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After about two decades of dramatic rainfall deficits that started in the late

1960s, the Sahel of West Africa has experienced increasing precipitation since the

early 1990s. The implementation of the United Nations Convention to Combat

Desertification (UNCCD) needs the identification of areas that record declining

vegetation productivity over long-time periods. In this scope, we analyse the state

of the vegetation productivity using long-term time series of NOAA AVHRR

NDVI data and compare it to rainfall data. For this, 128 rain gauge data (RR)

were compared with the integrated NDVI during the growing period (iNDVI)

values in Burkina Faso from 1982 to 1999. During the analysed period, most of

the studied stations in the country were stable for the iNDVI/RR (57.8%).

However, 39.8% showed a weak to strong negative trend in the iNDVI/RR while

only 2.4% showed a weak positive trend. These negative trends may reflect

ongoing desertification processes in Burkina Faso and could be a starting point

for the identification of hot-spots areas to determine where to take action to

combat desertification.

1. Introduction

Since the late 1960s, the Sahel of West Africa dramatically suffered from widespread

and persistent extreme rainfall deficit (Dai et al. 1998, Nicholson 1998) that

continues since (L’Hôte et al. 2002) although there is a growing evidence that the

drought may have ended during the 1990s (Ozer et al. 2003). In addition to this,

increasing human pressure on the environment enhanced desertification processes.

Since the mid-1970s, desertification benefited of a considerable interest from

scientists, politics and the public. Land degradation in arid lands is now recognized

as one of the major environmental problems for the 21st century (World Bank 2002)

and the Sahel of West Africa is often quoted as the most seriously affected region.

Yet, desertification processes often evoke an image of advancing desert with moving

dunes threatening houses, roads, oasis and fertile lands and leaving behind a barren

and sterile environment (Lamprey 1975). The term desertification has been misused

for a long time due to the lack of data, objective indicators and rigorous scientific

studies, and because of the inexistence of a widely accepted definition (Verstraete

1986, Mainguet 1991, Thomas and Middleton 1994, Glenn et al. 1998, Nicholson

et al. 1998). In addition, desertification is frequently associated to drought (Thomas

1993). For these reasons, the issue has caused considerable controversy regarding its
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nature and impacts. Many aspects of the desertification issue have been debated and

challenged (Hellden 1991, Thomas 1993, Wickens 1997, Nicholson et al. 1998,

Niemeijer and Mazzucato 2002) and it was shown that the advance of the Sahara

desert was temporary as the southern border closely follows the fluctuations of

rainfall in the Sahel belt (Tucker et al. 1991, 1994, Nicholson et al. 1998, Tucker and

Nicholson 1999).

In 1994, the United Nations Convention to Combat Desertification (UNCCD)

was established and ratified. The UNCCD defines desertification as ‘land

degradation in arid, semiarid and sub-humid areas resulting from various factors,

including climate variations and human activities’ where land degradation means

‘reduction or loss of the biological or economic productivity and complexity of

rainfed cropland, irrigated cropland, or range, pasture, forest and woodlands

resulting from land uses or from a process or combination of processes, including

processes arising from human activities and habitation patterns’ (UN 1994).

Many authors have experienced a wide range of indicators in order to map the
occurrence and severity of desertification (Mabutt 1986, Berger 1996, Mouat et al.

1997, Ozer 2000). Although many of these indicators were unsatisfactory because of

their prohibitive costs and time-consuming for the process of data collection, low

resolution satellite remote sensing data provide a good source of stable, reliable and

long-term measurements (Prince 2002, Symeonakis and Drake 2004).

Methods have been developed to assess the vegetation net primary production

(NPP) from the normalised difference vegetation index (NDVI) (Justice 1986, Prince

and Justice 1991). In this paper, the NDVI is obtained from the advanced very high

resolution radiometer (AVHRR) carried on the National Oceanic Atmospheric

Administration (NOAA) series of meteorological satellites. The integrated NDVI

during the growing period (iNDVI) data are compared with rainfall (RR) data in

Burkina Faso from 1982 to 1999. Trend analysis is then applied on the obtained

time series of this indicator (iNDVI/RR) in order to identify areas suffering from

desertification.

2. Study area

Burkina Faso is a landlocked country of West Africa. The northern part of the

country is situated in the Sahelo-Sudanese arid to semi-arid climatic belt (annual

rainfall ,750 mm) while the southern area is part of the Sudano-Guinean sub-

humid zone with annual rainfall above 750 mm (figure 1).

Burkina Faso reflects both socio-economic and environmental situations of the

Sahelian countries, belongs to the poorest least developed countries of the world,

with a very low human development index (0.302 in 2002) (UNDP 2004), a 3.67%

population increase per year over the 1981–2002 period (FAO 2004), up to 83% of

rural population (in 2002) totally dependant of their environment (FAO 2004), and

a negative trend in annual forest cover change (FAO 2001).

3. Materials and methods

3.1 Meteorological station data

Monthly rainfall data were made available from an archive assembled by the Projet

Alerte Précoce et Prévision des Productions Agricoles (AP3A) of the Centre

Régional Agrhymet from station observations. The database includes meteorolo-

gical stations through the nine countries grouped in the Inter-States Committee for
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Drought Control in the Sahel (CILSS). 128 rain gauges with complete monthly

rainfall data from 1982 to 1999 were selected in Burkina Faso. The stations

repartition according the bioclimatic zones is:

N Sahelian zone in the north: yearly rainfall ,500 mm: 12 stations.

N Sahelo-Sudanese zone in the central north: yearly rainfall between 500 and

750 mm: 54 stations.

N Sudanese zone in the central south: yearly rainfall between 750 and 1000 mm:

45 stations.

N Sudano-Guinean zone in the south west: yearly rainfall .1000 mm: 17 stations.

3.2 Satellite data

For the purpose of studying trends in vegetation greenness, we use the normalised

difference vegetation index (NDVI) obtained from the National Oceanic

Atmospheric Administration (NOAA) with the advanced very high resolution

radiometer (AVHRR). NDVI has proved useful in numerous monitoring studies of

vegetation and drought. It is calculated as the normalised difference in reflectance

between the red band (0.55 mm–0.68 mm) and the near infrared band (0.73 mm–

1.1 mm). The NDVI is considered to be a ‘greenness’ index. In arid and semiarid

regions, it is well correlated with parameters such as leaf area index, greenleaf,

biomass, vegetation cover, etc. (Nicholson et al. 1998).

The NOAA Pathfinder dataset (James and Kalluri 1994) has been generated from

NOAA AVHRR data as 10-day maximum value composites at 8 km68 km pixel

resolution. The satellite data cover Africa from 1982 to 2000. Noise levels can be very

high over many areas in Africa but are comparatively low over arid to sub-humid

Figure 1. Geographical position of the studied stations (black dots) and bioclimatic zones
(isohyets defined by kriging on average rainfall value for the 1980–2000 period).
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areas where cloud is limited (Chappell et al. 2001). Quality issues of the Pathfinder

database are discussed by Prince and Goward (1996). Although satellite data are

available from 1982 to 2000, years 1994 and 2000 were not taken into account in this

paper. In 1994 there was a lack of data from September to December because of

Pinatubo volcanic dust diffusion into the stratosphere (Tanaka et al. 1994). In 2000

Eklundh and Olsson (2003) detected a systematic shift in the remotely sensed data

resulting from a very high shifting solar zenith angles.

128 pixels were selected when including a rain gauge station. For all pixels, the

NDVI integrals (iNDVI) covering the entire growing season from June to October

were computed in order to assess the annual net primary production (Diallo et al.

1991; Rasmussen 1998). This approach has been preferred to the use of rasterized

rainfall data obtained from satellite estimations, because of stormy features and

high spatial variation of Sahelian rainfall. Amani and Lebel (1997), exhibit a

significant difference in annual rainfall score within a 10 km distance in Niger. This

implies that the spatial rainfall variability on a small scale is more significant than

on the survey level scale.

3.3 The ratio of integrated NDVI to rainfall

The net annual increase of biomass, or net primary production, is a measure of the

production of an ecosystem. This quantity bears a direct relationship to

photosynthesis and NDVI is strongly correlated with both, particularly in arid

lands. Le Houérou (1984) suggests that the ratio of primary production to rainfall,

NDVI/RR (rain use efficiency) is a better parameter to characterise arid and semi

arid regions like the Sahel. For this research, we derived this ratio during the

growing season, so that its formulation is equivalent to:

iNDVI=RR~?XX=XX? ð1Þ

where RR is the monthly rainfall and NDVI is the monthly normalised difference

vegetation index.

In the Sahel, the dynamic of the vegetation is strongly linked to the rainfall

evolution (Hess et al. 1996, Nicholson et al. 1998, Milich and Weiss 2000a, 2000b,

Foody 2003, Symeonakis and Drake 2004). In arid land regions with an annual

rainfall of 200 mm to 1000 mm the iNDVI/RR ratio is regarded as a useful proxy for

rain-use efficiency (Nicholson et al. 1990, Davenport and Nicholson 1993). As

mentioned by previous studies in the West African Sahel (Diallo et al. 1991,

Rasmussen 1998, Prince et al. 1998, Diouf and Lambin 2001, Tottrup et al. 2004),

with spatially comprehensive measurements such as these, the incidence of the

individual components of desertification could be detected.

3.4 Trend analysis

For each station, trends from 1981 through 1999 were estimated by linear regression

considering the ratio iNDVI/RR as dependant variable and time (years) as

independent variable. The regression slopes were recorded for each station as

parameters characterizing the global trends either for the rainfall or for NDVI.

Moreover, each slope was mapped in five classes indicating strong or weak positive

or negative and stable trends, adapting a procedure suggested by Eklundh and

Olsson (2003). The regression procedure supplies a Student t-test and its resulting

significance p-level to analyse the hypothesis that the slope is equal to 0. This p-level
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was used as a criterion to define the class boundaries. The trends, for the iNDVI/RR

ratio, were labelled as ‘strong’ if the p-level exceeded 0.1 for the one-tailed t-test,

‘weak’ if the p-level is ranged between 0.1 and 0.3 and otherwise ‘stable’ if the p-level

is up to 0.3.

These long-term linear trends for each pixel in the iNDVI/RR ratio may be
understood as a combination of a number of interrelated factors including

variations of biophysical and human influences. As the iNDVI/RR ratio is thought

to remain stable through time, such trends can be interpreted as a measure of

possible degradation or improvement of the vegetation growth.

4. Results and discussions

4.1 Rainfall

A preliminary analysis of rainfall data indicates increasing rainfall in Burkina Faso

during the studied period (figure 2). Overall, 91.4% of May to October rainfall

recorded positive trends over the 1982–1999 period (not shown). In detail, 37.5%

and 23.4% of the stations showed a strong and weak positive trend, respectively.

Stability characterised 36.7% of the analysed stations, while only 2.4% recorded a

weak negative trend.

Such results were expected, especially when considering that the drought period

culminated in the early 1980s (Nicholson 1985, L’Hôte et al. 2002); that is, the

beginning of the analysed dataset. In addition, these results are in accordance with

recent investigations on rainfall variations in the Sahel suggesting that the drought

may have ended in the early 1990s (Ozer et al. 2003).

4.2 iNDVI

Over the 128 pixels analysed in Burkina Faso, 73.4% and 13.2% presented a strong

and weak positive change in iNDVI, respectively, while it remained stable in 13.3%

of cases (not shown).

Figure 2. Standardised rainfall deviation from the 21-year mean for 128 stations in Burkina
Faso.
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Again, these results are similar to those of Eklundh and Olsson (2003) who

observed a strong increase in seasonal NDVI in the Sahel since 1982 interpreted as

vegetation recovery from the drought periods of the 1980s. Other detailed studies in

Burkina Faso showed that after a long period of strong land degradation (Chamard

and Courel 1979, Lindqvist and Tengberg 1994), vegetation recovery was observed

during the 1990s (Rasmussen et al. 2001, Pearce 2002).

Now, an unanswered question remains: Is this vegetation recovery fully resilient

with increasing rainfall? For this, setting up a relationship between rainfall and

biomass (iNDVI) and performing trend analysis on the iNDVI/RR ratio could give

the answer to that question.

4.3 Rainfall–iNDVI relationship

Separate linear regression models between biomass (iNDVI) and rainfall were

computed for all sites surveyed pooled into bioclimatic areas. For each year, the

average values of iNDVI and rainfall during the growing season have been

calculated and reveal that the rainfall–iNDVI relationship is relatively strong for all

years (R250.82 on average). This result is in accordance with a previous study,

which reported a similar relationship between rainfall and NDVI (R250.85; Malo

and Nicholson, 1990). However, this previous study dealt with a larger geographic

area, characterized by a greater range of mean annual precipitation (from 10 to

1000 mm) and it covered only four years with exceptionally low precipitation.

Integrating rainfall during the growing season annually, as we have done, may also

be causing the relatively high correlation between rainfall and biomass. Contrary to

our results, Prince et al. (1998) reported results with a R250.52 between rainfall and

net primary production observed for 214 Sahelian sites over nine years.

Thus, even though rainfall controls a large part of the spatial and temporal

variation in biomass at the regional scale, it is clear that, at the local scale, there is

considerable variation in the response of vegetation to rainfall. As suggested by

Diouf and Lambin (2000), this could depend on soil type, inter-annual variations in

rain-use efficiency, presence of plant seeds, vegetation communities and floristic

composition, land-use practices, and seasonal distribution of rainfall. For the

purpose of the present paper, we do not deepen these aspects.

4.4 iNDVI/RR ratio

Trend classes for change in the iNDVI/RR ratio are summarized in table 1 and the

spatial repartition of the concerned stations is mapped in figure 3. Overall, a

negative slope is recorded in 84.4% of the 128 analysed stations, while the remaining

stations (15.6%) are characterised by a positive trend. Detailed analysis shows that,

for all considered stations, most areas (57.8%) remained stable during the 1982–1999

period. However, 16.4% and 23.4% presented a strong and weak negative change,

respectively. Only, 2.4% showed a weak positive trend. About 40% of the analysed

stations have therefore experienced decreasing trends in the iNDVI/RR ratio that

may reflect possible degradation of the vegetation growth, and therefore ongoing

desertification processes. The geographical distribution of downward weak to strong

trends is fuzzy and may indicate localised land degradation processes in some places

while few others may experience improved land management.

Differences in changes are highlighted when considering phytogeographic areas of

Burkina Faso (figure 4). In the Sahelian belt (,500 mm in annual rainfall), 75% of
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Table 1. Trend of the iNDVI/RR ratio in Burkina Faso (1982–1999).

Phytoclimatic
zones (isohyets
boundary)

Number
of

studied
stations

Slopes Trends significance

Negative
slope %

Positive
slope %

Strong
negative
change
(p,0.1) %

Weak
negative
change
(0.1,p
,0.3) %

Stable
(p.0.3) %

Weak
positive
change
(0.1,p
,0.3) %

P,500 mm 12 10 83.3 2 16.7 2 16.7 1 8.3 9 75.0 0 0
500,P,750 mm 54 43 79.6 11 20.4 15 27.8 11 20.4 25 46.3 3 5.5
750,P,1000 mm 45 42 93.3 3 6.7 4 8.9 14 31.1 27 60.0 0 0
P.1000 mm 17 13 76.5 4 23.5 0 0 4 23.5 13 76.5 0 0
Total 128 108 84.4 20 15.6 21 16.4 30 23.4 74 57.8 3 2.4
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the stations presented a relative stability, 8.3% showed a weak negative change and

16.7% strongly decreased. The Sahelo-Sudanese zone in the central north seems to

have been the most affected by land degradation as vegetation resilience to rainfall is

the lowest among all phytogeographic areas of Burkina Faso. Yet, less than a half

(46.3%) of the 54 stations included in this region show a stable iNDVI/RR ratio,

while 27.8% experienced a strong negative trend and 20.4% a weak negative change.

However, it is worth mentioning that this region includes the only stations of

Burkina Faso that display a weak positive change (5.5%). In the Sudanese zone in

Figure 3. Trends in the iNDVI/RR ratio during the growing season (May–October) for 128
stations in Burkina Faso (1982–1999). ., strong negative change; h, weak negative change;
h, stable; g, weak positive change.

Figure 4. Annual ratio of integrated NDVI to rainfall during growing season (May–
October). The sites were pooled with 1980–2000 rainfall means.
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the central south (750–1000 mm), 60% of the stations appeared to be stable, while

8.9% and 31.1% suffered from a strong and weak negative change, respectively. In a

wetter environment, the Sudano-Guinean zone was mostly stable (76.5%) and 23.5%

of the considered stations were subjected to a weak negative change. However, the

results obtained in this southern region should be looked at with care as previous

studies mentioned that the relationship between NDVI and rainfall tends to weaken

when annual rainfall is higher than 1000 mm. As primary production remains

relatively constant, water being not a major limiting factor (Nicholson et al. 1990,

Davenport and Nicholson 1993).

Such contrasting evolutions along the bioclimatic gradients of Burkina Faso are

in accordance with recent findings of Hiernaux and Turner (2002). These authors

stated that risks of environmental degradations are moderate and mainly climate-

driven in pastoral systems at the drier edge, while they are serious and mainly

management-driven in the crop-livestock systems of the Sahelo-Sudanese zone. Our

results indeed show that 75% of the stations remained stable in the northern part of

the country, while about half of the analysed stations suffered from strong or weak

negative changes in the Sahelo-Sudanese zone in the central north. As a matter of

fact, Henry and colleagues (2003) showed that migration flows from the northern

ecologically marginal Provinces of Burkina Faso to the Sahelo-Sudanese zone were

partly explained by unfavourable environmental variables such as high rainfall

variability, land degradation, and land availability at the origin, and favourable

conditions at the destination for these variables. For this reason, there is currently

less pressure in the northern part of Burkina Faso as people migrated because of the

drought while migrations are likely to contribute to negative environmental changes

at the destination (Lambin et al. 2001).

Recent claims that the Sahel is greening since the 1990s because of improved land

management (Mazzucato and Niemeijer 2000, Rasmussen et al. 2001, Niemeijer and

Mazzucato 2002, Pearce 2002, Eklundh and Olsson 2003) may be only partly true.

As an example, Mazzucato and Niemeijer (2000) closely studied two small areas

(Bilanga and Fada-N’Gourma) in Eastern Burkina Faso and suggested that these

areas showed no evidence of land degradation as crop yields increased. Our results

on these two stations indeed show that if the iNDVI presented positive slopes, the

iNDVI/RR ratio experienced a strong negative change in Bilanga and a weak

negative change in Fada-N’Gourma, suggesting that the rain-use efficiency of the

vegetation has been declining over the last two decades (figures 5 and 6). In northern

Burkina Faso (Gorom-Gorom), Rasmussen et al. (2001) suggested that desertifica-

tion was in reverse, demonstrating that vegetation was reclaiming fossil dunes

revitalized during the droughts of the 1970s and 1980s. Our results at this station

(Figure 7) suggest that the iNDVI strongly increased and that the iNDVI/RR ratio

remained stable during the 1980s and 1990s. In this specific case, it can be accepted

that the vegetation is resilient with the rainfall increase observed during the last

decade.

As mentioned above, many biophysical and human influences may interfere in the

evolution of the iNDVI/RR ratio. Increasing use of fertilisers, better water resources

management and land rehabilitation measures have improved over the years. But

despite such positive technical evolutions, only three stations out of 128 recorded a

weak positive change the iNDVI/RR ratio over the 1982–1999 period. Another

interference in the evolution of the iNDVI/RR ratio may be attributed to climate

change due to the ongoing build-up of greenhouse gases. In many regions of the
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world, extreme precipitation events have significantly increased during the last

decades (Houghton et al. 2001, Kunkel 2003, Roy and Balling 2004). Although no

research on this topic is available in West Africa, a large increase in floods due to

excess precipitation in short time periods has been observed lately that may suggest

an increasing tendency in extreme precipitation events (Sene and Ozer 2002). If this

trend was confirmed, then the iNDVI/RR ratio may be negatively affected as

extreme daily precipitation can not be fully used by vegetation and can further cause

erosion and soil crusting.

Figure 6. Inter-annual variability of integrated NDVI and iNDVI/RR ratio as a proxy of
rain use efficiency at Fada N’gourma site (Eastern Burkina Faso).

Figure 5. Inter-annual variability of integrated NDVI and iNDVI/RR ratio as a proxy of
rain use efficiency at Bilanga site (Eastern Burkina Faso).
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5. Conclusions

Based on observations of increased crop yields and/or NDVI, recent studies have

stated that desertification in the African Sahel was in reverse. However, using trends

in the iNDVI/RR ratio, our results suggest that about 40% of the analysed stations

of Burkina Faso may have experienced ongoing desertification processes during

1982–1999. Our findings present an environmental situation that is probably

gloomier than recent papers stated, although we are far from the concept of

irreversible land degradation that was so fashionable until recently.

Such approach could be used to monitor land degradation in other arid and semi-

arid and sub-humid regions of the world (,750 mm). However, the use of iNDVI/

RR as a desertification indicator in wetter environment may not be valid because

primary production remains relatively constant, and water is not a major limiting

factor any more.

Otherwise, longer time series could be developed by combining low resolution

satellite data of different sensors, such as NOAA-AVHRR for the 1982–1999 period

and SPOT-VEGETATION from 2000 onwards. Finally, obtained results could be a

starting point for the identification of hot-spots areas to determine where to take

actions to combat desertification at national scale as recommended in the United

Nations Convention to Combat Desertification.
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