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ABSTRACT

This study was carried out to estinate direct
recharge in the Sokoto-R ma river basin, N geria,
using a soil noisture deficit nodel. Thereafter,
the sensitivity of the nodel to input and nodel
paraneters was investigated. The nmean annual recharge
for the study period was found to be 255.0mm The
I nci dence of recharge was validated by conparison
of the recharge estimates with well hydrographs
obtained in the region. Further studies woul d be
required before the amount of recharge can be fully

val i dat ed.

The results of the sensitivity anal ysis show
that variations in rainfall and potenti al
evapotranspiration values significantly affect the
direct recharge values. Fromthe experience gai ned
in this study, one would call for a nore efficient

system for data collection, storage and retrieval.
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CEATTER 1 INTRODUCTION

‘.f - J]

=3

Objective

The purpose of this project work was to estimate
direct recharge in the Sokoto-Rima river basin,
MNigeria, using a soil moisture deficit model and then
to determine the sensitivity of the direct recharge

estimates to input data and model parameters.

General

Recharge is the amount of surface water which
replenishes the groundwater storage. Recharge takes
place when surface water seeps into groundwater
storage from the riparian zone, and/or when surface
water infiltrates the soil surface and subseguently
rercolates to groundwater storage. Recharge is of

two types, namely, natural and artificial.

Natural recharge can be either direct or indirect
recﬁarge. Direct recharge refers to recharge by
infiltration of rain at the place where the rain
falls. Indirect recharge refers to recharge which
occurs when rain first becomes surface runoff and
later infiltrates through stream beds or the floors
of local areas of concentration, depression or flats,
In either case the moisture-holding capacity of the
501l at the point of infiltration must first be
replenished and only then can water percolate

downward to the goundwater body (Jones, 1981).
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Artificial recharge is recharge that is brought

zbout due to man's deliberate action.

Justification of the study

The groundwater reserves of any nation is a
vital resource wiich can be exploited to meet it's
water demand. The sahelian drought which hit Nigeria,
has resulted in desert encroachment, low riverflow,
drying up of surface reservoirs and crop failures.

For this reason, there is the need to exploit our
groundwater reserves on a large scale in order to
meet the water demands of agriculture, domestic and

industrial water supply.

It should however be noted that in carrying out
large scale cxploitation of our groundwater reserves,
it is very important to estimate recharge to these
reserves so s to be able to optimally utilize and
efficiently manage our groundwater reserves. And by
so doing, we can aveoid the hazards of falling water
tables, as is presently reported in the Lake Chad

basin, Nigeria {Aminu, 1984).

Cutline of Work

The study area of this project is the Sokoto-Rima

river bacsin, Nigeria, The working map used was

according to Kowal and Knabe'(1972). The recharge




area was delimited based on the geological and soil
maps of the basin, The entire basin was divided
into 14 polygons using Thiessen's method. The point
rainfall in each polygon was obtained from the
published records of the British West Africa
IFeteorological service and Meteorological service,
Federation of Nigeria. (1960 to 1965). A corrected
version of the daily rainfall over each polygon was
obtained by multiplying the daily rainfsll at each
station by a correction factor. The root constants
and maximum so}l moisture deficits for the crops and
soll types in esch of the polygons were calculated
and weighted areally using landuse znd cropping area
nercentages obtained from Agboola (1979). The
potential evapotranspiration estimates used were
those calculated by Kowal and Knabe (1972}, based on
meteorological data from five synoptic stations, two
of which are located in the study area while the other
-three are fairly close to the study area. Runoff
coefficients over the basin were calculated from the
separation of hydrographs of the three major rivers
that drain the basin., All area measurements were

carrigd out with a planimeter,

Direet recharge estimates were carried out by
2 computer program which consists of a main program
and a subroutine that was written, baéed on a soil
moisture défiait model developed after the work of

Fenman (1949) and Grindley (1967). The estimates were



carried out on a one day time step. The computer
program was run on a digital computer, CYBER-72
interactive system, located at the Ahmadu Bello
University Computer Centre, Zaria, Nigeria. The
computser program calculates the direct recharge

over each of the 1l polygons separately and the anmial
mean basin recharge is calculated by areally
welghting and sunming up the annual recharge over all
of the polygons. The mode of coperation of the
computer program is such that a main program assigns
the polypon, year, month and day for which recharge
is to be estimated and the recharge estimates are
carried out in a subroutine which is called within

the main program,

A sensitivity analysis was carried out to
determine the sensitivity of the model to input data
and model parameters, This consists of varying the
input data and model parameters by various percentages
and using these new values to run the program., A
comparison is then made between the new recharge

estimates obtained and the original recharge estimates.

The disposition of this project work is such
that in the second chapter, a review of the various
meéthods of direct recharge estimation is presented,
while in the third chapter, the theoretical background
and description of the model is given. The fourth

chapter gives a descriptior of the structure of the



computer program used, the study area and how the
model parameters and input data were obtained. Some
of the problems encountered in the course of the
study are also discussed. In the fifth chapter, the
results obtainced are presented, analysed and
discussed, while in the sixth chapter conclusions
are drawn based on the results of the énalysis of the

preceding chapter.



CHAFTER 2 LITERATURE RaVIEW

In this chapter, a review of the various methods
of direct recharge estimation and comments on them

are presented.

Water Balance Pethod

Jones {1981) gives the recharge equation uced
in tihis method as

DRZCH t Pt

- DRO, = BTby + 5¢ o 4

whare DHECHt direct groundwater recharge during
Time intorval, t.

B

¢ = reinfall during time interval, t.
DROt = direct runoff during the time interval, t.
ETPt = evapostranspiration from soil meisture
during time interval, t.
St = change in soil moisture storage during

time interval, t.

Kowal (1970), carried out a study on a small
catchment in Samaru, Nigeria botwoen 1966 and 1668
and estimated annual seepage (recharge) froa tho
catcoment using this method. He howover regarded
his results as tentative because according Tt nim,

their precision can only be evaluated from the results

of several years of nbservations., Kowal and Knabe



(1972) later used this method to prepare a notional
water budget for Northern Nigeria and in the prucess,
“contribution to groundwater storage" {recharge) in
the 20 polygens into which the entire study area

was divided, was estimated on a ten-day basis. The
recharge values obtained over the study area range

from zerc to 652 mm.

The advantage of using this methed lies in it's
simplicity, while it's disadvantages include (2) the
difficulty of measuring actual evapotranspiration
from the soil surface (b) the inherent assumptions
(i) that estimates of input parameters into equation
2.1 will be error free, (ii) that infiltration rates
over the area which it is applied is uniform and
(iii) that for the tim: interval (usually annu=zl)
for which equation 2.1 is applied over a given area
therce is no surface inflow. These assumptions,
which are not always true in any given catchment,
makes recharge estimates by this technique prone to
a lot of errors.

(¢c) It also does not account for variation of scil
and landuse in a catchment, hence assumption
b (ii).

(d) Wwhen usced over very large areas with depressions,
not all the balance, after the losses have beegn
subtracted from precipitation, go into
groundwater storage. Some also go into the

depressions to form depression storage.
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Lysimeter FMethod

A lysimeter is an artificial device in which a
volume of so0il planted with vegetation is isolated
hydrologically from the surrounding soil (Michael,
1978). It can be used to estimate recharge by simply
measuring the amount of water that drains from it's
base by gravity. In spite of its simplicity, Kitching
et al., (1977) have observed the following disadvantages

of using it.

(i) Lysimeters are usually small in size (area and
volume) compared with the basin into which
recharge is being estimated, thus they do not
fully represent the entire basin, they restrict
natural root development and introduce large
adge effects.

(ii) The repacked soils used do not present, the
characteristic natural root development and
water flow in the soil, _

(iii) Most lysimeters allow for free drainage at the
botton, which is not a natural phenomena.

(iv) Most lysimeters are usually not surrounded by
the same type of vegetation in the lysimeters,
because the lysimeter vegetation are usually

selected for planting.

Holmes and Colville (1970), set up four lysimeters
for investigating the water balance of the Gambier
plains, South Austrglia. They gave the water balance

of a lysimeter as:



P=E+V+AD + AAS 2.2
where P = precipitation (measured by rain gauges
installed near the lysimeters). E = evaporation
(measured by monitoring the soil moisture content
recorded by neutron moisture meters installed at
Gifferent depths of the lysimeters), V = volume
of water pumped from the lysimeter (recharge).

AD = the increment of water held in the sump of
the lysimeter (measured by electrical probe).

AS = increment of water held in the s=oil profile
ebove the suwp (measured by tensiometers installed
at various depths in the lysimeter), The recharge
estimotes obtained from their investigation was
however [ound to be about 58 percent higher than
those frow an investigation conducted later by
Allison =nd Hughes (197)), who used the tritium
tagging method at a gite within one kilometre of the
lysimeters, This difference, according to Allison
and Hughes (19711), may not be unrelated to the

non=-allowance for surface drainage by the lysimefers,

Kitching and Bridge (197L) and Kitching et al.
(1977) set out to overcome the disadvantages earlier
mentionad, by designing, constructing and operating
a sophisticated lysimeter which attempted to reproduce
the natursl cornditions in the Bunter Sandstone at
Styrrup, o ttinghamshire, England., After 3 years

of operating the lysimeter, it was observed that
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the 3-y:ar mean measured recharge was about 175

percent of the estimated recharge using the conventicnal
root constant valucs and that the measured recharge

was consistently greater than the estimated recharge

in all the 3 years. The reason adduced for this
difference was the over estimation of actual
evapotranspiration by the use of conventional root
constant values, which are cecmpirical and believed

to be high.

apart from the disadvantages previously menticned,
lysimeters are usually expensive to set up ani
tedious to operate, as it takes a long time to
establish vegetation on them and stabilize the

disturbed soils.

2.3 Tracer Method

4 tracer as used in groundwater studies; cAan
be defined as a substance whose presence in
groundwater provides a means of monitcering
groundwater motion, recharge and "age", by
determining their concentration in groundwater
samples, Tracers used in groundwater studies are

of natural and artificisl origin.

2.3.71 Natural tracers

While reviewing methods of recharge estimation

used in wsustralia, Williamson and Lawrence (1981},
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described how inert natural ions (cnloride/Broamids
ions) can be used to trace movement of water from

the surface to the groundwaters They howevaer
observed thsot the method gives lower recharge
estimates when compared with sther wmethods. Saith

et al. {1970}, -takan et al. (1974), bincer et ali
(197L4), Vogel et al.(1974) have all described varicus
methods oI using natural tritium in estimating
recharge. Thay also used these methods in estimating

recharge in thelir respective study areas.

srtificial tracers

artificial tritium, cither from thazrmonuclear
tests or laboratory sources, is a common tracar
used in rocharge estimation, becausc of it's stability
and non-toxic nature., The use of tritium to estimate
recharge is based on the cencept of soil water
movemeant known as the ‘piston-flow model', devaelopad

by Zimmermann 2t al, (1967a, 1367b;.

athavale et al.(1980) described a method of
using artificial tritium to estimate recharge.
Tritium injcction sites in a basin are choscn based
on fiow well the sites represents the geolosgy,
topopraphy, drainage pattern and scoll types of thoe
basin. At the various injection sites, known
concentrations of tritium are injucted below th.:

root zone befor: the commencement of the rains,
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After the rains, soil core zamples are taken and the
s0il moisture content, bulk density and tracer
corncentrations at various depth intervals along the
core samples are taken. A plot of tracer concentration
against depth gives the tritium profile., With the
tritium profile, the movement of the tracer can be
nonitored and the displacement of the tracer from
the injection depth determined. Kecharge per square
centimeter of the so0il (Wh) was calculated by using:
W, = [z‘-'jd/(mo . Mdﬂ\(wh 2.3
where
Md = dry weight percent of soil moisture
w = wet-bulk density of the solil in situ.
h = displacement of tracer, i.e. the distance
between injection depth and the centre of

gravity of the profile.

This method has high capital, eguipment and
manmower requirements, It assumes vertical flow,

which is not always true.

The Soil Moisture Deficit Model

Y

The s6il moisture deficit model for recharge
estimation was developed from the studies carried

out by Fenmen (1949) and Grindley (1967)., Recent
studies Wy Odigie (1983) indicate that by calculating
soil moisture deficits and actual evapotranspiration
using = set of conditions, the model estimates
recharge through the upper soil zone and, it

adequatcly represents the moisture status of the soil,
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Potential recharge is usually taken as the remainder
when potential evapotranspiration, PET, and direct
runolff, DRO, have been subtracted from rainfall, P.

In general the water balance equation for a specified
period can be written as:
P = PET + DRO + AS 2.

whereHS is potential change in storage.

Equation 2.4 c¢an be rewritten as:
B = P - DRO - E; 2.5
where negative values of S implies an increase in
s0il moisture deficit (SMD) while positive values

indicate potential recharge.

The accyracy obtained from this method depends
on the accuracy of the input data. The
determination of the evapotranspiration term in
equation 2.5 is however prone to certain errors,
The term can be measured directly (for instance by
lysimeters or evaporation tanks) or indirectly by
erpirical formulaze, such as Penman (1948) formula,
Both methods will be relevant only to the extent
that evapotranspiration tzkes place at the potential
rate. When evepotranspiration ceases to take place
at the potential rate, the point of divergence

between potential evapotranspiration (PET) and
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actual c¢vapotranspiration (isiT) is dependent on the
s0il and vegetation property, referred to as the ruot

1

constant., Tha rcot constant is a measure of the
amount of water readily available within the root

zone {Fenman, 1949).

When the soil is at field capacity,
evaputranspiration takes place at the potential rate,
because water is adequately supplied to the plant
raot, there is thercefore a reduction in the s:2il
moisturs storage by (83} which creates a soil moisture
Jeficit of the same magnitude as A5, If the SMO is
not checked it continuzs to increase, and
evapotranspiration will take place at the potential
rate until the root constant (C) is reached. «#hun
the root congtant is excecded, evapoiranspiration
ceases to take place at the potential rate, because
the amount of water freely availablce for
evapotranspiration is restricted. The actual change
in storage (O5S) will now be equal to a factor, F,
of the potential change in storage and equation (2.5)
becomas:

&5 = F (F ~ DRO - PT) 2.6,
Indeel equation (2.5) can be written in terms -f the
actual evapotranspiration (acl) as:

8BS = P - DRU - LET 2.7,
combining equations (2.6) and (2.7) gives

acT = (1,0 « F) (P - DRU) + F x PET 2.8

F is the slope of the drying curve.
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The use of equation (2.8) can be demonstrated
by assuming, for now, two simple conditions.
(2) When P = 0, DRO = O and SMDLC, then F = 1
=nd from equation (2.8), AET = PET,.

(b} When P = 0, DEQ = 0 and SMD »C, from eguation

(2.8), AET = F x PET,
For obvious reasons, other conditions different from
the two stated above do arise, such as both or oune
0¥ The values of either P or DHO being greater than

zero., These conditions will be discussed in greater

details in the next chapter.

In a situatioh where rainfall is greater tban
the potential evapotranspiration, the incoming
rainfall first satisfies the evaporative deumand
before the effective rainfall infiltrates and reduces
any existing soil moisture deficit, When the soil
moisture deficit is fully made up, the remainder of
the infiltrated water percolates downwards to recharge

the groundwater storage.

Penman (1950) carried out a water balance of
the Stour Chalk Catchment, England by calculating
the mean monthly and annual change is storage {recharge)
in three presumed land uses over a 15-year period,
using the conventional values of root constant and
maximum soil moisture deficits (conventional method).

He plotted the estimated mwean monthly and annual
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change in storage (recharge) against the observed
mean monthly and anmual change in well water level.
FProm his plots, he asserted that ".,....the estimates
give a pood picture of the changes in storage in the

Stour cetehuent.t

Although his plots show a lag hetween the
estimated mean monthly/annual change in storage
(recharge) and the observed mean monthly/annual
change in well water level. However, the plot of
the estimated mean monthly/annual change in storage
generally follow the same trend as the plot of the
observed mean monthly/annual change in well water

level, This observation justifies his assertion.

Lloyd et al. (196€) used the soil moisture
deficit wmodel to estimate direct recharge in North

eastern Jordan between 1962 and 1965,

Cindley (1967), presented calculations of soil
moisture deficits over Great Britain, based on the
work of Fenman (1949, 1950). He calculated the soil
moisture deficits over two landuse area, for two
seasons when (i) evaporation exceeds rainfall and
{ii) rainfall exceeds evaporation. He agsumed there
was no scil moisture deficit over the riparian zone,
Bagsed on his results, he produced maps of soil

moisture ceficit over Britain, which he recommends
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for use as aid in flood warnings. Grindley (1969,
1970) also estimated actual evapotranspiration from

soll moisture deficit calculations.

Jones (1981) reported the+.L’0yd in 1949 actim~ted
direct recharge to the Sandstone Aguifers of South
Jordan using the soil moisture deficit mudel:
Recharge cstimates were carried out on 2 ten-day
time step by calculating the water budget in the top

soil layers of the recharge areas.

Headworth (1970) usced the modified form of a
computer program, after the work of Grindley (1967),
together with date from the Hawmpshire Downs Chalk.x

outcrop, England to demonstrate that the most suitable
.foot constant for ﬁse on the agricultural area of
the Lowns is 25 ma instead of the 75 am that was

normzally used.

Rushton and Ward (1979), contended that thére
are uncertainties in the existing methods of dircct
rocharge estimation and after reviewing the findings
of saveral authors, they concluded that the
conventicnal method usually prevents the occurrence
- of summer recharge. Using a conceptual model they
obtained results which led them to suggest alternative
recharge methods which allow for recharge despite

the presence of a regicnal seil mcisture deficit.



18

In all, nine different methods (the conventionsl
method inclusive) were proposed and all of them were
used to estimate recharge to the North Lincolnshire
Chalk Aquifer, England, over a 15-year period

(1961 to 1975). They assessed the recharge

estimates obtained for compatibility with {ield

behaviour, and they concluded that:

(1) the most realistic recharge method is yet to
b¢ ascertalned, but they advised that it must
combine most of the assumptions of tha
previously suggested alternative methods, in
order for it to highlight the complexity of
the recharge process;

{ii) field behaviour is best represented only when
recharge is allowed to occur when there is a

regional soil moisture deficit.

Howard and Lloyd (1979) estimated recharge into
the North Lincolnshire Chalk Aquifer, England using
the conventional Penman-Grindley method, The
sensitivity of the model to input data and model
parameters was also determined by verying the oviginal
value of the input data and model parameters and
ucing the varied values to estimate recharge. The
percentage difference between the new and model
recharge estimates gave the sensitivity level of the

model to varliation of an input data or medel parameter,
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Also, recharge estimates were carried out on 2
one-day, ten-day and wmonthly time step with the daily

time step found to be wost suitable.

Henry and Palmer {(1S80) carried out a stuly in
the Callide Valley alluvium, Central Queensliand,
australia, using a root zone model which describus
moisture behaviour in the main root zone and a clay
layer model, whose input was the deep percolation
from the root zone model, The clay layer model
similates interflow, deep percolation and consumptive
use by large trees. They claimed that the recharge
estimates they obtained frow the model were in
agreement with the values cobtained for the same area,

using other methods.

Hadgraft and Volker (1980) developed and described
a numerical model that was used in assessing rainfall
recharge {direct recharge) in the Burdekin Delta
aquifer, North GQueensland, australia. This model
significantly differs from others due to it's
incorporation of recharge from depression storage.
But the silence of it's authors on the mode of
estimating actual evapoiranspiration and on validaticn
of results obtained from it restricts it's application

elsewhere.,
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Sarwz et gl (1980) developed and described :
computer model which divides the crop root zone
into segments and computes the water balance in these
segments and the entire zone., When used on actuzl
fie1d azca (tensiometer measurements, so i moisture
tension/suil mcisture content curves) the model
computas, amceng others, the daily, evapotranspiration,
change in storage within the segmnents and within the
entire root zone, drainage (recharge) from the rooct
zone, infiltration, surface detention and runofrf,

This mudel is no doubt a sophisticated model but

it's weakness lies in it's suitability over saall
areas only, because applying it on a large area will
be expensive as it will require the installation and
monitorinzg of a lot of tensiometers and moisture
probes instalied in all the different landuse thot
abound in that area. also, it seems that the primery
concern of the model is the moisture conditions |
within the root zone and that drainage (recharge) .

estimation is only of secondary importance.

Calder et al.(1983) used data from six experimental
sites in England to test the ability of 35 different
models to predict socil moisture deficit {(8MD). The
performance of a model was assessed by comparing
it's predicted SMD values with the SMU values
observed from soil moisture content determinations

at all the six sites, using neuiron probes. done
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of 211 the models was found to be particularly

superior to others in predicting SKD.

Odigie (1983) estimated direct recharge into
the Great Oolite Limestone Aquifer in Southern
England, using the SFD model. He compared the use
oi the areally weighted root constant and
maxinum SMD with the use of the individual values
and he scems to prefer the use of the areally
welghted values. He also proposed the use of U and
D values that are consistent with the soil and pnlant

nproperties, over the use of the conventional values.,

Anyaeche (1985) estimated direct recharge into
the upper zone aquifer of the Lake Chad basin using
the so0il moisture deficit model after Odigic (1983).
Recharge estimates were carried out on a daily basis
using areally weighted C and maximum soil moisture

deficit,

One disadvantage of the soil moisture deficit
nodel like all similar models, is that_the accuracy
of it's recharge estimates is bhighly dependent on
the accuracy of some of the input data and model
parameters. The model is simple to understand, eésy
and inexpensive to use, However, the latter atiributes
make it most appropriate for use in this project

work,
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Conclusion

i review of various methods of direct recharge
estimation has been carried out and their various
merits and demerits have been highlighted. The
preference of the scll moisture deficit wodel over

the other methods reviewed has been justified.
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CHAPTER 3 THE SOIL MOISTURE DEFICIT MODEL

In this chapter, the description of the soil

moisture deficit model after Odigie (1982) ie presented.

3.1 Availashle Moisture

The available moisture (AM) in mm in a given
soil depth, d (mm) is the difference between the
soil moisture contents at field capacity, MCFC and
permanent wilting point, MCPWP'

i.e AM = (MCpe = MCpyp).d/100 3.1

The meximum soil moisture deficit (D) is the amount
of water which a given plant can remove from the
3011 moisture atorage before it permanently wilts
and dies, It comprises of the water available within
the root zone and those transported into the root
zone from zones below, by capillary action and
vapour movement (Odigie, 1984). The root constant
(C) is the fraction to which the available moisture
can te depleted without causing actual evapotianspiration
to become Jess than the potential evapotranspirstion.
Both C and D are expressed as equivalent depths of

rainfall.

3.2 Availability of Soll Moisture
Various postulates abound on the issue of

availability of soil water to plants between field
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capacity and wilting point. oome of these postulates

are illustrated in fipgure 1 and described below:

Equal aveilability (Curve a)

This postulate, by Veihmeyer and Hendrickson
(1949} claims that scil water is available in equal
amounts at all stages betwcen field capacity and
permancnt wilting point. The implication of this
postulate is that the activities of the plant proceed
uninhibited despite a decrease in available soil
moisture and that it (i.e. plant activities) is
inhibit=!, in an abrupt manner, only when permancnt
wilting point is reached. However, the general
notion that soil moisture will b: on the decreasc
in a vegetated soil with no soil moisture

replenishment negates this postulate,

Graduzlly Jlecreasing availability (Curve b)

In th.ir postulate, fichzrds and Wadleigh
(19523, argued that a decrease in the amount of soil
moisturs leads to a decrease in the amount of water
available for plant use., The iwmplication 2f this
being that, it is possiblc for plant activity to be
inhibiteﬂ, due to water stress, before permnansnt

wilting peint is rsached.
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3.2.3 Equal availebility followed by decreasing

availability (Curve c)

This postulate contends that there exists a
point between field capacity and permanent wilting
point, referred to as the critical point or ront
constant., Before this criticel point, soil moisture
is available in equal amounts to the plants, and
beysnd this point, so0il moisture is avallable to the
plant at a decreasing rate. It further contends
that iamediately beyond the critical point the soil
moisture availability first decreases gradually for
a short period, beyond which it then starts to
decrease rapidly at a rate of between eight and ten

percent, This theory was presented by Penman (1949).

Modification of Penman's postulate was
undertaken by Rushton and Ward (1979) to the effect
that, after the critical point is reached, soil
molsture availability decrezses suddenly and at a
very high rate. ‘This postulate is represented by
curve (d) and is used in this study because it is

easy to incorporate in a conputer program,

3.3 Description of the Soil Moisture Deficit Model
- The Computer program which was used in
estinating recharge utilizes a subroutine whose
flow chart is shown in figure 2. Sample recharge

estimntes from the subroutiine are gilven in order to
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ZNRAIN (1) =RAIN(1)x CF
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Fig. 2. FLOW CHART OF THE SUBPROGRAM (SUBROUTINE), AFTERODIGIE

(1984)
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highlight the mechanism of the subroutine. The

subroutine calculates recharge on a one-day time

step, baswed on the position of the continususly

changing soil meoisture deficit (SMD) along the

drying curve, fixure., The SMD at the end of any

given time step is Taken 1o be the so0il moisture

deficit (SMUF), at the beginning of the next time

step. Wwhen potential evapotranspiration. (Fil) is

Igréﬁter than or equal to rainfall (P) the direct

surfacs runoff (DRO) is taken to be zero, so as to

take carc of the coffect which foliage intercepted

rainfz2ll will have on potential evapotranspiration .i
Odigie {1984). The SML can assume four positions

alung the drying curve, namely, {(2) SMY = O

{(b) 0O<8MDLC (¢) CLSMD<D (d) 3MDYD. Thus creating

four conditions(Odigie, 198L),

{a) SMD = ©
when SMD = 0, water transmission to and within
the root zine is at 2 rate which kKeeps the sgoil

[¥h]

around th: ront zone perpetually wet. nus the plaﬁt
will have no difficulty in abstracting moisture from
the s0il to meet the evaporative demand of the
atmospners. Under this condition, potential
evapotranspiration equals actual evapotranspiration
(AET) and two cases may arise, (i) P ZPET + DRO

(ii) F¢P=T + DRO. -
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In case, a(i), recharge is deemed possible.
Potential recharge (PIRECH) to some extent guverns

the occurrence of recharge and it is given by:

FITRECH = F = DRO - BT 3.2
when 8T = PET
FPIRICH = P - DRU -~ PET 3.3

For case a(i), PTRECH is either zero or positive
as against case a{ii) where it will be negative,
which implies an increase in 3Mb. PIRECH 1is the
amount of infiltrated water that goes into satisfying
the moisture deficit incurred by so1il molisture
sturage. At the end of any given time step, tac
deficit is given by:

SMDL = SMDP -~ PTRECH 3.4
If PTReCH = G, no molsture is added or removed frum
the soil moisturs storage and recharge (RiCH) is zero,
while SMD remains constant, If PTRECH>SMDP equation

3.4 then becomes:

SML = = PTR&CH 3.5
where the negative value of SMD implies the excess
amount of moisture from soil moisturs storage that
racharges groundwater,

RECH = - SMD 3.6
Substituting SMD in equation 3.5

RECH = PTRECH 3.7
Moisture of magnitude, PTRECH, returns the soil

moisture storage to field capacity and the SMo to
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zero after which the excess woisture (if any) recharges

the groundwater storage. In case a(l), the
evaporative demand is met from the rainfall and soil

molsture storage.

(b) 0LSHDLC

Under this condition the soil=-water-plant
relationship is as in condition (a) and ABT = PZT,

thus resulting in three possible cases:

( i) P = DRO + PBET and PTRECH = O
( ii) PLORO + PAT and PTRECH = -ve
(iii) P>DRC + PET and PTRECH = +ve

In any of the three situations above, the change in
5L, due to the magnitude and sign of PTRECH, is as

discussed under condition (a).

(c) CL3MDhCD

This condition, under which 3MD lies between
C and D, presunts a cumplex case, therefore, three
simplified cases are presumed to arise from this

conditicn:

( 1i) P7PET + DRC and PTRECH = +ve
( ii) QL P<PrT and PTRECH = —ve
(1ii) (PET + DRO)} 2 P?PET and PTRECH = O

The expression, DRO, is computed,
In case C{(ii), it is possible that due to a

sudden change of landuse, SMD exceeds D, this
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gituation is remedied in the model by reducing the
AET for the time step by, SMO - Dy and recalculating

SMD with the adjusted value of AET.

d) SHMDYD
A sudden change in land vegetation such as
narvesting or crop failure, is accompanied by an
abrupt lowering of the value of D which makes it
possible for the SMD accumulated during the growing
season to be greater than D, just after the sulden

change of land vegetation.

When this situation arises, the model assumss
that the s2il meisture storage does not contribute

towards meeting the evaporative Jdemand.

Two cases arise unier which 3MY eith:r rcumains
constant 2s in (i) below or reduces, as in (ii) bolow.

( i) 0P < FiT + DRO and FPTRECH 0

( 1ii) P7PE1 + DRO and PTRECH +vVe

Since the soll molsture deficit model is based
on the assumption that recharge takes place only
when SMD is zero, it can therefore be seen that
recharge will possibly take place only under

conditions {a) and (b) specified above,
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Conclusion

In this chapter, some of the postulates on the
availability of soil moisture to plants were veviewed,
The soil moisture deficit model has been described
and four possible positions of SMD along the drying

curve explained.
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Chapter l: THE STUDY AREa AND ESTIMATION OF MODEL

L.1.2

PaRAMETERS

Degcription of The Study Area

Location and extent

The study area of this project work covers the

portion of the 3Sokoto-Rima river basin which is on

Nigerian territory. The Sokoto-Rima river basin is

within the area enclosed by latitudes 11°30'N to

13730'N and longitudes L°E to 8YE. Fig. 3. It has

2

a total area of about 80,960 km"~, wost of which covers

the present day Sokoto state and some parts of Kaduna

- state. The Sokoteo=-RHima river basin forms about one

|

tenth of 2 larger basin, referred to as the
Iullemmeden bhasin, which exterds into three other

countries, namely, Niger, Benin and Mali(Kogbe, 1979).

Topography I )

Generally, the landscape ¢f the sedimentary
region (in the nerthern and western half of the study
area) is flat to gently rolling with wide shallow
valleys. This landscape is occasionally brokan by
Jocal ridges, scarps and inselbergs, which are coamon
features in the sedimentary region. In ths south
and east of the study area (the basement complex
region), the landscape is frequently interrupted by

granitic, gneiss and quartzite ins<lbergs which arc
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common in this regions Numerous shallow valleys which
serve as drainage channels of the Sokoto and fima
river tributaries abound in this region. =zlevations
in the study area range from, less than 183m to 366m
wou /e sea level, THe lowest elevations occur in "we
south (near the river Niger) and the highest is in

the sedimentary region in the north(Ogilbee ani

anderson, 19653 F40, 1969as Udos 1970).

h.&.} Geologz.
o There are two major geological regions, namely,
the sedimentary region and basement complex region.
The basement complex mostly consists of ignescus and
metamorphic rocks. In the sedimentary region there
are (i) the Gwandu formation, (ii) the Sokoto group, .
(which consists of the Kalambaina and Dange
formations), (iii) the Rima group (which.consists
of the Wurno, Dukamaje and Taloka formations) and

(iv) the Gundumi, Illo formations.

The geologiczl succession is such that the
Gundumi and Illo formations overlies the bascment
complex. The Rima group overlies the Gundumi and
Illo formations, while the Sokoto group overlies the
Rima group. The Sckoto group is overlain by the
Gwandu formation(Fig. 4). Within Nigeria, the
sediments of the Sokoto-Rima river basin dip to the

northwest at approximately 3.42 wmetres per kilometre
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and are apparently unfaulted (Parker, 196l:

Dupreeze and Barber, 1965; Ogilbee and Anderson, 1965).

.7k Hydrogeology

Groundwater occcurs under watertable,
sub-artesian and artesian conditions in the aquifers
of the sadimentary region of the Sokoto-Rima river
basin. In the basement complex region, groundwater
occurs mostly under watertable conditions in the
weathered zone and cover sands. Groundwater can
also be found in the fractured and jointed zones
(Mock, 1967; Oteze, 1976). Table L.1 contains the
description of some water bearing formations in the

Sokoto-Rima river basin.

The surface laterites of the sedimentary
region and the alluvial sediments deposited in
river channels and on flood plains all over the
basin, also bear water under water table concitions.
The lateritic aquifers have been exploited
extensively by hand dug wells, while most oi the
shallow boreholes drilled in the alluvium have
proved successful (Dupreeze and Barber, 1965;

Ogilbee and Anderson, 19653 Oteze, 1976).

4.7.5 Drainage
The dominant river in the study area is the

Sokoto river(Fig. 3). The Sokoto river and the
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Table 4,1: Description of Some Water Bearing Formations in the Solwoto-Rima

river basin
GROUP [FORMATION THICKMESS LITHOLOGIC CHARACTER WATER BEARING PROPERTIES
(M) . D —
Unconaolidzt '~ L and Yields sr:ll to oders 2
) sand with some gravel in supplies of potable water
0-15+  Fadama {valley floor! to shallow wells, Hay have
of Sokoto and Rima potential for large yields
Fivers and their larger by induced river infiltration
Ctributaries.
Semi consolidated fine Basal sand member yields
. to coarsa-graned sand moderate supplies of potable
CHANDU 0305+ ard clay, with dark water to bore holes under

coloured clay shale.

artesian pressure. Ypper
member ylelds small to
modorate supplies to wells
and bore holes under water
table and subartesian
conditions.

. IRKALAMBAINA 0-49+

Semi consclidated
clayey limestone and
marl, with some mudstone
and plastic shale

Limestone yields small to
moderate supplics of potable
water to shallow wzlls and
springs in the outcrop area.
Formation is probably not

the basin.

o productive at depth.
£ "
° _ Semi consolidated blue Yields little or no water
bl - : to grey, plastic shale to wells and boreholes.
© 1DANGE 03+ with phosphatic Forms confining bed for
“ nodules and thin beds artesian water in underlying
of limestone. Wurno formation.
Friable szndstone and Yields moderate supplies of
WURNO 0~46+ sand interbadded with potable water to boreholes
soft mudstene and under arteaian pressure,
shale,
| Dark colourad Yizlds little or no water
- fossilifercus shalz, tc wells and boreholes.
with thin beds of lime~
x -
- DUKAMAJE  0-27 stone.  Present only in
ne ) the northern part of

Semi consclidated fine
to medium grained

Yields small to moderate
supplies of potable water

TALOKA 0-182+ sand, sandstone and to boreholes. Under artesian
shale, with lipgnite pressure downdip.
and mudstone
1]
' Semi consolidated fine Yields small to moderate
; to coarse grained sand  supplies of potable
iCUNDUMI  0-305 with clay, sandy clay, unconfined water to wells on
; and conglomerate near the outcrop area. Yields
l the base. water under artesian
| pressure abt depth.
I Granite-gneiss, Yields meagre supplies of
BASEMENT phyllite, and water to wells in cutcrop
§ ROCK quartzite, area.
Source: Ogilbes and Anderson (1955},




tributaries of the Rima river take their source
from the vasement complex region and they flow in
the northwestern direction. Howevery some
tributaries of the Sokoto river flow in the western
direction e.g. rivers Zamfara and Ka. The Sokoto
river takes a gradual turn at Sckotc and then flows
southwards to Jjoin the river Niger. Most of the
tributaries of the Sckoto river, with the exception

cf the Rima and Zawfara, are nci perennial streams.

Seasonal springs, due mostly to interflow, are
common aleng the valley slopes of the Sokoto-Rima
river basin. However, springs on the Kalambaina
limestones have been found to last longer than others,
The <three wost important lakes in the study area
are Kalmalo, Kware and Bodinga lakes? to the north
of 3okoto. Fig. 3. They derive their flow from the
Kalambaina limestones and probably rejected recharge

from the Gwandu aquifers(Fs0, 1969b§ Kogbe, 1979).

Climate

The study aréa has a semiwarid climafe, with
a long and severe dry season, lasting from October
until May and a short but intensive wet season from
May/June to September. The area comes under the
influence of two types of winds, the dry hot
continental air mass from the Sahara desert and a

humid equitorial maritine air mass from the sea,
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These air masses bring "harmattan" and rain

respectively.

Rainfall _

Rainfall trom 1l stations inside and near the
basin was used in the study. Due to their different
locations, Figs. 3 and 5, the period, amount,
distribution and the start of, rainfall at each of
these stations vary. Here, the start of the rains
is defined as a 10-day period during which rainfall
is greater than 25.) mm, followed by two subsequent
10-day period Juring which rainfall is greater

than half evapotranspiration{Kowal and Knabe, 1972).

- But, generally, average rainfall over the
basin varies from less than 635 mm in the North to
1143 mm irn the South(Fig. 5). The rainfall pattern
over the basin is a gradual rise (from May/June)
tb a maximum (in august) and a steep decrease in
September - October(Fig. 6), July and iaugust are
the peak rainfall months of the basin. The daily
rainfall values at each of the 14 stations was
corrected to make them representative of the areal

rainfall over ‘their polygons",

Potential evapotranspiration
Monthly variation of potential evapotranspiraticn
over the basin is shown in Fig. 6, Evapotranspiration

~
i
i
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is lowest in aygust and starts to increase at the
start of the "harmattan" period in November/December,
it reaches a peak in spril; when the temperatures
reach a maximum. Aafter which it starts to decrease
with the onset of the rains(Fig. 6). The potential
evapotranspiration values used were estimated by

Kowal and Knabe (1972) using Penman (1948) formula,

Temperature and humidity

The mean maximum and minimum temperatures
occur in April/May (about 35°C to 38°C) and
December/January (about 13°C), respectively. The
relative humidity is at it's peak of over 90
percent in August and a wminimum of 10 percent in

February(F~0, 196%a; Udo, 1970).

L.1.7 Vegetation and soils .

w The study area falls within the Sudan and
Northern guinea vegetation zones. Hence, in the
Northern parts the vegetation consists of tree or
shrub savannah, relatively sparse grasses and
scattered fire tolerant trees and shrubs. In the
Southern parts, the vegetation is relatively dense
and consists mainly of short grasses and deciduous

trees.

The so0ils of the area vary from sandy to loamy
soils, with clays occurring mostly along the flood
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L.2

Two types of agricultural land has been
identified in the study area, namely, the flood plain
and upland (FAQ, 1969a). On the heavy clayey and
silty scils of the flood plains, crops like maize,
wheat, sweet potatoes, vegetables, onions, tobacco
and sugar cane are grown, On the upland areas the
main crops grown are gulnea corn, millet and cowpeas.
Traditional bushfallow is becoming uncomnon due to
population pressure (FAG, 1969a; Udo, 1970; Odeh,
1983},

Sources of Input Data

The rainfall data was obtained from the
published records of monthly rainfall summaries,
vols. =9, {1960 to 196%), of the British West
Africa Meteorological Services and Meteorological

Services of the Federation of Nigeria.

The potential evaporation data used 1s
according to Kowal and Knabé (1972)., They were
calculated by the application of Penman (1948}
formula, to the meteorological data from the five
synoptic stations shown in Fig. 3. The values are
considered more reliable than the measured pan

evaporation values of (Moék, 1967).
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The map of the study area was after Kowal and
Knabe (1972), the recharge area was delimited on
this map by regarding the clay outcrop area as
impermeable. The soil map used was according o
Kewal cad Knabe (1972). The landuse map and
isohyetal wmap were also obtained from Kowal and
Knabe (1972). Drainage and hydrological network
maps were obtained from Mock {1967). The geological
map was obtained from Geological Survey of Nijgeria

(1974).

The daily mean discharge data for some rivers
in the basin was obtained from the published records
of the hydrological secticon of the Ministry of
Ldgriculture (Irrigation division) Northern Nizeria E ;.
and the U.N.D.P./F.Aa.0, Hydrological Year Book
(1965-1968) .

All area measurements were carried out using

"an aristo 1130L planimeter.

Because no area within the basin adequately
represents the multifarious meteorological,
vegetation and so0il conditions within the basin,
the entire basin was divided into 14 polygons using

the Thiessen's polygon method(Fig. 5).



U6

e2.1 Water level records

The water level records of the wells within
the study (and recharge) areas were obtained from

Mock (1667).

Model Parameters

=
(s

Each of the model parameters were calculated

for the 1l polygons thus:

L.3.1 Areally weigbfed maximum soil moisture deficit {¥D)

In calculating this parameter, the planting
dates for each crop grown in the polygons was
determined from Anonymous (1980, 1981, 1982) and
corroborated by Anonymous (1984). For a given crop,
ﬁhe root depth during it's growing season was
determined on a monthly basis. For each of the
s0il type present in a given polygon, the available
moisture (AM) over the root depth during each month
in the growing season was determined using equation
3.7, The parsmeters in equation 3.1 were obtained
from Kowal and Knabe (1972) and FAC (1979). The
Al in the different soils in a polygon is coxbined

in the proportion of the respective soil areas.

The proportion used here is the area of a
soil type in the polygon divided by the total area

0oi the soil types (over which recharge occurs) in
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the polygon., The areally weighted D for a given
polygon and in any month is obtained by weighting
the previously combined AM, for the various crops
grown in that polygon. The weighting factor used
is the percentage of land area covered by weach crop
grown in the polygon. This was obtained from

Agboola (1979).

11,3.2 Areally weighted root constant {(WC)

After deternmining the planting dates, the
crop's growing season is grouped into it's different
growing stages and the crop coefficient (KC) for
each growth stage was obtained from FAO (197%). K,
for each month in the crop's growing season (Kcm)
was determined by weighting the KC values of any
mwonth which has more than one Ké value. Potential
evapotranspiration (PET) and crop maximum
evapotranspiration (MET) for each month in the c¢rop’s
growing season was determined., MET equals P&l times
Kom' The MET is used to obtain the soil water
depletion fraction, P, from FAC (1979). The C for
each month in the crop's growing season equais P
times D. The areally weighted C for a given
poelygon and in any month is obtained by weilgniing
the different root constant's that was calculated
for each of the crops grown in the polygon, as was

degcribed in the case of the maximum soil moilsture

deficit above. Note that after a crop's growing
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season, individual C and D assume the value of
25.1 mm, which is taken as evaporation from bare

or fallow soil(Grindley, 1969).
Typicallindividual monthly values of C and D
and areally weighted C and D are presented in

Tables L.2 and 4.3 respectively.:

Runoff coefficient (ROC)

| The runoff coefficients were calculated as

follows:

(  i)Mean daily discharge record from three rivers
(Rima, Ka, Zamfara), which drain over 85
percent of the entire basin was used.

( ii)a tolal of nine discharge hydrographs for all
the three rivers {(for 3 years) were plotted
and separated using one of the methods described
by Lindsley et zal. (1975). The total hydrograph
and the area under the baseflow line (baseflow)
were determined by summation of the hydrograph
ordinates and integrating the equations of the

baseflow lines over the discharge periods,

respectively. The difference between the total

hydrograph and the baseflow gave the direct
| surface runoff (DRO). o
(iii)For each year, monthly mean rainfall ovef each
| sub-basin (i.é. basins of thg three rivers used)

was determined using Thiessen's polygon method.

-
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Table L,,2: MONTALY V.LUES OF CROP ROOT CONSTANT AND MAXIMUM S0IL MOISIURE DEFICIT (ma)
(FOR 1963) IN ARGUNGU STATIOH POLYGON
CROPS | MILLET SORGHUM COWPEAS CASSAVA S/CaNz MAIZE OLA4zR3
T TTRe b RC D RC D RC D RC D RC D 4 D
JalN. 25,4 25, 25.4 25.4 25.4 25.4 137.4 173.9 50,7 56.3 25.4 25.4 145.5 224.5
FEB. 25,4 25.4 25, 25.4 25.4 mmqr 138.8 173.9 50.0 56.3 mm.r 25.04 134.7 224.5
MaR. 25,00 25,4 25.4 25.4 25,4 25.4 JFArN 173.9 49.5 56.3 25.4 25.4 Awmym 22L.5
APR.  25,h 25.4 25.4 25.4 25,4 25.4 136.7 Aqwm@ 88.5 141.6 25.4 25.4 117.9 224.5
MAY 25k 25.L 25.4 25.4 25. 25.4 137.7 173.9 9h.6 166.6 25.4 25.L 115.6 224.5
JURE  6h4.2 71.0 6L.2 71.C 25.4 mmr: 148.8 173.9 95.6 168.1 L9.8 56,3 117.2 22.5
JULY  93.4 109.2 93.4 109.2 36.4 LL.6 75.3 85.7 103.2 168.1 71.5 88.7 131,8 22L.5
AUG. 131.8 181,3 131.8 181.3 63.5 106,3 95.2 107.8 106.9 173.9 73.9 93.1 153.3 22L.5
SEFT. 136.7 18143 136.7 181.3 mﬂfm Aomww 132.8 173.9 100.3 173.9 86.9 125.4 1hli.h 22L.5
OCT. 16l.2 181.3 164.2 181.3 B85.7 106.3 109.9 173.9 99,8 173.9 25.L 25.1 1L3.}4 22L.5
NOV.  25.5 2G.k 1642 181.3 25.4 25.1 125.6 173.9 103.3 173.9 25,4 25.k 149.3 224.5
PEC. 25.L 2544 25.L 25.4 25,4 25.4 136.0 173,9 109.7 173.9 25.L 25.L4 155.6 22L.5
RC is ROOT CONSTANT, D is MaXIMUM SOIL MOISTURE DEFICIT.
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(mm)} {KOKU STATIUN POLYION)

WRC is weighted root

constant, D is max. soil moisture deficit,

constant, WD is weighted wmax.

soll moisture deficit, ko

is root

Teble .3, AREALLY WEIGHLED C oND D
YZaRS 1360 196 1962 1963 1961, T joss
GONUH  WRC WD WRC WD WEC WD WRC b  .wRe b e ]
JAN 32,27 36,03 32.27 36.03 32.27 36.03 32.27 36,03 32.27 36.05 32.57 6.0
FEB.  31.56 36,03 31.58 36.03 31.58 36.03 31.58 35.03 31.56 36.03 31,58 36.03
MeR. 37,04 36.03 31.0L 36.03 31,04 36.03 31.04 36.03 31.04 36,03 31.0L 36.03
AFia. 30,87 36,03 30.87 36,03 30,87 36.03 30.87 36.03 30.87 36.03 30.07 36.03
MAY 55.58 6L4.50 55.56 64.50 31,37 36,03 55,58 64.50 55,58 6,50 55,58 6l., 50
JUNE  107.80 132,40 107.80 132.40 56,17 65.72 107.80 132,40 107.80 132.40 107.80 432,40
JULY 135,20 188,40 135.20 186.40 102,00 129,50 135,20 186.40 135,20 188.40 135.20 186.40
UG 145,20 189,60 145.20 189160 124,90 169.70 145,20 183.60 145.20 189.60 145.20 189.60
SEFT. 146,60 175.60 146.60 175:60 130.00 169,70 146.60 175.60 146,60 175.60 145.60 175.60
CCT. 90,28 103,10 90.28 103,10 121,10 136,30 90.28 103.10 90.28 103.10 30.28 103.10
NOV. 32,47 36,03 32.47 36,03 82.06 91.93 32,47 36,03 32,47 36.03 32,47 36,03
DEC. 32,74 36.03 32.74% 36,03 32.7h4 36,03 32,7L 36.03 32,7k 36,03 32,74 3£.03
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[l

ine suw of the monthly mean rainfall zives the

N

annual mean rainfall (aMR) over ths =ur “ooine.

The runoff coefficient (ROC) over a sub-basin
in s given vear 1s therefore the DRO divided
by the aMR, The average value of ROC over
three vears was used as the ROC for the years

for which discharge data was not available,

viThe —unoff coafficient over each polygon was

determined bv superimposing the polygons

over the map of the sub-basins. .any pelyson
which falls entirely within a given sub-basin
assumes the value of the runoff coeificlients
for that sub-basin, In cases where a polygon
falls within two or more sub-basins, the
runoff coefficient is calculated by areal
welghting as follows: 1f polygon s, for
example, falls within three sub-basins, b15
b2’ b3, whose runoff coefficients for a ziven
year are ry, ro, r3 respectively. 11, Aa. 8o
&, are area ratios, i.ie. a4 equals area of
voelygon ~F that falls within sub~basin b@,
divided by the total area of polyszon, af. The
game definition holds for ratios ay and 33.
The runoff coefficient over polvzon «F can

therafore be expressed as:

T 1 — 'I;__ ~t
ROC,p= 3 ayry ot
1=1

whers n is the number of sub-=-basinsg within

waich nolygon oF falls.
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Correction factor

This factor has the purpose of making the
station's (point) rainfall more representative of
the areal rainfall over a polygon, By assuming a
linear relationship between the mean long term
point rainfall (MLTFR) and the average rainfall over
the polygon (PaR), the correction factor (CF) was

derived thus:

CF = PaR/MLTFR .2
PaR was obtained by finding the average rainfall

over each polygon using the isohyetal wmethod.

ML, TPR is the long term average of the rainfall at

the rainfall station from which a polygon is derivead.

It was obtained from Kowal and Knabe (1972).

The CF was applied to the daily point rainfall
(RaI) to obtain the polygon's daily areal rainfall
(ZNRAIN) equation L.3, which is considered to be
more representative of the rainfall over the polygon
than is point rainfall,

ZNRAIN = RaAIN x CF h.3

Weilzhting factors

Two weighting factors (WF and WF1) were used.
The first factor, WF, was derived for each poly;on,

from equation lL.l4 below.

WF = PRa/TBRa baly
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where PRa is the recharge area of a polygon (sz)
and TBRi is the total basin recharge area (Kme).
This factor was used to obtain the annual weighted
recharge (WZRECH) and the weighted monthly recharge
{WMRECH)} in each polygon. It was also used to
weight the change in soil moisture storage and the

number of days of recharge.

The second factor, WF1, was derived for each

polygon, from equation L.5 below.

WE1 = aOP/40B .5
AOP is the area of the polygon (sz) and AOB is the
area of the Sokoto-Rima river basin. This factor
was used to obtain the annual weighted rainfall
(WZR4IN) and the weighted monthly rainfall (WiRaIN)
in each polygon. It was also used to weight the
potential and actual evapotranspiration, direct

runoff and the number of rainfall days.

Basin Recharge

Recharge into the Sckoto-Rima river basin was
estimated on a daily, monthly and annual basis.
While the average recharge over the basin was
estimated on monthly and annual basis. For example,
the summation of the WMRECH for the month of June
1960 in all the 14 polygons gives the recharge into
the entire basin in June 1960, While the summation

of WZRECH for the year 1960 in all the 14 polygons
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gives the recharge intoc the entire basin in the
year 1960, Other basin parameters were similorly

calculated.

Description of The Structure of The Computer iP'rogram

The computer program used comprises of a main
program and a subroutine. The subroutine was
modified after Odigie (1983). The main progranm,
whose flow chart is shown in Fig. 7, appendix I,
compricses of two nested DO loops, Fig, 8, appendix
11, The first nested DO loop encountered in the
main program comprises of four DO loops. The fourth
and innermost DO loop, DO LO I = 1, M, where M =
namber of days in a month, assigns the operational
day(s) and within this loop the subprogram is called
¥ times and recharge in month, J, year, NYR and

pelygon, IP is estimated on a daily basis,

Upon exit from the fourth DO loop, soime
arithmetic and WRITE statements are encountered
before the end statement of the third DO loop, DO
38 J =1, 12, is reached and control is transferred
back to the beginning of the loop. The third loop
assigns the operational month(s) for recharge
estimation and runs 12 times, estimating daily
recharge for month, J, year, NYR and polygon IF,
When control exits this loop, again some arithiretic

and WRITE statements are encountered before the end
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statement of the second XU loop, DO 33 NYR = 1,0
is reached and control is transferred to the

beginning of the loop.

The second loop assigns the operational year(s)
and runs six times, estimating recharge on a daily
basis for year, NYR and polygon, IFP before control
exits the loop and goes back to the first, largest
and outermost loop, DO 1 IP = 1,14, This loop
runs 14 times, during which daily recharge in all
14 polygons is estimated. «t the end of this loop

control is transferred to the second nested D0 loop.

The second nested DO loop comprises of two
B0 loops. The first DO loop, DO 65 NYR = 1,6,
assigns the yeér (NYR) while the second D0 loop,
PO 66 IP = 1,14, assigns the polygon (IP). The
second negted DU loop calculates the annual mean
basin recharge (MBRECH) and the annual mean basin

rainfall (MBRAIN).

n copy of the program is given in Fig, 9,

appendix ITI1,

Sensitivity snalysis

The sensitivity of the wodel to input data
and model parameters was determined by varying the |

following input data and wodel parameters as follows:
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(i) rainfall, + 2 percent (ii) potential
evapotranspiration, + 5 percent (iii) runoff
coefficient, + 100 percent and -75 percent

(iv) root constant, + 50 percent (v) maximum soil
moisture .cfiicit, + 5C percent (vi) unlimited
maximum soil moisture deficit, D = 1000mm. (vii) slope
of the drying curve, F, + 40O percent and -80
percent. Note that +2 percent implies a 2 percent
increase over the original value while -2 percent

implies a 2 percent decrease of the original value.

after varying the original values of the input
data/model parameters as shown above, the new
values were used to obtain new recharge estimates
according to tte model. The magnitude of the
differences between the model and new recharge
estimates was determined by computing the sensitivity
ratios and sensitivity levels for each percentage
parameter variation, This was computed and
determined, after Odigie (1983), by using equations

4.6 and 4.7 - L.70..

SNR = [ENew estimate-model estimate)/model
estimate x 10d:l/percentage parameter
variation. L6

SNR is sensitivity ratios

The four sensitivity levels used are:

High: ISN;| >1.0 L.7
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Moderate: 0.4 & ISNR{<~1.O 4.8
Low: 0,1 & 1SNpt L0 h.9
Nil: [sN;i £ 0,1 4.10

Problems bncountered

The major problems encountered in this study

are those of data and computer facilities.

Data, in some cases were either not availlable,
available but not in adequate guantities or available
but inaccurate for use. This has led to the use of
alternative, but generalised data and, limitation
in the range of the period of recharge estimation.
While the cowmputer facility available can be said
to be relatively good, it however was inadegquate
in terms of the storage space, printout volume and
computer tiwe required for this study, due to

limitations imposed on the use.
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Chapter 5 RSULTS aND DISCUSSIONS
5.1  General

5.2

In this chapter will be presented the results
obtained in this study and these will be analysed
and discussed. In view of the large volume of
results obtained during the project work and also
because it was observed that the data from some of
the polygons show similar trends, it was decided
to select for presentation and analysis only samples

of the overall results.

Direct Recharge Lstimates

The results obtained in the Sokoto-Rima river
basin are first presented and discussed. The
presentation and discussion of results obtained
in Gwadabawa, Koko and Yabo station polygons will
later follow. This line of approach was adopted
because in the basin Gwadabawa and Koko station
polygons had the lowest and highest rainfall amounts,
respectively, while Yabo station polygon is the only
polygon in the basin where a zero annual recharge
was recorded. The station polygon results that
are presented highlights some trends that are not
observable (due to areal weighting) in the results

obtained over the Sokoto-Rima river basin.
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5.2.1 Sokoto-Rima river bagin

Table 5.1 contains the monthly direct recharge
estimates and soil moisture deficit over the basin
at the beginning of each month (IMD}. 1In Table 5.2,
the analysis of estimated annual recharge in the
basin is presented. The comparison of the basin
recharpe estimates, basin rainfall and actual
evapotranspiration on monthly basis, is given in
Fig. 10. The direct recharge estimates, rainiall,
actual evapotranspiration, change in soil moisture
storége As) and IMD in the basin, were obtained by
areally weisbting and summing up the values of each of
these parameters in all the 14 polygons. The areal

weightine was carried out on a monthly and annual

basis.

Tables 5.1 and %.2 show the mean annuzl
recharge over the basin estimated to be 255.0 mm
and this amount forms about 30.3 percent of the
mean annual rainfall over the basin., In all the
six years the month of Augﬁst consistently recorded
the highest rainfall, Fig. 10, and it therefore
recorded the highest average monthly recharge which
formed 5l percent of the basin's average annual

"recharge {Table 5.1)., This is because August usually
has a relatively low IMD, actual evapotranspiration
(AET) - among the recharge months and the highest

- monthly total rainfall. The months of August and



60

Table 5.1: MONTHLY aMO ARNUAL RECHARGE ESTIMATES Ih SOKOTO-RIMA RIVEK BASIN

| YEARS 1960 1961 1962 1963 1961, 1965  AVERAGE

mﬂzomwm,;r_wmom. IMD  RECH. IMD RECH, IMD RECH. IMD RECH. IMD  RECH. IMD RECH.
JaN, 0.0 195.5 0.0 137.5 0.0 146.8 0.0 129.6 0.0 103.L 0.0 136.7 0.0
FEB. ¢ 0 195.5 0.0 137.5 0,0 146.8 0.0 129,6 0.0 103.4 0.0 136.7 0.0
MaR. 0.0 195.5 0.0 137.5 0.0 146.8 0,0 128.4 0.0 103.4 0.0 134k 0.0
AFR., 0.0 195,5 ©.02 137,5 0.0 146.8 0.0 127.7 0.0 99.5 0.0 134.4 0.003
MAY 0.0 193.2 0.0 4mﬂwm 0.0 137.2 0.0 117,5 0.0 95.3 0.0 134.4 0.0
JUKE 0.0 150.9 0.6° 112.5 3.2 115,17 1,3 10k.3 8.3 64.5 10,8 119.3 4.0
JULY 55,2 82.7 49 L0.8 L47.0 59.6 6.3 50.7 Li.2 31,5 37.0 37.0 39.8
AUG. 134, 10.3 153.6 15,4 146.6 8.3 12,4 24.8 157.0 11.0 127.6 23.1  137.6
SEFT. 51.2  L.1 68,0 6.1 96.6 L4.5 63.1 7.9 69.0 2.2 69.9 L.1  69.6
OCT, .m.m 31,1 0.0 47.2 2,9 27.6 17.7 12,7 0.0 LO.7 Qa4 41.0 3.9
NOV. c.0 133.8 0.0 146.4 0,0 122.3 0.0 78.8 0.0 135.8 0.0 134.5 0,0
DEC. 0.0 137.5 0.0 146.8 0.0 129.6 0.0 103.4 0.0 136.7 * 0.0 134.5 0.0
ANNUAL  243.0 271.6 296.2 200.8 272.5 245,7 255.0

RECH, is RECHARGE {(in mm) AND IMD is the soil moisture deficit

month (in mm).

at the beginning of each
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september, in all six years, had relatively low
IFD, with September having the lowest IMD in all
$ix years because the preceeding month of August
{in all six years) consistently had the highest
monthly total rainfall, Fig., 10, and a uniformly
distributed daily rainfall which_lowered the soil
moisture deficit (3MD) and kept it in check during

the month,

Although September had the lowest IMD, nevertheless
fugust {(with a higher IMD), Table 5.1, recorded the
highest recharge. This is because the rainfall in
Aupgust was consistently higher and in most cases
better distributed than the rainfall in September
(for all the six years), Fig. 10, The occurrence
of the basin's highest annual recharge of 296,2 mm,
coincides with the basin's "wettest? year of 1962,
while the basin's lowest annual recharge of 200,8 mm
was recorded in 1963, the basin's "driestr year,

within the study period (Table 5.1, Fig. 10).

It was also observed, from Table 5.1, that the
incidences of recharge in the basin are generally
restricted to the wet season months of June to
Cctober. An exception to this general rule was
created with the occurrence of recharge in Koko
station polygon in April 1961, This exception could.

be explained as follows:
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In November 1960, there was a 65 percent drop
in the monthiy maximum soil moisture deficit (D)
over that of the previous month, due to a sudden
change in landuse, Therefore in November 1960,
the daily soil woisture deficit (SMD{I)) only
increased over a very short period before assuming
a constant value, when the low D of November 1960
was reached. Therefore, SMD(I) subsequently
remained constant and low until the arrival of an
early rainfall event in &4pril 1961, whose effective
amount {(i.e. rainfall left after the satisfaction
of evaporative and runoff demands) was enough to
of fset the low SMD(I) and hence allow recharge to

take place.

From Fig. 10, it was observed that in all the
months with recharge, rainfall was always in excess
of actual evapotranspiration (AET) with the
exception of October months of 1960, 1962, 1963
and 1965, where AET was in excess of the rainfall,
This implies that there was recharge in these
exceptional months inspite of the existence of an

SMD. These exceptions are explained as follows.

If in a month, the number of days with moisture
deficits exceeds the number of days with meisture
gains, 1t is possible that at the end of the month,

the cumulative value of the moisture deficits will
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outweigh the cumulative value of the moisture
gained. Therefore a monthly SND occurs together

with recharge.

From Table 5.2, the annual recharge ranges
from 200.8 mm to 296,2 mm, in the years 1963 and
1962 respectively. The year 1663 has the highest
AET, the lowest rainfall andAS was relatively
high as shown in Table 5.2, This implies that the
satisfaction of evaporative demand during the year
1963 was more from rainfall than it was fromn soil
moisture storage. There has,on the average, been
rainfall over the basin as early as February 1963
and it subsided in November 1963, The combined effect
of the low rainfall and high AET in 10963 made less
water available for infiltration and thercfore less
recharge took place, The high IMD and low rainfall
in the peak recharge month of August in 1963 may
also have contributed to the low recharge of that
year (Table £.1). The high monthly rainfall, low
evaporative demand and the relatively low IMD's in
the recharge months of 1962, were responsible for

the year's high recharge (Fig. 10, Table 5.71).

The vear with the highest recharge had the
highest number of davs of recharge (NDR) while the
year with the lowest recharge had the lowest NIK.

However, the year with the highest NDR did not bhave
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Table 5.2: ANALYSIS CF ESTIMATED ANNUAL RECHARGE IN SOKOTO-HIMA RIVER BASIN

PARAMETERS 1960 1961 1962 1963 1964 1965 GRAIL AVERAGE
TOTALS
RECHARGE
(mm) 23,0 271.6 296.2 200.8 272.5 245.7 1529,8 255.0
RAINFALL
(mm) g53,6 821,7 885.6 811.L B827.3 841.6 50Lh1.2 840.2
ACTUAL
EVAPORANS=-
PIRATION ,
(mm) c07.5 518.8 ©526.6 550.9 5S4O.6 5L3.8 3188.2 531.4
DIRECT
RUNOFF )
(mm) 46.2  Lh.1 494 37.6 L8 L9 271.5 5,2
D S
(mm) 56.8 =13.1 13.L 22.1 =30.6 27 51l 8.6
NO OF
DAYS OF
RECHARGE 15,8 18,4 20.7 14.9 1.5 18.€6 107.2¢ 18.0
NO OF DAYS
OF
RAINFALL 57.6 56.7 57.2 56.0 50.6 53.1 33142 5be2

DS is change in soil moisture storage
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the highest number of rainfall days (NYRN), likewise
the ycar with the lowest NDR. From Table 5.2, it
has been observed that the relationship between

NYRN and NDR does not follow any definite pattern.

Gwadabawa station polygon

Monthly direct recharge estimates and soil
moisture deficit over the polygon at the beginming
of each month (IMD) are presented in Table 5.3.
Analysis of estimated annual recharge and comparison
of monthly recharge, rainfall and actual
evapotianspiration are presented in Table 5.5 and
Fig. 11 respectively. The incidence of recharge is
restricted to the rainfall months of July, August,
September, although the year 1960 had only one recharge
month, while the years 1961, 1962, 1963, 1965 all
had two months of recharge, Table 5.3. These unusual

trends are explained as follows.

From Table 5.3, July 1960 had no recharge, this
is because the month started with a relatively high
IMD and had a relatively low rainfall (average of
(av.) 4.0 mm/day). Although the rainfall was densely
distributed (av, 1 event in 2 days), it was only
able to recduce the high IMD by L2 percent at the end

of the month. Recharge took place in August 1960



Table 5,3: ESTIMATED MONTHLY AND ANNUaAL RECHARGE (mm) IN GWADABAWA STATION POLYGON
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YEAR 1960 1961 1962 1963 196l 1965 AVERAGE
MONTH  RECH. IMD. RECH. IMD RECH. IMD RECH. IMD RECH. IMD RECH. IMD RECH,
JAN 0,0 174.5 0,0 155.4 0.0 173.2 0.0 132.0 0.0 127.4 0.0 172.5 0.0
FEB. 0.0 174.5 0.0 155.4h 0.0 173,2 0.0 132.0 0.0 127,k 0.0 172.5 0.0
MAR. 0.0 174.5 0.0 155.4 0.0 173.2 0.0 -132.0 0.0 127.4 0.0 172.5 0.0 -
APRIL 0.0 '74.5 0.0 155,k 0,0 173.2 0.0 132.0 0.0 127.4 0.0 172.5 0.0
MAY 0.0 174.5 0.0 155.4 0.0 173,2 0.0 132.0 0.0 127.4 0.0 172.5 0.0
JUNE 0.0 174.5 0.0 154.6 G.0 167.h 0.0 130.3 0.0 126.1 0.0 158.7 0.0
JULY 0.0 135.8 0.0 107.1% 19.5 149.2- 0.0 1th.h 67.6 65.4 0.0 59.4 1h4.5
AUGUST 7.7 78.1 157.6 2.03 43.4° 4.5 71.6 15,0 68.5 6.7 22.L 73.h 61.9
SEFT. 0.0 17.9 33.8 0,0 0.0 6.1 20,4 24.6 69.9 0,01 112.7 0.0  39.5
OCT. 0.0 62.0 0.0 W1y 0.0 106.9 0.0 53,2 0.0 40.7 0.0 59,8 0.0
NOV. 0.0 140.3 0.0 173.2 0.0 122,79 0.0 115.6 0.0 172.5 0.0 153.2 0.0
DEC. 0.0 155.4 0.0 173.2 0.0 132,0 0,0 127.Lh 0.0 172.5 0.0 153.2 0.0
ANNUAL 7.7 191.4 62.9 92.0 206.0 135,1 115.9
RECH. is Recharge. IMD is polygon soil moisture deficit at the beginning of the month,
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due to the high (av. 12 mm/day) and densely
distributed (av. 1 event in 3 days) rainfall of the
second half of the month. September 1960 did not
have recharge, despite it's low IMD, because the
monthly rainfall distribution was sparse (av. 1 event
in 8 days) in the first 12 days and this led to a
rapid build-~up of SMD during that period, such that
the relatively high rainfall of the later days of

the menth could not completely make up the SMD

previously built up.

In July 1961, IMi) was relatively high, Table
5.3, and the rainfall during the first half of
the month was small (av. 0.4 mm/day) and sparsely
distributed (av. 1 event in.9 days), therefore
there was a build up of SMD during this period.
The high (av. 15 mm/day) and densely distributed
(av. 1 event in 2 days) rainfall of the second half
of the wmonth barely brought the SMD close to zero at
the end of the month. August 1961, therefore had
a low IMD and the highest recharge in all the six
vears, due to a high monthly total rainfall which
was well distributed (av., 1 event in 3 days).
Although the IMD in September 1961 was zero, but it
did not have a higher recharge than August 1961
because it's rainfall distribution was relatively
sparse {(av. 1 event in § days) and also the monthly
total rainfall and the average daily rainfall

during the month was less than in august.. {285.5 mm
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cf, 122.8 mw and av. 9.0 mm/day cf. 4.0 wm/day,

respectively),

In the year 1962, recharge occurred only in
July and sugust, Despite July's high IMD, there
was recharge because the second half of the month
had high (av. 11 mm/day) and densely distributed
{(av. 1 event in 2 days) rainfall which drastically
reduced the SMD and brought about recharge at the
end of the wonth, The low monthly total rainfall
of 13.8 mm and it's sparse distribution (av., 1 svent
in 10 days) was not enough to offset the small TIiD
of 6.1 mn in 3eptember 1962, hence the SMD was

increasing and consequently no recharge occurred,

July 1963, had a high IMD, Table 5.3, and the
distribution/amount of rainfall (av. 1 event in
L, days and 5.3 mm/day respectively) in the first
half of the month reduced the SMD by half. In the
second half of the month, rainfall distribution and
amount was such that it first allowed an increase
of the 3MD, before drastically reducing it towards
the end of the month, but it (SMD) never reached

zero, Hence no recharge occurred in July 1963,

From Table 5.3, IMD was relatively low in July
of 1965, but the sparse distribution (av. 1 event

in § days) and low amount (av. 2.3 mm/day) of

i
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rainfall in the first half of the month caused a
threefold increase of SMD during that period.
Therefore, the relatively higher (av, 6.3 mm/day}
and better distributed (av. 1 event in 3 days)
rainfall of the second half of the month could not
reduce the SMD to zero. Thug in July 1965, there

was no recharge at all.

From Fig. 11, all the months with recharge
generally had monthly rainfall in excess of monthly
AET, with the exception of September 1961 and 1963,
The reasons for these exceptions have been earlier
explained in section 5.2.%. The higbeét average
monthly recharge {which forms 53 percent of the
average annual recharge) occurred in August, which
has the highest sverage monthly rainfall of 206.,7 mn.
In four out of the six years (1960 to 1965) the
hizhest recharge occurred in August, because August
had the highest and a relatively well distributed
rainfail coupled with it's low IMD's (Table 5.3,
Fig. 11). August 1962, September 196l énd 1965
recorded the highest recharge in the respectively
indicated vears without necessarily having the
highest monthly total rainfall, Fig. 11. These

exceptiors are explained as follows.

July 1962 had the highest monthly total
rainfals, but August 1962 had the highest recharge

because the IMD at the start of August 1962 was low
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and the rainfall was fairly well distributed (av.

1 event in b days) during the month,

The low IMD and the occurrence of about 76
percent of the menthly total rainfall of September
196 in the first 12 days of the month, made it
possible for the month to have the highest monthly
recharge in 1964, In September 1965; IMD was zero
and about 95 percent of the total monthly rainfall
occurred in the first two weeks of the month, when
the increase in SMD_was still very small, hence the

month had the highest recharge in 1965,

In Table 5.4, the annual total recharge estimates
range from 7.7 wm (in 1960) to 206.0 mm (in 196L).
The average annual recharge is 115.9 wm. The year
1960 had the least annual rainfall and a relatively
{(to the annual rainfall) high aET. The distribution
and amount of daily rainfall in 1960 (i) produced
a high annual LET by generally allowing
evapotranspiration to proceed at the maximum rate and
(ii) only completely offsetting SMD once in the
yvear. These two factors are responsibie for the
low annual racharge of 1960. The year 1964 had
the second highest annual total rainfall and the
highest anhual recharge as against 1965 whose
annual total rainfall is the highest but has a

lower annual recharge. This is because the daily
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Table 5.4¢ ANLLYSIS OF ESTIMATED ANNUAL RECHALRGE IN GWADABaWAa STATICN

POLYGON
PaRAMETER 1960 1961 1962 1963 196l 1965 GRAND  aVERAGE
TOTALS

RECHARGE

(mm) 7.7 191.L 62.9 92.0 206.0 135.1 695.1 115.9
RAINFALL .

(mm) Lh6.,2 726.0 L70.9 569.4 736.6 752.1 3701.2 616.9
ACTUAL

ET. ,
DIRECT
RUNCFF

(mm) 15.4 25.0 20.6 16.2 25.9 24.7 127.8 29.3
AS

(mm) 19.1 =17.8 41,2 4.6 =45.,17 19.3 21.3 3.6
NDR |
(days) 1 16 L 5 11 9 L6 7.7
NYRN
(days) 31 41 26 39 3L L3 214 35.7

AS is change in soil moisture storage. NDR is No of days of recharge

NYRN is No of yearly occurrences of rainfall.
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rainfall was well distributed during the rechargs
months of 1964 than it was during the same period
in 1965, Therefore three moderately large monthly
incidence of recharge occurred in 196l as against
two monthly incidence of recharge - one small and
one large amount - in 1965 Table 5.3, Same
explanation goes for the higher recharge obtained
in 1961 as against the recharge obtained in 1965,
Both 1964 and 1965, bhave high AET due to high

potential recharge and early rains.

While the year with the least recharge had the
least HDHt, the year with the highest recharge did
not correspondingly have the highest NDR. «lso no
definite relationship seem to exist between NYAN and

NDR, Table 5., -

Koko station polygon

Monthly direct recharge estimates and soil
moisture deficit over the polygon at the beginning
of each month (IMD) are presented in Table 5.5.
Analysis of estimated annual recharge and comparison
of monthly recharge, rainfall and actual
evapotranspiration are presented in Table 5.6_and_
Fig. 12 respectively. Monthly recharge estimates
vary from zero in January to 489.3 mm in sugust 19562,
The IMU value in wsugust 1962 was zero and august 1962

had the highest monthly total rainfall (both in Koko
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station polygon and the Sokoto-Rima river basin) in
the year 1962 and in all the six years. The daily
rainfall ambunt (av. 20 mm/day) was high and was
densely distributed (av., 1 event in 2 days) during
the month, Incidences of recharge are mostly
restricted to the months of July to September.
However, exceptions to this rule abound in 1961,
1962 and 1960, 1963, when recharge was observed to
take place in april, June, and October respectively,
July 1961 and 1963 had no recharge, Table 5.5.

These unusual trends are explained as follows.

The case of april 1961 has been dealt with
earlier in section 5.2.1. June 1962, had the highest
IMD in 1962 and also when compared with the month
of June in other years, In June 1962, the daily
rainfall amounit was relatively higher and better
distributed than that in June of other years, it
therefore was able to effect a gradual reduction
(during the month) of the high IMD and thus bring

about recharge at the end of June 1962.

IMD in Octoéber 19601was relatively low and the
monthly total rainfall was relatively high too with
about BO percent of the monthly total rainfall
occurring in the first 15 days of the month, before

the onset of any appreciable rise in SMD.

October 1963 started with a relatively low IMD

and hizh monthly total rainfall (cowmpared with other



Table 5,5: ESTIMATED MONTHLY AND ANNUAL RECHARGE (mm) IN KOKO STATICN POLYGON
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YEAR 1960 1961 1962 1963 1964 1965 AVERAGH
MONTH RECH. IMD R&CH. IMD RECH. IMD RECH. IMD RECH. IMD KECH. IMD RECH.
JAN. 0.0 185.6 0.0 36,0 0.0 97.9 0,0 9,5 0.0 76,7 0.0 95.7 0,0
FEB. 0.0 189.6 0.0 36.0 0.0 97.9 0.0 96.5 0.0 76.7 0.0 95,7 0.0
MAR , 0.0 183.6 0.0 36.0 0,0 97.9 0,0 91.9 0.0 76.7 0.0 95,7 0.0

APRIL 0.0 189.6  0.51 36.0 0.0 97.9 0.0 78.0 0.0 76,7 0.0 95,7 0,08
tMay 0.0 175.4 0.0 36.0 0.0 $97.9 0.0 60.3 0.0 76.7 0,0 95.7 0.0
JUNE 0.0 96,7 0.0 58.7 4.4 97.9 0,0 57.2 0.0 4B.8 0.0 LL.5 0.7
JULY  M4.6 110.3 0.0 86,2 SL.9 3.7 0.0 33.6 8.8 59,3 40.6 81.5 36.5
[AUGUST 120,0 0,0 88,0 23.7 489.3 0.0 53,2 21,1 308.0 L.6 55,6 9,5 185,7
SEFT. 11h4.4 13.4 87.4, 2.8 97.2 2.8 107.9 7.5 255.3 0.0 206.4 0.0 144.8
oCT. 54,3 9.2 0.0 24.5 0.0 38,3 30.4 3.4 0.0 0.0 0.0 3.4 1.1

NOV. 0,0 32,1 0,0 97.9 0,0 96,5 0.0 76,7 0.0 95.7 0,0 93.9 0.0
DEC. 0,0 36.0 0,0 97.9 0.0 9,5 0,0 76,7 0.0 95.7 0.0 93.9 0.0
ANNUAL 403.,3 175.9 645.8 191.5 572.1 302.6 334,9

RECH. is recharge. IMD ig polygon soil wmoisture deficit at the beginning of the month.
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months of October, Fig., 12), about 98 percent of the
monthts total rainfall took place in the first 11
days of the month, before any significant rise in
the Iow IMD could take place. 4Although QOctober 1665
started with the same IMD as October 1963, it did
not record any recharge because the monthly total
rainfall in October 1965 was only 27.2 mm, much less
than that in October 1963, 8218 mm, Furthermore,
it's distribution was such that it allowed, rather

than check, the rise of SMD.

Despite the satisfaction of both evaporative
and runotf demands by the monthly total rainfaill
of July 1961, recharge did not take place because
the effective rainfall of 62.5 mm was still less
than the wonthly SMD of 86.2 wm, Table 5.5, and alsc
there was no day, during the month, when fhe
effective rainfall was enough to offset the SMO(I).
Same explanation goes for July 1963 which had an
effective rainfall of 12.5 mm and a monthly SMD of
33.6 mm (Table 5.5, Fig. 12). From Table 5.5, the
highest average monthly recharge of 185.7 wma took
place in august, which incidentally has the highest

average monthly rainfall of 305.6 mm,

From Fig, 12, it is observed that in all the
months with recharge, rainfall was greater than the
ABRT, except in October 1963, This is due to the

same reasons as advanced in section 5.2.1. Maximum

- LH-
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recharge occurred in august of the years 1960, 1361,
1962 and 196L, with the august of these years having
the highest rainfall, except in 1960. In 1960,

July had the highest rainfall but was largelyv ncsad
to make up the IMD and the SMD that was built up
during the month. September 1963 and 1965 had the
highest monthly total rainfall in the respective
yeérs and relatively low IMu's, Table 5.5. therefore
these months logically had the highest recharge in

both years.

In Koko station polygon, the annual recharge
estimates vary from 175.9 mm in 1961 to 645 .8 mm
in 1962, The average annual recharge is 381.9 am,
Table 5.6. In 1961, the sparse distribution and
small amount of the rainfall in the early wet season
led to a build up of the SMD. Such that when the
rains became more regular (with a better distribution
and amount) most of it was used to offset the
previous SkD build up, thus reducing the monthly
incidences and amount of recharge in 1961. Both,
1962 and 1964, have approximately the same annual
rainfall, but the former has a higher recharge than
the latter. This is because June - July, the first
two recharge months of 1962, respectively had better
rainfall amounts and lower IMD than the same months
in 1964, Table 5.5, Fig. 12. Therefore the total
recharge in June - July 1962 exceeded those of the

same months in 1964. The total recharge for ‘the two
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Table 5.,6: ANLLYSIS OF ASTIMATED ANNU:AL RECHARGE IN KOKU STalICN FOLYGOR
F4RAMETZR 1960 1561 1062 1963 196 1965  GRaND  AVIRAGE
TOTALS
RECHARGE
(mm) ¥03.4 175.9 645.8 191.5  572.1  302.7 2291.L  381.9
RLINFALL S
(mm) 1168,8 810,86 1245.2 954.6 1246.3 972.6 6398,3 1066.4
ACTUAL
ET.
(nm) .509.8 627,17 L89.2 667.1 585,8 578,9 3457.9 576.3
DIRECT
RUNQFF .
(mm) 102.0 69.7 108.7 76.1 1074 89.2 553.1 92.2
As
(mm) 153.6 =-61.9 1.4 19.8  «19.0 1.8 95.7 16,0
NDR
(days) 26 11 32 17 35 19 10 23,3
NYRN
(days) 60 L1 Ls 75 68 63 356 59.3
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other recharge months in both years are approximately

the same.

From Tables 5.2, 5.4, 5.6, 5.8 it is observed
that Koko station polygon has the highest direct
runoff (UkO;. This is because about 58 percent of
Kokeo station polygon is covered by the baszment
complex rocks and clay out ¢rops, hence it's high
runcif values as against Gwadabawa and Yabo station
polygons both of which are entirely located in the
sedimentary region of the Sckoto-Rima river basin,
While most of the runoff from the Sokoto-Rima river

basin comes from the basement complex region, rHock

(1967), the land area covered by the basement complex

region is less than that covered by the sedimentary

region.

From Table 5.6, it is observed that, the year
with the lowest recharge has the lowest NDRX. But
the year with the highest recharge did not have the
highest NDR or NYRN. This would imply that the
number of incidences of recharge and the magnitude
of recharge are not directly related. The same

argument goes for NYRN and NDR.

Yabo gtation polygon

Monthly direct recharge estimates and soil
moisture deficit over the polygon at the beginning

of each month (IMD) are contained in Table 5.7.
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Comparison of recharge, rainfall and actual
evapotranspiration is presented in Fig. 13, From
Table 5.7, recharge ranges from zero in January to
1.0 mm in sugust 1964 and it is generally restricted
to the period from July to September. June 1965
could be an exception to this rule, as it had the
highest monthly total rainfall in that year, about
8l percent of which was recorded in the first two
weeks of the month, This type of rainfall
gistribution rapidly reduced the relatively hign
IMD and kept it low enough for recharge to occur in

the middle of the month,

In September 1960, IMD was zero and no recharge
took place because the month's rainfall distribution
was such that frequent dry spells in between rainfall
events caused a rapid rise in SMD. sfter such dry
spells rainfall was largely used in making up the
build up of SMb, which in all the cases was never
completely made up, hence there was no recharge in

this month,

No recharge took place in July 1662, because
0f the dry spells in between rainfall events and
the relatively small (c¢f. the daily rainfall in the
last week of the month) daily rainfall of the first
three weeks of the month which allowed a rise in
SMD during this period, such that the higher daily

rainfall of the last week of the wmonth could not Compiétely
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Table 5.7: S5TIMATLD rioivihiY AL ANNUAL RECHARGr (mm) IN Yase STATICK POLYGOR

YeeR 1960 1961 1962 1963 1964 1965 AVIRAGE |
MONTH RECH. IMD RECH. IMD RECH. IMD RECH. IMD RECH. TMD RECH. IHMD  ARasi. |
[ 7iN 0.0 18L.6 0.0 163.1 0.0 140.0 0.0 14B.8 0.0 80.6 0.0 163.1 0.0
FEB. 0.0 184.6 0.0 163.1 ©.0 140,60 0.0 48,8 0.0 B0.6 C.0 163,1 0,0
MAK , 0.0 184.6 0.0 163.1 0.0 140.0 0.0 148.8 0.0 80.6 0.0 163.1 0.0
AFRIL 0.0 184.6 0.0 163.1 0.0 140.0 0,0 148.8 0,0 80.6 0.0 163.1 0.0
P Y 0.0 184.6 0.0 163.1 0,0 109.4 0.0 14h.6 0,0 60.6 0.0 163.1 0,0
JUNL 0.0 124.8 0,0 142.6 0.0 B7.1 0.0 Aré.o 0.0 33, 2h.6 155,17 L1
JULY 26,8 59.5 8.3 33.6 0.0 66.7 0.0 100.1 42.3 30.0 30,2 50.1 13.0
sUGUST 98.2 11,4 102.6 39.1 95.6 35,0 0.0 91.7 1140 L.595.0 22.6 OBL.2
SZFT. 0.0 0.0 78.1 0.0 98.5 3.6 0.0 9.3 Lhk.h 0.0 40.3  29.2 L43.6
OCT. 0.0 31.4 0.0 349 0,0 24,8 0.0 384.6 0.0 38.1 0.0 72.9 0.0
OV, 0.0 4l.1 0.0 140.0 0.0 156,7 0.0 64.5 0.0 147.0 0.0 139.8 0.0
DEC, 0.C 163.1 0.0 140.0 ©.0 148.8 0.0 80.6 0.0 163.1 0.0 139.8 0.0
ANNUAL 125.0 189.6 1901 0.0 200.7 190.1 143,95

RzlH. is recharge.

IMD is soil moisture deficit at the beginning of the month (ma)
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offset the SHL that was built up over the first

three weeks,

In 1963, recharge did not take place throughout
the year. This is vecause, during the rainfall
months of July and September, the daily rainfall
distribution was such that the long dry spells in
between rainfall events allowed for an increase oi
oMU.  and the Sk was only partially offset after
subsequent rainfall events. While the month of
August 1963 had the highest monthly total rainfall
and a dense daily rainfall distribution {(av. 1 event
in 2 days), the rainfall amount on all the month's
rainfall days was not large eﬁough to reduce the

SMD{I} to zero.

From Fig. 13, it is observed that unlike in
the two polygons earlier discussed, in all the
months with recharge in Yabo station polygon, the
rainfall was zreater than the actual
evapotranspiration., This implies that all the -
recharge months had potential recharge. In 1960,
1961 and 198lL, august had the highest monthly total
rainfall and correspondingly the highest monthly
total raocharge. The daily rainfall amounts were
adeguate and well distributed in all these montns.
In 1962 the highest monthly total rainfall was in
August but September recorded the highest recharge,

because IMD in September was legs than in august,

it
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Table 5.7. A&lso about 70 percent of the total
rainfall in September fell in the first 16 days
of the month before any appreciable rigse of the month's
low IMD. Therefore September had a higher recharge
thai. August., Total rainfall in September was 16

percent less than that of August,

In 1965, June had the highest monthly total
rainfall (which largely went into reducing IMD).
The daily rainfall distribution in June was sams as
in august (av. 1 event in 4 days), but August had
the highest recharge because in contrast to June,
the daily rainfall distribution was such that the
short dry spells in between the relatively heavy
rainfall =vents, did not favour any appreciable
increase in the relatively low SMD at the beginning
of the month and the SMD on the days in between
rainfall events., Therefore after each rainfall
event the rainfall amount was usually enough to

offset the SMD.

Sensitivity Analysis

The reéults of the sensitivity analysis
carried out in Sokoto-Rima river basin, Gwadabawa
and Koko station polygons, using the method earlier
described in section 4.6, are presented in Tables
5.8, 5.9 and 5.10 respectively. Figs. 14 to 19
contain pictorial representations of the sensitivity

of the model to variation of rainfall and potential

r
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evapotranspiration (PET). The test results are
presented on mean monthly (and restricted to recharge
months only in order to save time and space), mean

annual and on grand total basis.

Zonal rainfall (ZNRAIN)

It was obéerved that é two percent wvariation
in ZNRAIN resulted in high ($»1.0) sensitivity ratios.
This implies that the model ig sensitive to ZNRAIN,
The results are given in Tables 5.8 to 5.10 and Iigs.

M to 16.

Potentizl evapotranspiration (PET)

The results as given from Tables 5.8 to 5.10
and Figs. 17 to 19, show that a five percent
variation of PET, generally gave ‘sensitivity ratios
in cxcess of 1.0, This would imply that the model
is sensitive to PET. Although the months of August
and September in Tables 5.8, 5,10 and Figs. 17, 19
had sensitivity ratios which are below 1.0 as against
what obtained in the same months in Table 5.9 and
Fig. 1. This is because August and September in
Koko station polyvgon and Sokoto~Rima river basin
have low PET (88.0 mm/92.6 mm and 97.9 mm/109.6 um
respectively) values as against thé higher PET values
of Gwadabawa station polygon (115,6 mmn and 126 iam)
in thc same months. Thérefore, the variation oi the
lower PET values in Koko station polygon was not
significant enough to produce too large a difference

between the new and model recharge estimates.



88

Table 5.8: SERSITIVITY ANALYSIS USING WEIGHTED MOWTHLY, WEIGHTED ANNUAL AND WEIGHTZD GRAND ICIALS
(SOKOTU-RIMA RIVER BASIN) . .

MONTH/  MODEL ZNRAIN PET ROC c D F
4EIGHIED ESTI-
WO OF MaTE +2 -2 +5 -5 +100 -75 +50 -50 +50 -50  =1000 -B0O +400

DAYS OF (om)
g |RECHARGE _ :
g lonm 60 6,9 S.4 5.3 7.3 3.6 84 4.7 17.6 50 13%.0 0,3 6.5 5,1
2 . |wom oy 0.5 0. 04 0.5 0.2 0.5 04 1.2 Ok 1.3 008 O.h 0L
22 1ouwy 4.3 51.8 h2.8 L1.5  53.8 .k 56.9 U45.0 65.8 1L5.6 65.3 2.5 1480 LS.
»1Eh | WNDR 2.9 3.1 2.7 2.6 34 24 33 2.8 40 28 4.0 1.2 30 2.6
L' | aycust 145,58 151.3  139.5 139.1 152.2 128.4 158.2 43.6 152.6 145.1 151.% 9334 14Lh.8 bbb
mm WiDR 8.8 6.6 86 8,3 92 81 92 86 9.2 88 9.2 80 88 8,7
oo | SEFT. .Yy  77.2 71,5 70.¢ 77.8 65,4 80.9 7h.h  7h.6 TG W6 72,9 Thihk Th.h
mm 1 4NDR 5.5 5.5 5.3 5.3 5.7 | 5.7 5.5 5.5 5.5 5.3 5.4 5.8 5.5
28 oCT. 3.8 h.0 3.6 3.5 4.2 3.2 h.3 3.8 3.8 3.8 3.8 3.8 3.8 3.8
mnw)a%% 0.4 0.y 0.3 0.3 OJy 0.3 04 0 O Oy 0iy O Ok O
wr 2B AN 277.2 291.5 263.,0 260.4 295.4 235.0 309.0 271.8 31L.6 27i.1 318.h 232.4h 278:6 273.3
mww \WHDR 18.0  18.% 17.4h  16.9 19.2  16.2 19,4 47.6 20.3 17.9 23.5 4.9 180 17.5
- ORAMTY
mmm mw%a.m 1663, 1749.8 1578.0 1562.5 1772.4 1410.0 1€5.0 1631.0 1837.5 1645.0 1898.3 139h.5 1671.9 1640.0
= Z3| wmoR 107.8 110.6 10L.3 101.5 115.0 97.4 1145 105.7 121.6 107:2 122.3 9.6 1083 105.1
o |IUNE 6.0 7.5 <=5.0 =-2.3 4.3 =04 0.5 0. 3.9 -0:3 k.3 0.2 0.1 -0.04
o JULY 47.3 L.9 =4.8 2.4 2.8  -0.3 0.3 -0.1 0.8 «~0.07 0.8 -0,1 .02 0,01
m) AULUST 145.5 2.0 =2.1 =0.9 0.9 =0.1 0.1 -0.03 ©.1 ~0,005 9.09 =-0.02 =0,001 -0.002
z o | s=pT. 74k 1.9 <2.0 =0.9 0,9 =~0.1 0.1 0.0 0,005 0.0 0,005 -0,005 0,0 0,0
m..q.w OCT. 3.8 2,6 =2.6 =1.6 2,1 ~0.,2 0,2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
_..m ARRUAL  277.2 2.6 =2.6 -1.2 1,3 -0.2 0.2 -0.0h 0.3 -0,02 0.3 -0,04 0.01 -0.00k |
A mwﬁm_m 1663, 2.6 -2,6 1.2 1.3 -0.2 0.2 *0.0h 0.3 ~0.02 0.3  ~0.0h 0,01 -0,00 |

WNDR is weighted no of days of recharge.
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Table 5.9: SENSITIVITY ANALYSIS USING AVERAGE MONTHLY, AVERAGE ANNUALS AND GRAND TOTALS {CWADABAWA
STATICN POLYGON)

MONTH/ MODEL ZNRaIN PET ROC c D F
WO OF DAYS RECH-
CF ARGE +2 -2 +5 -5 4100 -~75 +50 =50 +50 =50 =1000 =80 +1,00
RECHARGE  (mm) (=0.02) (=0.5)
{NDR)
L TULY 1.5 17.1 13.6 12.4 17.9 11.4L 18.5 12.0 L5.0 14.5 U45.7 5.7 15.8 13.5
m} DR 0.67 0.83 0.67 0.5 0.83 0.5 0.83 0.67 1.83 0.67 1.83 0.5 0.83 0.67
B
2 E [aucusT 61.8 66.7 57.2 S5.l 68.2 52.568.6 56.3 B81.3 61.6 78.5 28.0 62.1 58.9
[£3]
Mw ND k.33 4.83 L4.17 4.0 5.0 1.0 4.B3 L.17 5.5 L.33 5.5 2 433 433
mm SEETENMRER ww.__.ﬁ. rb.O w‘wam wﬂ._v wr.__-_._. w_m-m _.r;_.m ww-.__.—. w@..r. wm-__._. 39.4 w&.m ww-r wm-_._.
Y..u HDR 2.67 2.67 2.67 2.67 2.67 2.67 2.67 2.67 2.67 2.67 2.67 2.57 2.67 2.67
mm ANNUAL 115.8 124.9 108.7 105.3 127.7 100.6 128.7 107.8 167.1 115.6 163.7 72.2 110.1 111.9
=
wm NDR 7.67 8.33 7.5 7.17 8.5 7.17 8,33 7.5 10.2 7.67 10 5.2 7.83 7.67
82 |oran
mm TCTALS 695.0 749.8 652.5 632.1 766.4 60L.0 772.6 647.2 1002,5 694.0 982.1 433.7 70L.2 671.4
%% |NoRr 6 50 45 43 51 B3 S0 45 61 46 60 31 L7 16
m JULY 1.5 8.95 -3.10 -2.90 L4.69 -0.21 0.37 -0.34 4,21 0.0 L4.30 -0,2 0.11 -0.,02
2 |aucusT 61.8 3.96 -3,72 -2.07 2.07 -0.15 0.15 -0.18 0.63 -0,01 0.5} -0.18 0.006 =-0.01
m\.nw SEPTEMBER  39.4 2.03 -2.03 -1.02 1.02 -0.07 0.07 0.0 0.0 0.C 0.0! -0,01 0.0 0.0
=
nw AKNUAL 115.8  3.93 -3.06 -1.81 2.06 -0.13 0.15 -0.14 0,85 -0.003 0.83 -0,12 -0.06 -0.01
7 .
m .r..r?d
b TCTALS 695.0 3.93 -3.06 -1.81 2.06 -0.13 0.15 -0.14 0.89 -0.003 0.83 -0.12 -0.06 -0.01
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Table 5.1C: SEHSITIVITY ARALYSIS USIIG AVERAGE MONTHLY, AVERAGE ANNUAL AND GRAND TOTALS (KOKG STATION POLYGON}

MONTH/  HODEL ZNRAIN PET ROC c D F
NO RE~-
OF DAtS o_ﬁﬁmmﬁww +2 -2 5 -6 4100 © =75 450  -50 450 =50  =1000 Tmmmmv A,,womv
RECHAAGE e .
(NDR) . .

JUNE 0.7 3 T 3.0 7.0 0.0 Z 3 G.0 52 0.6 5.7 0.9 0.9 0.0

NDR 0.2 0.2 0.2 0 0.2 0 0.3 o 0.7 0.2 0.7 o} G.2 0
< |JuLyY 6.4 40,0 32,9 31,1 k1.9 19,6 S0.8 3.3 62.8 364 576 20,7 37.5 32.2
mm ND& 2,2 2.5 2,0 1.7 2.5 1.2, 2.5 2 3.3 2.3 3.3 1.0 2.3 1.8
mm. AUGUsT 485.7 193.3 178,0 177.h 193.4 _148.5 211.2 183.5 192.5 185.5 192.5 179.4 185.5 183.9
Lo | NDR 9.5 9.8 9.2 8.7 10.0 7.7 10.0 9.5 9.8 9.5 9.8 9.0 9.5 9.5
ww SEPT. k.7 149.3 140.2 40,7 (48,9 122.9 161.2 1h4k.7 k.7 k.7 b7 7 LR L7
%3 {Nok 10.3  10.5 10,2 10,2 10.5 9.3 10,8 10,3  10.3 10,3 10,3 10.3 10,3 10.3
HL“ oc'r. 1.1 14.7 13,4 13.2  15.1 11,0 6.3 1 by bt b b1 Lot 1.1
Z& | NDR 1.0 1.0 1.0 1.0 1.0 7.0, 1.0 1,0 1.0 1.0 1.0 1.0 1,0 1.0
mm ANNUAL  381.9 399.1 64,8 362.7 400.6 302.2 L3y 373.8 Lh22.5 304.7 419.8 359,0 382.9  375.0
m,m NDR 23.2 24,2 22.5 2.7 2h.2  19.2 2.6 22,8 25.3 23.3 25.5 21.3 23.% 22.8
ms moﬁz,wm 2:31.5 2394.7 2189.0 2175.6 2403.6 1813,3 2660,4 2242.9 2535.0 2290.2 2518.8 2154.0 2297.L 2250.0
wm NDR 39 145 135 130 1h> 115 L9 137 152 140 153 128 147 137
o |ouNE 0.7 2.9 -h2.9 -20 8.6 -1.0 3.0 . =2.0 12.9 -0.2 k.3 -0.3 0.4 -0.3
a JULY 36,4 L.9 -L4L.8 -2.9 3.0 =0.5 0.5, -0.3 . 1.L 0.0 1.2 0.1 0.04 -0.03
m) AUGUST 185.7 2.0 =2.1 -0.9 c.8 -0.2 0,2 . -0.02. 0.07 -~0.002 0.07 -0.01 0,0 -0,002
2SI SEPT, .7 1.6  ~1.6 =0.6 0.6 0.2 0.2 0.0 0.0 .0 0.0 0.0 0.0 0.0
mw oCT. 1.1 2.1 =2.5 1.3 1,k =-0.2 0.2 0.0 0.0 0.0 0.0 0.0 c.0 c.0
8 | ANKUAL 381.9 2.2 -2.2 ~1.0 1,0 =0.2 0.2 =-0,04 0.2 +0.001 0.2 -0.01 0.003 -0.004
m GRAND
4 |ToTils 2291.5 2.2 -2.2. 1.0 1.0 =0.2 0.2 -0.04 0.2 -0.001 0.2 -0.01 0.003 -0,004
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5.3.3 Runoff coefficient (ROC)

Generally, the sensitivity ratios (Tables 5.8
to 5,10} are low (i.e.& 0.4), indicating that the
model is slightly sensitive to ROC. In Koko station
polygon, Table 5.10, the sensitivity ratios, although
gencerally less than 0.4, are higher than in
Gwadabawa station polygon, Table 5.9, This is
because Koko stgtion polygon has a higher runoff,

for reasons earlier stated in section 5.2.3.

S.3.4 Reot constant (C) and maximum soil moisture deficit

)

In Tables 5.8 and 5.10 are given the model's
sensitivity to C which was generally nil. Although
the wmodel's sensitivity to C ranges from low to aigh
in the early recharge month(s). This is because a
change in C only becomes significant when the Sk
build up is high enough to cause a reduction in the
rate of evapotranspiration., During the early recharge
month(s), SMD build up is usually high (cf. the late
recharge month{(s)) and therefore the model is usually
more sensitive to C in the early recharge month{s)
than in the late recharge month(s). As shown in
Table 5.9, the model's sensitivity to C ranges from
nil to high. This is because two of the three recharge
months in Gwadahbawa station polvgon fall in the earlyi
recharge month(s) during which the model is usually more
sensitive to C. The sensitivity of the model to C

depends on the position of SMD along the drying curve
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Fig., 1. When 3MDEC, the model is insensitive to
C (as in the late recharge month(s)). But when SLD C
the model becomes sensitive to C {as in the early

recharge month(s) when SID is usually high).

Shown in Tables 5.8 and 5.10 are the model's
sensitivity to D. It was generally nil, with the
model being sensitive to D only in the early recharge
month(s) and insensitive to same in the late recharge
month{s), When SMD £ C, the model is insensitive to
D, but when C <SMD&D the model becomes sensitive
to D. The-latter case is mere prevalent during the
early recharge month(s) because the SKMD then is usually
high, Hence the model is more sensitive to D at

that time, than in the late recharge month(s).

5.3.5 Slope of drying curve (F)

Generally, sensitivity of the model to I is
nil, However, Gwadabawa station polygon, Table
5.9, is more sensitive to F than Koko station
polygon, Takle 5.10. This is because, the factor,
F, becomes relevant on}y when SHD falls between C
and D, The higher PET values coupled with the lower
C values in Gwadabawa station polygon always tends
to bring SMD within the said range more frequently
than is the case in Koko station polygon, the model
will therefore be more sensitive to F in Gwadabawa

station polygon than in Koko station polygon.



5.3.6

5-307

Table 5.9. !

Sy

Effuct of parameter variation on number of days

of recharge (NDR)

Prom Tables 5.8 to 5,10, it can be seen that
parameter variations have led to variations in
the NDR. It was found that NDR is highly sensitive
to variation of ZNHAIN and PET. NDR was found to
be insensitive to variation of ROC and F, and a
positive variation of C and D, NDR was found to
be glightly sensitive to a negative variation of €
and D. The sensitivity of NDR to the variation of
all the parameters, ranged from moderate to high
in the early recharge month(s). This ig because the ;
early recharge month(s) is/are more sensitive 1o
variation of input data and model parameters than

is the recharge in the late recharge month(s).

Amount and incidence of recharge

Generally, it was found that a variation of
recharge estimate was due mainly to a variation of

the wagnitude of recharge from particular storms,

[

rather than a variation of the number of days of
recharge. However, when PET was varied and C and
D were decreassed, the variation of recharge was due, I
both to the variation of NDR and the variation of

the magnitude of recharge from particular storms,
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5.3.8 Conclusion
It was observed:

{i) that the model is sensitive to rainfall and
PTT

(ii) that the model is slightly sensitive to 10C
and a reduction in C and D, Tables 5.8 to 5,103

(iii) that the model is insensitive to F and a
positive variation of C and D, Table 5.8 ~
5.10;

(iv} that veriation of recharge estimates, as a
result of parameter variations, is mainly
due to variations in the recharge of
pafticular storms. Although, in some cases,
it wmay also be due to variation of NDR;

(v that, as shown in Tables 5.9 and 5.10, the
same percentage variation of a given paramncter
can produce different sensitivity levels at
different locations in the basing

(vi) that the model was relatively more sensitive
to parameter variations in the early recharge
month(s) than in the mid and late recharge month(s).
This ir probably duc to the relatively low
rainfall, high SHD and high potential
evapotranspiration of the early recharge

month(s).
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Isorecharge Map

Figures 20 to 22 are isorecharge maﬁs showing
recharge distribution in the Sokoto~Rima river basin
for the vears 1962 (with the highest annual recharge),
1863 (with the lowest annual recharge) and the
aversge annual recharge over each polygon. From
figvres 20 and 22 it is observed that, with a
south-north movement in the basin there is a general
decrease in the amount of recharge., This could be
due to the fact that rainfall amounts follow tho
same pattern, Fig. 5. It was however observed,
from figure 21 that there was a2t first an increase
in recharge amounts, with a south-north movement in
the basin, then a peak recharge is reached at a
point near the middle of the basin, after which
there was a general decrease of recharge amount
towards the north. This can be explained thus; in
the year 1963 the peak fecharge point {(Gusau station
polygon) recorded the highest amount of rainfall
in the basin and also the highest amount of recharge.
The concentric Yrecharge rings" around this station
is therefore due to the location of the highest
recharge point in the neighbourhood of relatively

lower recharge points.

Validation of Incidence of Recharge

The incidence and amount of recharge are model

outputs that must be validated in order to
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render recharge estimates credible. Recharge amounts
are best validated by comparing them with springflow
measurements or recharge estimates carried out by

any other reliable and accurate method(s). BExamples
of which have been previously reviewed in chapier

two. The data presently available makes the
validation of the amount ¢f recharge impossibls for
now, hence further work is required before the
recharge amounts can be fully validated., But attemptis

are made to validate the incidence of recharge thus.

Figure 23 shows the plot of monthly recharge
(in two polygons - Talata/Mafara and Isa) and the
observed well water level against time, in two towns
(Mai~inchi and Kagare Daura) located respectively
within the fwo polygons. From figure 234, the rise
in the well hydrograph started in the month of Junc
1962 rising to it's peak at the end of September
1962, This subsequently remained approximately
constant, before it started to drop towards the end
of October. 1In 1963, the well hydrograph started
to risc at about the middle of May, all through to
the end of October after which it started to drop.
In figure 238, the risce in the well hylrograph
started at the end of June 1962 until the end of
September 1962, beyond which the hydrograph plot was
extrapolated., In 1963, as in 1962, the well

hydrograph started to rise by the end of June and
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it kept on rising until wmid-November, after which

it started to drop.

One unusual trend that is noticeable from
figures 23A and 23B is the tendency of the well
hydrographs to rise in the absence of recharge. This
trend can be explained by referring to figure 3,
which shows the location of the observation wazlls,
From this figure, the location of both walls at
Mai~inchi and Kagare-Daura (very close to rivers
Sokoto and Bunsuru respuctively) is suggestive that
they are located in the valley of both rivers and
hence the aquifers which the wells tap are linked

with the rivers,

The link between the river and the aquifer tapped
by the well allows for the creation of a hydrauiic
gradient between the river and the aquifer, due to
the previous decline of the water level in the

aquifer {and hence the well).

This factor, coupled with the guick response
of the rivers to rainfall in the basement complex
as confirmed by Oteze (1976) when he states that,
Yeeeawes In these areas, there is a very quick resnponse
of the stream discharge to rainfall.......", makss

it possible Jor the river to recharge the aquifar

indirectly shortly after the arrival of the rains
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when the SHD has not yet becn made up. In light of

the above, it is therefore possible for the well
hydrographs tTo start rising shortly after the

arrival of the rains as is now the case,.

In figure 234 the well hydrograph remained
approximately constant for the greater part of
October 1962 after which it then started to drop.
This is probably because the relatively sm2ll amount
of recharge (7.0 mm) and rainfall recorded in that
month was Jjust barely enough to offset the rate of
withdrawal from the well, (It should be noted that
these wells are used wells). That the well hydrograph
in figure 23B, continued to rise until about
mid-November 1963, despite the fact that October
1963 was the last menth in which recharge occurved
in Isa station pelygon and also the month in which
rainfall stopped, suggests that the recharge area
of the aquifer which the well taps is farther away

from tho well.

Figure 2l shows the plot of monthly recharge
(in Sokoto station polygon) and well water level
(at Wamako) against time. The Well at Wamako is
located in the Kalambaina limestone aquifer. Froam
figure 2, the well water level started to rise a
from early June 1962 until mid-September, after which

it remained constant and finally sfarted to drop at
14
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the ending of September. In November 1962 and

March 1963, some kinks are observed as the drop
continued., From April 1963, the well water level
started to rise until late May 1963 after which it
remained constant until mid-June 1963, after mid-June
1963, it started to rise with some kinks observable
in September 1963 and October 1963. It finally
started to drop {according to extrapolated valucs)
at about early October 1963. In 1962, recharge was
first recorded asbout two months after the well water
level startsd to rise, while in 1963, rechargs was
first recorded about four months after the well
water level had started to rise. In the author's
view the implication of this observation is that the

well is recharged both directly and indirectly.

But while commenting on the well in guestion,
Mock (19E7) rules gut the possibility of indiract
recharge of the well when he stated that .,..."The
calcerous layer outcrops Jjust above the river,
Therefore, interference from the river need not be
considered.” FMock's view was supported by Cteze
(1976} when he argued that, between Sabon-Birni and
Wamakc (figure 3), the Rima river loses water as
influent scepage to the Rima group aquifers, but not
to the Kslawbaina limestones, a part of which is
intersectaed by the Sabon-Birni - Wamako stretch of

the Rims river, He further supportad this argument
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by saying that, "It is unlikely to recharge the
Kalambaina limestones (as was suspected by the
committee set up by the North-West state governwment
to study the sffects of drilling boreholes in the
drought affected areas) because the valley bottom
is mostly below the level of the limestones.» WIS
here refers to the secpage loses from the Rimza and

Sokoto rivers between Sabon-Birni and Wamako.

However, in light of figures 24, 25 and the
statements and river hydrograph plots eredited to
both Oteze (1976} and Mock (1967) respectively, the
author is of the opinion that the above stated
contuntinns of Mock (1967) and Oteze (1976) arce
suspect, because the fact that there is a time lag
of two months (in 1962) and four months (1963),
figure 24, between the start of the rise in wesll
water level and the Time recharge was first recorded
is suggestive of indirzcet recharging of the well at
Wamako. Indirect recharging is possible in two ways,
viz, (i) From Oteze {1976)'s statements (a) that
"The Kalambaina limestones outcrop over an area of

3,200 kn?

above the Dange formation. Outcrops of
these rocks can be seen on the sides of the river
valleys arvund sokoto',.... "The exposed cutcrups
on the valley sides and those areas where the

overlying clays are absent constitute the recharge

zones from precipitation” and (b) the river hydrigraphs
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of the Sokoto river by Mock (1967) which indicate
a rise in river stagz with the arrival of the rains
(in June 1962 and May 1963). It is therefore
pessible that when the river stage rises, the level
of water will reach the level of "the exposed outcrops
on the valley sides', thus recharging the limestonus
indirectly. (ii) Oteze (1976) established the fact
that both the Rima and the Sokoto rivers loose water
to the alluvium when he stated that .... "Long
stretches of the Rima river loose water to the
alluviup by influent seepage. Part of the water
lost by the Rima between Sabon Birni and bSokotoe is
gained by the alluvium®., Oteze (1976) further
stated thet:

When the dry season is advanced

the only source of water for the

Sokote river around Sokoto is the

Kware lake, which has been shown

to have a daily over flgw into the

Rima valley c<f 31,800 m” of water.

At the same time a great part of

this water discharged into the

river infiltrates into the alluvium,
In light of the above statements and frow figure 25
(which is the geological section across line &~A,
Fig. L) where it can be scen that there is a link
between the alluvium and the Kalambaina limestoncs
at Sokoto, it can therefore be concluded that soma
of the river water lost to the alluvium recharges
the Kalswbaina limestone indirectly. The indirect
recharge flows towards the North-West direction,

roughly in the same direction as the dip. From
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figure 3, it can be scen that Wamako lies Northwast

of Sokoto.

4 combined plot of the hydrograph of the well
at Wamako and the river hydrograph of Sokoto river
as presented by Mock (1967), showed that some of
the observed kinks in the well hydrograph coincides
with points of rise and fall of the water level
hydrograph of the ookoto river; It can therefore
be said that fluctuszstions in-river water levels are
probably due to fluctuations in rainfall amounts, and
this alsc induced fluctuations in well water levels.
Furthermore, since the well in question is a used
well, irregular drawing of water from it at the
intervals between successive water level measureaents
could be responsible for the kinks observed in the

well hydrographs.

Finally, another possible explanation for tne
case in point is the occurrence of rapid recharge,
a phenomena which is known to occcur in limestone
and chalk aquifers due to their tendency to develop
cracks. Care should however be taken in advancing
this argument because all of the evidence so far
available to the author are silent on the issue of

rapid recharge in the Kalambaina limesitone aquifer.
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Conclusion

The average monthly direct recharge estimates
ints the Sokoto-Rima river basin ranges from zer.
to 153.6 mm, while the average annual direct recharge
¢stimates ranges from 200.8 mm in 1963 to 296.2 un
in 1962, The basin's recharge wonths are from June
to Uctober., It was found that the magnitude of

rainfall is generally not the sole determinant of

the magnitude of recharge, but that some other factors

like the SMD and distribution of rainfall also
determineg the magnituilde of recharge during o given

period,

Despite the SML model's claim to the contrary,
recharge took place with the existence of a soil
moisturce deficit. Generally, a decrease in the
megnitude of recharge with a south to north movement
in the basin was cbserved. There does not seem to
be any direct relationship between (i) the magnituls
of recharge and NDR and (ii) NDk and NYRN. ‘The
evidence obtained from this study strongly indicates
the possibility of indirect recharge in some parts

of the basin.

The model was found to be sensitive to rainfall

and petential evapotranspiration and it was also found

to be more scensitive to parameter variations in the
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early recharge month(s) than in the late recharge
month(s). The model's sensitivity to certain
parameters was found to vary with location in the

basin,
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Chapter 6: RECCMMENDATTIONS AND CONCLUSTON

i

A study to quantify the amount of recharge to
the Sokoto-Rima river basin using a soil moisture
deficit model hes been carried out, Also the
sengitivity of the model to input data and model
parameters have been determined., The achilevements,
sugzestions and recommendations based on the results

obtained from the study are presented below.

Objectives Achieved

The Sokoto-Rima river basin was divided into
1 polygons sard the recharge into each polygon was
estimated., Generally the polygons located in the
southern and middle parts of the basin had highevr
recharge estimates than those in the northern parts,
partly due to the relatively higher rainfall in the
southern/middle parts of the basin. The monthly
recharge estimates in all the polygon stations within
the basin ranges from a2 minimum of zero to a maximum
of 4189.3 wr {78 percent of the monthly total rainfall),
while the annual recharge estimates rangeé from =&
minimum o7 zero to a maximum of 645,.8 mm (52 percent
of the anvaal rainfall), The average monthly
recharge ¢stimates ranges from a minimum of zero ta
a maximun of 167.7 mm (61 percent of the average
monthly vainfall) in all the polygons. The average
annual 1t charge estimate ranges from a minimum of

115.9 mr (in Gwadabawa station polygon) to a maxiisum



112

of 381.9 mm (in Koko station polygon). These
recharge estimates form 19 and 36 percent,

respectively, of the average ammual rainfall.

The mean annual direct recharge into the
Sokoto-Rima river basin was determined by finding
the mean of the basin annual recharge estimates.

The mean annual basin direct recharge was feund To
be 255,0 mm, for the periocd 1960 - 1965. When taken
as equivalent recharge over the basin's recharge
area of 75,156 kmz, it gives the voiume of recharge
into the basin as 1.92 x 1010m3. This amount _'
represents about 30 percent of the mean annual basin
rainfall of 840.2 mm. The monthly basin recharge
values ranges from zero tc 153.6 mm, with the .
maximum consistently cccurring in August, for tha
period 1960 - 1965. About 54 percent of the average
annual basin recharge occurred in August. Also from
the recharge estimates obtained at the station
polygons, the highest recharge mostly occurred in
the month of August. The annual mean basin recharge

value ranges from 200.8 mm to 296.2 awm,

It was found that recharge occurred in somé
.months despite the existence of a SMD at the end of
the month. The analysis of some results obtaineld
in the study indicate the possibility df indifect

recharge in certain parts of the Sokoto-Rima river basin.

Ll



113

It was observed that the magnitude and incidence

of recharge depends more on the rainfall amount and

distribution than on the magnitude of the initial

solil moisture deficit. Depending on it's daily

distribution pattern within the month, a rainfall

of a given magnitude may or may not overcome the

SHD throughout the month,

©.1.1 Sensitivity of recharge estimates

(i) The recharge estimates were found to be

(ii

(iiid

)

)\

s

sensitive, at various levels, to variations

in the input and model parameter. The recharge
estimates were particularly sensitive to
variations in rainfall and potential
evapotranspiration.

The sensitivity levels resulting from
variations in the different parameters diifer
from month to month. The recharge of the

early recharge month{s) was found to be more
sensitive to parameter variations than the
recharge of the late recharge month(s).

The effects of varying the root constant {C)
and the maximum soil moisture deficit (D)
becomes manifest only wheéen the SMD build up

has reached the level where it can cause a
reduction in the rate of evapotranspiration,
i.e. between C and D. Hence recharge estimates

in the early recharge month(s) are highly



6.1.2

65.1.3

" 114
sensitive to variations of C and D while the
reverse 1s the case during the mid and lavte

recharge month(s).

Validation of recharge estimates

In some cases, the inability of the incidences
of recharge to logically explain the rise in well
hydrographs at c¢ertain times of the year has, among
other reasons, led to the inevitable conclusion that
indirect recharge alsc forms another component of

the total recharge in the Sokoto-Rima river basin,

Variation oi basin recharge

Annual isorecharge maps were plotted for tho
basin and it was found that recharge estimates,
gencrelly decreases with a south to north movement
in the basin, This follows the same pattern as

rainfall in the basin.

Recomnendation and Suggestions For Further Studies

Recommendations based on the results of the study

The groundwater from the southeastern
and eastern parts of the basin flow in the
northwest direction, which is the direction
towards which the sediments of the Sokoto-Rima
river basin dip. Hence the groundwater can be

tapped easily and economically by locating wells and
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boreholes in a belt (after the basement complex

region) alcong the southwest/northeast axis of the
basin. This is probably why the Gwandu aguifers,
which occupies the extremes of this location, are

the most prolific aquifers in the basin.

From results of the sensitivity analysis, it
was founl that throughout the basin, recharge estimztes
were highly sensitive to variations in rainfall and
potential evapotranspiration., It was alsc slightly
sensitive to variations in runoff coefficient in
areas with high runoff. It was wmoderately sensitive
to a decrease of C and D in areas with short rooted

ani sparse vegetation.,

In view of the above findings, it is therefore
recommendzd that much energy, time =nd money should
be spent in ensuring that these parameters are
measured or calculated accurately in the respective
areas where the model has been found to be sensitive

to them,

Hydrograph analysis of the major rivers in the
basin, supported by cbservations from literature,
Mock (1967), Oteze (1976), indicate very low and in
some cases immeasurable fiow in these rivers during
the dry scason., This implies that a water supply

system bascd sclely on these rivers will face a crisis
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during the dry season., It is therefore suggested
that more cmphasis be placed on groundwater
development to augment surface waler sources during
this pericd, as against the present emphasis on
surface water development through the construction

of dams.

The state of data ccllection, storage and
retrieval in the basin neecds to be eritically
examined and improved to ensure an efficient, accurate
anld complete data bank from which data can be easily

obtained for research and other purposes.

6.2.2 Suggestion for further stulies

It is suggested that further studies on
recharge estimation in the Sokoto-Rima river basin
should:

( i) adopt a wore practical and on-site method(s)
of recharge estimation, like the tracer or
tritium injection methods. The results from
these other wmethods will be useful in calibrating
the 501l moisture deficit model in the Sokoto-
Rima river basin. Also on-site monitoring of
so0il wmoisture at various times of the year in
the basin is suggested as it will provide an
acceptable and more accurate estimate of C

and D,
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( ii)

(1ii)

{ iv)
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Determine the magnitude and extent of -

-river-aquifer interaction-in the basin.

Determine the feasibility of artificial
recharge (using flood water) of the major
agquifers in the basin, in light of an earlier
suggestion of emphasizing groundwater
dAevelopment.

Delinerte more accurately the recharge area
of the aguifers in the basin. This is a
basic step in the realization of suggestion
(iii). Although an attempt at this was male
in this study, but, suffice it to say that
this attempt can be considered as approximately
accurate, because the recharge areas of
individual aguifers were not Jdetermined. It
may therefore be vague and inadeguate for use

as the recharge area of individual aquifers,

Conclusion

Finally, as stated earlier, recharge estimation

is important in setting a safe limit on exploitation

of groundwater reserves, optimal utilization and

taking an inventory of the groundwater resources

of a given area, And from the suggestions of the

previous section, it can be seen that a lot wmore

work needs to be done on this important subject of

recharge estimation in the Sokoto-Rima river basin.
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The author considers this project work as a
preliminary step in this direction and hopes that
on coming researchers will use this work as a
stepping stene for building up.more knowledge on

the water rescurces of the Sokoto-Rima river basin,
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' APPENDIX |
( START )
v
F= Q-1
-
po L
IP=1 14
*
READ(END=101)
CE WE WF1,SMDP
¥
4 WRITE / / 11 WRITE
Y LE WE WP WRITE P CEWE WE1 / ; |
_ S WRITE K ; 8/ 12 WRITE
] CF, WE, WF 1 o 3 /CE WE WF1 Y
- = 2 qf
6§ WRITE 7\3 y 13 WRITE |
. /CE WFE, WF1 _ 0 Y
| |

L«% 7 WRITE
AT A
*‘7/ 8 WRITE
T JCE WE WFT

My 14 WRITE
CF, WF, WF1
12

/15 WRITE |
JCE WF WF1 |

v !
9 WRITE 16 WRITE ]
. /CE WE_WF1 CH WF, WF1 :
v , Y
,_47/ 10 WRITE /L_‘ 17 WRITE /L_
, £CE WE WF1 CE WE WF1 v
L > CONTNUE 33 e
T
K=1
»
po 133 ]
NYR=1,6
Y
READ /
LYR, ROC
Y
WRITE
/YR, ROC,SMDP

Fig.7- FLOW CHART FOR MAIN PROGRAM
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o

Al = 0.0
A2 = 0.0
A3 = 00
Ab = 00
AS = NG
NA: J
NYRN=Q
Y

READ

MONTH(J),J=112
RCU), J =1, 12

D(J), J=1,12

¥

Do I.&
J=1, 12

Y
M =MONTH(J)
= 0-0

S &

—
mbum —
|“”’ It H
- -
OO

> 00 Q9@
oé

READ
RAIN(D, 1= 1M

PET(I), 1 =M

Y
DO
= 1M
Y

CALL SPCRCH

Y
CONTINUE I-za—
Y

WMRECHY IxWF
IWMRAIN=TSXWF 1
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9

Y

VOA

N\ YES
10

WRITE
J,M,RC(J),D(J)

NO

WRITE
RAIN(),1=1,M
ZNRAIN(I) I=1M
PET(I), 1= 1M
RECH(I) I=1,M
SMD(I),1=1,M
AET(D,1=1M
DRO(I),I1=1M

A

 §

[CONTINUE I7T

A

Y
CONTINUE (3=

-

WZRECHLPNYR)=
Alx WF
WZRAIN(IPNYR)=

ASx WF1
\

WRITE
A1,A2,A3, Al A5

NA
NYRN

WZRECH(IPNYR)

©
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[CONTINGE 5
t

WRITE
GIE),G2(6),G3(6 ),
G4(6),G5(6),

lGa(s).

| NGT
| NGTRN
Y

CONTINUE

¥
o0 |85 ]

NYR=1,6
Y

MBRECH=0.0

:-l,

MBRAIN=0.0

Y
o {s6

IP=1,14
Y

MBRECH = MBRECH +WZRECH (IPNYR)

MBRAIN =MBRAIN + WZRAIN (IP NYR)

Y
CONTINUE

166

o ¥
| WRITE NYR,
MBRECH MBRAIN

Y
CONTINUE =1

Y
CONTINU+E o

STOP
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APPENDIX I

DC ! IP= 1,14
DO 33 NYR=16
DO 38 J =1, 12
DO 40 1=1,M

——— 40 CONTINUE
—=——— 38 CONTINUE
33 CONTINUE
1 CONTINUE

DO 65 NYR =16
DO 66 IP =1,14

66 CONTINUE
65 CONTINUE

1 - FIRST LOOP

2 - SECOND LOOP

Fig- & STRUCTURE OF THE NESTED DO LOOPS IN THE MAIN *
PROGRAM . . T |
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13

14

17
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WRLP3(3,29) o8, Wa,WeL
24 2IMAL(14),524, LLHESA PILY3IN/LA ,524, 4HCS =,87.3,4%,444F =,77.3
1,44, 5H4FL =,F7.3)
30 032
WRLPZ(5,25) OF,AE, NFL
25 FORMAL(1HD,524,12HJ234 POLL3IN/LE 52X, 4HOF =,77.3,44, 444F =,F7.3,
144,544F) =,€7.3)
301 32
NRLPE(5,25) CF,AF, 471
25 FORMAL(LHD, 524, ISHKAPSINA POLYGON/1H ,524,412F =,£7.3,54, HA? =,
187, 3,54, 54481 =,F7.3)
GO 10 32
WRLL3(5,27) CF,AF, 4F1
27 FORAAL(LI0,524, 1294040 2ILEIN/LA ,62¢,413F =,£7. 3,44, 4 14F =,77.3,
144, 5HNFL =,77.3)
303 32
NRETZ(5,23) CF,WF,WFl
23 EIMAP(L1D,52¢,13 MALUMEAS 1L 20LYSON/L1H 52K, 4HCF =,F7. 3,54,
14 44F =,F7.3,5%X,5H4FL =,87.3)
3£ 32
WRELE(5,2d) IF,WF WAL a
23 FORMAL{LHD, 524,14 13000 20LIGON/LH 52X, #CF =,F7. 3,54, 4HMF =
177.3,54,514F1 =,£7.3)
3) 032
WRIL2(5,30) CF, 48, 4FL
33 #)MAP(1 10, 524, 2LHLALAPA-AFA M POLY3IN/LL , 524, AHCF =,£7.3,8%,
LY4AF =, 77,3, 3K,54471 =,#7.3)
30132
WREPZ(5,31) 26 WF WeL
31 AORMAT(L40,52%,L2HYA3) 20LY3ON/L1 ,524,4HCF =,#7.3,4%,4H4F =,87.3,
114,547 =,87.3) .
32 ZONPLNJZ -
K=1

S ZdAR W0 SraRf3

< ANTIA LOOP 333143

D) 33 N£3=1,3%
R2A(5, 34)LYR, 1

34 PORAAL(L3,F5.3)
NRILZ(S5, 35) LIR,ROT, 302

35 FI4AL(524,14,03.3,5X,77.2)
Al=3.0
A2=).9)
A3=).D
Al=).0
AS=D.0
Na=)
N :N=D

C READS,35) MDY, J=1,12) -

35 #IMAL(L213)
R330(5,3N {(R2(N) ,I1=1,12)
READ(S, I (D)), F=1,12)

37 f2MAP(L285.2)

00 33 J=1,12
M= () L T | |
fL = 2. | - |
£3 = 3.3

ol
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=29
£5 =09 ' _ :
=) : o
N42N=) S :
R2AD(5,39) (RALN(I), I=1, )
READ(S, 33) (22L(L), [=1, )
33 FIMAL(L2F5.2)
2 OJAY LDJ2 333043 JALTJCAPION JF 2I4A33: VIA 3J3IPING
D) 40 [=1,1
CALL 3P2324(349, 1824, 3402, 20324, AZD, 31223, 33D, 33, ), ZNART,
LINPEL, £, AL, 05,44, 3,43, 2,42, 14,45, 31, 32, 33, 34, 35)
1) CONPINJSE
WAL 4= L% AF
WARAL A= P3*4F)
WRLPI(5,41) 3,4, 32(0) ()
41 FORAAL(L13,52%,205/11 ,524,1243000 IN3L.=,05,2/14 ,52%,
1154434, 3. 4.9, () =,75.2)
WL P2(5,59)
53 FIMAL(L 40,524, 14 1AALNFALL [N M)
WRLL2(5,43) (RALN(L), L=1,4)
WaLl2(5,42)
42 £0aMAD(11D,524,204220AL RALAFALL [N 44)
WRLLF2(5,43) (ZRALN(L), =1, 4)
WRLF3(5,44)
44 FORMAL(L4D,52X,29 4900, VARILRANSPIAALI N [N 44)
WL P3(5,43) (230(1), [=L,4)
W2LT2(5,45)
45 FOMAL(14D,52%,14:4R3C4AE [N 14)
WRLL2(5,43) (324(0) , £=1, )
WRL3(5,45)
15 FOMAL(L 10,524, 27 13016 ADL3LIRE JEFISIL (4 44)
WRLPZ(5,43) (342(L) , [=1, 4) -
WED3(5,47)
47 FORMAL(140,524, 3L AP JAL 2VA2ILRAN32LRALI N IV 44)
WRLL2(5,43) (ALL(L), L=1, )
WaL£3(5,43)
13 PORMAL(L4D,52K, 19 IDLRESL INIFF L[4 44)
WRLLA(5,13) (I)(L) =1, 4)
43 FORMAL(L4 ,24,15F3.2)
WRIPZ(5,42)
12 FOMAL(LD,524, L3MNLT  £I0AL3)
ARIP2(5,50) fl,1r2,03,04,15
50 PORMAMLA 13K, 3IMRECH =,87.2,104, THIMAST =,77.2,10X, 7104030 =
1,67, 2,104, THED3D =,£7.2,104, 34243404 =,F7.2)
WREL3(5,53) 4 ‘
53 FORAAL(L40,404, 4L 4¥J4333 OF MONDHLY OCCJIRRINGZ3 OF W31A334
LSH(N) =, 14) .
WRIT2(5,53) 1434
53 £IVMAL(LHD, 404,49 1NJ4332 JIF MONTALY DITJRRINCE3 QF {AIib%LL(Qﬂiﬂ)
1=,[4)
WRLL(3,59)
53 FORAAL(LHO, 524, 3MONTHLY WRL3HTZD RITHARGE AND RAINFALL)
WRLLE(5, 7OYWART 4, WARALY
7) FORMAP(L 10,524, 3HA A4 =, 77. 2,195, 3I¥43ALN =,F7,2)
33 CONPINIE
WZ2Z1(L2, W) =AL* 47
WZRAIN( [2, NY.3) =A5* 451

nou
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WiLP3(5,31)
51 FOMAL(L4D,524,14HANNJAL  [ITALS)
WRLP3(5,52) A1,A2,43,A1,45
52 Fa34Ar(L3 ,124,34a0e24 =,F?.2,10K,?HAPAu =,87.2,10L,7IA02:T =
L,F7.2,134,74A023) =,67.2,13%,34AZ ALY =,¢7.2)
ARLLZ(5,51) VA
81 @IAL(L 40K, 40HNUA33R IF Y3ARLY OTTIRRENTI3 IF IET1AS
151(Na) =, [4)
ARLL2(5,54) N2y
94 FIAAL(L), 404, 43404333 IF ¢Y3AR0Y OTTJRARSNCES XF RALNPALL(NYRN) =
1,11)
WRLL2(5,53)
33 FOMAL(L 43,524, 37 JANNJAL 43154030 REZ1A’54 AYD RALNFALL)
WRITS{5,54) ¥2ETI( L2, VIR) , AZALIN([2,N{])
54 FOMAL(L 40,52X,3182321 =, 85,2, 194, 3I423aLN =,75.2)
33 JONTINJS
NRIT3(5,53)
53 FOMAL(142,524,12153A4) [I0ALS)
WRLT2(5,57) 31(5),32(5) ,33(5) 4 34(5) , 35(5)
N:{Iru(a,SB) LYy
59 FARAAL(L4D,33X,43133aND [IfAL JTTIRRAESNCES IF 3THAda3 [N 31K Y_A%:
171(3d30) =,14)
57 PORMAC(LA ,104,34503334 =,87.2,104,71504al =,87.2,104,7150P4=
1,83.2,104, 71;?)4) £, 2, 19X,94302:a4N =,£3.2)
WRLF3(5,62) N30
52 FPORMAT(140,334,57433A40 [IMAL 3331&1443‘ JF RALNFALL [V 3IX f2A33
L{d3ray) =,14)
1 2NrINJe
D0 95 ..\lfa{=].,5
M333221=0.)
M3AALN=D.D
0O 55 [2=1,14
M3 382 =13 RETHHNZRECH( L2, N1 ])
M3IATN=M3ALINHIZRALN(I 2, VL)
55 CONPINJZ
WRIT2(5,53)
533 FORMAL(14),524, 13 1343IN 432a4)
WRIL3(5,57) 473, 133324, M3 1IN
57 FIMAL(L4D,19%, 02, 10X, 3H433321 =, §7. 2,104, 344331 =,77.2)
35 CONPINJ3
101 CoNrLNJE
3M0p
3ND
3J3IPLNS 3223C4(542, 3324,3402, 20301, 30, 34093,D3), 12, D,
L1ZNAZL, ZNPEL, £1,4L, 5, 34, 3,43, 2,42, [4,45,31, 32, 33, 34, 35)
DIMEN3L)N 434r1(12;n1a:u(31) ZN%AIN(31), AP(31),033(31),A2r(31),
LZNPEL(31),2(L2), X(L2), 224(31) , ZNA3L(31) , 342(31),3L(3),
232(5), 33(5) , 34(53) , 35(5)
SA4AN MONPH, I, T,NER,RAIN, P30, ROZ, 7, CF, ZNIALN K, N, A, NS T, iR, HY RN
L,N3PRN
[F(£.50.1) GO r0 999
64=3.0
G3=0.7)
G3=J.9
G0=1,9 o '
GE=3.)0 o B
Nar=) :
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N3r33=)
33) INPINJE
ZNAALN(L) =RALJ{L) *3F
23 (L) =ZHAALN(L) #2302
(R (2NALI(D) L L&, P2R(D)) 233(L)=3.D
LR (3902, 32. 2(1)) 30 1) 300
[F(3400.L8.32(J)) 3D £2 301
[E(ZNRALI( D). 33, P20(0) #332(L)) 30 ) 304
CR(ZNRALI(L) . 33.0.0. 49D, 293404 ( L) L L3, PER(L)) 3D P 307
AZL(L) =22 0([)
3I(L) =ZNRALN (L) -P20 (L)
30 8 32 _
304 A3C(L)=PEr(L)
3 0 392 : :
337 ASP(L) =(1.3-F) *(ZNRALL(L) -IRX(L)) +E*D2L( L)
GO £ 332
301 AZP(L)=P2f(Ll) ,
302 20T 4=2NAALN(L) -93I( ) ~A2 (1)
SAX{(L) 23400213321
CIR(SMX(D).30.3(3)) 3D £ 303
3) £ 303
303 A3L(0) =A2L(L) - (342(0)->(T))
G £) 302
300 CONPLVJE
[F(2NIALN(L) . 33.230(0) #DR(L)) 3 1D 31D
L (ZNAALV( L) - 38.0.0. AN, ZNRALN (L) LLE. 25P(L)) 3D [) 311
ASP(L) =232(L) .
I3 L) =Z2NRAIN( L) -PEL([)
_ 3) B) 312
31D A3P(L)=P3r(f)
33 £ 312
311 A2L(L) =ZNRALN(L)
312 2LR334=20RALN( L) -IRI([) ~ASL(I)
34( L) =34D~P L3
393 SOALENJE -
IF(342(I).32.2.0) G ) 395
RE2A(L) = -34)(L)
$43([)=0.9
30 1) 305
305 R3CH({[)=9.0

305 34D93=3409

34D2=SH (1)
ZNASP(L) =3P (L)
INPEP( L) =PAr(I)
IF(R324(L) . 30.0.0) N=v#l
LR(RS24(0) . 30.0,0) NA=NAFL
IR (REC1(L) . 30.0.0) N3 =V30+]
LR {ZNRALA{L) .GP.0.0) N IN=N 43N FL
LF(ZNRALN(L) .GL.0.0) N7 W=NfaNFL
LF(ZNRALY(L) LGL.0.0) N3 W=NGLANFL,

S 2ALZJLALE MONTHLY [OFAL3
PL=PL+RIZH(L)
£2=02¢ZNASC(L)
£3=03+2N230( )
£4=044+)30(1)
[5=05+ZNIAIN( )
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SALIJLALS ANNJAL PICALS
Al=a1+324(1)
A2=22+2NA3T (1)
A3=A3+Z4230 (L)
Al=a4+)3)(f)
AS=ASHZARALI( L)

ZALZILARE 33ad) PIrAL3
GL () =3A+2324(L)
G2(N7R) =33+23a20( 1)
G3{NYR) = 32523221 ( )
G4 (NL3)=32+33(L)
G5 (NY3) =33+ZNRAIN ( [)
GA=31 (N{R)

G3=32 (NLR)

GC=33 (N{R)

GD=G4 (WLR)
. GA=GS5 (NIR)

K=K+l

&L AN

2%
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