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INTRODUCTION 

Soil color is one of tlie most commonl~~ usecl parameters 
in soil study. It represents ;a clirect ancl easy accessible 
information in tlie field. For tliis reason, color is often 
used as a basic criteria at different levels in soil classifica- 
tion [see the revien. of Segalen (1977)l. The presence of 
some soil constituents, for ewiiiple, iron oxides, lime- 
stone, organic matter, and \vater content, is revealed bj, 
their typical effect on color {Taylor, 1953; Bighain and 
Ciolkosz, 1993). Further, soine authors have established 
quantitative relationships between color and hematite or 
organic matter content (Torrent et al., 1983; Femandez 
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et al., 19SS). In arid zones, soil color is strongly related 
to tlie underlying geological material and/or tlie nature of 
tlie chemical weathering and therefore provides valuable 
inforination about litliology (Pouget et al., 1994). Finally 
space ancl time variations of soil surface color may also 
indicate natural processes or antliropic degradations, for 
example, salinization, erosion, and hydric saturation, which 
affect tlie soil (Latz et al., 19S4; Mougenot et al., 1993; 
Thompson and Bell, l99G). 

By definition, tlie color of an opaque object is 
closely linlied to its reflectance properties in the visible 
range, from 400 nni to 770 nm (Wyszecld and Stiles, 
1982). The color sensation that one perceives is deter- 
minecl by tlie psychosensorial conversion, in tlie eye- 
brain system, of tlie Lisible light reflected by an object 
under certain illumination conditions. A recent review 
shows how spectronidiometric technics are applied to 
measure soil color for different systems of colorimetric 
representation (Torrent and Barrón, 1993). From space, 
visible remote sensing is then a potentially valuable tool 
to procluce an eshalistive spatial inforination about soil 
surface color. 

Escaciafa1 et al. (19S9) found an highly significant re- 
lationship between the colorimetric coefficients recl, 
green. and blue calculated from the Munsell color of S4 
sail samples, and tlieir reflectance values simulated for 
the Lnndsat TM3, Tkl2, and Th11 Ixmds. This result, 
due to tlie lo\\’ occurrence of nietamerisni in tlie case of 
soils, opens new prospects for using color clata available 
in soil database with the aim of improving satellite im- 
ages inteipretations. \’iirii(liis authors reported some ra- 
diometric indices, sensitive to Munse11 parameters and 
easier ta associate with soil properties or pedologic pro- 
cesses campared to relative amounts of red, green, and 
blue color. The Munsell colorimetric system, widely used 
by soil scientists, is iclentified by three notions: liue, 
value, and chroma (Munsell Color Co., 1975). Salmon- 
Drexler (19’77) pointed out that the Landsat MSS4/MSSS 
ratio iraries according to tlie hue \Aile tlie sum of these 
bands is related to thc value. A combination of MSS-1 
and MSSS reflectance data \vas also reported to be sig- 
nificantl>. correlated with the chroma (Da Costa, 1979). 
During cartographic works in South Tunisia, Escafadal 
and Pou@ (19S7) noticed the usefulness of the Landsat 
TMl/TM3 ratio for discriminating soils characterized by 
a different chroma. Recently, new inclices have been pro- 
posed for Landsat TM such as tlie Saturatioil Index (SI) 
or the ILiie Incles (1-11) (Escachhl et al., 1994). Madeira 
et al. (1997) defined a TM Redness Index (RI), equiva- 
lent to the Munse11 Redness Indes proposed by Torrent 
et al. (1983) and aclapted to the cartograpliy of Brazilian 
latosols. This complementaiy indes gives a synthetic es- 
pression of soil color. 

Two points arise from these vrorks. First, although 
tlie results are fairly promising, they are also quite scat- 
terecl and partial. Consideration of all tlie colorimetric 

paranieters useful in soil science, that is, value, liue, 
cliroma, and redness index, is rarely done in a single 
study. Since application scales are heterogeneous (i.e., 
laboratory, field, and satellite data), comparisons may be 
delicate and are sometimes contradictoiy. Some relation- 
ships. are not well quantified, and new indices, based on 
tlie direct application of colorimetric laws to pedologic 
materials, need to be tested. Therefarc.. i t  is important 
to undertake laboratory studies to tletcvinine wliat can 
be really expected from satellite datu i l l  ternis of color 
remote sensing. Mattikalli (1 997) pi-opsed a first 
methocl involving an optimal rotational trmsforniation of 
red, green, and near-infrared Landsat MSS simulated 
data to maximize the relationships with Munsell color 
data. Second, all tlie works iiivol\ing soil color in remote 
sensing applications refers to tlie Munse11 color chart as 
main system of color measurement. I-Iowever, as sug- 
gested by literature (Shields et al., 1966; Fernanclez antl 
Scliulze, 1987), a more accurate method shoulcl be used 
when high precision color quantification is needed. This 
is strongly significant in tlie field where the conditions 
of an accurate Munse11 notation are far from those clis- 
cussed bjr hlelville and Atkinson (19S5). 

The main objectives of this stud). are: i) to esamine 
the relationships between soil color ancl selected Landsat 
Tkl or SPOT I-IRV radiometric indices simulated from 
visible reflectance spectra acquired under lahoratoi-]r. con- 
ditions d ii) to introduce m t l  apply the I-Ielnilioltz 
coordinates calculated from tlic CIE 1931 (CIE, 1931 1 

sJ.steni of color ineasureinent ils an alternative to tlw 
hlunsell color chart method. A special cwipliasis \\ i l l  he 
put on soils originating from arid zoncs \vhicli are partic- 
ularly fin.orable to soil color remote sensing. While the 
unlikelj. cloud prvsvnce facilitutcls optical remote sensing. 
arid lantlsciipes present a liigli proportion of bare or 
sparsely vegetated soils during an extended peliod oí’ 
the year. 

MATERIALS AND METHODS 

In the laboratoiy, visible reflectance spectra were ac- 
quired for 1.74 soil samples originated from an arid en\+ 
ronnient. and selected racliometric indices were stiniu- 
lated for Lanclsat TM ancl SPOT I-IR\’. For each sample. 
color nieasurenients were performed using hi70 methotls: 
a \isual comparison \vit11 the Munse11 soil color cliait antl 
the calculation of tlie I-Ielmholtz parameters from tlie re- 
flectance spectra. Both sets of calor data \vere then coni- 
pared to the radiometric indices through linear regres- 
sion analys es. 

Source ancl Treatment of Soil Samples 
The 124 soil saniples usecl in this study correspond to 
surface and few deeper horizons collected in dry lands 
of tlie Il’th and Vth region of Chile (30-33”S, 71.5- 
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72'\1'. werage annual rain f d :  100-:350 i i idyr) .  Samples 
coliie from two sources. A lirst group of 86 surface sam-  
ples (0-10 cm) w:is t u l w i  I'roiii representative f'ielcl sites 
(1-2 lia each) selected mid iii\mtig:itccl as p r t  of ;i re- 
gional evaluation of nattirwl resources using remote sens- 
ing technologies (l'ouget et al., 1996). A second group 
of 38 samples \viis collectetl to esainine remote sensing 
caphility to discriiiiinate soine I r \ ~ l s  o f  erosion degrada- 
tion exhibiting soil color variations ( Muthieu et al., 1997). 
Tlie latter inclutles four profiles (0-140 cm) and 18 sur- 
face points (0-10 cin) sampled along two toposeyuences 
of eroclecl alfisols. According to the Soil Txononiy classi- 
fication system, sampled soils belong to Torripsauiiiiients, 
Tonioidients, Paleargids, l'aleortliids, Cambortliids, &y-  
loxeralfs, ancl I-Iqdustalfs Great Croups (Luzi0 ancl Al- 
cayaga, 1990). Prior to reflectance a i d  color measure- 
ments, sainples were air-dried and sieved at 2 min. Tlie 
color range of tlie samples iiiimtigatecl is only represen- 
tritive of those usually found in arid environments ancl to 
soine extent under temperiitr climates (Fig. 1). As is 
coniiiion in arid eiivironments, soil color of Chilean dry 
lands is liiglily depenclent on tlie lithologic substratum 
which includes gray-green melagranitic rocks, leucograni- 
tic rocks (granodiorites, monzogranites), .and dark gray 
andesites sometiiiies purplish to reclclisli with hematitic 
alteration (liydrotlierinal processes) or green with propili- 

tic alteration. One of tlie main characteristics of arid re- 
gions is the water deficiency d i c h  is often associated 
with a low pedogenetic evolution. This lias obvious impli- 
cations on soil color found in Chilean dry lands. Some 
color categories are not well represented such as strong 
red colors (i.e., 2.5 YR, 10R) featuiing high hematite 
contents or dark colors due to the lo\\. organic matter 
content iiiheritecl from a scarced vegetation cover and 
widespread erosion processes ( I X u  \ïal and II'iiglit, 
1965). 

Reflectance Measurements 
Reflectance spectra have been accltiirc.rl from 340 11111 lo 
1100 nm using a portable spectroradiometer in labora- 
toiy conditions (FielclSpec-\"IR of Analitica1 DeLice In- 
struiiwnt Inc.). X specific measurement device w a s  cle- 
sigiiecl to control tlie geometiy, the quality, and tlie 
intensit), of tlie incident liglit (Fig. 2). Specular reflec- 
tance or glossiness effects are miniinized using an angle 
of 45" lietween tlie light beam and tlie normal asis to 
tlie smiiple surface (Mel\ille ~ n c l  Atkinson, 1985). Inter- 
ference light multiple reflections \vere reduced using a 
d d  rootii rind co\.eiing tlie delice with black clothes. 
Ulack plustic plates of about 3 0  cni' ancl 1.5 cm of cleptli 
\vere filled \\itli soil samples. Particular attention \vas 
g i \w  to avoid sorting of remuining microaggregates ac- 
cording to their size, and tlie sample surface was le\-elecl. 
A pmel coated \\it11 pol~tetrafluoroetli~~lene (I-Ialon) was 
used as refcwnce for the rel1ect;uncc calculation. Fi\.e 
spectra pvr  saniple \vere wqiiiretl, : i \w~igd ,  ancl resam- 
p l c d  at S niin to improve the sigiial/iioisc riitio. 

Color Determination 
A pi.esrwtatioii ( ~ t '  both s!steiiis ol' color quaiitific~ d t '  1011 as 
\ \ d l  ils tlvtails on tlie specific ineasureinent proceclure 
\vil1 I)(> gi\x+ fuitlier on [ sw  \\ryszeclii ui t l  Stiles (19S2) 
aiid Mac Atlainis \ 1985) for iiiore tlieoricul l~recision]. 

Designed to fulfill tlie specific needs of coloiiiig inclus- 
tries, tlie hlimsell system arranges colors according to 
equal intends of \isual perception. Tlie color space is 
rcprescntetl approxiinatel!. 1)). a c > h d c r  described by 
three vari:hles: the hue, tlie \ due ,  md the chroma; 
ndiicli corresponcl to tlie clominant color (e.g., recl, yel- 
low, blue), tlie color intensit\. from black to white, and 
the amomit of color diluted in ii neutral gray basis re- 
spectivel!- (Fig. 3). T\'orldng on soil color stanclardizatioii, 
American pedologists have used this system to develop a 
color chart \vIiicli gathers painted color samples of tlie 
most coiiiiiioii soils of tlie \vorld (R/Iunsell Color CO., 
1975). Today, widely used in the soil science community, 
this chart is made LIP of eight boarcls, each of them rep- 
resenting a hue cock, that is, red (10R), yellowred 
(2.5YR, 5YR, 7.5YR, 10YR), yellow (2.5Y, 5Y), and a spe- 
cific bourd for grey colors. On the abscissa axis (left to 
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right) and on the ordinate asis (Iiottom to top) of eacll 
board, color chips of increasing chroma and value :ire 
disposed. Chroma and value are nuinbered from O up to 
S. \\’hile using tlie chart. a soil sainlile is visually com- 
1xired \\< tli the color *ihips tlirough sinall ohsenxtioii 
liolcs 1)csitle tlie cliips. \ \ h i  iiii optiinal \ i s id  color 
match is fount1 hetween a chip and a soil sainple, tlic 
hfunsell notation is rworded. A t>pic;il Munsell notatioli 
‘i.51X 5/4 iiieaiis that a particulnr soil sample has il 7.5 
\~cllo\\~-retl I i i i c ~  with ii \due of’ 5 a i i d  a cliroiiia of -4. In 
this stud),, Munsell readings, \ducs (I’), chroma (C). aint1 
hue ( H ) ,  were perforined 011 eacli ofthe 13.1 soil samplcs 
air-dried and sieved at 3 niin. Smiplc~s were put in siiin11 

t Value 

F i g i i r ~  2. Experimental &\ice used for 
the reflectance measurements under 
artificial illumination. 

circular sainple holders of about 5 cid,  le\-eled, nntl 
conpired with tlie chart under natural light, outdoors 
\\it11 a clonclless s l ~  from 10 a.m. to 3 pin., b ~ -  an espeii- 
c , i iccd obsen~er nitli a normal color vision. Normal preci- 
sion \\-as improvecl consicleiiiy in-between color chips. 
This \vas restricted to oiie-linIf tlic inteival between chips 
;is siiggestetl by the Soil Sun-e\. Staff (1975). Tlie ‘oliginal 
llruisell IILW codes u7ere coii\.c~rtcd into the follo\\ing 
n u  i n  erica1 syste ni to allo\\, stat istical ciilcula tions : 
1 OH = 15, 2.5YK= 12.5, 51’R = 1 O, 7.5Y1%=7.5. lOTR = 3, 
25Y=2.!5. This notation orders llunsell Hue from >.ello\v 
to  ret1 color, ~ h a t  is more coherent with tlie Helmholtz 
s!stem presented below. 11-e \\ill refer to this cocling as 
the ~lrinsell hue ( H ) .  A color indes \vas also norlcecl out 
from the Munsell parameter (Torrent et al., 19S3). 

H X C  RI( MUS)=---. I7 

This index gives a synthetic espression of soil color and 
accounts for tlie soil redness intensity. Torrent et al. 
( 1953) found a close relationsliip between this indes aiid 
the hematite content of European and Brazilian soils. 

CIE Sptcni n i d  Helinholt,- Coorc1hinte.s 
Besicles the visual estimation. soil color was calculated 
according to the CIE 19:31 coloiimetric system (CIE, 
1931). In this system, color is inatliematicall> reproduced 
\vit11 three wavelength-depeiicleiit functions: i) the spec- 

emission of the illuinination source under which the tar- 
get is viewed, and iii) the characteristics of the human 

defined by two chromaticit\- coordinates, r and y, and a 
third parameter accounting for the color intensity called 

tra1 properties of the measured object, i i )  the energetic 

eye \vliicli acts as a spectral detecting device. A color is 

i 

I 
i 
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tlie luininmce (Y%). For each soil sample, three stimuli 
values, X, Y, and Z, are first computed with the following 
CIE equations (Wyszecki and Stiles, 19S2): 

-- 770 nin I ,O nin x=I C(A).R(A).E CZA, Y = i  C(A).R(A).g dA, 

z=J. C(A).R(A).z CZA, 

3SO n m  3SO nni 
TT0 niil 

3'50 11111 

d i e r e  A is the wavelength, R( lb) is tlie reflectance spectra 
of tlie soil sample, C(A)  is the power density of tlie light- 
ing source, and T(A), @), ~ ( 1 ~ )  are the three modified 
color matching functions of the CIE 1931 Standard Ob- 
seiver (CIE, 1931). Three color matching ' functions, 
I=@), g ( A ) ,  and rS(A), were originally developed to approx- 
imate the sensitivity of a reference human eye to the 
three piimaiy colors, red, green, and blue, respectively. 
In order to avoid technical problems in colorimeter de- 
sign (i.e., negative values were yielclecl because of the red 
function), tlie original functions were modified through 
a change of basis to give r(L), y(%), and 3 ( A )  (Mac Ad- 
anis, 1985). We have usecl the C CIE Illuinination Stan- 
dard as reference illuminant (CIE, 1931). This signifies 
that soil color was calculated as if soil samples were 
viewed under average clay light. Steps of 5 iiin were used 
for integral computation. Three chromaticity coorclinates, 
.Y, y, ancl 2, are then defined in tlie folloiving manner: 

z -=- S Y r/ =- 

Since s+!y+=.= 1, only the clirorniiticity coordinates s aucl 
y are kept. The color intensit!, 1'5% is also defined b}. 

y=--.---- 
S+Y+Z '  . SS1-t.Z' X+Y+Z 

_- 
I I O  11111 i q(lw).c().).R(i.) (li, 

yQ - .IW 1111l 

in1 11111 
y( i,).R( 2 )  di. i 

0- 

'lb0 11111 

Interpretation of' these cartesian coordinates is easier by 
tlie use of a chromaticity diagram (Fig. 4). In tliis refer- 
ence plane, the representation of nionocliroinatic or pure 
colors shapes a rounded cone designated as tlie locus 
spectra, scaled in wavelength and closecl by a pui-ple line 
which joins blue to recl colors. Insicle this space, each 
point, M(s,y), clesignates a unique color. Tlie C point 
corresponds to the reference illmmination according to 
which tlie color is expressecl or \ie\ved (here tlie white 
light of aiwage day light). Tlie third asis Y% is norinal 
to tlie s,y plane and defines a pyramidlike volume which 
corresponds to the voluiiie of color (not shown). The lu- 
iniiiaiice takes the value of 100% nithin the chromaticity 
diagram, ancl tlie value 0% at the apes of tlie pyramid, 
that is, absolute black. Although veiy accurate to niea- 
sure subtle color differences, tlie cartesian chroinaticity 
coordinates are not evocative of the visual sensation 
caused by a specific color, and the color notation scale 
is not visually homogeneous. Modifiecl polar coordinates 
callecl I-Iemlholz coorclinates, tlie doininant wavelength 

O.? \ 

X 

Figrrrc 4. CIE chromaticit), diagrain and €Ielmholtz 
parameters Ad and l'e% [ailaptecl from Cervelle 
et al. (19T)]. Y% passes through C ancl is normal 
to tlie s,y plane. 

(M) aucl the purit). of excitation (Ye%), which are similar 
to the Munse11 hue and chroma, respectively, have then 
been introclucecl. i.d corresponds to tlic interception point 
on tlie locus spectla of the line passing through C ancl 
M(s,y). Pe% corresponds to the distance ratio CkIICAcl 
(Fig. 4). In tliis new color representation, Y%, which is 
similar to the ML1nsell \.alue, keeps its meaning. A spe- 
cific computer progrim hits been developed to automati- 
cally convert s ancl y into i.d and Pe% coordinates (Bé- 
di&, personal communicutioii, 1997). Madeira et al. (1997) 
defined a synthetic color incles s i n i i h  to RI( MUN) which 
was calculated as follows: 

KI( I-IL) = 
(id-S75)XPe% 

li%? 

Tliese authors found a high correlation between this in- 
dex and the hematite content of Brazilian latosols. 

Radiometric Inclice Calculation 
For each sample, reflectance values of Landsat TM1 
(blue, 0.45-0.52 /lin), Th12 (green, 0.52-0.60 ,uni), ancl 
TM3 (red, 0.63-0.69 /lin) as well as of SPOT HRV XS1 
(green, 0.5-0.59 pin) ancl SS2 (red, 0.61-0.68 ,uni) spec- 
tral bands were simulated, integrating tlie reflectances of 
tlie wavelength interval of each band. The calculation 
was weighted by the detector spectral sensibility curves 
(Markliain and Barker, 19S5; Bégni, 19%). According to 
tlie colorimetric laws, tlie spectral domain of color valid- 
ity is restricted to tlie visible light, defined as the spectral 
range of h i n a n  eye's sensitivity (400-770 nm) (Wyszecki 
and Stiles, 19S2). For this reason, we have only consid- 
ered visible bands, although previous authors have re- 



Tnble 1. Radiometric Indices Calculated from Landsat TM and SPOT HRV Simulated Bands." 
~ ~ ~~~~ 

T&l Indices HRV Indices References Indes Properties 

BI(TM)= B I ( X S ) = / y  This study Average reflectance 
magnitude 

No equivalent Adapted froin Escadafal et al. (1994) Spectra slope TM3-TM1 SI(TM)= 
TM 3 +TM1 

2 X TM3 -TM2 -TM 1 
TMS-TM1 

HI(TM) = No equivalent Escaclafal et al. (1994) l'riin~n?. colors 

TM3-TM2 
TM3 fTM2 

CI(TM)= xs2 -xs 1 GI(XS) =- 
ss2+xs1 Madeira et al. (199'7) 

Escadafal and Huete (1991 ), 

p c z t l  iite)rotio 
Madeira et al. (1997), Pouget et al. (1991) . Ilcinatite content 

SS2' 
ss 1 R I 4 ( s S ) = ~  This stiitly Retlness 

portecl coinpaitsons of red, green, ancl near-iiifrarecl 
multispectral data with Munse11 soil color (Mathews et 
al., 1973; Mattiltalli, 1997). 

Spectral bancls were coinbinecl in order to provide 
selected radiometric indices, \\&ich may be usefd in 
terms of soil color remote sensing (Table 1). The bright- 
ness index, BI, is ca1cul;ited as an euclidian distance in 
a space of JI spectral cliinensions and hence determines 
tlie glolxil reflectance of a t q c t  (I:iclimlson ancl Wie- 
gand, 1977; Robino\v et al., 1961). Recently, Escadafa1 
et al. (1994) worldng on landscape t legdation in arid 
Timisia proposed two new indices based on colorimetric 
principles: the hue ancl saturntion indices, I-II(Tk1) ancl 
SI(Tb1). These indices result from a simplification of tlie 
general liue and saturation equations defined 11y Liu and 
hloore (1990) ~l1ich is justified bj- specific soil cliaracter- 
istics; tliat is, soil reflectance cuiTes are t>l-lically monoto- 
nous n i d  increasing in the visible range, and a limited 
range of soil colors exists in nature. 111 opposition to the 
BI, which gives a measure of the soil reflectance iiiagiii- 
tucle, the SI und HI  cliaracterize its shape. The SI inea- 
sures the general slope of a spectra, from red to blue 
wavelength or, in other worcls, its (leviation relative to a 
flat spectra characteristic of a neutral color like grey. The 
III accounts for the relative proportion of the three pri- 
maiy colors, recl, green, and blue. Silice a blue 1~;iiid 
does not exist in the I-IRV instrument, no similar index 
were used for siinulated SPOT data. The coloration indi- 
ces, CI(Th4) and CI(XS), correspond to tlie norinalized 
ratio of ret1 ancl green bancls. 111 this spectral range, soil 
reflectance curves are mainly affected by the absorption 
of iron oxides like goethite ancl hematite (Stoner ancl 
Bauingardner, 1981), two of the most important soil col- 
oring constituents. This index was  used b). Escafticlal and 
Huete (1991) to reduce the influence of soil color on tlie 
sensitivity of some vegetation indices and related by Ma- 
cleira et al. (1997) to the heiiiatite/(hematite+goetliite) 

ratio of Brazilian latosols. \lacleira et al. (1997) has also 
defined a Thl-based redness index, RI(TM), which \vas 
successfully used to iiiap soil lieniatite content in the 
Brasilia region. In  tlie case of SPOT, we have used a red- 
ness inclex KIS(XS) adapted from RI(Th1) by Pouget et 
al. (1991) and \ve have calculated RI.I(SX) in order to 
liave the sanie denoiiiinatoi. weight than RI(Th1). 

RESULTS 

IVe have first perforniecl linear 1-egression analyses and 
examined the i-elationsltips lwtwcwi soil color ancl reflec- 
tance data for each inclividuiil band (Tuble 2 ) .  Low corre- 
lation coefficients (J-) indicate that no satisfactoq. reh- 
tioilships esist between multispectfiil reflectance data 
and C and H or Pe% and id. The color intensity of an 
object is L I S L ~ Y  proportional to its reflectiince level over 
the wliole \isible spectral domuin. I-Io\ve\w, moderate. 
relationships are obseived between each indiviclual band 
and V or Y% (i.e., i- is inore than 0.8). This can be ex- 
plainecl by tlie high correlations obsenecl between re- 

Tcible 2. Linear Correlation Coefficicnt (I-) .\latiis 
behitmi Landsat ThI -SPOT HR\' 13ands and 
I-Ielmholtz-~lmisell Parameters" 

TAI1 TAJ2 Th13 SS1 SS2 
\7 

C 
II 
RI(IC1 UN) 
Y% 
Pe% 
kc1 
KI(I-IL) 

0.82O 
-0.28 
-0.3G" 
-0.G1" 

0.94" 
-0.54' 
-0.47" 
-O.Gd" 

0.86" 
0.0s 

-0.33" 
-0.51" 

0.99" 
-0.2 
-0.4-1" 
-0.GS" 

0.81" 
0.33 

-0.23 
- 0.35" 

0.93" 
0.05 

-0.2s 
-0.61" 

O.S9* 
0.02 

-0.37" 
-0.54" 

0.99" 
-0.5% 
-0.47" 
-0.G9" 

0.82" 
0.31 

-0.23 
-0.38" 

0.94" 
0.04 

-0.29 
-0.G2" 

"Sainple number= 124, *significaiit at the 99%, level. 

c 

. ... ~ 



Tdde 3. Linear Corrrelation Coefficient ( r )  Matrix between 
the Reflectance Data of Lanclsat Tkí and SPOT I-IRV 
Simulated Bands" 

TkI1 TM2 TM3 X S l  X S 2  

TbIl 1 
TM2 0.92 1 
TM3 O.í6 0.95 1 
ss I 0.95 0.9s 0.93 1 
XS2 o. í í  0.9e 0.99 0.94 1 

"Sample number= 124. 

flectance data of each simulated band (Table 3). This 
characteristic is soil-specific and illustrates tlie typical in- 
creasing and relatively nionotoiioLis form of soil reflec- 
tance spectra in tlie visible range (Stoner and Baumgar- 
clner, 1951). 

In a second step, the sanie analysis have been car- 
ried out between soil color and radiometric indices. Ta- 
ble 4 presents tlie resulting correlation coefficients ( r ) .  
\Ve \vil1 examine tliese results taldng into account two 
indes groups: i) the "classical" colorimetric inclices, 
BI(TM), SI(TM), I-II(TM), CI(TM), BI(XS), and CI(XS), 
mc1 ii) tlie redness inclices, RI(TM), RI3(TX), and 
RI-I.(XS). For the first groiip, results S ~ O W  that BI(TM), 
SI(TM), ancl I-II(TM) are mode ratel^^ correlkitecl to I', C, 
a i i d  H ,  respectively (t- from 0.77 to 0.86). A strong and 
sJ.steinatic wtriatioii ol' l l i c k  radioinetric indices is ob- 
served for exli of the tliscretc hltmsell notation (Fig. 5). 
Correlations I)ct\vecn the same indices and correspontl- 
ing I-Ielinoltz parameters Y%, Pe%, and h l  ;ire s).stemati- 
cally and sigiiific:uitly higher wit11 niore tlim 0.9. Each 
of these indices is strongly related to one and onl)? one 
color component. bloreover, Figure 6 shows that clevia- 
tion from tlie regression lines are relnti\dy low, includ- 
ing for estreme figures, few represented in the sample 
set investigated (e.g., Y% iiiore tlian ?O%, i d  more than 
590 nin). TIle co;irse spectral resolution of satellite b a d s  
m d  their specific location could b e  ali esplaii:ktion o f  tlicx 
slight cliserepiicy obseivecl between botli data sets. 
Iielrnlioltz parameters are computed \vit11 a precision of 
5 i i m  while the average wiclth of TlLI b:uids is about 70 
nm. Also, TM1 is only sensitive from 450 nin and does 

not take into account tlie highest frequencies of tlie visi- 
ble light. Only moderate relationship are fouiid between 
CI(TM) and Pe% or I d .  TVorking on soil samples rich 
in iron oxides from wliich organic inatter was previously 
removed, Madeira et al. (1997) reported a strong correla- 
tion between this indes and I d  ( ~ O . 9 8 ) .  Sample treat- 
ment inay be a first esplanation ol' oiir tliL'ferent result. 
I-Iowever, this inay also suggest tllat tlirb niost useful 
banc1 coinbiiiatioiis for soil c:oior tlctrrirriiiation are soil- 
type-clepeiiclent, aiicl hence cstnl)lislir~l relationsliips 
should be verified when considerii ig other natural re- 
gions. The lack of a blue band liinits tlie nmnber of a \ d -  
able indices for SPOT FIRI', which w e  reduced to the 
BI(XS) and the CI(XS). Results olhiinecl for these two 
inclices are similar to tlie equivalent TM indices. 

Concerning the second group, the three reclpess in- 
dices used, RI(TM), RI3(XS), and HI4(XS), present a 
close relatioiiship \vit11 RI( FIL). Ih.elopet1 in a tropical 
contest, RI(TAI) confirins its iisefiilness for measuring 
soil redness xiriation in an arid environment. Two red- 
IIPSS indices lia\-e been tested for SPOT I-IRV, RI3(XS) 
and RI4(XS). RIS(XS) increases rq%dly, froin RI(1-IL) 
equal to 0 up to about :3. follo\iwl 1)). ;i \wial)ility cle- 
crease (Fig. Ta). This resiilt is i n  agreement \vit11 the ob- 
sei-vations made I)!, Pouset ( ~ t  d. (1 991 ) who used this 
indes to cliscriminate sand!. srii:lkw Iyom SPOT data in 
Eg)l)t. In\wsel\., HId(SX) incrras(2s according to a more 
linear fashion and gives ii brtter cyression of the 
RI(1-IL) tlynmiic (Fig. 7%). RI(TlL1) cdii1)it.s the strongest 
point scattering c o m p ~ e d  to IiI4(XS) (Figs. 71) and 7c). 
mainly for tlie highest \xlues ol' IU( IIL) (typically more 
tlian 5). Soil redness is iiiainly tlrie to tlie presence of 
lie inatite (S c1in.e rtm an n , 1 3), :tint1 tlic RIS give a mea- 
surement of tlie a1)soiption feature intensit), cliaracteriz- 
ing this iron oside (M¿idril.u ct d. 1997). Since both sat- 
ellite simulations Tìvl and SPOT Iia\,e been made from 
tlie samc spectrki, il possil)le espl;mitioii for this differ- 
trnce could be the better o\.rrlq)piiig of XS 1 on tlie cliar- 
acteristic hematite aclsoiption feature around 530 nni 
compared to TXl2 (Sherman and Waite, 19SS). For the 
saine reason as abo\.e and unlikr tlie "classical" soil color 
components, the good result obtained for RM(XS) sug- 

T ~ b l c ~  4. Linear Correlation Coefficient (1.) hIatris between Landsat TM-SPOT I-IRI' Racliometric Iiitlices ai id  
1-1 el i nl iolk-h/I LI nsell Parameters" 

BI( TA{) 

\7 

C 
1-1 
I i  I( h/l UN ) 
Y% 
l'e% 
>.cl 
HI( IIL) 

0.s'i" 
0.0Ï 

-0.29 
-0.45" 

0.9'3" 
-0.12 
-0.37" 
-0.66" 

SI(TA1) HI(T&I) 

-0.3í" -0.6" 
0.s5" 0.12 
0.34" o.'i7" 
0.59" 0.GS" 

-0.36" -0.5s" 
- 0.94" 0.15 
0.42" ' 0.92" 
0.43" 0.63" 

CI(TAJ) 

-0.49" 
o.'il" 
0.54" 
- O.Ï.5" 

0.78" 
0.66" 
0.6" 

-0.5" 

-0.77" 
0.09 
0.52" 
- 0.79" 

-0.Ï3" 
0.33 
0.47" 

~ O.RÏ" -0.43" 
o. 12 0.;3" 

-0.28 0.56" 
-0.43" g.3" 
0.g.i" -0.46" 

-0.7" 0.;'3" 
-0.36" 0.G5" 
-0.65. O.el" 

11 I3(SS) 

0.22 
0.59" 
0.85" 

-0.78" 
0.43" 
0.6" 
- 0.96" 

RI4(XS) 

-0.5s" 
0.03 
0.55" 
- O.Ï90 

-0.Ï3" 
0.25 
0.50" 
0.gS" 

. 
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y=2.13+0.15x -J - 

r2=0.6 2 " ' 1 ~ ~ ~ 1 1 1 , 1 , , , ~ , ,  

20 

c 

i 

0.6 

Y=-7.15+4.1x 
r2=0.77 

A suinnialy of the best relationships behveen soil 
color and radiometric indices is given in Table 5 sho\.Ving 
the regression equations and the r' coefficients. 
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f .. ;p 

0.4 

0.3 

. - I  

Y=0.06+9.66 

Y=-84.2+0.15~ 

1.5-0 I I I I ,  , , r2=0.85 I , , , , ,  

590 595 580 585 575 
M 
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I 
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i' 

! 

I 

i 

O 5 10 15 20 
R14(XS) RI(HL) 

0.14 

0.1 2 

0.1 

0.08 

0.06 

0.04 

0.02 

O 
O 5 10 15 20 
RI(TM) RI(HL) 

F 4 . 2 5  10-3+8.47 1 O-3x 
r2=0.96 
F 4 . 2 5  10-3+8.47 1 O-3x 
r2=0.96 

O 5 10 15 20 
RI(HL) 

Figure 7. Relationships behveen tlie redness indices ob- 
tained from the combination of siiiiulatecl satellite bands 
[RIS(XS), RI4(X), RI(TM)] and the rechess index calculated 
from the Ileliiiholtz parameters, RI( I-IL). 

crete system consisting of a limited nuinber of chips tliat 
each represents a small fraction of this volume. A perfect 
match between the soil sample color ancl the chip read 
is therefore almost never achieved, 2% of probability ac- 
cording to tlie Soil Survey Staff (19ï5). Visual measure- 
ment may also be influenced by variables <. . independent 
of soil sample properties, for example, operator's color 

Table 5. Selected Linear Regression Equations between 
Radioinetiic Indices and Soil Color Parameters 

~~ 

BI(TM)=1.4+1.02 Y% 0.9; 
SI(Th1) =G.34X 10-S+9.G'iX lo-,' Pe% 03s 
I-II(TLl)= -S4.2+0.151.d 0.S5 
RI(TM)=4..73XlO-~+S.5XlO-~ RI(I-IL) 0.96 

BI(XS)=1.94-l-l.O9 Y% 0.95 
l~14(XS)=~.ÏX10~~++'i.0GX10~1 RIjl IL) 0.98 

\ision abiliv, operator's fatigue ancl psychological state. 
effect of contrast between the target color ancl its ewi-  
roiiment, ancl illuiiiination conclitions (Shields et al., 
1966; Melville ancl Atkinson, 19S5). A recent study re- 
ports tliat tlie total agreement of several soil scientists on 
tlie Munsell value, chroma, ancl hue of samples \vas 
reached only 52% of the time (Post et al., 1993). To re- 
duce these effects, various solutions have Ixen proposed 
such as the inteqiolation between color chips, the calcu- 
lation of an a\-erage color from several obsewer readings. 
tlie use of a complete Munsell color chart, and the clefi- 
nition of a rigoroiis iiiwsureineiit procedure (Keil). ancl 
Judd, 1976; Torrent et al., 19S3). Nevertheless, in the 
dail>. field practice, tlie measurement conditions LISLI;~~~!-  

available are those tliat \re have voluntarily retained in 
this work (Soil Suivey Staff, l9'iS). 

The significant inipro\.ement of the reliitionsliips I)r- 
b e e n  indice ancl Helmholtz datu is an important obser- 
\*ation suggesting that the inclices, that is, BI, SI, 1-11, ant1 
RI may l)e useful for iinpro\ing soil color remote sens- 
ing. Build as simple bancl ratios, these inclices constitute 
a rapicl ancl easy method to discriminate soil color in arid 
regions. Valiclatioii of the linear inodels obtainecl for tlie 
best nicliometric inclices has been perfonnecl on an other 
set of 36 samples, originated from tlie same geographical 
zone aiicl taken l'rom similar soil t!q>es. The same sample 
treatment proced~re \vas followed ancl clifftise reflec- 
tance spectra were acquired with a VariadCaiy 2300 
spectrophotometer according to a method described 
elsewliere (Béclidi et al., 199.)). The equations presented 
in Table 5 were inverted to preclict the sainple color 
[Y%, Pe%, id, RI(HL)] from their reflectance. Model 
perforniances are given in Table G. Correlation coeffi- 
cients (t-) behiyeen predicted values aiid measured values 
are similar to those obtainecl during tlie moclel develop- 
ment phase (i.e., more than 0.9). The average prediction 
error of tlie different color components is less than 10% 
with a standard deviation vaiying from 2% to 8%. The 
degree of precision is conipatible with the quality of the 
relationships previously established. Tlie radiometric in- 
dices allows us therefore to predict Helmholtz parame- 
ters with an acceptable accuracy. Besides the limitations 
due to tlie radiometric indices themselves, errors may 



Tdde 6. Perforinance of Radiometric Indices for Soil Color Prediction" 

STD 
Prediction Predictor do) hiean. Error % Error("") 
Y% BI(Th4) 0.98 2.Ï 2.3 
Pe% SI(TM) 0.9Ï 8.7 ( . I  

/Id HI(TIV1) 0.92 s.5 6.2 
RI( EIL) RI(TM) 0.9Í 7.1 4 

RI(I1L) RI1(XS) 0.96 5.3 4.4 

- -  

Y% BI(XS) 0.9s 3.8 3.3 

"(*)Liiiex corrclation coefficient rliehwen predicted nnd measured colliponetits; ('O )staitl,t;tl 
tlc\iation of the % error. 

have beeil introduced 1)y tlie different nature of reflec- 
tance data used to define and to viilidute the linear re- 
gressions. In the first case, reflectance was measured 
with R specific viewing ancl illuinination direction wliile 
in the second one, hemispherical reflectance were ac- 
quired by tlie Variian/Caiy 2300 instriuiiient. Because of 
tlie nonlambertian soil belia\ior, significant reflectance 
differences may be expected if tlie ohsenation and illu- 
niination configuration changes (Baret et al., 1993). Er- 
rors niay also be increased by sample size changes (i.e., 
some tens of cni2 for tlie ASD to a few cni' for the Caiy), 
iiiducing variations of sample roughness 01. compaction 
effects. 

Since color depends onlj. on iisible light, only such 
spectral domain were used for indice construction. As ex- 
pected from coloiimetric law definitions, comparison of 
results froin SPOT and TM shows tllat a kuoivledge on 
blue reflectance varialiilit) is neecled to elaborate a coni- 
prehensive soil color niodel. In the case of the SPOT in- 
struinent, an indirect and synthetic infi)i.iniition on soil 
color iniglit be retrieved from red ant1 green reflectance 
data, clue to a redness index. I-Io\vever, in tlie case o l  
soils, Mattilcalli (1997) clemonstrated that the high de- 
pendence between visible ancl near-infrai~d \raveleiigtlis 
cali be used to relate tlie Munsell parameter to green, 
red, ancl near-infrared reflectance data o f  Landsat NISS. 

It sliould be first recalled that the results of this 
study are only valid for tlie soil ?lies represented in the 
investigtited region. Further studies are required to ex- 
ainine the usefulness of tlie radiometric indices on other 
soil types and colors (i.e., more specific foi. temperate 
and tropical environments). Seconcll>*, tlie results pre- 
sentecl here are for data acquired in laborutoiy concli- 
tions aiid on disturbed soil sainples of' reduced size. This 
approach is funclamental to deterniine the optimal po- 
tentiality of different currently a\xilable spectral configu- 
rations with a view to extract soil surface color from re- 
motely sensed images. However, applied to a real set of 
data recorded from space instruments, the indices may 
yield different results because of tlie basic differences es- 
isting between laboratoiy aiid satellite data. Therefore, it 
may be important to convert exoatiiiosplieric luniinance 
values measured by space sensors into ground reflec- 

tance data. Attention should be given to correct images 
for atmospheric effects, particularl). sensitive in the short 
\vavelengtli of tlie lisible lange, using available technics 
and inodels (Chavez, 19S8; TanrO et al., 1990). Illumina- 
tion iwiations clue to Sun angle and rugged topograpliy 
can be reduced using a digital elevation model (Ci\.co. 
19S9; Meyer et al., 1993). .\lisinteipretation of soil color 
ing. also be induced bj. some changes in soil surfice 
conclitions within an image. For tlie case of bare or 
spirsely vegetated surfaces, these confusions coiicerii 
mainly rougliness or lijdiic stcite \-ariatioils of soil SLW- 

face. The reasoned choice of the image acquisition clate 
is certainly a first rep1)- to sol1.e these difficulties. The 
period of soil tillage is inore siiitalile to obseive homogc- 
neous ronghness conclitions \rMe a diy season should I)c 
preFerred to I o n ~ r  t h  rid; of \oil inoisture vaiiation. 
I I o n w w ,  i l iqe  calibration for moisture and ro\igliliess 
variations remains highl!~ desidde ancl may l x  endowed 
1))- tlie results of the ongoing i.escmcli efforts on biclircc- 
t i o d  reflwtance (Deeling et al., 1990; Jacqucnioud et al., 
1992) ;inil 12). the complemcnt,u? tcdiniclucs of' tiiicro\\x\ ca 
remote sensing (Ulaliy et al.. 19%; Chaiin., 1993). 

This work reports an oii$ial application of Helm- 
holtz paranieters under laboratoi?, conditions for furtlier 
color research in the reiiiotc' sensing field. These mea- 
siires of color caii be equull! obtained for soils preseiiwl 
in their natural en\ironment and under iiatural light. Tlie 
acquisition of finely resolved reflectaiice spectra in the 
field (i.e., 1-5 nm/bancl) is toda>- greatly facilitated by the 
groning availability of portable, light, ancl maniable spec- 
trorxlioineters (e.g., GER ancl ASD instruments). Once 
a sampling strategy for collecting reflectance data in the 
field is defiiiecl (e.g., point, toposeyuence, or pixel simu- 
lation), tlie color of tlie soil surface can be calculated us- 
ing the coloriiiietric equations presented in tlie iiiethod 
section. Unlike tlie hunian eye used in tlie Munsell color 
chart method, spectroradiometers have tlie capacity to 
integrate and average tlie light flus reflected by tlie dif- 
ferent coinpoiients of tlie soil surf.ice. As a result, tlie 
average color [ A d ,  Pe%, Y'% and RI(I-IL)] of a complex 
mineral surface, including aggregate, crust, gravel, block, 
aiicl rocky outcrops, can be clirectly worked out from its 
reflectance spectra. Such data take into account most of 

1 
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the soil surface and are more representative of what is 
really seen by tlie satellite. Potential applications inay in- 
volve further studies to reduce soil color effect on tlie 
accuracy of vegetation indices (Huete, 19SS; Bannaii et 
al., 1995). The development of airborne iinagiiig spec- 
trometers recording hyperspectral data (Vane and Goetz, 
1993) inalces possible in the near future the automatic 
calculation of cloininant wavelength or purity images. In 
this context, useful applications niay alise from recent 
laboratoiy research using these parameters to investigate 
soil properties (Bédidi et al., 1992; Mvlalengreau et al., 
1996). The use of this system of soil color quantific a t' 1011 

deseives to be developed suicl should be encouraged in 
the remote sensing community. 
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