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Expansion and Contraction of the Sahara Desert

from 1980 to 1990

CoMPTON J. Tucker, HAROLD E. DREGNE, WILBUR W. NEWCOMB

Data from polar-orbiting meteorological satellites have been used to determine the
extent of the Sahara Desert and to document its interannual variation from 1980 to
1990. The Sahara Desert ranged from 8,633,000 square kilometers in 1980 to
9,982,000 square kilometers in 1984. The greatest annual north-south latitudinal
movement of the southern Saharan boundary was 110 kilometers from 1984 to 1985
and resulted in a decrease in desert area of 724,000 square kilometers.

HE LARGEST DESERT OF OUR PLAN-

I et, the Sahara of Africa, is between

~7,000,000 and ~9,000,000 km?
in area. The northern boundary has been
arbitrarily set to follow the south side of the
Atlas Mountains to Biskra (Algeria) where it
dips southward through Tunisia to the Gulf
of Gabes and from there continues along the
Mediterranean to the Suez Canal (1). The
southern boundary stretches east to west at
~16° to 17°N for 6000 km from the Atlan-
tic Ocean in Mauritania to the Red Sea in
Sudan and is a vegetation-zone boundary.
. At this boundary there is an almost insensi-
ble gradient of plants, animals, and physio-
graphic characteristics into steppe vegeta-
tion of the Sahel zone (2, 3) resulting from
a mean annual precipitation gradient of ~1
mm year ' km™! from north to south.
Uncertainty in and variation of the location
of the boundary between the Sahara and the
Sahel zone has prevented precise estimates
of the extent of the Sahara (4).

Although deserts share a number of fea-
tures (climate, weather, and a low density of
vegetation), most workers have defined
“desert” according to their discipline (5, 6).
We use “desert” to be synonymous with
“arid.” “Semiarid” represents the gradation
of desert into “steppe” and denotes areas of
less aridity, higher and more evenly distrib-
uted rainfall, and higher levels of primary
production. “Steppe” is also imprecise, and
its use varies widely (6).

Largely anecdotal information suggests
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that the Sahara has expanded toward the
south (7-12). The alleged expansion was
attributed in part to climate variation
(droughts) (13) and to land mismanagement
such as overgrazing, increased cultivation,
and firewood cutting (8, 11). This process of
land degradation is called “desertification”
by some (14) and “desertization” by others
(15). The occurrence of a period of wet years
(1950 to 1968) followed by dry years (1969
to 1990) has also contributed to the contro-
versy over the location of the southern Sa-
hara boundary (Fig. 1) (16-18).

Lamprey (12) compared the location of
the southern boundary of desert vegetation
in western Sudan in 1958 with its location
in 1975. He estimated that the boundary
had shifted southward by 90 to 100 km
during the 17-year period, a desert expan-
sion of ~5.5 km year™; this value has been
repeated often in the popular press (9-11).
However, a 1984 field study by Hellden
(19) in the same area found no evidence of
such an expansion.

In order to measure directly the changes in
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Fig. 1. Rainfall departures for the Sahel zone of
Africa from 1900 to 1987 from Nicholson (16).
Note the period of wet years and dry years,
especially from 1950 through the present.

vegetation at this boundary, we used a satel-
lite-derived vegetation index to map interan-
nual changes in vegetative cover and, by
inference, rainfall, along the Saharan-Sahelian
boundary from the Atlantic Ocean to the Red
Sea for the period 1980 to 1990. We hypoth-
esized that annual variations in rainfall would
bring corresponding changes in the density of
vegetative cover. Malo and Nicholson (20)
have shown that the satellite-derived vegeta-
tion index we used is linearly related to pre-
cipitation in the area of our study (Fig. 2).
Vegetation indices are spectral measures
derived from remotely sensed data in the red
and near-infrared spectral regions. The red
spectral response is inversely related to the
chlorophyll density, and the near-infrared
spectral response is directly related to scat-
tering in individual leaves and between leaves
in the canopy. Combining data from these
two adjacent spectral regions compensates for
differences in irradiance and provides an esti-
mate of the intercepted fraction of the pho-
tosynthetically active radiation or photosyn-
thetic capacity (21). These data are also
strongly related to total primary production
when summed or averaged over the growing
season (22). We used a satellite-derived veg-
etation index calculated from meteorological
satellite data and expressed this index in terms
of estimated annual precipitation (Fig. 2).
The area we studied lies between 16°W
and 39°E longitude and 10° and 25°N
latitude. This area includes a sizable part of
the Sahara Desert as well as the Sahel
(23-25). We will use the 200 mm year™*
precipitation isoline as the boundary be-
tween the Sahara Desert and the Sahel
zone, realizing that this is actually the
boundary between the Sahel proper and
the Saharan-Sahelian transition zone. This
is unavoidable as the utility of our satellite
vegetation index approach is limited below
the ~150 to 200 mm yc:ar’l precipitation
isoline because of limited green vegetation.
Satellite data from the U.S. National Oce-
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Fig. 2. Relation between the mean normalized
difference vegetation index (NDVI) and the mean
annual precipitation for 1982 to 1985; ppt, parts
per thousand.
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Fig. 3. Average vegetation index values for the
approximate 200 to 400 mm year ~1 long-term
mean precipitation zone (C) and the Sahara Des-
ert (O) from 1980 to 1990; 1984 was an excep-
tionally dry year (see also Fig. 1). There is a direct
relation between primary production and the
'vegetation index (22), precipitation and primary
production (28), and hence precipitation and the
vegetation index (Fig. 2).

anic and Atmospheric Administration’s
(NOAA) polar-orbiting meteorological satel-
lites were used from 1980 to 1990. Data from
the advanced very high resolution radiometer
(AVHRR) channel 1 (0.55 to 0.68 pm),
channel 2 (0.73 to 1.1 pm), and channel 5
(11.5 to 12.5 um) were used to calculate the
normalized  difference  vegetation  index
(NDVI) (26). |

The NDVI was computed for the Sahel
zone as well as for a 1,000,000 km? area of the
central Sahara and plotted against year (Fig. 3).
Rainfall and hence primary production de-
creased progressively from 1980 to 1984 in the

Sahel zone (Figs. 1 and 3). Nicholson has
reported that 1980 had a rainfall departure of
about —13% from the long-term mean precip-
itation for the Sahel zone, and 1984 was one of
the driest years this century (16, 17). Higher
mean values for the NDVI for the Sahel zone
were found for 1985 to 1990 than for 1984;
these values indicate that conditions improved
in 1985 to 1990 as compared to 1984. Signif-
icant variation in the NDVI was observed in
the Sahel zone over the 11 years of observa-
tion; 1980 was the year of the highest NDVI
and 1984 the lowest. This observation is in
agreement with the meteorological data of
Nicholson (16) and Lamb et al. (17). Annual
precipitation for all 11 years of our study was
below the long-term mean.

Our data document a progressively south-
ward movement of the Saharan-Sahelian
boundary (the 200 mm year ™" precipitation
isoline) from 1980 to 1984 of 240 km (~60
km year™'). We computed this rate by av-
eraging the boundary location at each half
degree of longitude from 15.5°W to 38.5°E
(Table 1). We estimate that the error asso-
ciated with our boundary determination is
+2 pixels or 15 km.

The average southward movement of the
Saharan-Sahelian boundary (the 200 mm
year ™! annual precipitation isoline) from 1980
to 1981 was 55 km, from 1981 to 1982 was 77
km, from 1982 to 1983 was 11 km, and from
1983 to 1984 was 99 km. From 1984 to 1985
there was south-to-north movement (retreat of
the desert) of 110 km followed by a further
northward movement from 1985 to 1986 of
33 km. In 1987 the mean position moved

Table 1. Area of the Sahara Desert and the Saharan-Sahelian transition zone from 1980 to 1990

with the estimated 200 mm year™

! precipitation isoline as the southern boundary. In the central

Sahara, the Adrar des Iforas, Air, and Tibesti mountain areas were included as were the desert areas
for the Eastern Desert of Egypt and the Nubian Desert of Sudan. Changes are relative to 1980.
Nicholson’s (16) Sahelian mean annual precipitation departures from the long-term mean are given
from 1980 to 1987. The northern boundary of the Sahara was the line running from Wadi Draa
(29°N, 10.5°W) on the Atlantic coast along the Saharan Fault to Figuig (32°N, 2°W), Morocco,
from there to Biskra (35°N, 6°E), Algeria, and from there southward through Tunisia to the Gulf of
Gabes (34°N, 10°E). Areas of cultivation on the Mediterranean coast were excluded as was the Nile
delta and river valley. We estimate the mean latitude position error to be *15 km. The error
associated with the total Saharan area is estimated to be 90,000 km? and is the product of the
north-south error (£15 km or +£0.14° of latitude) and the lcngth of the southern boundary (6000
km). The standard deviation appears in parentheses. ND, no data.

Saharan Change Annual Mean latitude and

Year area relative to precipitation range of the 200 mm
2 1980 departure (%) 1

(km?) (kn?) (16) year™ " isoline (deg)
1980 8,633,000 0 -13 16.3 (0.9) 14.3 t0 17.9
1981 8,942,000 308,000 -19 15.8 (1.1) 141 t0 17.6
1982 9,260,000 627,000 —-40 15.1 (0.9) 12.9 to 16.7
1983 9,422,000 789,000 -48 15.0 (0.9) 13.3 to 16.7
1984 9,982,000 1,349,000 -55 14.1 (1.0) 12.1 to 17.0
1985 9,258,000 625,000 -28 15.1 (0.9) 13.3t0 17.3
1986 9,093,000 460,000 =21 15.4 (0.8) 14.0 to 17.1
1987 9,411,000 778,000 —40 14.9 (0.9) 13.3 t0 16.8
1988 8,882,000 248,000 ND 15.8 (0.8) 142 t0 17.3
1989 9,134,000 501,000 ND 15.4 (1.3) 12.8 to 17.6
1990 9,269,000 635,000 ND 15.1 (1.1) 12.8 to 17.4
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Fig. 4. Summary of the mean (dark line), most
northern (dashed line), and most southern (light
line) position of the 200 mm year™! boundary
location from 1980 to 1990 at every 0.5° of
longitude from 15.5°W to 38.5°E. We estimate
the error to be £15 km (£0.14°). See also Table
1.

southward 55 km. In 1988, it moved north-
ward 100 km; in 1989 and 1990 it again
moved southward 44 and 33 km, respectively.
The mean position in 1990 was thus ~130 km
south of its position in 1980. Desert expansion
varied in the 11 years of our analysis from
248,000 km?> (1988) to 1,349,000 km?®
(1984), all relative to 1980. The 1984 expan-
sion represents a 15% increase in the size of the
Sahara as compared with 1980. We estimated
that the area of the Sahara and the Sahara-
Sahelian transition zone was 8,633,000 km? in
1980 (Table 1).

The north-south movement of the 200 mm
y«:ar_1 isoline varied greatly across the south
side of the Sahara (Fig. 4). Variation was high
from Mali through central Niger and from
eastern Chad through western Sudan. Varia-
tion was low in southern central and southeast-
ern Mauritania and from central Niger through
western Chad. Rainfall, and hence vegetation
distributions, vary in space as well as in time in
this area.

The observed low variability in the inter-
annual movement of the 200 mm year“1
isoline in Mauritania and from central Niger
through western Chad has implications for
detecting desertification. The ability to detect
changes should ‘increase in areas of lower
interannual variability. Interannual variations
mean that it would require a decades-long
study to determine whether long-term expan-
sion or contraction of the Sahara is occurring.
Our data provide a baseline for comparison
with future data (27).
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Organic Molecular Soft Ferromagnetism in a

Fullerene Cg,

P1ERRE-MARC ALLEMAND, K1sHAN C. KHEMANI, ANDREW KOCH,
FrRED WubDL, KaArROLY HOLCZER, STEVEN DONOVAN,
GEORGE GRUNER, JOE D. THOMPSON

The properties of an organic molecular ferromagnet [C4,TDAE, g¢; TDAE is tetra-
kis(dimethylamino)ethylene] with a Curie temperature T, = 16.1 kelvin are described.
The ferromagnetic state shows no remanence, and the temperature dependence of the
magnetization below T_ does not follow the behavior expected of a conventional
ferromagnet. These results are interpreted as a reflection of a three-dimensional system

leading to a soft ferromagnet.

HE QUEST FOR A NONPOLYMERIC

organic ferromagnet has intensified

during the past 5 years with varying
results (1-10). Curie temperatures (77’s) on
the order of 1 to 2 K have been observed
(7-12). An organometallic molecular ferro-
magnet with T, of ~4 K has been known
for sometime (13), and similar systems with
T, of 6.2 K (14) and 8.8 K (15) have
recently been reported. Polymeric ferromag-
nets with T’s claimed to be greater than
300 K have also been described but their
characterization remains incomplete (2, 16),
and the possibility of a polaronic, polymeric
ferromagnet has appeared (17). We report
on the preparation and preliminary charac-
terization of an organic molecular solid with

a transition at 16 K to a soft ferromagnet

state.

Our interest in the preparation of materi-
als based on the reduction (n-doping) (18,
19) of fullerenes (20-25) prompted us to
explore the use of strong organic reducing
agents such as tetrakis(dimethylamino)
cthylene (TDAE). Addition of a 20 M ex-
cess of the donor to a solution of Cgq in
toluene in a dry box afforded a black micro-
crystalline precipitate of C4o(TDAE), g6 [Or
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(Cs0)1.16 TDAE] (26). The extremely air-
sensitive (27) solid was washed with toluene
and loaded into a capillary tube prepared
from a Pasteur pipette, which had been
previously sealed at the narrow end. The
wide bore end of the pipette was then
connected to a 5-mm vacuum stopcock, and
the pipette was removed from the dry box to
seal the sample under He in a vacuum line at
~2 cm above the powder fill line. The
sample was then cooled in zero field in an ac
susceptometer and then allowed to warm in
an applied field of <0.1 Oe. Surprisingly,
the transition observed was apparently to a
ferromagnetic state.

The sample was studied in greater detail
by dc magnetization (M) measurements tak-
en on a Quantum Design superconducting
quantum interference device (SQUID)
magnetometer. Care was taken to ensure
that the sample was not exposed to a field
gradient greater than 0.03% of the applied
field. In Fig. 1 we show M as a function of
T for the sample cooled and warmed in an
applied field H, ~ 1 Oe. Two significant
observations can be made from Fig. 1: (i)

- although M increases sharply below T, ~

16.1 K as expected for a ferromagnet, the
temperature dependence of M does not fol-
low that of conventional mean field theory;

- and (ii) within experimental error, there is

no hysteresis between cooling and warming.
The structure in M(T) below 10 K is field-
dependent; similar measurements in applied
fields of 10, 100, and 1000 Oe show that

with increasing field the minimum at 8 K
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