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ABSTRACT

Mean rainy season (April-QCctober) precipitation series
for fourty one stations in Nigeria for a long period of
years, are used to derive a Bhalne and Mool ey-type drought
index for the region. Various statistical analysis indicate
that precipitation series are nore variable Over the
Sahelian, eastern Mdland and western sub-sectors of the
Gui nea- Savanna and Coastal zones. The rainfall series for
the Sahelian and northern Mdland zones indicate a signi-
ficant trend towards increasing aridity, especially in the
| ast 30 years.

Map-pattern correlation nethod stratifies 46 per cent
of the eighty two years, and produces conparatively good
results as the nore sophisticated eigenvector method, six
noi sture anmonmaly patterns, are identified by map-pattern
correlation nmethod indicating distinct differences between
areas north of 10°N and the rest of the country. Maps of
the nmean seasonal areal coverage of drought reveal remark-
abl e changes in size and position fromyear to year.

Drought does not cover the entire country and no particul ar
areas were persistently affected until the 1970s and 1980s.
Since the beginning of the 1970s areas affected by drought
have increased in extent wth a consequent decrease in near
normal and wet conditions particularly in the Sahelian and
the Mdland zones. The 1970s and 1980s were characterized

by exceptionally high frequency of drought conditions with a
presence of consecutive years of |arge-scale droughts since

1982, confirm ng persistence of drought in N geria.



Al'l stations are subjected to Non-Integer nethod of
spectral analysis and | ow pass filter nethod in order to
identify any trends and regular periodicites in the drought
i ndex. The | ow pass filter results confirm negative trend
for the Sahelian and M dland zones (fromthe md 1950s and
| ate 1960s respectively), indicating increasing aridity.
The drought spectrum as indicated by the Non-integer me-
thod is dom nated by peaks in the 2.1-7.9 frequency range
(Coastal and western Cui nea-Savanna zones) and | onger
frequencies with peaks between 11.0-11.9 and 13.0-13.9 years
in the Sahelian and the Coastal zones. Based on the nunber
of stations with significant quasi-11-year oscillations and
their spatial distribution a linear relationship between
drought index fluctuation and 11-year sunspot cycle nmay not

be realistic, as it is often portrayed in the literature.

In general, drought in N geria is a conplex random
phenonmenon, generated by non-linear atnospheric processes
sporadic in spatial occurrence, making its prediction

difficult.



ACKNOWLEDGEMENTS

I would like to express my sincere appreciation to my
- supervisor Dr. E.QO. Cladipeo, without whose encouragement,
brofessional enthusiasm and seemingly infinite patience
this work would nct have been completed,

I am grateful to those who assisted in the tedious
tasks of data organization and analysis. I would particu-
larly like to thank Mrs. Gabriella Anjorin and Dx. Julius
Oladipo former senlor analysts of the Computer Centre, ABU,
Zaria, for their professional help at the initial stages -
of work. My deep appreciation goes to Dr. Steve Olorunju /3'H'
of Computer Services, NAPRI, who assisted with major )
analysis and stepped in at the time I wanted to resign
from the project.

I would like to thank Professors K.0. Ologe and J;J.
Owonubi for their advice, support and friendship through-
out my graduate study. Special gratitude goes to all my
colleagues in the Department of Geography, ABU, Zaria,
particularly to Dr. J.A. Ariyo, Dr. A.L. Bello, Dr. D.O.
Ccgbonna, Dr. I.A, Jaiyeoba, Mr.E.QO. Iguisi, Mr. and Mrs.

J.A. Ukoje, Mr. G. Aken-Ova and Dr.M. Mamman for their
support and providing me with a condusive. atmosphere to work.

The data for this study were collected from the Nigerian
Meteorological Office Archive, Oshodi, Lagos. Thanks are
due to the Director, Nigerian Meteorological service for
permission to use them. .

I am grateful to Mr. B.T. Samuel for his excellent work

in drawing the illustrations for the thesis.

vii



a

The following individuals gave professional and per-
sonal support during the last few stressfui years:

Ms. A. Taylor, Prof. L. Lege-Oguntoye, Mr. H. Boudib and
family, Ms. E. Robson, Dr. (Mrs) P. Olorunju, Ms. S. Crow,
Mr. Z. Cikora, Mr. S.0. Oyerinde and Ms. D. Braimah.

Last, but not least, I want to express my gratitude
to my sister Natalia, who wrote numercus letters full of
encouragement, to my daughters Ego and Natasha from whom I
was separated for four years and who understood all the
right reasons for that, to my dear Nkechi, who stayed with
me, tolerated my moods and even typed part of the thesis.
I am grateful to my husband Prof. C.G. Iwegbu for his

encouragement and financial support during those years.



TABLE

OF CONTENTS

DECLARATION . . . .« . .
CERTIFICATION «+ + .« +
DEDICATION s .
ABSTRACT s s e e e
ACKNOWLEDGEMENTS . . . .
TABLE OF CONTENTS . . .
LIST OF TABLES e e s
LIST OF FIGURES . . . .
CHAPTER 1 INTRODUCTION

Motivation .

=
* * = *+ &
U130 W) N

[

CHAPTER

Introduction

[ A0 N 8
- v »
Lol R

2.3.1 Period of Late Pleistocene
2.3.2 The Period of Aridity
(c.20,000 to 12,000 BF)
2.3.3 Early Holocene Lacustrine
12,000 to B,000 BP)

Episode (c.

and the Neolithic HBumid Phase
4,000 BP)

dims and Objectives
Significance of the Study
Scope of the Study . .
Qrganization of the Study

Drought Definitions
Climatic Fluctuations and Drought.

{8,000 to c.

2.3.4 The Last Four Millenia
Pre-Histcrical Times
2.3.5 Historical Period

2.4 Explanaitions for Drought Occurrences.

2.4.1 Rainfall Producing Systems
2.4.2 Mechanisms of Drought

CHAPTER 3

3.1 Introduction

ix

REVIEW OF LITERATURE

SQOME ASPECTS OF APRIL-OCTOBER
PRECIPITATION CLIMATOLOGY

Page
ii

iii
iv

ix
xi

xii

.
NO® W JOTA = =

-
o o

19

23
23

27

27
3z

42
42



CHAPTER

CHAPTER

CHAPTER

ur
.
I

o b wh

3.1.1 Data Base, Initial Data Survey

and Station Distribution . . . . 43
3.1.2 Misging Data e e - e e e e e 46
Analysis of Precipitation Series ., . . 47
3.2.1 Homogeneity of Seasonal _

PrECipitatiDn Series PO ] I T 48
3.2.2 Randomness of Series . . . . . . 48
3.2.3 Nature of Frequency Distribution 51
3.2.4 Blocks of Thirty Years . . . . . 62
3.2.5 Decadal Analysis R 69
DROQUGHT INDEXING T
Introduction . e S 76
A Review of Some Drought Indices . . . 76
Drought Index Used in This Study . . . ' 83
A Comparison of Three Drought .
Indices: BMDI, RAI and Tabony . . . . g1
Bhalme and Mooley Index Performance: R
Some Examples 'i.'...‘I..O..O‘.Clll...'"“' - 99

SPATIAL CHARACTERISTICS OF DROUGHT

IN NIGERIA .ivcinevrssaresnsncssnnssanss 104
Inbroduckion +veeeceevivsonsassasonsos - 104
Review of Commonly Used Methods ...... 105
Map-Pattern Correlation Analysis ..... 109
5.3.1 Determining Drought Patterns 110
5.3.2 Pattern MapsS .uvcesssessscesnans 113
Changing Frequency of Drought ........ 135
%patial Coherencve of Drought ......... 140
&EMPORAL CHARACTERISTICS OF DROUGHT
IN NIGERTA +iutivenccansnnansncnsansss 148
INtroduction «..ceceroeestnrnoncasanas 148
Low~-Pasgs Filter Method ...cciceevvincas 150
Spectral Methods ...ccesncvictacnsncns 152
6.3.1 Fast Fourier Transform and
' Periodogram Analysis .....cavess 153
6,3.2 Maximum Entropy Spectral Analysis 156
6.3.3 The Non-Integer (Non-Harmonic)

Method of Spectral Analysis .... 158
Results
6.4.1 Trends and Fluctuations by Low-

Pass Filter .....veveeccsrsnness 163

6.4.2 Periodicities Due to Non-
Integer Method of Spectral
Analysis ... eeeiriaanesscareansas 174



CHAPTER 7 SUMMARY AND CONCLUSIONS teeeceesonnnsocsens

7.1 sumlﬂarj’ LI L N I O I TR T I I I T I T S T R I T R I
7-2 CDnClUEionS LR B S N B R I O L R O B DI B O]

REFERENCES L R I O R I T S R I I T T I I T I T S A Y

APPENDIX h R I I e R I I L I I T T T S T Y

APPENDIX B cussncsdenesacssssossassasssssasasnssassesnsnis

APPENDIXC LR AT B I R R B D I O R O B O I B R O T L I I I I

LIST OF FIGURES

Fig.

2.1

a 4

Lake-level variations in Niger and Chad during
late-Pleistocene and HaloCene .«....eeeeecsssss
Lake-level variations in Niger and Chad during
the last 4000 Years8 .scessesacsssssccasnssaannsa
Variation of the level of Lake Chad in 19th

and 20Ch’ CentUTles was s s s ewviiaim s e i 66 e e s o
The ITD and associated weather zones .........

Data collecting stations and geographical regions

Mean seasonal (April-October) precipitation (mm)

.Coefficient of variation of seasonal precipitation

(%)
Results of Cramer's test for hloczof 30 yeire

Student's test for 1931-1960 and 1961-1987 periods

Results of Cramer's test for different decades

Accumulated moisture index during the rainy season

(April-0October)

Seasonal means of Bhalme and Mooley (BMDI) Van
Rooy (RAI) and Tahony drought indices for Sokoto
(Sahelian 7one)

Seasonal means of Bhalme and Mooley (BMDI), Van
Rooy (RAT) and Tahony drought indices for Minna
(Midland Area)

Seasonal means of BRhalme and Mooley (BMDI), Van
Rooy (RAT) and Tabhony Arought indices for Ihadan

(Guninea Savanna 7one)

45

a6
A4 7

4 B

J

o

7

Seasonal means of Bhalme and Mooley (BMDT), Van
Rooy (RAI) and Tabony drought indices for Lagos
(Coastal Tone)

Seasonal means of Bhalme and Mooley drought indices

(BMDT) for Kano

Seasonal means of Bhalme and Mooley “rought indices

(BMDTI) for So%oto

Seasonal means of Bhalme and Mooley drought indices

(BMDT) for Maiduguri

i-5 6 Mean moisture anomaly patterns

Linear correlation of seasonal moisture anomaly

patterns for the years 1906-1987 with anomaly types

1-6

x1

187
187
188
193
212
229

243

20
24
24
29
15
59
59
65
67
70

86

92

93

04

- b
101
102

103
115

120



Fig.

5

LIST

Table

% .8

5.9

«10

oF T

3.1
3.2
3.3

D
un

BN =D

(& IS, NG BEE; .S

(54}
A

5.6
dro

Interannual variations of moisture anomaly patterns

for some selected vears 127
Percentages of the subareas affected by the

extreme and moderate drought, normal, wet and very

wet conditions 134
Percent probahility of drought in Nigeria when

Sokoto, Kano and Maiduguri experienced drought 142
Seasonal values of BMDI series for Sahelian stations
smoothed by low-pass filter 164
Seasonalvalues of BMDI series for Midland stations
smoothed by low-pass filter 167
Seasonal values of BMDI series for Guinea-Savanna
stations smoothed by low-pass filter 169
Seasonal values of BMDI series for Coastal stations
smoothed by low-pass filter 171
Seasonal valueg of BMDI series for 4 geographical
regions smoothed by low-pass filter 173
Non-integer spectra of drought 175

The number of stations with significant periodicities
in various frequency bands for 4 geographical regions

in Nigeria 178
Spatial distribution of stations with significant
periodicities 179
ABLES
Run's test for homogeneity of seasonal precipitation 49
Spearman's (rg) rank statistics for randomness 52
Statistics of seasonal (April-October) precipitation
for 41 stations in Nigeria 56
Monthly statistics for the highest accumulated
moisture index 85
Description of drought (-)/Flood (+) index 90
Modified BMDI classification a0
Values of BMDI, RATI and Tabony indices for some
southern stations for 1932 96
Values of BMDI, RAI and Tabony indices for some
northern stations for 1944 96
BMDI values for Kano, Sokoto and Maiduquri 99
Results of drought pattern typing 114
Intra-type correlation coefficients 122
Intra-type correlation coefficients type 1-6 124
Drought indices for some selected stations in Nigeria
for 1913-1914 129
Years with large-scale drought and wet conditions 136

Changing probabilities of moderate to severe
ught in Nigeria 139

rii



CHAPTER 1

INTRODUCTION

1.1 Motivation for This Study

The 1980s witnessed severe global climatic instability,
vhich is now regarded as a possible response of the c¢limatic
system to an enhanced greenhouse effect caused by various
humanh activities. Although atmospheric behaviour fluctuates
'naturally on different time scales, the present climatic
fluctuation is rated as more rapid and destructive than has
been experienced before. This fluctuation is characterised
by an increased probability of the occurrence of such |
extreme events as summer heat waves, droughts and Floods.
The estimated increase of global mean surface air temperatu-
re by 0.30C to 0.6°C over the last one hundred years, with
the five warmest years occurring in the 1980s, could indi-
cate that the global climatic system today is being pushed
towards a new state (IPCC, 1990).

Already there are indications of the possible effects
of global warming. In 1987, for example, an unprecedented
tropical storm tore across Great Britain, uprooting century-
old trees, disrupting power lines and destroying homes. In
the same year a heat wave, as a result of an exceptionally
hot and dry summer in Europe, killed 1,200 people in Greece.
Hurricanes Gilbert (1988) and Hugo {(1989) were particularly
devastating in the Caribbéan and Tuvalu, a small low-lying

island group in the Pacific, was hit by twenty one tropical
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¢yclones in 1989 compared with an annual average of four. in
August 1988, the Sudan, which had been affected by drought
.for more than two years, received its average yeafly rain-
fall in three days. The resulting flood washed away topsoil
and left more than 1.5 million people homeless (Grubb, 1989;
Mintzer, 1990; Sinclair, 1991; Oladipo, 1991). The winter

of 1991-1992 was recorded in the United States as the warmest
in the last 97 years, while in the Middle East it was the
-wettest and coldest in 40 years with an unusual amount of
snow in Amman, Damascus and Jerusalem. The same year the
continent of Africa suffered from its worst drought in fifty
years and floods affected Hong Kong, parts of Australia,

southern Brazil, California and some West Europian cities

LI

(Time magazine, 15th June, 1992).

The above examples indicate the need to understand
the degree of climatic variabiliity over a period of time.
Nigeria is no exception. Rainfall in Nigeria is highly vari-
able from year to year and in recent years frequent dry
spells culminated in severe and widespread droughts, capable
of large-scale destruction of plants, animals and human life,
such as the well known 1972-1973 drought. Although, alter- |
nating wet and dry years have always beeﬁ observed in
the region (e.g. Adefo;alq, 1973; Oguntoyinbo and Richards,
1977; Ayoade, 1977a) the éérsistence of droughts since
1972-1973 suggests that a dangerous trend in mean conditibné
is taking place. These droughts have taken catastrophic

dimensions in some years. For example, the 1972-1973 drought



in the Sahel reportedly claimed between 100,000 and 250,000
lives (Nicholson, 1989b). During this drought over 10.4
million people faced famine situation and estimated losses
of guinea corn and millet were 1.675 million tonns in the
worst affected areas of Nigeria (van Apeldoorn, 1981). An
estimate of 3.5 million heads of cattle (approximately 25
per cent of the total) perished (Grainger, 1990) thus, ran-
king this drought among the greatest tragedies of the twen-
tieth century. In 1983 and 1987 droughts returned and du-
ring the 1987 growing season about five million metric tonnes
of grains valued at about S400 million were lost to drought
(New Nigerian, 12th January, 1988).

These repeated droughts have contributed in no small
way to the inability of semi-arid zone vegetation to cope
with the rate of exploitation from increasing population.
The detrimental impacts of drought on a wide spectrum of
human activities and environmental processes can not be
over-emphasized: desertification, damage to plants, animals
and soil resources, depletion of ground water reserves,
impaired water and alr quality and increasing fire hazard
are just a few of the environmental impacts of drought.

The socio-economic impacts range from disruption of liveli-

hood, migration and health related problems (due to the poor
quality of water, poverty and hunger), to serious financial

losses by farmers and cattle owners.

Despite its recorded history and the hardships imposed

by drought, only a few studies have examined the nature,
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areal coverage, duration and trends of drought occurrences
in Nigeria. The present study, therefore, will focus inves-

tigation on these important aspects of drought.

1.2 Aims and Objectives of The Study

Rainfall is the most important climatic element affec-
ting agriculture in Nigeria. Unfortunately, rainfall in
Nigeria is extremely variable resulting in periodic droughts
in various parts of the country. Drought, as an inevitable
part of the climate of Nigeria, affects not only the arid
and semi-arid areas of the north but alsc the wetter southern
areas. While the arid and semi-arid areas of northern Nigeria
are, by nature, prone to recurrent and persistent periods
of drought separated by wet years, significant reduction in
the améount of rainfall normally received in the south can
alsc have a devastating effect. “

Therefore, the purpose of this study is to describe the
spatial and temporal scales of drought occurrence in Nigeria.
The szspecific objectives are: | |

(i) To describe April-October precipitation cliﬁatology

in the country.

(ii) To calculate and assess the performance of van Rooy
(1965), Tabony {(1977) and Bhalme and Mooley (1980)
metheorological indices in depicting the intensity and
geverity of drought. | | | B
(11i) Ta examine the extent of sﬁatial coherence in the

occurrence of drought.



(iv) To detect any systematic and regul;r pattern in

the temporal distribution of dry and wet periods. |
Based on the foregoing ovbjectives, two major hypotheses are
formulated: ‘ |

(i) The reglon of study does not cbnéistently respond

as a unique entity to any drought-related climatic

mechanism. |

(11} Drought in Nigeria 1ls a complex phenomenon, produced

by mesoscale processes, that may persist to prolong

its occurrence and expand its areal coverage.

1.3 Significance of The Study

Precipitation is the major source of available water
ih Nigeria and a valuable resource to be adequately managed,
particularly in the drought prone areas of the country. Hence
any variations in the timing or amount of rainfall can cause
serious problems for rainfed agriculture and other economic
activities. Although it is impossible to avert natural droughtﬁ
it is nonethelesgss possible to minimise its effects by making
adequate long-range mitigating plans. These plans must, |
inevitably, be based on a concrete knowledge of drought
characterigtics in the region of study. Therefore, a comprehen-
give description of spatial and temporal aspects of drought
would provide a valuable input into the possible anti-drought
strategies such as drought monitoring, disaster preparedness
and management. Mapping the spatial scales of drought would

help in identifying the particular drought-prone areas,



which require special attention; In.this respeét,.kﬁcwlédgé
gained may be useful for selecting appropriate crop and -
'I_plant types for cultivation in a particular area.
In addition, a good understanding of the temporal chang
in drought occurrence would ke significant for understanding
| the predictability of the phenomenon. Although significant
i.periodicities {e.g. 2, 8, 15, 27, 32 and 45 years) have -
_been identified for the Sahel region (Bunting et al., 1976;
Kraus, 1977: Nicholson, 1985; Adejuwon, 1991}, it is still
- difficult to evaluate the reliability of these periods for
Nigeria. Therefore, a cvonmprehensive assessment of the tempo-
ral characteristics ¢f drought in Nigeria, based on long-
term precipitation records, will aid in better documentation
of the scales of drought in the region.
Moreover, understanding the characteristics of drought
in Nigeria would be a useful contribution to a future regio-
.nal approach to the problem of drought. The concern about
the future of food and water supply., especially in northern
Nigeria, justifies continued interest in drought study. To
analyze and explain the nature of drought will increase
current knowledge about its variability, so that available

water resources may be more meaningfully‘managed.

1.4 Scope of The Study

The study focuses on the climatological characteristics
. of April-October droughts in Nigera, particularly their

spatial and temporal aspects. The major gquestions concern



the exteht of drought and trends in drought pattérns. The;é.
have received little attention in the past. Research dealing
*ith.some asp6cts of drought in Nigeria has been carried out
by Oguntoyinbo and Richards (1977), Adefolalu (1986a,b) and
Olaniran (1991). Oladipo (1989) investigated the spatial
coherence of drought in northern Nigeria for the period
1916-1983 and estabklished that there are remarkable seasonél
changes in the drought patterns in northern Nigeria, with no
consistent recurrent spatial patterns in the meoisture ancma-
lies. |

The present study investigates the areal extent of drought
for the whole of Nigeria. This is important because the whole
of the country may not respond as an entity to any single
climatic forcing. Secondly, for a scientific planning of
agriculture and water resources it is important to know how
often droughts occur and for how long they persgist.

In order to assess these problems, some specific questions
must be answered: |

{i) What is the spatial distribution of seasonal (April-

October) drought occurrences? : R
(ii) Are there any temporal and spatial coherences of
drought in Nigeria? ! _
(iii) Are droughts periodic? If so, on what time.scéle?

{iv) Are droughts persistent?

1.5 Organization of The Study

An important initial step in the investigation of drought

is its accurate definition. Therefore, Chapter two reviews



both the historical and recent evidence of drought events.
In the same chapter scme important causal mechanisms of -
drought occurrence are discussed. |

For tropics in general and Nigeria in particular, D .
precipitation is the most important climatic input into any
drought study. Therefore, detalled discussion of the precipi-
tation data used in this study is followed by simple statisti-
cal tests and discussion of secular variation of April-October
precipitation climatology in Nigeria. These discussions ﬁnd
tests constitute Chapter three. | | |

Chapter four reviews the performance of some metheorologi-
cal drought indices. In the same chapter, an equivalent of
the Bhalme and Moocley (1980) drought index (BMDI) is derived
for Nigeria and its performance in representing.drought
conditions is compared with the performance of the van Rooy
(1965) rainfall anomaly index (RAI) and the Tabony (1977)
drought index. | |

Chapter five discusses the spatial characteristics of
BMDI using a statistical map-pattern correlation apprqach
over time and space. The spatial patterns of BMDI are ﬁreseh-
ted in crder to determine the spatial and temporal coherence,
if any, of droughts in Nigeria. | ‘ |

In Chapter six the low-pass filter technique and the
non-integer technique of spectral analysis are applied to the
BMDI series with the objective of identifying marked filuctua-
tions and slgnificant periodicities. | -

Chapter seven presents the findings of the étudy within
the context of our present understanding of the drought pheno-

menon and its predictability.



CHAPTER 2

REVIEW OF LITERATURE

2.1 Introduction

The persistence of an unusually long run of dry
years in semi-arid sub-tropical Africa since the late
1960's, has aroused the interest of the scientific
community and prompted numerous research papers dealing
with different aspects of drought. In spite of extensive
literature, drought remains a scientific problem. This
chapter provides a review of the literature on three
important aspects of drought study. In the first section
of this chapter the problems of drought definitions are
discussed. Next, in order to put drought in its proper
perspective, its historical trend over the region is
reviewed, using evidence from the Sahel region as a
whole. Lastly, the causal mechanisms of drought that

have been proposed are discussed.

2. 2 Drought Definitions

Whenever drought is discussed, the problem of its
definition arises. What is drought? Although it has
been with human societies since antiquity, there is still
no universally acceptable definition of this elusive
phenomenon. According to Yevjevich (1967) this lack of
a generally accepted precise and objective definition
of drought has been one of the principal obstacles to its

investigation. Yet, a precise and objective definition of
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drought in a specific situation is important, in order

~to eliminate confusion, wrong responses and to work out

appropriate management strategies. Many reasons make
drought verydifficult to define. Firstly, drought is a
"
complex phenomenon and a result of many factors acting
on, and interacting with,the environment. Secondly,
unlike other natural disasters (e.g. flood) it has nei-
ther a distinct start, nor finish. Recognizable after ' - .
~a period of time, it can be interrupted by one, two  or more
wetter periods, giving the impression that it is over
(Oladipo, 1985). prought is referred to asa ''creeping
" phenomenon', making an accurate prediction of either
its onset, or its end, a difficult task. As Tannehill
(1947}, for example, noted:
"We scarcely know a drought when we see one.
We welcome the first clear day after a rainy
spell. Rainless days continue for a time and
we are pleased to have a long spell of such
fine weather. It keeps on and we are a little
worried. A few days more and we are in trouble,
The first rainless day in a spell of fine
weather contributes as much to the drought as
the last, but no one knows how serious it will
be until the last day is gone and the rains
have come again .... We are not sure about it
until the crops have withered and died"
There are other features of drought which make
its definition difficult. Drought can occur in any part
of the world, even in regions of copious rainfall. It
is a condition relative to some long-term condition
of balance between rainfall and evapotranspiration in a

particular area, perceived as "normal"™ (Wilhite and

Glantz, 1987). However, the meaning of '"normal” will
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.be reiative.to fhe cliaéée oflan area and wili thére-
fore vary from place to place. For example, in a humid
country like Britain, 15 days, none of which received )
as much as 0.25mm of rainfall, constitute drought (Bri-
tish Rainfall Organisation, 1936), while in persistently
drier areas such as the Sahellan zone of West Africa -
droughts are only recognized after a year or more with-.
out adequate rain (Oladipo, 1985). Also, drought severi-
ty will depend not only on the duration, intensity and
geographical extent of a gpecific drought episode, but
also on the demands made by human activities and vegeta-
tion on a regions water supply (Wilhite and Glantz,
1987). |

There is a distinction between the concept of drought
and that of aridity. Aridity is a permanent climatic
feature of a region, resulting from consistently low
precipitation, Consequently, small communities living
in those areas adapt themselves to the conditions of
permanently low precipitation. Drought, on the other
hand is a temporary feature of the climate of the regi-
on, when less than '"normal" (adequate) precipitation
occurs for a period of time. If the departure from the
normal conditions is significant and prolonged, the
stress on biological environments and human society . .
could be disastrous. | _ | ._ | | *

The term!aroughf'is generally associated with theﬁ

idea of a deficit in the supply of moisture for some
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specific purpose. It is concerned with the description
of precipitation, stream flow, run-off, evapotrangpira-

tion, groundwater levels, water supply and dryness of

"~ air over a season, a year,K ot several years and also of

the spatial extent of the phenomenon. Its main characte-

" ristic is a decrease of water availability in a particu-
lar period over a particular area rather than a general
decrease in water availability (Ojo and Oyebande, 1985),

Problems of drought definition were discussed by

Subrahanyam (1967), Hounam et al. (1975), Matthai (1979),'
Dracup et al. (1980), Oladipo (1985), Ojo and Oyebande
"(1985) and Wilhite and Glantz (1987) among others. The

- general consensus is that the problem of drought defini-
tion is partly caused by the conflicting concepts held
by a variety of academic fields of study and their spe-
cific interests., For example, hydrologists are concermned
with drought in the context of a period of below n&rmal
stream flow and depleted reservoir storage, while meteo-

rologists are concerned with drought in the context of

.'_ a period of below normal rainfall. Agriculturisté;

on the other hand, are concerned with drought in the
context of a period during which soil moisture is in-
. sufficient to support crops. The economist is concerned

with drought as a period of low water supply, which

- affects society's productive and consumptive activities;

- The result of the diverse views about drought is over

150 definitions. All these definitions can be grouped
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into four categories: (1) méteorological, (2) hydro-
logical, (3) agricultural and (4) socioeconomic.

Meteorological drought occurs when precipitation

is gignificantly below normal for a period of time.

Most objective definitions of meteorclogical drought

are site specific and developed for application in a
particular country (Wilhite and Glantz, 1987). For
example, drought in Libya is defined as occurring when
anbual rainfall is less than 180mm (Hounam et al. 1975).In
India actual seasonal rainfall must be deficient by  ¢ 
more than twice the mean deviation for drought to be |
recognized (Ramdas, 1950). As already stated, in

Britain an absclute drought is defined as a period of

at least 15 consecutive days with vainfall of less than.
0.25mm per day (Hounam et al., 1975). However, a period
of 29 days with mean rainfall not exceeding 0.25mm per
day is regavrded as a partial drought in the same coﬁntry;
and a dry spell is a period of 15 comnsecutive days none

of which has received as much as 1.0mm of rain. Accerding
to the U.S. Weather Service a period of 21 days, or longer,
with less than 30% of the average precipitation for

the time and place constitute drought occurrence, with
extreme drought occurring when rainfall fails to feach

10% of normal for 21 days,or more. Probably the best

known meteorological drought definition is that propo-:f.

tt

sed by W.C.Palmer (1965). He described drought as "an

interval of time, generally of the order of months or
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years in duration, during which the actual moisture
supply at a given place rather consistently falls short
of climatologically appropriate moisture supply".

Some meteorological definitions of drought may also
include atmospheric parameters other than precipitation,
Condra (1944) referred to atmospheric drought as a
"period of strong wind, low precipitation, high tempera-
ture and usually low relative humidity".

Agricultural drought occurs during a period of

time when the requirement of plants are not met either
in terms of water demand to survive by avoiding wilting,
or to produce maximum yield (Ojo and Oyebande, 1985).
It does not begin on the day rainfall ceases, but when
vegetation can no longer obtain water from the soil
rapidly enough to replace that lost to the air by trans-
piration (Chin, 1977). Therefore, the timing of the rain-
fall and the length of the dry period between rainfall
are the most important factors of agricultural drought.
Definitions of agricultural drought link various
characteristics of meteorological drought to agricultu-
ral impacts. Hounam et al. (1975) list 59 indices of
agriculﬁural drought, based ;ither on rainfall, or on
the balance between moisture supply and demand. The
thresholds for agricultural drought depend on demand,
varies with time and may be affected by changes in the

rural economy, such as a shift to different crop types.
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Hydrological drought refers to periods of below

normal stream flow and depleted reserveoir storage. Ojo

and Oyebande (1985) list six types of hydrological

ﬂdrought

based upon variations in duration, season of

the year, or severity, produced by UNESCO-WMO, 1985.

i)

ii)

iii)

iv)

v)

vi)

A three week to three month runoff deficit
during the period of germination and plant growth,
This could be catastrophic for farming that is
dependent upon irrigation water from rivers.

A minimum discharge significantly lower, or more
prolonged than the normal minimum, but does not
affect the germination period and thus is of

less consequence for agriculture. |

A significant deficit in the tofal annu31 runoff
which affects hydropower production and irriga-
tion from large reservoirs.

A below normal annual high water level of the
river. This may create the need for pumping

for irrigation.

Drought extending over séveral consecutive years.,

Discharge remains below a low threshold, or ri-

" vers dry up completely and remain-dry for a very

long time. |
A significant natural depletion of aquifers
(groundwater storage). This is often complicated

by over-exploitation of groundwater during

drought.
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As in the case of agricultural drought, hydrologi-
cal drought is concerned with impacts and effects of
the event rather than its causes. Other objective defini-
tions of hydrological drought are given by Dracup et al.
(1980), Linsley et al. (1975) and Wipple (1966) among

others.

Fconomic drought is viewed by the socioeconomists

from the point of view of different areas of human activi-
ties affected. Definitions of drought by social scientists
and economists inevitably incorporate features of meteoro-
logical, agricultural and hydrological drought. Regarding
drought as a supply and demand phenomenon, Sandford (1978)
defined socioeconomic drought as "a rainfall-induced

shortage of some economic goods, brought about by inade-

quate, or badly timed rainfall”. Increasing demands by
society in the form of agricultural, or industrial, acti-
vities can create drought situation, or make an existing
one worse.

The foregoing summary of definitions demonstrates
some of the problems in deriving an objective definition
of drought. Drought is indeed an undefinable entity,
but a prime mover which has attributes (Ojo and Oyeband-
de, 1985). Agricultural drought may exist due to poor
distribution of precipitation, before it is evident
to the meteorologist, or hydrologist, because the seaso~-
nal totals could still be statistically speaking normal.

On the other hand, agricultural drought may end at
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least temporarily, by rainfall that replenishésléoil.f_i'
moisture, but which is not sufficient enough to contri-
‘bute to ground water, or stream flow., It is now accepted
that a number of environmental factors, other than rain
fall deficiency contribute to the overall intensity of
drought. Meteorological drought is the focus of this
research, since precipitation is the most important cli-

matic input to water availability.

2.3 Climatic Fluctuations and Dfought

Histofically speaking droughts ére not uncommon iﬁ
the region of study. Even humid phases in the climatic
history of the West African region contained many anoma-
lous periods of dryness. Generally, information about
climatic fluctuations and drought for arid and semi-arid
northern hemisphere Africa from late Pleistocene (c.
35,000 years BP) is well known through studies of lake
level fluctuations, radiocarbon dating of deposits,
instrumental records and chronicles. Literature on con-
ditions in more humid zones to the south, however, is
not so plentiful due to the fact that conditions are
more difficult to establish, interpret and precisely
date (Nicholson, 1976). Therefore, most literature on
past climatic variations and drought is concerned with
the present day Sahel and Sudan zones of West Africa.
The following informatioﬁ.about the past climatic con=-

ditions in Nigeria draws heavily from studies made by
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Livingstone (1975), Nicholson (1976, 1978, 1979, 1980a,
b and 1981a),Grove (1972), van Apeldoorn (1981), Street
- Perrot and Roberts (1983). An extensive review of the
current knowledge of climatic history of West Africa is
given by Oladipo (1991).

Generally four climatic episodes can be identified
during the late - Pleistocene and Holocene, which are
applicable to Nigeria. Summaries of these periods are

presented below.

2.3.1 Period of the lLate Pleistocene

The period of the late Pleistocene c. 30,000 to
c. 20,000 BP was characterized by wetter conditions
than present, Lakes were formed during the late
Pleistocene throughout the southern Sahara and Sahel,
in areas which today receive only about 50mm of rain

per year (Butzer et al. 1972).

2.3.2 The Period of Aridity (c. 20,000 to 12,000 BP)

A period of c. 20,000 to 12,000 or 10,000 BP was
characterized by extreme aridity and coincided with the
last glacial maximum (Wisconsin or Weichsel) in midla-
titudes. Termed as the Ogolien episode in West Africa,
it was accompanied by the formation of dunes, ergs,
aeolian deposits, diminishment and desiccation of lakes,
Ogolien dunes reached as far south as 10°N in Nigeria,

Cameroon and Sudan into regions which today receive as
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much as 800mm of rain, representing nearly 300km south-
ward expansion of the Sahara along its entire 4000km
east-west extent (Grove, 1972; Talbot, 1980). In Nigeria
the Ogolien dry period is represented by the Kano erg
and deposits of pediment gravel (today found only in the
Sahara and the Sahel) in the west and south-west. Lake
Chad was at the time probably totally dry, as were nume-
rous basins and depressions in Niger and other areas
(Nicholson, 1980a). Figure 2.1 shows the lake level va-
riations in Niger and Chad during the late Pleistocene
and Holocene, with the dry Ogolien episode clearly vi-
sible. The explanation applied to this period is a shift
towards the.equator (with respect to the present) of
climatic zones throughout tropical northern hemisphere
Africa, due to intensification of the subtropical high
over the Sahara and the weakening, or perhaps absence,
of the summer '"monsoon" rain system, so that Sahel and
much of Sudan zones became desert. Rainforest retreated
into the wetter areas such as coastal regions and high-
lands (Rognon and Williams, 1977; cited in Nicholson,

1980a).

2.2.3 Early Holocene Lacustrine Episdde (c.12,000

to 8,000 BP) and the Neolithic Humid Phase

(8,000 to c.4,000 BP)

At a time that varies slightly from place to place,

but is commonly c¢lose to between 12,000 and 10,000 BP, the
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climate in Sahel becémé ﬁet. A 1acustriné ébisﬁde beginﬁi;g
at about 12,000 BP and attaining its maximum from ¢. 10,000
to 8,000 BP left traces throughout the scuthern Sahara,

Sahel and Sudan zones. Between 10,000 to 8,000 BP the sur-
face of Lake Chad was 38 meters above its present level andl
the paleolake occupied an area of 320,000 sqg. km {about
sixteen times its present size). The lake’s depth waé about
340 meters in the Bodele depression in the north-east compa-
red with the present mean depth of 3.8 meters (Servant, 1973).
Rivers draining into the lake were much greater than today.,
their floods much higher and they built great deltas into
the lake (Grove, 1972)., This humid episode affected areas
as far south as the Ivory Coast, Nigeria and Ghana, where
Lake Bosumtwi reportedly rose some 40 meters above its
present level (Talbot and Delibrias, 1977).

Though much of the period 8,000 to 4,000 is climatically
similar to the period of wetter conditions from . 12,000
to 8,000 BP., there are some drier oscillations within
these latter four millenia, and the.££énd toward conditions
resembling those of present began within this period. For
example, the post-0Ogolien dry interval lasting for a mille-

nium towards c. 7,000 BP was evidenced by falls of lake and
river levels and reworking of aeolian dunes in the Sahel. A
drop in the level of Lake Chad took place between 8,000 to
7,000 BP with a minimum towards 4,500 BP. The dunes shaped
during this period are generally oriented NNE-SSW, rather

than NE-SW as in the Ogolien, indicating a change in wind
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direction with respect to that time. This epESOde left
traces in south-western Nigeria, where there is evidence
of modification of the Dgolien gravel deposits (Michel, 1973;
cited in Nicholson, 1980a). In general, the post-Ogolien dry
osclllation in the Sahel was not as dry as the Ogolien, but
was slightly drier than today. The dry episode towards
7,000 BP was followed by a rapid change to wetbtter conditions
d(second lacustrine phase), which occured from 6,500 te about
4,500 BP. Known as the Nouakchottien in West Africa and as
Neoclithic {or climatically Atlantie) on a much larger scale,
it was characterized by contraction of the Saharan belt,
higher lake levels and flourishing Neolithic civilisation,
which spread over the Sahara. During this period (6,000 to
4,500 BP) climate and vegetation zones south of the Sahara
vere Situated northward of their present position, but not
as far northward as at about 10,000 to 8,000 BP (Nicholson,
1976). Lake Chad rose rapidly towards 6,000 BP maintaining
its high level until c.4,000 BP, but it was smaller than
during the humid phase in the early Holocene (Servant, 1973).
By about 4,500 BF, however a change began towards the present

day aridity in the Sahel.
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2.3.4 The Last Four Millenia

Pre-Historical Times

Climatic fluctuations in the Sahel and Sudan within
the last four thousand years have been minor compared
with those of the late-Pleistocene to the Neolithic {(see
Nicholson, 1976, 1979 for details). However, a pronoun-
ced period of extreme aridily c.4,000 to 3,500 BP, follo-~
wed by a humid phase can be clearly identified. Figure 2.2 -
shows a generalized curve for Lake Chad and the Niger
lakes. In general, a marked trend towards increased ari-
dity at the end of the Neolithic phase (c¢.53,000 to
4,000 BP) was followed in the region by a period of
extreme aridity until about 3,300 BP. A return to humid
conditions then commenced, but this humid phasé énded

towards 2,000 BP.

2.3.5 Historical Period

' Hiétorical information for climatic reconstruction
for the Sahel and Sudan zones has been extensively docu-
mented by Nicholsoun (1976) and only a summary is presen-
ted below.

In general, there is good evidence that wetter

- conditions than today prevailed not only throughout the

Sahel and Sudan zones but also as far south as the Gui-
nea Coast until at least the 14th century. This resul-
ted in the contraction of the Saharan belt along the

southern margin. This humid phase began to decline after
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_ aboﬁt the t4th cenﬁury, ﬁith éeveré drought affécfihg
 Timbuktu c. 1445 - 1452 (see Nicholson, 1978). Another
humid period occurred between the 16th and 18th centu-
'.ries. Lake Chad, for instance, stood about 4 meters
above the present mean level from about 1600 to some
time in the 18th century, suggesting increased rain-
fall in the Chad basin (Maley, 1977). The occupation.
of Tibesti (1500 to 1700) and the presence of exten-
sive African state - systems at the southern fringe of
:the Sahara are good indications of this humid period
(Brooks, 1970; Plote, 1974).

This humid phase, which corresponds roughly to the
so - called "Little Ice Age" in the mid - latitudes |
still features a series of anomalous drought periods
starting from the 1680's. Extensive droughts affected
the Sahel and Sudan zones during the periods c. 1681 -
- 1687, c¢. 1738 - 1756 and ¢, 1828 - 1839, with more
localized ones in the early 1760's, the 1770's and the
1790's. Great famines due to drought were reported at
Bornu {north -~ eastern Nigeria) between 1657 - 1694. )
This drought reportedly affected areas as far south as
Chana and Benin Republic between 1682 and-1686. AccorQing to
Nicholson (1978) this period seems to mark the beginning
of a major change toward conditions resembling those of
today. There ig strong evidence that the drought of the
1680's covered the entire east - west zones of the Sa-

hel. The peried c. 1738 - 1756 features severe drought of
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one or two decades in duration throughout the entire
Sahel Sudan as well as the Guinea Coast. This drought
reportedly killed 50 per cent of the population of Tim-
buktu and other parts of the Niger Bend and caused seve=-
re famine in the Benin Republic, Chad, Nigeria, Mali

and Mauritania (Nicholson, 1978). Lovejoy and Baier
(1975) suggest that famine at Bornu (north - eastern
Nigeria) and Kano may have lasted for a few years within
that period. There is further evidence of a lowering

and partial desiccation of lLake Chad at this time (Ma-
ley, 1977).

The last decade of the 18th century was also cha-
racterized by severe drought that plagued Chad, Bornu
and Kano. The surface of Lake Chad began to fall rapid-
ly and in the years from 1795 the harmattan became more
pronounced (Nicholson, 1989b; cited in Oladipo, 1991). The
sharp decrease in lake levels since the beginning of the
19th century persisted until the 1930's and general
drought conditions affected the entire Sahel - Sudan
zone (Nicholson, 1989b). In northern Nigeria, the mid 19th
century droughts are locally known as Darawa (1847) and

Bamga - Bamga (1855) (Apeldoorn, 1981).

This aridity gave way to wetter conditions towards
1870, and from 1875 to 1895 rainfall was above the pre-
sent normal. This manifested itself in increased dis-
charge of the Senegal and Niger rivers and narrowing of

the desert belt along both margins (Nicholson, 1978).
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Figure 2.3 shows variation of the level of Lake Chad im the
19th and 20th centuries. Noteable in this curve is a
tendency towards very high lake level in late 19th cen-
tury, with a sharp decrease generally towards 1900, and
a sharp rise again in the 1960's, | ; fﬂ

Thus, the trend since the beginning of thé Zth.cen—'
tury has been that of increased aridity. Fortunately,
instrumental records are available since the beginning
of this century. These will be used in Chapter 5 to
describe the temporal changes of drought in Nigeria singe

the 1900 s.

2.4 Explanations for Drought Occurrences

Various hypotheses have been outlined relating
droughts to different scales of atmospheric behaviour
and interaction (Hulme and Tosdevin, 1989) over the re-
~gion of study. Obviously, the year to year precipitation
variability and drought occurrence in Nigeria will de-
pend on the controlling pressure systems and their ...

effects on the streugth and intensity of the rainy sea-

. son. Therefore, causes of droughts in Nigeria could be
. better perceived through what is known about the systems

: producing West African rainfall in general.

2.4.1 Rainfall Producing Systems

Basic features of the lower atmosphere over West

Africa during the rainy season are the thermally induced
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low presshfe cell over the Sahara.with its axis 16¢ated
between latitudes 189N and 229N and the Subtropical Anti-
cyclone over the south Atlantic. The gradient between "
these two pressure systems induces a warm, moist and
convectively unstable tropical maritime air-mass (mT)
from the south Atlantic to penetrate deep into West Afri-
- ca, reaching latitudes 20°N - 22°N in August (0jo, 1977;
Kamara, 1986). The depth of the south-west monsoon
" decreases inland from the Guinea Coast from 3000 meters
to 1000 meters (in July), forming a wedge under.afyl
continental air (Figure 2.4). Consequently, the horizon-
tal and vertical distribution of precipitable water
decreases northwards and north-eastwards with nearly
:: 40 to 50 per cent of the total vertically integrated
moisture concentrated below 850mb (1500m) level (Anyadike,
1977). These two air-masses are separated by the quasi
-frontal discontinuity zone called the Inter Tropical
Discontinuity (ITD). Thus, the rainy season begins in a
;,particular zone of Nigeria only after ITD and monsoon - -
air have reached it, with the main rainfall zone some.
" . 500km behind the surface position of ITD. Five distinct
.'weather zones associated with the ITD were adequately
described by Ilesanmi {1970, 1972), Ojo (1977) and Olaniran
(1991). Another important feature related to rainfall -
in the region is the position and intensities of two -
jet streams, known respectively as the African Easterly

Jet (AEJ) and Easterly Tropical Jet (ETJ). AEJ originates
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from the strong horizontal temperature gradient between
the hot Saharan air and cooler equatorial air at the
.height of 3km. In the lower latitudes the jet stream
appears twice during the year, once during the Early
Squalls Season {(April - May), and also during the Late
Squalls (October - November). In central and northern
parts of West Africa it appears only once coinciding

with a single long squalls season from May to Septembgr
(Kamara, 1986). Appearance of AEJ in the wind field
coincides with periods of enhanced development of lower
level synoptic disturbances such as easterly waves, line
squalls and vortices. The ETJ originates over south

east Asia and is located during the rainy season near
latitude 10°N at the height of 12km. Air uplift with
attendant widespread cloud development and rainfall occur
on the right (northern) rear quadrant and front left
(southern} quadrant of the jet axis (Koteswaram, 1958;
 Farmer and Wigley, 1985; Kamara, 1986). The position and
strength of the two jet streams, therefore, have pro-
found influence on small scale synoptic disturbanceé
which play a major role in the production of rainfall.
The most important of these disturbances ére easterly
waves, cyclohic vortices and linear thunderstorms.
Easterly perturbations, originating between longitudes
15°E and 30°E on the southern side of the AEJ, move
westwards across West Africa at a speed of 6° - 79 longi-

tude per day. Within the wave troughs at the 850mb (1.5km)



level the wind is organized into a series of closed
. cycleonic vortices a hundred kilometers wide. Ahead of

the wave trough there is strong surface convergence,

" cloud development, thunderstorms and rainfall, while to

”fhe rear there is subsidence and fine weather. A line
squall is a 300km to 500km long belt of thunderstorms
arranged in a north - south direction and propagating
westwards against the surface wind at speeds exceeding
18m/s. Originating from west - central Africa and the
highlands of eastern Camerocon, squall lines are respon-
sible for over 70 percent of the total rainfall received
in West Africa (Omotosho, 1985, 1990) and together with
other small scale disturbances they account for the
characteristic "patchiness'", or "showery", nature of
West African rainfall (Kamara, 1986). In general, there=
fore, drought will be due to either: (a) insufficient
and /or late incursion of the ITD and monsoon air in-
land resulting in the absence of adequate moisture flux
to the region, (b) change in atmospheric processes that
promote the weakening of organized atmospheric rain ge-

' nerating systems (disturbances), (c) subsidence, (d) or a

combination of these factors.  ._J . o ';;
. . - - - .. o . . . ‘9‘

oo
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2.4.2 Mechanisms of Drought

. Major works {e.g. Winstanley, 1973; Otterman, 1974;
Charney, 1975; Kidson, 1977: Adedokun, 1978; Motha et al.,
1 1980; Nicholson, 1983, 1986b, 1989a; Newell and Kidson, 1984;
Dennett et al., 19B5; Philander, 1986; Cadet and Nnoli, 1987;
Folland and Owen, 1988; Adedoyin, 1989; Shinoda, 1989,1990:
Druyan and Hastenrath, 1991 among otﬁers) have tried to
explain drought in West Africa. Major hypotheses fall generallj
into four main categories. FPirst are studles that explain |
Sahelian droughts as local manifestation of anomalies in
the large scale atmospheric circulation. The second group of
studies have concentrated on dynamic teleconnections between
the dominant drought time scales and anomalies of global sea-
surface temperatures (SST) and other tropical phenomena such
as E1 Nino / Southern Oscillation (ENSO}. The third group of
gtudies relate drought to human land use feedback processes
and an increase in greenhouse gases resulting from human
activities. Fourthly, drought has been explained in terms
of naturally occurring non-linear interactiosn in the Atmos-
phere.

Many studies (e.g. Winstanley, 1973; Bryson, 1973; Kraus,
1977; Lamb, 1978a,b; Motha et al,, 1980; Hastenrath, 1984
and Philander, 1986) postulated that large-scale circulation
anﬁmalies are responsible for the suppression of the north-
ward progression of the ITD that may result in drought.
However, Nicholson (1981b, 1986bk) postulated that the weake-

ned intensity of the rainy season, independent of the ITD
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position, is the most likely cause of drought in the Sahel.
Also, some studies (e.g. Shinoda, 1989, 1990) have indica-
ted that a combination of the two factors shoudl be consi-
dered as a plausible causal mechanism of West African rain-

fall anomalies.

Several workers have examined upper air data to
identify and describe the differences in circulation
between wet and dry episodes in the Sahel. Shupelius
(1976), Kraus (1977), Kidson (1977), Kanamitsu and
Krishnamurti (1978), Adedokun (1978), Kruger and Wins-
ton (1975), Newell and Kidson (1984), Hulme and Tosde-
vin (1989) among others showed that, in drier periods,
the ETJ is weaker, while the AEJ is stronger than normal.
Unusually strong AEJ would inhibit onshore flows of
moisture from the Atlantic, allowing the dry Saharan air
to spread over most of the region. Weaker ETJ would re-
duce the vertical wind shear over West Africa and conse=-
quently reduce the number of rain producing disturbances.
Newell and Kidson (1984), in addition, found that the
unusually strong AEJ expanded equatorward during August
months of the dry 1970-1973 period owing to warmer tempera-
tures in the lower troposphere at 10° - 15°N., This obser-
vation led to the speculation that lower rates of evapo-
transpiration from rain deprived soils may account for
the elevated temperatures. Recent model results by Druyan

and Hastenrath (1991) support this view.
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The role of moisture advection was discussed by
Shinoda (1986), Druyan (1987) and Cadet and Nnoli (1987).
They attributed West African droughts to scarce water
supply to the region. Conversely, Lamb (1983) establi-
shed that the sub - Saharan drought of 1968 - 1973 was
not associated with the northward supply of unusually
low moisture across the West African coast from the
tropical Atlantic. A plausible explanation of Lamb's
finding is weak moisture convergence caused by a shallow
monsoon trough over the western Sahel. This, according
to Druyan and Koster (1989), would cause water vapour
to drift eastward without building up humidities over
the western and central Sahel sufficient for adequate
rainfall.

The second group of researchers studied the tele-
connections between the Sahel rainfall and the sea
surface temperature (SST) anomalies and the El Nino /
Southern Oscillation (ENSO)!. Lamb (1978a,b) and Lough
(1986) for example, provided evidence that variations
in tropical Atlantic SSTs may contribute to rainfall
anomalies in the Sahel. Many studies have documented the

relationship between SST anomalies in thé Pacific and

lpronounced barometric pressure fluctuation between
the Indian = Australian and South American regions known
as the Southern Oscillation (S0) and aperiodic and wide-
spread equatorial Pacific Ocean warming known as the
El Nino eEN) have been statistically associated with
drought. The term ENSO is used to depict an integrated
aspect of both the El Nino and the Southern Oscillation.



35

Atlantic oceans and atmospheric circulation. Rasmusson
and Wallace (1983), Glantz (1984), Hastenrath (1984,1990),
Palmer (1986), Folland et al. (1986,1989), Druyan (1987,
1988), Kayano et al. (1989), Owen and Folland (1988),
Parker et al. (1988), Semazzi et al. (1988), Adedoyin
(1989), Owen and Ward (1989), Druyan and Hastenrath (1991)
have established that persistently wet and dry periods

in the Sahel are strongly related to SST anomalies on a
near global scale. Adedoyin (1989) examined the rela-
tionship between global SST anomalies, ENSO and rain-
fall data from 1951 to 1985 for seven stations in nor-
thern Nigeria and established, in agreement with previous
findings by Hastenrath (1984) and Lough (1986% that:

(i) there is a statistically significant relationship
between Sahel drought and a persistent assymetrical pat-
tern of global SST characterized by colder than normal

conditions in the North Atlantic and warmer than normal

SST in the Southern Atlantic and (ii) the Pacific El

Nino does not appreciably affect Sahelian rains in the
first year of its occurrence, but there is a considerable
reduction in the number of squalls and rain days in its
second year. Adedoyin (1989) in agreement with Desbois

et al. (1988), Klaus Wolter (1989), Nicholson (1989a),
Nicholson and Nyenzi (1990) and Ropelewski (1990) conclu-
ded that the relationships between rainfall anomalies

and ENSO are not as statistically significant as with

SST anomalies. For example, it is noted that although
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several major El Nino's coincided with dry periods in
the Sahel (e.g. 1972, 1982), other El Nino events (e.g.
1957) have coincided with above normal rainfall in the
region (see Druvan, 1989 ; Nicholson, 1989a). Tn summary ,
many questions still remain about the empirical links
between S5ST anomalies, ENSO and Sahelian rainfall. Among
these, as pointed out by Oladipo (1990) are whether SSTs
may lag and therefore possibly respond to rainfall;
whether SSTs may be more important as reinforcing fac-
tors for interannual rainfall anomalies than for persis-
tant Sahelian drought; and whether rainfall and SSTs

may respond to common atmospheric forcing which may be
the more direct factor in rainfall variability. Tropical
teleconnections (SST and ENSO) can only indicate the
magnitude of ocean - atmosphere interactions in tropi-
cal circulation regimes, that may be resposible for
observed rainfall anomalies without being able to explain
their drought related dynamics.

A number of researchers have attributed the persis-
tent Sahelian droughts to land surface feedback processes
whereby human-induced changes in ground surface con-
ditions inhibit convective rainfall (see review by Ni-
cholson, 1988). Major papers in this field of research
are by Otterman (1974), Charney (1975), Shnell (1976),
MacLeod (1976), Walker and Rowntree (1977), Sud and Fe-
nessy (1982), Otterman and Tucker (1985), Cunnington and

Rowntree (1986) among others. Otterman (1974) proposed
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- that baring of high albedo soils by overgrazing, de-
. forestation, or drought would increase the reflectivity

of the land, producing radiative cooling of the air,

thus, reducing convective activity and precipitation.

' One of the most significant drought causal hypothesis,

related to human landuse, is due to Charney (1975). His

”f_biogeophysical feedback hypothesis was distinct from

Otterman's. He reascned that higher reflectivity (albe-
do) of bared soils leads to reduction in the net radia-
tion balance at the top of the troposphere. Maintainance
of thermal equilibrium over this region therefore,

would require some form of increased heat supply. This
was provided through subsidence of air aloft which waried
the lower layers of the troposphere through adiabatic
heating. Such subsidence increased the upper level
overturning of subtropical air, suppressed vertical up=-
lift and thus, suppressed a key process in the generation
of Sahelian rainfall. Thus, an initial change in land
~cover (increased albedo, or reduced soil moisture sfora—-
ge) is amplified through atmospheric processes which in
turn suppress future rainfall. This increases moisture
stress on vegetation and lowers soil moisture levels.
Drought. becomes self - perpetuating without the need to

invoke atmospheric perturbation external to the region,

although such external control may be necessary eventu-
ally to reverse the feedback.

Charney's mechanism came in for criticism mainly
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because of the omission of soil moisture variations and
of any discussion of latent /sensible heat ratios. Also,
the magnitude of regional albedo increase from 14 to 35
percent proposed by Charney (1975) has not found any
empirical support. Wendler and Eaton (1983) obtained.
only 10 percent difference between ground and protected
land in the northern Sahel (southern Tunisia). Similarly,
Gornitz (1985) found that the anthropogenic albedo incre.
over West Africa during the last 100 years was only 4
percent. Consequently, studies with dynamic models
(Walker and Rowntree, 1977; Cunnington and Rowntree, 1986
Rind et al. 1991) have shown that rainfall anomalies are
more sensitive to soil moisture and /or evaporation per-
turbations, than albedo changes. Many problems with the
General Circulation Models (GCM) add to the problem (see
Oladipo, 1990 for details). Parameterization of land
surface processes in models is highly simplified and in
many circumstances unrealistic and exaggerated surface
parameters are necessary to obtain a significant drought
signal. Moreover, the occurrence of a surface induced
persistent drought suggests that the surface characte-
ristics responsible for the feedback must be related to
the rainfall in the previous year. This "memory'" effect
has not been found to be true for the observed inter-
annual changes in either soil moisture, or albedo. As
noted by Hulme (1989) and Oladipo (1990), the fact that

rains often return after a period of drought indicates
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that other atmospheric mechanisms may overriae the feed-
back effect of albedo and soil moisture changes.

MacLeod (1976) in his investigation of 1974 drought
observed that large amounts of dust in the Sahelian at-
mosphere, from denuded bare soil, produce an isothermal
condition in the south-west monsoon, which is the sour-
ce of precipitation in the region. Such an isothermal
character of the monsoon air will supress any signifi-
cant uplift, cumulus cloud formation and rainfall. Fur-
thermore, the pressure of the dusty atmosphere would be
reduced relative to that of non-dusty air because of
higher temperatures aloft. Consequently, the north-east
harmattan winds will flow further south and the south-wes
monsoon more gently north, with ITD located in a more
southerly position to produce sporadic and scanty rain-
fall. Unlike the albedo /soil moisture feedbacks, this
hypothesis has not been extensively modelled. Coakley
and Cess (1985) have nonetheless, demonstrated that
aerosols, through enhanced heating of the atmosphere,
could produce rainfall and provide an additional feed-
back mechanism whereby drought is self-perpetuating.

Some recent studies (see review by Mabbutt, 1989)
have suggested that anthropogenic changes in the concen+
tration of greenhouse gases (e.g. carbon dioxide) in the
atmosphere may be partly responsible for recent droughts

in semi-arid areas. The unusually warm weather condi-



tioné and frequent droughté in the 1980'5 over the globe,
provide some empirical support. It is however, too |
‘early to be certain about the consequences of greenhouse
warming because behaviour of feedbacks may amplify, or
damp, the direct radiative effects of radiatively active
trace gases on the climate system. | |
Some researchers (e.g. Gordon and Hunt, 1987; Hunt
and Gordon, 1988) proposed a quite different causal
drought mechanism (see review in Oladipo, 1990). They.

hypethesise that droughts may be naturally occurring

random phenomena arising from local nonlinearly indu-
ced perturbations in the atmosphere that can result in
abnormal circulation patterns. These abnormal patterns

can result in areas of deficient rainfall alternating

. with those of wet conditions in a small region. At cer-

tain times external large scale almospheric forcing

may make such patterns very stable. This hypotﬁesis must

- be explored further, before any conclusions can be made.
It is clear from the above discussion that drought

mechanisms are complex. Broad scale causes of drought

are generally gleobal, since the major climatic parame-

ter is the general circulation of the atﬁosphere. On au

local scale, however, drought may be a result of the com-

- bined effect of many physical factors acting on and in-

teracting with each other, in which case the relative
contribution of local terrestrial factors and ocean

o forcing becomes critical. Hulme (1989) summarized it by
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saying that the state of land cover becomes an internal
regulator of Sahelian rainfall and creates a resiliency
within a climatic regime. Once the environment is suffi-
ciently destabilized through deforestation, or other
degradation processes, it responds to external forcing,
in this case ocean warming. A proper and systematic
documentation of the complex dynamics of West African
rainfall is a prerequisite for the understanding of

drought's causal mechanisms.



42 i.' :"_ .

CHAPTER 3

1

SOME ASPECTS OF APRIL-OCTOBER PRECIPITATION

CLIMATOLOGY

3.1 Introduction

Rainfall in Nigeria exhibits more proncunced seago-
nal and interannual variability than any other meteorolo-
gical.element. In ﬁddition, precipitation in Nigeria dis-
plays great spatial contrasts. Because the persistent
droughts, that have been affecting some areas of the country,
can be attributed to reduced rainfall activity, the study
of precipitation series is very important.
: Different aspects of the rainfall anomalies in West
.Africa were investigated by Adedokun {(1978), Nicholson (1980c,
1983, 1985), Lamb {(1982), Gregory (1982, 1983) and Dennet .
et al. (1985). Some aspects of Nigerian rainfall were
investigated by Oguntoyinbo (1967), Ilesanmi (1972), Obasi
{(1972), Kowal and Adeoye (1973), Adefolalu (1973, 1982b, 1983a,
1986a,b), 0jo (1977), Obasi et al. (1977, 1980), Adefolalu
and Oguntoyinbo (1985), Olaniran (1987, 1988a,b), Olaniran
and Sumner (1389, 1990) and Adejuwon et ai. {1990} among
others..”_l _ o _.
Adefélalu (19865) investigated long term précipitatibn
trends in Nigeria in order to illustrate the changing
patterns in annual precipitation, number of rainy days and

length of the rainy season. Recently Olaniran and Sumner



(1989) examined the variability of pfecipitation in Nigéria,
in terms of the onset, retreat and length of the rainy season,
using data for the period 1919-1985 and mean rainfall inten-
“sity as an index of rainfall activity. Adejuwon et al. (1990),
using the data for sixteen stations in Nigeria for the period
1922-1985, examined patterns of rainfall fluctuations in
terms of their trends and periodicities.

This study goes further and investigates some important
statistical aspects of precipitation in Nigeria such as

normality, homogeneity, randomness and secular changes.

3;1.1 Data Base, Initial Pata Survey and Station

Distribution

Daily rainfall data for about seventy meteorological
stations were obtained from the Nigerian meteorclogical
services, Oshodi, Lagos, with the assistance of Dr. E.O.
Cladipo. From these daily series, monthly, seasonal and
annual rainfall values were obtained.

The initial data survey revealed four major problems
affecting the data. First, some stations records contained
a large number of missing monthly values. Such statiorns
would produce poor matrix, making the analysis biased and,
in extreme cases, impossible. The majority of such cases
were found in the south—eastefn part of the country for the
period 1967-1971. The other problems were: clustering of
stations, particularly in the south-western subregion, fre-

gquent changes in some station’s locations and shkort record



44
length compounded by missing vaiﬁes. The tésk was, there-
fore, to select stations with good long series of data
that were well distributed throughout the country. Onif.. ﬁ"
stations with a minimum of thirty years of cortinuous dabé
were first selected. Then, only the best series were selec-
i ted to eliminate the problem of clustering in the south—.'
western subregion. Stations with evidence of frequent chan-
ges in location were rejected. In four cases, however, data
from bwd series of the same station were combined to form
a single long term record. Also, the procedure described
in section 3.1.2 was applied wherever possible to stations
" in the south-western part of the country to £ill the gaps
in the series.

On the basis of these criteria, fourty one stations
were selected out of the original seventy for the present
study. The length of the period of observation ranges from
30 to 90 years, with an average station record length of
64 years. Figure 3.1 shows the spatial distribution of the
selected stations and their classification into four zones
reflecting areas of differing physical control on climate,
using the criteria of Olaniran (1987). It is important to
note that this classification does not iﬁclude vegetation
in the region of study.

The present study uses the time series of precipita-
tion totals for the months of April to October for the
drought assessment. These are the months during which sta-

tions in the region receive cver 80 per cent oOf their

"annual rainfall totals.
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3.1.2 Migssing Data

Of the total 18,178 seasonal monthly precipitation
values, about 714 were missing for 36 stations, repre-
senting 3.9 per cent of the data. There are climatolo-
gical techniques available for the interpolaticn of  ‘
missing data. These are given by Conrad and Pollak (1950)
and Bradley (1976). The ratio-of-means method by Conrad
and Pollak (195Q) involves using two records, one from
station A with missing data, and the other from station

B with a complete record. The ratio of the means for

‘corresponding periods of record (A/B) is first calcula-

ted. Then the missing monthly precipitation value at
station A is estimated to be the product of the corres-
ponding monthly value at station B and the ratio of the
means. Bradley's (1976) procedure is similar to the
ratio-of-means method and it involves two precipitation

series for station A and B. From the series:

A

1’ Az, A3’ Az't * [ ] - - L] L] L] L] - - - An .
. ' Lo (3.1)
Bl’ Bz’ Bj’ Bf'- . . + . - - . . . . Bn : ’
a new series of ratios can be computed such that
Zy = A{/By, Iy = A2/52 SRR Z, = An/Bn (312)

Since the Z-series will be positively skewed, the median
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ratio is used to compute an estimate of missing precipi-
tation values (X) in the same way as the ratio-of-means

method:

X{ = Bf x 2 (median) {3.3)

The median approach of Bradley (1976) was used wherever
possible for filling the gaps in the record. In addition,
some isolated missing monthly values were substituted

by the leong-term mean value for the month. Some stations
in the south-eastern part of Nigeria, however, were left
with missing values, since finding the nearest station

with complete record was not possible in every case.

3.2 Analysis of Precipitation Series

In the remainder of this chapter, some of the featu-
res of precipitation fluctuations in Nigeria are investi-
gated by various statistical methods. The homogeneity
of the April-October precipitation series is tested,
followed by the test for randomness and the frequency
distribution of the series is analysed. Lastly, to pre-
sent some aspects of secular changes of the seasonal
precipitation in Nigeria, both the 30-year and 10-year

sub-periods are analysed.
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3.2.1 Homogeneity of Seasonal Precipitation

Series

Homogeneity of the seasonal precipitation serieé
was tested using Swed and Eisenhart's runs test. In
this test runs above and below the median values of the
precipitation series were computed. As Thom (1966) poin-
ted out, too many runs would indicate oscillation, while
too few runs would be an indication of a trend, or 5“. .
shift in the median during the sample record. For the
precipitation series to be homogeneous at a specified
significance level (e.g. 5 per cent) the number of calcu-
lated runs must lie within the range of U obtained from
statistical tables of Rohlf and Sokal (1969). Table 3.1
shows the results of the runs test. The results confirm
homogeneity for all stations at a 5 per cent signifi-

cance level.

3.2.2 Randomness of Series

Randomness of the precipitation series could be
tested by a variety of tests. The runs test as applied
in section 3.2.1 is a common and simple test to ascer-
tain the randomness of the sample under investigation.
However, this test is not as efficient as the Mann-Ken-
dall and Spearman's rank statistic (Mitchell et al.,
1966). This study, therefore, uses the Spearman's rank
statistic to test for trends against randomness of the

rainfall series. The Spearman's rank statistic (rs) is

given as:
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TABLE 3.1

RUN'S TEST FOR HOMOGENEITY OF SEASONAL

PRECIPITATION
Zone| Station Median U N of | Upper & lower
limits of runs (P)

(runs)| cases| .025 .975

sSokoto 684.6 271 71 27 45
Birnin-Kebbi| 764.4 23] 56 21 37
Gusau 877.3 17 | 45 16 30

E Katsina 690.8 26 | 56 21 37
" | kano 811.3 | 37| 83 32 52
E Hadejia 623.5 231 55 20 36
§ Potiskum 706.9 20| 47 16 32
Maiduguri 633.4 31| 72 28 46
Yelwa 976.9 21| 41 14 28
Kaduna 1225.0 30 | 65 24 42
Zaria 1047 .4 28 | 59 22 30

Jos 1352.1 27 | 66 25 43
Bauchi 1061.9 44 | 73 28 46
Gombe 876.6 14 | 30 9 21

. Numan 805.4 16 | 26 8 20
L | Yola 935.3 | 36| 71 27 45
=z Pankshin 1037.0 24 | 49 17 33
% Lafia B-B 1204.4 22 | 52 19 35
* | Minna 1246.6| 42 | 72 28 46
Bida 1189.7 32 | 60 22 40
Lafiagi 1103.3}]° 20| 31 10 22
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TABLE 3.1 (cont.)

Zong . Stapion Median v N of gggiis.o%ogﬁzs (p)
’ (runs)jcases| 025 975

Ilorin 1135.6 32 |71 27 45

" Ibadan 1052.6 41 (81 31 51 °

el oyo 996.0 | 34 |70 27 45

E 'Offa 1061.2| 31 |61 22 40

g Loko ja 1071.70 31 ]63 23 41

Tl Auchi 1168.1) 19 |35 1 25

E Makurdi 1222.9 25 144 16 30

S Yandev 1232.9 24 |44 16 30
Ado-Ekiti 1066.3] 18 |41 14 28
Lagos 1541.7 37 |73 28 46
Ondo 1299.1 34 |78 30 50
Benin 1819.4] 37 |82 32 52 -
Agbor 1742.2] 24 |59 22 38
Kwale 1972.2 29 | 50 18 34

©| Owerri 2136.2| 25 |67 25 43

PE P-Harcourt] 2045.8 36 (68 26 b

21 vyo 1963.8[ 19 |38 13 27

§ Afikpo 1831.3] 26 |65 24 42
Calabar 2471.3] 39 (86 34 54
Enugu - 1588.1| 33 (62 23 41
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N
6 2, dy2
S (3.4)

r =|1-

N (N2- 1)

where d; is the difference between the rank of the ith
term and the number i itself of that term (where i ranges
from 1 to N). For large samples, when N is ten, or lar-
ger, the significance of rg under the H, may be tested

by :

2 (3.5)

with the probability points of Student's t with df=N-2
(see Siegel, 1956 and Mitchell et al., 1966 for details).
The results of Spearman's randomness test is presented
in Table 3.2. Fourteen stations, 11 of them in the Sahe-
lian and Midland zones and 3 in the Coastal area show
some tendency toward negative trends at a 5 per cent
significance level. Only in one case is the trend posi-
tive. Negative trends for most of the stations is a good
indication of a possible shift in the rainfall regime

toward increased aridity.

3.2.3 Nature of Frequency Distribution

To determine the nature of frequency distribution
seasonal precipitation series were tested for normality,

Fisher's statistical procedure based on the first four
sample moments (e.g. mean, variance, skewness, kurtosis)

was applied. The moments were then used to obtain
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TABLE 3.2

SPEARMAN'S (rs) RANK STATISTICS FOR RANDOMNESS

Zone Station By N P
Sokoto -.2963 72 L 006™
Birnin- | -.3336| 56 | .006*
~Kebbi

. Gugau -.3018 45 .022%
5 Katsina -.3438 56 .005%
= Kano -.3192 83 .002%
% Hadejia 0941 56 . 245
E Maiduguri| =-.2706 72 011"
Potiskum | =-.3850 46 004
Yelwa -.2979 | 46 | .022"
Zaria -. 3401 59 004
Kaduna -,1158 64 .181
Jos -.2410| 65 .027
Bauchi -.2237 73 .029
Gombe -.2261 30 .119
- Numan s3al3 30 049
§ Yola -.0872 72 .233
2 Pankshin | -.3221| 46 | .015"
o Lafia B-B| -.1621 51 128
b
Minna -.3545 | 72 .001%
Bida - 1444 59 .138
Lafiagi 0770 31 . 340

% .
non-random significant cases

at 5 per cent level
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TABLE 3.2 (cont.)

Zone Station Ty N Y
Ilorin -.0608 71 5307
Ibadan .0259 81 409
Oyo L1117 71 177
£ Offa Al14 |62 | 194
; Lokoja -.1510 63 .119
§ Auchi -.0296 30 440
P Makurdi | -.0449 | 43 | .388
§ Yandev -.0751 4 R 0
E Ado-Ekiti | .1472 41 .179
Lagos -.0165 73 445
Ondo .0999 78 .192
Benin .0323 78 412
Agbor 3693 | 59 | .002*
Kwale -.1048 42 « 255
Owerri -.0400 67 « 374
g P-Harcourt| .0171 68 445
-E Uyo .0769 34 .333
g Afikpo -.2014 65 | ..054
= Calabar | -.2754 | 85 | .005*
Enugu -.1156 65 +185
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coefficients that indicate the degree of skewness and

kurtosis in the data. The first moment (mq) about the

zero as origin is obtained from:

W

(3.6)
The second (mz), third (m3) and fourth (my,) moments
. around the mean are given respectively by:
m2=“1%|"2x12 - 32 | | c(3.7)
my= oSk 3 -%iz;ié .+ 23 (3.8)
.. -%-Z.x14 - —g-ile:; + nxzzx 2 3;4 fe o

The computing formulae of skewness (J(l) and kurtosis

’ (X 9) used by the Statistical Analysis System (SAS) in

this study are given as:

X {[,ﬁ x13- 3i(.£ﬁi2> + 312(ZN1}=12__| /N - x3}
-

{[ Z,xl ) - N"] / (N - 1)}%‘

(3.10)

o H
: o 2::

23 (3.11)
{[‘(122.1:(-12) i Nxa /- 1)} | -
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For normally distributed series, the values of (Jﬂl)

and ({ ,) are equal to zero. The statistics

Z4 =X1/SE1=X1/ (6/N)% (3.12)
and o :;I', 'Hl o
| L2y =¥ g/ SE =¥, /(2670 (3
were used to test the H, that the sample series came
from a normal population. The test for normality at
95 per cent confidence level requires that the values
of Zy and Z, should be less than 1.96. Table 3.3 shows
the values of different parameters for each series. As
can be seen from the Table, ten stations (24 per cent)
have seasonal precipitation series that possess a degree
of skewness, indicating non-normality. All the sgignifi-
cant cases are positively skewed. On the other hand, the
kurtosis values show that the departure from normality
was noted in twelve (29 per cent) cases. Most of the
significant cases of non-normality are from the Coastal
and Guinea-Savanna zones. This reflects marked differen-
ces in the precipitation characteristics of the country,
The seasonal (April-October) rainfall series used in the
study may not be totally representative of the annual
rainfall in the southern ﬁarts of.Nigeria (Coastal and
Guinea-Savanna zones), where there is a significant
amount of rainfall in the months of November-March.

Moreover, the sub-region is characterised by a bymodal
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Table 3.3,

Statistics of Seasonal (April - October)

Precipitation of 4] stations in Nigeria

Sahelian Zone

Station S§?$$;a1 8 cv(%) Xl Yé__ Z1 Z2
Sokoto 685.5 149.6 [21.8 [0.099 |-0.213 [0.348 |-0.375
Birnin-Kebbi 775.9 147.4 (19.0 (0.261 |[-0.738 {0.839 |-1.186
Gusau 913.1 |183.2 |20.1 |-0.240 |-2.060 }0.631] 2.852"
Katsina 687.6 145.2 [21.1 |-0.115 |-0.757 +0.368 |-1.207
Kano 818,3 176.9 (21.6 |-0.028 [-0.369 +0.103 |-0.686
tlade jia 623,2 123.6 [(19.8 (-0.523 |-0.556 [1.596 | 0.850
Potiskum 743.7 183.8 [24.7 0.070 (-0.714 [0.193 |-0.988
Maiduguri 625.6 152.9 |24.4 |-0.159 |-0.571 (0.551 |-0.989
Midland Area

Yelwa 964 .4 166.7 |17.3 |-0.179 | 0,143 F0.467 | 0.186
Kaduna 1264.2 1927.6 ([15.6 0.376 0.579 [1.226 |-0.953
Zaria 1056.4 175.2 }16.6 0.185 0,068 10,580 | 1.568
Bauchi 1063.9 168.5 |15.8 0.196 0.248 10,683 | 0.433
Gombe 923,13 157.9 |17.1 1.164 | 3.345 [2.558*% 3,677%
Numan 815.8 196.2 (24,0 | 0.093 [~0.742 [0.194 {-0.773
Yola 936.9 172.9 ]18.4 | 0,211 |-0.302 {0.726 }-0.520
Jos 1341.8 173.0 112.9 0.008 [-0,389 F0.025 |-0.640
Pankshin 1047 .2 239.0 |22.8 1.926 9.471 | 5.333*%13,112%
Minna 1261.6 214.4 117.0 0.266 |-0,123 | 0,921 }-0.213
Bida 1173.6 180.0 [15.4 | 0,096 | 0,150 |0.301 | 0.236
Lafiagi 1126.6 253.4 122.5 | 0.680 | 0,777 |1.546 | 0.883
Lafia Beri-Beril222.2 206.1 116.9 | 0,394 1,423 11,149 12,074




Table 3.3.

B7

( Cont.)

Guinea - Savanna Zone

Shabiin Segsﬂ;;?l s | o] ¥ al ¥ 21| Za
Ilorin 1153.8 215.3 18.7 0,133 | -0.663 ) 0.458 1.141
Oyo 1020.7 255.1 25.0 0.196 | -0.003 | 0.675 0.005
Offa 1130.9 278.:8 24 .7 1.538 3.195 | 4,943% ] 5.136%
Loko ja 1081.9 254.7 23.3 0,380 1.268 11.231 2.054%
Makurdi 1224 .0 202.0 16.5 0,177 0,075 [ 0.475 0.101
Yandev 1240.3 189.3 15,3 0.070 [-0.810 [0.189 1.097
Ibadan 1082.2 258.0 23.8 0.634 0.435 1 2.331%| 0.799-
Ado-Ekiti 1081.4 172.7 16.0 0.534 0.463 [1.390 0.605
Auchi 1150.1 304.,0 26.4 0,119 0.217 10.262 0.238
Coastal Area
Lagos 1567.5 380.8 264.3 1.201 3.225 | 4.190% ] 5.624%
Ondo 13367 308.4 227 1.013 1.153 | 3.650% | 2.079%
Benin 1781.8 323.0 18.1 0.2735 0,892 11.015 1.650
Agbor 1742.9 | 299.8 | 17.2 | 1.000 | 2,579 | 3.135%| 4.044%
Kwale 1962.8 294,2 15.0 |-0,111 | -0.901 +0.294 |-1.191
Enugu 1591.0 253.0 1549 1.228 4,417 3.94?* 7.099%
Afikpo 1749.5 321.8 14.9 0.325 0.151 | 1.087 0,253
Owerri 2159,.5 321.8 14.8 0,325 0,151 11.087 0,253
Uyo 2086.8 348.,5 16.7 0,746 0,363 | 1.776 0.432
Calabar 2482.7 488.0 19.7 0,608 1.524 | 2,303%| 2.885%
P-Harcourt | 2103,7 335.8 16.0 | 0.758 1,741 | 2.552% | 2.,930%

* gignificant at 5 per cent level
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rainfall distribution pattern. The rainfall éegime of
the Sahelian zone, on the other hand, is characterised
by high concentration in the months of April-October,

" when over 90 per cent of the annual precipifation is
expected. This, therefore, can explain cases of non-nor=-
mality in the southerm stations.

Thgre are a number of techniques that could be used
to normalize the series, e.g. square and cube root trans;
formations (Stidd, 1970), log transformation and Lambda
transformation of Box and Cox (1964). Since at least
75 per cent of the stations are normally distributed and
the degree of non-normality is slight for most of the
non-normal cases, the precipitation series could be ta-
ken to be generally normal. Therefore, no transformation
was applied.

In order to produce a comprehensive description of
precipitation climatology in Nigeria, the mean, variance,
standard deviation and coefficients of variation for
the series were calculated. Figure 3.2 shows the spatial
distribution of the seasonal rainfall. Mean seasonal
precipitation values vary considerably.over the region,
from about 615mm and 690mm in the Sahelian zone, to
over 2400mm in the extreme south-eastern part of the
Coastal area. Figure 3.2 shows an east-west asymmetry
of the scuthern rainfall maximum, a secondary maximum
around the Jos Plateau and relative rainfall minimum
running almost east-west between latitudes 7°N and 8°N,

North of the secondary maxima of Jos Plateau, zonal
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symmetry of the ischyets is conspicuous. Wesiern sub-
sector of the Guinea-Savanna and the Coastal zones of

the country show rather low seasonal rainfall values

- (around 1100mm to 1500mm). This rather abnormal feature
of rainfall distribution in Nigeria was extensively dis-
cussed by Ireland (1962), Adefolalu (1983a, 1986a), Omoto-
sho (1988) and Olaniran (1987, 1988a, 1991). The existence
of this dry region is a result of the combination of |
different factors. Stagnation of zone E weather with
drizzle, or light rain, from mostly stratocumulus clouds,
which occurs during July and August, general mid-trépos-
pheric subsidence, frequent inversions due to upwelling
of cold waters at the Gulf of Guinea, stabilization of
the south-westerlies, caused by socuthern Africa subtropi-
cal high pressure - all can reinforce dryness over south-
western Nigeria. An interesting feature of the pattern

of seasonal rainfall is the position of the secondary
minima, which lies between 79N and 8°N, and longitudes
50F and 7°E. This secondary minima is south of its latitu-
dinal position noted by Adefolalu (1986a) and it could

be an indication of a southward shift in areas which
depend largely on April - October precipitation.

The seasonal CV for Nigeria range from about 15 per
cent to over 25 per cent {(Figure 3.3). The spatial pat-
tern of CV shows two major areas with relatively high
values of between 20 per cent and 25 per cent. The first,
is in the Sahelian zone, extending into the eastern

Midland area. The second area of high variability
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(CV> 20 per cent) is in the western sub-sectér of the
Guinea-Savanna and Coastal zone, These Lwo areas are
separated by a broad belt of low variability (CV< 20 per
cent) extending from the west, through the Midland area,
into the eastern Guinea-Savanna zone. This pattern is
not surprising and can be explained in the light of
atmospheric controls of precipitation over the country.
As pointed out by many scholars (Kidson, 1977; Lamb, 1980;
Nicholson, 1981b; Achempong, 1982, 1987) the amount of
rainfall north of 10°N is the product of many factors
such as northward excursion of the ITD, position and
strength of the two jet streams, that control the number
of squall lines and thunder storms, and the large-scale
surface convergence that promotes widespread instability
within monsoon air. These features possess a high degree
of interseasonal variability, thus, producing high va-
riability of rainfall north of 10°N. The rainfall regime
over the south-western part of Nigeria (described above)
with a high occurrence of inversions at the height of
the monsoon season is responsible for high standard
deviation values. Another source of variability might

be the highly variable rains of November to March, which

are not included in this study.
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3.2.4 Blocks of Thirty Years

In order to investigate some aspects of secular
changes in the rainfall series, they were sub- divided
into 30 year periods corresponding to climatic normals
as recommended by the World Meteorological Organization,
The 82 (1906-1987) year period examined includes six
over-lapping 30 year blocks (1911-1940, 1921-1950, 1931-
1960, 1941-1970 1951-1980 and 1961-1987). Also, in order
to capture recent changes in the rainfall regimes, the
two recent 30 year non-overlapping periods (1931-1960
and 1961-1987) were examined. The period 1931-1960 rep-
resents the WMO climatic normal, while 1961-1987 consti-
tutes the most recent nearly 30 year period. Period 1921~
1987 was used in this chapter as a base because most
stations have data for those years. The use of 1911 as
a starting year for the overlapping periods is due to
an attempt to maximize use of the available data.

All blocks were tested for normality by the proce-
dure outlined in section 3.2.3 and the variances of

(Y 1) and (Y 2) for each block were calculated as:

vy ) =[enen - ] 7 [ (e en] a4
and

V(Y 9) -[Z&N(N—l)z]/[(N-3) (N-2) (N+3) (N+5)] £3.15)

where N is the total number of years under investigation.
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Twelve to 27 per cent of the stations showed significant
departure from normality at the 5 per cent level for the
overlapping blocks. About 27 per cent and 19.5 per cent
of the stations showed departure from normality as tes~-
ted by skewness for the non-overlapping blocks of 1931-
1960 and 1961-1987 respectively. Most of the cases came
from the Coastal and Guinea-Savanna zones. |
The sub-periods were also compared to the whole
period 1921-1987. For this purpose, Cramer's test (see
Mitchell et al., 1966 for details) was applied. This
test is preferred when the stability of a long record, in
terms of a comparison between the overall mean of an
entire record, must be examined. The purpose of the
test is to determine whether the differences of the means
are no larger than would be compatible with th "oull”

hypothesis of randomness. The Cramer's test is given as:

n{N - 2) % :
= T (3.16
k N-n(1 +'Fk2) )

t

where fk is a standardized measure of the difference

between means given as:
l‘.‘k = (i‘k - ;(') / ) (3-17)

where X and s are the mean and the standard deviation
of the entire record of N years respectively, Xy is the

mean of the sub-period of n years and t; is the value
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of Student's t with N-2 degrees of freedom. homparisons
between the non-overlapping sub-periods 1931-1960 and
1961-1987 were carried out for each station and their
significance tested by the Student's test (td) with

nytny-2 degrees of freedom:
tg=(X1-X3) /[(nlslz + nzszz)/(nl + ng =2) (%1 3 %Zi]% (3.18)

where X and x5 are the means of the different sub-periods
(ny and ny) of the record and s; and s, their respective
standard deviations.

The results of Cramer's test and Student's t test
are presented in Tables 3.4 and 3.5, The results of Cra-
mer's test indicate that on the whole, for all the over-
lapping periods, about 60 per cent of the stations show
statistically significant t) values at the 5 per cent
level. The number of significant cases for each of the
overlapping blocks (except 1961-1987 period) is between
3 and 8 cases. This dramatically increased to 16 cases
for 1961-1987 period. There is a coherent pattern in the
spatial distribution of significant cases. In general,
most of the significant cases for all subperiods come
from the Sahelian and Midland zones and western Guinea-
Savanna zone. All significant cases in the Sahelian and
Midland zones for all the overlapping periods (except
1961-1987 period) are positive, indicating wetter than long-

term conditions. For the non-overlapping blocks of 1931-1960
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TABLE

3.4

RESULTS OF CRAMER'S TEST FOR BLOCKS

OF 30 YEARS

Sahelian zane

Station  1911-40 1921-50 1931-60 1941-70 1951-80 1961-87
tk by Lk e e e
Sokoto 1.315  1.855  2.712% 2.060% 0.094 =4.1g7%
Gusau - ~0.493 1.768 2.270% 2.054% -2.,228%
Birnin-K  2.776% 1.726 1.155 -0.103 =-1.726 =3.285%
Katsina 1.625  1.404  3.181% 1,966% 0,183 -5.286%
Kano 3.045%  1,981% 2,928% 1,522 0.356 -4.575%
Hadejia -0.735 -0.179  2,615% 0,825 0.181 -1.398
Potiskum  1.839  0.471  2.503% 1.891 0.460 -2,360%
Maiduguri 1.732  0.532 1,781 1.852  2.131% -3,204%
Midland Area

Yelwa - -1.675 0.571  2.585% 3.461% -0.677
Zaria 1,236  0.870 1.758 1,530 0.803  -3.142%
Kaduna 1.409 -0.675 ~1.469 -0.205 0.415  -0.609
Jos 0.626 1.308 1.703 1.100 +-0.112  ~-2.370%
Bauchi 1.247 1,812  2.094% 0.637 -0.566  =2,317%
Gombe - - 0.996  1.442 - 1.050  ~4.349%
Numan - -0.157 ~1.888 -1.010 -0.698 2.082%
Yola 0.316 0.816 -0.485 0.1i6 0.118 -1.217
Pankshin =~ 1.478 1,135  0.581 -0.861 -0.262  -1.440
Lafia B~B 0.233  0.429 0.599 1.199 0.715 =1.249
Minna 2.814% 1,867 ~0.609 -0.208 =0.306 -2.316%
Bida 2.937% 0.648 -0.179 -1.358 0.327 -0.558
Lafiagi - -1.065 ©0.235 0.190 0.481 0.077

% significant at 5 per cent level



66

TABLE 3.4 (cont.)

Guinea-Savanna Zone

Station 1911-40 1921-50 1931-60 1941-70 1951-80 1961-87

i tk tk t'k. tk tk
Ilorin 0.0291 -0.499 -0.512 0.109 0.601 ~0.569
Ibadan 0.201 -0.839 -2.173% -0.544 0.847 1.366
Cyo -1.633 -1.061 =-1,934 ~1,291 0.496 1.98 gk
Offa -0.420 -1.355 =-2.652% -1.573 1.355 ~1.216
Lokoja 2.804% 0,658 -1,436 -1.,533 -0.379 -0.408
Ado-Ekiti -3.029% -1.889 -0.623 3.477%  2.234% -0.637
Makurdi - -0.627 =-0.304 1.304 1.359 -0.119
Yandev - 0,534 -0.671 -0.554 -0.135 0.202

Coastal Area

Lagos -0.619 -0.884 -0.645 2.229% 1.886 =0.070
Ondo -1.074 -0.748  0.297 0.302 0.692  0.648
Benin -1,167 -1.770 =0.549  1.417  3.615% 0.124
Auchi - -1.182  0.722 0.666 1.212 =0.873
Agbor -2.088% -3,533% 1,215 0.267  3.536% 3.002%
Kwale -0.090 0.092 0.845 0.749 0.674 -~1.285
Enugu 1.366  1.419  0.931 0.153 - 0.570 -0.746
Owerrci - -0.892 -1.252 0.422 1.597 0.27%
Afikpo 0.704  2.917% 1.426 -0.019 -2.080% -3.947%
E;;g;urt -0.181 -0.90% -0.445 0.177  1.377 0.198

Calabar 1.349 0.893 0.416 0.231 -1.301 -1.349
Uyo - -0.157 -1.045 -0.019 0.169 0.912
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3.5

TABLE

1931-1960 and 1961-1987

periods

Sahelian Zone

Station ta Station ts
Sokoto 3,793 Kano 3.984%
Birnin-Kebbi 2.707%* Hadejia 2,090
Gusau 2.027% Potiskum 2.541%
Katsina h.638% Maiduguri 3.035%

Midland Area |
Yelwa 0.716 Gombe 1.983%
Kaduna -0.310 Numan 1.890
Zaria 2.592% Yola 0.384
Bauchi 3.027% Lafia B-B  0.791
Jos 2.243% Minna 1.089
Pankshin 1.098 Bida 0.174
Lafiagi 0.121

Guinea-Savanna Zone
Ilorin 0.065 Lokoja -0,599
Offa -0.383 Makurdi ~ -0.133
Oyo -2.102% Yandev -0.440
Ibadan -1,782 Ado-Ekiti - 0.191

Coastal Area
Lagos -0.,402 Owerri -0.660
Ondo -0.020 P-Harcourt -0.338
Benin -0,371 Uyo 1.199
Agbor -2.466™ Calabar 1.149
Kwale 1.167 Af 1kpo 3.889%
Enugu 0.872

« significant at 5 per cent level
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and 1961-1987 eight (six positive cases in the Sahelian
and Midland zones) and sixteen (twelve negative cases
in the Sahelian and Midland zones) stations respectively
show statistically significant values at the 5 per cent
level.

The result of Student's test indicates that fifteen
stations show statistically significant values at the
5 per cent level. Al]l the Sahelian stations and four
northern Midland stations indicate significant positive
values.

In summary, the above results indicate that the
30 year block 1931-1960 was wetter in the Sahelian zone
than the long-term period. Period 1961-1987 was signifi-
cantly drier than the long-term period and the 1931-1960
block (as indicated by the distribution of significant
b and tq values) in the Sahelian and northern Midland
zones. The number of stations with statistically signifi-
cant values of t, and ty in other zones are too few for
any meaningful generalisations about significant change
in precipitation conditions there. On the basis of the
above results it is possible to generalise that ﬁhe;e
was a significant change toward drier conditions in the
Sahelian and northern Midland zones in the last 30 year

period.
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3.2.5 Decadal Analysis

The data were also considered for the decadal p;
riods, that is 1911-1920, 1921-1930, 1931-1940, 1941-
1951-1960, 1961-1970, 1971-1980 and 1981-1987. Decada
averages of the seasonal precipitation series for eac
station were examined to see if they differ from the
mean of the entire period by using Cramer's test as
described in section 3.3.1. The result of the test is
presented in Table 3.6. From the Table it is evident
that:

(a) In the Sahelian zone there is a strong patte:
of significant cases. All stations (except Hadej:
show significant negative departures at 5 per ce
level for either both, or one, of the 1971-1980
and 1981-1987 periods. Six ocut of eight, Sahelia
stations indicate significant positive departure:
for 1951-1960 at 5 per cent level. These results
indicate that while the decade 1951~-1960C was gens
rally wetter than the long-term, the decades of

1971-1980 and 1981-1987 were generally significar

drier than the whole period in the Sahelian zone.

(b) In the Midland area six stationg show signifi

cant negative departures at 5 per cent level for

the 1981-1987 period. These stations are at the
northern fringes of the Midland area.

(¢) In the Guinea-Savanna and Coastal zones ther

are generally fewer cases of departures from the
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TABLE 3.

6

FOR DIFFERENT DECADES

’,
-

Sahelian Zone
Station 1911-20 1921-30 1931-40 1941-50 1951-60 1961-70 1971-80 1981-87
Sokoto -0.101  C.944 0.951 0.836 2,071 -0,098 -2,035%-3.345
Birnin-K -0.242  2.395 1,221 -1,239 -1.597 -0.467 =3,737% -
Gusau - - - -0.496 2,717% 0,474 0.726 =2.162%
Ka tsina - 0.012 1.882 -0.025 2.351% 0,047 -2.557%-3.383%
Kano 0.968 0.842 2.294% -0.568 1.974% 0.433 -1.883 -4.165%
Hadetia -0.928 -2.285" 1.855 0.847 1.443 0.097 -1.399 s
Potiskum . - 1.840 =-0.666 2,469 0,946 ~2,46%-1.456
Majduguri  1.192 0.606 0.771 -0.648 2.396* 0,862 -0.294 -4.872%
Midland Area

Yelwa - - - -1.677 2.30% 2.572 -0,879 -2.403%
Kaduna ~0.613  2.622% »0,310 =-0,432 =~-0,233 1.522 =-0.846 -1.723
Zaria - 1.241 0,794 -0.114 1.986* 0.847 -1.182 -2.848%
Jos " 0.285 0.514 0.990 0.800 0.301 0.666 -2:072%
Bauchi 0.356 0,554 1,258 1.008 0,985 -0.894 -0.,943 -2.600%
Numan - - - -0,153 =-1.845 1.087 1.004 1.626
Yola -1.573  2,347% -0.549 =~0.553 0,475 0.369 -~0.578 -1.542
Pankshin 5 5 1.478 -0.321 -0.589 -0.443 1.572 ~1:756
Lafia B-B . » 0.582 0.551 0.462 1.010 =~0.330 ~1-271%
M1 nna 1.289  3.519% -0.278 -0.119 -0.429 0.357 =-0.485 ~2°777%
Bida - 0.939 2.624% -2,281* -0.534 0.946 ~0.032 -1.509
Lafiagi - - - -1.064 1,150 -0.436 ~0.864 0-941
Gombe 3 - - - 1.053  0.666 ~1.044 ~1.052
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TABLE 3.6 (cont.)

Guinea-Savanna Zone

Station 1911-20 1921-30 1931-40 1941-50 1951-60 1961-70 1971-80  1981-87

Ilorin  -0.701 1.538 -0.711 -1.366 1.522 =-0.100 =-0.430  -0.221
Offa -1.143  2.169% -1,772 -2.099% 0.865 -0.864 1,949 «2.087™
Oyo -2.062% 0.665 -0.875 -1.357 -0.271 -0.199 1,537 {.445
Ibadan  -0.222 1.004 =-1.101 =-1.133 =0.994 1.229 0.987  _p,053
Ado-Fkiti - B -3.031% 0.190 1.321 1.784 -0.982 -0.864
Lokoja 1.724  2.553% -0.549 -1.296 =-0.248 -0.663 0.315  _g,.843
Makurdi - - - -0,.596 0.248 1.877 -0.569  _{.070
Yandev - - 1,785 =0.285 =-1.395 1.075 0.264 -0,592

Coastal Area

Lagos -0.518  0.432 -0.699 -0.764 0.672 3.506% -1,724  -1.59
Onde -0.826 -1.594 0.074 -1.4846 =-0.363 0.716 0.162 0.079
Benin 0.604 -0.379 -0.635 -1.439 1.277 2.164% 1,242  -2-689"
Auchi - - -  -1.180 1.755 -0.672 -0,986  ~0.333
Agbor -0.967 -1.746 <-0,411 -1,972% 1.268 2.146% 2.159% =

Kwale - - -0.235 0.439 0.832 -0.587 0,349 -~1.324
Enugu 1.877 -0.365 0.957 1.784 =-0.735 -0,555 0,112  -1.004
Owerri 1,050 0.748 -0.137 -1.764 0.661 2.236* -0,373  ~1.234
Afikpo  -3.133% 2.466% 1,550 =-0,299 0.588 -0.451 -3,834% ~1.605

P-Harcourt-0.567 =-0.473 ©0.648 ~-1.050 0.210 1.190 0.343 ~0.930

-2.568% 0.146
-0.187

Calabar -(.257 1.694 .339 =-0.363 =0.597 0.09%
Uyo = % - -0.311 -0.567 1,451 0.120



72

the long-term mean values. Therefore, in general

in these zones there is no indication of decades

significantly wetter, or drier, than the long-

term condition. The number of stations with signifi-

cant t), values are too few for any meaningful

generalization.

Overall, the 19208 and 1950s were wetter than nor-
mal over most of the country, with below average rainfall
over only isolated areas. The decade 1941-1950 ghows be-
low average rainfall for about 80 per cent of the sfatia
ons and can be considered to be a dry decade. The decade
1971-1980 indicates below average precipitation for all
the Sshelian and 77 per cent of the Midland stationg,
The period of 1981-1987 was also drier than average over

most of the country, with about 88 per cent of the sta-
tions recording below average precipitation,

Seasonal average precipitation for each station for
gach detade was also compared with the 1961-1987 sub-
period and the difference expressed as a deviation from

the 1961-1987 mean in form of:

vhere xd; is the decadal seasonal average precipitation

i

for decade 1, Ip is the gseasonal average for the period

1961~1987 and 8p ig the seasconal standard deviation for

the reference period (1961-1987). The period of 1961-1987

was chosen because it is the most recent near 30 year
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period. The results are presented in Figure 3.4 {a~h) in
form of above, or below, normal (1961~1987) values. From

~ the analysis of Figure 3.4 the following are observable:

| (a) The 1961-1987 period was drier than the precee-
ding 30 year period in the Sahelian, Midiand and
eastern Coastal zones.

(b) On a decadal basls, both the above and below
1961-1987 mean conditions exhibit no coherent geo-
graphical pattern, although the first four decades
exhibit below normal rainfall over western Midland,
Guinea-Savanna and Coastal zones. For the decade
1941-1950 over 55 per cent of the stations regis-
tered below average precipitation.

{c) The decadal period of 1971-1980 exhibits drier Y
than average conditions over the northern part of

the Sahelian, western Midland and parts of the Coa-
tal zones, indicating a new pattern of below ncormal
conditions.

(d) The 1981-1987 periocd exhibits countrywide occur-
rence of below average precipitation as compared with
the reference pericd of 1961-1987. For this period_
over 90 per cent of the stations registered below
average precipitation. Thus the 1970s and the 1980s
exhibit a tendency for below normal conditlions north
of 10°N.

Although there is an indication of significantly drier.

than average conditions cover parts of the Sahelian, Mid-

1and and Coastal zones Since the beginning of the 1970s,
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Fig. 3.7.(cont ) for 1951 -1960 (1) 1961-1970 (@) 1971-1980
t) 1981 1987 .



76

CHAPTER 4

DROUGHT INDEXING

4.1 Introduction

Various indices have been developed to give a
guantitative description of drought. The widely known
_ meteorological drought indices are those of Foley (1957),
Palmer (1965}, Herbst et al. (1966) and Bhalme and
Mooley (1980). Other indices of interest are the rain-
fall anomaly index of van Rooy (1965), the rainfall
deciles of Gibbs and Maher (1967), percentiles of
standardized seasonal precipitaticon series of Pinkayan
{(1966) and Tabony's drought index (1977). Extensive
review of meteorclogical drought indices is given in
Oladipo (1985). This chapter discusses the merits and
demerits of each index in some detail, Then, the index
that is derived for Nigeria is presentgd and its per-
formance is compared with the van Rooy and Tabony drought

indices.
!

4.2 A Review of Some Drought Indices

One of the earliest quantitative expressions of
drought was developed by Foley (1957). He integrated
the deviations of rainfall from long-terﬁ averages Lo
produce a graph of cumulated departures (residual mass
curve). The steepness of the fall is a measure of the
drought ihtensity, with deficiencies expressed in
thousands of the annual rainfall termed units. Unité

are cumulaled as a method of assessing a drought period
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and may also be divided by the number of mounths in a
period to give an index of drought severity. The advantage
of the graph is that it clearly shows both the duratién
and the amount of the rainfall deficiency. The mass
curve approach, however, has the disadvantage that all.
deficiencies carry the same weight, irrespective of the
seasonal water requirements of vegetation. Moreover,
because the severity index relies only on average rain-
fall, a comparison of drought incidence and severity
betweenn stations having significant differences in
average rainfall is not reliable. For example, two sta-
tions may have received the same amount of rainfall in
a particular month, but one, being normally wetter than
the other, would indicate a greater deficit. This can
be overcome to some extent by dividing all values of
monthly rainfall by the average annual rainfall.

Similar to Foley's method, van Rooy (1965) derived
a rainfall anomaly index (RAI), given by an empirical

equation:

RAT = 3[ (P - B)/(i - B)] (4.1)
for positive anomalies and
RAI = =3 [ (P - BY/ (% - )] (4.2)

for negative anomalies, where P is the actual precipi-

_tation, p is the long term average precipitation, @ isthe
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mean of ten highest values of P on record and % is the
mean of ten lowest values of P on record. It should be
noted that the threshold values of +3 and -3 are
arbitrarily assigned to respective means of the 10 wet
years and 10 dry years. Nine classes, ranging from
extremely wet to extremely dry, were given againat a
scale of numerical values of the relative RAI. Like
Foley's severity index, RAI is not weighted for seasonal
fluctuations of rainfall. It thus expresses the degree
of rainfall anomaly for the relevant period in relation
to the long-term mean rainfall for the specific period.
This might incorrectly indicate that an index of, say,
-3.0 for a month with an average rainfall of 200mm and
that of -3.0 for another month with an average rainfall
of 80mm have the same degree of relative dryness. This
inference neglects the apparent differences in the
seasonal fluctuations of water needs.

Gibbs and Maher (1967) used deciles to describe
rainfall distribution. The decile range into which a
particular rainfall amount falls is used to indicate
the departure of annual,or seasonal precipitation from

the average. For example, the first decile is that
rainfall amount which is not exceeded by the lowest 10

per cent of the totals, the seventh decile is the amount
not exceeded by 70 per cent and sc on.
In a similar approach to that of Gibbs and Maher,

Pinkayan (1966) treated a standardized annual precipi-
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tation series (X) as a random variable with a distribu-

tion function F(x) defined as:
F(x) = P (X " x) (4.3)

The method of Gibbs and Maher, and Pinkayan do not
consider the role of antecedent moisture conditions and
therefore fail to take into account seasonal changes in
plant”s water requirements. Being based on average rain-
fall, these methods also make comparisons between stations
with different amounts of rainfall difficult.

Herbst et al. (1966) developed another technique,
incorporating the carry-over effect of preceding moisture
conditions, thus making the method more realistic than those
discussed already. Also, the use of monthly values is an
obvious advantage. The disadvantages of the method are the
laborious calculations involved to determine the drought
onset and termination and the lack of a numerical indica-
tion of the degree of drought severity. The derivation of
the weighting factor is rather empirical.

Tabony (1977) proposed two simple methods of drought
analysis. A simple measure of meteorological drought (Dm,1)

ig given as:
bm,; = (R - R) / R (4.4)

where R is the actual rainfall and R the average rainfail.
Modifying Equation (4.4) to include the effects of poten-

tial evaporation (Ep), the drought equation becomes:
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Dm,2 = (R - Ep) - (R - Ep) / R (4.5)

where Ep is the average potential evaporation. The potenti-
al evaporation (Ep) takes place when water supply is un-
restricted and is dependent only upon meteorological ele_
ments like humidity, temperature and radiation. Tabony’s
methods are simple, and because they represent fractional
deviations from long term mean conditions they are attrac-
tive. For the purpose of this study Equation 4.4 is used
to compute Tabony s drought index for all the stations.
Perhaps the best known of all the drought indices is
that developed by Palmer (1965). 1t describes drought seve-
rity on a regional basis. Although the index was developed
for assessing drought, it demonstrates extremely wet situa-
tions equally well. Therefore, Palmer’s index is at times
referred to as simply the Palmer Index (PI) and at other
times as the Palmer Drought Severity Index (PDSI). Palmer’s
index combines precipitation and temperature data as pre-
dictor variables and addresses two of the most elusive
properties of droughte: their intensity, and beginning and
ending times. It is based on the balance between the quantity
of available soil moisture and the water requirements of
crops, or natural vegetation. It uses the water balance
computation of Thornthwaite (1948). Using climatological
analysis of long records of temperature and precipitation,
five constants are calculated which define the moisture

characteristics of the region. The factors are then combined
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in various forms to derive an index.

It is clear that Palmer (1965) treats drought severity
empirically as a function of accumulated weighted differen-
ces between actual precipitation and the precipitation requi-
rement, where the requirement depends on the carry-over of
previous rainfall as well as evapotranspiration, moisture
recharge, and runoff that would be climatically appropriate
for the particular time and place being investigated. Thus,
the average requirement is for normal rainfall, but indivi-
dual periods may require much more below normal rainfall
depending on the character of the preceding weather and the
temperature of the period.

Palmer’s method has been analysed by many users and its
weaknesses clearly pointed out. Alley (1984) offered an
extensive discussion of the properties and assumptions of
the method. There are several limitations embedded in water
balance models, which assume that the capacities of the two
soil layers are independent of seasonal, or annual changes
in vegetation cover. Other serious deficiencies in water
balance computations are related to the estimation of po-
tential evapotranspiration and runoff. Most water balance
models assume that evapotranspiration for a period is equal
to the potential evapotranspiration whenever P PE. This is
not always correct.

Also, the universal designation of 25mm as the moisture
capacity of the surface layer from which evapotranspiration

takes place at the potential rate seems rather arbitrary.
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Palmer ‘s runoff term includes both recharge te ground

water and overland runcff and the model assumes that run-

off does not occur until the scil meisture capacity of
the upper and lower layers is filled. Such simplified
treatment of runoff results in end-of-month soil- moistu-
re storage (simulated by Lhe Palmer's model) being more
often than not at its capacity (AWC) for many regions.
This is an unrealistic approximalion. Other serious
limitations of PDI are the arbitrary designation of
drought severity eclasses, and the term such as '"severe!
and "extreme'" may be rather loosely defined by the PDI.
Cther limitations are the excessive emphasis on antece-
dent precipitation and the laborious calculations involved.
Because of the considerable emphasis placed on antece-
dent precipitation, PDI will in some instances bear
little relation to the amount of rain that actually
falls within a given month. This was pointed out by
Bhalme and Mooley (1979), when calculating PDI for some
states in India, They discovered that the great drought
of 1918 for the Indian subcontinent was shown as a
normal year by PDI. In addition, Palmer (1965) combined
records of climatic divisions. Thus,the derived PDI
values are valid only for the geographical units used
in the analysis and not individual stations (Oladipe,
1985).

- .Inspite of these limitations, the consideration

of total water budget of an area and explicit use of
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duration in assessing severity are clearly basic advanta-
ges. Also PDI should show more internal consistency
through time and space when compared to simpler drought
measures. With an adequate modification of the weighing
facter, K, the PDI can be adapted to suit local condi-

tions (Oladipo, 1985).

4,3 Drought Index Used In This Study

Bhalme and Mooley (1980) modified Palmer's drought
index, because it failed to give a realistic picture of
drought conditions in arid, semi-arid and dry subhumid
regicns in India. They developed a drought indicator
referred to as the Bholme and Mooley drought index {BMDI)
which produces more realistic results in tropical weather
conditions. Palmer's index has been modified in
respect of the weighing factor and drought severity
equation. The develoﬁment of BMDI is based on the assump-
tion that plant life and established human activities
in a region are adjusted to average rainfall conditions

Because‘of its realistic approach, the procedure
of Bhalme and Mooley was followed closely to derive a
drought index for drought conditions in Nigeria. The
procedure consists of the following steps:

(a) For 41 stations used in this study, the long-

term mean monthly precipitation (X), the stan-

dard deviation {s8) and coefficient of varia-



tion (cv) for each of the seven months (April
~-October) were derived.

(b) The percentage departure of monthly rainfall

from the long~term mean was used to compute a

moisture index MI given by:
MI = 100-(x -% )/s (4:6)

This moisture index, within reasonable limits
permits comparison of the rainfall anomaly in

space and time.

(c) Averages of the highest accumulated values of
the negative moisture index during various B
intervals of months were obtained for all 41 |
stations. This was done in the following
steps:
i. Moisture indices for April-Cctober
were accumulated.
ii. flighest negatives were picked for
each station, and called "highest
accumulated negatives".
i{ii. Monthly highest accumulated negative . .''
indices were averaged.
; This aspect of index development provides a rela-
tive measure of regional meoisture anomalies because it

permits numerical designation of extreme droughts in

various parts of the study region. This data is presen-



ted in Table 4.1
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MONTHLY STATISTICS FOR THE HIGHEST

TABLE 4.1
ACCUMULATED NEGATIVE MOISTURE INDEX
April May June July August Sept.| October
X -138.6 | -262.1(-375.7 [-453.7 | -519.8) -597.2| -646.8
5 55.1 60.8 75.0 86.5 93.0 109.3] 142.6
Ccv ~39.7 -23.2}1 -20.0 |-19.1 -17.9 -18.3| -22.0

This data is also presented in Figure 4.1, where

the extreme drought conditions (I = -4.0) is shown with
the solid line given by the least-squares equation:

" .
> M, = -93.54 - B3.53k, (4.7)
t=1

k
where -Z:Mt is the accumulated moisture index over a

t=1
duration of k months.

The ordinate distance between
solid line (extreme drought) and the top of the graph
was divided into four equal lengths and the body of
the graph was correspondingly divided by three more

lines which are arbitrarily labelled as severe, moderate

and mild drought Numerical values are assigned to
these lines namely -4.0 for extreme drought, -3.0 for
severe drought, -2.0 for moderate drought and -1.0 for

mild drought.
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k
(d) Next let >'Mp be an arbitrary value of the
t=1
accumulated moisture index over a duration of
k months. Then the dropught intensity Iy for

the kt" nonth is given as:
k o~ '
I = >'M, / (23.39 + 20.88k) (4.8)
t=1

The matter of drought intensity was then considered
on an incremental basis such that each successive month
is evaluated in terms of its contribution to the seve-
rity of drought. Thus the contribution of each month
can be obtained by setting k = 1 in equation (4.8) and

we get:
1 = My / 44.27 | (4.9)
For an initial month under investigation I, = 0, hence
14 - Io =&ly = My / 44.27 (40

_ In successive months a negative value of M is re -
guired to maintain an existing dry spell. The rate at
which the moisture index (ﬁ3 must increase to maintain a
constant value of intensity (1) depends on the value of
(I) that is to be waintained. This suggests that for

all months following the initial dry month there should
be an additional term to account for any carry - over

effect. Then the equation (4.10) becomes
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aly = (Mg / 64.27) + CIy_q ' (4.11)
where,

aly = Iy = Ikg-1 and C is constant.

To determine C we use the equation {(4.8) to compute
My for two consecutive months for a constant value of
I. We may set k = 5, I5 = -1 in equation (4.8), then
EEHt = =127.79 and likewise setting k = 4, I, = -1
we have f:ﬁ‘ = -106.91. Hence

t=1

=&Ms é”t - M'. = -20,88 (4.12)
t=1
Substituting this value of ﬁ5 into equation (4.11) we
get
Al = 0= ( -20.88 / 44.27 ) - 1.0C
ioEt C - "0-472

Even with other values of intensity, the resulting value
of € will come out to be the same (Bhalme and Mo8ley,

1980), For example, take k = 4 and 3 and 1, and 13 = -2,

then
B 3
2, My =-214.80 and 2\ My = -173.04
t=1 t=1

Therefore

ﬁnt f}mt = -41.76

t=1

al =0=( -41.76 / 44,27 ) =2.0C

C = -0.472
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From the above considerations the final drought index
for Nigeria for the months April - October from

equation (4.11) is:
Al = (M / 46,27 ) - 0.472 T g = T = Ip-g
Ty = Ip-g - 0.472 Ip_q + ( My / 44.27 )
= 0.528 Tpoq + ( My / 44.27 ) (413)

Equation (4.13) is ‘the modified drought severity
equation, where M is the moisture anomaly index and

the subscript k refers to the current month. The

modified drought severity equation was used to carry

out computations to determine monthly drought severity
indices for the month of April - October for each

year for 41 stations, From these monthly values the

mean index was calculated for each of the years on
record for all stations. Equation (4.13) gives either
negative or positive values of the index and therefore
provides the measure of dryness or wetness. Seasonal
mean index values are then classified into nine classes -
using the same numerical values as Palmer. This

_classification is shown in Table 4.2.
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TABLE 4.2 DESCRIPTION OF DROUGHT (-) / ?LOOD (+)

INDEX
Index Character of Weather
~ 4,00 Extremely wet
3.00 to 3.99 Very wet
2.00 to 2.99 Moderately wet
1.00 to 1.99 Slightly wet
0.99 to -0.99 Near normal
-1.00 to =-1.99 Mild drought
-2.00 to -2.99 Moderate drought
-3.00 to -3.99 Severe drought
£ -4.00 Extreme drought

For the purpose of discussing seasonal characteristics

of drought, however, because extreme values are rare on
seasonal basis, modified BMDI classification was adop-

ted. This classification is presented in Table 4.3.

TABLE 4.3 MODIFIED BMDI CLASSIFICATION

Index Character of Weather
T
P> 3.00 Very wet
1.00 to 2.99 Wet
~1.00 to 0.99 Near normal
-2:99 to ~0.99 Moderate drought
< =200 Severe drought
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4.4 A Comparison of Three Drought Indices:

BMDI, RAI and Tabony

In order to assess the performance of the modified
BMDI, the mean seasonal (April - October) values of RAIL
and Tabony indices for all 41 stations were calculated
and plotted together with seasonal BMDI.

Stations selected to be presented for this chapter
come from four climatic zones in Nigeria as defined by
Olaniran (1987) and described in Chapter 3. Single - sta-
tion, rather than areally averaged indices were plotted
since, as pointed out by Oladipo (1985), Bhalme and
Mooley's method is especially useful for single station
analysis of meteorological droughts.

The results of the three drought indices for 16
stations for long periods are presented in Figures 4.2
- 4.5 and Appendix A. A comparative analysis of the three
reveal the following:

(a) Generally the three drought indices agree well
on the number of years with drought / flood
conditions. Therefore, they appear to be effec~-
tive and suitable in describing meteorological
drought in Nigeria. All previously identified
drought periods in different parts of the count-

ry are presented by the three indices. For

example, droughts of 1932 and 1936-1938 that affec-
ted Coastal and south-weslern Guinea-Savanna

zones (described by Olaniran, 1991) are depicted
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