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Detection of Holocene Lakes in the Sahara
Using Satellite Remote Sensing

E.F. Lambin, J.A. Walkey, and N. Petit-Maire

Abstract
During the Holocene warm optimum, the Saharo-Sahelian
limit was located at 22" to 23" N Latitude, sahelian biotopes
and surface water being recorded all across the cunent
soutJrern Soharo. The extension of lakes during the last
warm Holocene optimum is related to the range and fre-
quency of monsoonal rains and/or of Atlantic cyclones. Our
objective is to produce a record of Holocene surface watet
extension in an area presently hyperarid. This study demon-
strates the feasibility of detecting the localization of pdeo-
lakes by analyzing the spectral information of rcmotely
sensed data. The spectral signature of evaporitic deposits re-
lated to the drying up of paleolakes is separable in the red
and near-infrared wavelengths from the spectral signature of
the surrounding land-cover classes. The most appropriate
spatial rcsolution - jn the range of resoiution cell sizes of
Current sensors - to discriminate the residual recotds of pa-
leolakes is B0 metres.

lntrcduction
Geological and biological evidence in the Saharan basins,
east to west, demonstrates that past cold (glacial) global epi-
sodes and past warm (interglacial) global episodes have re-
sulted in, respectively, extensions and regressions of the
desert belt. The Saharo-sahelian limit can be defined as
roughly corresponding to the 100-mm isohyet. During the
Las{ Glacial Maximum, at 20,000 B.P., this limit was located
around 13'to 14" N latitude (Talbot, tg8+). During the Holo-
cene warm optimum, this l imit was located at 22'to 23'N
Iatitude (Petit-Maire, 1991). Sahelian biotopes and surface
water (lakes or swamps) were recorded at those latitudes
throughout the large basins from the Atlantic to the Red Sea
(Petit-Maire and Kropelin, 19S1). To obtain a synoptic repre-
sentation of surface water extension in the present Saharan
area, there is a need to connect spatially all the local obser-
vations. Satellite remote sensing is the most appropriate tool
to provide such a coarse scale representation because geolog-
ical surface features show distinctive spectral patterns on re-
motely sensed data (Petit-Maire and Page, 1992). In this
preliminary study, we test the feasibility of detecting Holo-
iene paleolakes on the basis of the spectral information of
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remotely sensed data. If this feasibility is demonstrated, we
can deflne the spatial resolution of remotely sensed data that
is the most appropriate to detect paleolakes. We shall also at-
tempt, if posiible, to characterize by remote sensing their
surface and contours.

Radar imaging from space has been used to detect sand-
buried channeli of ancient river and stream courses in desert
environments (e.g., McCauley et al., 1sB2), but the detection
of paleolakes doel not necessarily require the ground-pene-
traiing capability of radar systems. Passive satellite remote
sensiig techniques have never been applied before to the
mappiig of paleolakes, but a few authors have shown the
p.utiica-bititv of fine resolution satellite data in detection of
ialine soil (Sineh et al., 1.983; Singh and Dwivedi, tg8g;
Manchanda, 19-g+; Sommerfeldt ef 01., 1985). Some of the
minerals formed at the surface of agricultural fields by salini-
zation and waterlogging are the same as found in the resid-
ual deposits of paleolakes. Gore and Bhagwat (1991) have
shown that higlily saline soils correspond on Landsat MSS
data to the brightest white patches. These authors could ex-
tract different ilasses of saline areas using a Soil Brightness
Index. In the work of Stoner and Baumgardner {1980), soils
with gypsic mineralogy, a very common feature for residual
paleolile deposits, were also found to have the highest spec-
tral reflectanies on average, for all observed wavelengths,
among over 240 United States and tropical soil series.

The Holocene Lakes in the Taoudenni Basin (Nofthem Mali)
In the hyperarid central Sahara, a string of Holocene paleo--
lakes is iocated along a 125-km long depression, between EI
Guettara and Taoudenni. A detailed description of these is
given by Fabre and Petit-Maire (1988) and Petit-Maire (1991).
A bri"f 

-r.r*-ary 
of their main characteristics will be given

here.
Between 9000 and 4000 years B'P. + 500 years, perma-

nent lakes existed in this area. They were fed by runoff and
karstic emergences foom a limestone Carboniferous plateau to
the north, into a flat red clay country. The hydrological opti-
mum was between 8500 and 6700 year B.P. when rainfall
seasonality strongly decreased, indicating both monsoonal
and Atlaniic preclpitation patterns. Between 4400 and 3500
year B.P., all lakes dried up,some leavinS^saline evaporites-
(Agorgott), others leaving carbonates, still forming visible pil-
lari and yardangs (Haijad), or travertines with gypsum in
small depressions (Telig) (Figure 1). The upper layer of tt 'e
depositsbf the Agorgott brackish lake consists of pale red
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sebkha sandy clays with halite brought to the surface by cap-
il lary action.

Detection of Paleolakes on SPOT Data

Data
We have processed and interpreted one seor image in the
multispectral mode coverins the Taoudenni area. In that
mode,ihere are three specti l  bands (green, red, and near-in-
fraredl with a nominal soatial resolut ion of 20 metres. These
data were acquired on 6 May 1986 in clear-sky condit ions
and include the three oaleolakes described in the last section
(Figure 2). The image iras been geometrically corrected and
registered to the 1:200,000-scale topographic map of Taou-
denni in the UTM projection. No atmospheric correction has
been performed. A contamination of the satel l i te image by at-
mospheric aerosols would only be a problem for this study i f
the optical thickness of the atmosphere had varied through
the scene. As reference data, we have used the photogeologic
interpretation of the area fFabre, 1983); field data from Fabre
and Peti t-Maire (rgee), Fabre (rgsr), and Oxnevad (19s1);
and a prel iminary study of SPOT images (Page ef o,1., rgsr).

The digital image processing has been performed with the
sof tware PCI EASI/PACE 5.0.

Spectral Separability Measure
A procedure commonly used in remote sensing is to deter-
mine, before classifying the data, the mathematical separabil-
ity of classes. We are particularly interested in knowing how
separable the spectral signature of paleolakes is from the
spectral signature of the surrounding land-cover classes, de-
fined through field surveys (Fabre, 1991). The spectral re-
sponse of salts and carbonates has been compared to the
response of four other classes: "Red Country-1" (sandstone
covered by sand), "Red Country-2" (exposed sandstone), car-
bonates and Hammadian marls, and Hammadian l imestone.
To perform the interclass separability analysis, the Jeffries-
Matusita (Jtvt) distance (also called the Bhattacharrya dis-
tancel has been calculated between the evaporites and the
other classes. This distance is a measure ofthe average dis-
tance between two class density functions which have a nor-
mal distribution. It has been dernonstrated that it performs
consiclerablv better as a separabilitv measure for multivariate
normal speitral class models than hivergence and is equiva-

il

Figure 1. Field map of the area berween Taoudenni and El Guettara, with paleolakes location (from Fabre
and Petit-Maire, 1988).
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Figure 2. lmage subset of the SpoT xs Band 3, with the paleolake locations. Paleolacustrine evaporitic de-
posits appear as bright white patches. A : Agorgott; T : Telig; H : Haijad. Dikes can be seen as l inear
features. @ SPOT image Copyright 1990 CNES.

lent to transformed divergence (Swain et ol., L97L), By con-
trast to the Mahalanobis distance, the IM distance has a
saturating behavior with increasing class separation, as does
the probabil i ty of correct classif icat ion. A fM distance of 2.0
between two spectral classes would imply classif icat ion of
pixel data into those classes (assuming they were the only
two) with 100 percent accuracy, i f  probabil i ty distr ibution
class models are employed and i f  the density functions are
normal (Richards, 19BG).

The spectral signatures of the different classes have been
defined by selecting training areas from the ref'erence data.
Each class was represented by a sample of prototype pixels

TneLE 1. JEFFRTES-MArusrr^ ,j[L_t;lli::s BETwEEN Evnpontres AND rHE

which have, on the photogeologic map, the attributes of that
class. Means, standard deviat ions, and covariance matrices
for the three sPoT bands were extracted for each class, and
pairwise JIra distances were calculated between evaporites
ind al l  the other classes, f i rst,  taken individual ly, and then
merged in coarser categories (Table 1).

These results demonstrate that the evaporite and carbon-
ate spectra are highly separable from the spectra of the other
classes. I t  can also be seen that, for the maximum-l ikel ihood
classif icat ion, the potential for discriminating the evaporites
from the rest is larger if the other classes are treated sepa-
rately rather than clustered together. This is explained by an
increase in covariance when dissimilar classes are clustered.

Classification
The scatterplot of the red and near-infrared bands has been
produced (Figure 3). As can be expected (Crist and Cicone,
isa+), most of the pixel data fal l  along the so-cal led "soi l

l ine" (the diagonal of the scatterplot).  Al l  the evaporite pix-
els are located at the extreme end of the soi l  l ine, having the
brightest spectral response both in the red and near-infrared
wavelengths. This observation suggests that an automatic de-
tect ion of this class should be possible using the spectral in-
formation in these two bands only. A classification of the
evaporites spectral class has been attempted using a simple

Carbonates
Sand and

covered Exposed Hammadian
sandstonesandstone mar ls

Hamnradian Avr: rage lM
l imestono distance

Evapor i tes 2.OO 2.OO
Evapor i tes 2.OO
Evapor i tes 1.951
Evaporites

1 . 9 5 1  1 . 9 8 1
1 . 9 3 8

1 . 9 8 1
1 .904

1 . 9 8 3
1 . 9 6 9
1 .966
1 .904
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Figure 3. Scatterplot of the red and near-infrared bands.

thresholding of the red and near-infrared bands. This is
equivalent to a two-band parallelpiped classification. The
third sPoT band was not used in the classif icat ion because.
for this image, it is highly redundant with the red band (cor-
relat ion coeff icient of 0.96). The photogeologic interpretat ion
of the area has been used to select training areas over several
known evaporite deposits. The threshold to extract paleolake
pixels has been defined as the value two standard deviations
below the mean of the training data for that class, in the two
bands. This interval is displayed on Figure 3 and includes
about 95 percent of the values of the class. The brightness
values ofthe threshold are 140 in the red band and 159 in
the infrared band. All pixels with a spectral response above
that threshold correspond to evaporit ic pixels. Al l  pixels
with a spectral response below that threshold correspond to
other classes. This simple approach al lowed us to map the
extension of the evaporit ic deposits.

Evaluation of the Method
Given the great difficulty in performing field work in this
part of the Sahara, field data have not been systematically
measured at the pixel level, according to a pre-defined sam-
pling scheme and with a location accuracy satisfactory
enough to control the satel l i te-derived map at the pixel scale.
However, in addit ion to the photogeologic interpretat ion of
the area, very good reference data from past expeditions in
the Taoudenni basin are available (Figure 1). Therefore, our
product was evaluated at the scale of the paleolakes.

Concerning the location of the paleolakes, the classif ica-
tion results were in very good agreement with the reference
data. For the estimation of the areal extent of the oaleolakes.
the evaluation is more comolex because the lakes-extension
has varied throughout the Fiolocene. However, the areal ex-
tent of the apparent evaporit ic deposits of the paleolakes, as
estimated by remote sensing, can be compared to the total
areal extent of the topographical depression, as estimated in
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the field. These estimates are based on an interDretation of
the topography and geology of the landscape (Fabre, 1991),
and correspond to the maximum limit of the pofenfial lake
area.

As shown in Table 2, the remote sensing analysis detects
the surface features associated with paleolakes but only clas-
sif ies a small portion of the topographical depressions which
are at the origin of these paleolakes. The bright signatures
which are extracted by thresholding the red and infrared
bands correspond to the surface of exposed salt, carbonate,
and gypsum deposits, e.g., the residual records ofthe past
lake extension. This approach gives only a mlnimum figure
of the past lake surface, and therefore leads to omission er-
rors. The surface of the topographical depression sets the up-
per limit of the lake extension, but this does not mean that
the lake necessarily filled the whole depression at one period
of the Holocene. This raises the question of what are the real
Iimits of the paleolakes, knowing that there have been signif-
icant variations of the lake level throughout the Holocene
(Fabre, 19S1). If the threshold to discriminate the bright
evaporite deposits is lowered, a commission error is pro-
duced; pixels corresponding to the Hammadian carbonates
and limestone at the northeast of the lake boundaries are in-
cluded in the class at the same time as pixels within the lake
depression.

Discussion
In summary, the location of residual evaporitic paleolake de-
posits by remote sensing is feasible, using a simple thres-
holding of the red and near-infrared bands. This
classification technique can be easily automated to process a
large amount of satellite data in order to detect paleolakes
over a much wider area of the Sahara. Concerning our sec-
ond objective, the characterization by remote sensing of the
surface and contours of paleolakes, the results are disap-
pointing. While it is not possible, with the field data cur-
rently available, to quantify the magnitude of our omission
error, it is likely to be large when considering the maximum
actual lake extension, which is unknown but assumed to be
approximate to the area of the topographic depression. This
underestimation is explained by the fact that evaporites do
not cover the entire extent of the original lake surface due to
the original physical process of evaporite formation and to
the subsequent aeolian deflation of evaporite deposits.

0ptimal Spatial Resolution
In order to estimate the cost, in terms of data acquisition and
processing, of mapping evaporite deposits throughout the Sa-
hara, it is important to determine what is the optimal resolu-
tion-cell size to discriminate the residual records of
paleolakes. The selection of an optimal spatial resolution and

Tngre 2. CoMpARrsoN or tne EsrrvnteD RESTDUAL EvlpoRrrrc AREA wtrH THE
Tornr SuRrncr oF THE DEpRESStorus nr TElrc. Heuno. nlto Aconcorr

Satel l i te
estimation of

evaporites
Area of the
depression

Proportion of
the

depression
area

Tel ig
Haifad
Agorgott'

7.3 km'?
55 .0  km '
52 .3  km '

0.2 km'
6.0 km'?
2.91 km'?

2.7  4o /o

1 .D9o/o

5 .CO" /o

1 Estimations only for the portion of the lake which is on the SpoT
image (44% of the total area of the lake).
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spatial scale depends on the spatial structure of the land-
scape and the type of information that is to be extracted
(Woodcock and Strahler, 1,987).

Method
The sPor data have been analyzed at their original spatial
resolution [20 metres in the multispectral mode) and have
then been degraded to successively coarser resolutions, ap-
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proximating the response of other satellite sensor systems: B0
metres (Landsat Multispectral Scanner) and 1.1 kilometres
(nvunn LAC/HRPT data). Landsat Thematic Mapper data have
not been simulated because their spatial resolution (30 me-
tres) is only slightly coarser than t[e resolution of spot data.
The simple aggregation and averaging of sror pixels do not
produce a perfect simulation of the actual Landsat and
AVHRR data, because these sensors are characterized by dif-
ferent point spread functions, modulation transfer functions,
and spectral resolutions. However, this study only explores
ranges of resolutions and there is no need to mimic exactly
the response of particular sensors. At every resolution and
for every paleolake, the data have been reclassified using the
same threshold values, and the new maps have been com-
pared to the map produced at the 20-metre resolution.

Results
The results demonstrate that, among the spatial resolutions
of current satellite sensors, the B0-metre range (Landsat MSS)
will lead to the highest classification accuracy. To illustrate
this point, brightness values at three resolutions have been
plotted along an east-west transect which crosses the topo-
graphical depression and the evaporitic deposits of the Hai-
iad lake, a medium size paleolake. The different transects are
shown on Figure 4 for the red band, and Figure 5 for the in-
frared band. At the sPor resolution (Figures 4a and 5a), the
brightness values along the transect exhibit many local varia-
tions, especially through the evaporite deposits (brighter pix-
els). This is consistent with the findings of Woodcock and
Strahler (1987) who have shown that, when the resolution-
cell size is much smaller than the obiect to be discriminated,
the local variations of brightness values corresponds to
changes in scene composition at a scale finer than the scale
of the obiect. This within-class variance decreases the spec-
tral separability of the evaporite class and results in a lower
classification accuracy. At the BO-metre resolution (Figures
4b and 5b) some of the within-lake variation has been
smoothed by the averaging effect related to the larger resolu-
tion-cell size. The spectral separabil ity of the paleolake wil l
thus be higher at this resolution. At the 1.1-kilometre resolu-
tion (Figures 4c and 5c), only one pixel has a value larger -
but only slightly - than the threshold in the red band and,
in the near-infrared band, the paleolake is barely detectable.
This resolution is therefore too coarse compared to the size
of the lake: most of the 1.L-km pixels fall across evaporit ic
deposi ts  and surrounding matei ia ls .  and average thei r  br ight-
nesses values. The oresence of these mixed pixels removes
the possibility of loiating evaporite deposits reliably. Any
smaller or narrower paleolake would stay undetected. As a
conclusion, the most appropriate spatial resolution in the
range of resolution cell sizes of current sensors is 80 metres.

Conclusion
The digital analysis of remotely sensed data could detect and
locate the evaporitic deposits related to the drying up of pa-
leolakes through an empirical analysis of radiances in the
red and infrared wavelengths. Even though we demonstrated
that the areal extent of paleolakes cannot be estimated, their
simple detection and location remains a useful appl icat ion,
especially if applied at the scale of tropical deserts. It will al-
Iow an inventory of previously unknown paleolakes to be
made. From that, it will be possible to infer changes in at-
mospheric paleocirculat ion based on the presence of surface
water and modifications of the Precipitation/Evaporation ra-
t io. This wil l  contr ibute to the improvement and test of cl i-
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matic models. In order to map and quanti fy the exfension of
surface water during the humid optimum, remote sensing
techniques wil l  have to be combined with f ield surveys or
aerial photointerpretation for a finer estimation of the actual
past surface of individual lakes. The project of detecting and
locating most Holocene paleolakes in the now arid part of
northern Africa would involve the processing of a very large
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amount of data. In order to cover the region lying between
30'and 17" N, from the Atlantic shore of Mauritania and Oc-
cidental Sahara to the Red Sea shore of Sudan, the handling
of 300 Landsat MSS scenes would be reouired.

In addit ion to i ts contr ibution to paleocl imatology, the
method presented here has potential applications in archae-
ology. The presence of surface waters in the present Sahara,
as in other dry areas, attracted animal and human popula-
tions. Many Holocene lacustrine shores are rich in archaeo-
logical sites. The detection of paleolakes can therefore be
used to locate privi leged sites for f ield investigations.
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1'4th. Biennial Workshop on

Color Aerial Photography and
Videography for Resource Monitoring

The Fourteenth Biennial Workshop on Color Aerial Photography and Videography for Resource Monitoring
Workshop was developed to bring together those individuals who are involved in the growing number of
applications being developed using aerial photography and videography. This proceedings contains 22 of the
papers that were presented at this meeting.

The workshop was sponsored by the American Society of Photogrammetry and Remote Sensing (ASPRS)
and the Department of Biological and Irrigation Engineering and Conference and Institute Division at Utah State
University. Held in Logan, Utah, May 1993. Topics include:

. Systems and Image Processing I o General Applications . Agricultural Applications
o Systems and Image Processing II o Forestry Applications o Delineation of Wetlands and
. Delineation of Wetlands and . Fisheries Habitat Monitoring Riparian Vegetation II

Riparian Vegetation I
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