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Abstract During the Hapex-Sahel international investigation, portable radiometers (Barringer and Cimel) were used to study, in the optical domain, the relationship between soil mineralogical and granulometric compositions and radiometric indices: redness index, colour index and texture index. The results show that the granulometric distribution and the mineralogical composition have both important influence on these indices. In this Sahelian area, for soils having more than 1% of hematite, the redness index presents a high correlation with hematite content. For soils with less than 1% of hematite, the redness index depends on the size of the particles and their distribution at the surface. For eolian sandy and ferricrust soils, the colour and texture indices present good correlations, respectively, with iron oxide and kaolinite content. No such correlation is observed for fermginous soils because of the complex interactions existing between iron oxides, kaolinite and the size of particles.



1. Introduction The reflected electromagnetic radiations in the spectral range from the visible to middle infra-red domains provide helpful information for the interpretation of the earth’s surface. This phenomenon, hescribed by the Rayleigh theory of s&face roughness (Vincent and Hunt, 1968; Simmons, 1972; Ciemiewski and Courault, 1993), is mathematically formulated as follows: d 
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Throughout these various geomorphological formations, different types of soil crust, according to nomenclature proposed by Casenave and Valentin (1990) and Courault et al. (1992) are identified (Table 1). During field surveys, two or three representative samples of each type of soil crust were sampled for chemical and granulometric analyses. Soil samples were collected between 0 and 10 cm depth. From the results of the chemical and granulomettic analyses and of the X-ray diffraction, three different types of soils with different physico-chemical compositions were identified (Table 2): (1) ferricrust soils (G and CG) with a fine gravely texture and high content of iron oxides (hematite and goethite) and kaolinite; (2) eolian sandy soils (EOL, RES and WES) with a sandy texture, high content of quartz (more than 90%) and less than 5% of alteration minerals; (3) ferruginous soils (DEC, RUIS, DES and CC) with a higher kaolinite content and a lower quartz content. The texture is sandy clay except for cultivated valley bottom soils (CC), which present a silty texture (86% of fraction (50 pm).



A. Houssa et al. /ISPRS Journal of Photogrammetry & Remote Sensing 51 (1996) 284-298



286



Fig. 1. Geographic situation of Hapex-Sahel 1” x 1”square.
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Plinthite Fig. 2. Schematic section of a typical toposequence in the Hapex-Sahel area.
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Table 2 Mineralogical and granulometric compositions of different types of soils (a) Mineralogical composition (%) Quartz



G CC EOL RES WES DEC RUIS DES cc



8 52 92 93.5 94 75 84 79 72



(b) Granulometric composition (%)



Kaolinite



Hematite



Goethite



EOI



~50 Km



50-250 pm



250-500 ym



500-2000 Urn



36 25 5.5 4 4.5 18 12 18 17



6 5.5 0.4 0.4 0.2 1.5 0.8 0.8 2



47 14.5 0.7 0.5 0.3 1.5 1.2 1 3



3 3 1.4 1.6 1 4 2 1.2 6



-



_ 20 48 31.5 60.3 39 45 52 I4



10 41.8 60.5 29.5 14 19 16



12 3.8 4.7 1.1 7 11 4



9 6.1 3.3 9.3 39 24 27 86



>2 mm 100 49 0.3 _ 1



1 1



Abundances estimated with chemical analysis of majors elements, X-ray diffraction and normalized to 100%. EOI: lost on ignition.



Generally, all these soil types had less than 1% of organic matter, except for CC soils, which had 2 to 3.5% of organic matter.



Table 3 The different filters and their wavelengths of Barringer and Cimel radiometers Channel



2.2. Experimental



study



Spectral reflectivity measurements were realised with Barringer and Cimel radiometers in September 1992 at the end of the wet season, and in December 1993 at the height of the dry season. Both the Barringer and Cimel radiometers covered the three multispectral SPOT channels. In addition, the Barringer covers the six reflective Landsat TM bands (Table 3). The experimental measurements were performed as follows: - the radiometers were held in a vertical position, approximately one meter above the ground; - the field of view allowed measurements to be taken on half a square meter; - the measurements were taken under blue clear sky, from 9 a.m. to 4 p.m., in the direction of sun light, to avoid shadow effects; - for each soil crust, when using the Cimel radiometer, measurements were acquired simultaneously for each of the three channels along a 20 m transect, every second meter. - For each soil crust, when using the Barringer radiometer, two or three measurements were recorded channel by channel. At each measurement point a sample of soil was collected. With the Barringer radiometer, TMl, 2, 3 and 4



Barringer 1



2



Filter



Spectral band



Wavelength (pm)



1 2 3 4 5



TM1 TM2 TM3 TM4 TM5



0.45-0.52 0.52-0.6 0.63-0.69 0.76-0.9 1.55-1.75



1 2 3 4 5



XSl xs2 xs3 Panchromatic TM7



0.5 -0.59 0.61-0.68 0.79-0.89 0.51-0.73 2.1 -2.35



Cimel XSI xs2 xs3



0.5 -0.59 0.6 -0.69 0.79-0.9



filters are in channel 1 while XSl, 2 and 3 filters are in channel 2 (Table 3). These two channels are 3.5 cm distant from each other and their fields of view are 85% overlapping. This can induce minor differences in measurements acquired by SPOT and by Landsat TM filters. - the measurements taken with both Barringer and Cimel radiometers were normalised to measurement performed on a spectral target for which the reflection is nearly total (Gladwell et al., 1983; Whitney et al., 1983).
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2.3. Soil radiometric indices The soil colour is related to other soil properties such as chemical composition and surface texture (Escadafal, 1993). Therefore, several empirical radiametric indices were proposed to quantitatively compare the spectral response of a soil with its mineralogical and granulometric composition. These indices were mostly developed for laboratory experiments and they were modified in order to be used for satellite sensor measurements. The most commonly used indices are the following: a redness index; ?? colour index; ?? texture index.



2.3.1. Redness index (RI) The redness index was developed from visual or spectrophotometric colour measurements (Torrent et al., 1983; Barron and Torrent, 1986). Studying European temperate climate soils end Brazilian soils from a tropical wet climate, Torrent and his collaborators (1983) showed that the RI is positively correlated with hematite content. According to Pouget et al. (1990) and Madeira (1993), the redness index was recomputed in order to be used for satellite measurements derived from TM and SPOT data. The mathematical formulas are (see Pouget et al. (1990) and Madeira (1993), respectively): (xSz)* RIspoT = -,



and magnetite can load errors in this correlation (Madeira, 1993). 2.3.2. Colour index (CZ) The colour index was developed in order to analyse iron oxide content. This index is calculated from the reflectance ratio of the green and red channels. The formulas are: xs:! CISPOT



MTM



=



XSI



xs*+xs,’



CITM=



TM3 - TM2 TM3 + TM2 ’



The colour index shows a positive correlation with iron oxide content (Madeira, 1993). However, great attention should be paid to the fact that an abundance of organic matter and clay minerals can change the colour hue and thus lead to a misinterpretation of the colour index (Escadafal, 1993; Frazier and Cheng, 1989). 2.3.3. Texture index (TI) The middle infra-red (1.1-2.5 pm) has been widely used to study alteration minerals with hydroxyl-group, OH- (Hunt, 1977, 1979). So, the ratio or the normalised difference between Landsat TM5 and TM7 has often been used to discriminate between hydroxylated silicates and aluminosilicates (Elvidge and Lyon, 1985; Drury and Hunt, 1989; Nash and Wright, 1994). The normalised difference, called the texture index, has also been used to discriminate soils with a clay texture (Madeira, 1993). The TI formula is:



VW3 (TN>*



-



=



TI =



TMs - TM, TM5 + TM7



TM1 x (TM2)3’



In our study, to allow comparison of the RIspOr and RI~M, the R1r~ was adapted as follows: (TMJ)~ MTM = TM1 x (TM2>*’ Studying different types of Brazilian and Mediterranean soils respectively, Madeira and Pouget showed a positive correlation between redness index values and hematite content. This correlation has been found even at small amounts of hematite (Pouget et al., 1990). Nevertheless, for such ‘mineral soils’, the presence of a high organic matter content (2 to 5%) or of very absorbent materials like ilmenite



3. Results and discussion The influence of mineralogical and granulometric composition on soil spectral signature has been examined. Firstly, the major soil types have been characterised according to their spectral signatures and moisture levels. Then, the validity of proposed radiometric indices has been tested. 3.1. Analysis of major soil type spectral signatures The most representative samples have been analysed for the three major soil types. Their spectral
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spectral curves of three major types of soils. (a) Thematic



behaviour, from the visible to the middle infrared, is presented in Fig. 3 (a and b): - the white sand formation (WES) is characterised by a high reflectance and a convex curve. This is due to the predominance of quartz (>90%), an element which shows no absorption features in the visible and near infra-red range (Hunt et al., 1971); - the spectral reflectances of ferricrust and ferruginous soils (G and DEC) are lower. Their curves are convex, except in the visible range between 480 and 600 nm, where they present a concave shape. This absorption feature is related to the presence of hematite (Sherman and Waite, 1985). The three soil types show a drop in reflectance values for channel TM7. This is due to the absorption feature for kaolinite around 2200 nm (Hunt and Salisbury, 1970; Hunt et al., 1971). This absorption feature is higher for the ferruginous and ferricrust soils (G and DEC) due to their higher kaolinite content.



Mapper sensors; (b) SPOT sensors.



These results are in accordance with those obtained from studies realised in temperate, arid and semi-arid areas (Bigham et al., 1978; Price, 1990; Frazier, 1991; Ben-Dor and Banin, 1994). 3.2. Influence of moisture on soil spectral signatures Radiometric measurements were collected in September and December, respectively during the wet and dry season. In Niger, the rainy season begins in June and ends in October. In September the mean rainfall is 88 mm. The dry season goes from November to May with 0.0 mm rainfall in December (Sivakumar et al., 1993). The comparison between the reflectance data acquired during dry and wet seasons enables us to appreciate qualitatively the effects of moisture on the spectral signature of a given soil. Moisture produced a global and important de-
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crease in spectral response from the visible to the middle infra-red for the sandy formation (Fig. 4a). This drop corresponds to a simple shift of the values and results from the fact that the sandy formation is very pure. This soil formation includes neither hydroxyl nor iron ions which would produce spectral absorption in the current spectral range and consequently would affect the shape of the signature curve (Bedidi et al., 1992) (Fig. 4b). The difference between spectral reflectances of dry and wet season ferruginous soil samples is very low, less than 5% (Figs. 4a and 4b). This observed difference between the spectral response of sandy and ferruginous formations may be explained by the difference in drainage potential.



In the sandy soils, the extraction of water through drainage cannot exceed 2.5% of its weight. On the other hand, this extraction can reach about 20% in soils rich in clay minerals (Rognon, 1994). Thus, in these clayey soils and under excessive drought, air goes into free pores and does not mix with water. The air is trapped inside and prevents water from entering the pores, involving a decrease in the retention capacity of clayey soils. We conclude that, in the Hapex-Sahel area, dry and wet season samples present differences in spectral responses due to differences in soil moisture levels. This feature would allow, in a multitemporal approach, to distinguish soil units on the basis of their drainage potential.
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Fig. 5. Correlation between redness index value and hematite content.



3.3. Relationship



between radiometric indices, mineralogical and granulometric compositions of different types of soils



In the following section, we examine only the average radiometric measurements taken during the dry season in order to avoid differences due to soil moisture. 3.3.1. Redness index Previous studies, realised on standardised soil samples, showed a positive correlation between redness index values and hematite content. In this study, the correlation was calculated for natural soils. For these, two cases have been identified based on the hematite content being more or less than 1%. These results concern both Cimel and Barringer data with its SPOT and TM derived channels. - For soils with less than 1% of hematite con-



tent, the correlation between percent hematite and the redness index values is weak, r = 0.09 - 0.22 (Fig. 5). - For soils with hematite amount equal or greater than l%, the redness index presents a very high correlation with the hematite content, r = 0.93 0.99 (Fig. 5). For soils with less than 1% of hematite, the higher values of redness index and the weak correlation between the RI values and the hematite content can be explained by the effect of soil granulometric composition. An analysis of the relationship between the RI and granulometric composition was carried out on the different classes. The results are the following: Sandy soils. The sandy soils (EOL, RES and WES) are characterised by a low hematite content (2 mm.
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The white eolian sand ‘WES’ presents the lower RI value (Fig. 6). This is due to its fine granulometry (Fig. 7) involving an increase of the diffuse reflection in connection with the decrease in particle size (Bigham et al., 1978; Barron and Torrent, 1986; Crowley and Vergo, 1988). The eolian sand ‘EOL’, in comparison with the red eolian sand ‘RES’, presents both the higher RI and content of fine particles (Figs. 6 and 7). Furthermore, EOL contains a small amount of particles greater than 2 mm. The presence of fine and coarse particles induces a heterogeneity of particle sizes, producing an increase in soil roughness and hence a lower reflection. Thus, for these sandy soils, the red colour is strongly controlled by the size of particles and their organisation on the soil surface. These results differ from those obtained by Pouget et al. (1990) on calcareous-sandy soils, for which the redness index presents a strong correlation with the hematite content. This difference could be due to differences in climates and types of soils. Consequently, in this Sahelian study area the redness index is not always pertinent in the estimation of hematite content. sandy clay soils. The sandy clay soils (RUIS and DES) contain the same amount of hematite (0.8%) and a similar distribution of particle sizes (Fig. 8). However, the RI is higher for the DES soil than for the RUIS soil (Fig. 6). This difference can be explained by the difference observed in the kaolinite content: the DES soil has 18% of kaolinite while the RUIS soil contains 12%. In fact, in the Sahelian area, in ferruginous soil surface the presence of kaolinite with reddish-yellow colour can disturb the soil colour hue and produces a variation in spectral responses (Escadafal, 1993; Frazier and Cheng, 1989). 3.3.2. Colour index Using either the Cimel or the Barringer radiometer measurements taken over different types of soils, there is no significant correlation between the colour index values and iron oxides content (Fig. 9). The origin of the variation of the CI could be linked with another characteristic of the soil; the influence of the granulometry was examined. Sandy soils. The soils with sandy texture present more or less the same content of kaolinite (4-5%).
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of sandy clay soils.



I, 40



Their colour index values increase with iron oxide content but are negatively correlated with particle size (Figs. 7 and 10). This result agrees with others obtained from studies realised under different climatic conditions such as arid and humid tropical regions (Pouget et al., 1990; Madeira, 1993). Sandy clay soils. Unlike the sandy soil formations, soils with a sandy clay texture present no correlation between colour index values and iron oxide contents. This is due to the complex interaction between the mineralogical and the granulometric characteristics of soils. Thus, on ferruginous soil surfaces, the presence of kaolinite in a high content could affect the soil colour hue. Consequently, for sandy clayey soils, the CI values increase with the iron oxide and kaolinite contents and also with the size of particles. DES and DEC soils contain the same amount of kaolinite (18%). In comparison with the DEC soil, the DES soil shows the lower iron oxide content and the higher value of CI. This could be due to a low fraction of particles with size inferior to 50 pm (Fig. 11). The RUIS soil presents, in comparison with DES and DEC soils, the lowest kaolinite content (12%) and consequently the lowest colour index value.
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3.3.3. Texture index The binary diagram between the texture index and kaolinite content shows three clusters corresponding to three majors types of soils (Fig. 12). These are the following:



0 ferricrust soils with gravely texture (G and CG);



a ferruginous soils with sandy clay (DEC, RUIS and DES) or silty textures (CC); 0 sandy soils with sandy texture (EOL, RES and WES).
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Sandy soil samples Fig. 10. Variation of colour index values with iron oxide contents for sandy soils. 1, (SPOT-Barringer); 4, IC (SPOT-Cimel).
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The G soil with 100% gravel content presents the highest texture index and the highest kaolinite content. While the CG soil shows, among all the soils, a lowest texture index (TI = 3) despite its high kaolinite content (Table 4). This is due to its heterogeneous granulometric composition (Table 2(b)). sandy soils. The sandy soil formations present more or less the same texture index values related to their similar kaolinite content (Table 4). Ferricrust



soils.



Ferruginous



soils. DES and DEC soils have the



same kaolinite content, however, DES soil shows the higher texture index due to its finer granulometry (Tables 2 and 4). The RUIS soil presents a lower texture index due to its lower kaolinite content and finer granulometry. Among all the soils the CC soil, despite its high kaolinite content (17%), shows the lowest texture index (2.5). This is due to its silty texture, 86% of particles with a size inferior to 50 pm, and a
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Table 4 The texture index (TI x 100) value and content of kaolinite for the different types of soils Texture index



Kaolinite (%)



Gravelly texture



G CG EOL



I9 3 1.5



36 25 5.5



Sandy texture



RES WES DES



6 6 I5



4 4.5 18



Sandy clay texture



DEC RUIS



I2 6.5



18 12



Silty texture



cc



2.5



17



high content of organic matter: 2 to 3.5% (Tables 2 and 4). 4. Conclusions This study confirms that when radiometric measurements are made under field conditions (i.e., when the roughness and patina of the natural target are preserved), the influence of the granulometric distribution is as important as the mineralogical composition. The relationship between radiometric indices and Sahelian soil characteristics have been analysed. The major results are the following: (1) All examined soils present a positive correlation between the hematite content and the redness index when the hematite amount is equal or greater than one percent. However, when the hematite content is less than one percent, there is no correlation between hematite content and redness index. In that



case, the redness index values are mainly controlled by the granulometric composition. (2) For soils characterised by a high content of kaolinite and iron oxides, such as ferricrust soils, the different computed radiometric indices present important correlations with alteration mineral contents. (3) For soils with a poor content of alteration minerals and a sandy texture, such as eolian sands, redness index, colour index and texture index values increase with the particle size and heterogeneity of granulometric composition. (4) For ferruginous soils with sandy clay texture, the correlation between texture index and kaolinite content depends on the size of particles. However, the relationship between redness index and hematite content (or colour index and iron oxide content) depends on the granulometric composition and the kaolinite content. These results differ from previous published studies. Generally, investigations were performed on a mixture of particles with standardised size. In these standardised samples, the initial soil texture and structure, as well as the distribution of particles on the surface are lost, which could modify the influence of pigmenting agents. Consequently, the effect of the granulometric distribution on the radiometric indices was underestimated. Following this preliminary investigation, the validity of these results will be tested at different scales using multiresolution measurements acquired with aircraft and satellite sensors (NSOOl, Landsat TM and SPOT).
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