Desertification, Drought, and _=
Surface Vegetation: An Example
from the West African Sahel

‘ [

:

S. E. Nicholson,* C. J. Tucker,* and M. B. Ba**#

ABSTRACT

Many assumptions have been made about the nature and character of desertification in West Africa. This paper
examines the history of this issue, reviews the current state of our knowledge concerning the meteorological aspects of
desertification, and presents the results of a select group of analyses related to this question. The common notion of
desertification is of an advancing “desert,” a generally irreversible anthropogenic process. This process has been linked
to increased surface albedo, increased dust generation, and reduced productivity of the land. This study demonstrates
that there has been no progressive change of either the Saharan boundary or vegetation cover in the Sahel during the last
16 years, nor has there been a systematic reduction of “productivity” as assessed by the water-use efficiency of the veg-
etation cover. While it also showed little change in surface albedo during the years analyzed, this study suggests that a
change in albedo of up to 0.10% since the 1950s is conceivable.

1. Introduction The term desertification evokes an image of the
“advancing desert,” a living environment becoming
The highly populated West African Sahel has histerile and barren. But this is not an accurate picture
torically been prone to long and severe droughts. T{Nicholson 1994a). Desertification is a process of land
most recent began in 1968 and relatively dry condiegradation that reduces its productivity, and its im-
tions have persisted since then. Commensurate withict may be confined to relatively small scales. It has
this drought arose the idea that the region was undaegen most severe in arid and semiarid regions, and
going a process of desertification that may have erost of such regions are at risk if not properly man-
acerbated or even caused the drought and at lesggtd. However, the extent of affected lands has been
enhanced its impact. For example, in a now classixaggerated and the issue of desertification has be-
paper, Charney (1975) speculated that albedo chang@®e a controversial one, suffering from a dearth of
related to overgrazing and denuding of the hightlata and rigorous scientific study (Mainguet 1991;
reflective soil produced a decline in rainfall in th&raetz 1991; Verstraete 1986; Hellden 1991; Thomas
region. and Middleton 1994). Moreover, the “advances” of the
desert during recent years closely mimic fluctuations
R of rainfall in the Sahel zone (Tucker et al. 1991).
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accompanying changes in surface albedo, and of a struction of the biological potential of the land
decline in productivity. and its ability to support population.

More recently, the United Nations changed its defi-
2. Background nition to read

Nearly two decades ago the United Nations (1980) land degradation in arid, semiarid and dry sub-
announced that desertification had affected some humid areas resulting from various factors, in-
35 million kn of land globally and that overall 359 ~ Cluding climate variations and human activities
of the earth's land surface was at risk of undergoing ("Uigdefabregas 1995, Warren 1996).

similar changes. The official U.N. definition was ) ) ] o
A trigger for the surge of interest in desertification

diminution or destruction of the biological po- was the drought that ra-v_aged the Sahel in the early

tential of the land [which] can lead ultimately 1970s. Reportedly, a million people starved, 40% to

to desert-like conditions. 50% of the population of domestic stock perished, and
millions of people took refuge in camps and urban

Other definitions abound, with most ignoring the réiféas and became dependent on external food aid

lationship to climate; thus, most definitions encapsuigraetz 1991). At the same time satellite and photos
the idea that desertification is showed evidence that human activities can impact land

on a large scale. International borders separating
the expansion of desert-like conditions and grazed and ungrazed land, such as in the Sinai and

landscapes to areas where they should not oc- Negev, were vividly seen from space, and heavily

cur climatically (Graetz 1991). grazed areas appeared as brighter spots on satellite
images.
Mainguet (1991) proposes a more encompassing defi-Many general causes of desertification have been
nition: identified (Warren 1996). Its roots lie in societal

changes like increasing population, sedentarization of
Desertification, revealed by drought, is caused indigenous n(_)me_tdlc peoples, bregkdown (.)f traditional
by human activities in which the carrying ca- market and livelihood systems, introduction of new
pacity of land is exceeded; it proceeds by ex- and inappropriate technology in the affected regions,
acerbated natural or man-induced mechanisms, and, n gener_al, bad strategies of land management.
and is made manifest by intricate steps of veg-  Associated with these changes are growing livestock
etation and soil deterioration which result, in numbers, overcultivation, intensive irrigation, and
human terms, in an irreversible decrease or de-  deforestation (Fig. 1). Animals cluster around the few

(@) (b)

Fic. 1. (a) Grazing animals in the Sahel contribute to the desertification problem. (b) Selling of firewood along roadwagiaBotsw
gathering of fuelwood contributes to desertification.
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Fic. 1.Continued(c) Millet cultivation in a desertified landscape in West Africa near Niamey, Niger. (d) Highly reflective soils in
agriculture field in Botswana. (e) Agricultural burning in the savanna of Botswana. (f) Grazing animals around a well io;Morocc
desertification often begins as a result of the grazing pressure around such isolated wells. (g) Desertified landscapilistentr
lia, near Alice Springs. (h) Atmospheric dust loading is increased as a result of soil erosion, a process of deserntifiestsad |
dustiness also accompanied the increasing aridity in the Sahel (N'Tchayi Mbourou et al. 1997).
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available wells, overgrazing the surrounding lantljal absence of ecological detail. Attention was paid
trees and shrubs are removed to produce fuel wotwlhigher levels of ecosystem function, for example,
charcoal, or agricultural land; the land becomes inumbers of livestock and harvest quality rather than
creasingly impacted by wind and water erosion. manifestations of desertification on soils and vegeta-
This alters the land’s topography, vegetation, atidn (Graetz 1991). Sweeping conclusions were drawn
soils. The topsoil is eroded and tracts of land afirem miscellaneous observations with no measure-
washed away, producing huge gullies. The finer sailents or systematic assessments of the actual changes.
materials increase the atmospheric dust loading. THee U.N. Environmental Programme (UNEP) pro-
soil's texture, organic matter, and nutrient contents ateced, for example, a map of desertification severity
changed in ways that reduce its fertility. Poor irrigdhat was largely extrapolated from risk factors in the
tion and management practices lead to salinization ax/ironment; de facto, it was a map of vegetation and
waterlogging of the soil. The land cover may beconatimate and contained virtually no information on de-
more barren or diverse, and nutrient-rich species aertification status. Consequentially, the extent and
replaced by vegetation of poorer quality. The carrgeverity of desertification was largely exaggerated.
ing capacity of the land is reduced. At the heart of the problem was the intentional
The concept of good lands becoming deserts tesnination of climate as a possible cause of deserti-
resurged from time to time since the beginning of tlieation. This was unfortunate because nearly all of the
twentieth century. With the claims of Charney (197%¢w actual assessments extended over periods of
and others that the 1970s Sahel drought was a redubught or rainfall decline. Thus, while desertification
of desertification and the U.N. proclamation that sonitself was defined as anthropogenic, the evidence used
35 million kn? of land had already been lost, this topito assess it could equally have been a product of cli-
became the focus of much scientific, political, anatic variability. A good example is the pivotal work
institutional attention. Nevertheless, we still do natf Lamprey (1975), who quantified desert encroach-
have any true understanding of the process nor angnt in the Sahel using maps from the 1950s and aerial
accurate assessment of the extent and degree of desareys from 1975. He concluded that between 1958
tification globally. Unfortunately, most of the evidencand 1975 the desert had advanced southward in the
of desertification is from locations and time periodsestern Sudan by 90-100 km. During this same
that were simultaneously affected by drought or longeriod, rainfall in the Sahel declined by nearly 50%
term declines in rainfall. Consequently, there is di§=ig. 2) with a somewhat lesser reduction in the west-
agreement concerning the causes and processesrofSudan (Nicholson 1990).
degradation, the extent to which the changes are natu-Other aspects of the desertification issue were also
ral or man-made, the amount of land affected or at riskiallenged. Scientists at Lund University in Sweden
and the reversibility of desertification. did extensive studies in the Sudan to test some of the
tenets of desertification (Hellden 1984; Olsson 1985;
Ahlcrona 1988). They showed through a combination
3. The controversy surrounding of field work and analysis of satellite photos that there
desertification was neither a systematic advance of the desert or other
vegetation zones, nor a reduction in vegetation cover,
From the onset of interest in desertification in thEthough degradation and replacement of forage with
1970s, the issue has caused considerable controvemody species was apparent. There was no evidence
A major point of dissention was the relative roles @ff a systematic spread of desertified land around vil-
climate and people in the process. The
nature and impacts of desertification
were also disputed. Much of the contro- SAHEL ——u. |

. e 1 F
versy resulted from the lack of scientific HH ) ﬁ”nnnﬂrﬂrﬂﬂﬂ L Wmmn n

rigor in the studies of the 1970s and th® [UHJUJJ 0 U UWW

information disseminated by the United:
Nations.
An abundance of reports were pro90t 1921 1941 1961 1981

duced, documenting case studies from g, 2. Long-term rainfall fluctuations in the Sahel, expressed as a percent
around the world, but in them was a virstandard departure from the long-term mean.
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lages and waterholes or of reduced crop yield dueatod Nigeria (Stebbing 1935). At the time, these events
cultivation of marginal or vulnerable areas. On theere attributed to human activities. Landscape degra-
other hand, they clearly demonstrated that changkion also affected huge regions of Australia at the
took place in response to drought, with full recovend of the last century. The number of sheep in New
of the land productivity at the end of the drought, South Wales declined from 13 million in 1890 to 4-5
conclusion reached by Tucker et al. (1991) for thmaillion in 1900 (Graetz 1991).
Sahel as a whole. These situations in Australia and Africa have two
None of the studies challenging earlier ideas clamommonalities: all were roughly contemporaneous
that desertification is not a problem. Land degradatiand the observed trends paralleled a climatic desicca-
has affected many regions, including the Sahel. Thisn that affected nearly the global Tropics (Kraus
degradation is of concern because global ecosystetf85). The decline of the waters and forests in the
are stabilized by a series of feedbacks between m&ahel, as well as the “drying up” of the Kalahari, fol-
animals, soil, vegetation, and climate (Graetz 199bywed a two-decade decline in rainfall. Thus landscape
Schlesinger et al. 1990). In the undisturbed arid endiegradation was contemporaneous with climatic per-
ronment in equilibrium, the feedback loops tend to Ingrbations. Likewise, the Dust Bowl days of the 1930s
negative, hence preserving the status quo. The distathe Great Plains, when farmland was ruined and soill
bances induced by desertification turn some of thvas eroded, occurred during a record drought. This
feedback loops to positive, allowing the disturbancandem of events occurred again with the Sahel
to be amplified. In other words, the desertificatiodrought of the 1970s. These examples illustrate that
becomes self-accelerating (see also Schlesinger eitak virtually impossible to separate the impact of
1990). Droughts can further promote the process. drought from that of desertification and that the two
processes often work together.

4. Meteorological aspects of b. The impact of desertification on climate
desertification In an address to the Royal Meteorological Society,
Charney (1975) suggested that desertification may
Rainfall variability in marginal regions like thehave caused the Sahel drought to occur. His mecha-
Sahel is inherently large and the natural vegetatiomism was based on the exposure of highly reflective
well adapted to the vagarities of rainfall (Nicholsosoil as a result of overgrazing, a hypothesis also put
1997). When humans alter the landscape, as theyfaith by Otterman (1974). Using a simple dynamic
with cropping or ranching, the system may beconmeodel, Charney showed that such an increase in sur-
more vulnerable to climatic variability, particularlyface albedo would increase radiative losses over the
droughts. This section examines two questions cddahara, thereby enhancing the negative net radiation
cerning the interrelationship between desertificatidralance of the desert and adjacent Sahel. The increased
and climate: to what extent can desertification inflgooling enhanced subsidence and the local Hadley
ence climate and might land surface effects attributeidculation. These results suggested a positive feed-
to desertification in fact be climatically induced? back mechanism by which droughts could be self-
accelerating, or could perhaps even be produced. This
a. Examples of desiccation and land degradation paper was followed up by GCM experiments (Charney
versus climate etal. 1975; Charney et al. 1977) in which albedo was in-
There have been a number of modern cases of aneased from 03.14 to 03.35 over several semiarid re-
or semiarid regions becoming increasingly desiccatgidns, including the Sahel. The result was a significant
or degraded. Just after the turn of the century, it wasluction in rainfall and a southward shift of the ITCZ.
commonly believed that the Kalahari of southern Af- Chervin (1979), Sud and Fennessy (1982, 1984),
rica was drying up. A proposed solution was a graBud and Smith (1985), and Sud and Molod (1988)
diose flooding scheme, the creation of Lake Kalahgperformed additional experiments on the roles of al-
to bring back the waning rains (Schwarz 1920). Thedo, transpiration, and roughness. These studies gen-
concept of the Sahara encroaching into the Sahel asally concluded that a positive feedback exists, with
goes well back in time, to papers noting the desiccaich changes reducing rainfall and thereby further al-
tion of the Senegal River and nearby wells (Bovilering the vegetation and soil and promoting deserti-
1921) and the decline of forests in parts of Mali, Nigdication (see review in Nicholson 1988).
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These earlier papers used crude representationmgfover the Sahel has clearly followed the trends in
the biosphere and somewhat unrealistic changegaihfall (Fig. 3).
surface conditions. More recently, Xue and Shukla Observational evidence of climatic impacts of de-
(1993) performed a numerical simulation of desersertification is more difficult to obtain because it is
fication in the Sahel using a GCM with a detailed landearly impossible to separate natural variability from
surface process scheme and more modest changeshimges induced by desertification. For this reason
the desertification case, vegetation type over the Sathadre is little evidence to indicate that desertification
was altered from one with surface albedo of 0.20 neodifies larger-scale phenomena such as rainfall. In
one having a surface albedo of 0.30. They found thaégw of this difficulty, most studies have examined
desertification reduced both moisture flux conveits effects on surface parameters of relevance to cli-
gence and rainfall in that region and further south, andate. Significant impacts on albedo have been noted,
produced circulation changes and rainfall anomayt effects on temperature are less clear. Three case
patterns consistent with those observed during droughidies with field measurements are worth noting: a
years. Dirmeyer and Shukla (1994a, 1996) likewistudy of “protected” and “unprotected” grazing areas
found that doubling the global extent of deserts hadmTunisia and studies that surveyed grazed and
dramatic effect on rainfall, particularly over the Sahaingrazed sides of international borders in the Sinai—
The same model was used to study the effect of albétegev and the Sonoran Desert of the United States and
perturbations on climate, a factor closely tied into dbtexico.
sertification (Dirmeyer and Shukla 1994b). The simu- Satellite photos (Otterman 1977, 1981) indicate
lations suggested that an increase in albedo over tihat the soil in the overgrazed Sinai has an albedo of
Amazon as low as 0.03, as a consequence of defofe4-in the visible and 0.53 in the infrared; in the pro-
tation, would suffice to reduce rainfall over the regiotected area of the Negeyv, the visible and infrared al-
Simulations by Lofgren (1995a,b) likewise demorbedos were 0.12 and 0.24, respectively, but in most of
strate the potential importance of surface albedthe region the albedo averaged about 0.25. In Tunisia
climate feedbacks via vegetation. the albedo of protected versus unprotected sites was

Recent modeling studies have considered oth®B5 versus 0.39 in one case and 0.26 versus 0.36 in
impacts of desertification: soil erosion and dust geanother, while oases had albedos on the order of 0.10
eration. Using the Goddard Institute for Space Stu-0.23 (Wendler and Eaton 1983). These changes are
ies general circulation model with an aerosol tracer anfthe same order of magnitude as the albedo changes
“natural” conditions of soil and vegetation over thia the Charney models.
Sahel, Tegen and Fung (1994) could not simulate the Other differences between grazed and ungrazed
source and seasonal shift of the West African ddand are more controversial. In the Sinai, where the soll
plume. When the model allowed for “disturbed” soilalbedo is higher, radiometric ground temperatures of
in the Sahel, a result of the protracted drought and
changes in land management practices, a more rea|is; o
tic, seasonally migrating plume resulted (Tegen and | %°
Fung 1995). The study concluded that “disturbed”
sources resulting from climate variability, cultivation,
deforestation, and wind erosion contribute some 30%sq SRR il |
50% of the total atmospheric dust loading. w\j ’

The mineral dust has considerable influence on the
atmospheric radiation balance (Fouquart et al. 1987).
It effectively absorbs longwave radiation, possibly in © :
sufficient degree to evoke a greenhouse-type warmi 952 1962 1972
ing of the atmosphere at least locally and therebyFic. 3. Frequency of dust occurrence from 1957 to 1987 at Gao
modify atmospheric dynamics (Andreae 1996; Tegéwlid line, left vertical axis), compared to rainfall anomalies (bar
et al. 1996). The dust both scatters and absorbs s@laph, right vertical axis) for the Sahelian region as a whole (from

radiation, but the scattering effect dominates in tNﬁTChayl Mbourou et al._1997). Rainfall is expressed as a region-
ally averaged, standardized departure (departure from the long-

visible portion of the SPeCtrum (Lietal. 1996; T_egel@rm mean divided by the standard departure), but the axis of the
etal. 1996). However, it must be noted that, while th@nfall graph is inverted to facilitate comparison with dust occur-

dust might result from desertification, the dust loagence. Dust is represented by the number of days with dust haze.

I I 2
1982
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about 40°C were measured, compared to 45°C on Bath indicators are compared with surface albedo, as
darker Negev side (Otterman and Tucker 1985). Thastimated from METEOSAT, using data derived by
apparent contradiction might reflect differences M. Ba et al. (1998, manuscript submitted t€limate).
emissivity and not real surface temperatures, but geo-NDVI is a simple ratio between the red and near-
metric arguments for a warmer surface where the végfrared reflectance bands. In arid and semiarid regions
etation cover is denser can be made. In contrastorrelates well with percent vegetation cover, bio-
surface temperatures in the Sonora were generallyn2dss, and biological productivity (Nicholson 1994b).
to 4°C higher on the brighter, more heavily grazdebr this reason, it can be used to roughly distinguish
Mexican side of the border than on the U.S. sidlee desert from the semiarid grassland and determine
(Balling 1988; Bryant et al. 1990). if a systematic decline in productivity has occurred.
In the case of the Sonora, the temperature diffétowever, NDVI in itself is not an adequate indicator
ences on the grazed and protected sides of the boaféand degradation per se since this involves changes
were shown to have an impact on soil moisture antfispecies composition, soil texture and fertility, etc.
cloudiness, but no changes in precipitation were gsraetz 1991). Hence, our results as described below
parent (Balling 1988; Bryant et al. 1990; Barnston asthould not be interpreted as evidence that there has
Schickedanz 1984). On the other hand, studies of theen no systematic degradation of the land.
effect of vegetation patterns and irrigation on meso- Ideally, one would examine the aforementioned
scale circulation indirectly support the idea that desédesertification” scenario over a longer period, extend-
tification can at least potentially have an influence dng at least through the decline in rainfall between
weather and climate (e.g., Anthes 1984; Avissar atite wet 1950s and the drought of the 1970s (Fig. 2).
Pielke 1989). Also, both observational and theoretinfortunately, satellite data are limited to more recent
cal studies of the characteristics of drought in arid apears, a time period when generally subnormal condi-
semiarid regions strongly underscore the importantens of rainfall have prevailed. Nonetheless, the analy-
of land-surface—atmosphere feedback in the persits does depict the fluctuations of the desert and Sahel
tence of anomalously dry conditions (e.g., Karl 1988uring nearly two decades and serves to underscore the
Diaz 1983; Entekhabi et al. 1992; Brubaker et adlose link between these fluctuations and rainfall.
1993). This conclusion, supported tmpdeling stud- This study represents an update of Tucker et al.
ies of Charney et al. (1975), Charney et al. (1977), L4991), and essentially the same methodology is uti-
and Nicholson (1994), and others, implies that if deséized but with several modifications. For one, rainfall
tification is extreme enough, it could similarly evokds assessed using both conventional station data, as in
such feedback. Tucker et al., and gridded, satellite-derived estimates.
Because of the low spatial autocorrelation of rainfall,
the latter provide a spatial average more directly com-

5. Evaluation of the common parable to the vegetation estimates. A second modifi-
desertification scenario in the Sahel cation is that the current study is confined to the central
and western Sahel, a region more homogeneous with

a. Methodology respect to climate and vegetation than that previously

The purpose of this analysis is to examine the coanalyzed. The study region extends from approximately
mon scenario of desertification in the Sahel: an at° to 17°N, from the Atlantic coast eastward to 15°E.
vancing desert, increasing albedo, and a decline inFive analyses are carried out. The firstis mapping
biological productivity. If this scenario is valid and thef the boundary, as defined by NDVI and by rainfall.
process is still ongoing, a systematic increase in dedére second is a quantification of the extent of the Sa-
area and southward shift in its boundary should bara, based both on NDVI and on rainfall. The third
apparent and the relationship between vegetation cagaan estimate of annually integrated NDVI and annual
and rainfall should change. Here the extent of the Sainfall in the semiarid Sahel zone just south of the
hara over the period 1980-95 is monitored using tlesert where mean annual rainfall ranges from ap-
normalized difference vegetation index (NDVI) obproximately 200 to 400 mm. The fourth is calculation
tained from advanced very high-resolution radiometef the ratio of NDVI to rainfall. The fifth is determi-
data from the National Oceanic and Atmospheric Adation of regionally averaged surface albedo for the
ministration (NOAA) polar-orbiting satellite (Tuckercentral and western Sahel and evaluation of its
et al. 1994). These data are compared with rainfatiterannual variability.
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As in Tucker et al. (1991), mean annual rainfall dfsing the year 1986 as a reference point, the time se-
200 mm is used to “climatically” delineate the Saharaies of NDVI over the western desert just north of the
boundary. Malo and Nicholson (1990) found that thi8ahel is used to correct the Sahelian NDVI values,
corresponds to an annually integrated NDVI of thereby minimizing spurious influences on the apparent
Revisions in the NDVI dataset, such as soil correicterannual variability. Corrections were made by sub-
tions, have altered the NDVI—-rainfall relationshipgracting the value over the desert zone centered on 21°N
particularly in the driest areas. For this reason, a s&am the NDVI averaged for the whole Sahel to 15°E.
sonally averaged value of NDVI is used to predict the NDVI is considered to be a “greenness” index. In
position of the 200 isohyet using the NDVI-rainfalarid and semiarid regions it is well correlated with such
regression derived by C. Tucker and S. Nichols@arameters as leaf area index, greenleaf biomass, veg-
(1998, manuscript submitted 8riencg It is recog- etation cover, etc. (see Nicholson 1994b). However,
nized that these values actually represent the Sahsloictly speaking it is a measure of photosynthetic ac-
Sahara—Sahel transition, but in the drier regions usaty. For a biophysical interpretation of NDVI, one
of NDVI is impractical and satellite estimates of rains referred to Asrar et al. (1984), Tucker and Sellers
fall become less accurate. The extent of the Saharéli886), and Prince (1991).
calculated with respect to the latitude of 20°N; calcu- Rainfall is assessed from the 141 stations indicated
lated values essentially represent the area of deseRig. 4. These are part of a continental rainfall archive

south of that latitude. assembled by Nicholson (1986, 1993). Rainfall is also
assessed from METEOSAT data, using a technique
b. Data applied by Ba et al. (1995) and Nicholson et al. (1996)

NDVI has proved useful in numerous monitoringnd based on mean infrared radiances. The satellite
studies of vegetation and drought (e.g., Prince aestimates explain 89% of the rainfall variance in most
Astle 1986; Justice et al. 1985; Kogan 1995; Nicholsofthe region, but the method tends to systematically
etal. 1990; Nicholson and Farrar 1994). It is calculatederestimate rainfall in the driest northern sector and
as the normalized difference in reflectances betweamadditional step in the regression is used to estimate
channels 1 (0.55-0.68n) and 2 (0.73-1.4m). The rainin this area. Calculations are for the rainy season,
data are calculated from global-area coverage data vd#fined as July through October.

a resolution of 4 km and are mapped to an equal-areaData used in this study are extracted from a sur-
projection with a grid cell of approximately 7.6 knface albedo dataset produced by M. Ba et al. (1998,
(Tucker et al. 1991). A cloud mask is applied basedanuscript submitted td. Climatg. In that study,

on channel 5 (11.5-12/m). For the period 1 July surface albedo is calculated from METEOSAT B2
1991 to March 1993, a correction is applied for thdata [i.e., International Satellite Cloud Climatology
stratospheric aerosols due to the Mt. Pinatubo erigroject (ISCCP) data] with a resolution of 30 km. The
tion (Vermote and El Saleous 1994). A soil backlata consist of three-hourly, eight-bit digitized images
ground correction (see Tucker et al. 1994) is appligdthree spectral bands: 0.4—Lrh (visible channel),

in areas where the annual amplitude of NDVI is 1e48€.5-12.5um (thermal infrared channel), and 5.7—
than about 0.4, that is, roughly corresponding to areas
where mean annual rainfall is less than 200 mm. Daily
values of NDVI are formed into monthly composite
images by using for each pixel the maximum NDV4
within the compositing period (Holben 1986).

Use of maximum values minimizes the influence
of varying solar zenith angles and surface topography on
the index. There nonetheless exist interannual variatiareN
in NDVI that result from such factors as satellite cali-
brations, changes in satellite orbits, and tropospheric
aerosols (Gutman et al. 1995). Corrections have been
made for this (Tucker et al. 1994; Los 1993), but the 0 ! : : :
margin of error is still about 0.01 NDVI units. This <0W 10W 0 10E <0k
residual error is evident via analysis of the year-to-yearr, 4. Rainfall stations used in the current study. Larger dots
variation of NDVI over absolute desert locationsndicate those stations lying within the region defined as Sahel.
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7.7 um (water vapor channel). Initially, global solar
irradiance in the visible band is calculated using the
physically based model of Dedieu et a. (1987). Then
atop-of-atmosphere bidirectional reflectance factor,
defined as the ratio of the actual flux to the flux that
would bereflected by anideal Lambertian surface, is
calculated. To this, atmospheric corrections and a
cloud and aerosol screening procedure are appliedin
order to obtain surface albedo (M. Ba et al. 1998,
manuscript submitted to J. Climate). The calibration
initially relies upon ISCCP calibration coefficients
(Brest and Rossow 1992; Desormeaux et al. 1993).
Using as a fixed target a Libyan desert test site, ad-
justments are made to minimize errorsdueto calibra-
tion uncertainties. Finally, directional effects on
surface albedo due to seasonal variation in the solar
zenith angle are corrected using a linear function of
the cosine of that angel.

6. Results

a. Theextent of the desert

Figure 5 showsthe position of the 200-mm isohyet
over West Africaeach year from 1980 to 1995. That
on theright isbased on rainfall, that on the left is ap-
proximated from NDVI using an NDVI—ainfall re-
gression. Both variables show aprogressive southward
movement of the boundary of the desert from 1982 to
1984, arapid northward retreat in 1985, and contin-
ued retreat until 1989. The northward displacement
since 1984, when the boundary was situated between
approximately 12° and 14°N, was about 3° latitude.
In 1990, the desert boundary again moved southward
asrainfall decreased, reaching alimit closeto that in
the early 1980s. It retreated in 1991 and 1992, ad-
vanced markedly in 1993, and then in 1994 retreated
to its northernmost position since 1980.

Thesefluctuationsare quantified in Table 1, which
givesthe areal extent of the Saharaup to alatitude of
20°N and eastward to 15°E, based on the NDVI—
rainfall regression. Within the period 1980 to 1990,
desert extent varied from about 256 x 10* km? to 305
x 10 km2. In Fig. 6 these estimates are compared with
those based on rainfall, using the 200-mm rainfall iso-
hyet to represent the Sahara’ s southern boundary. One
set of estimates is based on station precipitation, the
other on satellite assessments of rainfall, asin Baet al.
(1995) and Nicholson et al. (1996).

Thereisconsiderabl e agreement between estimates
based on rainfall and those based on NDV 1, aswell as

Bulletin of the American Meteorological Society

Fic. 5. An approximation of the 200-mm isohyet asan indica-
tor of the Saharan boundary in the years 1980-1995: (right) on
the basis of station rainfall, (Ieft) onthe basis of NDV I asaproxy
indicator of the 200-mm isohyet. Dashed line indicates 15°N.

excellent agreement between the two sets of rainfall
calculations. The few discrepanciesall occur in con-
junction with relatively wet years, 1985, 1988, and
1991. In each case, the desert “ extent” calculated from
rainfall issmaller than that calculated from NDVI, but
the NDV I-based estimates catch up to those based on
rainfall 1 yr later. This suggests that the vegetation
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further underscored through examination of NDVI and
TasLE 1. Year to year fluctuations in the extent of the Sahafaimca” for the 200—-400-mm zone as a whole. Figure 7

: > . o o '

(in 10" kn?) lying souith of 20°N and west of 15°E. shows for each year the value of NDVI integrated for

1080 257 1088 278 thg wet season of July to October and compares it with
rainfall in the zone during the same years.
Lk Z7 —— 278 NDVI is lowest in 1984, highest in 1988 and 1989,
1982 292 1990 285 and drops dramatically in the years 1987 and 1990
1983 295 1991 281 (Fig. 7). The trend of rainfall is strikingly similar: rain-
1984 305 1992 275 fall is likewise lowest in 1984, hlgheSt in 1988 and 1992.
1985 290 1993 293 The relative decline in NDV! in 1984 is, however, much
stronger than the decline in rainfall. There are small
1986 286 1994 260 discrepancies between the series in the early 1990s, but
1987 296 1995 276 the magnitude of variation of both series was small in

these years. The correlation between NDVI and rain-
fall is 0.9, a value that is significant at the 1% signifi-
does not fully recover from a dry episode until a yeaance level. One apparent anomaly is the increase in
after better conditions of rainfall return. NDVI in 1992. A similar discrepancy in 1992 was
Overall, the results of this analysis indicate thabted over the Kalahari of southern Africa (Grist et al.
there is no progressive “march” of the desert over Wd€96). This could be a spurious consequence of a
Africa. Rather, the interannual fluctuations of thswitch, late in 1991, frolOAA-11with a near-noon
desert boundary, as assessed from NDVI, mimic t@gerpass, ttNOAA-12 with a morning overpass.
large degree that of rainfall.
c. Rain-use efficiency
b. The relationship between desert extent, NDVI,  The net annual increase of biomass, or net primary
and rainfall production, is a measure of the productivity of an eco-
The above analysis shows that shifts in the dessystem. This quantity bears a direct relationship to photo-
boundary, as evidenced by surface vegetation, closgyythesis and NDVI is strongly correlated with both,
parallel shifts in rainfall patterns. This conclusion igarticularly in arid lands. Noy-Meir (1985) suggests that
the ratio of primary production to rainfall, P/R, (rain-

Extent of Sahara use-efficiency) is a better parameter for characterizing

40 arid and semiarid regions like the Sahel. Clearly, a de-
— RAIN-Observed crease in this ratio over time would imply a decline in
RAIN-Meteosat biological productivity due to factors other than drought.
NDVI
—~ 20
e 8 100
4
. 180
Z . 60
Z o '
g 140
8
< 6 420 4
< - 4 <q
% 20 é 0 =
<
b -20
—40
-40 . . . . . : 4 —-60
1982 1984 1986 1988 1990 1992 1994 _80
Fic. 6. The extent of the Sahara Desert, calculated asthearea gl . . . s . ~100
between the 200-mm isohyet and 25°N: solid line—as assessed 1982 1984 1986 1988 1990 1992
from rainfall stations; dashed line—as assessed from Meteosat
data; dotted line—as assessed from NDVI. Area, irk®, is Fic. 7. Seasonal (June—October) rainfall (dashed line) and
calculated with respect to the mean area during the period 1981V (solid line) in the West African Sahel, 1980-95. Rainfall
95. is expressed as a percent departure from the long-term mean
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The ratio of NDVI to rainfall provides a usefulS. Nicholson (1998, manuscript submitted tcCli-
proxy for rain-use efficiency (Malo and Nicholsormatg. The total year-to-year variation within this pe-
1990; Nicholson et al. 1990; Nicholson and Farraiod is on the order of 0.02 to 0.03, compared to
1994). This parameter, averaged year-by-year over thet—dry season differences on the order of 0.04-0.06,
whole Sahel, is shown in Fig. 8. The solid line is cadnd it shows little relationship to fluctuations in rain-
culated from station data within the sector shown fall or NDVI. This may be a result of the relatively
Fig. 4. The dashed line is calculated from gridded &fnall fluctuations of rainfall and NDVI within this
x 1° satellite estimates of rainfall within this area, geeriod, compared with the long-term trends (Fig. 2).
calculated by M. Ba and S. Nicholson (1998, man&dbedo was noticeably lower in 1988, a wet year and
script submitted td. Climatg, and corresponding the only year with markedly different rainfall condi-
spatial averages of NDVI. tions. Much of the apparent variability of surface al-

The clearest results are that there is little intebedo during 1983—88 is probably within the margin
annual variability of the NDVI/rainfall ratio and thatof error of satellite assessments.
no decline in the ratio has occurred during the 13 yr Thus, surface albedo in the Sahel has shown rela-
of analysis. A large, temporary increase occurs in ttieely small year-to-year changes during these seven
ratio in 1984, the driest year, but this appears to pears. Within the same period, the latitude of the
related to a few, localized occurrences of exceedind@gharan boundary shifted by about 1° of latitude. If
dry conditions. Our results are in complete agreemehis were a true displacement of the Sahara, the lati-
with those of Prince et al. (1998), who likewise evaltddinal albedo gradient (Fig. 10) suggests that this
ated rain-use efficiency in the Sahel using station raimeuld correspond to a change of albedo of nearly 0.08.
fall data and NDVI. Thus, within the albeit brief period between 1983 and

1988 there is no systematic increase that would be
d. Interannual variability of surface albedo in the symptomatic of “desertification.” Observational stud-

Sahel ies of Courel et al. (1984) found somewhat greater

Figure 9 shows the surface albedo for Januaygar-to-year variations of albedo, about 0.01 to 0.15
and July averaged for the Sahel zone to 15°E, usimighin the period 1967—79. They also demonstrated
data for the period 1983—88 produced by M. Ba aittht the fluctuations bore a general relationship to rain-

fall conditions, the variation of which was greater
during 1967-79 than during the 1983-88 period.

5 Moreover, surface albedo within the period 1983—

88 is constrained by the overall vegetation character,
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Fic. 8. The ratio of seasonal rainfall (mm) to NDVI for the years
1982-93 (values are multiplied by 1000 to facilitate presentation). 1 J K ,
The solid line represents an average over all stations in the 1983 1984 1985 1988 1987 1988

Sahelian sector indicated in Fig. 6. The dashed line is calculated

from gridded 1% 1° satellite estimates of rainfall within this area, Fic. 9. Surface albedo over the Sahelian zone (see Fig. 2) for
as calculated by M. Ba and S. Nicholson (1998, manuscript sdanuary and July for the years 1983-88 (based on M. Ba and
mitted toJ. Climatg, and corresponding spatial averages of NDVE. Nicholson 1998, manuscript submitted t&€limatg.
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transect represents the albedo in a band from 11° to 9°W. The data
are extracted from a gridded surface albedo dataset produced by
M. Ba et al. (1998, manuscript submittedtcClimate).

including the presence or absence of boreal elemeinigrse correlation exists between mean surface albedo
and their density. This does not change on timescade®l mean annual rainfall over West Africa (Fig. 12).
of years, but there is considerable evidence that it Hgsl5°N (roughly the southern boundary of the Sahel),
changed over timescales of decades (e.g., Akhteshere surface albedo is about 0.30 (Fig. 10), mean
Schuster 1995). Numerous West African residemninfall for 1983—88 was about 450 mm (Fig. 11). At
describe a much different vegetation regime in tli&°N (roughly the Sahel’'s northern boundary), where
1950s and early 1960s, before the onset of tharface albedo is 0.43, mean rainfall for the same pe-
multidecadal drought (Nicholson 1993). Thus, thiéod was about 200 mm. For the 1950s, rainfall at these
guestion arises as to corresponding changes in surfsan@e latitudes was about 750 and 350 mm (Fig. 11).
albedo (see also Gornitz 1985). Similar changes in rainfall conditions occurred
Some estimate can be made from the latitudirtafoughout West Africa (Table 2). If the vegetation and
gradients of rainfall and albedo (Figs. 10 and 11); tkeil characteristics of the 1950s were similar to those
former is a consequence of latitudinal gradients in thew in equilibrium with these rainfall conditions, the
vegetation cover and soil moisture, which in turn reerresponding surface albedos would be about 0.20
flect the rainfall gradient. For this reason, a strongnd 0.32, respectively (Fig. 12). Hence surface albedo

TasLE 2. Difference in mean annual rainfall (mm) between 1950-58 and 1983-88 at latitudes and longitudes indicated, respectively,
as columns and rows in the table.

long
lat -10 -8 -6 -4 -2 0 2 4 6 8 10

10 569 336 504 608 323 375 235 243 169 174 147
12 648 326 361 275 291 414 204 209 227 243 250
14 331 284 248 247 271 244 228 260 243 231 221
16 238 216 232 178 208 190 162 149 153 166 157
18 57 40 106 69 53 57 83 89 91 86 68
20 0 0 0 0 -3 13 47 61 51 29 11
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1500 : (M. Ba and S. Nicholson 1998, manuscript submitted
to J. Climatg.

This study does not imply that significant changes
in the extent of the Sahara have not taken place over
longer time periods. Neither does it attempt to con-
test the climatic importance of interactions between
the land surface and the atmosphere. It demonstrates
mainly that during the 16-yr study period human im-

. pacts have neither produced a progressive southward
500 o march of the Sahara nor a large-scale exposure of bar-

b ren, less productive, and highly reflective land in the
Sahel.

The complexity of causes and effects of desertifi-
ol . i e cation and its relationship to rainfall variability and
10 20 30 40 50 6o droughtis underscored by the extensive field work and
Albedo analysis of Akhtfar-SchusFer. (1995), Graetz (1991), and

others. It is difficult to distinguish between human-

Fic. 12. Surface albedo vs mean annual rainfall (mm) at 10°Ykqyced and climatically induced changes of the land
The _|nd|cated correlation reflech the fact that Iqrge latltUdmngrface, that is, between drought and desertification.
gradients of both parameters exist over West Africa. . e . .

Sometimes desertification takes the form of incom-
plete recovery of the land during wetter years or
in the Sahel may have been about 0.10 lower duriciganges in the individual elements of the vegetation
the 1950s than today. cover. Examples are desirable species for animal for-
aging being replaced by less palatable ones and by
species more resistant to the vagarities of rainfall,
7. Summary and conclusions hence resulting in a reduction of the interannual vari-
ability of the vegetation cover.

Our analyses have clearly demonstrated that thelt is of critical importance that such ideas as a mono-
extent of the Sahara and the vegetation cover withithic encroachment of the desert on the savanna, a re-
the Sahelian zone fluctuate from year to year in accduction in total vegetation cover, and exposure of bare
dance with the interannual variability of rainfall. N&oil be replaced by a view of desertification recogniz-
progressive change in either the desert boundary oritige this complexity. Only then can the true extent of
vegetation cover in the Sahel is evident during tlige problem and its relationship to meteorological fac-
1980-95 analysis period. Neither has there beetoes be evaluated.
change in the “productivity” of the land, as assessed
by the ratio o_f ND\_/I to -ramfall. . . References
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