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Abstract: The review examines the impact of deficit irrigation and mulching materials on crop yield and water use efficiency.
The challenges posed by population growth and climate change necessitate new solutions to improve agriculture. The best
irrigation strategies yield large yields for a given amount of water. Deficit irrigation and mulching significantly increase water
use efficiency and crop yield for various crops. However, water supply constraints have led to the development of deficit irrigation; a
strategy that maximizes water use efficiency without yield penalty. Mulch is a vital method for conserving soil moisture, preventing
weed growth, reducing evaporation, and increasing infiltration of rainwater during the growing season. Different mulching
methods and materials are used worldwide, with plastic and straw being the most popular and optimistic results. Straw mulch
conserves higher soil moisture by 55% more compared to the control, and crops under straw mulch produce higher branches, fruit
weight, and total yield. Polyethylene mulches have induced large increases in growth and yields for various vegetables, including
tomato. However, the economic profitability of this mulch is low, so straw mulch is better for economic profitability. Plastic
cover ridge furrow methods are better for increasing water use efficiency (WUE) and crop yield, reducing soil evaporation and
erosion, increasing top soil temperature, creating a microenvironment for soil microbial activity, and increasing sustainability.

Keywords: Deficit Irrigation, Mulching, Water Use Efficiency

1. Introduction

Water shortages caused by population expansion and
irregular  precipitation increase agriculture's demand,
necessitating new solutions for sustainable agriculture.
Cooperative irrigation management aims to maximize water
use efficiency and maintain soil moisture for plants [1].
Producers adopt time deficit irrigation to achieve high yields
without reaching field capacity Mulching and deficit irrigation
are strategies to decrease water use in agriculture, benefiting
crop production and vyield, especially under low water
availability. This reduces the frequency of phytosanitary
measures and production costs [1, 2].

1.1. Irrigation Deficit

Conventional irrigation development focuses on avoiding
water deficits to achieve maximum yields [3]. However, water

supply constraints have led to the development of DI, a strategy
that maximizes water use efficiency without yield penalty [4, 5].
DI requires detailed irrigation management and identifies crop
characteristics and stress-related yield come backs [6]. DI
involves applying water below optimal evapotranspiration levels,
reducing water use while minimizing adverse impacts on yield
[7]. It aims to stabilize yields and achieve maximum crop water
productivity, improving water productivity and reducing
irrigation application [50].

1.2. Water Use Efficiency

Water use efficiency (WUE) is a concept that compares
crop production to water usage. The best irrigation strategies
produce a large yield for a given amount of irrigation [8].
Producers often aim to increase profits, but determining the
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level of irrigation needed can be complex and depends on
biophysical and economic factors [9]. WUE is the main
criterion for evaluating production systems in areas with
limited water resources, where water is the greatest limitation
to production [10, 11].

1.3. Mulching

Mulching is an in-situ moisture preservation system that
maintains soil moisture, reduces weed growth, and mitigates
erosion. It improves crop yield and water use efficiency [12].
The degree of drop between mulch and soil affects soil
warming [13].

1.4. Soil Moisture Management

Soil and water-management systems aim to encourage
water infiltration, but often fail to optimize water flow along
crop rooting zones, leading to poor yields due to soil moisture
insufficiency rather than rainfall insufficiency [31]. Proper
moisture conservation is crucial, as moisture deficits can
severely depress crop yields, while adequate management can
increase yields by a factor two or more [6].

1.5. Water Saved

Mulching is a water-saving technique in dryland areas that
conserves soil moisture, regulates temperature, and reduces
evaporation [14-16]. Its main strength is reducing surface
evaporation and controlling soil erosion). Mulching decreases
irrigation demand during crop cultivation periods by reducing
soil evaporation and regulating temperature [16-18]. The
amount of water saved by mulching is critical due to the
interaction of microclimate, soil environment, and plant
growths [19].

1.6. Retains Moisture

Organic and non-organic mulches cover soil, limit
evaporation, absorb water, and retain moisture for plant
growth. They help reduce water bills during hot and humid
summers, providing water for plants and reducing physical
water requirements for gardens.

2. Results and Discussion

Effect of Deficit Irrigation and Mulches on Water Use
Efficiency and Crop Yield

Mulch is a crucial method for conserving soil moisture, as it
helps prevent weed growth, reduce evaporation, and increase
infiltration of rainwater during the growing season. Plastic
mulch helps prevent soil water loss during dry years and sheds
excessive water away from the crop root zone during periods of
excessive rain fall. This can reduce irrigation frequency and
amount of water, and may help reduce the incidence of
moisture-related physiological disorders such as blossom end
rot on vegetables and fruit cracking in lime and pomegranate
[20]. Mulch provides numerous benefits to crop production
through soil and water conservation, enhanced soil biological
activity, and improved chemical and physical properties of the

soil. Studies have shown that mulches conserve more soil
moisture, enhance vegetative growth and yield-committing
characteristics of garlic [21-23]. Crop residues or mulch at the
soil surface act as shade and serve as a vapour barrier against
moisture losses from the soil, causing slow surface runoff.
Straw mulch conserves higher soil moisture to an extent of 55%
more compared to the control. Crop under straw mulch
produced higher number of branches, fruit weight, and total
yield compared to no mulch [24]. Polyethylene mulches have
induced large increases in growth and yields for various
vegetables, including tomato [26-29]. These increases have
been attributed to changes in soil and air temperature near the
cover, soil water balance, and nutrient availability compared to
un mulched soil [30-33]. Less soil compaction and improved
aeration under mulched soil have also contributed to increased
plant growth [34]. In situations where water productivity is
increased, priority for polyethylene mulch may be the option.
However, the economic profitability of this mulch is low, so it
is better to use straw mulch for economic profitability [35].

Table 1. Influence of water regimes on tuber yield of potato for mulched (M)
and non-mulched (NM) plots.

Tuber yield t/ha
Water level - — 0000 90% 80% 60% 50%
Mulch 315 29.6 289 26.9 FER
Non Mulch 283 25.8 24.9 21.9 203

Source [36].

The study found that half mulched maize straw yielded the
highest grain yield and water use efficiency. However, this
pattern was more favorable for wheat growth, soil temperature,
and water efficiency. Plastic cover ridge furrow methods are
better for increasing water use efficiency (WUE) and crop
yield. They also reduce soil evaporation and erosion in arid
and semiarid conditions, increase top soil temperature, create
a microenvironment for soil microbial activity, and increase
sustainability [37].

Mulch enhances soil physical properties through
aggregation, increased water content, and reduced runoff,
leading to better germination and higher yield. It also
increases nutrient availability to plant roots, leading to higher
grain yield. Plastic mulch increases grain yield by 17% and
above ground biomass by 19% [38]. The bed planting method
of full irrigation with plastic mulching soil condition yields
higher baby corn yield. The system also increases soil
temperature, accelerates early growth, plant height, fruiting,
and provides satisfactory weed control without herbicide
application. In the top soil layer, mulching treatment
significantly increases soil water content, with high nitrate-N
content distributed. The yield increased with increased basal
fertilizer, top dressing, and plastic film mulching, improving
fertilizer use efficiency [39]. Plastic film mulching can be
effectively utilized for improving productivity and water use
efficiency in rice production [40]. Straw mulching reduces
soil evaporation by 43mm for maize and WUE by over 10%,
indicating that water use efficiency increases with the
decrease in irrigation depth applied.
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Plastic mulch has been shown to increase crop yield by
improving solar energy, water, and fertility status, reducing soil
water loss, and removing weeds [41-43]. This can lead to
increased grain yield and water use efficiency (WUE). Mulching
with plastic film has been shown to enhance water use efficiency
by 14%, grain yield by 17%, and biological yield by 19%. The
soil on top of mulch retains structural stability and lower bulk
density compared to un-mulched soil, likely due to less structural
disruption of aggregates and settlement in unsaturated conditions
[49]. Plastic sheet mulch is more effective for conservation of soil
water than that of wheat straw mulch [44]. Experiment conducted
in Nigeria to study the effects of deficit irrigation and mulch on
onion yield, water use, and crop water productivity [45]. Results
showed that irrigating onion at 25% of weekly reference
evapotranspiration reduced bulb yield by 50%. Applying water at
50% and 75% water requirements led to a 15.5-23% reduction in
yield and higher water use efficiency. Yield reductions reported
in 78%, 45%, and 15% when onion crop was irrigated at 25%,
50%, and 75% of ET c [46]. Study found that onion bulb yield
decreased with increasing water deficit levels, while both water
use and irrigation water use efficiencies increased with water
deficit levels [47, 48]. Deficit irrigation and mulch had significant
positive impacts on growth parameters like plant height, scape
length and diameter, and umbel diameter.

3. Conclusion

Mulch is a vital method for conserving soil moisture,
preventing weed growth, reducing evaporation, and increasing
infiltration of rainwater during the growing season. It also
helps prevent soil water loss during dry years and sheds
excessive water away from the crop root zone during periods
of excessive rain fall. Mulch provides numerous benefits to
crop production through soil and water conservation,
enhanced soil biological activity, and improved chemical and
physical properties of the soil. Studies have shown that
mulches conserve more soil moisture, enhance vegetative
growth, and yield-committing characteristics. Straw mulch
conserves higher soil moisture by 55% more compared to the
control, and crops under straw mulch produce higher branches,
fruit weight, and total yield. Polyethylene mulches have
induced large increases in growth and yields for various
vegetables, including tomato. However, the economic
profitability of this mulch is low, so straw mulch is better for
economic profitability. Plastic cover ridge furrow methods are
better for increasing water use efficiency (WUE) and crop
yield, reducing soil evaporation and erosion, increasing top
soil temperature, creating a microenvironment for soil
microbial activity, and increasing sustainability.
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Abstract: It is a fact that basement complex regions lacks sufficient overburden that can host sustainable water table, water
bearing fractured/weathered rocks referred to as aquifers are usually identified via suitable geophysical methods to proffer
solution to water challenges within these regions. This current study targets the exploration of groundwater potential within the
Mararaba Dan-daudu community, a suburb of Minna metropolis. Electrical resistivity method was employed to delineate
aquifer prospects and their protective capacity within the area of study. The data from thirty-six Vertical Electrical Sounding
(VES) survey points were acquired and analysed. Survey points were aligned along six profiles (A — F) with six VES points
per profile. Interpretation of VES points along profiles was helpful in determining the number of layers and thickness. The
analysis revealed mainly three layers comprising of sand and fresh laterite at the first layer, fractured/weathered basement at
the second layer and fresh basement at the third layer. Iso-resistivity mapping was also done at various depths (surface, 5 m, 10
m, 15 m, 20 m, 30 m and 40 m) respectively to investigate the lateral variations of resistivity over a horizontal plane. These
showcased the electrical conductance sliced at the depths of interest. Thirteen VES points (A1, A5, A6, B1, B3, B6, C6, D6,
E6, F1, F2, F4 and F5) were mapped as having good prospective aquifer properties. Longitudinal conductance was computed
for the outlined VES points to determine their Aquifer Protective Capacity (APC). The result of (APC) rating for the 13 VES
revealed the frequency and percentage of APC ranged as: 2 VES locations (15.4%) have good APC, 8 VES locations (61.5%)
have moderate APC and 3 VES location (23.1%) have weak APC. with only 3 VES locations out of 13 VES locations in the
study area revealed weak APC, the results proved that the groundwater potential of the study area has moderately good APC.
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alternative sources such as streams, shallow wells and
boreholes. The amount of surface water available for
domestic, industrial and agricultural use is insufficient to
fulfil the current demand in the world [40, 41]. The search
for sustainable, clean and portable water is of wvital
importance as it aids in the growth of any community [1, 3,
30, 39].

In the historical past, when there is no visible flow of
water along the rivers, people used to dig small pits, in the
river alluvium, wait and collect the groundwater coming

1. Introduction

Water is an essential commodity to mankind and it could
be found everywhere in the earth's ecosystem. However the
water, which exists in such abundance on the earth, is subject
to season. time, space and circulation [5]. The search for
groundwater has become quite intense in human history. This
is due to the fact that government is unable to meet the ever-
increasing water demand; inhabitants have had to look for
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through seepage and use it for their drinking purposes and for
meeting the domestic needs. More than 60 percent of the
global population thrives by using only the groundwater
resources. Observation shows that groundwater comes from
precipitation such as rain, snow, sheet and hail that soak into
the ground and become the groundwater responsible for the
spring, wells and boreholes [27]. The shallow depth
groundwater has been greatly depleted due to over extraction.
Groundwater in the form of aquifer is available in different
proportions, in various rock types and at various depths, of
the earth. In basement terranes where the water table is not
easily accessible, exploration of water bearing rocks (aquifers)
becomes the alternative to solving water supply challenges
[11,38].

Two tertiary institutions are proposed for the area in which
one (Teachers Training Institute) has taken off. Outside the
Mararaban Dan-Daudu several isolated settlements are
scattered across the vicinity. A major challenge to these
communities which could become adverse in future is the
availability of clean and potable water for domestic use. It
would be essential to have a futuristic approach to this
problem.

The study area is the proposed permanent site of new
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Niger state college of education, which is expected to
accommodate large number of students, teaching and non-
teaching staff of the college meaning there may be need for
properly harnessed sources of water supply. This study is
focused on evaluating the groundwater potential on the area
using Resistivity method.

2. Location and Geology of the Study
Area

The study area  Mararaba  Dan-Daudu, is
strategically/geographically located at an inter section
between the road that traverse from Kuta — Gwada —
Dandaudu - Kafin Koro — Kwakuti — Abuja and that from
Minna Dan-Daudu — Sarkin Pawa to Kaduna. It is a town
strategically located for future development, hence most of
these towns host markets for foods stuff to the Southern part
of the country. It is approximately on longitude 6°49 44.4"E
and 6°50 37.50" E and latitude 9°42° N and 9°42 49.25" N
(Figure 1). Within the area are located two other
communities that will benefit from the outcome of this
research.
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Figure 1. Location map of part of Niger state indicating showcasing study area.

The study area lies within the Basement Complex of
Northern Nigeria. The Basement Complex includes all rocks

older than the late proterrozoic, [19] and is composed mainly
of gneisses, granites, migmatite and some extensive area of
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schist, phyllites and Quarzites [29].

This area forms part of Minna granitic formation which
consist of meta-sediments and meta-volcanics. These meta-
sediments include quartzite, gneisses and the meta-volcanics
are granites. Around the northern and central part of this area,
the rock types are mainly granites while in the eastern and
southern part of the area, cobbles of quartzite are found.
Although we can also find pegmatite and quartz vein.

The rock type in this area is made of monolithic rocks of
granite origin and it can be grouped into two. The groups are
(1) the porphyritic to coarse grained granites and (ii) medium
to fine grained granites due to their relative grain size. The
rocks are mostly weathered and believed to be part of the
older granite suite and are mostly exposed along the river
channel.
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Figure 2. Geological map of Niger state basement complex and sedimentary basin.

Porphyritic to coarse grained granite: this granite is
referred to as grained granite due to its size and flat lying.
They are mostly exposed along the river channels. They
range in sizes between few meters to about 80 m. They are
most part cut-crossed by the north-south trending quartz and
aplitic veins ranging in length 2 m — 15 m. The rocks usually
laid in different direction by joints and few most sinistral and

dextral faults. Sometimes the outcrops are broken and they
are characterised by weathering.

Medium to fine grained granite: the rocks are usually flat
lying outcrop exposed along the river channels with a
relatively elongated outcrops at the surface. They are less
weathered when compared to the ones on the north-south part.
They are traverse by east-west trending vein and joints. The
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rocks are broken boulders in some parts which shows
weathering in form of color change and loose rock fragments

[6].

3. Materials and Methods
3.1. Materials

1) Terrameter: This is the major instrument used for
Electrical Resistivity Survey. The Terrameters used for
the data collection were ABEM SAS 4000 and 1000
series.

2) Electrodes: These are steel rods of about 30 cm with a
base and a pointed end. The pointed end was used to
penetrate the ground. Four electrodes were used; the
first pair is the potential electrode while the second pair
is the current electrode. Their basic function is to pass
current into the ground and measure potential between
two points.

3) Cables: The cables were connected to the terrameter on
one end and the other was connected to the electrodes.
4) Clips: Used for connecting cables to electrodes. The

clips ensure good electrical contact.

5) Hammer and Cutlass: Hammer was used to drive the
electrodes into the ground.

6) Tapes: They were used for marking length to be
measured on the field as they have been calibrated in
meter (m).

7) Global Positioning System and Compass-Clinometer:
These were used for taking coordinates and bearing.

3.2. The Theory of Electrical Resistivity Method

This method involves the passage of artificially generated
electric current into the earth through the electrodes and in
turn causes variation in the subsurface resistivity. This alters
the current flow within the earth and also the distribution of
electrical potential. The degree of the effect on electric
potential is dependent on the size, shape, location and
conductivity of the material within the ground. The
measurement of electrical potential and current on the earth’s
surface makes it possible to obtain information about the
resistivity variation of the subsurface in the area of interest
[36].

The fundamental equation for resistivity survey is derived
from Ohm’s law [16, 14, 18]:

p="7 (M

where p is resistivity, R is resistance, L is length of
homogenous conducting cylinder and A is cross sectional
area. Water in the soil's pore spaces and the rock's fractures
increases the conductivity of the solid earth, which is
primarily made of silicates and is therefore essentially a non-
conductor. This turns the rock into a semi-conductor when an
electrical current is passed through it. Since the earth is not
like a straight wire and it is anisotropic, then equation (1) is
thus customized to:

p=".2mr )

where AV is change in voltage and r is the radius of current
electrode’s small hemisphere.

Since the earth is not homogeneous, equation (2) is used to
define an apparent resistivity pa which is the resistivity the
earth would have if it were homogeneous [16]:

pa = ?. 2mr 3)

where 2mr is then defined as a geometrical factor (G) fixed
for a given electrode configuration. The Schlumberger
configuration was used in this work. The geometric factor G
is thus given as:

2 2
() -]

_
R

where AB is (current electrode spacing) and MN is (spacing
between potential electrodes).

Schlumberger spread was utilized for the purpose of depth
probing, since the potential electrodes are relatively fixed,
while the current electrode spacing is expanded symmetrically
about the centre of the spread. Schlumberger is less sensitive to
undetected lateral variation in resistivity because the potential
difference measured between two points is about one third of
the electrode spacing. This electrode effect comes to play due
to perturbations caused by the passage of potential electrodes
over a superficial in homogeneity which is much greater than
those due to current electrodes [28, 45]. Since the movement
of the potential electrodes are minimised, the electrode
movement effect is also minimized thereby enhancing
accuracy of measurement.

“4)

3.3. Aquifer Protective Capacity (APC)

Aquifer Protective Capacity (APC) simply means the
ability of the overburden unit to retard and filter penetrating
ground polluting fluid into the aquiferous unit. According to
[2, 22], the protective capacity of an aquifer is compared
directly with the sum of the longitudinal conductance of all
the layers above the aquifer. The protective capacities of
identified aquifers in the study area were determined from
the longitudinal conductance of the geoelectric layers above
the aquifer. This evaluation creates awareness on the state of
the aquifers’ possibilities to contamination regarding to
human activities and industrial discharge [26]. Therefore, the
study considered it essential to evaluate the protective
capacity of the saturated zone in each location. Aquifer
protective capacity, estimates the vulnerability of the
underlying aquifer to contamination.

The longitudinal conductance of the overburden layer was
obtained using [43] formula:

— n hi
S=2i=1, (%)
where h = the saturated thickness of each layer

p - The layer resistivity
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i = Number of layers
S = Longitudinal conductance.

Table 1. Longitudinal Conductance/Protective Capacity Rating. Modified
after [43, 21].

Longitudinal conductance (mho) protective capacity rating

>10 excellent
5-10 very good
0.7-4.9 good
0.2-0.69 moderate
0.1-0.19 weak
Below 0.1 poor

Rock type Range of resistivity (Qm)
Gravel 100-1500

Alluvium and sand 10-800

Quartzite (various) 10-2 x 108

Weathered laterite 150 — 900

Weathered basement 20 - 500

Fractured basement 500 - 1000

Fresh basement >1000

4. Analysis and Interpretation of (VES)

The apparent resistivity in ohm-metre determined from the
data collected from the thirty-six (36) VES were further
analysed as follows:

1) Plotting of resistivity-depth (AB/2) curves for the thirty-
six (36) VES points using WinResist version 1.0, (2004)
software package for automatic interpretation of
Schlumberger sounding.

2) The number of layers, thickness, depth where a layer is
starting from and average resistivity values were
determined from the resistivity-depth curves.

3) The information determined were summarised in tabular
form. (Tables 3, 4; Appendix: Table A1-A4).

4) Geologic sections with their average resistivity values
were produced along the profiles using range of
resistivity values for various rocks in basement complex
(Table 2) compiled by [37, 4, 12] as cited by [13].

Table 2. Range of Resistivity values for various rock types in Basement
complex used in deriving the geologic sections [44].

4.1. Summary of the VES Results Analysis Along Profile A

General summary of the VES analysis along profile A is as
shown in Table 3. There are six (6) VES points on the profile.
All the six points have three layers with H curve-type, that is
p1=> P2=< P3.

The resistivity values for the whole profile ranges from 36.1
Qm to 4064.3 Qm. The resistivity values on the first layer
ranges from 157.4 Qm to 3943.8 Qm and the thickness range
between 0.6 m to 3.6 m, the maximum resistivity value on the
first layer is at VES station Ag (3943.8 Qm) (Fresh Laterite)
which is towards the eastern part of the surveyed area, where
an outcrop was observed in the field, while minimum value is
at VES station A; (157.4 Qm, weathered laterite, Table 2). The
resistivity of the second layer range from (36.1 Qm) A, to
(89.7 Qm) A¢ (fadama loam and clay) and the corresponding
thickness range between 8.2 m to 33.4 m, the thickest VES
point is at As and thinnest is at VES Ay. The low apparent
resistivity of second layer maybe due to aquifer presence,
especially at VES points Asand Ag, where the layer thickness
are high. The third layer has resistivity value range from 679.1
Qm (A;) to 4064.3 Qm (Aj). Profile A4 has the highest first
layer apparent resistivity (3943.8 Qm) while the highest
basement apparent resistivity (4064.3 Qm), was observed at
VES A;. The depth of occurrence of basement along profile A,
range from 9.6 m to 33.7 m. VES A, has shallowest basement

ROde tyll’e L il el () starting from 9.6 m while VES Ajs has the thickest basement
fﬁe;gl;eziierite ?(5)09800 starting from 33.7 m and all end a.t ipﬁnity. Except. at VES A,
Pt i 900-3500 where basement apparent resistivity value is that of
Granite 300-10° weathered/Fractured layer (679.1 Qm), the rest resistivity of
Clays 1-100 the third/basement layer are of fresh basement (Table 3).
Table 3. Summary of VES results analysis along profile A.

VES point Type of curve No of layers Average resistivity (m) Layer thickness (m) Depth starting from (m)

1 1541.6 3.6 0.0
Ay H 2 41.2 133 3.6

3 679.1 0 16.9

1 648.0 1.4 0.0
A, H 2 36.1 9.1 1.4

3 2555.7 © 10.5

1 157.4 0.6 0.0
A; H 2 38.0 13.9 0.6

3 4064.3 0 26.8

1 331.4 1.4 0.0
Ay Ha 2 72.5 8.2 1.4

3 1196.0 0 9.6

1 976.7 1.3 0.0
As H 2 42.0 33.4 1.3

3 3018.7 0 347

1 3943.8 1.6 0.0
As H 2 89.7 20.5 1.6

3 931.2 ) 22.1
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4.2. Summary of the VES Results Analysis Along Profile F

There are six (6) VES points on profile F as shown in
Table 4 and three distinct layers are prominent on all the
VES points, with H curve-Type.

The first layer has a resistivity values range between 66.2
Qm (alluvium and sand) and 2266.6 Qm (fresh laterite) and
the corresponding thickness is between 0.6 m and 3.8 m. The

maximum thickness on the first layer is at VES F, (3.8 m)
and the minimum thickness is at VES F, (0.6 m). The
resistivity value of the second layer ranges from 15.8 Qm
(Clay) to 421.8 Qm (Weathered laterite) and the
corresponding thickness range between 17.8 m and 44.5 m.
The thickest VES point is at F, and the thinnest is at VES
point Fs.

Table 4. Summary of VES Results Analysis along Profile F.

VES point Type of curve No of layers Average resistivity ((Qm) Layer thickness (m) Depth starting from (m)
1 1039.3 2.5 0.0
F, H 2 80.7 28.7 2.5
3 4272.9 ® 31.2
1 1401.3 3.8 0.0
F, H 2 105.5 354 3.8
3 1687.1 ® 39.2
1 2545.7 1.3 0.0
F3 H 2 421.8 17.7 1.3
3 11725.6 ® 19.0
1 2266.6 0.6 0.0
F, H 2 172.4 44.5 0.6
3 882.4 ® 44.5
1 66.2 1.1 0.0
Fs H 2 61 30.1 1.1
3 1414.4 ® 30.1
1 194.2 1.2 0.0
Fs H 2 15.8 17.8 1.2
3 7596.8 ) 17.8

The third layer has resistivity range from 882.4 Qm
(weathered/fractured basement) to 7596.8 Qm (fresh basement)
(Table 4), with infinite thickness. The shallowest depth is at
VES F¢ (17.8 m) while the deepest depth is at VES F, (44.5 m).
The first layer resistivity indicated Clay, Weathered lateritic
topsoil. Second layer has resistivity values which correspond
with that of fadama loam, clay, alluvium and sand, they have
very low resistivity values compared with the resistivity values
of first and the third layers.

Table of summary for VES result analysis for profile B to
E is appended on appendix (Tables A1-A4).

4.3. General Deductions and Correlations of Iso-Resistivity
Contour Maps at Various Depths

The analysis from VES result analysis for profiles makes it
much easier to draw a certain number of deductions as
regarding the depth and thickness of each layer and zone of
water saturation known as (aquifer).

Iso-resistivity maps reflect the lateral variations of
resistivity over a horizontal plane at a given depth. In other
words, these Iso-resistivity contoured maps indicate
resistivity distribution in an area against the distance of
current electrodes. This was achieved by plotting the
resistivity data corresponding to the depth of interest (picked
from the log table) for all the study area. Surfer 13 software
version was used to contour these maps which showed the
conductivity pattern with depth through the horizontal slicing
of the study area. The depths of interest are, the surface, 5 m

depth, 10 m depth, 15 m depth, 20 m depth, 30 m depth and
40 m depth. Contour maps for surface, 5 m depth, 10 m depth,
15 m depth, 20 m depth and 30 m depth is presented on
appendix (Figure A1-A6).

4.4. Interpretation of Iso-Resistivity Contour Map at 40 m

The Iso-resistivity contour map at 40 m depth was
produced as shown in Figure 3, the map was contoured at an
interval of 100 Qm.

The resistivity value ranges from 0 Qm to 4400 Qm, the
low resistive (p < 600 Qm) area still occurred at this depth,
which indicate that weathered basement still continued at this
depth, areas where this occurred that is, the eastern part of
the studied area, and the area where the villagers resides. The
low resistivity here maybe as a result of human activities
going on there, such as refuse dump.

Areas where the resistivity is that of weathered/fractured
basement are very few and they are toward western part.
Finally, at the western part of the map, is where the
resistivity values are that of fresh basement (p > 1000 Qm).
A trailing small point with p <200 Qm, that featured at 30 m
depth probing, still appeared at the same point at 40 m depth
(figure 3); this might be as a result of a conducting mineral at
that point, activity of the artisan miners on the studied area
also confirmed such, they were notice packing the top sand to
go and wash for gold mining. Also, not far from this point, is
a very deep hole (more than 16 ft) dug by the artisan miners,
for their mining activities.
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Figure 3. Iso-Resistivity map at 40 metres, Contour Interval = 100 m.

4.5. Interpretation of Iso-Resistivity Contour Map for the Second Layer
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Figure 4. Iso-Resistivity map of Second Layer, Contour Interval = 20 m.
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The Iso-resistivity contour map of second layer was
produced as shown in Figure 4, the map was contoured at an
interval of 20 Qm, the contour lines trend towards North-
Western direction.

The resistivity value ranges from 0 Qm to 480 Qm. From
the map, it is observed that the resistivity value of the whole
area is generally low, this may be due to the presence of
water and some conductive mineralisation at this layer. The
blue colour with apparent resistivity (p) which ranges
between 20 and 80 Qm and dominate the entire map has
resistivity value which corresponds to the resistivity of clay
(Table 2), The areas with yellow, red and brown colours
which appear at North central and East central parts of the
study area correspond to that of weathered basement.

Comparing trends at 15 m depth (appendix 1d) and entire
second layer (Figure 4), it was noticed that they almost have
the same value, even where high resistivity closure was
noticed on north central of depth 15 m map, Profile F, VES
F;, it was also noticed at the same VES point on figure 4, this
implies that second layer was concentrated within 15 m depth
of the surveyed area.

3 400 00
LONGITUDE

Figure 5. Iso-Resistivity map of Third Layer, Contour Interval = 100 m.

4.6. Interpretation of Iso-Resistivity Contour Map for the
Third Layer

The Iso-resistivity contour map of the third layer was
produced as shown in Figure 5, the map was contoured at an
interval of 100 Qm, the contour lines looks almost parallel in
the North-Southern direction while the closures trend North-
Eastern direction.

The resistivity value ranges from 400 Qm to 4800 Qm.
From the map, it is observed that the resistivity value of the
whole area is generally high compared with that of second
layer. The whole area has resistivity of either Weathered or
Fractured or fresh basement. Blue colours has resistivity
value  which corresponds to the resistivity of
Weathered/fractured basement (Table 2).

Comparing trends at 40 m depth (Figure 3) and third layer
(Figure 5), it was observed that their contour lines look alike,
(parallel) with high resistivity values, at the western part and
low resistivity value at the eastern parts of the two figures,
this implies also that, third layer resistivity concentrated at
the depth of 40 m.

F

800

The areas with yellow, red and brown colours which appear at all the Western, South central and North-Eastern parts

of the study area correspond to that of Fresh basement.
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4.7. Interpretation of Contour Map for the Overburden Thickness

Figure 6 is the contour map of the depth to the basement or overburden thickness map, the map was contoured at an interval
of 5m.

-
LONGITUDE

Figure 6. Contour map of Overburden Thickness, Contour Interval = 5 m.

The depth ranges from 5 m to 85 m, the depth to basement D, VES D) and the shallowest area is found at Profile E,
values used for the contour map corresponds to the depth to ~ VES Es, this may be attributed to the very deep channel
the last layer for the whole VES points in the surveyed area.  washed away by gulley erosion found around that area,
From the map, it was observed that the deepest area was  which might had washed away the top soil around that point.
found around the eastern part, Profile B, VES By and Profile

Table 5. Depth to Fresh Basement of the Area, Longitudinal Conductance, Protective Capacity Rating and Curve Type.

VES Station Elevation (m) Depth To Basement (m)  Longitudinal Conductance (mho)  Protective Capacity Rating Curve Type
Ay 397 16.9 0.40 Moderate H
A, 387 10.5 0.29 Moderate H
A 393 26.8 0.71 Good H
Ay 358 9.6 0.13 Weak H
As 397 34.7 0.80 Good H
Ag 406 22.1 0.25 Moderate H
B, 375 40.1 0.45 Moderate H
B; 378 10.1 0.19 Weak H
B; 388 39.4 0.10 Weak H
B, 408 73.6 0.63 Moderate H
C, 389 20.9 0.13 Weak H
C; 377 10.1 0.18 Weak H
Cs 390 17.2 0.20 Moderate H
Cy 396 14.8 0.11 Weak H
Cs 391 143 0.03 Poor H
Cs 379 359 0.19 Weak H
D, 379 21.2 0.33 Moderate H
D, 387 15.3 0.22 Moderate H
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VES Station Elevation (m) Depth To Basement (m)  Longitudinal Conductance (mho)  Protective Capacity Rating Curve Type
Ds 405 23.6 0.04 Poor H
D4 405 12.2 0.20 Moderate H
Ds 388 41.2 0.17 Weak H
Ds 401 65.6 0.11 Weak H
E, 379 28.7 0.29 Moderate H
E, 382 10.5 0.29 Moderate H
Es 381 6.7 0.17 Weak H
E4 384 12.4 0.18 Weak H
Es 383 55 0.30 Moderate H
Es 386 455 0.19 Weak H
F, 389 31.2 0.39 Moderate H
F, 390 39.2 0.37 Moderate H
F; 383 19.0 0.05 Poor H
F, 384 44.5 0.26 Moderate H
Fs 383 30.1 0.49 Moderate H
F 379 17.8 1.13 Good H
F
N
E 1.14
1.08
1.02
0.8
- 0.9
D 0.84
2 0.78
0.72
0.88
08
C 0.54
0.48
0.42
0.33
0.3
-, 0.24
\N B 0.18
: 0.12
0.03
0
S/m
A

400

LONGITUDE

Figure 7. Contour map of Longitudinal Conductance, Contour Interval = 0.02 S/m.

From Table 5, it could be seen that the aquifer potentials
have poor, weak, moderate and good protective capacities,
having a longitudinal conductance ranging from 0.03 mho to
1.13 mho. The longitudinal conductance was calculated using
equation 5. The highest longitudinal conductance for the
aquifer potential was seen at VES F¢ (1.13) and the lowest
was seen at VES Cs (0.03).

The contour map of longitudinal conductance for the
whole study was produce as shown in Figure 7, the map was
produced at an interval of 0.02 mho.

The longitudinal conductance ranges from 0 mho to 1.14
mho, with the highest at VES F¢, while the lowest is at VES
C5.

4.8. Aquifer Protective Capacities Evaluation

In a basement complex terrain, areas with overburden
thickness of 15 m and above and fractured layer resistivity of
400 Qm are good for groundwater development [8]. In
addition, in basement complex, the areas with low resistivity,
thick overburden and fractured bedrock constitute the aquifer
units [25, 33, 34]. The author [7, 23] stated that the highest
groundwater yield in basement complex is often obtained
from a fractured aquifer or a subsurface sequence that has a
combination of a significantly thick and sandy weathered
layer. In view of above, 13 VES points were delineated as
aquifer potentials of the surveyed area, they are as shown in
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Table 6.
Table 6. Aquifer Potential for the Study Area.

VES . . Fractured/Fresh basement Layer Depth Starting  Longitudinal Protective Capacity
Point Latitude Longitude Resistivity (Qm) From (m) Conductance (Ohm')  Rating
A 1073000 262100 679.1 16.9 0.40 Moderate
As 1073000 263100 3018.7 34.7 0.80 Good
As 1073000 263350 931.2 22.1 0.25 Moderate
B, 1073300 262100 1653.9 40.1 0.45 Moderate
B; 1073300 262350 3304.4 39.4 0.10 Weak
Bg 1073300 263350 748.3 73.6 0.63 Moderate
Cs 1073600 263350 676.3 359 0.19 Weak
Ds 1073900 263350 502.5 65.6 1.11 Good
Es 1074200 263150 911.1 45.5 0.19 Weak
F, 1074500 261900 4272.9 31.2 0.39 Moderate
F, 1074500 262150 1687.1 39.2 0.37 Moderate
F, 1074500 262650 882.4 44.5 0.26 Moderate
Fs 1074500 262900 1414.4 30.1 0.49 Moderate

From Table 6, it is shown that the aquifer potentials have
weak, moderate and good protective capacities having a
longitudinal conductance ranging from 0.10 Ohm™ to 1.11
Ohm™. The highest longitudinal conductance for the aquifer
potential was seen at VES Dy (1.11 Ohm™) and the lowest
was seen at VES B (0.10 Ohm™).

According to the aquifer protective capacity (APC) rating
of [43, 21], the frequency and percentage of APC are ranged
as follows; 2 VES locations (15.4%) have good APC, 8 VES
locations (61.5%) have moderate APC and 3 VES location
(23.1%) have weak APC (Table 6). These show that only 3
VES locations out of 13 VES locations in the study area
revealed weak APC (Figure 7). The impermeable and thick
clay overburden materials which are characterized by low
hydraulic conductance serve as natural filters to any
percolating fluid [31, 42, 15]. These material reduce the rate
of movement of the fluid through them hence, increasing
their residence time and offering better protection to the
underlying aquifers [17].

An effective groundwater protection is provided by
protective layers with sufficient thickness and low hydraulic
conductivity leading to high rate of percolating water [20].
Areas with high longitudinal conductance (thick overburden
and low resistivity) constitute regions of excellent — good
aquifer protective capacity in which such locations have
sufficient seal from groundwater contamination. Locations
with moderate aquifer protective capacity are less susceptible
or rare to contamination while areas with weak — poor APC
are susceptible to contamination [10]. These results show that
the groundwater potential of the study area is moderately
good and indefinite locations of weak aquifer protective
capacity of the overburden.

In a basement complex terrain, areas with fresh basement
layer depth of 4 m and below are good for civil engineering
work. [8, 32, 35], stated that, where the overburden layer
thickness is thick, such an area is unsuitable for construction
of high-rise buildings but very good area for groundwater
exploration. They also stated that incompetent zone for
erecting of high-rise structures, are zones (shallow/deep
fracture) but are better sites for hydrogeological purposes.

And the competent zones are the poorly weathered zones
which are better sites for erecting of heavy structures.

5. Conclusion

For this research work, Electrical Resistivity data were
collected using Vertical Electrical Sounding (VES) using
Schlumberger array across all the thirty six (36) VES points,
taken along the 6 profiles. This Schlumberger electrode
layout was used, because the smaller separation of the
potential electrodes reduces noise due to ground current
(from cultural and telluric sources) which may limit the
useful depth of penetration. Similarly, the maximum current
electrode separation of 430 m and potential electrode of 100
m were reached and this corresponds to 215 m probed depth
(i.e AB/2), there was no need for data reduction or repeated
measurement since the receiver of SAS 4000 discriminates
noise and measures voltages corrected with transmitted
signal current. The system has the built-in function to
average the best measurement of maximum of four staking
with the standard deviation of unity or even less [45]. The
apparent resistivity data were generated from resistance
values, using equation (3) and (4). WIN-resist software was
used to interpret the data. This particular software perform
automatic interpretation of the Schlumberger sounding
curves which then gives the equivalent numbers of n-layer
model input from the apparent resistivity data of particular
sounding point, which then converts the apparent resistivity
as a function of electrode spacing the true resistivity value as
a function of depth. The vertical electrical sounding data
were interpreted to obtain geo-electric section, geologic
section and finally iso-resistivity maps at various depths.

The result obtained show that the area is generally
underlain by three geologic formation (lateritic top soil,
weathered/fracture basement and fresh basement. With
average first layer resistivity of 1065.6 Qm, with highest
value of 3943.8 Qm at VES A and lowest value of 1331.6
Qm at VES D,, the layer also has an average thickness of 1.7
m with highest value of 4.0 m (VES B,) and lowest value of
0.6 m (VES A; & Fy). Second layer has average resistivity
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value of 129.5 Qm with highest value of 556 (D) and lowest
value of 15.8 Qm (F4) with corresponding average thickness
of 23.0 m which ranges from 4.1 m VES Es to 73.6 m VES
B,. Finally third layer has an average resistivity of 3573.3
Qm, with least value of 776.3 Qm and highest value of
22750.7 Qm with depth averagely starting from 25.6 m, the
least depth starting from 5.5 Es and deepest value starting
from 73.6 m (Es).

With regard to aquifer protection capacity (APC), only 3
VES locations out of 13 VES locations in the study area that
was delineated as aquifer potential, has weak APC (Table 6),
(Figure 7). The results proved that the groundwater potential
of the study area has moderately good APC; hence the
aquifers of the study area constitute definite overburden
thickness with clay which serves as natural filter to
percolating fluids. The result also showed that the aquifers in
the study area have moderate-low vulnerability to
contamination because the APC is moderately good, except
for only 3 VES points, which have weak APC.

Appendix

The presence of interconnectivity of fracture zones in the
study area showed that the area has good prospects for
groundwater development and it can be recommended that the
search for groundwater in the study area should be aimed at
searching for fractured zones where overburden is relatively
thin. Areas that are extensively fractured and where the
fractures are deep are considered as weak zones and
considered suitable zones for groundwater development [7, 32].

VES analysis revealed three lithologic sequences which
include topsoil, weathered layer and fractured or fresh
bedrock. H-type are the curve types obtained from the VES
data with overburden thickness ranging from 8.2 m to 73.6 m.
The bed rock is averagely covered with thick overburden
which is unsuitable for construction of heavy structures but
would be useful for small scale groundwater exploration [33,
34, 35] such as development of hand-dug well and hand-
pump well. The iso-resistivity map of the weathered layer
revealed the area is of good groundwater potential but
incompetent for engineering structures.

Tables A1-A4: Summary of VES results analysis along profile B, C, D and E.

Table A1. Summary of VES results analysis along profile B.

VES point Type of curve No of layers Average resistivity (Qm) Layer thickness (m) Depth starting from (m)
1 209.8 2.1 0.0
B, H 2 422 13.6 2.1
3 1653.9 o 40.1
1 1564.0 1.3 0.0
B, H 2 52.4 10.1 1.3
3 1395.8 o 10.1
1 724 33 0.0
B; H 2 395.6 39.4 33
3 3304.4 o 39.4
1 436.7 4.0 0.0
B, H 2 117.5 73.6 4.0
3 748.3 ) 73.6
Table A2. Summary of VES results analysis along profile C.
VES point Type of curve No of layers Average resistivity (Qm) Layer thickness (m) Depth starting from (m)
1 2126.0 1.5 0.0
C H 2 158.6 19.4 1.5
3 4483.8 o 20.9
1 210.2 0.7 0.0
C, H 2 54.7 9.4 0.7
3 5008.6 o 10.1
1 1961.7 1.0 0.0
GC; H 2 85.7 16.2 1.0
3 1892.0 © 17.2
1 1221.7 1.2 0.0
Cy H 2 86.7 13.6 1.2
3 22750.7 ® 14.8
1 1227.3 1.4 0.0
Cs H 2 484.2 12.9 1.4
3 1033.1 © 143
1 775.2 0.9 0.0
Cs H 2 190.6 35.0 0.9
3 676.3 © 359
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Table A3. Summary of VES Results Analysis along Profile D.
VES point Type of curve No of layers Average resistivity (m) Layer thickness (m) Depth starting from (m)
1 298.4 1.7 0.0
D, H 2 63.9 19.5 1.7
3 12663.2 0 21.2
1 571.1 1.3 0.0
D, H 2 68.1 14.0 1.3
3 598.1 0 15.3
1 749.2 2.4 0.0
Ds H 2 556.0 21.2 2.4
3 1398.9 0 23.6
1 1853.5 0.9 0.0
4p H 2 62.2 11.3 0.9
3 1545.1 0 12.2
1 1210.0 1.8 0.0
Ds H 2 242.0 39.4 1.8
3 8405.0 0 41.2
1 1804.3 23 0.0
Ds H 2 59.3 63.3 23
3 502.5 0 65.6
Table A4. Summary of VES Results Analysis along Profile E.
VES point Type of curve  No of layers Average resistivity (Qm) Layer thickness (m) Depth starting from (m)
1 414.7 2.6 0.0
E, H 2 98.6 26.1 2.6
3 5372.8 0 28.7
1 888.9 3.5 0.0
E, H 2 36.0 7.0 3.5
3 3998.2 0 10.5
1 147.5 0.7 0.0
E; H 2 39.5 6.0 0.7
3 1625.8 0 6.7
1 426.2 1.1 0.0
E4 H 2 69.2 113 1.1
3 687.6 0 12.4
1 966.9 1.4 0.0
E;s H 2 184 4.1 1.4
3 813.7 0 5.5
1 1331.6 1.5 0.0
Es H 2 2449 44.0 1.5
3 911.1 0 45.5

Figures A1-A6: Iso-Resistivity maps for surface, 5 m, 10 m, 15 m, 20 m and 30 m.
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Figure Al. Iso-Resistivity maps for surface.
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Figure A2. Iso-Resistivity maps for 5 m depth.
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Figure A3. Iso-Resistivity maps for 10 m depth.
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Figure A4. Iso-Resistivity maps for 15 m depth.
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Figure AS5. Iso-Resistivity maps for 20 m depth.
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Figure A6. Iso-Resistivity maps for 30 m depth.
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Abstract: The study focused on fitting non-stationary rainfall Intensity-Duration-Frequency (IDF) curves based on the
General Extreme Value (GEV) distribution function to establish climate change existence in Benin City. The intensity levels
were calculated, with the aid of the open-access R-studio software. Four linear behavioural parameter models considered for
incorporating time as a covariate had the second model selected for producing the least corrected Akaike Information Criteria
(AICc). The AICc varied from 370.30 to 125.20 for 15 and 1440 minutes, respectively, used in the calibration of the GEV
equation. The computed non-stationary intensities produced higher values above those of stationary models, showing that the
later IDF models undervalued extreme events. Differences of +15.24% (18.22 mm/hr), +9.4% (7.37 mm/hr), and +12.64%
(12.78 mm/hr), for a 2, 10, and 50-year return periods, respectively, are serious underestimation from a stationary IDF model.
Having extreme value differences could further aggravate the flood risk more than the design provision for the drainage
facilities. The test statistic result confirmed a significant difference at a 95% confidence level between the non-stationary and
stationary IDF curves, showing evidence of climatic change influenced by location as the time-variant parameter. The use of
shorter-duration storms is advised for design purposes because they produce higher intensities and percentage differences in
the extreme values, increasing the flood risk and infrastructural failures to induce climatic change in the study area.

Keywords: Rainfall, Time Series Data, Trend, Non-Stationary, Stationary, Curve Fitting

assumes that extremes do not vary significantly over time.

Non-stationary IDF modelling applies dynamic time series
data to allow for the use of the sample mean, variance and
covariance changes over time. The non-application of Non-
stationary concepts in hydrological modelling leads to
inaccurate results [1]. The measured rainfall data is checked
for a trend to ascertain the presence of dynamic sequential
behaviour. When the trend is significant, the location
parameters can be evaluated using the non-stationary
assumption. The state-of-the-art studies are on the
development of IDF curves based on the non-stationary
concept [1-4]. Bougadis and Adamowski [2] opined that the
simple scaling process of rainfall IDF relationship is more
efficient with more accurate estimates in non-stationary IDF
modelling than from the stationary approach.

1. Introduction

Rainfall Intensity-duration-frequency (IDF) models are
mathematical formulas derived in hydrology to calculate
design storms in terms of the intensity of rainfall against its
duration of fall for a given return period or, against the return
period for a specified rainfall duration. The graphical
representation of the mathematical formulation when values
are assigned is known as IDF curves. IDF curves are very
important for the design of different types of hydraulic
facilities, for example, stormwater drainage systems,
culverts, irrigation channels, and Dams.

Rainfall IDF models are applied in the conversion of the
rainfall intensities into runoff volume in the design of
hydraulic infrastructures. The stationary rainfall IDF model
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A framework for evaluating climate change impacts on
natural and developed infrastructures applying bias-corrected
multi-model simulations on historical and projected
precipitation extremes was outlined [5]. Changes in rainfall
IDF curves and their uncertainty bounds were derived using a
non-stationary model integrating Bayesian Inference. Further
studies by several authors on IDF modelling show that the
Non-stationary framework for IDF modelling gives a better
fit to the sample data than the stationary method [1, 6].

This study is focused on the development of a 24-hourly
annual maximum series (AMS) non-stationary rainfall IDF
model for Benin City using a statistical approach to fit the
general extreme value (GEV) distribution function with the
aid of non-stationary behavioural parameters to establish
climate change existence in the study area. The basic steps
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for developing a 24-hourly GEV distribution function-based
non-stationary model and its stationary-based parameter
model counterpart are summarized and presented in a
flowchart [7].

2. Materials and Methods
2.1. Study Area

Benin City is the capital of Edo State in the South-Central
region of Nigeria. It is located between longitudes 5°34° E —
5°44’ E and latitudes 6°52° N — 6°21° N, as shown in Figure
1. See details of the study area description as presented in our
earlier publication [8].
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Figure 1. Map of Edo State showing the study area - Benin City.

2.2. Data Collection

The observed rainfall data for this study were recorded for
about three and a half decades precisely 36 years (1982-
2017), from the Nigeria Meteorological Agency (NIMET)
gauge station at Benin City. The data collected were sorted
out by extracting the 24-hourly annual maximum series
(AMS) rainfall time series data from the maximum monthly
series (MMS) for each year for the rest of the 36-year
interval. The 36-year 24-hourly AMS data were further
downscaled into shorter durations using the relationships
established by the Indian Meteorological Department (IMD)
and the Modified Chowdhury Indian Meteorological
Department (MCIMD) scaling methods. See more details of
the calibration and scaling process in the author’s earlier
publications [8, 9].

2.3. Climatic Trends Check in the Time Series Data

Non-stationary IDF modelling (NS-IDF) requires the
testing for non-stationarity signals on the measured rainfall
data as a precondition. For the detection of whether the
trends are statistically significant or not in the time series
data, the rank-based non-parametric Mann-Kendall (MK)
method with the Sen’s Slope Estimator (SSE) was applied to
the data [10-12]. The details of the procedure can be found in
our earlier publications [8, 13].

2.4. Fitting Non-Stationary IDF Curves with Generalized
Extreme Value (GEV) Distribution Function

The introduction of the time-dependent parameters into the
general intensity-duration-frequency relationship was the
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basis of the GEV distribution functions [14]. The standard
cumulative distribution function (CDF) of the GEV is shown
in Equation (1) [15], with more information on the procedure
also available in our earlier study [8].

-1
~ exp|— x=u®Y /5
F(x)—exp[ (1+ ¢ - ) ]forfqto (1)

Where F(x) = Cumulative Distribution Function, £ = shape
parameter, 4 = mean and o = standard deviation.

2.5. Deriving GEV Time-Variant Parameter Models

The extreme value theory of stationary random series
assumes that statistical properties of extremes such as
distribution parameters 8 = (u, g, §) are independent of time
[16]. In contrast, for a non-stationary process, the parameters
of the fundamental distribution function are time-dependent
and have time-varying properties [17]. To represent a
dynamic distribution, the location and scale parameters are
assumed to be linear functions of time to account for non-
stationarity, with the shape parameter kept constant [4, 14,
16, 18, 19]. Thus, the time-varying covariates are
incorporated into GEV location and both location and scale
parameters respectively, thereby describing trends as a linear
function of time in years.

This study considered four different linear model
combinations of the GEV parameters by assuming a case of
linear trend for location and linear trend for scale parameters
and their different combinations as in the literature [9, 20].
We have Model type GEV,— 0 = where all parameters are
assumed constant for stationary case; GEV,— I is u(t) =y, +
ut; GEV—1Il is a(t) = 0,+ oit; and GEV,— Il is u(t) =y, +
Uqt, and o(t) = o,+ oyt. Given a typical rainfall duration of
values X = X}, X; ..., Xn, for n years of the annual maximum
time series. The log-likelihood for the Stationary is expressed
as written in Equation (2) based on the condition of Equation

3).
logL (1. 0. §1X)=-nlogo - (1 + lz> nlog[1+
§(20)] -z [+ 5(254)] )
Forg#0and 1 +¢ (1) >0, 3)

Where, the Maximum Likelihood Estimates (MLEs)
parameter values allow for the extension to the non-
stationary case, in which the parameters of the GEV
distribution depend on time, ¢ [21]. To obtain the parameters
of extreme distributions as the GEV is by minimizing the
negative log-likelihood function evaluated using iterative
numerical method.

Sequel to the derivation of the GEV parameter model
values, the next step is to identify which of the GEV
parameter models best represents the original data. To select
the best model, the corrected Akaike Information Criteria
(AICc) is preferable, because it penalizes the minimized
negative log-likelihood for the number of parameters

estimated [21]. The AICc is recommended in practical
applications because it outperforms the original AIC and
helps to avoid over-fitting the data [22].

2.6. Deriving Stationary & Non-Stationary Intensity
Duration Frequency Curves

The fitting of Non-stationary IDF curves based on the
GEV distribution function requires the determination of the
best GEV behavioural extreme parameters for substitution
into the CDF formula in Equation (1). So that to enable the
evaluation of the rainfall intensities, xr, assuming stationarity
(i.e., constant value) of the behavioural parameters, Equation
(1) is solved by inversion of the CDF to have the subject of
the equation as written in Equation (4) [3, 15]:

1

3
w=|(-i%) -1 itz =0 @

Where x; = rainfall intensity exceedance value, and T =
return period. The return periods and return levels of
extremes in Equations (4) are determined by expressing
return levels as a function of the return period 7 as in
Equation (5) [6]

T=— (5)

Where p is the non-exceedance probability of occurrence
in a given year, assumed constant under the stationary IDF
concept. Also, for each return period and duration, the
intensity values are calculated with IDF curves plotted.

However, by estimating the model parameters on the
conditions of Non-stationarity in terms of the behavioural
parameter extremes, it can be extended to estimate the Non-
stationary return level or rainfall intensity as given in
Equation (6):

x= QK(”tl, U2, ----'Mtn), (w(®) =t + po)

g
xT:[(—ﬁ) —1]x%+/j,(«2¢0) 6)

Where x; = rainfall intensity exceedance value, and T =
return period. The return levels are also translated into
intensities for each return period and duration, with the IDF
curves plotted.

For example, let us compute the rainfall intensity values
for both Stationary and Non-stationary GEV fitted Curve
given 15-minute rainfall at 2-year return periods for a daily
annual time series data collected for 30 years just like the
case of Benin City.

For Stationary Case — Using the intensity formula from
Equation (4) with the computed GEV parameters from Table
1: location, pu=146.178; scale, c = 35.22, and shape, &
=0.0304 for T = 2 years return period. The rainfall intensity,
xr can be obtained by making necessary substitutions;

2-1 1

T="osp=1--=21=-1-95 ;
1-P T 2 2

Equation_ (5), so that the rainfall intensity.

ie, From
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0.0304
- [(_ L) 1] x 222 4 146.178=12.98+
mo.5 0.0304

146.178 =159.16 mm/hr

For Non-stationary Case - From Table 1, the GEV, - |
parameter model is the best selected with the least AIC: and
the parameters are obtained as follows; Location, u(t) =
118.019 + 1.495¢t; Scale, o(t) = 28.11, and Shape, £ =
0.1722, with data collection time, ¢ = 36 years. Substituting
the time, ¢ = 30 years we have; u(t) = 118.019 + 1.495 x
36 = 171.849,0(t) = 28.11,and § = 0.1722.

Therefore, substituting the values of the calculated
parameter estimates into Equation (6) for Non-stationary
rainfall intensity computation for 2 year return period for the
15-minute duration we have;

0,1772
Xr = [(— —) - 1]x 2811 | 171.849=10.634 +
In 0.5

0.1722

171.849 = 182.48 mm/hr

2.7. Comparing Non-Stationary Against Stationary
Predicted Rainfall Intensities

Graphical plots of computed rainfall intensities against
durations were carried out for a given return period, with the
return period against duration at a given duration. The
statistically significant differences between the best non-
stationary model and the stationary models were evaluated
using the Wilcoxon signed rank sum non-parametric test.
Acceptance is given to the null hypothesis if the critical value
corresponding to alpha, < = 0.05 at reduced sample size, n,
were greater than the computed statistic value. The statistical
significance of the best non-stationary model compared to the
stationary model was measured by the p-value of the Wilcoxon
signed rank statistic test at a 5% level of significance [24].

3. Results

3.1. Generalized Extreme Value (GEV) Behavioural
Parameter Models Evaluation

Thirty-six years of measured rainfall data were collected
and sorted into 24-hourly Annual Maximum Series (AMS)
for each year. The data were disaggregated using the IMD
and MCIMD downscaling models into shorter durations as in
our earlier published work [9, 13].

The condition for non-stationary IDF modelling requires
evidence of trend existence in the time series data which was
a positive trend. The performances of the different linear
parameter models selected are shown in Table 1. They are
expressed as functions of time with their derived values. The
best in performance of the non-stationary models was chosen
based on the corrected Akaike Information Criteria (AICc)

obtained to represent the time series data. The selected linear
parameter models were substituted into Equations (4) and (6)
for the evaluation of the rainfall intensities.

3.2. Fitting GEV Distribution Function IDF Curves

The open-access R Studio software package was used to
develop the rainfall IDF curves [25]. The CDF of the GEV
formula given in Equation (1) was used for fitting both the
stationary and the non-stationary IDF curves. The GEV
distribution has the combination of the Gumbel, Frechet and
Weibull distributions which constitutes the necessary and
required condition expressed in Equation (3). Thus, the
formulation of Equation (1) enabled the optimization of the
log-likelihood function of Equation (2) which allowed for its
extension to the non-stationary modelling, in which the
parameters of the GEV distribution depend on time ¢. The
GEV Equation (1) when inverted results in Equations (4) &
(6) used for the computation of the rainfall intensity values.
The parameters of the GEV formula were obtained by
minimizing the negative likelihood function through an
iterative numerical approach. Subsequently, Non-stationarity
was introduced by expressing one or more of the parameters
of the GEV as a function of time that were selected.

The rainfall intensity values were computed for the non-
stationary IDF curves based on the selected best model.
The linear model with the least AIC, presented in Table 1
is GEVt-1., on the basis for which the rainfall intensities
were estimated. The results of the rainfall intensities
computed for both the stationary and non-stationary
models were plotted together. Figure 2 shows the plots of
the GEV distribution fitted non-stationary and stationary
against duration IDF curves on the same graph paper for
given return periods, while Figure 3 shows the GEV
distributionfitted non-stationary and stationary against
return period IDF curves plotted on the same graph paper
for given durations, respectively.

3.3. Percentage Differences Between Non-Stationary and
Stationary IDF Curves

The graphical plots of rainfall intensity values against
duration, and return period presented in Figures 2 and 3,
respectively, show a visual difference between the non-
stationary and the stationary models at each plotting point.
However, it is important to verify if the differences were
statistically significant. The computed rainfall intensity
values for stationary and non-stationary obtained were
evaluated to obtain their percentage differences. The
Wilcoxon non-parametric paired test of significance was
carried out to verify this fact if the percentage differences
were significant at a 95% Confidence level.

Table 1. Performance of GEV Parameters Evaluated for Non-Stationary and Stationary Models for Benin.

Time (mins) Model Location Parameter Scale Shape Parameter AIC AIC,
GEV,-0 146.178 35.22 0.0304 376.74 377.49

15 GEV,-1 118.019 + 1.495t 28.11 0.1722 369.01 370.30
GEV-1I 149.704 45.231 - 0.653t 0.1842 377.13 378.42
GEV, - 1II 117.743 + 1.511t 27.785 + 0.0194t 0.1718 371.011 373.01




89

Modelling for Establishing Climate Change in Benin City

Masi G. Sam et al.: General Extreme Value Fitted Rainfall Non-Stationary Intensity-Duration-Frequency (NS-IDF)

Time (mins) Model Location Parameter Scale Shape Parameter  AIC AIC,
GEV-0 84.753 20.997 0.0297 339.47 340.22
30 GEV,-1 68.003 + 0.890t 16.773 0.1717 331.71 333.00
GEV—1I 89.937 27.110 — 0.395t 0.1856 339.86 341.15
GEV;-1II 67.854 + 0.899t 16.597 + 0.0094t 0.1713 333.71 335.71
GEV-0 61.751 15.493 0.0301 317.57 318.32
45 GEV,-1 49.407 + 0.655t 12.773 0.1725 309.86 311.15
GEV—1I 63.326 19.978 - 0.290t 0.1861 317.967 319.26
GEV,- 1II 49.280 + 0.662t 12.237 + 0.0073t 0.1722 311.857 313.86
GEV-0 49.345 12.487 0.0305 302.036 302.79
60 GEV,-1 39.405 + 0527t 9.971 0.172 29433 295.62
GEV,-1I 50.6118 16.074 - 0.233t 0.185 302.429 303.72
GEV;-1II 39.293 +0.534t 9.849 + 0.0066t 0.1719 296.327 298.33
GEV-0 28.809 7.447 0.0295 264.801 265.55
120 GEV,-1 22.868 +0.316t 5.947 0.1707 257.055 258.35
GEV—1I 29.57 9.594 - 0.129t 0.1844 265.199 266.49
GEV;-1II 22.802 +0.319t 5.876 +0.0039t 0.1704 259.052 261.05
GEV-0 12.339 3.277 0.0284 205.655 205.66
360 GEV,-1 9.737 + 0.138t 2.623 0.1678 197.984 197.98
GEV—1I 12.671 4.217 - 0.061t 0.183 206.05 206.05
GEV,- 1II 9.706 + 0.140t 2.589 +0.0018t 0.1675 199.98 201.98
GEV-0 7.258 1.952 0.0289 168.386 169.14
720 GEV,-1 5.681 +0.084t 1.551 0.1758 160.488 161.78
GEV,-1I 7.464 2.529-0.037t 0.1878 168.745 170.04
GEV;-1II 5.677 +0.00838t 1.545 +0.0003t 0.1754 162.488 164.49
GEV-0 4.268 1.173 0.0269 131.606 132.36
1440 GEV,-1 3.331 +0.0497t 0.9358 0.168 123.911 125.20
GEV—1I 4.387 1.5078 - 0.022t 0.1796 132.016 133.31
GEV;-1II 3324 +0.0501t 0.9304 + 0.0004t 0.1664 125.99 127.99
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Figure 2. GEV Distribution Fitted Non-stationary versus Stationary IDF Curves for Different Return Periods for Benin.

Table 2. Percentage Difference of Rainfall Intensities between Non-Stationary and Stationary IDF Curves for Benin.

Duration (mins)

Return Period (years)

2 5 10 25 50 100
15 14.65* 9.85 9.15 10.31 12.37 15.30
30 15.04 10.08 9.36 10.53 12.60 15.57
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Return Period (years)

Duration (mins)

2 5 10 25 50 100
45 15.13 10.11 9.39 10.63 12.67 15.67
60 15.24 10.14 9.40 10.55 12.64 15.62
120 15.53 10.36 9.54 10.67 12.75 16.06
360 13.43 10.54 9.72 10.77 12.80 15.72
720 16.29 10.73 9.91 11.23 13.44 16.60
1440 16.38 10.89 9.87 10.87 13.09 16.08
Av. %tage Difference 15.21 10.34 9.54 10.69 12.79 15.83
+ Percentage Difference of Rainfall Intensities
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Figure 3. GEV Distribution Fitted Non-Stationary versus Stationary IDF Curves for Different Durations for Benin.

The two-tailed statistic test was carried out for rainfall
intensities against duration for a given return period and
rainfall intensities against return period for the given
duration. The Wilcoxon statistic test result was compared
with the critical p-value at alpha, o< - value of 5% level of
significance.

4. Discussion

4.1. Analysis of Evaluated GEV Behavioural Parameter
Models

This research study was carried out based on 24-hourly
measured annual maximum series (AMS) data constructed
using the Modified Chowdhury Indian Meteorological
Department (MCIMD) downscaling method. The MCIMD
downscaling models produced higher rainfall intensity values
than other models for different shorter durations of 0.25 to

1.0 hours typical of urban drainage, and 2 to 24 hours longer
duration applied in large-scale or rural infrastructural
designs. The downscaled rainfall intensities (mm/hr) plotted
against duration (years) showed a strong positive (i e.,
increasing) trend as obtained in our earlier publication [13].
The behavioural parameters considered were scale,
location, and shape, expressed in four different linear models
for the integration of time as co-variate in the calibration of
the GEV distribution Equation (1). The GEVt — 0 is the first
linear model applied at constant values of the various
parameters, the same as the stationary assumption model of
the Gumbel Extreme Value 1 (GEVT-1). The second model,
GEVt — I have time as a co-variate with location as the
behavioural parameters while the scale and shape parameters
remain constant. The GEVt — 1II is the third model, having
time as a co-variate with scale parameters, while location and
shape parameters are constant. The fourth model, GEVt — III
has the shape parameter constant while the time is co-varying
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with both location and scale parameters.

For the Benin City meteorological station, the best-
performed linear model was the model with the least AICc,
chosen as reasonable and representing the non-stationarity
better. Therefore, the second model, GEVt — I was chosen as
the best parameter model for the calculation of the
parameters required for calibration of the GEV Equation (1).
The equation was adopted in the calculation of the non-
stationary rainfall intensities for various durations in a given
return period, and also for different return periods in a given
duration.

4.2. The Analysis of Evaluated GEV Distribution Function
Fitted IDF Curves

The R-studio software was applied for all the computations
to obtain the rainfall IDF curves fitted based on the GEV
distribution function. The formula for obtaining the cumulative
distribution function for the GEV distribution has a family of
three distribution functions controlled by the shape function
when it is either zero, more than zero or less than zero, given
in Equation (1). The expression of the equation into the log-
likelihood form in Equation (2) provided the basis for
computing the parameters of the GEV distribution function for
both stationary, vis-a-vis the extension of the principles to the
non-stationary condition where time is integrated as a co-
variate [22]. The parameters were, therefore, calculated on the
satisfactory condition of Equation (3) through optimization of
the minimization of the negative log-likelihood achieved by
iteration.

The intensity levels for various downscaled durations for
any given return period were computed from Equation (1),
inverted to derive Equation (6) which were applied with the
values of the best linear parameter model substituted to
obtain the non-stationary intensities. The intensities of the
stationary model were also calculated based on model 1, that
is, GEVt — 0 which is the stationary counterpart. The
intensity levels computed for both stationary and Non-
stationary models were plotted against duration for a given
return period on the same normal graph paper, to obtain the
IDF curves shown in Figure 2. Also, the plot of the computed
intensities was made against the different return periods for a
given duration presented in Figure 3.

4.3. Analysis of Percentage Difference Between
Non-Stationary & Stationary IDF Curves

The plotted curves in Figures 2 and 3 show glaring visual
differences for intensity levels against both return levels
and duration, respectively. However, the plots in Figure 2
may require further confirmation in terms of the percentage
differences. The calculated percentage differences
presented in Table 2 showed that for the plots in Figure 2,
the intensity values for the non-stationary distributions
produced higher values above those of stationary
distributions for Benin City. This implies that the stationary
distribution function delivers IDF curves that underestimate
extreme events as in the literature [3]. For example,

considering a 1-hr storm duration event gave the percentage
difference between the non-stationary and stationary
extreme rainfall of +15.24% (18.22 mm/hr), +9.4% (7.37
mm/hr), and +12.64% (12.78 mm/hr), for a 2, 10, and 50
year return periods, respectively. Such differences of 18.22
mm/hr, 7.37 mm/hr, and 12.78 mm/hr, rainfall intensities in
a 1-hour duration storm for a small catchment area could
lead to serious underestimation of the peak flood from a
stationary IDF curve. The obtained extreme value
differences could worsen the flood risk more than the
design provision. These under estimations signify that if the
stationary intensities were applied for infrastructural
designs, such a project may not contain extreme hydrologic
events as indicated by the non-stationary counterpart to
guarantee safety for some particular return periods [3, 4,
20].

Further observation revealed that the intensity of rainfall
indicated higher differences between non-stationary and
stationary at short durations. Because, at a 2-year return period,
the rainfall intensity differences between the distributions
varied from 8.22 mm/hr to 1.3 mm/hr for 1-hour and 12-hour
storm durations, respectively. While at the 100-year return
period, the intensity difference at 1 hour is 17.34 mm/hr and
reduces to 2.8 mm/hr at 12-hour storm duration, and tends to
zero (1.62 mm/hr) at 24-hour storm. This result suggests that
emphasis should be laid on shorter duration storm for design
purposes because it occurs with higher intensities showing
higher differences in the extreme values, which have the
potential of increasing the flood risk that causes hydrological
facilities failure, consistent with an earlier study [8].

The study also observed differences between the non-
stationary and stationary intensities in Benin City to have
increased with higher durations from 15 min to 1440 min for
2 and 5-year shorter return periods, but reduced in value at
1440 min for 10, 25, 50, and 100 years return period. This
proves that longer-duration events have not changed much
for concern over the succeeding years, while shorter-duration
events persistently increased [3].

To further establish the existence of a statistically
significant difference between both intensity distributions,
performance evaluation for a two-tailed sample using
Wilcoxon signed rank sum statistic was carried out for given
return periods, and also for given duration. The Wilcoxon
signed rank sum test statistic calculated was 0.0143 for all
return periods, which is less than the critical p-value at alpha,
o< value = 0.05. Also, the Wilcoxon signed rank sum test
statistic was calculated as 0.0360 for all durations. These
values computed being less than the critical p-value at a 5%
level of significance, the result affirms that there are
significant statistical differences between the non-stationary
and stationary IDF curves.

5. Conclusion

This study has proven that Benin City with a positive
trend in the time series data requires non-stationary IDF
modelling. Among four linear behavioural parameter
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models considered for incorporating time as a covariate.
The second model, GEVt — I with time as a covariate and
location as the behavioural parameter dominating, while the
scale and shape parameters are constant in the study area.
The linear model produced the least corrected Akaike
Information Criteria (AICC) varying between 370.30 to
125.20 for 15 and 1440 minutes, respectively, and was
selected for calibration of the GEV equation for the
computation of intensity levels. The computed intensities
showed that the non-stationary curves were higher than the
stationary curves, indicating that the computed stationary
intensities underestimate extreme storm events. Where, a 1-
hr storm duration rainfall event produced a percentage
difference between the non-stationary and stationary of
+15.24% (18.22 mm/hr), +9.4% (7.37 mm/hr), and +12.64%
(12.78 mm/hr), for a 2, 10, and 50 year return periods,
respectively; and for a small watershed could lead to
serious underestimation of the peak flood. The test statistic
result proved a significant difference at a 95% confidence
level between the non-stationary and stationary IDF curves.

This study also shows emphasis should be on shorter
duration storms for design purposes because they produced
higher intensities and higher percentage differences in the
extreme values which could increase the flood risk and
infrastructural failures.
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