 1988).
The SIRIS is a grating spectrometer that measures reflectance
from 0.4 to 2.5 pm at approximately 4-nm band centers (this
is the sampling interval, not the true resolution). Spectra
were measured using quartz-halogen illumination and HALON
as a reflectance standard. HALoN is a highly reflective mate-
rial with no absorption features in the 0.4 to 2.5 pm range
(Weidner and Hsia, 1981). Mineral verification for each sam-
ple was accomplished using X-Ray diffraction (xno) analysis.
The instrumentation (Scintag Inc. machine, CuKa radiation)
and the method used (automatic powder measurements) are
described by Mckie and Mckie (1986). For the current study
we used a scanning rate of 2"/min. from 2 to 55' and uno-
riented ground ("flour like") powders (except for 3G where
the rock surface was also scanned). All ground locations for
both calibration and verification are described below:

o Flat Field calibration sites
(I) DARK - A dark target selected on "Givat Gaash." This lo-

L342

Taate2. Svsteu PlnmaErERs oF THE GER Scnr.rr.ren AND orHER PmlMerens
roR ue Rrur,tol.l-3 Flrexrlrrue.

. Wave-bands:
a Dynamic range:
o Signal-to-noise:

o IFOV:
o Pixels per scan:
a Scan speed:

63 with selectable wavelength
16 bits radiometrically calibrated
VNIR - range to 5000
SWIR - range to 500
selectable 2.5 to 4,6 mRad 3.3
selectable 5l2to 7024
selectable 1 to 50 scans per sec.

. Cunent design:
VNIR - Module:

SWIR 1 - Module:

SWIR 2 - Module:

Date/ Local-Time
Flight Altitude (a.s.l.):
GIFOV at 3.3 mRad:
Flight Direction:
Mean Sun Elevation

Makhtesh Ramon/ISRAEL
477 - 848nmt 31 bands
sampling interval: 72.37nm
1 4 4 0 - 1 8 0 0 n m : 4 b a n d s
sampling interval: 120nm
2005 - 2443nm; 28 bands
sarnpling interval: 16.22nm

09 July 1989h05O hr
15,000 feet
13.44m at Nadir
0 5 0 ' a z .
78.3'

cation consists ofbasalt and was used for the flat ffeld
calibration as a dark target. Also, this location was used
for the signal-to-noise examination in all calibrations.
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Figure 3. Gray-scale image of Ramon-3 fl ightl ine, channel 45. Also shown are ground locations for calibration, verif ication,
and mapping. The area between the two black l ines contains damaged pixels due to aircraft role distortion (Lil lesand and
Kiefer, 1979).

LIGHT - A light target selected on "Biqa'at Mahmal."
This location consists of quartzitic sandstone and was
used for the flat field calibration as a light target. Also,
this location was used for the signal-to-noise examination
in all calibrations.

Verificotion sites
(I) Ground locations marked as 38, 3C, 3E, 3G, 3H, 3J, and

3K were located along the flightline direction as men-
tioned previously and shown in Figure 3. Samples were
measured in the laboratory using the SIPJS, and their
sDectra were used to verifu the GER sDectra obtained from
each calibration.

(II) Ground targets "Site-l" and "Site-2" are located on two
different geologic formations. Site-l is on a kaolinite
quarry (also known as a "flint clay" quarry) from the Ju-
rassic Inmar formation. Site-2 is located east of Givaat
Gaash on the northwest side of the Makhtesh Ramon wall
in the Cretaceous, Hatira formation.

Calibratlon Plocedures
The flat field (pr) calibration was done using both a light tar-
get and a dark target for comparison. The Light Target (Fig-
ure 3) contained 10 by 10 homogeneous pixels which were
averaged to yield a "high albedo" reference curve. This refer-
ence curve was then used as the denominator to divide into
each image spectrum (pixel) to produce the Flat Field cor-
rected "LIGHT" calibrated data (rrr). The Dark Target (Fig-
ure 3) was also selected with 10 by 10 homogeneous pixels
to yield a "low albedo" reference curve. Again, this reference
curve was divided into each pixel's spectrum to produce the
Flat Field corrected "DARK" calibration data (nnz).

The empirical line (u,) calibration was performed ac-
cording to Kruse ef o1. (1990) using the sIPS utilities
"make gainoff" and "dn2ref" (CSES, 1992). In this calibra-
tion we interactively selected two geographically close tar-
gets with contrasting albedos (38 and 3C) situated at about
the average elevation of the scene. The laboratory spectra of
the two EL ground sites (resampled into the 63 GER channels)
are presented in Figure 4. In general, the two spectra accu-
rately represent the known mineralogy of the high (3C) and
Iow (3B) albedo targets. Sample 38 is a dark basalt and sam-
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ple 3C is a light quartzitic sandstone. The general mineralogy
of both sites was verifyed in the field. However, from Figure
4 it can be seen that, in the laboratory, the reflectance spec-
trum of sample 3C shows some kaolinite impurities (as dem-
onstrated by the absorption features at around 2'2 1tm).

For the EL calibration, several pixels (spectral were ex-
tracted from the cER data for each target. A linear regression
revealing the relation between the DN for the dark and light
targets and reflectance was performed using the multiple im-
age spectra and the single laboratory spectrum for each tar-
get. Ttre calculated slope and intersect correspond to gains
and offsets required for each spectral band to force the image
spectra to look like the laboratory spectra. The correction of
the instrument digital numbers (ott) into reflectance values
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Figure 4. Laboratory spectra of the two EL targets (38
and 3C) resampled into the cER 63 channels.

0 .  t |

o
U  ^ ^
:  u . o

ci-
;  0 . 4
M

0 . 0

1343



VNIR Detector

o
' 5  800
z

;
. 9  400
o

o
a

z

o

tt

o  r  c n
'6
z

6

( t  c u

1 2 0 0

1  0 0 0

1 2 0

1 0 0

8 0

6 0

4 0

2 0

0

2 0 0

5  1 0  1 5  2 0  2 5
(a)

swlRl  0etector

'1

I

5  1 0  1 5  2 0  2 5
(b)

SWIR2 Detector

3 0

0  5  1 0  1 5  2 0  2 5  3 0
aOr"t" toolr,of pixets No.

Figure 5. Signal-tonoise values of the maxi-
mum, minimum, and their dif ferences (orr) of
the vNrR (a), swtRl (b), and swR2 (c) detec-
tors versus the square root of the pixel num-
ber selected for this analysis. The pixels
were selected from the LIGHT target pr+
sented in Figure 3.

a
i  z o o
!

I
'  1 2 a

:

I

I  o  5  r o  i s  2 0  2 s  3 0

a\

a.l- a-i r t-:-:a--tr-:

This single reference curve was then used as the denomina-
tor and divided into each raw spectrum to produce a new
relative spectrum for each of the pixels. Thi result of this
procedure is the nnn calibrated crn data set.

Slgnaltaf{obe Analyses
The signal-to-noise ratio (sr.rn) was estimated by calculating
the average (X) and the standard deviation (o) of several (n)
pixels' spectra according to the following equation:

x"
s N R -  "

(rn
(1)

was done by applying the proper gain and corresponding off-
set values to the instrument DN values to vield the EL cali-
brated data,

The internal average relative reflectance (Iann) calibra-
tion was performed according to Kruse et a1. (1SAS) and
Kruse (1988) with the exception that an equal energy nor-
malization was not applied to the data. In this calibration, a
global average spectrum for the scene was calculated by tak-
ing the simple average of all of the image spectra (all pixels).
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The raw image data were first used to study the relationship
between the srun and the number of pixels in the analysis (n)
for both the FF1 and rrz targets. In oider to obtain an accn-
rate representation of the SNR with respect to wavelength, we
divided- the- cER spectrum into three mljor parts correJpond-
ing to the three detectors onboard (wn, swrRr, swlnz). For
this SNR calculation, we selected the "LIGHT,'ta-rget for the
study area. Figures 5a, 5b, and Sc present values of the maxi-
mum, minimum, and their differences (or) SNR values
within each detector wavelength range versus the square root
of th-e pixel nurnber {for emphasizingthe changes). Similar
trends are observed for the three detectors; a sharp decrease
of the maximum sNR values, going from Z (t.472) to 36 (6r)
pixels and a stabilization of the sNR at >96 (6,) pixels. For
the minimum SNR values, a stable trend across ail pixel
numbers is obtained. The difference between the maximum
and the minimum SNR values (Om) is large for the MrIIR and
SMR2 detectors and somewhat smaller for the SWIRI detec-
tor. The DIF sNR values, which represent the noise amplitude,
actually indicate the quality of th-e data. Where this vilue is
low (accompanied by relatively high srvn value), the data
quality is high. According to the above, the MrrIR detector
provides reasonable performance using >16 (er) pixels, the
sWIRl detector _pr_ovides reasonable performance using >4
(22) pixels,_and the sWrRz provides ieasonable perforirance
using >64 (4,) pixels. The high SNR values obtained by using
only 2 (1.41,) pixels for sNR calculation (sluns of 1068 for
\AIIR, 101 for the SWIR1, and 173 for the swIR2) do not repre-
sent high spectral accuracy. To the contrary, the correspo-nd-
ing hlgh DIF values-(10s2, 83, and 162, resiectively) suggest
low data quality. These high sNR values are only tiigh Ui-
cause- of the typical close correlation of two adjicenl pixels
and the nature of the sNR calculation. An averige of two
close pixels usually has a low standard deviatio-n and there-
fore the SNR is high. Although Collins and Chang (1990) re-
ported an SNR of SOO:1 for the cER data, we believe that their
high Svn values cannot be practically used without reporting
the DIF SNR values. For the same cER flight fbut for a d'iffer- 

-

e:rt flight line (Ramon 2)), Kaufmann et-al. (1991) reported
that the SWIR detector yielded maximum SNR values'of about
5.0:1..Although we used uncalibrated data, a different flight
line (Ramon 3), and different targets, Kaufmann's maxinirm
SNR value is in good agreement with our maximum SNR val-
ues for targets of similar spatial dimensions.
. According to_ $e previous discussion and by assuming

that it is impo_ssible to find natural surfaces showing real f,o-
mpgeneity-within a large area, we selected the conffguration
of 64 pixels for further swR study. We compared theh.rn val-
ues of the raw data and four calibrated dati sets (IARR, EL,
FFt, and FFz). Figure 6 presents the SNR values versus the
wavelength for these images using the DARK and LIGHT tar-
gets. Similar results were obtained for the Raw, IARR, FF1,
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Sample

3C
3E
3G

3H
3l
3K

Tnale 3. Mruon MtrueRlls rN THE SAMpLES As DETERMTNED BY UsING XRD.

Minerals

Quartz (++++), Kaolinite (++), Goethite (+)

Kaolinite (++++), Quartz (++), Goethite (+)

Quartz (++++), Kaolinite (minor - detected on the
rock surface only)

Kaolinite (++++), Muscovite (++), Calcite (+)

Calcite (+++), Dolomite (+++), Hematite (+)

Kaolinite (+++), Quartz (++), Calcite (+), Hematite
( r), Goethite (+)

shows a noisy spectrum throughout the entire spectrum in
all calibrations. This is caused bv the limited size of this tar-
get which limited the number of pixels selected for this par-
ticular analysis to 28 which is less than the recommended
limit (n : 6a).

Although the IaRR calibrated spectra somewhat match
the VIrIR and swnl regions, the nr calibration appears to
provide better matches to the laboratory spectra in these par-
ticular regions (omitting 0.5 to 0.6 pm and 2.3 to 2.5 pm be-
cause of high noise). The Frz calibration also provides good
spectral matches in the VlrlIR region. In all samples it is
clearly seen that the VlrlIR region holds significant spectral in-
formation and hence represents a region of a great interest.
The presence of significant VNIR absorption bands in the GER
data suggests that at Makhtesh Ramon, Fe-bearing minerals
are playing as important a role as the CO, and OH-bearing
minerals,

Comparison to Library Spectra
As mentioned previously, two targets were selected to verify
the best calibration: Site-l and Site-2. Verification was ac-
complished by comparing the calibrated cER specta to IffiP-
zoa library spectra. Figure 14 shows the crn radiance spectra
of these two sites as derived ftom 125 pixels belore calibra-
tion was applied. Although clearly there is some evidence of
an absorption feature near 2.2 pm in the Site-l spectrum, no
mineral identification is possible. The strong absorption in
both spectra at around 2.0 pm relates to atmospheric HrO
and CO, and dramatically demonstrates the requirement for
calibration for mineralogical applicatiqns. Without atmos-
pheric corrections, the atmospheric absorption features are of
greater magnitude than those caused by molecular processes
in minerals. Figures 15 and 16 show the GER spectra of the
same 125 pixels, after IARR, EL, FFl, and fnz calibrations
were applied. All calibrations for Site-1 produced spectra
that more-or-less match the IC'CP library spectmm of kaolinite
(xl,soo). While the spectral resolution of the GER instrument
is not adequate to resolve the fine detail of the kaolinite
spectrum, the position and asymmetry of the feature are ade-
quate to identify kaolinite even at this resolution (Kruse ef
o/., t988; Hauff and Kruse, 1990). All calibrations for Site-2
produced spectra that match the ICCP-264 library spectrum of
calcite (cozoo+). The spectrum of dolomite (coozoos) is also
shown to demonstrate the small absorption feature offset be-
tween calcite and dolomite.

Again, the spectra obtained by applying the tann calibra-
tion appear to provide the best match to the IGCP-264 library
spectra in the SWIRz region. The degree of match is seen
clearly in Figures 15 and 16 and emphasized in Figure 17
where the InRR and LIB spectra of the two targets are directly
compared. As previously observed when comparing the GER
and the LAB spectra, the EL calibrated spectra provide the
best match in the vNIR and swnl regions. Despite this, be-
cause the EL method provides poor SNR performance in the
critical 2.o- to 2.4-1tm region, the nnn calibrated data is rec-
ommended as the preferred technique for calibration of the
GER data in arid to semi-arid terrains.

One additional factor, the effect of spectral averaging,
should be considered as pointed out by the SNR analyses.
Accordingly, specha for Site-1 from the nnn calibration were
averaged for selected groups of from 2 to 484 pixels and com-
pared to the kaolinite library spectrum. Figure 18 shows that
the general shape of the absorption feature remains constant
with suppression of noise as expected. No dramatic improve-
ment in the spectrum is observed at averages of >64 pixels.

and FF2 calibrations. The EL calibration shows a lower SNR
throughout the whole spectral region and particularly for the
DARK target. This examination suggests that precautions
must be taken when applying the EL calibration. This calibra-
tion appears to perform poorly in the 0.5- to 0.6-pm and z.t-
to 2.s-pm regions for dark (low albedo) materials.

Vedf,catlon of the Callbratlons

Comparison to Laboratory Spectra
Six ground locations were used to verify the calibrations (eC,
3E, 3G, 3H, 3I, and sK). Samples were taken from the upper
centimetre of the surface within an area of about 2 m2. Sam-
ples were selected to best represent the lithological units ex-
posed in the field. For verification purposes, first, the
mineralogy of each sample was determined using XRn. Then
the laboratory reflectance spectrum of each sample was com-
pared to spectra of the minerals identified using the XRD
taken from the SIPS spectral libraries. Table 3 shows the ma-
jor mineral compositions determined by xnn analysis. Figure
7 compare the SIRIS laboratory reflectance specba (Las) of
each sample to spectra of end-members taken from the SIPS
libraries (un) for each of the xnn-identified components. In
general, good matches are obtained between the LAB and the
LIB spectra (spectral features present in the LIB spectra can be
seen in the LAB spectra). The SWIR region is very sensitive to
small amounts of kaolinite and carbonate (both calcite and
dolomite). The urllR region in most of the samples allows
identification of the iron oxides (hematite and goethite). Be-
cause quartz is almost transparent to the VNIR-SWIR radiation,
small amounts of kaolinite in sample 3G (that were detected
by xru on the rock surface but not in the ground powder;
see Table 3) can be detected using the reflectance spectros-
copy. Comparison of the LAB and Lm spectra for samples 3H
and 3K. however. indicates that. in mixtures where the main
absorption bands appear in the Swm., some of the )Go-identi-
fied components can not be identified based upon absorption
features using the spectroscopy.

Figures B through 13 compare the cER (IARR, EL, pFl, and
FFz calibrated) spectra of the six ground sites to the best SIRIS
laboratory spectra of the corresponding samples. Significant
absorption features appearing in all samples in the S\MR2 re-
gion are caused by kaolinite or carbonate at the ground loca-
tions. The absorption bands aroun d 2.2 Wn can be assigned
as a combination of the fundamental AI-OH vibration in kao-
linite (uo"-^,+6611-^1; Hunt and Salisbury, 797O). Accordingly,
the absorption band around 2.3 1trll can be assigned as an
overtone and combination of fundamental vibration of CO, in
carbonates (3ur; Gaffey, 1986). In most of the targets (except
for 3H), the IARR calibration for the SWIRz region gives the
best match to the laboratory spectra. Ground location, 3H,
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Figure 8. cER spectra for ground location 3C obtained by
applying the four calibration methods (IARR, EL, FF1, and
FF2). Each of the spectra was derived from exactly 75 pix-
els. Also shown is a laboratory spectrum of this location
(ue) resampled into the 63 cER channels. Spectral off-
sets have been applied to the original spectra position
(O) for clarity using different reflectance values and mag-
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pm.
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Figure 10. cER spectra for ground location 3G obtained
by applying the four calibration methods (IARR, EL, FF1,
and rr2). Each of the spectra was derived from exactly
70 pixels. Also shown is a laboratory spectrum of this le
cation (LAB) resampled into the 63 cER channels. Spec-
tral offsets have been applied to the original spectra
position (O) for clarity using different rellectance values
and magnitude (E) as noted in the figure between 1.4
and 1.5 pm.
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Figure 9. cER spectra for ground location 3E obtained by
applying the four calibration methods (IARR, EL, FF1, and
FF2). Each of the spectra was derived from exactly 86 pix-
els. Also shown is a laboratory spectrum of this location
(LAB) resamp led into the 63 cER channels. Spectral off-
sets have been applied to the original spectra position
(O) for clarity using different reflectance values and mag-
nitude (E) as noted in the figure between I.4 and 7.5
pm.
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Figure l.4. cER raw spectra of two different ground sites
(Site1 and Site2) as obtained from 125 pixels before
any calibration routines were applied.
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Figure 13. cER spectra for ground location 3K obtained by
applying the four calibration methods (IARR, EL, rfl, and
FF2). Each of the spectra was derived from exactly 74 pix-
els. Also shown is a laboratory spectrum of this location
(LAB) resampled into the 63 cER channels. Spectral off-
sets have been applied to the original spectra position
(O) for clarity using different reflectance values and mag-
nitude (E) as noted in the figure between 1.4 and 1.5
pm.
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Figure 15. cER spectra obtained by applying the four cali-
bration methods (|ARR, EL, FF1, and FF2 for ground loca
tion Sitel (using the same 125 pixels of Sitel in Figure
14). Also shown is a sRls library spectrum of kaolinite
(LrB) resampled into the 63 cER channels.

Mineral Mapping Using the IARR Calibration
After selection of the raRR calibration as the best means to
calibrate the GER data of Makhtesh Ramon, we applied two
procedures to the calibrated data to maP the distribution of
iurface kaolinite and calcite: calibrated color composites and
spectral matching. Color composite images were formed of
selected bands, with the band selections being determined by
the known spectral features of the endmembers. Plate 1A
shows a colol composite image of the nm calibrated data
with bands 5, 48, and 42 (0.526,2.200, and 2.103 pm, re-
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Plate 1. lmages showing kaolinite distribution for Ramon-3. (A) Color composite image of the |ARR calibrated data using chan-
nels 5, 48, and 42 ( 0.526, 2.2OO, and 2.103 pm, respectively). Light red to pink colors on the image represent kaolinite
rich areas. (B) Color density-sliced image of sAM results using a kaolinite endmember derived from Sit+l. Red pixels
represent kaolinite-rich areas.

spectively) as RGB. This color composite uses the additive
red, green, and blue (ncs) color scheme to combine the three
spectral bands for enhancement of the kaolinite and Fe ox-
ides spectral features, which appear pink on the image. Plate
2A shows a similar color composite image enhancing the
distribution of carbonates with bands 57, 43, and 49 (2.346,
2.119, and 2.276 1tm) as RGB presenting the carbonate-rich ar-
eas as blue-green.

Spectral matching was done using the Spectral Angle
Mapper (snu) routine (CSES, 1992; Yuhas et a/., 1992). sAM
was designed to determine the spectral similarity of the spec-
tra in an imaging spectrometer scene to selected endmember
spectra (Dr. J. W. Boardman, personal communication, 1991).
This technique calculates the angular difference between two
spectra treated as vectors in nb space (nb = number of
bands) and produces a single image for each reference spec-
trum. Low values (low angular distances) in this image (dis-
played as bright pixels) correspond to more similar spectra,
and high values (displayed as dark pixels) to less similar
spectra (CSES, 1992). The two endmember spectra, each the
average of 125 pixels of kaolinite (Site-l) and calcite (Site-2)

1350

were used to run the SAM procedure. The results, displayed
as color density-sliced images, are presented in Plates 18 and
28. Red areas represent the spatial distribution of those areas
most spectrally similar to the selected endmembers. These
image maps show the distribution of the spectrally dominant
minerals and may be used to help evaluate the geologic char-
acteristics and soils of the area. The resulting mineral maps
show some correspondence to geologic units mapped by Zak
(1968); however, the GER data are better suited to producing
detailed soil maps because light interacts with only the up-
per approximately 50 pm of the ground surface area. In fact,
the information being derived from the cER data of Makhtesh
Ramon provides information not presently available to soil
scientists for this unmapped (soil) region (Mazor, personal
communication, 1992).

Conclusions
Although ground sampling occurred three years after the GER
data were flown and although no field measurements were
available, we were able to obtain good calibration and map-
ping results for the Ramon 3 cnn flightline. Combined use of



Plate 2. lmages showing carbonate distribution for Ramon-3. (A) Color composite image of the IARR calibrated data using
channels 57, 43, and 49 (2.346, 21,t9, and 2.276, pm, respectively). Bluegreen colors represent carbonaterich areas. (B)
Color density-sliced image of SAM results using a carbonate endmember derived from Site2. Red pixels represent carbonate
rich areas.

the IARR, Frz, and nl calibrations would probably yield the
best results for the Ramon-3 data. For the'fNIn, the EL and
the FF2 provide the best results. For the swlRl region, the nr
calibration is the best calibration; however, poor SNR per-
formance mandates caution when using the EL method. The
InRR calibration provides the best swIR2 results. Because
combining more than one calibration method for analysis is
quite complicated, we suggest using the IARR calibration as
the preferred method to calibrate the entire spectral region in
a given cIR scene in the absence of on-site spectral measure-
ments during the flight. The results presented here demon-
strate that such an approach produces acceptable mineral
spectra and reasonable mineral maps for an arid (non-vege-
tated) region and may help further mapping of the Makhtesh
Ramon area. In all calibrations, at least for this cER data ac-
quisition, using more than 64 pixels for calibration targets
and selection of endmember spectra is highly recommended.
It should be noted that better pre-flight preparation (e.g.,
planning for and obtaining ground reflectance and atrnos-
pheric measurements at the same time the GER data were ac-
quired) would obviously yield even better analysis results.
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