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Abstract 

A land surface map of the region of Niamey (2-3"E, 13-14"N), Niger, derived from a classifica- 
tion of SPOT multispectral satellite data with 20 x 20-m resolution, is described. Sixteen distinct 
classes were defined based on landform, vegetation soil crust type and land use. The classification 
system was designed to emphasize the role of these factors in hydrological and ecological processes. 
The primary purpose was to provide information for integrating local-scale measurements of land- 
atmosphere interactions in HAPEX-Sahel (Hydrological and Atmospheric Pilot Experiment) up to a 
region 1" x 1" square, and to assist hydrologists in interpreting the spatial distribution of soil 
moisture. A large number of ground descriptions were integrated with high spatial resolution multi- 
spectral satellite reflectance data. Since most of the hydrological and atmospheric observations in 
HAPEX-Sahel were carried out in only three land cover types (tiger bush on the plateaux, fallow 
savanna and millet fields in the sand valley or plains), the 16 classes were merged successively into 
nine then six so that three final maps were produced, each one reflecting a different degree of 
aggregation. 

Some difficulties could not be resolved. One stemmed from the continuum linking land left fallow 
and cultivation. This uncertainty can be a problem since bush-fallow and cropped fields are hydro- 
logically and ecologically quite distinct. Another major difficulty was the detection of sparse vege- 
tation cover using the satellite data. 

Each surface condition class was assigned a range of runoff capability parameters derived from 
numerous rainfall simulation tests conducted in the Sahelian zone. Consequently, runoff production 
could be assessed for each 20 x 20-m pixel. However, due to the endoreic nature of the watersheds in 
the region, the use of the map to predict runoff production must be restricted to small areas ranging 
from the pixel size to catchments of 1-10 km'. 

* Corresponding author. 
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1. Introduction 

There is a growing concern among the international scientific community about climatic 
change as a result of increased atmospheric content of greenhouse gases. The study of such 
changes requires models driven by data for grids several hundred kilometres square. 
Compared with oceans, terrestrial surfaces are highly complex owing to relief, the variety 
of vegetation cover and types and human activities. In this context, the region of 
Niamey, Niger, has been selected as a site for WEX-Sahel,  a large-area study of 

The Sahelian environment could be considered as rather simple and homogeneous. A 
rapid ground survey showed that the Niamey area consists of a mosaic of three distinct 
units: shrub bush on the plateaux (locally referred as tiger bush because of its banded 
pattern), fallow savanna and millet fields (Goutorbe et al., 1994). Three supersites, each 
between 100 and 400 km', were established in the 1" x 1" square incorporating Niamey 
(Fig. 1). Each supersite consisted of at least three sub-sites, one in each of the three units. 
There was therefore a need for information that would facilitate extrapolating the point, 
ground-based measurements to the supersite scale and to the 1" square scale. A few maps 
already exist that describe the region including a geological map at a scale of 1:2 O00 O00 
(Greigert and Pougnet, 1967) and a soil map (1:500000; Gavaud and Boulet, 1967). 
Also more detailed surveys have been carried out in the East Central (ECSS; Nagumo, 
1993) and in the West Central Supersites (WCSS; Legger and van der Aa, 1994). Soil- 
geomorphic relationships of the Niamey region have been outlined by Wilding and 
Daniels (1989). However no geomorphological, vegetation or recent land use maps are 
available. 

Soil water balance in the Sahel is controlled more by surface than by deep soil 
conditions (Collinet and Valentin, 1979; Chevallier and Valentin, 1984; Hoogmoed 
and Stroosnijder, 1984). In particular soil crusts, which develop even on very sandy 
soils in the region, impede infiltration (Hoogmoed, 1986; Valentin, 1986). Nine main 
types of crust were distinguished according to number and texture of microlayers 
(Casenave and Valentin, 1992). Cultivation, vesicular porosity, faunal activity and surface 
coverage by surface coarse fragments also play major roles in the partition of rainfall 
between infiltration and runoff, as has been clearly shown by numerous rainfall 
simulation tests throughout the Sahelian region (Casenave and Valentin, 1989). Vesicular 
porosity forms when the air is entrapped as a result of the low crust diffusivity. This type of 
porosity is not functional in transmitting water as these vesicular pores are not inter- 
connected. It is therefore considered as a useful indicator of unfavourable conditions 
for infiltration. Conversely, faunal activity increases infiltration through the macroporosity 
it generates. Such an effect can be assessed through the determination of the percentage of 
surface occupied by earthworm casts or termite harvesting constructions. The influence 
of coarse fragments is more ambiguous. Where large gravel-size coarse fragments 
prevail, infiltration decreases with increasing stone cover, especially if the stones are 
embedded in a soil crust, as in desert pavements. Conversely, infiltration is enhanced 
by stone cover where small free coarse fragments are dominant (Valentin and Casenave, 
1992). These results led Casenave and Valentin (1992) to propose an infiltration capability 
classification system based on the combination of these surface parameters, resulting in 
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11 major types of 'unit surfaces'. In order to represent a larger range of surface 
conditions, some additional criteria had to be included in the system as modifiers 
(vegetation cover, topsoil texture and surface roughness), resulting in 26 sub-classes, 
each one being related to hydrologic properties (Casenave and Valentin, 1992). This 
simple, efficient system has improved surface hydrological modelling in the Sahelian 
region (Albergel, 1987; Perez, 1994). Since vegetation cover and soil crusts affect 
reflectance, these surface conditions can be mapped using remotely sensed data. Maps 
derived from satellite images have proved to be satisfactory for hydrological modelling at 
the scale of about 250 km* in northern Burkina Faso (Chevallier et al., 1985; Albergel 
et al., 1987). 

The objectives of this study are: (1) to provide information for integrating local-scale 
measurements up to the 1" square; (2) to evaluate the representativeness of the ground 
measurement sites; (3) to test the use of remote sensing data for runoff prediction in the 
region. 

14' 

I 

I . 

13' 



J.M. d’Herbès, C. Valeritirv‘Jounial of Hydrology 188-189 (1997) 18-42 21 

Fig. 1. Soil map and location of the three supersites (SSS, South Supersite; WCSS, West Central Supersite; ECSS, 
East Central Supersite). The French legend has been adapted and simplified from Gavaud and Boulet (1967). MU, 
mapping unit. Approximate equivalent Soil Survey Staff (1975), below, mainly based on Wilding and Daniels 
(1989). 

MU French classification (CPCS, Approximate equivalent Approximate equivalent 
1967) ISSS et al. (1994) Soil Survey Staff (1975) 
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Sols peu évolué d’érosion, 
régiques à faciès ferrugineux 
Sols ferrugineux non ou peu 
lessivés, évolués, sur formation 
sableuse du MN, séries très 
rubéfiées de plateau 
Sols ferrugineux lessivés 
faiblement différenciés sur 
mélange de sables éoliens et de 
produits issus de grès argileux, 
associés à des sols regiques et 
des sols ferrugineux peu 
1 essi v é s 
Sols ferrugineux peu lessivés, 
évolués, sur formation sableuse 
du MN, associés à des sols 
ferrugineux lessivés, des sols 
à pseudogley, des sols bruts 
d’apport, sur roche argileuse 
et à des sols regiques sur 
sables éoliens 
Sols minéraux bruts d’érosion, 
lithosols, sur conglomérat 
ferruginisé 
Sols ferrugineux peu lessivés, 
évolués sur formation sableuse 
du MN 
Sols ferrugineux peu lessivés, 
évolués sur formation sableuse 
du MN 
Sols isohumiques brun-rouge 
subarides peu différenciés sur 
sables pauvres en argile et 
limon (ergs récents) 
Sols ferrugineux tropicaux peu 
lessivés peu différenciés, 
associés à des sols ferrugineux 
à action de nappe, 1 des sols à 
gley, à des sols à alcalis 
River Niger 

Skeletic Leptosols 

Ferralic Arenosols 

Arenic Lixisols (Yermi-Eutric 
Regosols + Ferralic Arenosols) 

Cambic Arenosols (Arenic 
Lixisols + Arenic Gleysols) 

Lithic Leptosols 

Cambic Arenosols 

Cambic Arenosols 

Protic Arenosols Ustoxic 
Quartzipsamments 

Petroferric Kanhaplustalfs, loamy 
skeletal 
Psammentic Paleustalfs, sandy 

Psammentic Haplustalfs, sandy 

Protic Arenosols (+Arenic 
Gleysols + Sodic Solonchaks) 

Psammentic Haplustalfs, sandy 

Lithic Ustorthents 

Psammentic Haplustalfs, sandy 

Psammentic Haplustalfs, sandy 

Typic Ustipsamments 
(+Aquic Quartzipsamments) 
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2. Material and methods 

2.1. The study area 

The dry season lasts from October to May and the mean annual rainfall is about 560 mm 
in Niamey (see more detailed papers included in this issue on climatic aspects). 

The HAPEX-Sahel (Fig. 1) 1" square is dominated by a complex geological formation 
of loamy sandstone of Miocene deposits called the Continental Terminal. It covers the 

tal Terminal is locally covered with sand deposits of late Quaternary age which form dunes 
oriented ENE-WSW, mostly in the northern and the north-western parts of the square. 

The landscape is dominated by dissected plateaux with soils formed of between 25 and 
85 cm of gravely loam (35-60% silt and clay) over cemented ironstone or gravel (Manu et 
al., 1991). Most of these plateaux soils are acid @H < 5.0). The plateaux may be covered 
with sand up to 4 m thick. Soils on these sand deposits are very similar to those in the sand- 
filled valleys. The valley system starts below the relatively steep plateau escarpments. In 
some locations, and more specifically in the southern part of the square, no scarp occurs 
because the sands of the plateaux are continuous with the valley sands. Close to the scarps 
the soils are shallow and contain ironstone gravel, but a few metres downslope the sand 

Precambrian crystalline basement complex, part of the Pan-African shield. The Continen- P 
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Fig. 2. Reflectance and infiltration ratios as influenced by crustal types as referred to the classification of Casenave 
and Valentin (1992). SPOT Channels red (XSl), green (XS2) and infra-red (XS3). (after Courault et al., 1991b). 
G: large gravel (20 mm); G': small gravel (2-20 mm); G": exposed ironpan. ST3, SED, DRY, ERO, see Table 2. 
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Table 1 
Digitized maps incorporated in the GIS 

23 

Type of map Scale Source Information 

Soil 1:500,000 Gavaud and Boulet, 1967 Soil types 
Soil 1:50,000 Pias and Rieffel, 1978 Irrigated soils 
Topographic 1:200,000 Terrain, hydrologic 

Topographic 1:50,000 Terrain, hydrologic 
networks, roads, villages 

networks, roads, villages 

14"N 

13"N 

p/ 
T̂ cc? 

F-J ..... a 
I_____) 

. . .  

. . . . . . . . 

_ _  
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111 

IV 
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VI 

2"E 3"E 

Fig. 3. Major features of the six main geographical sub-regions of the 1" square. (Adapted from Courault et al., 
1991a.) NDVI, normalized difference vegetation index. 
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Unit NDVI mnge Main features Area (%) 

I LOW Low density of plateaux 17.5 
II Low-median Dissected plateaux with steep escarpments ana distinct 41.1 

III Median-high One massive plateau, dense bush with more or less circular 7.8 

IV High Plateaux without steep escarpment, very distinct tiger bush, 13.1 

V High Dallo1 Bosso, large valley, intensively cultivated, shallow 12.6 

VI High Alluvial sand deposits of the Niger valley, rainfed millet and 7.9 

tiger bush, sandy hillslopes cropped with millet 

bare spots (spotted bush) and some tiger bush 

narrow sandy valleys 

water-table 

irrigated rice 
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deposits are usually very thick (9.3 m in the ECSS, Lamotte, 1992) including more or less 
expressed argillic horizons. These sandy, aeolian deposits adjacent to the plateaux are 
referred to as 'sandy skirts' in the Sahel, where there are extensively cultivated with millet. 
Their topsoil has 10% of silt and clay, and falls into the class that is most vulnerable to 
crusting (Poesen, 1986; Van der Watt and Valentin, 1992). Downslope the thickness of 
this sandy and loamy sand soils gradually decreases so that iron-indurated layers are 
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13"N 7 
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2"E 3"E 
L field transects (8) 

A phenologic and radiometric survey (31) 
EPSAT network 1992 

kl. +fallow inventory (67) 

1990 radiometric survey (32) 

Fig. 4. Location of ground observations and transects. 
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locally exposed. A convex toe-slope segment generally links the slope to the stream bed. 
Water and wind erosion are severe in these toe-slopes along with the segments directly 
adjacent to the plateau scarps. A striking feature of these sand valley system is their lack of 
clayey sediments, with the exception of the floors of the very few ponds. 

Terrace sands cover several levels of ironstone. International Cereal Research Institute 
for Semi-Arid Tropics (ICRISAT) Sahelian Center at Sadoré is located on these soils 
(West et al., 1984; Hoogmoed and Klaij, 1990). Morphologically, the soils on these 
sand plains and those of the valley sand systems are equivalent. Nevertheless the soils 
of the valley sand systems are much more susceptible to water erosion and water recharge, 
via run-on from adjacent plateaux (Wilding and Daniels, 1989). 

The eastern fringe of the 1" square consists of the Dallol Bosso. Whether this is a fossil 
valley or a reactivated fault in the Precambrian basement is still disputed. A comprehen- 
sive study of soils in the Dallol Bosso has been conducted by Bui (1986). Nearly 80% of 
this unit is covered with dunes, and 20% with ancient channels (Bui et al., 1989). Many of 
these channels are plugged by sand and form closed depressions that are often alkaline and 
gleyed where the water table is shallow (Bui et al., 1990). 

r: 
Y 

, 

2.2. Basic principles and mapping approach 

Two basic principles guided our study. Firstly, we assumed that surface conditions 
identified in the field could be recognized on satellite images. This assumption was 
checked by field radiometric measurements. Not only did the soil surface colour, and 
more specifically its Munse11 colour code, influence the reflectance but also, for a given 
colour, the reflectance of various types of crusts decreased with soil roughness (Courault 
et al., 1991b; Fig. 2). Secondly it was assumed that runoff parameters could be assigned to 
each type of surface condition, which is consistent with the classification system of 
Sahelian unit surfaces (Casenave and Valentin, 1992). 

The mapping of the region was performed in four steps. First, a preliminary map of the 
main sub-regions was derived from ground survey and a geographical information system 
(GIS) containing images from various satellites and existing maps. Second, a map of 
surface conditions was produced from an extensive ground survey and satellites images 
of 1988. Third, a map of the East Central Supersite (ECSS) was derived from detailed and 
quantified field studies associated with SPOT multispectral images of 1992. Finally, three 
maps of the region were produced with different numbers of classes. 

2.3. Preliminary map development 

A number of existing soil and topographic maps were digitized (Table 1) and incorpo- 
rated in a GIS with the National Ocean and Atmospheric Administration (NOAA) high 
resolution picture transmission (1 x 1 km) advanced very high resolution radiometer 
(AVHRR) red and near-infrared (Channels 1 and 2) data for 24-28 October 1988 and 10- 
20 October 1990. A classification using thresholds of the normalized difference vegetation 

map (1:500 000) resulted in the delineationof sixsub-regions (Fig. 3; Courault et al., 1991a). 
Since the digitized topographic maps were unable to delineate the plateaux properly, 

7 index (NDVI) derived from the red and near-infrared channels of the AVHRR and the soil 
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high spatial resolution data were added. ALandsat multi spectral sensor (MSS) scene of 1 
February 1990 that covered part of the square provided some complementary information 
after a supervised classification, but most helpful were six SPOT multispectral images of 
24 October 1988 covering almost the whole 1" square. The SPOT false colour composites 
clearly separated plateaux (dark green), sandy hillslopes (light green and blue), and valley 
bottoms (white or very pale blue). The combination of these data sets resulted in the 
production of a mask for the plateaux which was used to resolve confusion between 
some dark bare soils of the plateaux and dark, densely vegetated fallow on sandy soils. 

2.4. Map of the East Central Siipersite 
Y 

Eight transects through the ECSS ranging in length between 2 and 4 km were surveyed 
in September 1992 (Fig. 4). Along these transects, 127 homogeneous units were recog- 
nized on the basis of landform; slope gradient; land use (duration of the fallow period, 
type of crops); woody vegetation cover (%) in six height classes (0.25, 0.25-0.50, 0.50- 
1.00, 1-2, 2-4, 0.4 m); herbaceous layer cover in three height classes (0.25, 0.25-0.50, 
0.50 m); dominant woody and herbaceous species; 'unit surface' class following the 
scheme of Casenave and Valentin (1992). These transects were used in the interpretation 
of the SPOT images of 5 October 1992. After a supervised classification, the 127 units 
were placed in 13 classes (Loireau, 1993). 

.I 

2.5. Surface condition maps of the 1" square 

Six multispectral SPOT scenes acquired on 25 September 1992, were classified. 
Atmospheric corrections were carried out using the simplified method for the atmospheric 

Table 2 
Main features of the major crustal types in the region of Niamey (after the classification of soil crusts of Valentin 
and Bresson, 1992) 

Crustal types Thickness (mm) Porosity' Other major features 

Drying (DRY) 0.5-2 High Slight cementation of the 

Structural three layers 1-3 LOW Coarse sandy layer at the 
surficial sandy grains 

top, vesicular fine sandy 
layer, seal of fine particles 
at the bottom 

Sedimentation (SED) 2- > 50 Very low Fine particles at the top, 
coarser particles at the 
bottom, possible vesicles 

Erosion (ERO) < 1  Very low Exposed seal made of fine 
particles, possible vesicles 

Gravel (G) 2-30 Very low Similar to the ST3 type 
including coarse fragments 
and much pronounced 
vesicular porosity 

w-3) 

a Excluding vesicular porosity. 
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Table 3 
Main characters of the major unit surfaces of the Niamey region (after the classification system of Casenave and Valentin, 1992). The diagnostic criteria are in bold 

Characters Unit surfaces 

TW DR1 ST31 ST32 SED1 ERO1 ER02 G1 CI1 c21 a 3  C3 1 

Cultivated No No No No No No No No Yes Yes Yes Yes 
Termitestructures(%) > 3 0  < 30 < 30 < 3 0  < 30 < 30 < 30 < 3 0  <30 <30 <30 <30 

Crustal type No DRY ST3 ST3 SED ERO ERO G - - - - 
Vegetation cover (%) > 50 > 50 < 50 > 50 
Texture of the topsoil - - - - - - - 
Coarse fragments (%) < 40 
Vesicular porosity (%) O 

- - - - < 50 - - - 

< 40 < 40 40 < 40 <40 <40 > 40 < 4 0  <40 <40 < 40 
S s C - 

> 5  5-30 5-30 >30 0 > 30 - - - - > 30 

TW, termite-worms; DR, drying; ST3, structural three layers; SED, sedimentation; ERO, erosion; G, gravel; C, cultivated; s, sandy; c, clayey. 
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Table 4 
Percentages of unit surfaces in each map unit 

Map 
unit 

Unit surfaces (after the classification of Casenave and Valentin, 1992) 

TW DR1 ST31 ST32 SED1 ERO1 ER02 G1 C l l  C21 C23 C31 

Source 

1 95 5 A 
2 20 10 30 40 A 
3 70 25 50 5 A 
4 5 20 40 35 C 7 
5 50 50 C 
6 55 20 25 C 
7 77 5 1s B 
S 90 5 5 C 
9 82 3 15 D 

10 10 45 45 A 
11 55 30 15 B 
12 53 40 7 A  
13 20 74 6 B  
14 65 35 A 
15 5 35 60 E 

Sources: A, Rajot and Estèves (1994); B, Loireau (1993); C, C. Valentin (unpublished data); D, Delabre 
(1993); E, A. De Rouw (unpublished data). 

correction (SMAC) method (Rahman and Dedieu, 1994). A mosaic was prepared to create 
a single image covering most of the 1" square. Geometric correction was performed to 
register the mosaic to the 1:200 O00 topographic map, using 26 control points. A super- 
vised Sebestyen classification method based on the minimization of elliptic distances was 
used. Training sites were obtained from the preliminary classification of the 1" square 
(d'Herbès et al., 1992) and the map of the ECSS (Loireau and d'Herbès, 1994). Depending 
on the required level of simplification, three classifications having 16, nine and six classes 
were created (d'Herbbs et al., 1994), since the main objective was to conform as much as 
possible with the three units defined before the survey for the selection of experimental 
sites: bush savanna of the plateaux, millet fields and fallow. The attributes of each class 
were assessed from field data including (Fig. 4): 

98 observations in a regular grid over the whole 1" square including a description 
of landform, land use, vegetation cover per layer and type (woody and herbaceous) 
and surface conditions (Ouattara, 1992); 
32 additional observations throughout the 1" square on unit surface types (C. 
Valentin, unpublished data, 1992); 
67 observations in various types of bush fallow, 27 in the ECSS plus 40 elsewhere 
in the 1" square, including landform, surface conditions (vegetation and crustal 
type), biomass and the duration of the fallow period (Delabre, 1993); 
20 transects, each 100 m long, on millet fields of the ECSS including crop cover 
and crustal type (A. de ROUW, unpublished data, 1992); 
30 transects 500-2000 m in length across the plateaux of the ECSS including slope 
gradient, vegetation type and cover and crustal type (Delbaere, 1994). 

* 

* 
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Table 5 
Legend with 16 map units of the map of surface conditions. Region of Niamey, 1:200000, SPOT scenes 25 
September 1992 

Class no. Main features Woody Herbaceous Main Runoff Areab 
cover cover soil ratios (%) (%) 

crusta ~- (%) ("/.I 
Dry Wet 

1 Plateau: dense vegetation > 50 < 10 No 3 6 5.2 
2 Plateau: bare soil O O Gravel 77 82 15.1 
3 Plateau: sparse vegetation 20-50 < 10 Erosion 23 27 7.9 
4 Hillslope ironpan < 10 < 15 Erosion 76 81 3.2 
5 Degraded hillslope <10 <5  Gravel-erosion 81 87 7.7 
6 Old dense shrub fallow 25-50 25-50 Drying 30 35 1.3 
7 Old mid-dense shrub fallow 15-25 50-75 Drying 24 29 15.9 
8 Old sparse shrub fallow 10-15 > 75 Drying 18 23 2.8 
9 Mid-old high grass fallow 10-15 50-75 Drying 22 27 12.4 

10 Mid-old low grass fallow 5-10 <50 Erosion-structural 48 55 5.2 
11 Recent fallow <5 50-75 Structural 27 33 1.1 
12 Hillslope high density field C 5 25-35 Structural 25 32 8.9 

14 Valley bottom high density field C 5 25-50 Structural 20 27 6.0 
15 Valley bottom low density field < 5 15-25 Erosion 52 60 3.0 

0.5 16 Surficial waters - - - - -  

I 

..I 

13 Hillslope low density field < 5 15-25 Structural 33 39 3.9 

a See Table 2. 
Percent of the classified area which is slightly smaller than the 1" x 1" square. 

Finally, unit surface type maps of four small watersheds in the ECSS were helpful in 
labelling classes (Rajot and Estèves, 1994). 

2.6. Runoff prediction and validation 

Each unit surface, as referred to the classification system of Casenave and Valentin 
(1992), can be assigned two values of the runoff ratio (ratio between runoff and rainfall); a 
dry value that corresponds to a dry soil and a wet value for the same amount of rainfall 
(50 mm) but for soil that is wet but not saturated. The proportion of the unit surfaces within 
each mapping unit enables the computation of predicted values of runoff ratios for the 
whole area. In the two simplified maps with nine and six classes, ranges of runoff ratio 
were assigned with mean values weighted by the area of each mapping unit. The predicted 
runoff was compared with literature data for plots in similar environments in Niger and 
Burkina Faso. 

y, 
3. Results 

3.1. Maps of surface conditions for the 1" square 

Soil crusts were placed in five classes (Table 2) and unit surfaces in 12 classes (Table 3). 



w 
O 

Table 6 
Legend with nine map units of the map of surface conditions. Region of Niamey, 1:200 000, SPOT scenes 25 September 1992 FL 

Map unit Class no.’ Main features Vegetation Main soil Runoff ratiosd (%) Area (%) 3 
coverb (%) CrustC 3 

1 1 Plateau: dense vegetation W 25-75; No 0-5 3 0-10 6 5.2 s g 
Gravel 70-80 77 75-85 82 15.1 E 

3 3 Plateau: sparse vegetation W 20-50; Erosion 20-30 23 25-35 27 7.9 E 
3 
P 
% 
8 5 6, 7, 8 Old fallow (7 years) W 10-50; Drying 15-35 24 20-40 29 20.0 FL a g 

12.8 ii 7 12, 13 Hillslope fields W 5; H: 15-35 Structural 20-35 27 30-40 34 

s- 
9 Dry range Mean Wet range Mean 

C’ 
H 10 

2 2 Plateau: bare soil w: o; H o 

H 10 

H 5-15 
4 4 , 5  Degraded hillslope W 10; Erosion 75-85 80 80-90 85 10.9 

H: 25- > 75 
6 9, 10, 11 Recent fallow (7 years) W 5-15; H: 75 Drying 20-50 30 25-60 35 18.7 

8 
9 16 Surficial waters - 

I 
Co 

lu 

14, 15 Valley bottom fields W 5; H 15-50 Structural 15-55 31 25-65 38 9.0 lu 

0.5 \o 

3 

- - - - 
a See Table 5. 

W, woody layer; H, herbaceous layer. 
See Table 2. I 
After Table 4, Table 5 and the classification of surface units; Casenave and Valentin (1992). h 

ru o 

. 
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Table 7 * 

Legend with six map units of the map of surface conditions. Region of Niamey, 1:200 000, SPOT scenes 25 
September 1992 

Map Class Main features Vegetation Main soil Runoff ratiosd (%) Area 
unit no.' coverb (%) crustC (%I 

Dry Mean Wet Mqan 
range range 

1 1 Plateau: dense 
vegetation 

2 2, 3 Plateau: 
bare soil 

hillslope 

I 

4 3 4 Degraded 

4 5, 6 Bush-fallow 

5 7, 8 Fields 

6 9 Surficial 

W.25-75; NO 0-5 3 0-10 6 5.2 
H: 10 
W 0-50; Gravel 20-80 58 25-85 63 23.0 
H 10 
W 10; Erosion 75-85 80 80-90 85 10.9 
H: 5-15 
W 5-50; Drying 15-50 27 20-60 32 38.7 
H 25- > 75 
W 5; Structural 15-55 29 25-65 36 21.8 
H: 15-50 

0.5 - - - -  - -  
waters 

a See Table 5. 
W, woody layer; H, herbaceous layer. 
See Table 2. 
&ter Table 4, Table 5 and the classification of surface units; Casenave and Valentin (1992). 

The most detailed classification consisted of 16 classes of land surface conditions. The 
percentage of unit surfaces in each of the 16 classes are given in Table 4, and the means 
and ranges of runoff ratio of each mapping unit are given in Table 5. The same information 
for the two summarized maps is given in Table 6 (nine classes) and in Table 7 (six classes). 

The nine class map is shown in Fig. 5. The location of each unit in a schematic 
toposequence is shown in Fig. 6. 

3.1.1. Plateau: dense vegetation 
This unit occurs mostly in Sub-regions III and IV (Fig. 3). It consists of shrub vegetation 

with bare patches in an ill-defined pattern, or with a banded pattern where the ratio 
vegetationbare soil exceeds 1 (Ambouta, 1984). In diffuse vegetation, the cover may 
be overestimated. Due to the litter cover, the soil crust hardly develops or is rapidly 
disrupted by termite activity. This mapping unit has been categorized as a TW surface 
in the classification of Casenave and Valentin (1992) despite the absence of worms and 
less than 700 mm rainfall. This is because the very porous surface conditions under these 
dense thickets were considered to be very similar to those observed under moister climatic 
conditions. Such a designation seems valid since the thickets receive significant run-on 
from the bare patches (Galle and Peugeot, 1993). 

rJ 

3.1.2. Plateau: bare soil 
In this class, woody vegetation cover is less than 16% which is the lower limit for 



32 J.M. d'Herbès, C. Vnlentiii/Journnl of Hvdrology 188-189 (1997) 18-42 

detection by SPOT (Huete, 1986). It includes not only the bare patches in the tiger bush but 
also, the denuded plateaux in the vicinity of Niamey, the plateau escarpments, and a few, 
very poor millet fields on the sandy deposits of the plateaux. As a whole, this unit is 
characterized by a repeated sequence of impervious crusts (Thiéry et al., 1995), with 
structural crusts upslope, followed by erosion crusts and gravel crusts midslope and 
sedimentation crusts downslope (Valentin and Bresson, 1992). Such surface features 
generate intense runoff (Peugeot et al., 1997). Escarpments are mainly covered with 
free gravel that is not embedded in crusts (Rajot and Estèves, 1994), so that infiltration 
there may be relatively high despite the steep slopes (Valentin and Casenave, 1992). 

3.1.3. Plateau: sparse vegetation 
This class comprises three main types of vegetation: ( I )  sparse shrub bush, diffuse or 

14"P 

13°F 

2" E 3"E 

Fig. 5. Land surface conditions map of the 1" x 1' square incorporating Niamey, with nine classks (see legend 
Table 6) .  

L 
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slightly patterned, (2) tiger bush with a ratio of vegetationbare soil cover 1, mainly in Sub- 
regions II and III, (3) park bush with tallAcacia albida Del. trees. This latter type occurs in 
Sub-region I, on sand deposits on the plateaux where millet is extensively cropped under 
the trees and fallows are very rare. Due to the composite nature of this unit, the values for 
the runoff ratios must be used with caution. 

3.1.4. Hillslope iroilpan 
This unit is encountered mainly in Sub-regions I and II at the foot of the sandy 

skirts. It is characterized by the presence of a shallow ironpan that may outcrop. The 
indurated layer is occasionally more elevated, forming an obstacle to the general 

mounds which is generally seriously crusted. Woody vegetation is concentrated on the 
lower peripheral zones. 

’- 
L drainage from the sandy skirt. Little vegetation occurs on the upper part of these 

3.1.5. Degraded laiid 
This unit is characterized by the extremely low cover of both woody and herbaceous 

vegetation. It is seriously affected by crusting and is eroded by wind and water. It occurs 
primarily on the upper slopes of the sandy skirt at the foot of the plateau scarp and on the 
lower convex hillslope segments. Where land is overused, especially in the vicinity of 
Niamey, this unit can cover entire hillslopes. 

. D.-- c 
I sandy skirt plateau 1 

Fig. 6. Idealized diagram of a typical toposequence of the Niamey region, with typical location of the 16 classes 
(see legend Table 4). s, sand; Is, loamy sand; sl, sandy loam; il, indurated layer. 



Table 8 
Annual average of maximal runoff ratios recorded from various runoff plots in Niger and Burkina Faso 

w e 

~~ 

Location Main features Plot size (m') Rainfall (mm) Maximal runoff Source Classesa 
ratio (a) 

Banizoumbou, ECSS, Niger 

Galmi, Plot no. 11, southem Niger 
Loumbila, central Burkina Faso 
Hamdallaye, Niamey region, Niger 

Banizoumbou, ECSS, Nigex 

Oursi, Plot no. 3, northern 
Bukina Faso 
Oursi, protected plot, northern 
Burkina Faso 
Banizoumbou, ECSS, Niger 

Oursi, Plot 1, northern Burkina Faso 
Galmi, Plot no. 31, southem Niger 
Saria, Plot no.. 3, central Burkina 
Faso 
Oursi, cultivated plot, northem 
Burkina Faso 
Banizoumbou, ECSS, Niger 

Gampela, Plot no. 3, central 
Burkina Faso 
Galmi, Plot 4, southem Niger 

Bare interband in the tiger 
bush 
Bare soil on plateau 
Gravelly bare soil 
Bare eroded soil on convex 
slope 
Bare eroded soil on convex 
slope 
Bare eroded soil 

Protected grass savanna 

Degraded fallow 

Degraded fallow 
Degraded fallow 
Recent fallow 

Millet 

Low dense millet 

Low dense millet 

Low land millet 

130 

50 
50 
40 

43 

50 

2838 

100 

50 
50 

100 

3105 

100 

5000 

50 

560 

455b 
51Sb 
560 

560 

306b 

319 

560 

357b 
548b 
678 

319 

560 

347 

491 

76 

81 
82 
95 

90 

88 

25 

66 

50 
59 
33 

33 

41 

42 

62 

3 Peugeot et al. * 

(1997) 
Collinet (1988) 2 
Collinet (1988) 4 
Zanguina (1994) 5 

Rajot and Estèves 5 
(1994) 
Collinet (1988) 5 

Piot and Millogo 8 
(1980) 
Peugeot et al. 10 
(1997) 
Collinet (1988) 10 
Collinet (1988) 10 
Roose (1981) 11 

Piot and Millogo 12 
(1980) 
Peugeot et al. 13 
(1997) 
Roose and Piot 13 
(1984) 
Collinet (1988) 15 

a As referred to in Table 5. 
Simulated rainfall. 
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3.1.6. Old derise shrub fallow (7 years) 
Owing to the shortening of the fallow period in the region, this unit, which includes a 

relatively dense woody cover, is uncommon and occurs mostly in Sub-regions II and IV on 
sandy valleys and dunes. In the lowest zones and depressions, the ubiquitous Guiera 
seizegalensis J.F.Gme1. is replaced by Piliostigma reticulatuni (D.C.) Hochst. Generally 
these fallows are found at some distance from the villages. 

3.1.7. Old mid-dense shrub fallow (7years) 
This unit is common in every sub-region. Guiera senegaleitsis is the most common 

woody species, with the exception of the plateau sand deposits in Sub-region I and on the 
sandy plain of Sub-region VI where Coinbretum glutinosuin Perr. ex D.C. can locally form 

?. 
.? mono-specific communities. 

3.1.8. Old sparse shrub fallow (7 years) 
This unit occurs on sandy upper slopes in each of the sub-regions, except for V and VI. 

It consists of a dense herbaceous layer with few scattered bushes. The scarcity of trees and 
shrubs may result from the transport of Guiera senegaleiisis seeds by overland flow. 

3.1.9. Mid-old high grass fallow (3-7years) 
Together with Unit 7, this unit forms the major fallow area of the region. It occurs 

mostly in Sub-regions II and IV. It is characterized by a poor shrub cover and a relatively 
dense layer of annual herbs, including Aristida mutabilis Trin. et Rupr., Cenchrus bgorus 
Roxb. and Digitaria gayaiza (Kunth.) Stapf. ex A. Chev. (0.25-0.50 m high) in the early 
and Cteniuin elegaris Kunth. (1 m high) in the late rainy season. 

O 10 20 30 40 50 60 70 80 , 90 100 

Observed maximal runoff ratio (%) 

Fig. 7. Observed maximal runoff ratio (Table 8) and predicted wet runoff ratio Fable 5) values of maximal runoff 
ratio. 
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3.1.10. Mid-old low grass fallow (3-7 years) 
This unit occurs in Sub-regions I, II, V and VI, mostly on sandy skirts, dunes and 

plateaux and in the lower parts of hillslopes. Guiera senegalensis forms a sparse mono- 
specific shrub layer. This unit consists of a mosaic of bare spots capped with erosion crusts 
and sandy micro-mounds covered with a herb layer in which Zornia glocliidiata D.C. is the 
most abundant species. These surface conditions are very common throughout the 
Sahelian zone and have high runoff ratios. 

J.M. d’Herbès, C. ValentinlJournal of Hydrology 188-189 (1997) 18-42 

3.1.11. Receitt fallow (3 years) i 
This poorly represented unit consists of a patchy herbaceous layer with a very sparse 

woody component. The cover is not sufficient to protect the soil surface from the impact of 
rainfall, and structural and erosion crusts tend therefore to develop. L. 

3.1.12. Hillslope high density field 
This unit consists of plots cropped with pearl millet (Peiinisetum glauaim) where stand 

establishment has been successful. The hand-tool used by farmers for periodic weedings 
(usually twice during the crop season) disrupts the structural crusts that tend to develop on 
the soil surface and the runoff production depends therefore upon the cumulated rainfall 
since the last weeding operation (Peugeot et al., 1997). 

3.1.13. Hillslope low density field 
This unit consists of plots where millet did not establish satisfactorily. Cowpea (Vigna 

unguiculata) is frequently intercropped with poor millet but does not provide any signifi- 
cant cover to the soil. 

3.1.14. Valley bottom high density field 
This unit consists of sandy valley bottoms where millet or sorghum (Sorghum bicolor) 

are frequently intercropped with cowpea, sorrel (Hibiscus sabdnriffa), or sesame (Sesa- 
mum indicum). Soil moisture conditions favour the development of a substantial vegeta- 
tion cover which limits crusting and favours infiltration. This unit also includes the sandy 
fans of the gullies located at the bottom of the sandy skirts. (Fig. 6). 

3.1.15. Valley bottom low density field 
This unit occupies fragile, convex toe-slopes. Soils are slightly richer in silt and clay 

than the previous unit and are more prone to crusting. Unlike Unit 14, the soil cover 
remains sparse and is insufficient to limit runoff and consequent water erosion. 

3.1.16. Surficial waters 
In addition to the Niger River, this unit includes temporary water courses and ponds. 

3.2. Hydrological validation 

Fifteen sites in Niger and northern Burkina Faso for which field observations of runoff 
ratios are available were classified according to the 16 map classes described here. These 
sites fell into nine of the 16 classes (Table 8). For each site the wet runoff ratio in Table 5 

i 
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was plotted against the field measurements of the maximal runoff ratio (Fig. 7). A good 
agreement was observed. 

4. Discussion 

Many difficulties encountered in this study arose from the requirements to maintain as 
much as possible the preliminary classification system adopted in the overall HAPEX-Sahel 
measurement campaign that consisted of just tiger bush, bush-fallow and millet classes. 

By way of illustration, all shrub bushland on the plateaux cannot be regarded as tiger 
bush. In a detailed study, based on the structure of individual thickets, Ambouta (1984) 

tion of multispectral scenes of SPOT (20 m) did not enable us to detect individual thickets 
that are most often 15-30 m broad. This problem was alleviated by the use of panchro- 
matic SPOT images with a higher resolution (10 m) which indicated that the bushland type 
seems to be controlled, at least partly, by slight variations in slope gradient (Delbaere, 
1994). 

SPOT HRV images cannot detect a sparse bush cover lower than 16% (Huete, 1986). 
However, even a low density of Guiei-a seiiegaleiisis bushes may play an important role in 
the dynamics and the hydrological behaviour of a bush-fallow (Delabre, 1993). Conver- 
sely, a dense herbaceous layer of mature Cassia miinosoïdes L. can be readily detected, 
and possibly confused with a dense woody cover because of its dark colour when dry, but 
this type of cover has quite different hydrological and ecological characteristics from a 
dense woody cover (Loireau, 1993). 

Compared with field observations, remote sensing data tend to overestimate the area 
occupied by millet fields (Loireau, 1993). In particular, the extent of map Unit 11 (recent 
fallow) has certainly been underestimated since recent fallows can easily be confused with 
fields. Farming practices in the Sahel mean that a field cannot be regarded as a stable entity 
over time. The area cleared during the dry season generally exceeds the area that is 
actually sown during the following rainy season. Owing to the erratic character of rainfall, 
farmers often have to sow several times in the early season and each time the sown area may 
change depending of the available labour. Similarly, the frequency of weeding operations, 
which have an important effect on soil cover, crusting and runoff capability is highly variable 
according to rainfall regime and labour availability. Consequently in late September (the date 

weeds and a large proportion of bare and crusted soil, to a bush-fallow which has been cleared 
a few months previously and where vegetation regrowth has been extensive. Such a source of 
confusion can lead to very equivocal image classification and hydrological predictions. More- 
over owing to the temporal variability, extrapolation of the data collected in July or August 
using a map derived from late September can be misleading. 

4.1. Sites representativeness 

i? 

Li distinguished five types: diffuse, spotted, leopard, punctuated and tiger bush. The resolu- 

l of the SPOT HRV scenes), a range of situations can be found, from a millet field without 

r, 

The issue of site representativeness must be addressed at each stage of upscaling, from 
the local measurements site to supersite, from the supersite to the 1" square, from the 1" 
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square to the Sahelian region. For the first aggregation step, the 1" square map can help to 
determine the class of a local measurement site and thus its representativeness within a 
supersite. For the ECSS, the map based on a more thorough classification of the 1992 
SPOT data provides the most accurate basis for extrapolation. 

One way to examine the representativeness of the supersites is to explore the extent to 
which they represent the sub-regions. Fig. 3 clearly shows that the two largest supersites 
(ECSS and WCSS) are located in Sub-region II, the largest within the 1" square. The 
southern supersite is located near the ICRISAT Sahelian Center, in the smallest sub- 

bush which is more representative of Sub-region II than III. Altogether, the three super- 
sites can be considered as representative of nearly 50% of the 1" square. In the context of 
the Sahel as a whole, it seems sensible to have not sampled Sub-region V (Dallo1 Bosso), 
the characteristic of which can be considered as rather localized. However the lack of 
measurements in Sub-regions I, III and IV is more serious. In particular, the variability of 
vegetation types on the plateaux has not be fully accounted for; the plateaux in Sub- 
regions I and IV are generally more covered with sand deposits than in Sub-region II, 
and vegetation patterning is more conspicuous in Sub-region II than in Sub-regions I, III 
and IV. 

The representativeness of the surface conditions in the 1" square is indicated by a 
regional inventory (Casenave and Valentin, 1989). The choice of the Niamey 1" square 
led to an over-representation of the plateaux and sandy environments. Two important 
surface conditions in the Sahel were not sampled; gravely and clayey plains. For gravely 
plains, data collected in sites belonging to Class 4 are some help. Nevertheless the ubi- 
quitous presence of sand in the 1" square renders it difficult to extrapolate the results to 
Vertisols and other clayey environments which can by no means be ignored in the Sahel 
especially when considering soil moisture-atmosphere interactions. 

Another problem lies in the representativeness of the vegetation of the 1" square in the 
context of the Sahel as a whole. Its most obvious character is its extremely poor species 
diversity of both herbs and woody species. The predominance of Guiera senegalensis in 
almost all landforms and soils seems to be very rare in the Sahel. In the absence of any 
comparison in the literature between the Niamey region and other parts of the Sahel of 
biomass production or biodiversity, firm conclusions cannot be drawn. However the 
Niamey region is generally regarded as very poor in biodiversity and productivity 
(P. Hiernaux, personal communication, 1992), possibly because of the very low soil 
fertility. Soils are primarily derived from the Continental Terminal, either directly or 
through aeolian and alluvial sand deposits that originated from these parent materials. 
As shown by West et al. (1984) at the ICRISAT Centre, these soils are very low in mineral 
reserves and lack minerals which can weather to release nutrients like phosphate and other 
exchangeable bases. The very low clay and organic matter content further reduces natural 
fertility of these soils (Bationo and Mokwunye, 1991). 

regions (VI and III). The sub-site on the plateau in the southern supersite was in tiger I 

3.2. Surface conditions and riinoff production 

Recent studies in the ECSS confirm the major role of surface conditions on runoff 
(Peugeot et al., 1997), and hence on soil moisture distribution (Galle and Peugeot, 
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1993; Seghieri et al., 1994). In particular, it was shown that the type of surface crust as 
referred to the classification of Valentin and Bresson (1992) controls infiltration (Vander- 
vaere et al., 1994) and evaporation (Le Fèvre et al., 1994). Since the predicted values of 
runoff ratio are derived from data obtained on 1-m2 microplots in other Sahelian region, 
two issues must be addressed: (1) can these data been used in the Niamey region; (2) to 
what extend can they be extrapolated to larger areas? Considering Table 8 and Fig. 7, it 
appears that the use of the classification of Sahelian unit surfaces (Casenave and Valentin, 
1992) can be applied in the region at scales ranging from 50 m2 to 5000 m2. This means 
that the aggregation of unit surfaces into a map unit works with respect to predicted runoff 
ratio for areas that correspond approximately to the dimensions of 1 to 5 pixels on SPOT 
multispectral images. This, along with preliminary results indicating that combining 
remote sensing data and the unit surface method can be applied satisfactorily at the 
scale of small watersheds of northern Burkina Faso (Chevallier et al., 1985; Alberge1 et 
al., 1987), seem to suggest that the combination of remote sensing and unit surface 
classification can be used up to the watershed scale. However, it might be hazardous to 
apply this method at scales larger than fields, hillslopes and pond catchments because, for 
larger watersheds, the hydrological network is too discontinuous in the region of Niamey, 
due to the aeolian and colluvial sand deposits in the valley bottoms and possibly fractures 
in the Continental Terminal (Estèves and Lenoir, 1994). 

Merging the 16 classes into nine and six classes resulted in ranges of the mean runoff 
ratio that could not be distinguished between classes, particularly in the cases of bush- 
fallow and millet fields (Table 6 and Table 7). 

?, 

i' 

5. Conclusion 

1. Some possible confusion between recent bush-fallows and millet fields occurred 
because of the limitation of SPOT data which can not detect woody cover lower 
than 16%. This corresponds to a whole range of conditions between a freshly cleared 
land that is left uncultivated to a regularly weeded millet field, leading to confusing 
ecological and hydrological interpretations. 

2. The supersites selected for the HAPEX-Sahel study can be considered as representative 
of nearly 50% of the surface conditions of the whole 1' x 1" square, but some major 
Sahelian components such as clayey plains were not measured. Extrapolation of data 
collected during the campaign to the whole Sahelian region may also be hindered by 
the local conditions in the region of Niamey as indicated by the very low diversity of 
herbaceous and woody species. 

3. Predicted values of runoff ratio were found to be consistent with observed values 
collected from runoff plots in the Niamey region and in other, similar Sahelian 
situations. 

4. This simple hydrological model can be regarded as satisfactory to predict runoff pro- 
duction for small areas, e.g. pixel (20 x 20 m), fields, hillslope and catchments supply- 
ing ponds of 1-10 km2. It can assist therefore hydrologists and ecologists in explaining 

from remote sensing data cannot be applied to larger areas because of the discontinuity 
of the hydrological network in the region. 

I 
. 

b the distribution of soil moisture and vegetation at this scale. However, runoff prediction 
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