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Chapter 1: Introduction and Overview

1.1. Aims of the thesis

The primary aim of this thesis is to investigate interactions between atmospheric mineral

dust and climate in the Sahel-Sahara zone of northern Africa. The motivation behind such

studies is the need to understand the processes that modulate rainfall in the drought-prone

Sahel region, a climatically marginal band on the southern fringes of the Sahara Desert.

Rainfall in the Sahel has generally been much lower in the final three decades of the

twentieth century than throughout the twentieth century as a whole, and particularly with

respect to the 1950s and 1960s. Levels of atmospheric mineral dust over the Sahel have

increased since the 1950s.

The work presented here addresses the relationship between the recent dry conditions and

changes in dust production. The extent to which increases in dust loadings are likely to be a

direct response to changes in soil properties resulting from climatic desiccation and/or land

use is examined. An alternative possibility, that dust production in both the Sahel and Sahara

is modulated largely by meteorological processes determined by the synoptic climatology, is

also investigated. The likelihood that dust levels have risen due to changes in the

meteorological processes that mobilise soil particles is discussed. Implications of the results

of these analyses for the nature of climate change in the Sahel and continental North Africa

are addressed. The degree to which observed changes in the climate of the Sahel can be

linked to climate change on larger spatial scales is assessed as far as is possible via these

analyses and through a consideration of the work of other researchers.

The impact of airborne mineral aerosols on the regional climate is also assessed. This is

achieved through an examination of relationships between dust loadings and variations in

climatological variables indicative of the thermal structure and stability of the Saharan and

Sahelian atmosphere, as well as indices representative of the regional circulation. The

principal aim of this analysis is to determine whether atmospheric dust has the potential to

modulate Sahelian atmospheric dynamics in such a fashion as to inhibit the development of

rainfall-generating systems.

Although the starting point of this study is the need to understand climate change in the

Sahel, the Sahara is crucial to the investigation for various reasons. Most importantly, the

Sahara is a major source of mineral aerosols. The prevailing climatology of northern Africa

advects dust from the Sahara over the Sahel for much of the year, so Saharan dust may
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potentially have a direct impact on the climate of the Sahel. Indirect effects on Sahelian

climate may result if dust over the Sahara or over adjacent oceanic regions acts to modify

atmospheric circulation in the northern African region as a whole. The Sahara can also act as

a “control” in studies of Sahelian drought and dust. This is because most of the Sahara is

more or less permanently arid, and therefore not greatly affected by seasonal changes in

vegetation cover or soil moisture content. Variability of dust production in the Sahara is

therefore likely to be determined by atmospheric processes rather than the condition of the

Saharan land-surface.

However, before any analysis or discussion of the role of dust in the climate of the Sahel and

the broader Sahel-Sahara zone is presented, it is necessary to appreciate the social, historical

and scientific context in which such studies are carried out. The remainder of this

introductory chapter will describe the Sahel in geographical and climatic terms and discuss

the observed changes in rainfall over the last few decades of the twentieth century, and their

impacts.

1.2. The Sahel: geographic and climatic setting

The Sahel is the semi-arid transition zone between the arid to hyper-arid Sahara desert and

humid equatorial Africa. Figure 1.1 is a map of total annual rainfall for Africa north of the

equator, based on twentieth century mean values from the CRU gridded rainfall dataset

(New et al., 1999). The Sahel approximately corresponds to the region of large rainfall

gradients immediately south of the arid Sahara Desert, broadly denoted by the region in

which annual rainfall is less than 100 mm. The Sahel is generally defined as a region of

varying latitudinal extent lying somewhere in the latitudinal band between 10º N and 20º N.

In studies employing global climate models (GCMs; otherwise known as general circulation

models), the region has commonly been defined in terms of latitude (e.g. Rowell et al., 1992;

Ward et al., 1993). In observational studies the Sahel has generally been defined as a region

experiencing a certain range of annual rainfall, usually 100 or 200 mm in the north to 600 or

700 mm in the south (Figure 1.1) (e.g. Nicholson, 1979). In longitudinal extent the Sahel

ranges from the West African coast to Sudan and, for some definitions, to the highlands of

Ethiopia. In this latter case the headwaters of the Blue Nile lie within the Sahelian latitudes.

Although rainfall is much greater over the Ethiopian highlands than in the lower elevation

regions of the Sahel to the west, the correlation between Sahel rainfall and Blue Nile flows

suggests that these two regions experience to a certain extent the same climatic regime

(Evans, 1994).
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Figure 1.1: Isohyets representing mean annual rainfall in mm over northern Africa for
the period 1901-1996.

Climatic variations can result in shifts in the isohyets in sub-Saharan North Africa of the

order of hundreds of kilometres (Wang’ati, 1996). If definitions are based on rainfall

amounts then the Sahel must be seen as a mobile geographic entity. Because of this problem,

the work presented here will use a broad general definition of the Sahel as the region lying

between 10º N and 20º N, and from the West African coast to 30º E (i.e. excluding the

Ethiopian highlands). Where data grids make it impossible to use these exact values, the

nearest latitudinal and longitudinal boundaries to these limits will be used. Sub-regions

within this area will also be used for certain analyses. Analyses of dust loadings and

circulation patterns will extend to regions outside the Sahel where appropriate.

The Sahel is characterised by steep latitudinal rainfall gradients (for example, falling from

600 mm to 100 mm per year over some 4° latitude or about 350 km near the West African

coast (Figure 1)) and, as with other semi-arid regions, by high interannual rainfall variability.

The bulk (80-90%) of Sahelian rainfall occurs in the months July-September and is

associated with the northward movement of the Inter-Tropical Convergence Zone (ITCZ)

(Rowell and Milford, 1993). The ITCZ is characterised by a surface pressure trough within

which is embedded a band of convergence produced by flow discontinuity where the trade

wind systems of the northern and southern hemispheres meet. Over the Eastern Atlantic the

pressure trough broadly coincides with a zone of maximum sea surface temperature (SST)

(Hastenrath, 1991). It should be noted that the surface wind discontinuity, surface pressure

trough and the zones of maximum SST, convergence, cloudiness and precipitation do not

necessarily coincide, and that the ITCZ has a more complex structure than some studies may

have suggested (Hastenrath, 1991). The northward migration of the ITCZ in boreal summer
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brings moisture from the equatorial Atlantic over continental North Africa in the form of the

West African Monsoon (WAM). Most of the rainfall is generated from this moist air over the

Sahel by disturbance lines (DLs), otherwise known as disturbances or squall lines, which are

organised lines of approximately westward travelling convective cells, oriented in a north-

south direction and tens to hundreds of kilometres in length (Rowell and Milford, 1993).

DLs are associated with easterly waves, which are manifest as variations in the zonal flow at

altitudes in the vicinity of the 700 hPa pressure level (Rowell and Milford, 1993). The role of

DLs in both rainfall generation and dust production is discussed further in Chapters 5 and 6,

within the context of analyses of dust variability and climatic modulation of dust production.

1.3. The broader context: drought and famine in the Sahel

The widely publicised famines of 1972/73 (in the Sahel) and 1984 (in Ethiopia) occurred in

the years with the largest regional rainfall deficits across the Sahel this century. Although the

climate of the regions of Ethiopia which were affected by famine in 1984 is wetter than that

of the lower-elevation Sahel, there is a large degree of coherence in rainfall variations

between these areas (Evans, 1994).

The Sahelian famine of 1973 was the result not only of very low rainfall, but of increased

use of marginal land for agriculture and a lack of timely provision of famine relief after the

onset of drought conditions in 1968 (Sheets and Morris, 1976; Glantz, 1994). Human

mortality in the Sahel due to starvation and famine-related disease in 1973 alone has been

estimated at 100,000 by Sheets and Morris (1976). Glantz (1994) reports that by the mid-

1970s up to 200,000 people and twelve million cattle had died as a consequence of the

drought. Cattle are essential to the livelihoods of the nomadic sections of Sahelian society;

the consequences of their loss were therefore profound as such losses affected the ability of

large numbers of people to return to their former way of life once conditions became more

favourable to pastoral activities.

Rainfall in 1984, averaged across the Sahel region, was the lowest in the twentieth century.

Rainfall in northern Ethiopia, based on records from the Blue Nile catchment area (Conway

et al., 1998), was also very low, although not as low as in 1912 and 1913, and affected a

larger area than in 1973. Famine was averted in the West African Sahel in 1984 due to the

existing famine relief infrastructure. However, a similar infrastructure was absent in

Ethiopia, and the effects of drought were also compounded by complex social and political

factors, including military conflict (McCann, 1994). The resulting Ethiopian famine cost an

unknown number of human lives, although very approximate estimates of the number of

dead are in the region of one million (Rosenblum and Williamson, 1988, p. 91).
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The relationship between drought and famine in the Sahel and Ethiopia throughout the

twentieth century, and particularly in its last three decades, illustrates the need for historians

and scientists to be aware of the complex issues which lead from the former to the latter.

Much of the catastrophic impact of the extremely dry years of 1973 and 1984 was the result

of changes in the affected societies which meant that they were particularly ill-equipped to

deal with rainfall failures. The famines would not have occurred without the droughts, but

were not an inevitable consequence of them. Some authors (e.g. Glantz, 1994) have rightly

emphasised the role of societal factors in the issue of Sahelian food security. However, such

considerations should not obscure the fact that the post-1968 period has been persistently and

unusually dry throughout much of the Sahel within the context of the (albeit short)

meteorological record (see Section 2.1). Scientists and policy makers should not ignore the

potential of a continuation of such dry conditions to influence the physical and social

environment of the region.

1.4. Twentieth century rainfall variability and climate change in the

Sahel

Figure 1.2 presents annual rainfall in terms of standardised anomalies with respect to the

mean for the entire twentieth century. The anomalies are aggregates for the entire Sahel

region, which is liberally defined as the region from 10° - 20° N and stretching from the

West African coast to 30° E. In these terms most years since 1968 are characterised by

negative anomalies, and the last three decades of the twentieth century appear to represent a

persistently more arid regime than that prevailing throughout the rest of the century.

Concern about aridification of the Sahelian environment arose in the early 1970s, when

consecutive rainfall-deficient years culminated in the widespread Sahelian droughts of 1972

and 1973. As early as the mid-1970s it was postulated that the Sahel may be experiencing a

shift to a generally more arid climatic regime (Dyson-Hudson and Dyson-Hudson, 1975;

Kelly, 1975; Newman, 1975). Although the Sahel recovered from the droughts of the early

1970s, rainfall continued to be low with respect to that of the 1950s and 1960s, reducing

again in the early 1980s. 1983 and 1984 were extremely dry, with 1984 exhibiting the largest

rainfall deficit of the twentieth century (some 30% below the long-term mean). Suggestions

that the Sahel “drought” would end in 1985 (Faure and Gac, 1981) proved to be unfounded.

Rainfall was low in 1985 and 1986, while the rainfall deficit in 1987 was comparable to that

of 1973 (some 20% below the long-term mean). After the relatively wet year of 1988,

rainfall anomalies remained negative with respect to the twentieth century mean until 1993,

with rainfall in 1990 again being comparable to that of 1987 and the early 1970s. Rainfall in
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1994 was comparable with that of 1967 and represented the largest aggregated total since the

onset of dry conditions. 1995-1997 were also dry, and rainfall in 1998 was close to the

century-mean. Rainfall was deficient in May and June of 1999 (FEWS bulletin, 29 June,

1999), but July and August were wet, with widespread floods in many Sahelian countries in

August. At the time of writing, it is too early to fully assess the 1999 wet season, although

the indications are that 1999 will prove to be a relatively wet year (FAO/GIEWS Sahel

Weather and Crop Situation Report No. 4, issued 10 September 1999). Within the context of

the post-1968 aridity, it is worth noting that the only other year in the twentieth century to

exhibit a rainfall deficit comparable to those of the very dry years of 1972/3, 1983/4, 1987

and 1990 was 1913.

Figure 1.2: Spatially aggregated annual rainfall anomalies (in standard deviations) for
the Sahelian latitudes. The data are averaged  over the region 10º - 20º N; 25º W – 30º
E, and are described in New (1999a). Anomalies are calculated with respect to the mean
for the entire series (1901-1998).

It is arguable that the Sahel is the only one of the world’s dryland regions to have

experienced a significant change in climate resulting in increased aridity this century. Many

authors have described the period since the late 1960s as representing a desiccation, i.e. a

phase characterised by persistent drought. Hulme (1996) describes this recent desiccation as

contributing to an equivalent mean linear trend amounting to a 21% decrease in rainfall over

the twentieth century. The downward trend in rainfall does not begin at the start of the dry

episode; aggregated Sahel rainfall systematically declines from 1954. Dry episodes occurred

in the 1910s and 1940s, but were of relatively short duration. The 1930s and 1950s were

characterised almost entirely by wet years, with no significant rainfall deficits (there were no

rainfall deficit years in the 1950s). 1950 and 1954 were the wettest years this century.

Agnew (1999) has questioned the use of the term “desiccation”, suggesting that, in relation

to 1961-90 mean rainfall, the magnitudes of the rainfall anomalies in most years are
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insufficiently large to represent drought conditions. However, the 1961-90 period is

comprised mostly of years falling in the reduced rainfall period, the signal of which will be

built into the mean, lowering the magnitude of the negative anomalies such that they appear

undramatic. The choice of an averaging period is arbitrary: other reference periods might

accentuate the magnitude of the anomalies in low-rainfall years. The entire twentieth century

is chosen as the baseline in this study as it precludes the necessity of choosing which periods

to discard; the patterns of anomalies are prejudiced only by the availability of data, not the

desire of the author to demonstrate the existence or non-existence of persistent drought or

desiccation. In the following sections, all rainfall anomalies are with reference to the

twentieth century mean unless otherwise stated.

It should be noted that the rainfall deficits discussed here represent annual rainfall amounts

spatially averaged over the entire Sahelian region. Such aggregated values do not tell us

anything about variations in the spatial distribution or seasonality of rainfall. The latter can

be as important as total rainfall amount in terms of agriculture. Agnew (1999) has used the

fact that many studies of Sahel rainfall have tended to be based on rainfall anomalies

aggregated over large areas to argue that talk of a widespread and persistent desiccation is

misleading. He points out that not all regions of the Sahel have experienced a synchronous

and systematic reduction in rainfall, and that agricultural production in the Sahelian nations

has increased over the course of the period generally characterised as dry. Indeed, studies

have identified various different regions of coherent rainfall within the Sahelian zone, and

different areas are characterised by different, and sometimes conflicting, anomaly patterns.

The best known example of such a division of the Sahel into different zones is the work of

Nicholson and Palao (1993), who broadly define a “West Sahel” and an “East Sahel”, as well

as a number of smaller rainfall zones. Such an approach is of great benefit to studies of

rainfall trends and mechanisms of rainfall modulation, as such trends and processes will

depend to some extent on local and regional factors such as orography, proximity to the

ocean, and susceptibility to geographically varying climatic processes (for example the

degree of influence of jet-streams and regions of convergence and divergence).

Nonetheless, this author would argue that the broad trend in the aggregated rainfall

anomalies does reflect a general, large-scale change in the nature of the Sahelian climate, the

degree of which is variable in space and time. Debates as to whether or not the changes in

rainfall in the Sahel over the last few decades represent a desiccation or a persistent drought

are largely semantic in nature, and often of limited value. It is true that not all years in the

period in question have exhibited significant negative anomalies. It is also true that the

downward trend in rainfall has not been continuous; indeed, the trend since 1984 has been
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positive. Neither has every year in this period been perceived by the inhabitants of the Sahel

as being characterised by drought.

However, it is certainly apparent that there have been several years since 1968 during which

rainfall has been deficient enough to cause large-scale societal problems, and that these years

have occurred during a period in which rainfall, aggregated across the entire Sahel, has

decreased relative to earlier decades. Whichever reference period is chosen, rainfall

anomalies will be more persistently negative, and more strongly negative, since 1968 than in

earlier decades.

Many studies (which will be discussed in some detail in Chapter 2) have demonstrated that

rainfall in the Sahel is modulated to varying degrees by phenomena related to patterns of

atmospheric and oceanic temperatures and circulation manifest on regional, hemispheric and

global scales. Many of these processes exhibit trends that have been tentatively linked to

global climate change. Some less well-known changes in various, and apparently disparate,

climatic processes may be theoretically linked with enhanced greenhouse warming on a

global scale and with the established trends associated with Sahelian rainfall. Some of these

processes are discussed in Chapter 2.

Studies of the persistence of Sahelian rainfall, represented mathematically by the degree of

autocorrelation in the rainfall series, demonstrate that the nature of the interannual variability

of the regional rainfall has undergone a profound change, with the autocorrelation of the

aggregated rainfall anomalies increasing dramatically around 1950 (Nicholson, 1995; also

Chapter 4 of this thesis). Coupled with the start of the downward trend in rainfall in the

1950s and the association of Sahel rainfall with other changes in the global climate (e.g.

Shinoda, 1990; Rowell et al., 1992; Chapter 2 of this thesis), these considerations suggest

that the rainfall changes in the Sahel are representative of a broad systematic change in

Sahelian climate which may be linked to widespread decadal-scale climate change. If the

observed rainfall changes represent a systematic reduction in precipitation in the Sahel

(albeit on a broad, rather than on a local, scale), which is linked to other patterns of global

change, it seems reasonable to describe such changes in terms of a general, decadal-scale

regional climate change.

The change in the nature of the interannual variability in Sahelian rainfall in the 1950s

suggests that it is worth considering at which point after 1950 the desiccation can be said to

have commenced. It may be argued that the 1950s was an anomalously wet decade, and that

the reduction in rainfall between 1955 and 1968 signified nothing more than a return to

“normal” conditions, after which a desiccation commenced which resulted in abnormally dry
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conditions replacing abnormally wet conditions. Alternatively, whatever mechanism or

mechanisms have been responsible for the dry episode may have been active since the mid

1950s, perhaps at the same time as, and in opposition to, the processes which resulted in the

high rainfall of that decade. A greater understanding of the mechanisms responsible for the

increased aridity in the region is required before the timing of the onset of the recent drier

regime can be clearly identified.

Such considerations mean that the debate as to the nature and likely duration of the Sahelian

dry episode is still far from closed. The two questions which have most typified the approach

of research into the Sahelian drought have been:

•  Will conditions of enhanced aridity continue indefinitely?

•  What processes are responsible for the observed decline in rainfall over the Sahel?

An understanding of the mechanisms responsible for the recent aridification will help

climate scientists to assess whether the dry period of the late twentieth century is unusual in

an historical context, and whether such conditions are likely to prevail in the near-future.

Many such mechanisms have been postulated. These include changes in oceanic heat

transport (Newell and Hsiung, 1987) and patterns of sea surface temperature (Ward et al.,

1993), a reduction in the size and intensity of convective disturbances over the Sahel (Lamb,

1983, Lamb et al., 1998), large-scale changes in the northern hemisphere tropospheric

circulation (Shinoda, 1990), and anthropogenically driven changes in surface albedo in the

Sahel (Charney, 1975).

Despite the large body of work which has been dedicated to furthering understanding of the

causes of Sahelian drought, the mechanisms which initiated and which have sustained in the

Sahel are still relatively poorly understood. Debate has essentially focused on whether the

observed changes in rainfall are a response to "internal" factors related to changes in the

characteristics of the land surface within Sahelian regions, or "external" factors such as

large-scale atmospheric forcing by variations in sea surface temperatures. Changes in global

patterns of sea surface temperature (Parker et al., 1994) and northern hemisphere

tropospheric circulation (Shinoda, 1990) which are contemporaneous with the Sahelian

desiccation suggest that the changes in rainfall have been associated with variations in the

global-scale atmospheric and oceanic circulation. However, the inexact relationships

between these quantities and Sahel rainfall on an interannual timescale suggest that regional

and local-scale processes may be important as drought-modifying mechanisms (Lamb and

Peppler, 1992; Ward, 1998). This thesis addresses the role of one potential drought-
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modifying mechanism: atmospheric dust. The availability of a new proxy dust-loading

dataset (the Infra-red Difference Dust Index, or IDDI) facilitates the study of mineral dust

originating in the desert and semi-desert regions of northern Africa as a diagnostic of

changes in the regional climate and environment, and makes possible analyses of dust

impacts on the regional atmosphere. This dataset enables us to reappraise theories of land-

degradation as a cause of increased dust loadings. Such an analysis is timely given the large

amount of speculation as to the role of changes in the land-surface in regional climate change

(Charney, 1975; Hulme and Kelly, 1993; Tegen and Fung, 1995), and the recent increase in

interest in the potential of atmospheric dust to affect climate (Andreae, 1996; Overpeck et

al., 1996; Tegen et al., 1996).

1.5. Atmospheric dust and the Sahelian drought

The potential of atmospheric dust aerosols to modify the Earth’s climate has been

appreciated for some time (e.g. Gunn, 1964; Bryson and  Baerris, 1967; Kellogg and

Schneider, 1977). More recent studies have demonstrated the capacity of mineral dust to

modulate the optical and radiative properties, and hence the thermal structure, of the

atmosphere on regional scales (Chen et al., 1995; Li et al., 1996; Overpeck et al., 1996;

Alpert et al., 1998; Schollaert and Merrill, 1998). Since Sahelian rainfall started declining in

the 1950s, the amount of dust in the atmosphere over West Africa, and the quantity of dust

exported from the region over the North Atlantic Ocean, has increased dramatically

(Middleton, 1985; N’Tchayi et al., 1994, 1997). It is very likely that such increases have

been due to mechanisms which are associated with the desiccation of the region. Many

authors have emphasised the role of changes in the Sahelian land surface in modulating

mineral dust production (Middleton, 1985; Tegen and Fung, 1995). Such changes are usually

described in terms of land degradation resulting from climatic desiccation and overgrazing.

However, the data purporting to represent the extent and severity of land degradation in the

Sahel are unreliable (Goudie, 1996; Williams and Balling, 1996), and it is likely that the

importance of degradation, and of overgrazing in particular, has been overestimated (Mace,

1991; Wint and Bourn, 1994; Mortimore, 1998). It is therefore appropriate to reassess the

relative roles of land-surface conditions and regional climatological and meteorological

conditions in the role of dust production. The availability of widespread remotely sensed

data relating to atmospheric dust loadings over continental Africa (Legrand et al., 1994), and

continuous fields of climatological reanalysis data (e.g. Kalnay et al., 1996), makes possible

an investigation of the relationships between dust distributions and climatological situations.

From such an investigation, the degree to which atmospheric processes control dust
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production may be inferred, as may information concerning the meteorological processes

involved in dust mobilisation and transport. Of most interest within the context of this thesis

is the relationship between dust and rainfall over the Sahel, both in terms of the influence of

rainfall on dust production, and modulation of rainfall-generating processes by atmospheric

mineral aerosols. For this reason, the emphasis is on summer dust production and its

influence on the wet-season atmosphere, although the mobilisation, transport and radiative

impact of dust at other times of year are also considered in some detail.

Although the extended period of late twentieth century dry conditions in the Sahel has been

associated with large-scale atmospheric and oceanic changes (Shinoda, 1990), such

associations appear to be of most importance only on time-scales longer than a year (Folland

et al., 1986). The interannual variability of Sahelian rainfall, and especially its high level of

persistence over the drought period, cannot be explained entirely by association with the

general configuration of the atmospheric and oceanic circulation. Some of the interannual

variations in rainfall are likely to be explained by teleconnections between the Sahel and

individual oceanic regions (Bah, 1987; Janicot, 1994; Janicot et al., 1996). However, the

persistence in interannual rainfall, which is absent in the first half of the twentieth century

and also in modelled Sahel rainfall (Hulme, 1998; also discussed in Chapter 4 of this thesis)

suggests that regional-scale feedback processes may have acted to reinforce the observed

aridity. The nature and scale of the increases in dust production observed since the 1950s and

1960s (Middleton, 1986; N’Tchayi, 1994, 1997), along with the potential for dust aerosols to

increase atmospheric stability and thus suppress convection and ultimately rainfall, make

dust a likely, but by no means sole, candidate for such a feedback mechanism.

This thesis investigates the relationships between dust and climate over the Sahel-Sahara

zone. The motivation is four-fold:

1. An improvement in our understanding of the role of atmospheric dust is necessary if it is

to be represented realistically in global climate simulations and ultimately in climate

change scenarios.

2. The advent of the IDDI dataset means that it is possible to map geographical and

seasonal variations in dust production to an extent previously impossible.

3. Atmospheric dust loadings have the potential to be used as a diagnostic of changes in the

regional climate and land surface, and to illuminate the debate concerning the extent of

land degradation.
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4. Dust may have the potential to modify the climate in a way that may contribute to the

higher levels of persistence in interannual rainfall amounts.

Point (1) is important from the point of view of global and regional climate change studies,

and will ultimately be made possible if a description of dust distributions (2) is combined

with studies of radiative transfer and interactions with other elements of the climate system.

Geographical, seasonal and interannual variability of dust production is specifically

addressed in Chapter 5. The approach of point (3) is utilised in Chapter 6, which aims to

assess the degree to which dust production is determined by atmospheric processes as

opposed to the state of the land surface.

It is plausible that enhanced atmospheric dust loadings over continental North Africa have

acted to sustain the dry conditions in the Sahel via suppression of local continental

convection and large-scale influences on the regional atmospheric circulation. The degree to

which dust loadings affect the thermal structure and atmospheric dynamics over the Sahel

and Sahara (Point 4) is investigated in Chapter 7. The contents of all the chapters in the

thesis are summarised in more detail below.

1.6. Chapter summary

The principal aims of this thesis are to assess the relationships between dust loadings and the

prevailing synoptic climatology and land surface conditions in the Sahel-Sahara zone, and to

investigate the impact of atmospheric dust on the regional climate of the Sahel and its

environs. These relationships between dust and climate will exist within the context of the

larger-scale processes that modulate the Sahelian and Saharan climate, such as oceanic and

atmospheric circulation and interaction. It is therefore helpful to summarise these processes,

in order to provide a framework for the investigation and understanding of the role of dust in

the regional climate. Chapter 2 is a combination of review, synthesis and discussion of

research carried out by many authors. The work discussed largely relates to research into

mechanisms of Sahelian rainfall modulation. However, many studies of phenomena

ostensibly unrelated to Sahel rainfall are helpful in placing changes in Sahelian climate in the

context of global climate change. Some such studies are discussed. In addition to the

regional and global climatological context, the research into dust mobilisation, transport and

impacts is also reviewed. Chapter 2 is, therefore, a long chapter by necessity.

Chapter 3 describes the various datasets used to perform the analyses described throughout

the thesis. The Infra-Red Difference Dust Index (IDDI) dataset, developed at the Laboratoire
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d’Optique Atmosphérique at the Université de Sciences et Technologies de Lille, is

introduced. This dataset is a proxy measure of atmospheric dust loadings, based on the

reduction in brightness temperature due to the presence of atmospheric aerosols as measured

by the infra-red (IR) channel of the METEOSAT satellite. Analysis of these data, in

conjunction with analysis of other climatic variables, forms the core of the thesis. The origin

and construction of the daily IDDI data and the creation of the final IDDI climatology,

undertaken as a part of the PhD project described by this thesis, is described. Data

processing, validation and interpretation of the IDDI data are summarised, and a discussion

of the issues relevant to the large-sale measurement of atmospheric dust is included.

Other data described here are gridded observed rainfall data, obtained from the Climatic

Research Unit, and reanalysis climatological data at various pressure levels, obtained from

the Climate Diagnostics Centre, and originating from NCEP/NCAR.

The purpose of the analyses presented in Chapter 4 is twofold. Firstly, Sahelian rainfall

variability as represented in several GCM simulations is assessed in the context of twentieth

century rainfall variability. The simulations were performed at the Hadley Centre for Climate

Change and the Geophysical Fluid Dynamics Laboratory (GFDL). Modelled and observed

relationships between global temperature patterns, particularly the inter-hemispheric

temperature contrast (IHTC), and Sahelian rainfall are examined. In this manner the extent to

which the simulations generate a realistic Sahelian climate (in terms of rainfall variability) is

assessed.

Secondly, deficiencies in the simulations are used to infer information about the real climate

system. A consideration of such deficiencies in the context of the model parameterisations

may suggest which processes are responsible in reality for modulating the elements of the

climate which are poorly represented in the simulations. The analysis of persistence, or

autocorrelation, is particularly relevant to this study, as the degree to which one year’s

rainfall reflects that of the previous year(s) may be related to local and regional drought

reinforcing mechanisms, and is greater under the recently observed drought conditions

(Nicholson, 1995). The importance of such mechanisms is relevant to the study of

interactions between atmospheric dust and climate, as dust is not parameterised in any of the

simulations which are considered.

The three runs from the HADCM2 (Hadley Centre) ensemble study also allow the modelled

impacts of increased CO2 levels, and of the presence of sulphate aerosols in the atmosphere,

on Sahelian rainfall to be assessed.
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Chapter 5 describes the spatial and temporal variability of dust loadings over Africa, with

the emphasis placed on Africa north of the Equator, and on the Sahel and Sahara in

particular. Throughout the thesis, the wider study area is referred to as “northern Africa”.

This domain contains all of Africa north of the Equator, and should be interpreted as

referring to the Sahel-Sahara zone and the immediately adjacent regions. Dust variability is

inferred from the IDDI dataset. Major sources of dust aerosols are identified and compared

with sources identified by other authors. The seasonal variation in the activity of the major

source regions is described. Particular attention is also paid to the seasonal variation in the

meridional dust-loading gradient over the Sahel and Sahara. This is done in order to identify

the latitudes where dust production is at a maximum at different times of the year, in the

context of previous work that has suggested that much of the dust production in the region is

the result of soil disturbance resulting from overgrazing or climatic desiccation (Tegen and

Fung, 1995). Interannual variability of dust production is discussed in terms of previously

postulated relationships between dust production and rainfall in the previous wet season.

Interannual variability of production is discussed separately for various averaging periods,

ranging from two to twelve months duration.

Chapter 6 discusses the role of rainfall and of the regional climatology in determining dust

production in the Sahel-Sahara zone. Individual and composite seasonal IDDI anomaly fields

are compared with individual and composite preceding wet-season rainfall fields.

Correlations between wet-season rainfall and subsequent monthly IDDI indices representing

dust loadings over various latitudinal zones are also calculated. Anomaly fields of NCEP

reanalysis sea-level pressure and wind-magnitude are plotted as contours over IDDI anomaly

fields in order to identify climatological anomaly patterns associated with particularly high

or low dust loadings. High (low) dust loading fields are created by calculating composite

fields from monthly data representing the three months with the largest-magnitude positive

(negative) IDDI anomalies over the Sahel and Sahara. Pressure indices as diagnostics of

regional circulation patterns associated with dust variability are investigated, and spatially

averaged daily IDDI values over northern Africa are correlated with pressure difference

indices over the period for which IDDI data are available. Relationships between dust

production and surface winds, and between dust levels and easterly wave activity, are also

investigated.

Chapter 7 addresses the impact of dust on the regional climate. This is achieved through a

consideration of the modification of the thermal and convective structure of the

Sahelian/Saharan atmosphere. Correlations between local daily IDDI and daily temperature

and vertical velocity values are performed for individual months over ten years, by pooling
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the daily data for each month. IDDI and climatological values are correlated with the latter

lagging the former by 0, 6, 12 and 18 hours, made possible by the use of the 6-hourly

NCEP/NCAR reanalysis data, and the fact that the IDDI data represent the atmosphere at

midday. Seasonal, geographical and diurnal variations in the relationships are examined.

Vertical variations in the relationships allow information concerning the altitudes of dust

transport to be inferred.

In order to investigate the potential impact of dust on the circulation associated with the

West African Monsoon, IDDI indices are correlated with meridional wind indices

representing the southerly flow across the Gulf of Guinea and West Africa.

Chapter 8 is a synthesis of the research presented in previous chapters. The findings of the

thesis are discussed in the context of the field of Sahel research as a whole, conclusions are

drawn and further research is recommended.
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