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INTRODUCTION

The report

This report on the hydrology of the Kaduna Basin, Nigeria, was
commissioned by Parkman Consultants Limited, to form part of a
pre-feasibility study of the agricultural potential of the area.

The aims of the hydrological study have been to appraise the
hydrological network and records collected, to review the rating curves
for river flow gauging stations and thus the discharge records and to
collate and analyse the rainfall records. This preliminary analysis is
then used in a general study of the runoff of the Kaduna Basin, and in
relating -the mean annual runoff to catchment characteristics like area,
slope, mean annual rainfall and land type so that the mean annual runoff
at other sites can in turn be estimated from catchment characteristics.

The variability of the annual runoff between years and the seasonal

variation of rumoff are also studied. Recommendations are made for the
hydrometric network required for subsequent investigations.

Chapter 1 describes the sources of data used during the investigation.
The rainfall data are assessed and analysed in Chapter 2, while Chapter 3
and Appendix are devoted to a review of the available runoff data. The
processed runoff data are then used to produce the required regression
relationships in Chapter 4.

Ways of improving the existing hydrological data collection
procedures are suggested in Chapter 5. Study of the available hydrological
records has highlighted the very real need for more attention to be paid
to the collection of the basic hydroiogical data. Most of the hydrometric
authorities visited were carrying out their duties on a minimal budget,
with insufficient manpower and equipment. The full realisation of the
water resources of the Kaduna Basin relies upon long and accurate
hydrological records, which are only possible with an adequately supplied
and maintained hydrometric network. '




The Kadung Basin

The area studied comprises the Kaduna Basin above its confluence
with the Niger, covering an area of about 66,000 square kilometres. Fram
a hydrological point of view, the catchment is dominated by the Jos
plateau at the south-eastern comer of the basin, where higher elevation
énd slope and heavier rainfall result in runoff which is high both as
a depth and as a percentage of rainfall, and where the vegetation is
relatively thick. To the west of the Jos plateau, the country is much
flatter with occasional inselbergs, though the basin has more relief
south and west of Kaduna with a number:of'massive gfanite outcrops.

The topography becomes flatter again on sandstone at the southern part
of the basin, with some flat plateaux standing above the plain. The
vegetation varies from thorn scrub with some broader leaved trees north
of Zaria, though broad-leaved trees and bush to thick forest in many
river valleys and in the south-west of the basin.

Summary of results

The mean annual runoff .at sites in the Kaduna Basin (except for the
" Nupe Sandstone) can be estimated using the relationship:

MAR = -1057 + 1.004 x (RAIN) + 7.065 x (SLOPE) + 5.170 x (LAND)

vhere MAR is the mean annual runoff in millimetres
RAIN is the mean annual rainfall in millimetres

SLOPE is a catchment slope parameter given by the
difference in height of the upper end of the tributary
and the gauging station (in metres}, divided by the
square root of the catchment area (in square kilometres)

LAND is a weighted land type coefficient that can be
calculated from the equation:

LAND = 0.35 S +'o.2s1 +0.15 8, + 0.1

la A -3
where Sla is the percentage of the catchment covered

by land type la, and so on.

The minimum monthly flow can be estimated using the equation:




Minimum flow (mm/month) = 2.836 + 0.1825 x (SLOPE) - 0.3269 x (LAND)

The decay of the flow throughout the dry season is given by the
relationship:

Q =

Pl

where Qﬁ:is minimm monthly flow
K is the recession constant (obtained from Figure 3.3)
t is the time in days before the assumed end of the dry

season. For the catchment above Kaduna South gauging
station this is taken to be 1 March, below being 15 March

Estimation of the seasonal variation of flow within the Galma

sub-catchment must be made by comparison with the available records from
the Ribako and the two Zaria gauging stations.

The annual variation of the mean annual runoff can be expressed as - -
a series of growth factors - for estimating either higher-than-average
or lower-than-average flows.

Mean Annual Runoff - Growth Factors for Various Return Periods
' ' Return Period (years) .

y/ 5 10 50

Low flow  1.01 0.77 0.68 (0.45)
High flow 0.99 1.20 ©  1.34 (1.7)

where the growth factor = (runoff) # (mean annual runoff) and
figures in brackets are to be treated with caution.

The reduction of the minimum monthly flow for various return periods
can be similarly expressed:

Return Period (years) 2 - 5 10
Reduction factor ' 1.0 0.55 - 0.4



CHAPTER 1
INFORMATION AVAILABLE AND PREVIOUS STUDIES

' The reliébility of a hydrological investigation depends on the
‘availability and quality of the basic hydrological data, in this case
rainfall and streamflow records. During this study it was necessary

to visit a large number of agencies for the river flow records, and
the quality of the records varies considerably. Any move to centralise
the hydrological data storage facilities and to standardise the quality
of the data throughout the country would be of con51derable beneflt to
future water resources studies. '

1.1 RAINFALL DATA

Rainfall records for all-stations throughout Nigeria are held at
the Meteorological Office in Lagos. = Because delays were encountered in
retrieving these records, most of the rainfall information available
for use during the current study had been collected by MRT Consulting
Engineers (Nigeria) for their study of the water resources of Kaduna
State. This meant that more data were avallable for analysis in Kaduna
State than in Niger State.

It has also been found that the rainfall records held at Lagos are
much more intermittent in recent years, with little data available
after 1975. As most of the stream gauging has been carried out in the
last few years, this made it difficult to compare rainfall and runoff.

1.2 CLIMATE DATA

There are a number of synoptic climatological stations in the
catchment again, the records are held in the Meteorologlcal Offlce in
Lagos. However, the Agroclimatological Atlas produced at the Institute
of Agricultural Research (IAR), Samaru, effectively summarises all
available data up to the time of publication (1972).



1.3 RUNOFF DATA

Runoff information for the Kaduma basin is held by the Water Boards
of Plateau, Kaduna and Niger States, the National Electric Power
Authority and the Inland Waterways Division (IWD) of the Federal Ministry
of Transport. Additional informaticn for neighbouring catchments: was
obtained from Water Resources and Engineering Construction Agency (WRECA),
Kano State. The information obtained from these different agencies
varied in both form and quality. WRECA had carried out comparatively
sophisticated analyses on their streamflow data, while Kaduna State _
Water Board (KSWB)} had produced mean daily discharge estimates for most
of their gauging stations. The records from Niger State Water Board
consisted of gauge readings and discharge measurements. The Plateau.
State Water Board was not approached for information from its one or two
ihsignificant gauged catchments.

Most of the information used came from Kaduna State Water Board,
and their two books of published streamflow records, dated 1972 and 1975.
Additional information was also collected directly from the Water Board's
offices in Kaduna, which enabled us to make an objective appraisal of
the quality of the records.

. The Niger State Water Board have only recently been established
following re-organisation, and rating curves and daily discharges had
not yet been calculated from the gauge readings and discharge measurements.
As there were no photocopying facilities to copy basic data for processing |
elsewhere, only the most significant_stations were analysed.

Information collected for the IWD gauging station at Wnyé Bridge
~ consisted of mean daily gauge heights and calculated mean daily discharges.

In order to supplement the information obtained within the Kaduna
catchment some adjacent catchments were also examined. Mean daily
discharges were obtained from WRECA for the Kano and Challawa catchments .
to the north, and the Gurara and Chanchaga catchments to the south.

1.4 PREVIOUS STUDIES

The River Kaduna and its tributaries have been the subject of a
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number of reports in the past. These have mostly been concerned with the
hydro-power potential of the main river, especially at the Shiroro Gorge
site. The studies of particular relevance to this. project are outlined
below:-

(a) Shiroro Hydro-electric Project - feasibility study by Charles T Main

This report describes the meteorology of the Kaduna Basin, and gives
an estimate of the probable maximum flood at Shiroro based on
probable maximum precipitation. The consultants have, in addition,
produced a series of monthly flow duration curves for the Kaduna at
Shiroro. An examination of these produces an estimate of the anmual
Tunoff at this site some 25% greater than that given by the data
available for this study, which cover the period 1955-1961.

The Main analysis was based on measured flows from 1962 to 1974
extended back to 1939 using a rainfall/runoff correlation model. The
flow records used by Main for the analysis were not available for this
study.

(b) Plan for Electrical Power System Development - Motor Columbus

The principal interest in this report lies in the flow estimates made
for two sites on the Kaduna River (Shiroro Gorge and Zungeru) and maps
showing the variation of potential evaporation and annual rainfall -
throughout Nigeria. The estimated annual runoff at Shiroro is some
11% smaller than that calculated during this study.

The report also contains monthly flows for the Kaduna River at both
Kaduna and Wuya Bridge. These data mainly agree closely with information
collected from KSWB and IWD, but with some differences. The Tecord at
Kaduna completes some gaps in the data available from KSWB, and the

Wuya record is occasionally quite different from the IWD calculated
flows. It has not been possible to establish the reason for these
discrepancies. ' |

(c) Investigation of Low Flows in the River Kaduna at Kaduna, Nigeria -
Hydraulics Research.Station, UK

This report, and the associated working fileé,'provided a good background
to the problems of estimating low flows in the Kaduma Basin, as well as
supplementary streamflow data for the Kaduna River at both Kaduna and

-6 -
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(d)

(e)

(£)

(g

.(h).

Kirmin Gurmana. : L,

A Review of Hydrological Data and Analyses for the Gongo'la-ﬂ Catchment:
to Numan - Institute of Hydrology, UK

This report correlates runoff with catchment characteristics in an
adjacent catchment and' thus provides. the basis for the approach usecij?
in this study. v

The Land Resources of Central Nigeria - Land Resources Division, QDM

Discussions with the staff of LRD involved in the preparation of the
report, and the report itself, provided much background information
for the preparation of the '"land type' map, used to locate areas of
differing runoff potential.

Kangimi Irrigation Scheme - Detailed Feasibility Report - Enplan Group

Enplan. investigated the feasibility of using water from the Kangimi
to irrigate a strip of land along the River Kaduna. The hydrology of
the River Kangimi formed part of their study and Enplan produced a
revised estimate of the flows for the gauging station located on the
Kangimi 3 miles upstream of Rihogi Village.

Water Resources and Engineering Construction Agency, Kano State (WRECA)

WRECA are regarded as the leading hydrological authority in Northern
Nigéria, and as such have been asked to undertake studies outside Kano
State. Of particular interest to this investigation are their studies
into the River Challawa and of the Rivers Gurara and Chanchaga.

Institute of Agricultural Research, Samaru

The Agroclimatological Atlas, produced by IAR, provides a valuable”
sumary of the available climatological data of Northern Nigeria.
An interesting study of the runoff from a small catchment at Samaru
was also carried out at IAR.

ey Tt o~ p—




CHAPTER 2
RAINFALL AND EVAPORATION

2.1 METHOD OF RAINFALL ANALYSIS

Although rainfall data were available as daily values, the aim of
the rainfall analysis was to produce estimates of the average rainfall
over any sub-catchment within the Kaduna Basin. The analysis was therefore
based on monthly and annual rainfall values.

Rainfall records are commonly very variable in terms of gauge
distribution and periods of record; these problems are particularly
acute in the Kaduna Basin. The available rainfall data were therefore
reduced to a common, long-term mean for use in an ischyetal map.

Selection of stations
‘ All_rpédily available, relevant rainfall data were collected. Some

of the records are very short; some appear to be unreliable and others
are very intermittent. These stations were not analysed unless they were

. in -an area Ssparsely covetred by . raln-gauges

The selection of long-term stations for the rainfall analysis
depended on completeness of record for the selected 50 year period
1926-1975. By filling a few gaps from adjacent stations complete records
-were obtained for four long-term stations:

Jos Aerodrome
Kaduna Junction
Maigana Agricultural Station

Kano Government Panf

Each short-term station was allocated by Thiessen polygons to the
nearest long-term station for adjustment. The location of the stations,
and the polygons, are shown in Figure 2.1. '



Extenston of data

The rainfall average from a short-term rain-gauge was reduced to the
common, long-term period average by direct comparison with an adjacent
rain-gauge. The ratio of the rainfall at the short-term station to the
rainfall at the long-term -station .during -the . common period was multiplied
by the avérage at the long-term station over the whole period of record.

2.2 RESULTS OF ANALYSIS

For each rainfall station, both the straightforward annual average
rainfall figure and the value adjusted to the long-term period are given
in Table 2.1. The isohyetal map (Figure 2.2) was constructed using the
adjusted annual average figures. Extrapolation of the isohyets into
areas sparsely covered with rain-gauges was necessarily somewhat
subjective; the ischyets over Kaduna State are more reliable than those
over the westem part of the catchment.

During a study of the Challawa catchment, WRECA detected a significant
drop in the annual rainfall in Tecent years. For the 10 years to 1976 the
rainfall at Kano Airport was 81% of the long-term mean, and Zaria water-works
experiences for the same period a drop to 87% of the long-term mean., This
could imply that the runoff records (taken, for the most part during the
last 10 years) might serlously underestlmate the true average runoff from
. the. catchment. . For the catchment to the Challawa Gorge gauging station
it was estimated by WRECA that the runoff in the recent 10 year period
was only 66% of the long-term average runoff.

The data from the four long-term stations, together with data from
Katsina Aerodrome, were examined for this trend. The results are
summarised in Table 2.2,

The stations significantly affected by this trend (Kano and Katsina)
lie to the north of the Kaduna catchment. It appears that the annual
runoff assessed by the available runoff records should correspond réasonably
with the long-term averages. |



Reference
Number
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13

14
15

16

17
18
19
20
21
22
23
24
25
26
27

28
29

30

Station Name

Keffi Jun Pry School

Gudi Min of Works
Alushi EKAS School
Alwanga Agric School
Wamba DO

‘Arum NA School

Diko SIM
Abuja NA |

‘Bwari Jun Pry School

Tayu NA School

" Kwoi ECWA School

Jagindi Jun Pry
School

Dogon-Kurmi For Res
Stn

Kafin Jun Pry School

Kurmin-Musa Jn Pry
School

Kafanchan Medical

- Dept

Kagoro SIM

Riyom Agric Dept
Barakin-Ladi ATMN
Ropp North ATMN
Zonkwa Agric Station
Vom Vet Dept

Kuta SIM Dispensary
Shiroro Gorge NEPA
Kachia Snr Pry School
Miango SIM

Miango Kent Academy
SIM '

Jos Aerodrome

Naraguta School of
Forestry

Rayfield Mines

RAINFALL STATICONS

Lat

- 8-50

8-53
8-53

8-55

8-55
9-08
9-15
9~10
9-17
9-17
9-27
9 20

9-20

9-32
9-34

9-36

9-36

- 9-38
'9-33
9-30

9-44
9-44
9-52
9-58

9-52

9-51
9-51

9-52
9-57

9-31

Long

- 7-52

8-15
8-21
8-23
8-31
8-39
7-12
7-10

7-23 .

8~36
8 00
8-12

8-20

7-05
7-59

8-18

8-23

- 8-46

8-50
8-55
8-23
8-47
6-43
6-51
7-57

8-46
1 8-40

8-54
8-53

8-54

Elevation
(f1)

1500
1300
1200
1200
1050
2000
1775
1600
1900
3000
2400
1600
1600

2000
2200

2500

2700
4050
4300
4400
2750
4150
1200
1100
2400
3700

3900

4215
3800

4260

TABLE 2.1

Average Annual
Rainfall (rm)

1350
1619
1393 -
1475
1664
2118
1500
1606
1505
1627
1722
1605

1653

1554
1467

1655

- 1633
1350
1211
1270
1466
1376
1342
1330

959
1537
1517

1410
1382

1342

Extended
Average (mm)

1403
1553
1399
1484
11659
2126
1528
1640
1466
1633
1739
1633

1729

1485
1476

1640

1658

1371
1206
1270
1488
1400
1325
1292
980
1524 °
1544

NA
1387

1356



Reference
Number

31

32
33
54

35
36
37

38
39
40
41

42
43
44
45
46 ...
47

438
49

50
51

52
53
54
55
56
57

RAINFALL STATIONS (Continued)

Station Name

Dam
Tegina SIM
Bassa CFC

Serkin Pawa Railway
Station

Kurmin-Biri Railway
Station

Tugan-Bako Baptist
School

Gwagwada Railway
Station

Jengre SDA Mission
Shanga Jun Pry School
Kaduna Junction

Kakuri Federal
Prisons

Afaka Forest Reserve
Kaduna Aerodrome
Kaduna Hydro-Station
Kauru Jun Pry School
Kudaru Min of Works

Birnin Yero Railway
Station

Ririwai Mining
Station

Sabon Birni Jun Pry
School

Dutsin-Wai BCGA

Dutsin-Wai Jun Pry
School

Takalafia PO
Kontokora NA

Zaria Aerodrome

Zaria Waterworks
Maigana Agric Station
Burra Jun Pry School

Lat

Lamingo Hydro Station =~ 9-54

10-04

10-06
10-02

110-02

10-18

10-15

10-15
10-14
10-29
10-28

10-37

10-36

10-30
10-35

- 10-35. .

10-48

10-44

10-50

10-50
10-50

-10-57

11-01
11-08
11-05
11-02
11-01

Long

8-56

6-12

6-37
7-06

8-01

6-14

7-14

8-48
8-55
7-25
7-24

7-17
7-27
7-26
8-10
8-27

731

8-44
7-18

8~15
8-15

8-22
5-57
7-41
7-46
7-56
8-59

Elevation

(ft)

4200
900
1000
1400
2300
1250

1800

3100

4400

1920
2000

2000
2116

1940

1950
2500
2200

2890 -
1950

2150
12150

2300
1570
2150
2141
2200
3000

TABLE 2.1

Average Annual Extended

Rainfall (mm) Average (mm)

1368
1325
1368
1443

1438

1237

1283

1192

- 1228

1172

1291

1440

1233
1281
1334

1320
1187

1365
1011

1100
1169

1153
1178
1087
1100
1140
1160

1383

1317
1339
1399

1418
1237
1273

1194
1239
NA
1418

1211
1291
1326
. 1102
1313
1203

1341 .-
1075

1136
1108

1148
1171
1064
1078
NA
1160




TABLE 2.1
RAINFALL STATION (Continued)

Reference . e - Elevation Average,Annual: Extended.
Number Station Name Lat Long (ft) Rainfall (mm) Average (mm)
58 - Kaya Jun Pry School ~ 11-15 7-14 2200 1154 1090
59 " Shika Agric Research 11-13 " 7-33° 2100 ~ 1047 - : 1048
60 Samaru Agric Station 11-11  7-38 2250 1073 1081
61 Ikara Primary School 11-15  8-12 2300 1030 1115
62 Tudan-Wada Jun Pry 11-15  8-25 - 2020 838 948

School _ _
63 Dandume Jun Pry 11-27 7-08 2300 1071 983
School ,
64 Danja Jun Pry School 11-23  7-33 2200 1035 958
65 Daudawa Govt Farm 11-38  7-09 - 2300 1051 11029
66 Daudawa Jun Pry 11-38  7-09 2100 1017 937
School ‘
67 Funtua Jun Pry 11-32  7-19 2100 1051 1031
School ' ' A
68 Funtua CAP Ginnery 11-32 719 2100 1179 1129
69  Bakori IA School 11-34  7-26 2100 991 910
70 Kafur Jun Pry School 11-39 7-39 = 2000 1051 977
71 Dangora Jun Pry 11-33  8-09 1850 797 818
: School '
72 Rano Snr Pry School — 11-33  8-35 1590 941 966
73 Faskari Jun Pry - 11-44 7-01 2100 1107 1022
. School - . . . o _ 7 -
74  Malumfashi Jun Pry . 11-47 7-38 2150 993 932
School :
75 Mahuta Jun Pry D 11-44  7-47 2050 970 - 922
School - : ' Co .
76 Kankara Elementary 11-56  7-26 1900 964 904
School _ _ .
77 Kabo Girls School 11-51 8-10 1500 . . 886 952

78 Kano Govt Farm 11-59 8-32 1650 833, NA




Station

Jos Aerodrome
~ Kaduna Junction

Maigana Agric Stn

Kano Govt Farm

Katsina Aerodrome

RECENT RAINFALL TRENDS

Average Annual Rainfall (mm)

1926-75 (a) 1966-75 (b)
1409 1410
1296 1289
1141 1113

837 724
706 576

TABLE 2.2

oovs b
Ratio /a

1.001
0.995°
0.976
0.865
0.816



2.3 EVAFCRATION

Detailed cIimatological records for the basin are given in the
Agroclimatological Atlas. Monthly and annual evapotranspiration totals,
estimated by the Penman method, are given in Table 2.3 for the stations
in the Kaduna basin. There is little variation over the area of the -
Kaduna-catchmépt. Because 3-25% reflection coefficient for ﬁegetation1 

was used to estimate transpiration, and a 5% coefficient would be more

appropriate for open water, the open water evaporation will be about
25% higher than these transpiration estimates.

- 14 -



TABLE 2.3

AVERAGE PENMAN EVAPOTRANSPIRATION FOR SELECTED STATIONS

January
February
March
April .
May
June
July

Avgust

_September

October
November
December

Annual

Bida

117
121
139

122

107
86

7
L

72

77

96
111
110

1237

Jos

117
121
148
123
115
101

84

78
95
116
119

115

1332

" Kaduna Minna

141.

138
154
141
134
110

.96
84

99
115
119
123

1454

IN KADUNA BASIN (mm)

133
140
155
142
134
106

87

86

93
113
117
112

1418

Samaru

116
121
147
153
154
125
108
97
107
120
109
106
1463



CHAPTER 3

RUNOFF ANALYSIS

5.1 REVIEW OF GAUGING STATIONS

Most of the gauging stations in the Kaduna Basin, and most of the
‘munoff data available, are the responsibility of the Kaduna State Water
Board. As a result, there is a consistent approach to the problem of
' gauging rivers. Because the hydrometric network in Northern.Nigefié
was established in the early 1960s by one organisation, a similar
approach is maintained by the other principal gauging authority,-the
Niger State Water Board. :

Much of the available hydrometric informaticn is in Water Board
publications in the form of daily flows. However, a close scrutiny of
the published flows raised some Goubts as to their accuracy, especially
during periods of low flow. The Water Boards were therefore visited
and some of the raw data obtained to enable the calculation of mean
daily flows t0 be3repeated.

It was found that before the low flow regime of any river could be
examlned the records- from each staticn had ‘to be carefully checked for -
consistency. Some stations were much more reliable than others, and a
two tier system of analysis was adopted. The analysis was based on
records from thirteen primary gauging stations, and checked against data
from another thirteen stations which were considered. of secondary
importance. Two stations, gauging runoff wholly from the Nupe Sandstone,
had very different flow characteristics and these stations were analysed
separately. The locations of all these gauges are shown in Figure 3.1.
Effort was concentrated on verifying and adjusting deta for the primary
stations; this work is described in an appendix.

The approach adopted was to fit a straight line on logarithmic paper
through the discharge measurements, with the stage zero adjusted to

- 16 ~
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correspend with zero flow. Once this basic stage-discharge relationship .
had been derived, shift corrections were adepted to bring the discharge
measurements during periods between individual floods back to the basic

curve.

3.2 FLOW ESTIMATION PROBLEMS GENERAL TO THE KADUNA BASIN

Caleulation of mean daily gauge height

WRECA have found, during their studies of the hydrology of Northern
Nigeria, that significant errors can arise from the assumption that the
average of the observed gauge heights in any one day equals the mean.

' daily gauge height.

Most of the gauging authorities record the gauge heights 3 times
daily (at 0700, 1200 and 1700), and more frequently when the water level
is changing rapidly. However, on smaller catchments flood peaks will
be missed by this method of measurement. In addition, it has been noted
that in parts of Nigeria (most particularly in the north-west) the

‘ralnfall occurs predominantly at night, and so a significant ‘proportion

of the total runoff could be missed in this way. If the rainfall follows
any pattern significantly different from a random distribution through
the day, the averaging of 3 gauge height values to obtain a mean daily
figure introduces a consistent error. WRECA have overcome this problem
by usihg automatic water level recorders wherever possible, and by
computing mean daily values from a plotted hydrograph. For the present
study this type of error is unlikely to be 1mportant but in 1ater more

detailed, studies will become more 51gn1f1cant

The estimation of low flows

Most of the gauged rivers in the Kaduna Basin have shifting, sandy
beds; this means that a new stage-discharge rating curve should be
produced each year. In some cases this becomes difficult as discharge
measurements are required during the dry season, when few measurements
appear to be made. When no discharge measurements are taken in a dry
season, the reliable estimation of the low flows becomes impossible.

The whole pattern of discharge measurements by the Water Boards could
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be improved. At the moment, the principal interest in the region's .
water resources is concentrated upon the supply of water for domestic

use, irrigated agriculture and hydro-power needs. In all these cases

the low flow regime in the dry season is important. To establish
accurate estimates of these flows requires regular discharge measurements
‘to be made during the dry season - perhaps once or twice monthly. At the
~ moment, disproportionate effort. is being expended in measuring discharges
once every two days during the wet season at some stations.

Abstractions

The information available for this study provided the material from
vhich river distharges could be estimated at various points throughout
the catchment.. It was assumed that all runoff passed these gauging
points. However, in any detailed water resources evaluation it would
be necessary to estimate the total runoff from the area, which would
include all water abstracted from the river for domestic water supply,-
agriculture, industry (if any), and so on. This is particularly important
when the abstractions have increased appreciably during the history of the
flow gauges.

There are indications that some of the tributaries of the Kaduna
are being significantly affected by abstractions during the dry season.
In a more detailed study this would need to be checked, and if necessary
allowed for in the calculations, |

3.3 ANALYSES

Relationships were required between mean annual runoff, minimum flow,
variability of annual Tunoff and catchment characteristics. The derivation
of the flow indices is described in the following section.

Mean annual runoff
e
The mean annual runoff was based on a year starting in January and’
ending in December, in preference to the normal hydrological year used in
Northern Nigeria (April to March), to simplify the minimum discharge
computations. The January to December year ensured that both maximum
monthly flows and minimum monthly flows in any one year should be

- 18 -



independent of the values of the precéding and following years. In an
April to March year consecutive months might be the minimum nnnthly
discharge for consecutive years, and the events would not remain
independent.

For each gauging station an annual flow was calculated for all
years with a complete record. In many cases, data were missing for only
one or two months of the dry season, and an average monthly figure was
added to enable the annual flow to be computed with a fair accuracy.

The mean annual runoff was calculated from the arithmetic mean of all
annual flows so computed. This figure can be expressed either in terms
of discharge (m®/s) or as a depth of water over the catchment area

(mm/year) .
Minimum monthly flow

For simplicity, the time period selected for use when estimating the
low flow parameter was a calendar month. For each,discharge station, the
smallest monthly flow in each year was extracted whenever the available
record included the complete dry season.

It was decided not to compute a direct arithmetic mean of these
data for each station, as the data sometimes included one value an order
of magnitude greater than the rest, which would unrealistically bias such
a mean. The ”avérage” figure selected for the parameter-was taken to
correépond_to the median value of the data. S

Recession analysis

In order to describe the month-to-month variation in flow of the
rivers of the Kaduna Basin, some form of recession analysis seemed
essential. The simplest assumption is that the flow in the dry season
can be described by the relationship:

t
Q = QK
where Q is the flow
Qo is the flow at time t = 0
K is the recession constant

t is the time (in days, usually)

- 19 -
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KADUNA AT KADUNA SOUTH

TABLE 3.1

ANNUAL FLOW - LOW FLOW ANALYSIS (m®/s)

D{stribution:

2
Normal 166
Gumhel 163
Log-Gumbel 163
Log-normal 161

~ KADUNA AT KADUNA SOUTH :
ANNUAL FLOW - HIGH FLOW ANALYSIS (m3/s)

Distribution:
_ 2
Gumbel 164
| Log-normal 161

132
129
123
131

200
199

10
115
114
103
117

Return Period (years)

50

- 69

TABLE 3.2

Return Period (years)
10
222
222

50
271
269




If the recession does follow this pattern, then a plot of the
logarithm of the flow against time should give a straight line
relationship.

This analysis, when applied to the available discharge records was,
in general, very encouraging. A number of stations produced a

relationship approximating closely to a. straight line (for example, the

Karami at Saminaka, Figure 3.2}, whilst others did not (for example,
the Tubo at Mile 20, Figure 3.3).

The Tubo‘regord was examined for a more complex recession pattern.
An attempt was made to fit the relationship

_K'
Qoe
where K',n are constants
e is the base of natural logarithms

However, this proved no more successful than the first method.
Considering the purposes of this investigation, it was decided that the
single parameter approach to the recession aﬁalysis should prove
adequate.

The records of all the primary gauging stations were examined,
and a value for the recession constant X was deduced for each.

Variation of annual runoff

~ The variations of the annual runoff was examined to estimate both
high and low flow rates corresponding to various return periods. The
analysis concentrated on the station with the longest gauging history -
the Kaduna at Kaduma South Water works.

For the low-flow analysis a number' of different distributions were
fitted to the data, and the flows corresponding to various return periods
estimated. There are no fully convincing theoretical arguments to justify
Selecting any one distribution. The results obtained by fitting the
various distributions are shown in Table 3.1.
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For our purposes, the discrepancies between the different methods
are insignificant. For simplicity, the analysis of data from other
stations with a shorter record was based on a log-normal distributiom.

It was found that the reduction of the annual runoff for increasing

~.return.periods. could be expressed in the fbnnwoﬁ a general catchment :

Yreduction factor" te be applied to the mean -annual runoff. The .
appropriate factors are contained in the summary table, Table 3.3.

The analysis of the annual flow records for the Kaduna at Kaduna
South continued by reversing the analysis, and examining the varlatlon in
the higher annual flows for various return periods. This time, both a
Gumbel and a log-normal distribution were fltted to the data, ‘to produce y

: v1rtua11y 1dent1ca1 results Table 3.2,

EY
-

- Once again, log-normal distributions were fitted to the data from
other gauging stations, and catchment growth factors deduced, Table 3.3.

Vartation of minimum monthly-flow -
The basic analysis of the variation of the minimm monthly flow rate -

was again carried out on the Kaduna at Kaduna South record. Again, a
‘number of dlfferent d15tr1but10n5'were tried, with the log-Gumbel

' “distribution having probably the closest fit. The results are contalned

in Table 3.4.

-
-

The extension of the analysis to cover the other gauging stations
did not prove very satisfactory. Once again the log-normal distribution
was used for ease of calculation. However, this time the growth factor

- varied appreciably from station to station, particularly for those

stations with a larger variation between wet and dry season flow rates.
As a result, any catchment "growth factors' are going to be, at best,
approximate. Our best approximation, without more detailed study, is
contained in Table 3.5. ‘

Runoff from Nupe Sandstone

Few good stations measure the runoff from Nupe Sandstone areas in
and around the Kaduna Basin. Enquiries at the Niger State Water Board's
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TABLE 3.3

ANNUAL FLOW-GROWTH FACTORS! FOR VARIOUS RETURN PERIODS

.. Return Periods (years)

2 5
Low £low: 1.01  0.77
High flow: ~ 0.99  1.20

0.68

1,34

| KADUNA AT KADUNA SOUTH
MINIMUM MONTHLY FLOW FREQUENCY ANALYSIS (m®/s)

Distribution:.

2
Normal - 3.85
Log-normal 3.42
Gumbel : 3.75
Log-Gumbel 3.71

HRS Report, (1962)

5
2.35
2.19
2.40
2.34

10
1.56
1.73
1.80
1.72

1.10 .

1 Growth factor = flow/mean annual flow

50
(0.45)2

(1.7

TABLE 3.4

-Returﬁ Period (years)

- 50

1.15

0.86
0.35

2 Figures in brackets to be treated with caution



MINIMUM MONTHLY FLOW - REDUCTION FACTORS FOR VARIOUS RETURN PERIODS

Return Period (years) 2 5 1.0
Growth factor | 1.0 0.55 - 0.4

Wﬁere'"ngth factor'" = (flow)} = (average,minimum flow}'l



offices in Minna provided two stations gauging runoff from the sandstone,
namely the River Bakogi at Agaie and the River Yiko at Guzan.

The stations have a similar history, described in the appendix.
However, the records displayed somewhat different characteristics. The
.. Bakogi is a much steeper catchment than the Yiko, and is better defined
on contour maps. The dfy season recession is steeper, and the mean annual
runoff is about double that of the Yiko. Due to this dissimilarity a
general analysis of runoff from sandstone areas was not possible, and it
was decided merely to record the flow characteristics for these stations.
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 CHAPTER 4
RUNOFF RELATED TO CATCHMENT CHARACTERISTICS

- The objeétive of this study has been to provide a means whereby-
the runoff from any catchment in the Kaduna Basin can be estimated. The
approach adopted was that employed in the IH Gongola Report, where the
principal runoff parameters are correlated with catchment characteristics
such as fainfall, land type, slope and area.

4,1 MEAN ANNUAL RUNOFF

Because of the brevity of some of the station records for the mean
annual runoff regression analysis, attempts were made to extend.the
records by direct correlation with one of the stations with a longer .
history. However, the amnual runoff figures were very poorly correlated,.
and the regression analysis was continued using only recorded data. The
catchment characteristics employed in the analysis were as follows.

Land type coefficient

An attempt was made to establish a hierarchy of runoff - producing land
types, taking account of such aspects as soil type, rock type and domlnant '
'slope Geolog1ca1 and topograph1ca1 maps were examined to produce ‘a
first estimate of the location of the various land types and these were
then discussed with the Land Resources Division, ODM. The land type map
(Figure 4.1) was revised after this discussion. The land types were split
broadly along the lines of the Gongola Report being:

Type la Steep, rocky areas
1 Fairly steep, rocky areas
2 Dissected basement complex
3 Undulating basement complex
5 Flood plain
6 Nupe Sandstone

- 728 -



but these groupings were adjusted in the light of local knowledge.

The coefficient calculated from the land type map is given by the
relationship:

Land type coefficient:= OiSS_Sia +‘O.:ZS1 + Q.lSS2 + 0,1$3

where Sia is the percéntage of the area covered by type 1la.

This is identical to the coefficient quoted in the Gongola Teport,
and it remained a useful index. However, it is apparent that the assump-
tion of zero runoff from land types 5 and 6 is not valid for the sandstone
area in the Kaduna Basin; the decision to treat the sandstone part of the
catchment séparately makes this discrepancy‘academic For all primary

SE L

gauging stations the estimated sub-division of the catchment area into
land types is shown in Table 4.1.

Slope index

The index employed for the Gongola report.was maintained. in this
analysis, mainly for its simplicity. The index is calculated using the
relationship:

Slope‘indéx '=j.ﬂl -H, | ’

- - . -

where H1 is the elevatlon, in metres, of the highest p01nt on
a marked stream on the 1:250,000 scale mapping

H, is the elevation, in metres, of the gauging station

A is the catchment area to the gauging station in
square kilometres

Rainfall

The catchment average annual rainfall was estimated from the
isohyetal map described and reproduced in section 2.2.

- 29 -
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Results

A regression relationship was sought between the values of the
calculated mean annual runoff and various catchment parameters for the
thirteen "primary" gauging stations. The most successful related mean
annual runoff (MAR), in mllllmetres to the land typs coeff1c1ent (LANDY,
_Vthe slope index- (SLOPE) and the ralnfall (RAIN). The relatlonshlp
produced was:

MAR = ~1057 + 1.004 x (RAIN) + 7.065 x (SLOPE) + 5.170 x (LAND)

The data used in this analysis are summarised in Table 4.2.
Values of MAR calculated for each station using this relationship
are shown plotted against the measured value in Figure 4.2.

A more detailed breakdown of the statistics of the regression
relationship is given in Table 4.3. The ratio of the variation of
MAR explained by the relationship to the total variation, R2, indicates
the closeness of fit. In this case, almost 99% of the variation is
explained. ' '

Attempts were also made to correlate the runoff coefficient (RO)
with the catchment parameters. A good fit was also obtained for this
regression relationship, but it remained inferior to the adopted
relationship. Details of the best runoff coefficient regression are
_contained in Table 4.4.

4.2 MINIMUM FLOW

Attempts were made to correlate the average minimum monthly flow with
the various catchment parameters described previously. The most successful
of these produced the relationship:

Minimum flow = 2.836 + 0.1825 x (SLOPE) - 0.3269 x (LAND)

where "minimum flow'' is expressed in millimetres per month over the
catchment area. The data used are summarised in Table 4.5.

Details of the regression relationship are contained in Table 4.6.
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TABLE 4.2

¥6v
908
L80T
9¢e
L9
0sP
LOZ
8¢T
69T
VLT
582
S0¢
ST¢

(umr) VW
pPolRINOTE]

ovs
TLL
LOTT
49T
OrT
. ShY
o4
ST
bLT
co1
18T
608
87

(uw) VI
poanses)y

$°01
8¢l
¥°81
¢'01
0L*6

981

v 01
50°0T
096
086
0z 0T
$8°0T
SZ°TT

JUSTOTIFo0D odL],
ONV'1

Q) ZIONMY TYIINNY NVEW 40 NOIIVINDTIVD

94§
6°¢S
1°65

18°%

vL'Z

ALY

97 *%

S6°1

LO°€

65°¢

88°Y
5.°S
€5°§

- 2INSBAY
dd0'1S

0S¥T
0SST
$Z9T
00ZT
0S0T
0LZT
SLTT
SZTT
0STT
OSTT
0SZT
0921
oLzt
()

TTRFUTEY
JUSUR[DIE)

BTIUDEY IE BIBRIND

TuTy JIem3un 3B WNS0Y
oxo03ey e undoy

180yTy e TUrduey
o3prag TTRY 3B BATYS
BYeUTURS JEB TURIEB)
e3Tael B e3TIER

0Z 2TIW 3' oqny

OMeqTy 1® BUTEYH

BTIEZ 3B BUTED

. eAny 3B BUNpEY
BUBLLING UTWINY j& BUNpe)y
YINog eunpe)y 1B BUNPEY

uoT1e1S

o e ——



e, W AT T bk i o

FIGURE 4.2

b R —— e

© Juapdijje07) jouny =ﬁ@.:u_su__ou,.
80 L0 90 S0 $0 €0 20 L0

T T

<
O
jusI2i4}907) Jjouny painsoaw

sIsAjpuy uoissaiBay .mo:,:z [PAUUY UDSW JO 85UDWIOLIa -8.0




‘ Name

Constant
RAIN
SLOPE

Constant
RAIN
SLOPE

TABLE 4.3

REGRESSION OF MAR ON RAIN, SLOPE, LAND

Coefficient ° Standard Error "t - R - R?
-1057 158.7 -6.658 0.9941 0.9882
1.004 0.116 8.652
7.065 I.585 4.458
5.170 5.854 0.883
TABLE 4.4

REGRESSION OF RO ON RAIN, SLOPE, LAND

Coefficient: Standard Error = "'t R R?

-0.6791 0.106 -6.401  0.9921  0.9843
0.0006306 0.000078 8.136
0.002565 0.00106 2.422

0.009652 0.00391 2.467



TABLE 4.5
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REGRESSICN OF MINQ ON SLOPE, LAND

Coefficient _ Standard Error
Constant 2.836 0.4454
SLOPE 0.1825 0.00834

LAND -0.3269 0.04476

lltll

6.229
21.889
-7.304

TABLE 4.6

0.9937

0.9874

o



4.3 RECESSION ANALYSIS

The recession constant deduced for each of the primary gauging
stations was. very poorly correlated with each of the catchment parameters:
outlined above. The most satisfactory relationship is a geographical
one, and this is shown in Figure 4.3.

The recession constant can be used in conjunction with the average
minimum monthly flow to obtain an indication of dry season flows. The
runoff records of the Kaduna Basin show that, in general, the discharges
decrease from early December until the end of March on average in a
manner that can be represented by the relationship:

t

Q = QXK
where Q is the flow at time t
Q0 is the flow at time t = 0

K is a recession constant

Any rainfall during this period will upset. the pattern temporarily. March
1s, in the majority of cases (70% of the time) the month with the lowest
discharge. Therefore, assume March discharge is the average minimum
monthly flow, say: Qm. A February figure can then be deduced as:

The January (GJ) .and December (QD) figures ‘can then be calculated
from:

G = 5T
KEO KE.O

The application of this method to the data from the gauging stations
revealed some inconsistencies. The average monthiy- flow cemes from several
years, with the recessions beginning and ending at different times. Thus,
the average March flow is, in general, larger than the minimum menthly flow.
The accuracy of this method can be improved by adopting a different
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"ending date" for the recession. By splitting the catchment at the Kaduna
South gauging station, the catchment above the station can be assumed to
have a recession ending on 1 March, the Iower catchment a recession ending
on 15 March. In other words:

(a) For the lower catchment:

-'é minimum.monthly fiow figure

P

FH

(b) For the upper catchment (excluding Galma)

gDI
D
:
=
5
g
a
e
i
\<
]
Qo
=z
lar]
._J
1]
=
4]

K15 K4S i K75

For the gauged catchments this method, with three exceptions,
produced estimates within 50% of the measured flow figures, and so it
remains a very approximate guide to the flow variation. The noticeable
exceptions came from interference with the natural flow regime by farmers,
which has caused the estimation of the smallest monthly flows themselves
to be very approximate.

As the Galma catchment is gauged at three primary stations, the best
1ndlcat10n of the seasonal variation in runoff is likely to be chtained
by comparison with one or more of the prlmary stations records.

4.4 RUNOFF FROM NUPE SANDSTCNE

Records were obtained from twe gauging stations on streams flowing
off the Nupe Sandstone - the Yiko at Guzan and the Bakogi at Agaie.
Analysis of the available records is summarised in Table 4.7.

Because of the different runoff characteristics of the sandstone and

the rest of the Kaduna Basin, this area was not included in the general
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RUNOFF FRCM NUPE SANDSTONE

Yiko at Guzan

Catchment Area (km?) ' 530
Average Annual Discharge (m®/s) 0.92
Mean Annual Runoff (mm} 55
Average minimum monthly discharge (m®/s) 0.5
Average minimum monthly runoff (mm) Z.5
Recession constant 0.997
Catchment slope index (m/km) 0.4

Catchment rainfall (mm) -~ 1250

TABLE 4.7

- Bakogi at Agaie

519
1.76
107
0.1
0.5
0.994
6.15
1200




catchment analysis. Because the data from the two stations are dissimilar,
no attempt was made to estimate general “sandstone'" runoff characteristics.
If flow estimates have to be made for catchments within the Nupe Sandstone,
personal judgement must be used to estimate which of the gauged catchments

is the more similar from a hydrological point of view, and approximate flow
estimates made accordingly.

4.5 CHECK ON MEAN ANNUAL RUNOFF ‘REGRESSION

Data from the ”secoﬁdary" gauging stations provided a independent
check on the principal regression analysis - to calculate mean annual
runoff,

However, the data from the secondary stations were rejected in
preparing the regression relationship - and so disparities between
"recorded'' and ''calculated" values are to be expected. The results of
this exercise are contained in Table 4.8.

These results are fairly encouraging. .The Resa runoff was expected
to be grossly over-estimated as no allowance was made for planted forest,
and the Koriga runoff data are limited to one year only. The estimates
to the north of the area are disappointing, with the Kano, Challawa and
Shika all being under-estimated, but these stations are outside the
rainfall range used in the regression. When estimating mean annual
runoff using the regression equation in areas of low rainfall (say < 1050 mm),
the tendency to under-estimate the runoff should be borne in mind. With .
these exceptions, the measured and calculated mean annual runoff agree
quité ciosely. | | - 1

However, caution should be exercised when applying these equations
to sites with catchment characteristics outside the range used in the
regression analysis. In other words, these eétimates should be checked
by runoff measurements, especially for small, steep or particularly wet
or dry catchments. ' -
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3 . TABLE 4.8

CHECK ON MEAN ANNUAL RUNOFF REGRESSION ANALYSIS

. RAIN' . SLOPE".  "LAND" Mean Annual Runoff. (mm) .

- Calculated = Measured
Kusheriki to Birnin Gwari 1175  20.8 10 321 _ 383
Resa to Afaka Forest 1225 8.0 10 281 . 85
Koriga to Mile 56 1175 6.82 11.5 230 366
Chalwe to Zangon Katab 1500 10 850
Challawa to Challawa Gorge 975 3.81 10 0.5 162
Kano to Chiromawa ‘ 1050 4.28 (10) (79} 175
Kaura to Mile 7 1215 7.70 10 269 245
Kubani to Zaria - 1075 9.30 15 166 209
Shika to Hankuyi 1000 2.99 10 20 - 74

- Jarmma to Soba o 1100 | 10 .

Gurara to Kitikwa 1460 5. 85 10 502 550
‘Gurara to Izom | 1470 7.5 10 524 490

Chanchaga to Chanchaga ' 1425 8.52 15 511 520
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CHAPTER 5

RECOMMENDATIONS FOR FURTHER MEASUREMENTS AND INVESTIGATIONS

5.1 RAINFALL MEASUREMENT

In recent years there seems to have been a rapid decline in the
number and completeness of the available rainfall records. At present
all records are collected centrally in Lagos, which is inconvenient for
regional studies. Much time would be saved if all records were collected
- together at the State Water Board Headquarters, copied, and then passed
on to Lagos.

The raingaﬁge network in the Kaduna Basin is far from umiform,
with the gauges concentrated within the more densely populated regions of
the Jos plateau and the Kaduna-Zaria area. A minimum desirable raingauge
density for the region is about one gauge per 2000 square kilometres. To
achieve this eVerywhere within the basin would require a further 21
stations, located for the most part to the west of the 7°00'E meridian.
The gauges must also be sited where there are good, reliable observers.

Future development of the water resources of the area will be
aided by the establishment of autographic stations to measure rainfall
intensity as well as daily totals. A minimum, representative coverage
~ would be to locate autographic gauges at Jos, Kaduna and Minna.

The existing network of gauges should be inspected. All sites
should be visited to make sure that the raingauges are correctly positioned,
and the reliability of the observers should be confirmed.

5.2 DISCHARGE MEASUREMENT

The existing network of flow gauging stations is centred around the
road and rail systems within the basin. As a result, coverage is far '
from uniform. Any extension to the network must take into consideration
the need for all gauging stations to be accessible throughout the year.
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The development of the network should therefore be based on the plamned .
road system.

Study of the 1975-1980 road plan for the area has identified a -
number of promising sites for gauging stations. Establishment of stations
at the following locations is considered essential to complete a basic
network within the Kaduna Basin (see Figure 5.1).

On the River Kodoko, where crossed by the existing Zungeru-Bida
road (site a). ‘At present, there are no gauged Feft bank tributaries of
the Kadima, and the Kodoko seems representative of the lower ones.

On the River Beiri, where crossed by the existing Tegina-Kontagora
road (site b). This station would measure runoff from the Kontagora area.

On the River Eba, where crossed by the proposed north-south road _
from Bari to the Bida-Mokwa road (site c). This provides an opportunity .
to gauge a river flowing from Nupe Sandstone.

The establishment of these 3 stations, together with the existing .
station on the Mariga at Mariga should provide an adequate network for
the lower part of the basin.

Two large tributaries of the Kaduna that require gauging are the
Dinya and Sarkin Pawa. At the moment, the only means of access to possible
. gauging sites is by railway, and so it is recommended that some arrangement
is entered into with the railway éuthofity to facilitate regular access
to the two sites (d-and e). It is possible that a new road from Kaduna -
to the new Federal capital will be constructed across the area, which
might provide alternative locations for the gauges.

A third area poorly served by gauging stations is the upper reaches
of the Kaduna itself. Possible locations for further gauges are a
Gyashari on the Kogin Kuri site (f), which would be a cableway installation,.
and where the proposed Rahama-Zangon-Katab road crosses the Mariri site (g)
and the Kaduna site (h). These stations provide the only means of gauging
runoff in the upper Kaduna basin.

The locations for new gauging stations outlined above can be no more
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than suggestions. Field visits will be required to locate the optimum
sites. It is recommended that stations at sites a, b, d and e, which
are accessible at present, should be established as rapidly as. possible.
The other stations should be established as soon as access iIs possible.

The present hydrometric network can be improved in other ways. The
problem of human fallibility in measuring water levels can be overcome by
using mechanical water level recorders, which provide a continucus
hydrograph which records all peaks. Local observers would need to be
retained to provide a check on the automatic recorder53

More care is also required in the collection and processing of
streamflow data. Some of the data obtained from the water boards were
obviously inaccurate, and so more care is requ1red over the quality control
checks and procedures to ensure that gauge readers present reliable
information. Discharge measurements should be made at each gauging
station at least twice a month to ensure a reliable rating curve. The
zero levels of all gauge boards should be checked against a fixed bench
mark at least once a year. Finally, all current meters must be sent
regularly for maintenance and re-calibration as recommended by the
manufacturers to ensure accurate discharge measurements.

5.3 SEDIMENT MEASUREMENT

Full utilisation of water resources will involve river regulation
with associated problems of sediment deposition. Because theoretical
knowledge alone is inadequate to produce estimates of sediment load, the
only means of ensuring adequate, economical design is to institute a

network of stations at which regular measurements of sediment load are made.

In the Kaduna Basin the requisite measurements would be made most
conveniently at the same time and place as discharge measurements. A
depth integrating sampler, using either wading rod or cable suspension,
should be used in accordance with the US Geological Survey publication
""Field Methods of Fluvial Sediment Measurement" (1970).

Until an adequate and economical means of measuring bed load has been
devised, calculation of the total sediment load of rivers should be based
on the measured suspended sediment and empirical formulae.

- 44 -



10.

REFERENCES

KOWAL, J M, and KNABE, D T, 1972, 'An agroclimatological atlas of
the Northern States of Nigeria'. Ahmadu Bello University Press,
Samaru-Zaria.

North Central State Water Board, 1973, 'Hydro-meteorological
Investigations - Data 1947 to 1971-72 (for available periods)'.

Kaduma State Water Board, 1976, 'Hydro-meteorological Year Book ;

© 1972-73, 1973-74, 1974-75".

Charles T Main (International), 1977, 'Shiroro Hydroelectric Project -
Engineering and Economic Feasibility Report - Initial Stage, Vol 4'.

Motor Columbus Consulting Engineers Inc, 1975, 'Plan for Electrical
Power System Development, Volume 3, (Power Ceneration Potential)'.

Department of Scientific and Industrial Research, Hydraulics Research
Station, 1962, 'Investigation of Low Flows in the River Kaduna, at
Kaduma, Nigeria', Report No EX 186. - '

LOWING, M J, 1977, 'Upper Benue Development - Phase 1 ; A Review of
Hydrological Data and Analyses for the Gongola Catchment to Numan',

Institute of Hydrology, UK.

Enplan Group, Coﬁsulting Engineers, 1973, 'Kangimi Irrigation Scheme,
Detailed Feasibility Report'. ,

KOWAL, J, 1972, 'The hydrology of a small catchment basin at Samaru,
Nigeria". Samaru Research Bulletin 149, Institute for Agricultural
Research, Samaru.

GUY, H P, and NORMAN, V W, 1970, 'Field methods of fluvial sediment
measurement', Book 3, Chapter C2, United States Geological Survey.

- 45 -



J e L

APPENDIX

Primary gauging stations ~ review of data

The depth to which the review could be taken for any station
was dependent upon the information available; the files and archives
of the Kaduna State Water Board headquérters in Kaduna were made
freely available. However, it was found that due to limited storage
space, much of the older information had not been. kept.

Ten of the thirteen primary stations are the responsibility of
Kaduna State Water Board (KSWB). One belongs to Niger State Water Board
and no records have been published; the review attempts to convert all
available gauge levels to mean daily flows. The two remaining gauges
belong to the National Electric Power Authority (NEPA) and the Inland
Waterways Division (IWD); their data could not be checked.

Karami at Saminaka (KSWB)

This station underwent the most detailed examination, because the
station had been visited, seemed to suffer badly from inconsistencies in the

published flows and also because much additional information was

available. It was therefore treated as a test case and illustrates the
problems of flow measurement in the sandy rivers of the Kaduna basin.

The actual discharges measurements were first used to construct a rating
curve for the site. Due to the sandy nature of the river section at
Saminaka (which is typical of the vast majority of gauging sites visited and
documented) the variations of the dischargé measurements were allowed for
by applying shift corrections. This approach assumes that all deviations
from the basic stage-discharge relationship can be explained by movements of
the stream bed.

It was assumed that bed movements occur during high flows. Thus,
the basic stage-discharge relationship could be obtained from all dlscharge
measurements made between one perlod of high flows and the next. Enough
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information was available for this site for this to be repeated a '
number of times.

A further assumption was made about the nature of the rating curve.
Whereas KSWB plot the data on arithmetic scales and fit a parabolic curve
through the discharge measurements, it was assumed in this study that the
relationship could be represented by a straight line on double logarithmic paper
- with the level of zero flow corresponding to zero stage.

A consistent set of curves was produced for each year cf analysis.
An average line (Figure A.1) was constructed and found to represent the
relationship

Q = 50 K2

The 'shifts' or apparent movements of the river bed were then
computed from the discharge measurements, on a monthly basis. These
are shown in Table A.1 .

The mean daily flows were computed using these shifts. The mean -
monthly flows were then deduced, and compared with those pubiished by the
KSWB; this comparison is summarised in Table A.2.

The two estimétes of the mean annual runoff are similar. The major _
differences between the two estimates are in the dry season flows. Cemparison
of the déily flow estimates and the actual discharge measurements suggests
that the KSWB approach is less reliable than the current approach.

The study of this station showed that the shifting nature of the
river beds in the area could be allowed for simply in constructing rating
curves with reasonable results. The problems of estimating flows during the
dry season were brought out and the review of the other gauging stations
concentrated on this aspect of the flow regime.

Kaduna at Kaduna South (KSWB)
This station is the most important flow gauging station in the _

catchment, having a relatively long gauging history, a reasonably stable
cross section and easy access for the gauging authority in Kaduna. The
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Kaduna flow record has been studied by a number of consulting engineers .
and others. '

It was the subject of an investigation in 1962 by the Hydrological
Research Unit, then part of the Hydraulics Research Station. This study
was commissioned by Messrs Scott Wilson Kirkpatrick and Partners in
connection with a scheme to supply water to the town of Kaduna. The object
of the study was to investigate the low flows in the River Kaduna. There ,
is close agreement between the flows deduced for this report and those
published by the KSWB.

There are some anomalies in the published data after 1972. A rating
curve for the Kaduna was established (Figure A.2) and 'shifts' computed for
the period 1972-77, as for the Karami at Saminaka. The dry season flow
estimates were then reviewed, and in many cases altered to produce the
rev1sed monthly flows given in Table A. 3.

Kaduna at Kivmin Gurmana (NEPA)

A gauge was installed at Kurmin Gurmana on the River Kaduna when
Shiroro Gorge was being studied for its hydro-power potential. The flow
information for this site is difficult to obtain. Motor Columbus, during
their study, were unable to find any data.. We have obtained, by courtesy
of Sir Alexander Gibb and Partners, mean daily discharge estimates for the
period 1955 to 1961. This information could not be cross-checked rigorously
but seems to be consistent and is compatible with the data from stations
both upstream and downstream The monthly flow estimates produced are in
Table A.4,

Kaduna at Wuya Bridge (IWD)

The River Kaduna is gauged at Wuya Bridge by the Inland Waterways Division
of the Federal Ministry of Transport. The Motor Columbus Report contains
a monthly flow summary for this station, which differs, in places, from the
flows estimated by IWD. It appears that the present rating curve employed
by IWD was constructed in 1952, which probably explains the variation in
dry-season flows. Motor Columbus have altered or omitted these flows in
their analysis.

As the basic discharge measurements are not available, the summary table
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of Motor Columbus was accepted for this gauging station and is '
reproduced as Table A.5S.

Tubo at Mile 20, Kaduna to Lagos road (KSWB)

This station has suffered more than most from the lack of storage
space in Kaduna, and very few of the basic discharge measurements survive.
This gauging station, visited.during our field visits, is said to be one of -
the better ones operated by the KSWB, and an examination of the computed
discharges seems to confimm this. Where comparison between discharge
measurements and computed flows was possible (1975 to 1977) the flows
were somewhat overestimated and this was allowed for when constructing
the monthly flow sunmary table (Table A.6).

Mariga at Mariga (NSWB)

All the information obtained for this statien came from working .
files held at the Water Board's offices in Minna, in the form of
discharge measurements and gauge levels.

The rating curve (Figure A.3) was established and the 'shifts’
were then deduced from the discharge measurements. Comparison of these with -
the gauge height records revealed a number of anomalies in the data after
1974 and the variations and sudden changes in gauge heights suggested that these
data shQuld not be used in the analysis. For periods during the gauge
levels appear reliable, mean daily flows were computed using estimated
shifts and the rating curve. From these mean monthly flows were deduced,
and these are summarised in Table A.7.

Galma at Ribako (KSWB)

This site is a typical sandy-bedded river of the Kaduna Basin, located
at a road bridge. However, the method of constructing a rating curve used
for the other gauging stations failed in this case to produce very
satisfactory results. The discharge measurements were more scattered than
usual, and, although a line was drawn through the data (see Figure A.4),
the calculated shifts from that line remained dependent on discharge. As
a result, the calculated rating curve remained a compromise solution.
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The 'shift' calculations indicated a lot of bed movement, and from
one year to the next the net change was appreciable. As a result, it was
difficult to estimate dry season flows for seasons during which no discharge
measurcments were made. However, when comparisons were possible, it was
found that there were no appreciable differences between the flow estimates
of the KSWB and ours, so the flows quoted in Table A.8 are essentially
those of the water board.

Galma at Zaria (XSWB)

This station was considered by the water board to be less reliable
than the station at Ribako, and appears to have recently been abandoned -
the station being transferred to the new dam om the Galma near Zaria.

Discharge measurements were obtained for the period 1971 to 1974,
and these agree with the daily flows computed by the water board. The
differences, however, are greater during periods of low flow. - Because,
in general, it was found that the earlier records are more reliable than
the recent ones, the discharges computed by the water board for this
station were accepted as correct, and are reproduced in Table A.9.

Comments appearing on the gauge height records indicate that the

~ water levels in the Galma are influenced during the dry season by the
damming of the river by farmers, presumably for irrigation or livestock
watering. It is also noticeable that the estimated dry season flows have
decreased in recent years. This could indicate increasing dry-season
abstractions from the river, which could invalidate our calculations.

If more detailed studies are required later, efforts should be made to
assess these past and present abstractions.

Shika at Kano - Zaria Rail Bridge (KSWB)

This station has been well documented since its opening in 1965 but
discharge measurements during the dry season have been infrequent. This
station appears to suffer from raising of water levels due to local damming
by fammers during periods of low flow and to backwater effects from the Galma
during periods of high flow. |

The flow records computed by the water board were found to be
consistent and adequate for most of the year but there remained uncertainties
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over the dry season flows. However, the available records do not
enable us to improve on the low flow estimates produced. by the water
board. The flow estimates are contained. in Table A.10.

Kangimi at Rihogi (KSWB)

The Kangimi is a small tributary of the Kaduna that has grown
in importance recently due to the construction of a large dam across
the river. This station was investigated and used by consulting
engineers during studies associated with the dam, and the records
produced by Enplan in their report on the irrigation potential of
the Kangimi water resources are contained in Table A.11. |

Kogum at Kagoro (KSWB)

Although this station is outside the Kaduna basin, it is useful
. because the catchment is hydrologically similar to the Upper Kaduna
catchment, and the station appears to be reliable. The additional
information collected at the water board headquarters supported

the flows calculated by the board, reproduced in Table A.12.

Kogum at Ungwar Rimi (KSWB)

Thié station ié also outside the Kaduna catchment and possesses
a stablé'section, with the rating curve being consistent up to 1974.
Thereafter, significant deviations occur and the water board's calculations
over-estimate the dry season flows. These have been amended and are shown
in Table A.13.

Gurara at Kaehia (KSWB)

This station outside the Kaduna catchment, is visited frequently by
the hydrometric staff of the water board and there are a large number of
discharge measurements recorded on the headquarters file. These were
used to construct a rating curve, reproduced in Figure A.5. The early
discharge measurements appeared to be adequately reliable but it was found
that the discharge estimates in recent years required occasional
modification. The low flow estimates appear to be consistently somewhat
higher than the discharge measurements during the corresponding periods.
The revised discharge estimates are contained in Table A.14.
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Yiko at Guzan (NSWB)

This station, gauging a small stream to the west of the: Kaduna
catchment, was selected for examination because its catchment area
is entirely on the Nupe Sandstone and. is likely to have different
runoff characteristics from the other gauged streams.

The information obtained from the water board headquarters in Minna
consisted of all available dischargement measurements and calculated
mean daily gauge heights. Examination of the discharge measurement data
showed the river cross-section at the gauge to be fairly stable, although
the data are very scattered. An average line was drawn to produce an
approximate rating curve (Figure A.6) which should be adequate for
this study. The computed mean monthly discharges are given in Table A.15.

Bakogi at Agatie (NSWB)

A second station with a catchment area within the Nupe Sandstone
was on the Bakogi. Discharge measurements and mean daily gauge heights
were obtained, a stable rating curve was constructed (Figure A.7) and
mean monthly discharges, computed from the available gauge heights, are
reproduced in Table A.16.

Secondary gauging stations

In addition to the primary streamflow stations, there are a number
of stations for which data are also available, but which are not
considered suitable for the primary network. A brief description of
these stations follows, with the reason for exclusion.

Kusheriki at Birmin Guwari (KSWB): only one year's data available. Gauge
located downstream of Bagoma dam.
Visited during field visit.

Resa at Afaka Forest (KSWB): a gauge with a fairiy complete gauging
history but the forested catchment
produces abnormally low runoff, which
is at least paftly attributable to
faults in the structure.
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Kortga at Mile 56 (KSWB): data were found for only one year. '
Station visited during field visit.

Chalwe at Zangon Katab (KSWB): another station with a very short
history. A small catchment in
the upper Kaduna Basin similar to
other catchments with a longer gauging
. history. '

Kaura at Mile 7 (KSWB): a station gauging a.very small
catchment area in a part of the
Kaduna Basin well represented by other
gauges. A station with a record of
moderate length (4 years).

Kubani at Zaria (KSWB): a reasonably long record available,
but station adversely affected by back-
water effects from the River Galma.
‘Record. intermittent and unreliable.

Shika at Hankuyi (KSWB): . & very incomplete record available.
River adequately gauged downstream.

. a small sub-catchment. contained within
the Galma catchment. Record short and

Jamna at Soba (KSWB):
very poor.

Kano at Chiromawa (WRECA): - a well-documented station to the north-

| east of the Kaduna Bésin, with a
relatively long gauging history. However,
the flow regime of this river appears
to be significantly different from
that of the Galma (the nearest gauged
cétchment inside the Kaduna Basin), with
the river regularly drying completely.
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Challawa at Challawa Gorge (WRECA): a station that has been closely
examined by WRECA, and whose records
have been extended back to 1960.
However, the seasonal distribution
appears to be significantly different
from gauged Kaduna tributaries, with
the river drying up for about 5 months
of-the'year.

Girara at Kitikwa (WRECA): “a recently established station to the
south of the Kaduna Basin, with only
one year's data available.

 Gurara at Izom (NSWB/WRECA): interest in this station has recently

- revived due to the location of the new
Federal capital. WRECA have estimated
the mean daily discharges for 1976 only, -
the rest of the data are in fairly

" crude form. Located to the south of the
Kaduna Basin.

Chanchaga at Chanchaga (NSWB/WRECA): a station in a very similar state to

Guarar at Izom, to the south of the
Kaduna Basin.
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FIGURE A.6'

Rating Curve for Yiko at Guzan

9 r

7 o®

.

5

€ T B 98-

5

& 7 8 91

8

o) by

LS st

78 914

P Lt el

(34) ebeys

ity

100

0

1

discharge. (ft*/sec)

s

R p—

[ R R

e

S



FIGURE A.7

—_CnE A B

e O~ o N

- B oW a

00

Aumm \nE abaeyosip
L

tee e 2 ¢ b g ? y ¢ T ¢ 2z i6e L ® s ¥ ¢ t t
il 'l ity N M ST Hitiasiaid, [ H i
“~ _u# o . Y ’.. ‘.::_w : M ! _ ' v
NN v A ERERR vaea i o . .
' . o N PPN TR PRI N *
o M) - k4 s S - Y
i . ' Te e A S e
e vl i I E e .
14 i O NI S N _ "
W o ik . SN RN
] LI H Ty :
1 I R O D | ! ]
: :
..w S . o ﬁl.l - e
L4 A e fuene . ma]
R T R S DA E
44 -M SO S S SO
-t l.#l.» t —— ———
A T lwu‘ e gt m ey e - -
I I !
m. '
. | . . '
oo 4 . 1
J“.....T ot | - - - - 4
t [ ‘ 1 !
L]
m e e ' * ]
1

Y
b -

b,
R
LA R
s b b
: | (e

|

areby je 10oyeg 104 anin) Buijey

ay2As

AR im

1 | _

I ’ '

L -

i _ 2 I SR S N I A T 4 SR )l . S
: 1 S TR N O T 35 % 0 L 5 08 I T U IO A I 00 A L

% o A ] s 1,

LLE T ‘_. I L4 Lo . _t I ] A

B ORI U SRR o0 OY £ o " ! 1 D S S | * IERRRN |

H L .ﬁ.lLl..:lﬁ eee L 4 Lol I TN EPTENE 1 PO O SOt SO AU ST S At et S t

I I T S T : le@e 9 & r ¢ z Laf s 2 £ PRI I

T s .

'

aa - =



TABLE A.l

6°C-
Le-

G T-
870~

odd

62~
947~
ST~
80
0

AON

S6°1-
A
S*1-
8°0~

0

0z~

L7z~

01~
L0=

270+

ddS

[ A

..m.mn

0" 1~
L0~
9°0+

onv

(1834) SIAIHS QATIddY - VIVNIWVS IV IWVHVY

prz-
0z~
5.°0-
50~
b0

e

£°Z-
SL'I-
g0~
Q.Hw
20+

N

¢ -
S*1-
8'0-
1°1-/

AVH

SRA

S TI-
8'0-

qdv

6°Z-
A
I
8°0-

6°Z-
$8°¢-
S°T-
8°0-

e

6°¢-
8 Z-
8 1-
8°0-

NV

LLET
9461
SL6T
vLOT
L6l
ZL61

e, o~



TABLE A.2

0TI
6°6
ARA
Z2'01
1°Z%
9'11
'L
&L

TVON

L0
L0°¢
s 0
o2
0T
59°¢

91°0

0
L£°0
T0°0

- oda

06°1
N

T
$T°¢

6272
0Z°9
vy 0
I.°0
[AA|
I5°0

AON

1°5T
1°0T
68°S
6L°S
2°01
€T
L5727
65
2'8.
LL*S

120

z°6t
72>
6t
S°gp
1S
6Ty

WATA

781
v Lz
86T

U ¢pp 10 S/ W ¢ O] oferere TENUUE YT

| AN
£'9¢
LTV
09S¢
T°18
6°9¢
¢y
1°6¢
T°vS
S'TS

L°eT

022

9°0¢
¥°81
8 vl
viST
1°¢T
0°sT
P 02
A%

0g°S

8°y

Sv°§
55°Z
XA
558
Z°0T
1579
L.
v9° v

#gs oW M NIe

L6°2
09°¢

LL*9

96°¢

LL*9

7zt
LS50
627
¥€9
£€2°9

AV

80'0 91°0
907 S7°2
0L°0° 01'0 OT°0
81°7  06°T 061
[O'T 8I'0 8270

660 78°T SO°Z

¥I°0  S0'0 TT°O
¥°0  Z£°0  8§°0
6°0  61°0 L0'O
16°0 0 0
£2°0
S7°0

ddv - uWi g4

50
€9°2
€2°0
077
b0
op*Z
¢T°0
Ov"0
80"0

0

NV

(/W) WIVNIWVS LIV IAVEVY - SHIVWILST MOTd ATHINOW NVEW J0 NOSTUVAWCD

HI
gMSH
HI
aMSA
HI .
gMS)
HI
gMSN
HI
MSH
HI
aMSA

JOHLIN

LL61
0L61
S.61
rL6T
¢l6t

ZL61

f s e . L -



TABLE A.3

LT2
LT
827
£TT
TST
571
L71
LYZ
€0t
561
yLT
691
€11
£91
86

12"
5ST

Tenuuy

9°01 9%
'S¢ 96
4 Z6

9°6 44
91 ¢t
11 08
0T g¢
¢ 60T
71 ¢z
Sz ¢g
€z 59
ST 9
Al 8¢
L2 11T
11 97

6°8 6T
¥1 LS

9°T €'

29(1 AON

uy bs OTHST

83T
66Y
TZv
601
LAY
98T
112
129
BET
06%
8¢
002
e
1%
seT
89 -
£91
SZ

190

08TT 097
17 685
Z0ST 0%
65 968
565 ¢SS
699 9gs
065 ors
0I0T 95§
6LY b
0L8 TS
S6L Ly
18 c6P
59t 6.2
685 LSS
95¢ 987
82¢ oz
LZL 06t
798 009

2dag gy

957
112
ST1¢
0S7Z
157
SHT
$9T
0LE

SPT

962
8S¢
£y
261
OLT
981

£8T
OT¢

mr

Y01
Z0T
£6
17
68
9.
76
8ST
7t
86
60T
TvT
15
L9
€6

8¢T
S6

unf

(s/ W) smoTg ATUYIUOW UBSKH

BAIY JUSUYDIE)

HINOS VNOOYX IV VNAQVA * NOILVLS

19Z-4L0 * Spn3ITZUOT]

¢ " 6'8 S°C
b Zz T°S
12 ¢T 2°¥
8'¢ 0%  S'¢
62 o S°T
68 It 80
1€ 9T 2°§
L 1S 7T
T IT 0%6
£ % S
65 1€ 19
58 LS S'L
vo. by 9
6 2'0 9°¢
09 8'6 6%
65 S°8 0°S
oY TR AL
§'¢ 6°9  8°2Z
Ae  ady IEW
.0S-,0T

L9 91T
8°8 81
S'¢  I°S
0'0  €°6
0’  L°S
A ALY
8°0 LT
e LY
L'8 €1
0°L T
8'0 68
€9 §°8
6°L T
v's 9L
z°9  L°L
09 §°8
9'S  p°L
rAdA 01
el uep
opn3Tae]

7961
€061
2961
T961
0961
6561
8961
L561
9561
9561
7561
£S6T
¢S6T

IS6T

0S6T

6Y6T

8v6L
L6l

B}

Cmep em e rme——r b 24 e e s —

e 3 ——



TABLE A.3

AN
0zZe
S8T
6v1
18T

091
£02Z
T6T

Tenuy

¥e
¢1
Al

8L

0]
¢T

LT
Al
91
L°ET

29Q

y11
4]
oY
9z
q¢
62
LZ
SL
£e
ov

T°6

AON

ui pgz I0 S/ W 99T SBEIOAR TENUUY

LS
YA
662
ST
981
g2t
SL

9S¢
YT
08¢

06

190

SLv
ST0T
V6
2.9
559
9¢L
TZL
569
T9L
SZ8

T6¥

3deg

Tty
569
155
8ZL
0.8
Zvs
01s
10S
9%9
919

LOY

962
Zhe
¥ve
6v1
Tzl
LLT
9T
eTe
6EY
99¢

SOz

me

LOT
43
0L
29
V1T
£9
TS
6¥
¥8¢
S8

7LT

66 ¢£°6
26 L°PT
0L ¥°01
8'8 ¢°S
09 ST1°6

TL 12

9 021"

Aey  ady

(penuT3iuc)) HINOS VNNAVA LV VNNAVX * NOLLVIS

v

6T

T°9
A

0°¢
Z°s
¥z

IR

06
8°¢
A
6°2
9°7

0§
19

IS

qod

L°ST
7 01
'8
A
£'9

9°8
L8
¢£'01

uep

LL6T
9L6T
SL6T
vL6T
<161
7461
46T
0L6T
696T
896T
L96T
9961
961

JESL

e

P

VRS

PR

. rresgem, =



i M S i P W AL IS ST I S BT . SRR - - e -

f

TABLE A.4

umn OQ§ X0 S/ W Zg§ SferoAr Tenuuy

Lve 1°t1 0S ¥9¢ 786 y08 099 IST 6°8 ¥6°¢ T2z 18 ¢°vT  T961
oge 0'6L 9¢ZT 618 88¢T v¢IT  LES 98T ¥#°CS vy S9VT €% €*ZT 0961
85S¢ 6°vZ L°29 Ty Z9¢1 989 09¢ ST  L°'PL 9°TT .69 9’11 ¥°0% 6561

BYC 19 9ZT  8LS LIIT  6EY Lv?  8LT 09 C'LT 0°L 17T ¢2°1¢ 8S6T
S0s 9/ 9y 0821 08ZZ 066 S1L  vOg 6VT L4 10°¢  1°S 9°6 LS61
oY 6°2¢ Z0T SZZT  069T OSIT O9% 86 v°8 £°L °vT S°9 £€°9T 9%61
66¢€ 6S 09T 080T OLLT 096 085 OL1 v 1Z°9 5°% S961

Ienuy  99d AON 120 1deg Sny mr  wp Aep xdy ha: | qod uep Jeaf

(s/ m) SMOTJ ATUIUON UBSH
wi bs QLGS : BOIY JUSUYDIE) +T5-590 :. 9pn3Tduo] 185-¢60 ¢ SPMITIT]

VNVIRINO NOWRIDE IV YNOAVI ¢ NOLIVIS

U e



TABLE ‘A.5

o

€€9

Zor
909
187
68¢
216
8Ty
058
vSL
L2L
€LS
9LL
668
43
T5S
6.9

Tenuuy

-

€°8IT  9°¥SS
9°S LT
0°8¢  9°L6T
0'9z  L*yOT
9'Ty  6°95T
1°102 €99
§i8  £°007
g gLz £99
S9T 9Ly
AR Al yes
96 252
S61 orot
0S  9°LST
905 S 6¥1
9y  §°¢ST
111 TSy
9] AON
u bs 0g5°S9

peoT -

S TLS

ovel
2911
rANAL
£68e
6.6

S¢ve
2291
98¥1
9961
LYA LA
6021
60L

IAYAN
09T

190

8007
OL¥E
66T
9LLT
1652
ST61
Zyse
0812
17A%
Tvoe
2687
802
8¥62
r8.LT
909T
6%€2
£862

1dag

8161
9T
S0¢T
Z¢61
1221
765

6212
ovL

790z
§951
6ZLT
$6TIT
8981
228

9Zv1
16ST

LE6T

3y’

{snqunTo) 1030 I91FE)

AR
S ¥05
]
6¢8
ZLL
g8 zeh
TANAAY
6221
7588
LLG
ot6
S8T1
£89
Ay
£y
Zve
9¢S
LS9

Amne

9°081
9°£6T
YAl

0°LTT

AN %
¥l
L*89Z
0'ves
€112
6°9v¢

R A4

TLS
L°20%
£°959T
¥ 061
8 L11

vy

Z1g

me

0" LY
56
8°1g
5*Y
0°87
T'vb
2°8L
0°T6T
€50t
0°SOT
6' 18T
L*682
8°02Z
peLpT
§°00T
oy
AR T4
1%

Lepw

(s/ u) SMOTJ ATUIUOW UBSl

BOIY JUSWYOIED

105,80 * 9pn3T3uo]

00149 VANM IV VNOAVY : NOIIVLS

£'¢T
gl 8'1¢
1°0T 0O°%F
v oy
9°9z 0O'f
0g 14
8°¢¢
1722
Loetl
9°1¥
T 6 01
oY
9's '8
¥°Z8 Ot
sy ol
xdy IEl

L°0g

R
1°9
¥
8y

0]

¢T
6°¢1
9L

Ot

0]

god

,0T-,60 : OpnITieT]

L9
£°¢L

VoET

9781

£°6T
6T
L'81

61
LT

uep

7961
€961
2961
1961
0961
6561
8561
LS6T
9561
SS6T
¥S6T
¢S6T
7561
TS6T
0S6T
6v61
8y61
Ly61

1ea)

pppn— st

. e -



TABLE A.5

TENUUY

74

STt

29(

ww /87 X0 S/ W g6 SfeisAe TenuUy

£89 ¢I8T
OST €01 6¥1¢
9¢T L9L OTT1S
Z8S 66ST 1687

AON 100  3des

9¢LY
LOTZ

y102
8061

Bny

1214
29¢
5599

L99 .

Amnp

Ti¢
91
£01
¥6

uny AW ady  xeW  ged

(ponuTiuo)) HOATIE VANM IV VNNAVI ¢ NOLLVIS

uef

ZL6T
Ti61
0L61
6961

- 8961

L96T
9961
9961

I1Ba)



TABLE A.6

wu §T 10 S/ .U 67 ¢ oSeroar Tenuuy

£0 90 O'T Li6l

§°12 1°¢ o1 8S 9¢ 89 0s 91 L=S 9°T g0 S'1 Z°T  9.i61
AT 07 8% 6¢ S8T T8 ¢e 09 L°8 Z°T 250 7.L°0 96°0 Si6l
9°9¢ T*T 0°¢ 8P 64T 201 BT 6°¢ ¢°'¢ 6570 9°1 ¢ 't vlel
S*PT ST 1% 14 Y 8¥ 6°8 AR v'T 9.0 60°0 ST'O T°T €L61
VAN 8'T 8% LT 59 68 T'9 - ¢1 0’9 S8°0 S0 S0 T 2l61
§°LT Z 14 51 09T 0Z1 8T 0°9 70 T°0 LS°0 ¥L°0 0'T TL61
0¥z S'T T1°¢ eT €11 8¢T ST L°S 0'§ S2°0 80°0 mw.o TS'0 OL6T
9°8¢ 6°'T €76 1< AT YAR 8y 9°8 »S*0  80°0 6961

ve*0  65°0 8961
AN 20 S A S¢ 80T 29 oy P ¢ P00 £6°0 T°S ¢'¢ L4961

0°6% LA °T1 5§ 60z ~ SOT of Lz 9*¢ 1.0 TS0 8Z°0 8Z°0 9961.
0°8¢ 'y Lg y°8 ¢0T- 001 6S 8¥ 8'v v.°0 S8°0 1 6°T 5961

0°'1g 6'¢ L°L 9¢ ¢8T 68 A 0t vz €v°0  L¥P'O  6L°0 8°'T $96T
¥ 92 1% 91 SOT 09 68 X4 A 0°S L°7 L£°0 £8°0 I9°0 £961
T°91 0 S°T 11 € 48] g C°6 09°0 92°0 1Iv'0 T¥'O0 PO €961
0°ST 95°0 LT 98 99 £ oy T4 670 IS0 . 9¥°0 ZL°0 ¢'T 1961
L°0% s'¢ 09 v osT 711 St ¥°8 L8°0 0970 0961

Tehuwy 29 AON 120 dog 8ny InC my LB xdy IeW qeg - uepr IR}

(s/ w) smoTd ﬁﬁﬁoz uespy
uwy bs ¢0gS * BIIY JUSUNDIED 1$T=p40 ¢ OPNITIUOT 1SE-,0T ¢ SPMITIET]
07 TIIN IV 0Nl * NOIIVIS



t

TABLE A.7

8°0L
T°801
¥°SL
2°9¢T
8°59
2601

TETUnY

¥e'0 9T°¢
vs0 €Y

ez ¢°01

OI*'T €Z°9

0¢

29( AON

w{ bs 00LZT

[49)3
691
gL

181
Z8

15¢
S61

120

u $¢7 IO W\WE ¥6 odeJsae TENUWY

£6e
665
6LV
118
TLE
769
2701

dag

6LE
8ZP
TLE
TvS
97¢
6L¢
00¢

any

BOJYy Jusundle)

9°/¢
g6l

T0°S

S0l
£°1Z
ge?

unp

120-¢90 : 9pn3T3u0]

BP0 ¥0°0
¥0°0
660°0
LY
v0*'s  97°S
§5'c  $5°0
LBl xdy

(s/cu) SMOTI ATYIUOW Ued|

YORIVIN IV YOIV ¢ NOIIVIS

\80-,0T ¢ SPNITIET

#0°0

2004
64°0
1€°0
59°0

uer

gL6T
¢L6T
TL6T
OL6T
6961
8961
L96T
996T

IBOL



. L AR R T A AR R B
Ay sl A

TABLE A.8

g 0g
6°CY
L°e%
T
A4

T°0¢
8°87

£°SY

b6s

9°2S
LY
S°¢es

TNy

89

0
1A
61°0

A
8V
6°6
0°S
9L
A
1°8

8°'T

29Qq

(A%

0t
£°L
8¢

ve
19

TZ
L6
0T
4
vz

€T

AON

¥8
09
09

8¢

8¢
(44

211
A4
9s
271
YAl
TS
601

190

um §9T Ao $/.uw 9+9¢ ofersr Tenuuy

SL

8¢c
vo1
291
S01

LT

18T
¥6T
LT
08¢
081
8LT
€91
991

dag

XA
90T
8¢T
93

TOt
16

VIt
£zT
10T
148
1Z0]8
69T
08

¥8

gny

(s/cu) SMOT ATYIUOW UBSK

uw| bs 9889 : BOIY JUUNLDILR)

0s 6T
LS 11
0s S°¢
5S¢ L°8
78 £
A AAY
88 VI
0S

62 €S
1S L
v 6°6
ze 11
A A
8s 91
LS

Iy unpe

1St-pL0 + 9PNITIUOT]

9
91
0°9
£9°0
v°6

S°Z
¢T

IA®
9°Z
L2
9y
58°0

Lew

Ve IV YWWIVD * NOILVIS

"0
S°T 8¢°0
'z 170
pe'0 £€2°0
ST'0 120
05°0
8'T 16°0
g'¢ T°'1
¢°T
' T 1T
9'T 0°C
960 Z°T
s*z €T
1€°0
xdy Xep

85°0
85°0
6%°0
61°0
LZ°0

T°1
0'1
6°S
'z
1°s
61
17

80°0

ged

(AN
v6°0
S9°0
¢0°0

1°¢
€°e
6°S
¢
9y
S'¢
L%

uer

1§7-¢0T ¢ SPMITIET]

LL61
9L61
SL61
vLi6T
eL6T
Zl6t
1461
OL6t
6961
8061
L961

9961

5961
Y961
£961
296t
1961
0961

IB3X

SR

e 21011



TABLE A.9

9" vl
6°81
5°¢C
0°ve
8°Z¢

8°¢C
9°0¢

Tenuuy

ST°0 I'T T°S
85°0  6°T 81
9.°0 0°S 62

' 2°9 67
v'9 56 s
§8°0  7°¢
L7 19 8¢
6°9 s 59
29 NAON 120
w] bs oS¢y

i §9T X0 S/ W G*ZZ ©8mIoA® Tenuuy

0L
¢TIt
Lt
€8

96
149"

dsg

gL
06
£0T
8
¥8
6L
18
AN

8ny

LT
9T
2z
8T
Ly
8Y
e
LT

me

6°L
eI
A%
8
59
v*9
L8
22

g

0
L1
€00
5°g
T°T
b*8
¢z
1

Aew

(S/ W) SMOTI ATYIUOK US|

v BSIy JUSUNIIE)

1§7=9£0 1 9PMITIUOT

VIAVZ IV VWIVD  NOLIVIS

Z0'0  £0°0

0 T0°0 .70°0
€I'0 1°0 10
10°0 Zv°0 6°T
§'c  £°T 1T
€6°0  $0°0 0Z°0
€'z Iv'0  Z8°0
TOTT bt

6L°0

xdy e qed

1SO-,TT @ 9pmTieT

80°0
11°0
£2°0
0°¢
9y
o o
AN
v

ueg

vL6T
£L6T
ZL61
26T
0.61
6961
8961
L9671
9961

Xeajx



+

TABLE A.10

LTV
6L°¢

Sb°¢
62°¢

A
L9°¢

TEnULY

010
80°0
80°0
90°0
S0°0

§¢°0

€2°0.

Ze’'0
¥e0

29

T6°0
61°'0
81°0
90°0
S0°0

570
96°0
12900
#5°0
¢1°1
€270

AON

7°9

8L°Z

L°9
AN
9°§

°Z
LL*E
Ly 1
6"t
gL
SZ°1

190

ww OIT X0 S/ U pp g dFeavae Tenuuy

9 0T
0°zZ
L°T2
S'Z1
9°01

08T
vzt
¢£°8
£°0T
b A
9 Tt

dag

71
1°01
ysUe
S'TT
9°6T

8 ¥T

L€
0°91
6°¢1
L°ST
9°8

Sny

ﬁm\mEu.maon ATIUOK Ued| -

e bs Gg8 @ BOIY JuSUMDIED

6°ST

S'TT
2°%
/A58

82
L*L
9°6
LY
86°1

e

8h¢
98°1
991
87 "1
670

ST°1
o'l
$8°0
68°¢

g

0g°0

98°0
00
$0°0
AR

6171

18°T
LS°0

ABp

1SP-p£0 ¢ 9pn3ITUOT

%0°0
210
20°0
90°0
81°0

¥£°0
LS5°0

xdy

160,11

AN TIV] YRIVZ/ONVA IV VIIHS @ NOLIVIS

¥0'0  $0°0
YO0 80°0
0 500
Y00 S0°0
SO0 90°0
80°0  TIT°0
IT°0  LI'0
e qed
“, Q@ﬂﬁ..mu..mdn

LO°0
11°0
90°0

80°0-

500

$1°0
ST°0
0Z°0

uer

LL61
9.61
SL61
pLoT
2461
461
161
0L61
6961
8961
L96T
9361
5961

189X



TABLE A.11

umi £9T 10 S/;W §g*T ofvioAR TEnUUY

ov'T  $10°0 L0°0 SL°O S°L 1L  vv'I 210°0 0O 0 0 0 $00°0 SL6T
$0'z  €20°0 90°0 ¥8°0 €°9 §°ST TI'Z LT S€0 O 0 0 o ZL6T
61°z  2I0°0 900 9S'T vzl 86 o2z 90 SI'O O O O 0 TIL6T
69°T  STO'0 ST'0 SL°0 60T €. TO'T 900 8I'C O O O 0 OL6T
. . 0 0 6961

06°T €¢0'0 8¢°0 S9'T ¢°6 S*L e 050 £20°0
Tenuuy 091 AON 190 dog Sy me unp Kep ady I god uepr B3}

(uerdug 1e17e)
(s/ W) SMOTI ATYIUOW UBSl
u{ bs OS¢ : BOIY JUSUYDIIED 19€~5L0 ¢ SpN3TRUOT 182,01 : SPMITIE]

IDOHTY WVHALSAN SHTIN £ IWIONVY - NOILLVLS

fen

g

et e i o b gk = 1



TABLE A.12

6y°¢
RY AR
992
28y
66°¢

T2°2
0% 7
SZ°¢
Pl°e
AR/

Tenuuy

09°0
S9°'T
8.°0
¢Z°'0
2570

92°0
£5°0
91*0
7570
19°0
€0

29(]

012
oy'1
Sy°T
90T
80°T

¥5°0
T2 ¢
0Z°0
$6°0
L6°0
¢st0

AON

Z°9
1Y
I
6°9
L6°C

¥z ¢
6°S
|72}
¢1°e
S0y
L9°T

190

um £QTT 10 S/ W 97§ o8eIeAe Tenuuy

T°S
[ANN!
0°01
0°81
Z°9

76
6°8
I°6
9°6
18
29

doag

§°S
0°8
9°L
612
v°01

1°01T
AN AS
9°6
£'01
9°9
8°8

3y

(s/sw)

uy{ bs ¢g @ eoIy JUSUYILIEY

g 01
06"
SOy

Z8°9

09°1
S*¢T
AFA !
8°'%
9z°¢
0°S

Lng

A
69°2
0T
5z°1
78°s

6¢°'T
LS°T
16°2
S°f
vy

ungp

v1°e-

STl
ov°1
20
veg

0 0
60°¢
L1
06°0
Le°1

Aep

SMOTI ATUYIUOW UBS|H

WZ-80 : 9pNITIUOT]

QYOOVY 1V NDOM : NOLLVIS

Oy-0
v'T 97°1T
L0°C 1970
9%*0 ST°0
810
9¢°0
, LT70
61°0 LT°O
¢e'0 PO
980 #¢°0
90°'T SZ°0
LE°0  ¥2°0
Idy JEN

B8y 1
89°0
L1°0
T2°0

910
0Z'0

20

9z°0
8170

qed

1LE-p60 * SPIITIET]

Z£°0
9¢°1
ov-0
0z°0
8¢°0

81°0
L0

$£°0

[A7A¢.
(4

uep.

LLBT
9L61
SL6T
VL6T
CL6T
ZL6T
TL61
OL6T
6961
8961
L96T
9961
9961

Ieof



TABLE A.13

82T  0°S
Al Z
621 ¢€°F
11 0%
§'8 87
1T S°2
A SEAR
¥°6 6°2
¢*0l §°2
6°6 67
ARy

Hmﬂg 29(]

up] bs ¢9y

9°6
2L
6°S
8°¢
6°F

(AN
ST
'y
3
AN
'y

AON

Ul QL IO S/ W ¢TT ofedoAe Tenuuy

by
6T
61
11
01

9°6
7/

16
ST
Al
1T~

190

e
vy
LY
oS
61

£9
S¢
|¥4
¢e
6¢
os

dsg

e
LS
0}
v
£g

Pe
(A
¥
Le
€Z
9¢

Sny

L7
s
LT
ST
ZT

Ti
£z
0g
L1
0z
0z

me

as
L°8
T°S
'L
g8

29

Z°9

5°6
1
€T

mr

| A
1L

TY

6°9
AR

£°e
AN

A

8°S
1°L

Aepy

(S/¢u) SMOTI ATYIUON UBSK

: BOJY JUSUYDLE)

TWNTY YVMONO 1V WADOM < NOIIVIS

WT-¢80 @ 9pPNITIUOT

10

6°¢
9

0§

LT

ST
9°T
91
AR
v°e

€T
T°0
¢1

6T

9°0
LT
AN
LT
6°0
o |

Je

1°¢
2°0
LT
AN
5°1

01
0°Z
9°1
81
T'T
A

gad

9°e
S0
5°¢
0°¢
0°Z

9°T
1°¢
177
T'z
9°'T
1°2

uef

WWE-o60 @ opmiTIe]

LL6T

961
SL6T
vi61
eL61
ZL6T
TL61
0L6T
6961
8961
L961
0961
So61

IBIL

1
!
I3
i
s
i



TABLE A.14

279
0°01
0s°8
6y L
16
089
799

Tenuuwy

uw OpS 40 s/.W O/ SSeioae TenUUY

0L°T 6°¢ 0'CST 0791
vZ°T ZIi'T 1°8  6°9%
(It 2z grd 5*9¢
0o0'T T.°1 T'OT 2°I¢
¢I'T S0°Z L'L 6°$Z
OT'T 09'T L*L  ¥°'12
29°0 ¥.'T 09  §°TT

290 . AON 100 . deg

791

v ee

S
§°87
0*6e
8'¢¢

174

any

(s/.w) smoTi %ﬁaucoz ueop

u{ bs QSy ¢ BOAY JUSWYDIED

VIHOVY LV ViV * NOILVIS

KA
6°v2
6°L1
0°6

P 1¢
9L

6°¢T

m™me

185-540 ¢ epn3TduUoT

1°L
$°S
£y
8'¥
6°8
8¢
6°8

unpe

8°¢
LY
Z°9
T
89
g
1€

Kep

¥ 0
T
T°T
0°1
S0°0
68T
9¢°0

Idy

0 €0 90
§1'0 92°0  L5°0
95'0 650 LL°O
pI°0  22'0  Ov°0
20 $2°0 190
50'0. SI'0  0Z°0
600 60°0 SZ°0

T qsq uer

125960 : OpniTieT]

LL6T
9461
SL6T
vi61
eL61
ZL6T
TL6T
0L6T

Ri:ch



-TABLE A.15

Z6°0

Tenmry

9L°0 ¥8°0 6Z2°1

66°0 S¢°T1
65°0
0.0 S.°0 T10°1
18°0 T0°T T1S°'T

29 AON 120

e bs (QgS : BOXY JUSUNDIRD

W §§ IO S/ W 26°0 o8eidoAe Tenuuy

TL°T

PS°T

61°1
b5 A
99°2

dag

62°T €O°T
82°T 1670
¥8°0  89°0
SZ'T  SP°1
6°T 80°T
any me

Z8°0

28°0
19°0
9.0
60°T

tmp

6470

¥L°0

¥8°0

Aepy

(s/¢w) SMOTI ATYIUON UBIW

162,50 : OpNITIUOT]

NVZN9 IV OMIX : NOLLVIS

05°0 190 S§9°0

L0 9L°0
8°0  97°0 7570
9% 0

LSO £9°0 89°0

xdy IEW qed

1 T0=¢60 : SPMITIET]

T.°0

¥8°0
L5°0

uer

uBoul

vi61
¢L61
ZL6T
TL6T
0L61

Jeox

L T oy v b pm iy =



' TABLE A.16

9L°1

Tenuy

¥2°0 80
11
Y20 9%°0
29 AON
uy bs 615

-
.

W /0T 40 S/ W 9/ 98eisAr Tenuuy

§$°S 0°8 'y L6770 8¥°0 9170

€6 679 9y 00'1 8V'0 LI'O
Gz ¢ L°S . ¥O0°1 8270

80'T LI'O €TI0
0"L ¢°IT #L°€ ¥.°0 68°0 81O

120 dog Bny me ump Lep

(/W) SMOTI ATUIUOK Ues)
BOIY JUDUYSIIE] L1590 : 9pnITIUOT

JIVOV IV I90Mvd ¢ NOILVIS

ZI°'0 ST°0 6I°0

8T°C TZ°0
ST°0 S2°0

01’0 TI°0 <21°0
Z¢1°0

ady 1N g9d

1 10-360 . °pPMITIE]

220

$20

61°0

uepr

uesil

viel
£L61
ZL6T
1461
0L61

T aesj




